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Abstract 

Alzheimerôs Disease (AD) is a neurodegenerative disorder that results from the 

formation of beta-amyloid (Aɓ) plaques in the brain, which according to the amyloid 

cascade hypothesis triggers known symptoms, such as memory loss, in AD patients. Aɓ 

plaques are formed by the proteolytic cleavage of the amyloid precursor protein (APP) by 

the proteases BACE1 and ɔ-secretase. These enzyme-facilitated cleavages lead to the 

production of Aɓ fragments that then aggregate to form plaques, which ultimately lead to 

neuronal cell death. Recent detergent protein extraction studies suggest that the untreated 

BACE1 protein forms a dimer that has significantly higher catalytic activity than its 

monomeric counterpart. Currently, however, there are no studies that support the 

dimerization hypothesis of BACE1 in living cells. In this contribution, we describe our 

effort to examine the dimerization hypothesis of BACE1 in cultured HEK293 cells using 

complementary fluorescence spectroscopy and microscopy methods. Cells were 

transfected with a BACE1-EGFP fusion protein construct and imaged using confocal and 

differential interference contrast (DIC) microscopy to monitor labeled BACE1 

localization and distribution within the cell. Subsequently, single molecule fluctuation 

analysis allowed us to test the dimerization hypothesis of the labeled BACE1 using 

fluorescence measurements of the diffusion coefficient (size-dependent observable) and 

the molecular brightness as a function of BACE1 substrate analog inhibitor binding. 

Complementary two-photon fluorescence lifetime and anisotropy imaging enabled us to 

monitor BACE1 conformational changes and its local environment as a function of 
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substrate binding. These studies provide evidence that BACE1 substrate-mediated 

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

 Introduction  

1.1 BACE1 Discovery and Amyloid Beta Hypothesis in Alzheimerôs Disease 

First characterized by Alois Alzheimer in 1906, Alzheimerôs disease (AD) is a 

neurodegenerative disorder that leads to progressive memory loss and ultimately to 

death.1 Currently 5.3 million people in the United States alone live with AD, and this 

number is expected to rise to 16 million by the year 2050.1 Not only will this rise in the 

number of Alzheimerôs patients directly affect the lives of millions, but it is also 

projected to put a great financial strain on society by increasing the cost of the patient 

care from $226 billion to an astonishing $1.1 trillion.1 AD remains the only top ten cause 

of death in America that cannot be slowed significantly, prevented, or cured.1 It is for 

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

One hallmark of AD is the formation of amyloid plaques. These amyloid plaques 

consist primarily of aggregated amyloid beta (Aɓ), which results from the processing of 

the amyloid precursor protein (APP) by a series of proteolytic (or secretase) activities.2 

APP is a type I membrane protein (single transmembrane domain with the C-terminus on 

the cytoplasmic face of the lipid bilayer) that is involved in a multitude of native cellular 

processes including neuronal migration, signal transduction, and transport of a variety of 

proteins.3,4 Figure 1.1 depicts the two predominant pathways in which APP is processed 

to either produce Aɓ or non-pathogenic peptide fragments, which are referred to as 

amyloidogenic and non-amyloidogenic, respectively. In the amyloidogenic pathway, APP 
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is first cleaved by ɓ-secretase (BACE1 in Figure 1.1), which is the rate limiting activity 

for Aɓ formation, to produce a soluble fragment (s-APPɓ) and a membrane bound 

fragment (C99).5,6 C99 is then cleaved within the lipid bilayer by ɔ-secretase to produce 

the APP intracellular domain (AICD) and either Aɓ-40 or -42.7,8 The amyloid beta 

peptide fragments combine to form oligomers, which then aggregate to generate fibrils 

that further condense to form plaques.9,10 Some of the intermediates along the pathway 

towards Aɓ plaque formation have been shown to be responsible for aberrant effects such 

as disruption of cell signaling, formation of tangles composed of aggregates of the 

hyperphosphorylated protein tau, and elicitation of an immune response that ultimately 

leads to cell death and reduced brain mass.11-14 Alternatively, APP can be cleaved by 

Ŭ-secretase to produce a soluble fragment (s-APPŬ) and C83.15 C83 is then cleaved by 

ɔ-secretase to yield the non-pathogenic protein fragments P3 and AICD.16 
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Figure 1.1: Non-amyloidogenic and Amyloidogenic Processing of APP. 

Starting in 1987 research showed that Aɓ production was a direct result of 

cleavage of APP by two distinct activities, specifically ɓ-secretase and ɔ-secretase 

activities. However, it would take another twelve years of research to identify the protein 

responsible for the ɓ-secretase activity.4,17  BACE1 (or beta-site APP cleaving enzyme 1) 

was co-discovered by five independent research groups over a short period of time: Yan 

et al., Sinha et al., Hussain et al., Lin et al., and Vassar et al. in 1999.17-22 The groups of 

Lin, Yan, and Hussain applied strategies that required assessing genomic data from a 

variety of species and making biochemical deductions as to which sequences would most 

likely be responsible for the observed ɓ-secretase activity.17,18,20-22 These candidates were 

then transfected into cells and screened for ɓ-secretase activity.18,20,21 Vassar et al. 

screened large pools of cDNA for ɓ-secretase activity using ELISA assays to monitor Aɓ 

levels and continually subdividing the pools until the lone remaining gene was isolated 
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and identified as BACE1.22 Sinha et al. utilized affinity chromatography with a peptide 

transition state analog attached to NHS-sepharose.19 After isolation, the protein sequence 

was determined, and the group constructed the appropriate cDNA.19 

Throughout this thesis the term BACE1 will be used, but it also has other 

commonly accepted names in the literature such as Asp 2 (novel aspartic protease 2) and 

memapsin-2 (membrane aspartic protease/pepsin 2). This assortment of names for the 

same protein arose from its simultaneous discovery by a variety of research groups. 

 

1.2 Biosynthesis, Modification and Cellular Trafficking of BACE1 

BACE1 is first synthesized as a pro-peptide in endoplasmic reticulum (ER) where 

it is N-glycosylated at four asparagine residues 153, 172, 223, and 354.23 To help 

stabilize BACE1 as well as facilitate its transport to the trans-Golgi network (TGN), it is 

acetylated seven times at seven different lysine residues within the ER.24 After 

completion of all the modifications in the ER, BACE1 is trafficked to the TGN where the 

acetylated lysine residues are deacetylated.24 Once in the TGN, the 45 amino acid long 

prodomain of BACE1 is removed by the protease furin and the resulting protein is 

palmitoylated at 474, 478, 482, and 485 to produce the fully mature protein.25 These 

palmitoylations are thought to be responsible for the association of BACE1 with lipid 

rafts on the plasma membrane.26 

Following post-translational modifications in the TGN, BACE1 is transported to 

the cell membrane where it is then internalized via clathrin-coated pits into early 
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endosomes by interacting with ADP ribosylation factor 6 (ARF6).27,28 Once in the early 

endosome, BACE1 activity increases due to the lower pH of the compartment facilitating 

acid-base cleavage of peptide substrates.16,22 Following cleavage of substrate, regulation 

due to phosphorylation of Ser-498 within the C-terminal domain of BACE1 can cause it 

to interact with Golgi-localized ɔ-ear-containing ARF-binding 1 (GGA1) protein 

resulting in transport back to the plasma membrane through recycling endosomes and the 

TGN.29 Alternatively, mono-ubiquitination of BACE1 and interactions with GGA3 target 

it to lysosomes for degradation.30 This process of BACE1 cellular trafficking is 

highlighted in Figure 1.2. 
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Figure 1.2: Cellular Trafficking of BACE1. Representative scheme depicting BACE1 

localization within different cellular compartments. BACE1 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 BACE1 is sent to the plasma membrane where it undergoes 

endocytosis into early endosomes. Following substrate cleavage, BACE1 can either be recycled 

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

 

1.3 Beta-site APP Cleaving Enzyme (BACE1) Structure-Function Relationship 

BACE1 is a type I transmembrane aspartyl protease composed of 501 amino acids 

consisting of three structural domains with a total molecular weight of approximately ~75 

kDa when fully matured.18-22 The three domains of this pepsin-like aspartyl protease are 

shown in Figure 1.3A: the N-terminal extracellular catalytic domain, the single-pass 

Ŭ-helical transmembrane domain, and the small C-terminal cytosolic domain. 
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The extracellular domain, which is folded into two lobes forming a furrowed 

central cleft, is responsible for binding and subsequent acid-base cleavage of the scissile 

peptide bond of the bound protein substrate (Figure 1.4).31 The binding cleft is made up 

of eleven subsites (P1-P7 and P1ǋ-P4ǋ) flanking the catalytic aspartyl dyad.31,32 These 

subsites interact with specific substrate amino acids to facilitate binding and subsequent 

cleavage of peptide substrates.31,32 The extracellular domain is homologous to that of 

pepsin including a ɓ-hairpin ñflapò that protects the active site but, in addition, it also has 

four well-defined insertions forming loops A, C, D, and F, the functions of which have 

yet to be elucidated.33  

The single-pass Ŭ-helical transmembrane domain of BACE1 is a series of 

hydrophobic residues, including several methionine and cysteine residues which have 

been shown to possess the ability to chelate to copper ions using model peptides in 

vitro.33 This transmembrane domain acts as an anchor, restricting movement of the 

protease to cellular membranes. In addition, BACE1 has been modeled and shown to 

spontaneously oligomerize under artificial conditions.32 

The C-terminal domain of BACE1 is a small (~5 kDa) segment extending into the 

cytoplasm.27 Although it is small relative to the rest of the protein, the C-terminal domain 

of BACE1 is crucial for cellular trafficking. Three key residues (Ser498, Leu499, and 

Leu500) regulate transport from the cell membrane to early endosomes as well as 

recycling and degradation of BACE1 by interaction with GGA proteins.27-30  
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Figure 1.3: Crystal Structure Representations of BACE1. Panel A: Crystal structure of 

BACE1 catalytic domain (PDB:1FKN). Panel B: Zoomed in view of the catalytic aspartate 

residues.  

 

 

Figure 1.4: Generic Aspartyl Protease Mechanism. Diagram shows the backbone cleaving 

mechanism carried out by the activation of a water molecule by the aspartic dyad.  

 

A. 

B. 
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1.4 BACE1 Dimerization Hypothesis: Existing Evidences and Challenges 

In 2004 two reports were published that provided evidence suggesting that 

BACE1 forms constitutive dimers.34,35 The first included work done by the Haass group 

providing novel evidence of BACE1 dimers extracted using detergents and strong 

denaturing conditions from brains of Alzheimerôs disease patients.34 In this study the 

researchers provided evidence of BACE1 dimerization through common biochemical 

techniques such as SDS-PAGE and Western blotting. In addition, they showed that by 

transfecting cells with two populations of complementary BACE1 active site aspartyl 

mutants they were able to achieve successful dimerization and production of s-APPɓ as 

well as Aɓ.34 It was also shown that BACE1 and the BACE1  mutants co-localized with 

APP using immunoelectron microscopy and immunofluorescence.34  

The second paper from the Haass group also provided three key pieces of 

evidence pertaining to BACE1 dimerization that are worth mentioning.35 A Western blot 

was generated using blue native polyacrylamide gel electrophoresis (BN-PAGE), which 

theoretically should separate the proteins under native, non-denaturing conditions.35 In 

doing this, the authors showed that full length BACE1 (FL-BACE1) formed dimers while 

the BACE1 protein consisting of only the extracellular domain (NT-BACE1) clearly 

formed monomers.35  

It was also demonstrated that altering the structure of the transmembrane domain 

of BACE1 did not interfere with its ability to form dimers, but once again reiterated that 

the presence of the domain is necessary for dimerization.35 Finally, they showed that the 

FL-BACE1 had roughly 30-fold higher activity than that of the truncated version.35  
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 Although the published evidence is compelling, there are a few areas of 

inconsistency and room for further study. For example, it is not clear whether BACE1 

dimerization would withstand the heavy denaturing conditions of SDS-PAGE (visualized 

by Western blot), which usually remove secondary and tertiary structures. These results 

seem especially irregular because it was shown in the second study that no dimer was 

found for SDS-PAGE but only for BN-PAGE.35 Secondly, it was reported that the 

dimerization was not influenced by either the type of transmembrane domain or 

membrane anchor present, but rather the mere presence or absence of a transmembrane 

domain. This contradicts with another report showing that a specific sulfur-rich, metal-

ion binding motif (MxxxCxxxMxxxCxMxC) within the BACE1 transmembrane domain 

is required to initiate copper-mediated oligomerization.33 These are just a few 

inconsistencies that need further investigation. One additional point is that co-localization 

experiments with BACE1 and APP, in tandem with protein extraction and imaging, 

alluded to the fact that that BACE1 dimerization may be dependent on specific 

interactions with substrate.34,36 
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1.5 Thesis Project Objectives 

 To address these outstanding questions and inconsistencies mentioned above and 

elucidate the nature of BACE1 dimerization in living cells, the goal of this thesis is to use 

non-invasive fluorescence micro-spectroscopic techniques to study BACE1 tagged with 

enhanced green fluorescent protein expressed in human embryonic kidney (HEK) cells. 

To date, no data has been published that has considered the dimerization event of BACE1 

in its native environment within a living cell. In addition, we tested the hypothesis that 

dimerization is a function of substrate binding as put forth by the Multhaup group by 

carrying out our experiments to study the molecular events of BACE1 ranging from the 

millisecond to nanosecond timescale in the presence and absence of the BACE1 

transition state analog peptide-statin inhibitor STA-200. 

 

1.6  Thesis Chapters 

 The experimental design and setup for each technique used (i.e., confocal, 

differential interference contrast microscopy (DIC), fluorescence lifetime imaging 

microscopy (FLIM), fluorescence correlation spectroscopy (FCS) and fluorescence 

anisotropy) will be contained within its own chapter along with its contribution to the 

investigation of BACE1-EGFP expressed in HEK293 cells with and without STA-200 

inhibition. Chapter 2 contains a comprehensive Materials and Methods section for the 

experiments performed, describing data acquisition as well as analysis with relevant 

figures and models. In Chapter 3, confocal and DIC are used to validate BACE1-EGFP 
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expression in HEK293 cells as well as to comment on overall cell health. Chapter 4 

shows local and environmental factors that affect BACE1-EGFP by assessing the fusion 

proteinôs fluorescence lifetime. In Chapter 5, measurements from one-photon time-

resolved fluorescence anisotropy (1P-trFA) is used to observe BACE1-EGFP rotation on 

the nanosecond timescale. Then, Chapter 6 presents studies on the translational 

movement and molecular brightness of BACE1-EGFP on the millisecond timescale. Each 

of these chapters stands alone with its own Abstract, Background, Results, Discussion, 

and Conclusions. Each technique will be presented with rationale, key measurements, 

figures, and data interpretation. Finally, Chapter 7 provides an overall conclusion of these 

studies with regards to dimerization of BACE1 in a cellular 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 BACE1, we used adherent human embryonic kidney cells 

(HEK293) as a model system. A flask of these cells was a generous gift from the 

laboratory of Dr. Lynne Bemis (Medical School, University of Minnesota Duluth;). Cells 

were grown in Eagle's minimum essential medium (EMEM) containing Earleôs balanced 

salts [Quality Biological, VWR International]. To minimize autofluorescence 

background, the culture medium was prepared without phenol red, while containing 10% 

fetal bovine serum (FBS) + 2 mM L-glutamine + 50 U/mL penicillin/streptomycin. 

Cultured cells were incubated at 37 °C in a humidified 5% CO2 atmosphere. For any 

given experiment, the HEK293 cells used had been passaged fewer than seventeen times. 

 

 

2.1.2 BACE1-EGFP 

 The BACE1-EGFP construct was a generous gift from Dr. Bradley T. Hyman at 

the Harvard School of Medicine. The detailed protocol for constructing the BACE1-

EGFP vector is described elsewhere.29 Briefly, BACE1 was cloned from a Clontech 

whole human brain cDNA library using PCR and the following primers:  
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5ǋ-AGCCACCAGCACCACCAGACTTG-3ǋ and 5ǋ-

ACTGGTTGGTAACCTCACCCATTA-3ǋ.  

The product was inserted into the pcDNA3.1/V5/His-Topovector (Invitrogen) (BACE1-

V5). BACE1 was then cut out of BACE1-V5 at restriction sites HindIII and SacII and 

inserted into the pEGFP-N1 vector to create the BACE1-EGFP construct.  

 

2.1.3 Fugene HDTM
TM Transient Transfection 

Fugene HDTM nonliposomal mediated transfection reagent was purchased from 

Promega (Madison, WI). HEK293 cells were grown to ~80% confluency at which point 

they were subcultured using 0.05% trypsin-EDTA solution without phenol red (Gibco).  

Cells were plated in MatTek 35 mm petri dishes (14 mm surface area, 0.16-0.19 mm 

thick microwell) at an approximate cell density of (2.1-3.2) x 104 cells/cm2, 24 hours 

prior to being transiently transfected.  The composition of the transfection solution was 

adjusted to give either a high- or low-efficiency transfection in order to tune the 

expression level of BACE1-EGFP as needed for each type of fluorescence measurement 

used in this project.  The high-efficiency transfection solution consisted of 245 µL of 

culture media without antibiotics, 5.0 µg of BACE1-EGFP DNA with 15 µL of Fugene 

HDTM per 35 mm plate while the low-efficiency transfection solution consisted of 49.7 

µL of culture media without antibiotics, 0.1 µg of BACE1-EGFP DNA with 3.75 µL of 

Fugene HDTM per 35mm plate. Cells were incubated in transfection media for 24-48 

hours, and then the transfection solution was replaced with complete culture media with 
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antibiotics (without phenol red) at least 1 hour before conducting microscopy or 

spectroscopy measurements.   

2.1.4 Inhibition 

 We used STA-200, a statine-containing BACE1 transition state analog (Lys-Thr-

Glu-Glu-Ile-Ser-Glu-Val-Asn-(Statine)-Val-Ala-Glu-Phe-OH) to inhibit BACE1 

cleavage of endogenous substrate. The corresponding biophysical studies under STA-200 

inhibited conditions allow us to examine the role of substrate binding on the dimerization 

hypothesis of BACE1-EGFP being tested in this project. All reported biophysical 

measurements on BACE1-EGFP in this thesis were carried out under both untreated and 

STA-200 inhibited conditions. Inhibition of BACE1 was achieved using 2 mL of culture 

media with 1 µL of the stock STA-200 solution (100 µM in 2% DMSO) to give a final 

concentration of 50 nM.22 Cells were incubated with the inhibitor for at least 1 hour prior 

to measurements. Our rationale in these inhibition-based studies was not only to examine 

the effect of substrate/inhibitor binding on dimerization, but also to prevent BACE1-

EGFP binding to endogeneous substrates. 

 
 
2.2. Methods and Data Analysis 

2.2.1 Confocal and DIC Microscopy 

Conventional laser scanning confocal microscopy, equipped with differential 

interference contrast (DIC) for assessing cell morphology, were used to image the 

localization and distribution of BACE1-EGFP in cultured HEK cells at room 

temperature.  The confocal and DIC imaging system has been described in detail 
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elsewhere.37 Briefly, the confocal microscope consists of an inverted microscope 

(Olympus, IX81), equipped with a 1.2-NA, 60X water immersion microscope objective. 

The inverted microscope was coupled with a laser-scanning unit (FV300, Olympus) that 

was fiber coupled with multiple laser lines (Ar-Ion Laser: 488 nm; Compact solid-state 

Lasers: 561, 641 nm), which was controlled by a Cobalt Jive 50 unit (Olympus). Based 

on the absorption (maximum at 488 nm) and emission (maximum at 510 nm) spectra of 

EGFP, cells expressing BACE1-EGFP were excited using 488 nm (Ar-ion laser). 

Fluorescence was viewed first using Hg lamp and FITC filter cube prior to being imaged 

using 510IF Filter. The confocal system is diagrammed in Figure 2.1 and additional 

information about confocal microscopy can be found elsewhere.38 Data acquisition and 

analysis were carried out using the Fluoview 300 software (Olympus) for 3-D and time-

series imaging. This laser scanning confocal microscope was modified to allow for two-

photon (2P) fluorescence, FLIM, and 1P-trFA imaging (see below). 

 

 

Figure 2.1: A Diagram Describing Our Confocal and DIC M icroscopy System  
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2.2.2 Two-Photon Fluorescence Lifetime Imaging Microscopy (FLIM) 

The 2P fluorescence microscopy and fluorescence lifetime imaging microscopy 

(FLIM) system was described in detail elsewhere.37 Briefly, femtosecond laser pulses 

(120 fs, 76 MHz) used in 2P microscopy were generated using a Titanium-Sapphire solid 

state laser system (Mira 900-F, Coherent), pumped by a diode laser (10 W, Verdi-10W, 

Coherent). The fundamental excitation wavelength ranged from 700 to 1000 nm and was 

extended from 350 to 500 nm using a second harmonic generator (SHG 4500, Coherent). 

In these measurements on BACE1-EGFP, however, we used 930 nm and 465 nm for two-

photon FLIM and 1P-trFA, respectively, as described below. For 2P fluorescence 

imaging and FLIM, the 930 nm pulses were steered toward the modified FV300 laser-

scanning unit described above to excite the cultured cells expressing BACE1-EGFP using 

a 1.2 NA, 60X, water-immersion objective. 

For FLIM measurements, the 2P-epifluorescence was isolated from the excitation 

laser using a dichroic mirror ( DM690LP) and filters (475 Russian Blue and 690SP 

filters) before being detected at magic angle (Glan-Thompson Polarizer set at 54.7̄) 

using a microchannel plate photomultiplier tube, MCP-PMT (R3809U, Hamamatsu). The 

fluorescence signal was then amplified (GMbH amplifier model, Becker & Hickl), routed 

(HRTxx, Becker & Hickl), and recorded using SPC-830 module (Becker and Hickl). The 

SPC-830 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 

laser using a coverslip (~2%). The delay time between the SYNC pulse and the molecular 

excitation pulse was controlled using a 7 ft coaxial cable. The operation of the SPC-830 
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module is based on principles of the time-correlated single-photon counting (TCSPC) 

technique.39 To obtain a good signal-to-noise ratio, the TCSPC histogram for each FLIM 

image was recorded over 3-5 minutes, which varied based on the expression level of 

BACE1-EGFP in the cultured HEK cells. For each FLIM image, the corresponding 

confocal and DIC images were recorded to ensure negligible two-photon laser-induced 

photobleaching of the labeled protein or photodamage to the cells. Over the course of 

these measurements, a magnification range of 3-5 was used. Figure 2.2 provides a sketch 

that describes our FLIM system. The average infrared laser power at the sample 

(maximum 10 ɛW) was controlled using a neutral density filter to ensure negligible 

BACE1-EGFP photobleaching and photodamage to the cells. 
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Figure 2.2: A Diagram of Our Two-photon FLIM System. Laser: 930 or 465 nm pulses; L: 

lens; FPD: fast photodiode for SYNC signal; DM: dichroic mirror, F: filters; PBS: polarizing 

beam splitter, GTP: Glan-Thompson Polarizer; MCP: microchannel plate PMT, AMP: amplifier; 

HV Supply: high voltage (-2.9 kV) power supply.  

  

The acquired FLIM images were analyzed using the SPCImage software (Becker 

& Hickl), which uses a non-linear least-square fitting routine (Levenberg-Marquardt 

algorithm) for each fluorescence decay per pixel. The majority of 2P fluorescence decays 

in each FLIM image were described satisfactorily using a single exponential decay model 

(Eq 2.1) such that: 

 

ɚ2P 

ɚ1P
(SHG) 
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Ὂὸ Ὂ Ὡz ṧὍὙὊ                                         (Eq. 2.1) 

 

where F0 is the initial fluorescence intensity and Űfl is the fluorescence lifetime of 

BACE1-EGFP. Each decay per pixel was deconvoluted with a computer-generated 

instrument response function (IRF) with a full-width half-maximum (FWHM) that 

depends on the measured rise of the fluoresce decay.39 The quality of the fit was judged 

using both ɢ2and the residual.39 In our 2P FLIM measurements on HEK cells expressing 

BACE1-EGFP, images with 256 x 256 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 in these analyses was at least 9000 photon counts per pixel (maximum) and showed 

good signal-to-noise fluorescence decays. The system was calibrated using a solution 

droplet of Rhodamine Green (RhG, 2.0 ɛM) which yielded a single exponential decay 

with an average fluorescence lifetime of 3.9 ns in agreement with literature values.40 

Similar measurements were carried out on free EGFP in a buffer (PBS, pH 7.4, 10 ɛM) 

which yielded a single exponential decay with an average fluorescence lifetime of 2.5 ns. 

A screen shot of SPCImage for a typical 2P-FLIM image of HEK cells expressing 

BACE1-EGFP under untreated conditions (Figure 2.3) shows an example of FLIM data 

and data analysis used in this project.  
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Figure 2.3: A Screenshot of SPCImage Data Analysis. 

 

The left image shows the 2P-fluorescence intensity with the corresponding 2P-

FLIM matrix on the right. Each pixel in the FLIM image can be fitted with models 

containing up to three exponential decays and the corresponding fitting parameters are 

shown at the right of the screen shot (a1, t1, etcé).  For any pixel in the FLIM image, the 

corresponding fluorescence decay (along with the fitting curve as well as c2 and residual) 

can be seen (center). The fluorescence lifetime distribution for each FLIM image is 

shown in the upper right corner.  

In these FLIM image analyses, we have carefully chosen binning parameters that 

maximize the signal-to-noise ratio for the fluorescence decay without significant loss of 
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spatial resolution due to averaging neighboring pixels (i.e., binning).  We noticed, for 

example, that as we increased the binning from 1 to 10, the signal-to-noise ratio of the 

observed fluorescence decays increased tremendously, but the pixel-resolution (i.e., 

spatial information) was poor (averaged out). We also observed that the FLIM image 

lifetime-frequency histogram (Figure 2.4) became narrower (smaller FWHM around the 

mean average lifetime, 2.5 ns in this case) with an increased frequency of the pixels 

corresponding to the average fluorescence lifetime. However, spatial information was lost 

for the BACE1-EGFP population with a shorter lifetime (left shoulder of the histogram, 

Figure 2.4). Based on these findings, we decided to use binning of 2-3 throughout this 

project. A binning of 1 groups the central and immediately adjacent pixels to calculate 

the average intensity/decay. A binning of 2, however, would include the central pixel plus 

2 rows of surrounding pixels for average calculations. This allowed us to strike a nice 

balance between the spatial information and signal-to-noise ratio for reliable FLIM 

measurements of BACE1-EGFP in cultured HEK cells under different physiological 

conditions. Some balancing is required because although the c2 value for goodness-of-fit 

also increases as binning increases, there is a corresponding decrease in the information 

content (spatial resolution) of the data resulting in less appropriate model fitting. This 

deviation of fitting quality (observed by c2) is not surprising when averaging over large, 

heterogeneous locations in living cells with an excellent signal-to-noise ratio for each 

decay. 
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Figure 2.4: Effects of Binning on Fluorescence 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. Optimization of this parameter is essential to obtain 

adequate signal-to-noise levels while maintaining spatial resolution. 
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The SPCImage software also allows for analyzing FLIM images weighted as a 

function of pixel frequency and pixel intensity. For the representative FLIM 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 the signal-to-noise ratio was very good by FLIM 

standards. However, the weighted frequency mode of analysis provided valuable 

information concerning a population of BACE1-EGFP with a shorter lifetime (2.3 ± 0.1 

ns), which was washed out in the intensity-weighted mode of analysis (Figure 2.5).  
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Figure 2.5: Representative Histograms for Different FLIM Analysis Mode s using 

SPCImage. Fluorescence lifetime histogram as a function of pixel frequency (black) or pixel 

intensity (red). 
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 Based on these findings, we decided to use frequency-weighted analysis of FLIM 

images throughout this thesis. This is especially valid in light of the high signal-to-noise 

ratio in our FLIM measurements of HEK cells expressing BACE1-EGFP. 

 

2.2.3 Time-Resolved Fluorescence Anisotropy Using TCSPC Technique 

The tumbling motion (or rotational time) of BACE1-EGFP in cultured cells was 

characterized using 1P time-resolved anisotropy measurements as a means to assess both 

the structural flexibility of the construct and homo-FRET (fluorescence resonance energy 

transfer between like molecules). Time-resolved anisotropy measurements can be carried 

out using the TCSPC technique as was the case with 2P-FLIM (see above) with minor 

modifications of the excitation and detection configurations as described elsewhere in 

great detail.41  

The rotational time of BACE1-EGFP (~75 kDa) in the restricted cell environment 

is expected to be much slower than the excited-state fluorescence lifetime of EGFP free 

in solution (~2.8 ns). 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. This enabled the 

monitoring of the rotational motion of large, restricted proteins that might not be 

complete within 13 ns. The repetition rate of 4.2 MHz of the femtosecond laser pulses 

(see above) was achieved using a pulse picker (Coherent, Mira 9200). The  4.2 MHz 

infrared (IR) laser pulses (horizontally polarized) were steered and conditioned prior to 

generating the second harmonic laser pulses at 465 nm using second harmonic generation 

(SHG 4500, Coherent), which were then used for 1P-trFA measurements. The vertically 
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polarized 1P laser pulses were steered to the back exit of the IX81 microscope, which 

also allowed for the Hg lamp spectral lines for visual inspection of the cultured cells 

expressing BACE1-EGFP. In addition to the dichroic mirror (467 ï 556 nm), excitation 

(475/50) and detection (531/40 and Russian Blue) filters were carefully chosen to 

selectively detect the fluorescence emission without scattered laser light. The depolarized 

fluorescence of BACE1-EGFP in cultured HEK cells was resolved into parallel and 

perpendicular polarizations using a polarizing beam splitter (CM1-PBS251, ThorLabs) 

and detected simultaneously using two MCP-PMTs as described above for FLIM. The 

polarization-analyzed fluorescence photons were then amplified, routed, and registered in 

SPC-830 module. The resulting time-resolved fluorescence decays (histograms) were 

then recorded for both parallel and perpendicular (with respect to the excitation laser 

polarization) fluorescence using SPCImage. For time-resolved anisotropy, the G-factor 

(Geometrical factor) accounts for potential polarization-biased detection and can be 

estimated using the tail-matching approach of a small molecule such as Rhodamine 

Green (rotational time of 130 ps compared to a 3.9 ns fluorescence lifetime).43 In our 

setup, the geometrical (G) factor is ~0.6 under the experimental conditions reported here. 

Anisotropy decay analyses were carried out using OriginPro (8.1) software. 

The measured parallel and perpendicular fluorescence decays are then used to 

calculate the corresponding anisotropy using the following equation (2.2): 

 

ὶὸ
ȟȟ ᶻ ȟȟ

ȟȟ ᶻᶻ ȟȟ
      (2.2) 
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where r, F, and G are defined as the anisotropy, fluorescence intensity, and G-factor, 

respectively. Based on the molecular and cellular complexity as well as the potential 

presence of more than one species, the time-resolved anisotropy decays can generally be 

described as a multiexponential decay (Eq. 2.3) such that: 

ὶὸ   ‍ Åz Ⱦf  ‍ Åz Ⱦf       (Eq. 2.3) 

where ɓ, t, and ʟ  are the anisotropy amplitude (initial anisotropy = r0= ɓ1+ ɓ2 ), time, and 

rotational time, respectively. In the course of our measurements of the rotational motion 

of BACE1-EGFP in cultured HEK cells, the anisotropy decays were described 

satisfactorily with two exponential decays (Eq. 2.3). It is worth noting that the measured 

rotational time (f) depends on both the volume (V) of the tumbling moiety and the 

viscosity (–) of the surrounding environment such that (Eq. 2.4): 

f –ὠȾὯὝ          (Eq. 2.4) 

where –, V, T, and Ὧ are the viscosity, hydrodynamic volume of the tumbling species, 

temperature, and the Boltzmann constant, respectively. In the Stokes-Einstein model, the 

rotational diffusion coefficient (DR) equals 1/6f for spherical molecules. 

 
 
 

2.2.4  Fluorescence Correlation Spectroscopy (FCS) 

To examine whether BACE1-EGFP forms a dimer, we used fluorescence 

correlation spectroscopy (FCS) to characterize its translational diffusion coefficient, 

which is inversely proportional to the hydrodynamic radius of the diffusing species. The 

experimental setup, FCS modalities, and data analysis were described in great detail 
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elsewhere.41 Briefly, an inverted microscope (XI81, Olympus) was fiber coupled to 

multiple continuous wave lasers with wavelengths of 488 nm (Coherent Sapphire 488-

20), 561 nm (Cobolt JiveTM), and 641 nm (Coherent Cube). The microscope was also 

equipped with wide-field and total internal reflection (TIRF) imaging capabilities using 

an EM-CCD camera (Evolve, Photometrics). The microscope, imaging data acquisition, 

and laser-wavelength selection were controlled using the Metamorph software. A home-

built FCS setup coupled with the inverted microscope at the right exit-port allowed for 

autocorrelation and cross-correlation spectroscopy (Figure 2.6). For HEK cells 

expressing BACE1-EGFP, 488 nm excitation was used via FITC filter cube (excitation 

and detection filters 467-498 nm, 513-556 nm, respectively, and a 467-556 nm dichroic 

mirror) and the corresponding epi-fluorescence was steered toward the right exit-port, 

filtered (400-700 nm), and tightly focused on an optical fiber (50 nm in diameter) that 

acts as a confocal pinhole. The fluorescence signal was then detected using one (for 

autocorrelation analyses as in these studies) or two (for cross-correlation analyses) 

avalanche photodiodes (APDs, SPCM CD-2969, Perkin-Elmer, Fremont, California). The 

signal was then amplified, detected, and correlated using external multiple-tau-digital 

correlator (ALV/6010-160, Langen/Hessen, Germany), with the ALV-Correlator 

software used for FCS data acquisition. The FCS experimental setup is shown in Figure 

2.6. 
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Figure 2.6: Diagram of Our Multimodal Fluorescence Correlation Spectroscopy System 

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: multiple-tau-digital correlator. The FCS system was coupled 

with multiple solid-state lasers (488, 561, and 641 nm) via optical fibers. 

 

The FCS setup was calibrated and optimized on a daily basis using Rhodamine Green (60 

nM, PBS, pH 7.4) with a known diffusion coefficient of 2.8 x 10-6 cm2/s.37 Rhodamine 

Green is a photostable fluorophore with a fluorescence quantum yield of 0.95 and a 

steady-state spectroscopy (both absorption and emission spectra) that is fairly similar to 

our BACE1 label (i.e., EGFP).37,44,45 Under the same calibration conditions, fluorescence 

fluctuation autocorrelation measurements were taken for BACE1-EGFP in the plasma 
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membrane of HEK cells; the laser was randomly focused throughout the cell membrane 

under both untreated and inhibited conditions. The measurements were repeated on 

different cells, dishes, and days to ensure reproducibility and avoid any systematic errors.   

Fluorescence (or concentration) fluctuation of a single molecule diffusing through an 

open observation volume can be caused by translational diffusion and chemical reactions 

as shown in Eq. 2.5:46  

 

ὅ‏ ὶȟὸ Ὀᶯ‏ὅ ὶȟὸ ВὝ ‏ὅ ὶȟὸ   (Eq. 2.5) 

 

where Ci is the concentration, Di is the diffusion coefficient of the ith species, and T is 

temperature in Kelvin. The first term of Eq. 2.5 represents the time-dependence of the 

concentration fluctuation due to diffusion, while the second term accounts for that due to 

any chemical reactions that may be present. The corresponding fluorescence fluctuation 

autocorrelation of a diffusing species provides invaluable information about the 

translational diffusion coefficient and underlying chemical and photo-physical processes 

of the molecule under investigation. Fluctuations in the concentration will cause a 

fluctuation in the fluorescence signal, and the corresponding fluorescence fluctuation 

autocorrelation function, Ὃ†, can be calculated using Eq. 2.6.44 

 

'†
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                 (Eq. 2.6) 
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where ̟ F(t) is the fluorescence fluctuation at time t and † is the correlation lag time. For 

a Gaussian (lateral) and Lorentzian (axial) observation volume, the 3D autocorrelation 

function depends on both the average number of molecules (N) residing in the 

observation volume and the diffusion time (ŰD) such that 46: 

 

Ὃ† ᶻ
 z

Ȣ

ὅ      (Eq. 2.7) 

where N is the average number of molecules at any given time, † is the residence time of 

a molecule in the observation volume, and w0 is the structure parameter that describes the 

observation volume. The structure parameter is simply the ratio of the axial (z0) to the 

lateral (wxy) extension of the observation volume. 

 

A typical fluorescence autocorrelation of Rhodamine Green (PBS, pH 7.4) is 

shown in Figure 2.7 with an estimated diffusion time of 0.12 ms at room temperature.  
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Figure 2.7: Autocorrelation Curve of Rhodamine Green at Room Temperature. 

 

However, for BACE1-EGFP in the plasma membrane of living HEK cells, we 

found that the corresponding autocorrelation function (G(Ű)) can be modeled as two-

diffusing species in a 2D membrane such that: 47 

Ὃ† ᶻ ρ Ὢᶻ Ὢz       (Eq. 2.8) 

where N is the number of molecules, f is the population fraction of a species 2 with a 

diffusion time Ű2. The corresponding population fraction of species 1 with a diffusion 

time Ű1 is (1-f).  The corresponding translational diffusion coefficient (DT) relates to both 

the measured diffusion time (Ű1 or Ű2, also known as ŰD) and the lateral radius (ɤxy) of the 

open observation volume such that: 41 
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  †                               (Eq. 2.9) 

In the Stokes-Einstein model, the translational diffusion coefficient (DT, cm2/sec) 

of a spherical molecule depends on temperature (T), viscosity (ɖ), and the hydrodynamic 

radius (a) such that 46: 

 

Ὀ
Ɫ╪

                          (Eq. 2.10) 

where kB is the Boltzmann constant, T is the temperature in Kelvin, ʂ is the viscosity 

(g/cm·sec), and a is the hydrodynamic radius of a single diffusing species under 

investigation. The measured diffusion time using FCS will then be used to calculate the 

diffusion coefficient, which can then be used to examine the size of the diffusing species 

(i.e., monomeric or dimeric BACE1-EGFP). 

 In the Saffman-Delbrück model, the translational diffusion coefficient of a 

transmembrane protein (modeled as a cylindrical molecule through a membrane) depends 

on temperature, the viscosity of both the membrane (ɖm) and surrounding media (e.g., 

culture media and the cytosol; ɖw), hydrodynamic radius (a), and membrane thickness (h) 

such that: 41 

 

Ὀ  
ᶻ
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The calibrated observation volume using RhG in a buffer (3D) was used to calculate the 

lateral extension of the observation volume associated with BACE1-EGFP in the plasma 

membrane (2D) such that:  

                (Eq. 2.12) 

where Ű and D are the diffusion time and diffusion coefficient for RhG and the ith species, 

respectively. 
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Chapter 3  

Visualization of BACE1-EGFP Expression in HEK293 Cells 

 

3.1 Summary 

 To study BACE1 in living cells, we obtained BACE1 genetically engineered with 

EGFP and transiently transfected HEK293 cells with the BACE1-EGFP plasmid. The 

expression level of BACE1-EGFP in cultured HEK cells was optimized by varying 

construct and transfection reagent concentrations. The distribution of BACE1-EGFP 

within the cell was visualized using both laser scanning confocal and differential 

interference contrast (DIC) microscopies. Our results indicate that the fusion protein is 

localized at the plasma membrane and in the Golgi apparatus. Similar measurements 

were made following inhibition of BACE1 using the STA-200 inhibitor. The 

compartmentalization of BACE1-EGFP in cells incubated for 24 hours following 

transfection is consistent with our current understanding of BACE1 cell biology. In 

addition, we observed no adverse side effects on cell viability (e.g., apoptosis) with 

different levels of BACE1-EGFP expression or inhibition with STA-200. These studies 

are essential for establishing baseline controls for our biological system as a reference 

point for the spectroscopy measurements described in the following chapters. 
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3.2 Background 

 The first step in elucidating the oligomeric state of BACE1 using fluorescence-

based methods that are both quantitative and non-invasive entails fluorescence labeling of 

the target protein (BACE1 in this case) in cultured, living cells. Our fluorescence label of 

choice was genetically encoded EGFP, which exhibits large fluorescence quantum yield 

with negligible photobleaching.48 The BACE1-EGFP fusion protein consists of the full-

length BACE1 transmembrane aspartyl protease (~75 kDa) along with an enhanced green 

fluorescent protein (EGFP, ~27 kDa) attached at the C-terminus by a 12 amino acid 

linker.29 The Hyman group demonstrated that BACE1-EGFP fusion protein was 

successfully engineered and expressed within N2a cells.29 von Arnim et al. demonstrated 

that BACE1-EGFP exhibited the expected BACE1 trafficking pattern and was expressed 

in the ER, TGN, membrane, and early endosomes.29 To validate the construct, Hyman 

and coworkers introduced a BACE1-APP shedding assay to demonstrate ɓ-secretase 

activity of the expressed BACE1-EGFP fusion protein.29  

We expressed the BACE1-EGFP fusion protein in human embryonic kidney cells 

(HEK293) as our model system. The BACE1-EGFP plasmid was a generous gift from 

Dr. Bradley T. Hyman at the Harvard School of Medicine. The HEK293 cell line was 

chosen due to the fact that it has been extensively used as a model system in the study of 

secretase enzymes.27,29,34,35 This cell line also exhibits certain similarities with human 

neurons such as expression of neuronal voltage-gated to potassium, sodium, and calcium 

channels .49 In addition, HEK293 cells have been known to respond to neuronal stimuli 

such as neurotensin and acetylcholine.49 Previous studies involving BACE1 have 
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employed  the HEK293 cell line as a model system as a starting point prior to moving on 

to other potentially more relevant, neural cell lines.29,50 Additional advantages of the 

HEK cell line include ease of transfection with BACE1-EGFP vector and the fact that it 

is a robust, adherent cell line that is easily cultured. Also, HEK293 cells express minimal 

amounts of endogenous APP which may reduce the effects of STA-200 inhibition. 

 

3.3 Materials and Methods 

 As described in Chapter 2, we followed the work of Hyman and co-workers to 

express BACE1-EGFP in cultured HEK293 cells using non-liposomal mediated transient 

transfection.29 As mentioned, the BACE1-EGFP plasmid was a generous gift from Dr. 

Bradley T. Hyman. Prior to our spectroscopy measurements, we used confocal and DIC 

imaging to assess cell viability as well as BACE1-EGFP expression level and distribution 

within the cell. See Chapter 2 (Materials and Methods) for additional information 

concerning BACE1-EGFP transfection and inhibition as well as HEK cell culture. 
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3.4 Results and Discussion 

3.4.1 Three-Dimensional Visualization of BACE1-EGFP Expression in Adherent HEK 

Cells 

Typical confocal and DIC images of HEK cells expressing BACE1-EGFP are 

shown in Figure 3.1. These images were recorded under untreated conditions following 

transient transfection with BACE1-EGFP plasmid. These images were recorded using 

488 nm illumination of different cross-sections throughout the cell including the middle 

of the cell (Figure 3.1 A) and near the glass substrate (Figure 3.1 B). These confocal and 

DIC images show that cultured HEK cells express BACE1-EGFP at levels suited for two-

photon FLIM and time-resolved anisotropy (see Chapter 4 and 5). However, this 

expression level will be too high for single-molecule fluctuation analysis using FCS 

(Chapter 6). 
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Figure 3.1: Confocal and DIC Analysis of Untreated HEK293 Expressing BACE1-EGFP.  

Panel A: cross-section, Panel B: HEK293 cell-glass surface interface. Confocal (left), DIC (right). 

 

We were able to manipulate the cell expression level of BACE1-EGFP using a 

lowered concentration of vector during the transfection process for FCS studies. In 

addition, the cross-sectional confocal and DIC images of the cultured cells (Figure 3.2) 

reveal that the BACE1-EGFP fusion protein is expressed in the plasma membrane (dotted 

arrow, PM) as well as in the Golgi apparatus (solid arrow); this is consistent with 

expected trafficking of BACE1.2 These confocal and DIC images also show that BACE1-
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EGFP is excluded from the nucleus (Figure 3.2). Collectively, these results demonstrate 

that neither the transfection process nor the transient expression of BACE1-EGFP had 

any apparent adverse effects on the overall cell viability 

 

Figure 3.2: Expression of BACE1-EGFP Localized to Plasma Membrane and Golgi 

Apparatus. Confocal (left), DIC (right), arrows in confocal highlighting Golgi apparatus (solid 

arrow) and plasma membrane (dotted arrow).  

 

3.4.2 Monitoring STA-200 Inhibition of BACE1-EGFP Expression in Adherent HEK 

Cells 

Next, we examined the effects of BACE1 inhibition on expression and overall cell 

health using the transition state analog STA-200. To do this we incubated HEK293 cells 

with 50 nM STA-200 (concentration was selected based on IC50 values of ~30 nM from 

purified BACE1 assays 19) for at least one hour prior to imaging using confocal and DIC 
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microscopy.  The rationale for use of STA-200 is based on evidence suggesting that 

BACE1 dimerization is a function of substrate binding (e.g., APP in this reference).34 

Although endogenous expression of APP in human kidney cells is minimal, 51 STA-200 

will block the BACE1-EGFP active site and should prevent any other potential substrates 

from inducing BACE1 dimerization as seen by Sinha et al.19 

Typical images of HEK293 cells expressing BACE1-EGFP in the presence of 

STA-200 (50 nM) are shown in Figure 3.3. As with the confocal and DIC images of the 

untreated cells, those in the presence of inhibitor show adequate expression of fusion 

protein as well as signs of healthy morphology as previously described. This suggests the 

STA-200 inhibitor exhibits no significant effects on overall cell health and BACE1-

EGFP expression. Therefore, measurements taken with various micro-spectroscopic 

methods will not be skewed by inhibition- induced factors such as apoptosis or reduced 

expression. 
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Figure 3.3: Confocal and DIC Analysis of STA-200 Inhibited HEK293-BACE1-EGFP.  

Panel A: cross-section, Panel B: HEK293 cell surface-glass coverslip interface. Confocal (left), 

DIC (right). 

 

3.5 Conclusions 

To study BACE1 in a cellular environment, we utilized a genetically engineered 

fusion protein composed of BACE1 linked to EGFP. We employed the use of confocal 

and DIC microscopy to study protein expression as well overall cell health both in an 

untreated environment as well as in the presence of STA-200 inhibitor. Based on results 

from our confocal microscopy, we were successful in transiently transfecting HEK293 

cells to produce BACE1-EGFP fusion protein that localized to the plasma membrane as 

well as the Golgi apparatus; this is consistent with what is expected for BACE1. Both the 
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BACE1-EGFP transfection and STA-200 inhibition processes had no apparent negative 

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 will not be influenced by 

factors such as apoptosis or reduced BACE1-EGFP expression. With confirmation of 

correct expression and localization of BACE1-EGFP, measurements using different 

micro-spectroscopic techniques can be used to observe BACE1-EGFP as a monomer or 

dimer in its respective cellular locations. With this in mind, the next question we wanted 

to ask was: how is BACE1-EGFP influenced by local effects of such conformational and 

environmental changes? To answer this question, we turned to the time-correlated single-

photon counting technique FLIM.  
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Chapter 4  

Examining the Sensitivity of BACE1-EGFP to Conformational and Environmental 

Changes in HEK293 Cells 

 

4.1 Summary 
 

 BACE1 is hypothesized to dimerize in living cells, which, may influence Aɓ 

production. To test this dimerization hypothesis, we used two-photon fluorescence 

lifetime imaging microscopy (FLIM) on transiently transfected HEK cells expressing 

BACE1-EGFP. Excited-state fluorescence lifetime is known to be sensitive to changes in 

both the chemical structure of a given fluorophore (e.g., dimerization of BACE1-EGFP) 

and its surrounding local environment.  These measurements were carried out using 

930 nm excitation of cultured HEK cells under untreated and STA-200 inhibited 

conditions.  As a control, the corresponding confocal and DIC images were recorded after 

each 2P-FLIM to ensure negligible photodamage or photostress to the cells. The observed 

fluorescence decay per pixel for cellular BACE1-EGFP is described satisfactorily using a 

single-exponential decay model under FLIM conditions, which is consistent with the 

protective nature of the ɓ-barrel of EGFP.  However, the frequency-weighted histogram 

of each FLIM image indicates two populations of BACE1-EGFP throughout the cell that 

fit  double Gaussian distributions. These distributions along with the 2P-FLIM images 

revealed two sub-populations of BACE1-EGFP each with a distinct mean fluorescence 

lifetime value.  The dominant population centered on 2.45 ± 0.18 ns is attributed to 

monomeric BACE1-EGFP in living cells with a refractive index greater than that of 

EGFP in buffer.  A minor population exhibiting a mean lifetime of 2.2 ± 0.3 ns was 

attributed to homo-FRET of dimeric BACE1-EGFP.  The addition of the BACE1 
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inhibitor STA-200 had noticeable though not statistically significant effects on the 

magnitude of the relative lifetime distributions at the cell membrane. Under STA-200 

inhibited conditions, for example, the FWHM of the shorter lifetime population 

histogram increased, while the FWHM distribution for the longer lifetime population 

decreased. This observation suggests that the dimerization of BACE1-EGFP in HEK293 

cells may be dependent on substrate binding.  

 

4.2 Background 

 Two-photon (2P) fluorescence lifetime imaging microscopy (FLIM) is the tool of 

choice for examining conformational and environmental changes of fluorescently tagged 

proteins in cells with great sensitivity.52 One-photon (1P) FLIM has been used previously 

to study BACE1-substrate interactions at the membrane with substrates such as amyloid 

precursor protein (APP) and lipoprotein receptor-related protein (LRP).29,50,53 These 

earlier studies co-expressed BACE1 with a known substrate, such as APP and LRP, as a 

labeled FRET pair (GFP-YFP and GFP-Cy3, respectively) as a means to examine the 

BACE1-substrate interactions at the plasma membrane as indicated by the reduction in 

the fluorescence lifetimes of the donor molecules.29,50,53 Their results indicated that LRP 

was cleaved by BACE1 and that the proximity of APP and BACE1 to each other was 

increased upon internalization. The authors also reported a fluorescence lifetime of 2.2-

2.3 ns for BACE1-EGFP in cultured HEK293 and mouse neuroblastoma (N2a) cell lines, 

which seems too short when compared with EGFP alone in buffer even after accounting 

for the refractive index differences.29 Based on the reported information, such a 
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disagreement might be attributed to the low signal-to-noise ratio in the previously 

reported FLIM.29 To the best of our knowledge, however, the BACE1 dimerization 

hypothesis has not been investigated using two-photon FLIM. In this chapter and for the 

first time, we outline our 2P-FLIM results on transfected, adherent HEK cells expressing 

BACE1-EGFP. These measurements were carried out under untreated and STA-200 

inhibited conditions, the latter intended to induce the dimerization of BACE1. In 

addition, we sampled different expression levels of BACE1-EGFP in our FLIM 

measurements to minimize the crowding effect of these fusion proteins at the plasma 

membrane. Care was also taken to rule out any potential two-photon laser-induced 

photodamage to the cultured cells during 2P-FLIM data acquisition. 

 

4.3 FLIM-Based homo-FRET of BACE1-EGFP: A Dimerization Concept 

Fluorescence (or Förster) resonance energy transfer (FRET) is a powerful tool for 

quantifying intermolecular interactions (e.g., dimer formation) and conformational 

changes (flexibility) of biomolecules such as proteins and DNA.52 Based on 

intermolecular distance (RD-A) between donor (D) and acceptor (A) molecules (FRET 

pair), the relative orientation of their dipole moment (described by orientation parameter, 

k2), and the spectral overlap between the emission of the donor and absorption of the 

acceptor, the efficiency of energy transfer (E) between a donor and acceptor may vary 

according to Eq. 4.1. 54 
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Ὁ      (Eq. 4.1) 

 

where R0 is the intermolecular distance between donor and acceptor at which the energy 

transfer efficiency is 50% (also called Förster distance).54 This Förster intermolecular 

donor-acceptor distance (R0) depends on the spectral overlap between the donorôs 

emission and acceptorôs absorption spectra, J(ɚ), the orientation parameter (k2), and the 

refractive index (ʂ) of the surrounding medium such that: 55  

 

Ὑ ᶿk ὐʇ     –     (4.2) 

 

where R0, k, J(ɚ),  , and ɖ are the donor-acceptor distance, dipole orientation, spectral 

overlap, chromophore quantum yield, and viscosity of the medium, respectively. For 

EGFP homoFRET, the estimated R0 is 4.61 nm,56 but might be influenced by the size of 

the tagged protein (BACE1 in our case). FRET efficiency can be determined 

experimentally using either steady-state spectroscopy or fluorescence lifetime methods.55 

In fluorescence lifetime-based FRET, as used in this thesis project, the energy transfer 

efficiency (E) can be estimated using the fluorescence lifetime of the free donor (alone 

without the acceptor, ʐD) and the lifetime of the donor in the presence of the acceptor 

(ʐDA) such that: 55 
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Ὁ  ρ      (4.3) 

where E is the energy transfer, ʐD  is the fluorescence lifetime of the donor alone in the 

absence of the acceptor, ʐDA is the fluorescence lifetime of the donor in the presence of 

the acceptor, RDA is the donor-acceptor distance, and R0 is the Förster distance. Assuming 

that BACE1-EGFP dimerizes in adherent HEK cells, one may expect a mixed population 

of monomeric and dimeric fusion proteins (Figure 4.1) throughout the cell.  Using FLIM, 

we should be able to determine the fluorescence lifetime for both monomeric and the 

potential dimeric populations of BACE1-EGFP throughout the cell with high spatial 

resolution. Within the spectral overlap region of absorption-emission spectra of BACE1-

EGFP, homo-FRET will take place among like molecules that are in a close proximity 

(with an intermolecular distance up to 10 nm) of each other. For the transmembrane 

fusion proteins, the 2D restriction of BACE1-EGFP in the membrane will enhance the 

orientation order and therefore will likely increase the FRET efficiency.52  
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Figure 4.1: Illustration Showing the Potential Monomeric and Dimeric BACE1-EGFP as 

well as the Corresponding HomoFRET in the Case of a Dimer. 

  

The FLIM image analysis using a frequency-weighted model as a means for 

testing of the BACE1-EGFP dimerization hypothesis using the homo-FRET 

(fluorescence resonance energy transfer among a like molecules) approach.52 To test the 

dimerization hypothesis, we used the frequency-weighted histogram for each FLIM 

image to identify any underlying subpopulations (e.g., monomers versus dimers). In 

addition, we also anticipate that the subpopulations of monomeric and dimeric BACE1-

EGFP would likely shift under STA-200 inhibition conditions assuming minimal 

expression of APP in HEK293 cells. Ideally, these measurements will be carried out at 

different expression levels of the fusion protein in cultured cells in order to differentiate 

between protein crowding and dimer formation. 
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4.4 Materials and Methods 

 Chapter 2 (Materials and Methods) provides a full description of the materials and 

FLIM methods used for the measurements described here. Briefly, HEK293 cells were 

cultured to ~80% confluency at which point they were sub-cultured, seeded into 35 mm 

petri dishes, and incubated. After 24 hours the cells were transfected using Fugene HDTM, 

a non-liposomal mediated transfection reagent, and incubated 24-48 hours. At least 1 

hour prior to measurements, the transfection media was removed and replaced with 

complete media either with or without the addition of STA-200 inhibitor. 2P-FLIM 

measurements were carried out using the system depicted in Figure 2.2 (Chapter 2). First, 

we used confocal microscopy (Figure 2.1, Chapter 2) to locate fluorescent cells and 

obtain the desired x, y, and z-coordinates.  Next, the laser was tuned to pulse 930 nm 

light at 76 MHz and excite the sample positioned on the microscope stage. Fluorescence 

emissions were detected, stored, and analyzed as described earlier (Chapter 2). 
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4.5 Results and Discussion 

4.5.1 2P-FLIM of Free EGFP  

 

Figure 4.2: 2P-FLIM Histograms of EGFP Solution Studies. Histograms of free EGFP (10 

ɛM) in PBS pH 7.4 (black) and in 2 cP buffered glycerol solution (red) using magic angle 

detection. In addition, similar measurements were carried out in 2 cP buffered glycerol solution 

with no magic angle detection (blue).  

 

 As a control experiment for our 2P-FLIM of BACE1-EGFP cultured in HEK293 

cells, measurements of 10 ɛM free EGFP were taken in buffered solutions (PBS pH 7.4) 

as well as in buffered glycerol solution (PBS pH 7.4, 2 cP), consistent with estimated 

viscosity for cellular cytosol. Histograms of free EGFP averaged over different 

magnifications (zoom  = 3-9) 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 centered at ~2.60 ns. EGFP in glycerol solutions (PBS pH 7.4, 2 cP) 

with and without magic angle detection have lifetime distributions centered at ~2.50 ns. 

These results show the effect of refractive index (in the glycerol-enriched 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 solutions as well as in 2 cP 

glycerol solutions are consistent with values found in the literature.57 

 

4.5.2 Two-Photon FLIM at Cross-section of Adherent HEK Cells Expressing BACE1-

EGFP 

 We used 2P-FLIM to examine the sensitivities of BACE1-EGFP to its local 

environment and for potential conformational changes (e.g., dimer formation) in cultured 

HEK cells under untreated and STA-200 inhibited conditions. A representative cross-

sectional 2P-FLIM of HEK cells expressing BACE1-EGFP is shown in Figure 4.2. These 

representative FLIM images were recorded under untreated (Figure 4.2, top) and 

STA-200 inhibited (Figure 4.2 bottom) conditions. The corresponding 2P-fluorescence 

intensity images are also included which, in principle, should provide similar information 

to the laser-scanning confocal imaging (Chapter 3). In each pixel of the intensity image, 

the pixel intensity represents the integration of the fluorescence decay in that pixel seen 

in the corresponding FLIM image, which is as high as up to 8000 counts per pixel at the 

brightest spot (binning of 2).  Such high photon counts per pixel indicate a good signal-

to-noise ratio in the corresponding FLIM images. According to our control experiments, 

the cellular autofluorescence contribution to the 2P-fluorescence and FLIM images 

reported here (due to such molecules as NADH and flavins)37 is negligible for 930 nm 

excitation at the given BACE1-EGFP expression levels in cultured HEK cells.  
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Figure 4.3: Representative Cross-sectional 2P-FLIM Images of HEK293 Cells Expressing 

BACE1-EGFP. Intensity images (left), fluorescence lifetime images (right), untreated (top), 

STA-200 inhibited (bottom) 

 

In the absence of STA-200 inhibition (i.e., untreated condition), 2P-FLIM images 

reveal that the fluorescence decay per pixel (binning of 2) throughout the field of view 

can be fit  satisfactorily with a single exponential decay (Chapter 2: Materials and 

Methods). However, the frequency-weighted fluorescence lifetime histograms of our 

BACE1-EGFP FLIM images (N = 5) under untreated conditions exhibit a bimodal 

distribution ranging from 1.9 to 2.7 ns (Figure 4.3).  

According to the frequency-weighted fluorescence lifetime histogram (Figure 

4.3), one subpopulation of cellular BACE1-EGFP exhibits a mean fluorescence lifetime 
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of 2.45 ns while another subpopulation has a mean fluorescence lifetime of 2.2 ns (Figure 

4.3). The mean 2P-fluorescence lifetime values of BACE1-EGFP are comparable to 

previous studies where a mean fluorescence lifetime of 2.3 ns was reported.29 It is hard, 

however, to compare our FLIM images with those of previous studies due to the lack of 

published information concerning the signal-to-noise ratio.  It is also clear that the 

measured lifetime of 2.45 ns is relatively shorter than that for free EGFP in a buffer using 

single-point fluorescence lifetime measurements, where 2.6 ns was reported (Figure 4.2). 

Such differences can be attributed, in part, to differences in the refractive index for 

cellular BACE1-EGFP.57,58 In addition, careful pixel-to-pixel analysis of our FLIM 

images reveals that the cell membrane bound BACE1-EGFP exhibits a relatively longer 

fluorescence lifetime compared to its cytosolic counterpart (e.g., in the Golgi apparatus 

and ER). Remember that EGFP is linked via the C-terminal domain of BACE1 and 

therefore should sample the cytosolic region nearest to the plasma membrane. This 

should provide a uniform environment (e.g. temperature, pH, etc.) for BACE1-EGFP and 

allow any changes in the fluorescence lifetime to be attributed to molecular interactions. 

With this in mind, these FLIM results suggest dimerization and not heterogeneous 

conditions.  

The histogram of each FLIM image of BACE1-EGFP in cultured HEK cells was 

analyzed using OriginPro8.1 and fitted with a double Gaussian function such that: 
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Ὢὼ Ὡ  Ὡ    (Eq. 4.4) 

 

where a and ů are the mean and standard deviation, respectively. Figures 4.4 and 4.5 

show representative histograms and double Gaussian fitting curves. 

  
 

 
 

 
 

Figure 4.4: Representative Cross-sectional 2P-FLIM Histogram of HEK293 Cell Expressing 

BACE1-EGFP Untreated conditions (N = 5, dotted), STA-200 inhibited conditions (N = 5, solid) 
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Figure 4.5: Representative Untreated Cross-sectional FLIM Histogram with Double 

Gaussian Fit . Untreated average (N = 5 cells), peak 1 (solid), peak 2 (dashed) 

 
 

 
Figure 4.6: Representative STA-200 Cross-sectional FLIM Histogram with Double 

Gaussian Fit . STA-200 inhibited average (N=5 cells), peak 1 (solid), peak 2 (dashed) 

 




















































































































