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Summary

Dendritic spines are the major excitatory postsynaptic compartment in the brain. Despite its
essential function in synaptic transmission and plasticity, we are still lacking a comprehensive
and quantitative understanding of its molecular composition. However, this knowledge is
crucial to appreciate the minute regulatory details that affect learning and memory. Here, |
investigated the molecular architecture of dendritic spines in absolute guantitative terms and
on the nanoscale. | report the localization and abundance of 105 postsynaptic proteins,
differentiating between spine classes. Surprisingly, the investigated spine types show highly
similar morphology as well as molecular composition. | found that proteins belonging of the
same pathway do localize with each other and that their abundance is equally correlated. Using
pharmacological treatment, | also show that the organization of dendritic spines is relatively
stable during homeostatic plasticity, with only minor changes. Interestingly, the copy number
of a given protein on the postsynapse correlated with its copy number in the presynapse,
corroborating a tight link between both compartments. In addition, | report the neuronal
proteome of pure hippocampal excitatory neurons in absolute values. This revealed that the
abundance of a protein decreases with its size, probably because larger proteins do attract
damage faster, or because it is energetically costly to produce large proteins. Also, the copy
number distribution of mitochondria is highly different to all other investigated compartments,
most likely due to its highly specialized function and prokaryotic origin. In total, the database |
provide is the most extensive quantitative description of dendritic spines to date. It provides
the foundation for highly detailed in silico modelling approaches and will be an important

reference tool for synaptic function.






Introduction

The postsynapse — In need of a quantitative understanding

Understanding the brain is one of the fundamental goals of our century. It is currently tackled
on many levels, ranging from whole-brain perspectives such as connectomics or
transcriptomics, to minute details of individual pathways and proteins. Many of these efforts
are quantifying the brain on the systems level, for example by elucidating the ultrastructure of
brain regions or even whole brains (Bock et al., 2011; Oh et al., 2014; Zheng et al., 2018) ,
measuring protein expression on the cell level (Hawrylycz et al., 2012; Kang et al., 2011; Lein
et al., 2007) or following its activity in real time (Dombeck et al., 2007; Glasser et al., 2016).
However, we are still lacking a quantitative understanding of the individual neuron and of the
location where it receives input, its dendrites and the postsynapses located thereon. This is
especially aggravating, as it has been shown that even tiny perturbations to the protein
composition of its corresponding presynaptic side or their localization can affect its function.
For example, we know that changes as small as the addition of a handful of SNAP25 copies
to the synaptic vesicle (SV) will inactivate it (Truckenbrodt et al., 2018), that the positioning of
SVs in relation to calcium channels is crucial for efficient fusion (Jahn and Fasshauer, 2012),
and that presynaptic release zones need to be precisely placed opposite to postsynaptic

receptors, to ensure accurate synaptic function (Tang et al., 2016).

Accordingly, the neuron tightly regulates probably many quantitative aspects of presynaptic
function, such as molecule and organelle positions or copy numbers, to ensure proper
neurotransmitter release. It is reasonable to assume that it is similarly controlling postsynaptic
function just as strictly, and in as much detail. This regulation, however, has been more difficult
to investigate on the postsynaptic side, whose composition is far less understood than that of
the presynaptic bouton. Therefore, it is essential that we gain a quantitative understanding of
the postsynaptic compartment, especially since many aspects of learning and plasticity are
thought to be primarily realized there (Herring and Nicoll, 2016a; Turrigiano, 2008). For this
reason, | set out to chart a comprehensive, quantitative description of the postsynapse, with a
special focus on the main excitatory compartment, the dendritic spine. | determined the
nanoscale architecture of dendritic spines by measuring the location and copy number of 105
proteins and analyzed the changes of key proteins during homeostatic plasticity. In addition, |
report an extensive proteome of pure hippocampal neurons with absolute quantification,
revealing general regulatory principles of protein homeostasis. Finally, this database is the
most extensive quantification of a subcellular compartment to date and will serve as the basis

for in silico studies of dendritic spine function.



The postsynapse has a multitude of functions

Dendritic spines bridge the gap between neurons

In the late 1800s, Ramon y Cajal showed that the brain is made up of individual neurons, which
exhibited many spiny protrusions (Ramon y Cajal, 1888). He also already argued that these
dendritic spines are the location where the individual neurons receive their input from other
neurons (Cajal, 1894). It took over 60 years until synapses at the central nervous system could
be observed in detail for the first time (Gray, 1959), and to discover that neurotransmitters
released by SVs are the medium by which neurons send signals (Heuser and Reese, 1973).
The opposed postsynaptic membrane showed a protein dense area, which was further on

termed the postsynaptic density (PSD).

The PSD is the central active zone on dendritic spines

The most important function of a synapse is the transformation of the presynaptic electrical
signal to a chemical signal, the release of neurotransmitter. This chemical signal then needs
to be recognized by the receiving neuron, via receptors, and transformed back to an electrical
signal. The receptors that perform this function on the postsynapse are located mostly within
the PSD. The signaling can either be excitatory or inhibitory, | will focus here exclusively on

the excitatory synapse, as this is the topic of my presented work.

When glutamate is released into the synaptic cleft, it is recognized by a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) type glutamate receptors. These are
heterotetrameric ionotropic receptors, which conduct mostly potassium and sodium ions,
thereby depolarizing the postsynapse upon activation. The second important glutamate
receptors class, N-methyl-D-aspartic acid (NMDA) type glutamate receptors are blocked by
magnesium at resting potential (Mayer et al., 1984). Only when the postsynaptic compartment
is sufficiently depolarized is this block released and NMDA receptors (NMDAR) open. They
are therefore often referred to as coincidence detectors and usually only open upon the
synchronous release of multiple SV, whereas asynchronous release does not activate NMDAR
(Citri and Malenka, 2008). In addition to potassium and sodium, they are also permeable for
calcium. This influx of calcium depolarizes it further, but also triggers many signaling cascades
within the postsynapse. The depolarization of the postsynapse then propagates mostly
electrotonically, although dendritic spikes have also been demonstrated (Jarsky et al., 2005;
Sabatini et al., 2001).

The positioning of these receptors is crucial for synaptic function and the localization of the
receptors in relation to the presynaptic release site heavily influences the strength of the
synapse (MacGillavry et al., 2013; Raghavachari and Lisman, 2004). It is therefore controlled

by many different scaffolding proteins that bind AMPA receptors (AMPAR) and NMDAR
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directly or indirectly. The best studied one is PSD95, which binds NMDAR, among others
(Sheng and Kim, 2011). AMPAR do not directly interact with PSD95, but they have associated
proteins, the transmembrane AMPA receptor regulating proteins (TARP), which in turn can
bind to PSD95 (Schnell et al., 2002; Schwenk et al., 2012). The alignment of the presynaptic
release site and the postsynaptic PSD is brought about by a transsynaptic nanocolumn,
involving PSD95 and RIM1 (Tang et al., 2016). Other scaffolds, such as PSD93, Homer and
Shank proteins connect the receptor complexes to the cytoskeleton, signaling molecules or
kinases (for review see Foa and Gasperini, 2009; Frank and Grant, 2017; Monteiro and Feng,
2017). This complex network of interactions causes the typical electron dense appearance in

electron microscopy (EM).

Dendritic spines differentiate between inputs from many sources — Electrochemical
compartmentalization

Using EM, it quickly became clear that many excitatory presynaptic terminals signal onto these
spiny protrusions, called dendritic spines. They can have vastly different morphologies and the
exact implications of this variability is still not completely understood. Most of the times, they
are made up of a spherical head that is connected to the dendritic shaft by a thin neck. In the
hippocampus, the volume of the head varies between 0.003-0.55 um3, whereas the neck
diameter is between 0.038 and 0.46 um (Harris and Stevens, 1989). The length of the neck is
equally variably, typically between 0.160 and 2.13 um. They can be classified, based mostly
on the relation between the head and neck of the spine, most often dividing them into stubby,
thin, mushroom and branched spines (Harris et al., 1992), others also include filopodia as a
separate group (Figure 1A; Berry and Nedivi, 2017). This classification remains controversial
though. Several studies have shown that spine morphology is stable, especially in vivo
(Grutzendler et al., 2002; Zuo et al., 2005). This is supported by the observation that PSD area
is correlated to presynaptic number of SVs, the spine head volume and the amplitude of
excitatory postsynaptic currents (Chicurel and Harris, 1992; Harris and Stevens, 1989;
Matsuzaki et al., 2001; Noguchi et al., 2011; Spacek and Harris, 1997). Live-imaging studies
have shown that a strong stimulation often leads to an increase of the spine head and it
assumes a more rounded shape (Korkotian and Segal, 2001; Lendvai et al., 2000; Matsuzaki
et al., 2004a; Schiffelholz and Aldenhoff, 2002). Similarly, the neck often increases its diameter
upon strong stimulation (Tennesen et al., 2014). Therefore, it is widely believed that mushroom
type spines are a morphological analogue to learning. Conversely, other live-imaging
experiments revealed that spines can change their morphology continuously and show a wide
variety of shapes (Dunaevsky et al., 1999; Fischer et al., 2000; Parnass et al., 2000; Tgnnesen
et al., 2014). Also, the large variability in spine morphology lead to classes that in themselves

still have large variability. All dendritic spines though, fulfill two basic functions:



First, they dramatically increase the possible complexity of neural networks (Sorra and Harris,
2000). By virtue of having a longer connection to the dendritic shaft, dendritic spines enable
the postsynaptic neuron to receive input also from axons not directly adjacent to the shaft
(Figure 1B). This is important in the brain, as space is highly limited.

Second, the morphology of dendritic spines electrochemically isolates the postsynapse from
the shaft (Tgnnesen and Nagerl, 2016). Therefore, the depolarization generated at the PSD is
effectively amplified locally, allowing strong depolarizations to occur with only few released
SVs. Also, the diffusion of proteins in and out of the spine is limited (Guthrie et al., 1991; Muller
and Connor, 1991), generating a confined space where signaling can take place without
affecting other postsynapses (Figure 1C). This input-specificity is important, because the
neuron does need to differentiate between the different inputs it receives (Citri and Malenka,
2008). Only then it can adjust the strength of synapses independently, a process essential to

learning.

Dendritic spines adapt to the input — Hebbian plasticity

For learning to occur, synapses need to have a molecular counterpart to information storage.
To do so, synapses can change their efficiency in signal transduction, often also referred to as
a synapses’ strength. This change in strength can be on short or long timescale, and can either
be brought about by presynaptic changes, i.e. a higher probability of SV release per action
potential, or a stronger depolarization in the postsynapse per SV released (Malenka and Bear,
2004). 1 will only cover the postsynaptic mechanisms here:

The classical mechanism for learning requires long term changes in a synapses’ characteristic.
Depending on the frequency and amplitude of the signal a dendritic spine receives, it either
increases its strength upon high frequency stimulation, a mechanism known as long-term
potentiation (LTP), or it decreases its strength if it receives low frequency stimulation, long-term
depression (LTD). Sometimes, multiple spines work together to reach the depolarization
necessary for LTP. This mechanism is known as cooperativity, when multiple synapses are
receiving weak stimuli at the same time, or associativity, when one synapses receives weak,
another one strong input (Citri and Malenka, 2008). The input specificity is still maintained, as
only the involved dendritic spines are potentiated.

Several different forms of LTP exist, the prototypical one being NMDAR-dependent LTP. Here,
the influx of calcium through NMDAR activates several calcium dependent proteins and
kinases, which induce a significant remodeling of the dendritic spine. One of the major players
is calmodulin dependent kinase Il (CaMKIl; Hell, 2014). The changes in synaptic strength can

be caused by different adjustments:



normal
Firing rate

LTP
F
increased
. firing rate
. spine
Actin apparatus l
SR - Ribosomes%
Microtubules -
normal

Mitochondria firing rate

Figure 1: Dendritic spines fulfill a multitude of functions. A) Dendritic spines have many different morphologies
that can be divided into 5 classes. B) Dendritic spines enable the dendrite to form synapses with more axons,
increasing the complexity of the neural network. C) Dendritic spines compartmentalize the cytosol. Especially the
thin neck limits diffusion of proteins in and out of the spine head, but it also has a high resistance, creating an
electrically isolated compartment as well. D) The composition of dendritic spines changes during Hebbian plasticity.
At resting conditions, AMPAR are present in equilibrium between the PSD, intracellular stores and extrasynaptic
membranes (upper panel). Upon LTP induction, AMPAR are transported from endosomes to the membrane and
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the diffusion into the head is increased (left panel). Conversely, during LTD AMPAR are internalized and released
from the PSD, resulting in their diffusion away from it. E) Homeostatic plasticity prevents excitotoxicity in neurons.
When enough synapses undergo LTP, the firing of the postsynaptic neuron can increase significantly. To reset it
back to its set point, the neuron globally scales down all input it receives, retaining relative synaptic strength. F)
Dendritic spines house many organelles. The PSD is filled with glutamate receptors that receive the incoming signal
(blue rods). The spine head is mostly shaped by actin filaments, whereas the dendritic shaft contains microtubules.
Within the head, endosomes are present, as well as the spine apparatus. The ER tubules traverse the dendritic
shaft but can also invade into the neck. Ribosomes are mostly present at the base of the dendritic neck,
Mitochondria are in the dendritic shaft as well. Golgi outposts often are present at dendritic arbors.

First, the dendritic spine can change the number of receptors at its PSD (Figure 1D). During
LTP, itincreases the number of AMPAR receptors at its PSD (Lin et al., 2009; Park et al., 2004;
Shi et al., 2001; Yudowski et al., 2007), therefore increasing its ability to depolarize, creating
stronger excitatory postsynaptic potentials (EPSP). This increase in AMPAR is thought to
mainly occur by exocytosis of GIuUR1/GIuR2 AMPAR receptor at perisynaptic sites, which are
subsequently diffuse into the PSD and are trapped there by scaffolding proteins such as
PSD95. How fusion is initiated is not yet understood, although myosin motors are involved in
the delivery of AMPAR containing endosomes (Wang et al., 2008). It is likely that SNARE
proteins are involved as well, as infusion of dendritic spines with botulinum neurotoxin blocks
LTP (Lledo et al., 1998). Which SNARE proteins exactly are involved in AMPAR exocytosis is
not completely known, but several have been suggested (Jurado et al., 2013; Kennedy et al.,
2010; Suh et al., 2010). Especially, no Synaptotagmin-like calcium sensor has yet been
identified for this process.

In addition, the diffusion of AMPAR already on the postsynaptic membrane can be changed
by the phosphorylation of their TARPS through CaMKIl, to facilitate their binding to PSD95
(Bats et al., 2007; Opazo et al., 2010; Schnell et al., 2002).

Similarly, during LTD the number of AMPAR receptors is decreased (Figure 1D; Carroll et al.,
1999; Ribrault et al., 2011). This endocytosis is even less understood, only very recently a
synaptotagmin isoform responsible for GIuR2 internalization has been reported (Awasthi et al.,
2018).

Second, dendritic spines can change the conductance of the AMPAR it already has. This is
either brought about by phosphorylation of the AMPAR subunits, also mediated by CamKIlI
(Benke et al., 1998; Lee et al., 2000), or by the interaction of AMPAR with TARPSs that modulate
its characteristics (Shaikh et al., 2016; Tomita et al., 2005).

Third, the spine can change its morphology. During LTP, dendritic spines have been shown to
increase their size and PSD, widen their neck transiently and the growth of new spines occurs
(Bosch et al., 2014; Kopec et al., 2006; Okamoto et al., 2004; Tgnnesen et al., 2014). The

cytoskeleton of dendritic spines is mainly composed of actin, which is highly dynamic. This
10



actin cytoskeleton is regulated by several Rho type GTPases, the main mediators being Racl
and CDC42 for spine enlargement, and RhoA for spine shrinkage Their respective guanine
nucleotide exchange factors (GEF) are equally controlled by phosphorylation through CaMKII.
(Herring and Nicoll, 2016b; Jaudon et al., 2015; Murakoshi et al., 2011; Nakayama et al., 2000).

Fourth, to ensure that the changes in synaptic strength are stable, protein translation is
necessary. Although how translation is regulated in the spine is not fully understood and the
translated proteins are largely unknown (Citri and Malenka, 2008), it has been shown that
blocking translation does occlude the late phase of LTP (Krug et al., 1984).

Recently, also short-term changes in synaptic strength have been attributed to postsynaptic
mechanisms. Up until then, it has been thought that short-term changes in synaptic strength
are exclusively mediated by changes in the presynaptic release probability, mainly by an
accumulation of calcium. Now, elegant experiments tracking AMPAR and manipulating their
diffusion revealed that also the postynapse is involved in these processes (Constals et al.,
2015; Heine et al., 2008). AMPAR undergo desensitization after they have been activated by
glutamate. It has been proposed that these desensitized receptors are released from the PSD
and replaced by other AMPAR receptors, that have not been stimulated yet. Therefore, when
another SV is released within a short time frame, they can now respond to the released
glutamate, whereas desensitized AMPAR could not. When this exchange is blocked or slowed,

short term plasticity is equally affected.

Dendritic spines are controlled by the neuron as a whole — Homeostatic plasticity

Once LTP is triggered in a synapse, it is easy to imagine that this would cause a positive
feedback loop: Since the synaptic strength is increased, the same stimulation more easily
would trigger a further increase in synaptic strength, ultimately leading to hyperexcitation of
the postsynaptic neuron. This hyperexcitation would eventually lead to the death of the neuron
(Turrigiano, 2008). The question therefore arises how neurons escape this loop. The discovery
of homeostatic plasticity answered parts of this question, although it is still incompletely
understood (Lissin et al., 1998; O’Brien et al., 1998; Turrigiano et al., 1998). In homeostatic
plasticity, it is hypothesized that a neuron can sense its own activation pattern. At the same
time, it has a set frequency of activation that it wants to maintain (Turrigiano and Nelson, 2004).
Once LTP is induced on a sufficient amount of postsynapses, the neuron’s firing rat increases
(Figure 1E). To reverse to its target activity, one mechanism is to decrease the synaptic
strength of all excitatory input it receives. This is known as synaptic scaling and can happen
on a global (Turrigiano et al., 1998), as well as local levels (Ju et al., 2004; Sutton et al., 2006;
Thiagarajan et al., 2005). This elegant solution resets its firing rate back to the set point, while

also maintaining the relative synaptic strength of the input it receives.
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Synaptic scaling often involves changes in the AMPAR and NMDAR content in the PSD (Lissin
et al., 1998; O’Brien et al., 1998; Stellwagen and Malenka, 2006; Turrigiano et al., 1998; Watt
et al., 2000). When a neuron is excited too much, it retrieves these receptors from its
membranes, when it is stimulated too little, it adds more to the PSD. How the neuron senses
its own activation pattern, and how the signal to scale up or down is transmitted to the synapses
is poorly understood though. One prime candidate is the somatic calcium level, that could be
recognized by calcium binding proteins, such as CaMKIV. But also other molecules have been
shown to be involved in synaptic scaling, for example Arc or BDNF, or also TNFa released
from glia (Turrigiano, 2008).

Dendritic spines respond to and modulate the input — Retrograde signaling

Upon stimulation, the postsynapse also communicates back to the presynapse, a process
termed retrograde signaling. This signaling is mostly brought about by the release of chemical
factors, for example brain derived neurotrophic factor (BDNF), endocannabinoids or nitric
oxide (Bon and Garthwaite, 2003; Korte et al., 1995; Minichiello et al., 2002). These are then
recognized by presynaptic receptors and likely induce the concerted growth or shrinkage of
the presynaptic active zone with the postsynaptic PSD. This is further supported by the finding

that both structures often correlate in their size (Harris and Stevens, 1989; Harris et al., 1992).

Dendritic spines sustain themselves — Local translation and organelles

All above mentioned processes together put high demands on the dendritic spine. It is
therefore not surprising that dendritic spines have an equally complex organelle composition
(Figure 1F). First, dendrites have the ability to locally translate proteins (Hanus and Schuman,
2013). Ribosomes and mRNA have been found throughout the dendrite (Cajigas et al., 2012),
where ribosomes usually are at the base of the dendritic neck (Ostroff et al., 2002). Upon
stimulation of the dendrite, and often a concomitant increase of translation, ribosomes can
move into the head. Also, local regulation of translation on the mRNA level has been
demonstrated, for example Dicer, a protein involved in miRNA production, is also present in
the dendrite (Lugli et al., 2005; Sambandan et al., 2017).

Since many of the crucial postsynaptic proteins are inserted in the membrane, the biosynthetic
pathway for transmembrane proteins is also present in dendrites. The endoplasmic reticulum
(ER) is found in tubules stretching along the dendritic shaft, where it sometimes also
invaginates into dendritic spines (Spacek and Harris, 1997). There, it also forms stacked
tubules, the spine apparatus. The function of this peculiar structure is still not fully understood,
although it has been implicated in the calcium regulation and protein biosynthesis (Bourne and
Harris, 2008; Holbro et al., 2009; Jedlicka et al., 2008; Pierce et al., 2000). Additionally,
organelles similar to the Golgi apparatus have been found in dendrites, preferentially at
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dendrite branching points. These compartments have therefore been termed Golgi outposts.
Beyond their function in posttranslational protein modification, they also regulate dendrite
morphology and arborization by acting as microtubule nucleation sites (Gardiol et al., 1999;
Horton and Ehlers, 2003, 2004; Jan and Jan, 2010).

The trafficking between these organelles and the plasma membrane occurs via endosomes.
All regular endosomal compartments, early, late, sorting and recycling endosomes have been
reported in the dendrite as well as the dendritic spine (Spacek and Harris, 1997). In addition,
multivesicular bodies, lysosomes and the proteasome have also been described,
complementing the translation machinery with the degradation pathways (von Figura and
Hasilik, 1986; Hamilton and Zito, 2013; Spacek and Harris, 1997).

To provide the energy necessary for this multitude of functions, mitochondria are found
throughout the dendritic shaft. They are only rarely present in dendritic spines themselves, this
mostly occurs at large mushroom or branched spines (Chicurel and Harris, 1992). An
interesting observation is that glycolytic enzymes are present in the PSD directly, which
suggests local ATP production in this compartment (Wu et al., 1997). The majority of ATP is

probably still produced by the mitochondria in the shaft and diffuses into the dendritic spine.

Quantitative biology reveals intricate details of synaptic function

Tiny changes, that are difficult to pick up during qualitative work may heavily influence synaptic
function. For example, it has been shown that the position of AMPAR strongly determines
synaptic strength (MacGillavry et al., 2013; Raghavachari and Lisman, 2004). This is largely
due to the low affinity of AMPAR to glutamate, which causes them to only get activated when
they are close to the presynaptic release site. Once AMPAR receptors are over 100 nm away
from the release site, their open probability starts to drop. Because this difference is beyond
the regular diffraction limit of light microscopy, it has been difficult to assess without modelling.
Using super resolution microscopy, it has been shown that AMPAR do indeed form 80 nm
large clusters, meaning that most of these receptors will get activated if the release site is
aligned with it (MacGillavry et al., 2013; Nair et al., 2013). Consistently, it has recently been
found that the presynaptic release site is aligned with these postsynaptic receptor clusters,
forming a ‘transsynaptic nanocolumn’ (Tang et al., 2016). This discovery has only been able

through the quantitative analysis of PSD95 and RIM1 distribution in super resolution.

Besides analyzing the nanoscale distribution using super resolution, the absolute number of
proteins present is of equal interest. However, many biochemical or mass spectrometric

studies have been limited to report relative amounts(Cheng et al., 2006; Collins et al., 2006;
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Lowenthal et al., 2015; Peng et al., 2004a). Also, an inherent problem to western blotting or
guantitative imaging is the nature of antibody binding (Ehlen et al., 2014). For the vast majority
of antibodies, their affinity is not known, making the comparison of signal between proteins
virtually impossible. This restricts many works to comparisons of a protein to itself, for example
during different treatments. A comparison between proteins is only seldomly done.

Two major studies have attempted to quantify protein distribution and number of organelles in
absolute terms. In 2006, Takamori and colleagues published the molecular anatomy of SV,
using quantitative western blotting (Takamori et al., 2006). They found that exocytotic soluble
NSF attachment protein receptors (SNARES) are present in excess on the average vesicle,
most likely to ensure fast release upon stimulation. On the other hand, some proteins were
present in very low numbers, for example CSPa was found to be present in only 2.8 copies
per vesicle. Later, this was found to have important implications for SV aging, as they pick up
SNAP25 from the plasma membrane during recycling, which sequesters CSPa in a cis
complex, preventing fusion (Truckenbrodt et al., 2018). Understanding this process was only

possible through the quantitative knowledge of protein abundance on SVs.

Taking this one step further, Wilhelm and colleagues studied the quantitative composition of
the presynapse with quantitative western blotting and mass spectrometry, but also determined
the position of the counted molecules using stimulated emission depletion (STED) microscopy
(Wilhelm et al., 2014). Interestingly, they also found exocytotic SNAREs to be much more
abundant than needed for efficient SV fusion, similar to the situation on SV themselves,
whereas endocytosis is limited by the number of clathrin molecules present (4000 molecules
accounting for a maximum of ~20 simultaneous endocytosis events). In addition, they also

revealed the fine architecture of the presynaptic active zone.

The current understanding of dendritic spines is insufficient

Because of the intricacy of dendritic spines, its different functions are often analyzed
independently from another. For example, some groups focus on AMPAR trafficking, others
on structural plasticity or calcium dynamics in spines. Even for individual proteins, such as
CamKIl with its many functions, only parts of their signaling cascades are considered by
individual groups. This is understandable to reduce the complexity, but it leads to isolated
viewpoints of spines. On the other hand, many of the proteins are involved in various pathways,
information which is rarely considered at the moment. Also, apart from electrophysiology, most
research done on dendritic spines is of qualitative nature, which is at odds with the observation

that especially in small and highly specialized compartments, such as the synapse, quantitative
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changes on the nanoscale can result in large functional changes. Therefore, it is essential that
we arrive at an integrated and quantitative understanding of the synapse.

In addition to that, the large variability in morphology of dendritic spines have so far made it
difficult to grasp the functional implications of changes in protein abundance and localization,
because it is virtually impossible to control for all the different conditions. This can only be
achieved in modelling approaches, where one is in full control over all parameters. However,
modelling dendritic spines has been challenging because of the lack of quantitative
information. Because of the complexity of dendritic spines, it is not possible to simulate long
time steps and the models rely on good initial estimates for their parameters, but we are lacking
these. Because of these problems, in silico approaches tackling major function in spines, such

as plasticity are rare.

On example is the work by Gallimore and colleagues, studying the regulation of LTP and LTD
in the cerebellum (Gallimore et al.,, 2018). They studied the regulation of AMPAR at the
postsynaptic membrane by phosphatases and kinases, constructing a molecular model that
comprised both the post- as well as parts of the presynapse. For the initialization of their model,
they had to set the concentration of almost 100 proteins and molecules, many of which they
needed to estimate ab initiio, because ho measurements where available. Also, they had to
assume a well-mixed system, as the nanoscale localization of many of the proteins where not
known. On the other hand, this assumption does not resemble in vivo spines, which do show
strong compartmentalization (Tgnnesen and Néagerl, 2016). If better data on protein numbers
and localization were available, this would first, create models that do represent real spine
much closer, and second, free up computing time that could be used to take additional
molecules or parameters, such as compartmentalization and diffusion, into account. One could
then also start to vary the conditions the spine is faced, for example changing the morphology,
ion concentration, stimulation frequency and amplitude to really understand their influence on

the function of dendritic spines.

Aim of this thesis

Therefore, it is clear that we need to know the quantitative architecture of the whole synapse
to understand its function in all aspects. Especially dendritic spines are not equally well
understood as their presynaptic counterpart. This is in part due to its inaccessibility to
subcellular fractionation techniques; so far, no pure dendritic spine compartment could be
isolated in large quantities. In this study, | set out to determine the absolute quantity and
nanoscale distribution of 105 proteins in dendritic spines. To circumvent the lack of subcellular

fractionation, | developed new methods, enabling me to study the quantify the synaptic
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proteome without the need to isolate this compartment. This is the first comprehensive
description of not only the PSD but also the cytosol in dendritic spines and also extends into
the dendritic shaft. Because the PSD has repeatedly been shown to exhibit a modular
organization, elucidating it molecular architecture will prove to be widely applicable, both in

vitro as well as in vivo.

Second, | investigated how the composition of dendritic spines changes during plasticity and
determine whether its organization is stable or fragile.

Third, | addressed whether spine classes do indeed show different molecular composition and
I will study if there are distinct, yet unknown spine subtypes with unique molecular

compositions.

Finally, this exploratory study generates a database available to the neuroscientific community
in general, which can be used and extended easily by other researchers according to their own
needs. With the molecular anatomy of dendritic spines revealed, synaptic neuroscience is

ready for the transition to a quantitative age.
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Materials and Methods

Antibodies

Table 1: Primary antibodies, Nanobodies and small molecules used to detect proteins.

Target protein Species Dilution | Manufacturer Catalogue
Number
ADAM22 mouse 500 Novus Biologicals NBP2-22425
Akt (pan) rabbit 400 Cell Signaling 4691
o/B SNAP mouse 100 Jahn Laboratory 77.2
a-internexin rabbit 500 LSBio LS-B10413
AP 180 rabbit 100 Synaptic Systems | 155 003
APP mouse 100 Millipore MAB-348
Arc rabbit 1000 Synaptic Systems | 156 003
BDNF rabbit 100 Biorbyt 0rb38809
B 2 spectrin mouse 100 BDBiosciences 612562
3-Tubulin rabbit 500 Cell Signaling 5568
B-Actin mouse 100 Sigma-Aldrich A1978
Calbindin-D28K rabbit 500 Synaptic Systems | 214 002
Calcineurin A rabbit 1000 Synaptic Systems | 387 002
Calmodulin rabbit 100 Abcam ab45689
Calreticulin rabbit 200 Cell Signaling 12238
Calretinin rabbit 250 Novus Biologicals | NBP1-88220
CaMKll mouse 500 Abnova MAB6627
CAPS1 rabbit 500 Abcam ab69797
Cavl.3 rabbit 50 Alomone Labs ACC-311
Cav2.1 rabbit 500 Synaptic Systems | 152 203
CDC42 rabbit 100 Thermo Scientific PA1-092
Chromogranin A rabbit 500 Synaptic Systems | 259 003
Chromogranin B rabbit 500 Synaptic Systems | 259 103
Chromogranin C rabbit 250 Abcam abl12241
Clathrin heavy chain | mouse 100 BD Biosciences 610499
Clathrin light chain mouse 1000 Synaptic Systems | 113 011
Cortactin mouse 500 Synaptic Systems | 313 111
DLGAP1 rabbit 50 Novus Biologicals NBP1-76911
Dopamine receptor 1 | rabbit 1000 Abcam ab40653
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Dopamine receptor 2 | rabbit 500 Merck AB5084P
Drebrinl mouse 100 Novus Biologicals | NB100-1951
Dynamin 1/2/3 mouse 100 BDBiosciences 610245
ERp72 rabbit 100 Cell Signaling 5033

GluK1 rabbit 100 Alomone AGC-008
GluN1 mouse 1000 Synaptic Systems | 114 011
GIuN2A mouse 100 NeuroMab 75-288
GIluN2B mouse 100 NeuroMab 75-101
GluR1 rabbit 500 Synaptic Systems | 182 003
GluR2 rabbit 100 Alomone Labs AGC-005
GluR3 mouse 100 Invitrogen 32-0400
GRIP1/2 rabbit 100 Synaptic Systems | 151 003
Homer 1 mouse 500 Synaptic Systems | 160 011
Homer 1 rabbit 500 Synaptic Systems | 160 003
Homer 2 rabbit 500 Synaptic Systems | 160 203
Homer 3 rabbit 250 Synaptic Systems | 160 303
HSC70 mouse 100 Santa Cruz Sc-7298
IGF-1 Receptor rabbit 300 Cell Signaling 3027
KCNJ2 rabbit 100 Novus Biologicals | NBP1-95482
Kvl.1 rabbit 100 Thermo Scientific PA5-19593
Kv2.1 rabbit 500 Synaptic Systems | 231 002
LNGFR rabbit 1000 Cell Signaling 8238
m-AChR-1 rabbit 100 Novus Biologicals | NBP1-87466
MAP2 rabbit 1000 Synaptic Systems | 188 002
mGIluR1a rabbit 250 Abcam ab51314
mGIuR2 rabbit 100 Abcam ab150387
mMGIuR5 rabbit 100 Abcam ab76316
myosin 5a rabbit 200 Sigma-Aldrich M5062

Nafp 1 rabbit 50 Alomone Labs ASC-041
Na*/K* ATPase mouse 1000 Thermo Scientific MA3-915
Navl.1 rabbit 100 Merck 06-811
Nav1.3 rabbit 250 Alomone Labs ASC-004
Neurofilament H rabbit 1000 LSBio LS-C143052
Neurofilament L rabbit 500 Synaptic Systems | 171 002
Neurogranin rabbit 1000 Synaptic Systems | 357 003
nicotinic AChR 32 rabbit 100 Alomone Labs ANC-012
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nNOS rabbit 100 Thermo Scientific PA1-033
NSF rabbit 500 Synaptic Systems | 123 002
Parvalbumin rabbit 500 Swant PV25
Phalloidin-ATTO647N | Small 1000 Sigma-Aldrich 65906-10NMOL
molecule
Phosphodiesterase rabbit 100 Cell Signaling 3501
PSD93 rabbit 300 Invitrogen 34-4700
PSD95 rabbit 100 Cell Signaling 3450
PSD95 mouse 200 Thermo Scientific MA1-046
Rabl1l rabbit 100 Cell Signaling 3539
Rab3 mouse 100 BD Biosciences 610379
Rab4 mouse 100 BD Biosciences 610888
Rab5 mouse 100 Jahn Laboratory cl. 621.3
Rab7 rabbit 100 Cell Signaling 9367
Rab9 rabbit 100 Cell Signaling 5118
Rapsyn rabbit 100 Atlas Antibodies HPAO039475
Ribosomal protein | rabbit 100 Cell Signaling 2403
L7a
Ribosomal protein S3 | rabbit 50 Cell Signaling 9538
Ribosomal protein S6 | rabbit 100 Cell Signaling 2217
Sec22b rabbit 100 Synaptic Systems | 186 003
Septin7 rabbit 50 Atlas Antibodies HPA029524
Shankl rabbit 500 Synaptic Systems | 162 013
Shank2 rabbit 500 Synaptic Systems | 162 202
Shank3 rabbit 500 Synaptic Systems | 162 302
SNAP23 rabbit 100 Synaptic Systems | 111 202
SNAP25 mouse 100 Synaptic Systems 111 011
SNAP 29 rabbit 500 Synaptic Systems | 111 302
SNAP 47 rabbit 200 Synaptic Systems | 111 403
B tubulin nanobody llama 100 Self-made na
Synaptophysin guinea pig 1000 Synaptic Systems | 101 004
Synaptotagmin 4 rabbit 1000 Synaptic Systems | 105 143
Synaptotagmin 5/9 rabbit 100 Synaptic Systems | 105 053
Synaptotagmin 7 rabbit 250 Synaptic Systems | 105 173
SynGAP1 rabbit 1000 Thermo Scientific PA1-046
Syntaxinl mouse 200 Synaptic Systems | 110 011
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Syntaxinl3 mouse 100 Jahn Laboratory cl. 151.1
Syntaxinl6 rabbit 100 Synaptic Systems | 110 162
Syntaxin2 rabbit 100 Synaptic Systems | 110 022
Syntaxin3 rabbit 100 Synaptic Systems | 110 033
Syntaxin4 rabbit 100 Synaptic Systems | 110 042
Syntaxin5 rabbit 100 Synaptic Systems | 110 053
Syntaxin6 rabbit 100 Cell Signaling 2869
Syntaxin8 rabbit 100 Synaptic Systems | 110 083
TGN38 rabbit 100 Sigma-Aldrich T9826
TOM20 mouse 200 Sigma-Aldrich WH0009804M1
Transferrin Receptor | rabbit 100 Abcam ab84036
TrkB rabbit 500 Abcam ab33655
VAChT rabbit 100 Synaptic Systems | 139 103
Vampl rabbit 500 Synaptic Systems | 104 002
Vamp2 mouse 1000 Synaptic Systems | 104 211
VAMP7 rabbit 100 Abcam ab68776
Vtila mouse 100 BDBiosciences 611220
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Table 2: Antibodies used as cell-type markers

Target protein Species Dilution Manufacturer Catalogue
Number

GADG65 mouse 500 Synaptic Systems | 198 111

GFAP mouse 500 Synaptic Systems | 173 011

Ibal guinea pig 500 Synaptic Systems | 234 004

Olig2 rabbit 500 Synaptic Systems | 292 003

SMI310 mouse 200 Abcam 24570

Table 3: Secondary antibodies and labels
Target protein Species Dilution | Manufacturer Catalogue
Number

ATTO647N anti mouse goat 500 Rockland 610-156-121

ATTOG647N anti rabbit goat 500 Rockland 611-156-122

Alexa488 anti guinea pig | goat 100 Dianova

Cy3 Fab anti mouse goat 100 Dianova 715-166-150

Cy3 Fab anti rabbit goat 100 Dianova 711-166-152

STARG35P nanobody | lama 1000 Nanotag N0602

anti guinea pig

Hoechst NA 1:2000 | Thermo Scientific | 62249
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Buffers and Solutions

Table 4: Buffers and Solutions used in this study

Name Used for Composition Manufacturer
PBS pH7.4 (in]|Caell culture, | 137 mM NaCl Merck, 1.06404.1000
ddH20) Immunostaining | 2.7 mM KCI Merck, 1.04936.0250
10 mM NazHPOQO4 Merck, 1.06580.1000
1.8 mM KH2PO4 Merck,
1.04873.10000
Glia Medium Cell culture MEM Life Technologies,
51200-046
0.6% (wt/vol) D-glucose Sigma, G8769
1% (vol/vol) L-glutamine Biozym, 882027
100 U/ml penicillin Biozym, 882082
100 pg/ml Streptomycin Biozym, 882082
10% (vol/vol) horse serum | Biochrom, S9135
Neuronal Plating | Cell culture MEM Life Technologies,
Medium 51200-046
0.6% (wt/vol) D-glucose Sigma, G8769
1% (vol/vol) L-glutamine Biozym, 882027
10% (vol/vol) horse serum | Biochrom, S9135
Neuronal Cell culture MEM Life Technologies,
Maintenance 51200-046
Medium 0.6% (wt/vol) D-glucose Sigma, G8769
1% N2 supplement Life Technologies
17502-048
CMF-HBSS Cell culture CMF-HBSS Invitrogen, 14175-095
1% 1M HEPES Invitrogen, 15630-056
Neurobasal-A Cell culture Neurobasal-A Invitrogen, 10888-022

2% (vol/vol) B27 | Life Technologies,
Supplement 17504-044

20 U/ml Penicillin Biozym, 882082
0.02%o (wt/vol) | Biozym, 882082
Streptomycin

1% (vol/vol) Glutamax-I | Life Technologies,
Supplement 35050-038
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Plating Medium Cell culture MEM Life Technologies,
51200-046
3.3 mM D-Glucose Sigma, G8769
2 mM L-Glutamine Biozym 882027
10% (vol/vol) Horse serum | Biochrom, S9135
Borate buffer Cell culture Boric acid Sigma, B0252
Sodium tetraborate | Sigma, S9640
decahydrate
Enzyme solution Cell culture DMEM Biozym, 880026-12
0.2%o (wt/vol) Cysteine Sigma, 30090
1 mM CacCl2 Merck, 1.02382.1000
0.5 mM EDTA Merck, 1.08418.1000
20-25 U/ml Papain (100 pl) | Cell Systems,
LS003124
Inactivating solution | Cell culture DMEM Biozym, 880026-12

10% (vol/vol) FCS

Biochrom, S0415

2% (vol/ivol) Glutamine

Biozym 882027

20 U/ml Penicillin

Biozym, 882082

0.02%o

Streptomycin

(wt/vol)

Biozym, 882082

2.5%o (wt/vol) Bovine serum | Applichem,
albumin A1391,0250
2.5%0 (wt/vol)  Trypsin- | Sigma, T9253
Inhibitor

Glyoxal solution pH | Immunostaining | 7.15 ml ddH-0 -

4

1.99 ml 100% Ethanol

Merck, 1.00983.1011

0.79 ml 40% Glyoxal

Sigma, 128465

0.08 ml 100% Acetic acid

Roth, 3738.2

Mowiol solution

Immunostaining

68% (wt/wt) ddH.O

AriumPro, Sartorius

100 mM TRIS (pH 8.5)

Sigma, 252859

23% (wt/wt) glycerol

Sigma, G5516

9% (wt/wt) Mowiol 4-88

Merck, 475904

Floxuridine stock

Cell culture

DMEM

Biozym, 880026-12

Uridine

Sigma, U-3003

5-Fluoro-2’deoxyuridine

Sigma, F-0503
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Chemicals

Table 5: Chemicals used in this study

Name Manufacturer Used for

Nitric acid Sigma, 695033-2.5L Cell culture
Poly-L-Lysine hydrochloride Sigma, P2658 Cell culture
2.5% (wt/vol) Trypsin Invitrogen, 15090-046 Cell culture
DNase Roche, 10104159001 Cell culture
Paraffin Merck, 1.07158.1000 Cell culture

Bovine serum albumin

Applichem, A1391,0250

Immunostaining

NH,CI

Merck, 1.01145.1000

Immunostaining

dione (CNQX)

Paraformaldehyde (PFA) Sigma, P6148 Immunostaining

Bicuculline Sigma, 14340 Plasticity Induction
Tetrodotoxin (TTX) Tocris, 1069 Plasticity Induction
6-cyano-7-nitroquinoxaline-2,3- | Sigma, C127 Plasticity Induction

(2R)-amino-5-phosphonovaleric
acid (AP5)

Abcam, ab144498

Plasticity Induction

LiChrosolv grade Water

Merck, 115333

Mass spectrometry

LiChrosolv grade Acetonitrile
(ACN)

Merck, 100030

Mass spectrometry

Ammonium bicarbonate (ABC)

Sigma Aldrich, 09830

Mass spectrometry

Sequencing Grade Modified

Trypsin

Promega, V5111

Mass spectrometry

Trifluoroacetic acid (TFA)

Fluka, 302031

Mass spectrometry

Pierce BCA Protein Assay kit

Thermo  Fisher

23225

Scientific,

Mass spectrometry

UPS2 protein standard

Sigma Aldrich, UPS2

Mass spectrometry

Neuronal culture

Hippocampal neuron culture were prepared from E18 Spragley-Dawley rats and grown in a
sandwich configuration as described before using an N2 supplemented medium (Kaech and
Banker, 2006). The following modifications were made: Glia were seeded at 10000 cells per
well in 12 well plates, 3 days before dissection day. Neurons were seeded at 30000 cells on

18 mm coverslips with paraffin dots. The culture was fed by exchanging 500 pL of medium

twice a week.
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For mass spectrometry analysis | did not use paraffin dots as spacers, as they impair mass
spectrometric analysis. Instead, | punched C-shaped Teflon rings with a 14 mm inner diameter,
20 mm outer diameter and 1 mm thickness from Teflon sheets (Alt Industriebedarf, Neresheim,
Germany). They were rinsed thoroughly in 70% ethanol and autoclaved before use.

Homeostatic plasticity induction

The hippocampal cultures were treated for 72h, using either 20 uM Bicuculline to increase
network activity and induce synaptic upscaling, 1 UM TTX to block synchronous release and
induce downscaling or 10 uM CNQX + 50 uM AP5 to block AMPA and NMDAR, also inducing
downscaling but to a higher extent (Turrigiano, 2008). Cells were then processed for

immunostaining.

Electron Microscopy

Sample Preparation

Samples and imaging for electron microscopy was performed by Thomas Schikorski
(Universidad Central Del Caribe, Bayamon, PR, USA). Briefly, standard hippocampal neuronal
cultures were grown and embedded in Epon according to published protocols (Schikorski and
Stevens, 1997). Then, the samples were cut into 70 nm consecutive sections and analyzed
using a Zeiss EM902 (Zeiss, Jena, Germany) equipped with a 1024x1024 CCD-detector
(Proscan CCD HSS 512/1024; Proscan Electronics, Schering, Germany).

Reconstruction and Analysis

Excitatory synapses were identified in the images by the presence of a PSD and a region
around the synapse was selected. The consecutive images were aligned using Photoshop
(Adobe Systems, San Jose, CA, USA), the membrane and organelles were traced and
analyzed using custom written functions in Matlab (MathWorks, Natick, MA, USA), written by
Silvio Rizzoli. Image alignment and tracing were performed by Christina Koerbs and Vanessa
Salimi during their medical dissertations (Koerbs, 2017; Salimi, 2017), which | supervised (with
Silvio Rizzoli as official supervisor, or Erstbetreuer, according to the medical dissertation

system).

Immunostaining

Neurons were fixed at DIV21-23 with glyoxal as described (Richter et al., 2017), using pH 4

for the glyoxal solution, or PFA. Briefly, the fixed cells were quenched for 30 min using PBS

containing 100 mM NH4CI and then permeabilized for 3x 5 min in PBS with 0.3% Tween and

2.5% BSA. Antibodies were diluted in the same solution and incubated for 1h each in a humid

chamber. The cells were washed 3x with high-salt PBS (containing 500 mM NaCl) and 2x in
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normal PBS. Meanwhile, DiO was diluted in PBS to a concentration of 20 pg/ml and the DiO
crystals sonicated for 30 min in a water bath sonicator. Afterwards, DiO was diluted further to
2 pg/mlin PBS and 1 ml of the solution was added per well. The cells were incubated at 37°C
for 20 min, washed once and incubated overnight. The following day, they were washed 2x
with PBS, embedded in Mowiol and dried for 1h at 37°C.

Fluorescence Microscopy

In all images, DIO was used as a membrane marker, while the PSD was identified using
Homerl antibodies, recognized by Cy3-labeled secondary antibodies. The protein of interest
was identified with ATTO647N labeled secondary antibodies.

Epifluorescence images were acquired with a Nikon Eclipse Ti-E (Nikon Instruments, Tokyo,
Japan), using a 100x 1.4 NA UPlanSApo oil immersion objective. The signal was detected with
a DS-Qi 2 CMOS camera (Nikon Instruments, Tokyo, Japan).

Confocal and STED images were acquired with a Leica TCS STED system (Leica
Microsystems GmbH, Mannheim, Germany) equipped with a 100x objective (1.4 numerical
aperture, NA, 100x HCX PL APO CS oil; Leica Microsystems). For confocal imaging of DiO
and Homerl, a helium-neon laser was used to excite DIiO (using 488 nm excitation
wavelength), Alexa 488 (488 nm) or Cy3 (543 nm or 561 nm) while using acusto-optic tunable
filters to select appropriate emission wavelengths. For STED imaging of the protein of interest,
ATTO647N was excited with a 635 nm diode laser and a Spectra-Physics MaiTai multiphoton
laser (Newport Spectra-Physics, Santa Clara, CA, USA) at 750 nm was used as depletion
beam. Confocal images were acquired using photomultiplier tubes or Hybrid detectors,
whereas ATTO 647N in STED mode was detected with an avalanche photodiode (Leica
Microsystems). For analyzing the nanoscale localization of proteins, a pixel size of 20.21 nm
was chosen. For each protein, two neuronal cultures were analyzed, with at least 10 images
taken per replicate. The number of spines used for an average image was between 72 and
276 for mushroom spines (Mean= 175 images) and 44 to 248 for stubby spines

(Mean= 134 images).

Image Analysis

All image analysis was done using custom written functions in Matlab 2017b (MathWorks,
Natick, MA, USA). All functions are written by me, except the initial spot selection function and
EM analysis functions, which were written by Silvio Rizzoli. The initial synapse alignment tool

was written by Tal Dankovich.
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Calculating the average protein distributions in dendritic spines

To calculate the average distribution of a protein in dendritic spines, several steps needed to
be performed: Identification and classification of synapses, alignment of synapses and removal
of signal outside of the dendritic spine:

After aligning the STED image to the confocal image stack (using the confocal ATTO647N
image) the spine was selected using DiO as a mask and all Homer spots within this mask were
selected by manual thresholding. For each selected putative synapse, a 6x6 pm sub-image,
centered on the synapse was saved. All synapses were then manually curated and assigned
a spine class based on their morphology and the presence of strong Homerl staining
(Mushroom, Stubby, Other). Then, several morphological landmarks were selected: Top,
bottom, left edge and right edge of the head, position of the neck/shaft junction. Additionally,
a rectangle on the shaft was selected to later calculate enrichment of proteins over the shatft,
and the neck was traced. Using these landmarks, the spines for each protein were aligned to
each other. Taking advantage of the single cell labeling with DiO, | removed fluorescence
outside the spine using DiO as a mask. To combine the two replicates, | normalized all spines
belonging to the same replicate by the maximum intensity observed in this replicate, to remove
any bias due to different staining conditions between replicates. Finally, the signal was filtered

and averaged over both replicates.

Zone Enrichment Analysis

To quantify the location and intensity of the staining, the dendritic spine was segmented into
zones (Figure 2A). For each protein, the fraction of signal within a given zone was calculated
and normalized by the size of the zone (Figure 2B). Then, the fold difference to the fraction of
signal within the same zone from an average protein distribution was calculated (1)). The latter

average distribution was determined by averaging across all investigated proteins.

% of signal in zone — Average % of signal in zone

Fold di =
0 if ference Average % of signal in zone @

This results in an enrichment score | used for assessing where a protein is predominantly

localized.
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Figure 2 Zone Analysis explanation. A) Definitions for Mushroom and Stubby
synapses. Darker colors represent zones closer to the PSD. B) For each protein
the fraction of signal in a given zone was calculated. All proteins were also averaged
and the average fraction of signal within a given zone was determined. The fold
difference between the two was then calculated according to (1).

Individual spine analysis

In addition to the average analysis, | aimed to look at the individual spines and extract their
morphological parameters and information on the protein signal within them. Also, these
measurements served as the basis for morphologically clustering the spines to detect
additional subclasses in the population.

Using the landmarks selected above, | could automatically reconstruct the different

compartments of the spine, head, neck and shaft region, from the DiO signal (Figure 3).
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Head landmarks Head outline

Compartment definitions

Figure 3: Automatic morphology detection of dendritic spines. In the compartment definitions, light blue
corresponds to head, yellow to neck and green to shaft.

Individual STED spots were detected using wavelet transformation with the Spot Detector
plugin for icy (De Chaumont et al., 2012; Olivo-Marin, 2002) using scale 2 with a threshold of
80%. For Homer | mostly used the FWHM of the signal, which is a good estimate of its
localization in super-resolution (Li and Blanpied, 2016). | then extracted the following

parameters:

Table 6: Individual spine parameters measured.

Parameter name

Classification Neck Area

Head Area Neck Length

Head Center Column Root Area

Head Center Row Spot Compartment
Head Eccentricity Spot File

Head Height STED Area

Head Major Axis Length

STED Background Intensity

Head Major Minor Axis Orientation

STED Centroid X

Head Minor Axis Length

STED Centroid Y

Head Width

STED DiO Distance

Homer Area

STED Distribution

Homer Center Angle

STED Eccentricity

Homer Center Distance

STED Head Bottom Distance

Homer Centroid X

STED Head Center Distance

Homer Centroid Y

STED Head Enrichment

Homer DiO Distance

STED Head Intensity

Homer Eccentricity

STED Head Top Distance

Homer Major Axis Length

STED Homer Enrichment

Homer Major Minor Axis Orientation

STED Homer Intensity

Homer Max Intensity

STED HomerFWHM Distance

Homer Mean Intensity

STED HomerFWHM Enrichment

Homer Minor Axis Length

STED HomerFWHM Intensity

Homer Number

STED Laterality

HomerFWHM Center Angle

STED Major Axis Length
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HomerFWHM Center Distance STED Max Intensity

HomerFWHM Centroid X STED Mean Intensity
HomerFWHM Centroid Y STED Minor Axis Length
HomerFWHM DiO Distance STED Neck Bottom Distance
HomerFWHM Eccentricity STED Shatft Intensity
HomerFWHM Major Axis Length STED Spot Number

HomerFWHM Major Minor Axis Orientation | STED Total Intensity

HomerFWHM Max Intensity

HomerFWHM Mean Intensity

HomerFWHM Minor Axis Length

In the presented analysis, | used the following parameters, which | explain in more detail here:

Distance to membrane: The distance of every spot to its closest membrane is
measured.
Distance to PSD: The distance of spots to the PSD is measured. Only spots within the
head/synaptic regions for stubby, are considered here.
Enrichment in head: The fluorescence signal within the head is averaged and
compared to the average fluorescence signal in the shaft. For each spine an individual
rectangle was drawn on the shaft, which is used here.
Enrichment in PSD: Same as enrichment in PSD, but the signal in the PSD, determined
by Homerl FWHM signal, is calculated.
Eccentricity: The position of all spots in the head on the top-bottom axis is determined.
This is normalized, 1 is the top of the head, -1 the bottom of the head ((2)

Dgottom — DTop

Eccentricity = Dpotcom + Drop @)

With Dsottom = the distance of the spot to the bottom of the head and

Drop = the distance to the top of the head.

Laterality: The position of all spots in the head on the left-right axis is determined.
Because of the assumption of rotational symmetry, left and right are treated equally,
reducing the dimension to central - left/right. The position is normalized, where 0 is the

center of the spine, 1 is the most left/right position (3).

D — Dp;
Laterality = | Left — nghtl )
DLeft DRL’ght

With Diert = the distance of the spot to the left extreme of the head and

Dright = the distance of the spot to the right extreme of the head

Diameter: To each spot in the head an ellipse is fitted, the length of the major axis is
shown.

Distribution: For every spot in the head, the distance of this spot to all other spots in

the head is calculated.
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Mass Spectrometry

Sample preparation

All samples were subjected to protein estimation using standard BCA protocol (Smith et al.
1985) as provided by Thermo Scientific online. First, 10 pl of 1% RapiGest was added to 20
ug of protein sample (dendritic or UPS2 standard protein) and heated to 95°C for 5 min. All
subsequent steps were performed at 300 rpm on a thermomixer at room temperature. Then,
10 pl of 200 mM ammonium bicarbonate solution was added to the sample and incubated for
5 min. To reduce the cysteines, 10 yl of 10 mM dithiothreitol in 200 mM ammonium bicarbonate
was added and incubated for 1 hour. Reduced cysteines were alkylated by adding 10 pl of
100 mM iodoacetamide in 100 mM ammonium bicarbonate and incubated for 20 min in the
dark. To lower the detergent percentage to 0.1%, 180 ml of 100 mM ammonium bicarbonate
was added. Finally, trypsin (1:50, ProMega) was added to the sample for digestion. For the
long gradient, protein samples were digested for 12, 14, 16 and 18 hours, while for high pH
fractionation, 30 ug of protein sample was digested using Trypsin for 16 hours. The trypsination
was stopped by adding 20 ml of 5% formic acid solution. The samples were incubated in 20 pl
of 5% trifluoro-acetic acid for 2 hours to deteriorate the RapiGest molecules. The samples were
further desalted using StageTips. Briefly, at least four C1s plugs were filled in a micropipette tip
to make one column. Prior to use, the column was washed twice with 50 pl of methanol. The
column was equilibrated by passing 50 pl of 0.1% formic acid solution twice. The supernatant
containing the peptides was loaded on the pre-equilibrated column, where the peptides bound
to the Cig matrix. The column was washed four times with 50 ul of 0.1% formic acid solution to
remove ions. Finally, the bound peptides were eluted with 50 pl of 80% acetonitrile, 0.1% formic

acid solution twice. The eluted peptide solution was dried using a SpeedVac concentrator.

The samples were either directly processed for LC-MS on long gradient of 4 hours on Orbitrap
Fusion Lumos Tribrid Mass Spectrometer or fractionated using high pH fractionation and
subsequently processed for LC-MS for a short gradient of 1 hour on a Q-Exactive HF Mass

Spectrometer.

For high pH fractionation, 40 ug of protein digest was injected on a reversed phase column
(XBridge Waters C18 column of dimension 3.5um, 1.0x150mm) connected to an Agilent 1200
high performance liquid chromatography (HPLC) system for 60 min. A linear gradient was
generated using dual highly basic buffer system (Buffer A: 100% 10 mM Ammonia, Buffer B:
90% acetonitrile containing 10 mM ammonia). The peptides were loaded on the column using
buffer A for 5 min, followed by linear gradient of 0 to 50% of buffer B for 45 min. Finally, the

column was washed using 95% of buffer B and switched back to 100% of buffer A for 5 min
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each. The flow rate was set to 50 yl/min. A total of 60 fractions were collected and pooled to
12 fractions in a staggered manner (Table 7). The pooled fractions were dried using SpeedVac.
Prior to MS, each fraction was resuspended in 25 ul of sample loading buffer and 8l injected
thrice. 1 pg of digested UPS2 standard protein mixture was analyzed between the samples to
estimate the abundance of protein in the sample by label-free iBAQ approach.

Table 7: High pH fractionation pools

Fraction number after pooling | High pH fractionation fractions (used for pooling)

1,13, 25,37, 49

2,14, 26, 38, 50

3,15, 27,39,51

4,16, 28, 40, 52

5,17, 29, 41, 53

6, 18, 30, 42,54

7,19, 31, 43,55

8, 20, 32, 44, 56

O 0| N| O g | W| N|

9,21, 33, 45,57

[E
o

10, 22, 34, 46, 58

RN
[N

11, 23, 35, 47,59

[E
N

12, 24, 36, 48, 60

Liquid chromatography mass spectrometry

The resuspended peptides in sample loading buffer (5% acetonitrile and 0.1% trifluoroacetic
acid) were fractionated and analyzed by an online UltiMate 3000 RSLCnano HPLC system
(Thermo Fisher Scientific) coupled online to the Q-Exactive HF or Orbitrap Fusion Lumos
Tribrid Mass Spectrometer (Thermo Fisher). Firstly, the peptides were desalted on a reverse
phase C18 pre-column (3 cm long, 100um inner diameter 360 mm outer diameter) for
3 minutes. After 3 minutes the pre-column was switched online with the analytical column
(30 cm long, 75 pm inner diameter) prepared in-house using ReproSil-Pur C18 AQ 1.9 um
reversed phase resin (Dr. Maisch GmbH). The peptides separated with a linear gradient of
5-30% buffer B (80% acetonitrile and 0.1% TFA acid) at flow rate of 10 nl/min either on a long
gradient of 238 min on Lumos or a short gradient of 58 min on Q-Exactive HF. The pre-column
and the column temperature were set to 50°C during the chromatography.

For long gradients on the Lumos spectrometer, the scan-range of precursors was set from

350-1500 m/z at resolution of 120,000 in Top Speed mode. The top intense precursors were
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fragmented in HCD cell and analyzed at resolution 30,000. The AGC target and the isolation

window was set at 5e4 and isolation window of 1.6 m/z.

For the short gradient on Q-Exactive HF, the precursors were scanned in the mass range from
350 to 1600 Da at a resolution of 60,000 at m/z 200. Top 30 precursor ion were chosen for
MS1 by using data-dependent acquisition (DDA) mode at a resolution of 15,000 at m/z 200
with maximum IT of 50 ms. For MS2, HCD fragmentation was performed with the AGC target
fill value of 1e5 ions. The precursors were isolated with a window of 1.4 Da. The lock mass
option (m/z 445.1200; Olsen et al., 2005)) was used for internal recalibration.

Database search and data analysis

Proteins were identified using MaxQuant software (Cox and Mann, 2008) version 1.5.3.8 or
1.6.0.16 using the Andromeda search engine (Cox et al., 2011) with rat SwissProt (December
2016; containing 29795 entries) and Human Universal Proteome Standard (UPS2, Sigma-
Aldrich) protein databases. For the database search, tolerance of 6 ppm (for MS) and 10 ppm
(for MS/MS) were set. Oxidation of methionine and carbamidomethylation of cysteines were
set as variable and fixed modifications respectively. Tryptic specificity with no proline restriction
and up to 2 missed cleavages was used. False discovery rate (FDR) was set at 1%.

Additionally, the iBAQ option was enabled for quantification (using the logio fit).

Absolute quantification can be acquired accurately 1) when a protein is fully digested and 2)
no post-digestion modification has taken place to the peptides (Shuford et al., 2012). This is
the reason why | chose to digest the four biological replicates for 8, 12, 16, 24 and 48 hours.
In addition, the high pH fractionation enables efficient fragmentation due to a simplification of
the MS spectrum, as less proteins are injected into the spectrometer per time. Thus, the
maximum iBAQ value (from long and short gradient) was chosen to determine the absolute

abundance of a protein.

The amount of a protein (in moles) is directly proportional to its iBAQ value (Schwanhausser
et al., 2011). Therefore, the logarithms of known amounts of UPS2 proteins were plotted
against the logarithm of iBAQ values. For determination of accurate absolute abundance, the
slopes and intercepts of UPS2 proteins was calculated. Later, the slope value was used to
determine absolute value of protein in the sample by linear regression. Next, the number of
cells present in the sample was determined. To do so, for each biological replicate used, |
stained coverslips from this replicate for their nuclei using Hoechst. | then counted the number
of nuclei in random areas of the coverslips and extrapolated the number of neurons in the

sample (Table 8).
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Table 8: Number of neurons for each biological replicate.

Replicate Number of neurons
A 6226

B 2392

C 14850

D 24987

The copy numbers of proteins per cell were calculated by dividing the number of proteins in
the sample by the number of cells present in the used samples. The contaminants were
removed from the protein list. To combine the regular and high-pH fractionation dataset, | took
the maximum observed copy number of each protein for separate replicate, a principle that is
also within the iBAQ algorithm. The data were then median-normalized and the mean across
all replicates was calculated. Gene ontology analysis was done using the DAVID Functional

Annotation Bioinformatics Microarray Analysis (Huang et al., 2007).

Calculation of synaptic copy numbers

To calculate synaptic copy numbers, | employed two different imaging steps. First, | took large
epifluorescence images of the protein counterstained with Homerl as a postsynaptic marker.
For each protein, two independent cultures were analyzed and 20 images per replicate were
acquired. The Homer images were thresholded and the percentage of signal within this homer
mask to total signal was calculated for the protein of interest. Additionally, | calculated the R2
of the protein of interest to Homer from the central synaptic region of the STED images already
acquired. Because the increased resolution of STED inherently causes the correlation to drop,
I normalized the R2 by the R2 of Homerl STED to Homerl confocal. This step is intended to
remove presynaptic contamination, as they correlate very weakly, or anticorrelate with Homer.
For example, Synaptophysin shows a weak anticorrelation of normalized R2= -0.005+0.024
whereas PSD95 strongly correlates with Homerl (R2= 0.408%0.030). The final synaptic copy

number was then calculated as follows:

2
RPOI

Niynotecen * Percentage in Homer mask * 72
Homer1l 4)

N, =
synapse Number of synapses per neuron

with the number of synapses per neuron = 299 (Sebastian Jahne, Institute for Neuro- and

Sensory Physiology, University Medical Center Géttingen, personal communication).
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Statistics

Statistic were done in Matlab 2017b (The MathWorks, Natick, MA, USA) or GraphPad Prism 8
(GraphPad, San Diego, CA, USA). All data shown is mean = SEM, if not otherwise noted. If
the data was normal distributed, significance was assessed using a two-tailed t-test for single
comparisons or one-way ANOVA with Bonferroni correction for multiple testing. If the data was
not normal distributed, single comparisons were done using Whitney rank-sum test or Kruskal-
Wallis with Dunn’s correction for multiple comparisons. Whether data was normal distributed

was assessed with Kolmogorov-Smirnov test.

Data Visualization

All data was visualized using Matlab 2017b (The MathWorks, Natick, MA, USA), GraphPad
Prism 8 (GraphPad, San Diego, CA, USA), Adobe lllustrator or InDesign (Adobe, San José,
CA, USA), or Excel (Microsoft, Redmond, WA, USA). The contrast of images was adjusted
using ImageJ (Schneider et al., 2012).

3D Model Generation

To generate a representative 3D model, | needed to combine the super-resolution images with
EM and mass spectrometry data. | chose one representative mushroom and stubby spine,
which optimally matched the average parameters calculated for their class. Using the zones
defined for the super-resolution data (Figure 2) | defined the same zones in EM data of these

spines and assigned the organelle identities (Figure 4).

Via this method, | could link the super-resolution data to the EM images and also take the
known localization of proteins into account, e.g. transmembrane proteins will only be placed
on the membrane, ER resident proteins only on the ER. To generate the model, | used my
calculated synaptic copy number and placed them in the spine volume according to the
distribution measured from STED imaging. The reconstructed spines and the molecular
images of the single proteins were rendered by Burkhard Rammner with Autodesk Maya
(Autodesk Inc., Mill Valley, CA, USA) and I-Tasser (Roy et al., 2010; Zhang, 2008). Using
these images, | made preliminary 3D models in Matlab. In brief, the models represent a
maximum projection of the shown volume, but without the size of the protein adjusted

according to its z-axis position.
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Figure 4: Assignment of organelle and zone identities for the construction of the 3D model. A) To apply the

super resolution data on the EM ultrastructure, | needed to define the organelles and zones in the EM data. This

way, membrane proteins could be mapped on the membrane, or organelle specific proteins only on their organelle.

The EM data was binned and identities were assigned. The cytosol was also defined, depicted by the light blue

color (left panel). Identical to the zone definitions of the super resolution data (Figure 2) the same zones were also

assigned in the EM volume. B) This assignment was done for every layer of the EM reconstructions.
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Results

The Banker culture is a well-defined model to study dendritic spines
Deriving the quantitative information on protein copy numbers and localization requires an
easy and well reproducible system. | could not use in vivo brain samples, as they are
composed of many different neuron and glia types, making the biochemical analysis virtually
impossible. Brain slices are also difficult to stain and image. | therefore opted to primary
hippocampal neuron cultures, prepared in a Banker culture system (Kaech and Banker, 2006).
It has several advantages:

e The neurons can easily be separated from the supporting glia, resulting in a pure
neuronal sample. This way, | can eliminate glia contamination from the mass
spectrometric analysis, which would otherwise confound our results.

e The majority of neurons in this type of culture are excitatory glutamatergic neurons,
with only few inhibitory neurons present (Benson et al., 1994), yielding a well-defined
neuronal population for the model. Additionally, the neurons can be grown in large
guantities for biochemical analysis, single cells can be labeled with DiO (Figure 5A),
and the preparation is easy to access for microscopy.

To confirm the purity of the culture | stained it for biomarkers of different neuronal populations
or glia and compared it to the common coculture of neurons with astrocytes (Figure 5B). Both
cultures showed little GABAergic neurons but large populations of glutamatergic neurons. | did
also not detect appreciable populations of microglia or oligodendrocytes in either culture type.
The most remarkable difference is in the content of astrocytes, marked by GFAP, which were
present in large numbers in the coculture, whereas the Banker-type culture was almost

completely devoid of them.
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Figure 5: The Banker culture is a well-defined model. A) Using DiO labeling, | could label individual neurons,
enabling me to visualize their spines in clear detail. B) Regular rat hippocampal neurons cocultured with astrocytes
and the Banker type culture were stained for biomarkers of different neuron and glia populations. All neurons were
either stained with $3-tubulin, the antibody SMI310, labeling NF-H and NF-M. Cells were stained against GAD65
for GABAergic neurons, vGIuT for glutamatergic neurons, GFAP for astrocytes, Ibal for microglia and Olig2 for

oligodendrocytes.
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In addition, | checked for the presence of glia biomarkers in our mass spectrometry dataset
and compared it to numbers derived from whole-brain lysates (Figure 6). | did not detect most
of the biomarkers in our culture, only GFAP was present in relatively larger amounts but
markedly decreased compared to whole-brain lysates (reduced to 16.6%). As GFAP is the
major intermediate filament in astrocytes and abundantly expressed there, a few astrocytic
cells can lead to a large number of proteins identified (Eng, 1985). In summary, the Banker

type rat hippocampal cultures are a pure system with only few non-glutamatergic cells.
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Figure 6: Biomarker analysis of neuronal cultures. In rat brain homogenate | could detect GFAP, glutamine
synthetase, MBP and MOG in large quantities, but these were drastically reduced in neuron cultures. No statistical
analysis was performed as only 1 experiment was done.
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The ultrastructure of dendritic spines and its organelles in Banker cultures
Next, | set out to measure the basic morphology of dendritic spines in the culture. Note that
the presented analysis here is a recapitulation of the work done by Christina Koerbs and
Vanessa Salimi during their medical dissertations under my supervision in our lab (Koerbs,
2017; Salimi, 2017). Mushroom class spines were traced from the head until the junction of
the neck to the dendritic shaft. Stubby synapses usually showed a triangular protrusion from
the shaft and were traced up to the point where this protrusion blended into the shaft (Figure
7). In total, | analyzed 30 mushroom and 34 stubby class synapses (Figure 8).
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Mushroom

Figure 7: Representative serial sections. A) A mushroom class spine. The PSD is marked with an arrow. A
continuous ER tubule is running along the dendrite, marked with an asterisk. Mitochondria are clearly identified by
their dark stain and were often seen below the neck of the spine, but rarely invaginated into the neck or head. B) A
stubby class spine with two presynapses and two corresponding PSDs side by side. The postsynapses are located
on a bump-like protrusion from the dendritic shaft. The PSDs are marked with arrows, also here an ER tubule
running along the shaft can be seen (marked with asterisks). In the upper portion of the shaft is a region with

membrane ruffles, marked by arrowheads, of unknown identity.
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Figure 8: Representative 3D Reconstructions of dendritic spines. A) A Mushroom class spine is shown, with
the PSD highlighted in red (left panel). The inside contains various organelles, in the dendritic shaft a large
mitochondrion can be seen (middle panel). Many more organelles reside in the shaft and also in the spine itself,
including ER, endosomes and vesicles (left panel) B) A stubby class spine is shown, looking at the face of the PSD.
The dendritic shaft is not visualized, but it runs from left to right on the bottom of the spine (left panel). The back of
the stubby spine does not have a PSD (middle panel). The cytosol of the stubby spine does show a few postsynaptic

vesicles, as well as an ER tubule.

Interestingly, the morphology of the two classes were very similar in all the analyzed
parameters, with no significant differences. Still, some variations could be observed: The PSD
area of stubby synapses was on average 50% larger than those of mushroom synapses
(0.106+0.066 umz2 vs 0.14+0.090 um?). The PSD area of stubby postsynapses also showed a
higher variability than those for mushroom class synapses, and it made up a larger fraction of
the total surface of the synapse (9.2+3.2% vs 6.6+1.4%). Also, the size of the PSD correlated
with the postsynaptic volume for stubby synapses but did not for mushroom class synapses
(r=0.5016, p= 0.0025 and r=0.3, p=0.173 respectively). When | grouped the synapses by
volume, | observed that there was a separate population of mushroom synapses with large
volumes of >0.4 um3, which is not present for stubby synapses. Interestingly, the number of
vesicles per postsynapse was very variable: Many did not contain any vesicles, but some did
contain up to 60. The nature of these vesicles is unclear, they could be AMPAR containing
postsynaptic vesicles, which have also been reported by others (Hussain and Davanger,
2015).
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Figure 9: The quantitative morphological parameters of mushroom and stubby spines in culture are similar.
The distribution of the different measured parameters is shown, green is mushroom, orange are stubby spines. The
PSD area follows a normal distribution, Surface and Volume are lognormal distributed (Kolmogorov-Smirnov test).
None of the shown parameters were significantly different between the two classes. The continuous line shows the
median, whereas the dotted lines are the quartiles. Stubby spines showed a correlation of their PSD area to their
volume, which was not the case for mushroom spines (r=0.5016, p= 0.0025 and r=0.3, p=0.173 respectively). The
table shows the mean + SEM of the measured parameters.
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The quantitative neuronal proteome

Synaptic copy numbers for the dendrite are not easily obtainable, because there is no
subcellular fractionation for dendritic spines available. It is possible to purify the PSD itself or
synaptoneurosomes, but these contain the presynapse as well (Carlin et al., 1980;
Hollingsworth et al., 1985), which will contaminate the analysis. | therefore devised an
alternative strategy, where | first determined the average quantitative proteome of a complete
hippocampal neuron using the label-free mass spectrometry technique iBAQ (Schwanh&usser
et al., 2011). | then calculated the copy number per dendritic spine using imaging techniques.
So far, most mass spectrometric analysis has focused on individual sub compartments (Cheng
et al., 2006; Lowenthal et al., 2015; Peng et al., 2004a; Takamori et al., 2006; Wilhelm et al.,
2014), whereas the whole neuron is seldomly analyzed. This is also the first quantitative
description of the neuronal proteome in absolute terms, as so far only relative datasets are
available for the neuron, which usually focus on the effect(s) of a specific treatment on the

neuronal proteome (Schanzenbacher et al., 2016).

Label-free mass spectrometry reveals the quantitative neuronal proteome

I initially set out to determine the neuronal proteome using regular iBAQ mass spectrometry.
Here, a standard protein mixture is analyzed before and after the sample in the mass
spectrometer. The intensity for each peak is calculated and normalized by the number of
theoretically observable peptides, derived from in silico digestion. Using the known protein
numbers in the standard sample, one can then calculate a standard curve that relates peak
intensity to copy number. This can then be used to calculate the copy number for each

identified protein in the sample.

After optimizing the digestion and run times, | realized that several key proteins where not
detected in the mass spectrometer, probably because the complexity of the sample was too
high and because several important neuronal targets are proteins with extensive
transmembrane domains, which are particularly difficult to tackle with mass spectrometry
(Barrera and Robinson, 2011). | therefore introduced a high pH fractionation step right before
the sample was injected into the mass spectrometer, to decrease sample complexity and
increase the coverage of the neuronal proteome. To this purpose, | analyzed 4 biological
replicates that showed a high correlation of their copy numbers (Figure 10A). The copy number
per neuron showed a typical sigmoidal distribution (although not being normal or lognhormal
distributed, p<0.0001 for both tests), with many cytoskeleton or glycolytic proteins among the

most abundant proteins (Figure 10B).
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Figure 10: A general description of the quantitative neuronal proteome. A) | analyzed 4 biological replicates,
which all showed a good correlation to each other. B) The distribution of the copy numbers showed few high or low

abundant proteins, with most proteins in the range of 10* to 107 copies

In total, | was able to identify 6194 genes, which represents a very high coverage of pure
hippocampal neuronal cultures. Because the rat proteome is not as highly curated as mouse
or human, almost 2/3 of the identifications were unreviewed entries (Figure 11A). Notably,

VAMP2 was among the most abundant proteins with 7.5x108 + 9.4x107 copies.
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Figure 11: Quantitative mass spectrometry of neuronal cultures. A) In total | was able to identify 6194 protein
groups. Using GO analysis, | assigned the proteins to the major subcellular compartments. B) The copy number
distribution within each compartment was investigated. The mean copy number per subcellular compartment differs
from the median (Mean + SEM, Median + quartiles are shown; Note the logarithmic scale of the violin plot). C)
Summing up all protein numbers, the total molarity and protein content per neuron was calculated. The volume of
the neuron was estimated to be 5000 pm3. D) Two obligate protein interactions were checked for their occurrence
in the data. E) Protein size shows a significant negative correlation with abundance (Spearman rho =-0,51,
p<0.001), that can also be fitted with a linear relationship (R?=0.16).

| also calculated the total protein number and amount per neuron and estimated the molarity
and protein concentration (Figure 11C). Because there is no information in the literature on
neuronal volumes in cultures, | estimated the volume to be 5000 um3, a value derived from
mammalian cell culture volumes (Bohil et al., 2006; Cohen and Studzinski, 1967; Krombach et
al., 1997; Luby-Phelps, 2000; PUCK et al., 1956; Zhao et al., 2008). | did so because neurons
have many processes, that will increase the total volume. Neurons in vivo though can have
much larger volumes, for example Purkinje cells have a volume of about 13700 um3 (Andersen
et al., 2003).

46



Using gene ontology analysis, | assigned the proteins to a subcellular compartment. The
protein fraction within the compartment is similar to other studies (Schanzenbé&cher et al.,
2016). Interestingly, the mean copy number between subcellular compartments was not
significantly different, whereas the median copy number mitochondria was significantly
different to those of the other compartments (Figure 11B). The lower median than mean
indicates, that the data is skewed to higher values. This is more prominent for the
non-mitochondrial compartments, which can also be seen from the violin plot. | checked the
quality of the quantification by comparing two known obligate protein complexes with my
measured data, the vATPase subunits and the rab geranylgeranyl transferase (Kitagawa et
al., 2008; Zhu et al., 2006). These proteins are highly unstable when they are not bound by
their interaction partner. Therefore, the whole cell copy numbers should represent the
stochiometric ratio of the complex, which it did (Figure 11D). Intriguingly, the protein copy
number showed highly significant anti-correlation with the mass of a protein (Figure 11E), a

phenomenon that has also been observed in vivo (Mandad et al., 2018).

Subcellular copy numbers can be derived using imaging methods

As the goal of this study is to analyze the quantitative composition of dendritic spines, | devised
a two-step method to calculate the copy number for a protein of interest in a dendritic spine.
First, | needed to calculate the fraction of the protein of interest that is inside synapses. To do
so, | used Homerl as a postsynaptic marker, and coimmunostained against the protein of
interest. Using Homerl as a mask | calculated how much of the protein is within dendritic
spines. | used epifluorescence imaging to cover large areas of the culture, but this has a lower
resolution. Because of this, also some presynaptic regions are picked up within the homer
mask. To correct for this, | used the super-resolution images already acquired. Here, |
calculated the correlation coefficient of the protein of interest to Homerl. Together with the
number of spines per neuron | can calculate the synaptic copy number for each protein

analyzed this way (4).

The copy number within a dendritic spine followed a similar distribution as the neuronal copy
numbers (Figure 12A). There were a few proteins that were only present in very few copies,
suggesting that these are present only in a minor subset of dendritic spines. Interestingly, the
postsynaptic copy number correlated with their presynaptic counterpart (Spearman rho = 0.68,
p<0.0001; Figure 12B), showing also that postsynaptic proteins are on average less abundant
than in the presynapse (Presynaptic data from Wilhelm et al., 2014). In addition to the average
postsynaptic copy number, | was interested whether different spine classes have different
protein composition. | therefore calculated the synaptic copy number for mushroom and stubby
synapses by comparing the immunofluorescence signal from the STED images between the

two classes. Surprisingly, stubby synapses had more protein copy numbers on average (1.44
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+ 0.34; Mean = SD) and several proteins showed a preferential enrichment in one class (Figure
12C). The proteins enriched in stubby synapses were mainly trafficking associated proteins,
but also Homerl showed an increased abundance in stubby synapses. Mushroom spines had,
among others, more Actin and Drebrin, as well as PSD95.
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Figure 12: Dendritic spine copy numbers. A) The distribution of postsynaptic copy numbers.
B) Pre- and postsynaptic copy numbers of the same protein are correlated (Spearman

rho = 0.68, p<0.0001; presynaptic data from Wilhelm et al., 2014). The postsynaptic protein
is present in lower copies on average. Please note that the results are shown on logarithmic
scales. C) Several proteins show a preference to either Stubby or Mushroom class spines.

The line indicates the mean ratio,

the dotted lines are mean = 1 SD. D) General parameters

of the dendritic proteome. Spine means the whole dendritic spine, values are Mean + SEM.
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The quantitative average distribution and abundance of 105 postsynaptic
proteins

After determining the synaptic copy number of the proteins of interest, | determined their
nanoscale localization with dendritic spines. To do so, | used STED super-resolution
microscopy. In total, | analyzed 40604 spines, of which 18429 were classified as mushroom,
14093 were stubby (Table 9). An additional class, termed ‘Other’, was also classified, that
contains synapses that do not fit the two categories but show strong Homer1 signal. This class
had 8082 entries but was not considered in the presented analysis.

Table 9: Distribution of the spine classes over the whole dataset.

Spine class Number Percentage of total spines
Mushroom 18429 45.39%

Stubby 14093 34.71%

Other 8082 19.90%

Total 40604

As this is a large dataset, and to make the comparison between proteins easier, | present it in
a standardized form (Figure 13). For each protein, | briefly describe its known function,
organization and interaction partners within this dataset, followed by representative
microscopy images, together with the average distribution of the protein. Please note that the
average image does only show the protein of interest. The violet color is not coming from
mixing the homer signal in blue and the STED signal in red but is part of the used colormap.

The color map extends from black over violet to red-white (Hunter, 2007).

Because the interpretation of the average images per se is difficult, and to extract more
guantitative information about the localization of the protein, | performed an enrichment
analysis. By analyzing each spine individually, | was also able to extract more detailed
information on the protein localization and enrichment. This is presented as violin plots, which
fits a frequency distribution to the data. The bold line indicates the median, the thin lines the
lower and upper guartile respectively. The green plots correspond to Mushroom, the orange

plots to Stubby class synapses.

The second page shows the copy number in the whole cell, the copy number in the whole
spine or the PSD for both classes. | also calculated %of total protein in the whole that a given
protein constitutes and calculated the molarity. Finally, where available | show the Molecular

model of a mushroom spine.
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Proteinname (Synonyms, Gene name, Uniprot ID)
Known functions within the postsynapse
Known organization, for example membrane-associated or not, multimerization if known
Known Interactions: Only interactions within this dataset are considered.

DiO and Homer Protein of interest Overlay Average

The average
distribution of the
protein of interest
in mushroom and
Representative images of the two classes are shown. Green is DiIO  stubby spines,
for the membrane, blue is Homer1 as a postsynaptic marker., both the colormap is
in confocal resolution. The protein of interest is shown in red-hot  inferno. The white
at STED resolution. The contrast was adjusted for better visibility. line indicates the

Mushroom

s Scale bar is 500 nm. membrane, the

£ green circle the

% location of the PSD.
Scale bar is 500 nm.

Upper panel:

The Enrichment of the protein across the different zones is depicted. It is calculated by
dividing the fraction of signal from the protein of interest that falls into a given zone by

the fraction of signal from the average of all investigated proteins that falls into the same
zone, The zones corresponding to the PSD are highlighted in green, perisynaptic regions are
yellow and extrasynaptic regions are red.

Lower panel:

Several parameteres were measured for each individual spine. The distribution was fitted
with a kernel and is presented in a violin plot. The thick line indicates the median, the
dotted lines the upper and lower quartiles. The number above the plot shows the median.
Distance to membrane: The distance of every spot to its closest membrane is measured.
Distance to PSD: The distance of spots to the PSD is measured. Only spots within the
head/synaptic regions for stubby, are considered here.

Enrichment in head: The fluorescence signal within the head is averaged and compared

to the average fluorescence signal in the shaft. For each spine an individual rectangle was
drawn on the shaft, which is used here.

Enrichment in PSD: Same as enrichment in PSD, but the signal in the PSD, determined by
Homerl FWHM signal, is calculated.

Eccentricity: The position of all spots in the head on the top-bottom axis is determined.
This is normalized, where 1 is the top of the head, -1 the bottom of the head.

Laterality: The position of all spots in the head on the left-right axis is determined. The
position is normalized, where 0 is the center of the spine, 1 is the most left/right position.
Diameter: To each spot in the head an ellipse is fitted, the length of the major axis is shown.
Distribution: For every spot in the head, the distance of this spot to all other spots in the
head is calculated.

Figure 13: Description of the standardized figure. Continued on next page.
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Mushroom 3D model

References
Antibody: Manufacturer and Catalogue number ~ PDB Identifier: PDB entries used for
the construction of the atomic model
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Cytoskeleton and associated proteins
The cytoskeleton fulfills many functions in the dendrite and spines. In the following section, |
analyze the main components of the dendritic spine and shaft cytoskeleton.

il

Q
\

- a5

= >

Figure 14: Depiction of the cytoskeleton in dendritic spines.
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Actin (Genes: Actg1, Actb, Actc1, Uniprot ID: P63259, P60711, P68035)
Known function: Shapes spine morphology, serves as scaffold for transport

Known organization: Cytosolic, forms filaments, rings in neck and shaft

Known Interactions: B-2-spectrin

DiO and Homer Average
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Figure 15: Actin nanoscale localization and abundance. Continued on next page.
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Whole cell copy 578927602 + 10990929.13

number
Spine copy
Gl 38100.16 + 6546.86
% in PSD 29.90
PSD copy number 8769.50 + 1506.89
Mushroom Stubby
Spine copy 42259.40 32375.14
number + 7261.55 +5563.11
9726.83 7451.77
PSD copy number IENe il +1280.46

% of protein 13.03+£224% 640+ 1.10%
Molarity [uM] 35419+ 60.86 173.56 + 29.82

References
Phalloidin Sigma Aldrich 65906 PDB Identifier: 1j6z
Literature:
Bar et al., 2016; Chazeau and Giannone, 2016; D’Este et al., 2015, 2016; Sidenstein et al.,
2016; Xu et al., 2013
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a-Internexin (Gene: Ina , Uniprot ID: P23565)
Known function: Part of the neurofilament filament
Known organization: Cytosolic
Known Interactions: Neurofilaments, Tubulins

DiO and Homer a-internexin Overlay Average
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Figure 16: a-Internexin nanoscale localization and abundance. Continued on next page.
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Antibody: LS Bio LS-B10413
Literature:

Whole cell copy

20247463.61 + 2146256.32

number
Spine copy
PR 1045.72 + 1166.78
% in PSD 7.72
PSD copy number 74 .98 + 83.66
Mushroom Stubby
Spine copy 1090.05 777.74
number +1216.24 + 867.77
PSD copy number 78.16 £ 87.21 55.76 + 62.22
% of protein 0.14 £ 0.16% 0.06 £ 0.07%
Molarity [uM] 9.14 £10.19 417 £4.65
References

PDB Identifier: modified NF-H

Suzuki et al., 1997, 2018, Yuan et al., 2006, 2015b, 2015a
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B-2-spectrin (B-3-spectrin, Gene: Sptnb2, Uniprot ID: Q9QWNS)
Known function: Acts as spacer for actin rings
Known organization: Cytosolic
Known Interactions: Actin

Average

DiO and Homer B-2-spectrin Overlay
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Figure 17: B-2-spectrin nanoscale localization and abundance. Continued on next page.
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Whals Cell copy 1169335.35 + 234131.07

number

Spine copy
Rl 32.79 £43.22

% in PSD 14.56
PSD copy number 417 £549
Mushroom Stubby

Spine copy

SHEel 30.41 +£40.08 36.11 £ 47.58

PSD copy number  3.87 £5.09 459 +6.05
% of protein 0.02 £ 0.03% 0.01+ 0.02%
Molarity [uM] 0.25+0.34 0.19+0.26

References
Antibody: BD Biosciences 612562 PDB Identifier: 1s35
Literature:

Bar et al., 2016; Sidenstein et al., 2016; Xu et al., 2013
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B-3-tubulin (Gene: Tubb3, Uniprot ID: Q4QRB4)
Known function: Forms microtubules
Known organization: Cytosolic, Forms hollow microtubule, Neuron specific
Known Interactions: a-tubulins, a-internexin

DiO and Homer B-3-tubulin Overlay Average
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Figure 18: B3-tubulin nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Bibar 135945734.28 + 9810384.32
S‘:S; g::)y not detected
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy
number na na
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
Antibody: Cell Signaling 5568 PDB Identifier: 6e7b

Literature:

Jaworski et al., 2009; Kaech et al., 2001; Landis and Reese, 1983; Sullivan and Cleveland,
1986
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pan-B-tubulin (Genes: Tubb1, Tubb2a, Tubb2b, Tubb3, Tubb4a, Tubb4b,
Tubb5, Tubb6, Uniprot IDs: MOR8B6, P85108, Q3KRES8, Q4QRB4,
B4F7C2, Q6P9T8, P69897, Q4QQV0)

Known function: Forms microtubules
Known organization: Cytosolic, Forms hollow microtubule
Known Interactions: a-tubulins, a-internexin

DiO and Homer pan-B-tubulin
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Figure 19:pan-B-tubulin nanoscale localization and abundance. Continued on next page.
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Whole cell copy
number

Spine copy
number

% in PSD
PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

Mushroom molecular model

References
Antibody: Self-made nanobody (Mikhalyova et al. 2015) PDB Identifier: 1tub
Literature:

Jaworski et al., 2009; Kaech et al., 2001; Landis and Reese, 1983
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Cortactin (Gene: Cttn, Uniprot ID: Q66HL2)
Known function: Branching and Stabilization of Actin, Involved in PSD95 clustering
Known organization: Cytosolic
Known Interactions: Actin, Shank proteins, PSD95

DiO and Homer Cortactin Overlay Average
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Figure 20: Cortactin nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Biriber 4501573.83 + 264697 .54
Spine copy e
Prirakas 404.39 + 161.28
% in PSD 156.21
PSD copy number 53.39+21.29
Mushroom Stubby
Spine copy 99 28 74 iy
number 322.71 £128.71 601.58 £ 239.93

PSD copy number 42.61+1699  79.43 %3168
% of protein 0.04 + 0.02% 0.05+0.02
Molarity [uM] 270+1.08 323+£1.29

Mushroom molecular model

References
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Drebrin (Gene: Dbn1, Uniprot ID: Q07266)
Known function: Stabilizes Actin, Regulates microtubule entry into spines
Known organization: Cytosolic
Known Interactions: Actin

DiO and Homer Drebrin Overlay Average
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Figure 21: Drebrin nanoscale localization and abundance. Continued on next page.
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Whole cell copy [ ——
number | 7638873.40 + 728504.99

Spine copy ATOO k=) i e
% in PSD 26.82
PSD copy number | 1435.93 + 209.68
Mushroom Stubby
Spinecopy = 670958 7124.02
number +979.78 +1040.30
141881  1506.45
PSD copy number [ 207.18. | | £219.98
%of protein 120+018% 082+012%
Molarity [uM] 56.23+8.21 38.19+£5.58

Mushroom molecular model
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MAP2 (Gene: Map2, Uniprot ID: P15146)
Known function: Stabilizes microtubules, Crosslinks microtubules with neurofilaments
Known organization: Cytosolic
Known Interactions: Microtubules, Neurofilaments

DiO and Homer Overlay Average
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Figure 22: MAP2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy ey 4 e e e
Biriber 2724287.06 + 305050.06
number 679.58 +162.65

% in PSD 14.42
PSD copy number | 85.71 £ 20.50
Mushroom Stubby
Spine copy 481 G5 + 1 D9 61 + 222 7
N imBar 481.55+ 11520 929.61 +222.39

PSD copy number 60.71+14.52  117.19 £ 28.03
% of protein 022+0.05%  0.27+0.07%
Molarity [uM] 4.04£0.97 498 £1.19

Mushroom molecular model
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Myosin5a (Gene: Myo5a, Uniprot ID: Q9QYF3)
Known function: Transport of GluR1 and GIuR2 during LTP, Regulates ER localization,
Transport of various other cargos
Known organization: Cytosolic
Known Interactions: Actin
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Figure 23: Myosin5a nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Beirabar 1525288.86 + 164897.19

Spine copy e O A
dal 3809.79 + 3109.92

% in PSD 16.78
PSD copy number 547.38 + 446.82
Mushroom Stubby

Spine copy 2544 50 5517.38

number +2077.06 +4503.82

PSD copy number 365.58 +298.43 792.72 + 647.09
% of protein 1.24 £1.02% 1.73+1.41%
Molarity [uM] 2133 +17.41 2958 +£24.14

Mushroom molecular model
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Neurofilament H (Gene: Nefh, Uniprot ID: P16884)
Known function: Forms neurofilaments, Regulates ER and Endosome location
Known organization: Cytosolic, Forms triplet with Neurofilament L and M
Known Interactions: Neurofilament L and M, a-internexin, DLGAP1, Myosin5a,
Dopamine D1 receptor

DiO and Homer Neurofilament H Overlay Average
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Figure 24: Neurofilament heavy nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 624802.88 + 189533.54
Spine copy
number 69.40 + 33.98
% in PSD 17.31
PSD copy number 10.24 £ 5.01
Mushroom Stubby
Spine copy _
number 60.88 + 29.81 77.28 £ 37.84

PSD copy number  8.98 £4.40 11.40 £ 5.58
% of protein 0.02 £ 0.01% 0.01+0.01%
Molarity [uM] 0.51+0.25 041+0.20
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Neurofilament L (Gene: Nefl, Uniprot ID: P19527)
Known function: Forms neurofilaments, Regulates ER and Endosome location
Known organization: Cytosolic, Forms triplet with Neurofilament L and M
Known Interactions: Neurofilament L and M, a-internexin, DLGAP1, Myosin5a,
Dopamine D1 receptor

DiO and Homer Neurofilament L Overlay Average
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Figure 25: Neurofilament light nanoscale localization and abundance. Continued on next page.
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Whole cell copy

8292242.66 + 711027.11
number
SPS SOy 664.29 + 325.02
number 3 z
% in PSD 16.52
PSD copy number 94.16 £ 46.07
Mushroom Stubby
Spine copy 545,10 802.93
number * 266.70 + 392.85

PSD copy number 77.27 £37.81  113.81 £ 55.69
% of protein 0.08 + 0.04% 0.07 £ 0.04%
Molarity [uM] 457 +224 430211
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Septin7 (Gene: Sept7, Uniprot ID: Q9WVCO0)
Known function: Restricts diffussion at spine neck, Regulates spine morphology,
Stabilizes PSD95 in spines
Known organization: Cytosolic, Forms arc or ring-like structures
Known Interactions: None
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Figure 26: Septin7 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

1638159.43 + 260844.08
number
Spine copy 331.12 + 98.61
number
% in PSD 15.72
PSD copy number 44.98 £ 13.40
Mushroom Stubby
Spine copy 263.18 + 78.37 375.50 + 111.82
number

PSD copy number 35.75 £ 10.65 51.01 £ 15.19
% of protein 0.03 £ 0.01% 0.03 £ 0.01%

Molarity [uM] 221 +0.66 2.01+0.60
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Scaffold proteins

Scaffold proteins are essential to the construction of the PSD density. In this section, | study
members of the Membrane-associated guanylate kinase family, Homer and Shank proteins,
as well as DLGAP1.
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Figure 27: Depiction of scaffold proteins in dendritic spines.
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DLGAP1 (GKAP1, SAPAP1, DAP-1, Gene: Digap1, Uniprot ID: P97836)
Known function: Links PSD95 to Shank proteins

Known organization: Cytosolic, Forms clusters within PSD

Known Interactions: PSD95, SAP97, Shank proteins

DiO and Homer DLGAP1 Overlay Average
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Figure 28: DLGAP1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Biriber 105560.36 + 11306.76

Spine copy anR A
PR 208.36 + 52.87

% in PSD 18.85

PSD copy number | 33.04£838
Mushroom Stubby

Spine copy A0 BA + 2R AT IO 74 O]

e 14254 £36.17 291.93+74.08

PSD copy number 2260+574 @ 4629+ 11.75
% synaptic protein  0.04 £0.01%  0.05+0.01%
Molarity [uM] 0.00 £0.00 0.00 £0.00

Mushroom molecular model
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Homer1 (PSD-Zip45, Vesl1, Gene: Homer1, Uniprot: Q9Z214)
Known function: Scaffold protein, Links mGIuR to downstream targets, Homer1a
regulates this interaction as a dominant negative isoform
Known organization: Cytosolic, Directly below PSD, Selfmultimerizes (Dimer of dimers),
Forms mesh like structure with Shank proteins
Known Interactions: mGIuR, Shank proteins, Dynamin 3

DiO and Homer Homer1 Overlay Average
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Figure 29: Homer1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 2156858.01 + 207146.63
Spine copy AR BT ANy
number 2448-97 - = 302.71
% in PSD 59.11
PSD copy number 909.83 + 112.46
Mushroom Stubby
Spine copy 1698.57 3779.09
Pmber +209.96 +467.13

PSD copy number 631.04 + 78.00 1403.99 £173.55
% of protein 0.16+£0.02%  0.23+0.03%
Molarity [uM] 14.24 + 1.76 20.26 +250

Mushroom molecular model

References
Antibody: Synaptic Systems 160 011 and 160 003 PDB Identifier: 3cve
Literature:

Dani et al., 2010; Hayashi et al., 2006, 2009; Kato et al., 1998; Lu et al., 2007; MacGillavry et
al., 2013; Newpher and Ehlers, 2008; Roche et al., 1999; Tao-Cheng et al., 2014; Tu et al.,
1998; Xiao et al., 1998

85



Homer2 (Vesl2, Cupidin, Gene: Homer2 , Uniprot ID: O88801)
Known function: Scaffold protein, Links mGIuR to downstream targets
Known organization: Cytosolic, Directly below PSD, Selfmultimerizes (Dimer of dimers),
Forms mesh like structure with Shank proteins
Known Interactions: mGIuR, Shank proteins, Dynamin 3

DiO and Homer Homer2 Overlay Average

Mushroom

Stubby

Zone Enrichment Mushroom Zone Enrichment Stubby
2.0 -

Fold Difference 1o average
>
°
—
—
-
-
>
|
-
" ‘
Fold Difference to average
o -
1
-4
-

. LB " L} L] L L] L) L) 0] L] 0] L} L]
NP g ST TRRT SRR SR N SC L SEPL SN S S P, R S S o] & .H L
R R W A IS P FTEFEFFLSF ST EEEE S
P L L E AP A AT N & Fore LS LS &8
& e“\O&q“: FELEF @B LS P PR e Sl Al Sl S PP
¢S FF PSR N C Ep Q7 ¥ dJ < =
3Y, R 2 & N AN AN AN
R PR N RN S S
T FW N ESHEG T S 7T NCTF SO
& & ¢
KF T
,b
Distance to membrane Distance to PSD Enrichment Head Enrichment PSD
25009 e m 000+ 1% - 400+ 12 '3 1 . Py
20004 0+
— — ) 100
£ 15004 Eai _E w04 %
£ 10004 5o\ w404 o
3004 19004 204
] & &3 H e - B ] _ | ! __
, Eccentricity : Laterality Diameter Distribution
Top of head aad OB | amivight of head a1 0 500+ o 2000 o e
4% €00
° = 00+ —
Cortter of head duse, oS fE‘-m- g 400 S
- =i wad  son £ 2000
" 0 o
Botsom of head Centes of hoad 0< 0

Figure 30: Homer2 nanoscale localization and abundance. Continued on next page.
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Antibody: Synaptic Systems 160 203

Literature:
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1998; Xiao et al., 1998
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Homer3 (Vesl3, Gene: Homer3, Uniprot ID: Q9Z2X5)
Known function: Scaffold protein, Links mGIuR to downstream targets
Known organization: Cytosolic, Directly below PSD, Selfmultimerizes (Dimer of dimers),
Forms mesh like structure with Shank proteins
Known Interactions: mGIuR, IP3R, RyR, Shank proteins, Dynamin 3
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Figure 31: Homer3 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 372633.47 + 69292.96
Spine copy A
number 237.38 +48.26
% in PSD 31.73
PSD copy number 57.18 £11.63
Mushroom Stubby
Spine copy : , = |
number 215.49 £ 4381 262.55+53.38

PSD copy number 51.91£10.55 63.25+ 12.86
% of protein 0.02 £ 0.00 0.02+ 0.00
Molarity [uM] 1.81+£047 222 +0.60

Mushroom molecular model
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PSD93 (Dlg2, Chapsyn-110, Gene: Dig2, Uniprot ID: Q63622)
Known function: Major organizer of the PSD

Known organization: Membrane-associated, Forms supercomplexes with other

scaffolds, receptors and other proteins

Known Interactions: PSD95, NMDA receptors, nNOS, Kir2.1
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Figure 32: PSD93 nanoscale localization and abundance.
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Whole cell copy 2090886.95 + 76779.43

number
Spine copy
% in PSD 29.66
PSD copy number | 159.91 + 14.96
Mushroom Stubby
Spine copy  JEmernRNnRuNS (e
number 645.93+6042 791.50 £ 74.04

PSD copy number ' 147.77 + 13.82 | 181.07 £ 16.94
% of protein 0.14 + 0.01 0.11£0.01
Molarity [uM] ~~ 541£051 = 424040

Mushroom molecular model
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PSD95 (Dig4, Sap90, Gene: Dig4, Uniprot ID: P31016)
Known function: Major organizer of the PSD
Known organization: Membrane-associated and cytosolic, Forms supercomplexes with
other scaffolds, receptors and other proteins, Forms Nanodomains
Known Interactions: PSD93, NMDA receptors, nNOS, Potassium channels
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Figure 33: PSD95 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

abar 2445674.62 + 138415.13
Spine copy AR AR ARk
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PSD copy number 288.21 £ 34.50
Mushroom Stubby
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Shank1 (Synamon, Gene Shank1, Uniprot ID: Q9WV48)
Known function: Links the PSD to the cytoskeleton

Known organization: Cytosolic, Selfmultimerizes, Forms mesh like structure with Homer
proteins, Axially more distal to PSD than PSD95, Forms clusters

Known Interactions: Homer proteins, DLGAP1, GluR1
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Figure 34: Shank 1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Aliabar 45698.29 + 1849.10
Spine copy ATl iy
A 179.66 £ 17.15
% in PSD 47.08
PSD copy number 57.51£5.49
Mushroom Stubby
Spine copy L2 . 9a " 4
el 139.91+13.36 232.08 +22.16
PSD copy number 44.78 +4.28 7429 +7.09
% of protein 0.07 £ 0.01 0.08 £ 0.01
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Mushroom molecular model
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Shank2 (ProSAP1, CortBP1, Gene: Shank2, Uniprot ID: Q9QX74)
Known function: Links the PSD to the cytoskeleton
Known organization: Cytosolic, Selfmultimerizes, Forms mesh like structure with Homer
proteins, Axially more distal to PSD than PSD95, Forms clusters
Known Interactions: Homer proteins, DLGAP1, Cortactin, GluR1
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Figure 35: Shank2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 198061.44 + 12305.69
Spine copy - :
number 241,61 £ 80.59
% in PSD 28.51
PSD copy number 53.61+17.88
Mushroom Stubby
Spine copy P = ”
number 277.34 +92.50 226.87 +75.67

PSD copy number 6154 £20.52  50.34 + 16.79
% of protein 0.13+0.04 0.07 £ 0.02
Molarity [uM] 232+0.78 1.22+0.41

Mushroom molecular model
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Shank3 (ProSAP2 Gene: Shank2, Uniprot ID: Q9JLU4)
Known function: Links the PSD to the cytoskeleton
Known organization: Cytosolic, Selfmultimerizes, Forms mesh like structure with Homer
proteins, Axially more distal to PSD than PSD95, Forms clusters
Known Interactions: Homer proteins, DLGAP1, Cortactin, GluR1
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Figure 36: Shank3 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 51944 .33 + 7495.61
Spine copy N -
number 130.83 £ 12.92
% in PSD 49.89
PSD copy number 43.54 +4.30
Mushroom Stubby
Spine copy ST

PSD copy number ~ 36.09 + 3.56 53.09 + 5.24
% of protein 0.05 +0.00 0.04 £0.00
Molarity [uM] 0.91+0.09 0.86 £0.08

Mushroom molecular model
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Receptors

The most important function of dendritic spines is the recognition of neurotransmitter. This is
brought about by several different types of receptors, AMPAR, NMDAR, kainate and
metabotropic glutamate receptors. Several other receptor types exist on dendritic spines, here
| investigated also dopamine and neurotrophin receptors.

Figure 37: Depiction of receptors in dendritic spines.
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Dopamine Receptor D1 (Gene: Drd1, Uniprot ID: P18901)
Known function: Activation of Adenylyl cyclase, Enhances NMDAR response
Known organization: Transmembrane proteine, Present in clusters, Predominantly on
shaft and perisynaptic regions
Known Interactions: Dopamine Receptor D2, NMDA Receptors
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Figure 38: Dopamine Receptor D1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Bibar not detected
Spine copy
number ha
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy
number na na
PSD copy number na na
% of protein na na
Molarity [uM] na na
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Dopamine Receptor D2 (Gene: Drd2, Uniprot ID: P61169)
Known function: Inhibition of Adenylyl cyclase, Decreases NMDAR response and GluR1

insertion

Known organization: Transmembrane proteine, Close to or within PSD

Known Interactions: Other Dopamine receptor isoforms, NMDA receptors
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Figure 39: Dopamine Receptor D2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy
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Spine copy
number ha
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PSD copy number na
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GluK1 (GluRS5, Grik1, Gene: Grik1, Uniprot ID: P22756)
Known function: Involved in excitatory transmission, Limited role in plasticity
Known organization: Transmembrane protein
Known Interactions: PSD95
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Figure 40: GluK1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

Bibar not detected
Spine copy
number ha
% in PSD na
PSD copy number na
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GluN1 (NMDAR1, NR1, Gene: Grin1, Uniprot ID: P35439)
Known function: Critical for synaptic plasticity and learning
Known organization: Transmembrane proteine, Highly concentrated in PSD, Part of
supercomplexes with PSD95 and other proteins, Often close to dopamine receptors
Known Interactions: mGIuRS, Dopamine receptor D1

DiO and Homer GluN1 Overlay Average
o
o
—
i
7]
>
>
0
o
=
=
wn
Zone Enrichment Mushroom Zone Enrichment Stubby
15w~ A~
= @
(=] (=]
" T 3 T
S 0= ] T
> >
n o
o 9 2
— -— - T
8 osd I ]’ 3 h
IrTY § i
I : z
B o a .
3 g LB 3 T T T T
w l 1 (T
Eed LD U I B B B B B B B D B B A ) 4 1 L L] L 1 L] L} L] L) T L
b D PP EELSDD DL DD & R T N -
@Q\ﬁ,"szﬁa SRR <°°-\°gp~<@°u°$\' R & 8 ¥ & & & SO EE
Ua @ LS LS N A A E U@ @ S FE & §F&
(,_,,0 \\\\ > \\\‘6 ﬂ“"\\\‘;\\@ N \2\“ 6550 \'% @"‘ (b\ (@t’ o of @0 \\\l \\)\k X (“5\ .,\“J* \‘&\ < QC/G(\ SN\ (5‘)\ <3
QQ(’? OOD\Q ‘&q“@(-’\i‘?‘@o“—\&&\&“- i‘,‘\\ & \_}_\:\ & ¢ (P( Q(" ‘\wf &‘-‘p \\Q“’ &
G F AR & @ pUF o ] & &
Q O ob\\\dieé)&“"’k\ <& e_: F TG Q W O
“’Q:b" - x,:z.‘ @
N
Distance to membrane Distance to PSD Enrichment Head Enrichment PSD
10004 il = 2300 "o 0 ! : 15 \4 "
10004 30004 .
—~ = o & o 1¢
gaow £ 2004 2. S 5
10004 12004 2 S
i J P S J A it
. Eccentricity ; Laterality _Diameter Distribution
Top of head . THE Lemvight of heod Sl - 400 - 7 000
300 S0
. = =
Cemerofhead| «=== ==== ’é 0 E 40
PA Lo\t 100 smme Py 2000 - -
1 0
Botom of head Centes of bead b b

Figure 41: GluN1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 290430.79 + 10595.00

number
Spine copy
i 120.70 + 11.51
% in PSD 37.10
PSD copy number 32.66 +3.12
Mushroom Stubby
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number
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% of protein 0.03£0.00 0.02 £0.00
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GIluN2A (NMDAR2A, NR2A, Gene: Grin2a, Uniprot ID: Q00959)
Known function: Critical for synaptic plasticity and learning, Postnatal dominant isoform.
Known organization: Transmembrane proteine, Highly concentrated in PSD, Part of
supercomplexes with PSD95 and other proteins, Often close to Dopamine receptors
Known Interactions: PSD93, PSD95, Dopamine Receptor D1, Calmodulin, CaMKI|
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Figure 42: GIuN2A nanoscale localization and abundance. Continued on next page.
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Whole cell copy 23076.60

number (only detected in 1 replicate)
Spine copy 243
number
% in PSD 15.00
PSD copy number 0.32
Mushroom Stubby
Spine copy 2.06 271
number
PSD copy number 0.27 0.35
% of protein 0.00 0.00
Molarity [uM)] 0.02 0.01
References
Antibody: NeuroMab 75-288 PDB Identifier: Suow

Literature:

Al-Hallaq et al., 2007; Bard et al., 2010; Ehlers et al., 1996; Elias and Nicoll, 2007; Frank et
al., 2016; Krapivinsky et al., 2003; Lee et al., 2002; MacGillavry et al., 2013; Pei, 2004; Racca
et al., 2000; Sans et al., 2000; Sheng et al., 1994; Shinohara et al., 2008; Wyszynski et al.,
1997
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GIuN2B (NR2B, NMDAR2B, Gene: Grin2b, Uniprot ID: Q00960)
Known function: Critical for synaptic plasticity and learning, Prenatal dominant isoform
Known organization: Transmembrane proteine, Highly concentrated in PSD, Part
of supercomplexes with PSD95 and other proteins, Often colocalized with Dopamine

receptors
Known Interactions: PSD93, PSD95, mGIuRS5, Dopamine Receptor D2, CaM, CaMKI|

DiO and Homer GluN2B Overlay Average
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Figure 43: GIuN2B nanoscale localization and abundance. Continued on next page.
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Whole cell copy 117169.17 + 18564.25

number

Spine copy
S 55.07 £ 9.77

% in PSD 47.07
PSD copy number 17.63 +3.13
Mushroom Stubby

Spine copy

S 47.63 £ 845 67.20 £ 11.93

PSD copy number 1524 + 2.71 21.51+£3.82
% of protein 0.02 £ 0.00 0.02 £ 0.00
Molarity [uM] 0.40 £0.07 0.36 £ 0.06

References
Antibody: Neuromab 75-101 PDB Identifier: 6cna
Literature:
Al-Hallaq et al., 2007; Bard et al., 2010; Dani et al., 2010; Ehlers et al., 1996; Elias and Nicoll,
2007; Frank et al., 2016; Halt et al., 2012; Krapivinsky et al., 2003; Liu et al., 2006; MacGillavry
et al., 2013; Perroy et al., 2008; Racca et al., 2000; Sans et al., 2000; Sheng et al., 1994;

Shinohara et al., 2008; Wyszynski et al., 1997; Zhang and Diamond, 2009; Zhou et al., 2007
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GluR1 (GluA1, Gene: Gria1, Uniprot ID: P19490)
Known function: Part of primary glutamate receptor, Important for plasticity, Rapidly
delivered to synapse upon activation, Stable localization at synapse
Known organization: Transmembrane proteine, Heterotetramers, Forms 80 nm clusters,
Known Interactions: None

DiO and Homer GluR1 Overlay Average
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Figure 44: GluR1 nanoscale localization and abundance. Continued on next page.
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Whale cell copy 275371.42 + 23163.08

number
Spine copy
s 79.24 £ 12.62
% in PSD 23.49
PSD copy number 15.07 £ 2.40
Mushroom Stubby
Spine copy 63.78 + 10.16 100.18 £ 15.96
number
PSD copy number 12.13 £ 1.93 19.06 + 3.04
% of protein 0.01+£0.00 0.02 £0.00
Molarity [uM)] 0.53 £0.09 0.54 +£0.09
References
Antibody: Synaptic Systems 182 003 PDB Identifier: modified GluR2

Literature:

MacGillavry et al., 2013; Nair et al., 2013
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GluR2 (GluA2, Gene: Gria2, Uniprot ID: P19491)

Known function: Part of primary glutamate receptor, Important for plasticity

Known organization: Transmembrane proteine, Heterotetramers, Forms 80 nm clusters
Known Interactions: GRIP, NSF, alpha-SNAP, beta-SNAP, Syntaxin13
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Figure 45: GluR2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 144784311 + 131972.07

number
Spine copy
s 372.01 £ 53.93
% in PSD
PSD copy number 58.34 + 8.46
Mushroom Stubby
Spine Copy | 353 874 4405 480.63 £ 69.67
number
PSD copy number 47.66 + 6.91 75.38 £ 10.93
% of protein 0.07 £0.01 0.07 £0.01
Molarity [uM)] 255 +0.37 258 +£0.37
References
Antibody: Alomone Labs AGC-005 PDB Identifier: 511h

Literature:

Hirbec et al., 2003; Kato et al., 2008; Lu and Ziff, 2005; MacGillavry et al., 2013; Nair et al.,
2013; Osten et al., 1998

117



GIuR3 (GluA3, Gene: Gria3, Uniprot ID: P19492)
Known function: Part of primary glutamate receptor, Important for plasticity,
Constitutively trafficks between synaptic membrane and endosomes
Known organization: Transmembrane proteine, Heterotetramers, Forms 80 nm clusters
Known Interactions: GRIP

DiO and Homer GIluR3 Overlay Average
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Figure 46: GluR3 nanoscale localization and abundance. Continued on next page.
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Antibody: Invitrogen 32-0400
Literature:

Whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number
PSD copy number
% of protein
Molarity [uM]

References

88892.02 + 14641.22

9.05+£3.13
13.90

1.10+0.38
Mushroom Stubby
6.69 + 2.31 11.75 £ 4.06
0.82+0.28 143 +£0.50
0.00 £ 0.00 0.00 £ 0.00
0.06 + 0.02 0.06 +0.02

PDB Identifier: modified GluR2

Hirbec et al., 2003; MacGillavry et al., 2013; Nair et al., 2013; Xia et al., 1999
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IGF1R (CD221, Gene: Igfir, Uniprot ID: P24062)
Known function: Required for development, growth and survival, Influences lifespan,
Potentiates excitatory synaptic transmission, Regulates mitochondria
Known organization: Transmembrane proteine, Homodimers

Known Interactions: None

DiO and Homer

Mushroom

Stubby

IGF1R

Zone Enrichment Mushroom

1.5 o
D g0
: |
T 05 ], I
; s .I. I I I L
5 1 l
S as< 1 1 |
a8
2 0= B
w
T T T T
CR N S SR SRR ) g.§55\ > 30 S &
< o O O o O
& ?SQ' 756 oty (‘D\\,\o"“\\"ag\ol” sl \_69&0 Fo
N o o S S G ) & ¥
O S BB EF D D PP S
QCS{JQ'OO\QQI LA 2 e(\\\@\é&e\(# S ‘000@6,
DR BRE T F PN Fof T
P Q\;gz\)o&" S ‘f;\a“ P e
& o\}“ & x\e@;
Q&P W
& & Ay
V
Distance to membrane Distance to PSD
1020+ - wd 4303 M2 24
303+
z 20804 -
£ E 2003+
1080
13034
<] A . P Joeh,
. Eccentricity Laterality
Top of head - . Lefairght of heas f -
°
Centarof head | <= = &, reri
0

-1
Rottom of head

Canier of Reas

Overlay

Average

Zone Enrichment Stubby

10-~
@
(=
o
T 05
I
8
5 o
S
=
O s l
=
3
-
=TT T T Y
O & & &
@ FFFE SRR
F @ e L S
Qfoo & o QQ-\\:‘QB\{: g F TS
.o“'qgo & p° 3" v
Q2 P _,ﬁ\&\ &®
N Q\\
Enrichment Head Enrichment PSD
259 0 ! 5 201 (B]
104 e
014 x2
[+] ©
W 104 - Ses w2
0.54 1 e mw -
as 0
Diameter Distribution
100+ n L] 3000 Ak n»e
§000
— 200+ —
[ =
? ,;"_ 4000
“ 100 Tand . N iy
- 2080
o 0

Figure 47: IGF1R nanoscale localization and abundance. Continued on next page.
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Whole cell copy

R not detected
Spine copy
number i
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy s e
number
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
Antibody: Cell Signaling 3027 PDB Identifier: 4zxb

Literature:
D’Ercole et al., 1996; Gazit et al., 2016; Kenyon, 2010; Lemmon and Schlessinger, 2010;
Ramsey et al., 2005; Suh et al., 2008
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LNGFR (p75NTR Gene: Ngfr, Uniprot ID: P07174)
Known function: Neurotrophic signaling, Recognizes all neurotrophins, Involved in LTD
Known organization: Transmembrane protein
Known Interactions: TrkB, BDNF

DiO and Homer LNGFR Overlay Average
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Figure 48: LNGFR nanoscale localization and abundance. Continued on next page.
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Whole cell copy

R not detected
Spine copy
number i
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy
number i e
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
Antibody: Cell Signaling 8238 PDB Identifier: 2mic, 4f44, 3buk

Literature:

Barker, 1998; Ernfors et al., 1990; Leal et al., 2015; Rodriguez-Tébar et al., 1990; Yang et al.,
2009, 2014
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mAChR1 (HM1, Gene: Chrm1, Uniprot ID: P08482)
Known function: Activates PLC, Regulates intracellular calcium release, Reduces
potassium conductance
Known organization: Transmembrane protein, Enriched at dendrites and PSDs
Known Interactions: Gq coupled

DiO and Homer mAChR1 Overlay Average
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Figure 49: mMAChR1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 38121.70 £ 10040.53

number
Spine copy 7.76 £2.23
number
% in PSD 17.99
PSD copy number 1.18 £ 0.34
Mushroom Stubby
Spine copy 6.21+1.79 8.78 +2.52
number
PSD copy number  0.95 +0.27 134 £0.38
% of protein 0.00 £ 0.00 0.00 £ 0.00
Molarity [uM)] 0.05 £0.01 0.05 +0.01
References
Antibody: Novus Biologicals NBP1-87466 PDB Identifier: 5cxv

Literature:

Egorov et al., 2002; Hersch et al., 1994; Smith and Araneda, 2010; Uchimura and North, 1990
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mGIluR1 (Gene: Grm1, Uniprot ID: P23385)
Known function: Activates PKC and PLC, Regulates intracellular calcium release,

Involved in LTP and homeostatic plasticity, Activates cannabinoid synthesis

Known organization: Transmembrane protein, Perisynaptic

Known Interactions: Gq coupled, mGIluR5, Homer proteins
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Figure 50: mGIuR1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 3374.86

number (only detected in 1 replicate)
Spine copy 0.18
number
% in PSD 19.30
PSD copy number 0.03
Mushroom Stubby
Spine copy 0.16 0.19
number
PSD copy number 0.03 0.03
% of protein 0.00 0.00
Molarity [uM)] 0.00 0.00
References
Antibody: Abcam ab51314 PDB Identifier: 1ewk, 1ewt, 2e4u, 40r2, 3ks9

Literature:
Feng et al., 2002; Hu et al., 2010; Kato et al., 1998; Kitano et al., 2003; Maejima et al., 2001;
Mansouri et al., 2015; Pandya et al., 2016; Park et al., 2008; Roche et al., 1999; Skeberdis et
al., 2001; Techlovska et al., 2014; Tu et al., 1998; Xiao et al., 1998; Yuan et al., 2003
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mGIuR2 (Gene: Grm2, Uniprot ID: P31421)
Known function: Inhibits PLC, Regulates intracellular calcium release
Known organization: Poorly understood
Known Interactions: G, coupled, GRIP

DiO and Homer mGIluR2 Overlay Average
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Figure 51: mGIuR2 nanoscale localization and abundance. Continued on next page.
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Antibody: Abcam ab150387
Literature:
Ambrosini et al., 1995; Cai et al., 2001; Hirbec et al., 2002; Jin et al., 2017; Schaffhauser et
al., 2000

Whole cell copy
number

Spine copy
number
% in PSD

PSD copy number

Spine copy
number
PSD copy number
% of protein
Molarity [uM]

References

not detected

101.32+ 1.67
from comparative imaging
20.28
17.08 £ 0.28

Mushroom Stubby

79.95+1.32 112.26 £ 1.85

1348 £ 0.22 18.93 £ 0.31
+ -
0.67 £0.01 0.60+ 0.01

PDB Identifier: modified mGIuR1
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mGIuRS5 (Gene: Grm5, Uniprot ID: P31424)
Known function: Activates PKC and PLC, Regulates intracellular calcium release,
Involved in LTP and homeostatic plasticity, Activates cannabinoid synthesis
Known organization: Transmembrane protein, Perisynaptic
Known Interactions: Gq coupled, mGluR1, Homer proteins

DiO and Homer mGIuRS Overlay Average
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Figure 52: mGIuR5 nanoscale localization and abundance. Continued on next page.
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Antibody: Abcam ab76316
Literature:
Feng et al., 2002; Hu et al., 2010; Kato et al., 1998; Kitano et al., 2003; Maejima et al., 2001,
Mansouri et al., 2015; Pandya et al., 2016; Park et al., 2008; Roche et al., 1999; Skeberdis et
al., 2001; Techlovska et al., 2014; Tu et al., 1998; Xiao et al., 1998; Yuan et al., 2003

Whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number
PSD copy number
% of protein
Molarity [uM]

References

119431.79 £ 17501.53

32.76 £ 7.95
17.26

482+1.17
Mushroom Stubby
23.59£5.72 46.29 £+ 11.23
3471084 6.81 £ 1.65
0.01+£0.00 0.01+£0.00
0.20 £ 0.05 0.25+0.06

PDB Identifier: 3Imk, 5cgd
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TrkB (Gene: Ntrk2, Uniprot ID: Q63604)
Known function: Activates PI3K, PLC and MAP/ERK pathways, Important for dendritic
growth, spine maturation and LTP
Known organization: Transmembrane protein, Forms small clusters
Known Interactions: BDNF, LNGFR
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Figure 53: TrkB nanoscale localization and abundance. Continued on next page.
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Antibody: Abcam ab33655
Literature:
Angelov and Angelova, 2017; Bibel et al., 1999; Gomes et al., 2006; Gorski et al., 2003; Kang
and Schuman, 1995; Soppet et al., 1991; Tanaka et al., 1997; Wirth et al., 2003; Xu et al.,
2000

whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number
PSD copy number
% of protein
Molarity [uM]

References

241083.43 + 23652.73

17.14 £ 10.78

14.77
221+1.39

Stubby
16.61 £ 10.44

214 +£1.34
0.00 £ 0.00
0.09 £ 0.06

Mushroom
1540 £ 9.68

198 +1.25
0.00 £ 0.00
0.13+0.08

PDB Identifier: 1hcf, Twww, 4asz
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lon Channels
lon channels are important for the maintenance of the neuronal resting potential. They are
involved in the propagation of electrical signal as well as calcium entry.

11V 20

Figure 54: Depiction of ion channels in dendritic spines.
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Ca 1.3 (Gene: Cacna1ld, Uniprot ID: P27732)
Known function: Calcium channel, Involved in plasticity, scaling and spine morphology.
Known organization: Transmembrane protein
Known Interactions: Shank1
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Figure 55: Cay1.3 nanoscale localization and abundance. Continued on next page.
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Whole cell copy not detected

number
Spine copy na
number
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy na na
number
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
Antibody: Alomone labs ACC-311 PDB Identifier: 5gjw

Literature:

Greer and Greenberg, 2008; Ibata et al., 2008; Jenkins et al., 2010; Moosmang et al., 2005;
Stanika et al., 2016; Wang et al., 2017; Zhang et al., 2005
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Ca 2.1 (Gene: Cacna1la, Uniprot ID: P54282)
Known function: Calcium channel, Involved in LTP

Known organization: Transmembrane protein

Known Interactions: CaMKI|
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Figure 56: Cav2.1 nanoscale localization and abundance. Continued on next page.
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Antibody: Synaptic Systems 152 203

Literature:

Jiang et al., 2008; Magupalli et al., 2013; Nanou et al., 2016; Westenbroek et al., 1995; Wu et

al., 1999

Whole cell copy
number

Spine copy
number

% in PSD
PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

References

139

10296.87 £ 2660.19

43.61+842
16.29
6.11+1.18
Mushroom Stubby
35.31+£6.82 49.40 £ 9.54
4.95+0.96 6.92 +1.34
0.02 £ 0.00% 0.02 £ 0.00%
0.30 £ 0.06 0.26 £0.05

PDB Identifier: modified Cav1.3



Kir2.1 (IRK-1, Gene: Kcnj2, Uniprot ID: Q64273)
Known function: Inwardly recitifying potassium channel
Known organization: Transmembrane protein, Present in PSD95 supercomplexes
Known Interactions: PSD95

DiO and Homer Kir2.1 Overlay Average
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Figure 57: Kir2.1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

R not detected
Spine copy
number i
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy s e
number
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
Antibody: Novus Biologicals NBP1-95482 PDB Identifier: 3spi

Literature:

Fomina et al., 2011; Frank et al., 2016; Vikstrom et al., 2009
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K, 1.1 (Gene: Kcna1, Uniprot ID: P10499)
Known function: Delayed rectifier potassium channel
Known organization: Transmembrane protein
Known Interactions: PSD95
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Figure 58: Kv1.1 nanoscale localization and abundance. Continued on next page.
142



Antibody: Thermo Scientific PAS-
Literature:

Kim et al., 1995; Tiffany et al., 2000

Whole cell copy

R not detected
Spine copy
number s
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy
number i e
PSD copy number na na
% of protein na na
Molarity [uM] na na
References
19593 PDB Identifier: 2a79
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K,2.1 (Gene: Kcnb1, Uniprot ID: P15387)

Known function: Delayed rectifyer potassium channel, Dominant type in hippocampus,

Regulates gene transcription

Known organization: Transmembrane protein, Forms clusters on soma

Known Interactions: Syntaxin1
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Figure 59: Kv2.1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 767.94

number (only detected in 1 replicate)
Spine copy
number SR
% in PSD 18.83
PSD copy number 0.01
Mushroom Stubby
Spine copy 0.08 0.10
number
PSD copy number 0.01 0.02
% of protein 0.00 £ 0.00 % 0.00 £ 0.00%
Molarity [uM)] 0.00 £ 0.00 0.00 +£0.00
References
Antibody: Synaptic Systems 231 002 PDB Identifier: 4jtc

Literature:
Du et al., 2000; Feinshreiber et al., 2009; Fox et al., 2013; Lai and Jan, 2006; Leung et al.,
2007; Misonou et al., 2005; Murakoshi and Trimmer, 1999; O’Connell et al., 2010; Scannevin
et al., 1996; Trimmer, 1991
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Na B 1 (Gene: Scnb1, Uniprot ID: Q00954)
Known function: Modulates sodium channel properties, Acts as adhesion molecule

Known organization: Transmembrane protein

Known Interactions: Na 1.1, Na 1.3
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Figure 60: Na B 1 nanoscale localization and abundance. Continued on next page.
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Antibody: Alomone labs ASC-041
Literature:

Whole cell copy

PDB Identifier: 6agf

Kazarinova-Noyes et al., 2001; Malhotra et al., 2000

147

1093309.68 + 323561.33

number
Spine copy
NS 434 97 + 145.55
% in PSD 1547
PSD copy number 58.28 £ 19.50
Mushroom Stubby
Spine copy 375.03 500.31
number +125.49 + 167 .41
PSD copy number 50.25 + 16.82 67.04 +£22.43
% of protein 0.02+0.01% 0.02+£0.01%
Molarity [uM] 3.14 £1.05 268 +0.90
References



Na 1.1 (Gene: Scn1a, Uniprot ID: P04774)
Known function: Sodium channel
Known organization: Transmembrane protein
Known Interactions: Na g 1

DiO and Homer Na 1.1 Overlay Average
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Figure 61: Nay1.1 nanoscale localization and abundance. Continued on next page.
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Antibody: Merck Millipore 06-811
Literature:

Westenbroek et al., 1989

Whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number
PSD copy number
% of protein
Molarity [uM]

References

135451.27 + 10480.00

2947 £511
16.18
410+ 0.71
Mushroom Stubby
25.31+£4.39 33.91+£5.88
3.53+0.61 4.72+0.82
0.01 £ 0.00% 0.01 £ 0.00%
0.21 £0.04 0.18 £0.03

PDB Identifier: 6agf
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Na 1.3 (Gene: Scn3a, Uniprot ID: P08104)
Known function: Sodium channel
Known organization: Transmembrane protein
Known Interactions: Na g 1

DiO and Homer Na 1.3 Overlay Average
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Figure 62: Nay1.3 nanoscale localization and abundance. Continued on next page.
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Antibody:
Literature:

Westenbroek et al., 1989; Whitaker et al., 2001

Whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

References

2602.88

(only detected in 1 replicate)

Mushroom
0.06

0.01
0.00%
0.00

PDB Identifier: 6agf
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0.08
14.18
0.01
Stubby
0.09
0.01
0.00%
0.00



Na‘'/K* ATPase (Gene: Atp1a3, Uniprot ID: P06687)
Known function: Maintains resting potential

Known organization: Transmembrane protein, Forms clusters

Known Interactions: None
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Figure 63: Na*/K* ATPase nanoscale localization and abundance. Continued on next page.
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Whole cell copy 34823381.81 + 2325248.32

number

Spine copy :
s 7204.25 + 1749.03

% in PSD 16.06

PSD copy number 997.01 £ 242.05
Mushroom Stubby

Spine copy 5287.76 9447 61

number + 1283.75 + 2293.67

PSD copy number 731.78 £+177.66 1307.47 £317.43
% of protein 1.36 £ 0.33% 1.56 + 0.38%
Molarity [uM)] 4432 +£10.76 50.65 + 12.30

References
Antibody: Thermo Scientific MA3-915 PDB Identifier: 4xe5
Literature:

(Blom et al., 2011, 2012, 2016; Skou, 1957)
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Signaling proteins

Within dendritic spines, many signaling cascades are operating in parallel. These are often
kinase/phosphatase networks, but the spine is also actively sending retrograde signals to the
presynapse.

~)~’~’

Figure 64: Depiction of a signaling cascade
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Regulation of AMPAR, K 1 channels and PSD95

ADAM22 (Gene: Adam22, Uniprot ID: MOR5P8)

Known function: Catalytically inactive metalloprotease, Involved in cell adhesion,

Known organization: Transmembrane protein, On PM
Known Interactions: K 1.1, PSD95, AMPA receptors
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Figure 65: ADAM22 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

S 141288.07 + 23437.74
Spine copy
R iker 957 +4.21
% in PSD 15.83
PSD copy number 1.31+0.58
Mushroom Stubby
Spine copy
S 7.82+344 11.16 £ 4.91
PSD copy number  1.07 £+ 0.47 153 +£0.67
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM)] 0.07 £ 0.03 0.06 +£0.03
References
Antibody: Novus Biologicals NBP2-22425 PDB Identifier: 5y2z

Literature:

D’Abaco et al., 2006; Fukata et al., 2006; Lovero et al., 2015; Ogawa et al., 2010; Poindexter
et al., 1999; Sagane et al., 1998
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pan-Akt (PKB, Genes: Akt1, Akt2, Akt3, Uniprot ID: P47196, P47196,
P47196)

Known function: Mediates PI3-K signaling, Activates nNOS, Regulates AMPAR
expression, Is activated by NMDA receptors

Known organization: Cytosolic

Known Interactions: nNOS

DiO and Homer Overlay Average
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Figure 66: Akt nanoscale localization and abundance. Continued on next page.
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Whole cell copy

ntimber 1525938.29 + 138993.59
Spine copy . o
ntimber 94 .94 +41.29
% in PSD 17.12
PSD copy number 13.88 + 6.04
Mushroom Stubby
Spine copy : g R
number  8985%37.34 | 932714056

PSD copy number = 12.55 + 5.46 13.63+5.93
% of protein 0.02+001%  002+0.01%
Molarity [uM] 0.72+0.31 050+0.22

Mushroom molecular model

References
Antibody: Cell Signaling 4691 PDB Identifier: Sbuu
Literature:

Dimmeler et al., 1999; Fulton et al., 1999; Gobert et al., 2008; Karpova et al., 2006; Kennedy
et al., 1997, 1999; Man et al., 2003; Pen et al., 2016; Qin et al., 2005; Schratt et al., 2004;
Wang et al., 2011; Znamensky et al., 2003

159



APP (Gene: App, Uniprot ID: P08592)
Known function: Exact function unknown, involved in neurite growth and LTP, Precursor
protein of AB, the hallmark of Alzheimer's disease
Known organization: Transmembrane protein, Also secreted to extracellular matrix

Known Interactions: None
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Figure 67: APP nanoscale localization and abundance. Continued on next page.
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Whale cell copy 2033416.20 + 153706.96

number

Spine copy
i 320.20 £ 76.75

% in PSD 17.33

PSD copy number 47.28 £ 11.33
Mushroom Stubby

Spine COpY 550 744 6250  367.97 + 88.20

number

PSD copy number  38.50 + 9.23 54.34 £+ 13.02
% of protein 0.05+0.01% 0.05+0.01%
Molarity [uM] 2.19+0.52 1.97 £ 047

References
Antibody: Merck-Millipore MAB-348 PDB Identifier: 2fkl, 4yno
Literature:
Miuller and Zheng, 2012; Perez et al., 1997; Simons et al., 1996; Slunt et al., 1994; Taylor et
al., 2008; Young-Pearse et al., 2008
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BDNF (Gene: Bdnf, Uniprot ID: P23363)
Known function: Important neurotrophin, Involved in neuronal growth and plasticity
Known organization: In ER and secretory granules
Known Interactions: TrkB, LNGFR
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Figure 68: BDNF nanoscale localization and abundance. Continued on next page.
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Whole cell copy

158815.27 + 30648.19
number
SPine ot 35.65 + 8.51
number i :
% in PSD 16.76
PSD copy number 512+1.22
Mushroom Stubby
Spine copy
Erieenst 28.52 £ 6.81 44 .87 £ 10.71
PSD copy number  4.09 £ 0.98 6.44 £ 1.54

% of protein 0.00 £ 0.00% 0.00 + 0.00%
Molarity [uM] 0.24 £ 0.06 0.24 £ 0.06

References
Antibody: Biorbyt orb38809 PDB Identifier: 1b8m
Literature:
Adachi et al., 2005; Hartmann et al., 2001; Kohara et al., 2001; Korte et al., 1995; Leal et al.,
2015; Minichiello et al., 2002; Patterson et al., 1996; Soppet et al., 1991
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Calbindin-D28K (Gene: Calb1, Uniprot ID: P07171)
Known function: Calcium buffer, Only found in a subset of hippocampal neurons

Known organization: Cytosolic
Known Interactions: None
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Figure 69: Calbindin nanoscale localization and abundance. Continued on next page.
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Whole cell copy 14366931.71 + 1085798.02
number
Spine copy 627.61 £ 207.65
number
% in PSD 20.36
PSD copy number 106,14 £ 35.12
Mushroom Stubby
Spine copy 554.49 699.78
number +18345 +231.52
PSD copy number 93.78+31.03 118.35+39.16
% of protein 0.04£001%  0.03%0.01%
Molarity [HM] 465+ 154 375124

Mushroom molecular model

References
Antibody: Synaptic Systems 214 002 PDB ldentifier: 2g9b
Literature:

Berggard et al., 2002; Veenstra et al., 1997; Villa et al., 1994
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Calmodulin (Gene: Calm, Uniprot ID: PODP29)
Known function: Important calcium binding protein, Regulates over 100 target proteins.

Known organization: Cytosolic. Also membrane-attached via interaction with neurogranin

Known Interactions: CaMKIl, Calcineurin, Calcium channels, nNOS, PSD95
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Figure 70: Calmodulin nanoscale localization and abundance. Continued on next page.
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Whole cell copy

S ber 37553352.54 + 6052717.99
Skl 4801.44 + 2143.19
% in PSD 17.86
PSD copy number 727.72 + 324.83
Mushroom Stubby
Spine copy 4121.88 5139.52
number + 1839.86 +2294.10

PSD copy number 624.72 +278.85 778.96 £ 347.70
% of protein 0.16£0.07%  0.13+0.06%
Molarity [uM] 3455+1542  2755+12.30

Mushroom molecular model

References
Antibody: Abcam ab45689 PDB ldentifier: 1up5
Literature:
Bartos et al., 2010; Baudier et al., 1991; Chowdhury et al., 2017; Fukunaga et al., 2005; Olwin
et al., 1984; Prichard et al., 1999; Xia and Storm, 2005; Zhang et al., 2014
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Calretinin (Gene: Calb2, Uniprot ID: P47728)
Known function: Calcium binding protein
Known organization: Cytosolic
Known Interactions: Ca 2.1

DiO and Homer Calretinin Overlay Average
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Figure 71: Calretinin nanoscale localization and abundance. Continued on next page.
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Whole cell copy 37455166 + 90506.69

number
Spine copy o
R 27.23+11.05
% in PSD 15.74
PSD copy number 3.70+1.50
Mushroom Stubby
Spine copy i
arber 21.91+889 34.33£13.93

PSD copy number = 2.98 £ 1.21 467 £1.89
% of protein 0.00+0.00%  0.00%0.00%
Molarity [uM] 0.18 £ 0.07 0.18 £0.07

Mushroom molecular model

References
Antibody: Novus Biologicals NBP1-88220 Structure: Modelled by Burkhard Rammner
Literature:

Christel et al., 2012; Dargan et al., 2004; Molgaard et al., 2014
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CaMKIl a/B (Genes: Camk2a, Camk2b Uniprot ID: P11275, P08413)
Known function: Central kinase in dendritic spines, Inolved in synaptic plasticity
Known organization: Cytosolic, Forms dodecamer
Known Interactions: AMPA receptors, Calmodulin, Ca 2.1, CDC42, GIuN2B, Homer
proteins, PSD95, F-actin

DiO and Homer

Mushroom

Stubby

Zone Enrichment Mushroom

Feold Diffarence to average

CaMKIl o/B

$000+
10004

E 20004
£ 1004
1000+

04

1
Top of heaa

o
Center of heat

1
Bomom of head

Distance to membrane
po pae

4300+

35004

20004

{nm)

Eccentricity
on Q e

Leftvight of head

a
Center of nead

Distance to PSD

Laterality

-

Overlay

Average

Zone Enrichment Stubby

20 v~
@
gl 14 - '[
T
&
S 10
8 i
S os
o - T
2 N 1
5 oe
- Y b i g“l"‘l"
o
T T T T T T T T T
. > & & H.H & O
.g/ﬂ‘\e'\y‘.? 2 L (\Q,Q\\ \\@0\\ Q&\ 6\00 é\\o b\\o \\«\0 ‘\\\(\
0(“ Q\(.\ 3¢ @;\ & e ¢ oy \.(\\‘ 0\,6 &
PEOEFFF @ «
N P
27 Q7 & & S
< > o 9
W Q@
Enrichment Head Enrichment PSD
0 1.4 3 t1 v
1% e
o T 15
=RL °
. = 10
¢ 3
o - ewe Py -~ ARS
Diameter Distribution
£00: bed - 2020 2e
o 4020
g wo E 4020
200 2020 s, Tt

Figure 72: CaMKII nanoscale localization and abundance. Continued on next page.
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Whole cell copy

aRas 55667540.57 + 3269411.75
R 44582.29 + 5110.66
% in PSD 28.14
PSD copy number 9789.92 + 1122.26
Mushroom Stubby
Spine copy 35398.75 58510.72
number £4057.91 +6707.34
7773.29 12848.49
PSD copy number +891.09 +1472.88

% of protein 443+051%  469+0.54%
Molarity [UM] ~ 296.69 + 34.01 313.67 + 35.96

Mushroom molecular model

References
Antibody: Abnova MAB6627 PDB Identifier: 5uby
Literature:

Barria and Malinow, 2005; Braun and Schulman, 1995; Chao et al., 2011; Colbran and Brown,
2004; Fink et al., 2003; Gardoni et al., 2006; Halt et al., 2012; Hell, 2014; Jiang et al., 2008;
Matsuzaki et al., 2004; McGlade-McCulloh et al., 1993; Mizutani et al., 2008; Murakoshi et al.,

2011; Shen and Meyer, 1999; Zhou et al., 2007
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CAPS1 (Gene: Cadps, Uniprot ID: Q62717)
Known function: Regulates LDCV and secretory granule exocytosis

Known organization: Cytosolic
Known Interactions: None
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Figure 73: CAPS1 nanoscale localization and abundance. Continued on next page.
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Whole cell copy
number

Spine copy
number
% in PSD
PSD copy number

Spine copy
number
PSD copy number
% of protein

Molarity [pM]

1690565.64 + 120801.38

14.78
34,06 +8.05

Mushroom Stubby

217.41+5135 349.83+8263

28.00+661  4506+10.64
0.07£0.02%  0.08 £ 0.02%
1.82+043 1.88 +0.44

Mushroom molecular model

References
Structure: Modelled by Burkhard Rammner

Antibody: Abcam ab69797
Literature:

Eckenstaler et al., 2016; Farina et al., 2015; Sadakata et al., 2013
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CDC42 (Gene: Cdc42, Uniprot ID: Q8CFN2)
Known function: Rho type GTPase, Regulates actin cytoskeleton
Known organization: Cytosolic
Known Interactions: CaMKIl, Homer2
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Figure 74: CDC42 nanoscale localization and abundance. Continued on next page.
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whole cell copy
number

Spine copy
number
% in PSD

Spine copy
number

% of protein
Molarity [uM]

PSD copy number

46617474.99 + 3970051.86
2179.68 +2134.74
15.25
28842 28248

Stubby

3014.07

Mushroom

1595.00
+1562.12

PSD copy number 211.06 + 206.71 398.83 + 390.61
0.08 £ 0.08%
13.37 £ 13.09

0.09 £ 0.09%
16.16+£15.82

Mushroom molecular model

References
PDB Identifier: 1ki1

Antibody: Thermo Scientific PA1-092
Literature:

Choi et al., 2005; Murakoshi et al., 2011; Shiraishi-Yamaguchi et al., 2009
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Chromogranin A (Beta-granin, Gene: Chga, Uniprot ID: P10354)
Known function: Acts as pro-hormone, Involved in LDCV biogenesis
Known organization: In LDCV lumen
Known Interactions: Chromogranin B

DiO and Homer Chromogranin A Overlay Average
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Figure 75: Chromogranin A nanoscale localization and abundance. Continued on next page.
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Whole cell copy 15200.85

number (only detected in 1 replicate)
Spine copy 2.41
number
% in PSD 16.54
PSD copy number 0.34
Mushroom Stubby
Spine copy 2.16 261
number
PSD copy number 0.31 0.37
% of protein 0.00% 0.00%
Molarity [uM] 0.02 0.01
References
Antibody: Synaptic Systems 259 003 PDB Identifier: Modelled with I-TASSER

Literature:

Kroémer et al., 1998; Montero-Hadjadje et al., 2009; Natori and Huttner, 1996; Sun et al., 2013
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Chromogranin B (Secretogranin |, Gene: Chgb, Uniprot ID: 035314)
Known function: Acts as pro-hormone, Involved in LDCV biogenesis
Known organization: In LDCV lumen
Known Interactions: Chromogranin A

DiO and Homer Chromogranin B Overlay Average
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Figure 76: Chromogranin B nanoscale localization and abundance. Continued on next page.
178



Whole cell copy

197749.76 + 40652.97
number
Spine copy 40.39 + 11,76
number
% in PSD 15.59
PSD copy number 545+ 1.59
Mushroom Stubby
Spinecoby 403331174 = 40.58 + 11.81
number
PSD copy number 544 £ 1.58 547 £1.59
% of protein 0.01 £ 0.00% 0.00 + 0.00%
Molarity [uM] 0.34 £0.10 0.22 £ 0.06
References
Antibody: Synaptic Systems 259 103 Structure: Modelled with I-TASSER

Literature:

Kroémer et al., 1998; Montero-Hadjadje et al., 2009; Natori and Huttner, 1996; Sun et al., 2013
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Neuronal NO synthethase (nNOS, Gene: Nos1, Uniprot ID: P29476)
Known function: Production of NO, Activates cGMP production and Akt, Has
neuroprotective functions by regulating glutamate and GABA release as well as NMDA

receptors, Acts as retrograde signalling molecule

Known organization: Cytosolic
Known Interactions: Calmodulin, NMDA receptors, PSD93, PSD95
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Figure 77: nNOS nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 162115.34 + 39288.49
Spine copy A
number 43.56 + 11.70
% in PSD 24.82
PSD copy number 866+233
Mushroom Stubby
Spine copy A AR . :
humber 36.90 £ 9.91 5120+ 13.78

PSD copy number ~ 7.34 £ 1.97 10.20+2.74
% of protein 0.01+0.00%  0.01+0.00%
Molarity [uM] 0.31+0.08 0.27 £ 0.07

Mushroom molecular model

References
Antibody: Thermo Scientific PA1-033 PDB ldentifier: 1b8q, 1f20
Literature:
Aarts et al., 2002; Aoki et al., 1997; Arnold et al., 1977; Bon and Garthwaite, 2003; Brenman
etal., 1996b; Calabrese et al., 2007; Choi et al., 2000; Getting et al., 1996; Hopper et al., 2004;
Jaffrey et al., 1998; Lonart et al., 1992; Ohkuma et al., 1996; Riccio et al., 2006
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Secretogranin Il (Chromogranin C, Gene: Scg2, Uniprot ID: P10362)

Known function: Acts as pro-hormone, Involved in LDCV biogenesis

Known organization: In LDCV lumen

Known Interactions: None
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Figure 78: Secretogranin Il nanoscale localization and abundance. Continued on next page.
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685949.02 + 46298.31
number
Spine copy 318.94 + 44 17
number
% in PSD 20.07
PSD copy number 53.31+7.38
Mushroom Stubby
Spine copy s 4643545 40630 + 56.27
number
PSD copy number 43.99 £ 6.09 67.92 + 9.41
% of protein 0.04 £0.01% 0.04 + 0.01%
Molarity [uM] 221 +0.31 2.18 £0.30
References

Antibody: Abcam ab12241
Literature:

Courel et al., 2010; Fischer-Colbrie et al., 1995
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Trafficking proteins
The manifold subcellular compartments within the dendrite require highly specialized
trafficking. Here | study mostly endocytosis-related proteins as well as rab proteins as markers

for endosomal compartments.

Figure 79: Depiction trafficking.
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AP180 (Gene: Snap91, Uniprot ID: Q05140)
Known function: Initiation of clathrin coat formation, AMPAR endocytosis
Known organization: Cytosolic or membrane-associated
Known Interactions: Clathrin

DiO and Homer AP180 Overlay Average
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Figure 80: AP180 nanoscale localization and abundance. Continued on next page.
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Whole ‘cell copy 5230931.33 + 318694 48

number

Spine copy
A 404.49 £+ 170.90

% in PSD 18.13

PSD copy number 62.07 £ 26.23
Mushroom Stubby

Spine copy 370.91 428.21

number + 156.71 + 180.91

PSD copy number 56.92 + 24.05 65.71 £ 27.76
% of protein 0.08 £ 0.03% 0.06 + 0.03%
Molarity [uM] 31131 230+ 0.97

References
Antibody: Synaptic Systems 155 003 Structure: Modelled by Burkhard Rammner
Literature:
Ahle and Ungewickell, 1986; Burbea et al., 2002; Hering et al., 2003; Keen, 1987; Lindner and
Ungewickell, 1992; Murphy et al., 1991; Norris et al., 1995; Sousa et al., 1992; Ye and Lafer,
1995; Zhou et al., 1992
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Clathrin heavy chain (Gene: Cltc, Uniprot ID: Q05140)

Known function: Endocytosis

Known organization: Cytosolic or membrane-associated, Forms triskelia together with
clathrin light chains, Endocytic zones lateral to PSD or on shaft

Known Interactions: Clathrin light chains, Adaptor proteins

DiO and Homer Clathrin heavy chain Overlay Average
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Figure 81: Clathrin heavy chain nanoscale localization and abundance. Continued on next page.
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Whole cell copy 9863953.46 + 1883721.98

number

SEte Covy 2065.78 + 525.15
number

% in PSD 18.41

PSD copy number 321.17 + 81.65
Mushroom Stubby

Spine copy 1335.87 3068.14

number + 339.60 + 779.96

PSD copy number 207.69 +52.80 477.02 +121.26
% of protein 0.59 £ 0.15% 0.87 £ 0.22%
Molarity [uM] 11.20 £ 2.85 16.45+4.18

References
Antibody: BD Biosciences 610499 PDB Identifier: 1xi4
Literature:
Blanpied et al., 2002; Boehm et al., 2006; Cheng et al., 2007; Cooney et al., 2002; Loebrich et
al., 2013; Lu et al., 2007; Musacchio et al., 1999; Park et al., 2006; Racz et al., 2004;
Rosendale et al., 2017; Tao-Cheng et al., 2011; Ungewickell and Branton, 1981; Yudowski et

al., 2007
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Clathrin light chain a & b (Genes: Cita & Cltb , Uniprot IDs: P08081 &
P08082)

Known function: Endocytosis

Known organization: Cytosolic or membrane-associated, Forms triskelia together with
clathrin heavy hains, On endocytic zones lateral to PSD or on shaft

Known Interactions: Clathrin light chains, Adaptor proteins

DiO and Homer Clathrin light chain Overlay Average
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Figure 82: Clathrin light chain nanoscale localization and abundance. Continued on next page.
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Whole cell copy

61754332.85 + 7545013.76
number
Spine copy 1949393 + 4273.72
number
% in PSD 21.63
PSD copy number 3466.93 + 760.06
Mushroom Stubby
Spine copy 16909.44 21932.81
number + 3707.11 + 4808.40
3007.28 3900.67
PSD copy number: B SEs o + 85516

% of protein 1.98 + 0.43% 1.65 + 0.36%
Molarity [uM] 141.72+£31.07 117.58 + 25.78

References
Antibody: Synaptic Systems 113 011 PDB Identifier: 1xi4
Literature:
Blanpied et al., 2002; Boehm et al., 2006; Cheng et al., 2007; Cooney et al., 2002; Loebrich et
al., 2013; Lu et al., 2007; Musacchio et al., 1999; Park et al., 2006; Racz et al., 2004;
Rosendale et al., 2017; Tao-Cheng et al., 2011; Ungewickell and Branton, 1981; Yudowski et

al., 2007
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Dynamin1-3 (Genes: Dnm1, Dnm2, Dnm3, Uniprot IDs: P21575, P39052,

Q08877)

Known function: Membrane fission in endocytosis, AMPAR and NMDAR endocytosis

Known organization: Cytosolic, Forms dimers and helices

Known Interactions: Homer and Shank proteins, mGIuRS
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Figure 83: Dynaminl1-3 nanoscale localization and abundance. Continued on next page.
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Whole cell copy ' R R
Rty 9257216.57 + 629499.27

ooy 215221444729
%inPSD 19.71

PSD copy number | 354,30 +73.63

Mushroom

Spinecopy = 1942.26
number +40366 46411

PSD copy number 319.74 +66.45 = 367.62+76.40

% of protein 131£027%  0.97 +0.20%
Molarity [uM] 16284338 = 11.97+£249

Mushroom molecular model

References
Antibody: BD Biosciences 610245 PDB ldentifier: 5a3f
Literature:
Carroll et al., 1999; Damke et al., 1994; Faelber et al., 2011; Gray et al., 2003; Lu et al., 2007;
Pérez-Otafio et al., 2006; Raimondi et al., 2011; Takei et al., 1996
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GRIP1/2 (Genes: Grip1, Grip2, Uniprot ID: P97879, Q9WTW1)
Known function: Controls AMPA and kainate receptor trafficking
Known organization: Cytosolic
Known Interactions: AMPA and kainate receptors

DiO and Homer GRIP1/2 Overlay Average
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Figure 84: GRIP1/2 nanoscale localization and abundance. Continued on next page.
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266832.89 + 38077.24
number
Spine copy
iy 17.18 £ 5.35
% in PSD 16.22
PSD copy number 240+075
Mushroom Stubby
Spine copy
Efa 16.41+5.11 19.42 £+ 6.05
PSD copy number 2.29 £ 0.71 271+084
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.14 £ 0.04 0.10 £ 0.03
References

Antibody: Synaptic Systems 151 003
Literature:

Whole cell copy

PDB Identifier: 2qt5, 1p1d, 1n7e, 1m5z

Braithwaite et al., 2002; Dong et al., 1997, 1999; Hanley and Henley, 2010
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HSC70 (Gene: Hspa8, Uniprot ID: P63018)
Known function: Clathrin uncoating, ERAD associated chaperone
Known organization: Cytosolic
Known Interactions: Clathrin (via auxilin)

DiO and Homer HSC70 Overlay Average
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Figure 85: HSC70 nanoscale localization and abundance. Continued on next page.
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Whole cell copy
number

Spine copy
number
% in PSD

PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

'825687.65 + 200691.43

298,71 + 80.02
20.34
50.48 + 13.52

Mushroom Stubby

21016+ 56.30 414.68 + 111,09
35524951
0.03+0.01%

70.08 +18.77
0.04 £ 0.01%
222+060

Mushroom molecular model

Antibody: Santa Cruz sc-7298
Literature:

Eisenberg and Greene, 2007; Grove et al., 2011; Huang et al., 1993; Rothnie et al., 2011;

References
PDB Identifier: 4h5t, 1Thx1, 3ldqg, 1udo

Schlossman et al., 1984; Ungewickell et al., 1997; Yamamoto et al., 2010
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Rab3 (Gene: Rab3a, Uniprot ID: P63012)
Known function: SV and neuroendocrine exocytosis
Known organization: Membrane-associated and cytosolic
Known Interactions: None

DiO and Homer Overlay Average
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Figure 86: Rab3 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

77049113.98 + 7460252.12
number
Spine copy
R 10233.92 + 3725.36
% in PSD 18.86
PSD copy number 1623.63 + 591.04
Mushroom Stubby
Spine copy 9717.88 11426.00
number + 3537.51 + 4159.30
1541.76 1812.76
PSD copy number el +659.88

% of protein 2.24 + 0.82% 1.69 + 0.62%
Molarity [uM] 81.45 + 29.65 61.25 £ 22.30

References
Antibody: BD Biosciences 610379 PDB Identifier: 3rab
Literature:

Fischer von Mollard et al., 1990; von Mollard et al., 1991; Schliter et al., 2002
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Rab4 (Gene: Rab4a, Uniprot ID:
Known function: Early/recycling endosomes to PM traffick

Known organization: Membrane-associated and cytosolic

Known Interactions: None
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Figure 87: Rab4 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

4658790.90 + 406145.95
number
Spine copy 419.81 £ 108.01
number
% in PSD 17.67
PSD copy number 63.04 £ 16.22
Mushroom Stubby
Spine copy
Erieenst 387.00 £ 99.57 456.07 £ 117.34

PSD copy number 58.11 £ 14.95 68.48 + 17.62
% of protein 0.04 £ 0.01% 0.03+0.01%
Molarity [uM] 3.24 +0.83 244 +0.63

References
Antibody: BD Biosciences 610888 PDB Identifier: 1yu9
Literature:
Brown et al., 2007; Gu and Huganir, 2016; Hoogenraad et al., 2010; Mohrmann et al., 2002;
de Wit et al., 2001
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Rab5 (Gene: Rab5a, Uniprot ID: MORC99)
Known function: Early endosome trafficking, Basal AMPAR recycling

Known organization: Membrane-associated and cytosolic

Known Interactions: Syntaxin13
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Figure 88: Rab5 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

33181430.46 + 3456407.25
number
Spine copy 7273.26 + 1333 41
number
% in PSD 24.14
PSD copy number 1414 .50 + 259.32
Mushroom Stubby
Spine copy 5160.37 9574.90
number + 946.05 + 1755.37
1003.59 1862.13
PSD copy number B SRS o0 +341.39

% of protein 1.13+0.21% 1.34 £ 0.25%
Molarity [uM] 43.25+7.93 51.33+9.41

References
Antibody: Reinhard Jahn laboratory cl. 621.3 PDB Identifier: 1tu4
Literature:
Brown et al., 2005; Bucci et al., 1992; Deinhardt et al., 2006; Fischer von Mollard et al., 1994;
Gu and Huganir, 2016; McBride et al., 1999; Sziber et al., 2017
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Rab7 (Gene: Rab7a, Uniprot ID: P09527)
Known function: Late endosome to lysosome trafficking, Involved in AMPAR ftrafficking
Known organization: Membrane-associated and cytosolic
Known Interactions: None
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Figure 89: Rab7 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

53718587.87 + 4160685.05
number
Spine copy 10958.99 + 1937.38
number
% in PSD 15.60
PSD copy number 1478.74 + 261 .42
Mushroom Stubby
Spine copy 8519.68 13714.62
number + 1506.15 + 2424 .53
1149.60 + 1850.57
RS0 copy number +327.15

% of protein 0.46 + 0.08% 0.48 £ 0.08%
Molarity [uM] 7141 +12.62 73.52 £13.00

References
Antibody: Cell Signaling 9367 PDB Identifier: 1vg1
Literature:

Deinhardt et al., 2006; Gutierrez et al., 2004; Lee et al., 2013
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Rab9 (Gene: Rab9a, Uniprot ID: Q99P75)
Known function: Late endosome to TGN trafficking

Known organization: Membrane-associated and cytosolic

Known Interactions: None
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Figure 90: Rab9 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 4453835.81 + 312494 67

number

Spine copy 62.77 + 120.83
number

% in PSD 18.47

PSD copy number 979+ 18.84
Mushroom Stubby

Spine copy 54034 10439  71.81+ 138.24

number

PSD copy number 845+ 16.28 11.20 £ 21.55
% of protein 0.01+£0.01% 0.00+£0.01%
Molarity [uM] 045+ 0.87 0.38+0.74

References
Antibody: Cell Signaling 5118 PDB Identifier: 4qxa
Literature:

Diaz et al., 1997; Ganley et al., 2004; Lombardi et al., 1993
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Rab11 (Gene: Rab11a, Uniprot ID: P62494)
Known function: TGN to PM trafficking, Involved in basal and regulated AMPAR and
TrkB trafficking, Involved in neurite growth
Known organization: Membrane-associated and cytosolic
Known Interactions: None

DiO and Homer Rab11 Overlay Average
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Figure 91: Rab11 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

20073729.36 + 2350097.34
number
SPine ot 955.81 + 563.49
number
% in PSD 23.89
PSD copy number 184.30 + 108.65
Mushroom Stubby
Spine copy 1033.21 802.74
number +609.12 +473.25

PSD copy number 199.22 £ 11745 154.78 £ 91.25
% of protein 0.06 £ 0.03% 0.03 £ 0.02%
Molarity [uM] 866 +5.11 4301254

References
Antibody: Cell Signaling 3539 PDB Identifier: 1yzk
Literature:
Bacaj et al., 2015; Brown et al., 2007; Chen et al., 1998; Gu et al., 2016; Huang et al., 2013;
Khvotchev et al., 2003; Lazo et al., 2013; Shirane and Nakayama, 2006
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SNARESs and associated proteins
Transport between organelles requires fusion, which is often brought about by SNARE
proteins. In this section, | determine the localization and abundance of almost every known

SNARE protein known to be present in rat neurons.

\
s T

Figure 92: Depiction of SNARE proteins.
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a/B-SNAP (Genes: Napa and Napb, Uniprot ID: P54921 and P85969)
Known function: Bring SNARE complexes to NSF for disassembly
Known organization: Cytosolic
Known Interactions: SNARE complexes of different compositions, NSF

DiO and Homer a/B-SNAP Overlay Average
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Figure 93: a/f SNAP nanoscale localization and abundance. Continued on next page.
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Whole cell copy

ikl 2878.33 £ 500,12
% in PSD 22.03
PSD copy number | 519.59 + 106.53
Mushroom Stubby
Spine copy 2531.67 3357.24
number +519.05 + 688.31
PSD copy number 457.01 £93.70 606.04 £ 124.25
% of protein 0.39+£008%  0.33:0.07%
Molarity [pM] ~ 21.22+4.35 = 18.00+3.69

Mushroom molecular model

References
Antibody: Reinhard Jahn, clone 77.2 PDB ldentifier: 6mdm
Literature:
Clary et al., 1990; Hanson et al., 1995; Hohl et al., 1998; Sollner et al., 1993a, 1993b; Weidman
et al., 1989; Whiteheart et al., 1993; Wilson et al., 1989
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NSF (Vesicle-fusing ATPase, Gene: Nsf, Uniprot ID: Q9QULS6)
Known function: Disassembly of trans-SNARE complexes
Known organization: Cytosolic, Homohexamer
Known Interactions: a and 8 SNAP, GIuR2

DiO and Homer NSF Overlay Average
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Figure 94: NSF nanoscale localization and abundance. Continued on next page.
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Whole cell copy - 45903089.38 + 1635617.00

number

Spine copy NN A AR e YRR e
e 444298 + 753.56

% in PSD 20.68

PSD copy number 761.45 + 129.15
Mushroom Stubby

Spine copy 352311+ 5619.24

number 597.55 +953.07

PSD copy number 603.80 £102.41 963.04 £163.34
% of protein 067+011%  0.69+0.12%
Molarity [uM] 29.53+5.01 30.12+5.11

Mushroom molecular model

References
Antibody: Synaptic Systems 132 002 PDB ldentifier: 3j94
Literature:
Block et al., 1988; Clary et al., 1990; Evers et al., 2010; Hanson et al., 1995; Hohl et al., 1998;
Sollner et al., 1993a, 1993b; Wilson et al., 1989

215



Sec22b (ERS24, Gene: Sec22b, Uniprot ID: Q4KM74)
Known function: R-SNARE, Antero- and retrograde ER-Golgi transport, Homotypic
COPII vesicle fusion, Delivery of NMDAR and GABAAR to PM
Known organization: Transmembrane proteine, ER, Golgi and ERGIC
Known Interactions: Syntaxin1, Syntaxin5

DiO and Homer Sec22b Overlay Average
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Figure 95: Sec22b nanoscale localization and abundance. Continued on next page.
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Whole cell copy

e 13943250.47 + 1470099.36
Spine copy
Siibar 558.32 + 375.29
% in PSD 17.18
PSD copy number 81.86 £ 55.02
Mushroom Stubby
Spine copy 543.09 603.08
number + 365.05 +405.38

PSD copy number 79.62 + 53.52 88.42 £ 59.43
% of protein 0.03 £ 0.02% 0.02+0.01%
Molarity [uM] 4.55 + 3.06 323+217

References
Antibody: Synaptic Systems 186 003 PDB Identifier: S5vno
Literature:
Burri et al., 2003; Gu et al., 2016; Hay et al., 1997; Lewis et al., 1997; McNew et al., 2000;
Washbourne, 2004; Zhang et al., 1997, 1999
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SNAP23 (Gene: Snap23, Uniprot ID: O70377)

Known function: Qbc SNARE, Lysosome
release, Delivery of NMDAR to PM

and granule secretion, Asynchronous SV

Known organization: Membrane associated, On PM, Enriched in spines, Perisynaptic

Known Interactions: Syntaxin2, Syntaxin4, VAMP2, VAMP7, Synaptotagmin 7
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Figure 96: SNAP23 nanoscale localization and abundance. Continued on next page.
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Whole cell copy
number

Spine copy
number

% in PSD
PSD copy number

Spine copy
number

PSD copy number

% of protein
Molarity [uM]

References

180258121.35 + 17287591.15

47706.77 + 8477 .64
16.78
6855.27 £ 1218.20
Mushroom Stubby
39266.18 61336.28
+6977.72 + 10899.65
5642.40 + 8813.78
1002.67 + 1566.24
+% +%

329.10 £ 5848 328.82 + 58.43

Antibody: Synaptic Systems 111 202 PDB Identifier: modified SNAP25

Literature:

Flaumenhaft et al., 1999; Rao et al., 2004; Suh et al., 2010; Weber et al., 2014
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SNAP25 (Gene: Snap25, Uniprot ID: P60881)
Known function: Qbc SNARE, SV release, regulates PSD95 mobility, Delivery of AMPAR
and NMDAR to PM
Known organization: Membrane-associated, On PM, Slightly on endosomes and TGN
Known Interactions: Syntaxin1, Syntaxin 4, Syntaxin 13, VAMP1, VAMP2, GRIP1

DiO and Homer SNAP25 Overlay Average
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Figure 97: SNAP25 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 180258121.35 + 17287591.15

number
Spine copy
Sirber 4897.96 + 9042.82
% in PSD 18.53
PSD copy number 765.78 £ 1413.82
Mushroom Stubby
Spine copy 4037.53 6766.23
number +7454.26 +12492.10
631.26 1057.88
PSD copy number IS & +1953.11
% of protein +% +%

Molarity [uM] 33.84 £ 6248 36.27 £ 66.97

References

Antibody: Synaptic Systems 111 011 Structure: From Takamori et al. 2006
Literature:

Aikawa et al., 2006; Gu and Huganir, 2016; Gu et al., 2016; Lau et al., 2010; McMahon and
Sudhof, 1995; Sollner et al., 1993b; Veit et al., 1996
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SNAP29 (Gs32, Gene: Snap29, Uniprot ID: Q9Z2P6)
Known function: Qbc SNARE, Autophagosome-lysosome fusion, Inhibition of SNARE
complex disassembly
Known organization: Membrane-associated, On Golgi, Endosomes, SV, Also in cytosol
Known Interactions: Syntaxin3, Syntaxin6, VAMP7, SNARE complexes in general

DiO and Homer SNAP29 Overlay Average
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Figure 98: SNAP29 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 1082243.55 + 64216.37
Spine copy
number 9489 +48.77
% in PSD 17.88
PSD copy number 14.39+7.40
Mushroom Stubby
Spine copy
number 85.97 £44.19 112.79 £ 57.97

PSD copy number 13.04 £6.70 1711+ 8.79
% of protein 0.01 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.72+0.37 0.60 + 0.31

References
Antibody: Synaptic Systems 111 302 Structure: From Takamori et al. 2006
Literature:

Pan et al., 2005; Steegmaier et al., 1998; Su et al., 2001; Wang et al., 2016; Wong et al., 1999
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SNAP47 (Gene: Snap47, Uniprot ID: Q6P6S0)
Known function: Qbc SNARE, AMPAR surface delivery during LTP, BDNF release
Known organization: Cytosolic, Perisynaptic in spines

Known Interactions: Syntaxin1, Syntaxin3, VAMP2
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Figure 99: SNAP47 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 70903.80 + 20315.38
Spine copy
number 13.89£4.60
% in PSD 17.95
PSD copy number 211£0.70
Mushroom Stubby
Spine copy
number 14.74 £4.88 14.22+4.71

PSD copy number 224 +£0.74 216+0.72
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.12+0.04 0.08 +0.03

References
Antibody: Synaptic Systems 111 403 PDB Identifier: Modified SNAP29
Literature:

Holt et al., 2006; Jurado et al., 2013; Minster-Wandowski et al., 2017; Shimojo et al., 2015
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Synaptotagmind (Gene: Syt4, Uniprot ID: P50232)
Known function: Retrograde signalling in drosophila
Known organization: Transmembrane protein
Known Interactions: None
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Figure 100: Synaptotagmin 4 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

il 329233.65 + 63456.19
Spine copy
Sirber 14.06 £ 7.31
% in PSD 19.26
PSD copy number 227 +1.18
Mushroom Stubby
Spine copy
D 9.14£475 18.18 £ 9.46
PSD copy number 148 £0.77 294 +1.53
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.08 +0.04 0.10£0.05
References
Antibody: Synaptic Systems 105 143 PDB Identifier: 6ank

Literature:

Harris et al., 2016; Korkut et al., 2013; Yoshihara et al., 2005
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Synaptotagmin5 (Synaptotagmin9, Gene: Syt5, Uniprot ID: P47861)
Known function: Involved in dense-core vesicle as well as insulin exocytosis
Known organization: Transmembrane protein, On recycling endosome, LDCV
Known Interactions: None
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Figure 101: Synaptotagmin 5 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

il 1277323.90 £ 104747.38
Spine copy
Sirber 149.54 + 47 14
% in PSD 21.85
PSD copy number 26.82 £+ 8.45
Mushroom Stubby
Spine CoPY 154 4343922  177.63 % 56.00
number

PSD copy number 22.31+7.03 31.86 + 10.04
% of protein 0.01 £ 0.00% 0.01 £ 0.00%
Molarity [uM] 1.04 £+ 0.33 0.95+0.30

References
Antibody: Synaptic Systems 105 053 PDB Identifier: 6ank
Literature:

Hudson and Birnbaum, 1995; lezzi et al., 2004; Saegusa et al., 2002
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Synaptotagmin7 (Gene: Syt7, Uniprot ID: Q62747)
Known function: Asynchronous SV release, AMPAR exocytosis during LTP
Known organization: Transmembrane protein, Homo- or Heterodimers, On SV,
endosomes, lysosomes
Known Interactions: Synaptotagmin5, Calmodulin
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Figure 102: Synaptotagmin 7 nanoscale localization and abundance. Continued on next page.
230



Antibody: Synaptic Systems 105 173

Literature:

Bacaj et al., 2013, 2015; Flannery et al., 2010; Fukuda and Mikoshiba, 2000; Luo et al., 2015;

Wen et al., 2010; Wu et al., 2017

Whole cell copy
number

Spine copy
number
% in PSD

PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

References
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87596.66 + 11531.36

26.00 +5.35
18.03
3.97 +0.82
Mushroom Stubby
18.66 + 3.84 3470%+7.15
2.85+0.59 530+1.09
0.00 + 0.00% 0.00 £ 0.00%
0.16 £0.03 0.19+0.04

PDB lIdentifier: 6ank



Syntaxin1a (Gene: Stx1a, Uniprot ID: P32851)
Known function: Qa SNARE, SV fusion, Delivery of AMPAR and GABAAR to PM
Known organization: Transmembrane protein, On PM, Homooligomeric clusters
Known Interactions: VAMP1, VAMP2, SNAP25

DiO and Homer Syntaxinia Average

=
o
(o]
L
=
®
S5
=

Zone Enrichment Mushroom Zone Enrichment Stubby
DR QA -
5 e2e £
® J: D 0.7 -
o o
2 00 - 1 l 2 ]’
o l l o e
g | 1 S 1 |
o A2- -
2 < :
o - 0 42 1
o A - e
© 2
w w
44 LU B B A B B B B D B D e B B ) 4 L L L] L) 1] L L L L L 1
P ARSI L DSOS A D 0 L > O H O
.c,o\t'x‘se ?Sa\'l\cj\'bﬂ\:b&;&"\o@:\\""Z‘.\Q‘%dph.c‘t@o\i\pup (}c}\\t’\vg‘ '\’So N ) &\"*Q\\ \'«\\*\ \(\0 b\\(\ \_"\o (\\\(\ \\‘\\
FAHE A S & NN ) P 5 o
o R S S 9 JE° S SV E F S E
Q- (.:Q’QQ\ £ 2 ot S E R°F QO RACH i <
QP B RGP E PP F L R
@ @ F UG R GTd  ET & V@
RIP X s S
oy 3 o
’f“\;o" ¥ <~
Distance to membrane Distance to PSD Enrichment Head Enrichment PSD
2500 m e 5000 " 10. «* 'R 1% e "
2000+ 4200+ 1
£ 15001 £ 3004 = 3 »
£ 10004 £ 20004 woe u
004 15004 : do it
od od - - o ¢ _—
. Eccentricity : Laterality Diameter Distribution
' ) ' X a1 L L 0k %
Top of head ' Gl Luntiirignt of head * - &0 800
0 000
o = 30
Conter of head <o e ; 200 E 4000 y "
s G wi B & i 2 O
a aq
Bettem of head Canter of head v ¢

Figure 103: Syntaxinla nanoscale localization and abundance. Continued on next page.
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Whole cell copy

e 16988830.56 + 2737062.67

spine copy -
SibaE 1907.38 + 579.27

% in PSD 19.37

PSD copy number 309.53 £ 94.00
Mushroom Stubby

Spine copy 1719.53 2254 .22

number + 52222 + 684.60

PSD copy number 279.05+84.75 36581+ 111.10
% of protein 0.13+£0.04% 0.11+0.03%
Molarity [uM] 14.41 £ 4.38 12.08 + 3.67

References
Antibody: Synaptic Systems 110 011 PDB Identifier: 2m8r, 1bro
Literature:
Calakos et al., 1994; Gu et al., 2016; Hussain et al., 2016; Lang et al., 2002; Maidorn, 2017,
Oyler et al., 1989; Sieber et al., 2006, 2007; Trimble et al., 1988
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Syntaxin2 (Epimorphin, Gene: Stx2, Uniprot ID: P50279)
Known function: Qa SNARE, Endosome-Recycling Endosome fusion, LDCV release
Known organization: Transmembrane protein, On PM
Known Interactions: VAMP1, VAMP2, VAMP7, SNAP23

DiO and Homer Syntaxin2 Average
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Figure 104: Syntaxin2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number not detected
Spine copy
number na
% in PSD na
PSD copy number B
Mushroom Stubby
Spine copy
number fa na
PSD copy number na na
% of protein na =
Molarity [uM] na e
References
Antibody: Synaptic Systems 110 022 PDB Identifier: modified Syntaxin1

Literature:

Calakos et al., 1994; Chen et al., 2000; Kennedy et al., 2010
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Syntaxin3 (Gene: Stx3, Uniprot ID: Q08849)
Known function: Qa SNARE, Delivery of AMPAR during LTP
Known organization: Transmembrane protein, On PM
Known Interactions: SNAP47, VAMP2
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Figure 105: Syntaxin3 nanoscale localization and abundance. Continued on next page.

236



Antibody: Synaptic Systems 110 033

Literature:

Whole cell copy
number

Spine copy
number
% in PSD

PSD copy number

Spine copy
number

PSD copy number
% of protein
Molarity [uM]

References

Arendt et al., 2015; Jurado et al., 2013
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98311.82 + 19031.44

17.21 £ 4.56
17.28
254 +0.67
Mushroom Stubby
13.17 £ 349 2546 £6.75
1.94 £+ 0.51 3.75+0.99
0.00 £ 0.00% 0.00 + 0.00%
0.1 +£0.03 0.14 £0.04

PDB Identifier: modified Syntaxin1



Syntaxin4 (Gene: Stx4, Uniprot ID: Q08850)
Known function: Qa SNARE, Delivery of AMPAR, NMDAR and Nig1 to PM, Involved in
Homeostatic plasticity, Retrograde signaling, Caveolea fusion
Known organization: Transmembrane protein, Homooligomeric clusters, Lateral spine
head
Known Interactions: VAMP1, VAMP2, SNAP23, SNAP47
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Figure 106: Syntaxin4 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number not detected
Spine copy
number na
% in PSD ha
PSD copy number na
Mushroom Stubby
Spine copy
number na na
PSD copy number na na
% of protein na =
Molarity [uM] na =
References
Antibody: Synaptic Systems 110 042 PDB Identifier: modified Syntaxin1

Literature:

Arendt et al., 2015; Bin et al., 2018; Gu and Huganir, 2016; Harris et al., 2016; Kennedy et al.,
2010; Predescu et al., 2005; Sieber et al., 2006
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Syntaxin5 (Gene: Stx5, Uniprot ID: Q08851)
Known function: Qa SNARE, ER-Golgi transport
Known organization: Transmembrane protein, On Golgi

Known Interactions: Sec22b
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Figure 107: Syntaxin 5 nanoscale localization and abundance.
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Whole cell copy

e 137410.70 + 40668.37
Spine copy
Siibar 9.24 +4.00
% in PSD 18.85
PSD copy number 147 £ 0.63
Mushroom Stubby
Spine copy :
S Bar 8.63+3.73 9.87 +4.27
PSD copy number  1.37 £0.59 157 +0.68
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.07 £0.03 0.05 £0.02
References
Antibody: Synaptic Systems 110 053 PDB Identifier: modified Syntaxin1

Literature:

Hay et al., 1997; Hohl et al., 1998; Hong, 2005; Renna et al., 2011
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Syntaxin6 (Gene: Stx6, Uniprot ID: Q63635)
Known function: Qc SNARE, Late secretory pathway, Various endosomal fusion events
Known organization: Transmembrane protein, On TGN and endosomes
Known Interactions: Syntaxin4, Syntaxin16, VAMP2, VAMP7, SNAP23, SNAP25,
SNAP29, Vti1a
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Figure 108: Syntaxin 6 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 931868.73 + 208843.91

number
Spine copy 23.21 £15.92
number
% in PSD 16.99
PSD copy number 3.37£2.31
Mushroom Stubby
Spine copy 19.36 £ 13.28 30.32 £ 20.80
number
PSD copy number 2.81%1.93 440 +3.02
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 016+ 0.1 0.16 £ 0.11
References
Antibody: Cell Signalin 2869 PDB Identifier: 1Ivf, 4j2c

Literature:

Antonin et al., 2000; Gerrard et al., 2000; Hanson et al., 1995; Hong, 2005; McMahon et al.,
1993; Wade et al., 2001; Watson and Pessin, 2000; Wendler and Tooze, 2001
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Syntaxin8 (Gene: Stx8, Uniprot ID: Q9Z22Q7)
Known function: Qc SNARE, Late endosome fusion, Delivery of TrkA transport to PM
Known organization: Transmembrane protein, Also palmitoylated, On Golgi, early and
late endosome
Known Interactions: None
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Figure 109: Syntaxin 8 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 1742277.72 £ 239717.18
Spine copy

number 303.62 + 69.23
% in PSD 13.71

PSD copy number 36.61+8.35
Mushroom Stubby

Spine copy

numbsr 22434 £+51.15 352.89 + 80.47

PSD copy number 27.05%6.17 42.56 +9.70
% of protein 0.01 £ 0.00% 0.01 £ 0.00%
Molarity [uM] 1.88 +0.43 1.89 £0.43

References
Antibody: Synaptic Systems 110 083 PDB Identifier: modified Syntaxin1
Literature:

Antonin et al., 2002; Chen et al., 2014; He and Linder, 2009
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Syntaxin13 (Syntaxin12, Gene: Stx12, Uniprot ID: G3V7P1)
Known function: Qa SNARE, Homotypic endosome fusion, Delivery of AMPAR to PM
Known organization: Transmembrane protien, On early and sorting endosomes
Known Interactions: Syntaxin6, VAMP4, Vti1a
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Figure 110: Syntaxin13 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 4084257.85 + 498526.15
spine copy
SLmbor 528.88 + 141.29
% in PSD 13.48
PSD copy number 62.81 + 16.78
Mushroom Stubby
Spine COPY 44559 4 110.14 626.38 + 167.33
number

PSD copy number 48.97 + 13.08 7439 + 19.87
% of protein 0.03+£0.01% 0.03+0.01%
Molarity [uM] 346 +0.92 3.36 £ 0.90

References
Antibody: Reinhardt Jahn laboratory cl. 151.1 PDB Identifier: modified Syntaxin1
Literature:
Aikawa et al., 2006; Antonin et al., 2002; Brandhorst et al., 2006; Hirling et al., 2000; Hong,
2005; McBride et al., 1999; Park et al., 2004; Petrini et al., 2009; Zwilling et al., 2007
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Syntaxin16 (Gene: Stx16, Uniprot ID: D3Z9R7)
Known function: Qa SNARE, Homotypic endosome fusion, Endosome-TGN transport,
Important for dendritic protein traffic
Known organization: Tail-anchored, On Endosomes, TGN
Known Interactions: Syntaxin6, VAMP4, Vti1a

DiO and Homer Syntaxin16 Average

=
o
o
.
=
@
S5
=

Zone Enrichment Mushroom

c z
4 5 oz '|'
® 0 =
SRR 5 2 1 &
= |lg I s “THTY 12
g oo — 8 22 l 1
[~ L c
TRLTTI |
2‘? 1 é LA - -
o -06-1 o l
% E o5
w w
8 LUNL UL A D B B A B B B D B B A 43 L L L) lJ L L L\ L ) ) 1
A PRI LD TS S R o W & . H.H O D
De?i’t»‘e‘v"a\o‘*\:@‘?\\ﬁ;@:\ﬁ’o &‘?QCf%-"o@i@(\.@i@"p ()é‘\e'\v*'b ‘\»‘0 (c.@Q &\q-Q\) \\-.s\“\\ R \\‘9
& B ) o o~
B ST E PP E e 9 S g0 CF T E
LY A O a8 WS QT ¢S
Q> & &x RETP @(\@ db‘.\'-b o‘b\\é\é} ’D\{‘? o~ &P @
&R PO R P e gt A & VU@ &
N ‘,;2'6 B «(9 = ‘\Q'G VW o®
P &
Q‘ N
Distance to membrane Distance to PSD Enrichment Head Enrichment PSD
1000 m e 4200+ o “wr 15 ar IR 4 Ll 12
- 20004 - Rlold o 10- - 1°w
E £ 20004 2 &
~ 10004 5 s .
10004
o e ERED od i - o <=2 —=D> @ = Sm
. Eccentrici . Laterality Diameter Qistribution
Top of head e 00 Lutignt of head oy ' 40 ! ; 800 b o
o &0m
o -~
Comtorof head |« <= - g 0 g 4000
GEad 130 - P 2000 ) .-
A aq et
Bettem of head Canter of head v ¢

Figure 111: Syntaxin 16 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 166101.09 + 18387.59

number
Spine copy
Sirber 4849 +9.35
% in PSD 17.60
PSD copy number 7.25+140
Mushroom Stubby
Spine copy - 45354817 = 5577 £10.75
number
PSD copy number 6.34 £1.22 8.34 + 1.61
% of protein 0.00 £ 0.00% 0.00 £ 0.00%
Molarity [uM] 0.36 £ 0.07 0.30 £0.06
References
Antibody: Synaptic Systems 110 162 PDB Identifier: Modified Syntaxin1

Literature:

Amessou et al., 2007; Antonin et al., 2002; Brandhorst et al., 2006; Chua and Tang, 2008;
Fischer von Mollard and Stevens, 1998; Ganley et al., 2004; Mallard et al., 2002; McBride et
al., 1999; Shitara et al., 2013; Simonsen et al., 1998; Tang, 2008; Tang et al., 1998; Zwilling

et al., 2007
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VAMP1 (Synaptobrevin1, Gene: Vamp1, Uniprot ID: Q63666)
Known function: R-SNARE, SV release, Delivery of NMDAR to PM
Known organization: Transmembrane protein, On SV and secretory vesciles
Known Interactions: Syntaxin1, Syntaxin4, SNAP25
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Figure 112: VAMP1 nanoscale localization and abundance. Continued on next page.
250



Whole cell copy 8616551.20 + 1397968.54

number

Spine.copy 1258.97 + 352.98
number

% in PSD 23.27
PSD copy number 237.66 + 66.63
Mushroom Stubby

Spine copy 1108.27 1435.83

number +310.17 +402.57

PSD copy number 208.84 +5855 271.05+ 7599
% of protein 0.03+0.01% 0.03+0.01%
Molarity [uM] 9.27 £2.60 7.70+2.16

References
Antibody: Synaptic Systems 104 002 PDB Identifier: modified VAMP2
Literature:

Calakos et al., 1994; Gu and Huganir, 2016; Trimble et al., 1988
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VAMP2 (Synaptobrevin2, Gene: Vamp2, Uniprot ID: P63045)
Known function: R SNARE, SV release, Delivery of AMPAR and GABAAR to PM
Known organization: Transmembrane protein, On SV and small postsynaptic vesicles
close to PSD
Known Interactions: Syntaxin1, Syntaxind, SNAP25, Synaptotagmin1, CDC42
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Figure 113: VAMP2 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 749558699.46 + 94440652.76
spine copy »
SibaE 82230.32 + 29643.82
% in PSD 16.58
PSD copy number 11696.81 £ 4216.67
Mushroom Stubby
Spine copy 80195.55 78146.54
number +28910.29 +28171.62
11407.37 11115.91
PSD copy number S 411253 +4007.26

% of protein 2.35+ 0.85% 1.47 £ 0.53%
Molarity [uM]  672.14 £242.30 418.94 £ 151.03

References
Antibody: Synaptic Systems 104 211 PDB Identifier: 2kog
Literature:
Calakos et al., 1994; Gu et al., 2016; Hu et al., 2002; Hussain and Davanger, 2015; Jurado et
al., 2013; Nevins and Thurmond, 2005
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VAMP7 (Sybl1, Ti-VAMP, Gene: Vamp7, Uniprot ID: Q9JHWS)
Known function: R SNARE, Lysosome secretion
Known organization: Transmembrane protein, On endosomes, TGN and lysosomes,
Extrasynaptic
Known Interactions: Syntaxin1, Syntaxind, SNAP23, SNAP25
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Figure 114: VAMP7 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

e 1232792.55 + 96535.35
spine copy
EbaE 169.34 £ 59.64
% in PSD 17.03
PSD copy number 24,64 + 8.68
Mushroom Stubby
SPine COPY 453 4545405 180.11 + 6343
number

PSD copy number 2233 +7.86 26.21 +9.23
% of protein 0.01 £ 0.00% 0.01 £ 0.00%
Molarity [uM] 1.29+045 0.97 £0.34

References
Antibody: Abcam ab68776 PDB Identifier: 2dmw
Literature:
Advani et al., 1999; Alberts et al., 2003; Martinez-Arca et al., 2003; Rao et al., 2004; Scheuber
et al., 2006
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Vti1a (Vti112, Gene: Vti1a, Uniprot ID: Q9J151)
Known function: Qb SNARE, Endosome-TGN transport, Homotypic endosome fusion
Known organization: Transmembrane protein, On endosomes, TGN, SV, CCV
Known Interactions: Syntaxin6, Syntaxin16, VAMP4
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Figure 115: Vtila nanoscale localization and abundance. Continued on next page.
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Whole cell copy

number 4833694.67 + 568662.42
Ry 509.16 + 160.26
% in PSD 19.26
PSD copy number 96.78 + 25.89
Mushroom Stubby
Spine copy 587.68 572.37
number + 157.19 + 153.09

PSD copy number 94.92 + 2539 9245+2473
% of protein 0.03+0.01% 0.02+0.01%
Molarity [uM] 493 +1.32 3.07+0.82

References
Antibody: BD Biosciences 611220 Structure: from Takamori et al. 2006
Literature:
Amessou et al., 2007; Antonin et al., 2002; Brandhorst et al., 2006; Fischer von Mollard and
Stevens, 1998; Mallard et al., 2002; McBride et al., 1999; Shitara et al., 2017; Zwilling et al.,
2007
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Organelle proteins
The dendrite contains representatives of many organelles, some unique to this compartment.
| investigate their distribution and the quantity of key proteins within these compartments in the

following section.
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Figure 116: Depiction of organelles in dendritic spines.
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Calreticulin (CALBP, Gene: Calr, Uniprot ID: P18418)
Known function: ER resident chaperone, Calcium buffer
Known organization: ER lumen
Known Interactions: None
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Figure 117: Calreticulin: nanoscale localization and abundance. Continued on next page.
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Whole cell copy

e 54765462.29 + 6744999.73
Spine copy
Sirber 4906.70 + 1542.63
% in PSD 14.02
PSD copy number 603.42 £ 189.71
Mushroom Stubby
Spine copy 3068.45 7062.81
number + 964.70 + 2220.49

PSD copy number 377.35 + 118.64 868.57 +273.07
% of protein 0.34 £ 0.11% 0.50 £ 0.16%
Molarity [uM] 2572 +8.09 37.86 £ 11.90

References
Antibody: Cell Signaling 12238 PDB Identifier: 1hhn, 300v
Literature:

Bedard et al., 2005; Hebert and Molinari, 2007; Nakamura et al., 2001
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ERp72 (ERp70, CaBP2, Gene: Pdia4, Uniprot ID: P38659)

Known function: ER-resident chaperone, Isomerizes disulfide bonds

Known organization: ER lumen
Known Interactions: None
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Figure 118: ERp72 nanoscale localization and abundance. Continued on next page.
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Antibody: Cell Signaling 5033
Literature:

Whole cell copy 741978.91 + 208711.33

number
Spine copy
Siibar 6228 £+2272
% in PSD 21.78
PSD copy number 11.14 £4.06
Mushroom Stubby
Spine copy
b b 45.71 £ 16.67 75.25 + 27 .45
PSD copy number 8.17 £2.98 13.46 £ 4.91
% of protein 0.01 £ 0.00% 0.01 £ 0.00%
Molarity [uM] 0.38+0.14 040x0.15
References

PDB Identifier: 2dj1, 3ec3

Liévremont et al., 1997; Mazzarella et al., 1990; Rupp et al., 1994
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Ribosomal protein L7a (Gene: Rpl7a, Uniprot ID: P62425)

Known function: Translation

Known organization: Cytosolic, on 60S subunit

Known Interactions: 40S ribosomal subunit
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Figure 119: Ribosomal protein L7a nanoscale localization and abundance. Continued on next page.
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Whole cell copy
number

Spine copy
number

% in PSD 17.75
PSD copy number 68.15 + 82.57
Mushroom Stubby

Spine copy
number

PSD copy number
% of protein L 002:k |
Molarity [UM] 290 13.52 _ 2‘97 e 3 360 y

Mushroom molecular model

Antibody: Cell Signaling 2403
Literature:

References
PDB Identifier: 4ugo

Ban et al., 2014; de la Cruz et al., 2015
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Ribosomal protein S3 (Gene: Rps3, Uniprot ID: P62909)
Known function: Translation
Known organization: Cytosolic, on 40S subunit
Known Interactions: 60S ribosomal subunit
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Figure 120: Ribosomal protein S3 nanoscale localization and abundance. Continued on next page.
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whole cell copy

number not detected
Spine copy 8509.40 + 10000.94
number (from comparative imaging)
% in PSD 15.04
PSD copy number 1112.61 £ 1307.63
Mushroom Stubby
Spine copy 6283.09 11421.63
number + 7384 .40 + 13423.63
821.52 1493.38
PSD copy number eSS +1755.14
% of protein + % + %

Molarity [uM] 5266 +61.89 61.23+£71.96

References
Antibody: Cell Signaling 9538 PDB Identifier: 4ugo
Literature:

Ban et al., 2014; de la Cruz et al., 2015
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Ribosomal protein S6 (Gene: Rps6, Uniprot ID: P62755)
Known function: Translation

Known organization: Cytosolic, on 40S subunit

Known Interactions: 60S ribosomal subunit
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Figure 121: Ribosomal protein S6 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 50580108.78 + 8484683.82

number
Spine copy
Siibar not detected
% in PSD na
PSD copy number na
Mushroom Stubby
Spine copy
number e s
PSD copy number na na
% of protein na na
Molarity [uM] + ;S
References
Antibody: Cell Signaling 2217 PDB Identifier: 4ugo

Literature:

Ban et al., 2014; de la Cruz et al., 2015

269



TGN38 (Gene: Ttgn1, Uniprot ID: P19814)
Known function: TGN-PM cycling
Known organization: Transmembrane protein, TGN
Known Interactions: None
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Figure 122: TGN38 nanoscale localization and abundance. Continued on next page.
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Whole cell copy 209201.42 + 32085.51

number
Spine copy
Siibar 465 +5.51
% in PSD 17.41
PSD copy number 0.69 +0.82
Mushroom Stubby
Spine copy
S Bar 3.83+454 5.64 + 6.68

PSD copy number  0.57 £ 0.67 0.84 +0.99
% of protein 0.00 £ 0.00% 0.00 £ 0.00%

Molarity [uM] 0.03 £0.04 0.03+0.04
References
Antibody: Sigma Aldrich T9826 Structure: Modelled by Burkhard Rammner

Literature:

Gardiol et al., 1999; Luzio et al., 1990; Reaves et al., 1993
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TOM20 (Gene: Tomm20, Uniprot ID: Q62760)
Known function: Part of the translocase of the outer mitochondrial membrane,
Recognizes presequence of preproteins
Known organization: Transmembrane protein, Mitochondrion, Forms clusters
Known Interactions: None
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Figure 123: TOM20 nanoscale localization and abundance. Continued on next page.
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Whole cell copy

el 9032340.15 + 2045079.31
Ry 640.71 + 353.45
% in PSD 12.15
PSD copy number 69.40 + 38.29
Mushroom Stubby
Spine copy 484 .07 705.69
number + 267.04 + 389.30

PSD copy number 52.44 + 28.93 76.44 +42.17
% of protein 0.02+0.01% 0.02 +£0.01%

Molarity [uM] 406+224 3.78£2.09
References
Antibody: Sigma Aldrich WH0009804M1 PDB Identifier: Tom2

Literature:

Donnert et al., 2007; Saitoh et al., 2007; Sollner et al., 1989; Wurm et al., 2011
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Synaptic scaling changes the nanoscale localization and abundance of

key proteins

The data presented so far demonstrates the molecular architecture of a dendritic spine at rest.
But the postsynapse is known to undergo various plasticity regimens to adapt its strength. |
set out to study one of them, synaptic scaling, for a subset of potential key proteins in this
process. Synaptic scaling is a homeostatic process that neurons employ to keep their firing
rate at a set constant. When the strength of the input to a neuron increases, it responds by
reducing the efficiency of its spines globally or locally. Similarly, when the input strength
decreases, the neuron responds by enhancing spine efficiency (Turrigiano, 2008). | used
chronic treatment with Bicuculline, a GABA blocker, to increase the baseline network activity
of the neuronal cultures, causing synaptic downscaling. To elicit synaptic upscaling, | used
either TTX to block synchronous release (while spontaneous release is still occurring) or
CNQX+AP5 to block AMPA and NMDA receptors, abolishing almost all glutamatergic
signaling. The latter is therefore expected to have a more dramatic effect on synaptic upscaling
than TTX. First, | determined whether the treatments changed the frequency of mushroom or
stubby dendritic spines (Table 10). Interestingly, the percentage of the spine classes did not
change for most treatments. Only when blocking glutamate mediated transmission completely
with CNQX+AP%, the percentage of mushroom spines decreased, which was compensated

by an increase in ‘other’ class spines.

Table 10: Spine class frequency during homeostatic plasticity. Only during CNQX+AP5 treatment did the
frequency of spine classes change, showing a decrease in mushroom spines and an increase in other spines. The
percentage of stubby classes spines was constant throughout all treatments.

Spine class | Untreated |Bicuculline |TTX CNQX + AP5

Mushroom 75.37% 74.55% | 75.68% 64.36%
Stubby 24.46% 24.55% | 23.46% 23.66%
Other 0.17% 0.89% 0.87% 11.98%

As the spine class distribution did not show major changes the different treatments can
compared to each other directly and | present the results in a standardized form, similar to the
previous section. Again, the average distribution of the protein is shown, as well as the
percentage change in staining intensity, compared to the untreated control. The lower panel
shows the zone enrichment analysis, which was performed exactly as for the average

distribution at rest.
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Actin

| found F-Actin to be decreased in Bicuculline, a trend that was interestingly very pronounced
but not significant for mushroom synapses. The localization also moved toward the center of
the PSD after bicuculline treatment for both synapse classes, and also after TTX treatment in
stubby synapses.
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Figure 124: Changes in actin localization and abundance after synaptic scaling. A) The average distribution
of actin in the treatments. Scale bar is 500 nm. B) The change in total intensity compared to untreated was
calculated. C) The Enrichment of actin in the different zones for each treatment. Values are Mean + SEM. Continued

on next page.
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Clathrin light chain

Clathrin abundance was increased after Bicuculline treatment for both synapse classes,
whereas it was significantly decreased after CNQX+APS5 treatment for mushroom spines. After
Bicuculline treatment, Clathrin also showed a trend to be positioned at the center of the PSD,
compared to Untreated.
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Figure 125: Changes in Clathrin LC localization and abundance after synaptic scaling. The figure is organized

as in Figure 124. Continued on next page.
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GluN2B

The NMDA receptor subunit was increased after blocking glutamatergic signaling using
CNQX+AP5 in Mushroom spines and a showed a centralization of the receptor. Stubby
synapses also showed an increase, but not to the same extent, and GIuUN2B was also recruited
to more perisynaptic regions.
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Figure 126: Changes in GIuN2B localization and abundance after synaptic scaling. The figure is organized as
in Figure 124. Continued on next page.
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GluR1

This AMPAR subunit was differentially regulated between mushroom and stubby synapses.
Mushroom spines decreased the abundance and PSD localization of GIuR1 after all
treatments. As expected, stubby synapses showed an increase in GIuR1 after CNQX+AP5
treatment, which was also accompanied by a recruitment to the PSD.
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Figure 127: Changes in GluR1 localization and abundance after synaptic scaling. The figure is organized as
in Figure 124. Continued on next page.
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GluR2

This constitutively cycling AMPAR did not change its localization in any treatment. Surprisingly,
it was significantly increased after bicuculline treatment in mushroom spines, but the increase
itself was very minor.
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Figure 128: Changes in GIuR2 localization and abundance after synaptic scaling. The figure is organized as
in Figure 124. Continued on next page.
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MGIuR5

This metabotropic glutamate receptor showed a dramatic increase in abundance for TTX and
CNQX+APS5 treated neurons, and also for bicuculline treated stubby synapses. Interestingly,
its localization was not changed dramatically in both conditions. Synaptic downscaling via

bicuculline also showed a trend toward increasing mGIuRS5.
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Figure 129: Changes in mGIuR5 localization and abundance after synaptic scaling. The figure is organized
as in Figure 124. Continued on next page.
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SNAPA47

This SNARE protein exhibited an interesting phenotype in bicuculline treated mushroom
spines, where its abundance was decreased, but it was highly localized to the PSD. A similar
effect was observed in TTX treated stubby synapses. Although it was increased in CNQX+AP5
treated cells, this effect did not reach significance.
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Figure 130: Changes in SNAP47 localization and abundance after synaptic scaling. The figure is organized
as in Figure 124. Continued on next page.
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Tubulin

Tubulin showed a very consistent localization, that did not change during the treatments. Its
abundance was increased after TTX or CNQX+APS5 treatment, although this effect was not

significant in mushroom spines.
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Figure 131: Changes in tubulin localization and abundance after synaptic scaling. The figure is organized as

in Figure 124. Continued on next page.
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Discussion

In this thesis, | present a quantitative analysis of dendritic spines at an unprecedented level of
detail. To my knowledge this is the most comprehensive database on this organelle to date.
There are several readily observed results in this thesis:

1) Mushroom and stubby spines in vitro are almost identical in most of the measured
parameters of their ultrastructure.

2) Most proteins showed similar copy numbers and localization in both spine types,
probably to ensure efficient synaptic transmission and to avoid bottle necks. For
example, interacting SNARE proteins of are present at similar amounts, whereas
receptors show low abundance. This also argues for a conserved and probably
modular architecture of the postsynapse.

3) | report two large quantitative databases, the dendritic proteome with nanoscale
localization, which | termed the Dendrite Nanomap, as well as the neuronal
proteome, providing absolute quantification of over 6000 proteins. These
databases lay the foundation for future modeling studies, where it is essential to
use the correct initial protein concentrations and locations for results, resembling

the in vivo dendritic spine

The ultrastructure of spines in culture

To build an accurate model of the dendritic spine in culture, | needed to first study its
morphology. Most ultrastructural research has been done on brain samples, with only few
works focusing on neuronal cultures (Boyer et al., 1998; Schikorski and Stevens, 1997).
Because these studies pooled shaft and spine synapses, | set out to analyze the postsynaptic

ultrastructure for both classes separately.

Mushroom and stubby spines have similar morphology

Surprisingly, the two different spine classes analyzed did not show any significant differences
in the parameters | calculated. The only difference was the correlation of stubby PSD Area to
volume, which was not present in mushroom spines. This is at odds with previous studies
observing this correlation, albeit in vivo (Boyer et al., 1998; Harris and Stevens, 1989).
Because the brain is densely packed with synapses, they might compete for space. Since the
cultures are much sparser, this restriction is not present and might explain the uncorrelated
morphology of spines. Additionally, astrocytes enclosing the synapse might also regulate the
size. The increased fraction of PSD area to surface of stubby synapses over mushroom spines
is probably due to the neck of mushroom spines. These add surface, while not containing any
PSD.
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Dendritic spines in culture are similar to those in vivo

The parameters | measured are like those derived from in vivo samples, albeit sometimes
higher than previously reported cell culture data (Table 11). The difference in the cell culture
data might be explained by different culturing protocols (although both data are from Banker
type cultures), especially the density at which the neurons are plated influences spine number
and probably also spine size (Cullen et al., 2010). Unfortunately, the number of neurons plated
in the work from Boyer and colleagues is given, but not the area on which they are plated
(Boyer et al., 1998). | can therefore not compare the densities. Also, the network activity will
influence the structure of the formed synapses (Alvarez and Sabatini, 2007).

In the cultures | found an almost 1:1 ratio of mushroom to stubby spines, similar to what has
been reported for hippocampal cultures before (Boyer et al., 1998). This high fraction of stubby
synapses is reminiscent of the situation in the immature brain, where the majority of synapses
is formed on stubby spines, while the adult brain only has a small minority of stubby
postsynapses (Harris et al.,, 1992). Thus, the culture likely reflects an intermediate state.
Because | report a separate model for each class, one can apply it to immature as well as adult

brains.

Still, even in brain samples there is a high variability of spine morphology, from which my model
does not differ too much. Therefore, the model | derive here for hippocampal cultures may also
be applicable to in vivo dendritic spines. At any rate, more parameters of the situation in vivo
could be derived by comparing Banker cultures to slices, using comparative imaging (Richter
et al., 2018)
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Table 11: Comparison of measured spine morphology to previously published cell culture and in vivo data.
Mean+SD; Data extracted from #(Schikorski and Stevens, 1997), ®(Boyer et al., 1998), (Spacek and Harris, 1997),
d(Harris and Stevens, 1989) and ¢(Harris et al., 1992).

This study Cell culture Brain
Mushroom | Stubby combined Mushroom | Stubby

PSD Area [um?] | 0.106+0.06 | 0.142+0.09 | 0.028+0.020 | 0,043+0,031 0.19°
6 0 a 2| 0,15+0,09¢

0.48°¢

0.069+0.08¢

0,21+0,10¢
Surface Area 1.513+0.74 | 1.387+0.50 2.98° 1.95°¢
[um?2] 3 9 0.83+0.63% | 0,95+0,48°

1.50+0.62°
Fraction PSD 6.6+1.4% 9.2+3.2% 16.11%"° 9.74%°
of Surface Area 8,31%" 16+3%°

14+3%°
Volume [um3] 0.189+0.15 | 0.179+0.10 | 0.058+0.034 | 0,038+0,036 0.24¢
8 9 b al 0,11+0,07¢

0.43°¢

0.062+0.08¢

0.18+0.09¢
Vacuole 1.088+2.10 | 1.139+1.95 0.0093°¢ 0.0083¢
volume [um3] 2 9 (only spine | (only spine
apparatus) apparatus)
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The quantitative neuronal proteome reveals general regulatory principles
After investigating the ultrastructure of the spines in culture, | determined the quantitative
proteome of neurons in culture. To do so, | used a label-free, quantitative mass spectrometry
approach. This work is the most comprehensive description of postsynaptic copy numbers in
absolute terms. A landmark study of the mouse brain proteome detected 7792 proteins,
comprising neurons and glia (Wang et al., 2006). | detected 6194 protein groups, but from a
pure hippocampal culture. To my knowledge, this is the most comprehensive mass
spectrometry dataset of this model system to date. This is a significant advance in quantitative
proteomics of rat neurons, as so far only few neuronal proteins have been counted in absolute
numbers, most studies rather look at relative changes between treatments. But it is equally
important to also know the absolute abundance of a protein. This allows us, for example, to
estimate which concentrations of pharmacological interventions are reasonable, or identify
which proteins might pose bottle necks for a specific process in the cell. Because the scope of
this thesis was on the dendritic spine, no detailed analysis on the whole-cell copy numbers

was performed.

During this study, | tried to estimate several key parameters, such as protein molarity for the
neurons. This was difficult, because no accurate measurements of the volume of neurons in
culture are available. | projected the neuron volume to be 5000 ums3, which is on the upper end
of mammalian cell cultures (Bohil et al., 2006; Cohen and Studzinski, 1967; Krombach et al.,
1997; Luby-Phelps, 2000; PUCK et al., 1956; Zhao et al., 2008). Similarly, the protein
concentration or molarity of neurons is not known. My calculations are above what one would
estimate from bacteria or cell culture data (Molarity of 20.35 mM vs 4.98 mM; 2.2 ng per cell
vs. 0.3 ng/cell; Milo, 2013; Wisniewski et al., 2014). Again, the morphology of cell cultures or
bacteria is much simpler than neurons, making this comparison difficult. It is surprising how
little we still know about the basic morphology of this common model system, and we urgently

need accurate quantifications for further studies.

Subcellular copy numbers show a highly skewed distribution

Using GO analysis, the proteome quickly revealed that the mean and median copy numbers
differ between subcellular compartments. While nuclear proteins showed the highest mean
copy number, this was not the case when the median was analyzed. There, mitochondrial
proteins were significantly higher than any other compartment, which showed similar median

copy numbers. This reveals several things:

First, all compartments showed a smaller median than mean copy number, indicative of a

skewed distribution towards higher values (i.e. there are few proteins for each compartment
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that are extremely high abundant, compared to the rest). This was most pronounced in the
nucleus. Second, several nuclear proteins are known to be present in extremely high numbers,
such as histones. These were also very abundant in my dataset, and together with the
cytoskeletal proteins in the nucleus caused this skewedness. Third, the high average copy
number in the cytoplasm is mainly caused by cytoskeletal proteins, as well as several highly
abundant membrane proteins, such as VAMP2 and SNAP25.

On the other hand, the higher median for mitochondrial proteins also suggests that fewer
proteins with low copy numbers are present. | could reliably observe this when analyzing the
distribution of the proteins, where the lower tail of the mitochondria was decreasing
continuously. One of the main functions of mitochondria is to produce ATP, they provide
roughly 93% of ATP in the nervous systems (Harris et al., 2012). To do so, it needs high
numbers of the involved proteins. Most of the proteins that are within the mitochondria are
produced in the cytoplasm of the cell first and are then inserted into the mitochondria, with only
a handful of proteins translated in mitochondria themselves (Dudek et al., 2013). Also, many
of the proteins within mitochondria interact with each other to form the supercomplexes of the
respiratory chain. This probably explains why the copy numbers in mitochondria are closer
together than in the other compartments. Conversely, many different mechanisms are running
in parallel in the other compartments, which have very different requirements regarding their
copy number. For example, cytoskeletal proteins need to be present in high amounts to
regulate the morphology and enable efficient trafficking, whereas receptors can be present at
low number and still fulfill their function. This causes a higher spread of the distribution, and
the imbalance in the copy numbers required for the different processes increases the

skewedness.

Finally, | observed an interesting copy number distribution for ER and Golgi proteins, which
showed a distinct population of proteins at lower levels, roughly between 10% and 10° copies
per cell. It would be interesting to study which proteins comprise this population and whether

they have common functions or protein motifs.

The copy number decreases with protein size

| confirmed a weak negative correlation of protein copy number to its size (Mandad et al.,
2018). As possible interpretation lies in the energy efficiency of the cell. As protein synthesis
is an energy-intensive process, it is highly regulated. Still, proteins do not always fold correctly
after translation and then need to be degraded again (Chen et al., 2011). The longer a protein
gets, the higher the lost energy is. Therefore, it is favorable to only produce long proteins when
they are really needed. Usually, translation is one of the highest energy consuming processes

in cells, mammalian cells use about 20% of their energy for protein biosynthesis (Rolfe and
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Brown, 1997). This ratio is decreased in neurons, probably because they are postmitotic and
therefore do not need to reproduce proteins they lost after division. It would therefore be
interesting to study, whether the correlation of protein size to copy number is higher in dividing
cells. Another explanation is, that larger proteins have higher chance to accumulate damage.
Their larger surface exposes them to more potentially hazardous interactions, also leading to
the observed phenotype.

The quantitative neuronal proteome as a tool
Since hippocampal neuronal cultures are extensively used to study neuronal function, this
database itself is of great interest to the neuroscience community. There are several interesting

guestions that one could investigate, using this dataset:

Are proteins in the same pathway correlated?

For the presynapse it has been shown that proteins involved in the same pathway are often
correlated in their abundance (Wilhelm et al., 2014). It would be interesting to study whether
this is a common regulatory principle within the whole neuron as well. From the cellular copy
numbers, one can also estimate which proteins might be potential bottlenecks of a given
molecular function. Equally, | already set up unsupervised learning algorithms to cluster
proteins that show similar localization. Following the hypothesis that proteins that show similar
distributions are involved in the same pathway, these data could for example indicate which

SNARESs are working together in the dendritic spine.

What are neuronal copy numbers in other compartments?

Using the whole-neuron dataset, one can easily extend the calculation of subcellular copy
numbers to other organelles, as the epifluorescence imaging is fast and could also be
automatized. Any other sub-compartment that has good markers available could in principle
be studied. This included the membrane enclosed organelles, such as mitochondria, ER, Golgi
apparatus or the nucleus. Also, finer structures, such as the axon initial segment could be

investigated, because my method does not rely on fractionation.

How strong is the molecular crowding effect in neurons?

The cytoplasm of cells is very dense with proteins, which influences diffusion, translation,
chromosome condensation and cell shape (Banks and Fradin, 2005; Miyoshi and Sugimoto,
2008). This effect was termed ‘molecular crowding’ and its influence on the regulation of
neurons has not been studied fully. Using my dataset, a general density of the neuron could
be calculated at high fidelity, enabling an unprecedented view inside cells. Apart from the
physical barrier proteins can pose, their hydrophobicity can also cause them to form droplet

like phases (Li et al., 2012; Shin et al., 2017; Zeng et al., 2016). Taking advantage of coarse-
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grained simulations, one could study the formation of these phases and how they influence the
structuring of the cytosol (McGuffee and Elcock, 2010).

The dendritic proteome

Although dendritic spines have been studied for decades, we only have scant reports of
postsynaptic copy numbers. These mostly encompassed receptors or ion channels studied by
electrophysiological methods or imaging approaches, both of which are very labor intensive
(Chen et al., 2005; Nusser et al., 1998; Sabatini and Svoboda, 2000; Sugiyama et al., 2005).
Several semiquantitative mass spectrometry studies have been published, but they only
describe relative amounts and often are restricted to PSD fractions (Cheng et al., 2006; Distler
et al., 2014; Peng et al., 2004b; Schanzenbé&cher et al., 2016, 2018). As the name implies, this
fraction is comprised of the PSD core and some postsynaptic membrane clinging to the
scaffold. The dendritic cytosol or peri- to extrasynaptic membranes are completely missing,
which is a major limitation of these studies, also revealed by the infrequent reports of
membrane-associated proteins in the current literature (Collins et al., 2006). This is the reason
why | used the combination of imaging and mass spectrometry. Still, there are some caveats

of my analysis:

Because | use the Rz of the synaptic region, the copy numbers | report have the highest
confidence for proteins that are present in the spine head at least to some extent. This limits
my analysis for proteins that are usually found only in the dendritic shaft, as can be seen from
the low copy number of TOM20. There are two ways one could address this: One could
estimate the intensity distribution from the super-resolution images to calculate how much
protein is in the synapse versus the shaft and extrapolate the shaft copy numbers.
Alternatively, | already measured the enrichment of synapse to shaft for each protein by
marking a shaft region during the synapse alignment. This value could also be used to estimate

the abundance in the shaft.

Proteins that are only present in subpopulations of dendritic spines also show reduced copy
numbers due to the averaging. For example, several of the calcium binding proteins are known
to be present in only a fraction of neurons, which, in part, explains their low abundance. This
is a difficult issue to address. Ideally, one would have an additional marker for these
populations. As most imaging setups can easily use 4 different colors this would be feasible

but searching for these subpopulations will increase the imaging time profoundly.

Another interesting phenomenon is the general increase of protein abundance in stubby to

mushroom class spines (Figure 12C). How does this come about? There are two explanations:
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First, stubby synapses were larger, with the ratio of the median volumes being 1.34. This is
already very close to the observed 1.44-fold increased copy numbers in stubby synapses.
Additionally, the epifluorescence imaging might analyze some additional dendritic shaft volume
for stubby synapses, but not for mushroom synapses. Synapses on mushroom class spine are
most of the times sufficiently apart from the dendritic shaft that only the synaptic region plus
the thin neck is picked up during imaging. The remaining area around the mushroom is usually
devoid of other cellular structures (except for the associated presynapse). Stubby synapses
on the other hand are, by definition, very close to the shaft. Therefore, some signal from the
shaft is picked up, because of the low lateral and axial resolution. Thus, the synaptic copy
number reported for stubby synapses probably present a slight overestimation.

Intriguingly, postsynaptic copy numbers seem to correlate with their presynaptic counterpart
(Figure 12B). The postsynaptic proteins showed a general trend to be less abundant than in
the presynapse. Again, the observed volume differs, with the synaptosome volume being
2.43 fold larger than the postsynaptic (Wilhelm et al., 2014). Because the slope of the linear
regression is only 0.72, this suggests that the postsynaptic protein density is higher than the
presynaptic. Also, | studied hippocampal neurons, whereas the presynaptic numbers were
derived from cortical synaptosomes, which one should keep in mind for this comparison.
Probably, the observed correlation is caused by common pathways operating in both
compartments. For example, microtubules and their associated transport machinery are
present in both compartments, also endosomal recycling takes place at both sides of the
synapse. Still, several proteins are specifically enriched in one compartment. For example the
SNARE proteins responsible for SV release are present in much higher copies in the
presynapse than they are in the postsynapse, whereas SNAP23, that has been described to

be mostly postsynaptic, also shows this behavior here (Suh et al., 2010).
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The Nanomap is a window to dendritic spines at unprecedented detail

Cytoskeleton and associated proteins

Actin and tubulin are the main cytoskeleton components. Many studies have shown that actin
is primarily abundant in the head of mushroom spines, whereas tubulin is rarely invading into
the spine head and is more prominent in the shaft (Chazeau and Giannone, 2016; Kaech et
al., 2001). In line with these observations, | found actin to be highly enriched in the head and
less abundant in the shaft, while tubulin was showing the opposite distribution. Mushroom
spines showed a higher actin copy number than stubby class synapses, which is most likely
due to their more elaborate and larger morphology. Because of the averaging, the periodic
actin structure cannot be identified in the average images anymore. Interestingly, tubulin was
even more abundant in the average dendritic spines than actin, but | found a much higher copy
number in stubby class synapses than mushroom spines. This is probably due to the more
shaft-like morphology of stubby synapses and in line with the observation, that tubulin is not
often invading into mushroom spines (Jaworski et al., 2009). Surprisingly, | did not detect B-3-
tubulin to be present in the spines, due to its negative correlation with Homerl. This suggests
that this specific tubulin isoform is excluded from the spines and not present on the dynamic

microtubules invading the PSD.

The other important structural elements are intermediate filaments, consisting of the
Neurofilament light, medium and heavy chain triplet, as well as a-internexin. They have
been largely thought to be presynaptic, but lately also postsynaptic functions have been
identified (Jordan et al., 2004; Yuan et al., 2015a). In my work | did only detect low amounts of
the neurofilaments, which were mostly present in non-PSD areas. These low amounts make
the proposed lattice of a-internexin with tubulin in the PSD unlikely (Suzuki et al., 2018). The
high standard error comes from the fact, that the distribution correlation of a-internexin with
Homer was centered around 0. This means that several synapses do not contain a-internexin
at all and also explains why neurofilaments have been often difficult to detect in the
postsynapse. The lower abundance of Neurofilament H, in comparison with Neurofilament L,
is in agreement with its late expression that mostly starts in postnatal stages (Benson et al.,
1996; Shaw and Weber, 1982).

Drebrin, B-2-spectrin and Cortactin are actin associated proteins. Drebrin mirrored the
distribution of actin very well, showing a high enrichment in the PSD areas. It is present in high
amounts in a 1:6 ratio to actin, which is very close to the reported 1:5 ratio reported from in
vitro studies (Ishikawa et al., 1994). Therefore, most actin is probably bound by drebrin in

dendritic spines, with the remaining actin molecules either being free actin, or interacting with

301



other actin-binding proteins. The typical actin rings that shape the morphology of the dendritic
shaft and neck use [(3-2-spectrin as spacers (Bar et al., 2016; Sidenstein et al., 2016; Xu et al.,
2013). | found it to be mostly localized to the neck and shaft regions as well, but surprisingly it
was present in very low numbers in the synapse only. This is most likely because the rings are
largely absent from the spine head, which | use for the calculation of the copy numbers (Bar
et al., 2016). Finally, Cortactin showed a very unspecific signal, with a de-enrichment in the
PSD areas. This is in contrast to the studies by MacGillavry and colleagues, which found it to
be highly enriched in the PSD (MacGillavry et al., 2016). Taking the low quality of my Cortactin
images into account, my antibody, which differs from the one used by MacGillavry and

colleagues, is probably less specific.

MAP2 showed a similar distribution as its interaction partner, the tubulins, being mostly present
in the shaft areas. It also showed a complementary distribution across synapse classes, with
more MAP2 being present in stubby class synapses than in mushroom spines. However, its
low abundance for a cytoskeleton-associated protein makes it difficult to assess its role in the
synapse. The stabilization of microtubules seems not to play a high role in dendritic spines,
which is in line with the observation that only dynamic microtubules enter spines, whereas the
stable bundles are mostly in the shaft (Jaworski et al., 2009; Kaech et al., 2001; Landis and
Reese, 1983).

The motor protein Myosin5a, which acts along actin filaments, localized primarily to
perisynaptic regions. This localization was similar to these of the ER-resident proteins ERp72,
Calretinin and Calreticulin, which is in agreement with its role to position the ER in the synapse
(Miyata et al., 2000; Rudolf et al., 2011). It was present in large amounts, with almost double
the amount in stubby class synapses than in mushroom class synapses. This suggests a much
higher volume of transport happening in stubby class synapses, probably because the synapse

is still under development.

Finally, Septin7 has been reported to control the diffusion across the spine neck by forming
arc- or ring-like domains on the base of the neck (Ewers et al., 2014; Kinoshita et al., 2002).
According to this function, | observe it to be mostly localized to the neck regions. | also found
it to be present in perisynaptic regions, which is probably because of its regulation of PSD95
(Yadav et al., 2017). Again, its low abundance makes it difficult to assess to what extent the
proposed rings are really able to limit the diffusion across the neck membrane. Maybe it acts

hand in hand with actin to fulfill its function.
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Scaffold proteins

As expected, all scaffold proteins were highly enriched in the PSD, with only DLGAP1 showing
an actual decrease in enrichment in the PSD, compared to the average localization. This was
true mostly for the mushroom class synapses, which also show an increased distance of
DLGAP1 spots to the PSD compared with the other scaffold proteins.

Shank?2 was not as specifically localized to the PSD as the other Shank isoforms. It also shows
distinct populations with higher distance to the PSD, a low eccentricity and high laterality. This
suggests that it has an additional hotspot at the bottom of the spine head. As it interacts with
the cytoskeleton, it might be involved in the formation and stability of the head to neck junction,

or it might position specific molecules there.

All of the scaffold proteins showed a spot diameter close to 80 nm, corroborating the recently
discovered nanomodule organization of postsynapses (Broadhead et al., 2016; Hruska et al.,
2018; MacGillavry et al., 2013). In addition, | observed similar protein numbers between

mushroom and stubby class spines, further supporting a modular organization of synapses.

In several works, it was proposed that the PSD is layered, with PSD95 being at the top,
DLGAP1 beneath it, followed by Shank and Homer proteins (Dani et al., 2010; Valtschanoff
and Weinberg, 2001). Comparing their average distribution, | could see that Shank is indeed
lower than PSD95, but Homerl was in between both proteins. This is more in line with other
observations using immunogold EM, which find Homerl to be very central and close to the
PSD (Tao-Cheng et al., 2014). Because the localization of DLGAP1 was not as specific as for
the other proteins, a comparison is difficult, although it seems that there is at least a pool of
DLGAP1 proteins in between PSD95 and Shank.
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Shank1 Overlay

Figure 132: Observed layering of the PSD. Shankl was found below PSD95, Homerl was similarly distributed
as PSD95, albeit being more central. The position of DLGAP1 was not as specific as for the other proteins. Scale
bar 500 nm.

For the formation of the mesh of Homerlb and Shank1, a ratio of 1:1 is optimal (Hayashi et
al.,, 2009). In my data, | observe roughly 6x more Homerl than Shankl proteins
(686.35 + 200.68 Homerl vs. 112.21 + 5.14 Shank1). Other works focusing on isolated PSDs
did find lower numbers, probably an effect of the fractionation (Cheng et al., 2006; Lowenthal
et al., 2015; Peng et al., 2004c), whereas the only other paper reporting copy humbers from
intact spines is close to my data (Sugiyama et al., 2005). However, the mesh is formed only
by the isoform Homerlb, whereas Homerla is actually inhi