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A B S T R AC T

For determination of structures and structural dynamics of proteins
organic fluorophores are a standard instrument. Intra- and intermolec-
ular contact of biomolecular structures are determined in time-resolved
and stationary fluorescence microscopy experiments by quenching of or-
ganic fluorophores due to Photoinduced Electron Transfer (PET) and
dimerization interactions. Using PET we show in this work that end-
to-end contact dynamics of serine-glycine peptides are slowed down by
glycosylation. This slow down is due to a change in reaction enthalpy
for end-to-end contact and is partly compensated by entropic effects.
In a second step we test how dimerization of MR121 fluorophore pairs
reports on end-to-end contact dynamics. We show that in aqueous so-
lutions containing strong denaturants MR121 dimerization reports ad-
vantageously on contact dynamics for glycine-serine oligopeptides com-
pared to the previously used MR121/tryptophane PET reporters. Then
we analyze dimer interactions and quenching properties of different com-
mercially available fluorophores being standards in Förster Resonance
Energy Transfer (FRET) measurements. Distances in biomolecules are
determinable using FRET, but for very flexible biomolecules the analy-
sis of masurement data can be distorted if contact of the two FRET fluo-
rophores is likely. We quantify how strong the quenching of fluorophore
pairs with two different or two identical fluorophores is. Dimer spectra
and association constants are quantified to estimate if fluophores are
applicable in various applications, e.g. in FRET measurements with
unstructured peptides and proteins.
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Z U S A M M E N FA S S U N G

Zur Charakterisierung von Proteinen werden in der fluoreszenzba-
sierten Mikroskopie organische Farbstoffe benutzt, um strukturelle
Informationen bzw. Informationen über dynamische Prozesse zu ge-
winnen. In der zeitaufgelösten und stationären Fluoreszenzmikroskopie
können hiermit Kontaktprozesse durch photoinduzierten Elektronen-
transfer und auch Dimerisierung der Fluorophore analysiert werden. In
dieser Arbeit wird mittels photoinduziertem Elektronentransfer PET
gezeigt, dass Glykosylierung End-zu-End Kontaktkinetiken verändert.
Sehr flexible Serin-Glycin Peptide zeigen glykosyliert langsamere
Kinetiken durch Veränderung der Reaktionsenthalpie der Kontakt-
reaktion beider Peptidenden verglichen zu unglykosylierten. Diese
enthalpischen Beiträge werden zum Teil von entropischen Beiträgen
kompensiert. Außerdem wird gezeigt, dass Glycin-Serin Peptiddyna-
miken auch mittels Farbstoffpaaren gemessen werden können, die
auf Löschwechselwirkungen durch Dimerisierung beruhen. Die Stär-
ke dieser Löschwechselwirkungen hängt vom Farbstoffpaar ab. In
Lösungen mit Denaturierungsmitteln können Farbstoffpaare des Fluo-
reszenzfarbstoffes MR121 vorteilhaft für Messungen von Dynamiken
von Glycin-Serin Peptiden genutzt werden. Die Dimerwechselwirkun-
gen können bei sehr flexiblen Biomolekülen und möglichem Kontakt
von Fluorophoren die konventionelle Analyse von Förster Resonanz
Energie Transfer (FRET) Messungen erschweren. Wir untersuchen an
Glycin-Serin Oligopeptiden das Dimerisierungsverhalten kommerziell
erhältlicher Fluorophore, die in FRET Messungen verwendet werden.
Für gleiche und verschiedene Fluorophore wird die Löschung durch
Dimerwechselwirkungen quantifiziert. Dabei werden Dimerspektren
und Assoziationskonstanten für Dimerisierungsreaktionen bestimmt.
Letztere helfen bei der Abschätzung, ob Fluorophorpaare für verschie-
dene Anwendungen geeignet sind, zum Beispiel in FRET-Messungen
in unstrukturierten Peptiden und Proteinen.
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1
I N T RO D U C T I O N

At the end of the last millenium it was a paradigma that the function
of a protein is fully determined by its three dimensional structure. Pro-
teins perform directed tasks in all living species. The picture was that
many proteins can fold into three dimensional structures to accomplish
their function or interact specifically with other molecules.[39] And
mostly based on X-ray crystallography a large variety of different folds
were identified. Eventually a different class of proteins were reported to
be important for the understanding of certain functional processes.[108]
This new protein class was named by different terms including pliable,
floppy, rhomorphic, mobile, vulnerable, chameleon, malleable, dancing
proteins, protein clouds, and 32 protein.[108] Nowadays these molecules
are often called intrinsically disordered proteins. They not only are a
big part of the whole protein family, they are also central to normal
function and stability of protein-protein networks in any organism.[108]
Besides, there are many proteins containing both rigid structure and
intrinsically disordered regions. These regions can serve as flexible link-
ers between functional domains of the proteins.[108] Furthermore the
dynamic behaviour of flexible parts of proteins can be important for
binding interactions. Flexible linkers add structural plasticity and en-
able a relatively unhindered spatial search. Often, structure formation
is induced upon binding with significant functional consequences.[31]

The characterization of these intrinsically disordered proteins is not
easy as fast dynamic processes govern structural changes. One common
technique to get structural informations of proteins is X-ray cristallogra-
phy. For this technique protein cristalls are formed and static structures
are determined by scattering and diffraction of incoming light. Cristal-
lization often fails due to the strong flexibility of disordered proteins.
Therefore, solution based NMR[36], ESR, and X-ray[13] spectroscopy
has been applied to characterize intrinsically disordered proteins.

One of the most striking features of highly disordered proteins is
their high content of charged residues.[108] The high net charge is cru-
cial for extended conformations to occur, since sequences that are rich
in uncharged polar amino acids usually form heterogeneous ensembles
of collapsed structures in aqueous solutions.[108] Comparison of struc-
tured and unstructured protein sequences revealed disorder- and order
promoting amino acids (AAs).[108] Among others, glycine (Gly) and
serine (Ser) are rather disorder promoting.[108] Gly is the smallest AA
commonly found in proteins. Ser is a polar amino acid and therefore
well-soluble in polar media like water. Both can be connected via pep-
tide bonds to form GS polypeptides with repeating units of these two
AA.
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2 introduction

These GS polypeptides, among others, were extensively examined.[14,
61, 73, 74] It was pointed out[61] that long GS polypeptide chains
with over 10-30 AAs behave like random chains with excluded volume.
When the blueprint for polypeptides and proteins, messenger ribonu-
cleic acid (RNA), is available for translation into amino-acid sequences,
modifications are possible during (co-) or after (post-translational)
translation. A detailed understanding of the implications of these
modifications could help to construct artificially designed proteins.

Often amino-acid side chains of proteins are chemically modified after
or during expression by so-called co- or post-translational modifications.
The AA-chain-modifications in cells change the behaviour of polypep-
tide chains strongly. The formation of disulfide bonds is the most com-
mon post-translation modification. It can happen spontaneously or it
can be assisted by enzymes.[106] Due to the tendency of disulfide bonds
to form spontaneous and thus stabilize proteins, intrinsically disordered
proteins have a low level of cysteines.[106] Phosphorylation of Ser, ty-
rosine, and threonine is catalized by kinases and can be reversed by
phosphatases. This modification often causes changes in function and
is thus often used for regulatory purposes. Adding a ubiquitin protein
is sometimes called the ”kiss of death” for proteins.[106] Glycosilation
of proteins may occur at amino or hydroxyl groups. It means that sin-
gle or multiple branched carbohydrates are added to the polypeptide
chain. This process increases solubility, lenghtens the biological life-
time of the protein, or modifies its interactions with other constituents
of the cell.[106] Glycosylated proteins are often involved in highly spe-
cific cell-cell contacts or interactions between the cell and extracellular
matrix.[106]

For several years now posttranslational modifications of proteins and
of simple polypeptide systems have been examined, but it is still not
fully understood what single or multiple posttranslational modifica-
tions of polypeptides change with regard to structure and structural
dynamics.[82] Therefore, the first part of this work describes our re-
sults of exploring the dynamical differences between unglycosylated
and glycosylated glycine-serine peptides.

In the other part of this work we investigated and optimized meth-
ods based on fluorescence quenching for the monitoring of peptide con-
formational dynamics. Water is the main component of living cells.
Therefore, when examining biomolecules in the life sciences using op-
tical methods one has to deal with the optical properties of water. In
water (cf. fig. 1) the visible spectrum from 390 nm to 700 nm is
tranmitted nearly without loss. Here detection of fluorophore emission
is not hindered by high solvent absorption and radiation damages of
biologic samples are very small.

Microscopes operated with visible light can achieve a minimal resolu-
tion of about 200 nm, because of the Abbe-limit which states that res-
olution is the half wavelength divided by the numerical aperture of the



introduction 3

optical instrument.[98] Since the size of biomolecules is in the nanome-
ter range, different techniques are established to improve the resolution
in optical microscopy. There are super-resolution[53, 54, 126] imaging
techniques based on single-molecule localization that use blinking of
attached fluorophores to distinguish different fluorophore locations by
forcing the majority of them into an “off”-state. Single fluorophores can
be localized with high precision down to 5-20 nm depending on the size
of the point-spread-function and the number of photons detected from
the single molecule.[83] To tune the duration of “off”-states often sta-
ble and non-fluorescent radical states are promoted by redox reactions
between fluorophores and reducing compounds like thiols.[114] With
this technique reconstruction of super-resolved images of cells have be-
come possible visualizing protein agglomerations or sceletal structure
at unprecedented detail. Even some kinetic measurements of structural
reorganization are possible, but they are limited by the switching pro-
cesses and camera frame rates to rather slow processes beyong second
time scales.[7]

Due to the limited time reso-
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Figure 1: Absorption of water from 200
nm to 2.2 µm. In the optical range wa-
ter absorption is at minimum for a wide
range.[52]

lution of modern cameras, other
techniques have to be used for
the analysis of biomolecular
dynamics that happen much
faster than 1 ms. Confocal mea-
surements are often made with
1 femtolitre focal volume. To-
gether with contact induced
quenching interactions like
Triplet-Triplet Energy Trans-
fer (TTET)[87], PET[29], and
H-dimerization[BLSD11] high
temporal resolution of contact-

measurements in biomolecules are achievable. Modern Avalanche
Photo Diodes (APDs) offer together with the electronics hardware
time resolutions down to picoseconds. Therefore structural changes
that happen in the nanosecond range can be analyzed.

In this work, we used PET as one possible quenching mechanism
to resolve the dynamical behaviour of short non- and glycosylated
oligopeptides. We attached the amino acid tryptophan and an organic
fluorophore at opposite ends of the flexible oligopeptides. At contact
of the ends of the peptide the fluorophore does not fluoresce due to
formation of a ground-state complex between fluorophore and trypto-
phan. For several measurement techniques it is essential to have the
right complex stability as it determines the ratio between the time of
fluorescence emission (on-time) and the time in which fluorophores are
non-fluorescent (off-time).[7, 119] For different biomolecules and differ-
ent solvents the PET quenching may not be the best choice of contact
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reporter system due to an unfavorable on- to off-time ratio. Therefore,
other quenching mechanisms may be a better choice.

We tested what differences in contact kinetics a change of the
contact reporter system brings about. We compared a PET reporter
pair consisting of MR121 and tryptophane and a contact reporter
system consisting of two MR121 fluorophores attached to GS-peptides
at both ends that can form non-fluorescent dimers. Dimerization
was already used for biomolecular investigations with other organic
fluorophores.[79] We found that in solutions with high concentrations
of the denturing reagent GdCl, a salt that weakens hydrogen bonding,
a contact reporter with two MR121 fluorophores is advantageous to
the PET contact reporter system.

Dimerization occurs for many organic fluorophores due their planar
aromatic structures. The equilibrium binding constant of MR121 is
rather high compared to dimerization constants of fluorophores typ-
ically used in live cell imaging.[59, 68] As there are plenty of fluo-
rophore pairs that can be tested we further concentrated on studying
fluorophores that are often used in single-molecule measurements of
structural changes in biomolecules. For this task FRET is often mon-
itored. FRET is based on an interaction between two molecules, in
which the spectrum of the emission of one fluorophore, an energy donor,
overlaps with the absorption spectrum of an acceptor fluorophore.[42]
If the donor fluorophore is excited and both fluorophores are near to
each other compared to a characteristic distance of this fluorophore
pair R0, energy from the donor is transfered to the acceptor. FRET
is sensitive around this characteristic distance R0, which is between 2
nm and 10 nm. It is possible to use the same fluorophores for so called
homo-FRET and different fluorophores for hetero-FRET.

Using hetero-FRET, different fluorophores are attached at specific
positions in peptides[101], proteins[63, 93], or DNA.[26] Even in the
first theoretical treatment of FRET[42] small distance effects were de-
scribed limiting FRET measurements. At van der Waals contact the
same quenching interactions occur between the FRET fluorophores that
can be used used as end-to-end contact reporter for FCS: electron trans-
fer and dimerization effects due to overlap of electronic orbitals of the
fluorophore molecules. Recent publications[26] indicate this for a se-
lected number of FRET fluorophores.

In this work we tested several FRET reporters typically used in
single-molecule fluorescence detection. Using ensemble spectroscopy
methods, we characterize the various quenching contributions in differ-
ent fluorophore pairs and identify the pair with the the least amount
of quenching interactions. These fluorophore pairs qualify to be the
best choice for FRET measurements from our fluorophore collection.
We also tested dimerization of fluorophore pairs consisting of the same
species providing comparative data to the analyzed MR121 dimer end-
to-end reporter pair regarding dimerization.



2
T H E O RY

Optical spectroscopy is a main tool to measure in vivo biological struc-
tures and dynamics [64, 71, 111]. As long as excitation powers are kept
low, biological samples do not get radiation damages as in x-ray or
electron spectroscopy.

Biomolecules like proteins and polypeptides can be described as
chains of amino acids. The essential organic amino acid tryptophan
is often incorporated in the amino acid code and fluoresces in the
ultraviolet range. Wagenknecht et al. [115] showed that tryptophane
(Trp) is in electron transfer reactions an electron donor. This was
exploited to probe molecular contact[28] with organic dyes quenched
by photo-induced electron transfer from Trp to the excited dye.

The use of UV/Vis light in classical microscopy has the drawback
that the wavelength of the used light limits the achievable resolution.
Abbe formulated this in his diffraction limit d as d = λ

2n sin(θ) =
λ

2NA .[9] The numerical aperture NA depends on refractive index n

of the sample and the angle θ, describing how fast light diverges after
a focus. However, the highest numerical aperture achievable with oil
immersion objectives is 1.57, giving a resolution of about λ

3 . Using red
emitting lasers, resolution is approximately 200 nm.

Coarse structures of cells are still resolvable with standard optics
using visible light. Other techniques are needed to get insight into
behaviour of proteins and smaller amino acid chains like polypeptides.
The dimensions of these molecules in aqueous environment are down
do the subnanometer scale. Using the quenching of fluorescent organic
dyes, molecular structures and kinetic information can be revealed us-
ing UV/Vis light microscopy. Therefore reporter systems are needed
helping to be able to resolve biomolecular interactions. In this work I
will focus on samples using fluorescent probes. Here dyes are quenched,
if intra- or intermolecular contact or distance changes happen.

In a first section of this chapter a classification of examined peptides
of this work is given. The second section introduces the characteristics,
properties, and their underlying physical principles of the dyes used
in the studies presented here. A brief overview of physical principles
of modern fluorescent experiments is given in the third section. The
fourth section describes diffusional properties of particles and their re-
lation to experimentally accessible parameters. This is followed in the
fifth section by a description of FCS, one technique with which these
parameter are experimentally available for fluorescent probes. For the
presented biomolecules here, structural intramolecular dynamics and

5



6 theory

diffusional properties of the whole molecule can be connected. The
concepts are presented in the sixth section.

2.1 electrodynamics

All samples in this work were probed via optical spectroscopy. For an
overview of the used approximations and for the sake of completeness
the most important relations of this are derived from basic physical
principles. Using the International System of Units, maxwell’s equa-
tions are[57, 84]

∇⃗ · D⃗ = ρ

∇⃗ · B⃗ = 0

∇⃗ × H⃗ =
∂D⃗

∂t
+ J⃗

∇⃗ × E⃗ = −
∂B⃗

∂t
.

(1)

with

D⃗ = ϵ0E⃗+ P⃗, B⃗ = µ0H⃗+ µ0M⃗ (2)

E⃗, B⃗ are macroscopic electric and magnetic fields and D⃗, H⃗ are corre-
sponding fields given by a change of the fields by polarization P⃗ and
magnetization M⃗ of media in the electromagnetic field. ρ and J⃗ are
charge and current densities that may exist.

In this work the corresponding field D⃗ and H⃗ are connected linearly
to the free electric and magnetic fields E⃗ and B⃗ via

D⃗ = ϵ0ϵE⃗, B⃗ = µ0µH⃗, J⃗ = σE⃗ (3)

Magnetization M⃗, free charges, and free currents of the samples are
negligible. For the third maxwell’s equation of eq. (1), when using eq.
(3) and eq. (2) one gets then

∇⃗ × (∇⃗ × E⃗) = −
∂

∂t
∇⃗ × B⃗

= −µ0
∂

∂t
(∇⃗ × H⃗)

= −µ0
∂⃗J

∂t
− µ0ϵ0

∂2E⃗

∂t2
− µ0

∂2P

∂t2

= ∇⃗ · (∇⃗E⃗) −∆E⃗ (4)

In this work the polarization effects in the tested samples are in a macro-
scopic view homogeneously distributed. Therefore the local derivative
of P⃗ is zero. Then one gets a wave equation for electromagnetic fields

∆E⃗−
1

c20

∂2

∂t2
ϵE⃗ = 0 (5)

with the speed of light in vacuum c0 =
√
µ0ϵ0

−1



2.1 electrodynamics 7

2.1.1 Polarizability

polarization of an ensemble of ideal molecules. Us-
ing the expressions for electrical fields of eq. (2) and eq. (3) one gets
an expression for the polarization P⃗ of a sample in an external field E⃗

P⃗ = ϵ0(ϵ− 1)E⃗ (6)
= ιE⃗. (7)

ϵ itself is for asymmetric molecules a diagonal 3×3 matrix. One may
then define the polarizability matrix ι as pointed out above.

The size of organic molecules is on the nm-scale (s. sec. 2.3.2.3).
As it will be explained in sec. 2.3‚, they have a core consisting of
polymethines or -benzenes with multiple pi-sigma bonds. In these
bond systems electrons are quasi free. Therefore electromagnetic ra-
diation induces oscillations of the electrons. In a multipole expansion

Dipole

Figure 3: Polymethine
dyes like Cy5 can
be approximated
as a dipole.

of the electric field one can define (s. sec. 9.1) dipole moments of the
molecules. In a lorentz model one can describe these (sec. 9.2) polar-
izabilities of singly dipole emitters. Summation over all these emitters
gives the Polarization P⃗ of the whole ensemble (s. sec. 9.3) and eq. (7)
holds also for an ensemble of molecules. In the part of this chapter,
where we deal with time dependent anisotropy sec. 2.1.2.2, we will see,
that with selective excitation of molecules, we can get an anisotropic
excited medium that changes over time reaching equilibrium. Know-
ing this, examination of its time dependence gives information about
rotational diffusion of dye molecules.

2.1.2 Absorption and refraction

As depicted in sec. 9.2, ι and therefore ϵ are in general complex tensors.
Let k⃗ be parallel to x. Because of the homogeneous distribution of
molecules in the solution, ϵ is diagonal with the same values in x-
and y-direction. Therefore they can be treated as scalars in a one
dimensional notation. We skip longitudinal contributions in x here,
because the particles are low concentrated and have high mass. The
wave equation for the electrical field E⃗ eq. (5) is solved by plane waves
having the form of eq. (8).

E⃗(x, t) = E⃗0,x exp(i(kx−ω0t))× E⃗y,z (8)

k2 =
ω2

0n

c20

n =


ϵ−

ic20µσ

ω0

As long as there are free charges in the medium, the refractive index
is complex. Especially organic dyes have very mobile electrons in their
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conjugated chromophore systems (compare fig. 3). A complex refrac-
tive index of a sample means absorption. Introducing n = ñ+ iκ̃ with a
real part ñ and imaginary part κ̃, one sees in eq. (10) that the electrical
field decays exponentially.

k =
ω

c0
(n+ iκ̃). (9)

⇒ E⃗ = E⃗0 exp(i[
ωn

c0
x−ωt]) exp(−κ̃x). (10)

2.1.2.1 Lambert-Beer law

The intensity I of an electromagnetic wave is proportional to its poynt-
ing vector S⃗ = E⃗× H⃗. For transversal electromagnetic waves the point-
ing vector is proportional to the squared magnitude of the electric field
vector E⃗.[57] Then from eq. (10) follows I ∝ |E2

0|× exp(−2κx). In the
following the connection to values we get from photometer experiments
is made.

Every dye has a wavelength dependent cross-section σ(ω) (s. fig.
4). For a strong diluted sample, absorption of light by molecules can
be linearly approximated. Then the decrease in transmitted intensity
is proportional to the cross-section of all molecules in the light path.
The cross-section of all molecules depends on the concentration c of
the sample, a molecule dependent, wavelength dependent cross-section
σ(λ), and the length of the light path d in the sample.

A

A

A

A

Figure 4: The
cross section of
dyes in diluted
solution is the
sum over all
cross sections
every dye has
in the light
path. Nσ(ω) =
Nr.ofdyes

n=1

An(ω)
.

dI(ω)

I(ω)
= −Nσ(ω)dx (11)

⇒ I(ω) = I0 exp(−Ndσ(ω))

OD(ω) = log

I0(ω)

I(ω)


= log(e) ·Ndσ(ω) (12)
= cdϵ(ω).1 (13)

The value ϵ(ω) = NA log(e)σ(ω) is the molar extinction coefficient.
Cross-section is usually used in particle physics whereas in chemistry
and molecular biology molar extinction coefficients are the common
used terms.

2.1.2.2 Time dependent anisotropy

In ensemble experiments often the molecules of interest are distributed
isotropically in the solution. In fig. 3 was shown, that dyes act as
dipoles. The probability to absorb light is maximal for parallel orien-
tation of dipoles to the polarization of light. So, exciting the dyes with
polarized light induces an anisotropic distribution of excited dyes. The

1 An elegant derivation using particle summation is in Valeur [111].
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emission of fluorescence in our measurements of anisotropy happens
stochastical with a mean fluorescence time τfl. In the time between
absorption and emission the dyes move in the solution, they rotate and
translate. The rotational diffusion of one dye causes a change in its
polarization from absorption to emission of fluorescence. We will con-
nect here the polarization P of a sample with the anisotropy r, that we
measure in our anisotropy experiments and give a description of the
underlying concepts that we need later to understand the results of
anisotropy measurements.

Having the geometry fig. 6 in mind, the polarization is defined as the
fraction of light that is linearly polarized (s. eq. (14)).[64] Polarized
light can be divided into a natural2 n and a polarized p component.

The detected polarization of emitted light p one gets by calculation
of the difference between detected parallel and perpendicular I∥/⊥ in-
tensities, where parallel and perpendicular is relative to the incoming
excitation light polarization. Because intensities are proportional to the
squared norm of the electric field, (compare fig. 6) I(ϕ, θ)∥ ∝ cos2 θ
and I(ϕ, θ)⊥ ∝ sin2ϕ sin2 θ. The polarizer in the detection light path
to detect only parallel and perpendicular polarization effects only θ,
therefore detected intensities are ϕ independent and detected inten-
sities are the integral of I⊥/∥(ϕ, θ) over ϕ giving I⊥θ ∝ cos2 θ and
I∥ ∝ 1

2 sin2 θ. Even in an isotropical medium with molecules randomly
orientated the total number of molecules with angle θ1 is only in a
special case equal to the total number of molecules with a different
angle θ2 due to photoselection. To get the full emission of I∥ and I⊥
one integrates I∥(θ) and I⊥(θ) weighted with a function f(θ) giving the
weight of the photoselection.[64] This yields the detected intensities in
eq. (16).

In anisotropy measurements it is common to use the anisotropy value
r in eq. (17), where p is divided by the total intensity of the emitted
light.[64] P and r are directly connected. Therefore it is a matter of
opinion which one to use for a description of anisotropy phenomena.
With this definition and the derivations of the foregone paragraph, one
can see that r is expressible via < cos2 θ > as done in eq. (18).

With this definition time dependent anisotropy r(t), that can be
measured via TCSPC, is given by the rotational correlation time of the
sphere θ and the fundamental anisotropy r0 = r(t = 0).

2 non-polarized
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Figure 6: Connection of polarization parameters and the geometry of fluores-
cence experiments.

P =
p

p+n
(14)

=
I∥ − I⊥

I∥ + I⊥
(15)

I∥ ∝< cos2 θ > I⊥ ∝ 1

2
< sin2 θ > (16)

r(t) =
I(t)∥ − I(t)⊥

I(t)∥ + 2I(t)⊥
(17)

=
3 < cos2θ > −1

2
(18)

r(t) = r0 exp(−
t

ϑ
) (19)

magic angle If not corrected otherwise, absorption and emission
of light by biomolecules has in the experiment polarization effects, e.g.
because of the polarization of excitation light and different rotation
time scales of biomolecules. If one wants to exclude these effects, magic
angle θm conditions, which give no anisotropy effects in the detected
intensities (r(t) = 0), are chosen. This condition is fulfilled for all θ, if
cos(θm) =


(13) - resulting in θm = 54.7◦.

2.2 diffusional properties of particles

The diffusional behaviour of molecules depends on their own charac-
teristics and on properties of their environment. This was shown in
statistical treatments derived by Einstein[33] and Stokes formulated in
the Stokes-Einstein equation eq. (21).
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D =
kBT

γ
(20)

γ = 6πηRh. (21)

The mean particle velocity is proportional to the temperature T of
the sample and decreases with higher viscosities η. The factor of the
proportionality is given by the Boltzmann-constant kB. The hydro-
dynamic radius Rh is an estimate for the dimensions of a particle in
a solvent that depends on the dimensions of the molecular structure
itself and on the interaction with the solvent.

2.3 fluorescent molecules

Dyes are important for our everyday life. Absorbing pigments are
present where ever colouring is needed. Fluorescence is often present,
when active signaling with emission of light is accomplished. Pigments
have high absorption in the pigment specific wavelength range giving it
its colorant property and have to be attached to a substrate by means
of additional compounds to give e.g. a car its color. Dyes are soluble
molecules. If they are used for coloring, they possess in contrast to
pigments a specific affinity to the substrate.[127] Luminescent dyes are
soluble molecules that absorb light and convert the energy they get by
absorption into emitted light. These luminescence can be divided into
fluorescence, being fast emission of light happening in nanoseconds, and
phosphorescence, here the emission of light happens in microseconds to
longer timescales.

This section gives the basic theoretical for description of molecular
properties of fluorescing molecules. With the Franck-Condon descrip-
tion of transitions for excitation of molecules, molecular properties like
the Stokes shift, differences in fluorescent and phosphorescent lifetimes,
and similarities of spectral shapes of absorption and emission of fluores-
cent molecules can be explained in a quantum mechanical theory. In
a section about organic dyes the dipole behaviour will be connected to
the quantum mechanical considerations in this chapter.

Organic dyes always consist of delocalized electrons. The simplest
configuration achieving delocalized electrons are carbon-carbon π− σ

bonds aligned in a polymethine chain. This is depicted in fig. 8, where
R1,2 are remainder groups attached to the dye and the polymethine
chain length is given by n.

R1N

NR2
⊕



n

Figure 8: Typical
structure of
polymethine dyes
consisting of n

methines and
rest groups R1,2.

2.3.1 Quantum mechanical considerations

While the electromagnetic waves discussed in sec. 2.1 are the wave-
functions of the photons, the quantum mechanical description of matter
gives insight into the interactions between light and matter by treating
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protons and electrons also as waves. This is done by assuming that
their state is described by wave functions Ψ. In the wave equation for
electromagnetic fields eq. (5) the mathematical operation of derivation
to time and space applied on the electric field gives a trivial solution. In
more general cases than homogeneously distributed polarization in our
experiments, the right side of the equation can be linearly dependent
on the electric field. Then this wave equation is an eigenwert equation
and one could set the complicated mathematical operator B = ∆ −

µ0σ
∂
∂t −

1
c0

∂2

∂t2
ϵ. Then eq. (5) reduces to BE⃗ = 0

The non-relativistic quantum mechanical state of a particle and its
energies can be calculated by solving the Schrödinger equation eq. (22).
This is an eigenwert equation with an operator H for the energy in
the system. One needs to know the potential V (and kinetic energy
operator Hkinetic) with which the particle interacts to formulate the
Hamilton operator H = Hkinetic + V. The Hamilton operator is the
sum of kinetic and potential energy operators and applied on the wave-
function of a particle it yields the possible energies of the particle - the
eigenenergies E of the eigenstates Ψ(⃗r, t).

2.3.2 Franck-Condon principle

Molecules consist of several atoms. The positively charged core of an
atom has about thousand times higher mass mcore than its electrons
me ≪ mcore. Therefore distances between atomic cores follow changes
in electronic states slow. Then the approximation eq. (24) is possible.
Using again me ≪ mcore the schrödinger-equation eq. (22) the hamilto-
nian of the molecule can be split into an electronic part Hel, kinetic and
potential energy Hnuc

kin ,Vnuc
kin of the core eq. (23). Therefore H separates

into an electronic and a part describing atom motion.[35, 51]

H|Ψ(⃗r, t) > = E|Ψ(⃗r, t) > (22)
H = Hel +Hnuc

kin + Vnuc
kin (23)

|Ψ(r;Rn) > = |Υ(r;Rn) > |ΦRn > (24)
< Φ ′| < Υ ′|µ⃗|Φ > |Υ > =< µ⃗ > FCΦ→Φ ′ (25)

FCΦ→Φ ′ =< Φ(r;R)|Φ ′(r ′;R) > (26)

The quantum-state Ψ(⃗r, t) of a molecule then depends mainly on
electronic excitation, vibration of the cores in the molecule, and rota-
tional motions. Because of the attractive forces between nuclear cores
and electrons, the electrons are held in a specific volume around the
cores. Waves held in a confined space can only exist in quantized states.
The molecular states are characterized by quantum numbers n for elec-
tronic states, ν vibrational states, and the rotational quantum number
J that yield for every quantum number combination quantized states
with quantized energies. Protons and electrons are both fermions giv-
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ing an additional quantum number for the spin state s of spin up or
spin down.

As stated above, organic dyes can be approximated as dipoles. The
part of the hamiltonian responsible for transition calculations is then
mainly the dipole part, the electronic dipole operator µ⃗. The proba-
bility of electronic transitions is calculated by eq. (25). Transitions
have some initial vibrational state Φ of the electronic ground-state Υ

and an excited vibrational state Φ ′ in the excited electronic state Υ ′.
In eq. (25), the principal allowance of a transition is calculated via
< µ⃗ >=< Υ|µ|Υ ′ > yielding rules for possible transitions of molecules
with quantum number triples n, ν,J, and in ground state into excited
states with n ′, ν ′, J ′. The probabilities of the allowed transitions from
Φ to excited states Φ ′ are given by their Franck-Condon factors FCΦΦ ′

(s. eq. (26)). To describe de-excitation of molecules by emission of
photons, the above formulas hold by exchanging stroked variables with
non-stroked.

The lowest energies possible to excite molecular electronic transitions
are the excitations of electrons that have the lowest binding energies.
Electrons of atoms shared in binding are the electrons with lowest bind-
ing energies of the atoms. Bonds resulting from this binding can be
separated into σ- and π-bonds.[90] Electrons in σ bonds are shared by
both atom cores and are distributed uniformly in a rotational ellipsoid
with the rotation axis along the bond.[90] π-bonds are distributed par-
allel to the bonding direction.[90] Electrons participating in π-bonds
have the lowest molecular binding energies - called Highest Occupied
Molecular Orbital (HOMO). This is usually equal to the singlet state
S0 and the first excited state S1 is called Lowest Unoccupied Molecular
Orbital (LUMO).

This is illustrated in fig. 9 for transitions usually occurring in fluo-
rescent molecules. Electronic transitions from the HOMO into LUMO,
happen on a femtosecond, relaxation of vibrational and rotational tran-
sitions on a picosecond, and fluorescent transitions on the nanosecond
timescale. Therefore eq. (24) is valid. Excitation and emission in fig.
9 are then vertical lines, the most probable transitions are the ones,
where Franck-Condon factors of eq. (26) are maximal.

Having fig. 9 in mind, depending on Franck-Condon factors, several
de-excitation processes are possible. This is depicted in a Jablonski-
diagram fig. 10. Excitation of electromagnetic waves excites electrons
from the ground state S0 into singlet states Sn with n referring the n-th
excited state. Then several processes are possible and compete with
each other. First, there are non-luminescent transitions like Internal
Conversion (IC) and Inter-System-Crossing (ISC). ICs are processes
where vibrational and rotational modes of molecules equilibrate by in-
teraction with the environment. When the spin of the electron flips,
this is called ISC and the electron changes from a singlet to a triplet
state. The de-excitation happens then via ICs in the triplet state and
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Figure 9: Electronic transitions in a excitation de-excitation process to illus-
trate the Franck-Condon principle. Absorption and emission of photons are
vertical processes, because nuclear motion are thousandfold slower due to
mass differences. Most probable transitions are transitions from and into
states, where the integral over probability densities of electrons in these states
are maximal. Vibrational and rotational de-excitation are processes changing
core positions. In molecules with harmonic electronic potentials, excitation
from base vibration of HOMO into n-th vibrational mode in LUMO has a
de-excitation path the one from base vibration of LUMO to n-th vibrational
mode in HOMO. The more the potential is deformed, the less this mirror-rule
is valid.

somehow there has to be again a ISC or the molecule shows phospho-
rescence (P). Fluorescence is a transition usually occurring from S1 to
some vibrational mode of S0.

Knowing that there exist non-fluorescing ICs it is straightforward,
that fluorescent molecules emit at longer wavelengths than their exci-
tation. This phenomenon is called the Stokes shift. The wavelength dif-
ference of the exciting to the emitting light is released by other kinds of
energy than fluorescent light packages. The fluorescent processes with
rates kr and non-radiative processes with rates knr compete. How much
of the excitation energy is converted into fluorescence is expressed in
the steady-state quantum yield. We come back to this in sec. 2.4.1.

2.3.2.1 Absorption and fluorescence emission by organic dyes

In a semiclassical model of organic dyes a wavelength dependence for
the extinction coefficient ϵ and for the fluorescence spectrum I(λ) can
be derived.[17] These semiclassical formulas eq. (27) and eq. (28) are
valid for weak coupling. This means, that in the case of complexation
of molecules these formulas are not valid. In the rotating wave approxi-
mation one gets for the absorption of a molecule with a ground state in
eq. (27) a dependence of the cross section σ proportional to ω weighted
by Franck-Condon factors and the allowance of transitions for dipoles
of eq. (25).

The rules for allowance of transitions have the same structure for
absorption and spontaneous emission of photons of the ground states of
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Figure 10: Jablonski representation of competing molecular transitions. Tran-
sition Exc. is excitation by absorption of a photon into a singlet state
Sn,n > 1. The molecule de-excites via non fluorescent internal conversion
IC by interactions with the environment to the ground state of the LUMO.
Several de-excitation paths are now possible: again IC, inter-system-crossing
ISC by spin flip of the excited electron with phosphorescence P or IC again
as last step, or Fluorescence F.

the HOMO and LUMO. Therefore the formula for emission of photons
by fluorophores is similar to eq. (27).

σ(ω) =
4π2ωn

3c
|deg|

2D(ω) (27)

I(ω ′) =
4ω ′3

3c3
|deg|

2D(ω ′) (28)

with

ω2σ(ω) ∝ I(ω−ω ′) (29)

In an absorption process the incoming photon itself induces the tran-
sition of an electron from the HOMO into the LUMO of the absorbing
molecule. In contradiction to stimulated emission, the definition of
spontaneous transition of the electron in the LUMO of an excited fluo-
rophore into the HOMO is that it is not induced by external photons.
The electron couples to the vacuum state of the radiation state. This
coupling introduces an additional ω2 factor.[70]

2.3.2.2 Mirror rule

If transitions from HOMO to LUMO happen in the harmonic shaped
part of the HOMO- and LUMO-potentials, then excitation- and emis-
sion lineshape functions show a mirror symmetry, because the Franck-
Condon (FC)-factors of emission and excitation are in this special case



16 theory

0 200 400
∆k[cm−1]

absorption
emission

Figure 11: Lineshape functions D(∆k) of absorption and emission of ATTO
488. The lineshape of absorption and emission were shifted to the center
of mass of both lineshape functions. The lineshape function of the emission
was mirrored at the center of mass.
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Figure 12: Basic polymethines: Streptopolymethine-cyanine cation, strepto-
polymethine-oxonol anion, natural streptopolymethine-merocyanine, and
carboanions.[105]

equal for transitions into the same vibrational and rotational modes.
An exemplary plot is shown in fig. 11. If spectra are corrected for
ω = ck proportionality and Stokes-Shift, then a mirroring of the spec-
tra at the center-of-mass of this corrected emission and absorption
shows identical line shape for organic fluorophores. In fig. 11 this is ex-
emplified with measurement data of the fluorophore species ATTO488.

2.3.2.3 Organic dyes

Inorganic dyes are usually non fluorescing dyes and are pigments for
coloring. Organic dyes can be divided into polymethine and aromatic
polybenzene dyes. They differ with regard to attached groups for solu-
bility and changing optical properties. I will use in this work a differen-
tiation between chromophoral part and attached groups of dyes. The
chromophoral part of the dye is responsible for luminescence.[30]

In organic dyes these are methine groups having π−σ-bonds, where
one of the electrons of every methine is quasi free (compare fig. 12).
Polybenzene dyes consist of three methine groups in a ring structure.
Benzene, naphtalene, anthracene, tetrazene, and pentazene are the ba-
sic structures of benzene dyes depicted in fig. 13.[19]

Figure 13: Benzene, naphta-, anthra-, tetra-, and pentacene.[19]
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Following an argumentation of Kuhn[62] one can estimate roughly
the transition energy En of polymethines using the particle-in-a-box
model of quantum mechanics.[21] The length of the chromophoral part
of the polymethine is the number N of methines plus one bond length
representing the ends of the chromophore. The mean bond length
of carbon bonds is 139 pm in methines. Then one obtains for the
polymethine Cy5 in fig. 3 with eq. (31) for its wavelength λ = 580 nm.
The longest excitation wavelength is the difference between energies of
HOMO and LUMO. A molecule with N π-electrons has, because of
spin pairing, nHOMO = N/2 low levels filled. The first excited level is
then nLUMO = N/2+ 1. Cy5 has four carbon π electrons and three
nitrogen π electrons, every carbon-carbon distance is 0.139 nm and
about 8 bonds constitute the chromophoral part. Then L = 1.12 nm
and N = 7.[62] Using this, Kuhn derived a model where the

En =
n2h2

8meL2
(30)

λHOMO/LUMO =
8mec

h

L2

N+ 1
(31)

2.4 quenching mechanisms of fluorescent organic
dyes

Theories of dye quenching interactions consider different length and
time scales. Fluorescent organic dyes have a size of several Angstrom
and the size of their longest molecular axis differs typically 3-5 times
compared to the other two. We have previously used that this shape
induces a dipolar behaviour in sec. 2.1.1.

2.4.1 Kinetic aspects of bimolecular processes

For quenching processes, where external molecules enhance non-
radiative transitions, QYss can be separated in a dynamical quantum
yield (QYdyn) and a static quantum yield (QYst) owing to the time
behaviour of the intermolecular quenching processes.[17, 64, 111]

QYss =
kr

kr + knr
(32)

= QYst · QYdyn (33)

By definition static quenching processes are processes, where the time
the fluorophore is fully quenched lasts longer than several of its fluo-
rescent lifetimes τfl. This is the case for complexation of fluorophore
and quencher in excimers and exciplexes. Reactions, where no com-
plexes are built show also a static contribution to quenching of fluo-
rescence due to quenching that happens in a sphere of action around
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Figure 14: Static and dynamic quenching mechanisms. If a fluorescent
molecule enters a sphere of a molecule that quenches it, static quenching
happens, if the fluorophore stays in this quenching significantly longer than
a excitation-emission cycle of the free dye. If the duration of molecular con-
tact is as long or shorter than the fluorescence lifetime of the fluorophore,
the quenching mechanism is called dynamical.[64, 111]

the quencher. In this sphere the quenching mechanism that governs
the quenching interaction is still strong enough even without molecular
contact. If both effects are present this last quenching process gets an
extra term in eq. (33) and is called sphere-of-action quenching.[64]

The term dynamical quenching is used for quenching processes where
the molecular contact is fast compared to an excitation-emission cy-
cle of the used fluorophore (compare fig. 14). Fluorophores diffus-
ing through a medium undergo excitation-emission cycles and are only
quenched at collision with the quencher molecule.

In bimolecular quenching always both, static and dynamic, mecha-
nisms exist, but only dynamic quenching influences fluorescence life-
time τfl in measurements3. To the non-radiative rates knr of eq. (32) a
non-radiative de-excitation term kq due to dynamic quenching kq[Q]4 is
added, if a quencher Q with the concentration [Q] is given to a solution
containing the fluorophore (compare eq. (34)). A comparison of the
fluorescence lifetime of free dye with eq. (34) yields the Stern-Volmer
equation for dynamical quenching eq. (35).[17, 111]

τfl =
1

kr + knr
(34)

τ =
1

kr + knr + kq[Q]
(35)

Complexed molecules DQ, consisting of fluorophores D and quencher
species Q, that are fully quenched, reduce the overall fluorescence in-

3 Static quenching is only obversable due to decrease of the overall detected inten-
sity of the TCSPC instrumentation. Fluorescence lifetimes are not detectable for
bimolecular complexes discussed here.

4 Here it is tacitly assumed, that the dynamical quenching rate is not time dependent.
However, this can only be tested with ideal δ(t) laser pulses being infinitely sharp.
The broader the excitation light to test the fluorescence lifetime with quenching τ

is in time, the more eq. (35) holds.[111]
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Figure 15: Sphere of action contribution to quenching. Whether a molecular
contact happens with a complex of fluorophore and quencher or not, quench-
ing interactions can be that strong, that the fluorophore is quenched in a
sphere-of-action.[64]

tensity of a sample (see eq. (36)). With the equilibrium constant of
the complexation reaction eq. (37) the decrease of fluorescence due
to static quenching can be calculated using both formulas yielding eq.
(39).

I = I0


1−

[DQ]

[Q]


(36)

KSt =
[DQ]

[D][Q]
(37)

⇒ I

I0
= QYst (38)

= 1−KSt[Q]. (39)

Quenching interactions are possible without molecular contact. For
strong fluorophore quenching interactions the fluorophore can be fully
quenched in a Volume Vq around the quencher (see fig. 15). Assuming
a poisson distribution with n quenchers residing in Vq with a mean
number of quenchers there of < n >= VqNAv[Q], a decrease in quantum
yield due to sphere-of-action can be connected to experimental available
quantities in eq. (41).[64, 111]

Pn =
< n >

n!
exp (− < n >) (40)

QYSphere = exp (−VqNAv[Q]) (41)

By changing the quencher concentration [Q] of a solution and mea-
suring intensities I, Vq is determined.

2.4.2 Energy- and Electron Transfer

Depending on the distance RDQ of excited fluorophores D∗ to quench-
ing molecules Q there are several possible kinds of interactions (cf. fig.
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16). On the one hand at distances rDQ ≫ 100nm a classical description
of the interactions is sufficient. In fig. 16 this is the area II. At these
distances, fluorophore and quencher without any bridging medium be-
tween them, interact solely via energetic transfer by statistically emit-
ted photons of the fluorophore.

Decreasing the distance between D∗ and Q, the situation changes dra-
matically at distances under 20 nm, depending on fluorescence emission
spectra of D and absorption spectra of Q. At least for shorter distances
than 20 nm the classic particle picture of photons breaks down, if one
considers the time-energy uncertainty formula ∆E · δt ⩽ h

2 alone with
∆E = hω being the energy of optical photons and ∆t their mean time
of flight for distances under 20 nm. Here the near field of the fluo-
rophore and quencher give a sharp transition in the quenching rates
by the FRET interaction.[42] Here it is still possible to describe FRET
donor and acceptor as separated molecules. The less distant they are,
the more they can be regarded as one molecular complex. So, depend-
ing on the interacting fluorophores and their environment, at distances
comparable to their FRET radius the molecules can be in area III of
fig. 16.

At least under 2 nm, other interactions are becoming important,
where electron transfer happens. The simultaneous exchange of elec-
trons of D∗ and Q was first described in a quantum-mechanical theory
that unified this electron transfer with FRET.[25] A more general ap-
plicable theory for calculating the possibility for strong quenching of
D∗ by Q by electron transfer was given by Marcus.[67] For D and Q

molecules having strong attractive forces, molecular contact can lead
to an overlap of molecular orbitals leading to molecular DQ complexes.
These supramolecular complexes show splitting of energy levels that
can lead to quenching. In this case a differentiation between electron
and excitation energy transfer is hardly possible. Generally, from large
to short distances the effects overlap and depending on molecular prop-
erties of D and Q different interactions have a general role in quenching.

2.4.2.1 Photon mediated transfer

In the derivation of the Lambert-Beer law in sec. 2.1.2.1 it was already
used, that in a classical model, the photon absorption of a molecule Q
is proportional to the effective area σQ = A

NAv
with which Q absorbs

(compare fig. 4). The fluorophore MR121 has an extinction coefficient
of ϵMR121 = 105000 M−1cm−1. Its single-molecular cross-section is
σMR121 = 400 pm2. To derive the probability of absorption of photons
that are emitted by a isotropical5 emitting point emitter at a distance
of R = 100 nm, the fraction of σMR121 to the area of a sphere with
radius d is f = 4

3 × 10−8. If this point emitter is a fluorophore with

5 If one respects anisotropic emission of single dipole emitters, then the orientation of
D and Q is also important, as it was pointed out in the section about time dependent
anisotropy (sec. 2.1.2.2).
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Figure 16: Different ranges of interaction strengths. The stronger the in-
tramolecular interactions compared to intermolecular interactions, the more
electron orbitals couple and the more a supramolecular picture of the com-
plex is enhanced. The stronger intermolecular interactions are, the more
properties of each molecule itself influences energy transfer.[70]

an emission rate of kfl = 109s−1, the rate of energy transfer from the
emitter to MR121 is about kDQ = f · kfl ≈ 10 s−1. We will see, that
this is a low value compared to other transfer mechanisms at distances
in the 10 nm range.

In this example the rate for photon mediated energy transfer from
D to Q depends on R2. In quantum electrodynamics it can be shown
that this is the long range limit of a general equation for dipole-dipole
energy transfer rates (eq. (42) in brown).[10, 70] In this equation κDQ

(κ̄DQ) are (mean) orientation factors and D is a line shape function
which inherits the information of absorption and emission spectra of D
and Q.

k
pm
DQ =

2π
h
|dDdQ|

2


κ2DQ

R6
DQ

+
K2
0κDQ(κDQ − 2 ¯κDQ)

R4
DQ

+
K4
0κ̄

2

R2
DQ


D

(42)

The blue part of this formula is important on short distances under
20 nm. This is the range of FRET and has a strong R−6 dependence.
In this theory the transfer in the short distance range is still no classic
transfer, but it is referred to as a virtual photon exchange.[11] The
R−4 term here is the connecting domain between FRET and classical
photon mediated energy transfer.

2.4.2.2 Förster Resonance Energy Transfer

The Förster Resonance Energy Transfer, also called fluorescence reso-
nance energy transfer is an excitation energy transfer with weak cou-
pling of the participating molecules. In this model, donor and quencher
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molecules are still independent regarding motion of molecular coordi-
nates on time scales for excitation and the equilibration of nuclear
coordinates after excitation. Therefore in an ansatz using pertubation
theory eq. (43), the potential VDQ describing the interaction between
fluorophore (energy donor) and quencher (energy acceptor) and the
δ-function giving the selection rules for transitions between molecular
orbitals can be separated into its molecular factors of fluorophore D

and quencher Q. Then eq. (44) follows, giving now a factor JDQ (eq.
(45)) describing the alignment of participating molecules and two fac-
tors giving the franck-condon factors of each molecule.

kFRET =
2π
h


MD,ND


MA,NA

f∗DfQ . . .

× | < Ψ∗
DΨQ|VDQ|Ψ

∗
QΨD > |2

× δ(E∗
D + EQ − E∗

Q − ED)

(43)

< Ψ∗
DΨQ|VDQ|Ψ

∗
QΨD >= JDQ < χ∗D|χD > × < χQ|χ

∗
Q > (44)

JDQ = κDQ
|dD||dQ|

|RDQ|3
(45)

The terms f∗D < χ∗D|χD > and fQ < χQ|χ
∗
Q > are the emission line-

shape of the fluorophore and the absorption lineshape function of the
quencher. Therefore the FRET rate kFRET depends on the spectral
properties of FRET energy donor and energy acceptor molecules and a
dipolar alignment factor as in eq. (46). Using the connection between
absorption and emission to their lineshapes in eq. (27) and eq. (28),
the rate for FRET can be directly computed (eq. (47)) by emission
and absorption spectra I(ω), ϵ(ω) in eq. (47) that are accessible by
spectrometers. Introducing the Förster radius RF in eq. (48), the dis-
tance of energy donor and acceptor, where the FRET rate equals the
fluorescence emission rate kFRET(RFRET) = kD = τD

0

−1 one obtains for
kFRET eq. (48). If one has therefore already determined the RFRET and
knows τD

0 , then distance information between fluorophore and quencher
are determinable.
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kFRET = 2π |JDQ|
2

∞
0

dωDem
D (ω)Dabs

Q (ω) (46)

=
9hc4κ2

16π2n|RDQ|6

∞
0

dω
ω4

ID(ω)ϵ(ω) (47)

⇒ kFRET =
1

τD
0


RF

RDQ

6

(48)

E ≡ kFRET

kr + knr + kFRET
(49)

=
1

1+

RDQ
RF

6 (50)

Usually the quencher molecule is itself a dye. Both molecules are then
called donor and acceptor. With the definition of the FRET-efficiency
E, the fraction of donor de-excitation by the quencher one can see, that
FRET is sensitive for differences in distance between fluorophore and
quencher at about RFRET.

2.4.2.3 Electron transfer reactions

Electron Transfer is one of the basic types of chemical processes. It
represents the initial step of a number of reactions like the mak-
ing and breaking of chemical bonds or the change of molecular
conformations.[70]

ET is a spontaneous charge redistribution between an initially pre-
pared reactant state and a well-defined product state. In this work
the important preparation of the reactant state is a metastable initial
state of fluorophores by photoabsorption. Unlike systems where special
charge carriers transport electrons over large spatial distances, electron
transfer means here, that because of non-ionizing electronic molecular
excitation an electron is transferred into a different region of the molec-
ular complex in a tunneling process from one electron donor molecule
to the electron acceptor molecule. This definition given in[70] excludes
processes in biological systems where enzymes act as charge carriers
- this work focusses more on bimolecular processes and therefore this
definition is appropriate.

In ET reactions the whole electron wave function of the ET-complex
changes by a transfer reaction. The steps discussed in sec. 2.3.2 can
for pure ET reactions be described by changes of the electronic charge
densities. These changes are induced by the changes of the states of
single electrons of the molecules as depicted in fig. 17.[70]

In fluorescence quenching by ET, the fluorophore is excited by ab-
sorption of a photon meaning an electron is transferred by the excita-
tion from the HOMO to the LUMO of the fluorophore. In a second
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step an electron is transferred from the electron donor of the reaction
to the electron acceptor. Depending on the potentials, the quencher
molecule can be the electron donor. Then its electron is transferred
from its LUMO to the LUMO of the fluorophore. If the fluorophore
is the electron donor, its electron is transferred from its HOMO into
an excited state of the quencher molecule. After this electron transfer
several de-excitation paths are possible.

If the ET proceeds directly from the donor to the acceptor, the pro-
cess is called through space transfer. This transfer is only possible
for DA distances of less than 20 Angstrom.[70]The electron transfer
can be described by thermodynamic energy parameters of reorganiza-
tion energy Eλ, temperature T, and the standard free energy change
of the complexation of fluorophore and quencher ∆G0. Eλ contributes
to the rate, because the solvent has dipolar properties, too, and the
shell of solvent molecules around the complex changes changes ener-
getic behaviour. The standard free energy is the sum of oxidation and
reduction energies of electron donor and acceptor, the transition energy
of the transition between the S0 and S1 state in the fluorophore, and a
Coulomb potential of the charge separated state.[17, 65, 70] |VDQ| is a
term relating to electronic coupling, that decreases exponentially with
increasing distance RDQ. Finally the distance dependence depends on
an exponential attenuation factor βel that is in the range 2-5 Å−1.[17]

kET = |VDQ|
2


π

h2kBTEλ
exp


−
(∆G0 − Eλ)

2

4λkBT


(51)

∝ exp

−βelRDQ


(52)

dexter mechanism If fluorophore and quencher get for a short
time in contact with overlap of molecular orbitals, it is possible that
electrons are exchanged simultaneously. This is a special case of PET
that was first described by Dexter[25] in a theory unifying FRET and
this PET interaction. Here the assumptions that led from the quan-
tum mechanical ansatz for transitions in eq. (43) to the separation
of the excitation and de-excitation terms of energy donor and accep-
tor molecules in eq. (46) are not possible. In molecular contact it is
also possible, that both electrons change simultaneously their quantum
mechanical state.

2.4.2.4 Dimerization

At molecular contact with strong overlap of these molecular orbitals,
splitting of molecular orbitals leads to J- and H-dimerization (compare
fig. 18). J-bands were discovered by Jelley and Scheibe[58, 91, 92] for
aggregation of dye monomers into loosely bound polymers that exhibit
a sharp peak red-shifted to the maximal monomer peak.[34, 92] Scheibe



2.4 quenching mechanisms of fluorescent organic dyes 25

1. Excitation
D+A+h      D*+A 

HOMO

LUMO

2. PET
D*+A      A +D* 
D*+A      A* +D 

3. Equilibration
A +D*      A+D
A* +D      A+D

- +

- +

+ -

AAA ++

Figure 17: PET pathways. Excitation of the fluorophore leads to transition
of an electron from the LUMO of the electron donor to the electron acceptor.
After electron transfer equilibration of both molecules happens via differ-
ent pathways. The electron donor can be the fluorophore or the quenching
molecule. In the case of MR121 quenching by Trp, Trp is the electron donor.

E

S0

Monomer

S∗

J-dimer

H-dimer

Figure 18: Energy level diagram of H- and J-dimers compared to monomeric
energy level. By complexation of monomers, energy bands of the monomer
split and depending on the angle theta of the point dipole center of both
molecules, only excitation to the higher energy level (H-dimers) or lower
energy level (J-dimer) are allowed.

also discovered dyes exhibiting blue-shifted absorption maxima and
called them hypsochromical shift aggregates - H-Dimers.

J-Aggregates often show fluorescence at the red-shifted peak, while
H-dimers do not.[121] Therefore H-dimerization represents another
quenching mechanism for reporting contact of two molecules. In
contrast to J-aggregates, H-dimers have a complicated vibrational
structure. Therefore there exist only a few theoretical articles address-
ing the lineshape of H-aggregates.[35]

In an energetic view of the dimerization coupling of different
molecules, the energy band of H-dimer complexes is the monomeric
single molecules of the dimer still couple with their vibronic energy
modes. In this case several vibronic modes of the monomers are excited.
Therefore absorption spectra of H-dimers compared to J-dimers show
a broad spectrum.
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Figure 19: Typical 1 ms binned time trace of the APD signal of a FCS mea-
surement. The signal d(t) has a mean value d̄ giving fluctuations δd(t)

depicted here for two different times t1 and t2.

2.5 the second order correlation function of fcs

Correlating is a powerful technique to find similar structures in noisy
data. The dimensions of oligopeptides in solutions are far beyond 200
nm and structural or dynamical information on oligopeptides is there-
fore not achievable with visible light without any tricks. Fluorescence
Correlation Spectroscopy is a technique, where specific interactions and
diffusional properties of biomolecules are obtainable.

In confocal FCS signals of two detectors are correlated via the second
order correlation function G(τ). In this section following the article
of Krichevsky et al.[60] principles and formulae are derived that are
needed to analyze the data of a confocal FCS setup.

On a FCS setup like in fig. 23 emission d(t) of a sample illuminated
by a excitation beam is detected. As depicted in fig. 19 a signal d(t),
measured over a time T, has a mean strength d̄(t) and fluctuates with
δd(t) = d(t)− d̄(t) around d(t). Using a setup with one detector, simi-
larities of d(t) in time can be analyzed by using autocorrelation, where
d(t) is compared with its copy. With a two detector setup both signals
d1(t) and d2(t) of detector 1 and 2 are cross-correlated excluding dead
time effects of detectors that are in the microsecond range.

The second order autocorrelation G(τ) is the average of the products
of fluctuations normed to the average signal. In in ergodic systems one
can write that as time or ensemble average.

G(τ) =
1

d̄2T

T
0

dtδd(τ)δd(τ+ t) (53)

=
1

d̄2
< δd(τ)δd(τ+ t) > (54)
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Consider an ideal solution in equilibrium with two isomers having the
same diffusion constant D, one fluorescent (open) the other not (closed).
Rates ko and kc depict rates into fluorescent and non fluorescent state,
respectively. They follow the reaction scheme

open
kc−−⇀↽−−
ko

closed,

having local opened species Co(⃗r, t) and closed species Cc(⃗r, t) con-
centrations. One can establish a system of differential equations eq.
(55) with a diffusional and a isomerization part that describe devia-
tion δC(⃗r, t) of C(⃗r, t) from its mean. The differential equation system
is solvable (s. sec. 9.4). Focussing on the fluorescent species with
quantum yield QY, calculation of the detected emission signal d(t) per
sample time ∆t yields eq. (56). If one has a gaussian excitation profile
I(⃗r) (s. eq. (57)) that we can assume as two dimensional with diame-
ter ωxy, he gets a nice expression eq. (59) for G(τ). It depends only
on experimental parameters: Mean particle number N in the excita-
tion profile, mean diffusion time τD =

ω2
xy

4D of particles passing through
the focal volume, relaxation amplitude K = kc

ko
, and relaxation time

τK = (ko + kc)
−1. The correlation function can be separated into a

diffusional part GDiffusion(τ) and one for blinking effects that can be
described via eq. (55). Detailed deviations are in the appendix sec.
9.4.

∂
∂tδCo(⃗r, t)
∂
∂tδCc(⃗r, t)

=
D∇2δCo(⃗r, t) − kcδCo(⃗r, t) + koδCc(⃗r, t)

D∇2δCc(⃗r, t) + kcδCo(⃗r, t) − koδCc(⃗r, t)
(55)

d(t) = ∆t


d3r⃗ I(⃗r) ·QY ·Co(⃗r, t) (56)

I(⃗r) = I0exp


−
2

x2 + y2


ω2

xy


(57)

G(τ)
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1

N


1+

τ

τD

−1

(58)
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with

τD =
ω2

xy

4D
(61)

K =
kc

ko
=

cc

co
= Keq (62)

IFCS

N
=

IAPD1 + IAPD2

N
(63)

Several groups do not use the 2 dimensional approximation that ac-
counts for a large ratio of z- against xy-width of the focal volume.[117,
118] Considering also z-direction of the gaussian beam, the diffusional

correlation function is GDiffusion(τ) = 1
N


1+ τ

τD

−1 
1+ κ τ

τD

− 1
2 .

Here a factor κ is introduced, that expresses the z to x,y diameter
ratio.

Using the values τD, τK, K, N, and the overall detector intensity IFCS

the following parameters can be derived:
1. The mean particle intensity of particles that are detected via

crossing the confocal volume of FCS IFCS
N can be directly compared

to QYss measurements of ensemble measurements. It gives hints
to subspecies of the sample that are in a non-fluorescent state on
a timescale longer than the diffusion time τD. Also, IFCS

N can be
used for characterization of FCS setups. For a dye standard dye
this value shows how efficient photon detection is.

2. The diffusion time τD is via the focal volume Vfocal and viscosity
of the solvent directly connected by the Stokes-Einstein equation
eq. (21) to the diffusion constant D of the inspected molecule.

3. With the equilibrium constant of blinking fluorescent species in
the confocal detection volume of FCS K and its relaxation time
τK rates of opening ko and closing kc processes can be derived via
eq. (64). K gives also an estimate for the static quantum yield
(eq. (65)).

kc =
K

τK(1+K)

ko =
1

τK (1+K)

(64)

QYstFCS =
1

1+K
(65)

So the FCS signal gives informations about concentration, diffusional,
photophysical and kinetic properties of molecules.

2.6 unstructured polypeptides

Peptides and proteins are chains consisting of different sequences of
AAs. The AA-sequence defines all these structures in a given environ-
ment. These structures must be experimentally determined to this day
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and only structures of very small proteins can be simulated. There are
21 AAs that any organism uses in cells to encode proteins and most
known proteins have 100-350[1] AAs. Therefore there are infinitely
many possible protein configurations. This is the reason why finding
rules how different AAs change and influence known configurations is
a common task.

The AA-sequence is called primary structure and is the most basic
element of peptide structure. Due to electrostatic interaction between
these AAs, a secondary structure can be determined for every specific
protein primary structure consisting of β-sheets, β-strands, α-helices,
random coil and non-regular structure. The big picture of all these
parts of a protein or polypeptide including interactions between all
parts of the protein or polypeptide that cross-link the subunits of it is
called tertiary structure. And if several proteins build a supramolecular
complex, this is a quaternary structure.

The AAs isoleucine, leucine, valine, Trp, tyrosine, phenylalanine,
cysteine (Cys), and aspargine are order promoting, rather disorder-
promoting are alanine, arginine, Gly, glutamine, Ser, glutamic acid,
lysine (Lys), and proline.[108] For this work we used short peptides
containing glycine and serine residues with five to eight repeating
units of glycine-serine building blocks. This peptide is known for its
flexibility.[14]

2.6.1 Rates of polymer dynamics

When analyzing the kinetic behaviour of very flexible polypeptides in
solution, one approximation is to neglect any interactions between the
constituents of the peptide other than that their are connected loosely
together in a chain. This is the random coil model that was exten-
sively studied by Flory and Tanford for proteins in GdCl.[2, 40, 103]
They found out, that in 6 M GdCl all their studied proteins ”appear
to be structureless, random chains.” This random coil model is a ba-
sic descripton for very flexible proteins and peptides. In reality even
very flexible peptides have electrostatic interactions between their con-
stituents. The ideal chain model can still be used by dividing the
peptide into s ’effective’ segments with effective lengths leffective of its
chain compartments.[2] Brownian motion of the angles of the segments
in solution gives an estimate for the radius of gyration RG for long
freely jointed chains (eq. (67)). Determination of RG is in our experi-
ments in solution hardly possible, but it is proportional to the hydro-
dynamic radius RH that was introduced in the Stokes-Einstein equa-
tion eq. (21).[104] Szabo, Szabo, and Schulten connected relaxation
times for end-to-end contact τ to the root mean square of end-to-end
distance r yielding a distance dependence for ideal chains beiing pro-
portional to |r|

3
2 .[2] For real chains one must note that compartments
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of the polymers occupy volume that other chain segments are excluded
from. Experimental data reveals that distance dependences of |r|1.7[74].

s =
L

leffective
(66)

< R2
G > =

< r2 >

6
for s → ∞ (67)

τ ∝
√
< r2 >

3

D
(68)

2.6.2 Modification of biomolecules

Modification of biomolecules is on the one hand a process on purpose to
utilize it e.g. for labeling fluorophores to specific areas at biomolecules
for detection, or it is a naturally occurring process that we try to under-
stand. In this study oligopeptides were labeled via N-hydrosuccinimide
(NHS) ester labeling procedure. This is one of the most common acti-
vation chemistry for labeling of dyes to proteins.

2.6.2.1 NHS Esters

All proteins have the amino terminal end of the last AA in common. N-
hydrosuccinimide ester are perhaps the most common activation chem-
istry for creating reactive acylating agents. Today the great majority
of amine-reactive cross-linking or modification reagents commercially
available utilize NHS esters. In protein molecules, NHS ester cross-
linking reagents couple principally with the α-amines N-terminal and
at the ϵ-amines of lysine side chains.[55]

R NH2

Amine
Compound

+ R ′

O

O
N

O

O

NHS Ester
Derivative

R ′

O

NH
R

Amide
Bond

+ N

O

O

OH

NHS
Leaving Group

NHS ester-containing reagents react with nucleophiles with release
of the NHS leaving group to form an acylated product. The resulting
esther linkages hydrolyze in aqueous solutions or exchange with neigh-
bouring amines and form amide bonds. In protein molecules, NHS
ester cross-linking reagents couple principally with the α-amines at the
N-terminals and the ϵ-amines of lysine side chains. Literature data
gives estimations for the half-life of NHS-esters under physiological pH
conditions of several hours. [55]
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2.6.3 Glycine-Serine peptides

Glycine serine peptides used in this study here are unstructured and
fully flexible. Therefore end-to-end kinetics are only limited by the
viscosity of the solvent[61, 65, 76]. Neuweiler et al.[76] measured for
GS peptides of different lengths activation enthalpies of (18± 3) KJ

mol .
The activation enthalpy barrier for diffusional transport in water is 17

KJ
mol [6]. Therefore they conclude, that there are negligible intrachain
interactions that give enthalpic contributions.

o-glycosylation O-glycosylation is a post-translational modifi-
cation occurring in living cells in the golgi apparatus. It is known that
the first monosaccharide N-acetylgalactosamine (GalNAc) residue in a
glycosylation process is attached to Ser or threonine. O-linked struc-
tures are often further connected with additional saccharides, but they
are usually less branched than N-glycosylidic structures.[41].

O-glycans affect the rate either way depending on factors such as
position and orientation.[72] The limited data available for the specific
effect of glycosylation makes it difficult to generalize about the relation
between the type of protein glycosylation and the thermodynamics of
glycoproteins. Several studies of the folding and stability of glycopro-
teins in their glycosylated and non-glycosylated forms show that the
sugars have diverse effects on folding kinetics.[97] It has yet to be deter-
mined whether there is any correlation among the sites of glycosylation
and the ensuing effect in multiply glycosylated proteins. It is also not
apparent whether there is a common pattern in the conservation of
glycans in a related family of glycoproteins, but it is evident that gly-
cosylation is a multifaceted post-translational modification.[72]

2.6.4 Rates of chemical reactions

Two state processes with an energy barrier given by the activation
enthalpy ∆G∗ at a temperature T of two reacting species in solution
can be described by the arrhenius equation eq. (69).[94] In physical
derivations the potential energy surfaces of the reaction have to be
considered. For quadratic energy surfaces, the term A of eq. (69)
can be calculated and is dependent on the curvature of the potential
and of frictional forces of the system.[94] In general the constant A is
dependent on the energy surface between reaction coordinates O and
C.

ln(k) = lnA+
∆G∗

RT
(69)

= lnA+
∆S

R

∆H∗

RT
(70)
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M AT E R I A L S A N D M E T H O D S

3.1 ensemble spectrometer

photometer and fluorescence spectrometer Ab-
sorbance spectra were recorded with a UV/Vis spectrometer (V650;
Jasco; Gross-Umstadt, Germany) at 293 K. Before measurements, the
spectrometer had to warm up for 30 minutes to give fluctuations of
Optical Density (OD) of about 10−4 with 10 mm light-path Hellma
cuvettes or 10−3 using the nanocuvette. This was tested by repeated
measurement of the sample that was used for offset estimation before
each measurement. Spectra were always recorded with a scanning
speed of 200 nm/min with fast integration and spectral bandwidths of
1 nm in excitation and emission paths.

Excitation and emission spectra were taken via a fluorescence spec-
trometer (FP-6500; Jasco; Gross-Umstadt, Germany) at 293 K. For
MR121 dimerization measurements, the data are uncorrected for in-
strumental wavelength dependencies, while the data for dimerization
measurements of all other samples is corrected.

Experimental determination of QYss Due to preparation of the sam-
ples, the concentration of measured samples is usually not known before
doing ensemble experiments. Therefore QYss was always determined by
measuring absorption OD(λ) and emission spectra I(λ) and calculating
QYss via eq. (71) using the same cuvettes and the same spectrometer
settings.

QYss =
I(λmax)

ODmax
(71)

Time Correlated Single Photon Counting The FluoTime 200 TC-
SPC setup by PicoQuant (Germany) used for lifetime and time depen-
dent anisotropy measurements is shown in fig. 22. As excitation source
a blue pulsed laser with 482 nm (LDH-P-C-485) and a red pulsed laser
with 637 nm (LDH-P-C-640B) emission wavelength were used with rep-
etition rates up to 80 MHz for the red laser and 40 MHz for the blue
laser. Repetition rates were always adjusted such that the time period
between pulses was about 5-10 times longer than the fluorescence life-
time of the probe. Therefore the fluorescence of the sample is decayed
until the next pulse excites the sample. Lasers were always operated
just above laser threshold to get a pulse length with Full Width at Half
Maximum (FWHM) of 90 ps. Using neutral grey nonselective filters
excitation intensities were adjusted that at maximum 0.1 % of detector

33
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counting rate was registered compared to laser repetition rate. Fluores-
cence lifetime measurements were always done with polarizers (P) in
magic angle configuration to exclude polarization effects.[64] Attention
was paid to get no backscattered light in the light pathway.

For each anisotropy measurement

1. Intensity Response Function (IRF) and a lifetime measurement
with polarizers in magic angle position were made,

2. then vertical-horizontal and vertical-vertical polarizer positions of
excitation-emission polarizers were chosen for VH and VV mea-
surements.

The lifetime and anisotropy data were fitted with deconvolution fit-
functions eq. (72), eq. (73) to get lifetimes τi with amplitudes Ai of the
fluorescence lifetime decays and the fundamental anistropy r0 as well
as the lifetime of the anisotropy decay θ. Dependent on the fluorophore
and on wheter it is free or coupled, the number of fitted fluorescence
decays n varies between one and three. We always started fitting with
mono-exponential decays and decided with the aid of χ2 and the resid-
ual distribution of the fitted function if further exponents are needed.
It is possible to fit magic angle measurements of MR121 using picosec-
ond pulsed lasers with a monoexponential fit, the TCSPC was always
tested with MR121. Therefore it is a good standard to check the setup.
Because the detection system has different sensitivities for vertically
and horizontally polarized light, we fitted in anisotropy measurements
also the G-factor to our data. For anisotropy fits the starting fit pa-
rameters τi were determined by magic angle lifetime measurements and
comparison of anisotropy decays at decay times, e.g. for MR121 sam-
ples of this work at 8.4 ns, where there is surely no anisotropy effect
any more.

I(t) =

t
− inf

IRF(t ′)

n
i=1

Aie
t−t ′
τi dt ′ (72)
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(73)

The monochromator (M, ScienceTech Model 9030) of this FluoTime
200 has a grating Ngr = 1200mm−1 at a width of 32 mm and was always
used with 0.5 mm slits providing 4 nm spectral bandwidth. With the
second diffraction order m = 1, one gets a maximal time delay i.e. for
an erythrosin B TCSPC measurement at 560 nm with an IRF taken
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Figure 20: Top: IRF, measurement data and monoexponential reconvolution
fit of Erythrosin B in degassed water. Bottom: Residuals of fit.

at 482 nm of td = Nmλ
c ≈ 10ps. Even if a shift between IRF and

decay data was always fitted, systematic effects might effect the results.
The fit shown in fig. 20 gives a lifetime of Erythrosin B τErythrosinB =

(89± 1)ps. With the systematic deviation due to td, this is in excellent
agreement to Boens et al. [15].

3.2 fluorescence correlation spectroscopy setup

The FCS setup used in this work (s. fig. 23) is a standard home-
built setup.[4] Object slides are placed on a microscope (Axiovert 100;
Zeiss, Germany) and are excited by a 637 nm continuos wave (cw) laser
(CUBE; Coherent; Dieburg, Germany) with 200 µW power measured
at the back aperture of the objective for quantification of diffusion and
particle properties of the sample. When interested in conformational
dynamics laser power was adjusted to 1 mW. Photobleaching of MR121
was not detectable at 200 µW.

This collimated laser beam was coupled into an oil-immersion objec-
tive (L1, 63×, 1.4 NA; Zeiss; Germany) by a dichroic beam splitter (D,
645DLRP; Omega Optics, Brattleboro, VT, USA). The fluorescence
signal was collected by the same objective, filtered by a band-pass fil-
ter (700DF75; Omega Optics; Brattleboro, VT, USA) and imaged via
a cubic beam splitter onto the active area of two APDs (SPCM-AQR-
14; EG&G, Canada) via multimode optical fibers (F1, F2) with a core
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Figure 21: VV (left) and VH (right) anisotropy fluorescence lifetime data of
MR121-(GS)5K-MR121 with anisotropy fits using eq. (73). First, the fluo-
rescence lifetimes τfli of the sample was determined via measurement and
fitting of data in magical angle conditions. Then anisotropy fits according
to eq. (73) with τfli as starting parameter yield fundamental anisotropy r0
and anisotropy decay φ.

Figure 22: TCSPC setup consisting of P1, P2 polarizers, M monochromator,
PMT and 480 nm or 640 nm pulsed lasers. For 4 ps precise timing a PicoHarp
is used and a Sepia 2 can control up to eight pulsed lasers.
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Figure 23: FCS setup. L1-L3 are lenses, D is a dichroic mirror, F1 and F2

are glass fibres and 50/50 means 50 % beam splitter.

diameter of 100 μm. The signals of the two APDs were recorded for 5
to 30 minutes using one of two signal processing modules.

1. The hardware correlator device (ALV-6010; ALV-GmbH; Langen,
Germany) yields a maximum time resolution of 6.25 ns and its
output is the correlated signal.

2. The standalone TCSPC module (PicoHarp 300; Picoquant
GmbH; Berlin, Germany) yields a maximal time resolution of 4
ps. After each measurement the recorded time traces were cor-
related using SymphoTime Software (Picoquant GmbH; Berlin,
Germany).

Cross-correlation circumvents dead time and afterpulsing effects.[37] A
custom made objective-water-cooling device controlled temperature at
293 K, if not stated otherwise. All measurements were performed at
nanomolar sample concentrations to circumvent intermolecular interac-
tions and to decrease noise on correlation curves at small correlation
times.

To calculate diffusional behaviour of molecules the following proce-
dure was used. Diffusion constants are (compare eq. (21)) inverse
proportional to the radius of particles. The known diffusion constant
of ATTO655[24] DATTO655

298K = 4.26 · 10−6 cm2

s
in 298 K was used to deter-

mine via

Dx

D
ATTO655
298K

=
τ

298K
D

τx
D

(74)

and eq. (61) the diameter ωxy of the focal volume at 200 μW with
x being in this case 293 K. For measurements of diffusion constants
the diameter of the focal volume was determined. The mean of 30
measurements with 200 μW at 293 K over 2 years is (860± 30) nm.
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3.3 sample preparation

peptides (GS)5K and (GS)5W were bought from IBA GmbH (Göt-
tingen, Germany). Glycosylated peptides (SGalG)8W were synthe-
sized by Lilly Nagel and Carolin Plattner in the organical chemistry
3 group of Prof. Norbert Sewald. This was done by solid-phase synthe-
sis with glycosylated dipeptides as building blocks. Using HBTU and
HOBt, dipeptides were prepared by coupling of Fmoc−Ser−OH and
H−Gly−OtBu · HCl to get Fmoc-Ser-Gly-OtBu. The hydroxyl group
in the side chain of the serine residue was then glycosylated with penta-
O-acetyl-b-d-galactose. The peptide synthesis was accomplished by
fragment condensation using Fmoc-Ser(b-Ac4Gal)-Gly-OH as building
blocks and finally tryptophan.[BLSD11]

fluorophores Despite MR121 by courtesy of Prof. Dr. Drex-
hage (Siegen), all fluorophores in this work are commercially available
and were purchased with NHS functional group.

ATTO488, ATTO 520, ATTO532, ATTO565, ATTO655 and
ATTO647N were purchased from ATTO-Tec (Siegen, Germany).
Cy3, Cy3B and Cy5 were purchased from GE-Healthcare (Freiburg,
Germany). At arrival the fluorophore powder was dissolved in dimethyl-
formamide (DMF) (puriss, Sigma-Aldrich, Germany) aliquoted in 0.1
mg portions and dried. The dry aliquots were stored at -253 K.

high precision liquid chromatography A Jasco-HPLC
LC2000 (Gross-Umstadt, Germany, s. fig. 24) was used for sample
preparation with linear gradients of H2O/acetonitrile (ACN). In this
configuration both solvents (LM A: H2O, LM B: ACN) are pumped
after passing the deaerator (DG-2080-53, D) with 1 ml/min. They are
mixed by a high pressure dynamic mixer (MX-2080-32). The sample is
injected by an autosampler (X-LC 3159 AS, AS) and separated by PFP-
or C18-columns (Kinetex 2.6 µ, 100A, 150× 4.6 mm; Phenomenex;
Aschaffenburg; Germany, C) tempered at 298 K. Samples are detected
by a UV-Vis multiwavelength diode array detection (MD-2015, MWD)
and by a fluorescence cell (X-LC FP3120, FD)

sample preparation. Samples were modified via standard NHS
coupling chemistry.[55] Therefore all peptide aliquots (0.1 mg) were
dissolved in phosphate buffer (pH 7.7 at 298 K, 100 mM), fluorophore
aliquots were dissolved in DMF (puriss, Sigma-Aldrich, Germany). Be-
fore starting the purification process via HPLC, mixtures of sample and
fluorophore were filtered with sterile syringe filters.

Glycine-serine peptides with Trp. MR121-NHS solution was added
in a 5:1 molar fluorophore:peptide ratio for labeling MR121 at the N-
terminus of GS-peptides with Trp at the carboxyl end. A blanking sam-
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Figure 24: The HPLC setup consists of solvents A and B, deaerator D, pumps
A and B, high pressure dynamic mixer, autosampler AS, column oven CO,
columns C, a fluorescence detector FD and multiwavelength UV/Vis diode
array absorption detector MWD.

ple containing about five times less MR121-NHS solution in the same
amount of phosphate buffer was prepared at the same time. Mixtures
containing (SGalG)8W were incubated over night, whereas (GS)xW
samples were incubated several (>2) hours before purification.

Singly and doubly labeled glycine-serine peptides using one fluo-
rophore. Preparation of (GS)5K-MR121 was done analogue to the
preparation of (GS)xW peptides using a 1:3 molar fluorophore:peptide
ratio having an incubation time of several hours. Above all the ra-
tio is important when dealing with ATTO647N-, MR121, ATTO565,
and ATTO520. The more reactive fluorophore is in the incubating
solution, the more the reaction tends to form Fl−(GS)5K−Fl samples.
Cy-fluorophores do not form that much Fl−(GS)5K−Fl samples, there-
fore here a higher fluorophore:peptide ratio can be chosen for very
short incubation times down to some minutes. Fl−(GS)5K−Fl sam-
ples were prepared with a 1:1 molar fluorophore:peptide ratio. For
Cy-fluorophores a higher fluorophore:peptide ratio up to 5:1 with long
incubation time of minimum one night was again used to get more dou-
bly labeled peptides. It is possible to use dried (GS)5K-MR121 sample
that was used for Fl1−(GS)5K−Fl2 production to dissolve it again in
phosphate buffer with addition of reactive fluorophore solution to pro-
duce more Fl−(GS)5K−Fl sample.

Labeling glycine-serine peptides with two different fluorophores. To
purify Fl1−(GS)5K−Fl2 sample via HPLC, previously dried (GS)5K−Fl
powder is dissolved in phosphate buffer. We used (GS)5K−Fl with the
fluorophores Fl being Cy5 or ATTO532. This is due to a high yield
of (GS)5K−Fl while getting low percentage of Fl−(GS)5K−Fl in a first
purification step. The gain of Fl1−(GS)5K−Fl2 in a second purification
step depends on the combination of first fluorophore Fl1 and secondary



40 materials and methods

Fl2. Purification of Fl1−(GS)5K−Fl2 with Cy3-NHS and Cy3B-NHS
attached to (GS)5K-Cy5 had to be repeated at least twice, the gain
of Cy5-(GS)5K-ATTO488 was that low, that several purification steps
were needed. Therefore (GS)5K-Cy5 sample could be reused. The exact
ratio of fluorophore:(GS)5K−Fl ratio is not given here, but because of
the low gain of Fl1−(GS)5K−Fl2 sample with ATTO532/ATTO647N,
and ATTO532/ATTO565 high ratios up to about 10:1 were taken.
Cy5/ATTO488 incubation achieved low Fl1−(GS)5K−Fl2 concentra-
tions. Because the PFP column of the HPLC seemed to be overloaded
by less ATTO488-NHS concentration than with the other fluorophores
yielding time shifts in sample retention times, ATTO488-NHS: (GS)5K-
Cy5 ratio was chosen lower than 1:1 ratio. Attachment of Cy3B and
Cy3 for Cy5/Cy3, Cy5/Cy3B samples yielded good Fl1−(GS)5K−Fl2
gains.

In fig. 25 absorption chromatograms of the purification of
Fl−(GS)5K−Fl samples are shown. Because we used high fluorophore
content, attention was given on segregation of Fl1−(GS)5K−Fl2,
(GS)5K−Fl sample and free fluorophore. Picking the peaks indicated
by the arrows in fig. 25(A-E), purity of samples is over 99%.

The samples were dried using a vacuum centrifuge (SPD111V,
Thermo Electron LED GmbH, Langenseibold, Germany). First experi-
ments were done the same or next day. To get statistical evidence fresh
purified samples were used for a week for every sample to do all the
ensemble measurements. For every series of measurements solutions
were prepared by diluting a millimolar solution of the sample in GdCl
or phosphate buffer.
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Figure 25: Absorption chromatograms of Fl1−(GS)5K−Fl2 samples with
A: ATTO532/ATTO565 (blue: 530 nm, green: 565 nm), B:
ATTO532/ATTO647N (blue: 530 nm, green: 670 nm) 650 nm), E:
Cy3B/Cy5 (blue: 550 nm, green: 650 nm), D: Cy3/Cy5 (blue: 550 nm,
green: 650 nm), and E: ATTO488/Cy5 (blue: 485 nm, green.





4
R E V E A L I N G K I N E T I C S O F O L I G O P E P T I D E S
U S I N G FC S

Confocal Fluorescence Correlation Spectroscopy in solution is a power-
ful technique requiring only low sample concentrations to reveal kinetic
information and information regarding interactions of molecules and
solvent of fluorescing solutes.

Hydrodynamic radii of molecules describe their mean expansion in a
solvent. These hydrodynamic radii vary due to inherent properties of
the molecules like different masses and due to interactions with different
solvents. The definition of denaturants is that they disrupt molecular
conformations[3] yielding high hydrodynamic radii compared to water
as solute. Molecules differing about 10 % in hydrodynamic radii can
be easily distinguished from each other via measurements in about ten
minutes.

While structural information is applicable by FCS, it is outstanding
to get kinetic information of molecule inherent kinetics and of bind-
ing reactions of fluorescent molecules. There are several groups using
quenching of dyes for measuring binding reactions of biomolecules.[18,
45, 86, 107, 124] Here we investigate intramolecular structural dynamics
of oligopeptides.

In sec. 5 and sec. 6 the oxazine dye MR121 is first used as a reporter
for end to end contact formation of non- and glycosylated GS-peptides.
Then we establish a new reporter system consisting of two MR121 dyes
to report end to end contact formation of GS-oligopeptides. Therefore
this chapter gives the explanations for the experimental parameters we
chose for FCS measurements using MR121 as fluorophore.

quenching of organic dyes reveals end-to-end
contact formation in fcs Correlation curves of (GS)5K-
MR121 consist of a diffusional decay at 1 ms and a flat part
between 100 µs and 6 ns. The value of the last one gives the inverse
particle number. Shapes of correlation curves of MR121-(GS)5K-
MR121 are besides an exponential part of the curve at 10 ns like
(GS)5K-MR121 correlation curves.

diffusion properties of gs oligopeptides are tested
with low laser power. When evaluating FCS curves, eq. (59)
is fitted to the measurement data. An assumption made in sec. 2.5 re-
lating to the setup for the derivation of eq. (59) was that the excitation
profile is a Gauss profile. Power dependent measurements of MR121
done in Phosphate Buffered Saline with 0.05 % Tween (PBSt) at 293
K reveal power dependence of translational diffusion time (s. fig. 27).
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Figure 26: FCS curves of MR121-(SGalG)9W (blue) and MR121-(GS)5K
(green) . Fluctuations of the detector signals have different causes: diffusion
of fluorescent molecules in and out of the detection volume with a charac-
teristic mean diffusion time τD being between 0.4 and 2 ms in the studies of
this work. Fluctuations of the fluorescence signal can be caused by transi-
tion of the fluorescent molecule into its triplet state (here: ≈ 1µs). From 10
ns to 100 ns an exponential decay is seen here in the correlation of MR121-
(SGalG)9W not existent in the control MR121-(GS)5K. This is due to the
interaction between MR121 and Trp due to fluorescence fluctuations caused
by quenching of MR121 by Trp.

For the fits in the 0 mW to 0.2 mW range the two dimensional corre-
lation function Gdiffusion of eq. (58) is sufficient. With higher power at
τT = (3± 1.6)µs an exponential term can be fitted to the data yielding
amplitudes lower than 0.05. In fig. 27 it can be seen, that diffusion
measurements are stable for measurements with ł0.2 mW. Higher exci-
tation power increases usually the excitation profile and therefore the
diffusion time of dyes should be proportional to excitation power. But
fig. 27 shows inversely proportional behavior. An explanation is possi-
ble photobleaching of fluorophores. Therefore measurements focusing
on diffusional properties of samples are always done with 200µW in sec.
5 or 100µW in sec. 6.

statistical considerations The background signal detected
on our setup with 200 µW excitation power is about 1 kHz. This
noise consists of detector shot noise of about 100 Hz and scattered or
reflected laser light. To get FCS curves with low background regarding
shot noise high sample concentrations are preferable. Contrarily, the
amplitude of the correlation itself scales with 1/N. So the data to fit
has a smaller amplitude at small concentrations where the laser light
represents a noise contribution on the FCS curve.[60] On the setup used
for this work the best particle number with MR121 samples is 10 and
we did all measurements with 5-20 particles in the focal volume.

end-to-end kinetics are tested using mw-laser
power When the rotational diffusion time of fluorescing species
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Figure 27: Dependence of FCS diffusion time τD on power of excitation light
measured at the objective back aperture. Errorbars indicate the relative
standard deviation of 4 % that was tested by several series of measurements.
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Figure 28: Fluorescence correlation curves of singly labeled GS-peptide at 293
K in 0 % and 52 % sucrose concentration at a pH 7.4.

in solution gets larger than the fluorescence lifetime, that is respon-
sible for the antibunching term, then fluorescence fluctuations due
to rotation of the excitation dipole are detected. The dipole axis of
the fluorescent molecule then rotates into or out of the polarization
plane of the detector.[66] This gives a new exponential term on the
correlation function eq. (59). On our setup this effect can clearly be
seen. In fig. 28 FCS curves of the same singly labeled peptide in 0 %
and 53 % at 293 K with 1 mW laser power sucrose yielding viscosities
of 0.9 mPas and 20.9 mPas respectively are shown.





5
DY N A M I C S O F G LY C O P E P T I D E S

Modifications of GS-peptides by glycosylation induce changes in their
dynamic behaviour. There is also much research on glycosylated
biomolecules. Available data are limited. This makes it difficult to gen-
eralize the relation between the type of glycosylation and the structural
properties of glycoproteins.[97] So here we look into conformational
dynamics of glycosilated peptides.

While N-glycosylated samples are thoroughly studied right now, O-
glycosylation is not investigated that often. This is, because N-linked
glycosylation is the most common type of glycosidic bond.[8, 97] How-
ever, O-linked glycans are typically found in proline, threonine, and
serine-rich regions of membrane proteins[75]. An example is given by
antifreeze glycoproteins, in which glycans are coupled to the protein
via O-glycosidic bonds. These antifreeze proteins and peptides protect
fish in the polar seas from death by damage of cells due to ice crystals.
They might be applied to store food, organic tissues, or organs at low
temperatures.[16, 47, 113]

5.1 sample characterization

We investigated GS-peptides with and without O-glycosylation of ser-
ines. After labeling of the non- and glycosylated samples by NHS
linker chemistry with MR121 and purification with HPLC, concen-
trated stocks were made to reduce possible oxidation processes of Trp
induced by the attached dye[76] for expanding measurement time of
these samples.

First QYss and QYdyn are studied to validate the dynamic and static
quenching behaviour of the glycosylated peptides. On the one hand
these measurements should verify FCS measurements on peptide ki-
netics and on the other hand they should give first insights into the
dynamics of the oligopeptides.

The following two control experiments were designed to compare our
data with already published data and to reveal molecular properties
in this study. The free dye MR121 was measured in solution in en-
semble and later FCS measurements to get information about setup
stability. Singly labeled GS-peptides without the quencher Trp were
measured to exclude quenching of the dye due to interactions with the
oligopeptide itself. Further investigations via FCS were accomplished
to get more details about the diffusional dynamics of the peptides. Flu-
orescence anisotropy measurements were done to test for dye-glycan or
dye-backbone interactions.
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Sample QYss = I
I0

QYdyn = τ
τ0

QYst = 1
1+K QYst

% % % %
MR121 91 ± 1 93 ± 1 1 91± 1

(GS)8W 44 ± 5 88.5 ± 1 50 ± 3 50± 5

(SGalG)8W 59 ± 4 96 ± 1 62 ± 1 61± 1

Table 1: QYss, QYdyn and QYst of MR121 itself, glycosylated and non-
glycosylated peptides divided by the quantum yield of MR121 labeled GS pep-
tide without quencher. All samples show low dynamic quenching. Comparison
of the two distinct measures of QYst show equal values.[BBP+11]

QYss are always measured in comparison to free dye samples by cu-
vette measurements. For comparison the same cuvette and the same
spectrometer settings were used to record fluorescence spectra. QYss
(eq. (71)) of free dye MR121, MR121-(GS)8W, and MR121-(SGalG)8W
are shown in tab. 1. All quantum yields are normalized by the respec-
tive measured quantum yield of singly labeled GS5K. The labeling
process itself often induces fluorescence enhancement, as it does in this
case. The QYss values of (GS)8W and (SGalG)8W are lower compared
to free dye by a factor of two, while the QYss of (GS)8W is significantly
lower than the QYss of (SGalG)8W. Therefore the glycosylated peptide
is altogether brighter than the non-glycosylated.

The comparison of QYss to QYdyn yields no difference between those
values for MR121. MR121-(GS)8W and MR121-(SGalG)8W are both
stronger quenched due to static quenching than dynamic quenching.
These oligopeptides differ in QYst and QYdyn. While QYst of MR121-
(SGalG)8W is lower than the QYst value of MR121-(GS)8W, QYdyn is
higher for MR121-(SGalG)8W compared to MR121-(GS)8W. This is a
hint for less contacts of quencher and dye of MR121-(SGalG)8W. The
QYst reflects either dye quencher interactions or changes in conforma-
tional dynamics.

FCS measurements can reveal more detailed insights into dynamic
and static interactions in comparison to the ensemble spectrometer re-
sults. For GS polypeptides it was shown [28, 76] that peptides with a
chain length of more than 10 AAs can be estimated as Gaussian chains
(compare sec. 2.6.1). It was concluded that contact kinetics measured
via PET-FCS are diffusion controlled. To test the behaviour of glyco-
sylated peptides, measurements of non- and glycosylated peptides with
FCS were performed.

The diffusional behaviour of glycosylated peptides was determined
as described in sec. 3.2 using eq. (74). Correlation curves of MR121-
(GS)8W and a singly labeled GS-peptide control sample are shown in
fig. 26 measured in Phosphate Buffered Saline (PBS) at 293 K. The
diffusion time τD is given by the correlation time, where the correlation
G drops to the half of the amplitude that gives the inverse mean particle
number.
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Figure 29: FCS data of MR121-(SGalG)8W measured at temperatures of
283 K, 293 K, 303 K, and 313 K. The curves are plotted after normaliza-
tion to the same particle number and computational elimination of triplet
effects.[BBP+11]

Measurements at 293 K with 200 µW laser intensity, where the ex-
citation profile of FCS is approximately Gaussian shaped1, yield sig-
nificantly different diffusion constants of DMR121−(GS)8W = (262 ±
8) µm2

s for MR121-(GS)8W and DMR121−(SGalG)8W = (221± 8) µm2

s

for MR121-(SGalG)8W. Due to the Stokes-Einstein equation eq. (21)
this is a hint for an expanded conformation of the glycosylated sample
compared to the non-glycosylated.

Correlation curves of MR121-(GS)8W show exponential decays in
the range of milli- to nanoseconds (fig. 26 and fig. 29). As explained
before, conformation dynamics are represented by nanosecond decays
for GS-peptides. Correlation curves taken at 1 mW laser power were
fitted via eq. (60) and yield K and τK. The static quantum yields
QYst of the peptides that fluoresce in the detection volume2 eq. (65)
are equal to the quantum yields measured in ensemble experiments
(compare tab. 1). This indicates that the loss of brightness is due to
the quenching interactions measured with FCS and other interactions
can be neglected.

Changes of solvent environment reveal the underlying processes for
contact formation of oligopeptide ends. These measurements can be bi-
ased if the reporter system severely changes the energy landscape of con-
tact formation. These changes are negligible in this chapter. Therefore
I go ahead with temperature and viscosity dependent measurements.

In fig. 30 viscosity corrected temperature dependence of diffusion
constants of glycosylated and non-glycosylated samples are shown. A
linear fit of the data gives a gradient of mglyco = 4.9 · 10−16 N

m2 ± 2%

1 This is not perfectly right.[SBND13] But in the accuracy needed here the approxi-
mation is fine. Compare also sec. 4

2 This is emphasized due to the results of sec. 6
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Figure 30: Temperature dependent diffusion constants D of MR121-
(SGalG)8W (x) and MR121-(GS)8W (+).[BBP+11] Linear fits indicate
Stokes-Einstein eq. (21) behaviour of D. The fits reveal a slope of
6.7 · 10−16 Kg

K·s (4.9 · 10−16 Kg
K·s ) and y-intercept of 67 µm2

s (67 µm2

s ) for
MR121-(GS)8W (MR121-(SGalG)8W).

(mnon−glyco = 6.7 · 10−16 N
m2 ± 2%) for the glycosylated (non-glycosylat-

ed) peptides indicating diffusion following the Stokes-Einstein equation
eq. (21). Evaluation yields hydrodynamic radii of Rnon−glyco =(1.10
± 0.02) nm for the non-glycosylated and Rglyco = (1.40 ± 0.03) nm
for the glycosylated polypeptide with a ratio of Rnon−glyco

Rglyco
= 0.74± 0.03.

Because of this we suggest that glycosylated peptides have a significant
larger conformation and diffuse slower in phosphate buffer than the non
glycosylated.

The amplitudes K and relaxation times τK on the nanosecond time-
scale are assumed to be described by a two state process (compare
sec. 2.6.4). They give (eq. (64)), opening ko and closing kc rates
of the peptides. The contact (opening) rates of MR121-(GS)8W are
k

non−glyco
c = (2.3± 0.2) · 107s−1 (knon−glyco

o = (2.3± 0.2) · 107s−1) com-
pared to k

glyco
c = (0.8± 0.1) · 106s−1 (kglyco

o = (1.2s−1 ± 0.1) · 107s−1)
for MR121-(SGalG)8W. The contact rates slow down fourfold during
glycosylation of GS-peptides. Opening rates behave in a similar way,
but the rates decrease by a factor of two.

To study enthalpic contributions of the differences in folding dynam-
ics regarding eq. (70), temperature dependent FCS data was also an-
alyzed. In fig. 31 opening and closing rates of glycosylated and non-
glycosylated peptides are shown. To compare results with published
data[76] rates of non-glycosylated peptides were measured parallel to
glycosylated sample. These results are shown in fig. 31. With increas-
ing temperature all rates increase. According to eq. (70) the natural
logarithm of the rates are plotted in fig. 31 versus the inverse tempera-
ture. Linear fits were made to extract activation enthalpies. The slope



5.1 sample characterization 51

0.38 0.4 0.42 0.44

16

17

18

1
TR / mol

KJ

ln
(k

o)

Opening rates

0.38 0.4 0.42 0.44

16

17

1
TR / mol

KJ

ln
(k

c)

Closing rates

Figure 31: Logarithmic plot of opening (left) and closing (right) rates of glyco-
sylated (blue) and non-glycosylated (green) GS-peptides. Linear fits to these
datasets yield slopes of -34.6 kJ/mol, -35.8 kJ/mol for opening rates and -
27.5 kJ/mol, -17.3 kJ/mol for closing rates of glycosylated, non-glycosylated
peptides, respectively. Measurement errors are extracted from two distinct
measurements. [BBP+11]

Sample rPBS
0 θPBS / ns rGdCl

0 θGdCl / ns
(SGalG)8W 0.25 ± 0.01 0.61 ± 0.03 0.22 ± 0.01 1.33± 0.05
(GS)8W 0.25 ± 0.01 0.35 ± 0.02 0.21 ± 0.01 0.92± 0.04

Table 2: Results of anisotropy decay fits. Fundamental anisotropy r0 and
anisotropy decay time θ are given for glycosylated MR121-(SGalG)8W and non-
glycosylated MR121-(GS)8W samples in PBS and GdCl solvent, respectively.

of the data yields activation enthalpy for opening and closing rates
that consist of enthalpy contributions by solvent solute interactions,
interactions of Trp/MR121, and by intrachain interactions. Enthalpy
barriers for opening of the polypeptide are for both samples signifi-
cantly higher than the enthalpy barrier of the phosphate buffer solvent
of H∗

aq ≈ 17 kJ
mol . The closing enthalpy energy barriers for the glyco-

sylated sample is also with 27 kJ
mol about 1.7 times higher than H∗

aq,
whereas the non-glycosylated sample has in accordance to Neuweiler
et al. [76] H∗

non−glyco ≈ H∗
aq. There are several possible reasons for this

enthalpy change.
To deduce possible interaction between dye and sugar residues slow-

ing down conformational changes, time dependent anisotropy measure-
ments were done. Therefore micromolar solutions of MR121-(GS)8W,
MR121-(SGalG)8W, and MR121 were measured in PBS and 7.7 M
GdCl at (294± 1) K. The fundamental anisotropy r0 = r(t = 0) and
the steady state anisotropy θ (s. sec. 2.1.2.2) of the oligopeptides are
listed in tab. 2. The IRF and sample measurements were taken in GdCl
and PBS using excitation at 637 nm with 20 MHz pulse repetition rate
yielding a 50 ns time windows for fluorescence decay. The measure-
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Sample τPBS / ns τGdCl / ns
MR121 1.85± 0.01 2.33± 0.01

MR121-(GS)8W 1.77± 0.01 2.35± 0.03

MR121-(SGalG)8W 2.38± 0.01 2.38± 0.01

Table 3: Fluorescent lifetimes τ of MR121, non-, and glycosylated peptides
measured in magic angle conditions at room temperature.

ments in magic angle conditions in PBS and GdCl gave fluorescence
lifetimes shown in tab. 3. The measurements in PBS reflect the changes
in QYdyn already shown in tab. 1. In GdCl all fluorescence lifetimes
increase with unchanged order compared to PBS. For anisotropy mea-
surements lifetimes were fitted biexponentially with one rotational time
using eq. (73). Data of MR121-(GS)8W are mean values of MR121-
(GS)7W and MR121-(GS)9W. Measurement uncertainties given in tab.
2 are due to fit uncertainties when varying initial values of fits and are
due to averaging of MR121-(GS)7W and MR121-(GS)9W data.

Comparison of results for both samples shows no difference in the
fundamental anisotropy for each solvent. Factors of anisotropy de-
cays of glycosylated/non-glycosylated samples are 1.7± 0.2 in PBS and
1.44± 0.14 in GdCl. So the glycosylated sample has in both solvents
an about 1.5fold higher anisotropy.

Assuming no interactions between dye and sugar residues, viscosity
related studies were made to differentiate viscosity related mechanisms
like internal and solution based slow down contact formation by glycosy-
lation. As solvent, mixtures of water/sucrose with w/v ratios between
0% and 50% were used. As mentioned in sec. 4, in high sucrose con-
centration two fast correlation decays had to be used for fitting. The
new fast decay is due to polarization anisotropy.

Focusing on the kinetic part of the FCS curves in sucrose, the vis-
cosity dependence of glycosylated peptides for 293 K and 313 K is
plotted in fig. 32 (left) up to 10 cP viscosity. Like in Neuweiler
et al. [76] for non-glycosylated GS peptides already shown, the clos-
ing rates show here a linear relationship. Linear fits in this range
indicate because of linear behaviour and zero intercepts diffusion lim-
ited contact rates. Variation of the fit limits yields fit uncertainties
for y-intercepts of about 5× 10−8 s. So the values for y-intercepts of
τ

293K
c,0 = k

293K
c,0

−1
= −3.6 · 10−8s (τ313K

c,0 = −3.7 · 10−8s ) for the closing
times and τ

293K
o,0 = k

293K
o,0

−1
= 2.3 · 10−8s (τ313K

o,0 = 0.8 · 10−8s ) for the
opening times show that the accuracy of this series of measurements
the y-intercept is zero. Therefore the linear behaviour shows hints for
diffusion limited behaviour.

In addition to the results by Neuweiler et al. [76] we see not only
a linear behaviour of the glycosylated polypeptide. In the range of 0
cP to 5 cP the inverse rates show linear behaviour, but the higher the
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Figure 32: Dependence of inverse opening (left) and closing (right) rates of
glycosylated GS-peptides at 293 K (blue) and 313 K (green) on solvent vis-
cosity. Viscosity was controlled by changing sucrose concentration in the
solvent.[BBP+11]

viscosity enhancement by more sucrose concentration is, the less linear
behaviour is seen by us. We have recently investigated this and saw that
this behaviour is related to the molecular reporter system.[SBND13]

5.2 discussion

Glycosylated GS-peptides can be compared to previously characterized
GS-peptides[14, 61, 74, 76], They also show end-to-end conformational
dynamics on the 10 ns-timescale. The organic fluorophore MR121 and
the amino-acid Trp show PET induced quenching interactions[110].
The quenching process is contact induced quenching by complex for-
mation of MR121 and Trp. The nature of the quenching interaction
is the same for glycosylated and non-glycosylated dyes. Therefore the
change of the energy landscape governing the relaxation time of end-
to-end contact formation is negligible.

Like in Doose et al. [28, 29] the following conclusions on the en-
ergy surface of the end-to-end contact formation of the glycosylated
polypeptide itself can be made[14, 76].

Fast correlation decays which are not due to polarization or triplet
effects are well described as a single exponential decay. Zhu et al. [125]
found no significant heterogeneity of quenching of ATTO655, a dye sim-
ilar to MR121, by Trp. They state that angle dependencies of contact
formation of ATTO655 and Trp are negligible for quenching interaction.
This backs Doose et al. [28], who states that quenching occurs contact
induced at subnanometer distance being applicable to study conforma-
tional dynamics of polypeptides. However, it is still possible to have
a combination of different conformational changes happening on the
same time scale that cannot be differentiated by fitting procedures.[48]
Our data shows clearly, that end-to-end contacts are in our precision a
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two state process. And because MR121 attached to a GS-polypeptide
without Trp is not quenched, only interactions between MR121 and
Trp are responsible for this quenching.

The opening rates ko as determined for the various peptides are for
MR121/Trp always larger than closing-rates kc. When determining
the equilibrium constant Keq = 61M−1, Doose et al. [28] had to use in
their study a model that considered not only differentiation between
static and dynamic quenching. They also needed a term to compensate
for a quenching sphere of action[64]. This means that in a range of
distances up to 1.9 nm quencher and dye are interacting. This is a
process that influences especially ko = 1

τo
giving the mean time that

complexes exist plus the mean time the fluorophore needs to diffuse
out of the sphere of action. In sec. 6 we will see, that a change of end-
to-end contact reporter system from MR121/Trp to MR121/MR121
can be, regarding rates, foremost seen in ko. These interpretations
are supported by Arrhenius analysis of non-glycosylated GS-samples
having a activation enthalpy of ∆H∗

o,(GS)8W = 35.8 kJ
mol . This energy

barrier is significantly higher than the characteristic energy of viscid
forces in water[6, 76]. Therefore the value for glycosylated GS-peptides
of ∆H∗

o,(SGalG)8W = 34.6 kJ
mol can also only report on interactions between

dye and Trp, that show similar values.
The closing rates kc measured with the MR121/Trp reporter sys-

tem are however diffusion limited with a small change of the energy
landscape[28, 76] of the free oligopeptide. This is again shown by
∆H∗

c,(GS)8W = 17.3 kJ
mol being the value of the energy barrier for end-

to-end contact formation of Gaussian chains in water. Glycosylated
samples show a different behaviour with higher activation enthalpies
for contact formation of ∆H∗

c,(SGalG)8W = 27.5 kJ
mol . The Arrhenius be-

haviour of eq. (70) yields ∆kc ∝ exp(−∆H∗·NA
kBT

). The change in acti-
vation enthalpy would induce a 30fold decrease of kc from non- to gly-
cosylated probe. Comparing the measured values of kc directly, here
the measured difference in contact rates of non- and glycosylated sam-
ples at 293 K in aqueous solution is only fourfold. Following eq. (70),
kc is a product of a temperature dependent exponential part with the
activation enthalpy in its exponent, a temperature independent part
dependent on entropy effects, and a factor being inversely proportional
to viscosity.

Interactions between dye and sugar residues are negligible in this
case, because a comparison of anisotropy decays of glycosylated and
non-glycosylated probes in PBS and phosphate buffer with high de-
naturing salt concentrations shows no significant difference in funda-
mental anisotropy of non- and glycosylated sample.[49] Therefore dyes
linked to glycosylated GS-peptides are rotating as free as dyes linked
to non-glycosylated GS-peptides of this study.

Viscosity dependent measurements indicate that attractive intramo-
lecular interactions between glycans are not the reason for slow down of
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peptide dynamics. Than interactions of these peptide compartements
with solvent sugar residues and water molecules would be expected.
But we do not see a viscosity dependent offset in our measurements
up to 5 cP viscosity that is an indicator for internal friction.[50] For
higher viscosities that we produced by high sucrose concentrations a
deviation towards a linear behaviour of contact rates versus viscosity
was observed. To elucidate the reasons therefore work is in progress.
On the one hand we have a look on the fitting procedure of our FCS
data.[SBND13] We see that for complicated correlation data with ad-
ditional decays due to polarization other algorithms like fingerprint[77]
reveal better estimates for relaxations times τD.[SBND13] However, at
the moment this technique is not able to reveal opening ko and closing
rates kc. Studies of the ability of several non-glycosylated proteins in
the presence of high concentrations of saccharide such as glycerol, glu-
cose, galactose , α,α-trehalose[23], and sucrose have shown that these
glycans stabilize folded proteins.[102] Even if we have chosen sucrose as
co-solute, because of its low chemical reactivity, there might be other
interactions that cannot be described only by enhanced or decreased
viscosity. Therefore, referring to the data in low concentrated sucrose,
interactions between glycans and peptide backbone or steric effects are
left as possible reasons for for the slow down of the peptide dynamics
for the glycine-serine oligopeptides by glycosylation.

It is well known that chain thickness imposes stringent restrictions
on conformational space[2]. Banavar et al. [12] invented a description
of biomolecules, where three protein units in a row as a larger com-
partment with defined radius. In this model they varied the thickness
of N-unit chains and also varied the interacting number of different
constituents of the chain. They got directly secondary structures of
proteins as favorable structures, showing that thickness of amino-acid
chains can explain steric repulsion. In this model attached glycans
thicken GS-peptides. The temperature dependent change of end-to-
end contact rates of glycosylated peptides indicating a much higher
difference that we see by direct comparison of contact rates can be ex-
plained by this fact. The glycans give steric constraints limiting the
space the backbone of the GS-peptide has for changing its structure.
However, this may have a slowing down or speeding up contribution to
peptide dynamics.

Activation enthalpy of glycosylated peptides are increased compared
to non-glycosylated samples, because additional motion of glycans
about their linker to the peptide backbone is possible. We interpret
the ratio of hydrodynamic radii of glycosylated and non-glycosylated
GS-peptides of 0.74 at 293 K with the conclusions drawn by Szabo-
Szabo-Schulten theory (s. sec. 2.6.1): A Gaussian chain with excluded
volume by its constituents has a rate constant that is proportional to
R
1/3
h . Here we expect therefore for glycosylation of the GS-peptide a

slow down of rate constants only by a factor of 2.5. The direct compari-
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son of rate constants of FCS data fits at 293 K gives a fourfold decrease
of rate constants. Therefore there has to be some compensation of the
enthalpic barrier of the contact formation of the GS oligopeptides.

The analysis of serine-glycine glycopeptides in comparison to non-
glycosylated serine-glycine and glycine-serine peptides shows enthalpic
and entropic contributions of glycosylation. This study was compared
to proteins on two easy model systems giving new experimental results
in detail to elucidate the general question, how glycosylation changes
the energy landscape of proteins for the glycosylation of serine-glycine
peptides at every serine residue.



6
P E P T I D E DY N A M I C S M O N I T O R E D B Y
D I M E R I Z AT I O N

In this chapter dimerization of the oxazine dye MR121 is used to char-
acterize end-to-end dynamics of GS-oligopeptides. In the chapter sec.
5 we have seen, that PET is an interaction that can be used to monitor
conformational dynamics of non- and glycosylated GS-oligopeptides.
Generally, reporter systems for determination of end-to-end contact
kinetics of biomolecules must be tailored to the molecule of interest.
MR121 and Trp are an excellent reporter system for reporting end-to-
end contacts of GS polypeptides with 2 to 15 GS-building blocks.[76]

The relaxation time τK for end-to-end contact kinetics of (GS)5W are
in the range of 10 ns. This range is well separated from triplet and anti-
bunching times of MR121 in PBS. So extraction of FCS intramolecular
kinetic data becomes possible.[SBND13]

The correlation function eq. (60) gives reliable results of end-to-end
kinetics if the ratio K of the time a particle is in a fluorescent state to
the time it is non-fluorescent, is high enough, so that the exponential
describing kinetics is distinguishable from statistical noise of the mea-
sured correlation function. For MR121-(GS)5W this is the case (com-
pare sec. 5). The accuracy of fitting parameters for long polypeptide
chains are relatively low, because amplitudes of the exponential decay
on the correlation curve decrease. Similarly, in high denaturant solu-
tions amplitudes of FCS measurements also decrease, too. Therefore
there might be other reporter systems having properties fitting better
in these circumstances to measure end-to-end contact formation.

MR121 is known to form non-fluorescing dimer complexes upon
contact.[68] It is shown in this chapter, that MR121 dimerization can
be used for end-to-end contact measurements in denaturant conditions.
In PBS the dimerization of MR121 at the ends of (GS)5K is so strong
that in 1 ms only 10 % of the sample fluoresces. This may have
applications in super-resolution imaging.

6.1 results

Singly labeled GS-peptides ((GS)5K-MR121; D = MR121 here) and
doubly (MR121-(GS)5K-MR121) labeled GS-peptides are purified as
described in sec. 3.3. (GS)5K-MR121 is used as control sample with
non-quenched fluorescence emission.

Comparing QYss of the probes in tab. 4 to QYss of the free
dye MR121 shows enhanced fluorescence of (GS)5K-MR121, whereas
MR121-(GS)5K-MR121 is strongly quenched. MR121-(GS)5K-MR121

57
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Sample QYss D B N
c

τ
τ0

% 10−6 cm2

s kHz %
MR121 90± 10 4.3± 0.1 11± 1 11.0± 0.2 96± 1

D(GS)5K 100 2.8± 0.2 12 ± 1 11.0± 0.8 100 ± 1
(GS)5KD 100 2.8± 0.3 11± 1 12.2± 0.4 100 ± 1

D(GS)5KD 3± 2 3.1± 0.4 5 ± 1 3.2± 0.2 96 ± 1

Table 4: Steady-state quantum yield QYss relatively to the value for singly
labeled peptides, diffusion constant D, brightness per molecule B, particle
number N normalized to the sample concentration c, fraction of optical densi-
ties at 608 nm and at 660 nm, fluorescence lifetime τ of MR121, with MR121
singly-labeled (GS)5K-oligopeptides, and doubly-labeled (GS)5K-oligopeptides
MR121-(GS)5K-MR121. All measurements were performed at 293 K in PBS
buffer. Lifetime measurements were done in 7.7 M GdCl.[BLSD11] MR121-
(GS)5K-MR121 is strongly quenched due to static quenching.

has only 3 % fluorescence compared to (GS)5K-MR121. Dynamic quan-
tum yields QYdyn of tab. 4 in 7.7 M GdCl have maximal differences
of 4 % between MR121, (GS)5K-MR121 and MR121-(GS)5K-MR121.
Although measured in different solvents, a comparison of peptides
using PET in tab. 1 of sec. 5 the dynamic quenching rates are similar.

MR121-(GS)7W in GdCl has QYdyn = τ
τ0

of 98%. TCSPC measure-
ments of MR121-(GS)5K-MR121 in PBS show the same fluorescence
lifetimes as (GS)5K-MR121. This is accompanied by an increase of the
amount of time to get accurate photon statistics for TCSPC measure-
ments of MR121-(GS)5K-MR121. Because of this, the concentration
of MR121-(GS)5K-MR121 in PBS was increased to 10 µM to shorten
measurement time. While a 1 µM (GS)5K-MR121 sample lasts 30 s
for 4000 counts of the maximum of its TCSPC histogram, the measure-
ment of the more concentrated MR121-(GS)5K-MR121-solution lasts
two days. Higher concentrations are not used due to concentration de-
pendent aberrations. However, the dimer reporter system is slightly
more quenched dynamically than the PET reporter system.

Looking at the absorption and fluorescence spectra of (GS)5K-MR121
and MR121-(GS)5K-MR121 in PBS at 293 K underlines changes in
QYss. As shown in fig. 33, the spectrum of the (GS)5K-MR121 sample
is in the range between 230 nm to 900 nm comparable to the MR121
absorption spectrum. The comparison of their spectral shapes in fig.
33 (left) exhibits that the maximum absorption of MR121-(GS)5K-
MR121 is shifted hypsochromically to (GS)5K-MR121. The fraction
OD660

OD608

= 0.47± 0.08 of MR121-(GS)5K-MR121 is 5fold smaller than its
equivalent for (GS)5K-MR121 (2.3± 0.1) and free dye (2.5± 0.4). In
the range of 250 nm and 470 nm all spectra are equal. So the static
quenching is accompanied by the strong spectral change of MR121-
(GS)5K-MR121 absorption.
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Figure 33: Absorption, emission, and excitation spectra for MR121-labeled
peptides. Left: Absorption spectra of MR121-(GS)5K-MR121 (red) and
(GS)5K-MR121 (blue) samples. MR121-(GS)5K-MR121 distinguishes from
(GS)5K-MR121 a peak at (608± 1) nm with a shoulder peak at (655± 1)
nm. Right: Absorption spectra for the pure MR121-dimer. The spectrum is
calculated by subtraction of a normalized (GS)5K-MR121 (blue)absorption
spectrum from the MR121-(GS)5K-MR121 (red)absorption spectrum. The
normalization of the (GS)5K-MR121 spectrum is done by multiplication of
a factor that is the fluorescence emission ratio between (GS)5K-MR121 and
MR121-(GS)5K-MR121. Below: Excitation (emission at 730 nm) and emis-
sion spectra (excitation at 600 nm) of (GS)5K-MR121 and MR121-(GS)5K-
MR121. The data for MR121-(GS)5K (not shown) equal those for (GS)5K-
MR121. The emission data curves are normalized to the area under the
(GS)5K-MR121 (blue)excitation spectrum.[BLSD11]
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Excitation and emission spectra of (GS)5K-MR121 and MR121-
(GS)5K-MR121 have the same wavelength dependence. In fig.
33 (B), emission spectra of (GS)5K-MR121 and MR121-(GS)5K-
MR121 are normalized by their maximal emission (Imax

(GS)5K−MR121
,

Imax
MR121−(GS)5K−MR121) using the ratio f as defined in eq. (75). The

spectral shape of all curves in fig. 33 is the same as the corresponding
spectrum of the free dye MR121. Now the fluorescence emission
ratio f is used to calculate the part of the the MR121-(GS)5K-MR121
absorption spectrum that does not fluoresce. Therefore the fluorescent
Afluor. part of the absorption spectrum is calculated via eq. (76) as-
suming that fluorescence is due to dye species having the properties of
(GS)5K-MR121. So the absorption of (GS)5K-MR121 A(GS)5K−MR121

is responsible for fluorescence. Subtracting Afluor. from the absorption
spectrum of MR121-(GS)5K-MR121 A(λ)MR121−(GS)5K−MR121 gives
the absorption spectrum of non-fluorescing species A(λ)dimer that has
a 6 % smaller 660 nm shoulder peak.

f =
Imax
(GS)5K−MR121

Imax
MR121−(GS)5K−MR121

(75)

Afluor. =
A(GS)5K−MR121

f
(76)

Because absorption spectra of MR121-(GS)5K-MR121 in PBS are
hypsochromically shifted compared to (GS)5K-MR121 and because
MR121-(GS)5K-MR121 is strongly quenched, the quenching is surely
due to H-dimerization of MR121. The form of excitation and emission
spectra suggest that the 3 % fluorescence still existing are due to non
interacting dyes. Therefore the calculated spectrum of non-fluorescing
species A(λ)dimer is assumed to be a pure dimer spectrum. In the
following, this assumption is tested.

To get an accurate estimate for the dimerization constant of MR121
according to Würthner et al. [120] absorption and ensemble fluorescence
experiments of free dye in aqueous solution were measured. MR121-
NHS dyes were dissolved in phosphate buffer at pH 7.7 and after incu-
bation of one day purified by extracting the peak of abreacted MR121.
The dried sample was dissolved at different concentrations in PBS in
cuvettes with path lengths ranging from 0.1 mm to 1 cm. Similar to
(GS)5K-MR121 and MR121-(GS)5K-MR121 absorption, in the range
between 230 nm and 470 nm no changes of the spectral shape of MR121
absorption are visible. A shoulder next to the maximal peak is visible
at (660± 2) nm. Normalizing all spectra to the absorption value at
280 nm, which is depending only at the concentration, this shoulder
evolves to a second peak. The peak at 660 nm decreases relatively to
this shoulder. Fig. 34 shows two isosbestic points at ωiso1 = (608± 1)

nm and ωiso2 = (680± 1) nm. In the range of 1 µM to 100 µM exci-
tation spectra do not change. Because of the inner filter effects of high
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Figure 34: Absorption spectra of MR121 normalized to fluorophore concentra-
tion. Data curves yield two isosbestic points at 618 and 680 nm. Spectral
shape of absorption is equal in the 230 nm to 470 nm range. Inset: molar
monomer fractions a are calculated by fitting a linear superposition of pure
MR121-monomer and -dimer spectra to the measured absorption spectra.
Data are fitted by a sigmoidal curve with a reflection point at (2600 ± 240)
M−1.[BLSD11]

concentrated samples, excitation measurements of high concentrated
dye solutions are distorted. Because of this all solutions have two in-
terconverting species - a fluorescing and a non-fluorescent one. The
non-fluorescent one consists of dimerized fluorophores.

This two state system consists of interconverting monomeric and
dimeric dye species with concentrations cM and cD. An equilibrium
binding constant Keq is given in thermodynamic equilibrium by eq. (77).
Here α and c0 are the monomeric fraction and the total concentration
of fluorophores in the solution, respectively. Because dimers consist of
two dyes the dimer concentration is given by cD = (1−α)c0

2 .[116, 120]
Thus the binding constant follows eq. (77)

Keq =
cD

c2M
=

1−α

2α2c0
. (77)

Amisc(λ) = α ·Amono(λ) + d ·Adimer(λ) (78)

Spectra having concentrations under 1 µM do not change anymore
when further diluted. Therefore we assume that they are pure monomer
spectra. The pure monomer Amono(λ) and pure dimer spectra Adimer(λ)

can be fitted to every absorption spectrum by eq. (78). Data measured
with sample concentrations between 10 µM and 400 µM in fig. 34 yield
α for every concentration. Via eq. (77) Keq is then calculated to be
Keq = (2600± 240)M−1 at 293 K (s. inset of fig. 34).

To get the extinction coefficient of MR121-dimers in aqueous
solution at 293 K the absorption spectra A(λ)(GS)5K−MR121 and
A(λ)MR121−(GS)5K−MR121 are normalized by their absorption. This
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Figure 35: Left: FCS curves of (GS)5K-MR121 (blue) in PBS and MR121-
(GS)5K-MR121 (red) in PBS + 0.24 M GdCl at 293 K. Right[BLSD11]:
Number of fluorescent molecules N diffusing through the focal FCS volume,
relative to the concentration c. The values are extracted from MR121-
(GS)5K-MR121 (+) and (GS)5K-MR121 (+) FCS curves as a function of
GdmCl concentration.

factor is chosen, so that the absorption between 270 nm and 470 nm
are equal in the normalized spectra. In a second step, both spectra are
multiplied by the same factor, so that the spectrum of (GS)5K-MR121
has a maximum value of 1.05 · 105M−1cm−1. This is the extinction
coefficient of MR121.[68] It gives a maximum extinction coefficient of a
dimer of ϵmax

dimer = (140000± 14000)M−1cm−1 for the dimer. This value
is splitted to ϵ

p.d.max
dimer = (70000 ± 7000)M−1cm−1 for the maximum

extinction coefficient of a single dye molecule of the dimer.

So the interactions occurring between similar dyes are due to self-
quenching. What is the outcome this may have for single molecule
experiments? Therefore we tested the reporter system for end-to-end
contact rate measurements. We measured (GS)5K-MR121 and MR121-
(GS)5K-MR121 samples in nanomolar concentrations using confocal
FCS in aqueous solutions. Fig. 35 exemplifies curves of (GS)5K-MR121
in PBS and MR121-(GS)5K-MR121 in solution consisting of PBS with
0.24 M GdHCl. The shapes of both curves are comparable to the ones
described in sec. 4. There the FCS curves of (GS)5K-MR121 and
MR121-(SGalG)9W are compared in fig. 26.

So like in sec. 5 for peptides with Trp/MR121, the 10 ns decay is
identified as exponential reporting on end-to-end contact. For data
fitting a 2D Gaussian model is used. Data of MR121-(GS)5K-MR121
followed eq. (59). At higher laser intensities and at high denaturant
concentration in the solution a small additional exponential part arises
in all FCS-curves in the range of 1 µs. Because of this eq. (60) is used
for data analysis. The exponential is power dependent and that occurs
in the typical time range for triplet states (1 µs - 100 µs)[30]. Therefore
we consider it as triplet blinking.
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In FCS measurements the mean focal particle number N is used to es-
tablish constant measurement conditions with N between 5 and 20. To
accomplish this in PBS solvent with MR121-(GS)5K-MR121, concen-
trations of MR121-(GS)5K-MR121 are of over an order of magnitude
higher than for the corresponding peptide with a PET reporter system.
This effect might be due to species that do not fluoresce while diffusing
through the focal volume. To test if it is due to dimerization of the
fluorophores attached to the oligopeptides, we tested if N increases by
addition of the denaturant GdCl to the solution.

In a PBS solution with 0.24 M GdCl about 10 particles are fluorescing
while diffusing through the focal volume of the FCS-setup. In 4 M GdCl,
concentration of the solute MR121-(GS)5K-MR121 has to be 10fold
lower to still measure with the same particle number in the focal volume.
In the latter solution, the mean concentration normalized particle num-
ber of (GS)5K-MR121 is N(GS)5K−MR121 = (3.5± 0.9) · 1010M−1, while
it is for MR121-(GS)5K-MR121 NMR121−(GS)5K−MR121 = (4.0± 0.4) ·
1010M−1. The concentration dependent results of GdCl-concentration
normalized particle numbers are shown in fig. 35. The FCS mea-
surements of MR121-(GS)5K-MR121 and (GS)5K-MR121 only give the
same results in denaturant solvent concentrations of over 3 M, while for
low denaturant concentration there are less particles fluorescent while
diffusing through the detection volume.

We calculate the equilibrium constant using the differences of N

in PBS. Approximating the equilibrium constant Keq via eq. (77)
with α = 0.1 and the concentration of two molecules tethered in a
volume of 2.1 · 10−24 l, the equilibrium constant for dimerization is
KM

eq R121− (GS)5K −MR121 ≈ 1800M−1. Regarding the two different
types of determination this value is near to the equilibrium constant
estimated with free dyes MR121. We will use this kind of estimating
the equilibrium constant Keq for dimerization later in sec. 7.

While on average only 10 % of MR121-(GS)5K-MR121 fluoresce in
PBS, the relaxation amplitude K (s. fig. 36) reports on average 50 %
fluorescing molecules of MR121-(GS)5K-MR121 sample in PBS. This is
a hint for a heterogeneous distribution of fluorescing molecules blinking
with relaxation times of 20 ns. Now a further examination on the
outcome of the dimerization on kinetic parameters estimated via fitting
the FCS data of MR121-(GS)5K-MR121 follows.

We used an Arrhenius analysis for determining enthalpic influences of
dimerization of the reporter system. At 3 M GdCl all MR121-(GS)5K-
MR121 molecules are fluorescent. In this concentration range we did
temperature dependent measurements. According to Möglich et al. [73],
rates of GS-polypeptides are dependent on solvent viscosity η by kc ∝
η−0.94. Therefore we corrected closing rates kc and opening rates ko by
η of the GdCl solution. Therefore an empirical equation of Perl et al.
[80] was used to determine η.
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Figure 36: Relaxation amplitudes K and relaxation times τK GdCl are shown
solvent concentration dependent. τK is linear dependent on [GdCl], K has a
maximum at 3 M [GdCl]. If all molecules are at least several times fluorescing
in the focal volume, K is a measure for the fraction of non-fluorescing to
fluorescing molecules. The fraction Ndoubly

Nsingly
differs to K in the range from 0 to

3 M GdCl. Therefore there is a subset of molecules that does not fluoresce
in the focal detection volume.

η ={a+ b exp(c[GdCl])}

+ {d+ e exp(f[GdCl])} (79)
· exp[(−g+ h[GdCl] + j · 10−8[GdCl]2)(T − 273.15)]

with a = 0.178, b = 0.1225, c = 0.2028, d = 1.4376, e = 0.01674, f =
0.5802, g = 0.0331, h = 0.0004424 and j = 2.272. The viscosities of
GdCl were calculated ranging from 1.228 mPa at 293 K for 3.11 M GdCl
to 0.639 mPa at 333 K for 3.11 M GdCl. Viscosity-corrected (fig. 37)
measurements show an Arrhenius like (eq. (69)) temperature depen-
dence of contact rates. A linear fit to the semilogarithmic plotted data
has a slope of (−1640± 500) · 103 K, yielding an activation enthalpy
barrier of (14 ± 4)kJ mol−1 for the peptide conformation. Without
viscosity correction the barrier is (27± 6)kJ mol−1. This is the confor-
mational intramolecular enthalpy barrier plus solvent enthalpy barrier
for end-to-end contact formation. This gives us informations about the
energy landscape of contact formation, but we still have to test, if the
contact kinetics we measure give the right closing rates kc.

In fig. 38 the viscosity corrected kc and ko of MR121-(GS)5K-MR121
and MR121-(GS)5W are shown dependent on GdCl-concentration. The
behaviour of kc and ko differs in general. kc of both samples decreases
with increasing [GdCl]. The kc-values of MR121-(GS)5K-MR121 are
smaller than the ones of MR121-(GS)5W by 60 % while showing the
same qualitative [GdCl] dependent behaviour. ko of MR121-(GS)5W
increases with increasing [GdCl]. This is different for MR121-(GS)5K-
MR121: Its ko decrease by increase of [GdCl] until 3 M [GdCl]. At
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Figure 37: Contact rates. Left: Histogram of viscosity corrected contact rates
of MR121-(GS)5K-MR121. 76 viscosity corrected kc values are distributed
into bins that have a width of 0.18× 106 mPa. A Gaussian fit to this dis-
tribution gives a mean value of µ = 5.3× 106 mPa having a standard devi-
ation of σ = 0.4× 106 mPa. Right: Arrhenius analysis of MR121-(GS)5K-
MR121. Viscosity corrected closing rates kc of MR121-(GS)5K-MR121 in
3 M GdCl solution. Data are fitted by a linear regression yielding a slope
of (−1640± 500) · 103 K and a y-intercept of 21± 1. Error bars represent
standard deviation of three measurements.

about 3 M [GdCl] the ko values have a local minimum and increase for
increasing [GdCl] for concentrations over 3 M. In the range from 3 M
[GdCl] to 8 M [GdCl] ko of both samples differ for every datapoint for
by about an order of magnitude. The minimum of the opening rates
of MR121-(GS)5K-MR121 coincides with the beginning of the plateau
of its particle number in fig. 35.

Furthermore statistical fluctuations of the rates of both samples show
a different behaviour: Opening and Closing rates of MR121-(GS)5K-
MR121 are fluctuating less in high GdCl solvent concentrations com-
pared to rates of MR121-(GS)5W. Particle number and triplet effect
corrected FCS curves, exemplified in fig. 39, have in the 10 - 400
ns range exponential decays with end-to-end contact kinetics. The
MR121-(GS)5W samples produce FCS curves with kinetic exponential
functions with a small amplitude. If the GdCl concentration is in-
creased, this exponential decreases. While it is still possible to fit these
curves, this is accompanied with greater uncertainties for fit parameters
K and τK. The standard deviation of closing rates of MR121-(GS)5W is
about 20 % for kc in 4 M GdCl solution at 293 K. For MR121-(GS)5K-
MR121 samples it is only 8 %. So the statistical noise of the fitting
procedure itself decreases.

6.2 discussion

Kinetics of GS peptides can be measured using MR121 dimerization as
reporter for end-to-end contacts in denaturing solvent. Dimerization of
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Figure 38: Closing rate kc (left plot) and opening rates ko (right plot) of
MR121-(GS)5K-MR121 (+) and MR121-(GS)5-W (x), multiplied by the vis-
cosity η, are shown as a function of GdCl concentration.[BLSD11] The clos-
ing rates decrease with increasing GdCl-concentration. The values for kc of
MR121-(GS)5K-MR121 are 60 % smaller. Opening rates increase on increas-
ing GdCl-concentration for MR121-(GS)5-W. The ko for MR121-(GS)5K-
MR121 decrease with increasing GdCl-concentration, have a minimum at
about 3 M [GdCl] and increase afterwards.
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Figure 39: FCS data for MR121-labeled peptides. Coloured curves show FCS
data for MR121-(GS)5K-MR121 in 0-7.8 M GdCl solutions, normalized by
molecule number N and corrected for triplet effects. For comparison of the
fast kinetics part, FCS data of MR121-(GS)5W in aqueous solutions with
different GdCl concentrations are shown in black.[BLSD11]
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the oxazine MR121 was characterized. More than 90 % of all MR121-
(GS)5K-MR121 are quenched with an off-time longer than 1 ms.

Excitation, emission and absorption spectra in GdCl-rich solutions
show minor differences between MR121 and (GS)5K-MR121. In PBS
the absorption spectrum of MR121-(GS)5K-MR121 has a maximum at
618 nm with a shoulder at 660 nm. In contrast to this, (GS)5K-MR121,
has a peak at 660 nm with a shoulder at 618 nm. Excitation and
emission spectra of (GS)5K-MR121 and MR121-(GS)5K-MR121 have
the same shape. To find out, whether the change in absorption is due to
dye-dye or dye-peptide interaction, we made absorption measurements
of concentrated dyes in solution.

Steady-state ensemble experiments with free MR121 dyes show in
the range of 500 nm to 850 nm concentration dependent changes in ab-
sorption spectra. Such absorption spectra have two isosbestic points at
618 nm and 680 nm. At high MR121 concentrations a new peak arises
at 608 nm. The peak position is at the same position as the highest
peak of the MR121-(GS)5K-MR121 absorption spectrum. Spectra with
different MR121 concentrations can be fitted by a linear combination
of the absorption spectrum of (GS)5K-MR121 and an absorption spec-
trum of pure non-fluorescent probe A(λ)dimer. The emission spectra of
all MR121 samples with different dye concentrations exhibit the same
shape of emission and excitation spectra. In an investigation on ag-
gregation properties of MR121[68], it was argued with exciton theory
that here equal excited-state energy levels of two monomer dyes split
into two different levels upon dimerization. One energy level has a
higher energy than the one of the monomer and is characteristic for
H-type dimers. Additionally, in exciton theory the blue shifted absorp-
tion band of a H-dimer[34] is broad compared to thin spectral shapes of
J-dimers. The absorption spectrum of MR121-(GS)5K-MR121 shows a
peak which is as broad as the (GS)5K-MR121-peak.

All these results underline the strong dimerization of MR121 in the
spectrum of MR121-(GS)5K-MR121. The new absorption peak is blue
shifted to the (GS)5K-MR121 absorption maximum, and the steady-
state quantum yield of MR121-(GS)5K-MR121 is (3 ± 2) %. Also,
the emission spectrum of MR121-(GS)5K-MR121 is similar to the one
of MR121. Therefore it is very likely, that quenching is due to self-
dimerization of MR121. Then every MR121 dye pair that is dimerized is
fully quenched and has an extinction coefficient of ϵ = 140000± 14000.

The shapes of MR121 absorption spectra below 470 nm do not change
with dye concentration. One gets clearly visible isosbestic points by nor-
malization to such wavelengths. These isosbestic points are also visible
when normalizing the curves by dilution factors. Therefore maxima at
wavelengths in the range of 250 nm to 470 nm can be used for concen-
tration normalization.
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The non-fluorescent MR121 dimers give in fluorescence lifetime mea-
surements of MR121-(GS)5K-MR121 no contributions. The contribu-
tions to TCSPC histograms of MR121-(GS)5K-MR121 are

• opened MR121-(GS)5K-MR121 peptides,

• peptides with one destroyed dye.

A QYdyn of τ
τ0

= 96% MR121-(GS)5K-MR121 in 7.7 M GdCl indicates,
that in GdCl the quenching of MR121 here is due to diffusional limited
quenching. The fact that MR121-(GS)7W has a QYdyn of τ

τ0
= 98%

reflects the length difference to MR121-(GS)5K-MR121.
The equilibrium constant Keq in eq. (77) reports of the strength of

dimerization. Here we show a new estimation for Keq of dimerization
of organic dyes, called dimerization estimation by oligopeptides only
Dimerization Estimation by oligopeptides Only (DEO), using ensemble
spectroscopy and FCS. The QYss in PBS (293 K) of MR121-(GS)5K-
MR121 is 3%, so the fraction of dimerized dyes of MR121-(GS)5K-
MR121 is 97 %. At 293 K the viscosity of water is 1 mPas. With
the diffusion constant of MR121-(GS)5K-MR121 tab. 4, the hydrody-
namic radius Rh = 0.77 nm of MR121-(GS)5K-MR121 is calculated,
using the Stokes-Einstein equation eq. (21). We define a model in
which Rh is the mean radius of a sphere that one dye diffuses freely
around the other dye. In this model the effective concentration of the
two dyes in MR121-(GS)5K-MR121 is ceff = 1.8. With these values the
equilibrium constant is Keq = 300 M−1. Upper and lower bounds are
Keql = 100 M−1 and Kequ = 2800 M−1 that follow from the uncertain-
ties of QYss (compare tab. 4). Compared to the dimerization constant
Keq = (2600± 240)M−1 that we obtain via MR121 concentration de-
pendent absorption measurements the DEO determination of Keq has
advantages and disadvantages: Advantages are the small amounts of
dyes to get estimates of Keq if standard spectrometers are used. For
concentration dependent dimerization measurements for MR121 con-
centrations over 320µM are necessary. Dyes having lower dimerization
constants need more sample concentration to get better statistics to
examine the dimerization itself. In sec. 7 we can use the estimation
of Keq by DEO to obtain differences in Keq also for dimerization of dif-
ferent dyes. This is possible notwithstanding that the uncertainty in
determination of Keq is high. The latter is a disadvantage of this kind
of determination.

Even if the peptide is considered as a Gaussian chain, there will be
still interactions between solvent and peptide pulling dimerized dyes
apart. This is the reason, why Keq measured by diffusion of bound
dyes is estimated too low. As a second cause the hydrodynamic ra-
dius is for non-spherical particles smaller than the rotational radius of
a molecule, because the hydrodynamic radius also reflects hydration
interactions between molecule and solvent. Considering this effect, ceff

is estimated too high and therefore the estimation of Keq is too low
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using the effective volume method. The calculation of the length of a
stretched peptide yields ≈ 5 nm using carbon-carbon link lengths of
120 pm. The measured mean hydrodynamic radius is small compared
to the 5 nm of a stretched peptide. Therefore the peptide is most of
the time in a compact form. Spherical particles are compact so this
might be a small effect.

The determination of Keq of MR121 was already examined by Marmé
et al. [68]. Their Keq of (3300 ± 300) M−1 is in the 2σ interval of
Keq = 2600± 240 we determined with the technique similar to theirs.
A weighted mean of the results of both working groups gives a Keq =

(2900± 200) M−1.
So, the determination of Keq via hydrodynamic radii gives a good esti-

mation of dimerization strength. After the characterization of dimeriza-
tion, now we focus on determination of biomolecular dynamics. Dimer-
ization of MR121 was used to extract end-to-end dynamics information
of GS oligopeptides.

In aqueous solution contact rates are hardly applicable due to strong
dimerization. Having at least 3 M GdCl denaturant in the solvent, all
MR121-(GS)5K-MR121 are fluorescent while diffusing through the fo-
cal volume of our FCS-setup. We suggest using MR121-(GS)5K-MR121
peptides with MR121 in high denaturant solution for monitoring con-
formational dynamics of long GS peptides. Nevertheless, contact dy-
namics of MR121-(GS)5K-MR121 samples are also in aqueous solution
comparable to dynamics of MR121-(GS)5W chain dynamics.

Temperature dependent measurements of MR121-(GS)5K-MR121 in
3 M GdCl show activation enthalpy barriers of 14 KJ

mol additional to sol-
vent interactions. In the Kramers-rate model (eq. (70)), this additional
enthalpy barrier induces a 26fold contact rate decrease. The direct com-
parison of closing rates of MR121-(GS)5K-MR121 and MR121-(GS)5W
shows only a 0.6fold decrease of contact rates. Therefore there must be
entropic compensation to the activation energy for end-to-end contacts.

There will always be influences of reporter systems on kinetic mea-
surements of biomolecules. The question is, how strong they are to
estimate possible implications for the experiment. The MR121 dimer
reporter system shows lower fitting uncertainties than the MR121/Trp
reporter system in high denaturant solvents. The longer GS-peptides
are, the smaller kinetic amplitudes in FCS curves of end-to-end con-
tacts are. In measurements of biomolecular systems, where the kinetic
amplitudes get low, reporter systems with higher association constants
can lower uncertainties to compare biomolecular kinetics.

FCS measurements at 293 K in phosphate buffer are hardly appli-
cable, because only 10 % of MR121-(GS)5K-MR121 are luminescent.
The fluorescent part of MR121-(GS)5K-MR121 is furthermore only flu-
orescent for a time much shorter than the diffusion time through the
focal volume of our experiment of 0.6 miliseconds. This is an interest-
ing result for applications in super-resolution microscopy, where long
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lasting dark states of fluorophores are needed to record single molecules
with some kHz frame rates. There were several mechanisms reported
to achieve good blinking ratios of dyes to record dense structures from
buffer conditions to enhance dye blinking to molecular switches.



7
H OW F U N C T I O N O F H E T E RO D I M E R S
I N F L U E N C E S F L U O R E S C E N C E

Besides contact induced quenching mechanisms, FRET has become a
routine tool in biochemical studies on structural and dynamic proper-
ties of biomolecules. While the contact induced quenching mechanisms
- used and discussed in sec. 6 and sec. 5 - give reliable results on
intra- and intermolecular contact, FRET efficiencies E of energy trans-
fer between donor (D) and acceptor (A) molecules are a measure of
A-to-D distances. A and D being the same (homo-FRET) or differ-
ent molecules (hetero-FRET). Non-randomized orientation of D and
A, molecular linkers between biomolecules and D/A, dye blinking, and
photodestruction distort precise distance dependent FRET measure-
ments.

Nowadays the use of FRET to study dynamic biomolecules increases.
In particular questions regarding unfolded or denatured protein states
have gained much interest to understand the process of protein folding
or to characterize intrinsically disordered proteins.[93] As it was seen
in sec. 6, dimerization by overlap of molecular orbitals of fluorophores
influences the energy landscape for the conformations of flexible un-
structured polypeptides.

We tested a selection of D/A pairs that are popular in single-
molecule FRET studies for contact-induced fluorescence quenching
interactions. Quenching processes are identified, and quantitative
estimates for contact-induced interactions in homogeneous and het-
erogeneous fluorophore pairs are given. This will help to identify
and quantify contact-induced quenching effects in FRET studies with
highly dynamic biomolecules.

Hydrophobicity and charges are responsible for different dimeriza-
tion behaviour of dyes,[44, 85, 96] although there is at least one publi-
cation that states hydrophobicity is not important for dimerization[79].
We tested dyes used for distance-dependence FRET measurements and
quantify their dimerization constants. FCS measurements showed that
there are obvious differences between opening and closing rates of con-
tact rate measurements using H-dimerization of MR121 as contact
reporter.[BLSD11] Knowing the behaviour of single dyes in solution,
we investigate their properties regarding quenching effects comparing
doubly labeled unstructured glycine-serine peptides, with Fl1 and Fl2
denoting different fluorophores at N-terminus and lysine side chain
Fl1−(GS)5K−Fl2 or Fl denoting same fluorophores at both peptide
ends Fl−(GS)5K−Fl.

71
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Results are compared to singly labeled peptides (GS)5K−Fl1 and
(GS)5K−Fl2, because labeling influences the quantum yields and life-
times of dyes.

In the next sections we show that cyanine dyes show negligible self-
dimerization if measured in aqueous solution in sub-millimolar con-
centrations. Oxazine and rhodamine dyes used here show H-dimeriza-
tion with self-quenching in even lower concentration ranges. We quan-
tify the dimerization strength of Fl−(GS)5K−Fl-constructs by calculat-
ing equilibrium constants of dimerization KD. Then we investigated
Fl1−(GS)5K−Fl2 constructs to estimate dimerization strengths of dif-
ferent dyes held at about 1 nm distance. One would expect that the
same classes of dyes show similar behaviour concerning dimerization.
However, hetero-labeled probes with only cyanine or only rhodamine
dyes show H-dimerization with self-quenching. Mixtures of sorts of dyes
seem to inhibit H-dimerization effects, but still quenching occurs. We
estimate dimerization constants and quantify brightness of dimerized
samples in phosphate buffer and denaturant solution. At the end we
suggest Cy3/Cy5 as the best dye pair of this study as reporter dyes in
FRET measurements, because of its brightness in dimer and denatured
state.

7.1 homodimerization

In sec. 6 we have seen, that constraining MR121 via unstructured
oligopeptides into a volume of the order of 10−25l can give estimates
of self-dimerization constants. The technique used in sec. 6 is on the
one hand tested here for other organic dyes and will help on the other
hand to interpret heterodimer data.

7.1.1 Measurements and results

To understand dimerization of dyes themselves we measured highly
concentrated solutions (2 mM - 25 µM) and solutions containing low
dye concentrations < 1µM (s. fig. 42).

Retention times of different probes in RP-HPLC using gradients of
polar and non-polar solvents like water and ACN can give hints to hy-
drophobicity of the probed samples. ATTO488 is an anionic and the
most hydrophilic of the dyes used in this study. Cy5 (manuf. info),
Cy3/Cy3B[22] are moderately hydrophobic dyes and Cy3 and Cy5 are
anionic. Chromatography using reverse phase HPLC on the pentafluo-
rophenyl (PFP)-column show that more hydrophobic solvent elutes Cy5
from the PFP phase than the other cyanine dyes. ATTO532 is eluted
by a slightly more non-polar solvent than the Cy-dyes. ATTO647N
and ATTO565 are eluted by the most non-polar environment of this
study, whereas ATTO520 is eluted in 56 % ACN.
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Figure 40: Gradients (-) from H2O to ACN and chromatograms (-) of
(from top left to bottom right) Cy3, Cy5, Cy3B, ATTO647N, ATTO488,
ATTO520, ATTO532, and ATTO565. The gradients shown are the ones we
used for separating labeled and unlabeled GS peptides.
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For measuring highly concentrated samples in ensemble experiments
we used cuvettes with pathlengts of 0.1 mm or 0.2 mm that are taken
from a NanoPhotometer (Implen; Munich, Germany). The measure-
ments were made using absorption and fluorescence spectrometer as
described in sec. 3.1. For all samples used in this study the shapes
of absorption spectra between 250 nm and 400 nm are identical for
different sample concentrations and are proportional to dye concen-
trations. We estimated the concentration of highly concentrated sam-
ples by normalization to the dye specific absorption maximum in this
range considering different cuvette path-lengths for low and high con-
centration measurements. All highly diluted dyes, which structures are
shown in fig. 41 show expected absorption maxima and spectral shapes
in comparison to manufacturer informations (s. fig. 42). Besides their
characteristic absorption maximum all dyes show blue shifted shoulders
originating from other vibrational absorption bands[34].

In measurements up to optical densities at maximum of 2.5 in a 0.1
mm path-length cuvette Cy3B (Cy3) shows at 550 µM (900 µM) a
slightly enhanced increase of the shoulder peak at 510 nm (514 nm).
Cy5, ATTO532 and ATTO488 show no change compared to highly
diluted samples (s. fig. 42). In measurements where Cy5 is so concen-
trated that absorption between 620 and 670 is too high to give reliable
results about the spectrum in that range, a new peak at 602 nm ±
2 nm is observed (data not shown). ATTO647N, and ATTO565 have
new peaks at 603 nm and 531 nm respectively, while ATTO520 has a
new shoulder at 490 nm.

For a quantitative description on self-dimerization association con-
stants were derived.[BLSD11][68] Absorption and excitation spectra of
(GS)5K−Fl and Fl−(GS)5K−Fl samples were taken. The shape of ex-
citation spectra of (GS)5K−Fl and Fl−(GS)5K−Fl are identical for all
dyes except Cy3 and Cy3B. These dyes show 10% enhanced excitation
at 511nm± 1 nm and 515nm± 1 nm. All absorption spectra have hyp-
sochromic shifted peaks arising at 509 nm (Cy3), 604 nm (ATTO647N),
531 nm (ATTO565) and 603 nm (Cy5).

We conclude that absorption spectra changes are due to H-dimeriza-
tion. In the case of Cy3/3B this might not be the only case and the
observed changes of excitation spectra give 10% uncertainty for the
following evaluation of dimerization constants.

Absorption spectra of (GS)5K−Fl are normalized by excitation
spectra of (GS)5K−Fl and Fl−(GS)5K−Fl for a specific dye D, to
get the fraction of not dimerized dye species of Fl−(GS)5K−Fl. All
Fl−(GS)5K−Fl samples are strongly quenched compared to (GS)5K−Fl.

Subtraction of normalized (GS)5K−Fl from Fl−(GS)5K−Fl absorp-
tion spectra yield homodimer spectra (fig. 44). Assuming that the
extinction coefficient of dyes does not change upon labeling, absorp-
tion spectra of (GS)5K−Fl are normalized to known extinction coeffi-
cients of the free dye (s. tab. 5) at the absorption maximum. Then
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Figure 41: Molecular structures of ATTO488, ATTO520, ATTO532[32],
ATTO 565, ATTO647N[32], Cy3B[22], Cy3[22] and Cy5[109]
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Figure 42: Absorption spectra of free dyes from upper left to bottom right:
Cy5, ATTO647N, Cy3, ATTO565, Cy3B, ATTO532, ATTO520, ATTO488
- highly diluted (green) and concentrated (blue) in 20◦C H2O.
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Fl−(GS)5K−Fl and homodimer samples are normalized by the value of
the maximum at 250 to 400 nm to the maximum of the (GS)5K−Fl
spectrum. The extracted homodimer extinction spectra of Cy5 and
ATTO565 have a main peak at 603 nm and 531 nm with a shoulder
at wavelengths where the spectrum of (GS)5K−Fl shows maximal ex-
tinction (s. tab. 5). Extracted Cy3 and ATTO647N extinction spectra
show also an hypsochromic peak, but they still have a peak, where
peaks of monomeric species are.

Extracted H-Dimer spectra of organic dyes shoulders shoulders[BLSD11][56].
The H-dimer spectrum of rhodamine dyes shows not only a shoulder at
wavelengths where the corresponding monomers have their maximum,
there are also peaks in the H-dimer spectrum. This was also seen by
Fujii et al. [43].

Notwithstanding the low tendency to form dimers in solution of most
dyes in solution (compare fig. 42), evaluation of low concentrated dyes
in solution OD < 0.1, yield spectra of doubly labeled peptides showing
blue shifted enhanced absorption, and calculated pure dimer spectra
in fig. 44 show isosbestic points and no enhanced absorption to higher
wavelengths. Therefore it can be stated, that these changes in spectra
are due to a reaction of two species - dimers and monomers.

For comparison we extracted then dimerization constants KD using
two methods shown in tab. 5: We used the high and low (HL) con-
centration spectra of fig. 42 for the determination of the equilibrium
constant KHL

D and the (GS)5K−Fl and Fl−(GS)5K−Fl spectra (Pept.)
for the determination of the equilibrium constant KPept

D . First monomer,
dimer and mixed spectra were normalized to fit in the UV wavelength
range. Then a linear combination of normalized monomer Absmono(λ)

spectrum - low concentration or (GS)5K−Fl- and dimer Absdimer(λ)

spectrum was fitted to the spectrum of the mixed species Absmixed(λ)

- high concentration and Fl−(GS)5K−Fl spectrum.

Absmixed(λ) = α · Absmono(λ) +β · Absdimer(λ). (80)

With monomeric fraction α and total concentration cT we calculated
dimerization constants KD using

KD =
1−α

2α2cT
. (81)

One gets total concentrations cT of Absmixed(λ) of highly concen-
trated samples directly by the normalization factor of low and high
concentrated spectra in the UV-range and the concentration of the low
concentrated sample. The last mentioned is determined using litera-
ture extinction coefficients (s. tab. 5). For Fl−(GS)5K−Fl an effective
concentration cT of dyes held together in an effective volume is calcu-
lated using hydrodynamic radii Rh of 0.84 nm measured by FCS for
samples containing Cy5 as acceptor dye and 0.82 nm for samples with
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Figure 43: Normalized absorption spectra of doubly, singly labeled peptides
and calculated dimer spectrum.

ATTO647N as acceptor dye. The effective volume Veff = 4
3πRh is a

sphere in which one dye can diffuse around the other one[BLSD11].
With these values the effective concentration is for Cy5 sample 1.35 M
and for ATTO647N 1.46 M.

Measurement uncertainties arise mainly from noise in the UV-range
of the raw data (≈ 10%). Hence, dimer extinction spectra are not exact
and we estimate from the fits an uncertainty for α of 35 %. If one
uses this measurement uncertainty, the dimerization constants of the
concentrated samples of Cy3, Cy5 and also ATTO565 and ATTO647N
are not distinguishable. Assuming for Cy-dyes a 50 % uncertainty,
the dimerization constants are still significantly lower. An analogue
argumentation for the Fl−(GS)5K−Fl dimerization constants leads to
the same result.

Comparing KHL
D and KPept

D dye by dye we see strong differences. KPept
D

is consequently by one or two magnitudes smaller than KHL
D . Still

both experiments give the same dependencies and therefore they are
systematic. Keeping this in mind, KPept

D of Fl1−(GS)5K−Fl2 samples
are determined for heterogeneous dye pairs.

7.1.2 Discussion

Intermolecular free dye self-dimerzation and intramolecular self-dimer-
ization of closely bound organic fluorophores ATTO488, Cy3, Cy3B,
Cy5, ATTO520, ATTO532, ATTO565, and ATTO647N were tested. It
was possible to compare spectra of free diffusing concentrated solutions
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Figure 44: Excitation spectra of (GS)5K−Fl and Fl−(GS)5K−Fl in PBS. The
fluorophores Fl are Cy5, ATTO647N, Cy3, and ATTO565. Cy5 and
ATTO647 show no differences in their spectral characteristics. ATTO565-
(GS)5K-ATTO565 has a slight bathochromic shift to (GS)5K-ATTO565 and
Cy3 shows a 10% higher excitation at its shoulder at 511 nm. The excitation
of Cy5 and ATTO647N was recorded at an emission wavelength of 680 nm,
while Cy3 and ATTO565 excitation was recorded at 580 nm emission.

Sample λmax
M λmax

D ϵmax
M ϵmax

D

nm nm M−1cm−1 M−1cm−1

ATTO647N 646 604 150000 79000
ATTO565 566 531 120000 150000

Cy3 549 510 150000 125000
Cy5 647 603 250000 130000

Table 5: Wavelength of absorption maxima of monomeric λmax
M dye species,

dimeric λmax
D dye species, maximal extinction coefficient of monomeric ϵmax

M
and dimerized ϵmax

D dyes.

Sample Kpept
ass

+∆+

−∆−
/ M−1 KHL

ass
+∆+

−∆−
/ M−1

ATTO647N 17069273 720080003900

ATTO565 40 167
17 11000160005000

Cy3 0.7 4.1
0.1 230500170

Cy5 7 30
2.6 190570185

Table 6: Association constants Kass of ATTO647N, ATTO565, Cy3, and Cy5
determined by measurements of high and low concentrated dye solutions KHL

ass
and by comparison of (GS)5K−Fl and Fl−(GS)5K−Fl absorption spectra
K

pept
ass . ∆+ and ∆− are upper and lower confidence intervals.
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of all dyes. For Cy3, Cy5, ATTO565, and ATTO647N we determined
dimerization constants of dyes freely diffusing in solution. Pure dimer
spectra are encountered and extinction coefficients for the homodimer
species were determined.

The organic dyes ATTO647N and ATTO565 are eluded from the
HPLC column when the used gradient uses much non-polar solvent.
They are showing strong dimerization effects in absorption spectra.
The most hydrophilic dye of this study - ATTO488 - has no tendency to
form molecular dimers in solution in the concentration range in which
we can measure its absorption. The cyanine dyes show low dimeriza-
tion behaviour in solution. ATTO647N and ATTO565 have only one
positive charge that is delocalized over the chromophoric part of the
molecule. Therefore we have here a mixture of interaction effects. Polar
groups at these dyes provide hydrophilicity. Electrostatic interaction
of the charges at the polar groups is also possible and has a repul-
sive effect. This might explain, why labeling of ATTO488, ATTO532,
and Cy3B to (GS)5K peptides is difficult. This was also seen by other
workgroups, who established labeling chemistry with NHS esters or
maleimid coupling.[81] Therefore ATTO647N and ATTO565 show the
strongest dimerization of this study.

The changes in absorption spectra in fig. 44 that are seen for
ATTO647N, ATTO565, ATTO520, and also slightly for Cy3 and
Cy3B are all bathochromical shifts of over 40 nm. These bathochromic
shifts are characteristic for H-dimerization of organic molecules. At-
tached to Fl−(GS)5K−Fl ATTO647N and ATTO565 show dimerization
with the same shift of absorption bands but the bathochromic shift is
larger. Here also Cy5 and Cy3 show dimerization with maxima which
are shifted bathochromic. The fact, that the fraction of fluorescing
species are for Cy5 and Cy3 Fl−(GS)5K−Fl samples higher than for
ATTO647N and ATTO565 reflects the known behaviour of free dye
sample. The hypothesis of H-dimerization of the dyes is also sup-
ported by excitation spectra of Fl−(GS)5K−Fl samples showing only
fluorescence excitation of monomeric species of Fl−(GS)5K−Fl sample,
because H-dimers do not fluoresce. Cy3 deviates with an increased
fluorescence for the excitation at the bathochromic shifted dimer peak.
This deviation is rather small compared to the elevated absorption
at this wavelength and can be taken into account in simulations for
further analysis of the characteristics of the Cy3 dimerization itself.

Compared to Cy3 and Cy5 the dimerization constant of ATTO565
and ATTO 647N is at least an order of magnitude higher. This is
shown for free dyes in high concentrated solution and also by mea-
suring the dimerization constant for the dyes with the method using
Fl−(GS)5K−Fl constructs to limit the effective volume the dyes can
move.

The dimerization constant determined by different dye concentra-
tions is always higher than the one determined for Fl−(GS)5K−Fl sam-
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ples. This might be due to enthalpic contributions of the GS peptide.
This is an effect we have already seen in sec. 6.

Extinction coefficients of pure dimers of Cy3, Cy5, ATTO647N, and
ATTO565 were determined and show values similar to monomeric dyes.
The molecular extinction coefficients range from 79000 M−1cm−1 for
ATTO647N to 150000 M−1cm−1 for ATTO565. This might be inter-
esting for switchable absorbers where chemical structures change their
structure light induced[95] or by electric pulses.

7.2 intramolecular dimerization between different
dyes

self-dimerization of molecules and especially of fluorophores is not only
of academic interest. It is used as reporter for contact formation[44,
123] or can give unwanted effects in FRET-experiments. In single-
molecule FRET experiments of very flexible biomolecules dye pairs
may introduce artifacts because of unwanted dye flickering arising from
dimer quenching, that may come from overlapping of molecular orbitals.
This quenching can lower acceptor intensities and shift distance distri-
butions to higher values. Quantification of such effects and its relation
to interaction strength of dye dimers in solution is usually not exam-
ined.

Here we present a technique that helps to compare dimerization con-
stants of different heterogeneous and homogeneous dye pairs. Therefore
we use the technique established calculating KPept

D in sec. 6. An effec-
tive concentration of two bound dyes at oligopeptides together with
the fraction of monomeric species given by absorption measurements
of this sample yields KPept

D .

7.2.1 Measurements and results

Five Fl1−(GS)5K−Fl2 samples with Fl1/Fl2 pairs (A) Cy3B/Cy5, (B)
Cy3/Cy5, (C) ATTO532/ATTO647N, (D) ATTO565/ATTO532 and
(E) ATTO488/Cy5 were purified using HPLC as described in sec. 3.3
as well as (GS)5K−Fl1 and (GS)5K−Fl2. Steady-state ensemble absorp-
tion spectra, fluorescence spectra, TCSPC and FCS measurements of
a purified sample were recorded. Fl1−(GS)5K−Fl2 samples showed sig-
nificant alterations after two to three weeks. Experiments were made
by diluting concentrated stocks in PBS and GdCl solution by three
orders of magnitude.

Excitation spectra in fig. 46 at acceptor emission of Fl1−(GS)5K−Fl2
are superpositions of donor and acceptor only excitation spectra. Ex-
ceptions are Fl1−(GS)5K−Fl2 samples with Cy3 and Cy3b as Fl1 show-
ing slightly increased excitation at 511 nm± 1 nm and 515 nm± 1 nm.

Absorption spectra of samples, dissolved in PBS and GdCl containing
under 1 µM sample concentrations, are shown in fig. 48. For compari-
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Figure 45: Fl1−(GS)5K−Fl2-spectra in 7 M GdCl of Cy5/Cy3B, Cy5/Cy3,
ATTO647N/ATTO532, ATTO565/ATTO532, and Cy5/ATTO488 (top left
- bottom). The Fl1−(GS)5K−Fl2-spectra are linear combinations of Donor-
(GS)5K and Acceptor-(GS)5K-spectra, which were shifted up to 3 nm for
fitting. The fit is in good accordance to the raw data.

son (GS)5K−Fl1 and (GS)5K−Fl2 samples shown in fig. 47. All singly
labeled samples have bathochromic shifts between 4 nm (ATTO647N)
and 8 nm (Cy5) in GdCl solvent compared to PBS. All GdCl absorp-
tion spectra of Fl1−(GS)5K−Fl2 are superpositions of Fl1 and Fl2 GdCl
absorption spectra (see fig. 45). We assume therefore, that acceptor
peaks are in GdCl not influenced by dye interactions. Absorption spec-
tra of Cy5-(GS)5K-Cy3B (A), Cy5-(GS)5K-Cy3 (B) and Cy5-(GS)5K-
ATTO488 (E) have new peaks arising blue shifted to the donor only
absorption maximum. For (A), (B) and (C) and (E) shapes of the ac-
ceptor part of Fl1−(GS)5K−Fl2 are identical [(C) has a slight shift at
the ATTO647N shoulder].

We conclude, that new absorption bands only occur near the donor
maximum. Therefore PBS and GdCl absorption spectra of all ab-
sorption spectra are shifted analogue to (GS)5K−Fl acceptor spectra
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Figure 46: Excitation spectra of (GS)5K−Fl1, (GS)5K−Fl2, and
Fl1−(GS)5K−Fl2 samples of Fl1/Fl2 Cy3B/Cy5 (left) and Cy3/Cy5
(right) in PBS. Besides Cy3 and Cy3B all Fl1−(GS)5K−Fl2-spectra are a
linear combination of (GS)5K−Fl1 and (GS)5K−Fl2.

and are normalized to the acceptor maximum. Assuming that extinc-
tion coefficients of free acceptors are also valid for labeled peptides in
PBS and GdCl for (GS)5K−Fl2 and Fl1−(GS)5K−Fl2, difference spec-
tra can be calculated to get the spectra of the dimer species of the
Fl1−(GS)5K−Fl2 samples itself.

To calculate difference spectra, GdCl spectra of Fl1−(GS)5K−Fl2
are shifted to overlap with their PBS absorption spectrum in the ac-
ceptor absorption wavelength range. The subtraction of normalized
GdCl from normalized PBS spectra yield difference spectra that are
interpreted as heterodimer spectra (s. fig. 48). In these difference
spectra oscillations occur at acceptor wavelength range. The difference
spectrum of Cy5-(GS)5K-Cy3B shown in fig. 48 (A) has a peak blue
shifted to the Cy3B absorption in GdCl and to the donor only spectrum
of both solvents. It looks like a usual dye spectrum with a shoulder
blue shifted to its maximum at 542 nm. The difference spectrum of
Cy5-(GS)5K-Cy3 in fig. 48 (B) has a new blue shifted peak at 535 nm,
whereas fig. 48 (C) shows only oscillations at donor wavelength like
those at acceptor wavelength. Fig. 48 (D) shows a new peak blue
shifted to the ATTO532 peak at 516 nm and in fig. 48 (E) a peak
at the maximal absorption wavelength ATTO488 shows slightly larger
absorption than the acceptor wavelength oscillations.

Normalization of Fl1−(GS)5K−Fl2 spectra in the UV-range to
GdCl spectra gives spectra depicting same fluorophore concentrations.
Difference spectra show only small oscillations for Cy5-(GS)5K-Cy3
and Cy5-(GS)5K-Cy3B. Therefore we can deduce from changes of
acceptor absorption from GdCl to PBS solution dimerization con-
stants K

Cy5−(GS)
5
K−Cy3

D and K
Cy5−(GS)

5
K−Cy3B

D by taking the difference
of UV-range normalized acceptor absorption maxima. This is not
possible for ATTO565-(GS)5K-ATTO532 and Cy5-(GS)5K-ATTO488.
Either donor absorption overlaps with acceptor absorption or no new
dimer peak is distinguishable in our studies (s. fig. 48). Nevertheless,
we get for the monomeric fraction α of Cy3/Cy5 α = 58.4% and for
Cy3B/Cy5 an α = 50.7%. With hydrodynamic radii of 1.41 nm one
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gets dimerization constants of K
Cy5−(GS)

5
K−Cy3

D = 0.070.2
0.007M−1 and

K
Cy5−(GS)

5
K−Cy3B

D = 0.71.1
0.43M−1 respectively.

Normalization by comparing excitation spectra like it was done for
Fl−(GS)5K−Fl samples in sec. 6, where we were inspired by Marmé
et al. [68], is not possible here. We must take the FRET efficiency EFRET

as an unknown parameter, even if the peptides are constructed in a way,
that the efficiency is up to 1. With other quenching effects real FRET
can still be below 1 and even if we use freshly purified samples there is
an uncertainty about how many dyes are still intact. But by analysis
of FRET values, we get from the data, we get insight into quenching
strength by electronic transfer and dimerization effects.

Usually FRET efficiencies are measured by intensities I or fluores-
cence lifetimes τ[64]

EFRET = 1−
IDA

ID
(82)

= 1−
τDA

τD
(83)

=


1+

r6

R6
0


. (84)

DA denoting samples having donor and acceptor and D means only
donor species. The distance dependency of EFRET depends on Förster
radius R6

0 =
9000(ln10)κ2QD

128π5n4

∞
0

FD(λ)ϵA(λ)λ
4dλ. Fl1−(GS)5K−Fl2 sam-

ples with Cy5 and ATTO647N as acceptors have hydrodynamic radii
of about 0.837 nm to 0.816 nm measured by FCS. Assuming κ2 of 2/3,
using quantum yield data given in tab. 8 we get förster radii between
5.3 nm and 7 nm tab. 9 for all samples. Therefore EFRET should deviate
at maximum by 0.2% from 1 for all Fl1−(GS)5K−Fl2 samples.

In tab. 7 experimental values for EFRET in PBS and GdCl are
given. In all cases FRET efficiencies do not vary between solvents.
On the other hand we know, remembering the aforementioned results,
that dimerization with acceptor and donor quenching happens in
Fl1−(GS)5K−Fl2 constructs in PBS. Therefore molecular brightness
quality factors are established in eq. (85).

P =

ID
DA
ϕD

+
ID

AD
ϕA

ID
D

ϕD

(85)

Pacc =
IA

AD

IA
A

(86)

ϕD/A =
Î

D/A
D/A

ODD/A
(87)

Ixy =
Îxy

ODx
(88)
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Figure 47: Extinction spectra of (GS)5K−Fl samples of (A) Cy3B and Cy5,
(B) Cy3 and Cy5, (C) ATTO532 and ATTO647N, (D) ATTO532 and
ATTO565, (E) ATTO488 and Cy5. All items are (GS)5K−Fl-spectra ac-
ceptor (left) and donor (right) extinction in pbs (blue), gdcl (green) and a
difference spectrum of both (red). (GS)5K−Fl-spectra are normalized to the
maximal extinction coefficient of free fluorophore.
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Figure 48: Extinction spectra of Fl1−(GS)5K−Fl2 samples of (A) Cy5/Cy3B,
(B) Cy5/Cy3, (C) ATTO647N/ATTO532, (D) ATTO565/ATTO532 and (E)
Cy5/ATTO488. Shown are absorption spectra of Fl1−(GS)5K−Fl2 in PBS
(blue), GdCl (green) and a difference spectrum of both (red) are plotted.
All spectra were corrected for spectral shifts. GdCl absorption spectra are
always bathochromic shifted to PBS absorption spectra: Cy3 and Cy3B are
7 nm, ATTO 532 is 5 nm, ATTO647N is 4 nm, ATTO565 and ATTO488 are
6 nm shifted. The spectra are normalized at acceptor maximum to literature
values of the free acceptor fluorophore.
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P quantifies how many photons, which are available for donor emis-
sion or via FRET for acceptor emission upon donor excitation, are emit-
ted by Fl1−(GS)5K−Fl2. To accomplish this, raw intensities Î, that is
the maximum of the intensity spectrum, are corrected by the optical
density at the excitation wavelength to yield intensities I (eq. (88)). If
a dye is excited and the dyes are only coupled by FRET interactions,
the emission of each dye is weighted by its quantum yield ϕ. There-
fore intensities of donor or acceptor at Fl1−(GS)5K−Fl2 sample ID

DA/AD
excited at donor wavelength are furthermore normalized by quantum
yields of donor ϕD (eq. (87)). The intensities of (GS)5K−Fl labeled
with donor excited at donor wavelength are normalized in the same
way by quantum yields of donor/acceptor ϕD/A. P is then the compar-
ison of donor only labeled and Fl1−(GS)5K−Fl2 species intensity. If
P is 100%, a Fl1−(GS)5K−Fl2 construct is as bright as its donor. A
lower P indicates fluorescence quenching of the whole Fl1−(GS)5K−Fl2
molecule. Pacc defined in eq. (86) shows in contrast, how strong the
quenching of non dimerized acceptors is. Comparison of both values
gives hints to the interactions of the quenching processes.

The measurements were always made with the same spectrometer
settings. Only excitation wavelengths of donor and acceptor species
were varied according to different optical properties of the dyes. All
fluorescence spectra were in this study corrected for wavelength depen-
dent emission and detection efficiencies of the fluorometer.

Cy3/Cy5 (Cy3B/Cy5) has in PBS P = 35% (40%) and in GdCl sol-
vent 97% (100%). Therefore the excitation energy available by the
donor is, besides usual quenching processes of the dyes themselves,
fully converted to fluorescence by both dyes in high denaturant. In
PBS about 2.5 times less photons are emitted by both constructs. Re-
sults for Pacc are similar. Pacc amounts to 43% (30%) for Cy3/Cy5
(Cy3B/Cy5) in PBS and 93% (95%) in GdCl. Cy5 of Cy3-(GS)5K-Cy5
and Cy3B-(GS)5K-Cy5 is in GdCl as bright as acceptor only species in
GdCl, but is strongly quenched in PBS. For Cy3/Cy5 it is clear, that
the FRET-efficiency in GdCl shows the real FRET of the construct,
because whether Cy3 nor Cy5 are quenched and the FRET value in
GdCl is 90 %. The difference to 100% FRET efficiency may be due
to heterogeinity in the sample with donor only species resulting from
acceptor bleaching. For Cy3B/Cy5 we get FRET-efficiencies of 74 and
72 % in PBS and GdCl, while Cy3B nor Cy5 are quenched in GdCl.
Besides, P > Pacc in PBS shows more luminescence of Cy5 at the con-
struct when excited at 630 nm than luminescence of Cy5-only species
when excited at 630 nm. Because EFRET is significantly lower than
100%, while Pacc,P are 100 % in GdCl indicating that the construct is
as bright as donor species itself and no quenching of the dyes occurs,
we conclude, that the constructs show a significant amount of donor
only species.
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Fl1−(GS)5K−Fl2 EFRET / % P / % Pacc / %
Fl1/Fl2 PBS GdCl PBS GdCl PBS GdCl

Cy3/Cy5 93 ± 3 90 ± 2 35 ± 3 97 ± 15 43 ± 1 93 ± 4
Cy3B/Cy5 74 ± 2 72 ± 2 40 ± 4 100 ± 10 30 ± 2 95 ± 7

ATTO532/ATTO647N 98 ± 1 95 ± 1 30 ± 1 73 ± 3 85 ± 24 103 ± 2
ATTO488/Cy5 96± 1 90 ± 1 22 ± 1 70 ± 1 52 ± 1 97 ± 1

Table 7: FRET efficiency EFRET vs. molecular brightness quality factors
P of the whole Fl1−(GS)5K−Fl2-constructs and Pacc of the acceptor in
Fl1−(GS)5K−Fl2. FRET efficiencies are nearly 100 % for all samples, while
P is in PBS significantly lower by factor 2-3. In GdCl P values show, that
acceptors are not quenched, while for ATTO532-(GS)5K-ATTO647N and Cy5-
(GS)5K-ATTO488 even in GdCl quenching of the whole construct occurs.
Therefore donors are quenched in these constructs.

EFRET of ATTO532/ATTO647N and ATTO488/Cy5 in PBS and
GdCl indicates high FRET with values near 100 %, but both have
P values of 70 % in GdCl. In PBS these are 2.5 to 3 times lower. This
indicates that the constructs show strong quenching in PBS and are
still quenched in GdCl solvents. High Pacc of 103% and 97 % in GdCl
suggest that in both samples quenching is mainly due to quenched
donors.

7.2.2 Discussion

In this section we have determined dimerization behaviour of het-
erodimers analogue to sec. 7.1, where it was done for homodimerization.
We are able to determine pure heterodimer spectra and heterodimer
extinction coefficients of Cy5-(GS)5K-Cy3B, Cy5-(GS)5K-Cy3, and
ATTO565-(GS)5K-ATTO532. The brightness of a heterodimer is char-
acterized indicating other quenching processes than H-dimerization for
ATTO488-(GS)5K-Cy5 and ATTO532-(GS)5K-ATTO647N.

Absorption and excitation spectra of Fl1−(GS)5K−Fl2 are a linear
combination of corresponding (GS)5K−Fl2 and (GS)5K−Fl1 spectra.
We found a small solvent chromophore bathochromic shift of ≈ 6 nm
of (GS)5K−Fl2 and (GS)5K−Fl1. Otherwise, there is no change or
maximal 10% change in spectral shape between PBS and GdCl solvent
for monomeric dyes. Spectra of ATTO488-(GS)5K-Cy5 and ATTO532-
(GS)5K-ATTO647N are a linear combination of monomeric spectra in
PBS. Cy5-(GS)5K-Cy3, Cy5-(GS)5K-Cy3B, and ATTO647N-(GS)5K-
ATTO532 however change their absorption spectrum due to H-dimeri-
zation. H-dimerization manifests itself by new bathochromically shifted
absorption bands that are not fluorescent.

All Fl1−(GS)5K−Fl2 samples however are quenched to an overall
brightness of 20 % - 40% in PBS. This is the fraction of the overall num-
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ber of photons that are expected to be emitted, when considering quan-
tum yields of the dyes themselves. For Cy3-(GS)5K-Cy5 and Cy3B-
(GS)5K-Cy5 in GdCl the overall fluorescence is as high as expected for
the two dyes whether FRET occurs or not, whereas ATTO532-(GS)5K-
ATTO647N and ATTO488-(GS)5K-Cy5 still show 70 % quenching in
GdCl. Therefore there are other mechanisms responsible for quench-
ing than H-dimerization. This may be pure electronic transfer mech-
anisms. Cy3-(GS)5K-Cy5 is the brightest sample in our analysis and
Cy3B-(GS)5K-Cy5 is slightly more quenched.

As far as we know, there exist only few spectroscopic datasets in
the literature analyzing dimerization in detail.[46, 78, 79] Here we have
exactly two dyes at one peptide and see therefore interactions of only
these two dyes. Because of clear chromatograms from RP-HPLC we
have a sample purity of over 99%. Comparison of spectra of free and
singly-labeled dyes show negligible changes in spectral properties of the
dyes by the labeling procedure itself. Therefore the shape of pure dimer
spectra that we present here are precise up to 10 %, due to uncertainties
in normalization of noisy data in the UV-wavelength range.

This enables us to determine dimerization constants of KCy5−(GS)
5
K−Cy3

D =

0.070.2
0.007M−1 and K

Cy5−(GS)
5
K−Cy3B

D = 0.71.1
0.43M−1 for Cy3-(GS)5K-

Cy5 and Cy3B-(GS)5K-Cy5. Dimerization constants of these con-
structs are biased by influences of the oligopeptides. Therefore
these values might be higher for dyes that are constrained to stay
in a 10−24l volume without any other influences besides stacking
of the dye molecules. Groups have measured spectra containing
heterodimers.[46, 78, 79, 88, 122] We now present here the first ex-
perimentally determined pure heterodimer spectra of organic dyes in
solution.

An interesting property of Cy3 and Cy3B complexes with Cy5 is, that
these molecular complexes show absorption changes that we attribute
to H-dimerization, but also show fluorescence emission of its dimerized
species. This might be due to coupling of locally separated bands
that yield fluorescence emission. An analogous effect was also seen for
homodimers of Cy3 and Cy3B, but not for Cy5. Therefore we account
this effect to be a specific property of Cy3 and Cy3B.

Regarding analysis of molecular brightness of the hetero-labeled sam-
ples, one has to bear in mind, that due to deterioration of dyes, es-
pecially acceptor dyes are sensitive to photodestruction[90] and it is
known that ozone destroys cyanine dyes even without irradiation.[38]
Therefore the analysis of the data is prone to errors by deteriora-
tion, if no single-molecule studies are made, where signals of single
molecules can be sorted into signals originating from FRET-samples
and donor/acceptor only species.[5] Nevertheless, hetero labeled sam-
ples checked against changes in fluorescence properties right after la-
beling and it was determined that the Fl−(GS)5K−Fl constructs are
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stable for up to a week. Measurements were taken three workdays in a
row and it was no trend seen in spectroscopic data.

Because Cy3-(GS)5K-Cy5 has the highest molecular brightness qual-
ity factor and the lower dimerization constant in PBS compared to
Cy3B-(GS)5K-Cy5 we suggest to use the Cy3/Cy5 pair as FRET pair
in ensemble and single-molecule studies of very flexible structures. The
data will be the least influenced by complexation due to H-dimerization
and they will yield the highest photon statistics.
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This work elucidates changes in end-to-end contact dynamics of un-
structured glycine-serine oligopeptides by glycosylation and attache-
ment of organic fluorophores at peptide ends. We studied the effects
of glycosylation and denaturing conditions on peptide dynamics. The
strong interactions of organic fluorophores in aqueous solution as cause
for fluorescence quenching were then further examined with regard to
the nature of these interactions. We identified different fluorescence
quenching interactions and quantified their contribution for all investi-
gated fluorophore combinations.

Changes in the energy landscape from non- to glycosylated unstruc-
tured glycine-serine oligopeptides were found using PET quenching of
MR121 and Trp to estimate end-to-end contact rates via FCS. We
found that β-galactose attached to serine residues via O-glycosylation
increases the hydrodynamic radius of the used glycine-serine peptides.
Rate constants at different temperatures are viscosity-controlled. No in-
ternal friction was detected, but the temperature dependence of end-to-
end contact rates shows increased activation enthalpies for glycosylated
peptides that are partially compensated by entropy effects.[BBP+11]

In the literature there is no consistent picture about the question
how glycans influence the biophysical properties of glycoproteins. For
N-glycosylated proteins removal of glycans from folded proteins has not
shown any effect on their activity, but their stability and folding kinetics
were altered.[97]. It was recently shown for glycosylated dihydrofolate
reductase, that glycosylation of the protein increased the stability of
the protein against thermal denaturation.[102] In a study, where O-
glycosylation of a Gc-MAF-analogue was analyzed, a loss of about 1
kcal/mol per glycosylation event in the folded– unfolded transition was
observed.[100]

We have examined a small oligopeptide glycosylated at every repeat-
ing unit. Other reports show, that specific glycosylation can strongly
alter the kinetic behaviour in a way that for now is unpredictable. A
systematic exploration of the GS oligopeptides, where selected serine
units are specifically glycosylated could help with a better understand-
ing of this question.

Concluding, PET combined with FCS and TCSPC reveals biophys-
ical properties of oligopeptides especially on conformational dynamics.
The results affirm qualitatively previously formulated assumptions re-
garding changes in end-to-end contacts. Enthalpic contributions to
protein folding were quantified. Predictions of dynamic behaviour of
biomolecules entirely based on their structure are nevertheless still not
possible.

91
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Another interesting question is if there are other reporter systems
that can report on end-to-end contact for use in FCS. We have changed
the reporter system from PET quenching reporters to reporters quench-
ing via dimerization. Therefore Trp was exchanged at the carboxylic
end of glycine-serine oligopeptides by Lys-MR121. This slightly alters
the energy landscape of the whole oligopeptide. For measurements in
high denaturant solution, end-to-end contact formation rates of the
glycine-serine oligopeptides could be determined within a factor of 1.7
compared to PET-quenching experiments.

Besides, in solutions containing less than 3 M denaturant [GdCl] the
observed fluorescence signal in a confocal FCS measurement rapidly de-
creases. This is because of the strong dimerization constant of MR121.
Over 90 % of MR121-(GS)5K-MR121 do not fluoresce for more than
a few milliseconds and thus while diffusing through the focal volume.
The less GdCl from 3 M GdCl is in the solution, the less accurate are
the determined contact rates.

On the one hand, the PET reporter system of MR121 and Trp is
a good choice to measure end-to-end contact kinetics in aqueous solu-
tion. On the other hand, in denaturant solution the MR121 dimeriza-
tion based reporter system has advantages regarding accuracy of fits
to the correlation curves. A smaller complex stability of quencher and
fluorescent molecule in unstructured proteins result also in a decreased
amplitude of the correlation curve decay. Therefore a reporter system
with a higher binding constant can be advantageous to Trp/MR121.

The strong dimerization process of some organic fluorophores that
translates into fluorescence on-off blinking might further be applied
in modern super-resolution microscopy. Fluorophores that are non-
fluorescent over sufficiently long time can enhance resolution of wide-
field microscopy setups when single-molecule localization and succes-
sive image reconstruction is used. In this approach most fluorescent
reporters are turned in an off-state while the few remaining single-
molecule signals are imaged with high precision. There are two pos-
sibilities, where the long lasting non-fluorescing states of homodimers
might be used:

• Having the right salt and buffer conditions, fluctuations of open-
ing and closing dimer-peptide probes specifically attached at bind-
ing sites of interest on macromolecules in buffer or cells could be
used for further resolution enhancement.

• It might also be possible to attach these probes at specific binding
sites, tune conditions such that all fluorophores are dimerized,
and then irradiate them. As soon as single fluorophores within
a dimer complex get photobleached, the other fluorophore can
switch on and fluoresce until it is also photobleached.

The reconstruction methods give resolution enhancements by determi-
nation of the center of point spread functions of single emitters that
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are spatially isolated such, that the distance between two emitters is
greater than the size of the point spread function as determined by
diffraction. Thus spatial resolution is enhanced by stretching spatial
informations in time. This needs emitters that do not fluoresce for a
long time compared to the time they are in a fluorescent state. The
ratio between non-fluorescent time and fluorescent time r and localiza-
tion uncertainties of single emitters σse are values limiting resolution
of super-resolution techniques.[119]

r =
kc

ko
= K (89)

σse =
σ√
N

(90)

For the stochastic optical reconstruction method, r = 100 is desirable
with fluorescent times of the emitters of at least 1 ms.[112] The whole
MR121-(GS)5-MR121 construct has r = K ≈ 10 in PBS. Getting fast
cameras in the future with high frame rates up to 10 kHz, it might be
possible to use it as such an emitter. One could integrate a reactive
amino acid into into the middle of the oligopeptide to bind it specifically
to an antibody. If this antibody binds specifically at structures of a cell,
then the fluctuations that both fluorophores produce can be used as an
emitter reporting the position of this specific structural element of the
cell. Then the blinking rate is only dependent on the used biomolecule
holding the two fluorophores together.

At last we examined the interactions of different organic fluorophores
that are typically used in single-molecule FRET measurements to ex-
amine distance distributions in biomolecules. These fluorophores were
Cy5, ATTO647N, Cy3, Cy3B, ATTO488, ATTO565, ATTO520, and
ATTO532. For very flexible structures that exist e.g. in intrinsically
disordered proteins, distance dependent FRET measurements can be
distorted by fluorescence quenching of the acceptor fluorophore due to
dimerization or other contact induced quenching.

Consequently, we looked at the dimerization interactions analogue
to the MR121 investigation by coupling of two fluorophores of the
same kind at the amino end of the (GS)5K oligopeptide and the amino
side chain of the attached lysine. We tested a new method that only
uses absorption spectra of singly and doubly labeled peptides to get
pure dimer spectra of homo-dimers and equilibrium constants of dimer-
ization. Comparison of dimerization constants shows that ATTO565
and ATTO647N have stronger homodimerization interactions than Cy5
and Cy3. Both techniques showed the same order of magnitude for
dimerization constants for the freely dissolved fluorophores, contrast-
ing the significantly lower values for fluorophores that are attached to
the oligopeptide. This might be due to influences from the unstructured
oligopeptide statistically pulling at the dimerized fluorophores.
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Hypsochromic shifts give evidence for H-dimerization. The strong
dimerization of ATTO647N, ATTO565 (s. fig. 42) and MR121 (s. sec.
6) fit into suggestions made by other groups. [19, 69] It is still an open
question if larger chromophoric systems in fluorophores favor so called
pi-pi interactions.[69] We are not able to answer this, there might be
a tendency of enhanced aggregation of fluorophores with larger chro-
mophoric system.

It was reported that steric effects of bulky substituents may dras-
tically decrease or prevent the aggregation of molecules.[19] Our data
reveal these steric effects. Dimerization properties of ATTO565 are
similar to properties found for MR121.[BLSD11][68] ATTO520 and
ATTO647N show also high selfdimerization. Although Cy5 is also a
hydrophobic fluorophore, its equilibrium constant for selfdimerization
is low. Cy3, ATTO488, ATTO532, and Cy3B also show a low tendency
for selfdimerization and together with Cy5, all of them have at least
one SO−

3 group hindering aggregation.
Extinction coefficients of several H-dimers of organic fluorophores

were measured and reported in this work. The maximal extinction co-
efficients of H-dimers of ATTO565 and Cy3 are roughly the maximal
extinction coefficients of their monomeric fluorophore species. Extinc-
tion coefficients of Cy5 and ATTO647N are much smaller for their
H-dimers than for their monomeric species.

H-dimers are non-fluorescent. If one attaches fluorophores at specific
binding sites in conditions such that the fluorophores are dimerized,
the maximal absorption is hypsochromically shifted to the monomeric
flourophore species. Using these dimers as FRET acceptors, they can
be used as dark quencher molecules in future applications.

Heterodimerization was tested intramolecular. From all tested flu-
orophore pairs Cy5-(GS)5K-Cy3, Cy5-(GS)5K-Cy3B, and ATTO565-
(GS)5K-ATTO532 show significant H-dimerization. Absorption does
not change for (GS)5K−Fl2 and (GS)5K−Fl1, while new peaks arise
bathochromically shifted to (GS)5K−Fl2 and (GS)5K−Fl1 in PBS for
Fl1−(GS)5K−Fl2. In GdCl the spectral changes are not seen for any
sample. The spectral changes are not due to fluorophore solvent inter-
actions, because (GS)5K-MR121 spectra do not change at these wave-
lengths upon solvent change. There are small bathochromic shifts of
the spectral fractions of Fl1−(GS)5K−Fl2 in GdCl that is attributed
to the spectra of non interacting fluorophores.

In excitation spectra of Cy3-(GS)5K-Cy3 and Cy3B-(GS)5K-Cy3B
small contributions of fluorescence excitation bathochromically shifted
to (GS)5K-MR121 were seen. It is known that even if H-dimers are
most often entirely non-fluorescing complexes, in some cases this as-
sumption does not hold. For instance, it was reported for merocyanine
fluorophores that dimerized states do fluoresce.[89] We do not know, if
it is the same effect here for Cy3 and Cy3B dimers. Since the dimer-
ized fluorescing species described here and in[89] are cyanine dimers,
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the underlying interactions might be very similar. Because we calcu-
late in this work brightness quality factors using maxima of fluorescing
species, this small amount of fluorescence from apparently dimerized
species contributes to a systematic uncertainty in estimation of bright-
ness quality for Cy3/Cy3B constructs. We are, nevertheless, able to
compare the brightness quality and dimerization constants.

In contrast to the high extend of H-dimers in the spectra of
Fl1−(GS)5K−Fl2, J-dimerization was not indicated at all. It seems
to be a general property of the organic fluorophores in solution con-
strained by flexible structures into a volume with nanometer radius,
that they aggregate in stacked geometries with properties resembling
pure H-dimers.

The dimerization constant of intramolecular dimerization of Cy3-
(GS)5K-Cy5 were estimated as 0.07 M−1 being one order of magnitude
smaller than the dimerization constant of Cy3B-(GS)5K-Cy5. Dimer-
ization constants of heterodimers for both constructs Cy3B-(GS)5K-
Cy5 and Cy3-(GS)5K-Cy5 were smaller than the homodimerization con-
stants we derived for any other fluorophore. Cy3-(GS)5K-Cy5 turns out
to be the brightest construct of organic FRET fluorophore pairs in this
study, followed by Cy3B-(GS)5K-Cy5 with slightly stronger quenching
interactions. Both fluorophore pairs are therefore useful FRET labels
whenever contact between the two fluorophores cannot be entirely ex-
cluded.

Even if the method for determination of dimer spectra presented
in[68] corrects the raw ensemble spectra for fractions of the sam-
ple that are singly labeled, we can present here pure dimer spectra
of heterodimers. It was found for ATTO488-(GS)5K-Cy5 that its
quenching is not exclusively due to H-dimerization. Also the acceptor
molecule ATTO647N of the ATTO532-(GS)5K-ATTO647N construct
is not quenched in GdCl, but the whole ATTO532-(GS)5K-ATTO647N
molecule is. Thus it is likely, that a mixture of quenching interactions
including e.g. photoinduced electron transfer quenching only the donor
molecule ATTO532 is involved.

The heterodimerization studies done in this work have led to quan-
tification of homodimer and heterodimer association constants. Dimer
absorption and fluorescence spectra of commercially available fluo-
rophores were reported, most of them the first time, and we estimated
their extinction coefficients. We found out, that H-dimerization is a
defining feature of fluorophore interactions for fluorophores held at a
distance of 1 nm. We saw that there are differences for these processes.
Based on the overall molecular brightness of very small and flexible
FRET pairs at glycine-serine oligopeptides we encourage to use a
reporter system consisting of a Cy5/Cy3 pair.

To conclude, continuing on investigations on unstructured glycine-
serine peptides we have shown that O-glycosylation slows down struc-
tural dynamics of glycine-serine peptides. It is difficult to apply the
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used PET reporter system to measure contact rates for structural dy-
namics in high denaturant solutions. A reporter system that uses dimer-
ization of the organic fluorophore MR121 overcomes this drawback in
high denaturant solvents. The fact that in aqueous solutions most of
the MR121 glycine-serine oligopeptides used are in a dimerized state,
that they do not fluoresce in confocal FCS measurements, raises the
issue if two different fluorophores used as reporters for FRET measure-
ments are reliable. Therefore, interactions of different commercially
available fluorophores at small distances were attached at the very flex-
ible glycine-serine oligopeptides so that they were nearly free diffusing.
We quantified the first time how much fluorophores are quenched. For
all fluorophore combinations the fluorescence is quenched at molecular
contact, either due to photoinduced electron transfer process or the
more common H-dimerization process. We got dimer spectra that can
be further analyzed e.g. with algorithms using Coherent Excitation Ap-
proximation. The given association constants will help to estimate if
the fluophores are applicable for FRET measurements in unstructured
peptides and proteins.
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A P P E N D I X

9.1 multipole expansion

For distances |⃗r| far away from a charge density ρ(⃗r ′) the electric po-
tential of ρ in eq. (91) can be expressed in a power series of r⃗ in eq.
(92). Neglecting terms decreasing stronger than r⃗−2, ϕ(⃗r) depends can
be splitted into two parts. The one summand in eq. (93) depends on
the net charge of ρ decreases with |⃗r|−1 and the dipole moment p⃗ with
|⃗r|−2.

ϕ(⃗r) =


d3r⃗ ′

ρ(⃗r ′)

|⃗r− r⃗ ′|
(91)

1

|⃗r− r⃗ ′|
=

1
3

i=1

(xi − x ′
i)

2

=
1

|⃗r|
+ r⃗ ′


∇⃗ ′ 1

|⃗r− r⃗ ′|

⃗
r ′=0


+O(|⃗r− r⃗ ′|2) (92)

≈ 1

|⃗r|
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|⃗r|3

⇒ ϕ(⃗r) ≈ 1
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d3r⃗ ′ρ(⃗r ′) +

r⃗

|⃗r|3


d⃗r ′⃗r ′ρ(⃗r ′)

=
q

r
+

p⃗⃗r

|⃗r|3
(93)

9.2 polarizability of singly dipoles

For an ideal dipole (ρ(⃗r) = q(δ(⃗r + d
2 e⃗x) − δ(⃗r − d

2 e⃗x))) the dipole
moment p⃗ is then, because of vanishing overall charge

p⃗ = q · d⃗. (94)

In a lorentzian model every charge is driven by the force F⃗ = qE⃗ in an
electric field E⃗. Let this field consist of planar electromagnetic waves
like in a low monocromatic laser field E⃗(t) = E⃗0 exp(−iωt). This field
induces oscillations of charge pairs in the molecule. Let b be a friction
matrix that models dissipative forces in the molecule, which has a mass
m. For a special coordinate system, where b has diagonal form, an
equation of motion gives the differential equation in z-direction

∂2

∂t2
dz(t) + b

∂

∂t
dz(t) +ω0dz(t) = E⃗0 exp(−iωt). (95)
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A general solution is

dz(t) =
qE⃗0

m

exp(−iωt)

ω2
0 −ω2 − iωb

(96)

⇒ p⃗ = q · dz(t) (97)
= qdz exp(−iωt) (98)

For the other axes one gets similar results by substituting dz by dx,dy.
If one identifies the time independent part here as the polarizability α̃,
one gets for singly dipoles with α̃(ω) = q2

m(ω2
0−ω2−iωb)

p⃗ = α̃ · E⃗(t) (99)

9.3 polarization of an ensemble of free dipoles

The polarization of an ensemble of ideal N dipole molecules is the sum
over all existing dipole moments. In the calculations one has to take a
basis of a coordinate system not varying between molecules. Therefore
α̃ is again a 3×3 matrix that can be diagonalized for each molecule and
then calculation of sec. 9.2 hold.

p⃗ =

3
m=1

3
i=1

α̃imEie⃗m (100)

⇒ P⃗ =

N
k=1

3
m=1

3
i=1

α̃imkEie⃗m (101)

=

3
m=1

3
i=1

Eie⃗m

N
k=1

α̃imk (102)

=

3
m=1

3
i=1

αimEie⃗m (103)

= α · E⃗ (104)

Here, α̃imk is introduces as polarizability matrix of molecule k. Finally,

the polarizability matrix α =
N

k=1

α̃ describes the polarizability of the

whole ensemble of molecular dipoles. Again, one can find a coordinate
system, where α is diagonal. Therefore one may describe an ensemble
like a single dipole, but with its own frequency ω0 and dissipation
constant b.

9.4 correlation function for two-dimensional dif-
fusion with isomerization

This is the calculation of the correlation function G(τ) by [60] for two
dimensional diffusion with conformational changes between a floures-
cent state (quantum yield of species A QY) and a non-fluorescent one
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(QYB = 0). It is presented here to give a coherent overview of the as-
sumptions made in the calculations of the correlation function that is
fitted to the data of the FCS experiments in this work.

It is assumed that the diffusion constant D of both isomers is the
same. Also excitation and emission volume V are the same. The ab-
sorbed and emitted intensity is proportional to the intensity profile
that is gaussian I(⃗r) = I0 exp−

2(x2+y2)
ω2

xy
. In many FCS applications

oil lenses are used while the particles of interest are in aqueous solu-
tion. The beam profile stretches then and therefore a two dimensional
approximation is sufficient. The number of collected photons at the de-
tector is then given by eq. (105) and fluctuations of the photon count
from the mean ñ follow in eq. (106).

n(t) = ∆t


d2r⃗I(⃗r)QC(⃗r, t) (105)

δn(t) = n(t) − ñ = ∆t


d2r⃗I(⃗r)QδC(⃗r, t) (106)

The correlation G(t) is in experiments determined by the time average
of products of intensity fluctuations normalized to the average intensity
eq. (107). Due to ergodicity t = 0 is chosen in .

G(t) =
1

ñ2T

T−1
i=0

δn(t ′)δn(t ′ + t) (107)

=
1

ñ2
⟨δn(0)δn(t)⟩ (108)

T∆t is the total measurement time of the experiment. t corresponds
to delay channel m with m = t

∆t and δn(t ′) = ni − ñ, δn(t ′ + t) =

ni+m − ñ. ni are the numbers of photon counts at times t ′ = i∆t.[60]
Using eq. (105) and eq. (108), the correlation function is

G(t) =
(∆t)2

ñ2


d2r


d2r ′I(r)I(r ′)Q2


δC(⃗r, 0)δC(⃗r ′, t)


(109)

A
kAB−−−⇀↽−−−
kBA

B

∂δCA(⃗r, t)
∂t

= D∇2δCA(⃗r, t) − kABδCA + kBAδCB(⃗r, t)

∂δCB(⃗r, t)
∂t

= D∇2δCB(⃗r, t) + kABδCA − kBAδCB(⃗r, t)
(110)
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After a Fourier-transform (C̃(q⃗, t) = (2π)−2


d⃗r exp iq⃗⃗rC(⃗r, t)) of the
system of equations in eq. (110) the matrix M is given by eq. (113). It
has eigenvalues and eigenvectors λ1,2, x⃗1,2.

∂

∂t


δCA

δCB


= M ·


δCA

δCB


(111)

M =


−Dq2 − kAB kBA

kAB −Dq2 − kBA


. (112)

λ1 = −Dq2 x⃗1 =


1

kAB
kBA



λ2 = −Dq2 − kBA − kAB x⃗2 =


1

−1

 (113)

Using the starting conditions δCA(q⃗, 0) = δCA(q⃗, t = 0) and
δCB(q⃗, 0) = δCB(q⃗, t = 0), the solution for the fluorescing species
can be calculated in eq. (114). In the following derivation of the
correlation ⟨δC(⃗r, 0)δC(⃗r ′, t)⟩ it is assumed that positions of different
species are decorrelated (in eq. (115) and eq. (116)) and that molecules
of the same species at different locations are locally decorrelated (in
eq. (117)).

δCA (q⃗, t) =
1

1+K
· [exp(λ1t) (δCA(q⃗, 0) + δCB(q⃗, 0))+

exp(λ2t) (KδCA(q⃗, 0) − δCB(q⃗, 0))]
(114)

⇒

δC(⃗r, 0)δC(⃗r ′, t)


=

(2π)−1

∞
−∞

d2q⃗ exp

−iq⃗⃗r ′


⟨δC(⃗r, 0)δC(q⃗, t)⟩ (115)

= (2π)−2

∞
−∞

d2q⃗ exp(−iq⃗r ′)

∞
−∞~r ′′ exp(iqr ′′) · . . .

1

1+K


exp(λ1t)δCA(⃗r, 0)


δCA(⃗r

′′) + δCB(⃗r
′′, 0)


+ . . .

δCA(⃗r, 0)

KδCA(⃗r

′′, 0) − δCB(⃗r
′′, 0)


= (2π)−2

∞
−∞

d2q⃗ exp(−iq⃗r ′)

∞
−∞~r ′′ exp(iqr ′′) · . . .

1

1+K


δCA(⃗r, 0)δCA(⃗r

′′, 0)

(exp(λ1t) +K exp(λ2t)) (116)

=
C̃A

(1+K)(2π)2
· . . .

∞
−∞

d2q⃗ exp(−iq⃗r ′) (exp(λ1t) +K exp(λ2t)) (117)
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In eq. (107) one can use, that I(⃗r) = I(−r⃗) to introduce its Fourier

transform of Ĩ(q⃗) = (2π)−1
∞
−∞ d2r⃗I(⃗r)exp(−iq⃗⃗r). The average number

of collected photons is n̄ = ∆t
∞
−∞ d2r⃗ I(⃗r)QCA = 2πĨ(0)QCA

G(t) =
(∆t)2

(ñ)2

∞
−∞

d2q⃗ Ĩ(q⃗)2Q2

δC(⃗r, 0)δC(⃗r ′, t)


(118)

=
1

(2π)2(1+K)C̃A

∞
−∞

d2q⃗
Ĩ(q⃗)2

Ĩ(0)2
(exp(λ1t) +K exp(λ2t))

(119)

Ĩ(q⃗)

Ĩ(0)
= (2πI(0))−1

∞
−∞

dx exp(−iqxx)exp(−
2x2

ω2
xy

) · . . .

∞
−∞

dy exp(−iqyy)exp(−
2y2

ω2
xy

) (120)

=
1

Ĩ(0)

ω2
xy

4
exp


−
q⃗2ω2

xy

8


(121)

= exp


−
q⃗2ω2

xy

8


(122)

Here the relaxation time τK = (kAB + kBA)
−1 was introduced. The

equilibrium constant is given by K = kAB
kBA

= N̄B
N̄A

and in the two dimen-
sional excitation/emission volume, particle number NA of the fluoresc-
ing species is connected with its concentration via N̄A = C̃Aω

2
xyπ

G(t) =
1

(2π)2(1+K)C̃A

∞
−∞

d2q⃗ exp


−
q⃗2ω2

xy

4
−Dtq2


1+K exp(−

t

τK
)



=


1+K exp(− t

τK
)


4π(1+K)C̃A

1
ω2

xy

4 +Dt

=


1+K exp(− t

τK
)


π̃ω2
xyCA(1+K)

1

1+ t
τD

=
1

1+ t
τD

2N̄A


1+K exp(− t

τK
)


N̄A + N̄B

=
1

N

1+ t

τD

 1+K exp(−
t

τK
)



This is the two dimensional correlation function for unimolecular
isomerization reactions with one fluorescing species.
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D1/D2 RFRET / nm
Cy5/Cy3 5.3

Cy5/Cy3B 6.9
ATTO647N/ATTO532 6.5
ATTO532/ATTO565 7.1

Cy5/ATTO488 6.3

Table 9: FRET radii calculated with ensemble data, κ2 = 2
3 , and QYss from

tab. 8

9.5 quantum yields of organic dyes

Dye QYss / %
Cy3 20[27, 99]

Cy3B 28[22]
ATTO488 74[20]
ATTO532 90[99]

Table 8: Quantum yields of organic dyes in aqueous solution.
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