
Schlüsseltechnologien / Key Technologies
Band / Volume 225
ISBN 978-3-95806-502-4

Schlüsseltechnologien / Key Technologies
Band / Volume 225
ISBN 978-3-95806-502-4

Single-Molecule Characterization of FRET-based Biosensors 
and Development of Two-Color Coincidence Detection
Henning Höfig

225

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
B

io
se

ns
or

s 
an

d 
C

oi
nc

id
en

ce
 D

et
ec

tio
n

H
en

ni
ng

 H
öfi

g



Forschungszentrum Jülich GmbH
Institut für Biologische Informationsprozesse
Zelluläre Strukturbiologie (IBI-6)

Single-Molecule Characterization of  
FRET-based Biosensors and Development 
of Two-Color Coincidence Detection

Henning Höfig

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 225

ISSN 1866-1807 ISBN 978-3-95806-502-4



Contents

List of Publications III

Abstract V

Zusammenfassung VII

List of Figures XIII

List of Tables XV

List of Acronyms XVII

1 Introduction 1

2 Materials and Instrumentation 5
2.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Fluorescent Dyes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Fluorescent Beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

TetraSpeck Beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Nano-Beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.3 DNA Oligonucleotides . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.4 FRET-Based Biosensors . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.5 Dye-Labeled Glucose Binding Protein MglB . . . . . . . . . . . . . . . 6
2.1.6 Cell-Free Protein Synthesis System . . . . . . . . . . . . . . . . . . . . 6

2.2 Bu�ers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Photoprotection Additives . . . . . . . . . . . . . . . . . . . . . . . . . 8

Dye-Labeled Glucose Binding Protein . . . . . . . . . . . . . . . . . . 8
Cell-Free Protein Synthesis System . . . . . . . . . . . . . . . . . . . . 8

2.3 Cover Slip Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 List of Confocal Microscope Components . . . . . . . . . . . . . . . . . . . . . 9
2.5 Spectrometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.6 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Theory and Methods 13
3.1 Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.1 Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Jablonski Diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14



X Contents

Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Quantum Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Lifetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Photostability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.2 Förster Resonance Energy Transfer (FRET) . . . . . . . . . . . . . . . . 19
3.1.3 Fluorescent Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Confocal Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.2 Gaussian Beam Optics and the Molecular Detection Function . . . . . 26
3.2.3 Time-Correlated Single Photon Counting (TCSPC) . . . . . . . . . . . 28
3.2.4 Pulsed Interleaved Excitation (PIE) . . . . . . . . . . . . . . . . . . . . 29
3.2.5 Fluorescence Correlation Spectroscopy (FCS) . . . . . . . . . . . . . . 30

3.3 Single-Molecule Detection of Freely-Di�using Fluorescent Biomolecules . . . 33
3.3.1 Why Single-Molecule Measurements? . . . . . . . . . . . . . . . . . . 33
3.3.2 Requisites for Single-Molecule Detection: The Signal-to-Background

Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.3 Work�ow of a Single-Molecule Experiment . . . . . . . . . . . . . . . 36

4 Genetically-Encoded FRET-Based Biosensors 39
4.1 Introduction to Biosensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Sensing Principles of Genetically-Encoded FRET-Based Biosensors . . . . . . . 41
4.3 Design of Genetically-Encoded FRET-Based Biosensors . . . . . . . . . . . . . 43
4.4 Biosensor for Determination of Glucose Concentration . . . . . . . . . . . . . 44
4.5 Ensemble Read-Out of Biosensor Signal . . . . . . . . . . . . . . . . . . . . . . 45
4.6 Biosensor for Determination of Macromolecular Crowding . . . . . . . . . . . 47
4.7 Response of Glucose Biosensor to Crowding Conditions . . . . . . . . . . . . . 49
4.8 Limitations of Ensemble Characterization . . . . . . . . . . . . . . . . . . . . . 52
4.9 Single-Molecule Measurements of Genetically-Encoded FRET-Based Biosensors 55

4.9.1 Experimental Realization . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.9.2 Determination of Correction Parameters � , � ,  . . . . . . . . . . . . . 58
4.9.3 Correction for PEG 6,000 Background . . . . . . . . . . . . . . . . . . 62
4.9.4 Single-Molecule Characterization of Glucose Biosensor . . . . . . . . . 62
4.9.5 Performance of Glucose Biosensor . . . . . . . . . . . . . . . . . . . . 66
4.9.6 Single-Molecule Characterization of Biosensors in Crowding Conditions 69
4.9.7 Reproducibility and Sample-to-Sample Variations . . . . . . . . . . . . 74
4.9.8 Consistency of Single-Molecule and Ensemble Data . . . . . . . . . . . 74

4.10 Comparison of Fluorescent Protein-Equipped Versus Dye-Labeled Biosensors 77
4.10.1 Accessible Volume Calculation for Dye Attachment to Glucose Binding

Protein MglB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.10.2 Single-Molecule Characterization of Dye-Labeled Glucose Biosensor . 78



Contents XI

5 Brightness-Gated Two-Color Coincidence Detection (BTCCD) 83
5.1 Introduction to Two-Color Coincidence Detection . . . . . . . . . . . . . . . . 83
5.2 Imperfect Overlap of Confocal Volumes Causes Underestimated Coincidence . 84
5.3 Basic Idea of Brightness Gating . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.4 Implementation of Brightness-Gated Two-Color Coincidence Detection . . . . 87

5.4.1 Determination of Optimal Brightness Threshold . . . . . . . . . . . . . 90
5.4.2 Fitting of Coincidence Fraction Curves . . . . . . . . . . . . . . . . . . 91
5.4.3 Global Coincidence Analysis . . . . . . . . . . . . . . . . . . . . . . . 91

5.5 Reference Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.5.1 TetraSpeck Beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.5.2 Nano-Beads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5.3 Double-Stranded DNA Labeled with Alexa 488 and Atto 647N . . . . . 95
5.5.4 Double-Stranded DNA Labeled with Alexa 488 and Alexa 647 . . . . . 96

5.6 Benchmark with Conventional Two-Color Coincidence Detection . . . . . . . 97
5.7 Testing the Limits of BTCCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.7.1 Dependency on Burst Detection Parameters . . . . . . . . . . . . . . . 99
5.7.2 Dependency on Laser Power and Photobleaching . . . . . . . . . . . . 103
5.7.3 Minimal Measurement Time . . . . . . . . . . . . . . . . . . . . . . . . 105

5.8 Impact of Chance Coincidence Events . . . . . . . . . . . . . . . . . . . . . . . 107
5.8.1 Chance Coincidences in BTCCD . . . . . . . . . . . . . . . . . . . . . 109
5.8.2 Experimental Characterization of Chance Coincidence . . . . . . . . . 110
5.8.3 Correction for Chance Coincidences . . . . . . . . . . . . . . . . . . . 112

5.9 Coincidence Analysis of FRET-Based Biosensors . . . . . . . . . . . . . . . . . 113
5.10 Investigation of Protein Translation . . . . . . . . . . . . . . . . . . . . . . . . 116

5.10.1 Ribosomes as the Center of Protein Synthesis . . . . . . . . . . . . . . 116
5.10.2 Stalling E�ciency and Activity . . . . . . . . . . . . . . . . . . . . . . 117
5.10.3 Translation Initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6 Conclusion and Outlook 125
6.1 Genetically-Encoded FRET-Based Biosensors . . . . . . . . . . . . . . . . . . . 125
6.2 Brightness-Gated Two-Color Coincidence Detection . . . . . . . . . . . . . . . 128

Bibliography 131

A Appendix: FRET-Based Biosensors 143

B Appendix: Two-Color Coincidence Detection 151

Acknowledgment 161



Schlüsseltechnologien / Key Technologies
Band / Volume 225
ISBN 978-3-95806-502-4

Schlüsseltechnologien / Key Technologies
Band / Volume 225
ISBN 978-3-95806-502-4

Single-Molecule Characterization of FRET-based Biosensors 
and Development of Two-Color Coincidence Detection
Henning Höfig

225

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
B

io
se

ns
or

s 
an

d 
C

oi
nc

id
en

ce
 D

et
ec

tio
n

H
en

ni
ng

 H
öfi

g


	List of Publications
	Abstract
	Zusammenfassung
	List of Figures
	List of Tables
	List of Acronyms
	Introduction
	Materials and Instrumentation
	Samples
	Fluorescent Dyes
	Fluorescent Beads
	TetraSpeck Beads
	Nano-Beads

	DNA Oligonucleotides
	FRET-Based Biosensors
	Dye-Labeled Glucose Binding Protein MglB
	Cell-Free Protein Synthesis System

	Buffers
	Photoprotection Additives
	Dye-Labeled Glucose Binding Protein
	Cell-Free Protein Synthesis System


	Cover Slip Preparation
	List of Confocal Microscope Components
	Spectrometers
	Software

	Theory and Methods
	Fluorescence
	Principles
	Jablonski Diagram
	Absorption
	Emission
	Quantum Yield
	Lifetime
	Anisotropy
	Photostability

	Förster Resonance Energy Transfer (FRET)
	Fluorescent Proteins

	Confocal Microscopy
	Setup
	Gaussian Beam Optics and the Molecular Detection Function
	Time-Correlated Single Photon Counting (TCSPC)
	Pulsed Interleaved Excitation (PIE)
	Fluorescence Correlation Spectroscopy (FCS)

	Single-Molecule Detection of Freely-Diffusing Fluorescent Biomolecules
	Why Single-Molecule Measurements?
	Requisites for Single-Molecule Detection: The Signal-to-Background Ratio
	Workflow of a Single-Molecule Experiment


	Genetically-Encoded FRET-Based Biosensors
	Introduction to Biosensors
	Sensing Principles of Genetically-Encoded FRET-Based Biosensors
	Design of Genetically-Encoded FRET-Based Biosensors
	Biosensor for Determination of Glucose Concentration
	Ensemble Read-Out of Biosensor Signal
	Biosensor for Determination of Macromolecular Crowding
	Response of Glucose Biosensor to Crowding Conditions
	Limitations of Ensemble Characterization
	Single-Molecule Measurements of Genetically-Encoded FRET-Based Biosensors
	Experimental Realization
	Determination of Correction Parameters , , 
	Correction for PEG 6,000 Background
	Single-Molecule Characterization of Glucose Biosensor
	Performance of Glucose Biosensor
	Single-Molecule Characterization of Biosensors in Crowding Conditions
	Reproducibility and Sample-to-Sample Variations
	Consistency of Single-Molecule and Ensemble Data

	Comparison of Fluorescent Protein-Equipped Versus Dye-Labeled Biosensors
	Accessible Volume Calculation for Dye Attachment to Glucose Binding Protein MglB
	Single-Molecule Characterization of Dye-Labeled Glucose Biosensor


	Brightness-Gated Two-Color Coincidence Detection (BTCCD)
	Introduction to Two-Color Coincidence Detection
	Imperfect Overlap of Confocal Volumes Causes Underestimated Coincidence
	Basic Idea of Brightness Gating
	Implementation of Brightness-Gated Two-Color Coincidence Detection
	Determination of Optimal Brightness Threshold
	Fitting of Coincidence Fraction Curves
	Global Coincidence Analysis

	Reference Samples
	TetraSpeck Beads
	Nano-Beads
	Double-Stranded DNA Labeled with Alexa 488 and Atto 647N
	Double-Stranded DNA Labeled with Alexa 488 and Alexa 647

	Benchmark with Conventional Two-Color Coincidence Detection
	Testing the Limits of BTCCD
	Dependency on Burst Detection Parameters
	Dependency on Laser Power and Photobleaching
	Minimal Measurement Time

	Impact of Chance Coincidence Events
	Chance Coincidences in BTCCD
	Experimental Characterization of Chance Coincidence
	Correction for Chance Coincidences

	Coincidence Analysis of FRET-Based Biosensors
	Investigation of Protein Translation
	Ribosomes as the Center of Protein Synthesis
	Stalling Efficiency and Activity
	Translation Initiation


	Conclusion and Outlook
	Genetically-Encoded FRET-Based Biosensors
	Brightness-Gated Two-Color Coincidence Detection

	Bibliography
	Appendix: FRET-Based Biosensors
	Appendix: Two-Color Coincidence Detection
	Acknowledgment
	Leere Seite
	Leere Seite



