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ABSTRACT

Signaling in the central nervous system is mediated by the fusion of synaptic
vesicles to the presynaptic membrane of the neuron. This fusion event is driven
by membrane-anchored SNAREs (Soluble NSF Attachment Protein Receptors),
but requires a number of additional proteins including munc18, complexin and
Synaptotagmin 1 (Syt 1). Synaptotagmin 1 functions as the Ca®*" sensor in
neuronal fusion, and it may act by bridging bilayers and assisting SNARE-
mediated fusion. We have determined the role of electrostatics and electrostatic
screening in determining the membrane association of a tandem fragment of
Syt1 containing its two C2 domains. Charge neutralization of two highly
conserved arginine residues opposite the Ca®* binding sites (R398Q/R399Q) did
not alter the binding of C2AB to membranes composed of mixtures of PS and
PIP2; however, neutralization of charge in the conserved polybasic face
(K326A/K327A) dramatically reduced binding.  The polybasic face also
demonstrated specificity for PIP, both with and without Ca®" through a
mechanism that is likely driven by electrostatics. ATP is known to modulate the
interactions of Syt1 (Park et al. (2012), NSMB 19, 991) and ATP dramatically
alters the membrane binding of C2AB. 2D HSQC NMR experiments were used
to determine the sites of interaction of ATP and of the PIP, headgroup, IP3. At
levels that are physiologically relevant, both ATP and IP; modulate chemical
shifts in the polybasic face of C2B, suggesting that these electrolytes reversibly

associate at these sites in Syt1. Polyelectrolytes are also seen to interact with



II
the membrane binding loops of both C2A and C2B. EPR power saturation

depth measurements indicate that the binding mode of C2AB is different in PCPS
vesicles versus PCPIP, vesicles. It was found that the Ca**-binding loops do not
insert into bilayers where PIP, is the only anionic lipid present. This was in
contrast to PCPS suggesting that the mechanism of Syt1 binding is significantly
different in PIP, bilayers. The results suggested that certain regions in C2B
domain are specific to either PS or PIP,. These interactions are likely to play an

important role in controlling the membrane interactions of Syt1 in vivo.
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CHAPTER

1. Introduction



Neuronal Exocytosis and Membrane fusion

Cell secretion is highly organized and efficient, and the discovery of
the protein mediated pathway for secretion won the 2013 Nobel
Prize in medicine. This breakthrough led to several important
advances in the field of the Ilife sciences. Calcium triggered

exocytosis is a process characteristic of many eukaryotic cells.

While membrane fusion in the synapse has been the best studied,
the same signaling mechanism also governs granule exocytosis in
mast cells, hormonal release in endocrine cells and lysosome
exocytosis in fibroblasts'. The neuronal membrane fusion is a highly
coordinated event, which is mediated by the tight control of several
proteins such as the soluble NSF- ethylamine binding receptors
(SNAREs), Synaptotagmin 1, Complexin and Munc13. This allows
for synchronous neurotransmitter release on an extraordinarily fast
sub-millisecond timescale upon Ca?* influx — making this the fastest

possible membrane fusion event known in the cell?.

Schekman and Rothman demonstrated the importance of these
fusion proteins through genetic manipulation of homologous yeast
secretory proteins® % °. Their influential work established that all eukaryotes

have similar protein secretion pathwayse. The fast nature of this important



biological event suggests that an efficient mechanism is required to

initiate fusion’.

Axon terminal

Postsynaptic cell

~)— Synaptotagmin Ill
. A~

Synaptobrevin

~ 'Syntaxin SNAP-25
SNARE complex

Figure 1. Neuronal exocytosis: SNAREs and Synaptotagmin prior to vesicle fusion (adapted from Carr 2007

and chapman, 2002)

Several interactions underlie the membrane fusion event,

protein-lipid interactions are critical to the fusion phenomenon.

- — Synaptic cleft

3

and

This

event underlies the vesicle-based secretory pathway in most cells®.

Bernhard Katz first quantized neurotransmitter release in 1951 and

later discovered that Ca®* propagates this synaptic response
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The SNARE proteins, figure 1, have been found to make up the

core of the fusion machinery and are required to fuse the synaptic
vesicle into the plasma membrane of the presynaptic nerve

terminal’’ 2.

In the neuronal systems, the SNAREs include
Synaptobrevin, which has a helical membrane anchor in the synaptic
vesicle, Syntaxin, which has a helical anchor in the plasma
membrane and SNAP-25, which is palmitoylated and has two
SNARE forming helices. Together these three proteins assemble

into a four-helix bundle to make-up a highly stable core SNARE

complex.

Synaptotagmins, like the SNARE family are highly conserved in the
cell secretory pathways'®. Some of the other regulatory
protein/components that have been found to influence membrane
fusion in neuronal exocytosis include Complexin, Munc 13, Munc 18,
and RIM. The exactly molecular role of these critical protein
components is not understood, but they are necessary to coordinate
appropriate molecular assembly of the SNARE complex and bring

about fast neuronal exocytosis.



trans-SNARE complexes cis-SNARE complexes
— exert inward force (F) - - no force -

Vesicle Membrane

Single, Fused Membrane

t

I I
I I
I I
—l I
' 1
Target Membrane Fusion Pore

<«

A B

Figure 2. Zipper model of SNAREs in membrane fusion and force exerted for pore opening (taken from
Sudhof 2009)

It is important to elaborate on the energy barrier in membrane fusion
to understand the process by which fusion takes place. Membrane
fusion in neuronal exocytosis has to overcome a high-energy barrier
due to a number of unfavorable processes®. The first is the
coloumbic repulsion of like charges in opposing membrane bilayer
from the synaptic vesicle and plasma membrane. The second is the
desolvation penalty to remove a water molecule from the surface of
protein and the hydrophobic membrane when merging charged
membranes together'. The third is the energy required to bend the
membrane during hemi-fusion state, which is the process where the
outer leaflet deforms to merge with the opposing membrane to form
a stalk-like structure'. Further energy is required to open the fusion
pore as shown in figure 2B'®. The fusion of the vesicle to the
presynaptic membrane is hence believed to be energetically
unfavorable and several factors may contribute to the energy of

disrupting and merging membrane bilayers in the cell.



Cohen and Melikyan reported that the physical deformation and
fusing of the outer leaflets in the membrane bilayer to reach
hemifusion requires 40-50 kgT (kg = Boltzman constant, T =
temperature in Kelvin, 1 ksT = 0.593 kcal/mol)'®. Surface force
experiments determined that the energy provided by assembling a
SNARE complex is 35 kgT '". Martens and McMahan estimated the
energy release from the buckling of membrane leaflets to stalk
formation mediated by Synaptotagmin — SNARE activation is 20
keT'®. It is postulated that the SNARE stabilization energy together
with the latter energy release due to membrane perturbation reduces
and overcomes the energy barrier between negatively charged lipids

in membranes.

With recent work elucidating the importance of several other
proteins in this SNARE-mediated fusion, a clear structural
mechanism for exocytosis is still lacking. The SNARE complex alone
does not regulate the sub-millisecond membrane fusion event, and
this is a role that accessory proteins and phospholipids play in this

process.



The SNARE Paradigm

The SNARE family of proteins is ubiquitous in the cell secretory pathway'®.
Schekman’s discovery of the yeast, S. cerevisiae, sec22 family, in 1979, paved
the way to identify the family of proteins essential for secretion and integral to
membrane trafficking in the secretory pathwayzo. The cell secretory pathway
involves vesicle or membrane trafficking from the ER to the Golgi and to other
cellular compartments. Neuronal exocytosis is part of this protein transport
mechanism that can be triggered electrically or chemically?’. When an action
potential reaches the nerve terminus, the neuronal exocytosis occurs quickly to

facilitate neurotransmitter release for cell communication and signaling.

Neuronal exocytosis involves two types of events, asynchronous and
synchronous release. The slower asynchronous release occurs in few hundred
milliseconds and is more sporadic and spontaneous. It is not believed to be
important in neurotransmission since it gets outcompeted by the far more
efficient synchronous release’. However the asynchronous release is thought to
have a physiological importance in shaping neural function”. Synchronous
release is only triggered by a Ca®" signal and results in the complete fusion of
hundreds of vesicles within sub-millisecond timing. Determining how
synchronous release occurs in sub-millisecond timescale has been the subject of
an intense research effort??. In 1993, Rothman and colleagues discovered the

SNARE complex as the protein specific to vesicle trafficking and fusion®® 2. How
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do the SNAREs accomplish this energetically unfavorable activity? The answer

lies in the biochemical and biophysical properties of the SNARE proteins and

their structure.

The importance of SNAREs was highlighted when it was found that the SNAREs
were targets of clostridial neurotoxin (CNT) light chain proteases such as
Botulinum and Tetanus®®. The cleaving or proteolysis of the neurotoxins on
Synaptobrevin resulted in inability of SNARE complex formation and

consequently, the inhibition of vesicle fusion in neuronal exocytosis.

The SNARE proteins are evolutionary conserved and homologous, with different
isoforms being involved in various exocytosis processes in the cell secretory
pathway. Exocytosis in endocrine cells is mediated by this same fusion
machinery (SNAREs) as well as the SM-proteins and synaptotagmin, which
were discovered in the synapse®. SNAREs are also involved in insulin secretion
in endocrine cells though the timescale is reported to be slower at a few hundred

milliseconds?” %,
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Figure 3. Crystal structure of individual SNARE protein domains and core complex with complexin (taken
from Jahn and Fasshauer, 2012)

The individual SNARE proteins include of Synaptobrevin, Syntaxin and SNAP-
25. Synaptobrevin (Syb), shown as blue in Figure 3, is a synaptic vesicle -
bound protein and also known as VAMP (vesicle-associated membrane
protein)®. It has a transmembrane region (TMR) and a highly conserved motif
that shares the SNARE core domain. As illustrated in figure 3, it falls in the
subtype R-SNARE since it contributes arginine in its middle ionic layer in the
SNARE core motif®°. Syntaxin also has a transmembrane region that spans into
the plasma membrane of the presynaptic cell. It has two characteristic motifs,
one of which is the highly conserved SNARE motif, H3, and is connected by a
flexible linker to the other: the Habc domain®. The H3 domain, Qa, is in red in
figure 3 while the Habc domain is in orange. The SNARE motif of Syntaxin, the
H3 domain, has the subtype Qa since it contributes one of the three glutamine

residues in the SNARE ionic layer. SNAP-25 (synaptosome-associated protein
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of 25 kDa) unlike the other two SNARE proteins is a cytosolic protein lacking

the TMR. However, it resides on the plasma membrane postulated to be
anchored by cysteine-palmitoylation?®. SNAP-25 is a double helical protein in
which both its helices make up the SNARE core motif, Qb and Qc, shown in
green in figure 3. Hence the SNARE core made up of four helices from the three

proteins is known as the ternary SNARE complex.

+8 +7 +6+5+4 43 42 +1 01 2 -3 4 -5 6 -7

e —_
—

et —— ———

Figure 4. Q- and R- SNARE core complex with the conserved central ionic layer (taken from Sutton,1998)

The importance of Synaptobrevin and SNAP-25 was confirmed when double
knockout mice of Synaptobrevin and its homolog, Cellubrevin, were found to
completely hinder Ca?*- triggered exocytosis®” *'. The assembly of the SNARE
protein into the core complex by its zippering mechanism was established when
a 2.4 A crystal structure of the neuronal SNARE complex was determined®. The
SNARE complex is a parallel four-helix bundle and it is the assembly of this
bundle that appears to drive fusion. The ternary SNARE complex, as shown in
figure 4 consists of sixteen hydrophobic layers, which are formed by interacting
side-chains from each of the helices. As mentioned earlier and as shown figure
4, each of the four helices contribute a residue to the central ionic layer, arginine
and three glutamines, classifying the SNARE proteins to their characteristic
subtypes R, Qa, Qb and Qc. The feature of these hydrophobic and ionic layers is

evolutionarily conserved in the SNARE family*> and mutating the ionic layer
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decreases the stability of the SNARE complex resulting in inefficient

membrane trafficking®*>®. The endosomal SNARE core complex has also been
found to adopt a very similar structure to the post-fusion coiled-coil helical bundle
in neuronal SNAREs, emphasizing the structural conservation of the SNAREs*.
The formation of the ternary SNARE complex from individual proteins that are
disordered is postulated to be represent a free energy change of AG= -38
kcal/mol®® 3°. This shows that there is a highly favorable interaction between the
SNARE proteins. The neuronal SNARE complex has also been found to be
extremely stable thermally and chemically, with resistance to boiling and

denaturation by strong detergents®.

While the SNAREs have been found to be critical in neuronal exocytosis, the
exact mechanism of action or the biophysical basis of how they are able to
induce pore opening is uncharacterized. One of the generally accepted models
for SNARE function is that the zippering or complex formation of the SNAREs
creates a mechanical force on the opposing membranes that induces fusion®*.
The “zipper” model, figure 2, hypothesizes the SNARE core complex assembles
or zippers from the membrane-distal amino termini to the membrane-proximal
carboxyl termini*®. This ‘zippering’ to form a highly stable complex physically
enables the merger of lipid membranes by straining and deforming the
hydrophilic-hydrophobic boundary®*. The number of SNARE complexes required
for the fusion event is another question of current interest. Different groups have

shown in vitro experiments with liposomes showing SNAREs alone can induce
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fusion events, which ranged from 1 to 15 SNAREs as being sufficient for

membrane fusion®’ 3% 38 39,

The relationship of the juxta-membrane linker region, between the
transmembrane region and the SNARE motif, of Synaptobrevin with the ability of
the SNARE complex to drive fusion was also delineated*’. Since the SNARE
complex relies heavily on its respective membrane anchor on the opposing
vesicle and plasma membrane for its role, the function of the flexible linker that
connects the SNARE motif to the membrane was investigated. Experiments
using high-resolution membrane capacitance measurements and amperometry
showed that increasing the length of the juxtamembrane linker in Synaptobrevin
reduced the primed stage of chromaffin granules in mice®. It was concluded that
the shorter inter-membrane distance created by the linker was essential for
generating the necessary mechanical strain on the bilayers. The juxtamembrane
linker regions of both Synaptobrevin and Syntaxin also contain clusters of basic
residues that promote membrane association of the linker through electrostatic

interactions*" #2.

SNAREs may also play a role in the docking and priming of the vesicle to the
presynaptic plasma membrane. The physiological process in neuronal signaling
involves many events that ultimately lead to synchronous release following the
Ca** trigger. The docking and priming steps that place vesicles at the active-zone

of fusion are important in accounting for the rapid timescale of the fusion
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process. Just like the complexity of this neuronal fusion event, we can also

look at the simpler version where the role of the SNAREs is to set the hundred of
vesicles in a release ready (on-the-go) to prompt fusion to occur upon influx of
Ca?* in the event of an action potential. Several proteins like the Rab, GTPase,
Calmodulin, RIM and Doc proteins have been implicated in vesicle tethering and
docking, which brings the vesicle within 50nm of target membrane®. The role of
the SNAREs in priming vesicles is to set the hundreds of vesicles in a release
ready (on-the-go) to prompt fusion to occur upon influx of Ca®* in the event of an
action potential. This priming involves setting the vesicle within 20nm of the
target membrane, and preparing the systems for the final exocytosis step*> **. In
vitro experiments show that fusion is possible with the SNAREs alone, however,

the SNAREs may not necessarily go through normal docking and priming states

and Synaptotagmin, which triggers rapid fusion, is not present.

C2 domains and Synaptotagmin

There are a number of Ca?* sensor proteins with differing roles in the calcium
signaling pathways. Calmodulin, Doc2, Synaptotagmin (Syt) and the neuronal
calcium sensor (NCS) protein family have been found to be involved in a wide
range of Ca®" signaling events in the neurons*> “°. Matthew et al. first identified
Synaptotagmin in 1981, as being localized in synaptic vesicles and LDCVs®.
Almost a decade later, Sudhof determined the primary structure of Syt 1, and
elucidated the role of the Ca®" sensor in triggering synchronous exocytosis*®.

While there are 16 isoforms in the synaptotagmin family, Syt 1 is the fast ca*
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sensor, has been the most extensively studied.
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Figure 5. Synaptotagmin family and structure b) N-terminal TMR connected to a flexible linker and C2
domains (images taken from Kaeser 2014 and Herrick 2009).

As shown in figure 5, synaptotagmin is a membrane protein which has a N-
terminal intravesicular sequence, transmembrane region (TMR) connected by a
linker sequence to two of its cytoplasmic C2 domains, C2A and C2B, which are
Ca**-binding modules*® *°. The C2 domain is named after the second conserved
domain in PKC, and it is sometimes functions as a Ca®" binding and
phospholipid-binding module?®. However not all C2 domains or C2 domains in
Synaptotagmin isoforms have affinity for Ca?*. Three isoforms of Synaptotagmin,
Syt1, Syt2 and Syt9, have been found to be involved in Ca®* binding at the

synapse, however each plays a distinct roles in exocytosis'.

The crystal structure of Syt 3 and the NMR structures of the C2A and C2B

domains revealed that the secondary structure of the domains consist of eight

stranded B-sandwich each having flexible loops for Ca®* binding®" *2.



C2A

Figure 6. Residues involved in Ca®" - coordination in binding loops of C2A and C2B domain (taken from
Zhang 1998 and Ubach 2001).

As shown in figure 6, the C2A domain binds three Ca** ions and the C2B domain

binds two Ca®' ions®® %3

. In each domain, five acidic aspartate side chains
coordinate with Ca®*. In the C2A domain, residues D172, D178, D230, D232, and
D238 mediate binding. While residues D303, D309, D363, D365, and D371 are
involved in Ca?* binding in the C2B domain. Mutating these residues has been
found to impair the Ca?* sensitivity of Synaptotagmin and cause defects in
synchronous release®. Further proof that Synaptotagmin was the Ca®* sensor in

synaptic transmission was obtained from experiments that genetically rescued

evoked release®*.

The basal level of intracellular Ca®* is in the range of 40-100 nM. Changes to this
local concentration of Ca®* in neurons stimulates neuronal exocytosis*®. Syt1 on
its own has a low mM affinity for Ca?* and it is believed to have an incomplete
coordination sphere (figure 6) for the divalent cation. In the presence of
negatively charged phospholipid headgroups, the coordination sites are

complete; increasing the Ca?* affinity by up to 1000-fold>*. Hence, the uptake of
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the Ca? by Syt1 triggers an interaction that has been implicated to be

electrostatic in nature and driven by hydrophobic interaction of the loops to the

lipid membrane.

(a) (b)

Synchronous Release Asynchronous Release
(wild-type) (synaptotagmin-1 KO)
¥
__J1oA __j02nA
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Figure 7. Synchronous and asynchronous release detected by whole-cell patch clamp recordings (taken
from Pang 2010)

Studies have shown that Syt1 knockouts affect the rapid synchronous release in
excitatory hippocampal neurons as shown in figure 7°°. This was done by
amperometry and whole cell patch clamp studies where a dramatic increase in
the current occurs following Ca?* triggered fast release. Syt1 was shown to be

critical to the size of the vesicle fusion event®>%®.

While many different fusion
process occur by a similar process as that of neurotransmitter release, processes
such as hormonal release from endocrine cells occurs on a much slower time
scale. This is thought to be due to less efficient mechanism of priming the

vesicles near the release sites hence not being tightly coupled to the Ca?*

channels’.

Synaptotagmin is also hypothesized to be responsible for switching the

asynchronous release into the synchronous component, by inhibiting fusion until

2+ 1

the influx Ca®” . Members of the C2 domain protein family and Synaptotagmin
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have also been proposed to facilitate membrane fusion by inducing membrane

curvature®.

The C2B domain has been found to be more critical to Synaptotagmin’s role in
neurotransmission than C2A. Unlike C2B, electrophysiological studies showed
that alteration of the C2A Ca?* binding motif by mutagenesis did not disrupt
synchronous release in vivo demonstrating that it has a less severe
consequence®. It has been postulated that C2B domain maybe involved in
communicating with the SNAREs or have a deeper interaction with other
negatively charged lipids like phosphatidylinositol 4,5-bisphosphate (PIP2), which

are available in the plasma membrane®’.
Key regulators: Complexin, Munc13 and Munc18

The importance of complexin was revealed when experiments using complexin
knockouts showed that Ca®* could not stimulate exocytosis, a response
equivalent to Synaptotagmin null mice®®. Till now, its exact role has not been
determined and it does not have a Ca®* binding site that is directly related to the
Ca* signal. It has been given an inhibitory as well as a stimulatory role in the
membrane fusion event. Complexin is a 15 kDa soluble protein and it has been
crystalized interacting with the SNAREs®® . The X-ray crystal structure suggests
that complexin binds to SNARE complex as if to stabilize it and has been
postulated by several groups to function as a clamp®" 2. In this clamping model

complexin is believed to block synaptic fusion by clamping or inhibiting the
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complete assembly of the SNAREs until the Ca®* signal arrives. In this manner

it acts as a regulator for the synchronous fusion event.

Giraudo et al. published their finding that there is an intimate interaction between
SNARE and complexin which is essential for its regulatory role. The accessory
helix of Complexin is thought to bind to the membrane-proximal portion of the t-
SNARE (target SNARE - Syntaxin) impeding the zippering with the v-SNARE
(vesicle SNARE - Synaptobrevin) hence having an inhibitory role until the signal
for fast fusion arrives® 2°. It is believed this ‘clamping’ function of Complexin is
also necessary for activating the full zippering of the SNAREs and completing the

fusion steps.

The Sec1/Munc18 (SM) protein was first found to be of interest when it was
purified bound to Syntaxin26. Identifying Munc18 in mice was a revelation since it
is homologous to the Sec1 protein in yeast. A series of genetic screening and
deletions of the synaptic Munc18 impaired neurotransmission even more strongly
than Synaptobrevin knockouts®®. This shows that the Sec1/Munc18 family of

proteins are intricately involved in the cell secretory pathway.

Munc13 contains several domains such as the regulatory alpha helical MUN
domain and the Ca?* binding domain, C2B® . Electrophysiological experiments
on Munc13 knock outs in hippocampal neurons established that MUN domain

could rescue function, highlighting its importance in exocytosis®. Another group
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reported that Munc13 affects the function of Syntaxin by directly regulating its

open conformation for fusion® . Interestingly, it was found that C2B was the only
C2 domain in Munc13 to bind Ca®* and it interacted with phospholipids with an

affinity for negatively charged phosphatidylinositol phosphates like PIP and PIP-

66

SNARE and Synaptotagmin mechanism of action

While there are different models for how these fusion proteins regulate
synchronous release, the general consensus is that the SNAREs and
Synaptotagmin form a minimal machinery for Ca?* dependent fast release. There
is no model that accurately provides the structural information for the coupling of
the SNARE complex and Synaptotagmin. The exact role of Synaptotagmin
especially has been hard to pin down since it has been found to interact with the
SNAREs as well as lipid membranes separately. The prevalent model for

membrane fusion and release will be discussed in this section.

Tucker et al. were able to study the fusion event mediated by SNAREs
reconstituted into vesicles and Synaptotagmin in the presence of Ca®" °.
Disruption of the SNARE formation by cleaving Synaptobrevin impaired the
fusion. Similarly, removing the Ca** binding capability in Synaptotagmin mutants
abolished fusion. The confounding question of what the molecular mechanism of

the SNAREs and Synaptotagmin is and how they coordinate fusion has been of

great interest. Do they interact with each other when Ca* signal arrives? The



20
binding affinity, Kq between SNARE and Synaptotagmin was reported to be in

the weak micromolar range®. While a 1D NMR experiment done by Zhou et al.
reported a much higher apparent K4 of 2uM which was claimed not to be under
saturating conditions®®. While the membrane binding affinity of Synaptotagmin
has been reported to be in the low micromolar range suggesting a tighter
interaction’®. The hypothesis that the SNAREs and Synaptotagmin interact is
well liked because of the intricate level of synchronization required between the

two for the fusion to be exact and accomplished so precisely.

Brunger’s group published a model based on their single molecule FRET studies

that portrayed Synaptotagmin interacting in a specific manner to the SNAREs "

C2A

Figure 8. smFRET derived model of Syt1-SNARE interaction in different view angle (taken from Choi 2010)
As shown in figure 8, the membrane reconstituted SNARE complex and the
cytoplasmic synaptotagmin domain were fluorescently labeled at various

positions and the largest populated FRET signals between the two were used to
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generate the model’". It shows that the ‘bottom’ face of C2B domain where the

two highly conserved arginine residues (in red sticks, opposite the Ca?* loops),
interact with SNAP25 in the SNARE complex. The model also portrays both the
Ca* binding loops in C2A and C2B domain are pointing away from the SNARE
complex — as if to facilitate its primary function which is to bind membranes in
Ca*" presence’'. However there was no mention of the polybasic face of
Synaptotagmin which has been shown to interact with the SNAREs through NMR
and EPR (Electron Paramagnetic Resonance) experiments °% 727 The
experiment was also conducted in membranes containing only
phosphatidylcholine (PC). The ca* binding function of Synaptotagmin requires

negatively charged lipid, phosphatidylserine (PS)>*.

Another model proposed by Rizo’s group, showed that Synaptotagmin in the
presence of Ca®" binds to phospholipids and SNARE complex simultaneously
forming a quaternary SNARE-synaptotagmin-Ca2+—phosphoIipid complex 2 The
model generated from those data portrayed the polybasic face of synaptotagmin
interacting with the SNAREs while the C2 domains inserted into the bilayer in a
Ca*" dependent manner. However the NMR data on synaptotagmin showing
perturbations, or chemical shift changes, in the presence of the SNARE complex
was done in the absence of Ca®" due to experimental artifacts. Since neither of
the models from Brunger’s and Rizo’s group was done in physiological conditions
for synaptotagmin’s function, it is hard to judge the merits of the proposed

models. On the other hand, EPR studies done by Lai et al. reported that the
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interaction made by the SNAREs and Synaptotagmin is instead weak and

forms a complex that is structurally heterogeneous’.

Arg 398, 399
Ca?*-binding
loop 2

polybasic
face

Figure 9. EPR studies on Syt1 C2AB qualitatively indicate several sites showing SNARE interaction (taken
from Lai 2011)

Synaptotagmin, C2AB, was spin labeled with a methanethiosulfonothioate spin
label (MTSL) at various positions and the SNARE complex was added in excess.
EPR experiments based on CW lineshapes and pulsed DEER measurements
were used to analyze the structure of the synaptotagmin/SNARE complex. While
the arginine apex or the ‘bottom’ face of C2B domain did experience contact with
the SNARE complex just like the smFRET model indicated, it was also shown
that other regions (colored in red) in Synaptotagmin experienced SNARE
contact. A definite docking model between the two could not be generated that

included all the interactions observed.

A recent paper by Sudhof ’s group proposed that increasing the number of

SNAREs increased the Ca®* sensitivity and speed of the exocytosis process’.
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They used paired patch clamp recordings of the axon terminals and were able

to monitor release at a microsecond time resolution’. It was postulated that the
increase in SNARE complex also affected the Ca®* affinity of release due to
recruitment of more Ca®* sensors to the active zone. In his proposed mechanistic
model for fusion, he ruled out the opening of the regulatory motif Hapc domain in
Syntaxin, which has been implicated in an inhibitory role for SNARE formation
once the Ca** signal arrives, due to the impracticality of the complex steps to
execute within the hundreds of microsecond time limit. As has been the popular
view of the priming stage, he proposed that partial assembly of the SNAREs is

necessary before the Ca* signal.

While there is more to the complex field of membrane fusion and the cell
secretory pathway, a great deal of work has focused on elucidation of the key
functions of proteins like synaptotagmin. Synaptotagmin acts as the calcium
sensor in neuronal exocytosis and one well-defined function of synaptotagmin is
to bind membranes containing negatively charged lipids, PS, in the presence of
Ca*". This interaction alone may result in the exocytosis of hundreds of vesicles

in a coordinated fashion.

Biochemistry of the cell membrane

The type and amount of charged lipids in the vesicle and cell membrane are
important in influencing synaptotagmin and other effector proteins in their

function.
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Figure 10. Molecular analysis of a purified synaptic vesicle (taken from Takamori 2006)

In figure 10b, the vesicle is heavily covered by a large number of integral
membrane proteins’. A major and thorough experimental analysis of the protein
and lipid components in purified synaptic vesicles (SVs) from rat brain was
performed by Takamori and colleagues’. Through mass spectrometry, they were
able to accurately quantitate the size and mass of the synaptic vesicle and
account for the proteins and lipid composition in the trafficking organelle. It was
found that an average synaptic vesicle had a diameter of 41.6 nm with a mass of
17.8 MDa’®. The protein stoichiometry yielded a surprisingly high surface density
of Synaptobrevin compared to the 80 other proteins identified. About 70 copies of
Synaptobrevin, 15 copies of Synaptotagmin, 6 of Syntaxin 1 and 2 of SNAP-25
were found to reside per synaptic vesicle’. The low number of Syntaxin and
SNAP 25 is not surprising since they are ubiquitously found in intracellular
membrane compartments, especially on the plasma membrane of the

presynaptic cell. As for the lipid composition, it was found that
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phosphatidylcholine, a zwitterionic phospholipid, accounted for majority of the

lipid in the vesicle while negatively charged phosphatidylserine (PS) accounted
for 12% and highly negatively charged phophatidylinositols (Pl variants) for less
than 2%"°. It is important to note that the precursors of signal transduction,
phosphorylated inositol lipids, are found in the plasma membrane in the
presynaptic terminal®.  For example, phosphatidylinositol 4,5-bisphosphate
(PIP2) has been found to localize in the plasma membrane and hence be
involved in membrane targeting since it is specific to several C2 domain

containing proteins like PKCa and Synaptotagmin 77+ 7879 78.76
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Figure 11. Chemical structure of prevalent phospholipids; POPC, POPS and PIP; (taken from Avanti Polar
Lipids)

Phosphatidylinositols
Signaling role of phosphatidylinositides in generating second messengers was

recognized in the 1980s 8% &

. It was found that phospholipase C-mediated
hydrolysis of PIP; yields a byproduct PI(1,4,5)P3; which regulates ca* signaling
and important phosphorylation mechanisms®’. The wide range of signaling roles
of phosphoinositides, some of which are to activate enzymes, include regulating

cytoskeletal assembly, membrane budding and fusion events®® ®. They were
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later recognized as important cofactors for some peripheral membrane binding

proteins aside from their second messenger role. Some of the earlier well-
studied proteins that bind to PIP, are MARCKS and pleckstrin homology (PH)
domains®. PIP, as seen in figure 11 has three phosphorylated positions on its
head group that gives rise to a high negative charge of -3, -4, -5 depending on

the local pH®2.

Second Messengers: Membrane
IP3, DAG, PIP3 Targeting

Other A i Enzyme
Functions Activity
Exocytosis, Cytoskeletal
Endocytosis Attachment

Figure 12. Multiple functions of phosphatidylinositol 4,5 —bisphosphate (PIP;) (taken from McLauglin 2002)

PIP, makes up only 1% of the phospholipid in plasma membrane of a cell,
however, it is the most abundant polyphosphoinositide in the cell®®. The
specificity of Synaptotagmin to phosphatidylinositides was first shown by Fukuda
in 1994%%. In particular the C2B domain was found to have a 1:1 stoichiometric
binding to PIP, and PIPs°. Protein Kinase Ca (PKCa) contains a highly
conserved C2 domain which usually functions in Ca** dependent membrane
docking and helps to activate a range of other intracellular protein-lipid events®.
While PKCa was known to bind to the negatively charged Ilipid,
phosphatidylserine (PS), it was discovered that PIP, was essential for the

membrane targeting role of PKCa®. EPR studies has been done to look at the
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membrane docking mechanism of C2 domains of PKCa and Synaptotagmin

since it has been reported to associate with the membranes with higher
specificity and affinity85' 8 It has been reported in both studies that the highly
conserved residues in the poly-lysine strand mediate the interaction of C2
domain to the PIP; containing lipid bilayer. Kuo et al., was able to show that the
addition of 1 mole percent acidic phospholipid PI(4,5)P2to 3:1 POPC:POPC large
unilamellar vesicles (LUVs) causes Ca?* bound Syt1 to drive bilayers closer from
43A to 35A"°. This ability to drive membranes closer could indicate a mechanism

by which the C2 domains in Synaptotagmin trigger fusion.

Figure 13. Superimposition of Syt1 C2B domain with C2 domain of PKCa bound to PIP; (taken from Bogaart
2012)

As seen in figure 13, the residues involved in the crystal structure of PKCa
binding to PIP; include lysine residues K197, K209 and K211, which corresponds
to residues K325, K327 and K313 in Syt C2B conserved polybasic strand "°. It
was proposed that there is cooperativity between PIP, and Ca? binding of
Synaptotagmin which may be a process underlying Ca** triggered membrane

fusion’®.
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Membrane electrostatic interactions and binding energetics

Membrane binding of proteins is driven by a number of forces, such as the
hydrophobic effect and electrostatic interactions'. It has been shown through in
vivo and in vitro studies that a number of proteins need hydrophobic residues
and a basic cluster of residues to associate with the plasma membrane for their
crucial biological function®. In particular, the presence of highly negatively
charged lipid PIP,, which is localized in the plasma membrane, has been shown
to be a membrane target for peripheral membrane proteins like PKCa,
myristoylated alanine-rich C kinase substrate (MARCKS) and Synaptotagmin. An
electrostatic ‘switch’ mechanism has also been proposed to account for the
membrane association of proteins . Do all of the electrostatic interactions work
through nonspecific association to membrane surfaces? Several studies have
indicated that poly-lysine residues in C2 protein domains have specificity to

phosphatidylinositides 7"+ 87:88.88

Electrostatic interactions play a role in the interaction of positively charged
peptides or proteins to negatively charged membrane surfaces. This interaction
is due to a long-range Coulombic interaction that becomes stronger as the
distance gets shorter. Once the protein gets very close to the membrane surface,
there is a desolvation penalty caused by the repulsion of polar water molecules™.
This penalty is due to the energy cost in displacing the water molecules from the
membrane surface. The free energy minimum of this electrostatic attraction

occurs at the thickness of a water layer where the long-range coulombic
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attraction is balanced by the short-range desolvation repulsion'. While

electrostatic interactions can be specific between certain charged functional
groups or molecules as shown by crystal structure of bound ligands, the
‘nonspecific’ interaction is more accurately defined by a molar partition coefficient
instead of a binding constant since there is no stoichiometric relationship in the
complex™. This specificity can be tested by using different isoforms with another

molecular structure of the ligand such as PI1(4,5)P, to PI(3,5)P-.

Ben-Tal et al. reported the binding energetics of basic lysine peptides to 2:1
PC/PS membranes at different ionic concentrations®®. It was found that peptides
with varying number of multiple Lysine residues (Lys3, Lys5 and Lys7) in 100mM
KCI resulted in binding energy of -1 kcal/mol per lysine residue®. It is understood
that this value would change in different concentration and type of negatively

charged lipids like PS and PIPa.

Research Aims

Several important proteins in the cell are able to bind to membranes through a
process driven by both hydrophobic and charged residues. It was reported by
Xue et al. that the C2B domain of Synaptagmin has two highly conserved key
arginine residues, R398 and R399, in the opposite face of its Ca®" binding
loops®. They showed that mutating these two key arginine residues virtually

abolished the synchronous release in mice hippocampal neurons. They
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hypothesized that the highly conserved positively charged residues are

important in a membrane-bridging role for the C2B domain that is necessary for
vesicle fusion. But they provided no data regarding the importance of these
residues in the docking of C2B. There are also a number of unanswered
questions. For example, how do two positively charged residues opposite the
Ca®" binding site alter the Ca?*-dependent phenotype? Do these residues
interact with the membrane or is there a more specific protein association,

perhaps with the SNARESs, involved in the action of C2B in exocytosis?

In another study, Park et al. established that ATP present in the cytoplasm
modulates Synaptotagmin’s ability to bind in a cis or trans conformation in the
presence of PIP in the plasma membrane®'. ATP with its four phosphate groups
is highly negatively charged (-4) and could compete with PIP, in binding to the
polybasic strand in C2B domain. While it is known that the highly conserved
polybasic strand has a higher affinity for phosphoinositides, it was proposed that
either ATP or PIP, has site coordination within the poly-lysine region, and that
(binding of ATP or PIP;) accounts for the different binding modes of
synaptotagmin91. One question that will be addressed in this thesis is whether
interactions with membrane associated PIP;, are specific or non-specific, and

whether binding is driven purely by electrostatic interactions.

Along with these important questions, another general goal of the research in this

thesis was to understand protein — membrane electrostatic interactions. How do
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the negatively charged residues in Synaptotagmin | (C2B) contribute to the

binding energetics to membranes in the cell? What are the roles of the critical
double arginines in neuronal fusion, and how are they different from positive
charged residues in the polybasic strand? Is the membrane binding of C2B truly
governed by specific coordination between the lysine residues in the polybasic
strand with PIP,. And do other polyelectrolytes like ATP modulate the binding
mode of Synaptotagmin by competing for the same binding sites? Do we need to
consider the effect of other physiologically available cations like Mg®* for the role
of ATP? And finally can we correlate the binding affinities between
Synaptatagmin and the charged species to the membrane binding mechanism of

Synaptotagmin?

Most importantly, the role of unspecific electrostatic interactions of proteins with
the lipid bilayer or other proteins is investigated to allow one to connect the
dynamic interplay of a cell signaling ‘switch’ mechanism, membrane fusion and
more. The questions above are investigated in this research thesis, and they
provide insight into the nature of the synaptotagmin 1 — membrane interaction,
which we believe is fundamental in triggering the neuronal fusion event.
Hopefully this work will facilitate future studies to unravel the events that

ultimately facilitate membrane fusion in the neuron.



2. Materials and Methods
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Expression and Purification:

DNA manipulation by site-directed mutagenesis

DNA of rat Syt1 (P12707) was acquired from Dr. Carl Creutz (Pharmacology
Department, University of Virginia) in the PGEX-KG vector encoding amino acid
residues 136-260 (Syt1 C2A), 249 -421 (Syt1 C2B), 96-421 (Syt1 C2AB) and
136-421 (Syt1 short C2AB: shC2AB). To produce the necessary plasmid, the
gene encoding residues 136-265 (~17.4 KD) from the wild type C2A domain was
ligated into the plasmid vector pGEX-kG following the coding region for GST*.
The single native cysteine residue at position 277 was mutated to alanine by
typical PCR strategies. Quick-change site-directed mutagenesis was performed
to produce the single and double glutamine mutants (R398Q and R398QR399Q)
on the C2AB T285C plasmid. Single cysteine mutants M173C, V304C, L323C,
K327C and T329C were produced on the shC2AB construct (136-421) and the
double mutants N396C and A415C were made on the C2B domain. For the
binding assay experiment, the arginine double mutants (R398QR399Q) and the
single and double lysine mutants (K326A and K326A K327A) were mutated on

the C2AB construct. All mutagenesis was confirmed by DNA sequencing.

Protein expression and purification

The syt1 C2A, C2B, C2AB constructs were encoded in a frame with glutathione-
S-transferase (GST tag)®®. The wildtype and mutant plasmids were expressed in
BL21 (DE3) pLysS cells (Invitrogen), and cells were grown in LB media until

ODsgoonm of 0.8 -1.0 was achieved and induced with 0.1M IPTG. After cells were
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let to shake for at least 6hrs at 20°C, they were spun down. Protein inhibitors,

AEBSF, leupeptin, aprotinin and Benzonase nuclease were added to the
resuspended cell pellet before being french-pressed to lyse the cell walls. The
cell debris was then spun down at 18 000rpm for half an hour. The resulting
supernatant was run through the GST affinity column to trap the GST-tagged
protein of interest. Thrombin cleavage of GST tag was also done in the
purification procedure, after which, steps were taken to remove the thrombin and
GST tag from the protein sample. After eluting with elution buffer (NaCl, MOPS,
pH), the protein was buffer exchanged with respective A (100mM NaCl) and B

buffer (800mM NaCl) as a preparatory step for ion-exchange chromatography.

The molecular weights (MW) of shC2A, C2B, shC2AB, and C2AB were 17.4kDa,
20.8kDa, 34.5kDa and 37.3kDa, respectively. SDS PAGE gels were run to
ensure the protein of interest was clean and of correct molecular size. The
maximum absorbance at 278nm was checked to make sure protein fractions
were pure from any nucleic acid contamination. The protein concentration was

determined with the Bradford Assay.

The isotopically labeled N' C2A and C2B domain for the NMR experiment had
some variation to how the cells were grown for protein expression. C2B and C2A
constructs were expressed in BL21 (DE3) pLysS cells and grown in minimal
media where ""NH4Cl was the sole nitrogen source. It was induced at ODgoonm Of

0.6-0.8 with 0.5M IPTG. The cells were let to further shake for 6 hours in 20°C
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before being pelleted for lysis. The cell lysate was spun down in a similar

manner as above and the supernatant extracted for affinity column purification

and an ion-exchange column.

The purified protein with a concentration of 0.4-0.8mM in NMR buffer (3mM
CaCly, 150mM NaCl, 50mM MES, pH 6.3) was used to perform 2D HSQC NMR
experiments. Titration of the ligands (o-phosphoserine, ATP, IP3) was done at
concentrations ranging from 0.05 — 4mM. The final protein sample had 10% D,0
and the NMR samples were placed in Shigemi tubes. The experiment was
conducted in Bruker 600MHz NMR spectrometer at temperature 27°C. The

standard was 50 yM DSS in the same buffer conditions.

The NMR data were processed in NMRpipe. The assignments were matched in
Sparky from the PDB NMR resonance assignments of C2A (PDB 1BYN) and

C2B (PDB 1K5W) from Rizo’s group®* %

Lipid Preparation

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS), L-a-phosphatidylinositol-4,5
bisphosphate (brain PI(4,5)P,) and 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-
phosphocholine (5-doxyl PC) were purchased from Avanti Polar Lipids. Large
Unilamellar Vesicles (LUVs) of 100mM concentration at the following molar ratios

were prepared:
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PCPS (3:1), PCPS (85:15), PCPS (4:1), PCPIP, (98:2), PCPIP, (95:5),

PCPSPIP, (87.5:10:2.5), PCPSPIP, (84.5:5:0.5), PCPS5-doxyl PC (74:25:1),

PCPIP,5doxylPC (97:2:1)

The lipids were dissolved in chloroform in a round bottom flask and mixed
uniformly in a rotary evaporator, while a vacuum was applied to dry the lipid
mixture into a thin film. The lipid film was vacuum desiccated overnight to remove
any residual chloroform. The dried down lipid mixture was resuspended in either
sucrose buffer (176mM sucrose, 1mM MOPS, pH7.0) or Ca®* buffer (1mM CaCls,
1mM MOPS, 100mM KCI, pH 7.0), and the lipid mixture was freeze-thawed five

times before being extruded through a 100nm polycarbonate filter.

For sucrose loaded LUVs, another wash step with Ca®* buffer was incorporated
to remove the external sucrose solution through an ultracentrifugation technique,
and then resuspended in Ca®* buffer. For experimental conditions that were
Ca**-free, a no- Ca?* buffer (1mM MOPS, 100mM KCI, pH 7.0) was added to the

LUVs instead.

For the doxyl-labeled PC experiment, 10mM NIiEDDA was added to the buffer for
resuspending the dried-down lipid mixture so that Ni was accessible to both the

inner and outer leaflet of the spin-labeled PC.
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Vesicle Sedimentation Assay

Peripheral membrane proteins often become active when they bind to membrane
surfaces.  Methods to quantitate this binding and determine the effects of
functional groups or lipid composition on binding can be very useful in
determining the molecular function of the protein. The equilibrium membrane
binding affinity may be measured using a vesicle sedimentation assay, and the
ultracentrifugation method established by Buser and Mchlaughlin in 1998 is a
well-documented approach to quantitate the protein membrane interactions®.
Equilibrium conditions are applied when doing this assay, which accurately

reports the lipid partition coefficient, making this technique extremely useful.

The conditions under which binding experiments are performed are important in
order to obtain accurate and meaningful results. The ionic strength has to be
physiological and the lipid to protein mole ratio has to be high enough to take
make sure the overall net surface charge density on the membrane is not altered

by protein binding.

The membrane binding assay used makes use of sucrose-loaded vesicles and
ultracentrifugation. Following the equilibration of the protein, the lipid vesicles are
pelleted and the concentration of the unbound protein is measured using intrinsic
protein tryptophan emission or the emission from a protein attached fluorophore.

Since the initial total protein concentration is known, the bound protein can be
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calculated to determine the fraction of protein bound. This is then used to plot

a binding isotherm with respect to the lipid concentration.

Vesicle + protein

=
Ultracentrifugation Free protein
—_—
»
o5

Vesicle -bound
protein

Figure 14. Ultracentrifugation technique to separate the membrane bound protein from the unbound (free)
protein

This ultracentrifugation technique was used to measure the membrane binding
affinity, K, of C2AB mutants in different lipid compositions. For tryptophan-based
emission experiments, a final protein concentration of 0.1uM were added to
sucrose loaded LUVs at final concentrations ranging from 0.02-15mM lipid. They
were incubated in room temperature for 10 minutes before being centrifuged at
160,000g for an hour. The supernatant was extracted and the concentration of

unbound protein determined.

Bodipy FL C1-IA or bodipy maleimide labeling on C2AB was used to repeat the
measurements at lower protein concentrations confirmed the minimum lipid to
protein molar ratio necessary to obtain a true binding constant, K. Similar binding
affinities, K, for PC:PS LUVs were achieved when lipid to protein ratio was at

least 140:1.
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For each experimental condition, at least two measurements of the fraction of

bound protein, fb, were made to determine a molar partition coefficient, K, which
is defined as:
[Plm/ [L] = K[P]

Equation 2.1

Where, [P] is the concentration of protein in the bulk aqueous phase, [P]n is the
molar concentration of protein bound to the membrane, and [L] is the molar
concentration of accessible lipid. Provided that the protein concentrations are
dilute on the membrane surface ([lipid]>>[protein]), the fraction of protein, f,, will
be given by:

fo = K[L)/1+K[L]

Equation 2.2

The value of K (M'1) was derived when the data plot was fit using this equation in

OriginPro 7.5.

Single cysteine mutations in C2AB (269C and A123C) were labeled with bodipy
maleimide to examine the binding affinity at very low protein concentrations. This
allowed us to determine whether the lipid: protein mole ratios were sufficiently
large to obtain a binding constant that represented a true protein-membrane
affinity. Under sufficiently dilute conditions, the binding constant, K, will remain
unchanged as the lipid: protein ratio is increased. It was found that a minimum

lipid to protein ratio of 140:1 gave a K that remained consistent. A phosphate
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assay by Ames B.N., 1966 was performed on the sucrose-loaded vesicles to

verify the lipid concentrations for each experimental preparation®.

Phosphate Assay

A phosphate assay protocol is used to quantitate the amount or concentration of
lipid for the different preparations of the large unilamellar vesicles (LUVs)95. First,
eight tubes of phosphate standards (ranging from 0 to 0.2umol) were prepared
from 0.1mM KH2PO4 and dried overnight in the oven. Next, 5uL of the 100mM
sucrose-loaded vesicles were added to glass tubes in triplicates. These samples

were dried down in the oven at 125°C for half an hour.

Then, 200uL of 10% Mg(NOs3). solution was added to each of the standards as
well as the sample tubes. This mixture was further dried down in the oven. The
tubes were removed from the oven, and flamed at the bottom so that the
reagents could further react and form a white solid byproduct. Then, to each
tube, 1.0mL of 0.5N HCI was added and vortexed to completely dissolve the

white solid.

The mixture in the tubes was further heated in the oven for half an hour while
being covered by marbles. Next, 2mL of a mixture containing 6 part ammonium
molybdate (dissolved in 10% H2SO4) and 1 part 10% ascorbic acid was added to
each tube. The reaction samples were then incubated in a 45°C water bath for
half an hour before being analyzed spectroscopically for the phosphate content.

To quantitate the phosphate level in each sample, the absorbance of the
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standards and samples were recorded at 820nm on UV/Vis spectrometer. The

absorbance of the standards were used to create a linear calibration curve

whereupon, the concentration of the samples could be analyzed from.
Spin-labeling and cw-EPR spectrum acquisition

The purified single cysteine mutants are spin labeled with MTSL. It was spin
labeled with MTSL at a 1:1:10 molar ratio of protein:DTT:MTSL and incubated
in the dark for 2 hours in room temperature or overnight at 4°C. The excess free
spin was desalted out using a desalting column from HiPrep 16/10 desalting
column from GE healthcare. The spin-labeled sample is then concentrated to

100-200uM in a 10K ultra-centrifugal unit (Amicon Ultra 10).

About 8uL of the concentrate sample were loaded onto glass capillaries with an
outer diameter (0.d.) of 0.84mm (VitroCom, NJ). The Varian E-line X-band
spectrometer fitted with a loop-gap resonator (Medical Advance, Milawakee, WI)
or a Bruker EMX spectrometer with a ER 4123D dielectric resonator were used
to acquire the EPR spectra®™. The spectra were recorded at a 2mW microwave
power with a magnetic field sweep width of 100 gauss. The spectra were
normalized for the total spin number so that the peak amplitude would
approximate the extent of the motional averaging of the R1 side-chain®. The
program BasePhaseNT by Dr. Christian Altenbach was used to normalize the

spectra.
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Power Saturation

Continuous wave (CW) power saturation measurements were carried out using
the Bruker EMX spectrometer (ER 4123D dielectric resonator). Accessibility
parameters, 1, and depth parameters, ®, were calculated by getting the Pq),
(figure 22) values from the saturating behavior of samples with respect to
secondary paramagnetic reagents: Ni(l)EDDA and O, ¥. Power saturation
experiments were done by measuring the peak-to-peak amplitude *® (Figure 24)
of the central line of the first derivative EPR spectra in progressive incident
microwave power (MW) ranging from 0.25 to 64 mW in 12 steps. The power
saturation curves were obtained in the three different conditions of Oz, N> and
10mM Ni(Il)EDDA . The P4 value is the microwave power that gives the

resonance amplitude at half of its unsaturated value of a sample.

A semi-permeable TPX capillary is used to hold about 6uL of the sample. The
P12 (N2) is obtained after purging the sample with N2 gas for 15 minutes and
power saturating the sample in the presence of the N2 gas. This way P12 (N2)
can be used to account for signal arising from the background. The power
saturation measurement with the Ni(I[)EDDA probe was also carried out in the
presence of the N, gas after purging the sample with N, gas for 15 minutes to
displace the oxygen from sample. Though 10mM of Ni(Il)EDDA was used, the
APy values were scaled to an effective concentration of 20mM . The

accessibility parameter, 1, of O, and Ni(Il)EDDA , can be calculated from Eqgn
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2.20. Consequently, the depth parameter, ®, can be calculated from Eqgn

2.23. The depth parameter, ®, can tell us the location of the protein-bound spin

label with respect to the membrane surface.

DEER samples

The double mutant, N396C A415C, on C2B was purified using the regular
purification protocol as mentioned in the earlier section. Running a SDS gel and
using UV-vis spectrometer for maximum absorbance at 278nm checked for the
protein purity. The protein was spin-labeled such that the mole ratio of
protein:DTT:MTSL was 1:1:10. The spin-labeling efficiency on both sites were
checked by running the cw-EPR spectrum of the individual single labeled C2B
415R1 and C2B 396R1 and adding the spectra together to yield the resultant
spectrum from both labels. This additive spectra from the single labeled C2B
415R1 and C2B 396R1 was compared with the double labeled C2B 396R1

415R1.

The double labeled C2B 396R1 415R1 was then used to prepare the DEER
sample which had a final concentration of 10% or 50% (by weight) deuterated
glycerol (d-glycerol). The glycerol acts as a cryoprotectant as well as a glassing
agent since the samples are flash-frozen to be run for the DEER experiment (see
EPR Pulse DEER section)®. For the membrane bound protein sample, LUVs

were added to the protein sample at a 1:200 protein: lipid mole ratio.
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Magnetic Resonance

Spectroscopic methods utilize the absorption of radiation by a molecule to initiate
energy-level transitions. Among spectroscopic techniques, magnetic resonance
spectroscopy lies in the lower energy microwave and radiofrequency range of the
electromagnetic spectrum'®. Magnetic resonance makes use of the intrinsic
spins of nuclei and electrons to measure their interactions with an external
magnetic field which is relatively weak compared to the higher frequency X -rays
and UV-Vis interactions'®. Magnetic resonance can yield valuable information on

the molecule’s local electrical and magnetic environment.

Nuclear and Electronic Spin
Electrons and nuclei have an angular momentum or spin that is quantized. In the
absence of a magnetic field, the energy levels of the different spin states are

degenerate, but in the presence of an applied magnetic field, B, the energy levels

of different spin states result are different. '°'.

B B

Ao !
v

Low energy High energy
Figure 15. Spin quantum states of magnetic energy

If the spin magnetic moment, , is aligned parallel to the vector of the magnetic

101

field, B, the spin is in its lowest energy state ~". While the anti-parallel projection

of y along the magnetic field, B, dictates a high energy state.
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The electromagnetic field in its classical description has two vectors, the

electric field and the magnetic field'®'. Unlike other forms of spectroscopy, the
magnetic field component is what perturbs the behavior of the spins and allows
us to study the spin interaction with the electromagnetic radiation'®. In order to
understand the phenomenon that induces the transition of spins in the lower
stable state to the higher, one must understand that the energy required is in the
form of one discrete packet - a photon'®. The idea of a photon or “packet” of
energy is that the energy of the radiation must be exactly the energy difference,
AE, between the two states. This is given by Planck’s law, AE = hv, where h is
the universal Planck’'s constant and v is the electromagnetic radiation

frequency'®.

B = excited state

AE = h(vg- Vq)

v __a = ground state
Figure 16. Resonance spin transition in a magnetic field

Only the electromagnetic radiation of the correct frequency, vqg, can excite the
spin and induce an energy transition hence creating resonance'®. The energy,
E, of the magnetic moment, p, oriented in the magnetic field is denoted by:

=-uB

Equation 2.3
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The relation between the nucleus or electron magnetic moment and its spin is:

W= -gBS
Equation 2.4

Where g is the proportionality constant, 3 is the Bohr magneton and S is the spin
for the electron.
M= gnfnl

Equation 1.5

Here gn is the nuclear proportionality constant, 3, is the nuclear magneton and |
is the nuclear spin. The minus sign for the electron magnetic moment is due to its
magnetic moment and its spin being in opposite directions'®. The mass of the
electron is about 2000 times larger than the proton and taking into account the
gyromagnetic ratios between the electron and the proton, the sensitivity of the

electron is 700 times more than "H '%.

The Zeeman Effect

In order to understand the energy transition of spins, we have to go back to the
interactions with the applied magnetic field, B. The spin states of electrons and
the nucleus that have a net spin will split its energy levels from a degenerate,
energetically equivalent state to a non-degenerate state in the presence of a
magnetic field'®?. This primary interaction of the spin with the magnetic field is

known as the Zeeman effect.
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Figure 17. The Zeeman effect — energy level splitting in increasing magnetic field

It is important to understand the fundamental behavior of this energy splitting of a
nuclei and electron which depends on the quantized property of the spin'®. The
nuclear spin quantum number, |, dictates the number of allowed transition states
or orientations relative to the magnetic field that the spins can occupy'®® '%.
Hence, the number of levels (n) is equal to (21+1). For a nuclei or electron with |1=
1/2, the allowed energy states are given by the values of M, = -1/2, 0, +1/2. The
diagram in figure 17, shows the increasing energy difference of the two spin
quantum states Ms= -1/2 and Ms= +1/2 dependent on the magnetic field
magnitude.

The energy absorbed for the excitation of the spin to the higher energy level, 3, is
also denoted by:

AEq= hyB

Equation 2.6

where h is Planck’s constant divided by 21, and y is the gyromagnetic ratio of the

nucleus and is a constant for a specific magnetic species'®® "%, Translating the
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energy from the frequency of the transition to the angular frequency, w, which

is often used in NMR:

2TIVap = W

Equation 2.7
AEq =N Wep

Equation 2.8

Hence, wqe =YB
The classical Boltzmann equation determines the relative population in the low

energy, a, and the higher energy, B, states at thermal equilibrium:

Np/Ng = e” (-AEqg/KT)
Equation 2.9

Where k is the Boltzmann constant and T is the temperature in Kelvin. The ANgg
between the two energy states typically yields a very tiny population difference at
room temperature which correlates to a weak sensitivity of the absorption
technique'®. Hence applying a higher frequency, v, or increasing the magnetic
field (B) directly results in an increase in the energy level and a bigger population

difference, ANgg, which gives better sensitivity and resolution.

Hyperfine splitting
While the external magnetic field, B, is required to generate the non-degenerate
energy states, there are also other local smaller magnetic interactions that

influence the energy splitting of quantum states'®. The term ‘hyperfine’ arises
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from the further splitting of the zeeman peak due to the electron spin

interactions with the neighboring nuclei spin'®. This is otherwise known as ‘Spin-
Spin’ splitting in NMR. When the electron spin, S, experiences the applied field,
B, it is also subjected to the magnetic field, B, from the nearby nuclear magnetic
moment. Hence, for nuclear spin |= 7%, this causes the electron spin to essentially
experience both the different magnetic fields resulting in the splitting of the EPR

line into two'°.

Y

-1/2

Absorption

>
B

Figure 18. Hyperfine interaction splits energy levels at a constant frequency, v

Figure 18 illustrates how the hyperfine interaction with neighboring nuclei (I= %)
can split a single transition AEqg into a doublet. In the diagram, the electron spin
quantum states, Ms, splits into the nuclear spin quantum states, M, The
absorption of the energy with a radiation of fixed frequency corresponds to the

excitation along the magnetic field, B. Such spin-spin interaction can further be
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influenced by the presence of other nearby nuclei inducing more splitting of

energy levels.

Spin-Lattice relaxation

As we discussed how the transition from the ground state to the higher energy
level occurs and how the population differences are determined, we verified that
it is the Boltzmann distribution, which allows us to understand this relationship.
The population at thermal equilibrium is the more energetically favorable
condition and the ratio of the number of spins in the two levels can be calculated
by using the thermal energy, kT for the equation (Boltzmann). In order to detect
a considerable magnetic absorption, it is customary that spins are excited as a

group instead as an individual entity.

As mentioned in the earlier section, the population difference is so tiny due to the
insufficient energy splitting, especially in NMR, that the ratio can be close to unity
in normal room temperature’®. Hence, some experiments are conducted at low
temperatures to enhance this sensitivity. During the experiment where resonance
absorbance is taking place, the spin populations will start to saturate and
equalize and no further excitation can take place. This is alleviated by other
mechanisms for spin relaxation where the induced energy is lost and the spin
returns to the low energy level. One of the mechanisms for this is the spin-lattice
relaxation and it is characterized by its spin-lattice relaxation time, T4. In its
simple definition, it is the loss of the energy of the spin to its external group of

molecules (crystal lattice) surrounding the spin'®. The time constant, T4, is also
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known as the longitudinal relaxation time constant since the magnetization

establishes in the same direction (longitudinally) as the applied field, B'".

Spin-Spin relaxation

The other mechanism of spin relaxation is due to the effect of neighboring nuclei
in NMR and a secondary electron spin in ESR and how the absorption peak can
be affected by the dipolar interaction between similar spins'®. The time constant,
T2, is known as the spin-spin relaxation time or transverse relaxation time'"".
Spin-spin relaxation occurs when the interacting spins experiences different
magnetic fields causing them to experience different frequencies that ultimately
cause the dephasing of the transverse magnetization or relaxation of the
spins'®'. The spin-spin relaxation, T2, due to its inability to reduce saturation
contributes to the broadening of the absorption line and hence determines the

instrinsic linewidth, AHpp,, as shown:

Figure 19. Linewidth of central peak, AHp,

1/ AHpp = 1/T>

Equation 2.10
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Electron Paramagnetic Resonance (EPR)
An unpaired electron has an intrinsic spin state that yields a net magnetic
moment in the presence of an external magnetic field. This can be manipulated
to study the dynamics and properties of nitroxide spin labels like
methanethiosulfonate spin label, MTSL. The paramagnetic nature of a radical
that is stable is a valuable property that scientists can influence by external
perturbation through electromagnetic radiation to generate resonance states of

the electron spin.

The common nitroxide that has been used to spin label protein is MTSL, which
yields an R1 side chain upon forming a disulfide bond with a cysteine in the
protein. Site-directed spin labeling is used to generate the R1 side chain on a site
of interest in the protein. First, any native cysteine is mutated into an alanine or
serine residue to eliminate background labeling of the wild type protein. Then, a
cysteine is substituted to the site of interest in the protein by site-directed
mutagenesis. Typically the site to be labeled is solvent accessible and outward

facing in the protein structure.

.Cs A3 X . C.— Protein
: As, € 3 Y 1ro
ci—ci Psi  BC
\Cs \Cz/
-/ T1/ N\
— Of

Side chain R1

Figure 20. Site-directed spin labeling of MTSL on protein and the R1 side chain structure (adopted from Dr.
Altenbach, 2004)
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The structure of the nitroxide side chain R1 in figure 20 show the corresponding
carbon and sulphur atoms in the side-chain and their dihedral angles (x)'. It
was found by crystallographic evidence of the MTSL bound to a helical protein
site that a weak H-bond exists between the distal sulphur, S5, and the proton on
the Cq'%.It was shown that about 2.8 A distance separates the Cq and Sz '*.
This suggests that the dihedral angles x1, X2 and x3 have a relatively fixed

conformation. While the majority of the spin label spectral line shape is due to the

free rotational motion about x4 and xs.

To further expand on the hyperfine interactions, it is useful to observe the
effective magnetic field (Besr) felt by the lone electron as:
Beff = B + Biocal

Equation 2.11

Where B is the applied field and Bioca arises typically from local field caused by
the nearby nitrogen nucleus of the spin label. While most lone electrons in free
radicals are delocalized over the entire molecule, the unpaired electron in
nitroxides is mainly localized on the nitrogen atom p orbital'®. As discussed in
the earlier section, the magnetic moment of an electron spin can interact with the
spin of a nearby nuclei resulting in the hyperfine splitting. Similarly, as shown in
figure 20, the unpaired electron in the MTSL nitroxide group interacts with the
nitrogen nucleus giving rise to the classical three splitting of the absorption

peak'®. This is due to the hyperfine splitting of the electron spin energy levels
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into three as determined by the nuclear spin quantum number of nitrogen, I=1.

Hence the nuclear spin quantum states are: M, = -1, 0, 1.

M -1 0 1

 amosionf\ ||

18! derivative

Figure 21. EPR MTSL first derivative spectrum from hyperfine splitting

The EPR spectrum as seen in figure 21, is typically recorded as a first derivative
of the absorption peak. This is due the phase-sensitive detection system in the
EPR spectrometer. This detection technique increases sensitivity by eliminating
noise contribution at other frequencies by modulating the field at a small
amplitude of 100kHz'*" '°. The noise produced by the crystal detector diode at
this frequency is also at a minimum hence eliminating the majority of the noise
inherent to the device. In order to avoid broadening of the lineshape, the
modulation amplitude has to be small since it would mean modulating a small
range of the lineshape at a time'®. A phase sensitive receiver detects signals in

phase with the modulation and results in an output current that is first derivative.
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Line shape analysis: mobility and backbone dynamics

Buried

Tertiary contact

Figure 22. Motional side chain spectrum of spin labeled sites in T4 lysozyme (image courtesy of Wayne
Hubbell (UCLA)).

The three things that affect the motion of the spin label on the protein are the
overall motion of the protein, the motion of the side chain, and the motion of the
protein backbone. Hence, the motion of the spin label can exist in the very fast
timescale of 10ps to a rigid limit of 200ns'® "%’ One disadvantage of the
nitroxide spin labeling is the introduction of the R1 side chain that can perturb the
structure and cause misfolding of the protein. Often circular dichroism is
performed to check the secondary structure and fold of the protein, and

functional assays to verify the protein’s activity. Thermal unfolding of T4
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lysozyme was performed and found that only spin label attached in the protein

interior affects its stability and unfolding energy "%

Figure 22 is a classic example of what happens when a spin label side chain R1
is incorporated into different T4 lysozyme sites. The spin label on the loop, pink
spectrum, exhibits a line shape that is fairly narrow due to the flexible loops with
a correlation time of low nanosecond timescale. While the helix surface site,
green, encounters a slight restriction on the rotational motion of the label and
hence has a broadened peak most noticeably on the low field resonance. When
the spin label is in tertiary contact, cyan, there is broadening of the low field peak
into two components, which is due to anisotropic motion (directionally dependent)
of spin-label. The buried site in yellow would mean very little motional averaging
and is indicated by a very broad spectrum with a large immobile component in
the low field peak as well as in the high field. These classic examples of a spin-
label on a helical protein structure show that the spectral lineshape is sensitive to
the local environment of the spin label. The broadening of EPR lineshape of a
spin-labeled protein upon membrane association have been found to be most

likely due to the spin-label interaction with the protein surface '8 109 108. 110,
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Power saturation and membrane depth parameter
Power saturation can provide information about the solvent accessibility of a
specific site on the protein, which is spin-labeled with an MTSL nitroxide. This
technique can be used to determine the membrane depth and orientation of spin-
labeled membrane associated protein in the presence of paramagnetic reagents

such as NiEDDA and O..

The Boltzmann distribution determines the populations of spin in each energy
level at thermal equilibrium, and the populations can become equalized or
saturated if the induced transitions overcome the intrinsic relaxation processes
that return the spin system back to equilibrium. In a progressive power
saturation measurement, the saturation behavior of the nitroxide depends upon
the rate at which spins to relax to equilibrium. Thus, the method provides a

measure of the relaxation rate of a spin system'®.

To determine membrane depth, the power saturation method employs a
secondary paramagnetic reagent that promotes spin-lattice relaxation.
Relaxation is induced by the secondary paramagnetic species through a
‘Heisenberg spin exchange’ that shortens the nitroxide T4 relaxation time
Addition of the secondary relaxation enhancing agents like Ni** and O, provide a
very effective spin-lattice relaxation mechanism for excited nitroxide spins'®.

This is due to the spins being strongly coupled to their ‘lattice’ which would
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include these paramagnetic ions'®. The spin-lattice relaxation pathway

through collisions with the external spins is a much stronger effect than the
contributions from the dipole-dipole interaction or the spin-spin relaxation, T'®.
The collision effect results in effectively switching the wave functions between the
two magnetic species. It is analogous to the instance of an electron jumping from
one spin system and exchanging with the other and it results from orbital overlap
between the molecules containing unpaired electron spins. This exchange
interaction is identical to a chemical exchange, where the nitroxide exchanges its
long T4 with the short T4 of the paramagnetic reagent. This causes the nitroxide

spins to require more power to attain saturation due to a more efficient relaxation

pathway created by the paramagnetic relaxing agents.

These measurements of collision frequency with a paramagnetic reagent can be
used to examine the membrane insertion of a spin-labeled protein that binds to
membranes. Paramagnetic relaxation agents like NIEDDA and O, have short T4
values and also have a preferential partitioning in the membrane hydrocarbon
based on their polarity. NIEDDA, which is polar partitions into the aqueous
phase, while Oz, which is hydrophobic partitions into the membrane bilayer.
These reagents can be used to obtain information about nitroxide accessibility

and about nitroxide membrane depth.
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Figure 23. cw-EPR power saturation experiments. The collision frequency of the nitroxide side chain R1 with
the secondary paramagnetic reagents, O and Ni?*, can give accessibility information, I, as well as the
depth parameter, @, of the spin-labeled site with respect to lipid bilayer.

By measuring the collision frequency and the P4, parameter, one can determine
if the spin-label is positioned into or away from the membrane. Based on the
above principles, it will be difficult to saturate the spin-labeled protein that is
exposed to either O, or Ni?* depending on its solvent accessibility. The
membrane depth parameter, @, is defined with respect to the lipid phosphate
head groups. This depth parameter is directly related to the concentration of the
secondary paramagnetic species, Ci. The concentration gradient of the
secondary paramagnetic species at equilibrium is directly related to the standard
chemical potentials, y, of the reagents which is dependent on hydrophobic
bilayer depth:
Cim(x)= Ciwe™Miw(X)/RT)e™(Uim(x)/RT)

Equation 2.12
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Where Cim(x) is the concentration of the species i in the membrane at x

distance from the lipid interface, Ci, is the concentration of i in the water
(aqueous phase), piw is the standard chemical potential of i in water and pim is
the standard chemical potential in membrane at a certain distance, x.

The theory for power saturation involves a number of equations, starting with the
Bloch equations that describe the magnetization as a function of time. The
central line peak-to-peak amplitude, Ay, of the EPR spectrum is determined by
the Bloch equations:

Agp 0 B/ (1+B?y?T1T)

Equation 2.13

Where B is the applied magnetic field and y is the gyromagnetic ratio of the
unpaired electron. B is also described by:
B=AVP

Equation 2.14

Where A is the constant depending on resonator properties and is related to the
efficiency of the resonator in translating power. VP is the incident microwave
power and often the value P4 is used in power saturation experiments. Py, is
the microwave power required to saturate the signal to half the amplitude, A, it

would be if there were no saturation.
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Figure 24. Power saturation curve plotted Ay vs. VP. In power saturation experiments, peak-to-peak
amplitudes % of the central EPR spectrum is plotted against the square root of the incident microwave
power. The dashed linear line represents the amplitude, App, relationship in increasing power in the absence
of saturation. The P42 value for each condition (O2, N2 and NIEDDA) is the VP at which the signal would be

half the Ay if there were no saturation occurring.

Computing a power saturation curve, figure 24, which is plotted with the intensity
of the peak-to-peak central line amplitude against \P, gives the parameter Pq.
The relationship between the central resonance line, Ay, and Py is:

App = IPV2[1+(2"% -1) P/Py 5]

Equation 2.15

Where | is a scaling factor and € is a measure of homogeneity of the saturation.
From equations 2.13 and 2.14, P4 is a function of the relaxation times of the
nitroxide (T+e and T2) and can be described as®’:

P12 a 1/(T1eT2e)

Equation 2.16

Next, the collision frequency, We,, between the nitroxide and secondary

paramagnetic exchange reagents directly determines the Heisenberg exchange
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rate. The collision frequency is directly related to the concentration of the

secondary paramagnetic exchange species, Ci:
Wex = Kex Ci

Equation 2.17

Where kex is the exchange rate constant.
Wex = A (1/T1e) = A (1/T2e)

Equation 2.18

Wex is also affected by a change in the nitroxide’s T+ and Tze. Bringing equations
2.15, 2.16 and 2.18 together makes AP+, directly proportional to Wey.
Wex a AP+

Equation 2.19

AP+, is experimentally calculated by:
APqj = P — P2

Equation 2.20

Where, P42 and P°,2 denotes the microwave power in the presence and absence
of the paramagnetic exchange species, i.

There are also other factors that influence this rate of collision, W, between the
nitroxide and the relaxing agent, i. They are the exchange probability (p), the
steric factor (g), the collision diameter (d) and the relative diffusion coefficient
based on position of spin-label (Dn(x)). The steric factor, g, assumes a particular
accessible orientation between the exchangeable spins. The exchange
probability, p, is the effective collisions with the relaxing agent and it may be

compromised by the local environment of the spin-label on the protein.
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Woex = 4TpgdDum(x)Crn(X)

Equation 2.21

From equation 2.12, the depth parameter, ®, is accurately a measure of the
concentration of O, or NIEDDA with respect to the membrane interface and is
directly related to their standard chemical potential, u(i).

® = - [(4(O2) — u(Ni**)/RT] + constant

Equation 2.22

This leads to equation 2.17 and 2.19, where the concentration of the exchange
species, C;, the collision frequency, Wex, and AP+, are related. This allows the

expression of the depth parameter as:

® = In [(AP12(O2)/ (AP1,2(Ni**))]

Equation 2.23

The accessibility parameter, I, is also used to give information about the level of
accessibility of the nitroxide label to the solvent. Dividing P1. by the central
linewidth, AH,,, accounts for any line broadening due to T,e (Eqn 2.16) and using
the P4, of a reference sample accounts for variation in the performance of
different resonators. Thus [ is defined as:

= [AP12/AHpp I/ [P1/2/AHpp Jreference

Equation 2.24
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Pulse EPR -DEER
Double electron-electron resonance (DEER) is the measure of the dipole-dipole
interaction between two electron spins that are separated by a distance, r. The
practical applications of DEER in biophysical studies are to study interactions
between biological macromolecules, protein conformational change and
characterization of protein complexes. Unlike the popular Forster Resonance
Energy Transfer (FRET) experiments, the advantage of measuring distance
using nitroxide spin labels is that you are introducing a smaller side chain
compared to the bulkier fluorophores and the uncertainty of the fluorophore

position is higher due to its long flexible linker """

Figure 25. Two electrons i and j separated by distance, r, where rj is aligned along B

The total energy, Eaipolar, for the dipolar interaction of two spin-labeled sites is
given by:
Edipolar = (IJi Hj/rij3) (1-3C082 9)

Equation 2.25

Where the magnetic dipole moments, p; and y;, of spins i and j are directly

dependent on the interspin distance, rj, and the angle of orientation, 8, with
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respect to the magnetic field applied. A further expansion into equation 2.25

using equation 2.4 (u= gpS) describes the quantum energy of the system you are
measuring:
Edipotar = (9iiBe”SiSy/ri%)(1-3c0s?8)
Equation 2.26

Where g; and g; are the g-values of the interacting spins i and j respectively, Be is
the Bohr Magneton of the electron and S;and S;are the spin for the electrons i
and j respectively along the z-axis. Hence, the coupling between the two
unpaired electrons is a function of the distance between the two and the
frequency of the dipolar interaction is inversely proportional to the cube of the
distance''® '"*. This distance or separation of the dipolar interaction is dependent
on the angle of the inner spin vector of the electron and the applied magnetic
field''?.
wija (1/r;?)(1-3cos6)
Equation 2.27

Where wjj is the dipolar coupling frequency between electron pair, i and j. From
figure 25 and equation 2.25, the angular dependence of the electron orientation

relative to the magnetic field also contributes to the dipolar signal.
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Figure 26. EPR raw DEER signal, Pake pattern and distance distribution. A) The background subtraction
dipolar evolution DEER signal. B) Pake pattern after fourier transformation of A. C) Distance distribution
(adapted from Altenbach 2008)

In figure 26, the splitting of the two peaks in a pake pattern is dependent on the
distance and angle between the spin pair and is given by frequency of echo
oscillation, w;j (Mhz)''*. The fourier deconvolution of the pake pattern can give
the average interspin distance as described in Equation 2.27 which in practice is

a distribution™? 13,

Pulsed EPR techniques differ from continuous wave (CW) EPR in that instead of
scanning the magnetic field and keeping the frequency constant, a short pulse
consisting of a range of frequencies is used to perturb the spins at a constant
magnetic field""". When running DEER on a biological sample, the best
sensitivity and signal is obtained when the temperature is 50-80K'". This low
temperature enhances the T4 and T, relaxation as well as increases the energy
and population difference in Boltzmann equilibrium distribution. A longer T
allows for DEER echo modulation (signal) from weak interactions and longer

distances.



67

Figure 27. Nitroxide spectrum in X-band, excitation by the vpump (A) and Vopserve (B) (adopted from Azarkh
2013)

An echo detected field swept nitroxide spectrum like in figure 27 gives the
position of observe (vopserve) @and pump (voump) frequencies that are used to
conduct the DEER experiment''®. In the biological sample, the two spin
populations A and B are the nitroxide spin labels that are coupled. The spin
ensemble A is excited using the vpump inversion pulse. While the Vopsere IS the
detection pulse used to excite the spin ensemble B. The DEER signal is
essentially the Hahn echo of the B spins recorded for a series of 180 degree
pulses applied to the A spins that invert the sign of the dipolar coupling between
A and B spins. The resulting echo oscillates with a dipolar evolution time, t, in the
raw time domain spectrum as shown in figure 26A. This can be Fourier
transformed to yield the frequency of the echo oscillation and as given in
equation 2.27, the interspin distance, r (nm), can be derived from this frequency-
domain spectrum, typically using a Tikhonov regularization fitting of the time-

domain signal to obtain a distribution of distances'"® "°.
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2D HSQC NMR

Nuclear spins interact with the magnetic field to produce a net magnetization and
a signal is generated following the application of a radiofrequency pulse. In a 1D
NMR experiment, signal acquisition occurs once the pulse sequence is complete.
However in 2D NMR, the magnetization transfer between different nuclei is
measured'"’. This yields a 2D map with signals from two different frequencies.
2D experiments can be magnetic interaction through bond, J coupling, or through
space such as the nuclear Overhauser effect, NOE. J coupling can occur in the
same type of nucleus, like in COSY (Correlated Spectroscopy), or another type

of nucleus, such as HSQC (Heteronuclear single quantum coherence)'®.
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Figure 28. 2D HSQC - magnetization transfer from proton to N (taken from Victoria A. Higman)
Heteronuclear correlation in 2D NMR involves transferring polarization or
magnetization from 'H, the most sensitive common nucleus, to a different

192 HSQC experiment is also termed the ‘inverse’

nucleus of less sensitivity
detection of sensitive nucleus from an insensitive nucleus. The proton (S) and

®N nucleus (I) are coupled, and excited S spins are used to provide polarization
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to the insensitive nucleus (l), which is transferred back to the proton S for

detection'® 1°2,

In a typical 2D map of the spectrum, the resonance cross peaks are a
representation of the H-N correlation of each amide backbone in a protein.
Hence, one can observe the molecular evidence of a protein since all amino acid

residues other than proline will yield an amide resonance peak.
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Figure 29. "H-"N spectrum with cross peaks displayed in the proton chemical shift (ppm) in the x-axis and
the nitrogen ppm in the y-axis

As shown in figure 29, the resonance peak of each residue has a 'H and "°N
chemical shift value that is very sensitive to the local magnetic and electronic

environment of the protein. Hence chemical shift perturbations of a "N labeled
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protein is a sensitive technique to observe when there is binding of a ligand to

the protein. Mapping chemical shift changes of proteins can characterize the
binding sites of their partners and also give information on the relative intensity or

affinity of the binding"'® "%,

When the binding or interaction of the ligand is weak, the protein is usually in fast
exchange with the ligand. This usually occurs in the millisecond time and will give
a peak corresponding to the weighted average chemical shift of the free protein
and the complex form. Upon titration with excess ligand the protein will be
completely in its complex form resulting in a chemical shift of the complex. If the
binding of the ligand with the protein is tight, then the chemical exchange will
slow. This usually leads to broadening or disappearance of the peak until a new
peak emerges at a different chemical shift, making it hard to attain Ky values. The
slow exchange rate is given by K4 < 10° compared to Ky > 107 for the fast
exchange'?" '?°. While chemical shifts are representative of the molecular level
of changes in the protein, a change in chemical shift does not imply a direct
binding site but a possible indirect perturbation due to other local magnetic field

adjustment™’.

Most chemical shift changes or the maximum perturbations are reported using a
weighted average chemical-shift s for heteronuclear chemical shifts, since 'H and

N have different ppm scales'’®. This is taken into account by introducing a
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scaling factor, a, to the N shifts and the calculating the average distance the

cross peak changed.
A (Hn, N) = (3°H + a.5°N)

Equation 2.28
Where A (Hn, N) is the weighted average chemical shift, and a = 0.154 (based on

the average variance of structures in PDB)'?? .



3. The double Arginine mutant R398Q R399Q
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Introduction

Xue et al. first found that the two highly conserved arginine residues (R398 and
R399) on the opposite face of the calcium binding loops of C2B are crucial in
neurotransmitter release, figure 9 of the introduction ®. Lipid mixing assays
showed there was a decrease in the rate of lipid mixing between reconstituted
SNARE proteo-liposomes and Syt1 C2B upon the mutation of the two arginine
residues into glutamines (R398Q R399Q). Furthermore, electrophysiological
studies showed that this R398Q R399Q mutant was unable to rescue evoked
release in Syt1 null autaptic neurons®” ', They also found that the two-arginine
mutations impair membrane interactions, as the wild-type C2B domain was able
to cluster vesicles rapidly while the C2B double arginine mutant was unable to do
so. The cooperative role of R398 and R399 was observed even when the single
mutation of one of the two arginine residues resulted in a huge decrease in

release.

Chapman’s group reported from their scanning alanine mutagenesis of C2AB
that the R398A mutant decreases the binding of C2AB to t-SNARE (membrane
anchored syntaxin and SNAP-25) and the Ca?* triggered fusion in vitro '?*. This
reduced interaction with t-SNARE was observed without affecting the Ca*
dependent membrane binding of C2AB or vesicle aggregation, suggesting its
importance more in SNARE interaction than membrane binding for the fusion

event. Brunger’s group later proposed a model wherein these two key arginines
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are responsible for making a specific interaction with the SNARE complex

(figure 8) .

The research in this chapter was directed at characterizing the membrane
interactions of C2AB that are mediated by an electrostatic attraction between the
two basic arginine residues on Syt1 and the anionic plasma membrane. Site-
directed spin labeling using electron paramagnetic resonance (EPR)
spectroscopy can be used to observe EPR line shape changes and accessibility
parameters as a way of testing the roles of R398 and R399 in the membrane
interaction of Syt1 C2B. Since the EPR lineshapes are sensitive to the spin label
mobility and tertiary contact, the extent of protein-lipid and protein-protein
interactions can be observed. Previous work showed that the spin labeled site
T285 (C2B domain), which is on the loop adjacent to the two conserved arginine
residues R398 and R399 showed a noticeable EPR lineshape broadening in the
presence of large unilamellar vesicles (LUVs)®. Site T285 on the C2B domain
also exhibits EPR lineshape changes in the presence of the soluble SNARE

complex’.

By using secondary paramagnetic reagents, such as Ni(ll)EDDA and O, power
saturation measurements can be performed to determine bilayer depth of the
protein-bound spin label. The data would be beneficial in testing the hypothesis
that the critical function of the two conserved R398 and R399 residues is to

promote membrane interactions. Consequently, a single mutation, R398Q, and
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double mutations, R398QR399Q, on the soluble fragment of Syt1 (C2AB)

were generated to study the effect of these mutations on Syt1 membrane

binding.

The model proposed by Herrick et al. showed that Ca?* binding loops of C2A and
C2B are oriented in opposite directions binding apposing biIayersSO. This model
supports the role of the two conserved arginine residues in membrane binding

and bringing apposing bilayers together.
Results

__Pcps
Aq

T285R1

Figure 30. EPR spectra of C2AB T285R1 (near the arginine apex) in aqueous form (black) and in the
presence of PCPS (3:1) LUVs (red)

The site 285, in close proximity to the two key arginine residues (arginine apex),
in the presence of LUVs indicates contact with the lipid membrane, causing a
decrease in the spin label mobility and less averaging of the signal. This site 285
is used to observe changes in membrane interaction due to the arginine apex on

the opposite face of C2B domain.
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Figure 31. EPR spectra of C2AB 285R1 and C2AB 285R1 R398QR399Q. a) The black spectrum is of the
wild-type (C2AB 285R1) and the red spectrum is the double arginine mutants (R398QR399Q) in their
aqueous form. b) The wild-type (black traces) and double arginine mutant (red traces) in the presence of
PCPS (3:1) LUVSs.

The experimental conditions included 1mM Ca®* and POPC:POPS LUV at a
protein to lipid mole ratio of 1:1000. Figure 31a shows identical line shapes of the
wild-type C2AB spin-labeled at 285R1 (i.e. C2AB 285R1) and the double arginine
mutants (C2AB 285R1 R398Q R399Q) in their aqueous form suggesting that the
arginine substitutions into glutamine do not perturb the protein secondary
structure and dynamics. The spectra of the double arginine mutant (red traces) in
the presence of PCPS LUVs, in figure 31b, did not change with respect to the
wild-type (black traces) giving no conclusive result on the extent of membrane

association upon mutation of the two arginine residues.

Power saturation experiments were performed to get more information on the
bilayer depth of the spin label upon R398Q and R398QR399Q mutations. The

collision rate with secondary paramagnetic reagents, O, and Ni(ll) EDDA, yields



77
the accessibility parameter (®). Consequently, the bilayer depth parameter of

the protein-bound spin label can be obtained from these accessibility parameters.

C2AB Mutant in POPC:POPS LUV
1mM Ca** Depth Parameter (®)
285R1 1.4 £0.03
285R1 -1.9+0.05
398Q
285R1 -2.0 £0.05
398Q 399Q

Table 1. Depth parameters (®) of the C2AB arginine mutants. Depth parameters for C2AB are the average
of 3 measurements, and errors represent standard deviations for the data. Previous work has shown that the
depth parameters are in the range of approximately —2.0 to —2.5 for labels in the aqueous phase 125,

The data in table 1 are an average of at least three measurements. A larger
negative ® indicates that the spin label is further into the aqueous phase from the
lipid interface while a larger positive ® indicates an increase in the depth of spin
label in the hydrocarbon membrane. Since the basic arginine residues were
mutated to glutamine, a neutral but polar residue, it is expected that the
electrostatic attraction between the basic R398 and R399 with the acidic
phospholipids PC:PS would be abolished causing the spin label on site 285 to
encounter less membrane interaction since it is also sitting at the same proximity

from the membrane as the two conserved arginine residues.
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Controls: Depth parameter (®) of C2AB mutants without PC:PS LUV.

C2AB Mutant in Aqueous form
1mM Ca** Depth Parameter (®)

285R1 -2.1+0.1
R398Q

285R1 -2.2 £0.1
R398Q
R399Q

Table 2. Depth parameters (®) in aqueous solution of the different arginine mutants spin labeled at site 285.

The data in table 2 are an average of three measurements. The negative ®
values indicate that the spin label is in the aqueous phase hence, indicating good
control results. Hence, this demonstrates there are no steric effects of the spin
label from the protein, which can alter its accessibility to the relaxing agents.
Method:

Continuous wave (CW) power saturation measurements were carried out using
the Bruker EMX spectrometer. Accessibility parameters, [1, and depth
parameters, @, were calculated by obtaining the P4 (figure 24) values from the
saturating behavior of the samples with respect to secondary paramagnetic
reagents: Ni(I)EDDA and O, ¥. The power saturation curves for O, N,
Ni(I)EDDA (figure 24) can provide the Pqy value . The Py value is the
microwave power that gives the resonance amplitude at half of its unsaturated

value of a sample.

A semi-permeable TPX capillary is used to hold about 6uL of the sample. The
P12 (N2) is obtained after purging the sample with N> gas for 15 minutes and

power saturating the sample in the presence of the N2 gas. This way P12 (N2)
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can be used to account for signal arising from the non-paramagnetic

relaxation. The power saturation measurement with the Ni(ll)EDDA probe was
also carried out in the presence of the N, gas after purging the sample with N>
gas for 15 minutes to displace the oxygen from sample. Though 10mM of
Ni(Il)EDDA was used, the AP, values were scaled to an effective concentration
of 20mM ¥. The accessibility parameter, I, of O, and Ni(ll)EDDA , can be
calculated from Eqn 2.24. Consequently, the depth parameter, ®, can be
calculated from Eqn 2.23. The depth parameter, ®, can tell us the location of the

protein-bound spin label with respect to the membrane surface.

Discussion

The cw-EPR spectra of the single and double arginine mutants spin-labeled at
site 285R1 do not indicate any changes compared to the wild-type (C2AB
285R1) when bound to membranes. However, the depth parameter suggests that
site 285R1 next to the arginine apex is near the membrane interface where the
phosphate headgroups lie. In addition, once the arginines are mutated to
glutamine, the arginine apex lies in the bulk aqueous phase. It is possible that
since the two arginines are charged and there are no hydrophobic residues in
this region to cause penetration into the bilayer, the role of the two arginines is to
help bridge bilayers by associating peripherally to the membrane. It has been
found by studies on the effector domain from MARCKS that charged proteins
lacking hydrophobic or aromatic side chains only bind peripherally, and that they
do not penetrate, but reside in the ionic double layer adjacent to the bilayer®. It is

possible that the mechanism by which the two arginines on Syt1 function in the
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synaptic fusion event is through an electrostatic interaction with the membrane

surface.

A possible extension to this would be to work with the C2B domain fragment
alone since this would avoid the tethering effect by C2A that also could be
resulting in the undefined interaction with the arginine apex in C2B. This would
show a better relationship between the non-arginine mutant and the arginine

mutants in the cw-EPR spectra.



4. C2B domain structural analysis through DEER
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Introduction

It is generally believed that the C2 domain does not undergo any major structural
changes upon Ca** binding, with only the Ca?* binding loops exhibiting some

126,127, 51 However there is no direct structural data

ordering upon binding
regarding conformational changes in the C2 domains upon Ca*-dependent
phospholipid binding. Malmberg et al. examine the membrane docked state of
cPLA2 C2 domain through EPR studies and concluded that no large

rearrangements of the membrane binding loops was observed upon Ca®* binding

128

Similarly, Chae et al. deduced from their NMR experiments that the Ca** bound
C2A domain only showed perturbations in the binding loops in the presence of
short acyl chain 6:0 PS (6PS) which were thought to become fully ordered only

upon binding to phospholipid#°.

However, a recent study using molecular dynamics simulations proposed that the
C2B domain in syt1 undergoes a conformational change upon membrane binding
and that this change (which promotes membrane binding of a C-terminal helix)
induces membrane curvature™®. They reasoned that while both C2A and C2B
possessed a polybasic strand, the HB helix near the C-terminal end of C2B stood
out when comparing the sequence homology between the two tandem domains.

It was suspected that the H3 helix, unique to C2B alone, resulted in the stronger
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propensity of C2B to be critical in membrane fusion. Hence a conformational

transition of the HB helix was proposed to bind to membrane which would

disorder the lipid leaflets and allow for hemifusion*.

C2B C2B
(helix up) (helix down)

N >

~  (C-terminal -
helix

Figure 32. Simulated structures of C2B domain with Ca”* bound. The C-terminal helix is shown to undergo
conformational transition by coming down into the membrane from its up orientation (adopted from Wu et al.
2014).

The DEER experiment provides distance restraints as observed by the electron
spin coupling between two nitroxide side chains out to 60 Angstroms and
beyond. Hence this allows us to investigate the distance change between the Hf
helix and the structured regions of C2B upon membrane binding. EPR based
DEER studies investigating the structural change of the C2A domain upon Ca®*
dependent membrane binding showed little evidence of any conformational
changes upon membrane association (unpublished data by Herrick et al).
Similarly, the C2B domain was also investigated where residues A415, on the Hf3
helix, and N396, near the arginine apex, were spin-labeled with MTSL. All DEER
data were analyzed using the software package DeerAnalysis (Jeschke et al.

2006).
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Results

The CW spectrum of the double labeled C2B (415R1 and 396R1) was collected
to verify that both sites were equally labeled by adding together the spectra of the
single labeled C2B 415R1 and C2B 396R1. Once that was verified, the double
mutant was purified and the spin labeled protein was concentrated down to
150uM. 1t is important that the lipid to protein molar ratio is significantly large to
observe interactions as close to its native environment. For the PC:PS (3:1)
condition, LUVs composed of the relevant PCPS concentration was added at a
200:1 lipid to protein ratio. The final DEER samples were made up by adding
10% (by weight) d-glycerol (deuterated form of glycerol). The samples were

flash-frozen in a mixture of dry ice and isopropanol for the DEER experiment.
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Figure 33. C2B 396R1 415R1 distance comparison in the presence and absence of 3:1 PCPS vesicles.
a) The time domain of the echo modulation of the protein in aqueous (black traces) and PCPS LUVs (red
traces). b) The deconvulated spectra of the dipolar echo evolution, a, resulting in the interspin distance, r
(nm), between the aqueous form (black traces) and membrane bound form (red traces).
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Figure 33a shows the time domain of the dipolar echo evolution from the DEER
experiment for the aqueous (black trace) and PCPS (red trace) samples in 10%
glycerol. Both the samples have comparable modulation depths of the echo
oscillation indicating that an equal population of spins A and B are interacting.
The echo signal was fit using Tikhonov regularization to provide a distance
distribution. Figure 33b shows that the presence of vesicles containing 25% PS

did not change the distance distribution (mean of 3.3nm) in C2B domain.

100

\ __ 10%¢ glycerol

| 50% glycerol

Modulation Depth

Time {us) Interspin distance, r (nm)

Figure 34. C2B 396R1 415R1 in the presence of 50%PS LUVs. a) In 10% (by weight) glycerol concentration
in black traces and b) in 50% (by weight) glycerol concentration in red traces. There is an increase in the
small population with longer distance of 5nm when the glycerol concentration is increased to 50%.

Next, the experiment was conducted in 50% PS instead of the regular 25%PS to
compare to the experimental condition of Wu et al. which was at a much higher
PS concentration "°. The DEER distance distribution of the sample in 10% d-
glycerol (black trace) for the 50%PS is comparable to the 25% PS lipid

composition (figure 33). Glycerol is used as a cryoprotectant and glassing agent
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since the protein samples are frozen to increase its phase memory time (Tw)

or the T relaxation®® ', A glassing agent is needed to prevent formation of ice-
crystals that would result in high local protein concentrations®. When the
experiment was conducted in 50% d-glycerol for the 50% PS vesicles, evidence
of a longer distance appeared. When the signal was fit, the distance distribution
showed a small population at a longer interspin distance of 5.1nm, however, the

error was high for this fraction of the distribution.
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Figure 35. DEER spectra C2B 396R1 415R1 in addition of 5% PIP2 to PCPS vesicles in 50% glycerol

In order to incorporate other acidic lipids and increase the charge density, 5%
PIP, was incorporated into PCPS vesicles with a final lipid composition of
75:20:5 PC:PS:PIP,. The sample in figure 35 was run in 50% d-glycerol since a
longer distance component had been observed at this glycerol concentration
which could have facilitated the detection signals due to longer interspin
distances. Another small population at a long distance of 5.5nm was observed for

this sample. However, the noise generated as a result of sample dilution (by the
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addition of lipid and the 50% glycerol) implies a significant error of the long

distance and it may therefore not be real.
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Figure 36. Control experiment of C2B 396R1 415R1 in 50% glycerol without LUV's

A control experiment was performed to see if the longer distance population was
due to the change in negative charge density in the membrane surface or to the
effect of a high glycerol concentration (50% by weight). As shown in figure 36,
even in the absence of lipid but in the presence of 50% d-glycerol, there was a
small population sampling a longer distance between the coupled spins. A high
negatively charged lipid surface might trigger a conformational transition in the C-
terminal helix in a small population of C2B domains, however the DEER data
demonstrate that there are no major changes in the distance distribution between
the two spin-labeled sites. The longer distance of 5nm in 50% glycerol could be
due to glycerol modifying the solvation and dynamic properties of the protein as

studies by Georgieva et al suggest *°.
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Additional DEER experiments with single labeled C2AB 283R1 and C2B

415R1 were also done to verify the lack intermolecular interactions between the
protein domains. Both produced a DEER signal with zero echo modulation, which

confirm that there was no aggregation or oligomerization occurring.
Discussion

Mutations in the C2B domain of Syt1 have been found to be more deleterious to
Syt1 function in electrophysiological experiments compared to the C2A
domain'®*. It also makes a greater contribution to membrane binding than does
the C2A domain. Hence, the possibility that the C2B domain might undergo a
conformational transition upon the Ca®* dependent membrane binding is more
likely than for the C2A domain. Structural changes upon membrane association
are not without precedent. Other proteins like PLC-01 and EGF receptor have

been reported to undergo conformational changes upon membrane binding""

132

With the conserved polybasic face and the key arginines thought to be crucial for
Syt1 function, C2B may be capable of undergoing structural rearrangements or
conformational transitions that are important for the function. However, in
contrast to the molecular dynamics studies, our DEER measurements show that
the C-terminal helix of the C2B domain does not undergo any significant distance
changes or rearrangements even when subjected to highly negatively charged

membrane surfaces. Only one spin-labeled pair was tested, and an investigation
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of other sites would provide a more complete picture of the structural integrity

of C2B upon membrane binding. Similar work performed on a number of sites in
C2A (unpublished data of Dawn Herrick) clearly show that C2A domain does not

undergo any structural transitions upon membrane association as well.



5. Polyelectrolytes and phosphoinosites modulate the membrane
interactions through the polybasic face of C2B

90
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Introduction:

In order for neuronal exocytosis to be triggered by the influx of Ca*,
Synaptotagmin 1 (Syt1) has to bind to Ca?* and interact with its target
instantaneously. The mechanism of how the Ca?* dependent binding of Syt1
facilitates the rapid fusion of hundreds of vesicles is still unclear, however, the
membrane binding of Syt1 is likely to be a critical event for fusion. The other
proposed Ca®" dependent role for Syt1 is to bind to the core SNARE complex or

20, 133; 134, 133. The membrane

the individual SNARE proteins like Syntaxin
binding activity of some C2 domains, such as in PKCa and Syt1, requires the
presence of Ca®" and a negatively charged lipid such as phosphatidylserine (PS)
135 136,77, 137  Electrostatics is known to be the driving force by which this binding
mechanism occurs. The binding of Ca?* changes the electrostatic potential on
the membrane interacting loops of the domain and regulates its membrane

interaction'3® 139 41

. The extent of phospholipid binding is correlated with the
negative charge density on the membrane surface'®. Electrostatic screening
experiments to shield charges by increasing salt concentration have also shown
a dependence on electrostatic interactions for these C2 domains®'. While
electrostatic interactions have been found to be important in Ca®" dependent
binding of C2 domains to phospholipids, there is also evidence that it may not be
purely electrostatic " ', Mutating the acidic residues that bind the Ca?* ions
does not give similar membrane binding results in PKCB'*% '* |t has been found

through crystallographic studies that the C2 domain-bound Ca?* ion provides

coordination sites for the headgroup of PS in the membrane® ™' 38 This is
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consistent with the observation of an increased affinity for Ca?* by Syt1 in the

presence of negatively charged containing phospholipids®® 8. While the
electrostatic and coordinating effects of the protein bound divalent cation have
been found to be important, the hydrophobic residues on the binding loops also
contribute to the binding energy required for the loops to penetrate into the

membrane bilayer'?® 1%,

Mutating the key arginine residues R398 and R398 in the C2B domain of Syt1 to
glutamines was found to inhibit synaptic transmission in mice hippocampal
neurons, disrupt liposome clustering in vitro and also inhibit its interaction with
the t-SNAREs (target SNAREs on plasma membrane)® '* "2 The role of this
arginine apex in membrane binding is thought to be electrostatic since the two
basic residues would be attracted to the negatively charged bilayer. This also
agrees with the model generated by Herrick et al. where Syt1 bridges opposing
bilayers with the Ca** loops of two C2 domains are oriented in opposite
directions to each other in a trans configuration *0_In the present work, these two
key arginine residues and the two basic residues, K326 and K327, on the poly-
lysine strand of C2B domain were neutralized through mutagenesis and their
membrane binding contribution to Syt1’s role were measured. The mutants
shC2AB R398Q R399Q and shC2AB K326A K327A were generated on the short
C2AB construct 136-421 (shC2AB) and their membrane binding affinities under
equilibrium conditions were determined using a well-established vesicle

sedimentation assay®. Several studies on the modulation of PKCa and Syt1 in



93
their membrane-binding role by PIP, have been reported'" "% 78 |t has been

shown that the polybasic strand in the C2B domain of Syt1 and C2a in PKC is
unique to PIP; binding in both its Ca?* - bound and Ca*" - free form '41:70:78. 143,
The effects of the different negatively charged lipids, PS and PIP,, on C2AB

membrane binding were also investigated.

While electrostatic interactions are important, the role of a specific coordination
between the protein-bound Ca** with PS containing membranes is not well
characterized. The divalent cation, Sr**, was found to substitute for Ca*" in
inducing both the synchronous and asynchronous neurotransmitter release
although with varying efficiency'** > ' Recent work done by the Igumenova
group provided NMR and crystallographic evidence that while certain divalent
metal ions can substitute for Ca®* to bind to the C2 domain of PKCa, it may or
may not act as a surrogate for the membrane binding function of PKCa’"" '’
While there is strong evidence that both Cd** and Pb*" binds to the loops in
PKCa, the Cd?* bound PKCa does not bind to PS containing membranes unlike
Ca? or Pb** """ This provides strong evidence that the interaction between the

protein bound metal-ion and the phospholipid membranes occurs in a specific

coordinated manner rather than a non-specific electrostatic manner.

The role of negatively charged biomolecules like ATP was also investigated here
since ATP was found to enhance the Ca** dependent binding to PIP, containing

chromaffin granules and synaptic vesicles®. It was proposed that ATP acted to
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shield electrostatic charges on PS-containing synaptic vesicles and prevent

the cis-binding of Syt1 (where both the C2A and C2B domains preferred to bind
back to the synaptic vesicles). However, in the presence of the PIP2-containing
plasma membrane, ATP is unable to compete for Syt1 binding and hence it
facilitates the trans-binding mode of Syt1 (where the synaptic vesicle anchored
Syt1 binds to the opposing plasma membrane). A coordination mechanism of the
protein bound Ca®* with ATP in the presence of PS and PIP, was also proposed.
The bioavailability and cytoplasmic levels of ATP is reported to be around
2mM™°. At these ATP concentrations, the membrane binding of C2AB in PS or
PIP, in the presence of vesicles was investigated here using the vesicle
sedimentation assay. The electrostatic or coordination mechanism of Syt1 to
ATP were also addressed by doing NMR experiments to see if ATP and IP; (the
headgroup of PIP,) competed electrostatically for the same binding sites and to

extract their respective binding affinities.
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Results

R399 R398

\

P \
25 mV +25 mV

bound Ca?*

Figure 37. Equipotential electrostatic surfaces for the C2AB domain contributed by the two key arginine
residues. (A) The R398Q R399Q mutation in the absence of Ca**(B) The wild--type in the absence of Ca®*
and (C) presence of Ca”*

The Adaptive Poisson-Boltzmann Solver (APBS) plugin in Pymol was used to
calculate the electrostatic potential in 150mM monovalent ion concentration and
display the potential isocontours on C2AB. The surfaces shown represent the
+25 mV (blue) and the negative is -25 mV (red) isopotential surfaces.

The C2B domain is highly positively charged due to its highly conserved
polybasic strand and the two conserved arginine residues located on the
opposite face from the Ca®* binding site. The positive surface potential on the
apex is not as prevalent when the arginines are mutated to glutamines as seen in

fig. 37A compared to 37B.

Ca*' -dependent membrane binding

Charged residues opposite to the calcium binding loops do not play a significant
role in controlling the calcium-dependent membrane affinity. Mutations in the
arginine apex involving a double RQRQ mutation do not significantly alter the

Ca?*-dependent membrane affinity either in the absence or the presence of PIP..
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Figure 38. Comparison of the equilibrium ca® -dependent binding for C2AB WT, RRQQ and KAKA mutants
in different lipid compositions. (a) In 15% PS vesicles, the Ca* -dependent binding of C2AB is similar with
the RQRQ mutant and is decreased by a fraction with the KAKA mutation; wiId-tyEe C2AB (A), RQRQ (@),
KAKA mutation (m). (b) In 2% PIP,, the RQRQ mutation does little to alter the Ca®* dependent membrane
binding affinity compared with the KAKA mutation; wild-type C2AB (A ), RQRQ (®), KAKA mutation (m).

(c) In 0.5% PIP2, 5%PS bilayers the binding of C2AB is not strongly altered by the RQRQ mutation but is
altered by the KAKA mutation; wild-type C2AB (A ), RQRQ (®), KAKA mutation (m).

The vesicle sedimentation assay, which is an ultracentrifugation technique, can
quantitate membrane binding of proteins under equilibrium conditions. Large
unilamellar vesicles (LUVs) are sucrose-loaded to help with the sedimentation of
vesicles so that the unbound protein in the supernatant can be separated from
the membrane-bound protein. It is important to make sure the lipid to protein ratio
is large enough to ensure the true binding of the protein due to electrostatic
interactions®. It was found that a minimum lipid to protein ratio of 140:1 gives a

partition coefficient K (M) that remains constant as the ratio is increased.

Several contributions to the membrane binding of Syt1 C2AB were investigated.
In this study, this included two separate mutants on the short C2AB construct,
R398Q R399Q (RQRQ) and K326A K327A (KAKA), and the double arginine
mutants that were substituted to glutamines opposite the membrane binding

surface®. The KAKA double lysine mutants have been found to impair the
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membrane-binding role of Syt1'. Surprisingly, no change in the membrane

binding affinity of RQRQ mutant was observed in comparison to the wild-type in
the presence of 1mM Ca®". This result was consistent regardless of the use of
the highly negatively charged PIP, in the lipid composition. The KAKA mutant
bound 0.7 times as strong to vesicles composed of 15mol % PS. Though it did
not exhibit a dramatic decrease in the presence of just PS, the KAKA mutant had
a strong dependence on the level of PIP; in the membrane. In vesicles
containing 0.5% PIP, and 5% PS, the partition coefficient of the KAKA mutant
decreased by 5-fold (table 2). And in just 2% PIP, vesicles, the partition
coefficient of the KAKA mutant decreased by almost 20-fold, table 2. This huge
change in the partitioning coefficient of C2AB to bilayers containing just PIP-
compared to both PIP, and PS illustrates the large contribution of the lysine

residues in the polybasic strand to PIP2 binding.

The roles of the charged residues in the calcium-independent binding of C2AB
were also investigated. It has been reported that C2AB has a Ca** independent
binding mode which allows it to tether to the membrane surface and act as an
‘electrostatic switch’ once activated in its Ca®* bound form by bridging bilayers
together '°* 3452 The model proposed by Kuo et al. showed that R398 and
R399 could also contribute electrostatically to the Ca®* independent membrane

binding of C2AB, which is mainly through the polybasic face'.
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Ca* -independent membrane binding

The KAKA mutant eliminates the Ca**-independent binding of C2AB to either PS
or PIP; containing bilayers. The affinity of C2AB is greatly diminished in the
absence of Ca**. By determining the membrane partition coefficient under
equilibrium condition, the free energy contribution (AAGpinding) Of Ca**, could be
calculated. In PS containing bilayers, the affinity without Ca®* is reduced
approximately 3 kcal/mole and in 2 mol% PIP, containing bilayers it is reduced
by 1.5 kcal/mol. Residues in the arginine apex have little effect upon the Ca*'-
independent binding of C2AB; however, mutations in the polybasic face have a

profound effect in either the presence or absence of PIP,.
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Figure 39. Comparison of wild-type RQRQ and KAKA mutant Ca®" independent binding in PS or PIP,
containing bilayers. (a) With bilayers composed of 25 mol% PS. The RQRQ mutation (®) produces a slight
decrease in the Ca2+-independent binding affinity compared to the wild-type protein (A ); however, binding is
not detected for the KAKA mutant (m). (b) C2AB binding to bilayers composed of 2 mol% PIP; is slightly
stronger than to bilayers composed of 25 mol% PS for either the wild-type (A) or RQRQ mutant (®). The
Ca2+-independent binding of the KAKA mutant (®) to 2 mol% PIP: is very weak or absent. (c) In bilayers
composed of both 2 mol% PIP2 and 10 mol% PS, the wild-type (A ) and RQRQ mutant (®) both have an
even more stronger binding compared to bilayers composed of just 2 mol% PIP2. While a weak binding of
the KAKA mutant (W) is observed by a decrease of 15-fold.

The partitioning of C2AB to membranes is weak in the absence of Ca?* except in

the presence of PIP,. Bilayers with mixtures of PIP, and PS produce the highest
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affinities in the absence of Ca®* while mutations in the polybasic face eliminate

the Ca?*-independent binding interaction.

Lipid Composition C2AB WT C2AB RQRQ C2AB KAKA
(Ca* free) [M] [M] M

25mol% PS | 3.4 (+0.3)x 10 | 2.3 (+0.2) x 10> | Not detected

2 mol% PIP; 1.4 (0.2) x 10° | 1.2 (#0.1) x 10° | Not detected

2 mol% PIP, 5.9 (+0.9) x 10* | 4.6 (+0.2) x 10* | 3.4 (+0.5) x 107
10 mol% PS

Table 1. Molar partition coefficients, K (M'1), for the Ca®* independent membrane affinity of Syt1 C2AB. The
membrane affinity of the arginine mutant and lysine mutant are compared to the wild-type in the different
anionic lipid compositions. The errors represent the uncertainty obtained from the non-linear regression fit
using equation 2.2 in chapter 2 to yield K. The dissociation constant is the reciprocal of K, which is the
accessible molar lipid concentration where 50% of the protein is bound to membrane.

Figure 39 and table 1 show that the RQRQ mutations do not change the
membrane binding affinity of C2AB in its Ca*" -free state either. The similar
binding affinity of the RQRQ mutant to the wild type was prevalent in the different
lipid compositions tested. The KAKA mutant however did not exhibit any binding
to 25 mol% PS in the absence of Ca** and 2 mol% PIP, vesicles. Its binding is
thought to be sufficiently weak so that little is bound given the lipid concentrations
used in this experimental setup. There was a very weak binding of 340+0.5 M
that was observed when the negative charge density was increased by using 2%
PIP2, and 10% PS in the vesicle. This demonstrated a decrease by up to 15-fold
compared to the wild type protein. All of the three lipid conditions indicate the
importance of the lysine residues in the weak Ca** independent binding of C2AB.

The binding energetics in 25% PS is reduced by 3 kcal/mole in the absence of
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Ca?*, whereas, the decrease in binding in 2% PIP; resulted in 1.5 kcal/mole

in the absence of Ca** compared to the Ca** dependent binding. The lipid-to

protein ratio was at least 250:1 for the Ca?* independent binding of C2AB.
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Figure 40. The molar partition coefficient, K, of Syt1 CZAszIotted in log scale: The effect of PIP; is several
fold higher than just the PS containing membrane in the Ca“* independent binding of C2AB.

Table 1 and figure 40 show the comparison of the molar partition coefficient, K, of
C2AB with 25% PS and 2% PIP, and suggest that PIP; plays a predominant role
in the weak membrane binding of Syt1. Even though the charge density is lower
in 2% PIP, which would be equivalent to 8% monovalent negatively charged PS,
the K value of 2% PIP; is 4 times higher than in 25% PS. This could be an
example of the sequestration of PIP, by poly-lysines as seen in other proteins

containing lysine repeats hence causing the local charge density to be much

151, 152

higher . Furthermore, it has also been hypothesized that though PIP-

constitutes 1 mol% of the phospholipids in the cell plasma membranes, it can
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reach up to 6 mol% due to sequestration effects in active sites of exocytosis

in PC12 cells'3.

PS and PIP, act cooperatively to bind C2AB to bilayers. \WWhen membranes of

equivalent charge densities are compared, C2AB has the greatest affinity to

bilayers containing both PS and PIP-.

Cooperativity in PS and PIP, in C2ZAB binding
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Figure 41. Cooperative effect of C2AB binding in lipids containing both PS and PIP2. The single lysine
mutant K326A (KA) and double lysine mutant K326A K327A (KAKA) were found to decrease binding

accordingly in the three lipid compositions with equivalent mole charge density: 0.5%PIP2 5%PS, 2% PIP»
and 7% PS.
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Lipid Composition C2AB WT C2AB KA C2AB KAKA
(1mM Ca*") M M M)
7 mol% PS 1.2 (0.1) x 10° - 4.2 (£0.4) x 10°

2 mol% PIP; 2.7 (¥0.2) x 10* | 6.4 (x0.5) x 10° | 1.4 (x0.1) x 10°

0.5 mol%PIP, | 6.2 (x0.7) x 10* | 2.8 (¥0.3) x 10* | 1.2 (20.1) x 10*
5 mol% PS

Table 2. Molar partition coefficients, K, of Syt1 C2AB to lipid bilayers at comparable charge densities (7
mol% negative charge). The additive effect of a single lysine contribution to the binding affinity from the KA
and KAKA mutants is prevalent in the three anionic lipid compositions. The cooperative effect of PSPIP; in
all the different Syt1 C2AB forms is also observed.

It has been shown that incorporating PIP2 into PCPS liposomes increases the
membrane binding of certain sites in C2AB in the presence and absence of Ca*
6.7 However, it has not been demonstrated that the presence of both PIP, and
PS in physiological concentrations can act synergistically in the membrane
binding of C2AB. Previous work on Syt1 C2AB membrane binding in the
presence of PIP, were done by adding 1 mol% PIP, to PCPS liposomes with a
final composition of PC:PS:PIP, 75:24:1 mole ratio’® "®. Hence, the proper
evaluation of the cooperativity of PS and PIP, by keeping equivalent charge
densities in membranes has not been accomplished. Unpublished data from Dr.
Angel Perez in Prof Reinhard Jahn’s group in Max Planck Institute (Gottingen),
using stopped flow binding data showed that the Ko (the rate of unbinding) is the
most affected in bilayers containing both PIP, and PS even though the overall
equivalent charge density is retained. Similarly, in the work herein (figure 39 and

table 2), the Ca®* dependent binding in the presence of an equivalent mole

charge density of PS and PIP; shows a trend that 2% PIP2 has a much stronger
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partition coefficient, K, than 7% PS for the KAKA mutant, KA mutant (K326A)

and wild-type. There is a dramatic increase of up to one order of magnitude in
the K values when both PS and PIP; are present in the vesicle. This binding
trend in the different lipid compositions is also consistent for the different mutants
investigated. Hence, suggesting the cooperativity of PS and PIP; is prevalent in

the membrane binding mechanism of C2AB.

The polybasic face of C2AB contributes to the calcium-dependent membrane
binding of C2AB primarily when PIP, is present. No large differences in the
C2AB membrane affinity to PS bilayers are seen when wild-type protein is
compared to the KAKA mutant; however, when the bilayers contain PIP,,
differences in affinity appear. Each lysine residue contributes approximately 1

kcal/mole to the membrane affinity when bilayers are composed of 2 mol% PIP-.

0.5%PIP,, 5% PS
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Figure 42. Equilibrium binding of C2AB and polybasic mutants to PC, PS, and PIP; bilayers. (a) In PS
bilayers, the calcium-dependent binding of C2AB is not strongly modulated by the mutations in either the
polybasic face or arginine apex (sites opposite the calcium-binding loops); wild-type C2AB (A ), RQRQ (@),
KAKA mutation (®). (b) In 2% PIP. bilayers, the removal of one lysine residue alters the free energy of
binding by about 900 cal/mole; wild-type C2AB (A ), KA mutation (®), KAKA mutation (B). Lipid bilayers in
(b) and (c) have equivalent charge densities. (c) In PS:PIP; bilayers (5% PS, 0.5% PIP2) removal of one
lysine residue within the polybasic face alters the free energy of binding by about 500 cal/mole; wild-type
C2AB (A), KA mutation (@), KAKA mutation (m).
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The contribution of a single lysine in the polybasic strand to the binding

affinity of C2AB was investigated by comparing C2AB K326A (KA mutant) and
the KAKA mutant to the wild-type. Not much has been reported on the
contribution of an individual lysine in the polybasic moiety of C2B domain to the
membrane binding capability of Syt1. Herein it was found that a single lysine
mutation decreased binding by over 4 fold in 2% PIP, vesicles. By determining
the membrane partition coefficient under equilibrium condition, the free energy
contribution (AAGyinding) for a single lysine, could be calculated. Since the partition
coefficients of the wild-type (Kwr), the KAKA mutant (Kkaka), and KA mutant (Kka)
are known, the free energy of binding can be calculated:

AAGpinging = -RT In (Kxa/Kwr)

and

AAGgindging = -RT In (Kkaka/Kka)
This yielded a AAGpindging Of 0.9 kcal/mol in PIP, vesicles and 0.5 kcal/mole in
PSPIP, vesicles by a single lysine residue. Since the PIP, and PSPIP;
compositions are below physiological concentrations, the AAGyinging iS expected

to be significantly more.
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Effects of ATP and negatively charged polyelectrolytes

C2AB, 15%PS, Ca’", 2mM Mg”* (1mM P207* or 1mM ATP)
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Figure 43. Addition of 1mM pyrophosphates shifts binding equilibrium to the right by three-fold while 1mM
ATP diminishes binding completely. The binding of wild-type C2AB (A ) to 15%PS vesicles is three times
stronger than in the presence of 1mM P07 (®). Binding of wild-type C2AB to 15%PS vesicles in the
presence of 1mM ATP (M) is completely eliminated. There was 1mM Ca®* and 2mM MgCl. present in the
samples.

It has been proposed that when Ca?* is present, the membrane anchored
synaptotagmin binds to its own membrane in the synaptic vesicle instead of
undergoing tethering or bilayer bridging154. This binding back to its own
membrane is termed cis-binding compared to the trans-tethering to the plasma
membrane. This occurs due to the presence of ~12% PS in the synaptic
vesicle’™. It is postulated that addition of ATP would eliminate the cis-binding of
synaptotagmin and enhance the frans-tethering to the plasma membrane that
contains 1-3% PIP,?". This modulation of synaptotagmin from the cis-binding to
the frans-tethering to the target membrane by ATP is thought to regulate the

fusion event in synaptic transmission. The inhibition of synaptotagmin binding to
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the PS containing vesicle membrane by ATP is thought to be electrostatic in

nature. This was observed in the complete loss of C2AB binding to 15%PS LUVs
when 1TmM ATP was added as shown by the black data points in the binding
curve shown in figure 43. The addition of a similar charged 1mM pyrophosphate,
P,O;*, shifted the binding isotherm to the right by three-fold as represented by
the red curve. This illustrates that the binding mechanism of synaptotagmin is
electrostatic in nature though the magnitude of the different polyphosphate is

different between ATP-Mg and P,O;*.

Characterization of IP3 and ATP binding site on Syt1 C2B through NMR

The molecular mechanism for how ATP and PIP; exhibit the different interactions
of Syt1 in the synapse-mimicking environment is postulated to be a factor of
electrostatic interactions as well as formation of a coordination sphere with the
Ca?* ', It was proposed that since ATP and C2AB, in synaptic vesicles
containing 15% anionic lipid, have a similar Ca?* affinity (ECso = 230uM, half
maximal effective concentration), there is competition for Syt1-Ca®* by charge
shielding of ATP n Ultimately this leads to disruption of the cis- binding, allowing
Syt1- Ca?* to interact in the trans configuration with the target membrane. And
since PIP; present in the target plasma membrane has a much higher binding
affinity for Ca* (ECs0= 56 pM), it is able to outcompete ATP for binding to Syt1.
To better understand this mechanism of interactions, NMR experiments were

performed to i) to understand if it is driven by a non-specific electrostatic
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interaction, ii) characterize the binding sites of ATP and PIP2 in Syt1, and iii)

quantitate their binding affinity to Syt1 C2B.

The presence of IP3 (headgroup of PIP,) or ATP produces chemical shifts in the

heteronuclear HSQC spectra of C2AB or C2B.
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Figure 44. Overlay of 2D HSQC spectra to map chemical shift perturbation upon IP3 titration. Apo C2AB
(black), C2AB in the presence of 2 mM IP3 (red). Expanded section of the HSQC spectrum showing
chemical shift changes upon titration with IP3 (OmM — blue, 0.1mM — green, 0.2mM — maroon, 0.3mM —

purple, 0.5mM - red, 1mM — cyan, 2mM - black)
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The effect of the ligands ATP and IP3 on the C2B domain of Syt1 was
determined by performing a series of titration experiments through 2D HSQC
NMR using isotopically °N labeled C2A and C2B individual domains. The C2A
and C2B individual structure resonance assignments were acquired from the
solution NMR structures deposited in the PDB by Rizo’s group (PDB ID: C2A
1BYN; C2B 1K5W)®* *2. The 2D NMR experiment on the C2B domain yielded
crosspeaks in which 85% were successfully matched with the resonance

assignments provided by Rizo’s group.

The final "°N-labeled protein concentration was between 0.35- 0.6mM in 3mM
CaCly, pH = 6.3 at 27°C. IP3 was titrated up to 2mM at increments of 0.1 and
0.2mM. ATP was titrated up to 4mM in 0.2mM increments until it was in slight
excess of its physiological level. The overlay of the individual spectra at different
ligand concentrations allowed the mapping of cross peaks that were perturbed
following the assignment of resonance that was specific to the residue. The
chemical shift was mapped for the ligands titrated as shown in figure 44. The
maximum perturbation of each cross peak changing position upon excess ligand
addition was measured. In figure 44, he residues that showed the most
significant chemical shift change in IP3 belonged to the polybasic strand (L323,

K325, K326 and K327) or the Ca** binding loops (D363, D370, D371).
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Both IP3 (the PIP, headgroup) and ATP interact with the C2B domain

polybasic face as well as with the Ca?*-binding loops of C2A and C2B.
C2B: 2mM IP3 (red) vs. 4mM ATP (blue)
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Figure 45. C2B amino acid sequence plotted against the maximum weighted average chemical shift change,
A(Hn, N). The red bars represent the chemical shift change due to 2mM IP3 while the blue bars represent
the chemical shift change from 4mM ATP. The overlaid graphs indicate that IP3 and ATP compete for the
same binding sites probably due to unspecific electrostatic interactions on the positively charged regions on
C2B.
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Figure 46. Residues in C2A exhibiting chemical shift perturbation in the presence of 3mM IP3. C2A is less
sensitive to the interactions caused by IP3 suggesting weak unspecific interactions mainly on the ca®
binding loops.

The ligand induced chemical shift perturbation on specific sites on C2A and C2B
domain were calculated using a weighted average chemical shift change
(equation 2.28) A(Hn, N), to account for the different chemical shift (ppm) scale
for ®N vs. 'H. In figure 45 and 46, the A(Hn, N) in the presence of IP3 or ATP is
plotted as a function of the residue number for C2B and C2A respectively. Figure

45 is an overlay of the chemical shift perturbation of the residues in C2B due to
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2mM IP3 in red bars and 4mM ATP in blue bars. The trend of the sites of

interaction is generally similar between the two different polyphosphate anions.
The residues showing the maximum weighted average chemical shift change is
representative of the binding site of the ligand®’. The red bars exhibit a maximum
perturbation of A(Hn,N) > 0.15 in residues L323, K325, K326 and K327 which
are in the polybasic strand. The ATP induced maximum perturbation as denoted
by the blue bars had a A(Hn,N) > 0.15 in both the polybasic strand (residues
K325 and K326) and the Ca®" binding loops (residues S308 and D371). The
difference suggest that while IP3 is specific to the polybasic strand, ATP seems
to have a more non-specific interaction with charged regions like the Ca®* binding
loops and the polybasic region. In comparison to the IP3 interaction with the C2A
domain, figure 46, the residues with A(Hn,N) > 0.075 in C2A are G174, T176,

S$177 and D203 which are in the Ca** binding loops.

In order to exclude chemical shift changes due to ATP induced aggregation of
the C2B domain, DEER experiments were performed. They were done on the
singly spin-labeled C2AB (283R1) and C2B (415R1) domains to see if ATP
caused aggregation of the protein. However, there was no DEER signal detected
and hence, was concluded that the 2mM ATP did not cause either the single

labeled C2AB or C2B to aggregate.
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C2B Chemical shifts A(H,, N)

4 mM ATP (3 mM Ca?) 2 mM IP3 (3 mM Ca?) 2 mM IP3 + 20mm Ca?

S
Polybasic Strand 2/

C2A Chemical shifts A(H,, N)
3 mM IP3 (3 mM Ca?)

chemical shifts are 3 to 4 x smaller for C2A than C2B
The most significant shifts lie in the Ca2+ binding loops

Figure 47. Mapping of the perturbed sites (red) induced by IP3 and ATP onto the structure of C2A (PDB
1BYN) and C2B (PDB 1K5W) domain. The intensity of the red color corresponds to the larger chemical shift
change, A(Hn, N).

The red color coded chemical shift change A(Hn, N) was mapped onto the NMR
structures of C2B and C2A for ATP and IP3. The largest chemical shifts are
seen for C2B, smaller chemical shifts are seen for C2A. The chemical shift
changes are widely distributed in the C2B polybasic region for both ATP and IP3.
The binding of the polyphosphates is not limited to the polybasic strand but is

also observed on the calcium binding loops. The little perturbation on C2A
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domain shows that binding is not only weak but also centered mainly on the

charged Ca**loops probably due to unspecific electrostatic interaction.



113
IP3 shows a higher affinity for the synaptotagmin C2B domain than does
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Figure 48. Comparison of the residues that exhibited the most chemical shift change upon addition of each
ligand, IP3, ATP and ATP—MgZ+.(a) Titration of the chemical shift changes with IP3 yields good fits to single
site binding model (red line). The affinity calculated from each site is similar, with an affinity of 230 yM
observed for sites at the polybasic face and Ca’*- binding loops. In (b) the binding to ATP is cooperative
with an average affinity of 1.6 £ 0.5 mM and a binding site (n) of 2. The addition of Mg2+ during the ATP
titration (c) eliminates this cooperativity, but does not significantly change the affinity, 0.8 mM + 0.5 mM.
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Binding curves were constructed by plotting the A(Hn, N) as a function of the

titrated ligand concentration as shown in figure 48. The observation of a single
set of peaks and the slow saturation of the protein chemical shifts upon titration
with ligand is consistent with fast exchange and relatively weak binding Ky ~10
M'?° The residues exhibiting the most chemical shift change in the fast exchange
regime were chosen to construct binding curves with to determine the binding
affinity, Ky, of the ligands. The IP3 binding curve was fitted to a hyperbolic
tangent curve yielding a Ky of 230uM. This also indicated a single-site binding
isotherm. The ATP binding curve was sigmoidal in nature suggesting a
cooperative binding mode with multiple binding sites. It could only be fitted to a

Hill equation, which gave a Kq of 1.6 £ 0.5 mM and a binding site (n) of 2.

Since the majority of ATP present in the cell exists as a complex with M92+ the

2+155  Here

ATP titration experiment was repeated in the presence of 1mM Mg
the cooperativity of ATP binding to the C2B domain was no longer observed
(figure 48c). The binding data could be fitted to a hyperbolic equation for single
site binding and yielded a slightly higher K4 of 0.8 mM = 0.5 mM, however, the

binding affinity of C2B to IP3 was still significantly higher.
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Discussion and future experiments:

The interaction of IP6 and the human Syt1 C2B was characterized through
similar NMR experiments ®'. It was found that residues in the polybasic face and
the Ca?* loops had the highest chemical shift perturbation, which is indicative of
the binding site of the ligand. Their findings are similar to what we found for the
rat Syt1 C2B domain and IP3. Furthermore, work done by Igumenova’s group on
C2a and C4-PIP; binding indicated that the poly-lysine region, homologous to the
polybasic strand in the Syt1 C2B, as well as the Ca?* binding loops were the
most perturbed ”’. The results are consistent for domains that contain clusters of
basic residue and Ca?* bound regions where the overall electrostatic potential is
positive. The highly negatively charged polyphosphate anions (IP3, C4-PIP,, IP6
and ATP) would be attracted to the positive protein surfaces. Increasing the ionic
strength to eliminate unspecific electrostatic interactions can also be done to see
if similar perturbations still occur which would be indicative of IP3 forming a

complex with C2B domain.

The binding site may or may not be a 1:1 complex between PIP, and C2B
(i.e. specific binding) with the ligand site comprising both the polybasic face and
Ca*" loops as proposed by Joung et al. and Morales et al. with their NMR

findings 8" 7’

. The number of binding sites of PIP, has been proposed to be 1 by
ITC binding measurements (Angel Perez unpublished data) and it may just be

the polybasic strand that is facilitating the main interaction in the C2B domain. It
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is presumed that in the presence of PS in the membrane, the Ca®" loops

penetrate into the bilayer leaving only the polybasic strand available for
interaction with PIP2 in the target membrane. To support this hypothesis, my
power saturation data indicates specificity of the binding loops to PS versus PIPs.
More of this membrane orientation and docking of C2AB to bilayers containing

PS and PIP2 will be covered in the next chapter.

The binding affinity of IP3 was found to be 4 times stronger than ATP in the
presence of Mg®*. Though the overall charge on ATP-Mg? is less than IPs, it is
thought that PIP, would be dominantly specific to the polybasic face of C2B due
to the local effective concentration on the plasma membrane compared to the

spatial concentration of ATP in the cell.

The results of the sedimentation assay to quantitate C2AB membrane binding
suggest that PIP, prefers the polybasic strand of C2B. This was applicable in
both the presence and absence of Ca**. The double arginine mutants on the
other hand did not seem to govern the membrane binding affinity of C2AB.
Though turbidity assays and vesicle aggregation assays in high-protein-to-lipid
concentrations show that the two arginines are important in the membrane
binding role of C2AB, we were not able to see strong effects of the two key
arginines. Other groups have also reported that there is no correlation between
the membrane binding role of C2AB and the two arginines156. Furthermore, if

interactions were driven by electrostatic interactions, then my NMR experiment
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done using highly negatively charged IP; (PIP2 head group) and ATP would

show significant perturbations on the two arginines cross peaks as well, however
very little chemical shift change observed. Though the expression and the proper
folding of the Syt1 arginine mutants (R398Q and R398Q R399Q) were checked
and their correct targeting to the synapses were verified, the defects in the
intrinsic Ca*?* sensitivity of release could not be checked as done in the
experimental set up by Xue et al ® '. Young et al. postulated that the loss of
function phenotype observed by Xue et al from the R398QR398Q Syt1 mutant
could be due to defects in synaptic vesicle positioning or defects in the intrinsic
calcium sensitivity'*. This correct positioning of the synaptic vesicles also known
as ‘positional priming’ has been reported to be important for synchronous

release’’.

From the power saturation measurements in chapter 3, the membrane binding on
the C2B arginine apex may be electrostatic and just interfacial to the lipid
phosphates. This interfacial association of the two conserved arginine residues
could still contribute to the binding of Syt 1 as models of Syt bridging bilayers

have been implicated to be important for synaptotagmin’s function °% 1%,

The membrane binding energy contributed by a single lysine was higher in
vesicles containing just PIP, at 0.9 kcal/mol compared to 0.5 kcal/mol when PS
was included in the vesicles. This suggested that the binding energy of the poly-

lysine strand is influenced predominantly by PIP; than by PS, which is thought to
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be specific to the binding loops. Overall, accounting for the number of

lysines/arginine in the polybasic strand, the binding energy contribution of this

important region would be close 3 kcal/mol in PCPSPIP; bilayers.

One of the mechanisms of membrane binding of C2AB is proposed to be non-
specific electrostatic interactions between the positively charged Ca?* loops of
C2 domains and the negatively charged lipid in the bilayer. The extent of
membrane binding was observed to be larger for vesicles containing PIP;
compared to PS at equivalent in charge densities. This is consistent with an
electrostatic mechanism where discreteness of charge effects are important for
lipids such as PIP,. The several-fold enhancement in C2AB binding when both
PS and PIP; are present indicate that there may be a cooperative role of the two
anionic lipids in membrane fusion. It would illustrate that both PS and PIP, are
required to effectively coordinate the membrane binding of Syt1 before and after

the Ca?* influx.
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6. Molecular mechanism of C2AB docking with membranes
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Introduction

As discussed earlier (see Introduction), the C2B domain of synaptotagmin 1 and
other C2 domains show specificity for polyphosphoinositides, such as Pl(4,5)P-
9. 83 143,19 A Ca?* dependent and Ca** independent binding of the
synaptotagmin 1 C2 domains to PI(4,5)P2 phospholipids has been observed in

these studies™® 70 78,

In collaboration with Dr. Angel Perez in Prof Reinhard
Jahn’s group in Max Planck Institute (Gottingen), we tested several hypotheses
regarding the membrane binding of C2AB. First, we tested the proposal that the
binding affinity of C2AB to liposomes containing either PS or PIP, was different,
even when each lipid was present at equivalent charge densities. Second, we
tested the idea that there is cooperativity between PS and PIP2, when the
membrane binding affinity of C2AB is quantitated. Third, we tested the proposal
that the membrane binding mode or docking orientation of C2AB with respect to
membranes containing either PS or PIP; is different. In order to perform these
experiments, we examined EPR line shapes of spin labeled C2AB and performed

power saturation experiments to obtain the membrane insertion depth of the

domain in the different negatively charged lipid environments.
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Figure 49. Sites on C2AB probed for membrane interaction and docking orientation by doing site-directed
spin labeling EPR experiments. Each site on the Ca* binding loops on the individual C2A (M173) and C2B
(V304) domain are chosen to be spin-labeled. Sites, L323 and T329, near the conserved polybasic strand
on C2B are also spin-labeled.

Results:

CW EPR spectra

EPR line shapes provide information about the mobility of the spin label side-
chain (R1). When attached to a protein that interacts with the membrane
interface, such as a C2 domain, the R1 side chain exhibits a dramatic reduction
in motion and a broadening of the EPR spectrum upon insertion into the lipid
bilayer. In general, the extent of broadening in the EPR spectrum is dependent
upon the depth of insertion. In these experiments, EPR spectra are obtained in
aqueous solution, bound to large unilamellar vesicles (LUVs) and finally
normalized to correct for the total spin number in each sample. The amplitudes
measured will then reflect the motional averaging of the R1 side-chain and the

extent of membrane penetration. The R1 labeled sites shown in figure 49 were
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probed upon binding to membranes containing either mixtures of PS, PS and

P1(4,5)P2.

C2AB V304R1, Ca?*

__PIP, B |
___PsPIP, ___PSPIP,
___PS ___Pps
__Aq I

Figure 50. cw-EPR spectra for site V304R1 on C2AB in the different lipid compositions in the presence of
Cca®'. The aqueous form of the spin-labeled C2AB is in green while the line shapes due to PS, PIP, and
PSPIP; are in blue, red and black respectively. The spectra on the right show that PS induces the most
membrane contact on the Ca** binding loop 1 of C2B domain. This broadened line shape due to PS is very
different to the spectrum due to just PIP; vesicles. The spectra are normalized against the total spin number
so that the peak amplitudes are an approximate measure of the R1 side chain signal.

The spin-labeled site V304R1 is on Ca** binding loop 1 of the C2B domain. In
contrast to the aqueous form of the C2AB V304R1 mutant (green trace), the EPR
spectrum in the presence of PC:PS (4:1) LUVs shows significant broadening
(blue trace, figure 50). This indicates that the motion of the spin-label on the
binding loops has been restricted, due to insertion of this site into the membrane
bilayer. Recent work indicates that the restricted motion and the broadening EPR
line shapes at a protein-lipid interface is due to interactions of the R1 side chain
108, 109, 110 . The

with the protein surface rather than with the hydrocarbon chains

red traces are due to C2AB V304R1 bound to 5%PIP, containing PC vesicles.



123
There is also a broadening of the EPR spectrum and a decrease in the peak-

to-peak amplitude of the central line in these vesicles even though PS is not
present. However, comparing the line shape of the V304R1 mutant in the
presence of vesicles containing either PS or PIP; suggests that the spin-labeled
loops do not undergo an identical membrane association. Though similar in
charge density, 20% PS appears to permit a greater membrane insertion of the
V304R1 site on C2AB (figure 48 left) than does PIP,. When both PS and PIP;
are present at equi-molar charge densities 2.5%PIP, and 10% PS in the

membrane, the line shape is identical to that obtained with 20% PS.

C2AB M173R1, Ca**

PIP,
PS
—_ __PIP,
PSPIP, ~ps
—Aq

Figure 51. Site M173R1 on C2AB in the different lipid compositions in Ca“". The aqueous form of the R1
mutant is in green while the line shapes due to PS, PIP, and PSPIP; are in black, red and blue respectively.
The Ca? loop 1 on the C2A domain show that a more dramatic line shape broadening occurs in PS vesicles
(black) than in PIP; vesicles (red).

Similarly, the spin-label on the binding loops of C2A domain yielded EPR spectra
that had the most broadening in PS containing vesicles (20% PS and 10%PS,

2.5%PIP;). The green trace in figure 51 corresponds to the spin-labeled mutant
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in its aqueous state and has sharp peaks due to a very mobile R1 side-chain.

The red trace is the M173R1 mutant in the presence of 5% PIP, which also
undergoes line shape broadening but not as drastically as in PS containing
vesicles (blue and black traces). In the right spectra in figure 51, the lineshape
between the 20% PS (black traces) and 5%PIP (red traces) are overlaid. This is
a good example of PS inducing very different docking of C2AB compared to PIP-

and the spin-label experiences different mode of binding.

C2AB L323R1, Ca*"

PS —PS
__PIP, — PIP,
—PSPIP, — PSPIP,
—_Aq

Figure 52. cw-EPR spectra for site L323R1 on C2AB in the different lipid compositions in Ca®*. The aqueous
form of the spin-labeled C2AB is in green while the line shapes due to PS, PIP, and PSPIP; are in red, black
and blue respectively. On the right, the spectra in the different anionic lipids are identical suggesting little
interaction with the membrane surface.

The site L323, which precedes the lysine clusters in the polybasic strand, was
also chosen to be spin-labeled. However, the line shape of the site L323R1
changed little upon membrane association of the domain compared to the

aqueous form (green traces in figure 52) and was not strongly affected by varying
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the anionic lipid composition. The right spectra show identical line shapes in

the three different lipid compositions that are color-coded as indicated. This
indicates that site L323 in C2AB is not inserted into the membrane interface in
the Ca®* bound state of C2AB. It also means that the site 323 do not control the

binding mode of C2AB.

C2AB T329R1, Ca**

— PIP, PIP
—F3 —bs
PSPIP, —
|
o PSPIP,

Figure 53. cw-EPR spectra for T329R1 on C2AB in the different lipid compositions with ca®". The aqueous
form of the R1 mutant is in green while the line shapes due to PS, PIP, and PSPIP; are in black, red and
blue respectively. On the right, the PIP, spectrum (red) undergoes the most line shape broadening
compared to the spectra due to PS. This suggests that the binding mode of this region near the polybasic
strand is different and more specific to PIP; bilayers.

The site T329, which is positioned just after the lysine cluster in the polybasic
strand, exhibited the most broadening in its EPR spectrum upon membrane
association when these membranes contained 5% PIP; (red traces in figure 53).
A less extensive line broadening was obtained when C2AB was bound to PS

containing vesicles (black and blue traces). The green trace is the spectrum of



126
the mutant T329R1 in aqueous solution and it has a line shape characteristic

of the R1 label attached to a flexible loop. In figure 53, on the right the spectra
obtained in the three different lipid compositions are compared. The red trace is
obtained in PIP; bilayers and indicates that this site near the polybasic strand
exhibits the most contact with the membrane interface when compared to the
20% PS (black) and 10% PS, 2.5% PIP; (blue) samples. This was somewhat
surprising for the case where both PS and PIP, (blue) were present. Though it
was not expected that the presence of PS would decrease the lipid insertion of
site 329R1 due to PIP,, the addition of PS probably rearranged the binding loops
such that the site T329R1 was outward facing with the binding loops more

inserted.

In summary, the Ca?* dependent membrane binding of C2AB spectra illustrated
that the Ca®* binding loops on C2A (M173R1) and C2B (V304R1) undergo the
most line shape broadening when subjected to just PS containing LUVs. In
contrast, the site T329R1 near the polybasic strand showed more broadening in
PIP2 containing LUVs. Though more sites need to be investigated, this
preliminary data suggest that the membrane insertion of the Ca?* binding loops is
driven by the presence of PS, while insertion of the site near the polybasic region

is driven by PIPa.
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C2AB K327R1

oip 3mM EGTA
— P2 ___PIP,
—_— __PS

PSPIP, " pspip,
___Aq Aq

Figure 54. Site K327R1 on C2AB in different lipid compositions. The aqueous form of the R1 mutant is in
green while the line shapes due to PS, PIP, and PSPIP; are in blue, red and black respectively. The left
spectra are in the Ca®" condition and show line shape broadening in the presence of membranes. While the
right spectra, in the Ca®*-free condition (EGTA), are generally mobile like the aqueous form but slightly
broadened spectra of PIP; (red) and PSPIP; (black) conditions.

The left spectra in figure 54 are the cw-EPR spectra of site K327R1 in the
presence of Ca®". Interestingly, the line shape of K327R1 in the presence of PS
(blue traces) appeared to be the most immobile. The red trace of the spin-labeled
protein in 5% PIP, vesicle also had a large line shape broadening however did
not exhibit the residual hyperfine component in the low field resonance
characteristic of an immobilized nitroxide. The spectra on the right are obtained
from the K327R1 mutant when bound to different lipid compositions in the
absence of Ca®". It appears that in this lower affinity Ca®* independent binding

mode of C2AB, the polybasic region exhibits stronger interactions to membranes
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containing PIP; as seen by the broadened red line (5%PIP2) and black line

(10%PS, 2.5%PIP,).

C2AB V304R1, Ca?" -free

2 __PIP,
— __PS

Figure 55. Ca** independent binding mode of C2AB 304R1. The aqueous form of the R1 mutant is in green
while the line shapes due to PS, PIP, and PSPIP; are in black, red and blue respectively. The spectrum due
to PSPIP; (blue) shows the most broadening, followed by PIP, (red).

The binding loop on C2B domain exhibited differing line shapes of the nitroxide
R1 side-chain in the absence of Ca?*. The mutant V304R1 in 20% PS vesicles,
shown in the black trace in figure 55, has a mobile line shape identical to the
aqueous state (green trace) of the mutant. The rotational motion of the nitroxide
side-chain experiences some restriction due to membrane association in 5%PIP;
vesicles (red trace). The most interaction with the membrane in the absence of
Ca** is seen for PSPIP, vesicles (blue trace). This is the only time C2AB showed
the most line shape broadening due to the PSPIP, lipid composition since this

composition would seem to adopt the line shape of either the PS or PIP bilayers
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depending on where the spin-label was. Interesting, the Ca** loop on the C2B

domain appears to associate with the membrane when PIP; is present in its

Ca®'- free form.

C2AB M173R1, Ca®* - free

___PIP,
PIP, PS
__PS
PSPIP,
__Aq

Figure 56. Ca“" independent binding of 173R1 loops on C2AB. The aqueous form of the R1 mutant is in
green while the line shapes due to PS, PIP, and PSPIP; are in black, red and blue respectively. The spectra
in the different lipid compositions are generally mobile like in its aqueous form.

On the other hand, the Ca®* loops on C2A domain did not experience a different
mode of binding in the Ca’" -free state when different lipid compositions were
compared. The spectra on the left in figure 56 show that the spectrum from
PSPIP, (black trace) has the largest decrease in peak-to-peak amplitude of the
central line. On the right, the EPR line shapes due to PIP, (black trace) and PS
(red trace) for membrane associated spin-labeled C2AB show little difference.
Overall, the C2A domain Ca®" binding loops do not seem to be immediately

involved in the Ca®* independent binding mode of Syt1.
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C2AB T329R1, Ca?* -free

__PIP,
I | __PS
—PS ___PSPIP,
___PSPIP,

___Ag

A A

Figure 57. Ca** independent binding of 329R1 on C2AB. The aqueous form of the R1 mutant is in green
while the line shapes due to PS, PIP, and PSPIP; are in black, red and blue respectively. On the right, the
spectra from PIP; (red) is the most broadened indicating the most interaction with the membrane compared
to the PS (black) and PSPIP; (blue).

The spectra on the left in figure 57 clearly show that the PIP, bound C2AB
T329R1. The EPR line shape (red trace) displays the most significant broadening
among the different lipid compositions. The red line shape has an immobile
component in the low field resonance manifold indicating a tertiary contact of
T329R1 in membrane vesicles containing only PIP,. The least line shape
broadening is seen for vesicles containing only PS (black trace). These results
illustrate that the site near the polybasic region appears to be more specific to

PIP, vesicles just as it is in its Ca®* bound state.
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C2AB L323R1, Ca*" -free

___PIP,
—PS ___PIP,
___PSPIP, " ps
___Aq

Figure 58. Ca”" independent binding of L323R1 on C2AB. The aqueous form of the R1 mutant is in green
while the line shapes due to PS, PIP, and PSPIP; are in black, red and blue respectively. The spectra in the
different lipid compositions do not change from one another.

EPR spectra obtained for site L323R1 of C2AB when membrane bound in a
Ca?*- free form are shown in figure 58. These spectra do not exhibit any
significant changes in line shape when different lipid compositions are compared.
As seen on the right, the EPR line shapes due to PS (black trace) or PIP; (red
trace) upon membrane association were virtually identical. This site lies above a
cluster of lysine residues on the polybasic strand. This region did not seem to be
interacting with the membrane interface in different acidic lipids in neither its Ca**

bound nor Ca®* free forms.



132

Power Saturation — bilayer depth data

The EPR power saturation technique is widely used to get depth information of
spin-labeled sites on proteins when bound to a bilayer interface. This information
is then used to generate docking orientation of the protein on the membrane
interface. Utilizing the short T1 spin-lattice relaxation of a secondary
paramagnetic reagent, like NIEDDA and O, the collision gradient of the nitroxide
spin-label on the protein can be used to measure accessibility to the reagent and
measure the distance of the spin-labeled site from the bilayer interface. The
different spin-labeled sites on figure 49 were power saturated in the presence of
10mM NIiEDDA and Air (20% oxygen). The samples are prepared in a TPX tube,
which is semipermeable to gas since the sample needs to be purged in N2 to get
rid of O, while conducting the power saturation in the Ni** condition. Then the
sample is purged with N2 in the absence of Ni?** to probe the relaxation rate in the
absence of any paramagnetic reagent. For the O, condition, the experiment is
conducted by softly blowing air into the TPX tube containing the sample. These
three different conditions for each experiment will yield the AP4, for each
reagent, Ni** or O,.
AP4,2 (probe) = P12 (probe) - P12 (N2)
Equation 6.1
Since the experiment is done in 10mM NIEDDA, the AP, is scaled to 20mM.

The depth parameter, @, is derived from:
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® = In [AP1;2 (O2) / APz (Ni?*)]

Equation 6.2
The depth parameter (®) can be either positive or negative, where the more
positive values are representative of the spin-label in the membrane
hydrocarbon. The distance (x) represents the distance from the lipid phosphates
and is related to ® by the following empirically derived hyperbolic tangent
function:

® = 3.4 tanh [(0.11 (x —=8.56)] + 1.1

Equation 6.3
4
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Figure 59. The empirically derived depth calibration curve that is fitted to equation 6.3 describes the
dependence of ® to the position from bilayer interface (Frazier 2003). The depth calibration curve was
generated experimentally from doxyl-PC (A), Syt1 C2A (®) and bacteriorhodopsin () to yield the distance,
x, from the lipid phosphates.

An empirical relationship between the depth parameter and the membrane depth
was previously established by generating a calibration curve using doxyl-labeled
phosphatidylcholine (PC), bacteriorhodhopsin (bR) and Syt1 C2A in PCPS

(3:1)"*. The calibration curve is shown in figure 59. The x value derived from the
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empirical function in equation 6.3 gives the distance of the spin-label from the

lipid phosphates (x =0). The negative x values represent the spin-label residing
towards the aqueous phase while the positive distances represent the spin-label
positioned in the bilayer hydrocarbon. Since the empirical hyperbolic tangent
function was derived in bilayers containing 3:1 PCPS vesicles, the effect of PIP;
in perturbing the Ni** or O, accessibility in the bilayer was also tested. Hence,
control experiments were conducted with 5-doxyl PC incorporated into PCPS and
PCPIP, membranes to confirm that the R1 side chains are undergoing similar
accessibility to the relaxing agents, which would allow the use of the calibration

curve, in figure 59, for my experimental conditions.

The AP+, (O3) for 5-doxylPC (1 mol%) incorporated in 2% PIP, 98% PC LUVs
was acquired, along with the AP, (O2) for 5-doxyl PC in the standard 3:1 PCPS
LUVs. It was found that my depth parameter (®) for 3:1 PCPS was 2.2 compared
to 1.55 in April Frazier's lab notebook. This meant that | had a higher depth
propensity with the same labeling method. My depth parameter for 98:2 PCPIP,
was even more positive at 2.7. All experiments were repeated three times and
the values were averaged. These differences in our ® values could have been
due to a number of variations to my experimental protocol. These variations
could be due to the inaccurate concentration of our NIEDDA stock, or the time
period in purging our sample with Nj, or the properties of the instrument
resonator. Since | have been keeping the manner in how | conduct my
experiment strictly consistent, the differences observed in my own experimental

results are real. However, due to this discrepancy in the ® values of the doxyl-PC
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standards, scaling factors were multiplied into my x values that were derived

from equation 6.3 for the respective different lipid compositions.
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The membrane docking of C2AB is altered in the presence of PIP,. The

power saturation depth measurements of spin-labeled C2AB in different lipid
compositions are given in table 4. The conditions were in 1mM Ca**, 100mM KClI

(normal physiological conditions) and the lipid to protein mole ratio was at least

200:1.
Mutant Lipid Depth Point to plane Error (x A)
Composition parameter (P) distance (A)
(mol %)

M173R1 20% PS +1.9 +7.7 0.33
5% PIP; -1.1 +0.9 0.32
10%PS

2.5%PIP, +1.6 +6.9 0.33

V304R1 20% PS +1.5 +6.8 0.32
5% PIP; -0.3 +2.7 0.23
10%PS

2.5%PIP, +2.5 +8.8 0.64

K327R1 20% PS 1.8 23 0.69
5% PIP; 2.3 -8.0 bulk aqueous
10%PS

2.5%PIP, -1.8 -2.4 0.60

T329R1 20% PS 2.0 -3.8 2.73
5% PIP; -0.8 +1.6 0.31
10%PS

2.5%PIP, -2.1 -4.9 3.90

Table 3. Ca®* dependent membrane depth parameter and distance, x, of R1 side chain on C2AB. The
distances, x, are from the R1 side chain to lipid phospholipid phosphates. Positive distances indicate the
spin labels are inserting into the membrane. All experiments were repeated at least twice and the average of
the @ values were used to get the distance, x, using equation 6.3. The error (+ A) is the uncertainty in the
distance (x) of the spin-label based on the uncertainty of the experimental depth parameter, ®, value.

rd

In its Ca?*-bound state, the 1St and 3~ calcium binding loops of both C2A and
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C2B penetrate the bilayer in the presence of 3:1 PC:PS, either with or without

PIP, (see: Herrick et al®®, Kuo et al76). With PC:PIP; alone (no PS), the binding
mode of C2AB is significantly different as shown in table 4 and figure 55. The
Ca?* binding loops of C2A and C2B (residues 173 and 304) fail to deeply
penetrate to PC:PIP, bilayers and spin labels on these loops are shifted
approximately 6 A towards the aqueous phase. The C2B domain is also twisted
to lift the polybasic face. This places residue 329 deeper into the interface, and

twists residue 327 away from the interface.

Figure 60. Docking orientations determined previously using EPR power saturation measurements for C2A
and C2B bound to PC:PS bilayers. The movement of the docking orientation in the presence of PC:PIP;
bilayers alone is indicated by the arrows.

The binding to PC bilayers, where PIP, is the only negatively charged lipid,
results in a significantly different binding mode for syt1 C2AB, where neither C2A

nor C2B penetrates as deeply into the interface, and the polybasic face of C2B is
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lifted further into the aqueous phase. These power saturation results are

consistent with EPR spectra from sites 173 (figure 51) and 304 (figure 50) which
are shown above in solution or when bound to bilayers with PC:PS, PC:PS:PIP-
or PC:PIP,. The EPR spectra for 173 and 304 indicate that there is more
motional averaging of the R1 label when C2AB is bound to PC:PIP; than when it
is bound to bilayers containing some PS. This is consistent with power saturation
data (Table 4), which indicate that the extent of membrane penetration is

reduced by about 6 A for PIP, alone.

PIP, modulates the Ca?* independent binding mode of the C2B domain. Table 5
gives the bilayer depths of spin-labels on the C2AB when the domain is bound in
the absence of Ca®*. Here the positions of the spin labels were primarily in the
aqueous phase or near the bilayer interface. The maximum positive distance was
+2.7A of site 329R1 in the PCPIP, bilayer followed by +2.3A of site 304R1 in
PCPSPIP; bilayers. First, this demonstrates that Ca®* binding to C2AB domain is
required for the domains to penetrate into the membrane hydrocarbon. Second, it
shows that the Ca?* independent binding of C2AB is weak and only interfacial to
the membrane and requires the addition of PIP; to observe membrane contact of

the C2B domain.
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Mutant Lipid Depth Point to plane  Error (x A)
Composition parameter Distance (A)
(mol %) ()

M173R1 20% PS 1.8 20 1.0
5% PIP, -2.1 -3.6 3.1
10%PS

2.5%PIP; -1.5 -0.42 0.32

V304R1 20% PS -1.8 -2.0 1.1
5% PIP, -1.3 +0.32 0.43
10%PS

2.5%PIP, -0.7 +2.3 0.38

K327R1 20% PS -1.8 -2.2 0.58
5% PIP, -2.1 -4.6 2.5
10%PS

2.5%PIP, -1.6 -0.81 0.54

T329R1 20% PS -1.9 2.7 1.5
5% PIP; -0.3 +2.7 0.28
10%PS

2.5%PIP, -1.8 -2.4 1.3

Table 4. Ca®* independent membrane depth parameter and distance, x, with error range of R1 side chain on
C2AB. All experiments were repeated at least twice and the average of the ® values were used to get the
distance, x, using equation 6.3.

The Ca** independent mode of membrane binding by Syt1 is weaker than that in
the presence of Ca?. As shown by my binding data on the energetics of
membrane binding in the absence of Ca®*, the binding free energy is reduced by
3 kcal/mol compared to the Ca** bound state. Unlike the cw-EPR spectra in
figures 55 and 57, the distances from the depth parameter indicate that there is

no insertion of C2AB occurring in this weaker Ca?* independent binding mode.
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This secondary binding mode of Syt1 is postulated to be driven by the

electrostatic interaction primarily between the polybasic strand and anionic
phospholipids present in the synaptic vesicle or plasma membrane'* '37:%° The
electrostatic switch mechanism of C2 domains has been proposed by different
groups and with a recent model by Kuo et al'®. Surprisingly, the binding loop 1,

site 304R1, in C2B still showed membrane association especially in the presence

of both PS and PIP-.

The cooperative role of PS and PIP; even in the Ca?* free state was seen in my
binding data in chapter 5, and this interaction of the C2B loops may be a direct
result of the cooperativity between the two negatively charged lipids. It probably
results in how the domain is lying on the membrane surface comprised of
PCPSPIP; instead of PCPS, where no membrane association was seen from the
cw-EPR spectra (figure 53). The site 329R1 was positioned closest to the bilayer
in PCPIP, without PS present, followed by PCPSPIP, and then PCPS. In both its
Ca”" activated and inactivated form, the site 329R1 had the most interfacial
contact with only PIP, containing bilayers (PCPIP2). The orientation of the

domain is altered once PS is incorporated into the vesicles.



Discussion and future extensions H
As illustrated by the cw-EPR spectra and power saturation data on various spin-
labeled sites on C2AB, the Ca** dependent molecular mechanism of membrane
binding of C2AB is considerably different between PS and PIP,. The main
conclusion from bilayers containing only PIP, as the negatively charged lipid is
that there is no membrane penetration of the Ca®* binding loops (in C2A and
C2B), while the addition of PS into PIP; bilayers is able to recover the insertion of
these loops. It is possible that the binding of C2AB due to PIP; is largely
dependent in its interaction with the polybasic face and hence does not or cannot
really facilitate the insertion of the binding loops. Though electrostatic repulsive
forces come into play for charged protein-membrane interactions, the
hydrophobic residues in the binding loops drive the membrane penetration of the
Ca?* binding loops in the bilayer * . This is known to contribute favorably to
the binding energy. EPR studies on cPLA2 and Syt1 show that, the ca* binding

loops 1 and 3 inserts into the membrane hydrocarbon'2®: 3¢ 161,

It was found in EPR generated docking models of the PKCa in PIP2 containing
vesicles that the polybasic strand was pushed away from the membrane
interface due to the steric hindrance of bulky headgroup of PIP.%. The
electrostatic contribution due to the large local charge density on the PIP, bound
membrane may cause a higher unfavorable repulsion force due to desolvation

effects.
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The probing of more sites on other binding loops like loop 3 in both C2A and C2B
would provide a complete picture of whether the loop penetration is impossible
with only PIP, as the anionic lipid. More experiments should be done to address
if PS is in fact modulating its binding mode and is required for the Ca?*-bound
loops to penetrate into PIP, containing vesicles. The use of other monovalent
acidic lipids like PG, PA or Pl instead of PS could be done. Increasing the salt
concentration to test the electrostatic contribution of the coordination with PS

could also be investigated.
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7) Significance and Future Directions

The electrostatic interactions of proteins with membranes may be crucial for
biological activity, and the energetic contributions made by electrostatics can be
quite high. The sequence, structural and functional homology of the
synaptotagmin family with other C2 domain containing proteins is strong. They
have diverse roles in which they are involved in cell signaling to membrane
fusion in the secretory pathway. It has been proposed that one of the important
functions of Synaptotagmin 1 is to bind to Ca®* and phospholipids in an
electrostatic manner to trigger the membrane fusion event and exocytosis. The
very complex set up in the neuronal exocytosis event is preceded by the
instantaneous synchronous release upon transduction of the Ca** signal in the
neuron. How Ca?* and the tight coupling of Syt1 with the target plasma
membrane triggers fusion is of great interest, and knowledge of the energetic
contributions of Syt1 -membrane binding would help separate the different

models for Syt1 function in the membrane fusion event.

One model for synaptotagmin function involves a direct interaction with the
SNAREs in the presence of Ca**, which leads to the zippering of the SNAREs to
drive complete fusion of primed (ready-to-go) vesicles with the plasma
membrane "? ’'. The other is its inherent membrane binding function that allows
it to penetrate into membrane bilayers in the presence of Ca*" 3" 154 161. 162

From our data, the insertion of the Ca®" loops is specific to PS containing

membranes and work done by Lai et al showed that C2AB can cluster PS, which
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might induce the curvature stress required for the formation of hemi-fusion

state between opposing bilayers'®2. The perturbation of the lipid bilayer due to
protein insertion is thought to physically deform the lipid leaflet and reduce the
energy necessary to merge opposing bilayers'. The synaptotagmin C2B
domain also possesses a unique trait found in other C2 domains like PKCa,
which is to recognize and strongly bind to target membranes containing PIPa.
The combination of these important characteristics of Syt1 indicates that they

may be of central importance to membrane binding that triggers the fusion event.

By studying the role of the different functional groups in the C2AB domain of Syt1
play in membrane binding, we have provided evidence for the role that
membrane association plays in fusion. The binding data for C2AB to membranes
demonstrates specificity and preferences towards different negatively charged
lipids in the cell membrane. Each lysine in the polybasic strand contributes

0.9 kcal/mol to the binding in PCPIP; vesicles while the addition of PS to the
PCPIP; vesicles reduced the binding energy to 0.5 kcal/mol per lysine residue.
This implies that the polybasic strand comprising of six basic residues could
contribute up to 3 kcal/mol to the binding energy of Syt1 to the plasma
membrane. The energy required to form the hemi-fused state between the
synaptic vesicle and plasma membrane is approximately 45 kgT or 27
kcal/mol '®'%* The Ca®" induced membrane binding energy was found to be
more than 3 kcal/mol and this additional energy provided by the Ca?* influx could

be sufficient to trigger the fusion of the primed (ready-to-go) vesicles. The two
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key arginines on the other hand did not appear to contribute in the membrane

binding affinity of C2AB in any lipid composition. The power saturation data on
the arginine apex indicated peripheral association of the two arginines with the
lipid phosphates, which was lost upon neutralization of the basic residues. Maybe
its role is to associate peripherally to the ionic double layer but not penetrate,
mainly helping in the bridging of opposing bilayers or correctly orienting
synaptotagmin. However, it is not clear why this does not contribute to the
binding energetics. Conceivably, the differences could be due to the different

conditions and lipid compositions used in the two sets of experiments.

The cooperative role of PS and PIP, was seen in the substantially higher binding
affinity of C2AB in both the Ca?* dependent and independent binding mode. This
cooperativity did not contribute to the binding depth in membranes containing
both PS and PIP,; however, the Ca?* binding loops and the polybasic region
seem to be dominated either by PS or PIP,, respectively. In the case of sites
near the polybasic region, the EPR line shapes are unique when PIP; is present,
while sites in the loops give unique signatures in PS. This was also evident in the
power saturation depth data, which showed that the insertion of the Ca®" binding
loops required PS. The site near the polybasic region on the other hand, was

closest only in PIP, containing bilayers.

The NMR data reflected the interactions made by C2B with charged

polyphosphate anions under physiological conditions. Overall it was determined
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that the interactions with PIP, and ATP are largely electrostatic in nature

where the positively charged regions in C2B had the most chemical shift
perturbations. Together with findings from Park et al., it is likely that PIP, would
have a higher affinity than ATP in the cell as indicated by the IP3 affinities from
the NMR titration and the fact that PIP, would be at a very high local
concentration at the focal site of fusion®'. By interfering with the electrostatic
binding of C2AB to PCPS membranes, ATP could modulate C2AB function®'.
The interactions that have been observed by NMR and EPR between
synaptotagmin and the SNAREs appear to occur through the polybasic face of
C2B’> ™. As a result ATP, which interacts with the polybasic face, is also
expected to interfere with the synaptotagmin — SNARE interaction and at normal
cellular levels of ATP-Mg?* Thus, the synaptotagmin 1 — SNARE interaction that

has been examined in vitro, may not be relevant within the cell.

Both PIP, and PS are known to be important for neuronal exocytosis and the
findings presented here on the role of the charged residues in Syt1 helps explain
the importance of these residues as seen in both in-vivo and in-vitro systems for
membrane fusion. The exact mechanism by which synaptotagmin 1 function is
not entirely clear, but the data obtained here suggest that several models
deserved consideration. We do not believe that direct synaptotagmin 1/SNARE
interactions are important in triggering fusion, but it is possible that
synaptotagmin may alter SNARE assembly in an indirect manner. As mentioned

above, the C2AB domains have been observed to demix (sequester) PS upon
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membrane binding'®?. This may either induce membrane curvature strain'®*

130 or it may alter the membrane interactions of other proteins involved in fusion,
such as the SNAREs. If the SNAREs exist in a partially assembled state prior to
fusion, synaptotagmin 1 may act to drive membranes closer together, thereby
triggering SNARE assembly and driving fusion. In this mechanism, ATP binding
to synaptotagmin and the presence of PIP; in the target cytoplasmic membrane
may function to direct synaptotagmin into a frans-binding mode so that
synaptotagmin is able to bridge bilayers and close the distance between the

vesicle and cytoplasmic membranes.
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Appendix

1) The Ca** independent binding of long C2AB construct (96-421)

Introduction

Much of the work that has been carried out previously on a soluble fragment of
C2AB utilized a construct (96-421) that contained an additional N-terminal
fragment from the full-length protein that preceded the C2A and C2B domains
(references). We compared the binding affinity of a shorter construct (136-421),
which contains just the C2A and C2B domains, with the longer fragment. The
two give comparable affinities when the Ca®*-dependent binding to membranes
of POPC and POPS is examined; however, when the Ca®*-independent binding
of this fragment is examined to POPC and POPS bilayers, the binding isotherm
for this fragment does not behave properly. This contrasts with the shorter
fragment lacking the N-terminal piece, which yields a well-behaved binding
isotherm that can be used to accurately access the calcium-independent binding
of C2AB. The longer fragment (96-421) contains a number of charged and acidic
residues at the N-terminus and it is likely that this fragment interferes with the

membrane binding to POPC:POPS in the absence of calcium.

In quantitating protein affinity to membranes, it is important that binding has
reached equilibrium to truly characterize the binding behavior of the protein in the
amount of lipid accessible to it. When the equilibrium condition is satisfied and

enough lipid is titrated to saturate the complete binding of the protein, the binding
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curve of the protein should reach a plateau. The binding curve, which should

reach unity for the fraction of protein bound, is then fitted to the equilibrium
binding equation 2.2 to yield a partition coefficient, K (M'1), which gives the
membrane binding affinity of the protein. The partition coefficient, K,
corresponds to the accessible lipid concentration where 50% of the protein is
bound. This binding affinity is useful in calculating the free energy of binding

between the different conditions investigated.

If the protein is behaving correctly, the binding curve should be hyperbolic in
nature and plateau in saturating conditions. However, when the Ca*
independent binding was performed, the binding curve was not normal and did
not have a saturating curve close to unity. Hence, it could not be used to fit the

binding equation 2.2 and yield a partition coefficient, K, value to quantitate the

binding affinity.
Result
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Figure 61. C2AB WT, Ca * free membrane binding in 25%PS LUVs. Experimental data are a combination of
two data sets.
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shC2AB (136-421)
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Figure 62. Short C2AB (shC2AB) WT, Ca * free membrane binding in 25%PS LUVs. Experimental data are
a combination of two data sets.

The Ca?" independent binding of C2AB is weak and hence requires a much
higher lipid concentration to achieve binding. Several changes were made to
purify the protein and get it completely clean from any residual nucleic acid
contamination. The protein was expressed in cells grown in minimal media,
which has been known to yield much cleaner protein fractions after ion exchange
column. The protein was given a second run in the ion exchange column to
double purify it. The silver nitrate experiment, to detect any trace nucleic acid
contamination, was also conducted but yielded a negative result for nucleic acid.
The protein and sucrose-loaded large unilamellar vesicles (LUVs) was also
incubated for 6 hours before ultracentrifugation to let the membrane binding
reach an equilibrium if the binding kinetics were slow. However under all those
different preparations, the membrane binding of C2AB under very high lipid
concentration was still not exhibiting a saturating binding behavior. Also, the mole
percentage of the negatively charged phosphatidylserine was increased from

25% to 35% in order to observe a stronger binding effect but it failed to yield a
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complete binding of the protein to membranes. The binding curve is in figure

30, where the fraction of protein bound is plotted against the accessible lipid

concentration.

The shorter C2AB construct from residues 136-421 which does not have the N-
terminal linker before C2A domain was used. It showed signs of an increasing

binding isotherm though it was not perfect, as seen in figure 62.

Next, the possible interference from residual lipid in the supernatant causing light
scattering and hence, signal noise was investigated. The total volume of buffer in
each tube was increased from 500uL to 700- 800uL. Since 400uL is extracted
from the supernatant after centrifugation, extra care can be taken to remove the
top-most layer of the supernatant without disturbing the lipid pellet. This
approach seemed to yield a much-expected hyperbolic binding isotherm in the

short C2AB construct, figure 63.
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Figure 63. shC2AB WT in Ca”" free binding with no lipid scattering
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Figure 64. The ca® independent binding of the short C2AB construct fitted to the binding equation in 2.2. A
K value (P1 in graph) of 444 + 56 M was given by the fit.

This curve was fitted to the equilibrium binding equation (Eqn 2.2) and a binding

constant, K, of 444 + 56 M was derived.
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Figure 65. The longer C2AB construct did not seem to show the hyperbolic binding curve
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However, repeating the experiment with the new approach to limit light

scattering effect on samples did not work for the longer C2AB construct 96-421.
It did not exhibit saturation after membrane binding in equilibrium conditions and
at concentration that was sufficient for the short construct, 136-421. It also had a
curve that was not increasing in a normal manner. Hence, the binding curve
could not be fitted to the equilibrium binding equation and the binding affinity for

the 96-421 C2AB could not be quantitated.

Discussion

The linker region from 96-136 that is present in the long C2AB construct contains
a number of residues that are charged. There are 13 acidic residues (in bold) and
8 basic residues.

% KGKEKGGKNA INMKDVKDLG KTMKDQALKD DDAETGLTDG EEKEEP 3¢

It seems that this interferes with the membrane binding property of the soluble
C2AB domain in its weaker binding mode without Ca®*. Auto-inhibition of the
protein domain could be taking place; where a segment of the protein binds to

itself and cause the inhibition of its function.

Seven et al reported that there are two different constructs of Syt1 C2AB that can
behave differently in its membrane bridging function if one of them is not purified

%8 The C2AB fragment (residues 140-421) is highly soluble whereas

properly
the longer fragment of C2AB (InC2AB) containing the N-terminal linker sequence

(residues 95-421) tends to oligomerize if it is not completely free of nucleic acid
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contamination '°®. Hui et al and Connell et al through cryo-EM showed that

the distance separating the syt1 bridged vesicles is ~9nm which suggest Syt1
oligomerizes to facilitate cross-linking of the membrane bilayers'? '®*. This
model is in contrast to a direct-bridging model with the bottom of C2B (where the
two highly conserved arginine residues are) also interacts with the membranes
%8 It was shown through NMR data that the longer C2AB fragment is only
completely free of nucleic acid contaminants through their rigorous purification
protocol of several high salt washes, benzonase treatment and gel-filtration step.
The long fragment INC2AB when purified in this manner bridges bilayer with a
separation of ~4nm between vesicles which was consistent with their direct-
bridging model'®. It seems that the long construct of C2AB containing the linker

sequence before C2A domain can interfere with the biochemical property of

C2AB contributing to its unpredictable membrane binding function.

While it is hard to decipher what is going on exactly and how the acidic linker
could be affecting the weak binding mode of C2AB, it could be helpful in
answering any experimental anomalies when using this piece of C2AB in the

field.
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ii) Electrostatic contribution to C2AB membrane binding

From chapter 5, the requirement for a specific coordination between the Ca?*
bound synaptotagmin and the negatively charged PS lipid head group was
further investigated. The charge density on membrane surface was neutralized
with DDAB to understand the electrostatic contribution of C2AB to its membrane

binding role.

shC2AB WT, PC:PS:DDAB (7:1.5:1.5), Ca”*
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Figure 66.Neutralizing the negative charge on PCPS vesicles by adding equivalent DDAB (positive charged
lipid) abolishes membrane binding. Binding of wild-type C2AB is observed with normal PCPS (85:15)
vesicles (®) in TmM ca®". Neutralizing the charge on PS by adding DDAB in PCPS vesicles (®) do not
exhibit binding of wild-type C2AB in similar buffer conditions.

This was done by utilizing a cationic lipid dimethyldioctadecylammonium bromide

(DDAB) to neutralize the negative charge from PS on the membrane.

N
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Figure 67. Chemical structure of dimethyldioctadecylammonium bromide (DDAB)
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Sucrose loaded LUVs composed of 70 mol% PC, 15 mol% PS and 15 mol%

DDAB were made so that the overall net charge on the membrane would be
neutral. Unlike the control experiment with PCPS (85:15) vesicles, no binding of
wild-type C2AB in the PC:PS:DDAB (70:15:15) vesicles in 1mM Ca®** was
observed. Similarly, the binding of just the C2A domain also exhibited similar
phenotype in DDAB neutralized vesicles (unpublished data of Weiwei Kuo).
Experiments done using an alternative single negatively charged lipid POPG
instead of POPS showed binding of C2AB decreased by about half. Binding to
vesicles containing just 2% PIP2, show enhanced binding in both the Ca?*
dependent and independent binding mode of C2AB, figures 40 and 41. While
comparable or an enhanced binding seem to be possible in different anionic
lipids, it is not clear if the C2 domains adopt similar binding orientation with the

different anionic lipids.

The effect of substituting Cd** for Ca?* binding was also investigated to address
the requirement of a specific coordination between the PS head group with the

protein bound divalent ion’.



157

Cd2* binding of shC2AB

Model: binding

Chi*2/DoF =0.01422
R*2 = 0.90385

P1EGTA 624.68682 +179.01553
P1Cd™  784.42497 £222.28155
P1Ca”™ 36318.72418+8903.23673
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Figure 68. Cadmium does not substitute for Calcium-dependent membrane binding in C2AB

Cd** was found to be able to substitute for Ca?* in the binding to the C2 domain
in PKCa but not facilitate the membrane binding of C2a unlike other divalent
metal ions such as Pb?* and Sr**. The possibility of Syt1 C2AB adopting the
same property was investigated. It was found that 1TmM Cd?* exhibited similar
weak binding of wild-type C2AB in the absence of any divalent cations. Hence
this suggested that Cd?* does not substitute for the membrane binding capability
of Syt1 in Ca®*. In order to eliminate the weak binding of C2B domain, the
experiment was repeated using the shC2A construct. It was found that the
presence of Cd?* exhibited a complete loss of membrane binding (unpublished

data).
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