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Abstract

Al zhei mer 6s Di sease ( AD) that resulta romehar ode ge I
formation of betea my | oi d (Ab) plaques in the brain,
cascade hypothesis triggers knosymptoms sud as memory loss n AD patient s.
plagues are formed by the proteolytic cleavage of the amyloid precursor protein (APP) by
the ©pr ot eas esscretBsa.dlede empyiadilitated cleavages lead to the
production of Ab fr agforme paqees, whichautimatelly dead toa ggr e «
neuronal cell death. Recent detergent protein extraction studies suggest tn#etied
BACEL1 protein forms a dimer that has significantly higher catalytic activity than its
monomeric counterpart. Currentlyowiever, there are no studies that support the
dimerization hypothesis of BACEL in living cells. In this contribution, we describe our
effort to examine the dimerization hypothesis of BACEL in cultured HEK293 cells using
complementary fluorescence spectagsc and microscopy methods. Cells were
transfected with a BACEEGFP fusion protein construct and imaged using confocal and
differential interference contrasbiC) microscopyto monitor labeled BACE1
localization and distributionwithin the cell. Subsequently, single molecdigctuation
analysis alowed us to test the dimerization hypothesis of the labeled BACEL using
fluorescence measurements of the diffusion coefficient-dependent observable) and
the molecular brightnesssa function of BACEL substratnaloginhibitor binding.

Complementary twgophoton fluorescence lifetime and anisotropy imaging enabled us to

monitor BACEL conformatioal changesand its local environment as a function of



substrate binding. These studpvide evidence thaBACEL substratemediated

dimerization occurs in cels and may be dependent on cellular location.
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Chapter 1

Introduction

1.1 BACE1l Discovery and Amyloid Beta Hypoth
First characterized bilois Azheimeri n 1906, Al zhei mer 6s di ¢
neurodegenerative disord#émat leadsto progressive memory loss and ultimately to
deatht Currently 5.3 million people in the United Statdsne live with AD, andthis
number is expected to rise to 16 milion by the year 2096t only wil this rise inthe
number ofAl zhei mer 6s patients di buetastakoy affect t
projected to put a gredihancial strain on society by increasingetitost of the patient
carefrom $226 bilion to an astonishing $1.1 trilidnAD remains the only top ten cause
of death in America that cannot be slowed significantly, prevented, oritredfor

these reasons that the study of AD is of timost importance.

One halmarkof AD is the formation of amyloid plaques. These amyloid plaques
consi st primarily of aggregated amyl oid be
the amyloid precursor protein (APP) by a series of proteolytic (or secretase) aétivities.

APP is a type membrane protein (single transmembrane domain with tterr@nus on

the cytoplasmic face of the lipid bilayer) thatinvolved in a multitude of native celular
processes includingeuronal migration, signal transduction, and transport of a variety of
proteins®># Figure 11 depicts the two predominant pathways in which APP is processed
t o either nprrpatiebgewice peplide fragmentsvhich are referred to as

amyloidogenic and neamyloidogenic, respectively. In ttlamyloidogenic pathway APP



2
is first cleaved byo-secretase (BACEL in Figure 1,ihich is the rate limiting activity

for Abformation, to produce akible fragment (AP P b ) membdane dbound

fragment (C99.56C99isthenc | eaved wit hi n -detretaseltdoprodute bi | ay
the APP intracellular domain (AICD) amther A 640 or-42.78 The amyloid beta

peptide fragmesst combine to form oligomers, whidhen aggregateto generag fibrils

that further condense to form plaqu&3® Some of the intermediateslong the pathway

towardsAb plaque formation have badaffecs swlwn t o
asdisruption ofcell signaling, formation oftangles composed of aggregates of the
hyperphosphorylated protein tau, agiditation ofan immune response that ultimately

leads to cell death and reduced brain mas$Akternatively, APP can be cleaved by

Usecretase to produce a soluble fragmerA BP U)  alhGB3 igi®3 cleaved by

o-secretase to yield the ngathogenic protein fragments P3 and AlED



-APP
B o s-APPB Plaques

Oligomers

I

a-Secretase

P3 y-Secretase

AICD C83 APP C99 AICD

Figure 1.1: Non-amyloidogenic and Amyloidogenic Processing of APP.

Starting in 1987 research showed thab p r o d u a direcbrasuliolv a s
cleavageof APP by two distinct activties s p e c isdcietasm|nldsecrefase
activities However it would take another twelve years of researclulentify the protein
responsi bdeeretade@ativityt’ BBACED (or betasite APP cleaving enzyme 1)
was cadiscovered by five independent research gramyes a short period of timeYan
et al, Sinhaet al, Hussin et al, Lin et al, and Vassaet al.in 19991722The groups of
Lin, Yan and Hussain applied strategies that required assessing genomic rdaga fro
variety of species and making biochemical deductions as to which sequences would most
li kely be r esponseaclethse activiy t3201? These camdisates wexzed D
then transfected into cels&n s c r e e-seeretasefaotivit? 2?1 Vassaret al.
screenedargep ool s of -sceDANrAe tfeosre bactivity wusing ELI

levels and continually subdividing the poalgtl thelone remaininggene was isolated
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and identified as BACE12? Sinha et al. utiized affinity chromatographywith a peptide

transition state analog attached to Nbtgharosel® After isolation, the protein sequence

was determingdand the group anstructed the appropriate cDNA.

Throughout thisthesisthe termBACEL wil be usedbut it alsohasother
commonly acceptechamesin the literaturesuch as Asp 2 (hovel aspartic protease 2) and
memapsir2 (membrane aspartic protease/pepsin 2). This assortment of names for the

same protein arose frons simultaneous discome by a variety of researajroups

1.2  Biosynthesis, Modification and Cellular Trafficking of BACE1

BACEL is first synthesized as a ppeptide in endoplasmic reticulum (ER) where
it is N-glycosylated at four asparagine residudés3, 172, 223, and 354.To help
stabiize BACEL as well as facilitate its transport to the i@olgi network (TGN), it is
acetylated seven times at seven different lysine residues within theARRr
completion ofall the modificatiors in the ER, BACEL is traficked to the TGN where the
acetylated lysine residues areadetylated* Once in the TGN, the 45 amino acid long
prodamain of BACEL is removed ke proteasdurin and theresulting protein is
palmitoylated at 474, 478, 482, and 485 to prodhedully mature proteif> These
palmitoylations are thought to be responsible tbe associationof BACEL with lipid

rafts on theplasma membrars.

Following posttranslational modificatios in the TGN, BACEL is transported to

the cell membrane where it is then internalized via clatdwaied pitsnto early
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endosomes by interacting with ADP ribosylation factor 6 (ARFE8§Once in the early

endosome BACEL actvity increases due to the lower pH of the compartment facilitating
acid-base cleavage qfeptidesubstrate’®22 Following cleavage of substie, regulation

due to phosphorylatiomf Ser498within the Gterminal domain of BACEL can cause it

to interact with Golgi o ¢ a | -eaecenthining ARFbinding 1 (GGA1) protein

resulting in transport back to the plasma membrane through recycling endoandnthe
TGN .2° Atternatively, moneubiquitination of BACEL and interactions with GGA&rget

it to lysosomes for degradatiéh.This process of BACE1 celular trafficking is

highlighted in Figure 1.2.



B BRI

Early &
Endosome &

‘ a8 Late &%
Golgi/T SN\ - Endosome | &
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&3 U AP
ER “’:, q*ﬁi
Lysosome J AB

Figure 1.2 Cellular Trafficking of BACE1. Representative scheme depicting BACE1
localization within different cellular companents. BACE1L is first synthesized in the ER where it
is glycosylated and acetylated. It is then trafficked to the TGN where it is deacetylated and
palmitoylated, after which BACEL is sentto the plasma membrane where it undergoes
endocytosis into earlynelosomes. Following substrate cleavage, BACEL can either be recycled

back to the plasma membrane or sent to lysosomes for degradation.

1.3 Betasite APP Cleaving Enzyme (BACE1) Structkuaction Relationship

BACEL1 is a type | transmembrane aspapgtteasecomposed 0501 amino acil
consisting othree structural domaingith a totalmolecular weight of approximately ~75
kDa whenfully matured®22 The threedomains oflis pepsinike aspartylproteaseare
shown in Figurel.3A the N-termind extracellular catalyticdomain the single pas

Uhelical transmembrandomain and the small @erminal cytosolic domain.



The extracellular domain, which is folded into two loli@sning afurrowed
centralcleft, is responsible for hding and subsequent addse cleavage of the scissile
peptide bondf the boundprotein substrate (Figure 1.2)The binding cleft is made up
of eleven subsites (PR7 anrRI4AN)INf |l anking t heél®2thaseal yti c
subsites interact with specific substrate amino swidfacilitate binding and subsequent
cleavageof peptide substrate’d32 The extracellular domain Bomologousto that of
pepsin inAkcaiudpiinng Ad l@pod t hat pr ottaleothas t he
four welldefined insertionsforming loopsA, C, D, and Fthe functions of which have

yet to beelucidatec??

The singlep a s -$elicdll transmembrane domain of BACEL is a series of
hydrophobic residuesncluding severalmethionine and cysteineesidueswhich have
been show topossess the abilty to chelate to copper iosisg model peptides
vitro.33 This transmembrane domain acts as an anchor, restricting movement of the
protease to celular membranes. In additBACEL has been modeled and shown to

spontaneously oligomerizanderartificial conditions3?

The Gterminal domain of BACEL is a small (kba) segrant extending into the
cytoplasn®’ Although it is small relative to the rest thie protein, the @erminal domain
of BACEL1 is crucial for celular trafickingThree key residuetSer498, Leu499, and
Leu50Q regulate transport from the cell membrane to early endosomes as wel as

recycling and degradation of BACEL by interaction V@%BA proteins?’-30



Figure 1.3: Crystal Structure Representations of BACE1PanelA: Crystal structure of
BACEL1 catalytic domaifPDB:1FKN). Panel BZoomed in viewof the catalytic aspartate
residues.

Figure 1.4: Generic Aspartyl Prote aseM echanismDiagram shows the backbone cleaving
mechanism carried out by the activation of a water molecutédaspartic dyad.



1.4 BACEL Dimerization Hypothesis: Existiegidencesand Challenges
In 2004 two reports were published that provided evidenggesting that
BACEL forms constitutive dimefs:3° The first included work donby the Haassgroup
providing novel evidence of BACEL dimers extracted using detergents and strong
denaturing conditiond r om br ains of Al zhmthsngudybte di seas
researchers provided evidence of BACE1 dimerization through common biochemical
techniques sth as SDSPAGE andWesternblotting. In addition, they showed that by
transfecting cells with two populations of complementary BACEL active site aspartyl
mutants they were able to achieve successful dimerization and productioh PFPsb  a s
we | | S&dtsvasfabo. shown that BACEL atite BACEL mutants co-localized with

APP using immunoelectron microscopy and immunofluoresc&nce.

The second paper from the Haass group also provided three key pieces of
evidence pertaining to BACEL dimerization that are worth mentiottidgWestern blot
was generated ugj blue native polyacrylamide gel electrophoresis (BNPAGE), which
theoretically should separate the proteins umgive, non-denaturing condition® In
doing this, the authorshowedthat full length BACE1 (FLBACEL) formed dimers while
the BACEL protein consisting of only the extracellular domain-B¥WCEL) clearly

formed monomers?>

It was also demonstratethat dering the structure of the transmembrane domain
of BACEL did not interferewith its abilty to form dimers, but once again reiterated that
the presence of the domain is necessary for dimeriz&tidinally, they showed that the

FL-BACEL1 had roughly 30-fold higher activity than that of the truncated version.
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Although thepublished eviden@ is compelling, there are a few areas of

inconsistency and room for further studyor example, it is not clear whethBACEL
dimerization would withstand theheavydenatung conditons of SDSPAGE (visualized
by Western blot) which usually removeseconary and tertiary structuse These results
seem especially irregular becatisevas shownn the second studihat no dimer was
found for SDSPAGE but only for BNPAGE3> Secondly, it was reported it the
dimerization was not influe nced by either the type of transmembrane domain
membrane anchgoresent but ratrer the mere presence or absence afransnembrane
domain This contradictswith another report showing thatspecific sulfur-rich, metai
ion binding motif (MxXxXXCxxxMxxxCxMxC) within the BACEL transmembrane domain
is required tanitiate coppemediatel oligomerization?® These are just a few
inconsistencieghat needurther investigation One additional point is that docalization
experiments with BACE&nd APP, in tandem with prtein extraction and imaging
alluded to the fact that that BACEL1 dimerization may be dependespemific

interactions withsubstrate#36
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1.5Thesis ProjecObjectives

To address thee outstanding quest®rand inconsistenciesnentioned above and
elucidate the nature of BACEL dimerizatiam iving cells the gal of this thesis is to use
nontinvasive fluorescence micrgpectroscopic techniques to study BACEL tagged with
enhanced green fluorescent proteipressed in human embryonic kidney (HEK) cells.
To date,no data has been published that ¢mssideredthe dimerization event of BACEL
in its native environment within a living celh addition we tested the hypothesis that
dimerization is a function afubstrate binding as put forth the Multhaup group by
carrying out our experiments to study the molecular events of BACEL ranging from the
milisecond to nanosecond timescale in the presence and absence of the BACEL

transition state analog peptidéatin inhibitor STA-200.

1.6 Thesis Chapters

The experimentaldesign andsetupfor eachtechnique usedi.e., confocal,
differential interference contrast microscopy (Dl@jorescence lifetime imaging
microscopy (FLIM) fluorescence correlatiospectroscopyRCS andfiluorescence
anisotropy wil becontained within itsown chapteralong with its contribution to the
investigation of BACE1-EGFP expressed in HEK293 calsth and without STA-200
inhibition. Chapter Zontains a comprehensivdaterials and Methodssection for the
experiments performed, describing data acquisition as well as analysis with relevant

figures and models. I6hapter3, confocal and DiGireused to validate BACEEGFP
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expression in HEK293 cells as wel taxcomment oroverall cell health. Chapter 4

shows local and environmental factors that affect BAGEGFP by assessing the fusion
proteirts fluorescence lifetime. I@hapter5, measurements from opdoton time

resolved fluorescence anisotrofyP-trFA) is used to obsee BACELEGFP rotation on
the nanoscond timescale. Thehapter6 presers studies on the translational

movement and molecular brightness of BAGEGFP on the milisecond timescale. Each
of these chaptsrstang alonewith its own Abstract, Background,Results Discussion

and Conclusions Each technique wibe presentedvith rationale, keyneasurements
figures and datainterpretation. Finally, Chapter7 provides an overall conclusioaf these
studieswith regards to dimerization of BACEL incellular environment and offer

insights on future directions.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Human Embryonic Kidney Cell Culture (HEK293)

In these studies of BACEL, we usadherenthuman embryonic kidney cells
(HEK293) as a model system. A flask of these cels was a generous git from the
laboratory of Dr. Lynne BemisMedical School, University of Minnesota Dulith Cells
were grownin Eagle'smi ni mum essenti al medium ( EMEM) c
salts Ruality Biological, VWR Internation§l To minimize autofluorescence
background, the culture medium was prepared without phenol red, whie conth@fifig
fetal bovine serum (FBS) +1BM L-glutamine +50U/mL penicillin/streptomycin
Cultured cellswere incubatedat 37 °C in ahumidified 5% CQ atmosphere For any

given experiment, thelEK293 @lis usedhad beempassagedewer thanseventeen times.

2.1.2 BACEEGFP
The BACEXEGFP construct was a generous git from Dr. Bradley T. Hyman at
the Harvard School ofMedicine The detailed protocol for constructng the BACE1-

EGFP vectoris describecelsevihere?® Briefly, BACEL was cloned frona Clontech

whole humanbrain cDNA library using PCR and the following primers:
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5-NGCCACCAGCACCACCAGACTTG3 Nj and 5 N;j

ACTGGTTGGTAACCTCACCCATTAS N;j.
The productwas insertednto the pcDNA3.1/V5/HisTopovector (Invitrogen) (BACEL-
V5). BACEL was then cut out of BAOEV5 at restriction sites Hindlll and Saahd

inserted into the pEGFR1 vector to creatthe BACEL-EGFP construct.

2.1.3 Fugene HPY. Transient Transfection

Fugene HDM nonliposomal mediated transfectioBagent was purchased from
Promega (Madison, WI). HEK293 cells were grown to ~80% confluency at which point
they were subcultured using 0.05% trypSBTA soluion without phenol red (Gibco)
Cels were plated in MatTek 3&m petri dishes (14 mm surfaceea, 0.160.19 mm
thick microwell) at an pproximate cell density of (2-3.2)x 10* cells/cmd, 24 hours
prior to being transiently transfected’he composition of theransfection solution was
adjustedto give eitherahigh- or low-efficiency transfectia in orderto tune the
expressionlevel of BACEXEGFP as needed for eadipe of fluorescencaneasurement
usedin this project The high-efficiency transfetion soluton consisted of 24% of
culture media without antibiotics, 5.0 pg of BACEHEGFP DNA wih 15uL of Fugene
HD™™ per 35 mm platevhie the low-efficiency transfetion solution consisted @f9.7
pL of culture media without antibiotics0.1 pg of BACEXEGFP DNA with3.75 pL of
FugeneHD™ per 35mm plateCells were incubated in transfection media ford®4

hours, and therthe transfection solution was replaced with complete culture media with
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antibiofics (without phenol red) &ast 1 hour before conducting microscopy or

spectroscopy measurements

2.14 Inhibition

We usedSTA-200, a statinecontaining BACEL transttion statenalog (Lys-Thr-
Glu-Glu-lle-SerGlu-Val-Asn (Statine)Val-Ala-Glu-Phe OH) to inhibit BACEL
cleavage oendogenoussubstrate. The corresponding biophysical studies uBdér200
inhibited conditions allow us to examine the role of substrate binding on the dimerization
hypothesis of BACEEEGFP being tested in this project. All reported biophysical
measurements on BACEAGFP in this thesis were carried out under hetineatedand
STA-200inhibited conditions Inhibition of BACEL was achieved usir@mL of culture
media with1 pL of the stockSTA-200 solution (100 pM in 2% DMSOJo give a final
concentration of 50 nM2 Cells were incubated with the inhibitor for at least 1 hour prior
to measurements. Our rationafethese inhibitiorbased studies wamt only to examine
the effect of substrate/inhibitor binding dimerization but alsoto preventBACE1-

EGFP binahg to endogeneousubstrats.

2.2. Methods and Data Analysis
2.2.1 Confocal and DIC Microscopy

Conventional laser scanning confocal microscopy, equipped with differential
interference contrast (DIC) fassessingcell morphology, were used to image the
localization and distribution of BACEEGFP in cuftured HEK cellat room

temperature The confocal and DIC imaging systdias beerdescribedn detalil
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elsewheré. Briefly, the confocal microscope consists of an inverted microscope

(Olympus, 1X81), equipped witha 1.2-NA, 60X water immersion microscope objective.
The inverted microscope was coupled with a lasanning unit(FV300, Olympus) that
was fiber coupled with muttiple laser lines {fam Laser: 488 m; Compact solitate
Lasers: 561, 641 nm), which was controlled by a Cobalt Jive 50 unit (OlymBasgd
on the absorption (maximum at 488 nm) and emission (maximum at 510 nrinp spfec
EGFP, cels expressing BACEHGFP were excited using 488 ni@r-ion laser).
Fluorescene was viewed first using Hg lamand FITC fiter cube prior to being imaged
using 510IF Fitter. The confocal systemdiagrammedin Figure 2.1 and additional
information about confocal microspy can be found elsewheéfeData acquisition and
analysis were carried out using the Fluoview 300 soft@igmpus) for 3-D and time
series imaging. This laser scanning confao@roscope was modified to allow for two

photon (2P) fluorescence, ML, and 1RtrFA imaging (see below).
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Figure 2.1 A Diagram Describing Our Confocal and DIC M icroscopySystem
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2.2.2Two-Photon Fluorescence Lifetime Imaging Microscopi.IM)

The 2P fluorescence microscopy and fluorescence lifetime imaging microscopy
(FLIM) systemwas describedn detail elsewheré’ Briefly, femtoscond laser pulses
(120 fs, 76 MH} used in 2P microscopyere generated using a Titank®apphire solid
state laser systerfMira 900-F, Coherent), pumped by a diode la€Ed W, Verdi10W,
Coherent).The fundamental excitaton wavelength ran@edn 700 b 1000 nmand was
extendedfrom 350 to 500 nm using a second harmonic genef&biG 4500, Coherent
In these measurements on BAGEGFP, however, we usé&30 nm and465 nm for two-
photon FLIM and 1RrFA, respectively, as described below. For 2P fluorescence
imaging and FLIM, th@®30 nm pulses were steered toward the modified FV300-laser
scanning unit described above to excite the cultured cells expressing BAGHR using
al.2 NA, 60X, watefimmersion @jective.

For FLIM measurements, the Apifluorescence was isolated from the excitation
laser using a dichroic mirror ( DM690LP) and fiters (475 Russian Blue and 690SP
fiters) befae being detected at magic an@gBlanThompson Polarizer set at 54)7
using amicrochannel plate photomultiplier tube, MEMT (R3809U, Hamamatsu)lhe
fluorescence signal was then amplifie@MbH amplifier model, Becker & Hickl),routed
(HRTxx, Becker & Hickl) and recorded using SP&0 module (Becker and Hickl'he
SPCG830 module was synchronized (in the reverse mode) with a fast photodiode signal,
SYNC, (400N, Becker & Hickl), which was triggered by a small fraction of the excitation
laserusing a coverslip(~2%).The delay time between the SYNC pulse and the molecular

excitation pulse was controlled usiray7 ft coaxial cable. The operation thie SPG830
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module is based gprinciples ofthe time-correlated singlgohoton counting (TCSPC)

technique’® To obtan agoodsignatto-noise ratio, the TCSPC histogram for each FLIM
image was recorded overS33minutes, which varied based on the expression level of
BACE1-EGFP in the cultured HEK cels. For each FLIM image, the corresponding
confocal and DIC images werecorded to ensumeegligible two-photonlaserinduced
photobleachingof the labeled proteior photodamagdo the cells.Overthe course of
these measurementa,magnification range of 3-5was used. Figure 2{#ovides a sketch
that describes our FLIM systerithe average infrared laser power at the sample
(maximum 10eW) was controlledusing a neutral density fiteto ensure negligible

BACEL1-EGFP photobleachingand photodamageo the cells
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Figure 2.2 A Diagram of Our Two-photon FLIM System Laser930or 465 nm pulses; L.:
lens; FPD: fast photodiode for SYNignal, DM: dichroic mirror, F: fiters; PBS: polarizing
beam splitter, GTP: Glamhompson Polarizer; MCP: microchannel plate PMT, AliRplifier;
HV Supply: high voltage-2.9 kV) powersupply.

The acquiredFLIM images were analyzed usitge SPCIimagesoftware (Becker
& Hickl), which uses a nonlinear leastsquare fitting routine (Levenbeigarquardt
algorithm) for each fluorescencaecay per pixel. The majority of 2P fluorescence decays

in each FLIM image were described satisfactorily usigingle exponential decay model

(Eq 2.1) such that:
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00 "0z2°Q § O0YO (Eg.2.1)

whereFois the intial fluorescencantensity and ({ is the fluorescence lifetime of

BACE1-EGFP.Each decay per pixel was deconvolutedh a computeigenerated
instrument response functior{IRF) with afull-width halfmaximum EWHM) that
depends on the measurése of the fluoresce decayThe quality of the fit was judged
using bothe?and the residudP In our 2P FLIM measurementsn HEK cells expressing
BACEI1-EGFP, images with 256256 pixels were constructed with 64 time bin per pixel
(i.e., 259 ps/bin)In addition the upper signal level (binning = 2) in each FLIM image
used intheseanalygs was at leasB0Q0 photon counts per pixdlmaximum) and showed
goodsignatto-noise fluorescence decays. The system was calbrated using a solution
droplet ofRhodamine Gree(RhG, 2.0 M) which yielded a single exponential decay
with an average fluorescence lifetime o Bs in agrement with literature value®¥®

Similar measurements were carried out on free EGFP in a buffer (PBS, pH €.4110
which yielded asingle exponential decay widinaverage fluorescence lifetime of 2.5 ns.
A screen shobf SPClimage for a typical 2PLIM image of HEK cells expressing
BACEL-EGFP undemuntreatedconditions (Figure 2.3) shows an example of FLdlAta

and dataanalysis used in this project
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Figure 2.3: A Screenshot of SPCImage Data Analysis

The left image shows the 2Rfluorescence intensityith the corresponding 2P
FLIM matrix on theright. Each pixel in the FLIM image cdoe fitted with models
containing up to three exponential dessgndthe corresponding fitting parameters are
shownatthe right of the screen shoti(tu, et c é) . For any pixel
corresponding fluorescence decay (along with the fitting curve as wellaa®l residual)
can be seen (center). The fluorescence lifetime distribboeach FLIM imageis
shownin the upperright corner.

In these FLIM image analyses, we hasarefully chosen binningparameterghat

maximize the signalto-noise ratio for the fluorescence deaathout significantloss of
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spatial resolution due toaveragingneighboring pixels (i.e., binning). We noticed for

example that as we increased théning from 1 to 10, the signab-noise ratio of the
observed fluorescence decays increased tremendously, Imikaheesolution (i.e.,

spatial information) was podaveraged out)We also observed that the.IM image
lifetime-frequency histogran{Figure 2.4) became narrowé&maller FWHM around the
mean average lifetime, 2.5 ns in this case) with an increased frequency of the pixels
corresponding tthe average fluorescence lifetimelowever, spatial information wdsst
for the BACE1-EGFP population with a shortelfetime (left shoulder of the histogram,
Figure 2.4). Based on these findings, we decitedsebinning of 23 throughout this
project. A binning of 1groupsthe central andnmediately adjacentpixels to calculate

the average intensity/decay binning of 2, however, would include the central pixel plus
2 rows of surroundingpixels for average calculationsThis allowed us to strikea nice
balance between the spatial information and sigrabise rath for reliable FLIM
measurements of BACEEGFPin cultured HEK cellsunder different physiological
conditions. Some balancings requiredbecause althouglthe c?value for goodnesef-fit
also increasess binning increaseshere is a corresponding decean the information
content (spatial resolution) of the daésulting in less appropriate model ftting. This
deviation offtting quality (©bservedby c?)is not surprising whemaveragingover large,
heterogeneous locations in Iving cels with an #éewe signalto-noise ratio for each

decay.
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Figure 2.4: Effects of Binning on Fluore scence Lifetime as a Function of Pixel Frequency.

As the colors of the colors of the graph go from black to brown, the binning of the decay matrix
increases from 2 to 10. By doing this the shoulder lifetimes, from 2.1 ns to 2.4 ns, decrease while
the peak lifetimes around 2.5 ns increase. Optimizatiothisgparameter is essential obtain

adequate signab-noise levels whie maintaining spatial resolution.
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The SPCIimagesoftwarealso allows for analyzing FLIM images weighted as a

function of pixel frequency and pixel intensitfzorthe representativeFLIM image shown
in Figure 2.5, both weighting options yield the same mean fluorescence lifetime per
FLIM image (2.5 ns in this case), where #iignatto-noise ratio was very good by FLIM
standardsHowever, the weighted frequency mode of analysisvided valuable

information concerning a populaton of BACEEIGFP with a shorter lfetime (2.3 £0.1

ns), which was washed out in the intensityighted mode of analysis (Figure 2.5).
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Figure 2.5 RepresentativeHistograms for Differe nt FLIM Analysis Mode susing
SPCImage .Fluorescence lifetime histogram as a function of pixel frequency (blagijedr
intensity (red).
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Based on these findings, we decided toftsguencyweighted analysis of FLIM

images throughout this thesighis is especially valid in light of theigh signaito-noise

ratio in our FLIM measurements oBH cels expressing BACEEGFP.

2.2.3TimeResolved Fluorescence i8otropy Using TCSPC Technique

The tumbling motion (orotatioral time) of BACEXEGFP in cultured cels was
characterized using Ptime-resolved anisotropy measurements as a means to assess both
the structural flexibility of the construct and hoRRET (fluorescence resonance energy
transfer betweeike moleailes). Time-resolved anisotropy measurements can be carried
out usingthe TCSPC techniquas was the case wittP-FLIM (see above) with minor
modificatiors of the excitaton and detection configurations as described elsewhere i
great detait!

The rotational time of BACEEGFP (~7%Da) in the restricted cell environment
is expected to be much slower than the exctiade fluorescec lifetime of EGFPfree
in solution (~2.8 n3. 42 As a result, the repetition rate of the excitation pulses was
reduced from 76 MHz to 4.2 MHz, with 286 ns between pulses. éffabled the
monitoring of the rotational motion of largeestricted proteins thanight not be
complete within 13 ns. The repetition rate of 4.2 MHz of the femtosecond laser pulses
(see above) was achieved usmguise picker (CohereniMiira 9200. The 4.2 MHz
infrared (IR) laser pulses (horizontally polarized) were steered and comditiprior to
generating the second harmonic laser pulseksmhm using second harmonic generation

(SHG 4500, Coherentwhich werethen used for 1FA measurements. The vertically
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polarized 1P laser pulses were steered to the back exit of the 1X81 microscope, which

also allowed for the Hg lamp spectral lines for visual inspection of the cultured cells
expressing BACEEGFP. In addition to the dichroic mirror (46556 nm), excitatin
(475/50) and detection (531/40 and Russian Blue) fiters warefully chosen to
selectively detect the fluorescence emission without scati@sedight. The depolarized
fluorescence of BACEEGFP in cultured HEK cellsvasresolved into parallel and
perpendicularpolariations using a polarizing beam spltter (CMABS251, ThorLabs)
anddetected simultaneously using two MERITsas described abover FLIM. The
polarizationanalyzed fluorescence photons were then amplified, routed, and registered in
SPC-830 module. The resulting tinresolved fluorescence decays (histogramsje
then recordedbr both parallel and perpendicular (with respect to the excitation laser
polarization) fluorescence using SPCIimagertime-resolved anisotropy, the-actor
(Geometrical factoraccounts for potential polarizatidriased detection and can be
estimated usinghe tatmatching approachf a small molecule such &hodamine
Green(rotational time ofL30 ps comparedo a3.9 ns fluorescence lifetiméy. In our
setup, thegeometrical G) factor is ~0.6 undethe experimental condittions reported here.
Anisotropy decay analysewere carriedou using OriginPro (8.1) software.

The measured paralel and perpendicular fluorescence decays are then used to

calculate the corresponding anisotropy using the following equ##.2):

@]

(2.2)

5¢
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wherer, F, andG are defined athe anisotropy, fluorescence intensitgnd G-factor,

respectively. Based on the molecular and cellular complexity as well as the potential
presence of more thammespecies, the timeesolved anisotropy decays can generally be
described as multiexponential decaye(. 2.3)such that:

io f zA T y zA T (Eq.2.3)
whereb, t, andt arethe anisotropy amplitud€(initial anisotropy =ro= b1+ b2), time, and
rotational time, respectively. Inthe course of our measurements of the rotational motion
of BACE1-EGFP in cultured HEK cels, threnisotropy decayweredescribed

satisfactorily with two exponential decaysg( 2.3). It is worth noting thathe measured

rotational time [) depends on both the volum¥) ©f the tumbling moietyand the
viscosity €) of the surrounding environmerstuch that q. 2.4):

f - ®QY (Eq.2.4)
where—, V, T, andQ are theviscosity, hydrodynamic volume ofthe tumbling species,

temperature and the Bolizmam constant respectively. Irthe Stakes-Einstein model, the

rotational diffusioncoefiicient (k) equals 1/6 for spherical molecules

2.24 Fluorescence Correlation Spectroscopy (FCS)

To examine whether BACEEGFP forms a dimer, we used fluorescence
correlation spectroscopy (FCS) to characterize its translational diffusoefiicient
which is inversely proportional to the hydrodynamic radius of the diffusing species. The

experimental setup, FCS modalities, and data analysi® described in greadetail
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elsewheré! Briefly, aninverted microscope (X181, Olyrag) wasfiber coupledto

multiple continuous wavelases with wavelengthsof 488 nm (Coherent Sapphire 488
20), 561nm (Cobolt JivéM), and641 nm(Coherent Cube)The microscope was also
equippedwith wide-field and total internal reflection (TIRF) imaging capabilties using
anEM-CCD camea (Evolve, Photometrics). Thenicroscope, imaging data acquisition
andlaserwavelengthselection were controlled usirifpe Metamorph software. A horme
buit FCS setup coupled with the inverted microscope at the righp@xitallowed for
autocorrelation and crogsorrelation spectroscopy (Figure 2.6pr HEK cells
expressing BACEEGFP, 48&m excitation was used via FITC fiter cube (excitation
and detection fiters 46498 nm, 513556 nm,respectively,anda467-556 nm dichroic
mirror) and the corresponding dfpiorescence was steered toward the right- eodt,
fitered (406700 nm) and tightly focused on an optical fiber (50 nm in diametisa)
acts as a confocal pinhol@he fluorescence signal was then detected using one (for
autocorrelationanalygs as in these studies) or two (for crassrelation analy®s)
avalanche photodiodg®\PDs, SPCM CBE2969, PerkirElmer, Fremont, California). The
signal was then amplified detected andcorrelated using external multipaudigital
correlator (ALV/6010-160, Langen/Hessen, Germanyith the ALV -Correlator
software used foFCSdata acquisition. The FCS experimental sesuphownin Figure

2.6.
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Figure 2.6:Diagram of Our Multimodal FluorescenceCorrelation SpectroscopySystem

that Allows for Autocorrelation and Cross-correlation CCD: Charge Coupled Device Camera,
DM: Dichroic Mirror, NA: Numerical Aperture, L: Focusing Lense, BS: Beam Splitter, APD:
Avalanche Photodiode, ALV5000: miple-taudigital correlatorThe FCS systerwascoupled

with multiple solidstate lasers (48%61, and 641 nm) via optical fibers.

The FCS setup was calibrated and optimizeda daily basisusing Rhodamine Green(60

nM, PBS, pH 7.4) witha known diffusion coefficient of 2.& 10 cn?/s.3” Rhodamine
Greenis a photostable fluorophore withfluorescence quantum yield of 0.95 and
steadystate spectroscopy (both absorption and emission spectra) that is fairly similar to
our BACE1 label (i.e., EGFRJ"4445Under thesame calibration conditiondiuorescence

fluctuation autocorrelatiormeasurements were takiem BACE1-EGFP in the plasma
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membrane of HEK celisthe lasewasrandomly focused throughout the cell membrane

under bothuntreatedand inhibited conditions. The measurements were repeated
different cells, dishes, and daysensure reproduditty and avoid any systeratic erros.
Fluorescence (or concentration) fluctuation of a single molecule diffusing through an
open observation volume cae causedy translational difision andchemical reactions

as shown in Eq. 2%

~

— 6 il Onié il B Y6 i (Eq. 2.5)

where C;i is the concentration,D; is the diffusion coefficient of the it species andT is
temperaturein Kelvin. The first term of Eg2.5 represents the tir#ependence of the
concentration fluctuation due to diffusion, whie the second term accounts for that due to
any chemical reactions that may be pres€&he corresponding fluorescence fluctuation
autocorrelation of a difusing spes provide invaluable information about the

translational diffusion coefficient and underlying chemical phdto physical processs

of the molecule under investigatio&luctuations in the concentration wil cause

fluctuation in the fluorescence signand the corresponding fluorescence fluctuation

autocorrelationfunction, “O 1 , can be calculated usingg. 2.6.44

T — (Eq. 2.6)
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where, F(t) is the fluorescencefluctuation at timet and T is the correlationlag time. For

a Gagsian (lateral) and Loremn (axial) observation volume, ti&D autocorrelation
function depends on both the average number of molecNes=<gidng in the

observationvolume and the diffusion timeld) such that's:

Ot -z 0 (Eq.2.7)

whereN is the average number of molecules at any given timas the residencéime of
a molecule in the observation volume, amgls thestructure parameter that describes the
observation volume The structure parameter is simply the ratio of the aziltq the

lateral (14y) extension of the observation volem

A typical fluorescence autocorrelation Riiodamine Green(PBS, pH 7.4)s

shownin Figure 2.7 with an estimated diffusion time of 0.12 ms at room temperature.
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Figure 2.7: Autocorrelation Curve ofRhodamine Greenat RoomTemperature.

However, for BACE1EGFP in the plasma membrane of iving HEK cells, we
found that the corresponding autocorrelation functfoi® ( dd)bg modeledas twe

diffusing species im 2D membranesuch that 47

r — (Eq. 2.8)

0t -z p Q2

whereN is the number of moleculed,is the populationfraction of a species 2 with a

difusion time U. The corresponding population fraction of species 1 with a diffusion
time Uis (1-f). The corresponding translational diffusion coefficie Dr)(relates to both
the measured diffusion timé:J(m@, also known aé;!) and the lateral radius¥y) of the

open dservation volume such that!
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T — (Eq.2.9)

In the StokesEinstein model, théranslationaldiffusion coefficient (Dr, cn¥/sec)
of a spherical molecule depends on temperattijeviscosity ), and the hydroghamic
radius @) such that*6:

(@) (Eq. 2.10)

RE!
wherekg is the Boltzmann constantT is the temperaturein Kelvin, sis theviscosity
(glemsec) andais the hydrodynamic radius @f single diffusing speciesunder
investigation The measured diffusion time using FCS will then be used to calculate the
difusion coefficient, whichcanthen be used to examine the size ofdiflesing species
(.e., monomeric or dimeric BACEEGFP).

In the SaffmarDelbrick model, thetranslationaldiffusion coefficient of a
transmembrane protein (modeled ag/mdrical molecule through a membrandepends
on temperaturethe viscosity of both the membraned{) and surrounding media (e.g.,
culture media and the cytosaly), hydrodynamic radiuga), and memtane thicknesgh)

such that 41

0 — 11 ™ X X C (Eq.2.11)
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The calibrated observation volume using RhG in &buy3D) wasused to calculate the

lateral extension of the observation volume associated with BAEHEP in the plasma

membrane (2D) such that:

(Eq.2.12)

where Uand D are the difiusion time and diffusion coeficient for RhG andithepecies

respectively
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Chapter 3

Visualization of BACE1-EGFP Expression inHEK293 Cells

3.1ummary

To study BACEL in Iving cells, we obtained BACIgénetically engineeredvith
EGFP and transiently transfected HEK293 cells with the BAEBEP plasmid. The
expression level of BACEEGFP incultured HEK cells was optimized byavying
construct and transfection reagent concentrations. The distribution of BEGEP
within the cell was visualized using both laser scanning confocal and differential
interference contrast (DIC) microsaep Our results indicate that the fusion piots
localized at the plasma membrane and in the Guigiaratus Similar measurements
weremade following inhibition of BACEL usingthe STA-200inhibitor. The
compartmentalization of BACEEGFPin cels incubated foR4 hoursfollowing
transfectionis consistent with our curreninderstandingof BACE1L cell biology In
addition, we observed no adverse side effects on cell viability (e.g., apoptitisis)
different levels of BACEAEGFP expression or inhibition witBTA-200. These studies
are essentiafor establishing baseline controls four biological systenas a reference

point for thespectroscopy measurements diescr in the following chapters.
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3.2 Background

The first step in elucidating the oligomeric state of BACEL using fluoreseence
basedmethods that are both quantitative and-mvasive entails fluorescence labeling of
the target protein (BACEL in this case) in cultured, Iving cells. Our fluorescence label of
choice was genetically encoded EGFP, which exhibits large fluorescence quaeitlim
with negligible photobleachinty The BACEXEGFP fusion protein consists of the-full
length BACEL transmembrane aspartyl protgad® kDg along with an enhanced green
fluorescent protein (EGEP-27 kDg attached at the -@rminus by a 12 amino acid
linker.2® The Hyman group demonstratebat BACEXEGFP fusion protein was
successfully engineered apapressed within N2a cet8.von Armim et al.demonstrated
that BACEXZEGFP exhibitedthe expectedBACEL trafficking patternand was expressed
in the ER,TGN, membrane and early endosomé%.To validate the constructlyman
and coworkersntroduceda BACEEXAPP shedding assay to demonstrbtsecretase

activity of the expressed BACEEGFP fusion proteif®

We expressethe BACE1-EGFP fusion protein in human embryonic kidney cells
(HEK293) as our model system. The BAGEGFP plasmid was a generous git from
Dr. Bradley T. Hyman athe Harvard School of Medicine The HEK293 cell ine was
chosen due to the fact that it has beriensively used as a model system in the study of
secretase enzymé&?%3435This cell line also exhibits certain similarities with human
neurons such as expression of neuronal veltaged to potassium, sodiymand calcium
channels 4% In addition, HEK293 cells have been known to respond to neuronal stimuli

such as neurotensin and acetylchofihérevious studies involving BACE1 have



37
employed the HEK293 cdihe as a model system as a starting point prior to moving on

to otherpotentially more relevant, neural cell iné%%° Additional advantages dhe
HEK cell ine include ease of transfectiomth BACE1-EGFP vector and the fact that it
is a robust, adherent cell line that is easiy culturaldo, HEK293 cells express minimal

amounts of endogenous ARRich mayreducethe effects ofSTA-200 inhibition.

3.3 Materiak and Methods

As describedn Chapter 2, we folowed the work of Hyman andworkers to
express BACEAEGFP in cultured HEK293 cels using niiposomal mediated transient
transfectior?® As mentioned, te BACEXEGFP plasmid was a generous gift frén
Bradley T. Hyman.Prior to our spectroscopy measurements, we used confocal and DIC
imaging toassessell viability as wel as BACEEGFP expression level and distribution
within the cd. See Chapter 2 (Materials and Methods) for additional information

concerning BACEAEGFP transfection and inhibition as well as HEK cell culture.
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3.4 Results and Discussion

3.4.1 ThreeDimensional Visualization of BACEEAGFP Expression in Adherent HEK

Cells

Typical confocal and DIC images of HEK cells expressing BAGEFP are
shown in Figure 3. These images were recorded undareatedconditions following
transient transfection with BACEEGFP plasmid. These images were recorded using
488nm ilumination of different crosssections throughout the celcluding the middle
of the cell (Figure 3 A) andnearthe glass substrate (Figurel®). Theseconfocal and
DIC images show that cultured HEK cells express BAEEFP at levels suited for two
photan FLIM and timeresolved anisotropy (see Chapter 4 and 5). However, this
expression level wil be too high for singleolecule fuctuation analysis using FCS

(Chapter 6).
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Confocal ) DIC

Figure 3.1: Confocal and DIC Analysis ofUntreated HEK293 ExpressingBACE1-EGFP.
Panel A:crosssectionPanel BHEK293 cellglasssurface interfaceConfocal (left), DIC (right)

We were able to manipulate the cell expression level of BAEGEP using a
lowered concentration of vector during the transfection procedsd& studies. In
addition, the crossectional confocal and DIC images of the cultured cels (Figue 3.
revealthat the BACEXEGFP fusion protein is expressed in the plasma membicdoited
arrow; PM) as well asn the Golgi apparatuss¢lid arrow); this is consistent with

expected traficking of BACEZ.These confocal and DIC images also show that BACE1
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EGFP is excluded from the nucleus (Figur@).3Collectively, these results demaoast

that neither the transfection process nor the transient expression of BAGHR had

any appareniadverse effect®n the overall cel viability

Confocal DIC

Figure 3.2: Expression of BACEXEGFP Localized to Plasma Membrane and Golgi
Apparatus. Confocal (left), DIC (right), arrows in confocal highlighting Golgi apparésotid
arrow) andplasmamembranddotted arrow)

3.4.2Monitoring STA200Inhibition of BACEXEGFP Expression in Adherent HEK

Cells

Next, we examined the effects of BACEL lintion on expression and overall cell
health using the transition statmalog STA-200. To do this we incubated HEK293 cells
with 50 nM STA-200(concentrationwasselected based d€sovalues of ~30 nM from

purified BACEL assay$?) for at least one houprior toimagng usng corfocal and DIC
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microscopy The iationaé for use ofSTA-200is based on evidence suggesting that

BACEL1 dimerization is a function of substrate bindieyg., APP in this referencé)
Although endogenous expression of APhuman kidney cells is minimaP! STA-200
wil block the BACE1-EGFP active site andghould prevent any other potential substrates

from inducing BACE1 dimerization as seby Sinha et all®

Typical magesof HEK293 cells expressing BACERGFP in the presence of
STA-200 (50 nM) are shownin Figure 33. As with the confoal and DIC images of the
untreatedcells, those in the presence of inhibitor show adequate expression of fusion
protein as well as signs of healthy morpholaggypreviously described. This suggests the
STA-200inhibitor exhibits no significant effects on overall cell health and BACE1
EGFPexpression. Therefore, measurements taken with various - sgexroscopic
method wil not beskewed bynhibition-induced factors such asp@ptosis or reduced

expression.
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Confocal DIC |

Figure 3.3: Confocal and DIC Analysis of STA200 Inhibited HEK293-BACE1-EGFP.
Panel A: crosssectionPanel BHEK293 cell surfaceglasscoverslipinterface Confocal (left),
DIC (right).

3.5 Conclusiors

To study BACEL in a celular environmentve utlized a genetically engineered
fusion protein composed of BACEL linked to EGNFPe employed the use of confocal
and DIC microscopy to study protein expression as well overall cell health bath in a
untreatedenvironment as wel as in the presenc&®A-200 inhibitor. Based on results
from our confocal microscopy, we were successful in transiently transfecting HEK293
cells to produce BACEEGFP fusion protein that localized to thasmamembrane as

well as the Golgi apparatus; this is consistent with what is expected for BACEL. Both the
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BACEL-EGFP transfection and&TA-200inhibition processesad noappareninegative

effects on the morphology or overall health of the cells as conformed by DIC. This leads
us to believe that in the following chapters, measurements wil not be influenced by
factors such as apoptosis or reduced BAGEEFP expression. With confrmation of
correct expression and localization of BACEGFP, measurements using different
micro-spectroscopic techniques can be useadbserve BACEEGFP as a monomer or
dimer in its respectie cellular locations. With this in mind, the next question we wanted
to ask washow is BACEXEGFP influenced by locaffects of such conformational and
environmental changes? To answer this questiaturned tothe time-correlated single

photon countig technique FLIM.
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Chapter 4

Examining the Sensitivity of BACEL-EGFP to Conformational and Environmental
Changes in HEK293 Cells

4.1 Summary

BACEL1 is hypothesized tdimerize in Iving cels which may influence A b
production To test thisdimerization hypothesis, we used twboton fluorescence
lifetime imaging microscopy (FLIM) on transiently transfected HEK cells expressing
BACEL-EGFP. Exciteestate fluorescence lifetime is known to be sensitive to changes in
both the chemical structuref @ given fluorophore (e.g., dimerization of BAGEGFP)
and its surrounding local environment. These measurements were carried out using
930 nm excitation of cutured HEK cells undentreatedand STA-200inhibited
conditions As a control, the correspding confocal and DIC images were recorded after
each 2PFLIM to ensure negligible photodamage or photostteske cells. The observed
fluorescence decay per pixel for cellular BAGEGFP is described satisfactorily using a
singleexponential decay motlander FLIM conditions, which is consistent hvithe
protective -bareltolUBGEP. Hdwever htlee frelquenegighted histogram
of each FLIM image indicates two populations of BACEEGFP througlout the cellthat
fit double Gaussian distributisn These distributions along with the-ERIM images
revealed two sulpopulations of BACEIEGFP eachvith a distinct mean fluorescence
lifetime value. The dominanpopulation centered oh.45+0.18ns is attributed to
monomeric BACEIEGFP in living celswith a refractive index greater than that of
EGFP inbuffer. A minor population exhibitinga mean lfetime of 2.2 0.3ns was

attributed to homd-RET of dimeric BACEXEGFP. The additon othe BACE1
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inhibitor STA-200 had noticeablethough not statistically significant effectenthe

magnitude of theelative lifetime distributiors atthe cell membrane. Und&TA-200
inhibited conditions for example, the FWHM of the shorter lifetime population
histogram increased, whie the FWHM distributidor the longer lifetimepopulation
decreasedThis observation suggests thlae dimerization of BACEEGFPin HEK293

cels may bedependenbn substrate binding.

4.2 Background

Two-photon (2P) fluorescence lifetime imaging microscopy (FLIM) is tled @b
choice for examining conformational and environmental changefuorescently tagged
proteirs in cells with great sensttivity? One-photon (1B FLIM hasbeen used previously
to study BACEZlsubstrate interactionat the membranevith substratesuch as amyloid
precursor protein (APP) and lipoprotein receptdated protein (LRP3%°053 These
earler studiesco-expressedBACEL with a knownsubstrate such as APP and LRRs a
labeled FRET pair (GFR'FP and GFRCy3, respectively) as a means to examine the
BACEI1-substrate interactions atthe plasma membrane as indicated by the remuction
the fluorescence lifetingeof the donor molecule®:5%53 Their results indicaté that LRP
was cleaved by BACEL and th#the proximity of APP and BACEIto each othewas
increasedupon internalization The authors also repeda fuorescence lifetime of 2.2
2.3 ns for BACE-EGFP in cultured HEK293 and mouse neuroblastoma (N2a) cell lines,
which seems too showwhencompared with EGFRlone in buffer even after accounting

for the refractive index differencé8.Based on the reported information, swch
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disagreemenimight be attributed to the lowignatto-noise ratio in the previously

reported FLIMZ2° To the besbf our knowledge, however, the BACEL dimerization
hypothesis has not been investigated using-haton FLIM. In this chapter and for the
first time, we outline our 2fFLIM results on transfected, adherent HEK cells expressing
BACEL-EGFP. These measurenternwere carried out undentreatedand STA-200
inhibited condttions the latterintended to induce thdimerization of BACEL. In

addition, we sampled different expression levels of BAGEEFP in our FLIM
measurements tminimize the crowding effect of tiee fusion proteinatthe plasma
membrane. Care was also taken to rule any potential twephoton lasefinduced

photodamageo the cultured cells durin@P-FLIM data acquisition

4.3 FLIM-Based homd&RET of BACEZEGFP: A Dimerization Concept

Fluorescencgor Forster) resonance energy transfer (FRET) is a powerful faol
quantifying intermolecular interactions (e.g., dimer formation) and conformational
changes (flexibility) of biomolecules such as proteins and BARBased on
intermolecular distance () between donor (D) and acceptor (A) molecules (FRET
pair), the relative orientation of their dipole moment (describy orientation parameter,
k%), and the spectral overlap between the emission of the donor and absorption of the
acceptor, the eficiency of energy transfés) between a donor and acceptor may vary

according toEq. 4.1 54
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o ——— (Eq. 4.1)

where Ry is the intermolecular distance between donor and acceptor at which the energy
transfer éiciency is 50% (also called dester distance)* This Forsterintermolecular

donoraccepto distance(R)) d epends on the spectral over |l ap
emi ssion and a cspeetrpl) thedosientatidn sparametekty,camd the

refractive index £) of the sirrounding medium such that®

Y 8 k 01 — 4.2)

whereRo, &, J (, & )and d arethe donoracceptor &tance, dipole orientatiorspectral
overlap chromophore quantum yield, and viscositythe medium respectively. For

EGFP homoFRET, the estimatd® is 4.61 nn?® but might be influenced by the size of
the tagged protein (BACEL in our caseRET efficiency can be determined
experimentally usingeither steadystate spectroscopy oudirescence lifetimemethods®

In fluorescencelifetime-based FRET, as used in this thesis project, the energy transfer
eficiency €) can be estimated using the fluorescence lifetime of the free donor (alone

without the acceptorZp) and the lifetime of the donor in the presence of the acceptor

(Zpa) such that >°
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O p (4.3)

whereE is theenergy transferzp is thefluorescence lfetime of the donatone in the

absence of the acceptgba is thefluorescence lifetime of the donor in the presence of

the acceptoRoa is thedonoracceptordistance andRo is the Forsterdistance. Assuming

that BACEXEGFP dimerizes in adherent HEK cells, one may expect a mixed population
of monomeric and dimeric fusion proteifFigure 4.1) throughout the cel. Using FLIM,
we should be able tdetermine the fluorescence lifetimdor both monomeric anthe

potential dimeric populations of BACE1-EGFP throughout the cell with high spatial
resolution. Within the spectral overlap region of absorpiission spectra of BACEL
EGFP, homeFRET wil take pgace among lkemolecules that are in a close proximity

(with anintermolecular distanceip t010 nm) of each other. For the transmembrane

fusion proteins, the 2Restriction of BACEXIEGFP in the membrane wil enhance the

orientation order and thereforsill likely increase the FRET efficiency.



Figure 4.1 lllustration Showingthe Potential Monomeric and DimericBACE1-EGFP as
well as the CorrespondingHomoFRET in the Case ofa Dimer

The FLIM image analysis usingfrequencyweighted modebs a means for
testing of the BACE1-EGFP dimerization hypothesis usinthe homoFRET
(fluorescence resonance energy transfeong a lke molecules) appro&éilo test the
dimerization hypothesis, weasedthe frequencyweighted histogranfor each FLIM
image to identify any underlying supopulatiors (e.g., monomerssersusdimers) In
addition, wealso anticipatethat the sulpopulatiors of monomeric and dimeric BACEL
EGFPwould likely shit underSTA-200inhibition conditions assuming minimal
expression of APP in HEK293 cellddealy, these measurements wil be carriedatut
different expression levels of the fusion protein in cultured e¢elisrderto differentiate

between protein crowding and dimer formation.
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4.4 Materials and Methods

Chapter 2 (Materials and Methodgjovides dull description ofthe materials and
FLIM methods usedor the measurements described h@gefly, HEK293 cels were
cultured to ~80% confluency at which point they were-cuitured seeded into 35 mm
petri dishes and incubated. After 24 hours the cells were transfected Esiggne HDM,
anonliposomal mediated transfection reageatd incubateé 24-48 hours.At least 1
hour prior tomeasurementsthe transfection media was removexhd replaced with
complete media either with or without the additionSd#A-200 inhibitor. 2RFLIM
measurements were carried out using the system depicted in Figure 2.2 (Chdfist; 2).
we used confocal microscopy (Figure 2.1, Chapter 2) to locatedient cels and
obtain the desired X, y, and-zoordinates. Nexthe laser was tuned to pul30nm
light at76 MHz and exde the sample positoned on tmeroscoe stage. kiorescene

emissions were detected, stqradd analyzedas described eali (Chapter 2)
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4 5 Results and Discussion

4.5.1 2RFLIM of Free EGFP

3500
3000 —
2500
2000 —

1500

Fixel F equency

1000

500

Figure 4.2 2P-FLIM Histograms of EGFP Solution Studie s Histograms of free EGF@0
¢ Min PBS pH 7.4H§lack) andin 2 cPbuffered glycerol solutionréd)using magic angle
detection. In additionsimilar measurements were carried o2 inP buffered glycerol solution

with nomagic angleetection (blue)

As a control experiment for our 2FLIM of BACE1-EGFP cultured in HEK293
cells, measurementsf 106 M f r e aevereEt&EnHn buffered solutions (PBS pH 7.4)
as wel as inbuffered glycerol solutonRBS pH 7.4, 2 cP), consistent wiistimated
viscosity for celular cytosol. Histograms of free EGFP averaged over different
magnifications (zoom =-8)in respective solutions are shown in Figure 4.2. The
histogram corresponding to free EGFP in a buffered solution exhibits a relatively wide
lifetime distribution centeredat~2.60 nsEGFP in dycerol solutions (PBS pH 7.4, 2 cP)
with and without magic aig detectionhave lifetime distributons centered at+2.50ns

These results show the effect of refractive index (in the glyasmached buffer, 2 cP) on
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the mean fluorescence lifetime of EGFP, which resembles that in living cells expressing

BACE1-EGFP.Results for both free EGFP in a buffered solgi@as well as in 2 cP

glycerol solutions are consistent with values found in the literature

45.2 TwePhotonFLIM at Crosssectionof Adherent EEK Cells Expressing BACE1
EGFP

We used 2FFLIM to examine tk sensttivities of BACEEGFP to its local
environment andor potential conformational changes (e.g., dimer formation) in cultured
HEK cels under untreatedand STA-200 inhibited conditions. A representativecross
sectioal 2P-FLIM of HEK cells expressing BACEEGFP is shown in Figure 4.2. These
representativeFLIM images were recordedunder untreated(Figure 4.2, top) and
STA-200inhibited (Figure 4.2 bottomgonditions The corresponding 2fRiorescence
intensity image arealso included whichin principle should provide similar information
to the laseiscanning confocal imaging (Chapter 3). In each pixel of the intensity image,
the pixel intensity represents the integration of the fluorescence dettey pixel seen
in the correspondind-LIM image, which is as high as up to 8000 counts per pixtie
brightest spotbinning of 2) Such high photon counts per pixel indicate a geigaobi
to-noise ratio in the corresponding FLIM images. According to our control expetsne
the cellular autofluorescencecontribution to the 2Hluorescence and FLIM images
reported herédue to such molecules as NADH alabihs)3” is negligible for 930 nm

excitation at the gven BACE1-EGFP expression levslin cultured HEK cels.
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(-) STA-200

(+) STA-200

19-27ns

Figure 4.3: RepresentativeCrosssectional2P-FLIM Images of HEK293 Cells Expressing
BACE1-EGFP. Intensityimagedleft), fluorescencéfetime images(right), untreatedtop),
STA-200inhibited (bottom)

In the absence @TA-200inhibition (i.e., untreatedcondition), 2RPFLIM images
reveal that the fluorescence decay per pixel (binrohg) throughout the field of view
canbefit satisfactorily with a single exponential decay (Chapter 2: Materials and
Methods). However, the frequenayeighted fluorescence lifetimehistograms obur
BACE1-EGFPFLIM images (N = 5) underuntreatedconditions exhibita bimodal
distribution rangng from 1.9 to 2.7 ns (Figure 4.3).

According to the frequeneweighted fluorescence lifetime histogram (Figure

4.3), onesulpopulation of celular BACEEGFP exhibits a gan fluorescence lifetime
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of 2.45 nswhile anothersulpopulation hasa mean fluoresence lifetime of 2.2 ns (Figure

4.3). The mear2P-fluorescencelifetime values of BACEAEGFP arecompaable to
previous studies where a mean fluorescence lifetime of 2.3 ns was re8dirischard,
however, to compare our FLIM images with those of previousiestudiue to the lack of
published informationconcerning thesignatto-noise ratio. It is also clear that the
measuredifetime of2.45ns is relatiely shorter than thdor free EGFP in a buffer using
singlepoint fluorescencdifetime measurements, where 2a6was reporte(Figure 4.2)
Such difference can be attributed, in part, thffererces in therefractive indexfor
celular BACEXEGFP5758In addition, careful pixeto-pixel analysis of our FLIM
images reveals that tleell membrane bound BACEEGFP exhibits a relatively longer
fluorescence lifetime compardd its cytosolic counterpart (e.g., in the Golgpparatus
and ER).Remember thaEGFP is linked via the @rminal domainof BACE1 and
therefore should sample the cytliisaegion nearest to the plasma membrane. This
should provide a uniform environme(i.g.temperature, pH, eicfor BACE1-EGFP and
alow any changes in the fluorescence lifetime to be attributedolecular interactions.
With this in mind, these FLIMresults suggestdimerization and not heterogeneous
conditions.

The histogram of each FLIM image of BACEEIGFP in cultured HEK cells was

analyzed using OriginPro8.1 and fitted with a double Gaussian function such that:
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"Qw — Q — Q (Eq.4.4)

wherea and U are the mean and standard deviation, respectively. Eigudeand4.5

show representative histograrand double Gaussian fitting curves.
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Figure 4.4: RepresentativeCrosssectional2P-FLIM Histogram of HEK293 Cell Expressing

BACE1-EGFP Untreatectonditions (N= 5, dottedl, STA-200inhibited conditions (N=5, solid
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Figure 4.5: RepresentativeUntreated Cross-sectional FLIM Histogram with Double

GaussianFit. UntreatechveragéN =5 cell§, peakl (solid), peak2 (dasheyl
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Figure 4.6: RepresentativeSTA-200Crosssectional FLIM Histogram with Double
GaussianFit. STA-200inhibited averaggN=5 cells),peakl (solid), peak2 (dashed)
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