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1 Abstract

The postsynaptic density (PSD) is a complex molecular machine that controls the
strength of synaptic signaling and plays a major role in synaptic plasticity. While
previous studies have provided some insights on its structure, further work is needed to
elucidate its precise supramolecular organization, which is considered to be essential for

its function.

We employed Cryo-electron tomography to study the native, three-dimensional supra-
molecular architecture of the PSD in both pharmacologically treated and control synap-
tosomes, and PSDs isolated from such synaptosomes. Furthermore, we used template
matching to detect CaMKII, a major postsynaptic protein and key regulator of long-
term potentiation (LTP), in these tomograms. Since a number of structural studies have
previously produced highly diverging views of the CaMKII holoenzyme structure and
because no structure existed for the activated state of CaMKII, a part of this work was
to obtain the structures of both activated and non-active CaMKII by Cryo-EM single

particle analysis.

We showed that NMDAR stimulation of synaptosomes can induce a significant increase
in the amount of Thr286 phosphorylated CaMKII, and induce translocation of CaMKII
from distal parts of the postsynaptic terminal to the PSD. However, no clear morpho-
logical differences could be visually discerned between PSDs from pharmacologically
treated and control synaptosomes. Our data suggests that the core structure of the
PSD consists of a mesh-like scaffold consisting of a dense network of filaments, oriented
parallel and perpendicular to the synaptic cleft, that serve the role of a foundation on

top of which additional PSD components can attach.

We solved the 3D structures of activated and non-active recombinantly expressed mouse

CaMKII by sub-tomogram averaging and single particle analysis. However, we were
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unable to reliably detect these structures by template matching in tomograms collected
on scintilator-coupled CCDs, suggesting that tomograms of higher resolution, such as
the made possible by the combination of TEM phase plates and DDDs, will be required

for the faithful detection.
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2 Introduction

2.1 The chemical synapse

Neurons send signals to individual target cells via specialized intercellular junctions
called synapses. In the case of chemical synapses in the mammalian central nervous
system, these signals come in the form of a neurotransmitter that gets released onto
the target cell upon stimulation. This unidirectional signaling gives rise to the forma-
tion of distinct structures on each side of the synapse (respectively termed pre- and
postsynaptic terminals) separated by a 20-25 nm gap commonly known as the synaptic
cleft. Presynaptic terminals (or boutons) are specialized portions of the axon contain-
ing neurotransmitter-filled synaptic vesicles, the molecular machinery required for their
fusion and recycling and a number of supporting structures and organelles, such as mi-
tochondria and endoplasmic reticulum. Usually located on dendritic spines and held
tightly to the presynaptic terminal by the cell adhesion molecules of the synaptic cleft
is the postsynaptic terminal. It is characterized by an aggregation of neurotransmitter
receptors, scaffolding proteins, signaling molecules and cytoskeletal elements assembled
into a highly organized and electron-dense structure known as the postsynaptic density
(PSD). Synaptic signaling involves the fusion of the neurotransmitter-filled synaptic vesi-
cles with the presynaptic plasma membrane followed by the release of neurotransmitter
molecules into the cleft and the subsequent activation of receptors in the postsynaptic
plasma membrane. The vast majority of synapses in the CNS are of the aforementioned
type and are typically regarded to as excitatory or glutamatergic synapses (since they

use glutamate as neurotransmitter).

2.2 The postsynaptic terminal of excitatory synapses

The postsynaptic membrane is the first place where signals from the axon carried by
the neurotransmitter glutamate get processed as they arrive at the dendrite. Ionotropic

glutamate receptors on the postsynaptic membrane mediate most of the excitatory
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synaptic signaling in the CNS and function by opening their associated ion selec-
tive transmembrane ion channels following glutamate binding. Glutamate targets at
least two discrete types of ionotropic glutamate receptors on the postsynaptic mem-
brane: -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARSs) and
N-methyl-D-aspartate receptors (NMDARs). These glutamate receptors mediate most
of the fast excitatory synaptic signaling in the CNS via the ion flux through their as-
sociated channels. In contrast to AMPARs, NMDARs channel opening requires both
glutamate binding and the depolarization-mediated removal of Mg2+ ions that block
the channel in a voltage-dependent manner in order to allow ion flux. Calcium ions
(Ca2+) influx through NMDARs plays a critical role in excitatory synaptic signaling
and plasticity ( , ). The major part of the machinery required
for further processing of the signal is contained in the postsynaptic density attached to
the cytosolic face of the postsynaptic membrane. Much of the molecular diversity of
synapses lies in the postsynaptic terminal and this where the signal transduction events

leading to long term synaptic plasticity take place ( , ).

2.2.1 The postsynaptic density

The PSD is a complex molecular machine visible in the electron microscope as a thick-
ening of the postsynaptic membrane, extending some tenths of nanometers into into the
cytosol. Consisting of hundreds of distinct proteins it regulates the strength of synaptic
signaling and has a major role in synaptic plasticity. The structure and composition of
the PSD can be modified by external stimuli and synaptic activity over the time course
of seconds to minutes and hours to days ( , ). One way
to gain an understanding on postsynaptic signal processing is to unravel the structures,
functions and physical interconnections of the proteins in the PSD. Functionally, its core
constituents can be broadly categorized in the following groups: ion channels/receptors
(glutamate-activated channels/receptors NMDAR and AMPAR), scaffolding proteins
(PSD-95 family, GKAP, Shank, Homer), signaling proteins (Calcium/calmodulin de-
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pendent protein kinase II - CaMKII, SynGAP) and cytoskeleton-related proteins (actin,
a-actinin). Many other proteins were identified in the recent years by mass-spectrometry
(MS), with their number currently reaching few hundred (Husi et al.; 2000; Peng et al.,
2004; Cheng et al., 2006; Walikonis et al.; 2001). The current understanding of the
molecular organization of the PSD is to a great extent based on studies of specific

protein-protein interactions of PSD proteins (Figure 1).

Presynaptic
Neurexin HIER 82:\7[5

- AMPAR-
Neuroligin stargazin .
complex
N-Cadherin
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B-Catenin
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CaMKll

Other proteins:
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'Aq Sheng M, Hoogenraad CC. 2007.
Annu. Rev. Biochem. 76:823-47

Figure 1: Organization of proteins and protein-protein interactions in the PSD (adapted
from (Sheng and Hoogenraad, 2007)).

A fraction of CaMKII is expected to be found close to the membrane due to its binding
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to the NMDAR ( : ). PSD-95 binds NMDARs directly and AMPARs
through an intermediate protein ( , ). Furthermore, palmitoylation
may anchor PSD-95 to the postsynaptic membrane ( , ). PSD-95

is also known to multimerize and cluster Kv1.4 voltage-gated potassium channels, al-
though it is not clear what the mechanism controlling these processes is ( ,

: , ). All taken together, the PDS-95 family is thought
to provide a structural scaffold that organizes channels, as well as other proteins in the
PSD. Shank, on the other hand, is thought to provide another scaffolding structure, a
bit further away from the postsynaptic membrane. Its binding to GKAP (a PSD-95
binding protein) provides a connection to the PSD-95 scaffold and it also binds Homer,
which in turns can bind both metabotropic glutamate receptors on the cell membrane
and IP3 receptors ( ) ). Shank itself might multimerize through the
association of some of its domains. The SAM-SAM domain binding ( ,

) is of particular structural interest, because the atomic structure of a sheet formed

by isolated SAM domains has been solved ( , ).

The interaction maps of PSD proteins can reveal a lot of information in an abstract way,
but they are also potentially misleading, especially with hundreds of distinct proteins
estimated in the PSD. A better functional insight into the postsynaptic molecular archi-
tecture requires an understanding of the stoichiometry and 3D structure of individual
PSD components. The high and even medium resolution structures of the core PSD pro-
teins are scarce. The atomic structures were determined for the individual domains of
PSD-95 ( , : , ), while for the whole PSD-95 a relatively
low-resolution negative stain single particle electron microscopy (EM) structure shows
a 10 nm long curled worm-like particle ( , ). Different attempts to
determine the structure of full-length CaMKII holoenzymes have produced contradic-
tory views on the quaternary organization of this important signaling enzyme (please

refer to section 2.2.2 for details). The atomic structure of a whole homomeric AM-
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PAR has been determined by X-ray crystallography ( , ). There,
however, appears to be a controversy between different structures of whole AMPARSs
obtained by negatively stain single-particle EM. While the structures of two different
homomeric AMPARs show well-defined dimer-of-dimers conformations ( )

; , ), the structures of native heteromeric AMPARs have
multiple conformations ( ) , ). Only individual domain struc-
tural information exists for the rest of the core PSD proteins. For determining the
stoichiometry of some of the core molecules two approaches have been employed. Quan-
titative MS was used to provide absolute values for the molar amounts of the core
PSD constituents ( , ). Using the estimate for an average PSD mass
from scanning transmission electron microscopy, numbers of core molecules per synapse
were determined ( , : , ). According to these
studies, an average synapse is expected to contain around 20 NMDARs (four subunits
each), 300 PSD-95s, 150 Shanks, 60 Homers, 5600 CaMKII subunits (12 subunits form
a CaMKII holoenzyme) and 360 SynGAPs. It still remains a mystery why two enzymes
- CaMKII and SynGAP - are so abundant in the PSD. Another approach was based on
quantitative fluorescence measurements of overexpressed fusion proteins and immuno-
cytochemistry in neuronal cultures ( ) ). The number of scaffolding
proteins determined in this study (PSD-95, Shank, Homer) were all around 300. While
the issues related to the two techniques used likely contribute to this discrepancy, sam-
ple differences may indicate that a portion of Shank and Homer population is loosely
attached, or just localized near the PSD in the living cells, and is therefore not retained

in the (detergent-extracted) PSD-fraction.

2.2.2 Calcium/calmodulin dependent protein kinase CaMKII

Calcium/calmodulin-dependent protein kinase II (CaMKII), a prominent mediator of
Ca?®T-associated neural signaling, is a ubiquitous multifunctional serine/threonine ki-

nase forming a dodecameric holoenzyme capable of reacting to both the amplitude and
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frequency of activating Ca®™ pulses. It is highly concentrated in dendritic spines and it
is a major component of the PSD. CaMKII is activated by the Ca?"/calmodulin com-
plex which displaces an autoinhibitory segment that otherwise blocks the active site
of the enzyme. Upon activation this segment undergoes an autophosphorylation at a
specific threonine residue Thr286 (mouse CaMKIIa numbering) which renders the en-
zyme active even in the absence of Ca®* /calmodulin ( : ;

, : , ). Ca?* influx through NMDARs and the
resulting CaMKII activation by the Ca?'/calmodulin complex have been shown cru-
cial for the induction and maintenance of long-term potentiation (LTP), a physiological
correlate for learning and memory characterized by the long-lasting strengthening of
synaptic transmission induced by brief intervals of high-frequency synaptic stimulation
( ) ; , ; , ). A major role for
CaMKII in the regulation of excitatory synaptic transmission has been already pro-
posed almost three decades ago when it was identified as a major postsynaptic density
protein ( , ). There are four closely related CaMKII genes in
mammals: «, 3, v and 0 ( , : , ). CaMKIl«
and CaMKIIS are the isoforms predominantly expressed in the brain, making up 1-2%
of the total protein in the hippocampus ( , ). These isoforms
can form a or § homomultimers and «// heteromultimers with each form of the holoen-
zyme having a markedly different role in regulating neuronal function ( ,

). CaMKIlI« is especially enriched at regions of the brain displaying persistent
LTP ( , : , ) and is the isoform responsible for the
anchoring of the CaMKII holoenzyme to the PSD ( : ). Each
CaMKII subunit contains an N-terminal (Ser/Thr-specific) kinase domain, followed by
an autoregulatory segment containing three essential autophosphorylation sites: Thr286,
Thr305, and Thr306 (mouse CaMKIIa numbering) ( : ) (Fig-

ure 2).
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1 274 314 482
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Figure 2: Domain architecture of an individual CaMKII subunit: the kinase domain
(blue) is followed by a regulatory segment (gray), a variable linker region (dark blue),
and the association (hub) domain (magenta). The regulatory segment contains the
autophosphorylation site Thr286 and the calmodulin-binding region (red) containing
Thr305 and Thr306.

Thr305 and Thr306 are located at the calmodulin-binding site of the autoregulatory
segment and their phosphorylation prevents Ca®" /calmodulin binding, hence serving an
inhibitory role in the activation of the enzyme (Colbran, 1993; Hanson and Schulman,
1992). Thr286 is located at the base of an « helix within the autoregulatory segment
that inhibits the binding of Ca®"/calmodulin by docking to a hydrophobic patch on the
kinase domain. Phosphorylation at Thr286 disrupts this docking and keeps the enzyme
in its active state even in the absence of Ca?*/calmodulin (Lai et al., 1986; Miller and
Kennedy, 1986; Yang and Schulman, 1999). The autoregulatory segment is followed by
a variable linker region that connects to the C-terminal hub domain (also referred to
as the association domain). The hub domains are necessary for the formation of the
CaMKII holoenzyme and assemble into two stacked hexameric rings giving rise to the do-
decameric holoenzyme (Shen and Meyer, 1998; Kolodziej et al., 2000; Hoelz et al., 2003;
Rellos et al., 2010). With the kinase and association domains of the different CaMKII
isoforms being very similar (~95% and ~80% sequence identity respectively), the main
difference between the different isoforms lies within the linker region that can vary in
both length and sequence (Tombes et al.,; 2003). Different structural studies have pro-

duced diverging views of the CaMKII holoenzyme structure. Electron microscopy (EM)
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cryo and negative stain preparations of full-length mouse CaMKII holoenzymes have
yielded similar dodecameric structures with the kinase domains extending above and
below the midplane of the central association domain ( ) ;

, ). This arrangement is somewhat similar to a recent X-ray structure of full-
length human CaMKIIa construct with a very short CaMKIIS7 (an alternative splicing
variant of human CaMKIIj) linker region ( : ). In another EM study
using negative stain preparations of full-length mouse CaMKII holoenzymes, the kinase
domains were however arranged in a ring coplanar with the midplane of the central
association domain ( , ), an arrangement similar to the one seen

in models of the CaMKII holoenzyme based on Small-angle X-ray scattering (SAXS)
( , 2005).

Several studies have demonstrated that upon activation, CaMKII can translocate from
the dendritic cytoplasm to the PSD. For example, real-time imaging of GFP-tagged
CaMKII in cultured hippocampal neurons has revealed a fast (within seconds) postsy-
naptic translocation upon application of glycine-glutamate (a pharmacological treatment
targeting the NMDAR) ( , ). This translocation requires Calmodulin
binding to CaMKII, and Thr286 autophosphorylation enhances its association with the
PSD. Induction of LTP in rat hippocampal slices has been shown to result in a persistent
translocation and accumulation of CaMKII at the PSD ( ). It has
been demonstrated that such translocations are the specific result of NMDAR-mediated
postsynaptic Ca?" influx ( ) ). In another study, brief pharmaco-
logical NMDAR stimulation of hippocampal slices and cultured neurons caused a rapid
(1.5 min.) increase of the thickness of their PSDs that was at least in part a result of
CaMKII accumulation on their cytosolic faces ( , ). The majority of
known CaMKII binding proteins are present in the PSD, including the NMDAR, actin,

a-actinin, densin-180 and SynGAP, among others ( , ; , ;

) I ? I Y ) Y )'
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Upon translocation to the PSD, CaMKII directly binds to the NMDAR ( ,

) and this binding is enhanced by Thr286 autophosphorylation ( ,

: , : , : , ). There are several clues
that link CaMKII postsynaptic translocation to the initiation of structural rearrange-
ments in the PSD. The CaMKII binding domain on the NR1 subunit of the NMDAR
overlaps NR1s Calmodulin and a-actinin-2 binding sites creating a situation in which
these proteins compete for occupancy ( ). Whats more, CaMKII
competes with PSD95 for a binding site on the NR2A subunit of the NMDAR  (

, ). Furthermore, protein kinase C-dependent CaMKII translocation to the
PSD is accompanied by a rapid loss of synaptic NMDARs ( , ). Addition-
ally CaMKII activation and postsynaptic translocation induce the synaptic trapping of
AMPARs diffusing in the postsynaptic membrane ( , ). These findings
suggest that the postsynaptic translocation of CaMKII has an important role in the
dynamic remodeling and organization of the PSD which are thought to be a fundamen-
tal aspect of postsynaptic signal transduction. Once localized at the PSD, CaMKII is
also strategically positioned to sense Ca?* entry through NMDARs and transduce these
signals into changes in the phosphorylation state and activity of molecules important
for synaptic signaling. In fact, a large number of CaMKII phosphorylation sites have

been identified by mass spectrometry in PSD fraction ( , ).

2.2.3 Structural studies on the postsynaptic architecture using electron mi-

Croscopy

The first reported observation of a dense region on the postsynaptic membrane was
made in an early EM study on the ultrastructural architecture of CNS synapses (

: ). The existence of the PSD was confirmed in later EM studies ( ,

) ) and while some described its structure as granular in nature ( : )

others considered it to be somewhat filamentous ( , ). More recently,



2 Introduction 12

quantitative immunogold EM revealed a laminar organization of scaffold proteins within
the PSD ( , ). PSD-95 was found to lie in the vicinity of
the postsynaptic membrane (12 nm from its extracellular face), close to the cytoplasmic
tails of NMDAR NR2 subunits. Shank and GKAP, on the other hand, were found to
occupy a deeper position within the PSD (24-26 nm). The combination of immunolabel-
ing with EM tomography has demonstrated that PSD95 forms perpendicular filaments
at the PSD ( , ), which are in contact with parallel filaments, most likely
composed of PSD95-binding partners such as GKAP, Shank and SynGAP, among others
( , ). Immunogold EM has also presented evidence for the heterogeneous
distribution of NMDARs and AMPARs within the plane of the PSD, revealing that
NMDARs are concentrated in the middle of the PSD, while AMPARs appear to be
predominantly localized at its periphery ( , ; ,

). Rotary shadowing EM has provided three-dimensional structural information of
isolated PSDs, revealing a somewhat smooth cleft surface and a convoluted cytoplasmic
surface ( , ). Immunogold labeling in this study showed CaMKII lying
exclusively at the cytoplasmic surface of the PSD, associated with tower-like protrusions.
More recently PSDs isolated from different developmental time points and studied by
negative stain EM tomography were found to exhibit distinct morphological character-
istics ( , ). Very recently, attempts were also made to visually detect
CaMKII at EM tomograms of isolated PSDs ( , ). The data in this study
suggests that approximately half of the identified CaMKII molecules lie at the cytoplas-
mic surface of the PSD, while the rest are scattered throughout its thickness. Although
those and other EM studies have produced information on the postsynaptic structural
organization, further studies aiming to elucidate the precise supramolecular organiza-
tion of the PSD are needed. Importantly, these studies have made use of conventional
electron microscopy sample preparation techniques involving contrast enhancing heavy
metals stains, dehydration, chemical fixation, embedding, sectioning and heavy metal

evaporation. These techniques are known to introduce a number of artifacts such as
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protein aggregation and structural rearrangements within the specimen and as a result
can not ensure its structural preservation. Cryo-electron tomography (cryo-ET), on
the other hand (please refer to section 3.3 for details) provides three-dimensional views
of the molecular components of the cell in their native, fully hydrated environment,
and is therefore uniquely positioned to unravel the native postsynaptic supramolecular

organization.






3 Three-dimensional Electron microscopy

Three dimensional electron microscopy is capable of determining the three dimen-
sional structure of biological specimens ranging from macromolecules and macromolec-
ular assemblies to viruses, organelles and even whole cells. There are two main non-
crystallographic methods for the reconstruction of the three-dimensional structure of
objects imaged in an electron microscope. One method relies on the averaging of images
of multiple identical copies of specimens, usually proteins, macromolecular assemblies or
viruses, randomly oriented relative to the electron beam and is commonly referred to as
single particle electron microscopy. The other method, commonly used for the structure
determination of pleomorphic objects such as whole cells and organelles, involves the
tilting of the sample under the electron beam in order to obtain projections at different
sample orientations and the computational merging of the said projections into a 3D re-
construction (tomogram). This method, commonly referred to as electron tomography,
can also be applied to macromolecular complexes or viruses present in multiple copies.
In this case sub-tomograms containing single copies of the particle can be identified in
the tomogram and computationally extracted, and averaged in order to obtain a higher-
resolved structure, a technique called subtomogram averaging. Both methods described
above have been applied to the work presented here and are discussed in detail in the
current section along with the relevant principles of transmission electron microscopy
(TEM) and cryo-sample preservation techniques, allowing the visualization biological

samples in a functional and close to native frozen-hydrated state.

3.1 Principles of transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is in many aspects similar to a light mi-

croscope, but instead of photons it uses accelerated electrons. For biological samples ,

15
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medium acceleration voltages (120-300 £V') are used. Electrons interact strongly with
matter thus limiting the specimen thickness. For instance in the case of 120 keV elec-
trons and vitreous ice at liquid-N temperature, the mean free path for elastic and inelas-
tic scattering are 280 nm and 85 nm respectively, which indicates that TEM samples can
be up to few 100 nm thick. Because electrons are also scattered by air, the TEM column
must be kept at high vacuum. The wavelength of electrons accelerated to 200 keV is
0.025 A, which could theoretically allow achieving extremely high resolution. However,

the resolution of the best electron microscopes is around 0.5 A ( , ).

The interaction of electrons with organic samples breaks chemical bonds and releases
free radicals, that in turn causes further damage to the sample ( ,

). This further limits the achievable resolution reached by electron microscopy of
biological samples, since it imposes a limitation on the amount of electron illumination,
which in turn results in a very low signal to noise ratio (SNR) of the resulting images.
For the past few decades the approach most commonly used to overcome that limitation
has been to apply a heavy metal stain to the sample, usually in the form of a heavy
metal salt (see section 3.2). While the stain doesn’t protect organic material, it is more
resistant to electron-induced radiation damage and can significantly improve the SNR in
resulting images, primarily by an enhancement of amplitude contrast (see section 3.1.3).
Heavy metal staining comes at the cost of losing high resolution features and internal
structural details, mainly due to the fact that the information recovered in the image is

limited to molecular surfaces accessible to the stain.
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Figure 3: Schematic diagram a typical TEM system used for Cryo-ET in Martinsried.
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3.1.1 Essential elements of a modern Transmission Electron Microscope

This section gives a brief overview of the essential elements of a typical modern trans-
mission electron microscope used for Cryo-electron tomography and single particle cryo-

electron microscopy (Figure 3).

Electron Gun The electron gun emits and accelerates electrons into the vacuum of
the TEM column, producing an electron beam that ideally has a high brightness and
high temporal and spatial coherence. The conventional type of electron gun makes use
of thermionic emission from a tungsten or lanthanum hexaboride (LaBg) wire, which is
limited in both temporal and spatial coherence by the relatively high energy spread of
the emitted electrons and the relatively large source size, respectively. Modern alter-
natives such as the Schottky emission gun and especially the field emission gun (FEG)
produce significantly brighter electron beams, having a greatly reduced energy spread.
The exceptionally high coherence (both temporal and spatial) of the FEG, achieved
by quantum mechanical tunneling, makes it the best choice for high resolution TEM
applications. All six electron microscopes used in the work presented here (please refer
to section 7) were equipped with FEGs, capable of accelerating electrons to either 200

keV or 300 keV.

Illumination system The illumination system of modern TEMs usually consists of
two condenser lenses (C'1 and C'2) and their respective apertures (Figure 3). It is respon-
sible for shaping the electron beam and allows focusing (condensing) it on the specimen.
It can produce a specimen illumination that ranges from a uniformly illuminated large
specimen area at low magnifications, through a strongly focused smaller specimen area
for higher magnifications, to an electron probe of less than a nanometer in diameter
for scanning transmission electron microscopy ( ) ). The majority
of TEM electron lenses utilise electromagnetic coils to generate a radially symmetric
magnetic field emanating from a central gap in the soft iron pole pieces of the lens.

This magnetic field acts in a way similar to a convex optical lens, focusing the beam



3 Three-dimensional Electron microscopy 19

of electrons at a constant focal length. Deviations from the radial symmetry of the
magnetic field induce spherical and chromatic aberration, and cause astigmatism. TEM
apertures, which are most commonly annular metallic plates, have the role of restricting
the electron beam to electrons that are within a certain fixed distance from the optical
axis. Condenser lens C'1 de-magnifies the gun cross-over and thus controls the physical
size of the beam on the specimen, also known as spot size. Condenser lens C2 on the
other hand controls the convergence of the beam on the specimen (focusing) and the

diameter of illumination on the specimen.

Imaging system The imaging system of modern TEMs comprises the objective lens,
objective aperture, intermediate and projector lenses. The objective lens is the first
TEM image-forming lens. While its magnification is quite modest (20-50 times) it is
the most important lens in the electron microscope, since the quality of the first in-
termediate image it produces determines the overall resolution of the microscope. The
resolution-limiting lens aberrations such as the chromatic and spherical aberrations are

only of practical importance for the TEM objective lens, since for a magnification M, the

@
M

angular aperture of the intermediate and projector lenses is decreased as o = while
the diameter of the spherical aberration disc is proportional to a®. Therefore even for a
modest magnification M of 20-50 times at the first intermediate image produced by the
objective lens, the aperture of the following lenses becomes so small that their spherical
aberrations can be neglected ( , ). The objective aperture, located
in the back focal plane of the objective lens, determines what portion of the scattered
electrons contribute to the image and can improve its contrast by screening out electrons
scattered at high angles. Typically two intermediate lenses are positioned between the
objective lens and the projector lens, that projects the final image onto the fluorescent
screen or detector. These intermediate lenses can be operated in different modes, al-
lowing either an image (image mode) or a diffraction pattern (diffraction mode) to be

formed on the camera. They also further magnify the image produced by the objective

lens to a wide range of overall magnifications, although typical magnifications used for
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this work were in the range of 40000z to 84000z.

Furthermore, pairs of beam deflection coils integrated at different positions in the TEM
column are used to either shift or tilt the electron beam in order to bring it on the
optical axis or produce a rocking beam, used for focusing at low and medium mag-
nifications (Figure 3). Additionally, stigmator lenses (stigmators) are used to correct
the astigmatism of the electron lenses in the TEM column. There are typically three
different sets of stigmators in a modern TEM that can control the astigmatism of either

the condensor, objective or diffraction lenses (Figure 3).

Computerized Goniometer Stage Modern transmission microscopes are equipped
with computerized goniometer stages that allow the precise shifting and tilting of the
specimen, usually mounted on a metal grid around 3 mm in diameter. All the mi-
croscopes used for this work were equipped with computer controlled LNy cryostages
capable of tilting the sample up to £ 70 degrees while keeping it at all times at LNy

temperatures.

Image Recording and Detection Most TEMs are equipped with a phosphor coated
fluorescent screen on which the final image can be projected and directly observed by
cathodoluminescence. For a long time after the TEM was invented, images have been
recorded on photographic emulsions, which were later replaced by imaging plates (

, ). Characterized by a wide dynamic range, high quantum efficiency and
linearity, imaging plates are still in wide use today, but similar to photographic emulsions
they demand a considerable amount of post processing and digitization, thus hindering
high-throughput and preventing automatic data acquisition. Scintillator coupled Charge
Coupled Device (CCD) cameras on the other hand provide an immediate digitization
of the acquired image and have proven to be indispensable for electron tomography,
which requires automated data acquisition. While CCDs can be used for direct electron
detection ( , : , ), their prolonged exposure to

high energy electrons results in the generation of defects that can lead to their failure



3 Three-dimensional Electron microscopy 21

within a short period of time. For TEM applications, electrons are first detected by a
thin scintillator which converts them to photons, which are then transported to the CCD
array by either fiber optical or lens coupling. Due to scattering events in the scintillator
or limitations in its optical coupling to the CCD, the point at which an electron enters
the detector appears as a cloud of light at the sensor, resulting in a broad Point Spread
Function (PSF), which ultimately leads to limitations in resolution. Most of the data for
this work has been collected on TEMs equipped with scintillator coupled CCD cameras

(please refer to section 7).

Energy Filter The interaction of the electron beam with relatively thick specimen (>
200nm) leads to many inelastic scattering events and the consequent wide energy spread
of the scattered electrons, resulting in blurring of the image contrast. An energy filter
can be used to filter out the inelastically scattered electrons, which results in a significant
noise reduction and an increase in image contrast. One of the most common energy filter
types for electron microscopy is a post-column energy filter, attached to the bottom
flange of the TEM ( , ). It comprises a magnetic prism that disperses
the electrons based on their energy, an energy selective slit that allows only electrons
of a certain energy (range) to go through, and an electron lens array that reforms the
image generated by these electrons on a detector (Figure 3). Both microscopes used
for Cryo-ET of synaptosomes for this work were equipped with Gatan™ post-column
energy filters operated in ”zero-loss” mode ( , ). While being of little
advantage for single particle Cryo-EM, where samples are relatively thin (< 100nm),
energy filtering is of great importance for electron tomography of relatively thick (>

200nm) samples ( : ).

3.1.2 New developments in Transmission Electron Microscopy

Recent technological developments are changing the field of Transmission Electron Mi-
croscopy. Digital cameras capable of direct electron detection, avoiding the need for a

scintillator, have become commercially available in the past few years. Furthermore,
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phase plates, which partially correct for the effects of the contrast transfer function (see

section 3.1.3) are currently under active development.

Direct Detection Devices (DDDs) Very recently, digital cameras capable of di-
rectly detecting electrons, while resisting radiation damage caused by the high energy
and charge deposition of the electron beam have become commercially available. These
cameras are usually based on Active Pixel Sensor (APS) technology ( ,

) and unlike a CCD chip, where a readout of the chip requires a pixel-to-pixel
charge transfer, each pixel contains a photodetector and an active amplifier that can be
read-out individually. DDDs provide a superior quantum efficiency and improved reso-
lution, compared to scintillator coupled CCD cameras, while retaining the convenience
and advantages of immediate digital image availability ( , ). Their
high quantum efficiency, which results in an increase in image contrast, allows images
to be acquired with a lower electron dose, which is particularly beneficial for Cryo-ET.
A small portion of the tomographic data for this work has been collected on a TEM
equipped with a DDD (please refer to section 7).

TEM Phase Plates Image contrast in cryo-EM relies heavily on defocus-induced
phase contrast (discussed in more detail in section 3.1.3), which also receives a contribu-
tion from lens spherical aberration ( , ). This contrast generation mechanism
is mathematically described by an oscillating function in Fourier space, also known as
the contrast transfer function (CTF), that results in a selective image contrast (dis-
cussed in more detail in section 3.1.3). This is evident in the distinct low contrast and
high-pass filtered appearance of cryo-EM images of biological samples. These limita-
tions have motivated various attempts to develop more efficient TEM phase contrast
methods, mainly based on devices that modulate the phase of the electron wave and
are usually positioned in the back focal plane of the TEM objective lens (

, ). Similar to their counterparts in phase contrast light microscopy, such

devices are typically referred to as "phase plates”. One of the most common types of
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TEM phase plates is the Zernike-type phase plate, consisting of a thin material film
(~ 30nm) with a small hole (~ 1um) in the centre ( : ). A
novel type of phase plate has been developed very recently by Dr. Radostin Danev at
the Department of Molecular Structural Biology at the Max Planck Institute of Bio-
chemistry in Martinsried. Some data for this work has been obtained at two TEMs

equipped with the aforementioned phase plate.

3.1.3 TEM Image formation

The interaction of the electron beam with the sample forms the basis of TEM image
formation. Electrons are strongly scattered by atoms due to their electrostatic inter-
actions with both the atomic electrons and nuclei. Electron scattering can be either
elastic or inelastic. In elastic scattering only a negligible amount of kinetic energy is
transferred from the electron to the sample and the scattered electrons have a rather
wide angular distribution. Inelastic scattering, on the other hand, involves a significant
loss of kinetic energy and the resulting scattered electrons have a very narrow angular
distribution (Figure 4). Elastic scattering is the type of interaction that gives rise to
high-resolution information in TEM, since it is an interaction process that is highly lo-
calized to the region occupied by the screened Coulomb potential of the atomic nucleus
( , ). Inelastic scattering is dominated by plasmon and interband excitations,

which are less localized and therefore cannot contribute to high-resolution (

Y )'

Due to their narrow angular distribution, most of the inelastically scattered electrons
pass through the objective aperture and produce an undesired background noise. This
noise can be usually tolerated in thin samples, but as sample thickness increases, it be-
comes more and more problematic (especially due to multiple scattering events), which

requires energy filtering.
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Figure 4: Pictorial description of an electron beam interacting with a carbon atom of
the sample.

TEM image contrast (local intensity variations) is formed by two different mechanisms.
Phase Contrast arises from complex interference effects resulting from the superposition
of the electron waves at the image plane and depends on a number of parameters, in-
cluding defocus, objective lens spherical aberration, and objective aperture size. Phase
contrast is responsible for the majority of image contrast at high TEM resolutions and
is the major contrast generating mechanism in Cryo-EM ( , ). Am-
plitude contrast (also referred to as scattering contrast), on the other hand, is caused by
the loss of electrons that are scattered at high angles and removed by the objective aper-
ture. These electrons have typically interacted with the high Coulomb potential near
the atomic nucleus and their removal by the objective aperture results in a decrease of
transmitted intensity. This contrast generating mechanism describes the image intensity
at low or medium resolutions, where the phase contrast effects normally dont have to

be considered.
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Phase Contrast FElectrons dont get absorbed by thin Cryo-EM samples, but instead

most of them pass through and interact with the sample on the way.

—_—
Incoming Phase-shifted outgoing
electron plane wave electron plane wave

Figure 5: Phase shift of an electron plane wave passing the Coulomb potential of an
atom.

Due to the elastic scattering interaction with the sample, the incoming electron wave
traveling down the TEM column in the z-direction suffers a phase shift ®(r) (Figure 5)
given by ( , ), p.35:

P(r) :/C(r,z)dz (1)

where r = [ ] and C(r, z) is the Coulomb potential distribution within the sample. The
incoming plane wave Wy = exp(ikz) with wavenumber k is thus modified according to

( : ), p-35:
U(r) = Uy expli®(r)] (2)

The weak-phase object scattering approximation assumes that ®(r) < 1, enabling the
following expansion ( ) ), p-35, which is normally truncated after the second

term:

W(r) = U [1 +i(r) - %@@)2 +.] (3)

which suggests that the wave behind the object can be decomposed into an unscattered

wave (V) and a weak scattered wave of low amplitude (®(r)) that has suffered a phase
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shift of § with respect to the unscattered wave. Thus the image intensity is dominated by
the interference of the scattered wave with the unscattered wave (known as bright-field
electron microscopy). Since the scattered wave is 4 out of phase with the unscattered
wave, no significant change in the amplitude can be generated by interference and thus
the scattered beam gives no contrast for a phase object. Additional phase shift is thus
required to produce image contrast. Inherent objective lens aberrations and defocusing

can shift the phase of the scattered wave by an amount given by ( , ), p-36:

v(k) = 2mx(k) (4)

where k = (k;, k) is the spatial frequency and the term y(k) is known as the wave

aberration function. Expressed in polar coordinates with k = |k|, ¢ = a tan(k,, k,) by

( , ), p-36:

x(k, ) = —%/\[Az + % sin2(¢ — ¢o) | k* + ix”csk:‘* (5)

where Az is the defocus introduced by the objective lens; Cy, the third-order spheri-
cal aberration constant of the objective lens; A, the electron wavelength; z,, the focal
difference due to axial astigmatism; and ¢, the reference angle defining the azimuthal
direction of the axial astigmatism.

According to the Fraunhofer approximation (Goodman 1968 - Intro to fourier Optics)
that applies to electron microscopy, the wave function produced at the back focal plane
of the objective lens, W;;(k), can be expressed as the Fourier transform (F{-}) of the
wave function (k) directly behind the object. This Fourier transform is multiplied by
a term denoting the effect of the phase shift to the scattered wave introduced by the

above mentioned objective lens aberrations and defocus, giving ( , ), p.37:

Wps(k) = §{W(k)} explir(k)] (6)

The wave function in the TEM image plane, ;(r), can be obtained by an inverse
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Fourier transform (F!{-}) from the wave function produced at the back focal plane
of the objective lens that has been additionally modified by an aperture function A(k)
introduced by the objective lens aperture, ( , ), p-38:

vir) = §H{F{Y' (k) FA(K) expliv (k)] } (7)

Alk) — 1 for |k| = 0/\ < 61 /) -

0 elsewhere

where 6, is the angle corresponding to the radius of the objective lens aperture. The
final observable intensity distribution in the TEM image plane is given by ( , ),
p.38:

I(r) = |¢(r)|* (9)

Contrast Transfer Function As discussed in the previous section, under the weak
phase object approximation one can ignore the higher order terms resulting from multi-
ple scattering events in Equation (3) and if one also assumes that ®(r) is real, Equation
(9) gives a linear relationship between F{®(r)} and the Fourier transform of the image

contrast §{I(r)} given by ( : ), p-39:

${I(r)} = F{2(r)} A(k) siny(k) (10)

The function sin y(k) (Figure 6) is known as the defocus phase-contrast transfer function
(CTF). Due to its oscillatory nature, the CTF creates regions in the spatial frequency
spectrum that strongly differ in the transmitted image intensity, resulting in a selective
image contrast that allows only certain regions of the spectrum to be imaged adequately,
while in other regions image contrast is diminished or inverted. The defocus Az is
virtually the only parameter that one can control in order to select the desired regions
of the object’s Fourier Spectrum that are properly transmitted. Equation (10) assumes

an ideal situation where the illumination is highly coherent and monochromatic, which
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in practice is not the case. The partial coherence and energy spread have the effect of
dampening the CTF at higher spatial frequencies (Figure 6), posing a limitation on the
achievable resolution. An additional term can be incorporated into Equation (10) in

order to account for this dampening:

§{I(r)} = F{2(r)} E(k)A(k) siny(k) (11)

where E(k) = E;(k)E.(k) is referred to as the compound envelope function and the
terms F;(k) and E,(k) account for partial coherence and energy spread respectively. The
exceptionally high coherence (both temporal and spatial) of FEGs compared to LaBg
thermionic emission guns significantly improves the dampening caused by the envelope
function (Figure 6) and allows much higher spatial frequencies to be transmitted (

, ). The CTF tends to act both as a low- and high-pass filter, resulting
in a general band-pass filtering effect. Its high-pass filtering effect is a consequence of
its relatively low values for an extended range of low spatial frequencies. Its low-pass
filtering property, on the other hand, results from the fact that for typical underfocus
values, it is effectively equal to 0 around the first zero crossing and oscillates rapidly at

higher spatial frequencies (Figure 6).

Amplitude Contrast FEven though biological Cryo-EM samples predominantly con-
sist of light atoms, the Coulomb potential near the nucleus is very high, causing some
electrons to be scattered at high angles and removed by the objective aperture, giv-
ing rise to amplitude contrast. Equation (10) only accounts for the the phase contrast
component of the imaged object. Unlike the its phase contrast counterpart, the Fourier
transform of the amplitude contrast component is transferred by cos~y(k). The com-

plete expression accounting for both phase and amplitude contrast is therefore given by

( , ), pAT:

§{I(r)} = O,(k)siny(k) — O;(k) cos (k) (12)



3 Three-dimensional Electron microscopy 29

FEG(300kV) LaBg(300kV)

05
Frequency (nm-1)

05 7 i .
Frequency (nm-1) Frequency (nm-1)

Figure 6: Theoretical Contrast Transfer Functions (CTFs) (blue) and their envelopes
(orange) for a FEG (left column) and LaBg (right column) TEMs operated at 300kV for
defocus values of -1.5 pm (first row), -3.5 um (second row) and -5 pm (third row). The
higher spatial coherence (illumination aperture =0.02 mrad and =0.2 mrad for FEG
and LaBg, respectively) and improved temporal coherence (energy width of the incident
beam E=0.7 eV and E=3 eV for FEG and LaBg, respectively) of TEMs equipped with
a FEG lead to smaller attenuation of the CTF.

where O, (k) and O;(k) are the Fourier transforms of the phase and amplitude contrast
components of the object, respectively (Erickson and Klug, 1970). The percentage of
amplitude contrast is intuitively higher for heavier atoms, reaching values of up to 35%
in negatively stained samples (FErickson and Klug, 1970), while being usually between

5% and 7% for Cryo-EM samples (Baker and Henderson, 2012).

CTF correction The recovery of higher resolution information beyond the first zero

crossing of the CTF requires some form of computational signal restoration generally



3 Three-dimensional Electron microscopy 30

know as CTF correction. The most general type of CTF correction, generally known as
phase flipping ( , ), consists of inverting the signs of certain CTF regions
(equivalent to a 180° phase shift) so that all Fourier components are transferred with the
same sign, resulting in a continuous contrast transfer (either negative or positive). While
this type of restoration solves the problem of contrast inversions throughout the spatial
frequency domain, it still leaves the frequency dependent amplitude attenuation of the
CTF unresolved. More elaborate restoration methods, such as the Wiener filter ( ,

) attempt to correct both the sign and the magnitude of the CTF amplitude, but
are bound to limitations mainly imposed by the effects of the envelope function and the
presence of noise ( : ). A solution to dealing with the missing
(zeroes of the CTF) or suppressed (near zeroes of the CTF) image information in single
particle analysis is to collect images at a series of defocus values in order to "fill” the

missing information in Fourier space ( , ; , ).

3.2 Sample preparation

Biological samples have to be placed in the TEM column and observed in the vacuum,
which imposes certain requirements on sample preparation methods. Additionally, the
contrast produced by biological molecules alone is low, which in the past has led to the
development of diverse contrasting methods, such as staining by heavy metal salts (e.g.
uranyl acetate) ( : ). Heavy metals can surround the molecules
of the specimen and also penetrate into some of their hydrophilic regions to replace
water. The stain produces strong contrast and can sustain a higher degree of radiation
resistance than the sample, but since it usually only surrounds the molecules (negative
staining), the molecular surface contour alone is imaged and therefore only its shape
can be reconstructed. Negative staining can directly be applied to samples of macro-
molecules and viruses up to a certain size. Cells and tissues, usually need to be thinned
before imaging in EM. For that reason they are chemically fixed, dehydrated, embedded

in plastic and sectioned before staining. These are harsh procedures that may introduce
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a number of structural artifacts and often lead to the structural collapse and defor-
mation of the sample ( , ), making the interpretation of its three

dimensional structure highly doubtful ( , ).

The development of methods for the embedment of biological samples in vitreous ice
that closely resembles their native aqueous environment was a pivotal point in biologi-
cal electron microscopy ( , : , ). It provided
an unprecedented level of biological structural preservation and since no heavy metal
staining is used, it allowed for the first time the direct visualization of biological ma-
terial at molecular resolution ( , ). In this technique, the samples are
rapidly frozen (typically cooling speeds of 10° °Cs™! are reached) to temperatures below
the point where water forms ice crystals (below 140C), resulting in a solid, crystal-free
state of water (vitreous ice) that maintains its natural distribution. Therefore, samples
are imaged in a fully hydrated state. Plunge freezing is the common type of prepa-
ration method for relatively thin biological samples (20um or thinner) and consists of
plunging the specimen embedded in a thin film of aqueous solution on an EM grid,
into a cryogen (a liquid with good heat-transfer characteristics, e.g. ethane or propane)
( , ). While unstained, vitrified biological samples provide the best
known structural preservation for EM, they are sensitive to the electron irradiation and

generally have low contrast and signal-to-noise ratio (SNR).

3.3 Cryo-electron tomography

Cryo-electron tomography (Cryo-ET) enables the three-dimensional visualization of
frozen hydrated biological samples at molecular resolution. During the tomographic im-
age acquisition, the sample is rotated inside the TEM column by a computer-controlled
specimen stage and a set of electron micrographs (tilt series) is recorded at the differ-
ent angular orientations (Figure 7 left). The collected micrographs can be regarded as

projections through the sample ( , ), which can be aligned and compu-
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tationally merged into a 3D reconstruction (tomogram).

Johann Radon’s work laid the foundations for the reconstruction of a function from a
set of projections (Radon, 1917). The basic principle of 3D reconstruction from elec-
tron micrographs was introduced in the late 1960s (De Rosier and Klug, 1968), followed
shortly after by the first 3D reconstruction from tilt series (Hoppe et al.; 1971). Already
in 1968, electron tomography of unstained biological samples has been proposed (Iart,

1968), although it didn’t get much attention at the time.

Electron tomography gained a momentum with the introduction of computer controlled-
microscopes equipped with CCD cameras, which enabled the automation of tomographic
data acquisition (Tvpke et al.; 1991; Koster et al., 1992). This solved problems associated
with the cumbersome manual data collection and most importantly, allowed keeping
the total electron dose within acceptable limits. Soon after, automated tomography in
"low-dose mode” has been successfully applied to samples of vitrified biological samples

(Dierksen et al., 1995; Grimm et al., 1997), paving the way for Cryo-ET as it is known

/// \\\ﬂ
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Figure 7: Principle of electron tomography. (left pannel) Projections of the specimen
are recorded from different directions by tilting the specimen holder. (right pannel) A
three-dimensional reconstruction of the sample is obtained by backprojection (adapted
from (Lucic et al., 2005))
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3.3.1 Data acquisition

Due to the high electron beam sensitivity of frozen-hydrated biological samples, tomo-
graphic data acquisition requires strict low-dose imaging conditions that are not feasible
with manual data acquisition. The automation of tomographic data acquisition made
it possible to acquire a tilt series under low-dose conditions, while keeping the sample
within the field of view and at a constant level of defocus. The low-dose automated tilt
series acquisition consists of three basic steps ( , ; , ):
tracking, autofocusing, and exposure. The purpose of the automated tracking step is to
keep the object of interest in the field of view. In order to achieve that, any changes in
the lateral displacement of the sample in relation to the previous tilt angle, typically a
result of mechanical inaccuracies of the specimen stage, need to be determined. Usually
a very low dose micrograph is recorded and compared by cross-correlation to one taken
at a previous tilt angle and lateral displacements are compensated by introducing an
image shift. The autofocusing step ensures that a constant level of defocus is present at
each tilt angle by compensating for any sample movement in the beam direction. This is
usually achieved by comparing micrographs acquired at different beam tilts to determine
the actual defocus ( , : , ). In order to keep the electron
dose received by the object of interest to a minimum, tracking and focusing are usually
performed at positions shifted a few micrometers along the tilt axis in respect to the

exposure location. Finally, the exposure step is the actual recording of the projection.

3.3.2 Tilt Series Alignment and Reconstruction

First, the images comprising a tilt series are precisely aligned to a common coordinate
system. The alignment procedure determines, among others, the tilt axis angle and the
lateral shifts of the projections with respect to a reference projection that arise from the
limited accuracy of the tracking procedure. The most widely used type of alignment
methods are based on fiducial markers (typically colloidal gold that is added to the

sample). The marker coordinates on each projection can be determined either manu-
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ally or automatically ( , ), and an alignment model can be calculated

using least-squares methods that aim to minimize the alignment error as a function

of the tilt axis angle and lateral translations ( : ). Fiducial-less alignment
methods based on cross correlation ( , ) or the common lines algo-
rithm ( , ) are not routinely used for Cryo-ET due to their high degree of

noise sensitivity. After alignment, a three-dimensional reconstruction can be calculated
from the projections by either real- or Fourier-based reconstruction methods. Real-
space-based reconstruction methods are the most commonly used ones ( , ).
Weighted backprojection (WBP) is one of the most popular reconstruction method used
in Cryo-ET ( , ). In WBP the projections are simply projected back to
form a three-dimensional reconstruction (Figure 7 right). Due to uneven sampling in
Fourier space, resulting in an enhancement of low frequencies, a weighting function has
to be applied to the projections before backprojection in order to ensure an accurate
reconstruction. There are generally two types of weighting functions that are routinely
applied: exact and analytical. Exact weighting functions use the physical size of the
object of interest to be reconstructed to determine the sampling density in Fourier space
( , ). Analytical weighting functions, on the other hand, apply

a weighting proportional to the frequency in the direction perpendicular to the tilt axis.

3.3.3 Angular sampling and tilting strategies

The Fourier space description helps to explain the rationale behind recovering three-
dimensional information from the two-dimensional projections of an object. According
to the projection slice theorem, the Fourier transformation of a projection of the tilt
series corresponds to a central section in the three-dimensional Fourier transform of the
imaged object (Figure 8). For an object with thickness d the thickness of this central
section is given by Cll and according to the Crowther criterion, the attainable resolution

of a tomogram r in the direction of the electron beam is given by:
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wd

= (13)

r =

where N is the number of equally-spaced projections in a tilt series ( ,

). Therefore, in order to properly sample the imaged object in three-dimensional
Fourier space one needs to acquire a large number of projection images (smaller angular
increments) distributed over a wide angular range. At the same time the total electron
dose accumulated in the sample during tilt series acquisition has to be kept within ac-
ceptable limits. The ”dose-fractionation theorem” ( , ;

, ) provides a solution to these contradicting requirements by suggesting that
each voxel in a 3D reconstruction has the same variance as a 2D image of that same voxel
taken at the same total electron dose. Thus, theoretically one may fractionate the total
electron dose over many noisy projections, combine the them into a 3D reconstruction
and obtain a separation of the object features in the direction of the electron beam at
no extra cost. The only practical limitation is that each image has to have a sufficient

signal-to-noise ratio to allow for accurate alignment.

Although the Crowther criterion is an important measure in the interpretation of to-
mograms, it assumes that the sample thickness is independent of the tilt angle (i.e.
spherical or cylindrical sample geometry is assumed) and that the sample can be fully
tilted to +£90°. In practice most samples in electron microscopy have a limited thickness
in the electron beam direction and are quite extended in the x- and y-directions (i.e.
slab geometry). Furthermore, The tilt range in Cryo-ET is usually limited to £70°
due to the design of the specimen holder, resulting in a wedge-shaped region of missing
information in 3D Fourier space, also known as the missing wedge. For the optimal
sampling of a slab-type sample geometry, non-equidistant tilting schemes, employing
smaller tilt increments at higher tilt angles, have been proposed ( , ).
These are however rarely used, since their benefits are outweighed by the fact that a big

portion of the total electron dose is spent on acquiring projections at high tilt angles
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Figure 8: Data sampling in Fourier space. The projection of an object with thickness
d corresponds to a central slice of thickness é in Fourier space. The three-dimensional
information of the specimen (outside of the missing wedge) is therefore gathered homo-
geneously up to frequency k. (Crowther criterion) (adapted from ( : )

that generally have a very low signal to noise ratio ( : ). The missing
wedge in 3D fourier space introduces elongation in the direction of the electron beam
in the 3D reconstruction, which makes the resolution non-isotropic. As a result, certain
objects appear elongated in the direction of the electron beam, while others are hardly
resolved, depending on their orientation with respect to the tilt axis (Figure 9, left).
These limitations have motivated the development of dual-axis tilt series acquisition
schemes ( , : , ) where an additional tilt series is col-
lected after rotating the sample by 90° around the optical axis. This reduces the missing
information in fourier space to a pyramid-shaped region and makes the achievable res-

olution more isotropic (Figure 9, right).

In addition to the factors mentioned above, the resolution in Cryo-ET is further lim-
ited by sample radiation damage, that could potentially result in inconsistencies in the
projections, and noise. Moreover, inaccuracies in the alignment of the tilt series before

reconstruction, additionally contribute to reduction in resolution. Although different
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Tiltrange  Single Double

£70° 78% 93%
+60° 67% 84%
+45° 50% 67%

Figure 9: Single- vs. double-axis tilting. The upper illustrations show schematically
the regions in Fourier space that remain unsampled because of the limited tilt range.
In single-axis tilting (left), there is a "missing wedge”, in double-axis tilting (right), a
"missing pyramid”. The table contains percentages of the Fourier space that are covered
for different tilting schemes. The missing information in real space is illustrated below
(adapted from (Lucic et al.; 2005))

resolution estimates have been proposed (Cardone et al., 2005; Penczek, 2002; Unser

ot al,, 2005), no straightforward validation of the resolution in Cryo-ET is available.

3.3.4 Image Analysis

The large number of structures observed in cryo-tomograms of cells and cellular com-
partments requires the separation and extraction of the features of interest from the
background. This process is generally known as segmentation. While manual segmen-
tation is still widely used in electron tomography, it is prone to errors due to user bias
and it is usually characterized by non-reproducibility. Automatic segmentation, on the
other hand, is more objective, produces reproducible results and generally performs well
when the image complexity is low (Fernandez-Busnadiego et al.) 2010; Frangakis and
Hegerl; 2002). Due to the very low SNR of cryo-electron tomograms, data denoising
and enhancement is often a critical step prior to segmentation. A number of denoising
algorithms that aim at increasing the SNR and at enhancing the features of interest
in the tomograms have been developed (lFrangakis and Forster, 2004). The simples de-
noising algorithms are usually linear filters and remove the noise as well as the signal.

Non-linear filtering algorithms, on the other hand, tend to reduce the noise while pre-
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serving the features. Examples of such algorithms are nonlinear anisotropic diffusion
(NAD) (Frangakis and Hegerl, 2001; Fernandez and Li, 2003), bilateral filtering (Jiang
et al., 2003) and non-local means (Darbon et al.; 2008). NAD is especially useful for the
visualization of ultrastructural features since it has the potential to enhance features

such as filaments and membranes.

3.3.5 Template matching

The visual identification of structures in cryo-tomograms is usually limited to large
features that can be easily recognized, such as membranes, cytoskeletal elements, or-
ganelles and large molecular complexes such as ribosomes. Furthermore, denoising often
removes high-resolution features, which might result in the concealment of particular
molecular structures. However, direct visualization is not the only way to identify molec-
ular structures in Cryo-ET. Macromolecular complexes can be detected in tomograms
computationally by searching for a reference structure (template) that represents the

structure of interest (Figure 10). The templates are usually generated from higher res-

— ‘ Cross-correlation function ‘ >

=N

B AT - AE P 3 } .
:ﬁ_':»_‘ — J B 2_____--..\‘“-
— [Templates‘ :’,’)[ Parallel computation ‘ |

Figure 10: Identification of individual macromolecules in tomographic volumes, based
on their structural features. The template-matching approach uses known structures
(e.g., obtained from X-ray crystallography or NMR) to search the entire volume of
the tomogram systematically for matching patterns by a cross-correlation approach.
The search procedure is parallelized to make it computationally feasible (adapted from
(Frangakis et al., 2002))

olution structures obtained by single-particle cryo-EM, X-ray crystallography or NMR.
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The detection approach most commonly used in Cryo-ET is known as template match-

ing and is basically an adaptation of an earlier algorithm ( , ) modified to
account for the effects of the missing wedge ( , ) and applied to Cryo-
ET ( , : , ). It was shown that template matching

is suitable for the identification of macromolecular complexes ranging in size from 500
kDa to 1 MDa with high fidelity ( , ). In addition to location, it can

also determine the orientation of target structures.

3.3.6 Subtomogram averaging

Due to the low SNR of cryo-electron tomograms and the effect of the missing wedge,
individual macromolecules in a tomogram carry limited information. A structure with
a higher resolution can be obtained by averaging 3D volumes containing copies of the
same macromolecule extracted from a tomogram (sub-tomograms). Iterative algorithms,
similar to the ones used in single-particle cryo-EM, are used for aligning the subtomo-
grams of the randomly oriented copies of the macromolecule and generating an improved
structure by averaging ( , ). Medium resolution structures (2-3 nm) of
macromolecules obtained by subtomogram averaging can serve as starting models in

single-particle cryo-EM ( , ).

3.4 Single-particle cryo-EM

Single-particle cryo-EM is a technique that allows the 3D reconstruction of a structure
(typically a macromolecular assembly or a virus) from 2D projection images obtained

from a large number of identical copies of the structure at different orientations.

Radiation damage is even more of a concern in single-particle cryo-EM than in Cryo-ET,
since one typically aims at obtaining higher-resolved 3D reconstructions. Therefore, in
order to minimize radiation damage, the total electron doses are generally kept in the

o

range of 20-30 electrons per A".
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After micrograph collection, useable images are typically identified by visual inspection
and subjected to CTF correction. Individual particles are selected (usually from CTF
corrected micrographs) either manually or automatically, with the use of specially de-

signed algorithms ( , : , ).

Once images of individual particles are available they can be classified in 2D accord-
ing to their structural features using statistical methods, such as principle component
analysis (PCA) or multivariate analysis (MVA). Taking advantage of the fact that the
noise in the micrographs is predominantly randomly distributed, while the structural
features of the particle constant, images belonging to the same class can be averaged
to reinforce these structural features. These 2D class averages represent views of the
particle in different directions and have an increased SNR compared to the images of the
individual particles that comprise them (Figure 11). This classification process is usually
iterated using the newly generated class averages as alignment references, which signifi-

cantly improves the alignment accuracy and allows finer structural details to be resolved.

Just like in Cryo-ET (3.3), the generation of a 3D reconstruction from 2D projection
views of the object in single-particle cryo-EM takes advantage of the projection slice
theorem (3.3.3). However, unlike in Cryo-ET, the relative orientations of the particles

in the projections are not known a priori and need to be determined.

A low resolution 3D model may already be available (from tomography or a similar,
already solved structure) and used as an initial 3D reference model. Alternatively, an
initial 3D model can be obtained from 2D class averages. The approach typically taken
in single-particle cryo-EM to address this problem relies on the fact that the Fourier
transforms of any two different projections of the same 3D object share a common line

where they intersect in 3D Fourier space. The relative orientations of the particles can
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Figure 11: Single-particle cryo-EM data collection schematic. Arrows represent the
incident electron beam. Multiple copies of identical molecules are lying in random
orientations in a thin layer of vitreous ice. Parallel projections of the particles are
obtained at high magnification in the image plane. Projections of particles lying in the
same orientation can be found by employing alignment and classification procedures.
Adapted from (Frank, 2002)

therefore be determined by identifying such common lines between class averages, which
can be done either in Real (Van Heel, 1987) or Fourier space (Crowther et al., 1970a).
However, the handedness of the structure can not be determined by this approach and
requires some sort of a tilt experiment (e.g. Cryo-ET). The initial model is refined to
a higher resolution by projection-matching techniques (Harauz and Ottensmeyer, 1984;
Penczek et al, 1994). This is an iterative method where at each iteration the particles
are compared with projections of the current model in order to improve their alignment.

The new alignment parameters are then used to obtain a refined 3D model.

In case not all particle orientations are well represented in the dataset, a region in Fourier
space will be missing and, similar to Cryo-ET, the 3D reconstruction will typically show

elongation of features in the direction of the missing angular range (Frank 2002).
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A number of software packages implementing the image processing strategies for for

single-particle EM analysis outlined above, as well as additional image processing capa-

bilities, have been developed throughout the years, such as EMAN2 ( , ),
RELION ( , ), XMIPP ( , ), SPARX ( , )
and SPIDER ( , ).

Many macromolecules exist in multiple conformations in solution, due to their inherent
structural flexibility. In order to obtain 3D reconstructions of different conformations
present in the same sample by single particle analysis, it is required that different confor-
mations can be separated and reconstructed separately. While this has been a challenge
in the field for a long time, more recently advanced classification techniques have been
developed, capable of achieving that task ( , ; , ). The
RELION software package ( , ) implements a powerful method for classifi-
cation of single-particle cryo-EM data in 3D based on Maximum Likelihood, that has

been used in this work.

Although different resolution measures have been developed in the field of single-particle
cryo-EM throughout the years ( , ), the Fourier shell correlation (FSC) (

, ) is currently the only one in widespread use. It is a function of
spatial frequency that measures the normalized cross-correlation coefficients computed
between the Fourier transforms of two 3D volumes over shells of equal spatial frequencies

in Fourier space and is given by:

> Fi(ri) - Fa(ry)*

FSC(r) = —= (14)
Z |Fy ()| - Z |Fy(ri)|

where 7 is the radius of the corresponding shell in Fourier space, F(r;) is the complex

structure factor at voxel r; in Fourier space and > is the sum over all Fourier space

TLET

voxels r; at radius r. In case 2D projections are compared instead of 3D volumes, the
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measure is referred to as Fourier Ring Correlation (FRC).

0,25 1

Resolution

Figure 12: Fourier Shell Correlation (FSC) curve showing resolution as determined by
the 0.5 cutoff criterion.

The two 3D volumes that are compared are typically obtained from splitting the dataset
into two halves and reconstructing them separately. Most commonly, these half datasets
are constructed by splitting the particle images into even and odd, thus this technique is
commonly referred to as even-odd test. There are several schools of thought regarding
the interpretation of the resolution determined by FSC ( , ), but
most of the time the so-called 0.5 resolution cutoff (i.e. when the correlation coefficient

is equal to 0.5) is used (Figure 12) to determine the resolution ( : ).






4 Aim of this work

One of the aims of this work was to study the native, three-dimensional supramolecular
architecture of the PSD by Cryo-electron tomography. To this end, PSD was imaged
enclosed within the postsynaptic terminals of synaptosomes, as well as isolated in the
PSD fraction. Furthermore, in order to study functional aspects of the PSD structure,

PSD of non-stimulated and stimulated synapses were imaged and analyzed.

Another aim was to detect CaMKII, a major postsynaptic protein and key regulator
of longterm potentiation (LTP), in these tomograms by template matching. Since a
number of structural studies have previously produced highly diverging views of the
CaMKII holoenzyme structure and because no structure existed for the activated state
of CaMKII, an additional aim of this work was to obtain the structures of both activated

and non-active CaMKII by Cryo-EM single particle analysis.

The specific objectives of the study were:

e To analyse the native three-dimensional structure of the postsynaptic density by
cryo-electron tomography in resting synapses and synapses stimulated pharmaco-

logically in order to induce rearrangements in their structure.

e To detect CaMKII in its different activation states by template matching in cryo-
tomograms of resting synapses and synapses treated pharmacologically in order to

induce rearrangements in their structure.

e To determine the structures of both activated and non-activated recombinant
mouse CaMKIIa homomultimers by single particle analysis and single particle

tomography.

45






5 Results

This section is organized in two parts. The first part describes the results of cryo-electron
tomography of synapses from untreated and pharmacologically treated synaptosomes
along with the results of cryo-electron tomography of isolated postsynaptic densities
from such synapses. In addition this part describes template matching using models
of the CaMKII holoenzyme in its different activation states. The second part focuses
on obtaining the structures of both activated and non-activated recombinant mouse

CaMKII homomultimers by single particle analysis and single particle tomography:.

5.1 The postsynaptic architecture studied by Cryo-ET

The postsynaptic architecture was studied in synapses from rat cerebrocortical synapto-
somal fraction as well as in postsynaptic densities isolated from this fraction by utilizing
their insolubility in nonionic detergents. The cerebrocortical synaptosomal fraction con-
tains synapses derived from pinched-off nerve terminals held together by the cell adhesion
molecules of the synaptic cleft. These detached synapses (synaptosomes) retain most
of the biochemical and structural properties of the nerve terminals from which they are
derived ( , ). For example, synaptosomes are capable of multiple cycles of
neurotransmitter release upon depolarization and are highly amenable to pharmacolog-

ical manipulations ( , ).

Synaptosomes for this work were prepared using a Percoll gradient procedure shown
previously to yield viable synapses ( : ), ideal for Cryo-ET exami-
nation ( ) ). Special attention was given to the rapid
homogenization of the brain tissue after decapitation, since previously it has been shown

that CaMKII accumulates at the PSD in a time-dependent manner in the minutes after
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decapitation (Suzuki et al.,; 1991).

Vitrified synaptosomes frequently formed thick (> 1 um) aggregates on the EM grid
with the size of these aggregates largely dependent on synaptosomal concentration at
the time of plunge freezing. The ideal concentration for plunge freezing was found to
be between 0.5 and 0.7 mg/ml of protein. At this concentration synaptosomes still ag-
gregated, but formed smaller aggregates with some thinner areas (< 0.5 pm) in their
periphery amenable to Cryo-ET. In addition, thin areas (< 0.5 pm), containing only
a few isolated synaptosomes within the holes of the Quantifoil carbon film were often

found (Figure 13, A).

Figure 13: Images of synaptosomes at different magnifications. (A) Overview of synap-
tosomes on an EM grid. (B) 3.2 nm-thick tomographic slice. Synaptic vesicles (SV),
postsynaptic density (PSD), synaptic cleft (SC), mitochondrion (mit). Scale bars: (A)
1000 nm, (B) 200 nm.

Most of the observed structures consisted of sealed presynaptic nerve terminals lacking
an adhering postsynaptic terminal. In cases when an attached postsynaptic density

was present, some of these postsynaptic densities were found within sealed membranes.



5 Results 49

Other structures that could be observed in the synaptosomal fraction included isolated
mitochondria, myelin, membranes (both sealed and unsealed) and isolated synaptic
vesicles. The synapses selected for tomography were identified by the presence of a
vesicle-filled, sealed presynaptic nerve terminal adhering to a sealed postsynaptic ter-
minal, containing a prominent postsynaptic density, and a regular spacing (~25 nm)
between the terminals (synaptic cleft). Such synapses made up only a small fraction of
the synaptosomes on the grid and in addition they had to be thin enough (< 0.5 ym) for
imaging. Tilting of the specimen to higher angles (ideally to 70°) wasnt always possible
due to the proximity of grid bars, ice crystals or neighbouring biological material get-
ting in the way of the electron beam. All these requirements taken together made the
searching for suitable spots for tomography a time-consuming endeavour. Tomograms
of vitrified synaptosomes were characterized by smooth and continuous membranes and
well distributed cytosolic material, with no indications of aggregation or rearrangement,

as anticipated for this art of sample preservation (Figure 13, B).

In addition to synaptosomes, isolated postsynaptic densities were also used for studying
the postsynaptic architecture by Cryo-ET. Isolated PSDs are the main component of the
PSD fraction, which is obtained by a detergent-based extraction from the synaptosomal
fraction. Frozen-hydrated isolated PSDs were usually found in clusters on the EM grid
and in rare cases in isolation (Figure 14, A). The amount of membrane contamination
in the PSD fraction appeared negligible and generally didnt interfere with Cryo-ET of
isolated PSDs (Figure 14, A and B). Cryo-ET showed that PSDs have no preferred
orientation on the EM grid and while some were found lying flat, forming disk like
structures, others lied on their sides and appeared as thin electron-dense sections (Figure
14, B). EM grids of vitrified PSDs had in general thinner ice regions than those of
synaptosomes and allowed recording of cryo-tomograms of higher signal-to-noise ratio

(SNR). Finding good spots for tomography of PSDs was fairly straightforward.
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Figure 14: Images of Isolated PSDs at different magnifications. (A) Overview of PSDs
on an EM grid. Isolated PSD (black arrowhead), clusters of PSDs (asterisks), undigested
membranes (white arrowheads). (B) 1.9 nm-thick tomographic slice of a PSD fraction
tomogram. Disc-like PSDs lying flat on the EM grid (asteresks), PSDs lying on their
sides (black arrowheads), undigested membrane (white arrowhead). Scale bars: (A)
1000 nm, (B) 200 nm.

5.1.1 Pharmacological stimulation of synaptosomes causes an increase of

CaMKII Thr286 autophosphorylation

It has been previously shown that pharmacological NMDAR stimulation in cultured neu-
rons causes CaMKII activation and its subsequent translocation to postsynaptic sites
(Shen and Meyer, 1999). This translocation requires CaMKII activation and the sub-
sequent Thr286 autophosphorylation enhances its association with the PSD. In another
study pharmacological NMDAR stimulation in cultured neurons and hippocampal slices
caused a rapid (1.5 min.) translocation and accumulation of CaMKII to the cytosolic
face of PSDs that resulted in an up to 2.1-fold increase in their thickness (Doscmect
et al., 2001). Tt has been demonstrated that such translocations are the specific result

of NMDAR-mediated postsynaptic Ca2+ influx (Thalhammer et al.; 20006).

In order to determine if NMDAR stimulation induces activation and translocation of



5 Results 51

CaMKII in synaptosomes, we treated synaptosomes with: (i) Glutamate and Glycine
(Glu/Gly) and (ii) Glutamate, Glycine and KCl (Glu/Gly/KCl). In both cases, we
determined both the total amount of CaMKIIa and the amount of autophosphorylated
CaMKII«a by immunoblotting with an antibody that recognizes total CaMKIIa and one
that specifically recognizes Thr286-phosphorylated CaMKII«, respectively. Fluorophore-
conjugated secondary antibodies were used for detection, providing a stable quantitative

fluorescent signal directly proportional to the amount of protein.

As expected, there was little difference in the total amount of CaMKII between treated
and non-treated synaptosomes. Any differences could be attributed to imprecise pro-
tein loading. There was a 1.8 fold increase in the amount of Thr286 phosphorylated
CaMKIla in Glu/Gly treated synaptosomes compared to non-treated ones and a 3.4
fold increase in the case of Glu/Gly/KCl treated ones, as determined by densitometry
(normalized to total CaMKII) (Figure 15, A).

In order to investigate a possible stimulation induced translocation of CaMKII from
distal parts of the postsynaptic terminal to the PSD, we isolated PSD fraction from
stimulated and control synaptosomes after synaptosomal stimulation using detergent
extraction with Triton X-100 (please refer to section 7). Figure 15 C shows a Coomassie-
stained polyacrylamide gel with lanes containing protein from the synaptosomal and
PSD fractions. A fairly large subset of protein bands present in the synaptosomal
fraction disappeared in the PSD fraction (arrowheads). On the other hand, a number
bands were present in the PSD fraction that were either distinct from the synaptosomal

fraction or appeared enriched in the PSD fraction (arrows).
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Figure 15: Pharmacologically induced increase in CaMKII phosphorylation in synap-
tosomes and isolated PSDs. (A) Synaptosomes stimulated with either GLU/GLY
or GLU/GLY/KCI were probed with an antibody specific for Thr286-phosphorylated
CaMKII (top gel) or an antibody recognizing total CaMKII (bottom gel). GLU/Gly
treatment caused a 1.8 fold increase in the concentration of Thr286 phosphorylated
CaMKII and Glu/Gly/KCI treatment caused a 3.4 fold increase, as determined by den-
sitometry. Results are representative of two independent assays. (B) PSD fraction from
synaptosomes stimulated with either GLU/GLY or GLU/GLY/KCI were probed with
an antibody specific for Thr286-phosphorylated CaMKII (top gel) or an antibody rec-
ognizing total CaMKII (bottom gel). GLU/Gly treatment caused a 6.1 fold increase
in the concentration of Thr286 phosphorylated CaMKII and Glu/Gly/KCl treatment
caused a 10.5 fold increase, as determined by densitometry. (C) PSD fraction purifica-
tion. Coomassie-stained SDS-PAGE gel loaded with synaptosomes (Syn), and PSD 1
Triton fraction. (PSD 1 Tr.). Arrowheads indicate bands not present in the PSD frac-
tion and arrows indicate bands that are either distinct from the synaptosomal fraction
or appeared enriched in the PSD fraction. Results are representative of two independent
assays.
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There was a moderate increase in the amount of total CaMKII in PSD fraction iso-
lated from stimulated synaptosomes (both Glu/Gly and Glu/Gly/KCl) compared to
PSD fraction isolated from control synaptosomes, which was indicative of CaMKII
translocation to the PSD (Figure 15, B). Furthermore, there was a 6.1 fold increase
in the concentration of Thr286 phosphorylated CaMKII in PSDs isolated from Glu/Gly
treated synaptosomes, compared to controls and a 10.5 fold increase in the case of PSDs

isolated from Glu/Gly/KCl treated ones, as determined by densitometry (Figure 15, B).

Therefore, the stimulation of synaptosomes caused CaMKII Thr286 autophosphoryla-
tion and a translocation of CaMKII to the PSD.

5.1.2 Pharmacological stimulation of synaptosomes doesn’t induce an in-

crease in the average cross-sectional thickness of PSDs

Here and in the next section, 45 tomograms out of 81 tomograms of synapses from
control, Glu/Gly and Glu/Gly/KCI treated synaptosomes (15 tomograms per group)
are considered. The PSDs were analysed by quantitative morphometry (please refer to
section 7) in order to evaluate differences between the average cross-sectional thickness
of their PSDs. PSDs from control, Glu/Gly and Glu/Gly/KCI treated synaptosomes
showed a mean average cross-sectional thickness of 49.9 £7.2 nm, 46.3 £4.4 nm and
41.7 £4.3 nm respectively (Figure 16). There were no statistically significant differences
between the group means as determined by one-way ANOVA (p > 0.05) and therefore
neither Glu/Gly or Glu/Gly/KCl treatments seemed to cause a change in the in the

average cross-sectional thickness of PSDs in synaptosomes.
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Figure 16: Scatter plot showing measurements of the thickness of PSDs from control and
stimulated synaptosomes. Each cross corresponds to a measurement from an individual
PSD. 15 PSDs were analyzed in each group. Crosses in individual groups were randomly
shifted left or right on the x axis for a better visual representation. Red dots with error
bars represent means + SEM.

5.1.3 The architecture of frozen-hydrated postsynaptic terminals

Postsynaptic terminals ranged in shape and size (200 nm to 800 nm in diameter) and in
most cases could be classified according to the traditional dendritic spine morphological
classification ( , ) as either stubby, thin or mushroom
type (Figure 17). The PSD appeared as an electron dense, disk-like shaped structure
attached to the postsynaptic membrane and directly apposed to the active zone (Figure
17, A). It had a similar span as the synaptic cleft and its thickness and diameter ranged
from 20 nm to 150 nm and 150 nm to 700 nm, respectively. Postsynaptic terminals
occasionally contained actin filaments, vesicles or glycogen granules (Figure 17, B). The
attached presynaptic terminals typically enclosed a few hundred synaptic vesicles and

in some cases contained mitochondria (Figure 17, C).

Small filaments present within the structure of the PSD could be visually detected in
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Figure 17: Dendritic spine morphology visualized in tomograms of frozen-hydrated
synaptosomes. In panels A and C tomographic slices are 3.7 nm-thick, while in panel
B they are 3 nm thick. Synaptic vesicle (SV), synaptic cleft (SC), postsynaptic density
(PSD). (A) Mushroom type postsynaptic terminal with a large (800 nm in diameter)
bulb. (B) Stubby type postsynaptic terminal with a large (150 nm in diameter) coated
vesicle (asterisk), glycogen granules (black arrowheads) and actin fillaments (white ar-
rows). (C) Thin type postsynaptic terminal. Scale bars: 200 nm.

tomograms of synaptosomes. Manual segmentation allowed for a better visualization of
the PSD structure and revealed its complex morphology (Figure 18, A). Upon closer in-
spection, a dense network of filamentous structures oriented perpendicular and parallel
to the synaptic cleft could be discerned (Figure 18, B), in agreement with a previous

study on high-pressure frozen, dehydrated synapses (Chen et al.; 2008).

Pyramid-like protrusions were sometimes seen extending into the cytosol and forming
a rather convoluted cytosolic surface of the PSD (Figure 19, C). In some cases such
protrusions extended deeper into the cytosol and appeared to enclose areas of empty
space within the structure of the PSD (Figure 19, D). Although some PSDs appeared
to be homogeneous in thickness and exhibited a somewhat smooth cytoplasmic surface
(Figure 18, A; Figure 20, A) occasionally long filamentous structures attached to the
PSD and extending up to a few hundred nanometers into the cytosol were present (Fig-

ure 19, A, B, D).

Around 20% of the examined postsynaptic terminals contained a dense mesh of actin



5 Results 56

Figure 18: Morphology of PSD in frozen-hydrated synaptosomes. (A) Tomographic
slice with overlaying manual segmentation showing synaptic adhesion complexes (green),
PSD (gold), postsynaptic actin filaments (orange) and a postsynaptic vesicle (yellow).
Insets: raw tomographic data at different z slices. Scale bar: 100 nm. (B) enlarged
version of the area marked in A.

filaments that spanned the terminal and appeared to be associated with the PSD (Fig-
ure 20 A). Small vesicles (30-50 nm in diameter) were also present in such terminals and
sometimes appeared to be associated with the actin filaments, suggesting some role in

transport to or from the PSD (Figure 20 B).

Large (80-150 nm in diameter) vesicles, often containing prominent membrane densities
and electron dense particles in their lumen, were present in 7 out of 45 examined post-

synaptic terminals (Figure 21). One such vesicle was observed in direct contact with



5 Results 57

r i

p Il ey PP

- Fl e Pl e
AT

-
k
v,
y
A
&
-

-
— B, =y

Figure 19: Postsynaptic morphology visualized in tomograms of frozen-hydrated synap-
tosomes. In all panels tomographic slices are 3.2 nm-thick. Synaptic vesicle (SV),
synaptic cleft (SC), postsynaptic density (PSD). (A) and (B) Postsynaptic terminals
with filamentous structures attached to the PSD and extending into the cytosol (white
arrowheads). (C) Postsynaptic terminal with pyramid-like protrusions extending into
the cytosol (white arrows). (D) Postsynaptic terminal with filamentous structures at-
tached to the PSD and extending into the cytosol (white arrowheads) and pyramid-like
protrusions extending into the cytosol (white arrows). Scale bars: 100 nm.

the postsynapic membrane in an open neck conformation, creating a continuity between

the vesicular lumen and the extracellular space (Figure 21, A).
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Figure 20: Postsynaptic actin filaments in frozen-hydrated synaptosomes. (A) Tomo-
graphic slice with overlaying manual segmentation showing synaptic adhesion complexes
(green), PSD (gold), postsynaptic actin filaments (orange), synaptic membranes (lila)
and postsynaptic and presynaptic vesicles (yellow). Insets: raw tomographic data at
different z slices. Arrows point to actin filaments. Scale bars: 200 nm. (B) enlarged
version of the area marked in A.

In most of the observed cases, such vesicles were located in the cytosol of the postsy-
naptic terminal (Figure 21, A; Figure 17, B). Interestingly, there was also a case where
such a vesicle appeared to be associated with the PSD. In the same synapse, electron
dense regions were present on the postsynaptic membrane some 200 nm away from the
ends of the PSD on the membrane (Figure 21, C). The distances between these electron
dense membrane regions and the ends of the PSD on the postsynaptic membrane were
surprisingly similar to the distance between the site of direct vesicle membrane contact
described above and the PSD ends in that tomogram (Figure 21, A). These observations
suggest that these vesicles, together with the electron dense membrane regions, could
play a role in trafficking of material to or from the PSD and are consistent with the idea
that endo- or exocytotic hot spots occur in postsynaptic sites of neurons, acting as orga-

nizing platforms for signalling molecules and capable of undergoing clathrin-independent
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Figure 21: Postsynaptic transport with large vesicles visualized in tomograms of frozen-
hydrated synaptosomes. In panels A and C tomographic slices are 3.7 nm-thick, while
in panel B they are 3 nm thick. Synaptic vesicle (SV), synaptic cleft (SC), postsynap-
tic density (PSD). (A) Postsynaptic terminal containing a large (100 nm in diameter)
vesicle (asterisk) in direct contact with the postsynaptic membrane in an open neck
conformation (black arrowheads). (B) Postsynaptic terminal containing a large (100
nm in diameter) vesicle (asterisk) in its cytosol. (C) Postsynaptic terminal containing
electron-dense regions on the postsynaptic membrane (black arrowheads), protrusions
on the cytosolic face of the PSD and a large (90 nm in diameter) vesicle (asterisk)
associated with the PSD (black arrows). Scale bars: 100 nm.

endocytosis (Suzuki, 2002; Allen et al.; 2007). Furthermore it is known that extrasy-
naptic regions of the postsynaptic membrane (further than 100 nm from the PSD) are
enriched in endocytotic proteins (Racz et al., 2004) and metabotropic glutamate recep-
tors (mGluRs) (Baude et al., 1993). Other structures such as multivesicular bodies or

endosomes were also present in the examined postsynaptic terminals.

No clear morphological differences could be visually distinguished between postsynaptic
terminals of treated and untreated synaptosomes. This data suggests that NMDAR
stimulation does not induce any large scale rearrangements in the postynaptic architec-

ture.
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5.1.4 Morphology of frozen-hydrated isolated postsynaptic densities

In this section, 12 out of 30 tomograms of PSDs isolated from control and Glu/Gly/KCl
treated synaptosomes (5 tomograms per group) are considered. Frozen-hydrated isolated
PSDs showed morphological characteristics similar to the ones exhibited by PSDs in
synaptosomes. Manual segmentation of Isolated PSDs lying sideways on the EM grid
(orientation similar to the one found in synaptosomes) revealed a similar dense network

of filamentous structures oriented perpendicular and parallel to the synaptic cleft (Figure

22).

Figure 22: Tomographic slice (1.52 nm) of a PSD fraction tomogram with overlaying
manual segmentation showing PSD morphology (yellow). Insets: raw tomographic data
at different z slices. Scale bar: 100 nm.

Due to the thinner ice in grids of isolated PSDs and the lack of enclosing postsynap-
tic membranes the signal-to-noise ratio of the tomograms was superior to the one in
tomograms of synaptosomes. This, combined with the fact that some isolated PSDs

were lying flat on the grid (an orientation not available in tomograms of synaptosomes)
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allowed for a more detailed look into the finer morphology of the PSD. Similar to the
structure of PSDs in synaptosomes and consistent with previous observations (

, ), the majority of isolated PSDs showed two distinct surfaces. One surface
was somewhat smooth and planar (Figure 23, left), whereas the other surface was con-
voluted and showed areas of empty space within the structure of the PSD (Figure 23,
right).

Semi-automatic segmentation revealed that the planar surface is continuous and com-
posed of short (5-10 nm) filaments (Figure 24, A left, B left). The convoluted surface, on
the other hand, was found to contain longer filaments (20-30 nm) and showed irregular
protrusions sticking out of the regular structure formed by the planar surface (Figure
24, A right, B right). This is very similar to the observations on the PSD structure
in synaptosomes, strongly suggesting that the planar surface was the cleft surface of
the PSD, while the convoluted surface was its cytosolic surface. This was additionally
confirmed by examining the curvature at a lateral section through a segmented PSD
(Figure 24 C). Looking at lateral sections at different positions through the structure of
the PSD revealed that ,similar to synaptosomes, the PSD contains areas of empty space
within its structure that appeared to be enclosed by the protrusions on its cytosolic
face. The cleft side of the PSD, on the other hand appeared to form a somewhat regular

continuous mesh with a rather homogeneous thickness (30-40 nm) (Figure 24 C).
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Figure 23: The two distinct surfaces of the PSD. Tomographic slices showing the planar,
cleft side (left) and the convoluted, cytosolic side of the PSD (right). White arrowheads
point to short (left) and long (right) filaments, while asterisks show empty spaces in the
PSD structure. Each row shows two different slices of same tomogram that are 1.16 nm

(A), 1.52 nm (B) and 1.68 nm(C) thick. Scale bars: 200 nm.
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cytosol

Figure 24: Semi-automatic segmentation of the PSD in Figure 23, A. (A) The planar
cleft side (left), the convoluted cytosolic side (middle) and a gradient color bar from
yellow (postsynaptic membrane) to red (cytosol). (B) Zoomed-in versions of the boxed
regions in A. (C) Lateral sections of 4 slices (left) cut at positions specified by planes
through the PSD (right) as seen from the perspective of the eye (middle) looking towards
the PSD (right).
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Upon closer inspection it becomes apparent that in addition to filamentous structures,
the PSD contains globular proteins, some of which are very similar in shape and size
(10 nm across) to the CaMKII association domain (Figure 25, A). The protein struc-
tures are most abundant in tomographic slices through the convoluted cytosolic surface
of the PSD, consistent with earlier observations that CaMKII lies exclusively at the
cytoplasmic surface of the PSD, associated with tower-like protrusions ( ,

). Comparison between selected CaMKII-like structures from tomograms of iso-
lated PSDs and boxed CaMKII particles from single particle tomography of purified
CaMKII revealed a remarkable resemblance between these structures (Figure 25, B).
Reliable visual identification of these molecules in tomograms is however not feasible
and requires computational detection methods such as template matching. Similar to
PSDs in synaptosomes no clear morphological differences could be detected between
isolated PSDs from treated and untreated synaptosomes, which further emphasized the

need for template matching for CaMKII.

Very recently, we were able to collect cryo tomograms of isolated PSDs on a TEM
equipped with a last generation DDD and a TEM phase plate. These tomograms are
characterized by a significantly improved signal-to-noise ratio and resolution, compared

to the ones collected on scintilator-coupled CCDs (Figure 26)
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Figure 25: Fine morphology of a frozen hydrated, isolated PSD. (A) Tomographic slice
showing the fine morphology of isolated frozen-hydrated PSDs. White arrowheads point
to putative CaMKII protein particles and black arrowheads point to short fillaments at-
tached to these particles. Scale bar: 50 nm. (B) CaMKII-like structures in tomographic
slices from selected positions of PSD fraction tomograms (top) and tomographic slices
from tomograms of purified CaMKII holoenzymes (bottom). Scale bar: 20 nm.
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Figure 26: Tomogram of a frozen hydrated isolated PSD collected on a DDD in com-

upper pannel) Tomographic slice of an isolated
pp

frozen-hydrated PSD. White arrowheads point to putative CaMKII protein particles

bination with a TEM phase plate.

and black arrowheads point to short fillaments within the PSD structure. Scale bar: 50

(lower pannel) CaMKII-like structures in tomographic slices from selected positions

of the tomogram in the upper pannel. Scale bar: 20 nm.

nm.
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5.1.5 Template matching of CaMKII in tomograms of cortical synapto-

somes and isolated PSDs

Because CaMKII plays a major role in synaptic signaling, the precise determination of
the location of inactive and activated CaMKII within the synapse is of great interest.This
could potentially provide important insights about the three dimensional molecular ar-
chitecture of the PSD and into several fundamental aspects of synaptic function, such

as the long-term potentiation

Template matching has the potential to detect the positions and orientations of molecules
within their natural environments. However, the application of this method to deter-
mine the location of CaMKII within the structure of the PSD in cryotomograms of
synaptosomes and isolated postsynaptic densities is not trivial due to the low SNR of
cryotomograms, the missing wedge, the non-isotropic resolution in the direction of the
beam and the fact that macromolecules are difficult to recognize in a crowded molecular
environment ( , ). Furthermore an accurate template is required in order

for the method to work reliably ( : ).

At the time, there were two CaMKII holoenzyme structures available in the public do-
main. One was a SAXS based model composed of crystal structures of the CaMKII
association domain dodecamer and the kinase domain dimer. In this model, the ki-
nase domains are arranged in a ring coplanar with the midplane of the central asso-
ciation domain (Figure 27, A) ( ) ). The other available structure
was an X-ray structure of full-length human CaMKIIa construct with a very short
CaMKIIB7 (an alternative splicing variant of human CaMKIIJ) linker region (

, ) and showed a very different architecture, with the kinase domains extend-
ing above and below the midplane of the central association domain. In the following,
the full-length human CaMKIIa construct with a short CaMKIIA7 linker region will
be referred to as CaMKIIA7 short linker. While the SAXS based model closely resem-
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bled the arrangement seen in a negative stain single particle structure of a full-length
mouse CaMKII holoenzyme (Morris and Torok, 2001), the CaMKIIS7 short linker X-ray
structure was rather similar to a Cryo-EM single particle structure of full-length mouse

CaMKII holoenzyme (Kolodziej et al., 2000).

Figure 27: Crystal structure extended model generation. (A) Original crystal structure
model with a central association domain encircled in black and kinase domain dimer
encircled in red. (B) Modified crystal structure model with a central association domain
encircled in black and individual kinase domains (a single kinase domain encircled in
red) moved above and below the midplane of the association domain.

In order to explain this discrepancy it was proposed that inactive CaMKII forms tightly
packed autoinhibited assemblies that upon activation convert to clusters of loosely teth-
ered independent kinase domains (Rosenberg et al., 2005). Following up on that idea,
we used the available holoenzyme model (Rosenberg et al., 2005) and computationally
moved the kinase domains above and below the midplane of the central association do-

main with the idea to create a model of an activated CaMKII holoenzyme. This newly

generated model (Figure 27, B) somewhat resembled the cryo-EM single particle struc-
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ture of full length mouse CaMKII holoenzyme (Kolodziej et al.; 2000). Templates for
template matching were created for both structures by calculating the electrostatic po-
tentials by summing the total atomic numbers Z in each volume element. The resulting
densities were convoluted with the microscope contrast transfer function calculated for

the defocus value used and low-pass filtered. (Figure 28)

K<,

CaMKII holoenzyme CaMKIl holoenzyme EM
crystal structure model density map template

&

30& CTF, low pass filtering & Jser

K- 1

CaMKIl holoenzyme CaMKIl holoenzyme EM
crystal structure model density map template
(modified)

Figure 28: Template generation for template matching. (A) CaMKII crystal structure
disk-like model (left) and corresponding template (right). (B) CaMKII crystal structure
model with kinase domains displaced above and below the central association domain
(left) and and corresponding template (right).

Template matching was performed on 8 tomograms of synaptosomes (4 treated and 4
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control) and 6 tomograms of isolated PSDs (3 treated and 3 control) using both tem-
plates (Figure 30). As it was the case in previous applications of template matching
( , ), the highest cross-correlation values were obtained for Au markers
and membranes. Cross-correlation peaks corresponding to such false-positive matches
were discarded and the next 100 were examined for each tomogram. In tomograms of
synaptosomes, more than a third of the examined hits in each case detected particles
that visually resembled the CaMKII association domain. However, no clear differences
in the localization of active and inactive CaMKII could be recognized between tomo-

grams of stimulated and non-stimulated synaptosomes.

In tomograms of isolated PSDs, approximately a quarter of the examined hits in each
case detected particles that visually resembled the CaMKII association domain. Similar
to tomograms of synaptosomes, no apparent differences in the localization of active and
inactive CaMKII within the structure of the PSD could be identified between tomo-

grams of PSDs isolated from stimulated and non-stimulated synaptosomes.

Subtomogram alignment and averaging of the first 100 identified CaMKII particles for
each active and inactive state of the holoenzyme in each of the examined tomograms
(both synaptosomes and PSD fraction) did not improve the structure of the CaMKII
holoenzyme. As this could potentially be a consequence of the low number of averaged
particles, we generated larger particle datasets by combining CaMKII particles identi-
fied as active or inactive in each tomogram of both synaptosomes and isolated PSDs
and performed another round of subtomogram alignment and averaging on the newly
generated datasets. This attempt still failed to improve the structure of the CaMKII

holoenzyme.

Using structures of the CaMKII holoenzyme that we determined by single particle anal-

ysis (please refer to section 5.2), we performed a test round of template matching on
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a tomogram of an isolated PSD collected on a first generation DDD (without phase
plate) (Figure 29). Tomograms collected on DDDs were generally characterized by a
superior visual appearance compared to the ones collected on conventional scintillator-
coupled CCDs. Still, no apparent differences in the localization of active and inactive
CaMKII within the structure of the PSD could be identified by template matching in
that tomogram. Subtomogram alignment and averaging of datasets consisting of the
first 100 identified CaMKII particles for each active and inactive state of the holoen-
zyme, with obvious false positives (e.g. Au fiducial markers) excluded, was in both cases

unsuccessful in improving the structure of the CaMKII holoenzyme.

-AA
M* car @

CaMKlla (actlvated) CaMKlla (non-active) EM
map template map template

Figure 29: Visualization of template matching CaMKII, performed on a tomogram of
an isolated PSD collected on a first generation DDD. (A) Original tomogram(left), cross-
correlation volume obtained by template matching (middle) and original tomogram with
single particle structures of activated and non-active CaMKIla according to positions
and orientations determined by template matching (right). (B) Single particle structure
of activated CaMKIla. (C) Single particle structure of non-active CaMKIla. Scale bar:
200 nm.
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A

Figure 30: Visualization of template matching CaMKII in tomograms of synaptosomes
and isolated PSDs. (A) Glu/Gly/KCl treated synaptosome. (B) control synaptosome.
(C) PSD isolated from a Glu/Gly/KCl treated synaptosome. (D) PSD isolated from
a control synaptosome. Panels represent original tomograms (left), cross-correlation
volume obtained by template matching (middle) and original tomogram with model
structures (section ) of activated and non-active CaMKII according to positions and
orientations determined by template matching (right). NOTE: in the case of tomograms
of synaptosomes, everything else except the postsynaptic terminal was masked to aid
interpretation. Scale bar: 200 nm.
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5.2 Structure of recombinantly expressed mouse CaMKIl«a

The structures of both activated and non-active recombinantly expressed CaMKII«
holoenzymes were determined by Single Particle Cryo-EM and by Cryo-ET in combi-
nation with sub-tomogram alignment and averaging. Structures obtained by Cryo-ET
served as initial references for single particle reconstructions. Single particle datasets
were processed using both the EMAN2 and RELION software packages, producing
slightly different results. CaMKIIa sample preparation and vitrification for both SPR
and Cryo-ET proved to be challenging. A number of problems, discussed within the
next subsection, had to be overcome in order to establish a working sample preparation
protocol that allowed the generation of EM samples suitable for data collection and

processing.

5.2.1 Sample preparation and vitrification

C-terminal FLAG-tag mouse CaMKIla was cloned into a donor plasmid, transposed
into bacmid and transfected into Sf9 cells for expression and purification with the bac-
ulovirus expression system by Dennis Zimmermann (Department of Cell Biology, LMU
Munich) (please refer to section 7). CaMKIla FLAG-affinity purification was carried
out from 300-350 ml of Sf9 cell suspension culture and typically yielded 20 pM CaMKII«
(approximately corresponding to 1.1 mg/ml) in a final volume of 400-500 ul. (Figure 31).

In total five different protein expression and purification experiments were carried out
during the course of this work with the quality of the resulting protein samples varying
between the experiments and improving towards the last experiments. After FLAG-
affinity purification, protein samples were either kept at 4°C' or dialyzed into a buffer
containing 10% glycerol and snap frozen in LN, (intended for long term storage for up

to several months at —80°C").

Negative stain and vitrified EM samples were initially prepared from dialyzed CaMKII«
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" Identified as

'. . CaMKlla by
A5= " , | mass-spectrometry
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Figure 31: Coomassie stained SDS-gel showing purified C-terminal FLAG-tagged re-
combinantly expressed mouse CaMKIIa. A prominent protein band at ~ 50 kDa is iden-
tified as CaMKIIa by mass-spectrometry. The positions of the molecular size marker
are shown on the left.

protein samples containing 10% glycerol. The choice of this preparation had to do with
the fact that the protein samples could be stored up to few months at —80°C', which
allowed for a number of EM experiments to be carried out with a single protein expres-
sion and purification. Although micrographs of negatively stained CaMKII«a from such
samples often showed relatively well distributed particles (Figure 32, A), micrographs
of vitrified samples prepared by conventional manual plunge freezing (please refer to
section 7) usually showed big protein aggregates and thick vitreous ice (Figure 32, B).
Leaving the diluted protein sample on ice for at least an hour before plunge freezing
seemed to disperse the aggregations in some cases, but wasn’t a reliable method to get

rid of them entirely. (Figure 32, C).

Furthermore the addition of colloidal gold markers to vitrified samples prepared in this
way resulted in the formation of gold particle clusters, associated with protein aggregates
(Figure 32, D). In an attempt to overcome some of these problems an additional con-
tinuous thin layer of carbon was applied to the Lacey carbon EM grids. This method,

however, resulted in no significant improvement in either ice thickness or protein ag-
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Figure 32: CaMKIIa sample preparation. (A) negative stain micrograph of CaMKII.
(B) Micrograph of frozen-hydrated CaMKIla showing a thick ice region and protein
aggregations. (C) Micrograph of frozen-hydrated CaMKIla after being left for 1h on
ice before plunging. (D) Micrograph of frozen-hydrated CaMKIla with Au fiducial
markers showing Au clusters associated with protein aggregates. (E) Micrograph of
frozen-hydrated CaMKIIa with Au fiducial markers showing no protein aggregations.
(F) Micrograph of frozen-hydrated CaMKIIo showing no protein aggregations. Pixel
size: A: 2.78 A /pix and B,C,D,E,F: 2.21 A /pix. Scale bars: 20 nm.

gregation and was soon abandoned. The duration of glow discharging was also varied
between sample preparations and a duration of 30 sec. was found to be somewhat opti-
mal. Altogether, vitrified EM sample preparation by conventional, manual plunge freez-
ing from dialyzed CaMKII« protein samples containing 10% glycerol was characterized

by a very limited reproducibility and usually suffered from protein aggregation artefacts.

A possible reason for the number of problems encountered with this type of samples
could be the fact that the samples had to be washed on the EM grid with either H,O

or buffer right before plunge freezing in order to dilute the glycerol concentration. In
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order to exclude that possibility, dialysis, the last step of CaMKII purification, was
omitted so CaMKII was kept in elution buffer without glycerol. CaMKII was then vit-
rified using an FEI Vitrobot™ Mark IV (FEI, Hillsboro, OR). The controlled humidity
and temperature environment of the Vitrobot allowed for reproducible sample freezing
while the use of a non-dialyzed CaMKII« protein sample containing no glycerol allowed
for the washing steps to be avoided. This not only significantly improved the vitrified
EM sample preparation for SPR (Figure 32, F), but also allowed the preparation of
reproducible vitrified samples with nicely dispersed colloidal gold markers and no ap-
parent protein aggregations (Figure 32, E). With the purpose of producing samples of
activated CaMKIIc, protein samples were stimulated prior to vitrification with Ca?*

and Calmodulin, as previously described ( , ) with minor modifications.

Oana Michalache helped significantly in optimizing the sample vitrification by conven-

tional manual plunge freezing.

5.2.2 CaMKIll«a Single Particle Tomography and subtomogram averaging

Cryo-ET was performed on both non-active and activated recombinantly expressed
CaMKIla with the goal of generating a starting reference for single particle recon-
struction by sub-tomogram alignment and averaging. Tomographic data acquisition
was performed on three different transmission electron microscopes: two operated at
300 kV (Tecnai 'Polara’ G* F30, FEI; Titan KRIOS, FEI) and one operated at 200 kV
(Tecnai F20, FEI). CaMKIla holoenzymes were hardly visible and difficult to identify
in tomograms collected at 300 kV, whereas they were easily recognisable in tomograms
collected at 200 keV (Figure 33A,B). Subsequently, only tomograms collected at 200 kV

were used for sub-tomogram averaging.

Mere visual comparison between CaMKII«a holoenzymes from tomographic reconstruc-

tions of non-active vs. activated CaMKIIa samples revealed striking morphological
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differences. While non-active CaMKIIa holoenzymes appeared as globular ring-like
structures of ~ 10 nm in diameter with no apparent density around the structure (Fig-
ure 33, A), activated CaMKIIa holoenzymes appeared as similar ring-like structures but
surrounded by electron-dense protrusions (Figure 33, B). The ring like structures seen in
both cases resemble the CaMKIla central association domain, while the electron-dense
protrusions observed in activated CaMKIIa holoenzymes resemble the CaMKIIa kinase
domains. Both structures appear similar to the ones observed previously (I<olodzie]

et al., 2000; Morris and Torok, 2001).

Figure 33: Cryo-ET of non-acive CaMKIla vs. Cryo-ET of activated CaMKIla.
(A) Tomographic slice (0.89nm thick, -3.5um defocus) of non-acive CaMKIIa showing
CaMKIlI« particles clearly visible (black arrowheads). (B) Tomographic slice (0.89nm
thick, -3.5um defocus) of activated CaMKIIaw showing CaMKIIa particles clearly visi-
ble (red circles) and electron-dense protrusions around the particles (white arrowheads).
Scale bar: 20 nm.

A number of tomograms were collected from both non-active and activated CaMKIIa
samples at different defocus values, with the exact numbers and conditions summarized

in (Table 1).

Boxing of CaMKIIa particles for sub-tomogram alignment and averaging was done in the
following way: Initially 259 particles from a single tomogram of non-active CaMKIIa

collected at -3.5 pm nominal defocus were boxed manually using the EMAN2 (Tang
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Sample Neof Neof Neof Neof sub- Neof sub-
experiments | tomograms | tomograms | tomograms | tomograms

@-3.5 pm @-5.0pum @-3.5 pm @-5.0 pm

non-active 2 7 13 1832 1146

CaMKII«

activated 2 8 14 1631 3309

CaMKIl«

Table 1: CaMKIla tomograms processed for single particle subtomogram averaging

, ) image processing suite (Figure 34, A). The particles were then translation-
ally aligned and averaged using the real space alignment procedure from the PyTom
toolbox ( , ) starting from a randomly chosen boxed particle. This pro-
cedure yielded a low resolution (~40 A) structure of the CaMKIIa holoenzyme (Figure

34, picking B).

This structure then served as a template for template matching, using the PyTom tool-
box ( , ), that was performed on all the CaMKIIa tomograms. Boxing of
particles in this way proved to be very robust method, with high-score cross-correlation
template matching peaks typically associated with CaMKIIa holoenzyme particles (Fig-
ure 34, C and D). The first few hundred hits were evaluated visually using EMAN2
( :

contaminants, producing data sets of sub-tomograms containing CaMKIIa holoenzyme

) in order to remove false positives such as boxed gold markers and

particles (Table 1). In order to generate starting references for single particle analysis,
two random sub-tomogram datasets of both non-active and activated CaMKIl«, each
originating from a single tomogram collected at -3.5 pm nominal defocus, were aligned
and averaged with the spherical harmonics alignment procedure from the PyTom toolbox

( ,

chosen sub-tomogram served as a starting reference model for alignment and averaging.

) without imposing any symmetry. In both cases a single, randomly

This procedure was chosen so that no prior knowledge (neither structure nor symme-

try) is used in the generation of the structures. In the case of non-active CaMKlle,
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Figure 34: CaMKIl« particle picking for sub-tomogram averaging. (A) Manual particle
picking with EMAN2. (B) Sub-tomogram average 259 randomly selected sub-tomograms
using a single randomly selected sub-tomogram as an initial reference model. (C) Cross-
correlation volume obtained by template matching with the sub-tomogram average in B
as template, showing high score cross-correlation peaks for identified CaMKIl« particles
(arrowheads) and Au (arrow). (D) Same slice of the original tomogram as the one showed
in C with CaMKII« particles (arrowheads) and Au (arrow). Scale bars: 20 nm.

sub-tomogram averaging and alignment of a dataset consisting of 483 sub-tomograms

produced a gear-shaped structure with apparent 6-fold symmetry (Figure 35, A).

This structure resembles the gear-shaped core of the association domain that has been
observed previously (I<olodzie] et al.; 2000; Morris and Torok, 2001) and has similar
dimensions (~10 nm in diameter). In the case of activated CaMKIl«, sub-tomogram

averaging and alignment of a dataset consisting of 337 sub-tomograms produced a sim-
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Figure 35: Sub-tomogram averaging - SPA template generation. (A) Isosurface rep-
resentation of a sub-tomogam average of 483 subtomograms (@ -3.5 un defocus) of
non-active CaMKII« after 30 averaging iterations. The reported resolution is 34.8 A as
determined by FSC with a 0.5 cutoff. (B) Isosurface representation of a sub-tomogam
average of 337 subtomograms (@ -3.5 un defocus) of activated CaMKIl« after 30 av-
eraging iterations. The reported resolution is 34.8 A as determined by FSC with a 0.5
cutoff.

ilar gear-shaped structure with apparent 6-fold symmetry, but with additional densities
spaced at a somewhat regular distance around the structure (Figure 35, B). These ad-
ditional densities are similar to the CaMKIl«a kinase domains found previously to be
associated with foot-like protrusions of the gear-shaped core of the association domain
(Kolodziej et al., 2000). Both structures obtained by sub-tomogram averaging and align-
ment had a resolution of around 34.8 A, as determined by FSC with a 0.5 cutoff (Figure
35, A and B (FSC curves)).

In an attempt to obtain better resolved structures of both non-active and activated

CaMKII« by sub-tomogram alignment and averaging, the total datasets of sub-tomograms
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originating from tomograms collected at -3.5 pm nominal defocus in each case (Table 1)
were aligned and averaged using the spherical harmonics alignment procedure from the
PyTom toolbox ( , ). However, Both of the resulting reconstructions ap-
peared very noisy (Figure 36 A and B) and their resolutions, as determined by FSC with
a 0.5 cutoff, after 20 iterations appeared highly overestimated, reaching 16.1 A in the
case of non-active CaMKIIo and 12.2 A in the case of activated CaMKIIa (Figure 36,
A and B (FSC curves)). The performances of the standard real space alignment and the
spherical harmonics alignment procedures from the PyTom toolbox ( , )
were compared on a small dataset of 458 activated CaMKIla sub-tomograms. While
the resulting structures were very similar in shape and resolution ( 40 A), the spherical
harmonics alignment procedure had a drastically shorter execution time and in view
of the limited time and computational resources available at the time, sub-tomogram

alignment and averaging using the standard real space procedure was not undertaken.

CTF correction was applied to the same dataset of 458 activated CaMKIIa sub-tomograms
with the TOMOCTF package ( , ) in order to evaluate a poten-
tial improvement in resolution. There was a slight improvement in resolution between
the non-CTF-corrected average (40.7 A) and the CTF-corrected average corrected by
phase-flipping (40.2 A), and a further small improvement in resolution was achieved by
CTF-correction by Wiener filtering (39.9 A) These minor improvements in resolution
could not justify the use of computationally intensive CTF correction on all the tomo-
graphic data and CTF correction was therefore not performed. The effects of different
spherical mask sizes on the alignment and the resulting reconstruction were also shown

to be negligible.

In order to get an idea about the conformational heterogeneity of the CaMKII« holoen-
zymes within the activated CaMKIIa sample, sub-tomogram classification based on

constrained principal component analysis (CPCA) in conjunction with k-means cluster-
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Figure 36: Sub-tomogram averaging of the total dataset of subtomograms collected
at @ -3.5 un defocus. (A) Isosurface representation of a sub-tomogam average of 1832
subtomograms of non-active CaMKIIa after 20 averaging iterations. The reported reso-
lution is 16.1 A as determined by FSC with a 0.5 cutoff. (B) Isosurface representation of
a sub-tomogam average of 1631 subtomograms of activated CaMKII« after 20 averaging
iterations. The reported resolution is 12.1 A as determined by FSC with a 0.5 cutoff.

ing (Forster et al.; 2008) was applied on a dataset of 843 sub-tomograms of activated
CaMKII« (originating from two tomograms collected at -5.0 ym nominal defocus) and
the dataset was classified into three classes. The particles in each class were realigned
using the reference-free alignment and averaging procedure from the PyTom toolbox
(Hrabe et al,; 2012). The resulting class averages revealed a high degree of structural

heterogeneity within the activated CaMKIla sample (Figure 37).

This result suggested that classification would be a necessary step for obtaining higher
resolved CaMKIla structures and at the same time provided a possible explanation
to our unsuccessful attempt to obtain better resolved structures by averaging a larger
dataset of sub-tomograms. However, classifying a larger dataset would demand much

higher computational resources than what was available at the time.
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Figure 37: CPCA sub-tomogram classification. Constrained Principle Componen Clas-
sification (CPCA) in conjugation with k-means clustering with three classes on a dataset
of 843 sub-tomograms (-5um defocus) of activated CaMKllIa.

5.2.3 CaMKIl«a Single Particle Analysis

Micrograph selection and particle picking A total of 12550 micrographs of vit-
rified non-active and activated CaMKIIa were collected on a TEM operated at 200 kV
(Tecnai F20, FEI). 10-15% of the data was recorded by Oana Michalache. Each micro-
graph was visually evaluated for particle concentration, contamination and ice quality
leaving a total of 4247 micrographs selected for further processing. Initially data collec-
tion was done at an object pixel size at the specimen level of 2.21 A/ pixel, while later
on a decision was taken to increase the magnification at a resulting object pixel size at
the specimen level of 1.78 j—\/pixel. Initial data collection at object pixel 2.21 A /pixel
was performed only on non-active CaMKIIa, while data collection at object pixel 1.78
A/ pixel was performed on both non-active and activated CaMKIIa. This resulted in
the generation of three independent datasets that in the following will be referred to as
2.21 A /pix non-active, 1.78 A /pix non-active and 1.78 A /pix activated dataset, respec-
tively. Selected micrographs were further evaluated in more detail for astigmatism and
their spectral signal-to-noise ratio (SSNR) and defocus values were examined using the

EMAN2 image processing suite (Tang et al., 2007). This evaluation resulted in a total
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of 2749 micrographs that were selected for particle picking with defocus values ranging

between -1.5 ym and -3.8 pm.

Initially, particles were picked semi-automatically using the e2boxer utility from the
EMAN2 image processing suite ( , ). While this method of particle pick-
ing was relatively quick, the boxed particles were often either not centered or not-picked
at all. Micrographs of activated CaMKIIa proved to be especially problematic in this
respect. This required the additional manual repositioning of wrongly picked particles
or the manual picking of additional ones. Taking into account the large number of
micrographs that had to be picked, automatic particle picking seemed like a promising
method. Automated particle picking was performed in batch mode using the Gauss
convolution method from the SPARX image processing package ( , ).
This method proved to be very robust in picking well centered non-active and activated
CaMKII« particles automatically (Figure 38, A and B), but as expected picked both

particles located in ice and those on the lacey carbon layer.

Therefore each automatically picked micrograph still had to be visually examined. Con-
taminants and particles on the carbon layer were manually removed using EMAN2 (

, ). The number of selected picked particles for each of the three data sets
is summarized in (Table 2). In the case of the 1.78 A /pix non-active and 1.78 A /pix
activated datasets, an additional selection of the best images was made on the basis of

spectral signal-to-noise ratio (SSNR), using the EMAN2 software suite (Table 2).

Single Particle Analysis using EMAN2 Following the EMAN2 single particle pro-
cessing workflow, automatic fitting of a theoretical CTF function to the experimental
CTF function of determined from the particles in each micrograph was performed and
results were manually reviewed and adjusted where needed. CTF correction (phase
and amplitude correction) was then applied to each micrograph and datasets of non-

CTF-corrected, and CTF-corrected boxed particles were generated for each of the three
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Figure 38: Automatic particle picking with SPARX. (A) A micrograph of non-active
CaMKIla with automatically picked particles (white squares). (B) A micrograph of
activated CaMKIIa with automatically picked particles (white squares).

CaMKIIa datasets (2.21 A /pix non-active, 1.78 A /pix non-active and 1.78 A /pix acti-
vated).

In the next step, reference free class averages were generated by 2D reference free class-
averaging. This step served both as a way to examine the structural heterogeneity of the
sample and as a means of removing wrongly picked particles that usually participated

in bad classes (Figure 39, first column of each A and B).

Two 2D class-averaging iterations were performed on each dataset, removing bad class
averages at each iteration. This resulted in a significant reduction of the total num-
ber of particles for each of the three datasets (results summarized in Table 2). Visual
inspection of the reference free 2D class averages revealed, similar to the single par-
ticle tomographic data in a previous section, a gear-shaped structure with apparent
6-fold symmetry present in both non-active and activated CaMKIIa (Figure 39, last

two columns of A and B). This structure again resembles the gear-shaped core of the
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Neof Single Particle Datasets

particles
2.21 A/pix | 1.78 A/pix | 1.78 A/pix | 1.78 A/pix | 1.78 A /pix
non-active | non-active | non-active | activated activated
Total Total Best Total Best

Total 119998 231391 83224 244515 214996

2D classicifation- | 58931 217707 80018 237529 207341

based bad parti-

cle removal

Table 2: CaMKIl« picked particles

I

Figure 39: EMAN2 reference-free 2D class averages. (A) 2D class averages of non-
active CaMKII« showing bad class averages (first column), side views (second column),
intermediate views (middle column) and top views (last two columns). (B) 2D class
averages of activated CaMKIla showing bad class averages (first column), side views
(second column), intermediate views (middle column) and top views (last two columns).
Scale bar: 20 nm.

central association domain that has been observed previously (IKolodziej et al.; 2000;
Morris and Torok, 2001) and has similar dimensions (~10 nm in diameter). While gear-
shaped 6-fold class averages, consisting of CaMKIl« top views, formed the predominant
fraction of class averages, classes of side views were also present (Figure 39, second col-
umn of each A and B) and consistent with the structures obtained by single-particle
tomography. Class averages of what seemed to be intermediate views were also present

(Figure 39, middle column of each A and B).
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Figure 40: Angular distribution of vitrified CaMKIla. Angular assignment of a
randomly selected subset of 5000 stimulated CaMKIIa particles reconstructed with
EMAN?2.

Similar to the structures obtained by single-particle tomography, compared to class av-
erages of non-active CaMKIl«, class averages of activated CaMKIla had additional
densities around the central gear-shaped association domain (Figure 39, B). These ad-
ditional densities were again similar to the CaMKII« kinase domains found previously
to be associated with foot-like protrusions of the gear-shaped core of the association
domain ( , ). Since an even angular sampling is a prerequisite for ob-
taining higher resolution reconstructions, a small dataset of 5000 particles of stimulated

CaMKIIa was selected to investigate the angular distribution of the particles within
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the sample. This analysis showed a reasonably well distributed views of the holoen-
zyme within the sample with a slight preference for top views (Figure 40). In order to
get an initial idea of the symmetry of the CaMKIIa holoenzyme, 3D refinement with
no imposed symmetry was performed using the 2.21 non-active CaMKII«a dataset of
58931 particles and the structure of non-active CaMKIla generated by single-particle

sub-tomogram averaging as an initial reference model.
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Figure 41: EMAN2 3D refinement of a single non-active CaMKII« dataset. (A) Iso-
surface representation of a 3D refinement (No symmetry imposed ) with a non-active
CaMKIIa (2.21 A/pix) dataset of 58931 particles, using a non-active CaMKIIa sub-
tomogram average as a starting model. The reported resolution is 15.9 A as determined
by FSC with a 0.5 cutoff. (B) Isosurface representation of a 3D refinement (C6 sym-
metry imposed) with a non-active CaMKIIar (2.21 A /pix) dataset of 58931 particles,
using a non-active CaMKII« sub-tomogram average as a starting model. The reported
resolution is 13.8 A as determined by FSC with a 0.5 cutoff.
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As expected, 3D refinement with no imposed symmetry produced a gear shaped struc-
ture with apparent 6-fold symmetry at a resolution of 15.9 A, as reported by standard
FSC even/odd test (Figure 41, A). This observed 6-fold symmetry justified imposing
6-fold symmetry on the reconstruction. 3D refinement with the same dataset and same
starting model, but imposing 6-fold (C6) symmetry produced a better resolved structure
at a resolution of 13.8 A, as reported by standard FSC even/odd test (Figure 41, B).
This structure actually appeared to have a D6 symmetry (Figure 41, B), in line with pre-
vious studies ( , ; , ), and consequently, D6 symmetry
was imposed in following reconstructions. 3D refinement was subsequently performed
using all three datasets, imposing D6 symmetry. 3D refinement of the 2.21 non-active
CaMKII«a dataset of 58931 particles with the structure of non-active CaMKIIa gener-
ated by single-particle sub-tomogram averaging as an initial reference model produced a
structure at a resolution of 11.4 A, as reported by standard FSC even /odd test (Figure
42, A), whereas 3D refinement of the 1.78 non-active CaMKII« dataset of 80018 particles
with the structure of non-active CaMKIla generated by single-particle sub-tomogram
averaging as an initial reference model produced a structure at a resolution of 10.1 A,

as reported by standard FSC even/odd test (Figure 42, B).
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Figure 42: EMAN2 3D refinement (D6 symmetry imposed ) of all three CaMKIla
datasets. (A) Isosurface representation of a 3D refinement with a non-active CaMKIIa
(2.21 A /pix) dataset of 58931 particles, using a non-active CaMKIIa sub-tomogram av-
erage as a starting model. The reported resolution is 11.4 A as determined by FSC with
a 0.5 cutoff. (B) Isosurface representation of a 3D refinement (D6 symmetry imposed
) with a non-active CaMKIIa (1.78 A/pix) dataset of 80018 particles, using a non-
active CaMKIIa sub-tomogram average as a starting model. The reported resolution is
10.1 A as determined by FSC with a 0.5 cutoff. (C) Isosurface representation of a 3D
refinement (D6 symmetry imposed ) with a activated CaMKIIa (1.78 A /pix) dataset
of 207341 particles, using an activated CaMKIIa sub-tomogram average as a starting
model. The reported resolution is 11.1 A as determined by FSC with a 0.5 cutoff.
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Both structures had a similar appearance and resembled in shape and size the gear-
shaped CaMKIl« association domain observed in previous studies ( ,

; , ). Even though the reported resolution of the structure obtained
from the 2.21 non-active CaMKIla dataset was worse than the one obtained from the
1.78 non-active CaMKII« dataset, it visually appeared somewhat better resolved (Fig-
ure 42, A and B).

In contrast to the structures obtained from both non-active CaMKIla datasets, the
structure obtained by 3D refinement of the 1.78 activated CaMKII«a dataset of 207341
particles with the structure of activated CaMKIla generated by single-particle sub-
tomogram averaging as an initial reference model produced a structure at a resolution
of 11.1 A, as reported by standard FSC even/odd test (Figure 42, C), that in addition to
the gear-shaped CaMKIIa association domain displayed foot-like protrusions, extend-
ing above and below the midplane of the association domain. These protrusions are
similar to the CaMKIl« kinase domains found previously to be associated with foot-like

protrusions of the gear-shaped core of the association domain ( , ).

In order to exclude the possibility of the reconstructions being influenced by the choice of
initial reference model, the initial models were swapped so that a structure of activated
CaMKII«, obtained by single-particle sub-tomogram averaging, was used as an initial
reference model in a 3D refinement of an non-active CaMKIl« single particle dataset
and vice versa. 3D refinement of the 2.21 non-active CaMKII«a dataset of 58931 particles
with the structure of activated CaMKIla, generated by single-particle sub-tomogram
averaging, as an initial reference model produced a structure at a resolution of 12.7
A, as reported by standard FSC even/odd test (Figure 43, A). Even though activated
CaMKIIa was used as an initial model, the resulting structure displayed similar struc-
tural features to those of the structure obtained from the same dataset with non-active

CaMKII« used as initial model (Figure 42, A), namely a gear-shaped structure with no
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Figure 43: EMAN2 3D refinement with inverted templates. (A) Isosurface represen-
tation of a 3D refinement (D6 symmetry imposed ) with a non-active CaMKIl«a (2.21
A/pix) dataset of 58931 particles, using an activated CaMKIIa sub-tomogram average
as a starting model. The reported resolution is 12.7 A as determined by FSC with a
0.5 cutoff. (B) Isosurface representation of a 3D refinement (D6 symmetry imposed )
with a activated CaMKIIor (1.78 A /pix) dataset of 207341 particles, using an non-active
CaMKII«a sub-tomogram average as a starting model. The reported resolution is 11.1
A as determined by FSC with a 0.5 cutoff.

protrusions. Similarly, 3D refinement of the 1.78 activated CaMKIIa dataset of 207341
particles with the structure of non-active CaMKIIa, generated by single-particle sub-
tomogram averaging, as an initial reference model produced a structure at a resolution of
11.1 A, as reported by standard FSC even/odd test (Figure 43, B) that displayed similar
structural features to those of the structure obtained from the same dataset with acti-
vated CaMKII« used as initial model (Figure 42, C). Both structures displayed foot-like
protrusions extending above and below the midplane of the association domain, with
the protrusions being closer to the midplane in the case where a non-active CaMKII«
initial model was used. Therefore, the existence of protrusions is not a consequence of

a particular choice of the initial model.
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All together, these observations indicate that the foot-like protrusions observed for acti-
vated CaMKII constitute the main difference between the structures of non-active and
activated CaMKIla. Furthermore, considering that the kinase domains are less well-
resolved than the association domains, and that they have similar mass, it is likely that

the kinase domains are quite flexible.

Single Particle Analysis using RELION In order to confirm that our results were
not influenced by the choice of reconstruction software and in order to get more informa-
tion about the conformational heterogeneity, single particle analysis was also performed
with the RELION software package ( , ). In addition to 2D class averaging
and 3D refinement capabilities, present in EMAN2, RELION provides an unsupervised
3D classification approach based on maximume-likelihood, which makes it a tool well

suited for the classification of structurally heterogeneous data.

Particle coordinates from all three single particles datasets (Table 2, Total), automat-
ically picked with SPARX, as explained in section 5.2.3, were imported into RELION
for preprocessing. Since RELION doesnt have its own CTF determination functional-
ity, CTFFIND3 ( , ) was used to estimate CTF parameters
for each micrograph, after which particles were extracted and normalized. Judging by
the comparison of theoretical and experimental power spectra, CTFFIND3 in general

performed better in CTF fitting than EMAN?2.

Reference free 2D class averages were generated by RELION’s maximum-likelihood
based 2D reference-free class-averaging procedure. This step again served both as a
way to examine the structural heterogeneity of the sample and as a means of removing
wrongly picked particles that usually participated in bad classes (Figure 44, first col-
umn of each A and B). The resulting class averages (Figure 44, A and B) looked better
resolved compared to the ones generated by EMAN2 (Figure 39, A and B).
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Figure 44: RELION reference-free 2D class averages. (A) 2D class averages of non-
active CaMKIIa showing bad class averages (first column), side views (second column),
intermediate views (middle column), top views (fourth column) and 7-fold symmetrical
top views (last column). (B) 2D class averages of activated CaMKIla showing bad
class averages (first column), side views (second column), intermediate views (middle
column), top views (fourth column) and 7-fold symmetrical top views (last column).
(C) 2D class averages of intermediate views of the CaMKII« association domain

Interestingly, while most of the top-view class averages displayed a 6-fold symmetry
(Figure 44, 3rd and 4th columns in A and B), some top-view class averages clearly had
a 7-fold symmetry (Figure 44, 5th columns in A and B) and were characterized by an
increased association domain and central hole diameter, compared to 6-fold symmetrical
ones. These 7-fold symmetrical holoenzymes seemingly result from the incorporation of
an additional CaMKII subunit into each stacked association domain ring. This observa-
tion is quite surprising, since to our knowledge 7-fold symmetrical CaMKII association
domains have only been observed in preparations of truncated association domains lack-

ing the kinase domains (Rosenberg et al., 2006). Since no 7-fold class averages were ob-
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served in the case of 2D classification done with EMAN2, obtaining 7-fold class averages
with RELION was a clear indication that its 2D classification capability was superior
and better adept in dealing with datasets displaying a high degree of structural hetero-
geneity. In addition to 2D class averages of 7-fold symmetrical CaMKIla association
domains, it was possible to identify class averages of different structural states of the
association domain (Figure 44, C). The finding that holoenzymes displaying different
structural states of their association domain and 7-fold symmetrical holoenzymes are
also present in the sample showed that an additional level of structural heterogeneity

exists in the data.

Similarly to what was done by EMAN2, two 2D class-averaging iterations were per-
formed on each dataset, removing bad class averages at each iteration. In this case,
however, the presence of classes of CaMKII top views displaying a 7-fold symmetry
required the further separation of good particles into subsets of particles displaying ei-
ther 6-fold or 7-fold symmetry alone. This separation was done by sorting-out the 2D
class averages displaying a 7-fold symmetry from those displaying a 6-fold symmetry
into separate subsets (results summarized in Table 3). Using 2D classification for this
separation has the drawback that only top views of CaMKII holoenzymes displaying a
7-fold symmetry are easily identifiable, which could easily leave many side views of 7-fold
symmetrical CaMKII holoenzymes in the 6-fold symmetrical subsets. A general 3D pro-
cessing RELION workflow was established and applied to all three CaMKIla datasets
(2.21 A /pix non-active, 1.78 A /pix non-active and 1.78 A /pix activated) (Figure 45).

As the first step 3D classification with no imposed symmetry was performed on all
three datasets with the goal of separating 3D classes of 6-fold symmetrical holoenzymes
from those of 7-fold symmetrical ones. The fraction of particles identified as 7-fold
symmetrical by 2D classification ranged from 2.63% to 11.98% in the different datasets
(Table 3) and the number of classes used for 3D classification was chosen accordingly

in order to obtain an adequate class oversampling (10-30). For all three datasets, 3D
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Neof Single Particle Datasets
particles
2.21 A/pix | 1.78 A/pix | 1.78 A/pix | 1.78 A/pix | 1.78 A /pix
non-active | non-active | non-active | activated activated
Total Total Best Total Best
Total 119998 231391 83224 244515 214996
6-fold/7-fold after | 68817 - 51787 - 97665
2D classification
6-fold after 2D | 60570 - 48248 - 95089
classification
6-fold after 3D | 55713 - 45173 - 92836
classification
7-fold after 3D | 8247 - 3539 - 2576
classification

Table 3: CaMKIl« picked particles - RELION

RELION 3D processing workflow
1) 3D Classification of 6-fold/7-fold (after 2D class.) particles (no imposed symmetry):

Goal: get rid of particles displaying 7-fold symmetry and obtain a dataset consisting
of 6-fold symmetrical particles alone (6-fold after 3D class.)

2) 3D Refinement of 6-fold+7-fold (after 2D class.), 6-fold (after 2D class.) and particles
identified as having a 6-fold symmetry in Step 1 (6-fold (after 3D class.), imposing a
D6 symmetry:

Goal: identify the “best” 6-fold dataset

3) 3D Classification of “best” dataset identified in Step 2, imposing a D6 symmetry:
Goal: resolve the heterogeneity within the 6-fold particles

4) 3D Refinement of best classes identified in Step 3:

Goal: obtain best 3D structure model of CaMKlla

Figure 45: RELION single particle processing workflow.

classification resulted in a number of classes displaying 6-fold symmetry and a single
class displaying a 7-fold symmetry (Figure 46). While in the case of the 2.21 A /pix
non-active dataset, all subunits of the 7-fold symmetrical class were clearly resolved, a
single CaMKII subunit of the 7-fold symmetrical class in each of the 1.78 A /pix datasets

displayed a very weak contrast. The percentage of particles switching classes during 3D



5 Results 97

classification was monitored in each run. 3D classification iterations were performed

until only 5%-10% of the particles were switching classes.

1.78 A/pix non-active

2.21 A/pix non-active

Lol o B e

Figure 46: RELION 3D classification with no imposed symmetry. (A) 3D class averages
of a non-active CaMKIIar (1.78 A /pix) dataset consisting of 51787 particles. First three
classes show a clear 6-fold symmetry while the class on the right shows a 7-fold symmetry
with a single subumit displaying a very weak contrast or missing. (B) 3D class averages
of an activated CaMKIIor (1.78 A /pix) dataset consisting of 97665 particles. First three
classes show a clear 6-fold symmetry while the class on the right shows a 7-fold symmetry
with a single subumit displaying a very weak contrast. (C) 3D class averages of a non-
active CaMKIIa (2.21 A /pix) dataset consisting of 68817 particles. First three classes
show a clear 6-fold symmetry while the class on the right shows a 7-fold symmetry. In
all cases equatorial slices are shown.

In order to identify the best dataset for further processing, 3D refinement was per-
formed with all three CaMKITor datasets (2.21 A /pix non-active, 1.78 A /pix non-active
and 1.78 A /pix activated) and for each dataset using the mixed subset of 7-fold and 6-
fold symmetrical particles and the two subsets consisting of 6-fold symmetrical particles,

identified either by 2D or 3D classification (Table 3). In the cases of both 1.78 A /pix
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datasets, the best-resolved structures were obtained with the subsets consisting of 3D
classified, 6-fold symmetrical particles. While these structures were still only slightly
better-resolved than the ones obtained with subsets consisting of 2D classified, 6-fold
symmetrical particles, they were obtained with a smaller number of particles (Table 3).
This was an indication that 3D classification is at least slightly better at separating
6-fold from 7-fold symmetrical particles than 2D classification. Surprisingly, in the case
of the 2.21 A dataset the best-resolved structure was obtained with the mixed subset of

7-fold and 6-fold symmetrical particles (Figure 47).

The subsets from which the best-resolved structures were obtained in each case were
subjected to 3D classification with imposed 6-fold symmetry using 10 classes (Figure
48). This step had the goal of further excluding the particles displaying high structural
heterogeneity. Different particle subsets were created for each dataset by picking one or
combining different classes displaying similar structural features. 3D refinements were

performed with each particle subset.

The best resolved structures of non-active and activated CaMKIla displayed a signif-
icant difference between each other (Figure 49, A). Similar to the 3D reconstructions
done with EMAN2, the structure of activated CaMKIl« displayed foot-like protrusions
extending above and below the midplane of the association domain (Figure 49, A (lower
row)), while in the case of non-active CaMKIl«, these protrusions were absent or very

faint (Figure 49, A (upper row)).

The resolutions of these structures were 9.6 A (non-active) and 8.9 A (activated), as de-
termined by RELION’s ”gold-standard” FSC (where particles are split in two sets that
are then reconstructed completely separately and combined in the final reconstruction
iteration). However, the resolution of the em density maps of the best-resolved struc-

tures of activated and non-active CaMKIIa could be estimated by visual appearance to
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6-fold 6-fold 6-fold/7-fold
(3D classify) (2D classify) (2D classify)

1.78 A/pix
non-active
1.78 A/pix
activated
2.21A/pix
non-acitve

Figure 47: RELION - best dataset identification. 3D refinement with imposed D6
symmetry on the corresponding datasets in Table 3 in order to identify the best dataset
for further processing. In all cases equatorial slices are shown.

class1 <class2 <class3 class4 class5 «class6 «class7 class8 class9 class 10

Figure 48: RELION 3D classification with imposed D6 symmetry. 3D classification
with the goal of excluding particles displaying high structural henerogeneity. In all
cases equatorial slices are shown.

1.78 A/pix
non-active

1.78 A/pix
activated

2.21 A/pix
non-active
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be around 20 A in both cases (Figure 53). In order to obtain an independent resolution

estimate, we proceeded to adapt currently available X-ray crystallography structures.

Recently, X-ray structure of inhibited, full-length human CaMKIla construct with a
very short CaMKIIS7 (an alternative splicing variant of human CaMKIIS) linker was
published. This X-ray structure has a cylindrical height of approximately 100 A and a
diameter of approximately 150 A, and will be referred to here as the CaMKIIA7. The
central association domain of this structure is formed by two stacked hexameric rings of
association domain subunits and the kinase domains are positioned between two such
association domain subunits (Figure 50, A). While the association domain of constructs
used here and of the CaMKIIST are essentially the same, their other domains differ.
Namely, The CaMKIIa construct used in this work has a 30 residue long linker region
while in the CaMKIIA7 construct, this linker region is basically missing (Figure 51).
Due to the missing linker and the inhibited form, the kinase domains of CaMKIIA7
are tightly packed against the association domain, thus severely reducing their degrees
of freedom. As a consequence, part of the regulatory segment, including Thr305 and
Thr306 which are located at the calmodulin-binding region, is squeezed between the
kinase domain and the association domain, making it somewhat inaccessible to calmod-
ulin (Figure 50, B). Therefore , the linker and the kinase domains of the CaMKIIZ7
X-ray crystal structure and the EM models obtained here are expected to have a very

different location.

We computationally removed the residues of the kinase domains from the CaMKIIZ7
structure (residues 1-312), in order to obtain an atomic model of the CaMKII« associa-
tion domain. Rigid-body fitting of this structure into the EM density map of activated
CaMKIlIa, revealed the positions of the alpha helices to which the kinase domains are

attached by flexible linkers (Figure 49, B).
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Figure 49: RELION 3D Refinement of the identified best datasets of both active and
non-activated CaMKIIa. (A) Comparison between the 3D refinements of the best
datasets of non-active and activated CaMKIla. Three x-y slices through the 3D re-
constructions are presented. The structure of activated CaMKIIla shows foot-like pro-
trusions extending above and below the midplain of the association domain. (B) Rigid
body fitting of the crystal structure of Human CaMKKI«a into the association domain
of the best-resolved structure of activated CaMKIIa.

The CaMKIIa construct used in this work and the C.Elegans CaMKII share a high
degree of sequence similarity (~70%) and linker regions of comparable size (Figure
51) and are therefore expected to also share a high degree of structural similarity and

a similar holoenzyme architecture. An X-ray structure of the kinase and regulatory
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Figure 50: CaMKII holoenzyme architecture. (A) The architecture of the CaMKIIZ7
short linker holoenzyme (pdb id: 3SOA). (B) Superposition of the C.Elegans CaMKII
kinase domain (pdb id: 2BDW) over the CaMKIIS7 short linker kinase domain (pdb

id: 350A).

domains (residues 1340) of an autoinhibited C.FElegans CaMKII has been solved pre-

viously (Rosenberg et al., 2005). The crystallized C.Elegans fragment is 77% identi-

cal in sequence to the corresponding region of the CaMKIla construct used in this
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work. The asymmetric unit of this crystal contained a dimer of CaMKII kinase domains
with the long helices of the regulatory segments of each subunit forming a coiled-coil
structure (Figure 27, A (encircled in red)). Superimposing the X-ray structure of the
C.Elegans CaMKII kinase and regulatory domains (single CaMKII kinase domain) over
the CaMKIIAT7 kinase domain revealed a good overall correspondence between the two
structures, except for the C-terminal region, where a long alpha helix formed by the reg-
ulatory segment in the C.FElegans structure clashes with an alpha helix of the CaMKIISZ7
short linker association domain (Figure 50, B). Therefore, the kinase and regulatory do-

mains of CaMKII« have to be positioned further away from the association domain.

Interestingly, this superposition of the two crystal structures indicated that the coiled
coil seen in the C.Elegans kinase domain dimer crystal structure is incompatible with
the structural organization of the CaMKIIA7 holoenzyme, implying that the CaMKII
holoenzyme model suggested previously by the same group and used initially in this
study to produce templates for template matching ( , ) (Figure 27)

1s 1naccurate.

Resolution of the reconstructions was estimated by FSC of the em maps with a den-
sity simulated from the X-ray structure of the CaMKIla associated domain (cross-
resolution). A soft mask encapsulating the association domain in the em maps was used
to ensure that only the association domain is being correlated. In the case of both ac-
tivated and non-active CaMKIIa structures, cross-resolution gave a resolution estimate

of around 20 A, consistent with the visual impression (Figure 53).
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Figure 51: Sequence alignment between C.FElegans CaMKII (UNC-43), C-terminal
FLAG tag mouse CaMKIIa used in this study and CaMKIIA7 short linker construct
(Chao et al., 2011).

In order to build a pseudo-atomic model of the complete CaMKIIa holoenzyme, we fit-

ted the atomic model of the association domain into the superimposed em density maps

of the best-resolved structures of activated and non-active CaMKIIa and positioned the

X-ray structure of the C.Elegans CaMKII kinase domains within the foot-like protru-

sions of the em density maps (Figure 52, A). In contrast to the CaMKIIS7 structure,
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Figure 52: Building a pseudo-atomic model of the CaMKIIa holoenzyme. Positioning
the C.Elegans CaMKII kinase domain (pdb id: 2BDW) within the foot-like protrusions
of the best-resolved EM density map of activated CaMKIla in order to generate a model
of the CaMKIIa holoenzyme. Only a single slice of the EM density map is shown for
simplicity.

which has a diameter of approximately 150 A, the pseudo-atomic model of the CaMKIIa
holoenzyme has a diameter of approximately 200 A, while the kinase domains in both
structures are located at similar elevations above and below the midplane of the associ-

ation domain (Figure 54).
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Figure 53: Comparison between the em density maps and the atomic models of
CaMKII. (A) left: The newly generated CaMKIIa holoenzyme fitted within the best-
resolved EM density map of non-active CaMKII«. right: CaMKIIa association domain
X-ray structure fitted within the best-resolved EM density map of non-active CaMKII«
and FSC curves from RELION’s ”gold standard” FSC and cross-resolution with the
X-ray structure. (B) left: The newly generated CaMKIla holoenzyme fitted within
the best-resolved EM density map of activated CaMKIla. right: CaMKIla association
domain X-ray structure fitted within the best-resolved EM density map of activated
CaMKIIa and FSC curves from RELION’s ”gold standard” FSC and cross-resolution
with the X-ray structure
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Figure 54: Pseudo-atomic CaMKIIa holoenzyme model. The newly generated
CaMKIIa holoenzyme model (center) compared to the X-ray structure of CaMKIIZ7
(left) and a superposition of both structures (right).
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6 Discussion

The PSD is a large and complex molecular machine consisting of hundreds of distinct
proteins. It clusters neurotransmitter receptors on the postsynaptic membrane and reg-
ulates the network of postsynaptic signaling molecules. By doing so it controls the
strength of synaptic signaling and plays a major role in synaptic plasticity. Its struc-
ture and protein composition are dynamic and can be modified by external stimuli
and synaptic activity ( , ). This makes attempts to describe
the structural rearrangements of its components very challenging. One way to gain an
understanding on postsynaptic signaling is to unravel the structures and physical inter-
connections of the proteins in the PSD. Although a number of EM studies (

) ; ) ; ) ; ) ;

, ; , ; , ) have provided some insights on the
postsynaptic structural organization, the use of conventional EM sample preparation
techniques in these studies, known to introduce a number of artifacts, poses questions
on the extent of structural preservation. Furthermore, the method employed to visual-
ize and quantify proteins in most of these studies was immuno-gold labeling, known to
be heavily dependent on antibody efficiency and prone to missing certain internalized
epitopes. Therefore, further work is needed to shed light on the precise supramolecular

organization of the PSD.

We employed Cryo-EM to study the supramolecular architecture of the PSD and to
identify some of the synaptic molecular complexes within its structure. Unlike con-
ventional EM sample preparation techniques that are known to introduce a number of
artifacts, vitrification ensures the faithful preservation of biological structures in close
to native form and is a prerequisite for studies aiming at molecular resolution. The PSD

was imaged both enclosed in the postsynaptic terminal of synaptosomes and isolated
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by detergent extraction with Triton X-100 (PSD fraction). While synaptosomes pro-
vided a model system where the PSD is in a native-like environment, attached to the
postsynaptic membrane and still in contact with the actin cytoskeleton, isolated PSDs
offered the unique opportunity of imaging them from an en face view and at a higher
resolution. EM grids of vitrified PSDs had in general thinner ice regions than those of
synaptosomes and allowed recording of cryo-tomograms of higher signal-to-noise ratio

(SNR).

CaMKII was identified as the primary molecular target for detection because of the fol-
lowing reasons: (i) its functional significance as a major regulator of synaptic function
and plasticity, (ii) its ability to undergo autophosphorylation and translocation to the
PSD in response to synaptic stimulation, (iii) the relatively large size of the holoenzyme

it forms (~650 kDa) and (iv) its high abundance in the PSD.

Because a number of structural studies in the literature have produced highly diverging
views of the CaMKII holoenzyme structure and because no structure existed for the
activated state of CaMKII, a part of this work was to obtain the structures of both
activated and non-active CaMKII by Cryo-EM single particle analysis.

6.1 Pharmacological stimulation of synaptosomes causes CaMKII

translocation and increase of Thr286 autophosphorylation

Our first task was to identify a pharmacological treatment that stimulates synaptosomes,
affects CaMKII and the PSD in a way that is physiological and that can be detected.
We reasoned that such treatment should induce changes in the phosphorylation state
of CaMKII and possibly its localization, so that these changes could be detected by
template matching with structures of phosphorylated and non-phosphorylated CaMKII.

We applied an NMDAR targeting synaptic stimulation protocol on synaptosomes, based
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on a protocol used for the stimulation of cultured neurons ( , ). We
showed that NMDAR stimulation of synaptosomes with either Glu/Gly or Glu/Gly/KCl
for 60 s can induce a significant increase in the amount of Thr286 phosphorylated
CaMKIle, in line with previous studies on hippocampal slices ( , ).
This effect was more pronounced in PSD fraction isolated from stimulated and control
synaptosomes, suggesting that the stimulation induced translocation of CaMKII from
distal parts of the postsynaptic terminal to the PSD, in agreement with previous work
on dissociated neuronal cultures ( , ). Additionally, these results
suggest that CaMKII activation and translocation are the specific result of NMDAR-

mediated postsynaptic Ca?* influx ( , ).

6.2 General Morphology of the PSD

Cryo-ET of stimulated and non-stimulated synaptosomes enabled us to evaluate dif-
ferences between the average cross-sectional thickness of their PSDs. Increase in the
thickness of the PSD has been previously observed as either a result of ischemia (

, ; , ) or glutamate receptor activation ( , :

, ). The treatments used in this study were previously shown to induce
a rapid (within 1.5 min.) increase in the cross-sectional thickness of the PSD in cul-
tured neurons and hippocampal slices that was shown to be at least in part related to
the translocation and accumulation of CaMKII to their cytoplasmic faces (

, ). However, our data showed no statistically significant increase in the cross-
sectional thickness of the PSD in synaptosomes upon NMDAR stimulation with either
Glu/Gly or Glu/Gly/KClI (Figure 16). Although special attention was given to the rapid
homogenization of the brain tissue after decapitation, we can not rule out that tran-
sient ischemic conditions could have increased the CaMKII content of the PSD fraction
( , ), thus obscuring any additional increase in PSD thickness. Loss
of cytosolic components during the synaptosomal preparation could be another factor

contributing to the observed discrepancy. These however are unlikely reason, because
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we could observe an increase in CaMKII phosphorylation and changes in its localiza-
tion that require Calmodulin and Ca?*. Another possible explanation is that previous
studies relied on chemical fixation and dehydration, which are prone to relocation and

aggregation artifacts.

6.3 Architecture of the PSD

We studied the native three-dimensional postsynaptic architecture by Cryo-ET in both
pharmacologically stimulated and control synaptosomes, and in PSDs isolated from such

synaptosomes.

Isolated PSDs and PSDs visualized within synaptosomes, both stimulated and non-
stimulated, showed two distinct surfaces. One surface was rather smooth and planar,
while the other was rather convoluted, strongly suggesting that these are the cleft and
cytosolic surfaces of the PSD, respectively (Figure 23; Figure 19, C). This is consistent
with previous observations employing rotary shadowing EM on isolated PSDs (

, ). In some cases, different types of long irregular protrusions were observed

enclosing areas of empty space within the structure of the PSD (Figure 19, D).

The tomographic data suggest that the core structure of the PSD consists of a mesh-like
scaffold consisting of a dense network of filaments, oriented parallel and perpendicular
to the synaptic cleft (Figure 18; Figure 22). This is in agreement with previous studies
on high-pressure frozen, dehydrated synapses that showed a similar filamentous PSD or-
ganization ( , , ). In those studies it was proposed that PSD95 forms
vertical filaments which are in contact with horizontal filaments composed of PSD95-
binding partners and other scaffolding proteins such as GKAP, Shank and SynGAP,
among others. This scaffold seems to serve the role of a foundation on top of which
additional PSD components can attach, forming the convoluted appearance of the cy-

tosolic surface of the PSD (Figure 24). The idea of an underlying core scaffold within
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the PSD is not new and has been suggested in a number of previous studies (

) Y Y Y Y Y ) )'

In addition to the filamentous structure of the PSD core, globular proteins complexes,
similar in shape and size to the ring-shaped CaMKII association domain, could be di-
rectly visualized in tomograms of isolated PSDs (Figure 25). These structures often
displayed short filamentous protrusions attached to what appeared to be the CaMKII
association domain and resembled the radially positioned kinase domains of the CaMKII
holoenzyme (Figure 25). The structures were most abundant at the cytosolic face of
the PSD, consistent with earlier immuno-EM observations ( : ), which
suggest that CaMKII could be one of the major components of the structures forming
its convoluted cytosolic face. We also visually identified similar complexes embedded
deep into the structure of the PSD. This is in agreement with known CaMKII inter-
action partners located within the PSD, such as densin-180, a-actinin and the NR2B
subunit of the NMDAR ( , ). This is also consistent with
previous attempts to visually detect CaMKII at EM tomograms of negatively stained
isolated PSDs ( , ), suggesting that approximately half of the identified
CaMKII molecules lie at the cytoplasmic surface of the PSD, while the rest are scattered
throughout its thickness.

6.4 Comparison of synaptosomal and PSD fractions

One could possibly argue that detergent extracted PSD fraction is not the best choice
of a models system for studying the PSD architecture, since the PSDs are removed from
their native cellular environment and some of their components might be lost and struc-
tural features changed during detergent extraction. While this is an important concern,
we have chosen an isolation protocol based on mild detergent extraction that has been
shown to maintain most of the PSDs protein components ( , ). Addition-

ally, biochemical studies have shown different types of enzymatic activity present in the
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PSD fraction, indicating that its components are functional proteins ( ,

; , ). Synaptosomes, on the other hand, provide a more physiolog-
ical model system for the study of the PSD architecture, since the PSD is enclosed in
the postsynaptic terminal and attached to the postsynaptic membrane within the closed

membrane compartment of the postsynaptic terminal.

Here, we provided a direct comparison bewtween the structures of cryo-preserved PSDs
from PSD fraction and synaptosomes. There were no obvious differences between the
PSDs derived from the two preparations and they showed very similar morphological
characteristics. This result argues against preparation artifacts and suggests that the
two preparations are complementary for the study of the PSD architecture by Ctyo-
ET. Although it has been shown that CaMKII is difficult to separate from the PSD
( , ), the possibility of a loss of PSD components during PSD fraction
preparation cannot be excluded. From the EM perspective, the PSD fraction is better
suited for imaging, because it is thinner, which enables higher resolution reconstruc-
tions to be obtained. Furthermore, since finding good spots for tomography is a fairly
straightforward process, the PSD fraction is better suited for automated (batch) tomog-

raphy applications.

Therfore, it might be beneficial for further studies to use both preparations: isolated
PSDs to yield higher throughput and resolution and synaptosomes to confirm results

obtained using isolated PSDs.

6.5 Detecting CaMKII in tomograms of synaptosomes and iso-

lated PSDs by template matching

One of the goals of this work was to detect CaMKII molecules in both active and inac-
tive states in tomograms of synaptosomes and isolated PSDs by template matching. So

far, this technique has been shown to work for structures with strong inherent contrast,
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such as ribosomes, but is quite challenging for identifying proteins. The rule of thumb
is that template matching is feasible only in case the molecule of interest can be visually

identified within the tomogram (personal communication with Dr. Friedrich Forster).

We applied template matching to tomograms of stimulated and non-stimulated synapto-
somes using crystal structure models of both active and inactive CaMKII holoenzymes
as templates. Particles that were detected, visually resembled the CaMKII association
domain. However, no clear differences in the localization of active and inactive CaMKII
could be recognized between the two sets of tomograms. Similar results were obtained
in the case where template matching was performed on tomograms of isolated PSDs
from stimulated and non-stimulated synaptosomes. While particles that visually re-
sembled the CaMKII association domain could be detected, no apparent differences in
the localization of active and inactive CaMKII within the structure of the PSD could
be identified between tomograms of PSDs isolated from stimulated and non-stimulated
synaptosomes. Here, It is important to point out that in both cases, template matching
was done on a limited set of tomograms and the obtained results might not be truly
representative. Furthermore, this outcome could be a consequence of the fact that the
used templates were obtained from crystal structure models of the holoenzyme that is
somewhat different from the one present in our sample, and so might not be adequate
for the faithful detection of the molecules. Indeed, previous studies pointed out the need
for an accurate template for the reliable performance of the method ( , ).
This stressed the need for obtaining reliable structures of the CaMKII holoenzyme in
both its active and inactive states by single particle analysis. Additionally, it has been
shown previously that the inherent detector noise of CCD cameras is a major limitation

for template matching in cryo-tomograms ( , ).

Using structures of the CaMKII holoenzyme in both its active and inactive states that we

obtained by single particle analysis, we performed a test round of template matching on
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one tomogram of an isolated PSD collected on a first generation DDD. Tomograms that
were collected on DDDs were generally characterized by a superior visual appearance
compared to the ones collected on conventional scintillator-coupled CCDs. However, no
apparent differences in the localization of active and inactive CaMKII within the struc-
ture of the PSD could be identified by template matching in that tomogram. Subtomo-
gram alignment and averaging of datasets consisting of the best hits obtained for active
and inactive CaMKII, was in both cases unsuccessful in improving the resolution of the
CaMKII holoenzyme. Judging from this analysis, it appears that at the current resolu-
tion level and at the current number of particles, we are unable to distinguish between
the structures of activated and non-active CaMKII. This could probably be achieved by
processing larger number of datasets of tomograms and would most probably require
subtomogram classification. In addition, it might be beneficial to concentrate on the
stimulation induced relocalization of CaMKII in synaptosomes, because a change in
distribution is easier to recognize than a fairly small difference between activated and

non-active CaMKII structures.

Moreover, new technological developments such as DDDs and TEM phase plates have
recently become available at our department and alone, but especially in combination,
allow a significant improvement in the obtainable resolution in Cryo-ET. We were able to
obtain a number of tomograms of isolated PSDs collected on microscopes equipped with
second generation of DDDs and TEM phase plates, which still need to be processed and
would potentially allow for more reliable detection of activated and non-active CaMKII

in cryo-tomograms.

6.6 Structures of activated and non-active recombinantly ex-

pressed mouse CaMKII«

Because of the importance of CaMKII and the lack of adequate structure, we proceeded

to solve its three-dimensional structure by a combination of sub-tomogram averaging
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and single particle analysis. Mouse CaMKIIa was recombinantly expressed in insect
cells for purification by Dennis Zimmermann (Department of Cell Biology, LMU Mu-
nich). Purification was initially done by Dennis Zimmermann, while at later stages
we obtained the necessary expertise. We optimized sample handling, CaMKII activa-
tion and vitrification for both tomography and single particle analysis. These proved
to be quite different because CaMKII behaved differently in the presence of Au fidu-
cial markers. Using a relatively small subset of sub-tomograms of purified CaMKII,
we obtained three-dimensional structures of the two states of the holoenzyme. Even
though no symmetry was imposed, the structures revealed striking morphological dif-
ferences. While both reconstructions showed a structure that resembled the six-fold
symmetric, gear-shaped core of the association domain of the holoenzyme that has been
observed previously ( , ; , ), the reconstruction
of activated CaMKIIa showed additional densities spaced at somewhat regular distance
around the structure, comparable to the CaMKIIa kinase domains shown previously
to be associated with foot-like protrusions of the gear-shaped core of the association
domain ( , ). Both of the obtained reconstructions had a resolution

of around 35 A.

While reasonably sized datasets of sub-tomograms were collected for both states of
the holoenzyme (Table 1), we were unable to obtain reliable higher resolution recon-
structions using larger subsets of particles, due to computational limitations. Namely,
computational resources available at the time were insufficient to allow the real-space
subtomogram alignment and averaging of larger subsets of subtomograms (several thou-
sands) that we had. Attempts to average particles using faster, spherical harmonics
based alignment procedures resulted in overfitted structures with highly overestimated
resolution estimates (Figure 36). This could be possibly explained by a high degree
of structural heterogeneity of the CaMKIIa holoenzyme that prevented the accurate

alignment and averaging of particles.
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For single particle analysis, three independent datasets were collected amounting to a
total of around 600 000 picked particles. Two of the datasets were collected from non-
active CaMKII« at different pixel sizes and one was collected from activated CaMKIIa
(Table 2). In order to eliminate initial model bias, the structures obtained from sub-
tomogram averaging were used as initial models in all single particle reconstructions.
Single particle analysis was done with both the EMAN2 and RELION software packages,
producing slightly diverging results. As expected, top-view reference-free 2D class aver-
ages obtained with the EMAN2 software package displayed a gear-shaped structure with
apparent six-fold symmetry. Compared to class averages of non-active CaMKIla, class
averages of activated CaMKIla had additional densities around the central gear-shaped
association domain (Figure 39). 3D refinement using the EMAN2 software package with
no imposed symmetry produced a gear shaped structure with apparent six-fold symme-
try at a resolution of 15.9 A (FSC at 0.5 between two sets) (Figure 41, A). This justified
imposing a six-fold (C6) symmetry on the reconstruction, which resulted in a structure
with slightly improved resolution (13.8 A) and an apparent D6 symmetry (Figure 41,
B). Therefore a D6 symmetry was imposed on all subsequent reconstructions in order to
improve their resolution. Further 3D refinement was performed using all three datasets
with D6 symmetry imposed. While the reconstructions obtained from both non-active
CaMKIIa datasets showed structures that resembled in shape and size the gear-shaped
CaMKII« association domain, the reconstruction obtained from the activated CaMKII«
dataset also displayed foot-like protrusions, extending above and below the midplane of

the association domain (Figure 42).

In order to exclude the possibility of the reconstructions being influenced by the choice of
initial reference model, the initial models were swapped so that a structure of activated
CaMKII«, obtained by single-particle sub-tomogram averaging, was used as an initial

reference model in a 3D refinement of an non-active CaMKIl« single particle dataset
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and vice versa. This had a negligible effect on the general structural features of the
reconstructions and showed that they are not biased by the choice of an initial model

(Figure 43).

Due to the high degree of structural heterogeneity of the CaMKIIa holoenzyme, as in-
dicated by sub-tomogram classification, we also performed single particle analysis using
the RELION software package. RELION provides an unsupervised 3D classification
procedure, based on maximum-likelihood, which makes it well suited for the classifica-
tion of structurally heterogeneous data. In addition, performing single particle analysis
with different software packages was a way to verify that our results were not biased by

the choice of software.

While most of the top-view RELION reference-free 2D class averages displayed a 6-fold
symmetry (Figure 44, A and B (fourth row)), some (2-12 %) of the the top-view class
averages clearly had a 7-fold symmetry (Figure 44, A and B (fifth row)). To our knowl-
edge,this is the first time that a full-length CaMKIIa holoenzyme has been observed to
form 7-fold symmetric assemblies. Up to now such 7-fold symmetrical CaMKIIa associ-
ation domains have only been observed in preparations of truncated association domains
lacking the kinase domains and it has been even speculated that tetradecameric forms of
the full length holoenzyme are not likely to exist ( , ). Additionally,
RELION’s superior reference-free 2D classification procedure made it possible to identify
class averages of different structural states of the association domain, which provided a
clue to the process of interconverting between dodecameric and tetradecameric forms of
the holoenzyme (Figure 44, C). These class averages suggest a model of tetradecameric
assembly in which the dodecameric association domain opens up, forming a C-shaped
ring with a gap that becomes increasingly larger and eventually large enough to incorpo-
rate a seventh association domain into each stacked association domain ring (Figure 44,

C). A recent theoretical model of CaMKII subunit exchange, assuming holoenzyme as-
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sembly from vertical association domain dimers, speculates that the CaMKII association
domain within a holoenzyme, independent of being activated or not, would normally
undergo fluctuations that convert it from a closed double-ring form to an open C-shaped
form with a gap between two adjacent vertical dimers that can be large enough to in-

corporate a vertical association domain dimer ( , ).

The finding that 7-fold symmetrical holoenzymes and different structural states of the
association domain are also present in the sample added an additional level of structural
heterogeneity to the one already identified by sub-tomogram classification. In order to
extract more homogeneous particle datasets for 3D refinement, we employed both 2D
classification and 3D classification with no imposed symmetry, which resulted in the
generation of different subsets of particles (Table 3). 3D refinement was performed on
all subsets (Figure 47). In order to resolve conformational heterogeneity of the 6-fold
symmetrical particles, subsets corresponding to the best-resolved structures were ob-
tained and then subjected to a further 3D classification with a D6 symmetry imposed.
Final particle subsets were created by taking one ore more classes displaying similar

structural features and they were used for 3D refinements.

Similar to the EMAN2 results, the best resolved structures of non-active and acti-
vated CaMKII« displayed a notable difference between each other (Figure 49, A). While
both structures formed dodecameric complexes with gear-shaped, ~10 nm in diameter,
CaMKIla association domain, as observed in previous studies ( , :

, ), the structure of activated CaMKIla showed foot-like protrusions ex-
tending above and below the midplane, similar to the kinase domains found previously

to be associated with such protrusions ( ) ).

The extended kinase domains visualized in activated CaMKII« are likely due to the acti-

vation and inherent flexibility of kinase domains. In contrast to a recent X-ray structure
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of inhibited full-length human CaMKIIa construct with a very short CaMKIIS7 (an
alternative splicing variant of human CaMKIIS) linker region ( , ), the
kinase domains in the structure of activated CaMKIl« are positioned further away from
the central association domain (Figure 52). This comes at no surprise, since not only
was the 30 AA long linker region of CaMKIIa missing in the above mentioned X-ray
structure (Figure 51), but the enzyme was also inhibited, resulting in the kinase domains
being immobilized on top of the central association domain. Although this undoubtedly
has aided crystallization, it is uncertain if this structure can be considered physiological.
Furthermore, this holoenzyme structure is incompatible with an X-ray structure of the

autoinhibited CaMKII kinase domain dimer determined previously by the same group

( , 2005).

Rigid body fitting of the X-ray structure of the CaMKII«a association domain within
the em density maps generated by RELION revealed the positions of the alpha helices
to which the kinase domains are attached via flexible linkers (Figure 49, B). RELION’s
reported resolution estimates (”gold standard” FSC) for the activated and non-activate
CaMKIIa reconstructions were 8.9 A and 9.6 A, respectively. They appear highly over-
estimated, considering the visual appearance of the em density maps that gave the
impression of around 20 A (Figure 53). Cross-resolution (at 0.5 level) of the association
domain region of each of the em maps with the X-ray structure of the CaMKII« associ-
ated domain gave an estimate of around 20 A in both cases, consistent with the visual

impression.

Rings of density around the central association domain of non-active CaMKIIa, where
the kinase domains are expected to be located, could be seen at lower thresholds. These
were similar but weaker than the ones observed in activated CaMKIla at the same
threshold (Figure 53). The obtained em density maps allowed for a pseudo atomic model

of the CaMKIIa holoenzyme to be built using the X-ray structure of the CaMKIl« as-
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sociated domain (pdb id: 3SOA) and the X-ray structure of the autoinhibited CaMKII
kinase domain (pdb id: 2BDW) (Figure 54). While this model could not be confirmed,
it is based on structural data and is most likely closer to the real structure of the holoen-

zyme than any of the previous models

The structural heterogeneity of the CaMKIIa holoenzyme that we observed was likely
due to the variance in the location of the kinase domains, which is made possible by the
flexible linker region. Even if one assumes that each kinase domain has only two discrete
conformational states, one hexameric ring alone (a half of a CaMKII holoenzyme) has
14 different conformations ( , ). This high degree of conformational
flexibility is probably one of the major factors that prevented us from reaching sub-

nanometer resolution.

6.7 Outlook

For decades, the conventional way to visualize and quantify proteins in cellular EM
has relied on immuno-gold labeling. This technique is however susceptible to prob-
lems arising from epitope availability and location and depends heavily on antibody
efficiency. Being able to directly visualize CaMKII close to vitrified, frozen-hydrated
samples, opens new opportunities for unraveling the structural arrangement of proteins
within the PSD. Furthermore, advanced pattern recognition methods, such as template
matching are capable of predicting the orientation of molecules within the PSD and
therefore have to potential to provide a view on the three dimensional molecular inter-

actions that hold the structure together.

Several morphological features were recognized in the PSD structure, but no clear dif-
ferences could be visually discerned between PSDs from pharmacologically treated and
control synaptosomes. While this could be possibly due to potential sample preparation

related artifacts, it is also likely that these differences are quite subtle and identifying
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them would require template matching combined with quantitative statistical analysis.
Judging from our results, it appears that the reliable detection of CaMKII by template
matching will require tomograms of higher resolution than the one currently possible
with the state of the art scintilator-coupled CCDs. New technological developments
such as DDDs and TEM phase plates allow a significant improvement in the obtainable
resolution in Cryo-ET and in the future will be instrumental for the reliable application
of template matching. Classification of larger datasets of sub-tomograms extracted by
template matching from such tomograms would eventually allow the reliable detection
of activated and non-active CaMKII. Due to the extremely high degree of structural
heterogeneity of the CaMKII holoenzyme identified in this study, larger single particle
datasets (in the order of a million particles) would be required to obtain a better under-
standing of the different conformations that the holoenzyme undergoes. Single particle
tomography could actually prove to be a tool better suited for that task, especially with
tomograms collected on microscopes equipped a DDD and a TEM phase plate.
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7.1 Sample Preparation
7.1.1 Synaptosomal preparation

Cerebro-cortical synaptosomes were prepared from (6-8 weeks old) male Wistar rats
as described previously ( , : , ) and in accordance
with the guidelines of the Max-Planck-Institute of Biochemistry. The animals were
anesthetized with chloroform, followed by decapitation and extraction of the cerebral
cortex. The cortex was then homogenized in 9 ml of ice-cold homogenization buffer
(HB: 0.32 M sucrose and 50 mM EDTA, 1 tablet of Complete mini EDTA-free protease
inhibitor cocktail (Roche) per 10 ml, pH 7.4) using a glass-Teflon homogenizer with up
to 7 gentle strokes at 700 rpm and centrifuged afterwards at 4°C' for 2 min. at 2,000 ¢
in an SS-34 rotor (Sorvall). The pellet (P1) was separated from the supernatant (S1),
resuspended in HB and centrifuged at 4°C' for another 2 min. at 2,000 g. The super-
natant (S1’) was separated from the pellet (P1’), combined with S1 and centrifuged at
9,500 ¢ for 12 min. at 4°C' in an SS-34 rotor. The supernatant (S2) was removed and
the synaptosome-enriched pellet (P2) was resuspended in 1 ml of HB and layered on
top of a three-step (3%, 10%, and 23%) Percoll (GE Healthcare) gradient in HB. The
gradient was centrifuged at 25,000 g for 6 min. at 4°C' in an 75 Ti rotor (Beckman).
Synaptosomes were recovered with a Pasteur pipette at the interface of 10% and 23%
Percoll and diluted to a final volume of 50 ml in Hepes-buffered medium (HBM; 140
mM NaCl, 5 mM KCIl, 5 mM NaHCO3, 1.2 mM Na2HPO4, 10 mM glucose, 10 mM
Hepes, pH 7.4 ). Percoll was washed by centrifugation for at 22,000 g for 10 min. in an
SS-34 rotor (Sorvall) and the pellet was resuspended in HBM buffer supplemented by
either 1.8 mM CaCl2 alone or by 1.2 mM CaCl2 and 1 mM MgCl2 (see section Phar-

macological Stimulation of Synaptosomes). Synaptosomes were diluted to ~0.7 mg/ml
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protein concentration, as determined by Protein UV, and incubated for 60 min. at 37°C

before either vitrification or pharmacological stimulation. All steps were performed at

4°C' (Figure 55).
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Figure 55: Synaptosomal and PSD fraction preparation.

7.1.2 PSD fraction preparation

PSD fraction was prepared from synaptosomes as described previously (Cho et al.; 1992).

In brief, synaptosomes were incubated for 15 min. in ice-cold 0.5% Triton X-100 solution

(0.5% Triton X-100, 0.16M sucrose, 6mM Tris-HCI, pH 8.1 ) and then centrifuged at

32,000 g for 20 min. at 4°C' in an 75 Ti rotor (Beckman-Coulter) to obtain the PSD

(One Triton) pellet. This pellet was resuspended and incubated a second time in 0.5%
Triton X-100 solution (0.5% Triton X-100, 0.16M sucrose, 6mM Tris-HCI, pH 8.1 ), then
centrifuged at 200,000 x g for 1 hr to obtain the PSD (Two Triton) pellet. Both pellets

were resuspended in 40 mM Tris-HCI (pH 8.1). Protein concentrations were determined

by Protein UV. All steps were performed at 4°C' (Figure 55).
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7.1.3 FLAG-tag affinity purification of CaMKII«

CaMKIIa FLAG-tag affinity purification was performed according to the protocol estab-
lished by Dennis Zimmermann (LMU Munich). Sf9 cells from suspension culture, trans-
fected with a recombinant bacmid DNA encoding a C-terminal FLAG-tagged mouse
CaMKIlIa, were harvested by centrifugation at 2,000 ¢ for 15 min. at 4°C'. The pel-
leted cells were resuspended in approx. 7.5% vol. (of initial cell suspension volume)
Brickey Buffer (BB) 1X and homogenized by hand in a 50 ml glass homogenizer for 5
min. on ice. The homogenate was centrifuged at 24,000 g for 20 min. at 4°C in a 42.1
rotor (Beckman-Coulter). The supernatant was separated and mixed with 3% vol. (of
lysis solution volume) anti-FLAG agarose resin (Anti-FLAG M2® Affinity Gel). The
mixture was then incubated by rotating for 90 min. at 4°C' and subsequently applied
onto a PolyPrep® chromatography column (equilibrated beforehand with 2 ml of BB
1X). The anti-FLAG resin on the column was washed 3 to 4 times with 2 ml of Wash
Buffer (WB) 1X accompanied by a constant stirring of the suspension with a glass rod
and making sure the resin is at all times covered in buffer. Before protein elution, 1.5%
vol. (of lysis suspension volume) of Elution Buffer (EB) was applied to the the column
and left to incubate for 30 min. at 4°C, accompanied by frequent stirring with a glass
rod. The protein was eluted by gently applying air pressure to the unsealed column
with an air-ball. In order to make part of the purified CaMKII« suitable for long-term
storage (@ -80°C'), some samples were dialyzed for 90 min. at 4°C' into 500 ml Dialysis
Buffer (DB: containing 10% glycerol) in a Slide-A-Lyzer® dialysis cassettes (0.5 - 3 ml

capacity, 10 kDa molecular weight cut-off) immediately after elution.

7.1.4 Pharmacological Stimulation of Synaptosomes

Synaptosomes were stimulated pharmacologically by incubating them for 1 min. with
either (i) Glutamate and Glycine (Glu 300 pM/Gly 300 M ) or (ii) Glutamate, Glycine
and KCl1 (Glu 300 pM / Gly 300 pM / KCI 30 puM). Stimulated synaptosomes were

either immediately vitrified or the reaction was stopped with a stop solution (SS) for
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biochemical analysis.

7.1.5 CaMKII« phosphorylation (activation) assay

In addition to non-active CaMKII« samples, phosphorylated (activated) CaMKIIa sam-
ples were also prepared for both single particle cryo-EM and cryo-ET. Two reaction

mixtures having the following compositions were prepared:
e CaMKII mixture: 1 uM CaMKIla, 40 mM HEPES (pH 7.5), 150 mM KCl

e Saline-ATP-Cam mixture: 40 mM HEPES (pH 7.5), 1.4 mM CaCly, 2mM MgCl,,
0.2 mM ATP, 150 mM KCI, 20 upM Calmodulin (CaM), 2 mM DTT

The assay was started by mixing equal volumes of the mixtures in an eppendorf tube
and letting the reaction to proceed for 1 min. by holding the tube at the bottom with
fingers to keep it warm, while pipetting up and down continuously. The samples were

vitrified immediately after the reaction.

7.1.6 Vitrification

In the case of samples intended for Cryo-ET, a 4 ul drop of BSA-coated 10 nm col-
loidal gold (Aurion®) was pipetted on a glow-discharged, holey carbon (either copper
or molybdenum) EM grid (Quantifoil) and allowed to dry at room temperature. A 4 pl
drop of either synaptosomal suspension, PSD fraction or purified CaMKIla was pipetted
on the grid, blotted with filter paper and plunged into liquid ethane. This step was done
either with an in-house made manual plunge freezing device or an FEI Vitrobot Mark
IV (FEI, Eindhoven, Netherlands). For samples intended for single particle Cryo-EM,
the gold deposition step was omitted and in cases where the abovementioned manual
plunge freezing device was used for vitrification, the grids were washed twice with either
Buffer or ddH5O before blotting and plunge-freezing. Vitrified grids were stored in LN,
before imaging in the TEM.
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7.1.7 Negative stain

Lacey Carbon Copper Grids (Plano GmbH, Wetzlar, Germany) were coated with a thin
carbon film and glow-discharged for 30 sec. A 4 ul drop of sample was pipetted on a
teflon film and the grid was placed on top of the drop and incubated for 1 to 2 min. at
room temperature. The grid was then transferred twice to drops of ddH5O for washing

and subsequently stained with 2% uranyl acetate for 1 min.

7.2 Electron Microscopy
7.2.1 Cryo-ET

Tilt series were collected in low-dose mode ( : ) on five different field

emission gun-equipped transmission electron microscopes:

1. FEI Tecnai F20 transmission electron microscope (FEI, Eindhoven, Netherlands)
operated at 200 kV. Equipped with an FEI Eagle 4k x 4k charged-coupled device
camera (FEI, Eindhoven, Netherlands).

2. FEI Tecnai F20 transmission electron microscope (FEI, Eindhoven, Netherlands)
operated at 200 kV. Equipped with a phase plate and an FEI Eagle 4k x 4k
charged-coupled device camera (FEI, Eindhoven, Netherlands).

3. Philips CM300 transmission electron microscope (FEI, Eindhoven, Netherlands)
operated at 300 kV. Equipped with a Gatan Image Filter (Gatan, Inc.) operated in
the zero-loss mode and a Gatan MegaScan 2k x 2k charged-coupled device camera

(Gatan, Inc.).

4. 2x FEI Tecnai Polara F30 G? transmission electron microscopes (FEI, Eindhoven,
Netherlands) operated at 300 kV. Equipped with a Gatan Image Filter (Gatan,
Inc.) operated in the zero-loss mode and a Gatan MegaScan 2k x 2k charged-

coupled device camera (Gatan, Inc.).
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5. FEI Titan Krios transmission electron microscope (FEI, Eindhoven, Netherlands)
operated at 300 kV. Equipped with an FEI Falcon 4k x 4k Direct Detection Device
(FEI, Eindhoven, Netherlands).

All microscopes were equipped with a computerized goniometer cryostage capable of
tilting the sample up to +70° degrees while keeping it at all times at LN2 temperatures.
Tilt series were typically recorded in the range -64° to 64° with 2° angular increment
with either FEI tomography software (version 4) or Serial-EM ( , ). A
number of magnifications and defocus settings were used, summarized in Table (tomo-
grams). The total electron dose in all tomograms was kept below 100 ¢/ A2, Nanogold
beads were used as fiducial markers for tomogram alignment and three dimensional re-
constructions were computed by weighted back-projection. Tomogram alignment and

reconstruction were done using TOM toolbox ( : ) and IMOD (

, 1996).

7.2.2 Cryo-ET image processing and analysis

Segmentation Segmentation of structures present in tomograms was done both man-
ually and semi-automatically. Manual segmentation was done with the Amira 3D soft-
ware platform (FEI, Eindhoven, Netherlands) by manually outlining features of interest
in x-y slices. Semi-automatic segmentation was done using both the Amira 3D software
platform (FEI, Eindhoven, Netherlands) and Chimera ( , ) in the

following way:

1. The tomogram was loaded in Amira and the threshold tool was used to select all

the pixels within a certain grey-scale range.

2. The Structure of interest was then segmented by outlining structures of interest

based on the selected pixels in step 1) and an Amira mesh was saved.

3. The Amira mesh was then loaded in Chimera and the ”hide dust” tool was used

to remove subsets of connected voxels below a certain size.
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Morphometry The average thickness of a PSD was measured in the following way.
The area enclosed by the PSD was selected in consecutive tomographic slices using the
Amira Amira 3D software platform (FEI, Eindhoven, Netherlands), while the postsy-
naptic membrane enclosing it in each of these slices was traced separately. The volume
of the PSD, calculated by summing the voxels from separate slices, was then divided by
the area of the PSD-enclosing postsynaptic membrane to derive an average thickness for
each PSD. Results are expressed as mean + SEM. Control and stimulated groups were

compared for thickness by One-way ANOVA (SPSS, IBM)

Template matching Template matching was performed with the PyTOM software
package ( , ) on tomographic volumes reconstructed with a binning factor
of 2. For generating templates from X-ray structures the gray-scale values of individual
voxels were determined according to the sum of atomic numbers of atoms contained
in those voxels. The resulting densities were convoluted with the microscope contrast
transfer function, calculated for the defocus value used and sampled to the relevant voxel
size. Templates generated by Single Particle Analysis and Sub-tomogram averaging were

simply scaled to the relevant voxel size.

Sub-tomogram extraction, alignment, averaging and classification Sub-tomograms
of activated and non-active CaMKIIa were extracted by template matching using a tem-
plate generated from 259 manually boxed particles from a single tomogram of non-active
CaMKIlIa, collected at a defocus of -3.5 pum that were translationally aligned and av-
eraged using the real space alignment procedure from the PyTOM software package
( , ) using a randomly selected boxed particle as a starting reference.
Template matching hits were evaluated visually with the EMAN2 image processing suite
( , ) and false positives, such as boxed colloidal gold markers and con-
taminants, were excluded. Sub-tomogram alignment and averaging was performed on
unbinned extracted sub-tomograms with either the real space alignment procedure from

the PyTOM software package ( : ) or the FRM (Spherical Harmonics-
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Based Fast Rotational Matching) alignment procedure from the same software package
( , ). Sub-tomogram classification was done based on constrained prin-

cipal component analysis (CPCA) in conjugation with k-means clustering as described

in ( , ).

CTF Correction CTF determination and correction of tilt series was carried out

with the TOMOCTF software package ( : ).

7.2.3 Negative-stain EM

Electron micrographs of negatively stained CaMKIIa samples were acquired on a Philips
CM200 transmission electron microscope (Philips, Eindhoven, Netherlands) operated at
160 kV and equipped with a Tietz 4k 4k charged-coupled device camera (TVIPS,
Gauting, Germany). Micrographs were acquired at a magnification of 54 000x, resulting
in an object pixel size at the specimen level of 2.78 A. The nominal defocus of the

micrographs ranged between -2 to -3 pm.

7.2.4 Single Particle Cryo-EM

Electron micrographs of frozen-hydrated CaMKIla samples were acquired on an FEI
Tecnai F20 transmission electron microscope (FEI, Eindhoven, Netherlands) operated
at 200 kV and equipped with an FEI Eagle 4k 4k charged-coupled device camera (FEI,
Eindhoven, Netherlands). The final electron dose in each micrograph was between 15
20 ¢’ /A2, Micrographs of non-active CaMKIIa were acquired at both 67 873x and 84
270x magnifications, resulting in object pixel sizes at the specimen level of 2.21 A /pixel
and 1.78 A /pixel respectively, while micrographs of activated CaMKIIa were acquired
at a magnification of 84 270x, resulting in an object pixel size at the specimen level of
1.78 A /pixel. This resulted in the generation of three different data sets. The nominal

defocus of the micrographs ranged between -1.5 to -3.8 pm.
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7.2.5 Single Particle Cryo-EM Image processing

Micrograph selection and particle picking A total of 12500 micrographs of acti-
vated and non-active CaMKIla were visually evaluated for particle concentration and
ice quality and 4247 micrographs were selected for further, detailed evaluation of astig-
matism, drift, spectral signal-to-noise ratio (SSNR) and defocus, which was performed
with the EMAN2 software suite ( , ). After this evaluation, 2749 mi-
crographs with defocus values ranging between -1.5 ym and -3.8 pum were selected for
particle picking. Since data collection for non-active CaMKIIa was done at two differ-
ent object pixel sizes (2.21 A /pixel and 1.78 A /pixel) and data collection for activated
CaMKIIo was done at single object pixel size (1.78 A /pixel), three independent single
particle datasets were generated that are here referred to as 2.21 A /pix non-active, 1.78
A/ pix non-active and 1.78 A/pix activated dataset, respectively. Particle picking was
performed automatically using the Gauss convolution method from the SPARX soft-
ware package ( , ). Each automatically picked micrograph was visually
examined using the EMAN2 image processing suite ( , ) and picked false
positives, such as contaminants or particles on the carbon layer, were manually removed.
Picked particles for different datasets are summarized in (Table 2). In the case of 1.78
A/ pix non-active and 1.78 A/ pix activated datasets, an additional particle selection of
the best images was made on the basis of spectral signal-to-noise ratio (SSNR), using

the EMAN2 software suite (Table 2).

Image processing with EMAN2 For CTF correction, an automatic fitting of a the-
oretical CTF function to the experimental CTF function determined from the particles
in each micrograph was performed using ctfit. and the results were manually reviewed
and adjusted where needed. Phase flipping was applied to all particles. In a next step,
reference-free 2D class averages were generated for all three datasets and particles that
did not contribute to well defined class averages were removed. Two rounds of reference-

free 2D classifications were performed followed by the removal of particles after each
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round. The particles kept after 2D classification-based bad particle removal and used
for three-dimensional reconstructions are summarized in (Table 2). In order to avoid
initial model bias, initial models from single particle sub-tomogram averaging were used
for all three-dimensional reconstructions. Models, along with the phase-flipped particles,
were processed with e2refine. In this iterative refinement scheme, particle orientations
were initially determined by comparing them to projections of the initial model with a
5° angular step. Particles with near-identical orientations were classified and aligned to
the reference projections with the "refine” aligner using Fourier Ring Correlation sim-
ilarity metric with SSNR weighting. Three rounds of iterative 2D class averaging was
performed, keeping the best 85% (according to the similarity metric) in 2D class aver-
ages. Class averages were reconstructed in Fourier space and the newly generated 3D
structure was used in the next cycle of refinement. Generally, 10 to 15 such refinement
iterations were performed in each case and the obtained reconstructions were used as
initial models for final reconstructions that were done with with projections of the initial
model with a 1.5° angular step. Three-dimensional reconstructions were initially gen-
erated with no imposed symmetry and after it was concluded that the structure of the
CaMKII«a holoenzyme exhibits a D6 symmetry this symmetry was imposed throughout
the reconstruction process. Resolution of reconstructions was estimated by a standard
FSC even/odd test (e2eotest). This routine separates all particles into two sets and uses
the angular assignments obtained at the last iteration to make two models, which are

then compared by FSC and the resolution is determined at 0.5 level.

Image processing with RELION This section describes Image processing for single
particle analysis with the RELION software package ( , ). Particle coordi-
nates of picked particles from all three datasets (Table 2) were imported into RELION
for preprocessing. CTFFIND3 ( : ) was used to estimate CTF
parameters for each micrograph, after which particles were extracted and normalized.
Reference free class averages were generated for all three datasets by RELION’s max-

imum likelihood-based 2D reference-free class-averaging procedure. In contrast to the
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results of 2D classification performed with EMAN2, top views of particles displaying a
7-fold symmetry were identified, which required the further separation of good parti-
cles into separate subsets. Similar to the image processing procedure performed with
EMAN?2, particles that did not contribute to well defined class averages were removed.
Two rounds of reference-free 2D classifications were performed followed by the removal
of particles after each round. Maximum likelihood-based 3D classification with no im-
posed symmetry was also performed on all three datasets with the goal of separating 3D
classes of 6-fold symmetrical holoenzymes from those of 7-fold symmetrical ones. The
subsets of particles identified as having a 6-fold symmetry by 3D classification together
with the subsets of particles kept after 2D classification-based bad particle removal are
summarized in Table 3. In order to avoid initial model bias, initial models from single
particle sub-tomogram averaging were used for all three-dimensional reconstructions.
D6 symmetry was imposed In all reconstructions. Since particle images are masked
with a soft circular mask in RELION, a mask diameter of 250 A was selected. Since
RELION’s 3D refinement procedure automatically modifies reconstructions parameters
as it converges, specific choice of initial parameters had no influence on the final recon-

structions.

Resolution of reconstructions was estimated by RELION’s gold standard method. In
this method, particles are separated into two sets at the very beginning, and the two
completely independent structures are reconstructed. The resolution is determined at
0.143 level. The resolution was also estimated by calculating the FSC of the reconstruc-
tions with a density simulated from the X-ray structure of the CaMKIla associated

domain (cross-resolution). In this case FSC at 0.5 level was used.
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7.3 Proteinbiochemistry
7.3.1 SDS-PAGE

Denaturing discontinuous polyacrylamide gel electrophoresis ( , ) was used
to separate protein samples. The acrylamide concentration was 7.5% and 4% for the
separation and stacking gels, respectively. Samples were mixed with 20% volumes of
sample buffer and boiled at 95°C' for 5 min. before being loaded onto the gel. Elec-
trophoretic separation was performed in two steps, initially at 90 V for ~30 min. and
then at 140 V for ~60 min. After separation, gels were either washed in western blot
transfer buffer or incubated in Coomassie staining solution for ~20 min. with constant

shaking. Destaining was done with 2% acetic acid until all bands were clearly seen.

7.3.2 Western Blotting

Following SDS-PAGE separation, proteins were transferred from the polyacrylamide gel
to a PVDF membrane by wet transfer for 2 h @ 35 V. Before assembling the blotting
sandwich, PVDF membrane (Millipore) were activated by soaking them in methanol
for ~1 min. Following activation, PVDF membranes were soaked in water for 15 min.
and then in transfer buffer for 30 min. Before detection, membranes were blocked
overnight at 4°C' in 5% BSA TTBS and washed afterwards with TTBS. Membranes were
incubated overnight at 4°C' in 1% BSA TTBS containing primary antibodies diluted to
1:1000. After incubation with the primary antibody, membranes were washed in three
washes of TTBS, 10 min. each and then incubated for 1h at room temperature in 1%
BSA TTBS containing fluorophore-conjugated secondary antibody (Alexa Fluor® 488).
Membranes were then washed in three washes of TTBS, 10 min. each and then rinsed in
TBS. Detection was performed with a fluorescent image analyzer (Fujifilm FLA-3000)

using an excitation laser with a wavelength of 473 nm.
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7.3.3 Chemicals

Acetic acid

Ammonium persulfate (APS)
Bromphenol blue

Comassie Brilliant Blue G 250
Disodium phosphate (NagHPO,)
1,4-Dithiothreitol (DTT)
Ethylenediaminetetraacetic acid (EDTA)
Ethanol p.a.

Glucose

Glycerol 86-88%

Glycine

Hepes

Magnesium chloride (MgCls)
Methanol p.a.

Percoll ®

Potassium chloride (KCI)
Sodium bicarbonate (NaHCO3)
Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)
Sucrose
N,N,N’.N’-Tetramethylethylendiamin (TEMED)
Tris-HCI (Tris)

Triton X-100

Tween 20®

137

Merck
Merck
Serva
Serva
Sigma
Merck
Merck
Merck
Sigma
Sigma
Sigma
Serva
Serva
Merck
Sigma
Sigma
Serva
Serva
Bio-Rad
Sigma
Sigma
Sigma
Serva

Serva
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7.3.4 Standards

Precision Plus Protein™ Dual Color - BIO-RAD

7.3.5 Buffers and Solutions

Buffers for FLAG-tag affinity purification of CaMKII«

Elution Buffer (EB) Dialysis Buffer (DB)
40 mM Hepes, pH 7.5 10 mM Hepes, pH 7.5
500 mM NaCl 150 mM KC1

1 mM EGTA 0.1 mM EGTA

8% FLAG Peptides [5ug/ul] 10% Glycerol

Brickey Buffer (BB) Wash Buffer (WB)
10 mM Tris-HCI, pH 7.5 40 mM Hepes, pH 7.5

1 mM EGTA 100 mM NaCl

1 mM EDTA 1 mM EGTA

2.5% (v/v) Betaine
1 Tablet/50ml Protease Inhibitor (EDTA-
free, Roche)
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Buffers and solutions for Synaptosomal and PSD fraction preparation

0.5% Triton X-100 solution Sucrose Solution (5x)
0.5% (v/v) Triton X-100 0.25 M EDTA
0.16 M Sucrose 1.60 M Sucrose
6 mM Tris-HCI, pH 8.1
Homogenization buffer (HB) Hepes-buffered medium (HBM) (10x)
50 mM EDTA 1.40 M NaCl
0.32 M Sucrose 50 mM KCl
1 Tablet/10ml Protease Inhibitor (EDTA- 50 mM NaHCOj;
free, Roche) 12 mM Na,HPO,
10 mM MgCl,

100 mM Glucose
1 M Hepes, pH 7.4

Percoll 3% Percoll 10%
3% (v/v) Percoll 10% (v/v) Percoll
20% (v/v) Sucrose Solution (5x) 20% (v/v) Sucrose Solution (5x)

Percoll 23%
10% (v/v) Percoll
20% (v/v) Sucrose Solution (5x)
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Buffers for SDS-PAGE and Western Blot
Sample Buffer, SDS-PAGE (5X)

250 mM Tris-HCI, pH 6.8

10% (w/v) SDS

50% (w/v) Glycerol

0.02% (w/v) Bromphenol Blue

addition of 50 mM DTT before use

Cathode buffer, SDS-PAGE

100 mM Tris-HC1
100 mM Glycine
0.1 % (w/v) SDS

Transfer buffer (10x)
250 mM Tris
1.92 M Glycine

Tween Tris-Buffered Saline (TTBS)

10% (v/v) TBS
0.1% (v/v) Tween 20®

7.3.6 Antibodies

APS Solution
10% (w/v) APS in Water

Coomassie Brilliant Blue Solution
0.25% (w/v) Commassie Brilliant Blue
R-250

50% (v/v) Methanol

10% (v/v) Glacial Acetic acid

Tris-Buffered Saline (TBS)
0.5 M Tris-HCI
1.55 M NaCl

Antibody Name Type Isotype/host Company, Location
Anti-total CaMKII (6G9), Primary  IgGl/Mouse  Thermo Scientific, Bonn
monoclonal

Anti-Phospho ~ (Thr286)- Primary  IgGl/Mouse  Thermo Scientific, Bonn
CaMKII (22B1), mono-

clonal

Anti-Mouse Alexa Fluor® Secondary IgG/Goat Thermo Scientific, Bonn

488
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7.3.7 Protein identification by mass spectrometry

The identity of expressed CaMKIla was confirmed by mass spectrometry analysis. Liqg-
uid chromatography tandem mass spectrometry (LC-MS/MS) was performed by the
Core Facility at the MPI of Biochemistry from in-gel-digested protein bands.
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F30
FEI
. 4.7 . Tecnai
5 A/pix -5.0 pm Polara’ CCD 300kV | NO
F30
FEI
6.6 Tecnai
Synaptosome 3 3 A/pix -7.0 pm "Polara’ cep 300KV NO
(Glu/Gly) F30
FEI
4.7 Tecnai
8 A /pix -5.0 pm Polara’ CCD 300kV | NO
F30
FEI
4.7 Tecnai
5 A /pix -7.0 pm Polara’ CCD 300kV | NO
F30
FEI
4.7 Tecnai
Synaptosome 4 19 A /pix 7.0 ym "Polara’ CCD 300kV NO
(Glu/Gly/KCl) F30
FEI
4.7 Tecnai
5 A /pix -5.0 pm Polara’ CCD 300kV | NO
F30
Synaptosome 81
TOTAL ) ) ) ) ) )

Table 4: Tomograms of synaptosomes: Total dataset
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number of number of ixel Phase
Sample experi- Pt defocus | Microscope | Camera | Voltage o
ments tomograms size Plate
FEI
4.7 Tecnai
7 A /pix -6.0 pm Polara’ CCD 300kV | NO
PSD fraction 4 F30
(control) FEI
3.8 Tecnai
2 A /pix -4.0 pm Polara’ CCD 300kV | NO
F30
46 FEI
3 i . -4.0 pm Titan DDD 300kV NO
/pix .
Krios
4.2 B FEI
4 A /pix -500 nm Tecnai F20 CCD 200kV | YES
19 FEI
2 i . -500 nm Titan DDD 300kV | YES
/pix .
Krios
9.9 FEI
PSD fraction 9 7 A/ . -4.0 pm Titan DDD 300kV NO
(Glu/Gly/KCl) P Krios
g 4.2 g FEI
5 A /pix -500 nm Tecnai F20 CCD 200kV | YES
PSD fraction 20
TOTAL ) ) ) ) ) )
Table 5: Tomograms of PSD fraction: Total dataset
number of ber of el Phas
Sample experi- i _er © puxe defocus | Microscope | Camera | Voltage 145¢
ments tomograms size Plate
FEI
7 58 1 zopm | 21 cop | s00kv | NO
A /pix Polara
CaMKIIa )
. 4 F30
(non-active) Rl
18 ,,2'9‘ -4.0 pm Titan DDD 300kV NO
A /pix .
Krios
2.2 FEI
7 A /pix -3.5 pm Tecnai F20 CCD 200kV | NO
2.2 g FEI
13 A /pix -5.0 pm Tecnai F20 CCD 200kV | NO
CaMKTla 8 22 | g5 | FEI cep | 200kv | NO
. 2 A /pix Tecnai F20
activated 55 TR
14 A /pix -5.0 pm Tecnai F20 CCD 200kV | NO
CaMKIIa 67
TOTAL ) ) ) ) ) ) )

Table 6: Tomograms of CaMKIIa: Total dataset
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9 Abbreviations

9 Abbreviations

2D

3D

A

°C
CaMKII
CCD
CPCA
Cryo-ET
Cryo-EM
CTF
DDD
EM

ET

FEG

Glu
Gly
KCl1
kDa
kV
keV
LaBg

min.

mM
uM

ml

two-dimensional

three-dimensional

Angstrom

Degree Celsius
Calcium/Calmodulin dependent protein kinase IT
Charged Coupled Device
Constrained Principal Component Analysis
Cryo Electron Tomography

Cryo Electron Microscopy

Contrast Transfer Function

Direct Detection Device

Electron Microscopy

Electron Tomography

Field Emission Gun

Nominal Gravitational Acceleration
Glutamate

Glycine

Potassium chloride

Kilo Dalton

Kilo Volts

Kilo Electron Volts

Lanthanum Hexaboride

minutes

Molar

Millimolar

Micromolar

millilitre

microlitre
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9 Abbreviations

PDB

pix

SNR

SDS
SDS-PAGE
TEM

TBS

TTBS

Protein Data Bank

pixel

Signal-to-Noise Ratio

sodium dodecyl sulfate
SDS-polyacrylamide gel electrophoresis
Transmission Electron Microscope
Tris-buffered saline

Tween Tris-buffered saline

volts

volume/volume

weight /volume
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