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Annexins constitute a family of proteins that bind to anionic mamds in a
reversible and calcium dependent manner through the unique architetttineiro
calcium binding sites. In addition, annexins with relatively lakggerminal domains
have been identified to cause membrane aggregation and fusion. STharentradiction
between x-ray crystallography and cryo-EM studies as tgtbposed mechanism of
annexin-induced membrane aggregation.

Molecular dynamics simulations were performed in an effortudysthe calcium
dependent binding of annexin | to a phospholipid bilayer and to investigatd-the
terminus as a possible second membrane binding site. Site speuifitions were
created on the N-terminus to study the effects phosphorylation hakeotertiary
structure of the protein. Simulation trajectories were analyzédrms of non-bonded
interaction energies of protein residues, root mean square deviafioi® protein
backbone, root mean square fluctuations of residues and nuclear distetwesnb
calcium ions and their oxygen ligands. Calcium coordination witd giadgroups was
observed in repeat IV of the core domain. Two lysine residues dbicatee N-terminus

and speculated to be crucial to membrane aggregation displayedcaiginglectrostatic



attractions to the phospholipid layer based on MM-PBSA calculatidms. thesis will

present a model for the mechanism of interaction between annexin A1 and membranes.
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CHAPTER 1 - BACKGROUND

1.1: Annexins - Introduction

Annexins constitute a family of proteins that have the abilitybind onto
negatively charged phospholipid bilayers in a reversible and calciunmalgemanner
through the unique architecture of their calcium binding sites. piluperty places
annexins at the nexus of many membrane related events, includiam @rdo-, exo-,
and phagocytic steps as well as membrane trafficking and repagiani The annexins
are expressed throughout eukaryotic phyla, with at least ninebemsnof the family
identified in mammalian tissues, although they have been found to bet abs/easts
and prokaryotes.

The name annexin is derived from the Gremknex meaning “bring/hold
together”, which accurately describes nearly all annexinsheir tability to bind
biological structures, particularly membranes.

Annexins have been extensively studied over the last severalede@nd much
progress has been made in defining the sequence and structuneyobfri@ese proteins
from crystallography results.  Furthermore, it has recently becadear that
abnormalities in annexin expression and activity cause human diseasethe term
annexinopathieshas been coined. Despite detailed research, specific physiological

functions still need to be assigned to individual annexins.



1.2: Annexins - Classification
Since the turn of the century, more than 160 unique annexins have been

discovered in over 65 different species. The best-studied subfamalyneiins is from
vertebrate animals, designated annexin group A. The followingTablrepresents the
annexin nomenclature. All annexins are comprised of a core domaih edntains four
homologous repeats (in annexin VI, eight) of fivhelices and the divergent N-terminus,
which precedes the core and is unique for a given member of the family. -tEh@iNal
domains vary in length and sequence, from 19 or fewer residues (AnAexingl, A5,

A6, A10, A12, and A13b), to 30-100 residues (Annexins Al, A2, A7, and A11).

Table 1.1:Classification of Human Annexirs.

Name Synonyms/Former name(s) Human gene symbol
Annexin A1 Lipocortin 1, annexin | ANXA1L
Annexin A2 Calpactin 1, annexin Il ANXA2
Annexin A3 Annexin Il ANXA3
Annexin A4 Annexin IV ANXA4
Annexin A5 Annexin V ANXAS5
Annexin A6 Annexin VI ANXAG
Annexin A7 Synexin, Annexin VII ANXA7
Annexin A8 Annexin VIII ANXAS8
Annexin A9 Annexin XXXI ANXA9
Annexin A10 ANXA10
Annexin A1l Annexin XI ANXA11l
Annexin A12 unassigned

Annexin A13 Annexin XllI ANXA13




1.3: Annexins - Functional Aspects

Annexins bind in a calcium dependent manner to negatively charged
phospholipids. In addition to membrane binding, annexins with relativeferlar
N-terminal domains (between 30-100 residues) have been identifiedise mmembrane
aggregation and fusion events. The three-dimensional structures sol¥ad isdicate
that the N-terminus is located on the concave side of the protein, @ppusicalcium
binding sites. These N-terminal domains harbor binding sites for fd€ins and
various phosphorylation sites for serine/threonine and tyrosine-spkicifises. S100
proteins are a multigene family characterized by twoiwalinding sites of the EF-
hand type conformation.

Annexins Ill and V have short N-terminal domains and therefore cannot
participate in membrane aggregation. In annexin A3, replacing Tip-alanine has
showed a direct effect of the N-terminal domain on propertiesagisglby the core. The
W5A mutant protein shows a much stronger phospholipid binding and a more digorder
N-terminal domain. This finding suggests that subtle differencethanN-terminal
domain result in significantly altered properties of the protein,ilplgsexplaining the
functional diversity among otherwise highly conserved annexins. Addiyoaathimera
comprising the core domain of annexin A5 (which does not promote meminsioe f
activity) fused with the N-terminus of annexin Al was found to causebrane fusion
by Andree and co-workers. Thus, differences in length and sequdnaebendividual

annexins have displayed altered functions between members of this proteintfamily



1.4: Annexins - Physiological Importance
To date, no human disease has been described in which a mutationnnekig a
gene is the primary cause. However, there is good evidence tessulyat changes in
annexin expression or localization may contribute to the pathogeofesertain disease
phenotypes. Thus, annexins have been implicated in some of the motes $enman
diseases, including cancer, cardiovascular disease and diabetdss Wway, annexins
have significant value in disease prognosis, diagnosis and therapy.

The term “annexinopathies” was coined by J. H. Rand in 1999 tafglass
diseases related to annexin abnormalities. He and co-worketigated the over-
expression of annexin A2 in the leukocytes of patients having a hemorfban of
acute promyelocytic leukemia. Also annexin A5 was found to be ungeessed on
placental trophoblasts of patients with antiphospholipid syndrome and in preeclampsia

Much work has been done on annexin Al in eliciting its role as an anti
inflammatory agent by Parente and Solito. They found that annekimiAbits the
expression of inducible nitric oxide synthase in macrophages and ioibaf
phospholipase A (PLA;). PLA; hydrolyzes the sn-2 ester bond of a phospholipid,
releasing a fatty acid (usually arachiadonic acid (AA)). A# oxidized by
cyclooxygenase-2 (COX-2) to produce eicosaniods and prostaglandinsagRmdins in
turn signal the inflammatory cascade. Much of the work in thidysused animal
models for rheumatoid arthritis and myocardial infrcalthough valuable, this work
still cannot be directly related with human disease.

Annexin A2, and its binding ligand S100A10, have been reported to beeskcre

on the surface of peripheral blood monocytes where they regutaiteofysis. The



annexin A2 tetramer binds both plasminogen and tissue plasminogercadtivéd) and

facilitates the release of plasmin. Annexin A2 was also fountbet competitively
inhibited by both thrombin and angiostatin. These roles place tlexianh2 tetramer as
a significant part of fibrinolytic pathways, thrombosis, and angiogefesis.

Some annexins are over-expressed in certain tumor types, whée atnexins
are under-expressed. Annexin Al has found to be over-expressed in oesophageal
adenocarcinoma, gastric adenocarcinoma, colorectal adenocarcinearaceall renal
carcinoma, hairy cell leukemia, and others. Down-regulation ofxanAd was reported
in many types of cancers including head and neck, breast, and pfostate.

Although the precise functions of annexins at the molecular keelstill not
understood, several cellular processes in which they are involvede ilbemoming
apparent. A direct correlation between annexin anomalies and dssgaptoms is still
missing, as laboratory data and clinical data must be closer linked.

1.5: Cryo-Electron Microscopy of Junctions Formed by Annexins

Cryo-electron microscopy (Cryo-EM) studies reported sewgpds of junctions
formed connecting liposomes and several annexins, including the anrexi |
heterotetramer, monomeric annexin Al and annexifi A annexin 1I-p11 tetramer is
a stable complex formed between annexin Il and pll, a member ofl@fe G-
binding protein family. S100 proteins are a multigene family cteraed by two
calcium-binding sites of the EF-hand type conformation. A stmphiphatic -helix
segment located on the 33 residue N-terminus of annexin Il providéstiiag site for

pll. Dimeric interactions (pl1l-p11) stabilize the tetramericptexn As my research



involves the use of monomeric annexin |, | will summarize the esidilthe cryo-EM
experiment pertaining to monomeric annexins only.

(I) Junctions Formed by Annexin Il and Annexin | , C&* and DOPG-DOPC
Liposomes

Monomeric annexin | and annexin Il were observed to aggregate liposaanes
similar junctions. The liposomes were negatively charged angased of DOPG
(dioleoylphosphatidylglycerol) —DOPC (dioleoylphosphatidylcholingyids in a 1:4
molar ratio. Two types of junctions were reported: the 160 A thicktsipe junctions
were more frequently observed than the 125 A thick five stripetijons, as shown in
Figure 1.1. Monomeric annexin Il formed junctions less frequently the annexin II-
pll tetramer. Aggregates of liposomes were observed at 1.5 fiM I8aegards to the
six stripe junctions, Lambert and co-workers interpreted the twer aitipes of the
junction as the inner leaflets of the liposome, the two inner stwpes each assigned as
an annexin monomer, and the remaining stripes between the innet égaflthe protein
were due assigned as the outer leaflets of the liposome, as @#hdvigure 1.2. The
experimenters suggested that each annexin molecule intesifittene liposome by its
convex face and with the other annexin by its N-terminus. Thendegabetween the
centers-of-mass of the outer bilayer leaflets were showe 80 A (six-stripe junctions),
which after accounting for the width of the lipid headgroups correspandsprotein
thickness of 60 A. Two interpretations were proposed for thesfieed junctions: 1)
each annexin molecule interacts with two liposomes, by both its xcawe concave
faces, and 2) annexins interact with liposomes only through tosivex faces and

junctions are stabilized by annexin-annexin lateral interactions.



Fig 1.1: C&*-induced junctions formed between DOPG-DOPC lipas®and monomeric annexin |. a,
aggregates of liposomes; large arrows point teithstriped junctions, smaller arrows point to five
stripped junctions. The scale bar represents 2000, Junctions 1, 2 and 3 present six high dgnsit
stripes, junction 4 presents five stripes. Théesbar represents 100°A.

Average

00 20 300
Angstrom
Fig 1.2: Electron density profile of a six stripe junction.



1.6: X-ray Crystallography Studies of Annexin |

Anja Rosengarth and co-workers conducted X-ray studies on annexin h whic
provided the full-length structure of annexin 1 as well as valuatgdications into its
mechanism of membrane aggregation. They reported that anneximsrgmesed of two
principal domains: namely the protein core and the N-terminal domsink@aown as the
‘head’. The former contains the €&inding sites and is responsible for mediating initial
membrane binding. The core domain comprises four (in annexin A6 agnlogous
repeats of about 75 amino acid residues that fold into five alphaséheE) and form
an anti-parallel bundle. The crystallized core domain reveal&dtgze Il and type I
binding sites on its convex face, which faces the membrane wieemprotein is
peripherally associated with phospholipids. The bound calcium ions in theltgnd
type Il binding sites serve as a bridge to enable annexin atit@mrawith the
phospholipid membrane. A central hydrophilic pore proposed to functianGss ion
channel was also revealed in the core dorhain.
(I) Structure of Full Length Annexin |

Knowledge of the overall structure of annexin | is paramount torstasteling the
mechanism of how this protein interacts with other macromoletdete the cell. The
previously determined structure of human annexin | lacking the 3#sresidues (pdb
code 1AIN) is compared to the full length annexin structure (pdle ¢ HM6) elucidated
in this experiment. The full length structure was obtained fromst&kygrown in the
absence of calcium, and attempts to obtain crystals in the peesérmalcium were
unsuccessful. An explanation of the failed attempts to crystdllitt length annexin in

the presence of calcium shall be explained in the following discussion.



(I) Observations Made in the Study

Rosengarth and co-workers identified changes in conformation &f-taeminus
and repeat Ill of the core domain upon comparison of the two annerne ldomains,
that is with and without calcium bound. In the inactive form of ann@dinwhich is
represented in the absence of calcium, the amphipathic alphddmslied by residues 2-
12 of the N-terminal domain is buried inside repeat Il of tletgdn core, which replaces
the D-helix. Examination of the electron density for resid2es reveals favorable
packing of hydrophobic residues of the N-terminal domain (Met3, Vdié/Pinto a
hydrophobic pocket formed by residues Phe221, Leu225, Phe237, and Val268 of repeat
lll of the core domain. The D-helix of repeat Ill unwinds to forftap over the inserted
N-terminal helix. The type Il calcium binding site in repeltid destroyed by the
inserted N-terminal helix, because the “cap” residue (Glu255), 3®usssdownstream
of the calcium-coordinating backbone carbonyl oxygen atoms in thdodB is no
longer in the proper position for calcium coordination. Upon calcium-reetia
membrane binding, the D-flap folds into the proper conformation in réipefrming a
C&”* binding site and ejecting the N-terminus so that it becomesrgaieeessible. A
comparison between the structures of full-length annexin I in tlsepce and absence of
calcium demonstrates that calcium binding in repeat Ill catlsdN-terminus to be
expelled from the hydrophobic pocket located in the core domain. Tpesex
N-terminus is then much more susceptible to proteolysis duringatiization, and this is
the reason why attempts to crystallize the full-length prateithe presence of calcium
have failed thus far. Such movement could be the precursor for nrardaygregation

activity described for annexin Al. It is tempting to speculat® €ach Cd/membrane-



activated annexin 1 molecule could bind to a second memlwangs exposed N-
terminal domain. Helical wheel analysis showed that an ampiggatlix is formed by

the first 11 amino acids. Since this helix is formed largely by the hydrapbktibct, less
specificity would be expected explaining the lack of head group spicibr the second

lipid binding site of annexin I. This provides a structural explanaif the many studies

that describe the activation of a second, distinct phospholipid bindingpsitecalcium-
dependent membrane binding. The model proposes a topology by which a single annexin
molecule could simultaneously interact with two membrane bilayersyiding a
mechanism for membrane aggregafion.

Several mechanisms were proposed for the annexin Al-membraractioter
leading to aggregation. These include: interaction of the N+tetrhielix with a second
bilayer, dimerization of two annexinsa their N-terminal domains, and connection of
two annexinsvia an S100A11 dimer, which contains two interaction regions for the

N-terminal helix, as shown in Figure 1.3.
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Fig 1.3: Pictorial representation of plausible fusion medsas proposed in X-ray studies; (A)
Interaction of the N-terminal helix with a secorither; (B) Dimerization of two annexinga their N-
terminal domains; (C) Connection of two annexirssan S100A11 dimer, which contains two interaction
regions for the N-terminal helfx.

1.7: Conflict Between X-ray Studies and Cryo-EM Studies
In vitro cryo-electron microscopy experiments have produced detailed snafige

annexin-membrane junctions. There is, however, a dispute betwee+EMryand
crystallography results regarding the proposed mechanism of aninduoced membrane
aggregation. According to cryo-EM studies, the distance betwedipid headgroups in

the six-striped junction of an annexin | induced liposome aggregateureéa60 A.
Lambertet al proposed that an annexin | dimer was responsible for the innetrtpess

of the six-striped junction. Based on crystal structure, an annexin double layer between
two lipid bilayers would be at least 70 A thick (not accounting tfee N-terminal

domain) and about 90 A in the case of full length annexin 1 witickriess of 45 A per
11



monomer. Explanation of the six stripe junctions proposed by Roskerugscribed that
the two central stripes were due to annexin molecules randotabhatl to one or the
other bilayewia their calcium-binding convex faces, and consequently with their exposed
N-terminal domains interacting with the opposing bilayer, resylin an average
appearance of two layetsThe thinner five-stripe junctions could then be interpreted as
sections where the majority of the convex faces of annexintt@ehad to one to the
bilayers, resulting in a single highly asymmetric high-den$ésture between the
phospholipid bilayers?®
() Problem Statement

Two recent studies conducted using Cryo electron microscopy aray X-r
crystallography techniques proposed conflicting mechanisms for anAdximduced
membrane aggregation. My research aims to elucidate thansdbcidging mechanism
and secondary binding site of annexin Al through analysis of moledyfemics
simulations of an annexin/phospholipid-bilayer system.

1.8: N-Terminal Domain

The unique N-terminal domains vary in length and sequence in different annexins.
Due to the structural similarity of the core domains of annexims, N-terminus of
annexin | might be involved in membrane aggregation. The N-terminus oin@or
annexin | comprises 41 residues. The three-dimensional struablved so far indicate
that the N-terminus is located on the concave side of the protein, @ppusicalcium
binding sites. The full-length annexin | crystal structure in @ahsence of calcium
refined at 1.8 A showed a 42 residue alpha helical N-terminahitiooonnected to the

core domain by a flexible linker. The first 26 amino acid resdisem two alpha

12



helices, which are tilted with respect to each other by a kir80dfat Glul7. The first
helix (2-16) inserts into repeat Il of the of the core domahnileweplacing the D-helix.
Residues 27-33 were viewed as an unstructured strand.

A single tryptophan residue is located at position 12 in the N#tesmof
annexin I. The crystal structure revealed that the nitrag@m on the indole ring of the
residue is hydrogen-bonded to a water molecule, thereforerefidue is solvent
accessible. Fluorescence spectra of annexin | in solution shomeciinum emission
wavelength of 345 nm for Trpl2, which is close to the maximum oftfygophan in
solution, again suggesting that the residue is solvent accesaitexins with relatively
large N-terminal domains (between 30-100 residues) harbor binding feiteS100
proteins and various phosphorylation sites for serine/threonine and tyspsiciéic
kinases. Annexin 1 has been shown to be phosphorylated at Tyr21 by thenapide
growth factor receptor (EGF-R) kinasevitro in the presence of calcium, while the N-
terminus is exposed. Interestingly, EGF-R is located at msitiviar bodies, and
therefore annexin | is associated with those lipid structuremteiR kinase C also
phosphorylates annexin 1 within the N-terminus at Thr24, Ser27, Ser28, and Thr41 and in
the core domain by PKA at Thr216.

Residues 10-14 of annexin | represent the binding site for arpfigi@nd of the
S100 family, S100A11. As previously stated, in the absence of cathriMN-terminus
of annexin | is found to be buried inside repeat Ill of the core domgptacing the D
helix. The conformational changes the N-terminus undergoes upamcdinding have
important mechanistic effects. Upon calcium-dependent membranaditide D helix

is speculated to be forced back into position in the core, while #teznNnal helix is

13



expelled from the core and is free to interact with an S100 ligdaatthermore, the
exposed N-terminal helix, reasoned to be the second membrane birdingn ghe
protein, is free to interact with another membrane surface prawde a homophilic
interaction site for another annexin | molecule. Therefore, calciueaappo have a dual
regulatory role in that it triggers the attachment of the prdtea membrane surfasga
the convex face of annexin | as well as ejecting the N-tersnirom the core domain so
that it is able to interact with cellular protein ligandsd/ar a second membrane surface.
In its exposed position the N-terminus is also accessible tesip®ctive kinases, thereby
regulating the activity of annexin I. Phosphorylations are thoughtgulate some
annexin | functions, such as liposome aggregation, by increasing calciuneneeypit

The structure of residues 1-14 of annexin | in complex with S1004ahdi has
been solved, revealing a 1:1 stoichiometry between the two peptides.stiicture is
very similar to that of the N-terminus sequence of annexin domplex with its S100
ligand, S100A10. For both annexin | and Il, the first 14 residues of tte¥nNAuUs
provide the binding sites for two ligands of the S100 family of proteinsannexin II,
the formation of a heterotetrameric complex containing an S100A10 dintertwo
annexin Il molecules has been shown to significantly alter the biochkproperties of
the protein in cells inn vitro andin vivo studies. The A2-S100A10 heterotetramer is
able to aggregate membrane vesicles at micromoldf @mcentrations, a property
which is unique to this particular annexin complex. From high-resaluhages of the
junctions formed between adjacent membranes and the annexin A2-S100Adl6x;om

appears that the two annexin A2 subunits are bound to the two sdplangtes while the

14



S100A10 dimer connects the two subunits through binding to the N terminalrgonsei
similar scenario could hold true for the A1-S100A11 complex.

Annexin | has been shown to exhibit two distinct membrane bindirgy Sdee is
calcium dependent and is specific for a negatively charged membvhite the other is
calcium independent and has not shown charge specificity. The call@pendent
binding has clearly been shown to take place on the convex face of the annexin monomer.
The secondary membrane binding site is thought to be located on theectama of the
annexin monomer, in particular on the exposed N-ternihis.

According to a study involving immunochemical analysis annexiad shown to
associate with early endosomes and multivesiculat bodies. A tednearsion of
annexin | lacking the first 26 residues did not bind to early endosaomer it was
associated with late endosomes and multivesicular bodies. Thisdfilsdan example of
the importance of the N-terminus in regulating annexin | functionitarbssible role in
endocytosis?

Additionally, a chimera comprising the core domain of annexin V (whiges
not promote membrane fusion activity and has a shorter N-terminiis only 19
residues) fused with the N-terminus of annexin | was found toecamsmbrane
aggregation by Andree and co-workers. The protein bound to a single phasphol
bilayer composed of 80% phosphatidylcholine (PC)/ 20% phosphatidyldgtiie at
identical C&" levels as annexin V, but aggregated and fused vesicles unlikeiravhex
The chimera protein was unable to bind to pure PC vesicles. This suggests upon calcium-

dependent binding to a negatively charged membrane, the chimera sx@psseond
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membrane binding site not present in annexin V. This underscoresgihiatory role
played by the N-terminal domain of annexin | in membrane aggredation.

Studies conducted by Eduard and Cho generated truncated mutants oh dnnexi
lacking various parts of the N-terminus in an attempt to disde¥nspecific residues
responsible for the membrane aggregating activity. They titstcated the entire

N-terminus (i.e., ™Y,

which showed no detectable membrane aggregation activity
under normal assay conditions, yet at high protein concentrationshwas $0 cause
aggregating activity. Upon addition of residues 29-41, the proteinalggtegating
activity of the core domain, whereas further addition of resi@%e29 fully restored the
wild-type activity. They speculated that residues 25-29 playednaortant role in
membrane aggregation. This region contains two cationic residyef@.and Lys-29)
and two serines (Ser-27 and Ser-28), whnsatro phosphorylation by protein kinase C
has been shown to decrease the vesicle aggregating propeaynexin I. They
speculated the two lysines form the interaction sight for aggoegaPhosphorylation of
the two serine residues would add a negative charge on those residudsereby
electrostatically neutralize the positive charge on the lysite-chains, thus interfering
with the proposed interaction site of aggregatfon.

The previous discussion emphasized and strengthened the fact thaethaiis
plays a vital part as the plausible second membrane bindingnsatienexin | and must be

further investigated to determine its precise role in the mechaoisannexin induced

membrane aggregation.
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1.9: Core Domain

The core domains of annexins exhibit a sequence homology of up to 80% among
different members of the family, and are composed of four regegght in annexin VI)
made up of five alpha-helices (A-E) each. Four of the helice8(A and E) form a
coiled coil structure, with helix C capping the structure. The doraain of porcine
annexin | comprises 305 residues. The core takes the shapbgbhitly curved disc with
loops connecting helices A and B and helices D and E on the conwexffélte disc.
The calcium binding sites are located within these loops. The bownidneabns serve
as a hypothetical ‘bridge’ between protein and membrane bytamealusly coordinating
ligands from acidic side-chains of the protein and from phosphoryl meietithe lipids.

The convex face of the core domain is thus able to peripherally idoakreversible
manner onto the surface of negatively charged membranes. The cemave the
protein faces the cytoplasm and is available for further interacfions.

To date, many of the cores have been crystallized, revealiogioatype Il or
type Ill binding sites on the convex side, and a central hydrophdre proposed to
function as a Cd ion channel, as depicted in Figure 1.4. In the presence of
phospholipids, the Ga affinity of these sites is in the low micromolar range, altfiou
exact affinities vary between different annexins.

In annexins, the calcium ion coordination complex adopts a pentagonal
bipyramidal molecular geometry. Calcium ions in crystalcitres generally have
coordination numbers from 6 to 8, and rarely adopt ligands other than oajges.
More specifically, the calcium ion binding sites of annexins aréhofe particular

geometries, listed below with their oxygen ligands.
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Table 1.2: Binding Site Geometries of Annexins.

Binding Site

Location

Ligands

Type ll

AB loop

-3 carbonyl oxygen atoms (fro|
protein backbone)

-1 bidentate acidic side-chain (4
residues downstream of AB loop
-2 H,0

m

10

Type Il

DE loop

-2 carbonyl oxygen atoms

-1 acidic side-chain from the
helix

-3 H,0

AB’

AB loop

-1 carbonyl oxygen atom
-1 acidic side-chain

-5 H,0

In a manner of housekeeping, Type | binding sites are the cand&tfelahnd

motif (helix-loop-helix) found in many proteins.

Type | sitesrdnanore carboxylate

ligands, fewer water ligands, and a longer calcium binding loop. TaBldists the

specific ligands with which the calcium ions of annexin | are cooteihaith. It should

be noted that in annexin | calcium ions 1 and 4 coordinate with eiglgeoxgtoms,

whereas the remainder of the ions coordinate with seven oxygen atoms.
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Table 1.3: Calcium ions in annexin | and their associatednits’

Calcium ion Binding site Coordination Ca — O distance (A)
number
1 Type ll, repeat| | 8 0(59) = 2.27 .81 =2.59
0(60) = 2.34 HO2 = 2.33
OE1(62) =2.42 KO3 = 2.60
OE2(62) = 2.46 K04 = 2.36
2 Type lll, repeat || 7 0(97) =2.29 .81 =249
0(100) = 2.53 HO2 = 2.42
OE2(105) = 2.44 pD3 = 2.37
0D2(196) = 2.30
3 Type ll, repeat ll| 7 0(127) =2.26 0OD2(171) =2.5
0(129) =2.32 HO1=2.34
0(131)=2.35 HO2 = 2.42
0D1(171)=2.42
4 AB’, repeat Il 8 0(132) =2.36 2 = 2.57
OE1(134) = 2.63 K03 =2.54
OE2(134) = 2.53 kD4 = 2.45
H,01 =2.29 HO5 = 2.53
5 Type Il, repeat 7 0(210) = 2.44 OE2 (255) =2.70
1] 0(213)=2.38 KHO1 = 2.36
0(215) =2.38 HO2 =2.41
OE1(255) = 2.61
6 Type Il, repeat 7 0(286) = 2.37 OEZ2(330) = 2.49
v 0(288) =2.31 KHO1 = 2.46
0(290) = 2.46 HO2 = 2.49
OE1(330) = 2.55
7 Type lll, repeat 7 0(328) =2.27 D2 = 2.28
v 0(331)=2.26 KO3 = 2.29
0(336)=2.24 HO4 =2.41
H,O1 = 2.87
8 Type lll, repeat 7 0(253) = 2.45 KD1= 2.55
1] 0(256) = 2.60 KHO2 = 2.90
OE2(261) = 3.03 kD3 = 2.80

OD1(253) = 3.03
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Fig 1.4: Axial view of annexin Al taken from 1IMCX.pdb. Repe are color coded: Repeat |
(red), Repeat Il {reer), Repeat Il blue), Repeat IV ( ). Calcium ions are shown as blue
spheres, labeled (1-8) with their binding site getiias. It should be noted that calciums 1 and 4
are octa-coordinated, while the remaining calciamgshepta-cooridnated.

CHAPTER 2 - RESEARCH PLAN

2.1: Approach
To solve the discrepancy of the model of membrane aggregation between
EM and X-ray studies, more structural studies are needed.edowcrystallization of
full-length calcium-bound annexin | in the presence of phospholipids habvesot
successful so far. Molecular dynamics (MD) simulations apjoebe the best approach
to studying the complex environment of the lipid protein interfadbeatnolecular level

and to elucidate the mechanism of annexin-induced membrane aggregation.



The molecular dynamics simulation can be performed on ansystduding the
annexin | monomer positioned in between two phospholipids bilayers composed of
dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylglycerolRBDIin a 4:1
molar ratio, comparable to the liposome composition used in the crystlidves. The
trajectory of the simulation will be analyzed, and after the eegeinteractions between
the protein and phospholipids, the averaged distance between thersbivaille be
compiled and compared with experimental results. Cryo-EM expatsnwere also
performed to study the annexin | dimer induced membrane fusion mechaamsim
simulations can be performed on this system as well. Howéweediter simulation is
considerably more complex and requires longer computational time aodrges in
order to properly study. This study will therefore focus on satmrs comprised of the
annexin monomer positioned between two bilayers. Specificallyarthexin monomer
has calcium ions bound in all eight binding sites on its convex faceiehsas its
N-terminal helix positioned outside the core domain where it ig&esblaccessible. We
are therefore able to analyze the initial membrane bindingsitee convex face of the
protein and the importance of the speculated secondary membnangglsite located at
the N-terminal head. The discussion in the coming chapters providésnttemental
approaches of MD simulations and a summary of the simulations mpedarn annexin |
in close proximity to phospholipids bilayers.

2.2: Theory of Molecular Dynamics Simulation

Our research involved the use of molecular dynamics simulationsleciar

dynamics (MD) is a computational technique which allows atoms naolécules to

interact in a temporal evolution under the known laws of physicsD wMds originally
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devised within theoretical physics in the 1950’s; however, it wasntit the 1970’s that
people began using MD simulations routinely due to the increased awladsil
computers. The first biomolecule simulated using MD was bovinergacte trypsin
inhibitor (BPTI), a small globular protefff:**%

With the advent of modern supercomputers, it has become possibleadviin
simulation on the nanosecond timescale. A 1 microsecond all-atoomlabn was
conducted on a villin headpiece, a 36-residue peptide, in 1998 by Duan andridlima
Long MD simulations are mathematically ill-conditioned howeverd aesult in a
culmination of numerical integration errors.

Classical MD bases the temporal evolution on Newton’s secondHawma,
where the forces are obtained as gradients of the potential enlergiassical MD, the
energy of the system is a function of the nuclear positions onlyn{Bppenheimer
approximation)?

The force fields used in classical MD tend to be relatisghple, such as treating
covalent bonds as springs using Hooke’s law. There are a vari@dgyceffields in use
today. Force fields are a collection of atomic interactions tlaeid parameters define the
potential energy of the system. A simple form of such a fiiete is represented in the
following function:

V(r)=Vi+V + Vigs+ Vuaw + Velect
In this equation, the potential enerd(r), is a function of the positiorrsof N particles,
V, is the bond deformation energy, is the deformation energy of the bond angl&ss
is the energy associated with the dihedral anylgg, is the van der Waals non-bonded

energy and/eiectis the non-bonded electrostatic enefdy.
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Where the bond length fluctuation is close to the natural bond lersg#isple
harmonic approximation is sufficient. Similarly, a deviation of bongles from their
reference value, the angle potential, can be represented imaldosimilar to Hooke’s
law.

Vi=0.5 k(l —lg)?

V =05 k( - o

Proper torsions, which describe the rotation around the centralaaidrond in a
series of three bond vectors, are usually expressed in the forncasiiree expression.
The most commonly used function for proper torsion potential is the Pitzer potential:

Viors=  Kg[1 + cos(d — )]

In this equationkg is the force constant, is the reference angle at which the
potential energy is at a maximum, ands the multiplicity which is the number of
potential minima in one full rotation. Improper torsions describe dht-of-plane
bending of an atom found in the center of three surrounding atoms bond&t to it.

The electrostatic non-bonded potentials can be represented a rafrdiféerent
ways. If fractional point charges are assigned to the nuckeaters of atoms in a
molecule, they are referred to as partial or net atomic ebargsing Coulomb’s law, the

interactions are calculated as a sum of interactions between pairs of pageischar

i
Velect = o a9
R S ¢
whereq; andg; are the pair of point chargésandj, r; is the distance between
those two chargesy is the permittivity of free space and is the relative dielectric

constants which may be function ¢f r

23



Non-bonded interactions other than those caused by electrostatis fwere
described by Dutch scientist Johannes Diderick van der Waals sthdging deviations
from ideal gas behavior, including terms representing dispeYsigiand repulsionVyep.
Dispersion forces (sometimes referred to as London forcesjvea& intermolecular
forces that arise from instantaneous dipoles caused by fluctuatietectron clouds. A
dipole can provoke other dipoles in neighboring atoms, giving rise to artivelatfect.
The attractive force potential is expressed in the form of a power series:

Vdisp:%i)l'*' %u +Q% +...
My i

where | is the distance between two atomsndj and Cj is the coefficient which
depends on atomic polarizabilities (and is always negative, ingplgin attraction).
Repulsive forces are generated when atomic wavefunctions over@mjunction with
the Pauli exclusion principle, in that it is impossible for twaitns with the same spin
to occupy the same space. The potential of this force resemted in the following
equation:

Viep = A
whereA andb are constants and iis the distance between the two atoms. This term is
often replaced and is commonly modeled with the Lennard-Jonesofuivgy which is

represented in the following equation:

12 6
Vi =4

ij
Fij rij

where is the collision diameter (the separation for which the enesrggro) andj; is

the depth of the energy wéfl.
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All the aforementioned interactions are calculated betwees péiatoms. A
significant proportion of interactions involving three are more atoamsicgcorporated
into the pairwise model with the correct parameterization.

Furthermore, the simulation of the protein-membrane interactiboagur in its
natural, physiological environment, an aqueous medium. The most commewly us
models of water are the TIP3P and SP&. The models employ a rigid geometry and
use Coloumbic and Lennard-Jones expressions to define atomic pair-wisdiorisrac

Once a suitable force field is established, an optimizatioaridigh may be
implemented to generate minimum energy conformations. A varietyadf algorithms
exist, many of which require the calculation of the first deénea The first derivative is
useful because it can convey information regarding the shape of thgy eneface,
which aids significantly in locating a minimum. Iterative miraation algorithms are
used to relieve local stresses of a structure due to overlap dfomoied atoms, bond
length distortions, etc. The steepest descent method (often tiadedaddle-point

approximation) is commonly used to calculate integrals in the form:

b
er (¥ dx

a

wheref(x) is some twice differentiable functipiM is a large number, and the limits of
intergrationa andb could possibly be infinite. This method moves in a direction parallel
to the net force. ForNB Cartesian coordinates, this direction is represented ky-a 3

dimensional unit vector,$®

%= _0c
|od
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where g is the gradient for each iteratidn New coordinates of the system are obtained
by taking a step of arbitrary lengtly, along the unit vectorys The new set of
coordinates after stdpis given by the equation:

Xer1 =X+ Kk S
where (is the step size.

Molecular dynamics includes temperature (kinetic energy) throagpmic
velocities. The temperatuiieof the system is measured by the mean kinetic energy, as
described in the following equation:

1 " m; Vi 2 - §NkBT
2

i 1
where N is the number of atoms in the systems the average velocity ank is
Boltzmann’s constarft

Atoms are assigned velocities by finding the acedilen a of atomi from
Newton’s law = m;a;, where the force on the atom is computed fromdémevative of
the potential energy function with respect to atposition, andn is the mass of the
atom. The total force on each particle is cal@dads the vector sum of its interactions
with other particles. Because MD incorporates & mamber of particles and continuous
potentials, it is impossible to solve the propertié the system under study analytically;
instead, MD uses numerical methods, implementedhinvicomputer algorithms, to
circumvent this problem. The method is determicisince the positions and velocities

of each atom are known, the state of the systenbegmedicted at any time in the future.

The Vertlet algorithm is one of the most populatiged methods. The atom’s
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acceleration at timeand at positiom; are then used to calculate its new position+att
using the following equatioff.

nt+ t)=2nt) —ritt— t) + t?af)

The leap-frog algorithm, a modification of the \&trhlgorithm, is used in a number of
simulation packages for the integration of the éigua of motion.

Periodic boundary conditions are used, in whichoa bontaining the system
under study is repeated infinitely in every direntio give a periodic array. As particles
leave the box they are replaced by identical imggticles, thus keeping the number of
particles in the box constant. The Particle Meslale method is efficient in handling
the long-range forces of the systéhi® The SHAKE algorithm is commonly used to
constrain the degrees of freedom of covalent bandslving hydrogen atoms, thus
reducing the amount of computer time needed fositimellation.

2.3: Molecular Dynamics Simulations on Annexins

Molecular dynamics simulations have been reporteduli-length annexins as
well as on individual annexin repeats in attempt etucidate structural and
conformational changes occurring between the caldnee and calcium-bound forms of
the protein. The following studies are describedhronological order and comprise the
background for my research.

In 1997, G.V. Musat and co-workers published resuit which they applied
homology modeling to predict the structure of dambliof annexin | from the known
crystallized structure of domain Il of annexin Mdomology modeling refers to the
construction of a target protein from an evolutigrelated template protein, using the

primary sequence of the target protein taken froenogne research projects. The
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availability of the crystal structure of annexiallowed for an assessment of the accuracy
of their model using molecular dynamics simulatioexplicit solvent.

The domain Il which they created using homology elod) was placed in a
cubic water box with a volume of 125006, A&nd periodic boundary conditions applied
using the CHARMM software, version 23. The expemers performed two
simulations in the microcanonical ensemble, namaealy ‘constrained” and an
‘unconstrained’ simulation. The primary differenibetween the two is that harmonic
constraints were only applied to the ‘constrainsuthulation during the equilibration
phase. Significant deviations of the backbonectine from the initial structure were
observed in both simulations. The RMS deviatiohthe backbone heavy atoms were
3.5 A in the unconstrained simulation and 3.0 Attie constrained simulation after
production?®

The study by G.V. Musat employed homology modelomly on core residues
and excluded other annexin domains as well as ahergt environment. A sequence
identity of 41% was reported in the core regionnaen the two crystal structures, and
the RMS deviation of correspondingcarbons was 0.96 A.

D. Cregutet al. (1998) used molecular dynamics and essential disa(&D) to
study the hinge-bending motions in apo-annexin 4 aalcium-bound annexin V and
annexin I. In this study, three simulations weegf@rmed to investigate the influence of
calcium binding by monitoring the changes in confation and dynamics in the two
modules of annexins. An approximate twofold symmneixists in annexins, and the
protein can be divided into two modules (repedt¢ &nd II/lll). The following two

types of hinge-bending motions were postulatecaforexins: the opening of theangle
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between the modules might be related to calciurdib@ the rotation of théor dihedral
angle between the modules is constrained upon namalsinding on the convex face of
annexin V.

This study obtained the initial starting coordesabf apo-annexin V and calcium-
bound annexin V from their X-ray structures in th®tein data bank. The calcium-
bound annexin V crystal structure included 316dwess, five C& ions and 202 water
molecules. Calcium-bound annexin | contained 33sidues and included six €adons
and 377 water molecules. It should be noted tmaffitst 32 residues of the N-terminus
were unable to be crystallized in the annexin lax-structure (pdb code lain). X-ray
crystallographic waters as well as a 9 A shell #P3P waters were used in the
simulations. MD simulations were carried out usfogr processors on an IBM SP2.
The Assisted Model Building with Energy Refinem@AMBER), version 4.1, all atoms
force field was used to conduct the calculationglie MD simulations. The water shell
was first minimized, and then the system was stdjeto a 10 ps trajectory at 300 K
with the protein and ion positions fixed. Afterugdration, several minimization steps
were performed, the first of which had force comstis applied to backbone atoms and
side-chain atoms as well as the?Cimns. During the next step, side-chain constsaint
were removed, and finally, the last minimizatiorepstwas performed without any
constraints. For each system, a 1050 ps trajeetasycalculated at a constant 306°K.

The results of the study by D. Cregut study shotiadl on average, theangle
between modules was larger, by approximately 5thencalcium-bound form of annexin
V than in the calcium-free form. This is in googr@ement with experimental results.

The averageor dihedral angle did not differ by much between th® annexin V
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simulations (a difference of 1.8° was reported). owldver, the simulations were
performed without a membrane present, so it isadiff to analyze the importance of the
hinge-bending motion on membrane binding. The ayer angle andtor dihedral
angles for the annexin | simulation were signifibardifferent from the annexin V
simulations, and were attributed to the differerdldgical functions of the proteins.
Furthermore, this study found that repeat | wasnlet mobile repeat on annexins.

Tru Huynhet al. (1999) conducted MD simulations on the isolatechdm | of
annexin I. Nuclear magnetic resonance (NMR) stidie isolated annexin domains
showed that domain | retains its tertiary structwigereas domain Il unfolds. This
behavior is interesting since the four domains mmexins have a virtually identical
structure, even though there is only approximad&o sequence homology between the
domains™

Two simulation protocols were used in the studgduwted by Tru Huynh. The
initial coordinates of both were taken from the &¢istructure, with domain | consisting
of residues Thr 41- Lys 113. The first protocolbetided domain | in a 46 A cubic
TIP3P water box and was run for 1100 ps using tHARMM version 23 software.
Bonds containing hydrogen were constrained usiegSHAKE algorithim. Domain |
was found to unfold within 400 ps at a temperatofe800 K. The second protocol
embedded domain | in a 62 A cubic water box usirey GHARMM program version
26bl producing a 1600 ps simulation. The seconotopol led to the native-like
conformation of domain I. This work demonstratied sensitivity of the conformation of

annexin | upon varying MD conditions.
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Jana Sopkova-De Oliveira Santos et al. (2000) studhe conformational
changes upon calcium binding to domain Il of anne¥, particularly the surface
exposure of Trpl187. A complex, low energy pathéWaythe conformational change was
created using the conjugate peak refinement methbDde pathway is presented as a
sequence of molecular events starting from Trp2§0eed (reactant) to Trp187 buried
(product). It was found that the burial of Trpl&fused an increase in conformational
strain, which was compensated by improved protexem interaction energies. All
calculations were performed using the CHARMM vensi23 software. Five acidic
residues were found to have a crucial impact orctiméormational changes of domain Il
via hydrogen bonds with the indole ring of Trpl18hus they concluded that protonation
and deprotonation of the acidic residues, dependenthe pH, had a large-scale
conformational influence on the protén.

Jana Sopkova-De Oliveira Santos et al. (2001) ccteduMD simulations to
further investigate a molecular switch for the &sgale change in conformational
dynamics of domain Il of annexin V. Asp226, onetloe key acidic residues which
forms a hydrogen bridge with the hydroxyl groupTdir226 and thus is speculated to
stabilize the 1lIID-11IE loop, was mutated to a lgsi They showed that the single point
mutation D226K was sufficient to invoke a largelsaanformational change in domain
lll, and verified the mutation results experimelytddy analyzing X-ray crystallography
and fluorescence spectroscopy restilts.

Tru Huynhet al (2002) performed multiple MD simulations on thefalding
transitions of domain Il of annexin | and compatbd results with NMR data. The

simulations were performed with CHARMM version c26lsing the PARM22 all atom
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parameter set. Two pre-equilibrated cubic TIP3Rewdoxes were used to embed
domain Il in; one measuring 62.04 A side, and teeosd for the unfolded state
measuring 80 A sid&"

After minimization and equilibration steps, theguction phase was performed
in the NVT ensemble. Six simulations were perfatmene each at 300 K, 350 K and
400 K and three at 450 K (labeled A, B, U). Th& 46A simulation started from the
crystal structure of domain Il and ran for ~10nsj ao unfolding was observed, contrary
to NMR data. The 450 KB simulation was started.2ns of the initial simulation, thus
bifurcating the 450 KA trajectory. The 450 KB silation had unfolded more than
450 KA with an increased radius of gyration, bull slid not reach the equilibrium
unfolded state found from NMR data. The 450 KU wdation placed domain Il in a
larger box and applied constraints so that no Sagmt contact occurred between helices
A, B, C, and E for 145 ps. At this point the coastts were removed and the domain
was left to relax for ~3ns. Thus their goal wakieeed in that the simulated domain of
the 450 KU reproduced in detail the native unfoldede observed in NMR experiments.

Pierre Montavilleet al (2002) conducted MD simulations and mutagenesis
studies to identify a novel phosphatidylserine (Bi&j§ling site in domain | of annexin V.
Radiocrystallography as well as NMR data hardlyvpmle information concerning
annexin binding to phospholipids at atomic detaih, the experimenters turned to
modeling and simulation methods. The PS molecuals fivst drawn and then placed in
close proximity to the supposed binding site, whishbetween helices A and D of
domain I. The lipid and the six-residue side-chdmcated between helices A and D

were allowed to move, and the rest of the proteas held fixed. The final structure was
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obtained by a short dynamic run at 100 K, followsd minimization and simulated
annealing utilizing the Sybyl program. The dockioiga PS molecule on annexin V
domain | revealed a conserved PS binding sequeite. affinity of the protein for a
calcium ion at the AB site was shown to dependhenpgresence and number of lipid
phosphate groups in the calcium coordination spfere

Franci Merzelet al (2005) developed force field parameters desayiltime
interaction of a calcium ion in an annexin with @vironment. They used quantum
mechanical calculations to describe the potentiatgy surface of the calcium ion within
the three different binding sites of domain | oharin V. They were able to quantify the
partial charges experienced by the atoms in thdimgnsites as well as describing the
geometry and harmonic restraints between the caloun and its oxygen atom ligands.
Finally, they applied their force field to an MDnsilation using CHARMM and
compared the results to a simulation using a stanftace field. They conducted the
following two ~3ns simulations on domain | of anmeX: Annexin V domain | in
complex with three PS molecules in water solutexmjy annexin V domain | without PS
molecules in solution. The refined force field eda better overall structural stability of
the domain during dynamics. Moreover, the analy®¥dS deviations of both
simulations agree well with electron paramagnetgonance (EPR) results reported for
calcium dependent membrane binding of annexin ¥12.

Rohini Sesham et al (2008) performed MD simulationghree protein systems
to elucidate conformational changes during annéximduced membrane aggregation.
These systems were: 1) Cé#ee annexin | with the N-terminus buried insitie tore,

2) C&* bound annexin | lacking the N-terminus, and 3§'Chound annexin | with the
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N-terminus in an exposed position outside the @omaprised the three systems under
study. All computations were performed on a 32epssor SGI origin 350. All
calculations were performed using AMBER'’s all atdonce field as implemented in
AMBER 8 program. The results indicated that thieiagen coordinating residues on the
convex face of the protein showed relatively higlileictuation values than non-
coordinating residues. RMSD (Root Mean Square &mn) analysis indicated that the
N-terminus is the most flexible region of the pmtevhen in an exposed position,
implicating its possible role as a second membbaneing site. The exposed N-terminus
lost its secondary structure over the course osimellation, leading the experimenters to
postulate that it adopts a favorable conformatmrbind to a second membrane. The
measured dimensions of the annexin system witlexipesed N-terminus supported the
mechanism of membrane aggregation proposed by %ttaljes’’

It should be noted that a majority of the previgudescribed MD studies on
annexins were conducted on a single domain of a®xan. The goal of the present
study is to conduct an MD simulation on full-lengtinnexin | in the presence of a
phospholipids bilayer and to establish a mechamirithe observed aggregation property
of this protein. The aforementioned studies wilbypde a strong background to help
achieve this goal.

CHAPTER 3 - METHODOLOGY
3.1: Computational Aspects of MD Simulations

Molecular dynamics simulations were implemented fitre purpose of

investigating the mechanism of annexin | inducedanim@ne aggregation at atomic level

detail. MD is a computational technique which afoatoms and molecules to interact in



a temporal evolution under the known laws of physi€lassical MD bases the evolution
on Newton's second lawg=ma, where the forces are obtained as gradients of the

potential energy.
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The first and second terms use a formula simild#doke’s law. In the case of bond,
is the stretching constant obtained from spect@gamdby is the reference bond length.
Similarly, K is the spring constant angis the reference bond angle. Dihedral rotations
take the form of a cosine series expansion. Pahiarges are assigned to nuclear
centers, and electrostatic interactions are cakdlasing Coulomb’s law. The partial
charges are generated usig initio quantum mechanical calculations. The last term
takes into account the remaining non-bonded interas; modeled with the Lennard-
Jones function, wherg; is the distance between two atorf,n, jj is the distance at
which the energy is zero, angis the depth of the energy well.
3.2: Force Field

The force fields used in molecular dynamics simoies are a collection of
atomic interactions, or parameter sets for eachdipe, which describe the potential
energy of a system. These parameter sets areeddrivm experimental work as well as
high-level quantum mechanical calculations. Thactional form of a force field

includes both bonded and non-bonded terms relatatbms.
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To begin a molecular dynamics simulation, an ahisiet of atomic coordinates is
required. With the set of coordinates, a calcatatis performed to equilibrate the
system. This relieves local stresses due to nowldxb orbital overlap, as well as bond
length and angle distortions. Next, velocities aseigned to atoms, starting from a low
temperature, and successively increased to ourede@mperature (300K). A potential
energy function is calculated as the minimizatiod arming steps occur, thus a system
trajectory is obtained. During MD simulations, News equations of motions are
continuously integrated to generate atomic cootdsand velocities as a function of
time. The velocities and coordinates are recordegh output file after each time step.
The time step should be very small so that the nieile energy does not change
significantly during each step. Typical time stepe on the order of one femtosecond
(10™s). The SHAKE algorithm can be used to extendwvdleie of the time step by
constraining the bond geometry of hydrogen atoms.

The most popular classical force fields used arBIBER, CHARMM,
GROMACS, GROMOS, and OPLS. The AMBER ff03 forogldiwas used in this study
since it is widely used and accredited for MD siatiains of biological macromolecules.
The AMBER software package also contains an extensiite of programs that allow
for thorough post simulation analysis.

3.3: AMBER

The present study utilized AMBER (Assisted Modeliléang with Energy
Refinement) to perform MD simulations. AMBER refe¢o the suite of programs used to
carry out MD simulations and perform common caltates, and is also used in

reference to the empirical force fields that arglemented in MD simulations. AMBER
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9 was the version of the software used in the ptegsearch. It is designed to be run on
a Unix based platform.
The flow of information in the software packageiligstrated in the following

Figure 3.1.

antechamber,
LEaP

prm|top
crd

prim

NMR or sander,

XRAY info nmode, —_—
pmemd

MMTSB

server

mm-pbsa ptraj

Fig 3.1: Basic information flow in AMBER?®

The three main steps in the MD simulations over ¢barse of the present research
include system preparation, simulation, and trajgcanalysis.
() Preparatory Programs

LEaP is the primary program to create a new systeAmber. The name LEaP
is an acronym for prep, link, edit, and parm.slaigraphical builder of input files used in

other modules of AMBER. LEaP generates two vergartant input files: a coordinate
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file (.crd) containing the Cartesian coordinatestttd system (obtained from X-ray or
NMR data), and a topology file (.top) which defitlee atom connectivity within a

molecule through chemical bonds. In the presamtystthe LEaP module was used to
determine the overall charge of the system, toteraalisulphide bond within the protein,
to add sodium and chloride ions in order to provisiesstem neutralization and

physiological ion concentrations, and then expligblvate the system.

(I) Simulation Programs

Sander (Simulated Annealing with NMR-Derived EneRpgstraints) is the basic
energy minimization and molecular dynamics prografander provides direct support
for force fields for proteins, nucleic acids, wataolecules and organic solvents. The
MD portion of Sander generates configurations efgkistem under study by integrating
Newtonian equations of motion. It uses MPI (messaassing interface) programming
for communication among multiple processors. Hadtessor ‘owns’ certain atoms, yet
all processors know the coordinates of every at@ach processor computes its portion
of the potential energy and the corresponding gradj after which the force vector is
summed and reported to each processor.

The particle-mesh Ewald (PME) procedure was useflander to handle long-
range electrostatic interactions. Long-range vanWaals interactions are estimated by
a continuum model.

(1) Analysis Programs

The trajectories generated during the MD simulaiaere analyzed using the

ptraj program and the MM-PBSA (Molecular Mecharficgsson-Boltzmann Surface

Area) script. Ptraj is a general purpose utildydnalyzing and processing trajectory or
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coordinate files to extract information includingral, angle, dihedral values, atomic
positional fluctuations, and other information.réach coordinate set read in, a
sequence of actions can be performed on each abtifegurations read in, and after
processing all the configurations, a trajectory i generated as output. To use the
program, the following steps are performed:

1. Read in a parameter/topology file.

2. Set up a list of input coordinate files.

3. Specify an output file.

4. Specify a series of actions to be performed on eaohdinate set read in.
The series of actions used in the present res@achkided calculations of RMSD, RMSF,
B-factors, snapshots of the system in pdb formdtiater-atomic distance values.

Another analysis script used over the course @féisearch was MM-PBSA. This
method combines molecular mechanics and continunlgerst approaches to estimate
binding energies. The electrostatic contributionthie solvation free energy is solved
using the Poisson-Boltzmann equation. The initetk of structures will be collected
from MD simulation and then used in the AMBER pragrto calculate the total binding
energy of the system as shown in the equation:

Ghind = complex— [ protein*  ligand

The specific interactions we analyzed using MM-PBB&ude:

Amino terminal residues — bottom layer phospholiptgractions

Core domain residues — amino terminal residueansteEms.
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3.4: Systems Used in Molecular Dynamics Simulation
In order to investigate the mechanism by which amkinduces membrane
aggregation and fusion, MD simulations were perfmiron two setups, summarized in
the following Table 3.1. Both setups contain thkeicim-bound annexin | monomer with
an exposed N-terminus positioned between two phadgpth monolayers made up of 180
DOPC molecules and 45 DOPG molecules. The difterdretween the two lies in the

initial distance between the two phospholipid Iaygrior to running any calculations.

Table 3.1: Dimensions of each system set-up, including tatahimer of atoms used per simulation and
timescale of each setup.

Setup 1 Setup 2
Box Dimensions (A) 122.75x 122.00 x 112.94  12X788.67 x 112.94
Total Number of atoms 142,364 127,344
Simulation length (ps) 26702.2 26344

() Annexin Construction

There are no crystal structures available for leigth, calcium-bound annexinAl
with its N-terminus in an exposed position outsiddghe core domain. Therefore, our
first task was to construct this protein under gtudrhe calcium bound core domain
starting coordinates were obtained from its X-rayucture resolved at 1.80 A
(IMCX.pdb)® The 41 residue N-terminus coordinates were takem the X-ray
structure of annexin Al in the absence of calcilidM6.pdb), and fused to the core
domain in an exposed position using Insight Il \wafe. This annexin construction was
part of the work of previous molecular dynamics empents, and therefore was readily
available at the start of the present resedrchhe constructed protein has at total of 351

residues, eight of which are calcium ions, as shbataw.
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Core Domain

N-terminal

Fig 3.2: Calcium-bound annexinAl with exposed N-terminuglc@im ions are shown as light-blue
spheres.

(I Phospholipid Construction
The basic structural element of a membrane is aspitwipid, which contains

long hydrocarbon chains and a variety of polar pgsou DOPG

(dioleoylphosphatidylglycerol), an anionic phosppial, and DOPC

(dioleoylphosphatidylcholine), a zwitterionic phbostipid, were also constructed using
the Insight Il software, and optimized with DMol3ing a 6-31G basis set. AMBER
parameters for the phospholipids were created uki@g\ntechamber program. A total
of 225 phospholipids were used per monolayer (1&P0O: 45 DOPG), creating a
15 x 15 array of phospholipids. This phospholilaiger is better thought of as a viscous
fluid rather than a permanent structure, with aassty about 100 times that of water.

Biological membranes exist as liquid crystals atgablogical temperatures. The ratio of
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4:1 DOPC:DOPG was chosen to model after the phdgidh@omposition used in the
cryo-EM experimenf. Three separate pdb files were made; the top lafer
phospholipids, the annexin protein, and the botepar of phospholipids. All three were
loaded into Insight Il at the origin (O, 0, 0) inardinate space. Then, each pdb file (top,
protein, or bottom) was translated along the y-axmndil the annexin protein was
positioned between the two constructed monolayetiseadesired distance. The system

could then be exported as a single pdb file.

A

Fig 3.3: Optimized structures of DOPC (left) and DOPG (rjgided in the simulation.

3.5: Simulation Conditions
The following steps were performed in LEaP to prepthe coordinate and
topology files used in the MD simulations.
1. The AMBER ff03 force field was loaded.
2. The constructed pdb file, stripped of hydrogen aodue to naming
incompatibility between the protein data bank amdb&r, was loaded.
3. Hydrogen atoms were added where needed.

4. The disulphide bond was created between cysteiie@ cysteine 343.
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5. The systems were neutralized with counter-ions, auhditional counter-ions
were added to achieve the experimental concentisatio
6. The systems were solvated in the space betwegrhtiepholipid layers using
the TIP3P water model.

7. The topology and coordinate files were saved faarlase in the simulations.
All computations were performed on a 128-proces3@i Altix. Molecular displays
were rendered on Silicon Graphics, Incorporated@reetworkstation using Pymol and
Insightll software. All calculations were carriedt using AMBER's force field (ff03) in
the AMBER 9 software package.
() Step 1: Energy Minimization

The initial structures were energy minimized twioefore the MD simulation.
The energy minimizations utilized information frogradient codes. A restrained
minimization was first performed on the solvent d@he counter ions while keeping the
protein and phospholipids fixed. The atoms spedifn this group were restrained using
a harmonic potential of 20 kcal/mof/A This minimization was performed for
1000 steps, where every“?étep was printed in the form of output. For 5¢@6les, the
steepest descent method was used, after whichaegate gradient algorithm was
switched on. The dielectric constant was seteg#fault value of 1.0. The non-bonded
cutoff was set to 12 A to truncate those interaxstio Next, the entire system was
minimized for a total of 2500 steps. Again, theeptest descent method was used for the

first 500 cycles. The final coordinates were entto a restart file.
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(I) Step 2: MD - Warming

The minimized system was then warmed for 20800 K from an initial
temperature of 10 K. A 0.02 ps time step was used,the SHAKE algorithm was used
to constrain all bonds involving hydrogen atomshwat geometric tolerance of 0.00001
A. A 12 A non-bonded cutoff was applied, and pdigoboundary conditions were
applied at constant volume. Every™2&ep was printed to the output file. The trajecto
was written to the “mdcrd” file every 500 stepsddhe final coordinates were written to
the restart file.
(1) Step 3: Constant Pressure Dynamics (NPT)

Constant pressure dynamics were performed ony$tera for a total of 200 ps.
NPT is representative of the isothermal-isobarweanble, where moles (N), pressure (P)
and temperature (T) are held fixed, and the volafte unit cell is adjusted by small
amounts on each step. Constant pressure dynanas@rformed for 100,000 steps,
with every 108 step printed to the output file. The time stefswat at 0.02 ps, and the
SHAKE algorithm was applied. Periodic boundary ditions were used, and a 12 A
non-bonded cutoff was set to truncate non-bondéstantions. The flag for constant
pressure was used with anisotropic pressure s¢aimjthe pressure relaxation time was
set at 2 ps. Simulation trajectories were writtera “mdcrd” file, and for every 100
steps, energy information was written to an oufpet The density of the system was
plotted over the course of the NPT run, and stadtilbn of the density as a function of

time was an indication that the constant pressymamics step was complete.
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(IV) Step 4: Constant Volume Dynamics (NVT)

Constant volume dynamics, the isothermal-isochensemble, comprised the
bulk of the simulations. The input file specifiede of a 0.02 ps time step while
employing the SHAKE algorithm to fix the hydrogeaognetries. The temperature of the
system was set at 300 K. Periodic boundary candtivere applied at constant volume,
with a non-bonded cutoff distance of 12 A. Forrgvi00 steps energy information was
written to an output file, while for every 500 ssefhe coordinates were written to a
“mdcrd” file.

(V) Step 5: Analysis of Trajectories

The simulation trajectories were analyzed in pgrubing the PTRAJ module in
AMBER. The RMSD and B-factor values were estimdtgdhe simulation trajectories
using ptraj, as were inter-atomic distance vametio

RMSD calculations were performed on the alpha-aasb(C ) in the protein
backbone. RMSD measures the average distancemfdement between the @tomic
coordinates and the initial reference structurduastion of time. An RMSD value is

expressed in units of length, most commonly theshrign (A).

The X, y and z terms represent the Cartesian auatel of every n atom in the
system at time initiallf and time =t. Calculation of the RMSD is a good quantitative

measure for evaluating the stability of the pratein
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RMSF (Root Mean Square Fluctuations) calculatiorevewperformed on all
backbone and side chain atoms as a whole for ezgitiue in the protein. This is a

measure of deviation of each residue from a reterg@osition.

In the above equationjs the time over which the calculation is averagedl |,

i and ; are reference coordinates. This data is usefudrialyzing the flexibility of the
system.

The B factors, also known as the Debye-Waller faatescribes the degree to
which atoms fluctuate about the time averaged nutdecstructure. In X-ray
crystallography, it describes the magnitude to Whiwe electron density is spread out,
and indicates how static or dynamic mobility of ratom. It can indicate if there are

any errors in model building, and is a multipletted RMSF by a factor of 8/3.

# o $%&"

Non-bonded interaction energies were analyzed ugiagMM-GBSA script in
AMBER. A set of structures were taken from the Mijectories, and from these
structures the electrostatic contribution to theefenergy is calculated with either the
Poisson-Boltzmann (PB) method, or by the genermlBern (GB) method implemented
in Sander. My calculations used the generalizednB@&B) method, which is an

approximation to the Poisson-Boltzmann equatiod,takes the functional form:
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where

and
> o A 5< <<
@o B

where g is the permittivity of free space,is the dielectric constant of the solveqtjs
the point charge on particler; is the distance between particieandj anda; is the
effective Born radius. A hydrophobic solvent actiele surface area term (SA) is
included in the calculation. This method was usechlculate the following interactions:

Amino terminal residues — phospholipid residues

Amino terminal residues — core domain residues

3.6: Simulation Protocol

All computations were performed on a 128-procesS@i Altix 4700. All
calculations were carried out using AMBER’s fordeld (ff03) in the AMBER 9
software package. The Sander module carried oetetergy minimizations and
molecular dynamics computations. Periodic boundamyditions were applied to the
system with a non-bonded cutoff of 12 A to trunce@W interactions. The particle-
mesh Ewald method was used to treat long rangér@deatic interactions, with a cubic
B-spline interpolation. The SHAKE algorithm wasddo constrain all bonds involving
hydrogen atoms with a geometric tolerance of 0.0080

The system was energy minimized twice before the $itbulation. The energy

minimizations utilized information from gradientd®s. A restrained minimization was
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first performed on the solvent, the counter iond #re phospholipid layers while keeping
the protein fixed. Next, the entire system wasimired. The minimized system was
then warmed for 20 ps to 300 K from an initial tesrgiure of 10 K. Constant pressure
dynamics were then performed on the warmed systerh00 ps. A time step of 0.02 ps
was used for the molecular dynamics simulationgally, constant volume dynamics

(NVT) was performed on the system.
CHAPTER 4 — RESULTS

4.1: Analysis of Systems Used in Simulation
Two systems were used in running the moleculaanyos simulations following
the defined protocol. The two systems differedthe initial distance between the
centers-of-mass of the phosphate groups of tharidgottom monolayers. This resulted
in different volumes for the boxes of the two syséethat were subjected to periodic
boundary conditions. The volume difference coroesis to a different amount of
explicit water molecules used as solvent and ahfft amount of sodium and chloride
counter-ions used in order to keep to ionic corre#ion consistent between the two
systems.
4.2: Simulation Times

Time scales used for the various steps in the MbDukitions are reported in the

following Table 4.1.



Table 4.1: Simulation Time Scales.

Setup 1 Setup 2
Restrained Minimization 1000 steps 1000 steps
Minimization 2500 steps 2500 steps
Equilibration 20 ps 20 ps
NPT 200 ps 200 ps
NVT 26702.2 ps 26344 ps

4.3: Steps — MD simulation

() Minimization

Both restrained and unrestrained minimizations vperormed on both systems.
The restrained minimizations only minimized solvamblecules and counter-ions,
whereas the unrestrained minimizations includedtbéein and lipid molecules.
(I Equilibration

During this step, the systems were warmed to &tdegnperature of 300 K. This
temperature was held constant for the remaind#reo§imulation.
(1) Constant Pressure Dynamics (NPT)

Constant pressure dynamics were performed on thdibegted systems for a
total of 200 ps. Over this period of time, the slgn of the systems eventually
equilibrated to approximately 1.02 gi&mFigures 4.1 and 4.2 depict the density profiles

for both systems.
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Fig 4.1: Density Plot for setup 1.
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Fig 4.2: Density Plot for setup 2.
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(IV) Constant Volume Dynamics (NVT)

Constant volume dynamics were performed on thedysbems for the indicated
time scales. The trajectories were analyzed upompletion of the NVT dynamics
using various programs in AMBER, such as PTRAJ, MBISA and AMBMASK.

4.4: Root Mean Square Deviations (RMSD)

Root mean square deviations of the alpha-carbomsatwith respect to the
starting structure were analyzed over the courséhefsimulation using the PTRAJ
program in AMBER. The RMSD plots were constantlpmtored and were used to
indicate the stability of the systems. Multiple BM plots were created to target specific
areas of interest in the protein, including theecdomain, each individual repeat of the
core domain, the N-terminus, the helical regiofhsh@ N-terminus, the full-length
protein, and the full-length protein lacking theled region of residues connecting the
N-terminus and core domain. This analysis aidednderstanding the conformational
changes annexin | underwent during the simulation.

() RMSD Plot for Full-Length Annexin | Protein in setup 1

Figure 4.3 illustrates the RMSD plot for the fudihgth protein, meaning all 343
alpha carbon atoms were used in calculating théatiens from the NVT trajectory of
setup 1. The protein showed an overall continisa in RMSD values from the initial
frame until 3953 ps, corresponding to a value 618.A. Between 3953 ps and 9739 ps
(at 4.313 A) the values fluctuated between 2.88®92 A with a mean value of 3.585 A.
During this time, the N-terminus appears to be g’ off of the phospholipids, and

its first helix appears to remain parallel to thed surface. After 9739 ps, the values fall
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rapidly, and from 10108 ps to 11188 ps, the vahaegje from 2.448-3.402 A, with a
mean value of 2.860 A. During this time, the fiegght residues of the N-terminus make
somewhat of a kink at the second turn of the alpdi, and they appear oriented near
perpendicular to the lipid surface. The octapeptmtimary sequence is as follows:
A-M-V-S-E-F-L-K. The majority of this sequencensade up of hydrophobic residues,
and the terminal alanine’s amino group is protomgt®NHs;"). Therefore, the driving
force behind this conformational change could k= the hydrophobic residues attempt
to reach the non-polar interior of the phosphoBpidnd that an electrostatic attraction
exists between the terminal alanine and the negjgitcharged layer. Further analysis
using the MM-PBSA program over this time period eaed a relatively high
electrostatic attraction between the terminal alearnd the entire phospholipid layer,
with a calculated value of -172.22 kcal/mol.

Shortly after 11188ps the RMSD plot climbs steepiytil a peak is reached at
11770 ps. Between 11770-13332 ps, the deviat@mmged between 3.158-4.206 A, with
an average value of 3.756 A. During this time, lletices of the N-terminus appear to
rise away from the phospholipid layer and towaegseat Il of the core domain. At the
carboxy-terminus of the second helix, Lys-26 hassitechain fixed in close proximity
with the phospholipid layer, so the N-terminus feran approximate 45 degree angle
from the surface of the lipid layer.

After 13332 ps, the plot drops rapidly again urmilminimum is reached at
14545 ps. The N-terminus moves away from the cmmain and back towards the
phospholipid surface over this time duration. Thet rises slightly until 17016 ps is

reached. From this point to the end of the sinmatat 26992.2 ps, the RMSD plot
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appears to stabilize. The deviation values rargfevden 2.366-3.766 A, with a mean
value of 3.090 A. The N-terminus also appeargabikze, and although it is not as close
to repeat Il of the core domain as it was betwg#r70-13332 ps, it remains pointed
towards repeat Ill and also retains its secondancture. As shown in Figure 4.4, by
calculating the distance between Aspl195, whiclocatied in the A-helix of repeat I,

and Ala2, it is possible to see that Ala2 approadreequilibrium distance with Asp195
at approximately 17000 ps, just as the RMSD plabiizes. Aspl95 was chosen
because it consistently produced the strongestrestatic attraction to Ala2 of all core

domain residues throughout multiple MM-PBSA caltiolas.
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Fig 4.3: RMSD plot of carbon atoms for the full-length protein in selup

53



2
IIIIIIIIIIIIIIIIIIIIIIIII

Distance (Angstrom)

i
=
TT T T[T T T T[T T T T [TTT

=
=

4000 8000 12000 16000 20000 24000
Time (ps)

Fig 4.4: Distance plot between the centers-of-mass of adaiand aspartate-195 over the course of
setup 1.

(I) RMSD plot of core domain in setup 1

Figure 4.5 depicts the RMSD plot of only the cdognain of annexin I in setup 1.
The fluctuations are relatively low in this plotexf 1000 ps, with a maximum value of
1.860 A at 16632 ps, a minimum value of 0.783 2227 ps and a mean value of 1.180
A. There is one obvious bump in the plot, from 3418429 ps. This can be attributed
to a period of relatively strong interaction betwdbhe core domain and the N-terminus.
Figure 4.6 depicts the RMSF values from the timaopeof 15315-16420 ps, during
which there is a rise in the RMSD plot of the cdognain. Figure 4.7 depicts the RMSF
values from 16420-18430 ps, during which there dsagp in the RMSD plot of the core
domain. Both Figures 4.6 and 4.7 show relativagghér values at residues 196-273,

comprising repeat lll of the core domain. Of parar interest, residues 190-197 make
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up a loop region on the concave face of the comeailo connecting repeat Il to repeat Il
and also show relatively high fluctuation valuédased on MM-PBSA analysis shown
later, aspartic acids 190, 195, 196, 199 and 2Qisistently display the strongest
electrostatic attractions to Ala2. From Figure, A2 comes to within an equilibrium

distance of Asp195 at around 16000 ps, which isaqdmately the same time that the
RMSD plot of the core domain (Figure 4.5) peak$ieréfore, we speculate that the rise
in the RMSD plot of the core domain is in fact doethe flexibility of residues from

repeat Il interacting with the N-terminal domain.

Fig 4.5: RMSD plot of carbon atoms of the core domain in setup 1.
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Fig 4.6: RMSF plot of carbon atoms during 15315-16420 ps, the perioghith there is a rise in the
RMSD plot of the core domain in setup 1 from Figdrg.

Fig 4.7: RMSF plot of carbon atoms during 16420-18430ps, the periodhitiwthere is a drop in the
RMSD plot of the core domain in setup 1 from Figdrg.
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(1) RMSD Plot by Core Repeats in setup 1

Figure 4.6 depicts the RMSD values of the alphrbaiss for each repeat (I-1V) of
the core domain of annexin | during the simulatdrsetupl. Each repeat is made up of
approximately 75 amino acids. It is clear thateagll has the highest overall deviation
from the starting structure, with a maximum valde 49 A. This seems logical since
the N-terminus was shown to come within close proti to repeat Ill, especially the
A-helix, as there appears to be some non-bondedaiction between repeat Il and the

N-terminus.

Fig 4.8: RMSD plots of carbon atoms of annexin repeats I-1V in setup 1.
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(IV) RMSD Plot of N-terminus in setup 1

Figure 4.7 depicts the RMSD plot of the 41 ressdakthe N-terminus in setup 1.
The plot is consistent with the full-length RMSDedause the period of 11770-13332 ps
experiences a rapid rise and decline in the phgjain, during this time the N-terminus
rises from the phospholipid surface to make an@pprate 45 degree angle with repeat
lIl of the core domain, and then falls back towatbe surface where it appears to
stabilize. The entire N-terminus has a range @12:6.691 A, and a mean value of
4.413 A. Figure 4.8 depicts only the helical regiof the N-terminus, residues 2-26, and
serves as a comparison to Figure 4.7 to illusttegampact of the unstructured coiled of
residues 27-41. The helical regions have a rah@e368-2.891 A, with a mean value of

1.168 A.

Fig 4.9: Residues 2-41 of setup 1, the entire N-terminus RN®t of carbon atoms.
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Fig 4.10: Residues 2-26, the helical regions of the N-termiiRMSD plot of carbon atoms of setup 1.

(V) RMSD Plot for Full-Length Annexin | in setup 2

The RMSD plot for the full-length protein in set@ps illustrated in Figure 4.9.
There is less overall conformational change inNti2 simulation for setup 2, due to the
fact that the phospholipid layers initially are s#o than in setup 1, resulting in greater
steric hindrance of the protein and less spacdt fir move. The N-terminus remained
parallel to phospholipid surface throughout thisudation, and was not observed to
interact with the core domain. The plot stabilizs1850-16550 ps, with a range of
1.718-3.831 A and a mean value of 2.572 A. Fordhtire simulation, the range of
RMSD values is 1.526A-4.442 A, with a mean valu@.866 A. There is one large jump
in the plot at 16551 ps. The jump at 16551 pslt@$tom a conformational change in
residues 27-41, the unstructured coil connectirg Kiterminal helices to the core
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domain. Lacking any secondary structure, and tbexehydrogen bonds to other
residues, this unstructured coil can undergo comftional changes with more ease than
the rest of the highly alpha-helical protein. Thgsverified by comparing the RMSD
plots of all 41 residues of the N-terminus, demate Figure 4.10, to only residues 2-26,
that is the helical region, depicted in Figure 4.1The values of this plot range from
0.583-2.774 A, with a mean value of 1.61 A. Whesidues 27-41 are excluded from the
calculation, the plot appears very stable, yet wite@se residues are included, the jump

at 16551 ps is very pronounced.

Fig 4.11: RMSD plot of carbon atoms for the full-length protein in sefup

(VI) RMSD Plot of the Core Domain in setup 2
The RMSD of the core domain for setup 2 is illatd in Figure 4.12. The plot

appears very stable throughout the simulation aquereences very small fluctuations.
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The core domain has been shown to be very staddestant to proteolysis and highly
conserved in biochemical assays, and this plofigsrihose findings. The values of this

plot range between 0.854-1.860 A, with a mean vafue333 A.

Fig 4.12: RMSD plot of carbon atoms for the core domain in setup 2.

(VII) RMSD Plot by Core Repeats in setup 2

Figure 4.13 illustrats the RMSD plots of the faapeats of annexin | over the
course of setup 2. Repeat Il in this simulati@h bt show the relatively high degree of
deviation that was displayed in setup 1 (Figure).4.Ghis seems logical since the

N-terminus was not observed to interact with repieat setup 2 as it did in setup 1.
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Fig. 4.13: RMSD plot of carbon atoms of annexin repeats I-1V in setup 2.

(VII) RMSD Plot of N-terminus in setup 2

Figure 4.12 depicts the RMSD of alpha carbon atofall 41 residues of the
N-terminus during setup 2. The plot is consisteith the full-length RMSD, because
around 16300 ps a rapid jump is seen in the pltte unstructured coil region, residues
27-41 of the N-terminus, is presumed responsibiettfe rapid leap in value, since the
helical regions of the N-terminus, residue 2-26pvghn Figure 4.13, appear to have
stable RMSD values. The protein is more sterichlhdered in setup 2 as well, as the
phospholipid layers are approximately 4 A closegetber, leaving less space for the
protein to undergo significant conformational chesg It would be reasonable, therefore,
for the unstructured coil region, lacking any hygkn bonds which play a role in

stabilizing the helix conformation, to be the regaf greatest flexibility.
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Fig 4.14: RMSD plot of carbon atoms of the 41 residues of the N-termimsgtup 2.

Figure 4.15: RMSD plot of carbon atoms of the residues 2-26, the helicabregf the N-terminus in
setup 2.
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4.5: Conclusions Drawn from RMSD Plots

Setup 1 appears to give a more accurate pictub®wfannexin | interacts with
phospholipid bilayers to induce membrane aggregadiod fusion, since the protein is
not as sterically hindered as it is in setup 2.e Tises and falls in the RMSD plot of the
full length protein in setup 1 (Figure 4.3) are foe most part caused by conformational
changes in the entire N-terminus, whereas the wetsitied coil of residues 27-41 appear
to be mostly responsible for the deviations in g&u

A significant difference was observed in the RM@Dts of repeat Il of the core
domain between setup 1 and setup 2. Setupl shovgher deviation in this repeat due
to non-bonded interactions with the N-terminus, rghs these interactions are not half as
strong in setup 2.

4.6:. RMSF

The root mean square positional fluctuations @f pinotein backbone residues,
including the alpha-carbon, the carbonyl carbon #rednitrogen, were analyzed using
the PTRAJ program in AMBER. RMSF plots were crdatsing the protein backbone
atoms (C, N, C) as well as the sidechain heavy atoms feretttire simulations and are
represented in Figures 4.14, 4.15, 4.16, and 4RVISF values were compared for the
two systems to understand how the protein fluctiateaverage when in close proximity

to phospholipids layers.
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Fig 4.16: RMSF of backbone heavy atoms per residue in setupalcium binding residues are indicated
with arrows.

Fig 4.17: RMSF of sidechain heavy atoms per residue in sktup
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Fig 4.18: RMSF of backbone heavy atoms per residue in setupatcium binding residues are indicated
with arrows.

Fig 4.19: RMSF of sidechain heavy atoms per residue in s2tup
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4.7: Observations Made from RMSF Plots

The RMSF curves showed similar patterns for set@gmd setup 2. The RMSF
curves from both setups show that within the cavenan of the protein, the calcium
binding residues on average display a higher fataia than non-coordinating residues.
Also consistent between both setups is that relpeat the core domain, comprised of
residues 196-273, displays a higher fluctuatiomtin@peats I, Il and IV. This is
consistent with the structural data reported byeRgarthet al in that upon calcium
binding, the N-terminus is ejected from a hydrophgocket in repeat 11l and is replaced
by the D helix? Repeat Ill is therefore expected to adopt a aométion necessary for
calcium and phospholipid binding and would be exgedo display higher fluctuation
values.

Another similarity between the RMSF plots of theotwetups is that the
N-terminal region displays much higher fluctuatisalues than the core domain.
Particularly, residues 27-41, the unstructured, cdiplays the highest fluctuations.
These residues, lacking the hydrogen bonds negesgarstabilizing the helical
conformation, would be expected to fluctuate mavetlsan the helical residues. A
difference between setup 1 and setup 2, howevehdsrved at the helical regions of the
N-terminus, residues 2-26. Residues 2-26 havefisigntly higher fluctuation values in
setupl than in setup 2, consistent with the obsiervéhat those residues interact with
repeat Il in setup 1. Since setup 2 is more cadlyi hindered than setup 1, lower
fluctuation values of the N-terminal helices is sistent with simulation conditions.
Moreover, the N-terminal helices underwent verylditconformational changes in

setup 2. In fact, the only part of the proteirleatn fluctuate in setup 2 was the
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unstructured coil connecting the N-terminus anct@omain. Because there was greater
steric hinderance in setup 2, the N-terminus walento interact with repeat Ill, which
in turn led to lower fluctuation values of repelitrésidues in setup 2 than setup 1. The
mean fluctuation value for repeat Il residues @up 1 is 1.515 A, whereas the mean
value for this repeat in setup 2 is 0.911 A.

Residues A-2, M-3 and V-4 display the highest fhation of backbone atoms
during setup 1, with values of 7.573, 7.406 an®&.A respectively. Residues Gly31,
Ser32 and Ala33, located in the unstructured abigplay the highest fluctuation of
backbone atoms during setup 2, with values of §.3222 and 7.432 A respectively.

4.8: B Factors

The B factor of the alpha carbon atoms over thesmof the simulation was also
calculated and compared with the B factor takemfd¢-ray crystallography data. By
specifying the keyword “bfactor” in the ‘atomicfltienput file, the data is output as B-
factors rather than atomic positional fluctuatigmgiich simply means the results are
multiplied by a factor of (8/3f). B factors reflect the fluctuation of a giveplah carbon
atom about its average position, which gives vdwialnformation regarding the
dynamics of a protein. Figures 4.20 and 4.21 tilate the B factors of setup 1 and
setup 2, respectively. As shown, the calculatdddBrs from the simulations align well
with the B factor values taken from X-ray data.isTthelps to validate that the simulation
set-up and the force field ff03 used during theutation are rational choices giving

fairly consistent data with experimental results
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Fig 4.20: Calculated (black) and X-raygd) B factors of carbon atoms in setup 1.

Fig 4.21: Calculated (black) and X-raygd) B factors of of carbon atoms in setup 2.
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4.9: MM-PBSA

Non-bonded interactions between residues in theejprand phospholipids were
also analyzed. This helped to identify which rasslhad a greater impact in the overall
conformational changes the protein underwent. Wais accomplished using MM-PBSA
module in the AMBER suite of programs. This metlothbines molecular mechanics
and continuum solvent approaches to estimate lynéimergies. The initial sets of
structures were collected from MD simulation anentlused in the AMBER program to
calculate the total binding energy of the systerahemvn in the equation:

Ghind = complex— [ protein*  ligand
Specifically, we analyzed:
Amino terminal residues — bottom layer phospholipigractions
Amino terminal residues — core domain residues

Van der Waals interactions were truncated at 1hd were found to have little
influence in the non-bonded interactions. The waltons indicated that the primary
non-bonded interactions were comprised of eledtamstforces. The electrostatic
contribution to the solvation free energy is caitetl using the Poisson-Boltzmann
method in the pbsa program of AMBER. Four MM-PB&#culations were performed
on setup 1, and three calculations were performedetup 2. Each calculation was
performed over a particular period of time basedtmresults from the RMSD plots.
Periods in which the RMSD plots changed signifisamtere chosen to be analyzed by
MM-PBSA calculations so that a correlation could rhade between conformational
changes in the protein backbone and the influerfcéh® N-terminus’s non-bonded

interactions on those conformational changes. tirhe intervals that were chosen to be
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analyzed are circled in Figures 4.22 and 4.23. urég 4.24-4.25 show MM-PBSA
calculations from 10240-11150 ps during which thBISD plot (Figure 4.3) first
stabilizes around 3 A in setup 1. Figures 4.26-4Bow MM-PBSA calculations in
which the RMSD plot of setup 1 (Figure 4.3) risestabilize around 4 A, from 11770-
13330 ps. Figures 4.28-4.29 show MM-PBSA calcaotetiin which the RMSD plot of
setup 1 (Figure 4.3) rapidly falls from 4 A to 5over the period of 14540-15575 ps.
Figures 4.30-4.31 show MM-PBSA calculations in whihe RMSD plot of setup 1
(Figure 4.3) finally stabilizes at around 3 A dgrithe period of 17015-17640 ps.
Figures 4.32-4.33 show MM-PBSA calculations in whihe RMSD plot of setup 2
(Figure 4.11) falls from 3 A to 2A during the peatiof 10692-12014 ps. Figures 4.34-
4.35 show MM-PBSA calculations in which the RMSDbtpbf setup 2 (Figure 4.11)
stabilizes around 3 A over the period of 13672-14j3. Figures 4.36-4.37 show MM-
PBSA calculations in which the RMSD plot of setufFRjure 4.11) rises from 3.5 A to
4.5A during the period of 16922-18469 psrom each of these time periods, ten
snapshots were generated at regular intervals, ti@daverage structure from these
snapshots was used in the calculation. Each residthe N-terminus has a single value
from the summation of all non-bonded interactidrisas with either all 225 bottom layer
phospholipids, or all 300 residues of the core domaThe charged residues, which
include the terminal alanine, lysines, aspartateglwtamates, were the only residues to
show significant non-bonded energies with either ¢bre domain or the phospholipid
layer. Electrostatic energies were also signifigagreater than van der Waals energies.

Included under each of the MM-PBSA Figures are @al§.2-4.8) which list specific
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energies between the charged N-terminal residudsegher the core domain or the

phospholipid layer.

Fig 4.22: Regions from the RMSD plot of setup 1 (Fig 4.3)which MM-PBSA calculations were
performed are circled in blue.
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Fig 4.23: Regions from the RMSD plot of setup 2 (Fig 4.11)which MM-PBSA calculations were
performed are circled in blue.

Fig 4.24: MM-PBSA calculation of non-bonded energy betweeched-terminal residue and the bottom
phospholipid layer during 10240-11150 ps in setup.yisines 26 and 29 are indicated.
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Fig 4.25: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 10240-11150 ps in setup 1. Lysireardd 29 are indicated.

Table 4.2: Setup 1 MM-PBSA results of charged residues fro240911150 ps.

Residue Number

Interaction Energy with Cg
Domain (kcal/mol)

renteraction Energy with Botton
Phospholipid Layer (kcal/mol)

A2 0.18 -172.11
EG6 0.43 168.61
K9 0.36 -151.79
D15 3.17 164.75
E1l7 4.73 160.89
E18 3.39 182.41
E20 5.56 155.67
K23 -5.61 -151.99
K26 -3.97 -217.11
K29 -5.17 -176.35
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Fig 4.26: MM-PBSA calculation of non-bonded energy betweeshdd-terminal residue and the bottom
phospholipid layer during 11770-13330 ps in setup.yisines 26 and 29 are indicated.

Fig 4.27: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 11770-13330 ps in setup 1. LysirGarid 29 are indicated.
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Table 4.3: Setup 1 MM-PBSA results of charged residues froir0113330 ps.

Residue Number Interaction Energy with Corimteraction Energy with Bottom
Domain (kcal/mol) Phospholipid Layer (kcal/mol)
A2 13.78 -145.38
E6 -4.65 146.97
K9 1.01 -147.45
D15 2.89 175.34
E17 5.19 161.29
E18 3.14 184.72
E20 5.33 162.23
K23 -4.11 -169.59
K26 -3.64 -233.34
K29 -4.74 -207.18

Fig 4.28: MM-PBSA calculation of non-bonded energy betweeched-terminal residue and the bottom
phospholipid layer during 14540-15575 ps in setup.yisines 26 and 29 are indicated.
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Fig 4.29: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 14540-15575 ps in setup 1. Lysireardd 29 are indicated.

Table 4.4:Setup 1 MM-PBSA results of charged residues fro540415575 ps.

Residue Number Interaction Energy with Corlmteraction Energy with Botton
Domain (kcal/mol) Phospholipid Layer (kcal/mol)
A2 0.04 -170.68
E6 -3.56 159.41
K9 1.07 -166.24
D15 2.43 181.68
E17 3.26 161.79
E18 2.78 182.31
E20 3.73 164.49
K23 -2.86 -176.11
K26 -3.06 -248.51
K29 -4.12 -206.62
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Fig 4.30: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the bottom
phospholipid layer during 17015-17640 ps in setup.yisines 26 and 29 are indicated.

Fig 4.31: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 17015-17640 ps in setup 1. LysirGarid 29 are indicated.
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Table 4.5: Setup 1 MM-PBSA results of charged residues fro@il5¢17640 ps.

h

Residue Number Interaction Energy with Corlmteraction Energy with Botton
Domain (kcal/mol) Phospholipid Layer (kcal/mol)
A2 2.66 -147.58
E6 -7.75 149.84
K9 6.28 -148.31
D15 1.99 168.46
E17 3.1 159.89
E18 2.75 174.70
E20 3.88 155.60
K23 -4.03 -155.57
K26 -3.18 -208.97
K29 -5.03 -155.45

Fig 4.32: MM-PBSA calculation of non-bonded energy betweechdd-termial residue and the bottom
phospholipid layer during 10692-12014 ps in setupLysines 26 and 29 are indicated.
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Fig 4.33: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 10692-12014 ps in setup 2. Lysireardd 29 are indicated.

Table 4.6: Setup 2 MM-PBSA results of charged residues fro862012014 ps.

Residue Number

Interaction Energy with Cg
Domain (kcal/mol)

reteraction Energy with Botton
Phospholipid Layer (kcal/mol)

A2 1.26 -222.39
E6 -5.65 173.08
K9 3.97 -174.62
D15 2.03 201.61
E1l7 3.70 175.24
E18 2.81 225.75
E20 5.34 172.12
K23 -4.83 -175.05
K26 -3.52 -256.87
K29 -5.34 -221.84
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Fig 4.34: MM-PBSA calculation of non-bonded energy betweeshdd-terminal residue and the bottom
phospholipid layer during 13672-14771 ps in setupLysines 26 and 29 are indicated.

Fig 4.35: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 13672-14771 ps in setup 2. LysirGarid 29 are indicated.
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Table 4.7:Setup 2 MM-PBSA results of charged residues froBi72314771 ps.

h

Residue Number Interaction Energy with Corlmteraction Energy with Botton
Domain (kcal/mol) Phospholipid Layer (kcal/mol)
A2 1.36 -232.22
E6 -5.01 181.19
K9 3.58 -182.49
D15 0.78 201.63
E17 0.75 179.79
E18 1.54 229.66
E20 2.60 173.84
K23 -3.31 -173.72
K26 -2.56 -255.69
K29 -4.97 -171.92

Fig 4.36: MM-PBSA calculation of non-bonded energy betweerhed-terminal residue and the bottom
phospholipid layer during 16922-18469 ps in setupLysines 26 and 29 are indicated.
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Fig 4.37: MM-PBSA calculation of non-bonded energy betweechdd-terminal residue and the core
domain during 16922-18469 ps in setup 2. Lysireardd 29 are indicated.

Table 4.8: Setup 2 MM-PBSA results of charged residues fro82P618469 ps.

Residue Number Interaction Energy with Corlmteraction Energy with Botton
Domain (kcal/mol) Phospholipid Layer (kcal/mol)
A2 -0.78 -237.19
E6 -3.01 187.15
K9 8.77 -175.25
D15 1.16 202.81
E17 1.58 179.73
E18 2.28 231.63
E20 4.78 176.74
K23 -5.34 -176.11
K26 -3.76 -269.95
K29 -6.68 -188.46
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4.10: Observations Made from MM-PBSA Plots

MM-PBSA calculations were applied to study the awnterminal interactions
with the negatively charged phospholipid layer. AB#to and Cho eloquently
demonstrated by site-specific mutations, K-26 arB%are essential in annexin | for its
membrane aggregation activity. They found that annexin | with residues 1-24 tated
showed the same aggregation activity as wild-typeeain, whereas truncated residues 1-
29 showed lower residual activityThese two lysines both showed a very strong
electrostatic attraction for the bottom layer phuadpids in our calculations.
Furthermore, after viewing a snapshot of setupihguBymol, the side chains of these
residues underwent a conformational change in wthely were oriented in very close
proximity of the phosphoryl groups of the phosppiols. The conformational change in
the side-chains of K-26 and K-29 imply that thamino groups of these residues act as
an electrostatic anchor for the peripheral bindihthe N-terminal -helix to a negatively
charged phospholipid bilayer. This could helpvmte a clearer understanding of how
the amino terminus acts as a second binding sitpHospholipid bilayers and helps to
promote membrane aggregation.

From the first time interval analyzed in setup 0240-11150 ps, the terminal
alanine residue shows the strongest attractiorh@éophospholipid layer of any other
interval (-172.11kcal/mol), which is consistent lwithe RMSD plot in that the
N-terminus is closest to the phospholipid layerttas time. The second interval in
setup 1, 11770-13330 ps, shows the terminal alanihave the weakest attraction to the
phospholipid layer (-145.38 kcal/mol) and at thme the first helix of the N-terminus is

farthest away from the phospholipid layer than @y ather point. Overall, it can be
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stated that the terminal alanine has very similtaraction energies with the core domain
and with the phospholipid layer during intervalarid 3, calculations over 10240-11150
ps and 14540-15575 ps, which both have RMSD vadfiepproximately 2.5 A. Also,
the terminal alanine has very similar interactiorergies with the core domain and with
the phospholipid layer during intervals 2 and 4tftis calculations over 11770-13330 ps
and 17015-17640 ps, which have RMSD values of 43a8d respectively. Therefore,
the statement can be made that when the protekbbae has a high RMSD value due to
fluctuation of the N-terminus, Ala2 has a low iatetion energy with the phospholipid
layer since it has moved away from the phospholigyer. Lysines 26 and 29 give fairly
consistent values for all four time intervals iriugel with the phospholipid layer, with
lysine 26 always having the greater value sings ih closer proximity to phospholipid
layer.

The terminal alanine residue also consistentlyldygal a very strong attraction
for the bottom layer of phospholipids for setup Eurthermore, the only significant
interaction that residue had with the core domaas wuring 11770-13350 ps in setup 1,
when it was in closest proximity to the core, axgezienced a repulsive force. It is
readily apparent that the negatively charged phalgptd layer contributed significantly
higher non-bonded energies to the N-terminal resdbhan did the core domain, as can
be seen from the values listed in Tables 4.2-A Bis seems logical since there are 75
DOPG molecules in the phospholipid layer, each waittotal charge of negative one,
whereas the entire core domain has a net chargerof Overall, the plots displayed
similar results, with the charged residues contiguthe most to the non-bonded

interactions of the N-terminus.
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4.11: Inter Atomic Distances

Distance changes between calcium ions and theigexyigands were analyzed
over the course of the simulation. Calcium ions &nown bind to oxygen atoms
preferentially over any other element, and theordmation numbers range from 6 to 8.
Based on data taken from x-ray crystallography erpnts, the average distance
between a calcium ion and its surrounding ligamdthe crystal structure of full-length
annexin Al is 2.47A, with a range of 2.24-3.03 Alanstandard deviation of 0.1833.
Stabilization of the inter-atomic distance at apirately 2.5 A is an indication that an
oxygen atom is coordinated with a calcium ion. oPrio plotting calcium-oxygen
distance changes, the ‘ambmask’ program in AMBER wsed to identify all oxygen
atoms within 6 A of each calcium ion. The ‘ambnigsiogram acts as a filter which
takes amber topology and coordinate files and appfi selection string to identify
specific atoms. Distance analysis was calculatedali oxygen ligands that entered a
calcium coordination sphere, including atoms fronatev molecules, phospholipid
molecules and protein residues. The aim was toitoroa calcium ion binding to a
phospholipid molecule, and also to observe liganchange. The following Figures
4.38-4.45 display the distance between a spediie@nd its ligand as a function of time,

with the y-axis measured in angstroms and labeiddthve oxygen ligand.
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Fig 4.38: Inter-atomic distance plots between calcium 1 @adxygen ligands from the protein and water mdkisun
setup 1. Row 1 is OE1-62, row 2 is OE2-62, rovs £D2-334, row 4 is OD1-334, row 5 is WAT 78207Ayr6 is WAT
91242, row 7 is WAT 70413, row 8 is WAT 76149, réws WAT 75360, row 10 is WAT 93156, row 11 is W/ABB846,
row 12 isWAT 70803 and row 13 is WAT 82752.
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Fig 4.39: Inter-atomic distance plots between calcium 2 adxygen ligands from the protein and water mdein
setup 1. Row 1 is K-97, row 2 is L-100, row 3 iIEZ3105, row 4 is WAT 89787, row 5 is WAT 79059, révis WAT
88977 and row 7 is WAT 93267.
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Fig 4.40: Inter-atomic distance plots between calcium 3 @andxygen ligands from the protein and water mdé&sin
setup 1. Row 1 is M-127, row 2 is G-129, row ®I31-171, row 4 is OD2-171, row 5 is G-131, row BNAT 96807, row
7 is WAT 98733, row 8 is WAT 76650, row 9 is WATE6 and row 10 is WAT 93240.
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Fig 4.41: Inter-atomic distance plots between calcium 4 @andxygen ligands from the protein and water mdésin
setup 1.Row 1is T-132, row 2 is OE1-134, row 3 E2€134, row 4 is WAT 84567, row 5 is WAT93339, révis
WAT86652,row 7 is WAT77907,row 8 is WAT98988, rowsOWAT 780192, row 10 is WAT70737 and row 11 is
WAT87141.
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Fig 4.42: Inter-atomic distance plots between calcium 5 d@adxygen ligands from the protein and water mdkisun
setup 1. Row 1 is G-210, row 2 is OE1-225, row ®E2-225, row 4 is OE2-211, row 5 is OE1-211, rowg BVAT 87555,
row 7 is WAT 68457, row 8 is WAT 67467, row 9 is VI82200, row 10 is WAT 72945 and row 11 is WAT 7791
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Fig 4.43: Inter-atomic distance plots between calcium 6 asdxygen ligands from the protein and membraneecudés in
setup 1. Row 1 is A-286, row 2 is M-286, row 3 i288, row 4 is G-290, row 5 is T-291, row 6 is OF30, row 7 is OE2-
330, row 8 is 02-DOPG124, row 9 is O3-DOPG124, tdws O4-DOPG124 and row 11 is O5-DOPG124.
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Fig 4.44: Inter-atomic distance plots between calcium 7 d@sdokygen ligands from the protein, membrane antewa
molecules in setup 1. Row 1 is L-328, row 2 is T-3®w 3 is OE1-336, row 4 is OE2-336, row 5 is WAT856, row 6 is
WAT 81036, row 7 is O-DOPC118, row 8 is O1-DOPCIrbt8y 9 is 0O2-DOPC118 and row 10 is O3-DOPC118.

93



Fig 4.45:; Inter-atomic distance plots between calcium 8 d@sdxygen ligands from the protein and water mdkisun
setup 1. Row 1 is OD1-253, row 2 is OE1-261, rovs ®E2-261, row 4 is WAT 69636, row 5 is WAT 89070w 6 is
WAT 95700, row 7 is 74769, row 8 is WAT 98490, r&ws WAT 98697, row 10 is WAT 91281, row 11 is WAB490,
row 12 is WAT 69300, row 13 is WAT 80868, row 1MBAT 73047 and row 15 is WAT 87525.
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4.12: Observations Made in Inter Atomic Distance Plots

Several ligand exchanges were apparent after mpptthe distance changes
between calcium ions and their oxygen ligands, ame calcium ion was observed to
coordinate with a phospholipid over the course efus 1. The most significant
observation in setup 1 was calcium 6 becoming c¢oatedd with O3 of DOPG124 at
8049 ps, O3 being one of the oxygen atoms with igbanegative charge on the
phosphate group. At the same moment in the simuolathe hydroxyl oxygen atom on
T-291 leaves the coordination sphere of calciunCélcium 7 in setup 1 was observed to
have coordinated with O2 of DOPC118, also an oxygem with a partial negative
charge on the phosphate group, to rotate outsidleeo€oordination sphere at 16717 ps,
while the other oxygen atom stayed within the cowtion sphere, and an oxygen from
water 81036 entered the coordination sphere atA @86 a difference of 57 ps for the
ligand exchange. In all eight calcium ion plotsater ligands enter and exit the
coordination sphere so that calcium’s coordinatamber is kept within the favorable
range of 6-8.

4.13: Visualization of MD Simulation Trajectories

The following cartoons display the conformation mip@s of annexin | over
regular intervals. The cartoons colored greenframa setup 1 and are shown in Figure
4.46 and the cartoons colored cyan are from setapd?are shown in Figure 4.47, and

the light-blue spheres represent the calcium ions.
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Initial 1001 ps

9001 ps 13001 ps

21001 ps Final

Fig 4.46: Snapshots taken from the trajectorysetup 1 over regular intervals.
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Initial 1001 ps

9001 ps 13001 ps

21001 ps Final

Fig 4.47: Snapshots taken from the trajectof setup 2 over regular interval
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4.14: Observations Made from the Visualization of MD Simulation Trajectorie

The above cartoons help to strengthen the statesmeaatie about annexin | in the
previous sections. Specifically, for setup 1, shayps taken at 10001 and 10245 clearly
display the kink in the second turn of the N-terahihelix, as it is oriented perpendicular
to the phospholipid surface. Furthermore, snapshb#12-13328 display the rise of the
N-terminus to a 45 degree angle with respect tgtiespholipid surface during setup 1.
It is also observed that annexin | does not undemgmh conformational change in
setup 2, save for the unstructured coil regione WNaterminus does retain its secondary

structure throughout both simulations.
CHAPTER 5 - MUTATION STUDIES

5.1: Background

Francoise Portet al. reported results of mutation studies on the N-teus) of
human annexin | in 1995. It has been postulated by researchers that pboggtion
may modulate annexin | functions, e.g., its acbonmembrane aggregation. Wang and
Creutz demonstrated that a S27D mutant of humarexamn increases the calcium
concentration required to aggregate chromaffin @es?®> Human annexin | is
phosphorylated to equal extent by protein kinasenCrhr24, Ser27 and Ser28. The
researchers investigated the effects of mutating27Seo glutamic acid, thereby
mimicking phosphorylation of Ser27, by analyzing txtent of liposome aggregation,
liposome binding and self-association. Two mutamése prepared in this study: the
S27E mutant and a control mutant, S27A, which pres/@hosphorylation. Wild-type

annexin | was also studied.



Wild-type annexin | and the S27A mutant displaydte same calcium
dependence for phospholipid vesicle aggregationjewthe S27E mutant showed a
higher calcium concentration requirement and lomeaximal extent of aggregation. In
contrast, the wild-type and two mutants all requiiigentical calcium concentrations for
liposome binding, the first event in membrane assion, and self-association to its
dimer formation. These results suggest that maatibins in the conformation of the
N-terminus alters properties of the protein andt thhosphorylation modulates the
functions of the protein.

Furthermore, the researchers found that the S2TEanh had an increased
sensitivity to trypsin proteolysis. The proteinsmaeaved to a 32 kDa fragment, most
likely corresponding to truncation in the N-termsnat residue Lys26. The researchers
suggested that the addition of a negative chargéhenN-terminal tail may induce
conformational changes and flexibility in that rei

5.2: Methods

Molecular dynamics simulations were implementedstiody and compare the
conformational changes of wild-type porcine anndxand the S28E and S28A mutant
proteins. The human and porcine annexin | protsimsre an 80% homology in the
N-terminal region, however they do differ at regdi7. The human primary sequence
for residues 26-29 is: K-S-S-K. The porcine priynaequence for residues 26-29 is:
K-G-S-K . Therefore, for my study, Ser28 was medatather than Ser27.

The biopolymer module in Insight Il was used teate the site-specific mutations
on porcine annexin I. The proteins shared an idanspatial conformation, apart from

the site-specific mutation, in that calcium was fwuo the core domains and the
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N-terminus was in an exposed position. Six simohet were performed: the wild-type,
S28A and S28E full length 341 residue proteins; #rel wild-type, S28A and S28E
peptides, containing only the first 42 residuesAll systems were neutralized with
chloride counter-ions and explicitly solvated inT#3P water box using the xleap
program in AMBER 9.

All computations were performed on a 128-proceS$BI Altix. All calculations
were carried out using AMBER'’s force field (ff03) the AMBER 9 software package.
The SANDER module carried out the energy minimaadi and molecular dynamics
computations. Periodic boundary conditions werpliag to the system with a non-
bonded cutoff of 12 A to truncate VDW interactiondhe particle-mesh Ewald method
was used to treat long range electrostatic interast with a cubic B-spline interpolation.
The SHAKE algorithm was used to constrain all bomdslving hydrogen atoms with a
geometric tolerance of 0.00001 A.

The system was energy minimized twice before the $iBulation. A restrained
minimization was first performed on the solvent d@he counter ions while keeping the
protein fixed. Next, the entire system was miniggiz The minimized system was then
warmed for 20 ps to 300 K from an initial temperatof 10 K. Constant pressure
dynamics were then performed on the warmed sysberh00 ps. A time step of 2 fs was
used for the molecular dynamics simulations. Bnabnstant volume dynamics (NVT)
was performed on the system. Each full-length ganosimulation is summarized in

Table 5.1, and each peptide simulation is summaiizdable 5.2.
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Table 5.1: Dimensions of each system set-up, including tatahimer of atoms used per full-length
simulation and timescale of each setup.

Wild-type

S28A mutant

S28E mutant

Box dimension (A)

111.689 x 104.558
82.048

X111.689 x 104.558
82.048

111.689 x 104.558
82.048

Number or atoms

80159

80172

80160

Simulation time (ps)

9605.0

9386.8

9607.2

Table 5.2: Dimensions of each system set-up, including tatahlmer of atoms used per peptide simulation
and timescale of each setup.

Wild-type S28A mutant S28E mutant
Box dimension (A) 75.567 x 71.710 (x75.567 x 71.710 x 75.567 x 71.710
58.211 58.211 58.211
Number or atoms 28900 28902 28905
Simulation time (ps) 14956.6 15015.2 15007.2
5.3: Results

RMSD and calculations were performed on thearbon atoms of the full-length

protein and also the core domains from the trajexscof the three full-length systems.

RMSF calculations were performed for eachcarbon atom from each of the three

systems. The following Figures 5.1-5.8 depictriéwmults of those calculations.
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Fig 5.1: RMSD plot of alpha carbon atoms for the full-lengtifd-type protein.

Fig 5.2: RMSD plot of alpha carbon atoms for the full-len§®8A mutant protein.
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Fig 5.3: RMSD plot of alpha carbon atoms for the full-len@®8E mutant protein.

Fig 5.4: RMSD plot of alpha carbon atoms for the core donadithhe wild-type protein.
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Fig 5.5: RMSD plot of alpha carbon atoms for the core donadithe S28A mutant protein.

Fig 5.6: RMSD plot of alpha carbon atoms for the core donadithe S28E mutant protein.
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Fig 5.7: RMSF overlay plot of alpha carbon atoms per residube wild-type and both mutant proteins.
The wild-type plot is colored black, tl#28Aplot is coloreded and theS28Eplot is coloredyreen

Fig 5.8: RMSF overlay plot of alpha carbon atoms per residube wild-type and both mutant full-length
proteins. Enlarged view of the core domain ressduhe wild-type plot is colored black, tB88Aplot is
coloredred and theS28Eplot is coloredyreen
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5.4: Visualization of MD Simulation Trajectories

The following cartoons display the conformation mi@s of annexin | from the
initial and final snapshots of the full-length apeptide simulations. Figure 5.9 displays
the wild-type and mutant full-length protein’s iait and final snapshot from their
trajectories. Figure 5.10 displays the wild-typed anutant peptide’s initial and final
snapshot from their trajectories. The cartoonscater-coded, so that the green cartoon
represents the wild-type protein, the cyan cartmpresents the S28A mutant, and the

magenta cartoon represents the S28E mutant.
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Wild-type Initial Conformation Wild-type Final Gdormation

S28A Mutant Initial Conformation S28A Mutant Fir@onformation

S28E Mutant Initial Conformation S28E Mutant Hi@anformation

Fig 5.9: Initial and final snapshots from the full-lengtropgin simulations.
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Wild-type Peptide Initial Conformation Wild-typesptide Final Conformation

S28A Mutant Peptide Initial Conformation S28A Muit#@eptide Final Conformation

S28E Mutant Peptide Initial Conformation S28E MuitBeptide Final Conformation

Fig 5.10: Initial and final snapshots from the full-lengttotein simulations.
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5.5: Implications of Mutation Studies

The most significant difference between the thredgin’'s values on the RMSF
plot is located in the N-terminal region, resid@e41l. The wild-type protein displays the
highest values for residues 26-29. Also, theresfight variations in the core domain
residues between the three proteins. Althouglsstatlly insignificant, the S28E mutant
has ever so slightly lower values at the proteganid residues of calcium’s 3, 4, 5 and 8,
which are located in domains Il and Ill, respediive

From the snapshots of the initial and final confations of the proteins, we can
see that there are obvious similarities betweenwiid-type protein and the S28A
mutant. In their final conformation, the N-termafiboth proteins are in closer proximity
with the core domain than it was initially. By d¢a@st, the N-terminus of the S28E
mutant has been pushed further away from the coreath. Also visible from the
snapshots, the N-termini of the wild-type protend &28A mutant are beginning to lose
their secondary structure in their final conformoati The S28A mutant contains an
unstructured region between residues 8-10, wheresidues 19-22 on the wild-type
protein appear to be unwinding from its initial ibal shape. To re-enforce the
visualization of the loss of helical structure beén residues 8-10 of the S28A mutant,
the RMSF plot of the N-terminus (Figure 5.8) clgaghows residues 8-13 having
significantly higher values than the other two pnes. The S28E mutant, on the other

hand, does not lose its helical structure in thiefdiinal domain at all.
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The snapshots from the peptide trajectories amsistent with the snapshots from
the full-length protein trajectories. The S28A anit peptide has a kink in its helix at
residue 12, the same area where the full-lengtfamwtas losing its secondary structure.

The snapshots of the mutant proteins are alsogreeaent with the results
obtained from the MD simulations containing the gptwlipid layers and the results
from Porteet al. In setup 1 of my simulations, the N-terminusreually oriented its first
few residues of the alpha helix in very close pnuky with repeat Il of the core domain,
while K-26 and K-29 acted as an anchor to the pholgpd layer at the other end of the
helix. In the wild-type and S28A protein simulaits) the N-termini also oriented their
helices to within close proximity of repeat Ill. h& S28E mutant did not orient its
N-terminus towards repeat Ill, in fact, it movedtire opposite direction. Poret al
reported that both the wild-type and S27A protegjgragated phospholipid vesicles to an
equal extent, and the S27E protein required a niigher calcium concentration for
aggregation. Therefore, based on the results efstmulations, it would seem that
phosphorylation of either S27 or S28 stabilizes #teicture of the N-terminus by
electrostatically neutralizing the side-chains iter K26 or K29 and thereby interfering
with the N-terminus interacting with the core domaiA more stable protein would not
be as energetically driven to bind to a second mangthan a less stable protein would.
It is clear that phosphorylation induces conforor@l changes in annexin |, and in turn
those conformational changes result in alteredeprdtinctions.

Further analysis needs to be done on the simoltid annexin mutants. The

inter-atomic distance between the mutant S28E antll lysines 26 and 29 needs to be
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calculated to verify if the residues do move witblaser proximity of one another driven

by an electrostatic attraction.

CHAPTER 6 - DISCUSSION

Annexin | is a calcium-dependent phospholipid bagdprotein and is active in
membrane aggregation and fusion processes. Menolbéle annexin family share a
conserved core domain comprised of four homologepgats, and also a variable N-
terminal domain. The precise molecular mechanismembrane aggregation remains to
be elucidated, but the importance of the N-termdw@hain of annexin | in this process
has been described in biochemical studies. Theogerof this study was to investigate
the conformational changes that occur in calciununioo annexin | when in close
proximity with negatively charged phospholipid leyeby performing MD simulation
techniques on two ‘setups’, differing in the initdistance between the centers-of-mass
of the lipid headgroups. Setup 1, which had tmeaigr distance between the
phospholipid layers, exhibited not only a defingaicium induced binding to the top
phospholipid layer through a ligand exchange pmecesut also a substantial
conformational change of the N-terminus which meayvjgle a mechanism for a second
membrane binding event.

6.1: Residue Flexibility

Anja Rosengartlet al. proposed that calcium binding to the convex fatcéhe
core domain of annexin I triggers a series of ev@nivhich the N-terminus is ultimately
ejected from repeat Il of the core domain and Ehéelix folds back into the proper
helical conformation. In this proposed active @onfation, the N-terminus would be

free to move aroundia the flexible linker formed by residues 27-41. dten density



studies indicated that hydrophobic residues ofNkHerminus (Met3, Val4, Phe7) would
favorably be packed into a hydrophobic pocket fainbgy residues Phe221, Leu225,
Phe237 and Val268 of repeat Ill. This idea ispsufed by our analysis of the average
RMSF values, which are highest in the core domaneeat Ill, giving further evidence
to the structural role played by this region of pietein during membrane binding.

Furthermore, several calcium coordinating residdesplayed relatively high
magnitudes of fluctuation compared with non-cocatimy residues as shown on the
RMSF Figures. Anja Rosengarét al. reported the calcium coordinating residues of
annexin I. The results of a study conducted byCiegutet al, in which molecular
dynamics simulations were performed on annexin Y50 afound that calcium
coordinating residues displayed an increased fiigyib

6.2: Anchor Residues

According to Eduard Bitto and Wonhwa Cho, K-26 a@9 play an essential
role in the membrane aggregation activity of anndxi* Bitto and Cho systematically
assessed the contribution of the amino terminusnambrane aggregation by first
truncating the entire N-terminus and then measuhegeffect of incremental addition of
amino terminal residues on vesicle aggregationvidgti They reported that annexin |

141 showed no detectable aggregating activity undemabassay conditions, that2°

lowered the activity of the core, whereas?* fully restored the wild-type activity. The
analysis of MM-PBSA data from simulation trajecési confirms their statement.
Throughout both simulations, those two lysine ness&l displayed the strongest
electrostatic attractions particularly to the phHudpid layer. The positively charged

side-chains of these residues, especially K-26 ewadrserved to orient themselves in
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close proximity (~3.5 A) with the polar headgrougfsthe phospholipids, as shown in
Figure 6.1. The side-chains of these residuesaapgddo act as an electrostatic anchor to
the surface of the phospholipids throughout theukatrons. K-26 and K-29 are
absolutely conserved to all annexins | from differepecies, so this mechanism would
apply to all annexins I. In the present study, &K&hd K-29 both orient their positively
charged side chains down towards the negativelygeldaphospholipid layer, possibly
acting as an electrostatic anchor so that the iprateay adopt a more favorable
conformation in its environment. K-26 consisterdigplayed the highest electrostatic
attraction to the bottom phospholipid layer throogh both simulations, reaching a
maximum energy of -248.51 kcal/mol between 14548755ps. Over the course of
setup 1, the RMSD values of the full-length protsiabilized at around 17ns, and this
was attributed to the first N-terminal helix reaapian equilibrium distance to repeat Il
of the core domain. From the final snapshot ofdbieip 1 trajectory, K-29 is located at
the vertex of the angle between the helical pathefN-terminus and the disordered part,
and figuratively acted as a hinge in which thetfissidues of the N-terminal helix
rotated upwards toward repeat 11l while K-29 renedirfixed on the phospholipid layer.
These lysines are reported to be the electrostattbor because they are located in the
unstructured coil region of the N-terminus, andiradicated on the RMSF plots, this
region has the highest flexibility than any othegion in the protein. Therefore, it is
their flexibility and their charge that permit K-26hd K-29 to anchor to an anionic
membrane Based on the simulations it appeargrbatecondary membrane binding site

is mediated by membrane-annexin interactions.
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1ps 8001 ps

9001 ps 10001 ps

11001 ps Final (26702.2 ps)
Fig 6.1: Snapshots taken from the trajectory of setup 1 stgarientation of the side-chains of K-26 and

K-29. It was observed the K-29 rotated from itisiéh position to be in closer proximity with thaianic
phospholipid layer.
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6.3: Calcium Bridging Interactions

Calcium ions bound to sites in the core domainaactridges connecting the
protein with anionic lipid headgroups. Severahhid exchanges within the coordination
spheres of calcium ions were observed over theseoof the simulation. Of particular
interest was calcium 6, located in repeat IV, amhgpan oxygen atom from a DOPG
molecule into its coordination sphere in excharaeaf hydroxyl oxygen atom from T-
291 during setup 1. Calcium 6 also loses the hgdroxygen atom from T-291 in
setup 2 for a water oxygen atom. This ligand emgkaprocess would seem to be
applicable to all ions in annexin | and appearbadow the protein initially binds to a
membrane surface, so that the ions coordinationbeuarrs kept within the favorable
range of 6-8.

6.4: Phosphorylation Implications

Porcine annexin | has three potential phosphodyasites (Tyr21, Thr24 and
Ser28), and the in vitro phosphorylation of thasesseduces the membrane aggregation
activity and increases the required calcium comeéinh for aggregation by annexin I.
This would suggest that this region is involvedmembrane aggregation and possibly
that it regulates the physiological properties mfiexin | through phosphorylation. In an
effort to study the conformational effects of phosgylation at the molecular level, site
specific mutations were made at Ser28, after wiktih simulations were performed.
The results from the trajectories of the wild-ty[@28A and S28E mutants were then
compared. Portet al reported that the wild-type and S27A mutants stbehe same
calcium dependence for vesicle aggregation, wiike $27E mutant showed a higher

calcium dependence and lower extent of aggregati®ased on the present study, the
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wild-type protein and the S28A mutant both undetwsmilar conformational changes

in that the N-terminus ultimately moved closerhe tore domain and displayed a partial

loss of its helical structure. The S28E mutanaingtd the secondary structure of its

N-terminus throughout the simulation and ultimatelgved away from the core domain.
6.5: Stabilization of the N-terminus

Previous studies conducted by Seshetnal demonstrated that the N-terminal
domain lost all secondary structure in the absef@iospholipids and solvent accessible
after 6 ns. They suggested that the loss of streictould be an initial step in the
truncation process, which helps to explain theethattempts to crystallize the full-length
protein in the presence of calcium. This was het ¢ase in the present study. The
N-terminus retained its alpha helical secondarycstire over a 27 ns trajectory. This
implies that electrostatic interactions betweenphaein residues and the phospholipids
play a predominant role in stabilizing the struetiN-terminus. The N-terminus also
retained its secondary structure during the S28Emonm simulations, whereas it lost its
helical structure during the wild-type and S28A giations. This would suggest that
phosphorylation stabilizes the N-terminal helicasd this stabilization is the reason why
the S28E mutant shows lower aggregation activityiachemical assays.

This study is unique in that there have been neortepdetailing a molecular
dynamics simulation of annexin | positioned betwé&&n phospholipid layers to date.
Several of our findings were in agreement with mes conclusions regarding annexin I.
There are still several modifications which can #gplied to the experiment to
understand more about the mechanism of fusionrbteip induces, such as site specific

mutations to further identify residues of interast well as the possibility of using an
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annexin | dimer positioned between the two phogplbllayers, although the latter
would be very computationally expensive.

Questions still remain regarding the exact medmrof aggregation induced by
annexin |, such as

1. What is the effect of phosphorylation of S-27 &8, two residues between
the speculated critical residues K-26 and K-29?

2. Do calcium ions in specific repeats of the theecdomain favorably bind to
phospholipids over other repeats?

3. What effect would cholesterol, an essential compbred mammalian cell
membrane, have on the dynamics of annexin | if érevinserted in the
phospholipid layer?

Overall, further research is required to answes¢hguestions and to identify the
exact location of the interaction site for membraggregation. It seems clear though
that the mechanism of annexin | induced membrargreggtion is quite complex.
Analysis of this system in the future will requaecombination of biochemical and MD
simulations to fully understand this phenomenon.

6.6: Conclusions

Annexin Al, a 37 kDalton protein previously knows lgpocortin 1, has been
shown to aggregate neutrophil and chromaffin celingles and artificial membrane
vesicles in the presence of high levels of ‘Ca Molecular dynamics simulations were
performed to understand the behavior at the makedalel of annexinAl when it is in
close proximity with two phospholipid layers. MbDralations were performed using the

AMBER 9 software package.
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The ptraj module of AMBER was used to analyze RM8MSF, B-factor, and
inter-atomic distance values over the course oktimeilations. The MM-PBSA program
was utilized to calculate non-bonded interactioeMeen protein-protein residues and
protein-lipid molecules. Visualization of the wajories was depicted using PYMOL.
The results obtained from the analysis were usettaw conclusions on the dynamics of
the protein when in close proximity with negativelyarged phospholipid layers.

The core domain is relatively stable when compavigd the N-terminal domain.
Repeat Il of the core domain displayed higher RMiBEtuation than other domains in
setup 1. Calcium coordinating residues showed gheni fluctuation than non-
coordinating residues.

The calculated B factors of the protein are in elagreement with the X-ray B
factors. Also, the residues coordinated with caltiions appear to have a larger
fluctuation over the course of the simulation ththnse not coordinated. This is in
agreement with previous results.

Based on MM-PBSA analysis, the N-terminus has &gt electrostatic
interactions with the negatively charged phosphalipyer. K-26 and K-29 appear to
have a strong attraction to the phospholipid layerd their side-chains are in close
proximity with the phosphoryl groups. This coulied insight into how the N-terminus
binds to a second membrane bilayer.

Based on distance analysis, calcium 6 in repedidsbmes coordinated with an
oxygen atom of DOPG124. This calcium loses coaitidm with a protein residue

(T356) as it gains coordination with the phosphdlipThis calcium loses coordination
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with a protein residue (T291) as it simultaneouglgins coordination with the
phospholipid.

Based on mutation studies, it appears that phoglation of the N-terminus does
indeed cause conformational changes to annexiinése conformational changes in turn
can alter the properties of the protein. The wyige and S28A mutant showed similar
conformational changes, in which the N-terminus eanmithin closer proximity to the
core domain and was beginning to lose its secondamycture. The S28E mutant
retained its secondary structure and its N-termmased away from the core domain.

To conclude, based on the simulations performedhisrstudy, annexin | initially
binds to an anionic phospholipid layer initiallia a calcium ‘bridge’ on the convex face
of the protein. The exposed N-terminus conformsghsd its amino terminus is in close
proximity with repeat Il of the core domain ancetbarboxy terminus of its helix is in
close proximity with the phospholipid layer. Lyss26 and 29 appear to help anchor the
N-terminus to the phospholipid layer as it undesgaeonformational change.

In an effort to better understand the exact meamarof membrane aggregation
and fusion caused by annexin |, computational andhiemical studies will need to be

conducted.
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