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Abstract

Proteases are crucial to many biological processes and have become an important field

of biomedical and biotechnological research. Engineering of proteases towards thera-

peutic applications has been limited due to the lack of high-throughput methods for

characterization and selection. We have developed a novel high-throughput method

for quantitative assessment of proteolytic activity in the cytoplasm of Escherichia coli

bacterial cells. The method is based on coexpression of a protease of interest and a

reporter complex consisting of an aggregation-prone protein fused to a fluorescent re-

porter. Cleavage of a substrate sequence situated between the two reporter complex

proteins results in increased whole-cell fluorescence proportional to proteolytic activity,

which can be monitored using flow cytometry. We have demonstrated that the method

can distinguish efficiencies with which Tobacco Etch Virus (TEV) protease processes

different substrates. We believe that this is the first method in the field of protease

engineering that enables simultaneous measurement of proteolytic activity and protease

expression levels and can therefore be applied for substrate profiling, as well as screening

and selection of libraries of engineered proteases.





Sammanfattning

Proteaser spelar en kritisk roll i m̊anga biologiska processer och har blivit en viktig

del av forskningen inom biomedicin och bioteknik. Engineering av proteaser för ter-

apeutiska tillämpningar har varit begränsad p̊a grund av brist p̊a effektiva metoder för

karaktärisering och sortering. Vi har utvecklat en ny high-throughput metod för kvan-

titativ profilering av proteolytisk aktivitet i cytoplasman av Escherichia coli bakterier.

Metoden är baserad p̊a uttryck av ett proteas och ett reporterkomplex i samma cell. Re-

porterkomplexet best̊ar av en aggregerande peptid som är fuserad till ett fluorescerande

protein. Hydrolys av substratsekvensen mellan de tv̊a reporterproteinerna resulterar i

en ökad fluorescens, som är proportionell mot proteolytisk aktivitet och kan analyseras

med en flödescytometer. Vi har visat att metoden kan skilja p̊a olika substrat som hy-

drolyseras av Tobacco Etch Virus (TEV) proteas med olika effektiviteter. Vi tror att

metoden är den första och enda inom engineering av proteaser som möjliggör mätning av

proteolytisk aktivitet samt uttryck av proteas parallellt och att den därför kan användas

för effektiv substratprofilering och sortering av proteasbibliotek.
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Chapter 1

Introduction

Proteases are the largest family of enzymes known and catalyze the cleavage of proteins.

This highly specific hydrolysis of peptide bonds can influence protein localization and

activity, protein-protein interactions and can even create new bioactive molecules [1].

These tools enable proteases to exert precise control on biological processes in all living

organisms. Indeed, proteases are crucial in the initiation, regulation and termination

of a wide range of cellular functions such as DNA replication, cell cycle regulation, cell

proliferation, differentiation and migration. Moreover, proteases are involved in wound

healing, apoptosis, angiogenesis, immunity and other disease-related processes [2]. Due

to their functional relevance, many diseases arise as a result of protease deficiency or

otherwise disturbed proteolytic pathways. Examples of such conditions are cancer, neu-

rodegenerative and cardiovascular diseases as well as inflammatory diseases [1]. Over the

past decades, proteases have therefore become the focus of attention as potential thera-

peutics, drug targets and diagnostic biomarkers. Natural proteases have been approved

by the FDA for treatments of several diseases such as, amongst others, hemophilia,

stroke, traumatic bleeding, muscle spasms and digestive disorders [3].

In addition to applications of natural proteases, engineered proteases have become in-

creasingly popular research topics. Yet, protease engineering aimed at enhanced and/or

altered specificity in biomedical and therapeutic applications has been limited [4]. The

rate-limiting step in directed evolution of proteases has thus far been the availability

of high-throughput methods for screening and selection, the development of which has

proven to be challenging. Many methods that have previously been used suffer from

limitations with respect to cost, labor intensity, sensitivity or throughput and there

is a clear need for new approaches. Ideally a new selection method would allow for

rapid, accurate and quantitative characterization of proteases. In addition it would be
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highly advantageous to enable selection for desired traits and at the same time moni-

tor proteolytic activity. The criteria for a screening and selection platform to be used

for protease engineering are similar to those for protease substrate profiling methods.

Several bacteria-based methods for substrate profiling been developed that are based on

bacterial co-expression of a protease of interest and a reporter [5, 6, 7]. A more detailed

review of methods in protease engineering can be found in Appendix A.

In this report we present a novel selection method with a similar protease-reporter ap-

proach. The proposed selection method is based on detection of whole-cell fluorescence

that is proportional to protease functionality. This is achieved by expression of a protease

in Escherichia coli (E.coli) bacterial cells together with a reporter construct, consist-

ing of an aggregation-prone peptide linked to a fluorescent protein. Aggregation of the

reporter complex prevents the fluorescent protein from emitting light and should thus

cause a shift (reduction) in fluorescence which can be detected using flow cytometry. The

signal can be partially restored by the protease or interest which cleaves its substrate

that is situated between the aggregation-prone peptide and the fluorescent protein.
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Chapter 2

Materials & Methods

2.1 Bacterial strains and reagents

Escherichia coli strain TOP10 [F–mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 ∆lacX

74 recA1 araD139 ∆(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG ] (produced in-

house) was used as a host organism during construction of the protease plasmids and

reporter plasmids, as well as for coexpression and flow cytometry analysis of the protease-

reporter system. In addition, BL21 DE3 [F–ompT gal dcm lon hsdSB(rB–mB–) λ(DE3

[lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) [malB+]K-12(λS)] (produced in-house) and

SHuffle Express strains [fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal λ att::pNEB3-r1-

cDsbC (SpecR, lacIq) ∆trxB sulA11 R(mcr-73::miniTn10–TetS)2 [dcm] R(zgb-210::Tn10

–TetS) endA1 ∆gor ∆(mcrC-mrr)114::IS10 ] (New England Biolabs) were used for co-

expression and flow-cytometry analysis. Culture media and chemicals from Merck and

Sigma-Aldrich were used. DNA-modifying enzymes from New England Biolabs were

used according to the manufacturers’ recommendations.

2.2 Oligonucleotides

The following oligonucleotides (from IDT) were used (5’→3’): TEV-mC-FWD (GTACG

GTACCATGGGCGAAAGCTTGTTTAAGGG), TEV-mC-REV (GTACGCATGCTTACTTATACA

GCTCGTCCATACC), RF-MBP-FWD (CGAGCACTTCACCAACAAGGACCATAGATTATGAAA

ATCGAAGAGGGCAAATTAGTCATC), RF-TEV-FWD (CGAGCACTTCACCAACAAGGACCAT

AGATTATGGGCGAAAGCTTGTTTAAGGGC), RF-mC-REV (GCCAGTGCCAAGCTGGATCCT

TACTTATACAGCTCGTCCATACCGC ), delSubG-FWD (CTTAAGAATCGAGGGTCGCGGTCTC-
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GAGGGCGAAAGCTTGTTTAAGGGCC), delSubG-REV (GGCCCTTAAACAAGCTTTCGCCCT

CGAGACCGCGACCCTCGATTCCTAAG), pRhaRep-FWD (AGGTGGTCGACATGGATGCGGA

ATTTCG), pRhaRep-REV (GATCCTCTAGATTATTACTTGTACAGCTCG), pBADRep-FWD

(AGGAGAAAGGTACCATGGATGCGGAATTTCG), pBADRep-REV (CCAAGCTTGCATGCTT

ATTACTTGTACAGCTCGTCC), pETRep-FWD (AAGGAGATATACATATGGATGCGGAATTT

CG), pETRep-REV (TGGTGCTCGAGTTATTACTTGTACAGCTCGT CC), G22E-FWD (CTG

GTGTTTTTTGCGGAAGATGTGGGCTCTAAC), G22E-REV (GTTAGAGCCCACATCTTCCGC

AAAAAACACCAG), pRhaClo-FWD (GGTTGTCGACATGGATGCGGAATTTCGC), pRhaClo-

REV (GTACCTCGAGTTATTACTTGTACAGCTCGTCC), SubP-FWD (GAAAACCTGTACTTC

CAGCCTGGTGGAGGAGGCTCAG), SubP-REV (CTGAGCCTCCTCCACCAGGCTGGAAGTAC

AGGTTTTC).

2.3 Construction of plasmids

An overview of the different protease and reporter constructs is shown in Figure 2.1.

Protease plasmid pMal-MBP-SubG-TEVp had previously been produced in-house. In

order to obtain pBAD-MBP-SubG-TEVp-mCherry, a pBAD vector and an MBP-SubG-

TEVp-mCherry fragment (ordered from Thermo Fischer Scientific) were digested with

KpnI-HF and SphI-HF and ligated using T4 DNA Ligase according to the manufac-

turer’s instructions. pBAD-TEVp-mCherry was constructed using the same cloning

method: the insert without MBP-SubG was obtained by PCR amplification from pBAD-

MBP-SubG-TEVp-mCherry using oligonucleotides TEV-mC-FWD & TEV-mC-REV.

pMal-MBP-SubG-TEVp-mCherry and pMal-TEVp-mCherry were obtained by restric-

tion free cloning according to [8]. Two megaprimers for the two plasmids were created

using RF-MBP-FWD & RF-mC-REV and RF-TEV-FWD & RF-mC-REV, respectively.

Cloning was begun in order to obtain pBAD-MBP-TEVp-mCherry and pMal-MBP-

TEVp-mCherry through deletion of SubG according to the QuickChangeTM protocol

using oligonucleotides delSubG-FWD & delSubG-REV.

The AβE22G-G4S-SubG-G4S-EGFP reporter construct was ordered in a pUC57 vector

(Bio Basic Inc.). It was amplified using oligonucleotides pRhaRep-FWD & pRhaRep-

REV, pBADRep-FWD & pBADRep-REV and pETRep-FWD & pETRep-REV that

contain restriction sites which enable cloning into pRha, pBAD and pET to obtain pRha-

AβE22G-G4S-SubG-G4S-EGFP, pBAD-AβE22G-G4S-SubG-G4S-EGFP and pET-Aβ-

E22G-G4S-SubG-G4S-EGFP, respectively. pBAD-Aβ-G4S-SubG-G4S-EGFP was con-

structed using the QuickChangeTM site-directed mutagenesis protocol using oligonu-

cleotides G22E-FWD & G22E-REV and pBAD-AβE22G-G4S-SubG-G4S-EGFP. pET-
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(a)

(b)

Figure 2.1: Overview of different protease plasmid and reporter plasmid
designs. (a) Three different protease plasmid designs have been tested. MBP = Maltose
Binding Protein, TEVp = Tobacco Etch Virus protease, G = SubG/ENLYFQ↓G. (b)
Four different reporter construct designs have been used. L = G4S/GGGGS linker, G
= SubG/ENLYFQ↓G, P = SubP/ENLYFQ↓P, EGFP = Enhanced Green Fluorescent
Protein.

Aβ-3x(G4S)-SubG-3x(G4S)-EGFP was created by digestion of a pET vector and a

pUC57 vector containing the Aβ-3x(G4S)-SubG-3x(G4S)-EGFP insert (ordered from

GENEWIZ) with NdeI and BamHI-HF and subsequent ligation using T4 DNA Lig-

ase according to the manufacturer’s instructions. pRha-Aβ-G4S-SubG-G4S-EGFP was

obtained by PCR amplification of the insert of pBAD-Aβ-G4S-SubG-G4S-EGFP using

oligonucleotides pRhaClo-FWD & pRhaClo-REV. The inserts and pRha vector were

digested with XhoI and SalI-HF and ligated as described previously. pRha-AβE22G-

G4S-SubP-G4S-EGFP was obtained through site-directed mutagenesis according to the

QuickChangeTM protocol using oligonucleotides SubP-FWD & SubP-REV. All plasmids

were sequence-verified.
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2.4 Flow cytometry analysis

The following protocol was used for flow cytometry experiments unless stated otherwise:

cultures of cells containing a protease plasmid and reporter plasmid were subcultured

by dilution (1:200) in 10 ml LB medium with corresponding antibiotics in a 1:1000

concentration and incubated at 37◦C at 150 rpm. Protease plasmids were induced at

OD600 ≈ 0.6 and cultures were placed in 30◦C at 150 rpm. Reporter plasmids were

induced 3 hours after induction of the protease plasmids and the cultures were left for

protein expression over night. 200 µl of overnight cultures were spun down for 3 minutes

at 4000 rpm and resuspended in 600 µl 1xPBS before flow cytometry analysis. 100 000

events were recorded for each sample on a Gallios flow cytometer (Beckman Coulter)

with an excitation wavelength of 488 nm and emission detection with a 525 nm band-

pass filter (505-545 nm) for measuring EGFP. For measurement of mCherry signal a

MoFlo Astrios Cell Sorter (Beckman Coulter) was used with an excitation wavelength

of 561 nm and emission detection with a 614 nm band-pass filter (594-634 nm).
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Chapter 3

Results

3.1 Development of a whole-cell fluorescence-based assay for pro-

tease activity

The aim of the current study was to develop a simple, yet sensitive high-throughput

method for in vivo monitoring of protease activity in E.coli. Coexpression of a ge-

netically encoded protease and reporter complex should result in a shift in whole-cell

fluorescence that is detectable using flow cytometry. A schematic overview of the method

can be found in Figure 3.1. Tobacco Etch Virus protease (TEVp), a protease common in

biotechnological applications, was used for proof of principle. TEVp was combined with

a reporter complex consisting of Amyloid-β (Aβ) fused to Enhanced Green Fluorescent

Protein (EGFP) via a linker containing a TEV substrate sequence (see Appendix A for

more details). In order to test the principle E.coli TOP10 cells and BL21 cells coex-

pressing TEVp expression vector pMAL-MBP-SubG-TEVp and either (i) a rhamnose-

inducible reporter plasmid pRha-AβE22G-G4S-SubG-G4S-EGFP or (ii) an arabinose-

inducible reporter plasmid pBAD-AβE22G-G4S-SubG-G4S-EGFP were analyzed on a

flow cytometer. Results of this experiment are shown in Figure 3.2. A difference in

whole-cell fluorescence between the cells with induced protease and the control cells, in

which the protease was not induced, can be observed in Figure 3.2b and Figure 3.2c.

This implies that the protease can indeed cleave its substrate sequence between Aβ and

EGFP upon induction. In Figure 3.2b two peaks can be observed, which implies two

populations of cells: one in which the substrate has been cleaved and one in which no

cleavage did occur. This is possibly due to contamination of the sample, either during

induction or in the flow cytometer by spill over from the previous sample.
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Figure 3.1: Schematic overview of the proposed selection method. When an
aggregation-prone protein is expressed as an N-terminal fusion to GFP, a decrease in
whole-cell fluorescence can be observed [9]. The native signal could be (partially) restored
upon cleavage by a coexpressed protease.

3.2 Optimization of expression conditions

As shown in Figure 3.2, coexpression of a protease and the reporter complex can indeed

result in a visible shift in whole-cell fluorescence. However, to be able to distinguish

between substrates or protease variants that differ only slightly in proteolytic activity,

a large dynamic range is needed. Optimization of the method can be divided into two

aspects: optimization of expression conditions and genetic construct design. Different

parameters such as expression strain, expression temperature, inducer concentrations

and time between induction of protease and reporter were varied. The two combinations

of protease and reporter were coexpressed in three different E.coli strains: TOP10 (K-

strain), BL21 (B-strain) as well as SHuffle Express (B-strain). The measured fluorescence

shifts for different reporter inducer concentrations are summarized in Table 3.1. Different

inducer concentrations were used for the reporter plasmids: 0,6% and 1.2 % arabinose

and 5 mM and 10 mM rhamnose. As can be seen, the overall highest shift in fluorescence

was observed for pMAL-MBP-SubG-TEVp and pRha-AβE22G-G4S-SubG-G4S-EGFP

in SHuffle Express using 0.5 mM IPTG and 10 mM rhamnose. Only for this particular

combination different times between induction of protease and reporter were tried (30

minutes, 1 hour, 2 hours, 3 hours and 4 hours), as well as different temperatures of protein

expression (25◦C, 30◦C and 37◦C). The optimal time between inductions seemed to be
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(a) (b)

(c) (d)

Figure 3.2: Proof of principle of the proposed selection method. Whole-cell
EGFP fluorescence intensity on the x-axis, cell count on the y-axis. Green curve: pro-
tease plasmid induced 3 hours before reporter plasmid. Red curve: protease NOT induced.
The protease plasmid was induced with a final concentration of 0.5 mM IPTG and re-
porter plasmids pRha and pBAD with 5 mM rhamnose and 0,6% arabinose, respectively.
(a) and (c): TOP10 cells coexpressing pMAL-MBP-SubG-TEVp and pRha-AβE22G-
G4S-SubG-G4S-EGFP (a) or pBAD-AβE22G-G4S-SubG-G4S-EGFP (c). (b) and (d):
BL21 cells coexpressing pMAL-MBP-SubG-TEVp and pRha-AβE22G-G4S-SubG-G4S-
EGFP (b) or pBAD-AβE22G-G4S-SubG-G4S-EGFP (d).
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Table 3.1: Fluorescence shifts in different E.coli strains. Average median fluo-
rescence shifts were calculated by dividing the median fluorescence for cells with induced
protease plasmids by the median fluorescence of the negative control (protease not in-
duced). Error limits are shown for experiments that were performed multiple times (3
times). Shifts were only calculated if single peaks were observed for both samples.

Expression Strain
TOP10 BL21 SHuffle Express

pMal-MBP-SubG-TEVp x
pBAD-AβE22G-G4S-SubG-G4S-EGFP

2.02 ± 0.1a

1.93b
1.10a 1,31a

pMal-MBP-SubG-TEVp x
pRha-AβE22G-G4S-SubG-G4S-EGFP

1.13c
1.35 ± 0.12c

1.58d
3.14 ± 0.4c

4.05 ± 1.1d
aInduced with 0.5 mM IPTG and 0.6% arabinose
bInduced with 0.5 mM IPTG and 1.2% arabinose
cInduced with 0.5 mM IPTG and 5 mM rhamnose
dInduced with 0.5 mM IPTG and 10 mM rhamnose

3 hours and best shifts were obtained with protein expression at 30◦C (data not shown).

Due to a lack of SHuffle Express cells and a delay in delivery of a new batch they were

not used for further experiments. TOP10 cells were used instead.

3.3 Optimization of genetic construct design

In addition to optimization of expression conditions, the design of the genetic constructs

may contribute to an increased dynamic range of the selection method. The degree to

which the reporter complex aggregates could influence the effectiveness of cleavage by

TEVp: if aggregation is too strong, the substrate may become inaccessible to the pro-

tease and less fluorescent signal can be restored. If aggregation is too weak, the back-

ground signal will be higher, thus leading to a smaller dynamic range of the method. A

reporter vector with longer linkers might improve substrate accessibility and enable TEV

protease to cleave more effectively. Therefore, a pET reporter construct with three times

the normal linker length (pET-AβE22G-3x(G4S)-SubG-3x(G4S)-EGFP, shown in Fig-

ure 2.1b) was compared to pET-AβE22G-G4S-SubG-G4S-EGFP combined with pBAD-

MBP-SubG-TEVp-mCherry. However, after repeated experiments it became clear that

the fluorescence shift decreased rather than increased, most likely due to less suppression

of fluorescence by Aβ aggregation (data not shown). For this reason the longer linker

was not tested in other plasmids.
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3.3.1 TEV protease is expressed and functional as an N-terminal fusion protein

to mCherry

If the method is to be used for selection from a library of proteases, normalization of

protease expression level is necessary. For this reason it is desirable to include a fluo-

rescent reporter, such as mCherry, in the protease plasmid. This new protease plasmid

design can be found in Figure 2.1a. Additionally, in order to simplify the method, a

second design was tested with TEVp fused to mCherry without MBP, also shown in

Figure 2.1a. BL21 cells were transformed with pBAD-MBP-SubG-TEVp-mCherry and

analyzed on a flow cytometer to check the expression level of this large protein complex.

There was a clear shift, even baseline separation, between the induced and non-induced

cells (data not shown). It can thus be concluded that the large TEVp-mCherry complex

is successfully expressed. Another experiment was performed to investigate whether

TEVp was still functional while fused to mCherry: TOP10 cells were transformed with

a pRha-AβE22G-G4S-SubG-G4S-EGFP reporter plasmid and either (i) pBAD-MBP-

SubG-TEVp-mCherry or (ii) pBAD-TEVp-mCherry as a protease plasmid. As a control

TOP10 cells without any plasmids, as well as TOP10 cells harbouring only the reporter

plasmid were added. Results of this experiment are shown in Figure 3.3.

A shift of median fluorescence can be observed when comparing the cells that coexpress

both plasmids with non-induced and induced protease (blue and purple) in all figures.

For both protease plasmids the shift is larger when TEVp is expressed as a fusion to

MBP (Figure 3.3a and Figure 3.3c). These results indicate that TEVp is still functional

as an N-terminal fusion to mCherry and that the overall proteolytic activity is increased

by fusion to MBP. Moreover, it can be seen that background fluorescence occurs despite

aggregation: a positive shift in fluorescence can be seen upon induction of the reporter

plasmid in cells that do not harbour any protease plasmid.

3.4 Different substrate cleavage efficiencies can be distinguished

To test the method, a pRha-AβE22G-G4S-SubP-G4S-EGFP reporter vector (shown in

Figure 2.1b) was constructed that contains substrate sequence ENLYFQ↓P. The reporter

was coexpressed with pBAD-MBP-SubG-TEVp-mCherry and pBAD-TEVp-mCherry

and compared to the same coexpressions with pRha-AβE22G-G4S-SubG-G4S-EGFP in

TOP10 cells. Experiments were performed in duplicates, results are shown in Figure 3.4.

A clear difference in fluorescence shift can be seen for the two different substrates, both

with and without MBP in the protease plasmid. Average median fluorescence shifts when
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(a) (b)

(c) (d)

Figure 3.3: TEV protease is functional as an N-terminal fusion to mCherry.
Whole-cell EGFP fluorescence intensity on the x-axis, cell count on the y-axis. Orange:
TOP10 cells without plasmids (negative control). Red and green: TOP10 cells harbour-
ing only pRha-AβE22G-G4S-SubG-G4S-EGFP (not induced and induced, respectively).
Blue and purple: cells harbouring pRha-AβE22G-G4S-SubG-G4S-EGFP and a protease
plasmid (not induced and induced, respectively). (a) Protease plasmid: pBAD-MBP-
SubG-TEVp-mCherry. (b) Protease plasmid: pBAD-TEVp-mCherry. (c) Protease plas-
mid: pMal-MBP-SubG-TEVp-mCherry. (d) Protease plasmid: pMal-TEVp-mCherry.
The pBAD and pMal protease plasmids were induced with a final concentration of 0.6%
arabinose and 0.5 mM IPTG, respectively. Reporter plasmid pRha was induced with 10
mM rhamnose.

cleaved by TEVp fused to MBP were 2.98x and 1.60x for SubG and SubP respectively

(Figure 3.4a and Figure 3.4b) and 2.50x and 0.87x when cleaved by TEVp without MBP

(Figure 3.4c and Figure 3.4d). It appears as if the SubP reporter is not cleaved at all

by pBAD-TEVp-mCherry and little by pBAD-MBP-SubG-TEVp-mCherry.
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(a) (b)

(c) (d)

(e)

Figure 3.4: Two different substrates can be distinguished. Whole-cell EGFP
fluorescence intensity on the x-axis, cell count on the y-axis. (a) and (b): TOP10 cells
with pBAD-MBP-SubG-TEVp-mCherry and pRha-AβE22G-G4S-SubG-G4S-EGFP (a)
or pRha-AβE22G-G4S-SubP-G4S-EGFP. (c) and (d): TOP10 cells with pBAD-TEVp-
mCherry and pRha-AβE22G-G4S-SubG-G4S-EGFP (c) or pRha-AβE22G-G4S-SubP-
G4S-EGFP (d). (e) Overlay of (c) and (d). All experiments were performed in duplicates
(light and dark colour). Red and blue: protease not induced. Green and purple: protease
induced. pBAD protease plasmids and pRha reporter plasmids were induced with final
concentrations of 0.6% arabinose and 10 mM rhamnose, respectively.
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Chapter 4

Discussion

We have developed a novel method for the characterization and engineering of proteases

and their substrates that could be used for directed evolution of proteases. The method

enables whole-cell fluorescence-based quantification of protease activity in the cytoplasm

of E.coli bacterial cells that coexpress the protease of interest and a reporter complex.

Since the fluorescent signal can be monitored using flow cytometry the throughput of this

method is high, which makes it very suitable for screening large libraries. General ad-

vantages of the method are the lack of need for synthetic substrates, which can be costly

and complicated to produce, and labeling steps, which can be very time-consuming. The

simplicity of the method lies in the fact that both protease and reporter are produced

and analyzed in the cytoplasm, which eliminates the need for any purification and avoids

complications due to transportation to the cell surface. However, the drawback is that

problems could occur when characterising proteases that fail to fold properly in the

cytoplasm of E.coli or that are toxic to E.coli cells.

As a proof of principle coexpression of TEV protease and a reporter complex was tested in

different E.coli strains and clear shifts in fluorescence were observed for several reporter

plasmids. Interestingly, the magnitude of the shifts seemed to depend on the particular

combination of plasmid (and thus promoter) and the harbouring E.coli strain. Several

expression parameters such as (i) inducer concentrations, (ii) expression temperature

and (iii) time between induction of protease and reporter were tested in order to opti-

mize the dynamic range of the method. The largest fluorescence shift, about 5.5 times,

was observed in SHuffle Express cells. SHuffle is an engineered E.coli B strain that is

especially suitable for for expression of disulfe bonded proteins due to expression of a

disulfide bond isomerase, DsbC, as well as an oxidative cytoplasm [11]. The increased

shift compared to other strains may be due to the fact that TEV protease is a cysteine
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protease, which means that a cysteine is part of its catalytic triad. It could be the case

that the oxidative cytoplasm is benefitial for formation of the catalytic triad and thus

contributes to proteolytic activity. However, it is hard to say exactly what mechanism

lies behind the increased shift.

Cells harbouring only the rhamnose reporter plasmid were compared to cells coexpress-

ing the protease and reporter plasmids (see Figure 3.3). There was a clear fluorescent

background signal in absence of the protease plasmid, which implies that aggregation of

Aβ does not completely reduce whole-cell fluorescence. A better control in this experi-

ment would be to coexpress the reporter plasmid with any other plasmid which encodes

a non-related protein, to ensure that the absence of a second plasmid is not the reason

for the increase in background fluorescence. Especially since pRha is a high copy number

plasmid it could be that more reporter is produced due to more available translational

machinery in the cell, which would account for the high fluorescence level even in absence

of TEVp. When using a degradation tag in the reporter such as done by Sandersjöö

and Kostallas [5, 6, 7] the false positive background signal is decreased. On the other

hand, once the reporter has been degraded it is no longer available which means that

there is less time for the protease to cleave. We investigated whether a higher degree of

aggregation induced by higher expression temperatures would lead to a larger dynamic

range of the method. However, results (not shown in this report) indicated that protein

expression at 30 degrees was optimal for the fluorescent shift, which is in accordance with

the literature [12]. The same experiment revealed a significant background signal due to

leakiness of the promoter in both pBAD and pMal (Figure 3.3). This could possibly be

solved by trying different promoters to identify more stringent ones. However, since the

protease is induced 3 hours before the reporter, an amount of protease is already present

upon induction and expression of the reporter complex. Thus, leakiness of the protease

plasmid can be tolerated to a certain extent. With respect to the time between induc-

tion of the two plasmids, it seems as if a better shift is obtained the more time is left

between inductions. This can intuitively be explained by the fact that a larger amount

of protease is produced and present upon induction of the reporter complex and some

reporters may be cleaved even before aggregation occurs. Since proteolytic cleavage is a

catalytic process, the presence of more protease molecules should increase the amount of

substrate processed per unit time. In that respect the time between induction and flow

cytometry analysis should also have an effect on the observed fluorescence shift. This is

something that could be investigated more in the future.

As fusion to fluorescent reporter protein mCherry enables normalization for protease ex-

pression, the novel method provides the necessary tools for a protease library selection.

This fusion, which is key to any selection of uknown protease variants, has to our knowl-
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edge not previously been described in literature. Proteases have been fused to fluorescent

proteins, but only to assess expression level or solubility without taking functionality into

account [13]. We have shown that the TEVp-mCherry complex is successfully expressed

and that TEVp is still functional as an N-terminal fusion to mCherry (Figure 3.4), which

is promising for future selections. However, when applying the method to the engineer-

ing of other proteases this should be tested again to ensure protease functionality. We

have also demonstrated that the novel method can distinguish between substrates that

are known to be processed with different efficiencies (Figure 3.4) [12]. In their study

Kapust et al observed no processing of the sequence which contains a proline in the P1’

position, which in accordance with the data shown in Figure 3.4d. However, a small

shift is observed when TEVp is fused to MBP (Figure 3.4b) which implies at least some

proteolytic activity. In their studies Kostallas and Sandersjöö used the same approach

to test their methods. The fluorescent signal of SubP was similar to the negative control

in Kostallas’ method [6] which implies that no cleavage of the ENLYFQ↓P occurred.

Results of Sandersjöö and colleagues implied that some cleavage of SubP occurred, if

only very little [7]. As mentioned previously, results in Figure 3.3 and Figure 3.4 show

that overall proteolytic activity is higher when TEVp is fused to MBP. However, this

is most likely due to higher expression levels and thus larger amounts of TEVp in the

cell. Differences in TEVp and reporter expression levels could also account for the dif-

ference in overall fluorescence between experiments and even between different clones.

This could easily be corrected by normalizing for TEVp expression using the mCherry

signal.

When it comes to protease substrate profiling, the presence of the protease substrate

sequence on the protease plasmid is not optimal. Similar to the studies by Kostallas

and Sandersjöö, substrates that are known to be processed with different efficiencies

can be used to test the novel method [6, 7]. However, in their studies the substrate

sequence situated between the Maltose Binding Protein and the protease remains un-

changed (SubG). This could cause problems when engineering proteases to cleave other

substrates than those that have previously been characterized: if the protease is unable

to cleave itself off the chaperone protein this may have an effect on the overall proteolytic

activity. Therefore, ideally this self-processing sequence would be removed. Kapust and

Waugh have demonstrated that fusion to MBP can promote proper folding of the pas-

senger protein into its biologically active conformation [14]. In their studies they tested

three soluble fusion partners but results indicated that fusion to MBP was far more

effective compared to the others. Results in Figure 3.3 and Figure 3.4 also indicate that

fusion to MBP has a positive effect on overall proteolytic activity. Therefore it seems

desirable to maintain this protease plasmid design in the current method. A possible
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solution for the problem of having a substrate sequence in the protease plasmid could be

to remove it and allow the protease to be permanently fused to MBP. This design has

also been tested by Kapust and Waugh and they have shown that the protease is still

soluble when fused to MBP. It follows from the fact that the protease is able to cleave

itself off even when fused to MBP that it must be biologically active. Thus, an ideal

construct would be an MBP-protease-mCherry fusion in which the protease is flanked

by two restriction sites. The latter would allow for easy insertion of any protease of

choice that can then be engineered through e.g. error-prone PCR. In case this would

result in occurance of a STOP codon, absence of the mCherry signal would indicate that

a non-functional version of the protease has been produced.

4.1 Conclusion & Outlook

In this study we developed a novel high-throughput method for quantitative assessment

of proteolytic activity in the cytoplasm of Escherichia coli bacterial cells and we have

demonstrated that the method can distinguish efficiencies with which TEVp processes

different substrates sequences. In order to assess the resolution of the method additional

substrates should be analyzed. The possible dynamic range could be estimated using a

positive control, i.e. coexpression of TEVp and EGFP-SubG, and a negative control, i.e.

coexpression of TEVp and Aβ-EGFP without substrate. This would provide a reference

frame for optimization of the methods resolution. In addition, optimization of certain

expression conditions could be repeated for the final protease plasmid design to increase

the dynamic range. Other factors such as Aβ aggregation could be changed, e.g. by

exploring the effect of mutations that increase Aβ aggregation and thus decrease the

background signal and even other aggregation-prone peptides could be tested. The next

step would then be to test the method for another combination of protease and substrate.

Moreover, a mock-selection could be performed to show that the preferred protease

substrate can be enriched from a large background of less preferable substrates.

The new method has many potential applications within the field of protease engineering.

For instance, selection of proteases that cleave a certain substrate (e.g. SubP) or per-

forming error-prone PCR on a protease and screen for increased solubility or expression

levels. We believe that this is the first method which enables simultaneous measurement

of proteolytic activity and expression of the protease and is thus a valuable complement

to current methods in the field of protease engineering.
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Appendix A

State of the Art

Protease engineering

Proteases are the largest family of enzymes known and catalyze the cleavage of proteins

through hydrolysis of peptide bonds. Depending on the mechanism by which proteases

hydrolyze peptide bonds they can be divided into 6 classes: aspartic, glutamic, metallo,

cysteine, serine and threonine proteases. In first three classes the mechanism of hy-

drolization entails an activated water molecule which acts as the nucleophile and attacks

the peptide bond to be hydrolized. In the three remaining protease classes an amino

acid in the active site acts as a nucleophile: cysteine, serine and threonine, respectively

[1]. Although metalloproteases, serine proteases and cysteine proteases are the most

abundant proteases in humans, the proteolytic landscape, or degradome, is large and

diverse. In addition to differences in hydrolysis mechanism, proteases may also vary

in shape and size, as well as substrate specificity. Protease substrates are commonly

described using the Schechter and Berger nomenclature [15], shown in Figure A.1. In

this nomenclature the non-prime side residues are denoted PX-P1, where P1 is the new

C-terminal residue after cleavage by the protease. The prime side residues are denoted

P1’-PX’, where P1’ is the new N-terminal residue upon proteolytic cleavage. The corre-

sponding substrate binding pockets in the active site of the protease are denoted SX-S1

and S1’-SX’, respectively.

The highly specific hydrolysis of peptide bonds can influence protein localization and

activity, protein-protein interactions and can even create new bioactive molecules [1].

These tools enable proteases to exert precise control on biological processes in all living

organisms. Indeed, proteases are crucial in the initiation, regulation and termination
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Figure A.1: Protease substrate sequence nomenclature. Schechter and Berger
nomenclature for individual residues in a protease substrate sequence where proteolytic
cleavage occurs between non-prime residue P1 and prime residue P1’.

of a wide range of cellular functions such as DNA replication, cell cycle regulation, cell

proliferation, differentiation and migration. Moreover, proteases are involved in wound

healing, apoptosis, angiogenesis, immunity and many other disease-related processes [2].

Due to proteases’ diversity and functional relevance many diseases arise as a result of

protease deficiency or otherwise disturbed proteolytic pathways. Examples of such condi-

tions are cancer, neurodegenerative and cardiovascular diseases as well as inflammatory

diseases [1]. Acknowledgement of the importance of proteases has increased over the

past decades and, as a result, so has the interest for their functional characterization

and possible applications.

When it comes to therapeutic and biomedical applications, proteases have become the

focus of attention as potential drug targets and diagnostic biomarkers. Their catalytic

activity could potentially be used for activation or deactivation of disease-related target

proteins. As one protease molecule can process numerous target substrates this could

increase the efficacy of drugs, and thereby decrease the dosage. For example: different

types of cancer are associated with overexpression of proteases, which could be used to

convert inactive prodrugs to active drugs by site-specific proteolysis in vicinity of tu-

mor cells [16, 17]. Natural proteases have been approved by the FDA for treatments of

several diseases such as, amongst others, hemophilia, stroke, traumatic bleeding, mus-

cle spasms and digestive disorders [3]. In addition to applications of natural proteases,

engineered proteases have become increasingly popular topics of research. Although pro-

tein engineering has previously been applied to proteases to make them function under

non-physiological conditions and thus more suitable for industrial applications, protease

engineering aimed at enhanced and/or altered specificity in biomedical applications has

been limited [4]. Rational mutagenesis has been done followed by low-throughput assays,
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e.g. transfering specificity between homologous proteases by mutagenesis of only a few

amino acids in the substrate binding pocket [18, 19]. However, it has thusfar proven to

be difficult to engineer proteases with properties that differ substantially from the native

protease.

The engineering of proteases brings about challenges and complications, some are unique

in comparison with the engineering of other enzymes. First and foremost the expression

of a certain protease might be toxic to the host cell due to unwanted cleavage of proteins

that are essential for host cell survival. In addition there is always a possibility that

the protease will cleave itself when expressed in the host cell, which will result in a

loss of functionality. This unwanted self-cleavage can possibly be prevented by point

mutations in the site of self-cleavage. Protease engineering has thusfar focused mainly

on proteases of non-human origin, due to the fact that immunological responses need to

be reduced when using proteases for human therapy. Moreover, an extremely high level

of substrate specificity is required to ensure that no potentially lethal unspecific cleavage

occurs. Generally, when screening for rare and unknown enzyme variants with enhanced

activity, sampling of large libraries is a necessity. This is mainly due to the fact that

the likelihood of finding such rare variants increases as the throughput of the screening

method increases. Moreover, typically a combination of amino acid changes is required

to alter substrate specificity while maintaining catalytic activity, which further increases

the required library size. The rate-limiting step in directed evolution of proteases has

thusfar been the availability of high-throughput methods for screening and selection, the

development of which has proven to be challenging. Many methods that have previously

been used suffer from limitations with respect to sensitivity, labor intensity, throughput

or other shortcomings. Key to any such selection method is that the substrate turnover

should be proportional to the output signal in order to select for the desired catalytic

properties of the protease. The criteria for a screening and selection platform to be used

for protease engineering are similar to those for protease substrate profiling methods.

Several high-throughput methods for protease substrate profiling have been developed

in recent years and will be introduced in the following section.

Protease substrate profiling methods

Substrate specificity is a key feature of proteases which is crucial to any possible applica-

tion. This specifiticy for a certain sequence of amino acids directly determines the degree

of control of a biological process and is thus an important focus in protease engineering.

Characterization of a proteases substrate repertoire could not only provide more insight
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into the biological process regulated by the protease, but also serve as a starting point

for engineering of proteases with altered specificity. The ability to precisely engineer the

specificity of proteases could open up many opportunities to use proteases as therapeu-

tics. Several methods have been developed for protease substrate profiling, mostly using

chemically or biologically generated combinatorial libraries of substrates.

Chemical library-based methods

Most substrate profiling methods based on chemically generated libraries only enable

determination of prime and sometimes nonprime residues. Some methods make use

of sublibraries that consist of fluorogenic peptides. Examples are Positional Scanning

Synthetic Combinatorial Libraries (PS-SCL), in which each sublibrary contains one fixed

residue within the substrate sequence, whereas all other positions can contain any natural

amino acid [20]. A fluorogenic leaving group is attached to the scissile bond and the

fluorescence intensity of each sublibrary after proteolysis is then proportional to the

relative importance of the particular fixed amino acid. By using mixture-based oriented

peptide libraries it is possible to determine the prime and nonprime residues without

the use of fluorogenic peptides [21]. This is done in a two-step process of N-terminal

sequencing mixed substrate libraries after proteolysis. A drawback of both methods is

that they only provide information about average substrate preferences and importance

of single residues. However, cooperativity between different residues within the substrate

sequence can be of great importance for protease activity. Individual analysis of different

substrate sequences can be performed using microarray-based methods [22]. Arrays

that contain individual fluorogenic substrates in each spot that are incubated with the

protease of interest and, similar to PS-SCL, the fluorescence intensity of each pot is

proportional to the relative substrate preference.

Chemically generated substrate libraries are less costly and less complicated to produce

in comparison with biological libraries. However, a proteases specificity for a small

synthetic substrate may differ in the structural context of a protein [23]. Therefore,

in biological substrate libraries, the substrate sequence is typically located in between

different protein domains and expressed on an expression platform such as phage display

or bacterial cells.

Biological library-based methods

Phage display has previously been used for substrate profiling or determining substrate

specificity. In phage-based methods the protease substrate is typically located on the
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phage surface between an affinity tag and a coat protein [22]. When a phage library

is incubated with protease the phage particles that contain cleavable substrate are re-

leased and multiple rounds of panning can be performed. Bacterial expression platforms

have also been used for protease substrate profiling. Several bacteria-based methods

for substrate profiling have been developed that consist of a protease-reporter system

of some kind. Kostallas and colleagues developed a whole-cell method for quantitative

analysis of protease activity in vivo based on coexpression of short-lived fluorescent sub-

strates and the protease of interest in the cytoplasm of E.coli [5, 6]. In their method,

shown schematically in Figure A.2a, the protease rescues a short-lived fluorescent re-

porter from cytoplasmic degradation by site-specific cleavage of the substrate sequence

between the fluorescent protein and the degradation tag. In a similar method developed

by Sandersjöö and colleagues site-specific proteolysis is linked to antibiotic resistance,

as shown in Figure A.2b. The method is based on coexpression of the protease of inter-

est and a short-lived reporter which confers antibiotic resistance to the bacterial cells if

proteolysis occurs [7]. Both methods are promising due to their high throughput, which

equal the throughput of a flow cytometer or capacity of growing colonies on plates, re-

spectively. The fact that both the protease and substrate are coexpressed within the

same cell makes the methods very easy and eliminates the need of purification and

substrate transportation limitations. Especially the fluorescence-based method enables

quantitative analysis, which can be very useful when engineering proteases: clones that

exhibit the desired catalytic properties can be selectively enriched by setting appropri-

ate sorting gates in Fluorescence-Activated Cell Sorting (FACS). The same thing can

be achieved in the selective growth method by increasing antibiotics concentration and

thereby selection pressure.
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(a)

(b)

Figure A.2: Schematic overview of two substrate profiling methods based on
coexpression of a protease and a reporter. (a) GFP is released from an ssrA degra-
dation tag upon site-specific cleavage by the protease of interest (pathway I). Without
cleavage the reporter complex is degraded by ClpXP in the bacterial cytoplasm, result-
ing in a loss of whole-cell fluorescence (pathway II). (b) Site-specific proteolysis prevents
ClpXP-mediated degradation of Chloramphenicol acetyltransferase (CAT) which confers
resistance to Chloramphenicol (Cml) to the host cell (pathway I). Without cleavage CAT
is degraded and as a result the host cell is unable to grow on Cml plates (pathway II).
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Selection method for protease engineering

Present research aims to develop a novel selection methods for protease engineering based

on coexpression of a protease vector and a reporter vector in E.coli bacterial cells. The

reporter system consists of an aggregation-prone protein linked to a fluorescent protein.

The substrate for the protease of interest is situated between the two proteins flanked

by two peptide linkers and cleavage by the protease will cause seperation of the reporter

complex.

Bacterial protein expression

In a protease-reporter selection method the protease and reporter are cotransformed into

E.coli bacterial cells encoded in plasmids. Plasmids are small circular pieces of DNA

that replicate independently from the chromosomal DNA of the host cell. Although they

are mainly found in bacteria they also exist in archaea and some eukaryotes, such as

yeast or plants [36]. Naturally occuring plasmid typically provide the host cell with some

benefit for survival e.g. resistance to a particular antibiotic, something which is used in

biotechnological applications as well. Most plasmids for such lab applications are artifical

and have been designed to introduce foreign DNA into a cell. Apart from antibiotics

resistance some main components of lab-created plasmids are an origin of replication

(ORI), a selection marker, and a cloning site. In addition other components may be

added to the plasmid, such as restriction sites, primer binding sites and a promoter

region. The latter will be discussed in more detail as it is of particular interest for the

optimization of the proposed new selection method.

The promoter region is a collective name for the promoter (the binding site for RNA

polymerase) and the operators or response elements. Promoter regions control the bind-

ing of RNA polymerase and transcription factors and thereby control gene transciription

and subsequent protein expression. There exist different types of promoters, all located

upstream of their target gene. Promoters should be compatible with the host organism

that is being used and should be chosen based on its type of RNA polymerase. Regulated

promoters enable control of transcription as they can be activated chemically (induced)

or otherwise activated (light, heat, etc.). Such regulated promoters may be ”leaky”,

i.e. some transcription may occur without promoter induction, which can be a prob-

lem in case the protein is toxic to the host cell. Bacterial cells are typically induced

in the exponential growth phase, as they are alive and in a good condition to express

proteins.
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As E.coli is a well established host organism for protein expression, multiple different

regulatable promoters are available [24]. Two examples of positively regulatable pro-

moters are the L-rhanmnose operon and the L-arabinose operon. Both promoter regions

can be induced with the respective monosaccharides in a titratable fashion, i.e. there

is a correlation between inducer concentration and protein expression level. In both

cases the binding site of RNA polymerase is inaccessible due to DNA looping. Presence

and binding of the deoxy sugar starts a mechanism which results in an accessible RNA

polymerase binding site and beginning of transcription.

TEV protease

The genome of tobacco etch virus is translated to one single polyprotein which is then

processed by an internally encoded 27 kDA cleavage protein, also known as TEV protease

[25]. As its function is crucial to viral maturation, TEV protease exhibits a very stringent

sequence specificity. It recognises a sequence of seven amino acids with fixed positions

P6, P3, P1 and P1’: EXXYXQ↓S/G (where X can be any residue and the arrow indicates

the scissile bond). Glutamine is the P1 residue and Serine or Glycine are possible P1’

residues. The cleavage rate and efficiency of TEV protease are strongly effected by which

residues occupy positions P5, P4 and P2. Optimal cleavage is observed for substrate

sequence ENLYFQ↓S/G [26].

TEV protease is a cysteine protease, i.e. its catalytic mechanism involves a nucleophilic

cysteine (C151) thiol in the catalytic triad. The other residues in the catalytic triad

are His46 and Asp81. It has been shown that TEV protease undergoes self-cleavage

resulting in a truncated version with decreased activity [25]. Self-cleavage occurs after

residue 218 near the C-terminus of TEV protease and can be prevented by changing the

P1’ residue. Example of such autolysis-resistant yet active forms of TEV protease are

S219D and S219V. Another problem when it comes to biotechnological applications of

TEV protease is its poor solubility [27]. It has been found that this problem can be

overcome by producing TEVp as a C-terminal fusion to E.coli Maltose Binding Protein

(MBP) via a TEVp substrate [33]. The protease then cleaves itself off in vivo generating

a soluble and catalytically active domain. It seems as if MBP acts as some sort of

chaperone and fusion to MBP allows TEVp to fold into its native conformation without

accumulating as insoluble aggregates [14]. In their study Kapust and Waugh have shown

that aggregation of TEV protease likely occurs during, rather than after folding which

may explain the effect of the chaperone function of MBP during folding.
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Amyloid-β

Amyloid beta peptides, also known as Alzheimer’s peptides, play a key role in the de-

velopment of Alzheimer’s disease. As the peptides aggregate they form amyloid plaques

that have been found in the brains of Alzheimer’s patients. Aβ is produced through

cleavage of the amyloid precursor protein and is mainly present in the human body in

two alloforms, Aβ40 and Aβ42, which consist of 40 and 42 amino acids respectively

[28]. Compounds that inhibit Aβ aggregation may prove to be useful as therapeutic

agents for the treatment of Alzheimer’s disease. In an attempt to find such aggregation

inhibitors Aβ has previously been fused to GFP for a high-throughput screen [9]. In

the study Aβ42 caused the entire fusion protein to misfold which resulted in reduced

or diminished fluorescence. Functional aggregation inhibitors enabled proper folding of

GFP into the native state and therefore restored the fluorescent signal. A similar ap-

proach will be taken in the current research, in which the so-called Arctic Aβ will be

fused to EGFP. It has been found that the Arctic mutation, E22G, has been associated

with faster formation of protofibrils and aggregates more readily [29, 30].

Green Fluorescent Protein

In a publication from 1999 Waldo and colleagues showed that whole-cell fluorescence

of E.coli cells expressing GFP with a protein fused to its N-terminal is related to the

folding of the upstream fusion protein [10]. Their goal was to develop a thermally and

chemically robust, protein-based and genetically encodable reporter of protein folding

that did not require any exogenous cofactor. In their study Waldo and colleagues used

this method to evolve aggregation-prone proteins into soluble and functional proteins.

The strengths of this method are its simplicity and practicality: the reporter gives rise to

a signal that is directly proportional to the amount of correctly folded protein and thus

enables quantification. Enhanced GFP has two mutations compared to wild type: F64L

and S65T. These mutations have been reported to result in increased folding efficiency

at 37 degrees (F64L) and increased fluorescence, photostability, and a shift of the major

excitation peak to 488 nm (S65T) [31].

Flow cytometry

Flow cytometry is a powerful high-throughput technique often used in both clinical

settings and scientific research. It is based on the light-scattering properties of cells and

can provide insight in their characteristics and phenotype. Its many applications include
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identification of cell types in a heterogeneous population, analysis and quantification of

protein expression and protein surface display. The former is commonly used for clinical

applications such as blood sample analysis and cell counts [32]. In the frame of the

current research flow cytometry will be used to measure the whole-cell fluorescence and

quantify protease activity. A schematic overview of flow cytometry is shown in Figure

A.3. Its mechanism can be roughly divided into three systems: fluidics, optics and

electronics [35]. The fluidics system consists of a flow cell in which single cells are

hydrodynamically focused into the middle of a fluidic sheath which transports them to

the laser. The optics system consists of a laser beam (or a series of lasers) that can

focus lights of different wavelengths onto a detector. The electronics system consists

of a photomultiplier that amplifies the signal as well as a converter that converts the

detected light signals to electronic signals which can then be processed by a computer

[34].

As a single cell passes the laser beam, the light is scattered in all directions. The pat-

tern of light scattering depends on the cell’s physical properties such as size, surface

topography and intracellular structures. Forward-Scattered light (FSC) is proportional

Figure A.3: Schematic overview of the mechanism in flow cytometry. Cells
from the sample to be analyzed are forced into a stream of sheath fluid through hydro-
dynamic focussing. Individual cells that pass the laser beam are excited with light of the
appropriate wavelength and forward scatter, side scatter and emitted fluorescence are
detected.
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to cell-surface area and size and is detected just off the axis of the incident laser beam

in the forward direction. Side-scattered light (SSC) is proportional to cell granularity or

internal complexity and is detected in an angle of approximately 90 degrees to the inci-

dent laser beam. Correlated measurements of FSC and SSC can allow for differentiation

of cell types in a heterogeneous cell population.

A fluorescent particle absorbs light energy over a characteristic range of wavelengths

called the absorption spectrum. This energy absorption excites an electron which, upon

decay to the ground state, emits a photon. The range of emitted wavelengths is called

emission spectrum and consists of lower wavelengths than the absortpion spectrum. This

phenomenon, also known as fluorescence, can also be detected in flow cytometry. Cells

can fluoresce due to intracellular expression of fluorescent proteins or surface display of

fluorescent particles. In Fluorescence Activated Cell Sorting, cells can be sorted based

on their fluorescent properties. When cells exit the flow cell through a nozzle, droplets

containing one single cell are formed and the droplet is given a charge based on the

fluorescent signal of the cell it contains. When passing charged plates after exiting the

nozzle, the droplets are either guided to one of multiple collection tubes or discarded

based on their charge.
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