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CHAPTERDNYTroduction

Annexin A2 -6AQYdi ed pewkepher al membr ane bi n
number of Dbi ol ogi caActpirno coersgsaensi ztahtaito ni,n cvl aurdieo uFs
exocytosis, cellular polarityangelolgelrasmsdk i graa

activity, 'Qefingo.rbebhlesshematic representations

upregulation of A2 is crwucial for the surviva
been demonstrated to contribute to the |ifecy
t her ef acets, its role in cellular migration vi g
angiogenesis, and its protection of gpaetes i

PGS
AR
AP
AR
S
AaliaA
N BN
AR
AR
00 OO

NN

i
OO0
Figatr®chematic representation of
i nduced bWArdliinng@gl @mgF wi th A2 ser
Exosome (top) and endosome (bot+
cadherin at an epithelial <cell a
pl asmi nogeml easndi nagemueacti vator
to plasma membrarmcdebme AZt .c olhlse sd
A2, pl1l, actin, |l i pid heads, i p

( W%
OB

apical <dacaAenj nE pl psdmismogemygent i
virions are colored bl uer,k ygrldem
purpl e, l i ght green, br own, pi nk



vi ar @k sacARvhayg. al so been demonstrated as a p.

for many viruses.
To gain a better understanding of A2, its |
regarding its function, a comprehensive I|liter

synthesizes the content of many exigtA2ng Irtevi

faci l

itated the creation of the primary goal s

out standing questions regarding A2. The revi e

di sse

f orce

f ami |

pl1l

I n

me mb r

i nfor

bi ndi

Catbr i

condu

al ani

sugge

resi d

12A a

reduc

mi t

rtation. Foll owi ng t heculeavri edw noaf miA2s,, at hbe
fields, and virtual screening is provid
iarize or refresh the reader with the to

the |iterature, virtually al/l i ntroduct

( A2tPi,g a2d@e nmeinnt i G ¥d etpteenidre n€Ca bi nding to phos

anes. Given the ubiquity of this stateme
mation regardi‘ng & &ei lsipecani bfrmagn er li@etActy fa cQ a
ng sifFiegdA@l en steheen fiimr st decades of A2 res
dged the membr aMoe ki cthar actfibd mdd inge csthleye.€a
cted by Filipenko et al?*hdecongtraseduces
ne restbvomed nmemapame | i ty?ofTHARs i hed hteh aim
st that Ph adiediabseasiedwds Caapbiundi inmgpor t
ues -wWbhtahi aed boontdhi nfgh27d@aman.d KEBAuUureeen i
re two highly conserved resi dueg hwitt hisn
ed by factors JO0The26f fa@an sM2f a cCtaisvpietcyt iavree

ed to membrane interactions. l-Acthias &y so



features

of an ML

A2t is enhanced?2®PThhaAda i pir ebs enrdd en goifgy iGRaBWE s s h o w
sought to investigate the structur al
by 2tha ndi ng. I n Chapter 4 the results

absenc’arof pdaesented to answer these

Figa2@artoon representations of
featur ess.pecA)f iPcdiPiiRyY 84 i tfébdrnesiindgu
D322 are shown using'abal Il abred eg
consistent with those -tor €Cldlomé
colcoorded | aAelt s n DheadkFng site i
correspondi Atpi nabely. | ©O) scComofr dA 2
residues shown using balPfarand ag
Structure of A2t with its subun
in (A, C), car bomgse nasr  eaal arnedd 1
are shown using white spheres.

3

guestions



The orientation of A2t of the membrane su

stud

Lamb

prev

de mo

ies beginning in the 19906EM) Astcud/y gean cu cetl
ert et al. investigated theyswascmot e vat e
ious observation of A2 and Annexins gener .
nstrated that at the interface of two ves

A2 monomers are eacthhe ssoxsiialtesd wiitth tome i1l

bet weers sFhiognr8 &iMenke at al. conducted scanni ng

stud

cons

ies on A2 and A2t on membrane model s. |t

i stent with what would be expected ids it

seeRi gA3® The di mensions of A2t were consi ste

agai
of a
i te

A2t

nst the fhémer aR2¢ suryfsa@aé. structure was s

e
TR

AR AR AR RR RO )
s ahasssssatdaan

Figa3ds®chematic representation o
and omnB)a membrane monol ayer.




reported |Iiterature and performed MD to obser
me mbrane. The results of this endeavor are re

A26s role is cancer was briefly introduced
i mportant for the devel opment of new vascul at
colocalizing plasminogen with tRA caoomtp onReA twi at st
is the subunit responsible for %innceadc,t iphl wi
knockout mice demonstrate enhanced clotting a
to theafpgbting proted®2& ghaskboti miceddemdnst
the process of both pl asminogen -kancotcikvoautti omi caen
remain viable even though t h'eHawevaera,ciagyg rfeosrs i
cancers which need a significant amount of no

suscepti bl e ohiAs2 tmaiknehsi bAi2tti oan .desi rabl e target

—
=5
()
—

apeutics. Unsurprisingly, efforts have be
These efforts employed viurtsu alt utd reidestoylizeygt of t

tified as inhibiThemgADA2memoman & xi ftoe mad ti io

o
()
>

o
()
(9]

rable target process for inhibition as th

endothelial cells. A natural sitleindi dgpcsuist ¢ i

whi ch was i nXTrhed ,8d exd he arhlaipgrer details the pro
drug discovery methods for identifying and as
We al so developed an interest in computati:

the more striking behiaviwir&peedi fAi2c da lhlay, aA 206 so ba
the formation of Pl (4,5)P2 nisc BoedcdddMes on me

believed this to be an excellent use of mol ec



accomplishing this task remained. This is | ar
accessible for all at omi ¢ -gmoa leictiyl affodrdcyew mi c pr
excellent results for transeonts pubpehei asces
ti mescal essgopadeowsuknegtr at i onssi zaen dc Isursatl e r st oa rrmee dn
for observing membrane dynamics. I ndeed, only
required tens dffoOsitoumseygt mbebhedl mobacskar d
force fields have been deveduppedatbmate fmccem
fields by a variety of mechanisms. The first

are nteoedreedpr e s, e nfte gal4Mysrt eamgcabaned. PTh4s5) B2

typically on the order of a 10x reduction in
reduction in the highest frequentctye bosnalgse odfs e
| arger timestep, on the order of 10x or great
smoot her potential energy | andscape which all

This all ows for a roughsyanddOuxp speealup00ddx obdfs
depending on the process being observed. Di f f
are approximately 4x |l arger than observed exp
t he most suoaegsrsafiunle do ff atehtee cainel teast been exter
proteins, carbohydrates, and small mol ecul es.

we chose to uti'fize it for our system.



Fi ga4eA) Ball and stick
| arge spheres shown to d
grouped dugragnangopreee
atoms are colored red, p
and hydrogen white.-i f@yc
microdomain formation. Li
PI (4,5)P2 heads red, POP
green, and A2 tan.

Even with an appropriate force field readi
multiple A2 present remained challenging. The
for MD simulations suffered froofm priontieiant icoonnsp C
in the systems. To overcome these | imitations
efficiently generaimem@prilamegs, mudmpli ®eon pryct e€imms
composition. The project waane¢st| Mdc MMA&EY e, aB
Vesicles. MMAEVe is the topic of Chapter 7, i1
and example applications. Wi th MMAEVe constr u«

system that all owedsusfitndlaiicrede Ptli(gtathe PRhagmgm e

investigation is the final <chapter, Chapter 8



CHAPTEReZ2i ew of Literature Regarding A
21. Annexins

2. 1Di scovery of Annexins

Originally named Synexin and discovered in

first member of the Annexin superfamily to be

granules, intracellular vesicles$aodi ghaatiane
commonly wutilized as a model for the study of
chromaffin dgidapehasnitn man@ar | ed Creutz et al
intracéirlecleprnt oCa i nwnagl vexd ciyn ottriicg gereint®s i n t he
212 Structur al Features of Annexins

As previously alluded to, the name AANNexiI
contains five families, A, B, C, D, and E fou
protists. The specific identidryi ofs wafnf iaxanteox i tnt
i.e. Annexin A2. Eukaryotes h&%e anywhere fro

All annexins have similar structur al organ
the N terminal domain (ND) and C terminal dom

uni que to each annexin and can-hoodtadnamnpwhe
acids. This wunique nature of FAngqemndh®rd¥Da I s s
pairwise alignment of al/|l Human Annexin NDs i
composed of four homol-Rig¥,u se aneipnegadash, @udte n700t eadmi
acid¥Figue®. Across vertebrate Annexins, the <c

identity. Secorcdarry amrde thdrgthil ayr yc osntsrewr ved. Thi



of all Human Annexins FighiownThi.el otnhee o bosweerrv epda ne
the highly conserved structure is Annexin A6
This unique structure i s thegernees,ullti koefl yA ncnreexait
fusion of theasgédbesnfiloAlAntnueranc hc orneppoesaetd iosf ifni v
Uhelices, A, B, C, D, and E. Hehlainodeesd /As,u pBe,r hDel
whil e helix C otsheorr,i ennetaerd ya tpoepr ptehnddii g @d &ar t o t
Hel i ces are joined by flexible |l oops. The ove
di stinct convex and concave surfacés.ndlieg ND

sites are found aRi g ®2e@ .c ohlvee x| saup § altet Wesere hel
D and E are found at the cohhiendisdgfaiceesnd c

Each Annexin repeat?triamdicrog tsiitne su.p Too o anmoe ,

Céd*hinding sites have been identified in human
sites. Type 11 sit efsoladr ea nkdn ohwanv ea st ht elGXE Aeanr daocet xei r
[ XBD/.E Al 1l three Kiig®2s@ are shown in
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Figatsequence alignments of the ND and
was performed f orMulhtei (NIDe (suegpmee n e neall i)

CD

(l ower panel). For the MSA, the two

Amino acid®dade odNamhor pol ar, aromati c,
colored oranged, agnéeemb)] upel rewpercei vely
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badamgdt i ck represebtatdiog. sEaehi €alkal
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str

Mo s

i st

At

cid

hal

cko

r ol

e xXi

uct

of coordinations. Across i mage
the biological |l evel , vertebrate Annexi
ated usi-magde&lnoxctkwdiite snouTslee ef fects of Ar

, in the case of Annexi n?2!A%h netxoi ne nAilgmat |
uts demonstratiendllededtisnfilna gpihacociont d &
olved in vascular tissuée®Gdeawveal dpme dti vaemn
es played by Annexins, their diversity

nNs have ovepar B0ekanowhni Oh ndnolgude a di vel
ur alTapl bétoeri nas .c oSeper e hensi ve table reprooc

nd%Morgan.



TabdleKnown Vertebrate Annexin Binding Partners

Annexin Bi nding Partners

Al Epithelial growt h f
peptide receptor, s

A2 Ti ssue plasminogen
i nsulin receptors, ai

A3 Unknown

A4 Lectins, glycoprote

A5 Col |l agemasygplear, end
factor receptor 2, I
C, cellular modul at
( MI Rpcttn, heli cab5se
)met hyl transferase

A6 Cal cnasmponsi ve hea8t
(CRHB3®), ras GTPase
chondroitin, actin

A7 Sorcin, galectin

A8 Unknown

A9 Unknown

Al10 Unknown

All Programmed cell dea

Al3 Neur al precursor ce
devel opme narteaglull ya t deodw

22. Annexin A2

Annexin A2 (A2) is one of the most studied

first detected in Reluks bkianesmabmn€hengiedndyCh
lts structure adheres to the previous discuss
with the highly conser vRIdV caonrde edaocnha irng pceoantp ocsoen
hel i-Ee §fBiAu22desna2 B . ltds ND is 32 revpobeas.in
It serves as the primary interface between A2
A2/ pll heterotetramer 2pA2td) ngA3idermrst aitmsg ewep tty

and oneFABWREse2 D



22 . 1. Rol es in Biology

Since, its original discovery, A2 has been
These i-ActliudeOrFgani zati on, endocytosis and exc¢
and epithelial wdixl secageneie¢ypr @asnsi phasmin re

22 . 1 -Alc.t itnh I nteracti on.

A26s abil-Atyi howasntli F384 dby cGerckedeti.n al .

the protein from porcine intestinal tissue, s
endot helial and epithelial tissue, alcang wint h
a Taependen’tSunbasnengeure.nt | y, | kebuchi and Wai sman

cooperatively i ndAccteisn tthwen’ddeapeaitdiecat Gdfagnireer (s

23A. They al so shoAetdi n htaa ®&RI baumpanlesext®adt Wai s

demonstrated that the final nine residues of
bi ndHmayes et al. investigated the role of A2
prevents Actin fibril REil@@&X®iTihoonu gaht, tthhee bbaer hbaev

A2 and A2btunadsl iAcgt ipor ot eins has been thoroughly
that rather than Acti n bBAucntdilni nags,s otchiea tpiroinmairsy t
Ac tmenmbr ane i nFieg@x@ i ofhhi( se®uggestion is suppo
t hian &X2vios not | ocalized throughout | arge act.i

are, but specidndsaldfy Attt itnh ef ibbarriblesd.
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and AARtbHsnpr

of-AEtin by A2t. PypA2gt of pFFevent
of-AEtin a phosp membr ane by AR.
i mage. Actin 1is d sal mon, A2 bl

22. 1. 2. Macropinosome Formation, Phagocyt o:

Annexinds r1 ol

e -membframiel iitndteirmg tA ootnisn i s r el

me mb rtarnaef f i cki ng events, including macropi nosa
endocytosis. This i s knloownalbiezcaatui soen ooffy tAhzei aindde
event s. However, the exact -tobhebti oki AQ avensts
finer mechanistic details are stil]l poorly re

Macropinosomes are | arge endosomes used fo
mat % e«fei gur d 02. AAschematic representation. A k
formation is the rapid extrusion of oblong Ac
Merrifield et al. demonstrated that duirlisrg ro
I n rat | eukemia cells with suppressed A2 expr

obsef’ved.



Phagocytosis is a process by which a cell
over 0.5 OWMSeéRmi gduiradme2t.esB schemati c representati
the accumul ation of A2 at the early phagocyte
phagocytes weréd) rcehl s nwdcei shoAB(to have ret;
in repinaél i al cells as phagocytes aggregated

being trafficked i®dto the cell and processed.

D

Fi ga@48chematics of (A) mi c‘."rﬁopinocytosi
exocytosi s. Lipid heads are colored o1
specific identity associated with thei

Cal trmedinat ed endocytosis is involved in proc
and intercell dfSaki goméhodi @G@sichhemati c-represen
specific endocytosis. Turpin edoatled weeg ®i dlhes .
found that A2 interacted with a pr2itnein on th
deperdearnter work by Creutz and Snydesulemotnstr
of the cal-phoi ei aseemplhgxs Amteraction was f ou
t wo YXXpies, where Y is turesanbpbkKgraonpasiydue:
which are also presentpimesO@2anismeenbaamnieo®2wi t |

has been shown to%ieveéen (4h &) pPrR2e wmeal satietd. s eems

extrapol atO2 timatertahcet ido2n i s al so mediated by P

1



in their review of A26s rdWken nAAcits nd@awmnr eng unl
process of endocytosis seems to be disrupted

establishing A2066al wriheed imant etdh e&’npdrooccyet soss i osf.

22 . 1. 3. Cellul ar Pol arity.

Epithelial cel l polarity is an iIimportant p
vasculature or intestines. This polarity sees
the basol ateral and apical tdwrmali nisnt elrhfea d e r arfe
cells which compose a lumen. THh%®héameémbr &0e ms
composition of the basolateral and apical dom
hi gher concentration of phosphatidylcholine a

contains a higher conc¥mddiattiicomalolfy ,g|PlcPo2s plhoicna

characteristic of the apical domain while PIP
domd? n.
The process of epithelial cell pol at8 zati o

A2 has been demonstrated t o*™B0mn ea nkeecyh aonri cshe sbtyr
A2 is involved in orchestrating cellular pol a
depl et edwocuenldl sascsealyls demph et eat e et hat aA2 unabl
mi grate owing to a gwicrred sRAI® r@ER aus @ arlelnt | drm mi
dependent wupon cellul ar polarizati on. Il ntrigu
early stages of cellular adhesi on. It does so
where Racl i-omadhfdiroat adwiitth o to Racl, -A2 plays
cadherin to nascent adheren junctions. Though

A2. The migration of A2 itself to junctions



with either Khonsapsreoion?%H i3 ett, B§rP3case seems s
as A2 has traditionall i bdéengupdet i oodnds Aad
demonstrated t odfharvemembr-&2m,xe d acgretraikKni ng a P (
instead OHowRévdr 5)PRP2 is typically |l ocated i
determinant of the basolateral domai°nh which a

Il n endothelial cells, A2 plays a role in t
(V-Eadherin) junctions. Upon cellular confl uen
waesbserved by Heyraud et al. that A2 is recrui
complex. At the cell surface, A2tc awhlserfioruund t
keeping the complexes docked t ostcrhaaleeds ttenraal r
interfereneaadvhietrh nt hentA2tacti on repuobltieder at ian

quiescent state to the of cedQealllasr isn aare ifmmoar

state are pluripotent, that is they'>can diffe
22. 1. 4. Vascular Fibrinolysis and Angi ogene
Vascul ature is |ined by vascular endothel i ;
vascul ar endothelial <cells initiate clotting

fibrin clots that for m%Pa&s sa stexnud!l tog afnnelcetstsia
undesirable and can |l ead to serious acute pat

embolism, and d¢ephw=, nanthiroapwlissnt pat hways

help to |Iimit the proliferation of clotting b
fluidity. This dissolution of blood clots is
protease plasmin. Prior to activation, pl as mi
pl asminogen, two othetyperopéasmiangenequtitredt



ur okitrypse pl as mi no g*e lalculiaratroeec g putPiAr)s f aci | it
pl asminogen by colocalizing it with both tPA
among many plasminogen recaptftomstyTlhé fieceptio
pl asminogen. ofihas asmaehbdedsto hel p Flaifrhiitnidaxce
receptor would |Iikely more easily acttarvmitrealpl
|l ysine residue which intdome&fs.with the plasm
The A2 monomer was first su€f€essaremanaetaapl
the simultaneous suggestion by Hajjar et al
K307 of A2 whose te%lhtner, rHajijdaure dts -AM3.39s ug(g e
interactiondwasbdiidleeni byolavi 2o @Over, t wiet A2 n |
year Kassam et al. demonstrated both the pres
and th@aeéermhealC | ysine residue of the pll was |
t PA and plasminogeni addp ¢ hanStt ualfi edAsd diemgarwa o g
effects of A2 and pll expression have further
pl ays an i mportant but - Pbndihisctporimlte A2 pPphesp

been shown to regulate the A2?PStudnesocahdoat

He et al. showed that A2 pBowvdantfacttise suamied td
be most accurate to describe A26s role in pl a:
protein which in turn!fAs mohe dWdécepgtomdemomsplra
made via a surface plasmon resonance study 1in
t PA, pl asminogen, and pl asmin. I n the study, |

pl asminogen was aohis@&ARvederBodlemphstrated to b

and plasmin, with A2t having adJgr@.aterOM) nand



pl asmEN76KnM) when compared to pl1°%Filna81 yQM tah
same group demonstr-depednedehanpkeameminofgenPAct i
46, and 77 for A2, °BeRi,gamM oA2t@, schemaciicvely.

opl asminogen activation facilitated by A2t.

it Mﬁ&ﬁ.* i mm.
%‘u’&ymmw wfmww

Figas8chematics of (A) plasminogen act
receptor for the necessary protein col
angiogenesi s.

Angi ogetnhees i pdr ya cselsisc h new vasculeaxtiusrtei nigs f or
vascul akFiug@s & 8eea schematic representation. T

degradation of surrounding extracellular matr



activat ed Qmy aplcaosmmpiom.ent of the plasmin recept
angiogendseied, in the absence of eithe® compon
22. 1. ddACRa vity

Cysteine residuesreddaxeascseingetsmedralevegvev afl

serve as a concerted mechani sm®fTo ¢hasgendel |

reactive oxygen species (ROS) serve as i mport
autophagy, and c®&1™ounweavre rd i fefxecreesnstiivaet iROONS. can ¢
proteins, DNA, and the cellular membrane. The
carcinogenesis. Thus, coping with excessive R
cellul 82 heaht &@ins a total of four cysteine r¢

Residues C8 and C334-tar einoc afTehdep d tattithee | hh.assn d
i mplicated in the activation of plasminogen t
redsoexnsitive cjy€L8i2nandeLi2éddleare | ocated near
shown tai ¢ wbfmi dgei dat i-ivedscaaedsgl utathionyl ati o
have been demonstrated as modul ators of A2 fu
in the disruption -A€ttbothiptdoegholipid and F

A2 null mice demonstrate elevated |l evels o
l evel s of ROS ardee pall estoe do bcsaerrcveerd cienl IAR2. These e
role for A2 in coping with oxidastirwawe eslt tdhsag . t
residue iIis reversibly oxidithedr.eywotgpreear ,peirto x\
observedephat ed2t umor cells demongstexdkat e i ncr e

sensitive proteins.



Studi el manwsd r ated that A2 is primarily 1| oc
cell ul ar membrane with a smal.l p-eecmnhageobf A

contains a nuclear export sequence’3(tNEWas t hat

demonstrated by Madureira et al. that increas
when a cell i s exposed to a genotbxgoeren2ubt
The observed accumul ation was blocked in resp

wor k was the first to demonstrate the ®i grat.i

. otoxics =
PAVKAY S N VY X
\ S @Z'\C@Q.“? \ QZZ/ZIEQ %
-3 )" 1
.
NN o =
a v & (/ 5
a . .
B

Figaeschematic representation of A2 ac
genotoxic insult.

22 . 2. Roles in Disease

22 . 2. 1. Cancer.

A2 is wupregulated in a multitude of cancer
acute promyelocytic | eukemia, multiple myelom
cancer, breast cancer, cervicalloarcemn,l emdcmE
gastric cancer, hepatocellular carcinoma, or a
small cell®lTungasaalkeo. been observed to be do\

2
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was not onlyi staked teqgARt eldu

essed on the extracellul ar sur

ndent phosphorylation of A2. WI

rticgpitdoriesvelaacietsitoBFeems &



A2t also plays another role in ALLS®Thits serves
activity is also observed i'da°hultiple myel oma

A26s role in coping with genotoxic agents
highly desirable in healthy cells as it preve
because of environment al i nsokttalThisaacervece
Chemot herapies are commonly a part of cancer
prostate cancer, <cervical cancer, ovarian can
chemoresistance, that ,i frarse dieetnand e kteal dloe mdte
A208. %0791 {% establishes yet another role of A2
cancer cell s.

22.2.2. Viral |l nfection.

The viral infection cycle, across all wviru
inclasdecpenea@t,r autnicoonat i ng, gene expression and
rel dA2ehas been implicated in at | east one of
the viruses in which A2 is involved include h

(EV71l), respiratory syncytial virusus(R$SWNV),cy

and

meas!| e%l nviHPuvs (AMY) col ocalizes with the vi

required for HPV attachment. However, only A2

r ol

A?2

mp

e in later infection stPdgrd¥ gi rexolavi.ng eimotnrs
and EV71 colocalize on the celelrudianruss ursf ac

ortant fo'PPt hweas ndemarcsti oamted by Mal hotra

receptor dur itAfge iRtShve ri nftewcdy oinnvesti gated the r

they only identified A2 as the primary recept



it

try but it was not PbUdtdetosbagascessahg Db

r CMV are deffehdemd AptonhaAv2e both been ident

rther, plasmin has been implicated in the r
l e on this virus i $%t2haktn oocfk oau tp | haassmibneoegne nd ern
nder the proliferation of MV while having n
monstrated that A2 is involved in the MV M

sence’®of A2.

22.2.3. A2 as a Therapeutic Target

A26s botha cteancer and viral pat hol ogi es was
ctions. The involvement of A2, or any prote
tablish it as a suitable mechani smelofultarat
tivities, say protein synthesis via a hypot
ral death but would also |ikely have advers
A2 deficient micke bheyepemduat voabherd pap
fe cycle. Ramifications from A2 inhibition

creases and the capalcWhen foom@inmge b gwintels i tsh e

esented in the previous two sections, detai
erapeuticspetehtcalnbf bARors becomes appare
hi bition wlfdARawaeti hetgpeotic applications |
ral infection. As we have extensively discu

I n blood clot regulati on. | nhi bi triaome wtri cen

pplications. The former I n cases when clotti

ongenital bl eeding disorders. The | atter cou
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i sorders which A2 has’Addcenohgl bgeni nmpbi ciaobil

6s redox activity might have applications.
di vidual s who have been exposed to genotoxi
oul d be nloatetdert hsaug g ehsetsieons ar e highly spect

We hope to have thoroughly established the

ready been made toward developing |igands t
ddy et al. and targeted theitodmeyi weref th
ccessful i F rii cdaezrotl iefsy iamsg | In,hdT,hded emtsi foif e d2¢ o Mp

i srupts A2t formation by -NDraes<ddgi otiinadn nwi tahi

i medditionally, the |Iigand has beeninested ar
t¥fohis is promising but room still exists fo
d A2. Specifically, inhibitors which target

Bn vitr oArmSnendiinr sA2of
A2 has been stwmdivedhestensnsudebygy include st
dt et samer, investigations of A2/ A2t <conf or mi

A26s behavior on mgmlaldang sunmrfuzxdceas.al Mamwels
en conducted. The first crystal.st/Alundi®sObe o
s not the first Annexin structure for which
uci dated the Annexin A5 crystal structure i |
ructures that were dildBwrsgerd a@lt dalh.e rmsdtardnloy
ructure of A2 but described its character a
, A6, and A7 have bReseshawnhtandemonchke as @l

both in the pré'sehltey anlls abwsed cteh adtf LA cry s
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Fi ga@arReproduction of the pixel densi-t)y
el ectron microscopy. Mi ni ma corresponi
schematic of the protein and membrane
POPC and POPS. They observed slight differenc
shorter than in the original study. They post
into the membrane or that the SFM measur ement
were in the gel phase. TheiflFrabbeerersaggestibat
domain heights were | arger when the measur eme
intermitten’t contact mode.

Whil e A2 and A2t induce POPS microdomains |
more recognized for its specificity toward PI
CHOL and Pl (4, 5ThM2 mipercaddmaditrys.of A2 for Pl (4

resi dues K279 and K28land A2 has been show to

membr anes when compar ed t ec oontthae rnitnygoldrse nobfr apnheos



ability of A2 to induce Pl (4,5)P2 microdomai n

byr ¢ cekteral . They al so demonstrated that this i

Annexins broadly; Annexin Al did not exhi bi
demonstrated an ability to induce Abuddingo t
modéfSeveral of the discussed studies have sho

key for the-ifnadrumetdi dn pafd A crodomain formatio
mechanism by which these | ateray pggfegmeéedsf b
t hat mémmhmrda meg paggroegast AQn and that the aggre

by charged resi 8¥es at the side of A2.

23. Computational Studies of Annexins

Computational studies of Annexin family pr
The first instance of such a study that <coul d
investigated the essenti al mot i on.s Toh e ibrotphr iAme

interest was -besdiggestmdt idmnglkeat had been po:
of ions to pass through ?tcheanmesrdt fpilonmd meg ofasA
found to | imit the motbh Imdrye odpdrhec din fn@gremanoitar
A5A | ater study investigated the isolated RI
structural integrity was sensti$Shesham dtheals.up

investigat ed?*tihrediedd é&rooAldi nGahi on was found t

flexibili-dymaifn AMéesivd®est al . Zifinnvdeuwscd dy aetjeedc ttiha
the A1 ND from RIII of the CD wusing the nudge
ejection of the helix slid out of thel ippk&ret ,

resi duNeds2 Sv2a7s hi ghl iagnhtt efde aatsu raen oifmptohret ND e x pu



helix that takes the place of the ND iiTn RIII
V250 form a helix fib2%%wed by residues L251
More recent studies have focused upon the
model s or the dynamics of Annexin tetramers.
membr ane model. They demonstrdtefheicachoxwlor
oxygens of POPS were the favored f'nt®ehrecAS ons
membr ane i nteractbomds vgemdkeamor eetnabdtys H A5 was
|l arge i mpact on membrane mor pholsoiggyni fci8cuasntnlgy .
Donohue at al .-t @ammiersdli glhdrmmai n has Na o thanthigal s
site. This was suggest &M isn uadyp whwireu sty adipea
and A2 monomers were not requiiroends .t ol hdeiymefroi uzned
K26 and K29 of the ND, strongly interacted wi
key contributors if the MD ngdé rhigehdei asa .nae sgercoounpd
performed a subsequent study investigating th
experimentally to either promote or hinder me
respectively. The S27A Alutand oma wxed aibti |ti @ erda (
toward the core domain. The S27E mutation sta
toward the core domai n. It was asserted by th
those observedSiemwleatiimemtafl layn A1/ S100A11 het e
performed by Sanchez et al. They identified t
di fferent conformati oM&3 wiemteeradadtriidrutwhi ¢l ¢ dl

of a kifrik sitn 1tlhe es?%'dues of the ND.



Hakobyan et al. performmdmbhanéi sgst emmuTh

primary focus was investigating orientations
most simebnbe ak2 i nteractions occur reexd fiarc et hod ¢
A2 was in direct contact with the membrane. L

be i mpcdtitnadnetpehadent cosmembb atner $ ntt@rtalce i dAh . Tl
investigated thkiconsgquencmemihake fpuopgett hiae
binding caused membrane deformations in the f
Strengt-A2oifnt eépadti on was shown to have a neg:;
par amet er vCHIilnet etrhaec tliiopni dhad the inver-se rel at
binding enhances | ocatemeemasasei t A5 dbiitnydgi anngd g
was found to have the opposfihties enfafse mtotaeerd Ibiyp it
and it was suggested that the observed differ

di fferences b¥fween A2 and A5.

24. Recognition of Sources

The composition of this review of Annexin .

facilitatedpaddt gdebhguagleivteyr arle vhiieggths. These i nc
regarding Annexins broadly, A2 specifically, /
and A206s role in viral infecti?2NmM? swicihc r elvd regnes|

existed to guidei n heit tsikace S omfs A Z2 gatr dti megg me mbr ¢
computational study of Annexins. We wanted to

citations with a mention of these revi ews as



CHAPTERO3ecul ar Dynamics and Virtual S

31. Mol ecul ar Dynamics

The simulation of chemical systems has bee
devel opmenbasédsptocessgor. Il n recent years, t|
computational i nvestigation of bi odnondeemiudsar s

(aaMD). This method has aptly been referred t
modern supéeffcowmpuwlitdervsemdt ure to replace fAsuperc
processing unit (GPU) as many modern MD codes
AMBER among others, have Dbé¥fhadapasedbeenoperc
the explosion in GPAThawaihlasbielsisteyntarad | yowermov

barrier to entry for MD which used to require

t housands to millions of doll ars and special.
avail abl-gradestwimerkssttao si mul ate sizeable biolc
protein complexes in a membrane, al bei-t withi
growing presence ¥h biochemical studies.

At the heart of MD is the desire to achiev
evolution of biomolecules using MD as a fAcomp
rigorous application is to geneyatlkrata fsairt fsul
represents the potenti al energy surface of th
mi ni ma that corresponds to the accessible con
probability distribution of molecular structu

. Q 7
(32) " "o 7 o



whemrgpi s the probability distributdphsas a fun
potential energy as a function of molecul ar ¢

t empermaatemnr @®bservabl e properties can be determ

‘‘‘‘‘‘

(3.2 wa "6 "6 "6 E b o0n”" Nnan

where A Iis some quantity such as the potenti al
an appr oxwnnmeantd oag uheifgiht y di stri bution requires

independent MD trajectories or the applicatio

31.1. Equations of Motion

The first step in understanding MD is unde
the behavior of the system. There are more fo
conceptually easier and most appgoacbabligéetat
beginning from definitions commonly introduce
the Newtonian definition of force:

(3.3) O aw a T %‘o
wh e'®ies fdoirsc empa ss,acc @i er aedi®ojtti ynes mamdent um.
The second is the relationship between the

conserfwatciewe Conservative forces are those wh

independent of the momenta of the systemdés <co

Qon

(3.4) "0 o



where V is the potential energy of the partic
Combining these equations, we get a relat:.i

energy of a conservative system:
[0 Qw
(35) L
Qo m

We now define the kinetic energy of a syst.

a v
(36) o Pao T2 O
C ca ca
whetoies the kinetic energy. And show that its d

related to position:

— — U

Q s s avu (9
(37) 24 ondb A
M ca a a Qo

Yi el:di ng

(3.8 %b

Q0
[

Taken together we can describe the propaga:
equations (3.5) and (3.8). However, the syste
constituents making the derivatienaoé& &oraedl
use a numerical scheme to solve the equations

take a Tayl or expansion of the position to th

..Ono Yo Qno

3.9 10 YO no 0—— - —
(39) d d Q0 A
We can then substitute velocity into the seco
to substitute into the third term. The rearr a



"00 P Qwo

3.1 0o T = o~ L
31D a a Qn
And with both substitutions performed, equat.
y .. YO Qo
31 L . fe g YO
311 nNo YO Nno 0LOYO & an
whi ch concgoammpeswemtisyve defi ned. Having arrived
the propagation of positions, we now need an
velocities. As with positions, we begin with
first three ter ms:
y .. QU0 Yo QU o
31 DO YO 0O Yo ; ——
(17 Q0 CcA D
The second term is easily simplified but the
t he equations we have utilized thus far. So,

we begin with aQuUoad®d orr expatism@nafof er t he secoct

QUO YO Quod .. QU o

31
(313 oL 96 O

We seek to arrive at a suitable substituti

(3.13) bWilat Hearc tiossolodt e the term corresponding

YoQuo Yo YoQuo Yo QU o
C Qo ¢ Qo ¢ @

(3.1 %

(315 Yo'Qu o YoQuo Yo YoQuo
¢ ™ C Qo ¢ Qo

Substituting (3. 15)epilatce el Py odll leoams i s tted m

(31 R o000 Yo YoQoo
' v v Q6 ¢ Qo c Qo




which can then be rearranged:

Yo Q0o Yo QU6

3.1 DO Yo 00O ‘ —
31y C Qo Qo

The final two terms can be rewritten in ter ms

Yo Qoo YO Qoo

.1 AT} N A 1 _' _ - i -
313 VO YO ULO & an an

Combining equations (3.11) and (3.18) we h
and velootiadi¥hs FThemVerl et integration scheme,

dynamics, opemattdesg nied fhbieveowsteps,

1)Cal cut-at e

2)Cal cgbaXasing (3.11)
3)Ca|cu—|—azt-tesing the updated positions

4)Cal cubaMoarsing (3.18)
5)Repeat-4dsueps!| 1the desired time is reached.
Though we now have a suitable system of eq
numerically, questions remain. Chiefly, we ha"
and velocities nor omavdhwe fox pneirc iwtel gli d2.f idn esd
System | nwtfjimalyi 2 atkieomeveral forms: it may be
guantum mechanics, of i asmi mebheadaotl fhe twe. mod
techniqgue for | arge biomolecul ar systems beca
makes it more suitable for sampling | onger ti

which will be dastusHle dlerc bFiodnereef ®ided d s



31.2ystem I nitialization

|l nitial coordinates can be generated i n a
component, experimentally derived model-s are
ray crystallography, and cryogeali cmetl ktead s owmt iml
to elucidate protein structure. Structures ar
for Structural Bi oinformatics PDB, a database
model s of*%Sardtstnectures are available to the
for initial coordinates. Methods also exist f

Homol ogy model s are generated using a protein
structural inf%oMmayi enows pvatkabhbesequences
homol ogy model s aweDIEdDb IRe porsittlhe ySWlaS8at abase
modeéibss.ep | earning models have also demonstrat

prediction. DeepMindodés Al phaFold2 recently wol

Prediction, a competition for assessneagd nfodrel
a grxd sting st¥dctural scaffold.
Smal | mol ecul e structures can be derived f

to generate a structural model &l Dprpdtihoodzsi.ng
The Automated Topology Builder maintains a col

have been op'tAdndizteidod @lr FGW$ eCHtBARMM i ns an ar chi

and |igand structures availabl é3°*for use and c
Whil e one may have a protein and/ or small
often desired that they be assembled into a m
achieve this. I f one sought to,mdcdely tmhehitntfe



a |ligand docking software toprgetneirmtey at esrm atr h e
anal ogous docking model s. Li pi eébndywstsema eanrse wa
sedfgani ze during a simulatiobraneompméd. bEhide
useful when momredt emignh memtbegraanet i ons. A number ¢
DNA, RNA, and other polymer s-DARTtameSfalfgeplay.

While implicit solvatifamrlmdesdaealre deveXioypte,d
with explicit solvation. Solvation of a syste
the repetitivequlidddmantedofweappr @@ xi atemwval s
specified area.

Arriving at initial velocities is much sim
Particle velocities are sampled from a Boltzm

velocities according to:

7

s a
3.1 3 \ - N
1) 0 U Oy TAD Q

31. 3. Forcefiel ds

The potential ener gyf oorfc eaf iseylsdt emi iicsh d esf ionnd

systembébs internal coordinates. A common defini
32) W W W W W

The first three terms are referred to as the
referred to as t he b,onadneddo atnegritres,t m¥ har boddf i ne.

simple harmonic potential s:



(321 & Poi i

C
32 P o Po
C
whe®kes the bondeid sf otrhcee btoonms tl demtgeg chui | i'®r i um b

i s the angulfairs ftohrec ea ncgolnes tfaonrtme d [ biys tthhreee b ond
equilibrium angl e. Har monic potentials descri
used to describe the breaking and forming of

di fferent potential, suclheass btomel MoBEsS@®up et @ tn

31An3l B or examples of bonded and angul ar pote
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Fi gBlLExamples of potfaretlidalt eeamer gyorf cert
hydrogen are colored black and grey r
parameters f ofrhcc Ipoatrden thical (wAi)t t3bond
model ..chB) almgl e potential with angkéh
torsional potenti-ax3wpthnasgbkéolwat wee
ma x i mum-c 3( x)o uhl co mbaict hp octhearrtgiealsi gns sh
of each act3onbL.e-h(oBEn)e sh oot ent i al with dif
potential shown using spheres.



Di hedrals are described using a periodic p
(32 B W Wp OESES T
whebes the bagisi ehehpieghthieciamyg,l e bet ween t he

di hedrrals, tdhared phgag8k@ o%ean example of a dihedra

The -moomded term, wunli ke the previous potent
coul ombic, van der Waals, and repulsive terms
o nn
(32 % TAX
(325 w ° iﬂ
: p p
L
32p () o :

whenRies the atomiXcspahti pker mmhat gigijst yt hoef dfirsetea nscp
bet ween twbi g8béhor S@meexample of a coul ombic

Equations (3.25) and (3.26) are usually <co

the for m:

, A A

The andare parameters that determine the depth

potenti al i s X& efaa ,e rdeesfp encetdi ienldyi.vi dually for a

to describe the interaction between two speci

equations:

(32 B X XX



(32 9 A —

Sefei gBIE or an exampdened motLemtniaald.
Wi t hc oadplonent s of the potenti al introduced

(3.20) wusing those definitions:

, Pry v P-
w -—Q1 1 -Q
c c I I
(339 Wp QEES nn
TAX
y A A
T — \I_TQ

With a complete -tteéidjtwenhavethewfoompl et
of the equations of moti on tshhaotuladr eb en eneodteedd ttoh
fieldo refers both to the potential energy fu
as the parameters that are associated with it

di scussed anfd tahree ptrhoec etéodp?ihcg osect i on.

31. 4. Periodic Bounds, Pressure and Temperatur

31. 4. 1. Periodic Boundary Conditions.

Let us consider two cubic systems. The fir
aligned in a row along one di men8atoonmso.f MNehxet cl
us calculate roughly how many atoms woul d be
how many tot al at o msWec acna ns iste ei ntshiadde foofr tah es ntau

percentage of atoms that would be in contact



i's 2txilnfe s (ssnBa@blleer I his di scr epmhecsyi rga bvlees arri tsief
reqsa rseol uti on.

Tab3dleCompari son of System Size and Number
Container.

SystWid SurfaceVol ume Surface F
Smal 50 15,000 125000 12
Largl1l® 6x90 104 0.000006
One solution is to simulate the system usi

conditions (PBC). A schematikEi g@2pWheesnsmtha@ti on
PBC we define the dimensions of the system to

constituent of the system crosses a periodic

This scheme results in whmauous sydteecm.i vied tyu raanl
of handling boundary conditions also comes wi
calcul ation of nonbonded terms. From a napve

have taken the bBYyreathgnsbwmprubarndedcdadal cul ati or
infinitely more difficultw t&mha®PB&s svsepaeieddi
However, there are commonly employed met hods

The first and most oWdwiness papehhitesalto Thiee a

the system quickly converges to O which allow
approximation. This value of tamsvawuyobhdat fios
~10 . It can extend beyond the unit cell and
a repli &caggs8efledr, sreeexample of this. The cutoff

cutoff or couplediwinthhatsmapehisngof Onat t he
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Figg2zEexample of 2D periodic boundary c
centerhomMdedncut of f radius is shown fo
The coul ombic interactions are more diffic
coulombic interactions across boxes are summe
convergent. Conditional convergencedeameans t ha
which the individual terms of the summation a
approach is shown below for a single atom:



(331 w i Q

The n in this equation represents Qhe surr
‘alculations are not performed for the centr

Ewald created an alternative met hod for c a

energy. It takes the original i nteraction ove
converging series, one in real space and one
_ Qi Q> -
w i
0 A ———
(332
L. B ¢4
- r]QoonTQ > A—Tr]
|
Whil e a full di scussion of the Ewald summa
this section, iIits iIimpbheascal shgubfl bbenet edt
from)O(tN)0O( Further it serves as the foundati o

met hod which further increa¥)éstoa h@( NeLfofg (cN)e)n.c yT

greatly reduces the time that must!'?Bel?Spent o

31. 4. 2. Temperature Regul ation.

Il n equation (3.6) we defined the kinetic e

kinetic energy of a collection of particles a
P N
(33 3 0 ¢ @
The relationship between tot al kinetic ene
proportigomwaln. blyt i s



ou .
3.3 % 0 T'Q"Y

where N is theandmbersot.hpatempkeature

Both (3.33) and (3.34) can be combined to

mo me nttae mmear at ure of a system:

w P
(3.3 % Y ==

Q~| =-

Regul ation of temperature during MD simul a

Thermostats maintain temperiatdurve dbuyals cpaalritnigc |te

simplest algorithm is a direct scaling:
(33 % 0 10
lis defined as foll ows:
Y T
3.3 |
(337 ~ o

WhetYée s the desired oftY basgehet emmperattiueeant

The Berendsen thermostad) biosl owdehi sedi | ar
o Y 7
3.3 | -
(33 B el
Il n its redesfimadntf dromrepresent the coupling o

where the rdoret rtalme,t he strength ftobrtbhepoondpht
to a stronger coupling between the heat bath
off pwoul d nmesud tméaaning there is no coupling I

the s'y&tem.
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ng

sampled from a Bo
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hi gher frequency

Th Langevin t
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These addition

Africtiono t
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moment um. The fmi

ponds to ra

mpl ed from

As with the

al so @8 par amet

31. 4. 3.

The final comp

regul ation of pre

directly. Instead

Virial equation:
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Thus, the pressure can be controlled by mo
of maintaining pressure is referred to as a b
Barolst@atm should be familiar in that it resem

a box defined By tvleetloemsgtohs |@megtshcgal ed accor ¢

(34 P 0 to
Yo . . r
(34 B t p 2" 0 0 o

whelr es the tar getdipsr eéshseurpe eassrsdur e at the curre
As with the Begencdosrerne stphoenrdnso sttoathow ti ghtly
temperature the repstrempionds| n ot ai $ ecanseeferre

compress$&bility.

32 . Mol ecul ar Docking

Mol ecul ar docking is a method by which the
macromol ecul ar receptor, wuswually a protein, c
t wbi fferent steps, conformational sampling an:¢
This discussion wil/ be | argely guided by tha
hi storical | y*Ame eand dsiutcicoensaslf usle.cti on at the end
advances that have been made using deep | earn
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changes in the chromosome. The canonical def.

generation and assessment is fAepochod. The num
convergence or a |l imit to the numberwhoefn epoch
the quality between epochs does not increase

cutoff for the numbe*r®dt! epochs can be provid

32. 2. Scoring

Forcefield based scoring functions operate

di scussed MD forcefield potential. Docking fo
t hey will onRbloyndendc |[tuedrem.a Tnhoen at o np |teyxp iansg swetl e n d
fewer distinct categories of atoms explicitly
correct for entopic contributions, differing

such as hydrogen bonds.

Empirical scoring functions decompose the
categories such as hydrogen bonds, dipole int
interactions, and binding entropy. .Each of th
Practically, empirical model s generally take
simil ad i gamtdeico mpl exes.

Knowl-edged scoring functions use structura
The favorability of a given interaction iIs as
interactions in the training ahaitlaistey .o fT halsl itsF

types of 'f%hteractions.



32. 3. Deep Learning for Docking Probl ems

Within the past decade, deep |l earning has
di fficult and i mportant probl ems. Perhaps one
recognition. High quality modelvel n@wrdirsntantcle
tasks such as recognizing objects, faces, ani

have applications in dispar%®fMertiekedsnstuyghdeaes
l earning has been a@ppdliietds t pu@gteamier apeedhet hoyg
Al phaFol d2 which has outcompeted th®32 outcomp
Al phaFol d2 also shows promise as a tool for d

Even more recently, diffusion models such .
generating i-pmagweisd d d Oipiriasmpstrasme ¢l ass of model
RFDi ffusion a model capable of generating pro
wi th high“*fsmotchdri cditfyff.usi on model DiffDock has
docked struprwtes nofdmipg @axeésti nues the trend

presencteafndegpmodel s in computational drug



CHAPTER&4:0ns Facilitate the Organization o

Het erotetramer

Reproduced from Proteins: Structure, Function,
dol10. 1002/ prot. 26490
TitCe2+fiions facilitate the organization of t|
Aut hor s Samuel Lindsay, Li bero Bartolotti, a
Abstract

AnneX3d n(A2) is a member of t €& Amgnudaitre df ami
phosphboilndpiindg proteins. Annexins associate wit

ThAe2/ S100A10 heA2trptiesramermost extensively st
't induces membrane microdomai n ffaocrinhaittiaotne,s c a
proliferation of some cancers. In this wor k,

compl ete A2t owa s8 6p8e rafnbl bnnoe daacji edcst 06r0i Oeesa &defr emo r e
generated for complete A2tomeosmpTRaesutwwahd aax:t
me mb rbainned i ng fKEs7i19d A8 M2was shown to be inhibi
Céd'as wkewptur é&thibgi @Gg redicttuae DB 2AFDBE 9r ensaisd u e
observedet bhexgamygwr i ed state fwhihe Bbsenteg o
occupied the buri ed??stTehtee oilorg étohnes dporfe stehnec eA 2otf s
hi ghly organi zed ewiat e da scvbthicdhradIsy e@agani vely co
periphery of the complex. The cent-Nal andgAdn

whil e the perHdphlelAl, clowid akdth si AReracti ons betw
were i denti fouetdnin@2 (K89Di,d Ry, hagilPr oagdi RLdbac
with pll. Residue R145 of A2 may have a signi:
its interaction resulting in asymmetric motio

insights to inform future experimental studie



41 . Il ntroducti on

The Annexin A2/ S1QA02A1)0 hhaest e rnoptoerttraanme rbi ol og
have been demonstratedMamnxyt emfsitvied sye ifnurnt dtei dn ¢
association of A2t with membrane surfaces. Th
t hor oilughJiyt tr ohas previously been shown that A2
me mbr anous bodies such as chromaffin granul es
unil amel |l ar W“Pefshiec laebsi | (iGWVso)f. A2t to associate
phospholipid membranes can be |l argely attribu
convex '8ARrtf ahcaes. al so beenmemmoaRées atedst K2b9i d
K281 of Annexin A2 (A2pectofmcabphdspbosnobsi (Pl
contributes significantly to theosipacinfiingi ty
membr B®'A@s. i s knownc ttion ibnudnudclei nfg ianttoashwet bkl Bs
sur PRx®ecytotic behavior has beA2nt 6ast tarbiib utteyd ttoc
l i pid microdomadomtsitTraAedft oabundhe Fesidues of
compos@actha -HBiilthhRitnger vesr daaca cebkelpdomi fogert i
activator (tPa) and the zymogen ofofpltaRBani andp
Pmo is an important step during the activatio

The upregul ati on onfietAa&2s ti ant ina noya mogegrr se shsd sv eb e
' iterature. It has been postulated that withi
of A2 and subsiegquienttgaded F ews alPsl aosfmicna nicse rk npol
to be i mportant for the endot*E#Miassmpt bomesenc

fdrhe activity of many metastatic canbkbers as i



i nvasioferrantdhusel lisncreakeddhevedsedfl &d2¢l s o
Pmwhiméwy promote the progrlédssion of metastati

A2t is composed of four asSuuWmMiltos ( ptPvtg AZ me
Each pll monomer i-lsamcd mpotsiefds of ERIwoarEddc EF2) c ¢
The EF1 motif c@®iht aai nsoog I(dndgHIenldiha ER2r mohef
cont asihog ta hel i x ( HIllloln)y, (HhEV li ttonpainkye her a8 @ 0 @
proteins, pl1 2thd exsd iardyt pfirogacgusor e o@éh b c maat apnb e
prerequi sidwelliode bAhdswmlguni ts condiesmiofal t wo ¢
domaiiN) ( ARGt er mi nal -@)o.mMABZO (tA2i nsA2862 haest woes.
faces (convex and concave) and is organized i
which are eachTh&O0r e pesatdshessloihdoensgn( A,i v, C, D,
A, B, D, and E of eacihamepeatsupree hwodunxd iHet o x
to the other four helices arféilnoiiattgest droavalralc ¢
onhe convexkx®?face of A2.

A2t is a highly symmetric compWwexh bhhsA2en
either stiedremi nTuhse oN ateax hwiARh as soldkf ftr 6mr med py¢
monome+l| VEF2Z om the other pll monomer, and the
contri bHiIlt\e.s AER2r aphi cal representation of A2t

presenFeddlkée
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CXTAENE LR

F-Actin pl 1-2 8

3

PIP
Site

FigdlLRepresentation of A2t wistiht erse gliaobnesl
monomer of -tA€r rhiasalt hkomMai n (N) and the
11 and 1| V.

There are thbheedigypesi bésChocated in A2: T\

Type Il sites have the canoni c(@a3 8D§)eEqg Lféan cCea o f
binding site that is c¢har &%Ctoermrids tniad i ofn talte Ty mp
i nvetlwe peptidyl oxygens and a bidentate gl ut e

contribute to codlrydpiendtli osn teets ABd esairt eeso. be t h
membr ane!®Binding.

Cédin the context of A2 is |l argely understo
cell ul ar. mk2nbédnrlnressne binding i s a necessary st
functions. Examméesaied| adei Adf A@h of pl asmin
membr anes, endo/exocytotic evéntsSI AdIadlaliitpiodc
me mb r-bainned i 2igs, kOwown to i nd#&Acéinhénbuheél pngsehnc
degree of bundling has b®eondembnsatiiCdli sidnt¢oe a:

i mportant fodbibdi mgmambdr #ned!l i ng. Thus, the f



i nvesti gatneduacneyd Ga ructur al rearrangements whi
me mb rbainned i n-gctaind Bundl i ng.

Previously, molecular dynamics (MD) simul a
monomer and on the pll dimer individually but
at®f nvestigated pbhuA2bWwietbriesnpaci one a membr
focused on interactions bet wemrdthu®d@d anldamnd@pes mie!
membr ane model . ®tAhgathed Mmoeelntpivest aemi be toace
CEACAKEACAM Ayt opl asmic domai named af pA2tudwhi
obnthe-dpier witehmime WNf!%ANn ashs scisatuedd.,, for tt
performed an MD investigation for the full A2

i nfl uendens tohfe Gay st e m.
42. Computational Met hods

42 . 1. Structure Generation

The initial structure of A2t was obtained
A2t in the complex ' WPt hn8MARCASubepitdewere e
structure. The Modeller software was used to
mattcdin eposreagewdeoacewi | d type A2 on Uniprot ; mut at
changed o Tthitdedseiddues changed i dP2 %A, AZ4 6nlonh oM@ 6
A84P, D197E, P223C, and D230E. The final five
K97, awesrégenhmmi ssi ngf oesptiwesred aAldled using the Mo
Copies of the altered A2 and pll subunits wer
generate a-tmpeelA2d¢f Wihledoriginal?fisemfico@ase | a

were addedotdmy t dneimdhi@a2 cr ysurad (sRDBicdaode: 1XJ

5



sevceonor dCaabbd@he final models generated for si

with 72%coan® Camordinated per A2, referred to as
42 . 2. Simul ation System Construction
The tleap module of Amber Tools was utili ze:

required t°Expllogy tfisloé vati on was performed us
bowith a minimum of 16 | from the protein to
modéfkko.noval ent chlorine and sodium ions were
mai ntain the salt concentration of the system

simul ations were 353,083 and 353,104 for t he

42 . 3. Si mul ati on Detail s.

Simul ations -Wé&Xe2080 on wodAdkstation housed
Chemistry of East Carolina UAMBERJWESst yus eTdh et op nr
the energy minimization and heating steps. Th
rulfthe AMBER force field 5% fthS B)arvaarse twetrisl iof e
et al. were utilfzedsf oahi dhesEPgbiangi chédoGadar
conditions were appWwithk auc uthogrf tdtethcedets Vénmi @dé i on
Waal s forcemesilhEwpladtimet Rod waangeedl €ott osht
interactions. Al bonds involving hydrogen at
whialhl owed the usage ofPrai drontgersitmuneattiepn otf h &
mini mized in two st e’isgns hree dtirrasitnev ten dd2tth e ns
For the restr,800edtmipsi wiez &t pemf or med using t
foll owed by 500 steps using the conjugate gr a

2500 steps of the minimization were perfor med

5



7500 steps using the conjugate gradient metho
310 K over néeOppessQormstdygnamics were carried o
model s for mdohe shabi BDOynef the simulations
conservation of energy of the simulation syst

temperatur e.

42 . 4. Data Anal ysi s.

The mol ecular dynamics simulation trajecto
and 0Ca model s were anal yBeod tusnigngantdhevi GRURATI R A
performed using a combination of R scripts, P
visualizatblo’ " progr am.

Pairwi se MMGBSA was performed for the enti
of AMBER18. a&dAichdiqtuiem st eoVoll ly oop e d f o rs pcarcesa tpil g sf eaant
redudciendte nsi onal ity coplt étra@thiecond agltetrs .ar@nlry ptolrd
tool all ows for davjphdibds gniacsyssft em ttloe ber oss col

calculated using the center of mass of those
43 . Results and Discussion

43. 1. Conformational Analysis

43. 1. 1. The Gross Structur al Change Bet weel
Princompoénent analysis (PCA) was conducted
repr essorft dthieomwonf ormati onal dlanfesd ttrlmgtecd oau

(skeiegsMrreand2 §The 7Ca model experienced rapid t



ns before reaching a stable conformation over

green, and yeHilgouw gc.ldu.s2ther s (see

~ —-800 —-600 —400 -200 O 200 400 600
PC2

400 »

PC1

300 ©

=
200

100

21000 —500 b ((:)2 500 1000 620 Overléy

Figd2Rrincipal component analysis (PCA
along with representative structures f
representative structures are ali gmRed
subunit being oriented at the top of e

The trajectories of the 7

@)

a and O0Ca model s
structures for vadlswuecl o m|ydorrenpartei soentat| ig aegpdanmgee s ( s e
42D . THRe sAoudnibtot h mo d¥ Ir b hreotteart teidn g~ Oy n ft hremat i
end of th&€hssmoubaatoan occur7rCAd22, mu cahk i2nbdr eo nrl ayp
ns of stiimmd &MKRAI@RRreequi red 400 ns t o. alchhd ebvesh av is
of mniohdeeAl28 6 s ub u neidi & Cal22f fmariemt aienl ati velgndadt abl e

0CA220sci abaue¢fptohsei t9i0on. The-1b eshidauwindirtbsotf e d hmu Al
greater .diOACREe rreeandagisna si mi |l ar position relatiyv
of BZ&8onvevCARlyunder went anmotreassformaciaon by

twisting farther out with reference to the pl

5



43 . 1.222CocCradi nati on.

Cd'coordinations in the 7Ca model were comp
model ( PDB (€eTdaeb41pl XAQdgr di nations in the cryst:
oxygen atthbams 3 .eHt d"Smmr@a nati ons are reporte:t
within 3fibnjs oforCaat | east 1% of total simul at
crystal structure coordinations were reported
0. 1Imw of the reported contacts are coordinate
The coordinations for both?@ambommewist wes @emea i i i
di fferences. CobdRn&tbopidswatestcbasi €aent wi't
crystal 3$tooncpapam&Bagrs WRiI8h AMBEXZII O -the 12
6 HFE LJ64 danmdededr,e tested usisngncAZacmounno mer anod
coor didreati iddrmoamasy s twreu et sree n f . 0% “Fshiitse ss u3g gaensdt s4
Céd™mindiingegs 3 and 4 might be orfe par ol douceer caofofridnii
more faithfully. Quantitati we anewmlsdirrecst off o n d
literature to test this Poedrudiartdtoinan Hiosverveeas c
most contacts prnesuaernturien wtehree @rmryestealved for si

the trajectory.



Tab4leCompari Scmoocfdi@®ated oxygemawntd®msubedt weehX
Si mul ated A2t Compl ex.

1 XJL A2l A 22
Car Percent Percent
Typ A2 Coordir Coordir
Cé&* e Repe CoordincCoordinFrames CoordingFrames
1 [ I G50 @O G50 @O 77.2% G50 @O 99. 6%
V51 @0 V51 @0 76. 8% V51 @0 99. 1%
E53@O0E1 ES3@0OE1 97. 5% E53@0EL1 99. 8%
E53@0E2 E5S53@0OE2 98. 9% E53@0E2 95. 7%
- D326 @0D 50. 1% - -
- D326 @0D 19. 4% D326 @0D 1. 7%
2 L1 K8 8 @O K8 8 @O 51. 5% K8 8 @O 77. 7%
L91 @0 L91 @O 48. 4% L91 @0 62.2%
E96 @OE1 E96 @QOE1 84. 5% E96 @QOE1 83. 6%
- E96 @OE2 81. 1% E96 @QOE2 86. 9%
3 I I - S117 @O 1.1% - -
M118@0 M118@0 43.0% M118@O0 92. 2%
- K119 @O 1.4% - -
G120@0 G120@0 3.6% G120@0 8. 3%
G122 @O0 - - Gl122@0 3.0%
- T123@0 13. 0% - -
- E125@0E 35. 8% - -
- D162@0D97. 2% D162@0OD 98. 4%
D162@0DD162@0D98. 2% D162@0D98. 7%
4 A/BII/1 T123@0 T123@0 0.2% - -
- D124 @0D 45. 1% - -
- D124 @0D 23. 9% - -
E125@O0E E125@0E 87. 5% E125@0E 97. 4%
E125@0E E125@0E 43. 1% E125@0E 96. 1%
- D251 @0D 95. 8% D251 @0D 99. 0%
- D251 @0D 96. 2% D251 @0D 99. 7%
5 I [ - A201 @0 77.8% - -
G202@0 G202@0 95. 9% G202@0 99. 1%
R205@0 R205@0 88. 4% R205@0 98. 4%
G207@0 G207@0 95. 2% G207@0 99. 2%
- D209 @0OD 10. 0% - -
- D209 @0OD 99. 9% - -
E247 @QOE E247 @OE 99. 7% E247 @QOE 99. 8%
E247 @QOE E247 @OE 88. 5% E247 @0E 99. 7%
6 I I I I I R245@0 R245@0 9. 9% R245@0 2.8%
V248 @0 V248@0 9.6% V248@0 2.6%
- E253@0E 91. 1% E253 @0E 98. 2%
E253 @OE E253 @OE 97. 4% E253 @0E 94. 7%
- N254@0D 1. 7% N254 @0D 6. 2%
7 1 IV M278@0 M278@0 73. 4% M278@0 84. 0%
G280@0 G280@0 54. 4% G280@0 38. 6%
G282@0 G282@0 3.9% G282@0 33.8%
- - - T283@0G 1. 0%
- D285@0OD 76. 2% - -
- D285@0OD 79. 1% - -
- - - Q321 @0OE 4. 7%
D322@0D D322@0D99. 6% D322@0D 99. 0%
D322@0D D322@0D 99. 8% D322@0D 97. 2%




43 . 1C&83¥Bi ndi ng AKfofnd otrsnatthen of RAectiidnnes at F

Binding Sites

The eff2cnhst bé <£iates of, bsipod coigfiiccad-Alkd ymptohret aR
sites were of greaté@&bhet PhPesese Odsrcompobed o
K281 whtalcd itnhesiR e i s composedThbé s$bkevénnabcaoe
surface area (SASA) was calcul at?ddaurcdedut i | i z
mor phol ogical changes at sites of ktnhoewnPIbR ol o
andAckFt i ni nsitthees 7Ca we@d @@d cmodcdelesl over st,he cou
and the mean val uRess uwetrse fcoormpeafrazdhd 2@mintde t dnregy r e p
suggestthabBatn Bascernable eff-acti onantd dmmeBPr pho

cause of the morphol ogi caalt cahna nagteosmiwa sl efvuerlt h e

Tabd42eCompari son of Mean SASA (in
i) for RAICPRiandBimding Sites
Bet ween 7Ca and 0Ca Models of A2t.
SiteSubwW™ModeMean SD
PI P A21 7Ca 192 6
0Ca 165 15
A22 7Ca 180 18
0Ca 178 11
FFAct A21 7Ca 346 8
0Ca 402 33
A22 7Ca 349 18
0Ca 366 20

The SASA for the PIP site residues, K279 a
compared to tHaebf2a MmMbdsel sgtggested a confor ma
Céd*hinding that made these rebiddiesgmore haseb
previously demonstrated that A2 does?™fmot asso

However, i f nef§*ht ndehy chardedsCare mutated t



t hen

associate with membranes. This |l ed to th

icaptureo positiwelnydi alpareesd dnemd fifahree e salaner

bet we%mi rChi ng resi due D322 and bathd Kapeéraed |

Tablfer3the A2 subunits. | t 2K SBwid apupnrde ctihaabt! yi nc |

to D322 (8.5ZDrilaAtRd 1Q. 990 fjo rt-20A 2Ls2p. e0cOt5i viel y ) .

K279
be n
di st
capt
vs t
di st
resi
43 Rvi
resp

pres

@fdad2si mi |l ar mean distanceTdb4@mn DI3t2 2s i oul
oted that the distance ddlsotnrgi tuatiilosnsatf ocsrma
ances wheidCaompdreegdda a43h®e. Thi dtihlatustr at
ure of K279 by D322 did occur wibDtibtsamme a
i me Fplgdtl)e d sreree shpioghdBicen @ P o ApipkadT hxa sAe

ance analyses suppobritndihreg hryeoitdee i csafthwrt e
dudsn achce aBseamasedemorCatr at eBi hw3&bned comp a
th FIG@GUurgedlB3dmsn4d3 lepi ct theK2@apt akhad8 182 A2
ectively, by D322 as observed during the

ent'‘eanfb€hRsgéh®i These results agree with

mut ati on efhamreatgbdi divaed yr stsd edru esshchvan t o -rest or e

bind

i n t

ing capacity®’fhet obsabsedceedficCaon of K2

he priéwoeuncde noafk eCa hem | es-bi adanbable for n



and

Tabd3eDi st anic)kst Ween the Carboxylic
OxygenséBohdeasgi due D322 from A2
Amine Nitrogen of K279 and K281.
SubuGroup Group ModeMearSD
A2l D3ZoOD1K279 @I7Ca 11. 11. 3¢
D32a0D?2
0Ca 10. €. 3¢
D3ZwOD1K281 @i7Ca 12. (1. 5¢
D32a0D?2
0Ca 8 .35 3 .24
A22 D3ZoOD1K279 @7Ca 116 70 .19
D32a0D?2
0Ca 114 ¢1. 7¢
D3ZwOD1K281 @7Ca 12.01. 3¢
D32a0D?2
0Ca 10. €22 .31

t

h €
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43 . Qorrel ated Motion Among A2t Subunits

43 . 2Colr.r el ated Motions of A2t .
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