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Abstract

Models used in physics, chemistry and biology are often based on a single-molecule

description. During the last decade it became possible to detect single chromophores

and to measure some of their physical and chemical properties. Measurements on

single molecules directly provide the distribution and the time trajectory of an ob-

servable. This is an essential advantage over ensemble experiments, which yield only

mean values, averaged over a whole population of molecules. In this thesis, estab-

lished and newly developed methods in single-molecule fluorescence spectroscopy

are applied to study single membrane proteins.

A new method is presented to determine the three-dimensional orientation of

single molecules by wide-field microscopy, called three-dimensional optical polariza-

tion tomography (3D-OPTO). The molecules are sequentially illuminated from two

different directions of incidence with altogether five polarization directions. The

detected single-molecule intensity in these five images gives sufficient information

to determine the 3D orientation of the absorption dipole of single fluorophores, em-

bedded in a thin polymer film.

In confocal microscopy molecules are analyzed one after the other. Compared

to wide-field microscopy it has a higher signal-to-background ratio and offers the

possibility to investigate much more parameters with multi-channel detection. Us-

ing pulsed laser excitation and time-correlated single photon counting (TCSPC),

the determination of 13 independent parameters of one single molecule by multi-

parameter fluorescence spectroscopy (MFS) is demonstrated. Time-resolved emis-

sion spectroscopy is performed on single chromophores for the first time.
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In order to identify and distinguish single fluorophores, the ability to discrim-

inate different dyes after a low number of detected photons is important due to

the relatively high bleaching rate of dyes used in biological applications. Including

the spectral characteristics of different dyes to the analysis of their different fluores-

cence lifetime the single molecule identification efficiency could be improved by one

order of magnitude. On average less than 500 photons provide 99.9% confidence to

identify one type of dye out of four.

Exploiting multi-parameter fluorescence spectroscopy, conformational changes

of a membrane protein are investigated in vitro by fluorescence quenching. The

sodium dependent citrate carrier CitS is labeled close to the putative citrate binding

site. Upon addition of citrate complete fluorescence quenching of the majoritiy of

molecules is observed, indicating a citrate-induced conformational change of loop

X-XI of CitS. Strong evidence for a homodimeric association of CitS is provided

from a two-color experiment and dual-labeling of CitS.

Rotation of ATP synthase F0F1 is studied during ATP synthesis for the first

time. The holoenzyme is incorporated in liposomes, immobilized, and labeled by a

single fluorophore at one of the c subunits. Structural integrity is confirmed by spe-

cific inhibition of the rotation, which was not possible in previous experiments. The

functionally active F0F1 holoenzyme shows a coupled rotational behaviour during

ATP hydrolysis: with no Na+ present in the buffer, rotation can not be observed

even at high ATP levels. Monte-Carlo simulations suggest that under Na+ and ATP

saturated conditions, the ATP/ADP turnover is rate-limiting in both modes, ATP

synthesis and hydrolysis.



Zusammenfassung

Modelle in Physik, Chemie und Biologie basieren oft auf einer Einzelmo-

lekülbeschreibungen . Während des letzten Jahrzehnts wurde es möglich, einzelne

Farbstoffmoleküle zu detektieren und einige ihrer physikalischen und chemischen Ei-

genschaften zu messen. Messungen an einzelnen Molekülen ermöglichen die Bestim-

mung der Verteilung und der Zeitreihe einer Observablen. Dies ist ein essenzieller

Vorteil gegenüber Experimenten an Ensemblen, die nur Mittelwerte über eine ganze

Population von Molekülen liefern. In dieser Arbeit werden etablierte und neu ent-

wickelte Methoden der Einzelmolekülfluoreszenzspektroskopie angewandt, um ein-

zelne Membranproteine zu studieren.

Eine neue Methode wird präsentiert, um die dreidimensionale Orientierung ein-

zelner Moleküle durch Weitfeldmikroskopie zu bestimmen, die sogenannte Dreidi-

mensionale Optische Polarisationstomographie (3D-OPTO). Die Moleküle werden

nacheinander unter zwei verschiedenen Einfallsrichtungen mit insgesamt fünf Po-

larisationsrichungen beleuchtet. Die detektierte Intensität der einzelnen Moleküle

in diesen fünf Bildern gibt ausreichend Information, um die dreidimensionale Ori-

entierung des Absorptionsdipols einzelner Farbstoffmoleküle, die in einem dünnen

Polymerfilm eingebettet sind, zu bestimmen.

In der Konfokalmikroskopie wird ein Molekül nach dem anderen analysiert.

Verglichen mit Weitfeldmikroskopie erreicht man ein höheres Verhältnis von Signal

zu Hintergrund, und es eröffnet die Möglichkeit mehrere Parameter durch Vielka-

naldetektion zu untersuchen. Unter Benutzung von gepulster Laseranregung und

zeitkorrelierter Einzelphotondetektion wird die Bestimmung von 13 unabhängigen

Parametern eines einzelnen Moleküls durch Multiparameterfluoreszenzspektroskopie



x Zusammenfassung

(MFS) demonstriert. Zeitaufgelöste Emissionsspektroskopie wird zum ersten mal an

einzelnen Farbstoffmolekülen durchgeführt.

Um einzelne Farbstoffmoleküle zu identifizieren und zu unterscheiden ist es auf-

grund der relativ hohen Bleichrate der in biologischen Anwendungen verwendeten

Farbstoffe notwendig verschiedene Farbstoffe schon nach wenigen Photonen von-

einander trennen zu können. Durch Berücksichtigung der spektralen Charakteristik

verschiedener Farbstoffe zusätzlich zu den verschiedenen Fluoreszenzlebensdauern

konnte die Identifizierungseffizienz einzelner Moleküle um eine Grössenordnung ver-

bessert werden. Durchschnittlich weniger als 500 Photonen reichen aus, um mit

einer Sicherheit von 99.9% einen bestimmten Farbstoff aus einer Menge von vier zu

identifizieren.

Unter Verwendung von Multiparameterfluoreszenzspektroskopie werden Kon-

formationsänderungen eines Membranproteins mit Hilfe von Fluoreszenzlöschung

untersucht. Der natriumabhängige Zitrattransporter CitS ist nahe der mutmassli-

chen Zitratbindungsstelle markiert. Nach Zugabe von Zitrat wurde die vollständige

Löschung der Fluoreszenz bei der Mehrheit der Moleküle beobachtet, was auf ei-

ne zitratinduzierte Konformationsänderung der Schleife X-XI von CitS hindeutet.

Anhand eines eines Zweifarbexperiments können starke Hinweise für eine homodi-

merische Assoziation von CitS erbracht werden.

Die Rotation von ATP Sythase F0F1 wird zum ersten mal während der Syn-

these von ATP studiert. Das Holoenzym ist in Liposomen eingebettet, immobilisiert

und mit einem einzelnen Farbstoffmolekül an einer der c-Untereinheiten markiert.

Die strukturelle Integrität wird durch spezifische Inhibition der Drehung bestätigt,

was in bisherigen Experimenten nicht gelang. Das funktionell aktive F0F1 Holoen-

zym zeigt gekoppeltes Rotationsverhalten während der ATP Hydrolyse: Unter der

Abwesenheit von Na+ im Puffer konnte sogar bei einer hohen ATP Konzentrati-

on keine Rotation beobachtet werden. Monte-Carlo Simulationen weisen darauf hin,

dass unter Na+ und ATP gesättigten Bedingungen der ATP/ADP Umsatz in beiden

Modi ratenlimitierend ist, sowohl während ATP Synthese, als auch während ATP

Hydrolyse.



1. General Introduction

A molecule is the smallest possible portion of a particular substance.

No one has ever seen or handled a single molecule. Molecular science,

therefore, is one of those branches of study which deal with things in-

visible and imperceptible by our senses, and which cannot be subjected

to direct experiment.

James Clerk Maxwell (1831-1879),

Nature 8, 437-41 (1873)
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1.1 Historical survey

Already in 1976 the first fluorescence observation of a single polymer molecule has

been reported, labeled by hundreds of chromophores [1]. In the same year, Sak-

man and Neher measured the current through a single ion channel by patch-clamp

techniques [2], for which they received the 1991 Nobel Prize for medicine. The

development of scanning probe techniques then gave birth to the field of nanotech-

nology and proved atomic resolution on solid surfaces [3, 4]. A short time later two

groups reported the spectroscopic observation of single dye molecules embedded in

an organic crystal at low temperature [5, 6]. The first individual fluorophores at

room temperature have been detected in 1990 by Shera et al. [7] when they focused

a laser beam into a diluted liquid sample stream. The first fluorescence image of

single molecules was obtained 1993 by Betzig et al. [8] using near-field microscopy.

Since then the field of single-molecule detection has developed rapidly to a state of

maturity (for reviews see for example [9–14] ).

Right from the beginning it has been realized that a very powerful applica-

tion of single-molecule studies are biological systems [15]. In one of the first ex-

periments Schafer et al. [16] tracked a nano-sized gold particles attached to single

RNA-polymerase and measured its movement along the DNA template by light

microscopy. Single-molecule manipulation experiments then were the first to an-

swer relevant biological questions. The elasticity of single DNA double strands has

been determined using magnetic tweezers to measure force-extension curves at sub-

piconewton load [17]. Adheason forces between individual ligand-receptor pairs have

been measured with an atomic force microscope (AFM) [18], initiating a series of

AFM and optical tweezers experiments studying molecular motors [19–23], protein-

protein interactions [24,25], protein structure [26,27], and protein folding [28–34].

Optical studies of single fluorophores on biological samples started to provide

relevant results in 1995 with the direct observation of moving single kinesin motor

proteins on microtubules [35,36]. Since then, single-chromophore experiments were

used to investigate structural heterogeneities in lipid membranes [37, 38], uncorre-

lated dynamics in motor proteins [22, 39, 40] or trans-membrane proteins in living
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cells [41], and intermediates in elementary chemical [42, 43] and protein folding re-

actions [44,45].

1.2 Why single-molecule experiments?

By definition, single-molecule experiments do not suffer from conventional ensemble

averaging. Instead, the whole distribution of a property can be recorded. For exam-

ple, following a chemical reaction reveals each individual reaction step instead of the

overall kinetic rate measured e.g. by stopped-flow techniques. Therefore, individual

differences (static heterogeneities) and temporal changes (dynamic heterogeneities)

can be detected and distinguished. Another consequence of the absence of averag-

ing in single-molecule experiments is the possibility to select individual molecules

with desired properties out of an ensemble [33]. In fluorescence experiments, this

selection can be performed in space, time, energy, and polarization. Since the fluo-

rescence properties of chromophores can be affected by changes in their local nano-

environment, they can be used as very sensitive, non-invasive sensors. Because of

the ultimate sensitivity of single-molecule detection, it is also a valuable tool for

trace analysis of rare substances.

From a physico-chemical point of view, proteins have a complex hierarchical

structure and show relevant dynamics on a wide range of time-scales. To study

their complex dynamics and function it is therefore desired to use a probe as simple

as possible: a single dye molecule attached to a single protein. By fluorescence mi-

croscopy/spectroscopy the following parameters can be determined for each photon

as a function of time: The position of its emission, the emission rate, the emission

wavelength, the arrival time after pulsed excitation, and the polarization. These

parameters can then be related to biologically relevant information. For instance,

from co-localization studies of one dye with respect to another dye attached to

a different protein, affinity assays are constructed [46]. Time-resolved monitoring

of the position or the polarization reveals translational or rotational mobility [37].

Conformational differences and changes, folding and unfolding can be observed by

fluorescence resonance energy transfer [44], which is a sensitive ruler on a nanometer
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scale [47]. Fluorescence quenching, as well as spectral or lifetime shifts, induced by

changes of the fluorophore’s environment are used to monitor dynamical processes

in proteins [48].

The quantities obtained in fluorescence experiments are often not independent

from each other. In order to draw unambiguous conclusions from experimental

results, it is therefore desirable to get as much information as possible with high

efficiency and time-resolution.

1.3 Outline

In this thesis established and newly developed methods of single-molecule fluores-

cence spectroscopy are utilized to study structural and functional features in pro-

teins.

The basic topics of fluorescence spectroscopy are described in chapter 2, as far

as they are covered in this thesis. After the theoretical survey, technical and material

requirements are listed that enable the efficient detection of single molecules.

Wide-field microscopy offers the advantage to analyze many molecules in par-

allel and to observe translational motion of these molecules. We have developed

a new method to determine the three-dimensional orientation of single molecules

by wide-field microscopy, called three-dimensional optical polarization tomography

(3D-OPTO). The molecules are sequentially illuminated from two different direc-

tions of incidence with altogether five polarization directions. As shown in chapter 3,

the single-molecule emission intensity in these five images gives sufficient information

to determine the 3D orientation of the absorption dipole of single molecules.

In confocal microscopy molecules are analyzed one after the other. Compared

to wide-field microscopy it has a higher signal-to-background ratio and offers the

opportunity to investigate a variety of parameters with multi-channel detection.

Together with pulsed laser excitation and time-correlated single photon counting

(TCSPC), the determination of 13 independent parameters of one single molecule by

multi-parameter fluorescence spectroscopy (MFS) is demonstrated (chapter 4). The
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combined methods enable the determination of the 3D orientation of the absorption

dipole [49]. Nanosecond time-resolved emission spectroscopy of single fluorophores

is performed for the first time.

Another application of multi-parameter fluorescence spectroscopy is single

molecule identification (chapter 5). Including the spectral characteristics of differ-

ent dyes to the analysis of their different fluorescence lifetimes, the single molecule

identification efficiency is improved by one order of magnitude. The analysis is done

on a photon-by-photon basis and can be stopped, whenever enough photons are

counted to exceed the identification threshold. The ability to discriminate different

dyes after a low number of detected photons is important due to the relatively high

photo-destruction quantum yield of dyes used in biological applications.

Fluorescence quenching is used in chapter 6 to detect conformational changes

of a membrane protein in vitro. The sodium dependent citrate carrier CitS is la-

beled specifically close to the putative citrate binding site. Upon addition of citrate

complete fluorescence quenching of the majoritiy of molecules was observed, indicat-

ing a citrate-induced conformational change of the fluorophore-containing domain of

CitS. A two-color experiment with dual-labeled CitS-sC398-Alexa546/568 provides

strong evidence for a homodimeric association of CitS.

In the last chapter, the rotary motor protein and ATP synthase F0F1 is studied

during ATP synthesis for the first time. It is labeled by a single fluorophore at

one c subunit, immobilized, and incorporated in liposomes. Rotation is detected

by polarization-resolved confocal microscopy. Structural integrity is confirmed by

specific inhibition of the rotation, which was not possible in previous experiments.

Under ATP hydrolysis conditions we see step-wise rotation at low ATP concentration

and a fast fluctuating orientation at high ATP concentration. With no Na+ present

in the buffer, rotation could not be observed even at high ATP levels. This finding

proves the tight chemo-mechanical coupling of the F0 and the F1 part. Monte-Carlo

simulations suggest that under ATP saturated conditions, the ATP/ADP turnover

is rate-limiting in both modes, ATP synthesis and hydrolysis.
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2. Fundamentals of

Single-Molecule Spectroscopy

The fundamentals of the technique of fluorescence spectroscopy are dis-

cussed. A number of theoretical models are introduced to describe the pro-

cesses observed in fluorescence spectroscopy at room-temperature. The main

requirements for performing single-molecule spectroscopy are then explained

in terms of instrumentation and fluorophores that can be used.



8 2. Fundamentals of Single-Molecule Spectroscopy

2.1 Introduction to Fluorescence

Luminescence is the emission of light from any substance from an electronically ex-

cited state. Fluorescence is luminescence from an excited singlet state, phosphores-

cence is luminescence from a triplet state. The latter is spin-forbidden and therefore

has a much longer lifetime (∼ 10−5 − 100 s) than the former (∼ 10−9 − 10−8 s) [50].

Fluorescent molecules are usually aromatic ring systems or conjugated linear

systems. They absorb light by transition to an electronically excited state in about

1 fs, a time too short for significant displacement of nuclei. This is manifested

in the Franck-Condon principle. In each electronic energy level there are several

vibrational levels. At room temperature thermal energy is not sufficient to populate

higher vibrational states and absorption occurs from the vibrational ground state.

Following absorption, a fluorophore is usually excited to some higher vibrational

level and rapidly relaxes to its lowest vibrational state of the electronic excited

state (1 ps or less). Emission in turn starts from the lowest-energy excited state to

any vibrational substate of the electronic ground state, where the dye again relaxes

quickly. The energy difference between excitation and emission is called Stokes’

shift. Additional shifts can be caused by interaction of the dye molecule with its

environment (solvent shift). Since the emission wavelength usually differs from the

absorption wavelength, stimulated emission can be neglected in most cases.

Because of the rapid relaxation in the excited state, emission spectra are gen-

erally independent of the excitation wavelength. They are, in fact, mirror images of

the excitation spectra, shifted by the Stokes’ shift. This is a result of the similarity

of the vibrational levels in the ground and the excited state. Exceptions to this rule

occur, for example, due to atomic rearrangements in the excited state.

2.1.1 Three-level Model

At room-temperature it is sufficient to describe the interaction of a fluorophore

with an electro-magnetic field, in principle described by the quantum mechanical

Bloch equations [51,52], by a three-level model and the corresponding rate equations
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(Fig. 2.1). All coherence is supposed to be lost due to perturbations from the

surrounding medium (dephasing).

S0

S1

T

k01 k10 kic

kISC

kT

Figure 2.1: Three-level
system to describe
fluorescence dynamics
at room-temperature.
Ground state S0, first
excited singlet state S1,
and the triplet state T .
For further explanations,
see text.

The rate of absorption is k01 = σI/h̄ω, with the absorption cross section σ,

the excitation intensity I, and the photon energy h̄ω. Photons are emitted at the

rate k10, the inverse of the singlet state lifetime. Non-radiative decay channels from

S1 to S0 lead to the rate of internal conversion kic. In the case of single-molecules

experiments internal conversion is small and shall be neglected hereafter. From the

excited state the dye can perform transitions to the triplet state at the inter-system

crossing rate kISC, and back at the triplet relaxation rate kT.

The differential equations describing the time evolution of the probability Pi

that state i is occupied are:

Ṗ0 = −k01P0 + k10P1 + kTPT

Ṗ1 = k01P0 − k10P1 − kISCP1

PT = 1− P0 − P1.

(2.1)

This can be transformed into a two-dimensional linear inhomogeneous first order

differential equation,

d

dt




P0

P1


 =




−k01 − kT k10 − kT

k01 −k10 − kISC






P0

P1


+




kT

0


 , (2.2)
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which can be solved analytically. Assuming the initial condition P0(t = 0) = 1, the

solution for P1(t) can be written in the form

P1(t) = C

{
1−
(
B

C
+ 1

)
es1t +

B

C
es2t
}
. (2.3)

Assuming k01, k10 � kISC, kT, which is the case at least in single-molecule experi-

ments, we arrive after some approximations at

s1 ≈ − (k01 + k10 + kISC + kT)

s2 ≈ −kT − k01kISC

k01+k10

C =
{

kISC

kT
+ k10

k01
+ 1
}−1

B
C
≈ k01kISC

kT (k01+k10)

. (2.4)

The dynamics of fluorophores on all time-scales is best described by the autocorre-

lation function (ACF), which is related to P1 by

ACF (t) = k01P1(t). (2.5)

The ACF can be interpreted as the probability of a photon being emitted at time

t+ t′, given a photon has been emitted at time t′. The general definition of the ACF
is

ACF (t) =
〈I(t′)I(t′ + t)〉

〈I(t′)〉2 . (2.6)

Figure 2.2 shows a typical ACF. At short time lags the probability of detecting

a second photon after detection of a first photon is vanishing, due to the finite singlet

state lifetime of the fluorophore and the finite rate of excitation. This phenomenon

is called anti-bunching. At long time lags the amplitude of the ACF is again low due

to excursions of the dye into the triplet state (bunching). As a result the fluorescence

intensity shows bright (on-times) and dark periods (off-times).
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Figure 2.2: Autocorrelation
function (Eq. 2.6) with the
approximations in Eq. 2.4.
The rates used for computa-
tion were: k01 = 109 s−1,
k10 = (3 ns)−1, kISC =
(50 µs)−1, kT = (100µs)

−1.

Considering the stationary case of Eqn. 2.1 (Ṗ1 = Ṗ2 = Ṗ3 = 0), the solution is

much more straight forward. The photon emission rate R = k10〈P1〉 then reads

R =
k10

k10+kISC

k01
+ 1 + kISC

kT

. (2.7)

R shows a saturation behaviour with increasing excitation intensity. At the limit of

infinite intensity, we get

R∞ =
k10

kISC

kT
+ 1

. (2.8)

With the definition

IS =
h̄ωkT
σ

k10 + kISC
kT + kISC

(2.9)

Eqn. 2.7 can be rewritten to the simple form

R = R∞
1

1 + IS
I

. (2.10)

We can now look at the behaviour of this function for low intensities. Then, as I → 0,

R0 = σIYF/h̄ω, with the fluorescence quantum yield YF =
k10

k10+kISC
. Likewise, the

inter-system crossing yield is defined as YISC =
kISC

k10+kISC
.

When kISC is set to zero, we arrive at the simpler two-level system. Including

internal conversion, we get R∞ = k10, IS =
h̄ω
σ
(k10 + kic), and R0 =

σI
h̄ω

k10

k10+kic
.
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2.1.2 Dipole Model

In classical electro-dynamic theory an electronic transition between a ground state

and an excited state is described by an oscillating dipole. The dipole is interacting

with the electric field of the exciting light. The rate of absorption R is

R =
σI

h̄ω

∣∣∣d̂ ◦ Ê∣∣∣ , (2.11)

where σ is the absorption cross section, I is the intensity, and h̄ω is the energy of

the excitation light. d̂ and Ê are the unit vectors parallel to the dipole moment and

the electric field, respectively.

In other words, the absorption rate is proportional to the projection of the

electric field vector onto the absorption dipole moment. This fact will be exploited

in chapter 3 to measure the three-dimensional orientation of individual fluorophores.

2.1.3 Time-resolved Fluorescence Spectroscopy

Fluorescence Lifetime

Measurement of the fluorescence lifetime provides valuable information on the prop-

erties of a dye molecule. Different fluorophores, for example, have different lifetimes

and can thus be distinguished (see chapter 5). The time-course of the fluorescence

intensity can be reconstructed by using either pulsed (time domain) or modulated

excitation (frequency domain) [50]. In this work time domain measurements have

been performed exclusively and frequency domain measurements will not be dis-

cussed.

If a single molecule is excited by a laser pulse much shorter than the fluorescence

lifetime it absorbs either one or no photon. The time until it subsequently emits

a photon is exponentially distributed according to its excited state lifetime. From

a histogram of these arrival times the lifetime can be extracted. Typical values of

dyes suitable for single-molecule detection are 1 to 10 ns. Therefore pulses of 150

ps duration are sufficiently short.
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At present almost all time domain measurements are performed using time-

correlated single photon counting (TCSPC) [50]. To measure the arrival times a

time-to-amplitude converter (TAC) is used. This device works like a fast stopwatch

which is started by one pulse and stopped by another. It is run in the reversed

start/stop mode: each photon from the fluorophore starts the TAC, which is then

stopped by a synchronization pulse from the laser pulse. The TAC produces an

output pulse whose height is proportional to the time between the two pulses.

In ensemble experiments TCSPC is affected by the so-called pulse pile-up. Since

the TAC is started by the first detected photon, the apparent decay time becomes

shorter and the decay becomes nonexponential as the number of arriving photons

increases. Emission is a random event, therefore the first photon photon arrives at

earlier times for a larger number of arriving photons. In the limit of infinite ex-

citation intensity the arrival time histogram only reflects the instrument response

function composed of the pulse rise-time and the time jitter of all electronic compo-

nents. A single molecule with nanosecond lifetime can not absorb a second photon

of a picosecond excitation pulse. Thus, pulse pile-up is completely avoided in single-

molecule experiments.

The time window in which properties of single molecules can be studied ranges

from about 0.1 to 10 ns. The lower limit is set by the time resolution of the in-

strument, the upper limit by the repetition rate of the laser and the lifetime of the

fluorophores. The measured intensity decay is actually a convolution of the instru-

ment response function with the true decay curve. As long as the lifetime is large

compared to the width of the response function, deconvolution can be omitted.

If the lifetime changes during the acquisition of the arrival time histogram, the

decay becomes multi-exponential. Effects that change the fluorescence lifetime are

for example quenching or energy transfer (chapter 2.1.4). In general, the following

condition holds:

τ =

(
k10 +

∑
i

ki

)−1

, (2.12)

where k10 is the excited state decay rate and ki are all other rates leading away from

the excited state.
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Polarization Anisotropy

The radiation emitted by most fluorophores is linearly polarized along the emission

dipole. The fluorescence intensity of a single immobilized dye molecule will therefore

have a constant polarization P , which is defined as

P =
Iv − Ih
Iv + Ih

, (2.13)

where Iv is the detected intensity with vertical polarization, and Ih with horizon-

tal polarization. From the polarization information about the orientation and the

rotational mobility of a fluorophore can be obtained. The polarization P is well

defined regardless of the excitation polarization. When linearly polarized light is

used to excite the molecules, the polarization anisotropy A is used more commonly

to describe rotation, since it leads to simpler mathematical expressions [53]:

A =
I‖ − I⊥
I‖ + 2I⊥

. (2.14)

Here, I‖ is the detected intensity with polarization parallel to the excitation light,

I⊥ is polarized perpendicularly. For an isotropic ensemble the anisotropy at time

t = 0, A0, is given by

A0 =
(
3 cos2 α− 1) /5 (2.15)

where α is the angle between the absorption and the emission dipole [50,53]. Clearly,

the anisotropy can not exceed 0.4 in ensemble experiments due to the angular se-

lection of a whole distribution of dipole moments. Opposed to that, a single immo-

bilized molecule can have A0 = 1 if α = 0.

When a dye molecule is able to rotate, the anisotropy will change with time.

Excitation still occurs most effectively when the absorption dipole is parallel to the

excitation polarization. Therefore I‖ will be large at short times after excitation.

After some time the molecule will have rotated away from the excitation direction

and more frequently emit in the perpendicular direction. Therefore, and because

for most fluorophores α is small, I‖ will decrease faster than I⊥, which can even

increase. The total intensity I‖+2I⊥ decreases as well according to the exponential

decay of the emitted fluorescence. If the dye molecule visits all orientations during a
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measurement with equal probability, the time-average of its orientation replaces the

ensemble average in conventional experiments, leading to A0 ≤ 0.4 also for single

molecules.

Rotational diffusion is described for example by a Fokker-Planck equation [54]

∂W (w, t) /∂t = Dr∇2W (w, t) . (2.16)

Here,W is the probability density of finding the dipole moment of a molecule at time

t at an angle w, and Dr is the rotational diffusion coefficient. For a spherical particle

the rotary diffusion coefficient is given by Dr = kT/6ηV , where k is Boltzmann’s

constant, η the viscosity of the surrounding medium, and V the volume of the

rotating particle [53].

The time-dependence of I‖ and I⊥ in the case of a spherical particle in an

isotropic medium is

I‖ = I0
3
e−t/τF

(
1 + 2A0e

−t/τr
)

I⊥ = I0
3
e−t/τF

(
1− A0e

−t/τr
)

where τF is the fluorescence lifetime. The rotational relaxation time τr and Dr

are related by τr = (6Dr)
−1. For the total fluorescence intensity we have I (t) =

I‖ + 2I⊥ = I0e
−t/τF , and the time dependent anisotropy, A (t) is given by

A (t) = A0e
−t/τr . (2.17)

More complex geometries require more complex expressions for the anisotropy. A

symmetrical ellipsoid of revolution, for example, has three different relaxation times

and amplitudes. For further reading reference [53] is recommended.

To conclude this section, one kind of partially immobilized systems shall be

discussed briefly. Let’s assume a cylindrical particle wobbling in a cone of semi-

angle ϑ. If either the absorption or the emission dipole is parallel to the axis of
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symmetry, the anisotropy reads [53]

A = A0

{
1 +

[(
2

cosϑ (1 + cosϑ)

)2

− 1
]
e−t/τr

}
. (2.18)

Time-resolved Emission Spectroscopy

The spectral shift between the absorption maximum and the emission maximum is

caused by the Stokes shift and the solvent shift due to interactions of the fluorophore

with its environment. Depending on the type of interaction this shift takes place

from within a few picoseconds to several nanoseconds. There is no comprehensive

theory which can be used to explain all time-dependent spectral shifts. This is be-

cause they can have their molecular origin in general solvent effects, specific solvent

effects, or other excited state processes, and in combinations.

The general solvent shift arises from electrostatic interaction of the dye and the

environment. This interaction affects the energy difference between the ground and

the excited state. To a first approximation this energy difference is a property of

the refractive index n and the dielectric constant ε of the solvent, and the dipole

moment of the dye in the ground state µG and in the excited state µE [50]. The

magnitude of the shift in terms of wavenumbers is described by the Lippert equation

∆ν̄ =
2

hc

(
ε− 1
2ε+ 1

− n2 − 1
2n2 + 1

)
∆µ2

a3
+ const, (2.19)

where a is the radius of the fluorophore (assuming it is spherical). The Lippert

equation can not account for the time-course of the general solvent shift. The

relaxation time τλ due to dipole-dipole interaction can be approximated by τλ =

τDn
2/ε, where τD is the dielectric relaxation time of the medium [50]. However,

even in the simplest cases real solvent relaxation processes are already complex.

Unlike the general solvent effect, which is determined by the environment as

a continuum, the specific solvent effect arises from a specific interaction of the dye

molecule with only a few neighboring solvent molecules, like hydrogen bonding, or

charge transfer, to name but two possibilities. Because of the specificity of the inter-

action no universal theory exists to describe the magnitude or the time-dependence

of the specific solvent shift.
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Spectral relaxation times of dyes conjugated to proteins are reported to range

from 20 ps to 20 ns [55]. This type of relaxation is consistent with a hierarchical

structure of proteins. Molecular motion of the smaller domains occur at a faster

time-scale than those of the larger domains. In particular, vibrational motions

typically occur on subpicosecond to picosecond time-scales, and larger motions, such

as rotation of aromatic rings occur on a picosecond to nanosecond timescale [55].

2.1.4 Fluorescence Quenching

Any process that decreases the intensity of fluorescence may be termed fluorescence

quenching [56–58]. Apart from trivial quenching, i.e. shifts in the absorption or

emission spectrum, attenuation of the excitation and/or emission light by scattering,

or reabsorption, quenching always reduces the fluorescence lifetime and the quantum

yield. This observation leads to a more rigorous definition of quenching, that is, a

loss of a dye’s excitation energy by dissipation without emission of a photon.

Quenching mainly arises from the formation of nonfluorescent products (static

quenching), collision with other molecules (dynamic or collisional quenching), and

excitation energy transfer. In the case of static quenching only the number of fluores-

cent molecules decreases; the remaining fluorophores have unchanged photophysical

properties. Static quenching can result from irreversible chemical reactions, such as

electron or proton transfer, or π-stacking with extended aromatic systems.

In the case of dynamic quenching, the lifetime and the quantum yield of each in-

dividual is decreased by opening of an additional nonradiative decay channel. Here,

any interaction of the dye with its environment is reversible. Examples of dynamic

quenching are molecular oxygen and heavy atoms like iodide or xenon. Static and

dynamic quenching can be distinguished easily in single-molecule experiments. Life-

time measurements and absorption spectroscopy can reveal the nature of quenching

even in ensemble experiments, but not as direct.
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2.2 Technical Requirements

In order to detect single molecules embedded in a condensed environment, the signal

of the target has to be larger than the noise of the background. In fluorescence

spectroscopy this is achieved by collecting as many photons from the fluorophore as

possible, and by reducing the background intensity.

The background has three different sources, i.e. scattered light, fluorescence

light, and detector dark counts, which are to be eliminated separately. Scattered

and reflected excitation light is removed by emission filters. Fluorescence from op-

tical components in the excitation path can also be filtered with an excitation filter

transmitting only a single excitation wavelength. Fluorescence and Raman scatter-

ing from the dye-surrounding material can be reduced by reducing the illumination

volume. Fluorescence from any of these sources is reduced when operating at longer

wavelengths. Additionally, fluorescence can be distinguished from scattered light

by gated detection schemes. Low dark count detectors further reduce background

counts.

A high target signal is achieved first by efficient excitation close to the absorp-

tion maximum. The detection efficiency is maximized by a large collection angle

(high numerical aperture), low loss optical components and filters, and high quan-

tum efficiency detectors, like avalanche photo diodes (APDs), charge coupled devices

(CCDs), and intensified CCDs.

The most common instruments for single-molecule fluorescence detection are

epiluminescence, total internal reflection, confocal, and near-field microscopes.

2.3 Material Requirements

In single-fluorophore experiments at room-temperature in a condensed phase several

requirements have to be met by the used materials. First of all the environment in

which the dye is placed has to be of high purity and transparency. The absorption
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cross section at the excitation wavelength has to be low, as well as the fluorescence

quantum yield.

The fluorophore should have a high absorption cross section at the excitation

wavelength, high fluorescence quantum yield, low yield for internal conversion, low

inter-system crossing yield, low triplet lifetime, and a low photo-bleaching probabil-

ity to maximize the number of emitted photons.

Examples for fluorophores used in biological applications at room-temperature

are: (i) Rhodamine derivatives, like Rhodamine 6G, Tetramethylrhodamine (TMR),

Texas Red (TR), and the Alexa dyes (Molecular Probes). (ii) Cyanine dyes, like

Cy3 and Cy5 (Amersham Biosciences), or DiI (Molecular Probes). (iii) Fluorescent

proteins, like Green or Yellow Fluorescent Protein (GFP, YFP).
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3. Wide-field polarization

microscopy of single molecules

We apply the concept of tomography to polarization-sensitive wide-field mi-

croscopy of single fluorophores to determine the three-dimensional orienta-

tion of molecular absorption dipoles with isotropic sensitivity. For orienta-

tion determination the molecules are illuminated from different directions

of incidence with linearly polarized light.
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3.1 Introduction

Position, relative distance, and orientation of fluorophores attached to target

molecules are the observables that report on the mechanistic aspects of steady state

and dynamic behavior of macromolecules [59]. By exploiting single pair fluorescence

resonance energy transfer (spFRET) [47] and polarization sensitive fluorescence de-

tection [60,61], a ruler and a protractor on a molecular scale have been developed.

In both concepts, knowledge about the three-dimensional (3D) orientation of

the chromophore’s dipole moment is crucial [62–64]. For example, the transfer ef-

ficiency in FRET does not only depend on the inter-dye distance but also on the

mutual orientation of donor and acceptor. Precise distance measurements therefore

become possible when the precise 3D-orientation of both the donor emission and

the acceptor absorption dipole is known [47]. However, because of experimental

constraints, usually only the orientation of the projection of the transition dipoles

into the image plane is determined [60, 61]. Furthermore, the fluorescence lifetime

and, as a consequence, the quantum yield of dye molecules close to an interface

depend on the out-of-plane component of their dipole moments [65]. Also the de-

tection efficiency depends on the emission dipole orientation. Therefore, without a

priori knowledge, only ambiguous information can be obtained by considering a 2D

projection of the dipole moment.

Here, a new method of single-molecule microscopy is presented, i.e. three-

dimensional optical polarization tomography (3D-OPTO). 3D-OPTO allows to de-

termine the three-dimensional orientation of many individual molecular absorbers

in parallel with isotropic sensitivity. Wide-field fluorescence microscopy is used for

parallel real-time imaging of single fluorophores close to an interface. The orien-

tation determination is based on sequential excitation with appropriately polarized

beams from two perpendicular directions of incidence. Five exposures are suffi-

cient to sample the full orientational space occupied by the chromophores. Usually,

absorption dipole moments can only be determined on a one by one basis using con-

focal microscopy [49]. Knowing the dipolar orientation, 3D-OPTO facilitates highly

selective excitation of otherwise indistinguishable fluorophores. As an example, we

determine the steady-state orientational distribution of immobilized dye molecules,
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widely used to label phospholipid membranes. Our method holds promise to moni-

tor orientational as well as spatial diffusion of a large number of molecules in parallel

down to a 100ms timescale.

3.2 Materials & Methods

3.2.1 Sample preparation

Samples containing isolated molecules were prepared by spin-casting (9600 rpm)

of 10 µl of a solution of polymethylmetacrylate (PMMA) in toluene (0.07 % wgt)

containing 1 nM of the dye 1,1’-dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine

(DiI, Molecular Probes) onto standard glass cover slips. Cover slips were cleaned by

baking at 500◦C for two hours. The refractive indices of PMMA is 1.48. Differences

between the refractive index of PMMA and glass are negligible. Atomic force mi-

croscopy of the polymer films near a scratch revealed a smooth surface and a film

thickness of about 30 nm.

3.2.2 Three-Dimensional Optical Polarization Tomography

A Nd:YAG-laser frequency-doubled to 532 nm at an intensity of approximately

1 kW/cm2 is used to excite a large number of single molecules in parallel by illumi-

nation of a 30 µm diameter circular spot within the field of view of the microscope.

The optical path is sketched in Fig. 3.1. The laser beam is expanded and collimated

to a diameter of 12 mm. Its polarization is adjusted by means of a λ/2 plate. It is

directed onto a tiltable mirror in the focal plane of a lens with 700 mm focal length.

The lens focuses the beam into the back focal plane of an oil immersion microscope

objective (O)(Leica, 100x, NA 1.3). This results in a collimated beam exiting the

objective, travelling through the sample and being refracted at the polymer-air in-

terface. Note that the optical path is adapted from objective-type total internal

reflection fluorescence microscopy (TIRFM) [66]. The angle of incidence φ of the

beam onto the polymer-air interface can be adjusted by means of its offset from



24 3. Wide-field polarization microscopy

the optical axis in the back focal plane of the objective. Measurement of φ is ac-

complished by measuring the angle θout of the refracted light outside the sample as

indicated in Fig. 3.1. We chose an angle of incidence φ at which the reflection coeffi-

cient for p-polarized incoming plane waves vanishes, i.e. 34.05◦. The corresponding

angle θout is then 56
◦. Using this geometry the field at the position of a molecule

inside the polymer film is very much simplified. We point out that the setup is also

compatible with aqueous environment. In this case θout = 48
◦ fulfills the condition

of zero reflectivity for p-polarized light.

F
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Figure 3.1: Setup. A polarized laser beam is expanded and collimated to a diameter
of 12 mm and directed onto a tiltable mirror (M) in the focal plane of the lens (L,
700 mm focal length). The lens focuses the beam into the back focal plane (BFP) of
an oil immersion microscope objective (O)(Leica, 100x, NA 1.3) via a dichroic mirror
(DM). The resulting collimated beam exits the objective, traverses the sample and
is refracted at the polymer-air interface. The sample consists of a cover slip (C)
coated with a 30 nm PMMA film (S) doped with the chromophore. φ: angle of
incidence of the beam onto the polymer-air interface. θ: angle of the refracted light
outside the sample. Fluorescence from the sample (dashed arrow) is directed onto
a CCD camera.
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Single-molecule fluorescence is collected by the same objective used for excita-

tion and imaged onto a detector. A Peltier-cooled slow scan charge coupled device

(CCD) (Sensicam, PCO) is used to record fluorescence images at a resolution of

300 nm and an integration time of 1 second. The use of intensified camera equip-

ment or avalanche photo diodes (at the expense of parallel recording) can reduce the

integration time to 1 ms. As compared to other techniques which require defocusing

or aberrations to resolve orientation [62–64], here the full signal-to-background ra-

tio and the full diffraction-limited resolution can be exploited when imaging single

molecules.
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Figure 3.2: Illumination geometry. First direction of incidence: (1) p-polarization
(E1’), (2) s-polarization (E2’), and with (3) a polarization turned away from p-
polarization by 45◦ (E3’). Second direction of incidence: (4) s-polarization (E4”)
and with (5) polarization turned by 45◦ (E5”). x, y, and z denote the axes of the
laboratory frame of reference, x’ and y” indicate respective axes of the tilted frames.
The beam can be directed by choosing the correct offset with respect to the optical
axis of the objective (O).

Our approach is to extract the Cartesian components of the absorption dipole

from the variation of the fluorescence rate of a single molecule when illuminated by

different excitation polarizations from different directions of incidence. Maximum

sensitivity is provided by using two orthogonal planes of incidence, i.e., the x-z and
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the y-z plane. The laboratory frame of reference is defined as sketched in Fig. 3.2.

We define two additional frames of reference that are tilted about the y axis and

x axis. The quantities in the two tilted coordinate systems are denoted by ′ and
′′, respectively. For the first direction of incidence, the beam in the glass(polymer)

travels towards positive values along the x’ axis. Three CCD images are recorded

with (1) p-polarization (E1), (2) s-polarization (E2), and with (3) a polarization

turned away from p-polarization by 45◦ (E3) (see Fig. 3.2). For the second direc-

tion of incidence, the beam travels towards positive values along the y” axis. Two

additional CCD images are recorded with (4) s-polarization (E4) and with (5) a

polarization turned by 45◦ (E5) (see Fig. 3.2).

3.2.3 Data analysis

The fluorescence count rate of a fluorophore far from saturation is given by

R = c
∣∣∣d̂ · ,E(,r)

∣∣∣2 , (3.1)

where c is a constant including the detection efficiency and the absorption cross

section, d̂ is the unit vector along the absorption dipole moment of the molecule,

and ,E(,r) is the electric field vector of the excitation beam at the position of the

molecule.

In earlier experiments it has been shown that the 2D-projection of a dipole

in the plane perpendicular to the direction of incidence can be obtained with high

precision by recording the fluorescence rate as function of the polarization direction

R = R0cos
2(α), where α is the angle between the direction of polarization and

the dipole projection and R0 is a constant [61]. Subsequent fitting can be used to

determine α up to an integer multiple of π. However, it is possible without the need

of fitting the cosine-square characteristics to determine the 2D projection of the

dipole moment from a minimum of three data points with sufficient accuracy. The

benefit of this reduction of data points is a dramatic increase of the time resolution.

Generalization of our concept to three dimensions requires the direction of incidence

to be changed and two additional data points to be recorded.
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From the first two exposures in the first direction of incidence, the modulus of

the dipole components in the y’-z’ plane of the system ’ can be determined from

Eqn. 3.1 as

d′z = ± (R1/E
′2
1

)1/2
(3.2)

d′y = ± (R2/(1.34
2E ′2

2 )
)1/2

. (3.3)

Here (and in the following) Ri is the peak-integrated fluorescence count rate of

any single-molecule peak in exposure i and E′
i is the incident electric field (includ-

ing the constant c) at the position of the molecule in exposure i. It is important

to note that the field inside the polymer is a superposition of the incoming and

the reflected beam. Our choice of the angle of incidence φ = 34.05◦ ensures that

for p-polarized beams the Fresnel reflection coefficient [67] vanishes. Thus, for p-

polarization (Eqn. 3.2), the field exciting the molecules is identical to the incoming

field.

For s-polarized field components (Eqn. 3.3) the reflection coefficient does not

vanish. Thus a standing wave pattern appears in the polymer film and in the cover

slip with equal intensity fringes parallel to the interface. Thus, in principle, the

excitation intensity seen by a molecule depends on its distance to the interface.

However, for the chosen angle of incidence φ, the fringe spacing is as large as 0.41λ.

On the scale of the thickness of the polymer film (≈30 nm), the intensity can there-
fore taken to be constant as 1.34(±0.03) times the incident field. This explains the
appearance of the factor of 1.342 in Eqn. 3.3.

The sign of one of the components of ,d can be chosen arbitrarily because the

dipole moment has no intrinsic directionality. We take the sign in Eqn. 3.2 to be

positive. The unknown sign in Eqn. 3.3 is determined from the third exposure of the

same molecule. The integrated count rate of single-molecule peaks in this exposure

can be predicted from the previous images:

R3 =
E ′2
3

2

∣∣d′z + 1.34d′y∣∣2 . (3.4)
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The two possible choices of the sign in Eqn. 3.3 result in two possible values of the

predicted intensity. With the correct sign, Eqn. 3.4 is satisfied when plugging in the

measured value for R3. This fully determines the projection of the dipole moment

in the y’-z’ plane.

In order to determine the remaining out-of-plane component, two additional

exposures (4, 5) from the second direction of incidence are required. The dipole

component resulting from exposure 4 is given by

d′′x = ± (R4/(1.34
2E ′′2

4 )
)1/2

. (3.5)

The unknown sign of d′′x can be determined from the fifth and all previous images.

In analogy to Eqn. 3.4, the predicted count rate for the last exposure reads

R5 =
E ′′2
5

2
|1.34d′′x + d′′z |2 . (3.6)

The two tilted frames ′ and ′′ are related by a product of two rotation matrices by

the angle 90◦ − φ about the y- and the x-axis. Therefore, the right hand side of

Eqn. 3.6 can be expressed in terms of d′′x, d
′
y, and d′z. Specifically, d

′′
z and d′x are

given by

d′′z = d′x cosφ sinφ− d′y cosφ+ d′z sin
2 φ , and

d′x =
1

sinφ
(d′′x + d′z cosφ) . (3.7)

With these relations d′′z can be eliminated from Eqn. 3.6 and the following condition

can be derived to find the unknown sign in Eqn. 3.5:

R5 =
E ′′2
5

2

∣∣d′′x (1.34 + cosφ) + d′z − d′y cosφ
∣∣2 . (3.8)

Again, the two possible choices of the sign in Eqn. 3.5 result in two possible values

of the predicted intensity. With the correct sign, Eqn. 3.8 is satisfied.

With these results, the components of ,d in the lab frame can be calculated. The

resulting orientation vector ,d is parallel to the absorption dipole moment and its

length is proportional to the absorption cross section of the molecule. Furthermore,
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the analytic expressions for the dipole components (Eqns. 3.2, 3.3, 3.5 and 3.7) allow

to calculate errors according to simple error propagation. We want to point out

that recording further images from different directions of incidence adds redundant

information that can improve the accuracy of the analysis, however, at the expense

of time resolution.

3.3 Results & Discussion

Fig. 3.3 shows a series of five exposures of a molecule excited by the fields E′
1, E

′
2, and

E ′
3 from the first direction of incidence [(1), (2), (3)] and by the fields E

′′
4 and E

′′
5 from

the second direction of incidence [(4), (5)]. The polarization directions are indicated

in Fig. 3.2. This series for a single molecule is taken from large images containing

hundreds of molecules. The intensities of the fluorescence peak varies form bright

to dim in accordance with a fixed orientation of the molecular absorption dipole

during exposures. The total number of photons emitted by a molecule during the

CCD exposure time is determined by fitting two-dimensional Gaussians with fixed

width to the peaks using the Levenberg-Marquart algorithm implemented in the data

analysis software Igor Pro (Wavemetrics). The initial values for the peak positions

are found using the sum of images 1, 2, and 4 by applying an algorithm which

neglects very weak peaks. Fitting also yields the local background at the position of

a peak which is proportional to the squared electric excitation field (after subtraction

of dark counts, data not shown). The background in the images may vary because of

the Gaussian intensity profile of the incident beams and also because of constructive

interference between the incoming and reflected beam. Accordingly, in the images

with s-polarization the background is larger by a factor of 1.342 as compared to the

p-polarized excitation. The fitting procedure further provides an estimate for the

standard deviation of the fit parameters. We found average relative errors of 2%

and 10% of background and integrated intensity, respectively. The latter relative

errors where used for error propagation considerations.

Once the Cartesian components of the dipole moment ,d are known they can

be transformed into spherical coordinates, d, ϕ, and ϑ, which are directly related to
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450 nm

(a) (b) (c)

(e)(d)

Figure 3.3: Series of CCD images of a molecule for different polarizations and di-
rections of incidence. 1, 2, 3: first direction of incidence; 4, 5: second direction of
incidence.

orientations. Here d is proportional to the absorption cross section, ϕ is the azimuth

angle from the positive x axis between -180◦ to +180◦, and ϑ the out-of-plane angle

from the x-y plane (see Fig. 3.2).

Using only the images 1, 2, and 4 the absolute value of the orientation vector

,d can be extracted. A histogram of 60 absolute values |d| is shown in Fig. 3.4.
Arbitrary units are used for d, (i) because here we are only interested in relative

magnitudes and (ii) because reliable numbers for the collection efficiency and for the

fluorescence quantum yield are difficult to obtain. Nevertheless, we can estimate the

most frequent absorption cross section to be about 10−16cm2, which is typical for

the dye used. The histogram clearly shows three peaks that we attribute to single

molecules, pairs of molecules, and triples of molecules. The occurrence of pairs and

triples is an artifact of (i) the fitting and peak finding routine that has a certain grid

width and (ii) the limited spatial resolution of the optical microscope. In the further

analysis we only used spots that were contained in the first single-molecule peak.

We further excluded molecules from the analysis that exhibit a relative error of the

length of the dipole vector ∆d/d larger than 20%. The error is calculated by error

propagation using the errors obtained from the Gauss fit. Large errors can occur as a

result of time-dependent dynamical behavior in the fluorescence of single molecules.
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At this point it should be emphasized that the ability to remove molecules which

show unexplainable behavior is unique to single-molecule experiments and strongly

improves the accuracy and reliability of the results.
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Figure 3.4: Histogram of d
values found from images 1,
2, and 4. The distribution
shows three clear peaks as-
signed to single molecules,
doubles and triples. The in-
set shows the distribution of
absolut errors.

The actual assignment of orientations is done using Eqn. 3.4 and 3.6. Since

the data are not free of noise, we assume the correct sign of d′y and d′′x to be the

one that best satisfies Eqn. 3.4 and 3.6, respectively. If molecules bleach during

the experiment or show strong intensity fluctuations on a relevant timescale these

equations may be violated significantly for both signs. We therefore discard those

molecules for which the left hand side of Eqn. 3.4 or 3.6 is not within the 95%

confidence interval of the right hand side for either sign chosen. After applying these

selection criteria, 90 molecules were used to compute the orientation distribution .

We studied the effect of shot noise in the data on the result of our analysis

using computer simulations. For a noise level similar to that present in our data we

obtained a value of 12% of the width of the distribution of |,d| divided by the peak
position, much smaller than the first peak in Fig. 3.4. We attribute the increased

width of the measured data as compared to the simulation to two reasons: (i) vari-

ations of the local environment of the fluorophores and (ii) fluctuating fluorescence

emission (blinking) or absorption (wobbling, flipping). The simulation also showed

that for a small number of molecules (< 6%), having exceptionally large intensity

errors, the test equations 3.4 and 3.6 yield wrong signs for the Cartesian components

and therefore wrong orientations are assigned.
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Using the spherical angles ϑ and ϕ, the distribution of orientations is visualized

in Fig. 3.5 (a) by lines drawn through the origin. The distribution is found to be

isotropic as expected for chromophores embedded in a polymer film. Histograms of

the orientation angles are shown in Fig. 3.5 (b). The distribution of ϑ decays towards

90◦, consistent with an isotropic distribution of molecular orientations. Macklin et

al. [65] observed a similar distribution of ϑ for a smaller number of molecules using an

independent approach. The angle ϕ shows some accumulations which are probably

due to statistical noise.
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Figure 3.5: Distribution of single-molecule orientations in a spin-coated polymer
film.(a) Orientational representation: The lines indicate the orientations of normal-
ized dipole orientation vectors. (b) Histograms of dipole orientation angles (solid
line for φ and dashed line for θ). The inset in (b) shows the distribution of errors
for the angles φ and θ.

Again computer simulation were used to exclude possible artifacts introduced

by the analysis. When starting with an isotropic distribution of dipole orientations,

after adding noise, the algorithm outlined above recovers the identical isotropic set

of orientations. We found that the standard deviation of the orientational error is

smaller than 2◦ for all angles.

To summarize all the information obtained from a 3D-OPTO image series we

show the orientation and the position of 20 randomly selected DiI molecules in a 3D

representation in Fig. 3.6. The double arrows symbolize the orientation of molecules

at their position within the sample plane.
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Figure 3.6: 3D representation of the full information (orientation and position)
obtained in the experiment. Image area 9µm× 15µm.

3.4 Conclusions

In conclusion a new method of single-molecule microscopy, 3D-OPTO,has been

described and demonstrated that enables direct observation of both, the three-

dimensional orientation and the position of single fluorophores within the sam-

ple plane. This is accomplished by illumination from different directions of inci-

dence with linearly polarized beams. The full signal-to-background ratio and the

full diffraction-limited resolution can be exploited because defocusing and the use

of aberrations are not necessary. Using wide-field microscopy, a large number of

molecules can be investigated in parallel with very low background. The method

is inexpensive and compatible with standard fluorescence microscopy equipment.

Knowing the three-dimensional orientation of fluorophores, especially in combina-

tion with other techniques, 3D-OPTO enables the selective excitation of subensem-

bles. Distance measurements using single-pair FRET can be greatly improved if the

true orientation of the fluorophores is known. 3D-OPTO has a large potential to

observe translational and rotational motion on a 100 ms time scale. This is of par-

ticular interest in the study of dynamical processes, for example in lipid membranes

and motor proteins, and structural properties in material science [68].
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4. Multi-parameter Fluorescence

Spectroscopy of Single Molecules

We have simultaneously measured 13 independent parameters from the same

individual fluorophore. By confocal imaging the sample the position of a

single DiI molecule within a thin PMMA film is determined. From the aris-

ing fluorescence pattern during annular illumination we deduce the com-

plete absorption dipole orientation. After removing the aperture the fluo-

rescence photons are collected during continuous illumination. The inten-

sity trace shows discrete ”on-levels” and ”off-levels”, reflecting the inter-

system crossing yield and the triplet lifetime, respectively. Time-series of

the fluorescence lifetime, the emission dipole orientation, and the dichroic

ratio are recorded with millisecond time-resolution. Finally, the nanosecond

anisotropy decay time and amplitude, as well as the steady state emission

dipole projection, the nanosecond spectral relaxation time and amplitude, as

well as the steady state emission wavelength are determined.
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4.1 Introduction

The fluorescence behaviour of single dye molecules is affected by many processes,

which in return opens the way to monitor these processes. Single molecules can be

identified by their characteristic lifetime and their emission spectrum (chapter 5), as

well as by differences in the rotational diffusion coefficient [69]. Fluorescence quench-

ing can be used to detect conformational changes in proteins (chapter 6 and [48]) or

diffusing oxygen in polymer thin-films [70]. Co-localization studies reveal binding

events of individual molecules [46]. Observation of translational and rotational diffu-

sion provides insights in the dynamics of cell membrane microdomains [38,71]. Flu-

orescence resonace energy transfer (FRET) enables to study conformational changes

and unfolding in proteins [45,72].

In many cases, fluorescence quantities are not independent from each other. For

example, the fluorescence lifetime of fluorophores close to an interface depends on

the out-of-plane orientation of the emission dipole [65]. Therefore, a change in the

lifetime could simply reflect a reorientation and could be wrongly interpreted, if the

orientation is unknown. Also the FRET efficiency depends on the mutual orientation

of the two interacting dyes [47]. A change in the emission intensity can be caused by

a change in the lifetime, a reorientation, a shift of the absorption spectrum, a change

in the inter-system crossing yield, a change in the triplet lifetime, or a change in the

mutual distance. This list does not comprehensively include all possible effects in

complex processes.

To draw unambiguous conclusions from single-molecule fluorescence experi-

ments, it is most useful to record as many parameters as possible. If dynamical

processes are observed, these parameters should be recorded at a sufficient time-

resolution. Moreover, since the total number of detectable photons from a single

fluorophore is limited typically to less than one million, as much information as

possible should be recorded from each photon. In previous studies mostly less than

three parameters have been measured apart from the emission intensity. Fluores-

cence lifetime and spectral information have been used in this thesis to identify

single molecules [73]. Schaffer et al. have distinguished GFP from rhodamine123

taking the anisotropy decay time into account [69]. Inter-system crossing yield and
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triplet-state lifetime have been measured as a function of time [70]. Only recently,

a multi-parameter study has been published in which the authors determined time-

series of fluorescence lifetime, and dichroic ratio, as well as the steady state inter-

system crossing yield and triplet-state lifetime of three different dyes immobilized

at the glass-air interface [74].

In this work 13 independent parameters from one individual fluorophore are

determined. Multi-parameter Fluorescence Spectroscopy (MFS) yields the position

of the dye molecule (2 coordinates), the absorption dipole orientation (2 angles), the

in-plane emission dipole orientation (1 angle), the excited state lifetime, the inter-

system crossing yield, the triplet lifetime, the anisotropy decay time, the anisotropy

decay amplitude, the spectral relaxation time, the solvent shift, and the steady state

emission wavelength. The emission intensity is not included in this list, since it still

depends on the fluorescence quantum yield of the dye and the detection efficiency of

the instrument. Fluorescence lifetime, dichroic ratio, and polarization are analyzed

with millisecond time-resolution. Time-resolved emission spectroscopy (TRES) is

performed for the first time at the level of single molecules.

4.2 Materials & Methods

4.2.1 Sample preparation

A solution of PMMA in toluene containing 0.1 nM DiI (Molecular Probes) has been

spin casted onto standard cover slips, which have been precleaned by baking at 500 ◦

(see chapter 3.2).

Time-resolved emission spectroscopy was also performed on single membrane

proteins CitS (chapter 6), specifically labeled with Alexa546 (Molecular Probes).

The proteins were immobilized on the cover slip and covered with buffer solution.
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4.2.2 Confocal microscope

Design Considerations

During this thesis a microscope for multi-parameter spectroscopy on biological sam-

ples has been developed. The instrument comprises pulsed laser excitation, a confo-

cal microscope, time-correlated single photon counting (TCSPC), and multi-channel

recording. The aim was to achieve maximum signal to background ratio and the

high detection efficiency necessary for single-molecule studies. Information on the

dynamics of biological macromolecules should be gathered at a time-resolution below

1 ms. Wide-field microscopy is also capable of single-molecule detection and has the

advantage that light from many molecules can be collected in parallel. Nevertheless

a confocal setup was chosen because of its higher time-resolution and signal-to-

background ratio.

Description

An outline of the experimental setup is shown in Fig. 4.1. All optical components

are mounted on an optical table (Newport) to damp low frequency vibrations.

A mode-locked, frequency-doubled Nd:YAG laser is used as the excitation light

source (Antares, Coherent). It emits at a wavelength of 532 nm pulses of 150 ps

width and 76 MHz repetition rate. The average continuous wave (cw) output power

is 1.5 - 2 W, which is subsequently attenuated for confocal excitation. To control the

intensity and/or the polarization of the electro-magnetic field the laser light passes

a polarizer, an electro optic modulator (EOM) (LM0202P, Gsaenger), an analyzer,

and/or retardation wave plates. For spatial filtering the light is then coupled into

an optical fiber (91-9116.113, Alcatel, single mode at 633 nm) by a fiber coupling

assembly (9091-M, New Focus). The light emerging from the other end of the fiber

is collimated by a plane-convex lens (focal length f = 70 mm, 01LPX137/078, Melles

Griot). The focal length is chosen such that the fiber core is imaged onto the image

plane to a diffraction limited spot. When the orientation of the absorption dipole is

to be determined an annular aperture of 4 mm diameter is placed in the center of
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Figure 4.1: Optical setup of the designed instrument. For detailed explanation see
text.
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the beam. The excitation beam is further reflected by a dichroic (XF2012, Omega

Optical) and an aluminium mirror into the microscope objective (Plan-Apochromat

60x, Nikon, NA 1.4), which can be moved along the optical axis by a micron screw

and slip-stick piezos (Picodrive, New Focus).

Fluorescence light is collected by the same objective and transmitted through

the dichroic mirror. Remaining excitation light is blocked by a holographic notch fil-

ter (Notch Plus HNPF-532-1.0, Kaiser) and a long pass filter (Schott). Two identical

plane-convex lenses (f = 700mm, 01LPX331/078, Melles Griot) focus the collimated

fluorescence light onto the active area (0.2 × 0.2 mm2) of Avalanche Photo Diodes

(APDs) (SPCM-AQR-14, Perkin Elmer, less than 100 dark counts per second). In

front of the two lenses a polarizing beam splitter (03PBB003, Melles Griot) reflects

the vertically polarized component of the emitted light onto APD1. The remaining

horizontal component is further split by a dichroic mirror (575DCXR, Chroma, or

XF2029 or XF2021, Omega Optical) into a short wavelength (APD2) and a long

wavelength part (APD3) with corner wavelengths 575 nm, 595 nm and 630 nm,

respectively.

The TTL-output pulses from the APDs are routed to a TCSPC computer board

with fifo-memory (SPC-402, Becker & Hickl). The arrival time after pulsed exci-

tation, the channel number, and the time from the start of the experiment (macro

time) are stored for each photon.

Images are acquired by raster-scanning the sample through the focal spot in

two dimensions by a piezo scan stage (NPS-XY-100A, Queensgate). The digital

controller (NPS3330, Queensgate) of the stage working in closed-loop mode is con-

nected to a personal computer by a 24 bit parallel interface (PC-DIO-24/PnP, Na-

tional Instruments).

Home-written software (CVI LabWindows, National Instruments) is used to

control the scanner and to synchronize the position of the sample with the recording

of the pulses from the APDs. Moreover, it enables to select a specific molecule and

collect the emitted photons until photobleaching occurs.
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Figure 4.2: Single-molecule image to demonstrate the optical resolution of the in-
strument (left). Right: Line profile taken at the indicated line (—) and a Gaussian
fit (- - -) with a FWHM of 230 nm.

The full width at half maximum (FWHM) of the point spread function was

determined to be 230 nm (Fig. 4.2), very close to the theoretical diffraction limit of

214 nm. The time-resolution has to be described by a set of limits: Photon detection

is limited by the dead-time of the APDs and the TCSPC-board, which is in both

cases 125 ns. The precision of macro time and arrival time is 50 ns and 0.2 ns,

respectively. With this resolution the time jitter of the instrument was determined

to be approximately 0.6 ns (Fig. 4.3).
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time jitter of all electronic
components.
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4.2.3 Three-dimensional orientation by annular illumina-

tion

Recently, a method to determine the 3D orientation of molecular absorption dipoles

by confocal microscopy has been developed [49, 75]. It relies on engineering the

focal field distribution ,E(,r) such that all polarization components are of comparable

strength. By raster-scanning a single fluorophore within the focal plane, the electric

field distribution parallel to its absorption dipole ,d is mapped (see chapter 2.1.2).

The emission intensity at each point is proportional to the projection |,d · ,E|2 =
|dxEx+dyEy+dxEx|2. For engineering a suitable field distribution with components
of comparable amplitude in all directions, an annular aperture is placed in the

excitation path cutting out the inner part of the linearly polarized beam. Upon

focusing the remaining outer rim of the beam is strongly tilted by the objective

lens. Consequently, the orientation of the refracted electric field vector contains

components perpendicular to the initial polarization. By focusing onto a dielectric

interface in-plane components perpendicular to the initial polarization direction are

further enhanced. Fig. 4.4 shows the intensity pattern for linear polarized excitation

light with horizontal (top) and vertical polarization (bottom). The emerging image

patterns are calculated for different orientations of the molecular absorption dipole

as indicated.

Once the intensity patterns are known, they can be compared with an experi-

mentally obtained pattern to determine the orientation of the absorption dipole of

the molecule.

4.2.4 Time-resolved emission spectroscopy

Spectral resolved recording of the fluorescence photons by TCSPC allows for the

analysis of the spectral dynamics of a fluorophore on a nanosecond time-scale. To

analyze spectral variations the dichroic ratio D is computed as

D =
Itrans − Irefl

Itot
, (4.1)
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Figure 4.4: Intensity distributions calculated for annular illumination of differently
oriented dye molecules embedded in a thin polymer film (from [75]). The geometry
and the polarization of the excitation light is defined on the right hand side.
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where Itrans refers to the part of the emission spectrum of the dye that is transmitted

by the dichroic mirror, Irefl refers to the reflected part and Itot is the total emission

intensity. From the dichroic ratio the center wavelength can be calculated. If the

dichroic mirror spectrum IDM(λ) is defined as

IDM(λ) =
Itrans(λ)− Irefl(λ)

Itot(λ)
, (4.2)

with the transmitted intensity Itrans and the reflected intensity Irefl, and the nor-

malized emission spectrum Îem(λ) of the dye is

Îem(λ) =
Iem(λ)∫∞
0

Iemdλ
, (4.3)

the convolution of IDM(λ) with Îem(λ) gives the dichroic ratio as a function of the

wavelength, assuming the shape of the spectrum does not change (Fig. 4.5 a). The

spectral dependence of the quantum efficiency of the detector of about 10 % is

neglected in this calculation. The inverse of this function can be used to determine

the center of mass wavelength of the spectrum, i.e. the wavelength that splits the

integral of the spectrum into two equal areas (Fig. 4.5 b).
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Figure 4.5: (a) The dichroic ratio as a function of the wavelength (—) is computed
from the convolution of the dichroic mirror spectrum (- - -) and the normalized emis-
sion spectrum of the dye (striped area). (b) After inversion the center wavelength
is obtained as a function of the dichroic ratio.
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Since there is no universal theory available providing a quantitative descrip-

tion of observed solvent shifts, a phenomenological model is applied to describe a

spectral shift caused by a simple relaxation of the excited state of the dye. The emis-

sion spectrum and thus its center of mass wavelength λCM will shift exponentially

according to

λCM (t) = λ∞ −∆λet/tλ . (4.4)

Both the amplitude of the shift ∆λ and the time constant tλ depend on the coupling

strength of the dye with its environment.

4.3 Results & Discussion

Multi-parameter experiments were first performed on DiI in PMMA. Fig. 4.6 shows

fluorescence emission patterns of isolated DiI molecules resulting from annular illu-

mination with linearly polarized light. Two images have been recorded, one with

vertical polarization (left) and one with horizontal polarization (right), to be able to

determine the orientation more precisely. All subsequent data have been recorded

from the molecule marked by the arrow (molecule A).

Pol Pol

1 m�

Figure 4.6: Images of DiI in PMMA with annular illumination. The excitation
polarization is oriented as indicated. The 13 parameters are determined for molecule
A at the bottom right (arrow).
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The three-dimensional orientation of the absorption dipole of this molecule is

determined from the emission pattern by comparison with calculated patterns and

fitting with a least-square procedure (Fig. 4.7). The best fit yields an in-plane angle

φ = −15.5◦ and an out-of-plane angle β = −34◦. An error analysis of the fitting
procedure revealed an accuracy of better than 5 ◦ (data not shown).

Experiment

Theory � = -15.5�

� = -34.0�

x

y

z

Figure 4.7: Comparison of the experimentally obtained intensity pattern with pat-
terns calculated from the theoretical field distribution. On the right the orientation
of the absorption dipole of the molecules is illustrated. The in-plane angle is -15.5◦,
the out-of-plane angle is -34.0◦, as indicated.

After removing the aperture from the excitation path, molecule A has been

illuminated with linearly polarized light continuously while the emitted photons

have been collected. Polarization, spectral channel, and arrival time after pulsed

excitation are recorded for each photon. The emission intensity is calculated with a

relatively high time-resolution of 50 µs per time-bin (Fig. 4.8). The laser is switched

on shortly after 0.25 s and the molecules bleaches just after 0.55 s. The magnification

(inset) shows two discrete intensity levels, light periods and dark periods. During a

light period the molecule cycles between the ground and the excited singlet state,

whereas during the dark periods it dwells in the triplet state [70].

From a histogram of the number of photons in each on-time the inter-system

quantum yield YISC can be extracted, because it corresponds to the average number
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Figure 4.8: Intensity time-series of molecule A. The high time-resolution allows
for the determination of on-times, when the molecules cycles between ground and
excited state, and off-times, when it stays in the triplet state (inset).

of fluorescence cycles between two excursions to the triplet state (Fig. 4.9 left). The

exponential fit results in YISC = 4.9 ± 0.5 · 10−4, assuming a detection efficiency of

10%. This number is well within the average for DiI in PMMA [70]. The same is

true for the triplet state lifetime τT, which is the average length of a dark period (off-

time). For the chosen molecule a value of 380±30 µs is obtained from an exponential
fit to the off-time histogram (Fig. 4.9 right). The inter-system crossing dynamics

can also be extracted from the intensity autocorrelation function (ACF), as in flu-

orescence correlation spectroscopy (FCS) ( [76,77] and chapter 2.1.1). Fig. 4.10 (a)

shows the ACF of molecule A (—) and a different molecule B (- - -), whose inten-

sity trace is shown in Fig. 4.11 b. The time-constant of the exponential decay is

determined by (kISC + kT)
−1 and equal to 240 ± 10 µs in both cases.

From the arrival times after pulsed excitation the fluorescence lifetime τF =

2.33± 0.03 ns of molecule A is derived from a histogram over the whole time-series

(Fig. 4.10 b) with relatively high precision. Molecule B has a shorter lifetime of

1.94 ± 0.01 ns. Polarization and spectral resolved detection enables to perform

time-resolved analysis of anisotropy A(t) and dichroic ratio D(t) (Fig. 4.10 c & d).
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Figure 4.9: Histogram of the number of photons during an on-time (left) and his-
togram of off-times (right). From the fitted single exponentials the inter-system
crossing yield (YISC = 4.9 ± 0.5 · 10−4, assuming a detection efficiency of 10%) and
the triplet lifetime are determined (τT = 380± 30 µs).

Both remain constant within the given time window in the case of molecule A. The

anisotropy of 0.7 is a result of the steady state orientation of the emission dipole

moment together with some degree of mobility of DiI within the PMMA matrix on

a time-scale below 100 ps. The rotational diffusion cone angle is definitely smaller

than 5 ◦, since the absorption dipole seemed to be fixed. In the case of molecule B

further orientational relaxation from initially 0.7 to 0.6 can be resolved. Also the

dichroic ratio shows a very small relaxation from 0.0 to 0.1 on a time-scale of about

200 ps.

Due to the high signal strength and the fact that in the experiment all informa-

tion is stored on a photon-by-photon basis, fluorescence lifetime, polarization, and

dichroic ratio can be analyzed in a time-resolved fashion with millisecond resolution.

Fig. 4.11 shows the three time-series in this order from top to bottom for molecule A

(a) and B (b). The error bars in the lifetime traces are obtained from the standard

deviation of the free parameters of an exponential fit. The remaining error bars

are computed via error propagation from the shot noise in each detector. Also on

this millisecond time-scale the polarization and the dichroic ratio are constant for

molecule A. The fluorescence lifetime on the other hand shows significant variations

from 2.2 to 2.5 ns. Although the origin of these variations is unknown, they may
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Figure 4.10: Intensity autocorrelation function (a), fluorescence decay histograms
(b), polarization anisotropy (c), and dichroic ratio (d) of molecule A (—) and
molecule B (- - - ) for comparison. The autocorrelation shows a decay time of
240 ± 10 µs for molecule A and B, the fluorescence lifetime is 2.33 ± 0.03 ns and
1.94± 0.01 ns, respectively. The histograms are taken over the whole time-series.
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well reflect changes in the fluorophore’s environment. The changes are even more

pronounced for molecule B, which shows lifetime changes from 1.4 ns to 2.8 ns and

a shift in the dichroic ratio from 0.0 to 0.2.

From the polarization P = cos(2ϕ) = 0.78 of molecule A the in-plane angle of

the emission dipole is computed as ϕ = 19 ± 4 ◦, compared to 15 ◦ of the absorption

dipole. There is evidence in the literature that the absorption and the emission

dipole of DiI are not co-linear. Based on an ensemble experiment of DiI in lipid

membranes a deviation of 28 ◦ has been suggested [78]. In a recent single-molecule

near-field study of DiI in PMMA a discrepancy of the orientation of absorption and

emission dipole of DiI in PMMA of at least 18 ◦ has been observed [79]. Since the

out-of-plane orientation of the emission dipole is not known the data presented here

do not contradict these studies.

To prove that measurement of anisotropy and dichroic ratio gives valuable in-

formation for single molecules, different individual molecules have been selected.

Fig. 4.12 shows the time-resolved anisotropy decay for another DiI molecule. On

the right hand side the model used for the fit is sketched. In section 2.1.3, the equa-

tion governing the rotational dynamics of a dye wobbling in a cone with half-angle

ϑ has been mentioned. A fit of Eqn. 2.18 yields ϑ = 12.4 ± 0.3◦ and a rotational
diffusion time τr = 2.7 ± 0.4 ns. The cone-angle gives information about the rota-

tional degree of freedom of DiI within the PMMA matrix. The decay time depends

on the local viscosity of the medium and on the size of the rotating body (dye plus

solvation shell).

Spectral relaxation of DiI in PMMA was too fast to be resolved or only very

low. Either the interaction of the dye with the matrix is weak or very fast, or both.

Relaxation could be observed, however, in dyes conjugated to proteins. Fig. 4.13

shows a representative example of the center wavelength of Alexa546 bound to single

CitS molecules (see chapter 6), which are immobilized on a glass surface and covered

with buffer solution. Error bars are again calculated from the shot noise in each

detector. A fit of Eqn. 4.4 yields a time-constant τλ ≈ 0.3 ns and the resolved

amplitude is ∆λ ≈ 4 nm. The steady state wavelength λ∞ = 580 nm agrees well

with the value computed from the published emission spectrum (Molecular Probes).
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Figure 4.11: Time-resolved measurement of the fluorescence lifetime (box), the
steady state emission polarization (©), and the dichroic ratio (�). (a) molecule
A, (b) molecule B. Error bars represent one standard deviation.
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Figure 4.12: Polarization anisotropy of a different DiI molecule showing a decay
time that is within the time-resolution of the instrument. Fitting yields the initial
anisotropy A0 = 0.683± 0.003, a cone angle ϑ of 12.4± 0.3 ◦, and a decay time τr of
2.7 ± 0.4 ns. The underlying model assumes the dye to have cylindrical symmetry
and the dipole moment is parallel to the long axis (inset).
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Figure 4.13: Time-dependent spectral relaxation of Alexa546 conjugated to a single
protein. The emission wavelength of the dye shows a decay time that is within
the time-resolution of the instrument. Fitting yields the steady state emission
wavelength λ∞ = 580 nm, a spectral shift of ∆λ ≈ 4 nm, and a relaxation time
τλ ≈ 0.3 ns. The model used to fit the data is sketched at the right.
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Solvent shifts of dyes in aqueous surrounding usually take a few picoseconds.

For externally labeled proteins the possible time-scales for spectral relaxation are

reported to range from 20 ps to 20 ns [55]. The lower limit is set by vibrational

motion of small parts of the protein, like aminoacid side chains. The larger limit

is set by major conformational changes. An order-of-magnitute estimate of the

time-scale is given by the ratio of the viscous drag coefficient γ and the stiffness of

proteins κ, τλ ∼ γ/κ. Typical values (γ = 6πηa = 60 pN s/m, radius a = 3 nm,

κ = 4 pN/nm) give τλ = 15 ns. The large range of characteristic time-scales reflects

the hierarchical structure of proteins and the dynamic of the substructures.

4.4 Conclusion

In conclusion, experimental results containing 13 independent parameters from the

same single fluorophore have been shown. The parameters are: position (2 coordi-

nates), absorption dipole orientation (2 angles), emission dipole projection (1 angle),

excited state lifetime, inter-system crossing yield, triplet lifetime, anisotropy decay

time, cone angle, spectral relaxation time, solvent shift, and steady state emission

wavelength. Since the detected intensity depends on the detection efficiency, which

is difficult to determine reliably, it has not been included in the list. Apart from

the absorption dipole orientation, which has to be obtained separately, 11 of these

parameters are determined simultaneously from a continuous photon stream. The

obtained time information is most robust, since it is independent of the intensity.

Time-resolved emission spectroscopy has been performed on single molecules for

the first time. In addition to the time-averaged characterization of the fluorophore,

time-series of the fluorescence lifetime, the polarization and the dichroic ratio with

millisecond resolution were obtained.
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5. Single-Molecule Identification

by Multi-parameter Fluorescence

Spectroscopy

In this section, a method to identify single molecules rapidly and with high

efficiency based on simple probability considerations is proposed. Within the

framework of the outlined methodology any property of a detected photon

in a single-molecule fluorescence experiment, i.e. emission rate, emission

wavelength, excited state lifetime, and polarization, can be analyzed.
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5.1 Introduction

In recent years, the possibility to detect fluorescence from single molecules at ambi-

ent temperatures has initiated several attempts to identify and distinguish individual

molecules in solution [80–87]. One of the most prominent future applications of such

a technique is DNA sequencing by labeling individual bases with different fluorescent

dyes. In single-molecule sequencing error sources inherent to polymer chain reaction

(PCR) amplification can be eliminated. It offers unique precision and speed for the

expanding fields of genomics and proteomics as well as for clinical applications.

Different properties of fluorescence photons, namely spectrum resolved in two

channels [80], fluorescence lifetime [85], and fluorescence lifetime in conjunction

with fluorescence intensity [87], have been analyzed to identify individual molecules.

In general, for the identification parameters computed from bunches of photons

were considered. In the case of fluorescence lifetime, these parameters are obtained

by fits of a model function to a photon arrival time histogram obtained from a

single molecule. The criterion of the identification is based on the agreement of the

single molecule fluorescence lifetime with the bulk lifetime within a given confidence

interval.

Recent developments in time-correlated photon counting electronics allow time

resolved photon-by-photon analysis and multichannel detection [88]. Taking ad-

vantage of these improvements, we propose a method based on simple probability

considerations which can be extended to any observable in a single-molecule fluo-

rescence experiment.

In our method, each photon emerging from the molecule is analyzed with regard

to a probability distribution obtained from reference experiments. The probability

distributions which serve as a fingerprint are established from measurements of the

observables for pure bulk samples of the different species. The observables may

be arrival time after pulsed excitation and after the last emitted photon, emission

wavelength, and polarization. For each photon, a certain probability for having

either of the molecules as the emission source can be computed. By combining

these probabilities photon by photon eventually the molecule can be identified.
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An important benefit of the method is that the calculations are simple and

can be performed online. Therefore the molecules can simultaneously be sorted and

separately collected for further use or verification of the identification. Second, the

analysis can be stopped whenever the required accuracy is reached, which allows for

a further optimization of the identification procedure. Third, no model function is

required for the analysis.

Single-molecule identification of four different dyes with spectral- and time-

resolved fluorescence detection is presented for the first time. The combination of

time-correlated single-photon counting with spectral analysis dramatically decreases

the number of photons needed for single-molecule identification as compared to

identification based on lifetime exclusively. That means, as much information as

possible from each photon is utilized in order to identify molecules with as few

photons as possible. Monte-Carlo simulations were performed with the aim to get

an estimate how many photons are needed for identification.

5.2 Materials & Methods

5.2.1 Sample preparation

The four dyes rhodamine 6G (R6G), sulforhodamine B (SRB), dibenzanthran-

thene (DBATT), and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine (DiI)

were chosen for the experiments because of their distinct emission spectra and fluo-

rescence lifetimes (see Tab. 5.3.1). Thin films with a thickness of approximately

50 nm were spin cast on microscope coverslips from a solution of polymethyl-

methacrylate (PMMA) in toluene with dye concentrations in the order of 10−9 M.

Raster scanning of these samples lead to a fluorescence burst each time a molecule

traverses the confocal volume. This way, the transit time of the molecules can be

conveniently adjusted to simulate identification in a flowing sample stream which

would be investigated in DNA sequencing. Bulk samples were prepared in the same

way as the single-molecule samples but with micromolar dye concentrations. In
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this case several hundred molecules are in the confocal volume, which allows for

recording of the arrival time histograms without a burst analysis.

5.2.2 Multi-parameter Fluorescence Detection

The instrument described in chapter 4.2.2 was used to detect and identify single

molecules with two-channel detection as the important feature. The polarizing beam

splitter was removed, as well as APD1. The fluorescence light is collected by APD2

and APD3, split at 575 nm by the dichroic mirror.

5.2.3 Statistical analysis

The normalized photon histogram from molecules of sort mi (1 ≤ i ≤ N) where i

denotes the different species with respect to one of the above mentioned observables

x provides the relative occurrence of photons in the respective bin. This relative

occurrence is equal to the probability of detecting a photon in bin b (0 ≤ b ≤ K) of

the observable x

P (b|mi) =
ci(b)

K∑
b̃=0

ci(b̃)

, (5.1)

where ci(b) is the number of counts in bin b. Assuming that the number of counts

not originating from the molecule is negligible compared to the number of photons

emitted by the molecule, the probability of molecule mi being the source of a count

in bin b is

P (mi|b) = P (mi)P (b|mi)
N∑
q=1

P (mq)P (b|mq)

, (5.2)

provided that the molecule is one out of the N possible kinds of molecules and

no additional species of light-emitting molecules is present in the sample. If the

occurrences of the different molecules in the sample are comparable, as would be



Statistical analysis 59

the case in DNA sequencing, Eqn. 5.2 can be approximated by

P (mi|b) = P (b|mi)
N∑
q=1

P (b|mq)

. (5.3)

The probabilities P (mi|b) from Eqn. 5.3 establish a look-up table for the different

types of molecules with an entry for each bin b and each species. These entries are the

probabilities which can be addressed for each detected photon. If more properties of

a fluorescence photon are taken into account, their respective probabilities according

to Eqn. 5.2 or Eqn. 5.3 have to be multiplied provided that the observables are

statistically independent. In this case the probabilities P (mi|b) are functions of
more than one observable. If L photons are detected from one molecule in the

respective bins bj where the index j denotes the photon number the probability that

these photons are emitted by the molecule mi can be calculated according to

PL(mi) =

L∏
j=1

P (mi|bj)
N∑
q=1

L∏
j=1

P (mq|bj)
. (5.4)

The course of the analysis is as follows. First, the observables are measured in

reference samples containing only one species of molecules. Thereby it is important

that these bulk experiments are performed under exactly the same conditions as

in the single-molecule identification experiment. The resulting photon histograms

with respect to the observables are normalized to obtain the probability distribution

P (b|mi). If only photons within a range of values of the observables are to be

considered, e.g. within a photon arrival time window, the normalization has to be

performed in the limits of this window. A look-up table is generated with the aid

of Eqn. 5.3 which assigns to each bin of the observable x a certain probability for

each type of molecule. This look-up table is multi-dimensional if more than one

observable is measured.

In order to identify the molecules, for each photon the probabilities P (mi|b)
can be read from the look-up table and the probabilities PL(mi) are calculated

according to Eqn. 5.4. The analysis can be stopped as soon as the probability
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PL(mi) has reached a preset accuracy level. The fraction of correctly identified

molecules corresponds to this accuracy level.

5.2.4 Simulation

For the simulation of the experiment the look-up tables were generated assuming

single-exponential fluorescence decay behavior. A single look-up table suffices for

the simulation of the experiment without spectral resolution, whereas two look-

up tables, one for each spectral channel, are computed for the simulation of the

spectrally resolved experiment. The lookup tables are generated within a finite time

window since in the experiment a time window has to be set to account for the

laser repetition rate and to reject photons not emitted by the molecule. In order to

compare the simulation with the experiment the experimentally obtained values of

the fluorescence lifetime and the count ratio between the two spectral channels are

used (see Tab. 5.3.1).

Random photon arrival times were generated with the aid of a Monte-Carlo

(MC) method obeying exponential probability distributions according to one of the

four molecules at a time. Gaussian time jitter was added to account for a finite in-

strument response function. To simulate the experiment with two spectrally resolved

channels these were randomized obeying the count ratio between both channels. The

simulated data were then analyzed following the procedure outlined in the previous

section.

5.3 Results & Discussion

5.3.1 Monte-Carlo Simulations

Table 5.3.1 summarizes the results of the MC simulations. It compares the number

of photons needed to achieve a confidence level of 99.9% for four different dyes for

detection with and without spectral resolution. It shows that the dyes SRB and

R6G can be identified with a small number of photons only if spectral resolution is
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Emission Fluorescence No. of photons

Dye maximum (nm) lifetime (ns) 1 channel 2 channels

DBATT 586 10.15 285 102

SRB 584 4.15 7562 647

R6G 555 3.75 8070 267

DiI 572 3.05 1638 724

Table 5.1: Right column: Results of the MC simulations of single-molecule identifi-
cation with sequential statistics. Average number of photons required for identifica-
tion with 99.9% accuracy. Left column: Bulk emission maximum and fluorescence
lifetime.

exploited. The dye DBATT, which has a significantly longer fluorescence lifetime

than the other dyes, is identified by a small number of photons even without the

need of spectral resolution. The most dramatic decrease of the number of photons

required for identification when spectral resolution is exploited is observed for R6G

since its spectral mean is significantly lower than that of the other dyes, whereas

its lifetime is close to that of SRB. Each average is based on the simulation of

10,000 single molecule photon bursts. About 10 of the simulated molecules were

misidentified in accordance with theory.

Recently, the number of photons required to identify one molecule out of two by

fluorescence lifetime without spectral information with 99.9% accuracy was theoreti-

cally predicted to be well above 1000 if their lifetimes are 3 and 4 ns, respectively [89].

The prediction was based on the precision of the determination of fluorescence life-

time, i.e. based on a model function. Here, e.g. DiI and SRB having fluorescence

lifetimes of 3.05 and 4.15, respectively, are both distinguished within a set of four

dyes with about 700 photons. Compared to the theoretical prediction in [89] our

approach is more realistic since a finite instrument response function is taken into

account. In addition, in order to match the experimental conditions only photons

detected within a 12 ns time window are used for the analysis yet photons outside

this window still contribute to the total number of photons needed.
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5.3.2 Single-molecule identification experiments

Graphical representations of the look-up tables constructed according to Eqn. 5.4

from the bulk measurements are shown in Fig. 5.1 (b) together with the measured

photon arrival time histograms (a). The stacked probabilities (Eqn. 5.3) to have a

given molecule as the source of a photon is plotted versus the photon arrival time

for both spectral channels (b). Due to the pulse repetition rate of 13 ns, almost

two complete fluorescence decays occur within the range of 25 ns of the time-to-

amplitude converter (TAC). Therefore, for each of them a separate time window is

set. The borders of the time window were adjusted to exclude laser light scattered

by the matrix surrounding the molecule. This way, the background light which still

might pass the notch filter can be reduced to a negligible amount. On the other

hand, in order to optimize the number of analyzed photons the time windows were

kept as large as possible. The photons close to the boundaries of the TAC range are

discarded since the TAC has non-linearities at both limits of its range.
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Figure 5.1: (a) Photon arrival time histograms in the two spectrally distinguished
channels obtained from bulk measurements of the four dyes R6G, SrB, DBATT,
and DiI. (b) Graphical representation of the look-up tables computed from the
histograms (a) according to Eqn. 5.3 in two time windows within the TAC range.

The shape and the size of the areas representing the probabilities determine the

efficiency of the identification procedure. Two remarkable features can be observed
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in the photon arrival time histograms. A peak at time 13 ns, the time position

of the laser pulse, in the histogram of the dye DBATT in the short wavelength

channel shows that scattered laser light is still detected. The peak is visible only

for DBATT since its fluorescence intensity in the short wavelength channel is much

lower as compared to the other dyes. Second, there is a significant difference in the

shape of the histograms at short times between the two channels. This difference is

due to rotation of the molecules within the polymer matrix which leads to a polar-

ization relaxation of the emission. The dichroic mirror has a polarization dependent

reflectance which makes this relaxation visible in the arrival time histogram.

In the single-molecule identification experiment the respective look-up table

is consulted for each count depending on which detector registered the photon.

The obtained probabilities lead together with Eqn. 5.4 to the joint probabilities of

observing either one of the molecules.
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Figure 5.2: Confocal microscopy image of individual SRB molecules in a PMMA
film. Inset: Histogram (bin width 0.2 ms) of the photon burst emitted by the
highlighted molecule during a single transit through the confocal volume (solid line,
left axis) and time lag between 50 consecutive photons (dashed line, right axis).

A typical image of a sample of SRB in a PMMA film obtained by confocal

microscopy is shown in Fig. 5.2. The count rate as a function of time along the
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white line is plotted in the inset. The transit of the molecule through the confocal

spot is seen as a burst of photons having a duration of about 15 ms. Depending on

the type of dye, during the transit time approximately 500 to 3000 photons were

detected in a burst. The number of dark counts during the dwell time is at least

two orders of magnitude lower and therefore neglected in the analysis.

The dashed line in Fig. 5.2 is a plot of the time lag between 50 consecutive

counts. If the time lag is below 2 ms the identification procedure is started. It

is stopped either when the molecule is identified or when the time lag between

50 consecutive counts exceeds the limit of 2 ms. In the latter case the molecule is

regarded as not identified. The decision when to start and to stop the analysis is the

only part of the experiment depending on the count rate. Thus, the above mentioned

number of photons and the time lag have to be adjusted in such a way that the most

weakly luminescing species is clearly distinguished from the background without the

loss of too many photons.

Fig. 5.3 visualizes the identification experiment for four different single

molecules, one of each dye, embedded in a PMMA film. From the top to the bot-

tom row pure dilute single-molecule samples of R6G, DBATT, SRB, and DiI, were

investigated in this experiment. The stacked probabilities according to Eqn. 5.4 are

plotted versus the photon number for four selected molecules. Each panel shows

how the probability of either one of the molecules being observed develops with the

photon number. As soon as the confidence level of 99.9% is reached the analysis is

stopped. For the sake of comparability with the MC simulation, the fluorescence

photons of each burst are analyzed without (a) and with (b) taking spectral reso-

lution into account. In the case of spectrally resolved time-correlated single-photon

counting (b) the four molecules are identified with a small number of photons. In

contrast, if spectral resolution is discarded (a), no decision can be made regarding

the dyes R6G and SRB within the transit time of the molecule in this example.

Fig. 5.3 demonstrates the stochastic nature of the identification experiment. For

small numbers of photons the probabilities show large fluctuations which decrease

as the number of detected photons increases.
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Figure 5.3: Analysis of single-molecule identification experiments for four molecules
of the respective dyes: stacked probabilities to have either dye versus photon number,
(a) without spectral resolution, (b) spectrally resolved in two channels.
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Due to the polarization dependence of the dichroic mirror reflectance the count

ratio between both spectral channels depends on the orientation of the single

molecule. Within the PMMA film, the molecules obey a fixed orientation. For this

reason, linearly polarized light was used in order to excite mainly molecules with

the proper orientation. A molecule in a liquid which rotates quickly compared to

the transit time through the confocal volume takes an isotropic effective orientation

removing the polarization dependence of the count ratio.

In the DiI sample which showed the best photostability 54 photon bursts were

analyzed yielding no misidentification. On average 191 photons were needed for

the identification. This number is even smaller than that predicted by the MC

simulation. A possible explanation for the gain in efficiency might be the polariza-

tion dependence of the dichroic mirror which leads to a further discrimination with

respect to polarization anisotropy.

Compared to other single-molecule identification methods, the approach pre-

sented here has three advantages. The photodestruction quantum yield and out

of focus molecules which both may obscure the results obtained if the fluorescence

burst size is evaluated [87] have no influence on fluorescence lifetime and spectrum.

It is very unlikely that a molecule undergoes photodestruction prior to identification

because of the small number of photons needed. In fact, while scanning the sample

only in one direction thus exciting the same molecules several times we never ob-

served bleaching during the first scan since the photodestruction quantum yield of

the dyes is at most in the order of 10−5 which corresponds to a number of detectable

photons of at least 5000. Also, no theoretical models are required since our analysis

is based on probability distributions. Additionally, since all instrument response

functions are already inherent in the probability distribution there is no need for a

deconvolution.

We have shown that spectrally resolved time-correlated single-photon counting

is suitable to identify single molecules which are similar in fluorescence lifetime,

but different in emission spectra, and vice versa. With our method of analysis

the information associated with each photon can be transparently exploited for

the identification of its single molecular emitter. The method can be extended
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to more observables and higher resolutions. Increasing the spectral resolution to

256 channels is well conceivable and MC simulations show that this will lead to a

further decrease by almost an order of magnitude of the number of photons needed

for identification. An improved set of dyes with more distinct properties can gain

efficiency of identification to an even higher level. If the molecules are distinct with

respect to another observable, resolution of this observable has to be provided and

one more histogram needs to be recorded which is then used for the analysis in the

same way. For example, to utilize rotational mobility a polarizing beam splitter has

to be inserted in one of the two detection paths with an additional APD. Thus, if only

a small number of photons emerging from one single molecule can be detected, the

single-molecule misclassification probability can be decreased to the level which is

necessary for reliable DNA sequencing. The method offers the chance to simplify and

miniaturize the components to produce an inexpensive, easy to use, yet extremely

sensitive screening device for clinical applications.
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6. CitS - Sodium dependent

citrate transport

Fluorescence quenching is used to detect conformational changes of a mem-

brane protein in vitro. The sodium dependent citrate carrier CitS has been

labeled specifically close to the putative citrate binding site. Upon addi-

tion of citrate complete fluorescence quenching of the majoritiy of molecules

was observed, indicating a citrate-induced conformational change of the

fluorophore-containing domain of CitS. A two-color colocalization experi-

ment with dual-labeled CitS-sC398-Alexa546/568 provides strong evidence

for a homodimeric association of CitS.
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6.1 Introduction

The uptake of substrates for metabolism by a cell requires the participation of a

transmembrane transport system that catalyses the entry of the substrate into the

cytoplasm of the cell. There are four classes of transporters that catalyze vectorial

reactions (Fig. 6.1).

Channels
Pores

Group
Translocators

Primary Active
Transporters

Secondary Active
Transporters

Figure 6.1: Different classes of membrane transport proteins [90].

The first category are passive transport systems which comprise channels and

pores. These systems allow facilitated diffusion of solutes from one side of the mem-

brane to the other until equal concentrations of solutes are established on both sides.

The second category are active transport systems that require a coupled input of free

energy to drive the transport process even against concentration gradients. Group

translocation differs from the other mechanisms by the fact that the transported so-

lute becomes chemically modified during translocation. Primary active transporters

convert light or chemical energy (primary energy source) into solute or ion con-

centration gradients. To this class of transport proteins belongs for example the

photon-driven proton pump bacteriorhodopsin [91]. Secondary active transporters

utilize the electro-chemical gradient of a solute (secondary energy source) to drive

the translocation of another solute. This is achieved, depending on the direction

of the electro-chemical gradients, either by co-transport (symport) or by counter-
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transport (antiport) of the solutes. As an example the Na+-dependent citrate carrier

(CitS) of the bacterium Klebsiella pneumoniae is discussed here in more detail.

Periplasm

Cytoplasm

Figure 6.2: Most recent picture of the topology of CitS. The arrow marks the cystein
at position 398 where the fluorophore is attached to. The blocks represent the trans-
membrane segments.

CitS is expressed during anaerobic growth on citrate and enables this species to

utilize citrate as sole carbon and energy source via the citrate fermentation pathway

[92]. The citS gene encodes a highly hydrophobic integral membrane protein with a

postulated topology of 11 transmembrane helices connected by hydrophilic loops [93]

(Fig. 6.2).

CitS catalyzes the highly specific, electro-neutral uptake of Hcitrate2− in co-

transport with two Na+ ions [94, 95] (Fig. 6.3). Citrate counterflow experiments

revealed that CitS features two binding sites for citrate, an external high-affinity site

and an internal low-affinity site. Active citrate uptake is driven by a chemical ion

gradient (∆pNa/∆pH), which is in part generated by the oxaloacetate decarboxylase

Na+ pump, a key enzyme of citrate fermentation in K. pneumoniae [96].

CitS belongs to the family of 2-hydroxycarboxylate transporters [90]. The pri-

mary structure of different members of this family shows strong sequence homology.

In particular, the C-terminal part of CitS including loop X-XI is highly conserved.
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Figure 6.3: Proposed model
for the mechanism of CitS-
mediated citrate transport. For
each Hcitrate2− two Na+ ions
are transported electro-neutrally
through the bacterial cell mem-
brane. Citrate is then degraded
via the citrate fermentation path-
way.

Evidence indicates that this region is involved in substrate binding and hence of

particular importance for the function of this transporter [97,98].

Single-molecule fluorescence spectroscopy is used in this work to get further

insights into the role of loop X-XI in the citrate translocation mechanism. In a

second part, single-molecule experiments with dual-color labeling and detection were

performed to study the oligomerization of CitS.

6.2 Materials & Methods

6.2.1 Protein constructs and purification

The wild-type and mutant CitS were synthesized in Escherichia coli as His-tagged

fusion proteins [99]. The expression and purification procedure yielded 6.5 mg pure

CitS per liter culture. Four of the five native cysteines were replaced with serines

resulting in a single-Cys CitS mutant (sC398). The CitSsC398 shows about 50%

activity compared to the wild-type, as determined by citrate-uptake studies.

6.2.2 Protein labeling and immobilization

To obtain fluorophore-conjugated CitS, 5 ml of Alexa546 (Molecular Probes) stock

solution (800 µM) in 50 mM potassium phosphate buffer (KPi, pH 7.0) was added
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to 100 ml of purified and concentrated CitS-sC398 in labeling buffer (40 µM) and

incubated in a thermomixer (Eppendorf) for 10 min at 25◦C in the dark. The reac-

tion was stopped by passage through two centrifuge columns (1 ml, Sephadex G-25

medium) to separate labeled CitS from unreacted fluorophore. The fluorophore at-

tachment was verified by sodium dodecyl sulfoxide polyacrylamide gel electrophore-

sis (SDS-PAGE). The degree of labeling is calculated by measuring the absorption

of the fluorophore protein conjugate and applying the Beer-Lambert law. For het-

erogenic labeling a stock solution with equimolar concentrations of Alexa568 and

Alexa546 (800 µM) was used. The labeled protein was stored under liquid nitrogen.

The glass surface is coated with Ni-NTA by using a modified procedure as

described by Adachi et al. [40]. The cover glasses (24x24 mm2, Menzel) are pre-

cleaned by baking at 500◦C for 2h. Successively the glasses are incubated in sealing

solution (2% (v/v) 3-glycidyloxypropyl-trimethoxysilane (Fluka), 0.01% (v/v) acetic

acid) for 3h at 90◦C, coating solution (2% (w/v) N,N-bis(carboxymethyl)-L-lysine

(Fluka), 2 mM KHCO3, pH 10.0) for 16h at 60
◦C, and Ni2+ solution (10 mM NiSO4,

5 mM glycine, pH 8.0) for at least 2h at room temperature to provide a Ni-NTA

chelate substrate for the His-tagged proteins. After each coating step the glasses

are washed with ultra-pure water. For each series of measurements aliquots of

labeled CitS-sC398 are thawed and diluted to a concentration of 30 nM in buffer

F (50 mM K2HPO4, 100 mM KCl, 0.05% DDM, pH 7.0). A Ni-NTA coated cover

glass is attached to the piezo scan stage and covered with 60 µl of buffer. Adding

2 µl of His-tagged CitS (30 nM) into the buffer ends up with immobilized proteins.

Subsequently, 250 µM citrate and/or 50 µM Na+ were added to the buffer.

The measurements were performed using the confocal microscope described in

section 4.2.2 with the two color detection scheme as the important feature.
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6.3 Results & Discussion

6.3.1 Protein function study

Preliminary experiments with a conventional spectrofluorimeter and the functional

conjugate CitS-sC3981 already indicated that the addition of citrate caused fluo-

rescence quenching of the probe bound to C398 in loop X-XI. With single-molecule

spectroscopy it is possible to decide between static and dynamic quenchingin one

experiment, i.e. whether some molecules are quenched completely and others are

not, or whether all molecules are partially quenched.

Before labeled protein was added to the buffer blank images (10 x 10 µm2) were

taken to assure the cover slips contain less than five fluorescent impurity molecules.

Dye-labeled CitS-sC3981 was then added to the buffer. After binding of CitS to the

Ni-NTA coated glass cover slip, fluorescence images are recorded with an integration

time of 1 ms per pixel. The same frame (10 x 10 µm2) is recorded twice to show

the effect of bleaching and additional binding/unbinding of proteins to the surface,

leading to vanishing and emerging spots, respectively (Fig. 6.4 a & b).

a) b) c)
2 m�

Figure 6.4: Series of consecutive images of labeled and immobilized CitS. Between
(a) and (b) the conditions are unchanged. The variations reflect bleaching and
binding/unbinding. Image (c) was taken after addition of 50 µM sodium and 250 µM
citrate. Most of the fluorescence is quenched.

Some of the spots even move laterally and indicate partial mobility of the pro-

teins but the number of bright spot does not change significantly. The mobility is

rather high compared to immobilized F0F1 with three His-tags (chapter 7). Subse-
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quent addition of 250 µM citrate causes a strong quenching of Alexa546 at amino

acid 398 (Fig. 6.4 c), while the addition of 250 µM DL-isocitrate does not alter

the fluorescence emission of the bound probe (Fig. 6.5 b). Isocitrate is known to

have only low affinity to CitS. This finding strongly suggests that the interaction

of substrate with CitS induces the quenching, not the mere addition of citrate. As

an additional control we added the buffer containing citrate to pure Alexa546 and

changed the pH to extreme values but observed no effect (data not shown). The re-

maining bright spots are most likely aggregates, unspecifically bound and therefore

partially unfolded, or otherwise non-functional proteins. We observe an increase of

large aggregates when the proteins are subjected to room temperature for more than

30 min.

a) b) c)

2 m�

Figure 6.5: (a) Control image. No change of the number of bright spots upon
addition of sodium and isocitrate (b). Still the fluorecence can be quenched by
adding citrate (c).

To check whether sodium is mandatory for citrate to interact with CitS, we

first add 250 µM citrate to a sodium free buffer and subsequently 50 µM Na+ to the

immobilized proteins, and vice versa. The images recorded at each step are shown

in Fig. 6.6. Clearly, the addition of citrate already quenches most if not all of the

fluorophores bound to functional proteins. Sodium has only a minor effect on the

observed static quenching of Alexa546. The same result was obtained when first

sodium was added, and then citrate (data not shown).
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a) b) c)

2 m�

Figure 6.6: (a) Control image. (b) Most of the fluorophores are quenched after
addition of 250 mM citrate. Sodium has only a negligible effect (c).

6.3.2 Protein oligomerization study

The fluorescence intensity of a number of spots showed strong and irregular vari-

ations, usually not seen with single molecules. They could be explained if the ex-

istence of CitS-dimers is assumed having two fluorophores at a distance of around

6 nm or less. Fluorescence homo-transfer together with some rotational degree of

freedom could be responsible for a fluctuating intensity. To elucidate this hypothesis,

we performed a dual-color labeling and dual-color detection experiment to decide

whether CitS occurs as a monomer or a dimer [95].

At low surface density of fluorescent spots, frequent co-localization of two dif-

ferent fluorophores at one diffraction limited spot only occurs if CitS is a dimer. The

observation of two fluorophores of the same kind is of course also possible. For this

experiment we select a specific spot, collect the fluorescence photons, and compute

the intensity, the dichroic ratio, and the polarization as a function of time. Fig. 6.7

shows a typical trace including two-step bleaching and a change of the dichroic ratio

(�) upon bleaching of the first fluorophore, Alexa568. Error bars (one standard
deviation) of polarization and dichroic ratio assuming shot noise have about the

size of the labels and are therefore omitted. To exclude the possibility that the

intensity decrease is caused by a re-orientation of a fluorophore, the polarization has

been monitored simultaneously (black circles). In summary, 48 spots were selected

for evaluation. We observed two step bleaching for 33 of which 17 spots showed
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an associated change of the dichroic ratio. Assuming a labeling efficiency of 80 %

these numbers indicate a strong evidence of dimer formation of CitS. Intensively

fluorescing spots, which exhibited a continuous instead of stepwise bleaching, were

also observed. We assign these spots to nonfunctional aggregates of a large number

of molecules and discarded them from further analysis.
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Figure 6.7: Intensity (line), dichroic ratio (grey triangles), and polarization (black
circles) of a double-labeled CitS molecule.

6.4 Conclusion

Single-molecule fluorescence microscopy with immobilized CitS revealed an almost

complete fluorescence quenching of the majority of molecules upon citrate addition

(Fig. 6.4). The fluorescence quenching response was highly specific for citrate and

was not observed with DL-isocitrate which is not a substrate of CitS (Fig. 6.5).

Moreover, the addition of citrate to pure Alexa 546 immobilized on glass slides did

not cause any quenching of the fluorophore, nor did changes of the pH to pH 2 or

pH 12. Non-trivial quenching mainly arises from the formation of non-fluorescent

products (static quenching), collision with other molecules (dynamic or collisional

quenching), and excitation energy transfer [50]. In the present study we observed

static quenching since only the number of fluorescent molecules decreased, whereas
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the remaining fluorescent spots showed unchanged photophysical properties. Static

quenching can result from the formation of non-fluorescent species, electron or pro-

ton transfer, and p-stacking with aromatic systems. Most likely interactions between

the fluorophore and proximate aromatic amino acid residues of the protein contribute

to the observed effect. Which interaction accounts most for the dramatic quenching

of the bound fluorophore AF546 remains to be investigated.

T

CitS has a high-affinity citrate binding site (Ks ≈ 13 µM) proposed to be

responsible in vivo for citrate binding from the periplasm and a low-affinity site

(Ks ≈ 14 mM) from where citrate is assumed to dissociate into the cytoplasm [95].

The concentration of citrate used for the quenching studies (250 µM) was about 20

times higher than the binding constant for citrate of the high-affinity site to ensure

saturating conditions, and 60 times lower than that of the low-affinity binding site.

Hence, the observed conformational change is apparently due to the occupation

of the high-affinity site with citrate. Sodium ions which are obligately required for

citrate uptake had no noticeable effect on the citrate-induced fluorescence quenching

(Fig. 6.6), which probably indicates that citrate binding is Na+-independent, but a

Na+-dependent step occurs later in the transport cycle. Relying on our experimental

facts we suppose that a structural change of the protein upon binding of substrate

to CitS changes the local environment of the dye causing the quenching of the dye,

and not an interaction of citrate with the bound chromophore.

For an increasing number of prokaryotic transporters it has been demonstrated

that they form dimers. The dimeric arrangement is not necessarily a functional

requirement but might be due to protein/lipid interactions and stability reasons in a

membrane environment. Our single-molecule colocalization study with dual-labeled

CitS and dual-color detection provides strong evidence for a dimeric association of

CitS. The frequent occurrence of two-step bleaching and the simultaneous change

of the dichroic ratio upon bleaching of the first fluorophore suggest that functional,

detergent-solubilized CitS forms a rather stable homodimer. Together with the

biochemical and kinetic indications [95] these results clearly support our hypothesis

that the active form of CitS within the membrane is a homodimer.
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In summary, we could demonstrate that fluorescence quenching of single

molecules is a powerful technique to follow conformational changes in single mem-

brane proteins [48, 100], such as that elicited by the binding of citrate within the

region of loop X-XI of CitS. Furthermore, with the dual-color labeling and detec-

tion technique strong evidence for a dimeric arrangement of CitS was obtained. This

technique is generally very useful to determine binding events of single molecules in

an unambiguous fashion.
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7. F0F1 ATP Synthase: a rotating

molecular nanomachine

The rotary motor protein and ATP synthase F0F1 is studied during ATP

synthesis for the first time. It is labeled by a single fluorophore at one of

the c subunits, incorporated in liposomes, and immobilized on a cover slip.

Rotation of the F0 is detected by polarization-resolved confocal microscopy.

Structural integrity is confirmed by specific inhibition of the rotation, which

was not possible in previous experiments. Under ATP hydrolysis conditions

we see step-wise rotation at low ATP concentration and a fast fluctuating

orientation at high ATP concentration. With no Na+ present in the buffer,

rotation could not be observed even at high ATP levels. This finding proves

the tight chemo-mechanical coupling of the F0 and the F1 part. Monte-Carlo

simulations suggest that under ATP saturated conditions, the ATP/ADP

turnover is rate-limiting in both modes, ATP synthesis and hydrolysis.
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7.1 Introduction

ATP, the universal biological energy source, is formed by F0F1 ATP synthases from

ADP and inorganic phosphate with the use of energy from a transmembrane ion po-

tential established by photosynthetic or respiratory processes. F-type ATP synthases

are widely distributed in nature and occur in the cytoplasmic membrane of bacteria,

the inner membrane of mitochondria and the thylakoid membrane of chloroplasts.

All known F0F1 ATP synthases show conserved structural and functional features

and are composed of two distinct subcomplexes termed F1 and F0. The F1 sector is

membrane-associated and harbors the catalytic sites of ATP synthesis, while the F0

sector is membrane-intrinsic and contains the coupling ion translocation machinery.

Although most F-type ATP synthases exclusively use protons as coupling ions, the

F0F1 ATP synthase of Propionigenium modestum is the prototype of a few ATP

synthases that show an extended coupling ion specificity for Na+, Li+, or H+ under

certain conditions [101]. The elucidation of the structure and the enzymatic mech-

anism of F0F1 earned Paul D. Boyer and John E. Walker the 1997 Nobel Prize for

Chemistry.

Figure 7.1: Left: X-ray structure of the mitochondrial F-ATPase from S. cerevisiae
at 3.9 Å resolution [102]. Right: Cartoon describing the subunit composition of the
Na+-translocating F-ATPase from P. modestum (from [103]).
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(a) (b)

Figure 7.2: Structure of the c-subunit oligomer as determined (a) by atomic force
and (b) by cryo-electron microscopy [27]. Both images show 11 c units.

In the case of P. modestum, ATP synthase comprises eight different subunits

with a stoichiometry of α3β3γδε for F1 and ab2c11 for F0 (Fig. 7.1). As indicated by

electron micrographs, the F1 moiety is connected to the F0 sector via a peripheral

stalk, formed by subunit δ and the subunit b dimer, and a central stalk, formed

by the ε and γ subunits [104]. An electron density map obtained from crystals

of a yeast subcomplex comprising all F1 and the c subunits of F0 showed a ring-

like arrangement of 10 c subunits which are in close contact with the central stalk

units γ and ε [102]. Recently, a combined atomic force and cryo-electron microscopy

study of the sodium translocating bacterial ATP synthase from Ilyobacter tartaricus

provided direct evidence for an eleven-fold symmetry of the c subunit (Fig. 7.2) [27].

In chloroplasts the c subunit consists of 14 repeats [105]. The X-ray structure of

the α3β3γ portion of bovine F1 revealed an alternating hexagonal arrangement of

three α and three β subunits around a centrally located γ subunit, which interacts

asymmetrically with the catalytic β subunits [106]. The three β subunits appear

in three different structures: one ATP-bound (tight), one ADP-bound (loose), and

one empty (open) conformation. This finding led to the proposal of a rotational

catalysis, triggered by the γ subunit (Binding Change Mechanism [107]).
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Dielectric barrier Hydrophilic strip

Figure 7.3: Model proposed by Dimroth et al. [103] describing the rotor activity of
F0 in terms of potential profiles and thermal ratchets. Left: sketched structure of
the ion channel. The sodium binding site is formed by residues Q32, E65 and S66.
Right: Free energy diagram for an ion binding site in the vicinity of the channel. The
solid line is the potential seen by an unoccupied, negatively charged binding site,
the dashed line is seen by an occupied, neutral site. For more detailed explanations
see text.

To drive ATP synthesis, ions flow along an electro-chemical gradient through the

F0 part down the interface between the a subunit and the c11 complex. The unique

structure of this interface permits the F0 motor to convert the transmembrane ion

motive force into a rotary torque. The key feature of the c subunit is that the ion-

binding site, consisting of Q32, E65 and S66 (Fig. 7.3 left), is probably located at

the cytoplasmic side of the membrane. Thus the sodium ion binding sites of the

rotor have direct access to the cytoplasm. To describe the consecutive stages of ion

transport the illustration in Fig. 7.3 has been taken from [103]. Rotational diffusion

eventually carries an unoccupied, negatively charged site into the hydrophilic strip at

the right edge of the stator (A). Once inside, it is quickly captured by the Coulomb

attraction of the stator charge, Arginine R227 (B). By thermal fluctuations the site

can escape in both directions. Since the entrance channel is aqueous, most of the

membrane potential drops across the hydrophilic strip. Therefore, it is more likely

for the site to move to the left than to the right. This way, the vertical potential

gradient is converted to a driving force acting tangentially to the rotor. A rotor

site that fluctuates to the left cannot pass through the dielectric barrier that forms

the left side of the channel, for this requires more than 45 kBT (C). However, once
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exposed to the periplasmic channel it will quickly pick up an ion, thus neutralizing its

charge (D). It is now free to cross the barrier (E), lose the ion into the cytoplasm,

and then cannot diffuse backwards into the stator (F). The motion to the left is

additionally aided by the capture of the next free binding site, reflected by the

maximum in the dashed line. One cycle decreases the free energy of the system

by an amount equal to the electromotive force: ∆µ = ∆ψ − 2.3(RT/F )∆pNa,

where R is the Rhydberg constant, F is the Faraday constant, and pNa is the

negative logarithm of the Na concentration. To produce ATP at the observed rate

of 30− 50 s−1 the rotor must exert a torque of 40− 50 pN nm.

This torque is transferred from the F0 to the F1 part by the coiled-coil structured

γ subunit. The rotation of the γ subunit in turn induces conformational changes in

the catalytic sites of ATP sythesis at the β subunits. Finally these conformational

changes trigger binding, phosphorylation, and release of the nucleotides [108]. ATP

synthesis is strictly dependent on the membrane potential but is accelerated in the

presence of sodium ions [109]. The motor action is completely reversible. During

ATP synthesis the motor turns clockwise if viewed from the periplasmic side of the

membrane. However, if no membrane potential is applied and ATP is present, the

enzyme hydrolyses ATP and turns counter-clockwise [39].

A number of single-molecule experiments have been performed in the hydrolysis

mode using only the F1 part. Video microscopy was used to monitor the rotation

of a micron sized dye-labeled actin filament, attached to subunits γ [39] or ε [110],

respectively, or the rotation of a gold bead attached to the γ subunit [111]. Single-

fluorophore polarization microscopy further provided prove that the drag of the

filament has only a minor effect on the enzyme’s activity [40].

These results offered valuable information on the dynamics of the F1 motor. The

rotation occurs step-wise in three double steps. Each previously reported 120◦ step

[112] is actually composed of one 90◦ step upon ATP binding ([ATP] dependent),

and one 30◦ step upon ADP release (about 2 ms later) [111]. Hydrolysis of one

ATP per 120◦-step is sufficient. The torque of about 40 pN nm during rotation

remains constant over a broad range of speed, load, and ATP concentration [113].
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The energy conversion efficiency approaches 100%: Nearly all of the energy provided

by ATP hydrolysis (∆G = −100 pN · nm) is converted into mechanical work.

Several single-molecule studies went towards observing the rotation of the intact

F0F1 holoenzyme during ATP hydrolysis. However, the first claim for observing a

rotating c subunit [114] was doubtful, because rotation could only be observed in

the presence of detergent and could not be blocked by F0 specific inhibitors. A most

probable explanation is that the F0 sector of the complex had lost its structural

integrity [115]. In biochemical studies evidences for a co-rotation of subunits c and ε

have been obtained indirectly by chemical cross-linking [116]. Each of these studies

suffers from the fact, that the coupling between rotation during ATP hydrolysis

and ion transport, typical for F0F1 complexes under physiological conditions, was

severly disturbed and could never be observed in single-molecule approaches applied

so far [117]. Thus, a challenging question was, whether the functionally active F0F1

holoenzyme shows a coupled rotational behaviour during ATP hydrolysis and, more

fundamentally, whether rotation can be observed in the ATP synthesis mode of the

enzyme.

To address these two questions we use polarization resolved confocal microscopy

and monitored the rotation of an individual fluorophore, specifically attached to the

c subunit of the whole F0F1 ATP synthase. Coupling of ion transport during ATP

hydrolysis is studied on holo-enzymes directly immobilized on a cover slip. To

observe rotation during ATP synthesis, the enzyme was incorporated in liposomes

for application of a membrane potential.

7.2 Materials & Methods

7.2.1 Protein reconstruction

A hybrid protein has been constructed consisting of the F0-part and the δ subunit

of Propionigenium modestum, a chimeric P. modestum/E. coli α subunit, and the

βγε-part of Escherichia coli (G. Kaim, unpublished results). The a, b, and c subunit

and the F1-part of the enzyme were overexpressed separately in E. coli and were
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subsequently purified. In order to reconstitute the holoenzyme, the lipophilic F0-

part was reconsituted into liposomes and the hydrophilic F1-part was added. After

the reconsituted liposomes were incubated with 1% detergent (Triton X-100) the

protein was purified by affinity chromatography and stored in liquid nitrogen.

7.2.2 Protein labeling

We chose the cyanine dye Cy3 as a label and followed the experimental procedure of

Adachi et al. [40]. Cy3-maleimide was produced from Cy3-NHS (Amersham Phar-

macia Biotech) as described in [118]. Only the c subunits are labeled by cysteine

maleimide chemistry (chapter 6.2) after a single cysteine was genetically engineered

at amino acid two, thereby replacing an aspartate. The fraction of labeled to unla-

beled c subunits was chosen such that the probability of having two fluorophores on

one protein is ten times smaller than that of having one fluorophore per complex.

Indeed, we nearly never found more than one dye molecule per fluorescent spot.

7.2.3 Protein immobilization

Analogous to the protocol in chapter 6.2 the immobilization chemistry is based

on the well documented histidine nickel chelate complex. The glass surface was

functionalized as described (page 72). Each one of the three β subunits of F1 has a

10-His tag protrusion of its N-terminus. A Ni2+ ion coordinates two of the histidines

together with three carboxyl groups and one nitrogen atom of the nitrilotriacetic acid

(His-NTA chelate). This procedure leads to protein immobilization with sufficiently

low mobility to observe rotation of the F0 subunit.

Experiments under ATP-hydrolysis conditions were performed in 50 µl buffer E

(5 mM potassium buffer pH 7.5 containing 0.2 mMMgCl2). The appropriate protein

surface concentration was found experimentally and can not be inferred from the

bulk concentration. To examine the effect of sodium on rotation, the sodium content

was changed from 50 µM (buffer F) to 1.5 mM. Further, two different ATP levels

have been probed, a low concentration of about 500 nM, and saturated conditions

above 2.5 mM.
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7.2.4 Proteoliposomes for ATP synthesis experiments

Liposomes are generated by extruding an aqueous lipid solution containing 2 mM

Na+ and 5 mM K+ through a 100 nm membrane for several minutes. The protein

to liposome ratio was chosen such that the probability of having two proteins in one

liposome is ten times smaller than that of having one protein per liposome. Again,

we almost never found more than one dye per fluorescent spot.

After 30 µl of potassium buffer F was dropped onto a cover slip, an image has

been taken as a blank control, which contained less than three spots per 100 µm2.

Then F0F1-containing proteoliposomes were added and well distributed, isolated

fluorescence spots could be observed. The proteoliposomes were immobilized on

cleaned untreated glass cover slips, probably via the His-taged enzyme as an an-

chor. To drive ATP-synthesis, we added 2.5 mM ADP, 200 mM KCl, and 2 µM

Valinomycin, which results in a membrane potential of about 95 mV. Here it is im-

portant to notice that a sodium gradient is applied, equivalent to about +60 mV,

and that the sodium motive force drives ATP synthesis.

Inhibition studies with dicyclohexylcarbodiimide (DCCD) were performed by

immobilizing liposomes pre-incubated with 20 µM DCCD in 30 µl buffer E. Then

again, 2 µM Valinomycin, 200 mM KCl, and 2.5 mM ADP were added.

7.2.5 Fluorescence polarization detection

Using the instrument described in section 4.2.2 the polarization resolved fluores-

cence emission intensity is detected. The exciting laser light is circularly polarized.

Rotation of the fluorophore is observed by computing the emission polarization

P =
I‖ − I⊥
I‖ + I⊥

, (7.1)

which does not depend on the emission intensity. Since the emission dipole has

no intrinsic direction, rotation of the dipole by 180◦ leads to a modulation of the

polarization by an entire period.
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The time resolution of single-molecule experiments is limited by shot noise of

the fluorescence intensity. Under our conditions, individual steps can not be resolved

at high ATP concentrations. By exploiting auto-correlation techniques it is possible

to increase the time resolution by averaging over a certain time interval. The auto-

correlation function ACF used here is defined as

ACF (t) =

〈(
P (t′ + t)− P̄

) (
P (t′)− P̄

)〉〈(
P (t′)− P̄

)2〉 . (7.2)

Some of the properties of the ACF are [54,119]: (1) For a periodic signal, the ACF

is also periodic with the same frequency. (2) On the other hand, a random process,

like stepping with exponentially distributed dwell times leads to an exponentially

decaying ACF, which has additional periodic contributions. (3) The ACF of white

noise is 1 at time-lag 0, and 0 otherwise. (4) The Fourier transform of the ACF of

a time-series is equal to its power spectrum.
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7.3 Results & Discussion

7.3.1 Rotation during ATP hydrolysis

Fig. 7.4 shows examples of the polarization signal of single F0F1 ATPases, immobi-

lized via His-tags at the β subunits. The first two traces were recorded in sodium-free

buffer containing 0.5 µM ATP (Fig. 7.4 a & b). The polarization of +0.65 and -0.5

indicate a constant steady state orientation and low rotational mobility of the fluo-

rophore as well as the whole protein. In most of the observed molecules we found

well oriented fluorophores.
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Figure 7.4: Typical time-series of the polarization of immobilized F0F1 ATPases
without (a) & (b) and with 2 mM sodium (c) & (d). The ATP concentration was
in both cases 0.5 µM. Discrete steps are clearly visible only in the presence of Na+

ions.

Interestingly, in the presence of ATP only (0.5 µM), we observed no rotation.

However, after addition of 2 mM sodium chloride (saturation conditions) discrete



Rotation during ATP hydrolysis 91

orientational steps could be resolved (Fig. 7.4 c & d), similar to previous experi-

ments [40, 110, 112]. The fact that Na+ ions are obligatory for rotation reflects the

tight chemo-mechanical coupling typical for F0F1 holoenzymes under physiological

conditions.

-1.0

-0.5

0.0

0.5

1.0

0.200.100.00

P
o
la

ri
z
a
ti
o
n

Time (s)

(c)

(b)

(d)

1.0

0.8

0.6

0.4

0.2

0.0

N
o
rm

a
liz

e
d

A
C

F

100806040200

Time lag (ms)

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

201612840

(a)

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

P
o

la
ri
z
a

ti
o

n

1.00.80.60.40.20.0
Time (s)

1.0

0.8

0.6

0.4

0.2

0.0

-0.2
N

o
rm

a
liz

e
d

A
C

F

0.250.200.150.100.050.00

Time-lag (s)

Figure 7.5: Time-series of the polarization again with 0.5 µM ATP and 2 mM
Na+, showing discrete steps (a), and with 50 mM ATP, where the stepping rate is
too fast to be resolved (c). (b) The polarization auto-correlation function (ACF)
of (a) reveals a significant decay and oscillations with a 150 ms periodicity. The
two horizontal dashed lines indicate the confidence interval (1σ). (d) The ACF of
(c) also reveals a significant decay and oscillations. Inset: ACFs of 3 individual
molecules(—) and an example without Na+ (- - -) showing no correlation.

At higher ATP concentration these steps could not be resolved any more due to

the insufficient signal to noise ratio. Also Adachi et al. [40] could only follow orien-

tational jumps at rates below 10 Hz. The use of auto-correlation techniques enabled
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us to analyze rotation even at saturating ATP and sodium concentrations. First, the

polarization time-series (Fig. 7.5 a) and the corresponding auto-correlation function

(ACF) of a slowly stepping enzyme at 0.5 µM ATP is shown (Fig. 7.5 b). The time-

series has a periodicity of about 150 ms, leading to an ATP hydrolysis rate of 10 s−1.

The stepping rotation is reflected in the ACF by the slow decay at short times. The

distance to the first maximum is again about 150 ms. At ATP saturation conditions

fast rotation leads to a fluctuating polarization signal (Fig. 7.5 c). Fig. 7.5 (d) shows

the corresponding ACF with a fast decay and pronounced oscillations of about 20 ms

periodicity. The inset shows magnified ACFs of three individual enzymes with simi-

lar kinetics. The decay and the first minimum are reproducible, whereas subsequent

oscillations are different from molecule to molecule. Without sodium the decay and

the oscillations in the ACF are absent (- - -) even at high ATP concentration.

Auto-correlation analysis is sensitive to slow orientational variations for example

due to a low rotational mobility of the whole protein. Therefore, we excluded ACFs

with long-time decays from further analysis. Again it has to be emphasized that

the ability to discard unwanted events is a unique opportunity in single-molecule

studies to increase contrast.
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Figure 7.6: The histograms of F0F1 function reveal that sodium is required for ATP
hydrolysis (c).

To summarize the yield of rotating single molecules, histograms are plotted in

Fig. 7.6 . 90 % of all observed ATPases show no rotation in sodium-free buffer
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(a) without or (b) with ATP. From the selected molecules, about 80 % rotate after

addition of Na+. This is the highest yield of functional F-ATPases reported so far.

It has to be compared to about 0.4 % [114] and 5 % [117] in other studies.

7.3.2 Rotation during ATP synthesis

Using the reconstituted F0F1 holoenzyme, consisting of the sodium translocating

part (F0) and the ATP synthezising part (F1), we are also able to run the rotary

motor in the ATP synthesis mode. In order to do so F0F1 was incorporated in

monodisperse liposomes (≈100 nm diameter). The reconstitution procedure en-

sured that the F1 parts are always located outside. The liposomes containing His-

tagged holoenzymes bound to the glass cover slip without spreading or disintegrat-

ing. This has been verified by incubating proteoliposomes with the lipophilic dye

DiIC18 (Molecular Probes) and imaging with a standard video microscope.

To start the ATP synthase activity a sodium motive force had to be gener-

ated. This was done by using 2 mM NaCl and a 5 mM potassium phosphate buffer

(pH 7.5) at the inner compartment of the liposomes, 1:10 dilution into buffer E, and

subsequent addition of 200 mM KCl. At this point a sodium gradient equivalent to

60 mV but no membrane potential is present. Under these conditions no rotation

can be observed (Fig. 7.7 a). Addition of valinomycin, a hydrophobic ionophor for

potassium, increases the membrane’s permeability for potassium dramatically. In

this way, a potassium/valinomycin diffusion potential was established leading to an

influx of potassium ions. As demonstrated previously, it is the voltage component of

the electro-chemical Na+ gradient that finally initiates ATP synthesis [109]. Under

these conditions rotation of F0F1 during ATP synthesis can be observed (Fig. 7.7 b).

A change in directionality of the rotation compared to ATP hydrolysis can not be

resolved with single-fluorophore experiments. The polarization response is equal

regardless of the direction of rotation.

At this point it should be mentioned that rotational diffusion of the F0 part

within the liposome occurs on a microsecond time-scale. Therefore, rotation can

only be observed if the diffusion of the holoenzyme is inhibited. Most probably the
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Figure 7.7: Observation of rotation of F0F1 during ATP synthesis. F0F1 is incor-
porated in liposomes and bound to the glass surface. In the presence of a chemical
Na+ gradient alone no rotation can be observed (a). After the membrane is charged
rotation of the F0 is observed (b), and can be specifically blocked by adding 20 µM
DCCD (c).
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liposomes were bound to the surface via the His-tagged protein as an anchor, thus

preventing Brownian rotation of the protein.

So far, any attempt to specifically inhibit the rotation of single F0F1-ATPases by

dicyclohexylcarbodiimide (DCCD) failed [114]. It has been argued that this failure

is due to the presence of detergent, in which F0F1 looses its structural integrity [115].

Here, F0F1 being incorporated in liposomes, this problem has been overcome without

the need for detergent, and rotation is clearly blocked after addition of 20 µMDCCD

(Fig. 7.7 c).

The results of this study during ATP synthesis is again summarized in a bar

diagram in Fig. 7.8. (a) Without an applied membrane potential no rotation is ob-

served and thus no ATP synthesis takes place, again underpinning previous ensemble

experiments [109]. After addition of valinomycin, which generates a membrane po-

tential of about 95 mV across the membrane (positive inside), 75 % of the analyzed

molecules rotate. Addition of 20 µM DCCD inhibits the rotation in over 90 % of all

cases analyzed (c).
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addition of 20 µM DCCD.



96 7. F0F1 ATP Synthase: a rotating molecular nanomachine

7.3.3 Monte-Carlo simulations

In order to reinforce the experimental results, we modeled the data with Monte-

Carlo simulations. Recently it has been shown that during ATP hydrolysis the F1

part rotates in three double-steps, one 90◦ and one 30◦ step [111]. A scheme of the

rates of ADP binding and subsequent hydrolysis is shown in Fig. 7.9.
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Figure 7.9: Model pro-
posed by Kinosita and
coworkers describing the
rotor activity of F1 dur-
ing ATP hydrolysis [111].

Dimroth et al. have proposed a model for the sodium translocation of the F0

part [103]. As shown in Fig. 7.3, sodium ions can enter the ion channel at the

interface between the c ring and the a subunit. A negative charge at each c unit

resembles the sodium binding site. Binding of sodium ions neutralizes the charge.

This now uncharged c subunit can rotate away from the a subunit and the sodium

ion is released into the cytoplasm. The next c subunit with an unoccupied charge

enters the ion channel and is stopped by a dielectric barrier until the next Na+

binds. If the sodium transport is rate limiting, the structure of the c ring suggests

rotation in eleven steps per full turn.

We performed simulations with both models, i.e. three double-steps and eleven

steps, plus equally distributed random orientations. The simulations cover 100 ms

with 0.1 ms time-resolution. Examples of the results are shown in Fig. 7.10. The

variations between subsequent runs of the simulations are rather large. Still we can

conclude that the eleven step rotation shows oscillations in the ACF that are much

more pronounced than in our experimental data. Therefore, our data suggest that

under Na+ and ATP saturated conditions in the synthesis mode as well as in the
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Figure 7.10: Examples of simulated autocorrelation functions together with confi-
dence intervals. (a) White noise,(b) 3 double-steps, and (c) 11 steps. Our data are
most consistent with case (b).
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hydrolysis mode the ATP turnover is rate limiting. Most likely this is because of

the large conformational changes involved in ADP binding and ATP release [108].

The polarization ACF for a random rotor stepping with three double-steps to

the angles 0◦, 90◦, 120◦, 210◦, 240◦, and 330◦ can be calculated analytically. A

Master equation approach gives for two different stepping rates, k1 and k2, for the

90◦ and the 30◦ step, respectively,

ACF (t) =
e−(k1+k2)t/2

2
Re
{
(1 + a)eΩt/2 + (1− a)e−Ωt/2

}
, (7.3)

where

Ω =

√
(k1 − k2)2 − 2k1k2(1− i

√
3), a =

(k1 − k2)
2 − k1k2(1 + i

√
3)

Ω(k1 + k2)
(7.4)

(G. Zumofen, unpublished results). This function apparently differs qualitatively

from the simulations as well as from the experimental data (Fig. 7.11). In order to

prove that the simulation reflects the correct rate equation, we had to increase the

number of points from originally 103 to 106.
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Figure 7.11: Monte-Carlo simulation with (—) 1000 datapoints (two traces), and
(- - -) one million datapoints. The analytic function (···) is approximated sufficiently
by the larger simulation, whereas the simulations with only 1000 datapoints reflects
better our experimental results with more than one oscillation visible.
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The larger the number of datapoints, the smoother is the ACF. The fact that

the oscillations decrease as the number of points increase is a result of averaging.

The same result could be achieved by summing up ACFs of all molecules. Differ-

ent phases would lead to cancelation of oscillations, leaving only one pronounced

minimum at short times. This way, the simulations can bridge the gap between our

experimental data, resembling simulated data with 103 datapoints, and the analyti-

cal solution, which is approximated sufficiently by a simulation with 106 datapoints

(Fig. 7.11).

7.4 Conclusion

In summary, the results obtained in this single-fluorophore polarization study are: (i)

We have shown step-wise rotation of the c-subunit in a functionally coupled F0F1

holoenzyme. The presence of sodium is proven to be an obligatory precondition

for both, rotation and ATP hydrolysis. (ii) For the first time, rotation during

ATP synthesis could be observed in single F0F1 molecules. Enzymes incorporated

in liposomes showed no rotation in the presence of a Na+ concentration gradient

only. However, after applying a K+/valinomycin diffusion potential, F0F1 rotated

producing three ATP molecules per turn. Furthermore, we could specifically inhibit

the rotation by the addition of DCCD, giving additional evidence that the enzyme

used in this study was structurally and functionally the same as in vivo assembled

F0F1 complexes.
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