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1. Abstract and Scope

The objectives of the present thesis are 1) to systematically develop a series of models and
theoretical expressions for the diffusion-controlled reaction, which can be used to analyze the
time-resolved fluorescence data in systems where the diffusion is restricted, and 2) to
investigate the structural and dynamic properties of oligonucleotides and polypeptides by

applying fluorescence-based methods and theoretical models.

Firstly, the diffusion-controlled reaction in one- to three-dimensional systems was
analyzed with the Smoluchowski approach. The analytical expressions containing diffusion
coefficient in different systems were summarized for time-resolved fluorescence data fitting.
Some of these expressions were drawn from literature sources and presented here in a unified
form and new expressions have also been derived to fill some gaps found in the literature.
This work is very useful not only for my own project but also for the global research
framework in our group. ("Biomolecular and Supramolecular Kinetics in the Submicrosecond
Time Range: The Fluorazophore Approach", W. M. Nau and X. Wang, ChemPhysChem,
2002, 3, 393-398 (Appendix II)).

The diffusion-controlled intrachain fluorescence quenching was also analyzed. With the
help of Prof. E. N. Bodunov, equilibrium conformational distributions of short polymer
chains were simulated with Monte Carlo techniques. The kinetics of intramolecular end-to-
end collisions of short biopolymer chains that are labelled with a probe and a quencher at
opposite ends was numerically simulated and the survival probability of the excited end-
attached probe, which reacts with the quencher at the other end upon contact, has been
calculated. The results were compared with the experimental work on polypeptides carried
out by other group members, suggesting that the reduced mobility of the ends of shorter
chains was attributed to an increased steric hindrance, which results in an “internal friction”
during intrachain motion. ("Fluorescence Quenching Kinetics in Short Polymer Chains:
Dependence on Chain Length". X. Wang, E. N. Bodunov, and W. M. Nau Opt. Spectrosc.
2003, 95, 560-570 (Appendix 1V)).

Furthermore, two novel FRET energy donor/acceptor pairs with small critical radius,

Trp/DBO and Nal/DBO, were employed to experimentally recover the end-to-end distance



distribution and the intramolecular diffusion coefficient in Gly-Ser peptides. This work
offered an independent approach to verify the theoretical analysis and compare it with the
previous study based on collision-induced quenching systems. ("Application of FRET
donor/acceptor pairs with small critical radius to recover the structural and dynamic
properties in short flexible peptides", F. Huang, X. Wang, E. Haas, and W. M. Nau, 2004, in
preparation (Appendix VII)).

At the same time, some experimental projects were also carried out to investigate the
structural and dynamic properties in DNA, RNA and 2'-O-methyl RNA single-stranded
oligonucleotides. A phosphoramidite DBO derivative was synthesized, which can be directly
applied in the automated solid-phase synthesis to obtain 5'-DBO-labeled oligonucleotides.
The desirable properties of DBO, such as long lifetime, good solubility in water as well as
efficient quenching by guanine upon direct contact, make it possible to extract the kinetics of
molecular fluctuations from the intrachain fluorescence quenching. The end-to-end collision
rates in short single-stranded oligodeoxyribonucleotides were successfully measured for the
first time, which provided a strong support for the configurational diffusion model of hairpin
formation. ("Kinetics of End-to-End Collision in Short Single-Stranded Nucleic Acids". X.
Wang and W. M. Nau, J. Am. Chem. Soc. 2004, 126, 808-813 (Appendix VI)). The
investigation on RNA and 2'-O-methyl RNA oligomers showed that the 2" substitutions could
result in different sugar puckering and fluctuational freedom in these analogues.
Consequently, the conformational and dynamic properties of different oligonucleotides can be

predicted, which will be useful for the research efforts in the area of antisense agents.

Additionally, a kinetic hopping model for one- and two-directional charge migration in a
one-dimensional system was developed and applied to the analysis of charge transfer
processes in DNA strands. ("Kinetics of one- and two-directional charge hopping in one-
dimensional system: application to DNA". X. Wang and W. M. Nau, ChemPhysChem 2001,
2,761-766 (Appendix 1))

The mathematic methods obtained from these projects were also applied in the data
analysis of cyclodextrin host-guest complexation and diffusion-controlled fluorescence
quenching in biopolymer chains. ("A Joint Structural, Kinetic, and Thermodynamic

Investigation of Substituent Effects on Host-Guest Complexation of Bicyclic Azoalkanes by p-



Cyclodextrin", X. Zhang, G. Gramlich, X. Wang, and W. M. Nau, J. Am. Chem. Soc. 2002,
124, 254-263 (Appendix III) and "Exploiting Long-Lived Molecular Fluorescence" W. M.

Nau, F. Huang, X. Wang, H. Bakirci, G. Gramlich, and C. Marquez, Chimia 2003, 57, 161-
167 (Appendix V)).



2. Introduction

Fluorescence spectroscopy is a powerful technique to investigate the structural and
dynamic properties of biological macromolecules. The excited states of fluorophores are very
sensitive to the changes in their environment, which can result in a shift of the absorption or
emission wavelength, or an intensity variation. Alternatively, when time-resolved
measurements are performed, the different decay rates of fluorescence intensity or the
polarization anisotropy can be recorded. The former stems from the fact that many dynamic
events can deactivate the excited state and hence influence the lifetime, while the latter
reflects the temporal reorientation of the emission dipole. Since time-resolved measurements
can provide much more molecular information than steady-state data, they have been
intensively employed to monitor the segmental or over-all motions of biomolecules, such as
the conformational fluctuations of proteins and nucleic acids, the interaction between proteins
and substrates, as well as the lateral diffusion in membrane systems.' Those features are
extremely useful for our understanding of the fundamental processes in life science at the

molecular level.

The studies presented in this thesis focused on the time-resolved fluorescence intensity
decay. In this method, the fluorophores are excited by a sudden pulse of light, which results in
an initial population of excited states. Then this population decays through two channels: 1)
random deactivation through fluorescence emission and nonradiative processes, 2) quenching
due to excited-state reactions, energy transfer, as well as collision with quencher molecules.
Among them, the collision-induced quenching is also considered as dynamic quenching since
it requires the excited fluorophores and quenchers to diffuse into a close proximity during the

lifetime, which is the main point of interest in this thesis.

Experimentally, what one can record is the fluorescence intensity, which is proportional to
the excited state population. At present, the most frequently used technique is time-correlated
single-photon counting, which records the histogram of photon arrival times in relation to the

excitation pulse.
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Scheme 2.1. Schematic diagram for time-correlated single-photon counting

Very recently, the advances in ultrafast laser devices, which emit pulses on the picosecond
to femtosecond scale, as well as the development of novel detection systems, have extended
time-resolved fluorescence measurements into the subnanosecond region.” The streak cameras

technique can even provide time resolution of several picoseconds.’

In view of the advancement of technology towards fast time scales, it is important to recall
that due to the typically high molecular weight and the strong geometric effects, it is the time
scale of nanosecond to microsecond that is relevant to diffusion-controlled reactions and
diffusive motions in solution like those occurring in biomolecular and supramolecular
systems, e.g., the association of supramolecular components,* the binding of substrates to
enzymes or catalysts, biopolymer or polymer chain folding,™® as well as intermolecular
chemical processes in constrained low-dimensional systems such as membranes’ and

unidirectional zeolites.® However, the lifetimes of excited states of fluorescence probes are

11



normally very short, ranging from picoseconds to a few nanoseconds, which defines a
limitation to the application of time-resolved spectroscopic techniques since the excited states
decay only reports on the events, which occur at comparable rates. Therefore, the search for
novel fluorescent probes with long lifetimes and high environmental sensitivity is crucial in

the field of biomolecular dynamics.

Additionally, since the dynamics of biomolecules are normally complex, the mathematical
analysis of the fluorescence decay is also a challenge to the experimentalists. Theories of
diffusion-controlled reactions are usually formulated in terms of a concentration which
evolves according to Fick's law. However, major difficulties in interpretation may arise for
the systems where the diffusion is restricted, such as in low dimensions and within

biopolymer chains.’

In the present thesis, the general objective is to extract dynamic properties of biomolecular
and supermolecular systems from fluorescence data by applying a suitable model. Firstly, the
diffusion-controlled reaction in one- to three-dimensional systems was systematically
analyzed with the Smoluchowski approach. The analytical expressions were summarized for
time-resolved fluorescence data fitting to obtain diffusion coefficients in different systems.
Additionally, the kinetics of intramolecular end-to-end collision-induced fluorescence
quenching in short biopolymer chains was numerically simulated to understand the
experimental observations. On the other hand, a long-lived fluorescence probe, 2,3-
diazabicyclo[2,2,2]-oct-2-ene (DBO), was employed to measure the structural and dynamic
properties in single-stranded nucleic acids, including DNA, RNA and 2'-O-methyl RNA, as

well as in polypeptides.

The results of the present studies contribute to a better understanding of the theoretical
models related to diffusion-controlled fluorescence quenching. Additionally, the successful
applications of the long-lived fluorophore and relevant models in the dynamic studies in
oligonuleotides and polypeptides are invaluable for the research on folding problems in

polymers and biopolymers.
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3. Diffusion-Controlled Fluorescence Quenching in One- to Three-

Dimensional Systems

Theories of diffusion-controlled reactions in one- to three-dimensional systems are usually
formulated in terms of a concentration which evolves according to a diffusion equation. This
theory is based on the isotropic model proposed by Smoluchowski,' which assumes that
around one of the reacting particles (B) a concentration gradient for the other species (A) is
set up, and that the rate of flow of particles along this concentration gradient is governed by

Fick's law. The fundamental differential equation is

§=szc 3.1
at

where ¢ represents the concentration of flowing particles, D is the diffusion coefficient, and
V? is the Laplacian operator. Strictly speaking, at higher levels of theory, D is a function of c.
For small concentrations D is found to be nearly constant. This approximation is also adopted

in the following treatment.

Solutions of this equation for different dimensions are quite different. Moreover, the form
of the solution even for the same number of dimensions will vary for different systems of

coordinates.
3.1. Diffusion-Controlled Reaction in Three-Dimensional Systems (3D)

Scheme 3.1. Schematic representation for three-dimensional diffusion in spherical coordinates

The model for diffusion in a three-dimensional solution is illustrated in Scheme 3.1, where

the molecule B is placed at the origin of the coordinate system and is surrounded by a

14



population of A. Expressing Eq. (3.1) in polar (spherical) coordinates yields the following

differential equation for c(r, ) of A molecules:

2
d_p[oe, e (3.2)
ot or* ror

the concentration is subject to the so-called Smoluchowski boundary conditions:

c(r,0)=c,, r>R (3.3)
c(o,1) = ¢, r>>R (3.4)
c(R,1) =0, t=0 (3.5)

Here the radius R represents the distance of the closest approach of two particles and D is
equal to the sum of the diffusion coefficients of the two species. Egs. (3.3) and (3.4) specify
that the initial distribution of A molecules is uniform and remains constant at very great
distances from the boundary sphere. Eq. (3.5) arises from the assumption that every collision
between particles is effective, e.g., leads to a chemical reaction and the deactivation of

molecule B.

The solution of Eq. (3.2) with the boundary conditions (3.3) — (3.5) is
R r-R
c(r,t)=c,|1-—erfc| —— 3.6

where erfc(x) = %fme"gzd?g‘.
JT X

The flux across the boundary sphere at r = R is

Jc R
J = 4JtR2D(—) = 47RDc (1 + —) (3.7)
or),_r 0 Dt
As the reaction proceeds with a rate determined by the formation of encounters, one can
get the decay rate of molecules B as

dp dc enc

dt dt

R
4aRDc, |1+ 3.8
o( i )]P (3.8)
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which can be integrated to yield the final time-resolved decay of B molecules according to the

3D diffusion model

p(1) [ R } 2
P _ exp|- [4aRDe, (1 + dt| = exp(=4aRDc t — 8\[ADR*c It 3.9
0, P f ¢y \/ﬁ) p( Co Co ) (3.9)

3.2. Diffusion-Controlled Reaction in Two-Dimensional Systems (2D)

Scheme 3.2. Schematic representation for two-dimensional diffusion in cylindrical coordinates

The diffusion model in two-dimensional systems is based on an ideal system where all
molecules are located with their centres in a plane and their paths of diffusion occur also in
this plane (Scheme 3.2). An experimental approximation for this situation would be lateral
diffusion in monolayers, phospholipid bilayers or biological membranes.”” Expressing Eq.
(3.1) in cylindrical coordinates yields the following differential equation,

2
de_pjre, e (3.10)
ot o~ ror

The solution of this equation subject to the boundary conditions (3.3)-(3.5) is shown in Eq.
(3.11),

(i) = _(E)CO y f:e_uzm Jo(ur)Yy (uR) = Y, (ur)J,(uR) du G.A1)

J,2(uR) + Y," (uR) u

where J(x) and Y,(x) refer to the zero-order Bessel functions of the first and second kinds

respectively. Here, the concentration c(r, t) is still characterized by the usual volume

16



concentration in molecules-cm™. If Z is defined as the membrane thickness in cm, the

concentration can then be expressed as molecules per cm” as cZ.

This solution for ¢(r, ) can be related to the reaction process in the same manner as in 3D

to derive the final result for the time-resolved decay of molecule B in two-dimension as:

P = exp(— f 2erZD(a—c) dt)

Po or ) -r

R? o l— X 'IR (.12)

=exp|-8Zc,— > ——dx
710170+ Y, ()|

Since Eq. (3.12) is not readily integratable, a semiempirical approximation has been

suggested by Owen® as

PO _ exp(-1.585Zc,Dt - 7.09Zc R~/ Dt (3.13)
o " '
0

which was proposed to provide a good fit over the range 0 < ¢t < 10R*/D.

In the past thirty years the discussion about the most suitable approximations has
continued. Approximate expressions with different values were reported by several groups.>’
We proposed a new approximation in the form:

t
P _ ey Dt~ 4De R (3.14)
p()

with ¢, as the concentration in 2D. Though this equation might not provide a better
approximation to the integral in Eq. (3.12) than others, it can be analytically compared with

the solutions in one- and three-dimensions.

3.3. Diffusion-Controlled Reaction in One-Dimensional Systems (1D)

A A s A A A
—n r~—n (B H",.ll. o Y v o Voo -
-V ul‘\l !?‘.\ VARV YU LY} X
‘-_--:-_-,"
R

Scheme 3.3. Schematic representation for one-dimensional diffusion in a linear filament
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Supposing that a flow of particles A along concentration gradient is in a linear filament like
a unidirectional zeolite which is placed along the x-axis with molecule B at the origin
(Scheme 3.3), Eq. (3.1) in rectangular coordinates yields the following equation for one-
dimensional model:
dc d’c
—=D— 3.15
o ox’ G-

The solution of this equation subject to the boundary conditions (3.3)-(3.5) (jx| = r) is

I
,t)—co(l erfc(zmn (3.16)

2 e . . .
where erfc(x) = T f e gzdé‘ and concentration ¢, is characterized by molecules per cm.
.TE X

X

c(

Treated in the same manner as in two and three dimensions, the final result for the time-
resolved decay of molecule B in one dimension can then be obtained as

p@) _ exp(—ZcO 2) (3.17)
Po 4

3.4. Time-Resolved Fluorescence Decays

The above analysis can be applied to the cases of fluorescence quenching, where the
reacting molecule B represents the excited fluorescence probe and A takes over the role of the
quencher. In this case, the fluorescence intensity is proportional to the survival of excited
fluorophores. Additionally, an independent spontaneous decay term must be considered.® in
the limiting condition that every collision between two species is followed by rapid
deactivation of the excited fluorophore before the encounter dissociates (Eq. 3.5), the
bimolecular quenching rates will equal to the formation rates of the encounters. Therefore,
according to the above analysis on the kinetics of encounters formation and the time-resolved
decay of molecule B in different dimensions, the time-dependent bimolecular quenching rate

constants and fluorescence decays are then summarized in Table 3.1.

18



Table 3.1. Kinetics of diffusion-controlled fluorescence quenching in one to three dimensions

time-dependent bimolecular
dimension decay of the fluorescence intensity®?
quenching rate constant?

t Dt
1D k(") =1/£ I(t)=IOexp(———2c0 —)
Tt T T

2D k(t') = 27D LI 1(1) =1, exp(—i Dt~ 4c0R\/nDt)
4 ~aDt' T 2
3D k(1) = 4RnD(1 + I; ) 1(1)=1, exp(—i —4c RaDt - 800R2\/nDt)
nDt' T

@ R represents the distance of the closest approach of two reactants. D is equal to the sum of the

diffusion coefficients of the two species.
I(t t t f
b % = M = exp(—— —cofk(t')dt'), p, and p(7) are the populations of excited states at time 0
0 Po T 0

and ¢, respectively. 7 is the intrinsic fluorescence lifetime of the excited states. ¢, is the concentration

of quencher.

Comparing the equations of 2D and 3D models, it is found that both of them include a

long-time term, i.e., the ¢ term and a short-time term, i.e., the w/; term. For the solution in 1D,
there is only a short-time term. The corresponding bimolecular quenching rate constants are
all time-dependent in 1D, 2D and 3D. However, the relative weight of the long-time term in

2D is much smaller than that in 3D, which can partly explain that at long time, the solution in

3D can be reduced to an equation which only contains the long-time term, i.e., the vt term
can often be neglected,’ but in the solutions for 2D and 1D it is indispensable. It means that in
3D, following an initial transient period in which the fluorescence decays rapidly, a
diffusional steady state is established. By contrast, in 2D and 1D, the decay rate continues to

decrease with time and a steady state is never established.*”
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4. Intrachain Fluorescence Quenching: Application to Polypeptides

As mentioned in the introduction, time-resolved fluorescence spectroscopy is a powerful
technique to monitor the segmental or over-all motions of biomolecules. Recently the time
scale and mechanism of intramolecular contact formation in biopolymer chains, especially in
polypeptides, have been extensively studied by the probe-quencher methodology with

fluorescence as well as other techniques.'"®

In the representative experiments on polypeptide dynamics carried out in our group,”’ a
long-lived fluorescent probe, 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO), is attached to one end
of the peptides and the efficient contact quencher of the excited probe, tryptophan (Trp), is
attached to the other end. The quenching of the excited DBO reflects the kinetics of end-to-

end collision (Scheme 4.1).

k+ k d
T —— q
k_

Scheme 4.1. Schematic representation for collision-induced intrachain fluorescence quenching

However, the experimental data for short Gly-Ser peptides as well as the results reported
by other groups,”®’ have revealed several contrasts to the theoretical models, which refer to
long chains and are based on a Gaussian distribution function of end-to-end distances
(Gaussian chain model), e.g., double-logarithmic plots of the rate constants for end-to-end

collision (k,) versus the chain length of peptides (N) displayed relatively small slopes, which

fall significantly below the theoretical value —1.50.'""'" The deviations between experiment
and theory may be due to the theoretical idealization of the (bio)polymer chain, which
neglects “chemical” effects of steric hindrance between the residues and potential barriers of
bond rotation,”'? or, alternatively, due to the theoretical approximations employed to obtain
the equilibrium distribution functions (Gaussian chain model), which may be inappropriate at

short chain lengths.>'*'* In order to find the underlying reasons, to recover the intrachain
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diffusion coefficients, as well as to investigate the structural and dynamic properties of Gly-
Ser peptides in detail, two independent projects were performed, 1) numerical simulation of
the end-to-end collision induced fluorescence decay in short polymer chains and 2)

measurements on intrachain fluorescence resonance energy transfer in peptides.

4.1. Modelling Collision-Induced Fluorescence Quenching in Non-Gaussian Short

Molecular Chains

The Monte Carlo (MC) technique was employed to simulate the equilibrium chain
conformations in order to evaluate variances in the distribution function and possible
consequences for the intramolecular quenching kinetics. In order to study the impact of
different approximations on the shape of the distribution functions and the kinetics of

fluorescence quenching, simple chain models of the rigid segment type were employed.

(1) 2) 3) “4)

Scheme 4.2. Molecular chain models applied in the simulations

The modelled (bio)polymer chains are labelled with a fluorophore and a quencher at
opposite ends. As shown in Scheme 4.2, three different chain models, the ideal short chain
model (IC, 1), the self-avoiding chain model (SAC, 2), and the self-avoiding chain model
with limited angular flexibility (SALF, 3) were applied to describe a real short polymer
system (4).

For each chain model and for each chain length (2, 4, 6, 10, 14, and 22 segments) 106

conformations were sampled with the MC technique to obtain the equilibrium distribution

22



function, gN(r). In order to compare with the experimentally observed fluorescence decay, it

is assumed that the initial distance distribution between the excited probe and quencher,

g;(r), coincides with the equilibrium end-to-end ground-state distribution, i.e.,

aul(rt)_, = &lr) (4.1)

Then the population of excited probe was described by the radial diffusion equation
according to the theory by Szabo, Schulten, and Schulten (SSS),'"'*"*"" which is based on a
modified Smoluchowski equation:

0 1 . 14 J = 14 . d
L) =L e LA L (s DR L g put)] @)
ot T, r-or or r-or or

Eq. 4.2 can be used to calculate the survival probability density of an excited state at
distance r subject to the initial distribution and the absorbing boundary conditions. Therefore,
the total fluorescence intensity at time ¢ can be deduced since it is proportional to the survival

probability of the excited states at that moment.

1) =1, 4m>g(r,0dr (4.3)

It was found from our simulation that for a very short chain, such as N = 4-6, regardless
whether volume interaction is considered or not, the end-to-end distance distribution is
substantially different from Gaussian. However, for longer chains the coefficients in the IC
distribution functions approach more and more the Gaussian ones with increasing N while
those obtained from simulations according to the SALF model deviate significantly also at

large N values. Obviously, Gaussian distributions are inapplicable for short chains.

Then the fluorescence decay kinetics was numerically simulated by using the previously
determined MC distribution functions, Eq. 4.2, and a constant end-to-end diffusion
coefficient. The fluorescence decays for all chains with 4-22 segments are reproduced to be
monoexponential over the entire time range except in a very short initial time interval; this
applies to all models investigated (IC, SALF, and Gaussian chain), which is consistent with
the experimental observation. By fitting the numerically simulated decay traces to

monoexponential functions, the end-to-end collision rate constants, k,, were obtained for the

Gaussian chain model, IC model, as well as SALF model and then plotted in log(k,)-log(N)
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format. It was found that for the Gaussian and IC models, the slopes are very close to the
theoretical values. On the other hand, the plot produced by the SALF model is not linear any
more. However, the negative curvature is still much less pronounced than the negative
curvature observed in experimental studies (Figure 4.1, see detailed results and discussion in

Appendix 1V).

8.5 T T T T

8.0

75+

logk,

7.0+

0.2 0.4 0.6 0.8 1.0 1.2 1.4
logN
Figure 4.1. Double-logarithmic plot of the end-to-end collision rate constant k, of Trp-(Gly-Ser)-
DBO vs the peptide length, taken as the number of intervening peptide units (N). The
experimental value is taken from Ref. 6 (open circle). The simulation results are taken from Ref.
20, where the IC model (solid square, with slope of —1.57) and SALF model (solid triangle) were

applied and a constant intrachain diffusion coefficient D of 9 x 10 ” cm*/s and reaction radius a
of 5 A were assumed.

Deviations of the conformational distribution of short chains from the ideal Gaussian one
are therefore unlikely to be responsible for the disagreement of the length dependence plots
with theoretical predictions. The deviations could be related to the shortcomings of the
presently employed chain models. Alternatively, the assumption of a constant diffusion

coefficient for chains of different lengths may be inappropriate.
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Then, by varying the end-to-end diffusion coefficient D in the modified diffusion equation
(Eq. 4.2) and fitting the numerically calculated traces to the experimental ones for the
DBO/Trp pair in polypeptides,® the intramolecular diffusion constants in polypeptides with
different chain lengths were obtained. A decrease of the diffusion constants for smaller values
of N was observed. This trend is presumably the underlying reason for the negative curvature
observed experimentally.”®”'> It appears that shorter chains limit the flexibility and hinder
end-to-end collisions more than longer ones do, i.e., shorter chains may exhibit a larger
“internal friction”."” Consequently, end-to-end collision becomes increasingly difficult for
shorter chains. These results lead to the proposal that steric hindrance of the (bio)polymer side
chains and the potential barriers of bond rotation lead to the peculiarities of the experimental

length dependence, i.e., the deviation of the slope as well as the negative curvature in the

log(k,)-log(N) plots.

4.2. Intrachain FRET in Peptides to Recover the End-to-End Distance

Distribution and Diffusion Coefficient

Fluorescence resonance energy transfer (FRET) is also a widely used method to investigate
the structural and dynamic properties in biomolecular systems. Since the energy transfer rates
are strongly dependent on the donor/acceptor distance, the fluorescent dyes labelled in the
biomolecules can serve as spectroscopic ruler.” In this project, with the help of global data
analysis offered by Prof. Haas and his co-workers, this independent approach is employed to
experimentally recover the end-to-end distance distribution and the intramolecular diffusion
coefficient in short flexible Gly-Ser peptides, where the end-to-end collision rates have been
measured with DBO/Trp, a fluorescent probe/quencher pair based on collision-induced

quenching mechanism.®

Experimentally, the difficulties come from the short end-to-end distance of those peptides
(< 20 A) and the relatively large critical radius of conventional energy donor/acceptor pairs
(20 — 100 A), which reduce the sensitivity of the energy transfer efficiency on the dynamic
process of the peptide backbone. To extend the distance range accessible to the FRET

measurements towards the short limit, two energy donor/acceptor pairs with small critical
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radius, Trp/DBO and Nal/DBO, were introduced. The small R, value of these two pairs, 9.9 A

and 9.8 A respectively, lie at the lower limit but are exactly suitable for the short Gly-Ser

peptides.

HN
0 0
NH
N 2
H
n
N
N
HN
0 0
N NH,
H

Scheme 4.3. Structure of doubly labelled Gly-Ser peptides: a) Nal/DBO labelled peptides, Nal-
(Gly-Ser),-DBO and b) Trp/DBO labelled peptides, Trp-(Gly-Ser),-DBO

The energy donor and acceptor were attached at the opposite ends of the peptides (Scheme
4.3). In principle, the decay of the excited donor residue, which is dependent on the end-to-
end distance distribution at each moment and the intrachain diffusion, can be described by the

following equation:'>'*"®

a E3 *

1 R\ . 19,0 1aof,. 9
—gN(r,t) = ——(1+ (—0) )gN(r,t) + D—2—r2—gN(r,t)+D—z—(rng(r,t)—ﬁU(r)) 4.4)
ot T, r r-or Or r-or ar

However, since the key parameters (the distribution function and the diffusion coefficient) are
tightly correlated, the fluorescence of acceptor residue was also recorded to improve the

analysis accuracy. Therefore, for each peptide, time-resolved fluorescence decay traces of
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donor and acceptor residue in the presence and absence of FRET were recorded under the

same condition and then applied to a global analysis.

For the series of naphthalene/DBO labelled peptides, the equilibrium end-to-end distance
distribution and the intrachain diffusion coefficient were successfully recovered (Table 4.1).
The results showed that the average end-to-end distances of those peptides are substantially
shorter than their contour length. The recovered intramolecular diffusion coefficients are all in
the order of 10”7cm?*/s and increase with peptide length. These value verified our earlier
assumption that the intrachain diffusion coefficient in peptides is at least one order of
magnitude slower than the free amino acids and corroborated also the conclusions made in the
simulation work,' namely that the slower diffusion coefficient for shorter peptides instead of
the difference of end-to-end distance distribution from ideal chain model (Gaussian chain) is
the key reason for the deviation of length dependent end-to-end collision rates from

theoretical predictions (see detailed results and discussion in Appendix VII).

Table 4.1. Distance distribution and diffusion coefficient recovered from direct global analysis

for Nal-(Gly-Ser),-DBO peptides.

L Riean D

peptide N e Ay (107em¥s) X
Nal-DBO 2 7.6 6.14 2.67 1.12
Nal-G-S-DBO 4 15.2 6.26 2.76 1.09
Nal-(G-S),-DBO 6 22.8 7.96 4.03 1.13
Nal-(G-S),-DBO 10 38.0 10.39 5.66 1.11
Nal-(G-S),-DBO 14 53.2 10.91 4.91 1.08
Nal-(G-S)-DBO 22 836 ¢ ¢ ¢

“ Contour length, L, equals the number of intervening peptide units, N, times 3.8A.
b Average end-to-end distance obtained by FRET measurements and direct global analysis.

¢ Data analysis has not been finished.
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The Trp/DBO doubly labelled peptides are of specific interest for us. In our previous work,
the intrachain collision rates in various peptides have been successfully measured, where
DBO serves as the fluorescence probe and Trp as an efficient collision-induced quencher. In
this project, the structural properties of those peptides were investigated with an independent
FRET approach, where the role of Trp was changed to an energy donor and DBO to the
energy acceptor. The energy transfer efficiency in each peptide was measured based on the
change of steady-state fluorescence intensity of the Trp residue and the corresponding
effective average end-to-end distance was calculated. Since the lifetime of Trp is very short
and the movement of the excited Trp donor can consequently be neglected, the effective
average distances are very close to the equilibrium ones. The experimental results provided
powerful evidence for the detailed structural properties for a specific group of peptides. For
instance, in the case of peptides derived from the B-hairpin of ubiquitin,® the energy transfer
efficiencies in different segments are quite close, indicating similar end-to-end distance.
Therefore, the significant different end-to-end collision rates of those peptides can be

attributed to the specific flexibility corresponding to the sequence.
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5. Experimental Measurement of Structural and Dynamic Properties

of Single-Stranded Oligonucleotides

Intramolecular contact formation is the elementary step in the folding of proteins and
nucleic acids to form native three-dimensional structures. The rate constants for intrachain
collision and the intrinsic flexibility of single-stranded nucleic acids are fundamental
parameters in biophysical models and in addition they provide benchmark values for
computational methods." While the kinetics of end-to-end contact formation has been
experimentally measured for polypeptides,” the characteristic time scale for intrachain

collision in single-stranded nucleic acids has remained elusive.
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Scheme 5.1. Synthetic route for DBO-labelled oligonucleotides

In this project, the end-to-end collision rates and the fluctuation of the base parts were
experimentally measured with a method based on intramolecular fluorescence quenching of

the long-lived fluorescent probe DBO. Our previous work showed that DBO can be
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selectively quenched by guanine though other bases also work as weak quenchers and all
these quenching reactions require a direct probe-quencher contact.” A new phosphoramidite
DBO derivative was synthesized and directly applied in the automated solid-phase synthesis
to obtain DBO-labelled oligonucleotides (Scheme 5.1). The fluorescence lifetimes of the
target oligonucleotides (7,,,), where guanine was attached at the opposite ends, as well as
those of reference strands with identical sequence but without the 3' terminal quencher (t,)
were measured. The quenching rate constants related to quenching by guanine (k) can then be
obtained according to Eq. 5.1, which corresponds, subject to the assumption of nearly-
quantitative quenching upon contact (k; >> k), to the rate of end-to-end collision (k, in Eq.

5.2).

k, LI (5.1)
Tobs TO
k, = ke ks b for ks> k. (5.2)
ky+k

5.1. End-to-End Collision in Short Single-Stranded Oligodeoxyribonucleotides

Several groups have already studied the coil-to-hairpin transition in short single-stranded
DNA by absorption or FRET methods.”"> However, even for this simple system, the
inconsistent experimental results point to an important question, namely whether or not the
two-state model of an all-or-none transition between open and closed states is appropriate.
Ansari and co-workers later suggested a configurational diffusion model, in which the ssDNA
can be transiently trapped in misfolded states prior to the nucleation step.'> The test of this
model requires experimental rate constants for the collision between the two ends of a DNA

strand, which was not available before.

Herein, the end-to-end collision rates have been reported for the first time in short single-
stranded oliodeoxyribonucleotides, which correspond in their size to the loop segment of an
entire hairpin.” The intramolecular quenching rate constants for oligonucleotides composed
of a backbone of different length and type of nucleotide were determined in a temperature
range between 25 to 40°C (some results are shown in Table 5.1. See detailed experimental

procedure, results and discussion in Appendix VI).
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Table 5.1. Rate constants and activation energies for end-to-end collision in single-stranded

oligonucleotides
) ) Tobs T ky E,
base sequence oligonucleotide
(ns) (ns)4 (106 s (kJ/mol)¢
5'-DBO-AAAAG DNA 247 255 0.12 33
RNA 111 125 1.0 36
2’-OMe RNA 152 170 0.70 38
5-DBO-TTTTG DNA 72 87 24 14
5'-DBO-CCCCG DNA 96 115 1.8 16
RNA 71 83 2.0 24
2’-OMe RNA d d d d
5'-DBO-UUUUG DNA 83 118 3.6 10
RNA 58 73 3.7 11
2’-OMe RNA 82 101 2.3 13

4 1 is the lifetime of the reference strands with identical sequence but without the 3' terminal dG as
quencher, 5-DBO-(X),.
b At 25°C, error in data is 10%.

¢ Temperature range 25 — 40°C; error in data is £3 kJ/mol.

d Results are not available due to the problem in 2’-OMe RNA synthesis.

It was found that the collision rates are strongly dependent on the type of nucleotide in the
backbone. The rates in pyrimidine-derived oligonucleotides are all in the order of 10° s,
which are one order of magnitude slower than the collision rates in flexible peptides with
same number of units. On the other hand, oligoadenylates displayed much slower collision
rates and significantly higher activation energies, which point to a higher intrinsic “rigidity”.
This rigidity is presumably due to two reasons. On one hand, purine bases are larger than

pyrimidines, which decreases the intrachain diffusion coefficient and imposes higher steric
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restrictions towards bond rotation. On the other hand, adjacent purine bases undergo sizeable

14,15

base-stacking interactions, "~ which impose a barrier towards free bond rotation.

/7 N\
T T
T=T
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T T AT
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G---C
k,=2.4x100s7! G--C

k,=0.8 x 10° s7!

Scheme 5.2. End-to-end collision in DBO-(dT),-dG and Kinetics of DNA hairpin closing with
(dT), as the loop

As mentioned above, end-to-end collision rates are important to understand the mechanism
of hairpin formation. While the closing rate for a DNA hairpin with 4 dT in the loop was
reported as ca. 0.8 x 103 s~! (25°C)," our experiments afforded an end-to-end collision rate of
2.4 x 100 s~ for 5'-DBO-(dT)4-dG (Scheme 5.2), which is much faster and suggests that the
time for hairpin formation is “longer” than expected from the time of forming a loop. This
result is consistent with the idea that not all end-to-end or other intrachain contacts induce
hairpin formation, i.e., there are mismatches and inefficient contacts, which require the
ssDNA to explore several local minima conformations until the “correct” nucleating loop is
reached. The absolute rate constants for end-to-end collision in oligonucleotides provide

therefore strong support for the configurational diffusion model by Ansari and co-workers.

5.2. Intrachain Fluorescence Quenching in Short RNA and 2'-OMe RNA Single

Strands: Comparison of Conformations and Dynamics with DNA Analogues

The potential use of short oligonucleotides as antisense agents inhibiting gene expression

has attracted intensive interests on the structure and dynamic properties of DNA and RNA
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oligomers and their analogues.'®'® In this project, the selective quenching of DBO by guanine
was employed to measure the fluorescence decay in DNA, RNA and a representative
antisense oligonucleotide, 2'-O-methyl RNA. The effect of 2'-hydroxyl and 2'-O-methyl

sugar substitutions on the structure and dynamics of short oligomers is discussed.

Base Base Base
O O O
H H H H H H
O H O OH O O,
| | [ Nen
o=1|>—oe 0=1|>—oe o=1|>—o9 3
0. 0 0,
DNA RNA 2'-OMe RNA

Scheme 5.3. Structural variation between DNA, RNA, and 2'-OMe RNA

Sequences of single-stranded oligonucleotides were designed as 5'-DBO-(X),-G, where X
= C, U or A. Reference strands, which have the identical sequences but lack the 3' terminal

quencher (5'-DBO-(X),) were also measured (Results are shown in Table 5.1).

It was interesting to find that the fluorescence lifetimes of the reference strands, where no
guanine was attached at the 3' end, showed a significant variation between DNA, RNA and
2'-O-methyl RNA analogues in the same base sequence with the order: DNA > 2'-O-methyl
RNA > RNA. Measurements in D,O showed that the quenching in RNA strands had relatively
weak isotopic effects for all three kinds of strands with different types of base (1.2 — 1.3),
which are much smaller than the isotopic effect expected from quenching of DBO by an OH
group.'®® The small ratio herein can exclude the contribution of 2" hydroxyl groups. This is
also supported by the finding that the ribonucleotide and deoxyribonucleotide monomers
containing the same base performed the same quenching ability to excited DBO.® Considering
that the viscosity of D,O is ca. 25% higher than that of H,O, the difference of quenching
effect of the backbone in H,O and D,O can be assigned to the higher external friction with the

solvent in D,0O. Detailed structural research have shown that in DNA oligomers, the
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preferable C2’-endo sugar pucker results in a more fixed syn conformation, where the bulky
part of the base is located over the sugar, giving rise to closer interatomic contacts and higher
steric barrier to the rotation of the base part. On the contrary, the dominating C3’-pucker in
RNA oligomers prefers an anti conformation, which gives more movement freedom of the
bases."” Therefore, we suggest that the quenching of the backbone is mainly due to the
collision between the end-attached probe and its nearest-neighbour base. This process is
controlled by the mutual intrachain fluctuation of the probe and the base, which is dependent
on the structural property of the backbone, such as sugar pucker conformation, and the

external friction with the solvent medium.

We encountered some troubles in the measurements of end-to-end collision rates in 2'-O-
methyl RNA due to the solid-phase synthesis difficulties. For RNA strands, the end-to-end
collision rates are strongly dependent on the type of nucleotide with the same order as in
DNA: U > C > A. The strand composed of adenine displayed significantly higher activation
energy (36 kJ/mol) than others, which suggests that the base stacking interactions together
with the steric effect corresponding to the larger size of adenine also contribute to the rigidity
of RNA analogue. At the same time, the activation energy of end-to-end collision in the
cytosine strand is 24 kJ/mol, which is also a little higher than 16 kJ/mol, the activation energy
for solvent viscous flow in H,O, indicating some additional energy barrier than the solvent
friction. The end-to-end collision in uracil strand displayed very similar rate constant and
activation energy as its DNA analogue, which suggests that the uracil strand is the most

flexible one and the process is only limited by solvent friction.

It should be noted that although the collision rates of cytosine and uracil RNA strands are
very close to their DNA analogues, in case of the adenine strand, the collision in RNA strand
is one order of magnitude faster than its DNA analogue. Such a significant difference
indicated that it is either structure-related, e.g., to a different end-to-end distance due to the
sugar pucker conformation, or dynamics-related, e.g., to a the different global flexibility
between these two analogues. Recent computer simulation work suggested that RNA strands
are more flexible than the DNA analogue based on the simulated root-mean-squared-

deviations of the end-to-end distance in two DNA and RNA strands with same sequence.”'
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However, before the final conclusion is drawn, more well-designed experiments should be

done.
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6. Additional Project: Charge Hopping in DNA Strands

This project was motivated by the discussions on the mechanism of charge migration in
DNA."° Since more and more experimental results have provided evidence for charge
hopping between individual bases, a weaker distance dependence (Eq. 6.1) for charge
migration was proposed,’”

ker = kyopN™" (6.1)

where N, the number of hopping sites, is a measure of the distance and 7 is the parameter for
the bias towards charge migration in the direction of the trap, which ranges between 1

(irreversible hopping) and 2 (unbiased hopping).

However, our analysis showed that this equation only applied for very long one-directional
systems, which have not been studied experimentally. Additionally, since under natural
conditions the charge migration would generally proceed in two directions, we suggested that
hopping towards traps on opposite ends should be considered. Therefore, in this project, the
kinetics of charge migration in DNA strands was analysed on the basis of a one- and two-
directional hopping model, where the long-range charge migration occurs through a sequence

of several superexchange charge transfer steps between nearest guanine bases."

e
EERRas

Scheme 6.1. One- and two-directional hopping in one-dimensional systems

A finite one-dimensional system is considered, where the charge has been generated at one
end and there is a perfect trap at the other end (Scheme 6.1, 1D case), or, the charge has been
generated at the central site and there are two perfect traps at the opposite ends (Scheme 6.1,

2D case). The charge undergoes a random walk which involves only hopping to the nearest-
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neighbour sites until trapped at the terminal traps. In DNA strands hopping of a positive
charge has been assumed to take place between guanine bases (G), which are separated by a
given set of adenine, thymine, and cytosine bases.®”'""> The latter have less favourable
oxidation potentials and generally do not serve as charge carriers,'®"” but the nature and
number of these intervening bases determine how fast hopping occurs. Trapping of the charge
may occur at a guanine cluster (GGG), which is particularly prone to oxidation.'” The hopping

sites therefore are designated as G and the traps as GGG.

The lifetime of charge migration between generation and irreversible trapping was
calculated, which showed a weak distance dependence both for the one- and two-directional

cases (see detailed procedure, results and discussion in Appendix I):

(2N-1) (N-1)°

t(2D) = o oy (6.2)
t(1D) = N + M (6.3)
k 2k

t

where the number of hopping sites is N for the 1D case and 2N-1 for the 2D case. k is the
hopping rate constant between neighbouring sites, except for hopping to the trap, for which a
different rate constant k, is presumed. These rate constants correspond to the respective rate
constants for coherent superexchange charge transfer between two nearest-neighbour hopping
sites, i.e., guanine bases. Eqs (6.2) and (6.3) can be further simplified for the unbiased

hopping (k, = k) to

2

N
r(2D)=E, k =k (6.4)
r(lD)—M k =k (6.5)
o2k T '

It is noted that for the one-directional case Bar-Haim and Klafter'®'" have provided the
same result for the lifetime of the random walker before trapping. In particular, for “a finite
but large system” and k, = k, they developed an approximate expression for the lifetime as 7=
N?/(2k) for unbiased hopping and a related equation for hopping with systematic bias in

direction of the trap. The latter was modified”” to provide the more general approximate
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relationship T « N, which has recently been adopted to analyze charge migration in DNA as

the distance dependence test for the charge hopping mechanism,>*’!"13202!

n is the
parameter for the bias towards charge migration in the direction of the trap, which ranges
between 1 (irreversible hopping) and 2 (unbiased hopping). However, in most experimental

studies only small NV values are accessible (N = 1-5). In these cases, Eqs (6.2)-(6.5) apply.

Furthermore, the approximate relationship suggested” for unbiased (1 = 2) one-
directional charge migration (N* dependence) is identical to the exact relationship obtained in
the present work for unbiased two-directional charge migration with two equidistant traps.
Such two-directional charge migration in DNA has not yet been subject to experimental tests,

although it is most relevant for the corresponding natural processes.

We recommend a plot of the increase in lifetime upon increasing N to N+1, Az, against N:

1 1 N 1 N
At(2D) = — - —+ —, which simplifies to A(2D) =—+ — for k, =k (6.6)
k, 2k k 2k k
1 N 1 N
At(1D) = P which simplifies to Ar(1D) = raan for k, = k (6.7)

t

In this manner, one obtains a linear dependence on N for both the one- and two-directional
hopping process. In the one-directional case a linear dependence can be alternatively obtained

by plotting 7/N (rather than 7) against N according to Eq. (6.8).

Wb _(L_L), Ly (6.8)
N k. 2k 2k ’

t

We suggest that the linearity of the corresponding plots provides evidence for hopping. In
case experimental methods for the direct determination of the absolute lifetimes become
available, such plots may be useful to extract the rate constant for hopping between G bases

from the slope of such plots (1/k).
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7. Summary and Outlook

In this thesis, the diffusion-controlled fluorescence quenching in different dimensions as
well as in molecular chains was theoretically analyzed. A series of mathematical expressions
were derived. These results are helpful for understanding the reaction mechanism in various
dimensions and consequently for choosing suitable models to fit the time-resolved
fluorescence intensity data and extract the key dynamic parameters. On the other hand, the
experimental projects were also carried out to investigate the structural and dynamic
properties in oligonucleotides and polypeptides by employing fluorescence-based methods.
The end-to-end collision rate constants in short ssDNA were measured for the first time and
offered powerful support for the configurational diffusion model of hairpin formation.
Structural properties, such as the base-stacking interactions and the sugar pucker
conformations were also experimentally checked. These results are essential to predict the
time scale and determine the mechanism of secondary structure formation and to evaluate the
flexibility of biopolymers with different sequences. In addition, the experimental results
provide benchmark values for the development of computational methods for biopolymer

dynamics.

The ideas for future work focus on two directions: 1) Further application of the
DBO/guanine fluorescent probe/quencher pair in the dynamics of oligonucleotides and
nucleic acids. The efficient intramolecular quenching can be applied to investigate the
structural and dynamic properties of various oligonuleotides, such as 2’-O-methyl RNA,
phosphorothioate DNA, and PNA. Some initial work in this direction has already been done.
2) Exploring new fluorophore/quencher pairs to extend the research fields. In addition to the
natural nucleotide monomer, there are more analogues reported with varying photochemical
properties. It will be very useful to experimentally test the reaction mechanism of different
fluorophore/quencher pairs and establish new methods based on various mechanisms, such as
FRET or electron transfer, which could be applied to measure the end-to-end distance

distribution or charge transfer kinetics in DNA strands.
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Charge migration in DNA has attracted significant attention
because of its importance for DNA damage and repair. Several
experimental and theoretical studies have focused on the
mechanism and distance dependence of charge migration in
DNA. Ly etal. suggested™? that the migration of a positive
charge in DNA occurs by hopping® 4 from one base to a
neighboring base, while Barton and co-workers considered that
charge transport in DNA occurs coherently, by a superexchange
mechanism, through the mni-stack of the DNA base pairs.* ¢ The
rate of charge transfer (kc;) by superexchange should follow the
distance (R) dependence in Equation (1). Experiments on diverse

Koy o< exp(-AR) ()

donor-bridge-acceptor systems yielded a large
scatter in the magnitude of the f3 values, implying
large variances in the conductive properties.®'4
Recent studies suggest a more complex interplay
between both mechanisms.!'>?2 |n particular,
Giese and co-workers have provided evidence

GGG

radiation and dissolved reagents react with the nucleotide bases
or sugars in an essentially random manner, charge formation will
generally occur in the middle of a DNA strand, such that charge
migration in two directions towards one trap on either side
requires attention. Such a situation has been examined by
Schuster and co-workers.? Herein, we analyze the kinetics of
charge migration on the basis of a one- and two-directional
hopping model (1D, 2D), where the long-range charge migration
occurs through a sequence of several superexchange charge-
transfer steps between nearest guanine bases. The results are
compared with the kinetic model for charge migration in a one-
directional system with one trap, which has been proposed by
Bar-Haim and Klafter® 4 for energy transfer in antenna systems

and transferred to the DNA problem by Jortner and co-work-
ers[2-2

Theory

We consider first a finite one-dimensional system composed of
2N — 1 hopping sites and two perfect traps at the opposite ends,
in which a charge has been generated on the central site
(Scheme 1, 2D case). The charge undergoes a random walk
which involves only hopping to the nearest-neighbor sites.
Hopping will occur until the charge is trapped at a terminal
trapping site. In DNA strands, positive charge hopping has been
assumed to take place between guanine bases (G) separated by

for charge hopping between individual bas-

(1 E
GGG

es,2-22 which is also in line with previous
experimental observations by Barton and co-
workers!" 18 as well as Schuster and co-workers.'®
Jortner and co-workers have described a hopping
mechanism, for which a weaker distance dependence for charge
migration according to Equation (2) is expected,’?*?! where N,

ker = kN7 )

the number of hopping sites, is a measure of the distance and 7
is the parameter for the bias towards charge migration in the
direction of the trap, which ranges between 1 (irreversible
hopping) and 2 (unbiased hopping).

Recent theoretical and experimental work on the kinetics of
charge transfer in DNA strands has focused on one-directional
charge transfer in DNA strands, where the charge migrates to a
single trap.2?! However, under natural conditions where

[a] Prof. Dr. W. M. Nau, X. Wang
Departement Chemie der Universitdt
Klingelbergstrasse 80, 4056 Basel (Switzerland)
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Scheme 1. The basic format of the two- and one-directional charge-hopping models.

a given set of adenine, thymine, and cytosine bases.l'®?"! The
latter have less favorable oxidation potentials and generally do
not serve as charge carriersi?® 2! but the nature and number of
these intervening bases determine how fast hopping occurs.
Trapping of the charge may occur at a guanine cluster (GGG),
which is particularly prone to oxidation.? We therefore
designate the hopping sites as G and the traps as GGG, keeping
in mind that the principle model is transferable to other bases in
DNA as well as charge transfer in other natural or artificial one-
dimensional systems like peptides.”

The probabilities that the randomly walking charge in the 2D
case of Scheme 1 reaches the jth G after n steps, p\”), is given by
Equation (3). The probabilities L; and R; represent the charge
hops from G; to its left- and right-nearest neighbor hopping site
(G base), respectively, with 0 <L,R;<1 and L;+ R;=1. Both L; and
R; are functions of k;; and k;z, the corresponding unistep charge
transfer rate constants via coherent superexchange between
two nearest neighbor G bases. These are determined by the
specific base sequence between the guanine units.?'-23
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Since all relevant parameters (hopping sites, step size,
hopping probabilities) are fixed once the DNA strand is chosen,
the survival probability distribution in the system on distinct G
bases (hopping sites) can be solved as a Markov chain problem.
The state vector of a Markov chain is defined as
P(n)=Ip{) p{&) .. pl) ... p) T, which can be calculated ac-
cording to Equation (4), where A is the (2N — 1) x (2N — 1)tran-
sition matrix and P(0) is the initial state vector. If the charge is
generated on the Nth site, only the Nth element of P(0) is
occupied, namely P(0)=[0 --- 1 0 --- O]".

0L, 0 O 0 o0
R 0 L 0 0 o
0 R 0 L 0 o0

P)=A"-P0) withA=|0 0 R, 0 0 0 )
0 0 0 O 0 Ly,
0 0 0 0 - Ry, O |

The survival probability F,(n), which is the probability that the
charge has not been trapped after n hops, can be obtained by
adding up all the coordinates in the state vector P(n) as
Equation (5), where S=[1 1 -+ 1] is the matrix operation for

F(m=$-Pn)=S-A"-P0) (5)

obtaining the pertinent sum. On a long time-scale (n — co) the
coordinates in the state vector P(n) vanish, indicating that the
charge is being completely trapped, that is, F(n)—0. For a
charge generated on Gy, the average number of hopping steps
before trapping is directly related to F,(n) by Equation (6a).

HN) = 3 F(n) (6a)

n=0

The average number of hopping steps, H(N), can be dissected
into the individual contribution of each G; base, H(i,N), which is
the average number of steps the charge hops from G; to its
nearest neighbors before trapping. It describes the probability
density of unit hopping steps from G,. For the charge generated
on G, it can be obtained as Equation (6b).

HiLN =3 PP =3.Q- A" P(0) (6b)

The vector Q equals [0 -+ 1 0 --- 0], which means that only the
ith element is occupied. From Equations (6a) and (6b) it follows
that H(N) is the sum of all H(i,N), Equation (7).

H(N) = 2iAfH(i,N) 7

762
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Since the unit hopping time from G; to its nearest neighbor,
Ty is determined by the system, a mean residence time of the
charge 7(i) can be defined for each distinct base G; such that the
total lifetime of the charge 7 is equal to the sum of all mean
residence times, Equation (8). The lifetime of the charge is the
average survival time of a charge between generation on G, and
trapping by GGG.

r

2fz(i) with 2(7) = H(i,N) - 7y ®)

A general expression for the average hopping steps H(N) and
lifetime can be obtained by matrix algebraic operations. From
the definitions of matrix A and vector P(0) in Equation (4) and the
properties of the matrices, the sum in Equation (6b) equals
Equation (9), where I'is the (2N — 1) x (2N — 1) identity matrix, B is
the (2N — 1) x (2N — 1) inverse matrix of (I — A), H(i,N) is the (i,N)
element of matrix B, and H(N) is the sum of all elements in the
Nth column of matrix B.

H(i,N)=Q-B-PO) with B = (/- Ay ()

To this point the analysis is general, and if all L; and R; values
between all hopping sites were known for a particular strand the
dynamics of charge migration to the trap could be solved
analytically. For a natural part of a DNA strand, the individual
values of L; and R, which are a function of the distance and bases
sequence,?'-2 are not known accurately and further approx-
imations are essential. Two assumptions appear reasonable and
have been previously considered: a) The L; and R; values are the
same or differ in a random manner (unbiased hopping); b) the L;
and R; decrease or increase in a systematic manner towards the
trap (biased hopping). We note here that a systematic long-
range gradient towards charge hopping to the trap is unlikely to
apply, since even the short-range gradient is small. For example,
the GGG cluster in a single strand, which is a favorable trap,
reacts with strong electron acceptors separated by one or two
adenine bases less than a factor of two faster than a guanine
base separated by the same intervening sequence.?” 3" These

reactions are both equivalent to “nearest neighbor” hops within
the framework of Scheme 1. Moreover, any long-range gradient
would be effectively prevented by the more pronounced
dependence of the rate constants on the specific base sequence
in a natural strand, which can be considered as random in terms
of charge transfer. A gradient could be in principle created by the
“polaron mechanism”,!"® which allows also for conformational
and environmental changes along the DNA strand. However,
such changes should occur in a random fashion and they
therefore cannot create a systematic gradient.

Consequently, while a systematic bias for charge hopping to
the trap (L/R;=const.=% 1) may apply in certain dendrimer-type
antenna systems, 4 it appears unlikely to dominate in DNA. In
the absence of experimental evidence for trap-direction biased
charge hopping in DNA, it will not be considered further. Instead,
we assume a constant hopping rate k between single guanine
bases, which is thought to be a particularly suitable description
for previously studied synthetic strands with equidistant hop-
ping sites, for example with the same intervening DNA sequence
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Scheme 2. Description of the two- and one-directional charge-hopping kinetics
between guanine bases in a strand terminated by guanine clusters.

between guanine bases (Scheme 2, 2D case). This may also
present a suitable description for hopping with random rates
over large distances, since an average rate constant may then be
defined.l'® However, in Scheme 2 we do take into account the
experimental result that the final hopping step to the adjacent
GGG trap (k,) may differ slightly from the other rates (k).?” 3" Note
that this explicit consideration of different hopping rate
constants should not be understood in terms of a bias according
to the 7 value in Equation (2). The latter implies a systematically
increasing hopping rate in the direction of the trap, namely a
gradient.

In the limiting 2D case of Scheme 2 we have L;=R;=0.5 (i+1,
2N — 1), such that the transition matrix A of Equation (4) reduces
to matrix A’ of Equation (10).

0 05 0 0 0 0
Kik+k) 0 05 0 - 0 0
0 05 0 05 - 0 0
A=| 0 0 05 0 0 0 (10)
0 0 0 0 - 0 kik+k)
|0 0 0 0 - 05 0 |

According to Equation (9), the Nth column in matrix B’, the
inverse matrix of A’, can be obtained as Equation (11).

(1+5] UL A TR S VI S S VI TRL S VI SR S
kl k'. kt k( k(

The average hopping steps before trapping for the charge
generated on Gy is the sum of all elements in this column,
Equation (12).

H(2D)=(N—1)2+1+2(N—1):

K (12)
't
In the 2D system of Scheme 2, the unit hopping times from a

distinct guanine base to its nearest-neighbors are given by
Equation (13).

1

1 .
Ty = Trwn = 1 rMi):Zfor251s2N—2 (13)
t

From the definition of the lifetime in Equation (8), one obtains
7 for the charge which is generated on Gy and migrates in two
directions (2D) as Equation (14a), and which simplifies to
Equation (14 b).

CHEMPHYSCHEM 2001, No. 12 © WILEY-VCH-Verlag GmbH, D-69451 Weinheim, 2001

1, AT
—2—(1+7)j’ (11)

The case of one-directional charge migration (1D in Schemes 1
and 2) is obtained by setting ky;=0, that is, Ly=1 and Ry=0.
The transition matrix A in Equation (4) reduces then to the N x N
matrix A”, Equation (15).

0 05 0 0 0
Kik+k) 0 05 - 0 0
4| 0 050 - 00 (15)
0 0 0 -« 0 1
0 0 0 - 05 0

According to Equation (9), the Nth column in the inverse
matrix B” can be obtained as Equation (16).

1+£ 2[1+£) 2(2+£]
K, k k

The value of H(1D), the average hopping steps for the charge
generated on G, is again the sum of all elements in this column
as described in Equation (17) and this value equals H(2D);
compare Equation (12).

.
: 2(N-2+ﬁj N-1+K (1)
k, K

H(1D):(N—1)2+1+2(N—1)£=H(2D) (a7

In the 1D case of Scheme 2, the unit hopping times from a
distinct guanine unit to its nearest neighbor are given by
Equation (18).

1 . 1 ; .
%):kat, rm)zzforZSISN—t

1
T,,(N):F (18)
Therefore, from the definition of lifetime, 7, the average
survival time for the charge which is generated on G, and
migrates in one direction (1D), can be obtained as Equa-
tion (19a), which simplifies to Equation (19b).

7(1D)=(1+£) ! +2{N~2[j+£ﬂi+[N—1+£]l=ﬁ+N(N_1) (19a)
K k+k, Vv k/]2k k/k Kk 2k
A1D) = N(’;'; ) for K=k (19b)

Note that the values for the lifetimes are different for one- and
two-directional one-dimensional hopping (compare Equa-
tions (19) and (14)), although the average hopping steps for a
given value of N are identical (compare Equations (17) and (12)).
This is due to the fact that the value of 7, differs (compare
Equations (18) and (13)), since this position has only one
neighbor in the 1D case.
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The above analysis refers to a situation where the charge is
generated on G, which is the most remote single guanine base
from the GGG trap in the case of one-directional migration and
the central single guanine base in the case of two-directional
migration. For the more general case of Scheme 1 with charge
generation on a general site G, (1 <s<N for one-directional

the sum of the residence times on the two additional hopping
sites (2D case). The At values, which are contained in Table 1,
increase linearly with N, both for one- as well as two-directional
charge migration.

migration and 1 <s <2N — 1 for two-directional migration), only Table 1. Lifetime of a charge between generation on Gy and trapping

P(0), the initial state, will change according to Equation (4) and, according to Scheme 2.

since onIy the sth element of P(0) is OCCUpied’ the transition two-directional migration (2D) one-directional migration (1D)

matrix A and the unit hopping time 7, remain the same as those >

defined above. 1(20):%+ (N2_k1) koK #{1D) = N N';’k_1 k=K
In a series of experiments pioneered by Giese and co- '

workers,?? the radical cation G;* can undergo several side 1(20):%2,k‘=k z(1D)=-’\-l(N—+1),k(:k

reactions, for example deprotonation and a reaction with water. N 1 1 N2k 1

The vyield of the side reaction product derived from a distinct Ar(zD):erI‘_Z'k‘ik A41D)=7+E'k‘$k

guanine base is proportional to the probability density of the N1 N 1

charge on this site and the chemical reaction rate, such that | 2D =3+ k=K AID) =+ h=k

analytical expressions for the mean residence times are very

useful for experimental analysis. According to Equations (8), (9),

(13), and (18), the mean residence times on distinct guanine  Djscussion

bases for a charge which is generated on any hopping site can
be obtained by matrix algebraic operations. In the limiting case
where the DNA strands can be described by Scheme 2, the mean
residence time on G, between generation on G, and trapping are
summarized in Table 2.

For the case that the charge is generated on Gy, the mean
residence time on a distinct guanine base is independent on N,
which determines the size of the system (Scheme 1). This means
that the mean residence time on a particular hopping site
depends on the directionality but not on the length of the
system. For one-directional charge migration the value of z(i,N),
the mean residence time on G, equals the shortest time it takes
the charge to migrate from G; to the cluster GGG, which is the
sum of i—1 step times of superexchange charge transfer
between nearby single G bases, (i — 1)/k, and the charge-transfer
step time from G, to the GGG cluster, 1/k,. For two-directional
migration the mean residence times on G; and G,,,_; are the same
and equal one half of the shortest time it takes the charge to
migrate from G; or G,,_; to the closer GGG cluster.

Since the lifetime is the sum of the mean residence times on
distinct guanine bases in the system, the value of Ar, the
increase in the lifetime upon increasing N to N+ 1, equals the
residence time on the single additional hopping site (1D case) or

The accurate understanding of the formal kinetics of charge
hopping in one-dimensional systems is essential for the
interpretation  of  recent  experimental results  for
DNA.[15-22.26.27. 311 positive charge hopping along a DNA strand
may occur between bases with favorable oxidation potentials
(generally guanine) until a trap (often a guanine cluster) is
reached, Scheme 1. We have now analyzed in detail the kinetics
of charge migration in DNA for the limiting cases in Scheme 2,
where a sequence of G bases and GGG traps is separated by one
or more of the other bases with less favorable oxidation
potentials, such as adenine. Since a systematic bias towards
charge hopping between the G bases appears unlikely to apply,
the rate constants for hopping between nearest-neighbor G
bases (k) in Scheme 2 are assumed to be equal and only the rate
of trapping by GGG (k) is considered to be different. This
situation corresponds to unbiased charge hopping between
equidistant G bases but allows for a somewhat faster charge
transfer in the final step.

Of primary interest is the lifetime of the charge, the mean
survival time between generation on Gy and trapping by GGG.
The dependence of the lifetime on the size of the system (N) and
the number of directions of migration are summarized in Table 1.

Table 2. Mean residence time on a particular base G, before trapping according to Scheme 2
site of charge generation two-directional (2D) charge migration one-directional (1D) charge migration
i, N)= ( +;1j for i<=N
G k i1
N o{i,N)=— AP
. 1(1 2N-i-1 .
Z(I,N)——Z—(E+ P ) for N<ij
odi;s) = [ 1)k‘ ]( ~1-sk +J for i<s i, s) , for i<s
. 2hk[(N -1, + K] k
odi,s) = [s 1)k‘+ ][( 1);|+_kl])k‘+lﬂ, for s< i z(lS)-—+T fors<i
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The results confirm the previously noted weak distance depend-
ence, which is much smaller than that expected for the
superexchange mechanism described by Equation (1). For the
one-directional case, Bar-Haim and Klafter> ¥ have provided the
same result for the lifetime of the random walker before
trapping. In particular, for “a finite but large system” and k, =k,
they developed an approximate expression for the lifetime as
T=N?/(2k) for unbiased hopping and a related equation for
hopping with systematic bias in direction of the trap. The latter
was modified?>?! to provide the more general approximate
relationship o< N7 (y =1-2), which has recently been adopted
to analyze charge migration in DNA.2-2% |t must be re-
emphasized in the present context that the original equations
for one-directional migration derived by Bar-Haim and Klafter,
which were later modified, apply only to N >> 1. However, in most
experimental studies only small N values are accessible (N=
1-5). In these cases, the equations in Table 1 apply.

Interestingly, the approximate relationship suggested?*-2! for
unbiased (y=2) one-directional charge migration (N?> depen-
dence) is identical to the exact relationship obtained in the
present work for unbiased two-directional charge migration with
two equidistant traps. The kinetics of such two-directional
charge migration in DNA has not yet been subject to exper-
imental tests, although it is most relevant for the corresponding
natural processes.”! The lifetimes expected for two- and one-
directional charge migration differ significantly for small N values
(Table 1) and they have a characteristic ratio, Equation (20a),
which simplifies to Equation (20b).

A2D)_,  k+k(N-1)

D) BN kMN-T (20a)
20 T ok =k (20b)
A1) N+

For N=1, which means that the charge is generated on the
only bridge G base and undergoes unistep charge transfer to
GGG, the lifetimes of two- and one-directional charge migration
are 1/(2k) and 1/k,, respectively. The ratio is /2, which is
characteristic for an elementary reaction and, in this case,
coherent superexchange charge transfer. As N increases, this
ratio increases, which reflects the complexity of the reaction
mechanism, which now involves intermediates, and differen-
tiates it from an elementary reaction. Finally, when N> 1, the
ratio equals approximately unity, and therefore the lifetimes
of one- and two-directional charge migration are virtually
the same. This surprising result can be rationalized, if one
considers that the charge in the two-directional system has not
only a twice as high probability to be trapped, but also a twice as
high probability to survive, that is, to rest on guanine bases
before being trapped. This feature can serve as the fingerprint
for charge hopping in DNA. We suggest that for all one-
dimensional systems according to Scheme 1, deviations from the
expected ratio in Equation (20) must be ascribed to a compet-
itive long-range superexchange charge transfer between remote
bases.
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The dependence of the lifetimes on a discrete number of
hopping sites introduces essentially a “quantization” of the
lifetime. In fact, the dependence of lifetime on N for one-
directional hopping is reminiscent of the quantization of
rotational energy E=B-J(J+ 1), where AE=2B+ 2BJ. Accord-
ingly, we recommend a plot of the increase in lifetime Az upon
increasing N to N+ 1 against N (Table 1 and Figure 1). In this
manner, one obtains a linear dependence on N for both one- and
two-directional hopping process. In the one-directional case a
linear dependence can be alternatively obtained by plotting /N
(rather than 7) against N according to Equation (21).

4k
T BL
F 1D 2D
At/us sl
1+
1
O 1 1 1 1 1 o - A
0 2 4 6 8

N —»

Figure 1. Model calculations of the increase in lifetime (At) for one-directional
(1D) and two-directional (2D) charge migration upon increasing the size of the
system from N to N+ 1. The data were obtained from Equations (19a) and (14 a)
by using k=2.5x 10°s~" and k/k= 1.5, as derived in ref. [26].

We suggest that the linearity of the corresponding plots
provides evidence for hopping. In case experimental methods
for the direct determination of the absolute lifetimes become
available, such plots may be useful to extract the rate constant
for hopping between guanine bases from the slope of such plots
(proportional to 1/k). This should provide the rate constant of
superexchange charge transfer between two nearest G bases,
which may be difficult to determine otherwise. The correctness
of the results entered in Figure 1 and obtained from Equa-
tions (14) and (19) has been independently confirmed through
numerical integration of the systems of coupled differential rate
laws related to Scheme 2.

Plotting lifetimes or directly related quantities like derived
product yields in an exponential fashion?-29 js equivalent to
approximating the pertinent equations in Table 1, where 7 serves
as an extra free fitting parameter. Simulations reveal that an
exponential fit to the lifetimes obtained from Equations (14) and
(19) results in 5 values below two, implying a systematic
direction-biased hopping where there is none. For example, the
7 value of 1.7 obtained by Giese etal.? is actually the one
expected, when an exponential function is forced to the data for
unbiased hopping (dashed line in Figure 2).52 Vice versa, a plot
of the reported experimental data according to the simplest
Equation (21) for unbiased hopping provides excellent agree-
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Figure 2. Dependence of the relative lifetime for charge migration obtained from
the product studies in ref. [20] (v, = 1/K.) on the size of the system (N; see
Scheme 1).52 The solid line is obtained from fitting according to Equation (21)
which applies to the one-directional kinetics in Scheme 2. The dashed line is the
fitting result from the rearranged Equation (2), that is, (t,./N) ox N"=" with K, o
ker, and affords = 1.67 as the parameter for the bias towards charge migration
in the direction of the trap. If v is set to two, the value proposed for unbiased
hopping, the dotted line results as the best fit.

ment and is in line with the kinetic model in Scheme 2 (r=0.998,
solid line). In contrast, Equation (2) cannot describe the data if
unbiased hopping is assumed (7 = 2, dotted line). Clearly, as can
be seen from the large deviation between the projected
behavior from Equations(2) and (21), access to additional
accurate experimental data, preferably absolute rates, is vital
for the deeper understanding of charge hopping in DNA.

In conclusion, the interpretation of the magnitude of the 7
value resulting from the analysis according to Equation (2) may
be less productive than the discussion of the 5 value within the
framework of Equation (1). A successful fit to Equation (2) should
not be considered as demonstration of its validity.®* In particular,
deviations from the limiting # value of two may reflect the
inherent approximations rather than true bias towards charge
transfer, since Equation (2) applies only for very long one-
directional systems, which have not been experimentally
analyzed. In the absence of evidence for a systematic bias for
charge migration in DNA as well as related systems, it may be
preferable to employ the equations in Table 1 or Equation (21)
for fitting and data analysis, both for one- and two-directional
systems. They apply accurately to systems which comply with
Scheme 2 and should hold for the experimentally accessible
range of DNA strands, including short-range charge transfer,
where Equation (2) does not apply.

This work was supported by the Swiss National Science Foundation
(projects 620-58000.99 and 4047-057552) within the Swiss National
Research Program “Supramolecular Functional Materials”.
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Biomolecular and Supramolecular Kinetics
in the Submicrosecond Time Range:
the Fluorazophore Approach

Werner M. Nau* and Xiaojuan Wang'!

Fluorophores based on the azo chromophore 2 3-diazabicy-
clo[2.2.2]oct-2-ene, referred to as fluorazophores, display an
exceedingly long fluorescence lifetime and undergo quenching
upon contact with efficient hydrogen or electron donors. These
photophysical and photochemical properties allow several un-
common applications to biomolecular and supramolecular kinetic
studies in the submicrosecond time range. Examples for kinetics of
host — guest complexation, end-to-end contact formation in poly-

Introduction

The study of chemical kinetics is essential to identify the
elementary processes of reaction mechanisms, to develop
structure —reactivity relationships, and to control chemical
reactions. This applies also to the field of supramolecular
chemistry, where there is an intensive quest for “functional”
supramolecular materials which could catalyze and thus alter the
reactivity of their components or perform mechanical, electrical,
or optical operations on the nanoscale level at a desired speed.
The investigation of supramolecular kinetics is therefore essen-
tial and will present, in our opinion, an active and interdiscipli-
nary area of future research. To the extent that supramolecular
assemblies mimic biomolecular systems or, vice versa, that the
understanding of biological activity serves as a design criterion
for artificial chemical devices, supramolecular kinetics has strong
ties with biomolecular kinetics.™

We have recently designed a series of fluorescent probes (see
structures) based on the azo chromophore 2,3-diazabicy-
clo[2.2.2]oct-2-ene,? for which we have coined the name
fluorazophores (fluorescent azo chromophores).®”! The use of
these fluorescent probes has allowed us to design new methods
for examining certain types of supramolecular and biomolecular
reaction kinetics. Through this approach, we can obtain kinetic
information in the submicrosecond time range, in which some of
the most fundamental and fastest diffusion-related elementary
processes like those depicted in Scheme 1 occur. These comprise
(1) the association and self-assembly of supramolecular or
biomolecular components and the binding of substrates to
enzymes or catalysts, (2) biopolymer or polymer chain folding, as
well as intermolecular chemical processes in constrained low-
dimensional media like (3) reactions in membranes and (4) in
unidirectional zeolites. These are examples of reactions in quasi-
two-dimensional (2D) and one-dimensional (1D) systems, re-
spectively.
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peptides, and lateral diffusion in membrane models are described.
Principal requirements for these types of kinetic measurements and
the dependence of the kinetics of diffusion-controlled reactions on
the dimensionality of the system are discussed.

KEYWORDS:

fluorescence - host-guest systems - kinetics - membranes -
peptides
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There has been a continuous search for kinetic methods
suitable for measuring chemical processes which occur over a
large range of time scales. Following the classification by Eigen,®!
the different methods and the time scales in which they are
applicable can be depicted as in Figure 1. The methods can be
roughly divided into three categories: relaxation methods

[a] Prof. Dr. W. M. Nau, Dipl.-Chem. X. Wang
Departement Chemie
Universitdt Basel
Klingelbergstrasse 80, 4056 Basel (Switzerland)
Fax: (+41)61-267-3855
E-mail: Werner.Nau®@unibas.ch

1439-4235/02/03/05 $ 20.00+.50/0 393



(1

(2)

(3

Kys I@-\

W. M. Nau and X. Wang

sensitive time-resolved detection technique in the critical
range, which is relevant for the processes in Scheme 1.

Direct kinetic measurements with time-resolved spec-
troscopic techniques commonly employ photophysical
probes® which allow fast generation of an excited state,
for example by a laser pulse. It is a prerequisite that the
probe used in this method shows an “environmental”
sensitivity which results from a change of the absorption
or emission wavelength when the process occurs. Alter-
natively, a decrease of the fluorescence intensity or
lifetime may result in a different environment. This case of
simple fluorescence quenching forms the basis for all

measurements according to Scheme 1. One reactant (in
the case of intermolecular processes) or one chain end (in
the case of intramolecular processes) is labeled with the
fluorescent probe and the other one with a fluorescence

quencher (left side of equations in Scheme 1). Upon
contact (right side of equations in Scheme 1) an encoun-
ter complex or in limiting cases a genuine complex (such

g-o—-a
3
o
o
2
o
e
5
1
—
OO

as a host-guest complex) is formed and efficient

quenching of the excited-state probe occurs. This
quenching can be directly related with the reaction

|\!l3 excited-state probe \t} ground-state probe

\"_.!) quencher I

kinetics to determine either an association rate constant
(k,s;), a folding rate constant (kq), or rates of diffusion in

Scheme 1. Processes accessible for study by the fluorazophore method. (1) Host — guest
complexation and quenching by antioxidants in solution. (2) Chain folding in biopolymers.
(3) Diffusion in two-dimensional systems (membrane models). (4) Diffusion in one-

dimensional systems (unidirectional zeolites, for example).
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Figure 1. Time scales of chemical reactions and their accessibility by different
spectroscopic methods (adapted from Eigen, ref. [8]). The range accessible to the
fluorazophore method is marked in red.

(green), resonance methods (violet), and the direct monitoring
of probe molecules by time-resolved spectroscopy (blue). With
the fluorazophore approach (red), which allows direct monitor-
ing of the reaction kinetics, we have now extended the time
range accessible to fluorescence measurements of supramolec-
ular and biomolecular chemical kinetics towards the slow end,
into the microsecond region. This allows one to use this most
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2D and 1D (k,p and k;p). As will be shown, each reaction
type requires a different kinetic analysis of fluorescence
quenching.

The drawbacks of photophysical probes are the finite
lifetimes of excited states, which limit the accessible
events to those which occur at comparable rates as the
excited states’s decay. In other words, for a photophysical probe
to be useful for the described kinetic applications, its excited
state decay should be slower than the kinetics of the process to
be monitored. The fastest supramolecular and biomolecular
reaction types according to Scheme 1 occur with observed rates
in the nano- to microsecond time range. The main factors which
limit the rates of supramolecular and biomolecular processes to
this range are the high molecular weight and commonly
employed low concentrations of biomolecules and supramole-
cules. On the other hand, fluorescence lifetimes are typically very
short, ranging from picoseconds to a few nanoseconds, which
renders most fluorophores unsuitable to follow the kinetics of
the described supramolecular or biomolecular processes. This
limitation motivates the search for long-lifetime probes with
exceptionally long, yet environmentally sensitive, excited state
lifetimes.

Fluorazophores display exceedingly long fluorescence life-
times (up to 1 ps) and are ideal candidates for the desired types
of kinetic measurements. These novel fluorescent probes are
now turning out to have ample use in supramolecular and
biomolecular kinetic studies. Those which we have in hand at
present (see structures) are:

e Fluorazophore-P, the parent compound, 1%

e Fluorazophore-S, a sterically elaborate,
probe, '

e Fluorazophore-R, a more reactive yet less oxygen-sensitive

probe,”!

more selective
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e Fluorazophore-A250, which possesses an antenna function-
ality capable of light absorption around 250 nm,

® “caged” Fluorazophore, whose fluorescence can be photo-
activated in a temporally and spatially resolved manner,*

e Fluorazophore-L, a lipophilic, membrane-bound antioxidant
sensor,”!

e Fluorazophore-C, for studying kinetic discrimination of chiral
recognition,

e Fluorazophore-A, with a functional amino group for ease of
derivatization,!'? and

@ Fluorazophore-H, a highly water-soluble compound.

In addition, we have synthesized an Fmoc-protected aspar-
agine derivative, Fmoc-Fluorazophore,'? and a phosphorami-
dite, Fluorazophore-amidite. These two fluorescent modifiers
can be attached to a polypeptide or an oligonucleotide by
(commercial) automated solid-phase synthesis techniques to
obtain fluorazophore-labeled biomolecules.

The photophysical properties of fluorazophores are not
strongly dependent on the substitution pattern. All derivatives
display a weak n,t* absorption in the near UV (4,,.,~370 nm,
Table 1 and Figure 2),['® whose oscillator strength depends on
the solvent polarizability," and they generally fluoresce with
high quantum yield (=20 % in water) over a broad spectral range
(Amax =430 nm, Figure 2)."! The absorption and fluorescence
spectra show only small solvatochromic shifts."¥ The fluores-
cence lifetimes and quantum yields are solvent dependent,
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Figure 2. Absorption spectra of Fluorazophore-P in D,O (—) and in n-hexane (- - - -) and
the corresponding fluorescence emission spectra (2., =360 nm) in D,0O (++++) and in

n-hexane (-—-).

Jos T

however. This is a consequence of differential oxygen quenching
as well as solvent-induced quenching in some solvents, in
particular alcohols and alkanes.["!

The small molecular size and spherical shape of fluorazo-
phores as well as good solubility in water and organic solvents
make them suitable to be used as guest molecules or linked to
biomolecules. The fluorescence of fluorazophores is also envi-
ronmentally sensitive, since it has been established through
detailed mechanistic studies that efficient fluorescence quench-
ing can be induced by making contact (<3 A distance) with
good hydrogen donors, such as antioxidants (as well as certain
solvents),["> ¢ or with electron donors, such as amines.'”
Contact quenching of fluorescent probes, while essential for
direct kinetic measurements of the processes in Scheme 1, is
quite unique from a photophysical point of view. Generally,
quenching by energy or electron transfer dominates, which may
occur over a large (for Forster resonance energy transfer) or
moderate (5-8 A, for electron transfer) distance through the
solvent. Electron transfer may also be through-bond mediated,
in particular for rigid and semi-rigid systems, such as structured
biopolymers.'”? Moreover, the fluorescence quenching of fluo-
razophores is chemically unproductive due to mechanistic
peculiarities, namely the occurrence of a conical intersection
along the excited-state reaction path,!"® which assures good
photochemical and thermal stability.

Most important, however, are the long fluorescence lifetimes
of fluorazophores.!'"! These are the prerequisite for the
kinetic applications outlined above. In fact, fluorazo-
phores have the longest fluorescence lifetimes known for
organic chromophores in solution,™ which allows one to
probe a time range which is inaccessible for other organic
fluorophores. In addition, oxygen is an inefficient
quencher of the fluorescence of fluorazophores in
aqueous solution (decrease from 420 to 325ns for
Ll Fluorazophore-P), which allows measurements under
air. In this context, it should be noted that some excited
triplet ketones, which display long lifetimes in degassed
solution, have also been used for kinetic studies in this
time range.” In addition, there are also luminescent
inorganic compounds, based on rare earth metal crypt-
and or tris(bipyridyl)ruthenium complexes for example,
which can be useful for certain applications. Finally,
pyrene displays also a long fluorescence lifetime (120 ns
for pyrene-1-butyrate in deaerated water) and its ten-
dency to form excimers, in particular, has been exploited

Table 1. Photophysical properties of fluorazophores.’
D,0 n-hexane

Amax [NM] (& [M~'cm~]) 7 [ns] (deaerated)® Amax [NM] (€ [M~Tcm~]) 7 [ns] (deaerated)™
Fluorazophore-P 364 (53) 505 (730) 378 (177) (340)
Fluorazophore-S 373 (54) 590 (810) 383 (200) (770)
Fluorazophore-R 358 (40) 705 (750) 367 (190) (30)
Fluorazophore-H 368 (54) 565 (840) 380 (140) (335)
Fluorazophore-A 369 (43) 660 (880) 381 (120) (420)
Fluorazophore-L —tdl —td 378 (160) (325)
[a] From refs.[7, 13, 14]. [b] 5% error. [c] Values in degassed and deaerated H,O are 325 and 420 ns. [d] Insoluble in water.
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to study chain folding in polymers in organic solvents,'® and

self-diffusion in membrane models.!"

Fluorazophores have numerous advantages over other long-
lifetime probes which have been discussed elsewhere: 12
@ Most importantly, fluorazophores are smaller than pyrene,

which allows their inclusion into small host cavities;

e They are not as hydrophobic as pyrene, which improves the
compatibility with biopolymers;=2%

@ They do not form excimers like pyrene, which simplifies the
kinetic analysis of bimolecular quenching;

@ Their fluorescence is significantly longer-lived and less oxy-
gen-sensitive than pyrene, which extends the dynamic range
into the critical region and renders measurements in aerated
water feasible.

Note also that substitution of pyrene inevitably shortens the
fluorescence lifetime, while some substituted fluorazophores
display even longer fluorescence lifetimes than the parent (Table 1).
Consequently, the applications of fluorazophores are complemen-
tary to those of previously explored long-lifetime probes. Specific
examples are highlighted in the following sections.

Bimolecular Reactions in Solution

Typical examples of bimolecular supramolecular and biomolec-
ular reactions are host—guest complexation and DNA hybrid-
ization. If the intermolecular interactions are specific, for
example in the case of enzyme - substrate interactions, molec-
ular recognition occurs. The kinetics of these association
processes are prominently relevant for the design of analytical
tools, such as chemical sensors, as well as the design of
catalysts.”) In general, it may be desirable to achieve fast kinetics
of association, to achieve a high turnover in catalysis for
example, but in the case of supramolecular drug delivery the
emphasis may lie on a slow and regulated release or uptake over
periods of minutes to months."

Fluorazophores have been used as guest molecules to study
the kinetics of simple host—guest complexation processes, for
example with cyclodextrins (CDs).> '3 The time-resolved fluo-
rescence experiments with Fluorazophore-P, for example, show
biexponential decays in the presence of 5-CD. One time constant
proved independent of the host concentration (static), while the
second decay function was first-order in the CD concentration
(dynamic). Scheme 2 can be used to analyze the kinetics for this
supramolecular association process.”? The static component
corresponds to the quenching inside the cyclodextrin complex,
while the dynamic component reflects the complexation by

® Q@ = B9

P !\119 excited-state probe

s

v || K v || &2 _P:s ground-state probe
T
K - Q) h
5 2 \ ( uencher
D@ —= 09 & duencte

Scheme 2. Kinetic scheme for the analysis of the kinetics of host - guest
complexation involving a long-lived excited state (P*) as guest molecule.
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cyclodextrin within the excited state lifetime. The association
rate constant can be simply extracted by plotting the dynamic
component against the cyclodextrin concentration. The fast
quenching inside the complex, which is induced by hydrogen
abstraction from the inner glucose C—H bonds, assures that
dissociation of the excited complex does not compete.?? It is
important to note that this application is made possible by the
fact that the intrinsic fluorescence lifetimes of the uncomplexed
and complexed fluorazophores differ significantly, in that they
display an environmental sensitivity. This method is considered
to be the first fluorescence-based method for the direct
spectroscopic determination of the association rate constants
with cyclodextrins. It can be extended to other host molecules as
well as to the study of the effects of substituents!'® and guest
chirality on the complexation kinetics.

In another set of ongoing experiments, we are coupling
Fluorazophore-amidite as a long-lived fluorescence label to the
5'-terminus of synthetic oligonucleotides at the last stage of
automated DNA synthesis. The sensitivity of the fluorazophore
to the environment offers a means to distinguish hybridized
from unhybridized oligonucleotides in solution. The kinetics of
fluorescence quenching can again be analyzed according to
Scheme 2 and related to the hybridization rate of complemen-
tary oligonucleotides which contain guanine as a quencher.

If the deactivation of the excited-state complex (k, in
Scheme 2) occurs virtually instantaneously, the net result is a
simple bimolecular fluorescence quenching. The P-Q complex
in Scheme 2 is now no longer a supramolecular associate, but a
simple encounter complex. This situation arises when biological
antioxidants are added to fluorazophore solutions. Antioxidants
are good hydrogen donors and, thus, efficiently quench
fluorescence with rate constants near the diffusion-controlled
limit.'"” We have exploited this happenstance to establish
Fluorazophore-P as a fluorescent probe for biologically relevant
antioxidants, such as vitamin C, vitamin E, uric acid, and gluta-
thione. '@ Fluorazophores can thus be employed to measure
the reactivity of antioxidants or, vice versa, if the quenching rate
constant is known, to determine their concentration. This
method itself presents a novel photochemical application of
fluorescence quenching. Again, it needs to be emphasized that
the long fluorescence lifetime is essential, since the biologically
relevant concentrations of antioxidants (um-mm) are too small
to cause sizable quenching of shorter-lived fluorescent states.!'”

Intramolecular Contact Formation in
Biopolymers

The folding events of short polypeptide fragments (to discuss
only one important class of biopolymers) are the primary steps in
protein folding and knowledge of the kinetics is indispensable
for a complete understanding of this fascinating topic. In
addition, domain motions in proteins are involved in receptor—
substrate interactions, such that the study of the corresponding
kinetics may also be important for the design of enzyme mimics
as well as related supramolecular functional devices.”?®! Stopped-
flow techniques have been extensively used in the area of
protein folding.? However, it is now accepted that the speed
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limit for the elementary processes in polypeptide folding,
namely intramolecular end-to-end contact formation, falls in
the micro- to nanosecond range,?” which is not accessible to
stopped-flow studies. We have recently exploited the long
lifetime of fluorazophores and their quenching mechanism,
which requires a close probe - quencher contact, to introduce a
fluorescence-based method for monitoring intramolecular con-
tact formation in polypeptides.''®

The main advantages of the fluorescence technique com-
pared to the previously employed triplet absorption techni-
ques?® (see Figure 1) are: higher sensitivity, accuracy and
precision, the use of a probe which is fully compatible with
solid-phase peptide synthesis (use of Fmoc-Fluorazophore) and
not prone to hydrophobic association, as well as the possibility
to perform measurements in water under air with readily
accessible spectroscopic equipment. Moreover, intermolecular
fluorescence quenching by the 20 natural amino acids revealed
that only Trp, Cys, Met, and Tyr act as efficient quenchers of
fluorazophores. This means that experiments can be designed
with labeled polypeptides, which employ the probe at one end,
relatively inert amino acids to build the chain, and an intrinsic
amino acid quencher, preferably Trp or Tyr, at the other end; see
process (2) in Scheme 1. An exploratory study on the distance
dependence of the rate of end-to-end contact formation in
peptides with a (Gly - Ser), backbone (n=0-10) revealed the
viability of this approach.'? The data agreed in some respects
with the predictions from theoretical kinetic models,2* 29
including the Gaussian chain treatment by Flory,?”! but there
were also contrasts to the results extrapolated from previous
measurements.?! For example, the kinetics measured by the
fluorazophore method was slightly but consistently faster, which
led us to the conclusion that end-to-end contact formation in
the short flexible Gly —Ser polypeptides is as fast as 10 ns. This
method should be transferable to other biopolymers like
oligonucleotides and also polymers.

Low-Dimensional Systems: Diffusion-
Controlled Reactions in Membrane Models

The architecture of biomolecular and supramolecular assemblies
spans the whole range of one-dimensional, two-dimensional,
and three-dimensional systems. For example, enzyme - substrate
or host-guest complexations in aqueous solution can be

considered as 3D reactions, reactions in the surfaces of
biomembranes and lipid vesicles!'® 2 as idealized 2D examples,
and the diffusion in carbon nanotubes and in the channels of
unidirectional zeolites®?” as well as charge migration in oligonu-
cleotides or proteins®? as 1D models (Scheme 1). The dimen-
sionality in which these reactions proceed has major conse-
quences for the formal mathematical analytical treatment of the
corresponding reaction kinetics. Theories of diffusion-controlled
chemical reactions which are based on the isotropic model with
Smoluchowski boundary conditions are usually formulated in
terms of a concentration which evolves according to a diffusion
equation. The bimolecular rate coefficient, k(t'), is obtained by
assuming that the interaction radius between two reacting
species is R, that one species initially has a random distribution,
and that around each reactant the relative motion of the
alternate species is governed by Fick’s law of diffusion. The
solutions for k(t) in the case of free diffusion (3D), lateral
diffusion (2D), and linear diffusion (1D) are compared in
Table 2.11% 2831 Note that the solution for 2D is only approximate;
the precise expression contains complex Bessel functions.'”! As
an alternative to the Smoluchowski approach, diffusion-con-
trolled reactions, in particular for 1D systems, have been
analyzed through a stochastic treatment which involves hop-
ping of either the particle, the trap, or both.*? The difference
between the stochastic and the Smoluchowski treatment is most
important for the 1D case.

The kinetic equations in Table 2 can be applied to the cases of
fluorescence quenching in Scheme 1 with the condition that the
exponent in the right column contains an additional term (— kot)
to reflect the intrinsic fluorescence lifetime (k,=1/7,). In this
case, molecule A, which undergoes transformation when the two
reactants meet, is the excited fluorescent probe (P*), C
corresponds to its ground state (P), and B takes over the role
of the quencher (Q). The rate coefficient is in principle time-
dependent in all dimensions. However, from the functional
dependence in Table 2 it follows that a diffusional steady state
can only be maintained in 3D, so that the bimolecular rate
coefficient can reach a time-independent constant in 3D. This
has the consequence that the short-time component, the v/t
term, can generally be neglected in nonviscous 3D systems.
Therefore 3D kinetics, such as for the association reactions
discussed above, can be characterized in terms of a (time-
independent) rate constant, the common kinetic measure of

Table 2. Kinetics of diffusion-controlled bimolecular reactions of the type A+ B—C+ B in dependence on the dimensionality of the system.

dimension time-dependent bimolecular rate coefficient™ decay of the population of molecule A<
D t Dt
1D k(t) = - & = exp<72c0 —)
at 0o Vo
1 R t
2D k(t) =~ ZnD(— + 7> PO ~ exp(—cnDt—4c,RVaDt)d
2 Dt Po
R p(t)
3D k(t) = 4RaD( 1 + —— —— = exp(—4c¢,RnDt—8c,R*VnDt)
Drt’ Po

o(t)

coefficients of the two species. [c]—
0
concentration of molecule B. [d] Ref. [19].

[a] This reaction type is also referred to as a “coalescing” one. [b] R is the distance of the closest approach of two reactants. D is equal to the sum of the diffusion

t
= exp <7 G fk(t’)dt), P, and p(t) are the populations of molecule A at time 0 and t, respectively, and ¢, is the
0
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bimolecular reactivity. For reactions in low-dimensional systems
(1D and 2D) a diffusional steady state cannot be attained, such
that the rate coefficient for diffusion-controlled reaction be-
comes measurably time-dependent at any time, which leaves the
diffusion coefficient, D, of the active components as the preferable
measure of chemical kinetics in 1D and 2D systems. Only for finite,
small 2D systems, such as spherical micelles, does the bimolecular
rate coefficient reach a time-independent value.3-3

We have employed the fluorescence quenching of fluorazo-
phores in membrane models, which can be considered as self-
assembling supramolecular aggregates, to obtain information
on lateral diffusion in representative low-dimensional systems.3%!
Due to the 2D structure of membrane models and the high
viscosity of the constituent lipids, the mean displacement is
relatively short,?® such that the use of long-lifetime probes is
again indispensable. We have synthesized a novel amphiphilic
fluorescent probe, Fluorazophore-L, with a fluorazophore head
group and a palmitoyl tail to study the diffusion-controlled
kinetics in 2D systems such as POPC™ air — water monolayers and
solution bilayer systems. Fluorazophore-L was found to be
sufficiently amphiphilic to form stable air-water monolayers
and distribute homogeneously in the lipid.”! The reactivity
towards antioxidants as well as the advantageous photophysical
properties of fluorazophores are retained when Fluorazophore-L
is included in POPC lipid bilayer systems. In addition, the
similarities between the location of UV absorption as well as
fluorescence maxima in lipid and in nonhydroxylic organic
solvents confirmed that the head group of Fluorazophore-L is
located in the interface region.

Although the fluorescence lifetime of Fluorazophore-P (325 ns
in aerated water) is shortened in aerated POPC vesicle solutions
of Fluorazophore-L (125 ns), the resulting lifetimes are sufficient-
ly long to allow the kinetic measurement of diffusion-controlled
intermolecular reactions with biomolecules like lipid-soluble
antioxidants dissolved in the membrane model. The equations
for 2D diffusion-controlled bimolecular reactions (Table 2) can be
applied to the experimental data. This has recently allowed us to
determine the mutual lateral diffusion coefficient of this process
and provided the first direct time-resolved measurement of a
reaction of vitamin E (a-tocopherol) in a membrane. This is of
utmost importance for the understanding of the antioxidant
action of vitaminE in lipid peroxidation. In essence, we can
employ Fluorazophore-L as a mimic for reactive alkoxyl or
peroxyl radicals in membranes. The latter induce lipid perox-
idation and are presumed, like Fluorazophore-L, to reside with
their oxygen radical functionalities at the membrane interface.

Conclusion

Fluorazophores are a series of novel fluorescent probes which
have a great potential to study the kinetics of supramolecular
and biomolecular processes in the submicrosecond time scale.
Their favorable properties such as sensitivity to the environment
and long fluorescence lifetime allow one to obtain information
on the kinetics of host-guest association, of end-to-end intra-

[*] 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.
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chain contact formation in polypeptides, and of diffusional
processes in membrane models. These kinetic data are difficult
to obtain by alternative methods. The present concept to exploit
fluorazophores for monitoring the kinetics of supramolecular
and biomolecular processes will be pursued in all directions.

This concept was developed within the Swiss National Research
Program NFP 47 “Supramolecular Functional Materials”.
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Abstract: Derivatives of the azoalkane 2,3-diazabicyclo[2,2,2]oct-2-ene (1a) with bridgehead 1,4-dialkyl
(1b), 1,4-dichloro (1c), 1-hydroxymethyl (1d), 1-aminomethyl (1e), and 1-ammoniummethyl (1f) substituents
form host—guest inclusion complexes with fS-cyclodextrin. They were employed as probes to assess
substituent effects on the kinetics and thermodynamics of this complexation by using time-resolved and
steady-state fluorimetry, UV spectrophotometry, induced circular dichroism (ICD) measurements, and *H
NMR spectroscopy. The kinetic analysis based on quenching of the long-lived fluorescence of the azoalkanes
by addition of host provided excited-state association rate constants between 2.6 x 108 and 7.0 x 108 M~*
s~1. The binding constants for 1a (1100 M%), 1b (900 M%), 1c (1900 M%), 1d (180 M™1), 1e (250 M™1),
and 1f (ca. 20 M) were obtained by UV, NMR, and ICD titrations. A positive ICD signal of the azo absorption
around 370 nm was observed for the -cyclodextrin complexes of 1a, 1d, and 1f with the intensity order
la> 1d =~ 1f, and a negative signal was measured for those of 1b, 1c, and 1e with the intensity order 1c
< 1b ~ le. The ICD was employed for the assignment of the solution structures of the complexes, in
particular the relative orientation of the guest in the host (co-conformation).

Introduction which arises from the interaction between an achiral chro-
mophore with the chiral host molecufgs®11has become a
powerful tool for obtaining structural information on the relative
orientation of the guest in the host, i.e., the so-called co-
conformationt?

Relatively little is also known about aspect (1), i.e., the
association and dissociation kinetics of guest molecules with
CDs13 For exceptionally slow kinetics, the rate constants of
CD complex formation can be assessed by stopped-flow
method$*150r NMR spectroscopye1” However, the inclusion
of small guest molecules into CDs as well as other host
structures with sufficiently large openings of the host cavity,
e.g., calixarene¥is typically a fast process with rate constants
in the order of 10—10° M~ s™1. While such fast rate constants
of supramolecular association may be desirable from certain
application points of view, e.g., to allow high turnover rates in
catalytic processes, their accurate determination presents an

Cyclodextrins (CDs) are naturally occurring water-soluble
container-type host moleculésTheir host-guest complexes
with organic guest molecules have application potential in
catalysis® photochemistry, drug delivery! and analytical
chemistry® In addition, they are attractive models for molecular
recognition phenomena like enzymsubstrate or drugtarget
interactions.

Thermodynamic properties of CD complexes have been
extensively studie@? In addition to thermodynamic data,
knowledge of (1) the kinetics of hosguest complexation as
well as (2) structural details is invaluable to assess the
functionality of a particular host system and to develop
structure-reactivity relationships in supramolecular chemistry
in general. With respect to the latter aspect (2), crystallographic
structures of several CD complexes have been obtained from
X-ray and neutron diffraction dafhut relatively little is known
about the solution structures of these complexes. NMR tech- (10) Harata, K.; Uedaira, HBull. Chem. Soc. Jprl975 48, 375-378.
niques have proven suitable to assess the depth of inclusion of(11) Zhdanov, Y. A; Alekseev, Y. £ Kompantseva, E. V.; Vergeichik, E. N.

)
)
Russ. Chem. Re(Engl. Transl.)1992 61, 563-575.
the guest and to differentiate between inclusion and association(12) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Angew. Chem., Int
)

it i i i i Ed.200Q 39, 3348-3391.
complexed. In addition, the induced circular dichroism (ICD) (13) Petrucci. S.. Eyring. E. M.: Konya, G. Bomprehensie Supramolecular

Chemistry Atwood, J. L., Ed.; Pergamon, New York, 1996; Vol. 8, pp

(1) Szejtli, J.Chem. Re. 1998 98, 1743-1753. 483—-497.

(2) Takahashi, KChem. Re. 1998 98, 2013-2033. (14) Yoshida, N.J. Chem. Soc., Perkin Trans.1®95 2249-2256.
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Host—Guest Complexation of Bicyclic Azoalkanes

experimental challenge, since tailor-made probes (as guest
molecules) and fast time-resolved techniques are required for
their measurement. These include ultrasonic relaxation tech-
niquest? temperature jump measuremettand more frequently ,,N ,,N
the absorption, emission, and quenching of triplet prébés. N N
The latter has been recently reviewBesides these direct
spectroscopic methods, EPR line broadening was also exploited
to examine the association kinetics for complexation of persistent
A
N

nitroxide radicals with CD8%25 OH NH,
We have recently introduced a fluorescence-based method
for assessing the kinetics of complexation by CP# this //N

/

®

NH;

N

photophysical method, 2,3-diazabicyclo[2.2.2]oct-2-eka) (s N N/
employed as a guest molecule, which serves also as a “dynamic”
probe to monitor the kinetics of hesguest complexation by 1d le 1f
the fluorescence quenching inside the CD cavity. The exceed-
ingly long-lived fluorescence of azoalkade, e.g., 730 ns in performed on silica gel (66200xm). The azoalkane 2,3-diazabicyclo-
deaerated BD 27-28js the prerequisite for the direct measurement [2.2.2]oct-2-eneXa8)* and its derivativedb 1¢,* 1d,*" and1€* were
of absolute kinetic rate data by fluorescence, since the associaSynthesized according to literature procedures. The detailed procedure
tion process must occur within the lifetime of the excited state, 2Nd Spectroscopic data fibd, which have not been previously reported,

1a 1b

In addition to the kinetic measurements, azoalkhaeffered

the possibility of thermodynamic measurements through several

are given below. The azoalkanes were purified by sublimation at
reduced pressure (not fdid) and subsequent 2-fold recrystallization
from n-hexane {a, 1b, 1€), methanol {¢), or diethyl ether 1d). DO

alternative methods, and it was also possible to assess the.. g9 gus, Glaser AG, Basel, Switzerland) was used as solvent for all

solution structure of the resulting CD complex by IE3°The

characteristic ICD of the n} chromophore band around 370

measurements.
1-(Hydroxymethyl)-2,3-diazabicyclo[2.2.2]oct-2-ene (1d)he start-

nm depends sensitively on the alignment of this small chro- ing material was the urazole 1-(hydroxymethyl)-4-methyl-2,4,6-
mophore within the CD complex, thus providing a unique tool triazatricyclo[5.2.2.8%undecane-3,5-dione, which was synthesized

for structure determinatidf—32 in aqueous solution.

according to literatur@ from 2,3-dihydrobenzyl alcohol and 4-methyl-

In this work, we employ bridgehead-substituted derivatives Urazole and subsequent hydrogenatioA.2.5 g (11.1 mmol) amount

of the parent azoalkaria as new probes to examine the effec
of molecular structure of the guest molecule on the association
rate constant and to compare it with the thermodynamics of

association and the co-conformations of the hastest com-

t of the resulting urazole was dissolved in 50 mL of 2-propanol, and

KOH pellets (4.8 g, 85.5 mmol) were added in small portions while

stirring. After the solution was refluxed under argon for 15 h and cooled
to room temperature, the solids were filtered off and washed with
2-propanol. Rotary evaporation of the filtrates gave a slurry which was

plexes: 4-methyl-1-isopropyl-2,3-diazabicyclo[2.2.2]oct-2-ene gspended in CiCI, and filtrated. After removal of solvent by rotary

(1b), 1,4-dichloro-2,3-diazabicyclo[2.2.2]oct-2-erk), 1-hy-
droxymethyl-2,3-diazabicyclo[2.2.2]oct-2-erfal), and 1-amino-
methyl-2,3-diazabicyclo[2.2.2]oct-2-ene in its neutrbd)(and
protonated forms1(f) at pH 11 and pH 5, respectivelg-CD,

evaporation, the product was purified by silica gel chromatography (1.20
g, 8.55 mmol, 77%). Recrystallization from diethyl ether afforded
colorless crystals ofd (mp 75-76 °C). UV (benzene):Amax 380 nm,
€220 cnm* M~ 1H NMR (400 MHz, CDC}): 6 1.33-1.79 (8 H, m,

which is composed of sevaw-p-glucose units, was preferred  CHa), 3.30 (1 H, s br, OH), 4.06 (2 H, s,HGOH), 5.25 (1 H, s br,

over the smallea-CD and the largey-CD forms, since it shows
a 1-2 orders of magnitude stronger binding (e.g., ¥a).26:33.34

Experimental Section

All commercial materials, including-CD, were obtained from Fluka
or Aldrich and were used as received. Column chromatography was

(19) Nishikawa, S.; Yokoo, N.; Kuramoto, N.. Phys. Chem. B998 102
4830-4834.

(20) Cramer, F.; Saenger, W.; Spatz, H.JCAm. Chem. S0d.967, 89, 14—
20

(21) Monti, S.; Flamigni, L.; Martelli, A.; Bortolus, PJ. Phys. Chem1988
92, 4447-4451.

(22) Okano, L. T.; Barros, T. C.; Chou, D. T. H.; Bennet, A. J.; Bohne).C.
Phys. Chem. R001, 105 2122-2128.

(23) Bohne, CSpectrun200Q 13 (3), 14-19.

(24) Kotake, Y.; Janzen, E. G. Am. Chem. S0d.992 114, 2872-2874.

(25) Lucarini, M.; Luppi, B.; Pedulli, G. F.; Roberts, B. €hem. Eur. J1999
5, 2048-2054.

(26) Nau, W. M.; Zhang, XJ. Am. Chem. Sod.999 121, 8022-8032.

(27) Nau, W. M.; Greiner, G.; Rau, H.; Wall, J.; Olivucci, M.; Scaiano, JJC.
Phys. Chem. A999 103 1579-1584.

(28) Nau, W. M.J. Am. Chem. S0d.998 120, 12614-12618.

(29) Zhang, X.; Nau, W. MAngew. Chem., Int. E®200Q 39, 544—-547.

(30) Mayer, B.; Zhang, X.; Nau, W. M.; Marconi, G@. Am. Chem. So001,
123 5240-5248.

(31) Kroais, D.; Brinker, U. HJ. Am. Chem. S0d.998 120, 11627 11632.

(32) Bobek, M. M.; Krois, D.; Brinker, U. HOrg. Lett.200Q 2, 1999-2002.

(33) Eftink, M. R.; Andy, M. L.; Bystrom, K.; Perimutter, H. D.; Kristol, D. S.

J.J. Am. Chem. Sod989 111, 6765-6772.

(34) Stoedeman, M.; Berg, U.; Svensson, JA.Chem. Soc., Faraday Trans.

1998 94, 1737-1741.

CH). 3C NMR (101 MHz, CDC}): 6 22.0 (2 C, CH), 23.3 (2 C,
CH,), 62.3 (CH), 67.3 (CHOH), 68.0 (G). Anal. Calcd for
C/H1:N,0O: C, 59.97; H, 8.63; N, 19.98; O, 11.41. Found: C, 60.14;
H, 8.60; N, 20.04; O, 11.47.

Spectroscopic MeasurementsAll experiments were performed at
ambient temperature inJD. For experiments with the amine forbe
and the ammonium forridf, the pH values were adjusted to ca. 11 and
5 (by addition of NaOD or BSQOy) to bypass complications from the
protonation equilibria, i.e., to work well below or above the,palue
of the guest (K. = 9.2, see below), while avoiding deprotonation of
the host, cf. Ki(3-CD) = 12.34% pH readings were taken from a
632 pH meter with a combined pH glass electrode (METROHM,
Switzerland). Most spectroscopic experiments were performed in 4 mL
cuvettes by using 3 mL of 4 mM stock solutions, exceptXor(1.0
mM). Deaerated solutions, where required, were obtained by two
freeze-pump-thawdegassing cycles using homemade quartz cells (4
x 1 x 1 cm) with high-vacuum Teflon stopcocks.

A XeF excimer laser pulse from a Lambda Physics COMPex 205
laser (351 nm, pulse width ca. 20 ns, pulse energy b mJ) or a

(35) Askani, R.Chem. Ber1965 98, 2551-2555.

(36) Littke, W.; Schabacker, Vustus Liebigs Ann. Cheri965 687, 236—
240.

(37) Engel, P. S.; Horsey, D. W.; Scholz, J. N.; Karatsu, T.; Kitamura].A.
Phys. Chem1992 96, 7524-7535.

(38) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. MAm. Chem. Soc.
in press.
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Figure 1. UV absorption spectra of azoalkata (—), 1b (--+), 1c (- - -),
1d (—--+—), andle(— —— —), all in D;O. The spectrum off is virtually
superimposable with that deand is not shown for clarity. The inset shows
the expanded spectra from 300 to 400 nm.
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Table 1. Photophysical Properties of Azoalkanes 1 in DO,
n-Hexane, and Their 3-CD Complexes

Amadnm [e/(M~1 cm~1)] /ns [deaerated]’

Aisol D,0 n-hexane (-CD-1

D,0 n-hexane  5-CD-1  nm? (7o) (Tep)®
la 365[48] 376[200] 371 358 505([730] [340] 80
1b 373[54] 383[200] 379 376 590[810] [770] 430
1c 358[40] 367[190] 364 356 705 [750] [30] 40
1d 368 [54] 380[140] 370 371 565[840] [335] 95
le 369[43] 381[120] 373 371 660[880] [420] 110

1f 370[43] d 37C¢ (370F 670[920] d 75

a|sosbestic point in the UV titration bg-CD in D,O. P Fluorescence
lifetime in aerated [deaerated] solution; 5% erfofluorescence lifetime
in the 5-CD complex in aerated D obtained by simultaneous fitting of
the time-resolved and steady-state fluorescence data according to egs 6 an
9; 10% errordInsoluble in n-hexane&No significant UV shift was
observed upon addition ¢f-CD.

Continuum Minilite Nd:YAG laser (355 nm, pulse width-3 ns, 7

mJ) was used for excitation to obtain the time-resolved fluorescence
decays. The decays were monitored with a monochromatooto-
multiplier setup at 426500 nm, depending on signal intensity. The
kinetic traces were registered by means of a transient digitizer and
analyzed by nonlinear least-squares fitting of monoexponential or
biexponential decay functions, where appropriate. Steady-state fluo-
rescence spectra were measured with a Spex Fluorolog fluorimeter or
with an FLS900 setup from Edinburgh Instruments. Steady-state
fluorescence quenching experiments wWiCD were performed with
excitation at the isosbestic pointssf) which were obtained from UV
titrations. UV spectra were obtained with a Hewlett-Packard 8452 diode
array spectrophotometer (2 nm resolution) or with a Perkin-Elmer
Lambda 19 spectrophotometer (0.1 nm resolution). The NMR spectra
were obtained with a Bruker DPX 400 MHz Avance NMR spectrom-
eter. Induced circular dichroism spectra were recorded with a Jasco
J-720 spectropolarimeter (0.2 nm resolution, 25 accumulations, 1 cm
cell) or an AVIV circular dichroism spectrometer (model 62A DS,
Lakewood, NJ).

Results

Photophysical Properties.The UV spectra ofia—f in D,O
are quite similar (Figure 1). The substituents have only a minor
effect on the n7* transition near 370 nm (Table 1), causing a
slight bathochromic shift for electron-donating groupb)(and
a hypsochromic one for electron-withdrawing groufs)(A
substituent-dependent shift was also observed for st
transitiorf® below 220 nm (Figure 1).
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Table 2. Binding Constants, ICD Ellipticities, and Association
Rate Constants of the 5-CD Complexes of Azoalkanes 1

kassl
108 M-1g-1d
4.8+ 0.5
f
7.0£0.7
3.3+ 04
2.6+ 0.6
3+ 1h

Ael
(M~tecmYye

+0.162
—0.034
—0.119
+0.069
—0.025
+0.045

kdISS/
105571

(4.4%
f

(3.7%
(18y
(10¥
120+ 50"

Kim-1a

11004+ 200
900+ 150
1900+ 300
180+ 20
250+ 20
20+ 109

O/mdeg®

19.3
—4.0
—5.6

5.6
-1.9
11

guest

la
1b
1c
1d
le
1f

a Ground-state binding constants from UV a@itiINMR. P ICD ellipticity
at band maximum for 4 mM solutions @f(1.0 mM for 1c) in the presence
of f-CD (12.0 mM) in BO. ¢Molar ellipticity calculated asAe =
0/(32982l c), cf. ref 76, withl = path length and = actual concentration
of complex in solution calculated by using the binding constants in this
table.d Association rate constants in the excited state from the time-resolved
and steady-state fluorescence quenching data by employing simultaneous
fitting according to eqgs 6 and 9Dissociation rate constant estimated as
kasdK. f Quenching effect too small to analyze kinetics, cf. té@etermined
from ICD titration. " Obtained from global fitting to eqs 6 and 7, cf. text.

All azoalkanesla—f display exceedingly long fluorescence
lifetimes in deaerated f between 730 and 920 ns (Table 1).
Table 1 contains also the fluorescence lifetime in the corre-
sponding3-CD-1 complex ¢cp values), which can be obtained
from kinetic measurements in the presencg-@D (see below).
These reflect the reactivity of the excited azoalkane toward
abstractable €H hydrogens in the CD cavity. The method to
determine the association rate constants (see below) relies on a
fast quenching inside the CD cavity, i.e., smalp values.
Otherwise, exit from the cavity may compete with deactivation,
which complicates the data analysis. The observed trend of the
Tcp values, i.e.lc < 1a, 1f < 1d < le< 1b, corresponds to
that observed for the solvent-induced quenchingihexane,

8. lifetimes in this solvent in Table 11c (30 ns)< 1la (340

ns)~ 1d (335 ns)< 1e(420 ns)< 1b (770 ns). This correlation

is reasonable since the same quenching mechanism applies for
both n-hexane and the interior gi-CD, namely an “aborted”
hydrogen abstraction from-€H bonds?7:3°

Shorter fluorescence lifetimes correspond to higher reactivity
for hydrogen abstraction. Accordingly, the chlorinated derivative
1cis the most reactive one, while the bis-alkylated derivative
1b displays the lowest reactiviti. The hydroxymethyl- and
aminomethyl-substituted azoalkanes fall in between. Hence, it
appears that electron-withdrawing groups enhance the reactivity
of these azoalkanes toward hydrogen donors, while electron-
donating groups lower # This variation can be related to the
changes in excitation energy, since the chlorinated derivative
exhibits a significantly hypsochromically shifted absorption
maximum (Figure 1), corresponding to a higher excitation
energy. In addition to variations of the excitation energy,
different contributions of charge transfer to the quenching
mechanism may apph*2

Acid—Base Equilibrium of Azoalkanes 1e and 1fThe K,
value of azoalkanele can be readily determined through
measurement of théH NMR chemical shift of thea-CH,
protons in DO (01 = 3.18 ppm anddy; = 3.62 ppm) as a
function of pH. A K, value of 9.2 in BO was obtained by

(39

(40
(41

42

Nau, W. M.; Greiner, G.; Wall, J.; Rau, H.; Olivucci, M.; Robb, M. A.
Angew. Chem., Int. EA.998 37, 98—-101.

Zhang, X.; Nau, W. MJ. Inf. Recording200Q 25, 323-330.

Pischel, U.; Zhang, X.; Hellrung, B.; Haselbach, E.; Muller, P.-A.; Nau,
W. M. J. Am. Chem. So@00Q 122, 2027-2034.

Sinicropi, A.; Pischel, U.; Basosi, R.; Nau, W. M.; Olivucci, Mngew.
Chem., Int. Ed200Q 39, 4582-4586.
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to eq 143 This value falls in the range of those for other amines the presence g8-CD (12.0 mM) in DO.

Scheme 2
_ 0udKat 0uH] " y
=0 Q00 1f CD =—> .
obs K,+ H] + P CD-1f
with electron-withdrawing3 substituent$* Note that the azo K| +H" K| +0
group inlecan be considered as such an electron-withdrawing X
S substituent (cf. Hammett value of 0.39 forp-N=NPh)#° le + BCD === (D-le

Binding Constants. According to Scheme 1, a ground-state
equilibrium exists between the free, uncomplexed fotjrafd are ICD silent, this titration method may in some cases be more
the complex (CBL), which is characterized by the binding sensitive to determine the binding constants. EotCD proved
constantK (Table 2). The six differently substituted guest to be the method of choice to determine the binding constant
molecules show significant variations of the binding constants, since shifts in the UV and NMR spectra were too small to allow
which can be obtained by UV, NMR, ICD, and fluorescence accurate titrations.
titrations?6 At least two independent techniques, generally UV Addition of 3-CD to a solution ofle results in a multiple
and NMR, were employed for each guest, and the results wereacid—base equilibrium (Scheme 2347 and the variation of the
the same within error. The obtained data confirmed the ICD spectra with increasing pH reveals an interesting inversion
formation of 1:1 complexes in all cases. For the protonated in the sign of the ICD (Figure 3). This can be related to a
azoalkandlf, the UV and NMR spectral changes were too small structural change upon deprotonation (cf. Discussion).
to allow a reliable determination of the binding constant by these  From the thermodynamic cycle in Scheme 2, it is possible to
methods. Here, the more sensitive ICD measurement wasdetermine the i§; value of thes-CD-1e complex from eq 2.
employed to derive a much smaller binding constant (26,M  One obtains a gy value of 8.1, which reveals an apparently
see below) than for the amirfes (250 M™1).

Induced Circular Dichroism. The analysis of the sign and
intensity of the ICD effect arising from theat, transition of
azoalkanes has recently been recognized as a powerful tool fodlower basicity for the3-CD-1e complex compared to the free
structure elucidation of their CD complexes in solutf8rs2 amine le (pKa = 9.2). This is synonymous with a higher
The ICD spectra of alp-CD complexes of azoalkands—f preference of the ammonium compared to the amine form to
were measured (Figure 29 The molar ellipticities Ae) were remain in the aqueous phase. The known values for the two
quantified through the respective concentrations and were binding constants (Table 2) and the twiizalues allow one
corrected for the percentage of complexed guest by using thealso to fit the pH profile of the variation of the observed
known binding constants (Table 2). For the determination of
ICD effects of the amine formie and the ammonium forrf,
the pH values were again adjusted to 11 and 5. The parent

Ka' = KaKlejKlf (2)

(46) ICD spectra were also obtained for azoalkahésthe presence af-CD
andy-CD as inducers. The experimental ICD intensiti@ér(deg) at the
band maximum of 4 mM solutions of azoalkarfe€L.0 mM for 1¢) in the

compoundla gave a strong, positive ICD signal, and its
monosubstituted derivativelsl and1f showed also a positive,
but weaker signal, whereas the disubstituted derivatibesnd
1c, as well the amino derivativiée, gave rise to negative ICD

effects. Since the ICD signals report selectively on the popula-
tion of the-CD complexes, while the uncomplexed components

(43) Arrowsmith, C. H.; Guo, H.; Kresge, A. J. Am. Chem. S0d.994 116,
8890-8894.

(44) Jencks, W. P.; Regenstein, J. @RC Handbook of Biochemistry and
Molecular Biology 2nd ed.; Sober, H. A., Ed.; CRC Press: Cleveland,
OH, 1970; pp J187J226.

(45) Hansch, C.; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195.

presence of-CD (12.0 mM) in DO were as follows:+14 for 1a, +0.5

for 1b, O for 1c, and+0.5 for 1d. In the presence of-CD (12.0 mM) the
intensities weret-1.5 for 1a, +8.0 for 1b, +2.1 for 1c, and+2.5 for 1d.

As can be seen, the ICD signals were consistently positive, buthfed

in the presence adi-CD, hardly any effect was noticed, which paralleled
the absence of a significant effect on the UV spectra in these cases. The
binding constants fow-CD andy-CD are generally much lower than those

for §-CD; e.g., fora-CD-1aca. 50 M2, for 5-CD-1a 1100 M4, for y-CD-

laca. 6 M (ref 26); fora-CD-1b <3 M™%, for 5-CD-1b 900 M1, and

for y-CD-1b 150 M~ (this work). More detailed investigations with the
other cyclodextrins were not undertaken, since the weaker binding imposes
experimental complications. Moreover;CD appears to be too small to
form deep inclusion complexes with the guests, cf. absence of binding for
1b—d, while y-CD may be too large to cause a clear preference for a
particular co-conformation.

(47) Yoshida, N.; Seiyama, A.; Fujimoto, M. Phys. Cheml99Q 94, 4254—

4259.
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Figure 3. 1CD spectra for azoalkanke (4.0 mM) in the presence @&CD Figure 4. Steady-state _and kinetic _(inset) qu_orescence guenching plots
(12.0 mM) in DO at varying pH values. The inset shows a plot of the for 1c (1.0 m‘M) byB-CD in DZO and fits according to egs 6 and 9 and the
ellipticity at 381 nm versus pH fitted according to eq 3. parameters in Table 2 (solid lines).

and in the presence of CD)(is plotted against the total
concentration of CD ([CQ) according to the previously
introduced® eq 4, in which the concentration of uncomplexed
azoalkane, 1], is defined by eq 5. Because the lifetime of the
uncomplexed formi( in eq 4) and the binding constants in

eq 5, Table 2) are known otherwise (Table 1), such plots (see
Figure 4) are suitable to provide values for the association rate
constant K.sd, the dissociation rate constarkgi(), and the

ellipticity (Ooby, €.9., in the region of maximum variation at
381 nm* We have derived eq 3 to describe the pH dependence
of the ellipticity ( = path length). The resulting fft (inset in
Figure 3) corroborates the applicability of Scheme 2. It should
be noted that the analytical form of eq 3 should be generally
applicable to describe related pH effects on ICD spectra.

32982I = A€, JCD-1¢ + A¢,{CD-1f] fluorescence lifetime of the complexdp). 7q in eq 4 is the
lifetime of the free excited guest, i.e., before it either deactivates
= Ae, PK, + Ae,P[H ] 3) or complexes with3-CD.
14, + [CD K/(H+K | _[1= [1] 1 fco
with p= o *l +]°+ a(A ] ai - — r—mr— 1] QR . (4)
2K, +[HD) 2K K (K, +[H']D 0 0°0 0
CD
{(K; K([16 + [CDI(KL + [H']) + K (H'] + Kp)* — with Q= —=FdCPlo

1 4 KqsZolCD]y'
1+ KasZolCDlo + Kyisdo 1

The maxima of the ICD bands matched the UV absorption 1+ KysZ0[CDlg + Kyiscp ko + kosCD]o
maxima for all5-CD-1 complexes except fotb and le A
hypsochromic shift from 379 nm (UV) to 370 nm (ICD) was [1] = (K[1]o — K[CD]o — 1+ {(K[1]o + K[CD], + 1)° —
registered forlb and a bathochromic shift from 373 nm (UV) 4K2[1]O[CD]O} Y312k (5)
to 382 nm (ICD) forle The ICD spectrum fotle exhibited
also a distorted band shape, cf. pH 11 spectrum in Figure 2. The kyiss values recovered from fits according to eq 4 were
These shifts may be indicative of a large co-conformational very small for azoalkanesa—e, and the errors were as large
variability or nonuniformity (cf. Discussion). as the values themselves. This result confirmed that exit from

Association Rate Constantslt should be noted in advance the excited complex must be indeed insignificant for azoalkanes
that our kinetic interpretations of the kinetic parameters are 1a—e, as previously demonstrated f&a.?® This was not the
based on Scheme 1, which has been demonstrated to hold fofase for the ammonium derivativi, for which the value of
the parent compountia.?® Excitation by UV light around 370  kdiss Within a large error, was only 1 order of magnitude below
nm populates the fluorescent singlet-excited state of the freethat ofkass This indicated the significance of exit in this case.
azoalkane 1*) and the complex (CEL*). The environmental If one assumes that the binding constants are similar in the
dependence of the fluorescenceldqfjuenching by abstractable  ground and excited states (see Discussion), one may obtain
C-H bonds) results in a shorter fluorescence lifetime within the €estimates of the dissociation rate constamdss( values in
complex ¢cp) compared to the uncomplexed form)( see parentheses in Table 2). These values are much smaller than
above. The kinetics can be analyzed through steady-statekco = 1/zcp, the quenching rate constant inside the complex,
fluorescence measurements, which rely on the concomitantexcept for1f. This supports the notion thadiss cannot be
decrease of integrated fluorescence intensity upon addition ofneglected forlf, but it can be for the other derivativds—e,
CD. These measurements require excitation at the isoshestidor which the simplified eq 6 can then be applied for fitting
point (Lis,, Table 1)26 The intensity ratio in the absenck)( and extracting the values &fss

4[16)[CD] K, 2K A(K, + H A Y2K K (K, + [H])?

, aner =

(48) Yi, Z.; Chen, H.; Huang, Z.; Huang, Q.; Yu,d.Chem. Soc., Perkin Trans. | TCD [1] TCD 1

2200Q 121-127. = =~ | forkyss<Kep
(49) The computer program Pro Fit 5.5.0 (QuantumSoft, Zurich) was employed ‘o [1] 1+ kasJO[CD]

for individual fitting and global data analysis. (6)
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The time-resolved fluorescence decays were obtained bybe readily rationalized. The first time constant corresponds to
laser-flash photolysis. The resulting kinetics can be analyzed a staticcomponentcp), which is due to quenching inside the
according to the formal kinetic scheme derived by Andriessen complex (Scheme 1) and therefore independent of CD concen-
et al® In our fluorescence measurement, both the free fluoro- tration. The secondjynamiccomponent €g) corresponds to
phores and the complexes are simultaneously excited due tothe lifetime of the free form before complexation, which depends
the very similar UV absorption spectra. Moreover, since the on the bimolecular association rate constdat)(and the CD
fluorescence spectra are virtually superimposébtéthe sum concentrationkasscan then be extracted from the dependence
of the fluorescence from both species is observed. If one further of the zg values on the total CD concentration (eq 9). Here, the
ensures equal absorption probabilities by excitation at the analysis according to eq 8 rather than eq 7 has the advantage
isosbestic point Aiso, Table 1) or corrects for differential of a simple linearized data representation (eq 9) through a
absorption in cases where the excitation wavelength cannot beregression analysis of a kinetic quenching plot (inset in Figure
adjusted (e.g., for laser excitation), and in addition relies on 4).
the observation that the natural radiative lifetimes display no

pronounced solvent dependerféghe emission intensities of 0
each species are linearly related to its ground-state concentration. % = 1+ KysZo[CDlp )
The time dependence of the observed fluorescence intensity,
(), normalized to unity at = 0, is then given by eq 7, where In a final procedure, to obtain the best estimates of the
[1] is defined by eq 5. association rate constants for azoalkafies, where exit is
insignificant, the time-resolved and steady-state data were
I(®) = subjected to aimultaneousonlinear fitting analysis according
( —[1](ko + 72) — [CD-1](kep t 72) oty to eqs 6 and 9, putting arbitrarily an equal weight to both data
_ k. )2 ) sets?® The resulting values are entered in Table 2. For the
[1]0\/(k0 T HasdCDlo = kop = Kaied” + AhaskisdCDIo ammonium derivativéf, the biexponential fitting of the excited-
( [1)(ky + 74) + [CD-1L(kep + 71) ot state lifetimes did not yield a static, i.e., constant, component
> at different CD concentrations. This, along with the indications
[1]0\/0(0 + KasfCDo = kep ~ kuisd” + HKaskisdCDIo from the steady-state experiments (see above), suggested that

() exit cannot be neglected and that eqs 6 and 9 no longer apply.
The time constantg; andy in eq 7 are defined as follows: ~ 'hiS prevented also an analysis of the time-resolved data
according to eq 9. A global analysii.e., simultaneous fitting
_ 1 _ of the individual decay traces according to eq 7, is indicated in
17 E{ko + KasfCDIo + kep + Kiiss such case%® which includeskyss as a fitting parameter.
~ _ 2 Moreover, we have also included the steady-state treatment
\/(ko + KasfCDIo ~ kep = Kiisd ™ + Aasdisd CD] o} according to eq 4, which considers alggs in the final analysis,
1 putting again an equal weight to the steady-state and the
2= 7 5K+ KaedCDo + Kep + kejiss + combined time-resolved data. The resulting constant&ffare
5 entered in Table 2. It should be mentioned that the binding
\/ (ko + Kas{CDp — Kep — Kyisd™ 1 4Kasdisd CD] o} constant obtained from the ratio of the recovered rate constants
. o o . (kasd Kdiss = 25 M™Y) supports also the suggestion that the
When dissociation of the complex during its excited-state excited-state binding resembles that in the ground state (2 M
lifetime is negligible Kyiss<< kcp), €q 7 simplifies to the equation  \yhich was obtained by ICD (see above).

employed in our previous work (here rearranged): For azoalkandb, for which the fluorescence lifetime of the
(e " complex ¢cp) was very long (430 ns) and too similar to that
I)=(1—-9e ™™ "+Se of the uncomplexed guest (590 ns, under air), a reliable
[1] K,.7,[CD], differentiation of the static and dynamic components through
with S=—-—+1 = (8) biexponential fitting of the time-resolved decay traces could not
[l To/Tep ~ Kas@oCDlo — 1 be performed. In general, the differentiation of two exponential
1 ecay components becomes a formidable task when the lifetimes
d b formidabl k when the lifeti
and 7,= ko + kCD],’ for Kyiss < kep differ by less than a factor of 2 The effects on the steady-
S.

state fluorescence intensity were also too small in relation to

An analysis of the preexponential factors in eqs 7 and 8, the error to allow a reliable fitting according to eq 6. As a
which are subject to a larger er@was generally not attempted, ~ consequence, no kinetic data ftiv can be reported. The failure
but the two time constantgdp and 7o) in the experimental for 1b reveals the limitations of our fluorescence-based method
decay traces were extracted by biexponential fitting. For for determining association rate constants.
a;oglkanes;la—.e, one component was found to tme.nstant _ Discussion
within error, i.e., independent of CD concentration. This
suggested that eq 8 applied, in which exit is considered The changes of the UV, ICD, and NMR spectra of azoalkanes

insignificant forLa—e, as already borne out by the steady-state L UPOn addition of-cyclodextrin -CD) can be understood in

analysis above. The meaning of the time constants in eq 8 canterms of the formation of inclusion complexes, where the guest
is positioned inside a hydrophobic cavity. This is confirmed,

(50) Andriessen, R.; Boens, N.; Ameloot, M.; De Schryver, Rl.®hys. Chem.
1991, 95, 2047-2058. (51) Grinvald, A.; Steinberg, I. ZAnal. Biochem1974 59, 583-598.
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for example, by the bathochromic shift of the near-UV azo Scheme 3

absorption band (Table 1) and the chemically indu¢¢8IMR

shifts (CIS), which were observed for the inner H-3 and H-5, g
yet not for the outer H-2 and H-4 protons @fCD (the

approximate locations of these hydrogens are entered in Scheme

1, bottom left). The CIS values are significant not only for the

upper H-3 (ca. 0.10 ppm) but also for the lower H-5 protons B-CD+1a B-CDr1b B-CD+1c
(ca. 0.08 ppm). This applies for all azoalkaries-f when the

effects are extrapolated to quantitative binding. A small effect OH- NH, (?\IH‘S"
was also observed for the H-6 protons. The observed NMR shifts

can be conclusively interpreted in terms aleepinclusion for

all complexes, as previously corroborated for azoalkdmesnd

1b.26:29 AJl data support the formation of complexes with 1:1

stoichiometry; e.g., the UV titrations show an isobestic point
(Table 1) and the data from UV, NMR, fluorescence, and ICD p-CD-1d p-CD-1e p-CD-1f
titrations can be fitted with a 1:1 complexation model.

The Discussion is arranged such that we will first analyze
the structure of the hosiguest complexes in more detail, in
particular with respect to the relative alignment of the guest to
the host, i.e., the co-conformation of the compléin a second
part, substituent effects on the thermodynamics of binding will
be examined, keeping in mind a possible influence of structural
variations. Finally, we will question to which degree the kinetics
of host-guest complex formation can be understood in terms
of the observed structural and thermodynamic trends.

Complex Structures by Induced Circular Dichroism and

through force-field computed structures and energies as well
as quantum-chemical calculations of ICD effe€ts.

The co-conformational assignments of the presently examined
derivativeslc—e are made accordingly (Scheme 3), keeping in
mind the NMR results (see above) which suggest the formation
of deep inclusion complexes in all cases. Further, we adhere to
the general notion that polar substituents reside near the
secondary hydroxyl rim while more hydrophobic groups tend
to protrude into the cavit§For 1b, in particular, the penetration
of the isopropyl rather than the methyl group has been
. . . . . . substantiated by force-field calculatiof¥sThe dichloro deriva-
NMR. _The '”duc‘?d cwgular dichroism (ICD) proyldes aunique yve 1cresembles the bis-alkylated derivatil/e in that it bears
analytical tool to investigate the structures of chiral hagiest two bridgehead substituents. The van der Waals diameters along

(host-chromophore) i_nclusion complexes in solutﬁa_ﬁlSev- the bridgehead axis dfc (ca. 8 A) andlb (ca. 9 A) both exceed
eral rules for the assignment of the co-conformations and thethe diameter of the8-CD cavity (6.0-6.5 A)! significantly

dep;]th 0f|ncluz%nszhg\lle been de\:jgloped for Cyclo:extrmsh(CDs) which promotes a frontal type of inclusion due to steric
ﬁs ost': systems.> dn ch:st stu 'els.’ ﬁr?.matlcc Lomop Or€S restraint€® The strong negative ICD folc supports this
ave been examined, whereas aiiphalic ones have receveq .y assignment (Scheme 3).

comparably little attention. Aliphatic azoalkanes and diazirines The van der Waals diameter of the hydroxymethyl, amino-
have recently been employed in ICD measurem&ht which methyl, and ammoniummethyl derivativiéd—f (ca. 7 A along

has allowed several new insights into the inclusion geometries bridgehead axis) lies between those for the patertta. 6 A)
of aliphatic guests. o and the disubstituted casetb and 1c. This reduces the

The ICD method was also applied in this work to the preference for frontal inclusion, but a lateral or tilted lateral
complexes betweefi-CD as chiral host and azoalkang®s  inclusion may still be viable. Indeed, the hydroxy and am-
achiral chromophore®.In essence, the m* transition of the monium derivativesld and 1f display positive ICD effects,
azo chromophore around 370 nm gives rise to a characteristicyynich suggest a more lateral co-conformation, as has been
ICD signal when included in CE~™*2 The magnitude and sign  previously observed and analyzed for the parent compdand
of the ICD effect are directly related to the orientation of the  Note that among the four principal co-conformations (lateral,
electric dipole transition moment relative to the axis of the CD. rgntal, apical, basal), only the lateral one should give rise to a
According to the rule of Harat&?%%*>3which applies to  positive ICD2930 Due to the angular dependence of the ICD
chromophores immersed in the CD cavity, co-conformations effect in CD inclusion complexes, which predicts positive
with a parallel alignment produce a positive ICD signal, while - contributions to be twice as strong as negative ones for the same
those with an orthogonal alignment produce only a half as gjectronic transitio%29.3°53a positive ICD signal is expected
strong, negative ICD signal. In the case of azoalkanes, theeyen for significant deviations from the ideal angle (Harata's
electric dipole transition moment points along the azarbital rule, see abovey
and |'e§90rth090”a| to the plane defined by the!=N—C Strikingly, the aminomethy! derivative produced a negative
linkage:® Structural assignments of tifeCD complexes of the |cp effect, which resembles that observed for the bis-substituted
parent compoundaand the bis-alkylated derivativib based  derivatives 1b and 1c. This suggests that a frontal co-
on ICD effects have been communicated (Scheme 3, arrowsconformation is populated fdre But why does the substitution
indicate the direction of the electric dipole transition moméht).  of the hydroxy for the amino groufdd versusle) or even the
We refer to the respectiye co-conformations as latera)l zﬁn(_j deprotonation of the ammonium groupf (ersusle) result in
frontal (1b).2° These assignments have been recently confirmed 4p, inversion of the ICD sign from positive to negative, i.e., a

: — — . _ pronounced change in the co-conformation of the hgsiest

(52) lﬁﬁgg’l’\gg;ﬂ‘aag;fg%g-? Kuthi, E; Szejtli, J.Acta Chim. Acad. Sci.  complex? We propose that differences in hegiest hydrogen
(53) Kodaka, M.J. Phys. Chem. A998 102, 8101-8103. bonding are important. The intramolecular network of secondary
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02(n)-++H+--O3(n — 1) interglucose hydrogen borfd-55 sta-
bilizes the macrocyclic host structures. These intramolecular
hydrogen bonds at the upper rim are particularly strong for
B-CD% compared toa-CD and y-CD, which is also held
responsible for the reduced solubility 8fCD .57 It is conceiv-

able that the intramolecular network prefers intermolecular .

interactions with hydrogen bondonors over those with
hydrogen bondacceptors(Scheme 4). In fact, in most docu-

mented cases for hydrogen bonding, the guests, in particular

phenols’%8-60 function as hydrogen bond donors.
The tendency for formation of hydrogen bonds in which the

functional groups act as donors should approximately decrease

with the group acidity, which follows the well-known order
R—NHs"™ > R—0OH > R— NH,. The hydroxyl and ammonium
groups inld and 1f may thus form hydrogen bonds with the
secondary hydroxyl rim (Scheme*&¥1and, thus, adapt a tilted

lateral co-conformation (Scheme 3). In contrast, the amino group

as the poorest hydrogen bond donor may not form such
hydrogen bonds. Steric effects (as those fbrand 1¢) may
now prevail and induce a frontal co-conformation with the
expected negative ICD. Hence, the variations in the signs of
the experimental ICD effects may be due to a change of the
co-conformations of azoalkanés—f as induced by hydrogen
bonding with the secondary hydroxyl rim for the hydroxyl and
ammonium but not for the amino group.

These tentative structural assignments are in line with
literature findings. First, a lower tendency for hydrogen bonding
of the amino compared to the hydroxyl group has been
previously held responsible for a similar structural effect, namely
a more axial co-conformation of anilines compared to phetols.
Second, according to crystal structures, the amino group in
p-iodoaniline in itso.-CD complex adapts a position very similar

(54) Jacob, J.; Gessler, K.; Hoffmann, D.; Sanbe, H.; Koizumi, K.; Smith, S.
M.; Takaha, T.; Saenger, WAngew. Chem., Int. EA.998 37, 605-609.

(55) Harata, KBull. Chem. Soc. Jpri982 55, 2315-2320.

(56) Steiner, T.; Saenger, VAngew. Chem., Int. EA.998 37, 3404-3407.

(57) Szejtli, J.Cyclodextrin TechnologyKluwer: Dordrecht, 1988.

(58) Kamiya, M.; Mitsuhashi, S.; Makino, M.; Yoshioka, H. Phys. Chem.
1992 96, 95-99.

(59) Rekharsky, M. V.; Goldberg, R. N.; Schwarz, F. P.; Tewari, Y. B.; Ross,
P. D.; Yamashoji, Y.; Inoue, YJ. Am. Chem. Sod995 117, 8830~
8840.

(60) Marconi, G.; Monti, S.; Mayer, B.; Kder, G.J. Phys. Chem1995 99,
3943-3950.

(61) Roberts, E. L.; Dey, J.; Warner, I. M. Phys. Chem. A997, 101, 5296~
5301.

Scheme 5

<

H,

B-CDe1b B-CDe1e
to that depicted in Scheme 3 fde and does not engage in
hydrogen bonding with the enclosing host, eitffer.

Based on the relative magnitude of thé NMR shifts, H-3
> H-5> H-6, we propose for all azoalkanés—f a location
with the center of mass somewhat displaced toward the upper
rim, as previously found foflb by force-field calculationg?
This location renders also hydrogen bonding of the functional
groups inld and 1f with the lower rim O-6 protons unlikely,
i.e., a 180 rotation of these guest molecules in Scheme 3. Such
alternative hydrogen bonding with the primary hydroxyl rim
has been occasionally invoked for very small guest mole&éles.
However, bonding with the upper secondary hydroxyl rim as
depicted forld and1f in Scheme 3 is more commd#50.61,6366
While we assume that the structure of f¥€D-1e complex
in Scheme 3 gives rise to the negative ICD signal, scrutiny of
the ICD spectra reveals that the complex of azoalKardiffers
from the other derivatives in that it gives rise to an ICD band,
which is significantly distorted, cf. Figure 2, and shows also a
bathochromic shift relative to the UV spectrum (cf. Results). A
small shift of the band maximum of the UV and ICD spectrum
was also observed for azoalkahle, but not for the other four
derivatives, for which the band shape and maximum were
virtually the same. Moreover, the ICD dfe shows a small
positive component at shorter wavelengths in addition to the
stronger negative one. These irregularities suggest a large co-
conformational variability, which has been previously cor-
roborated forlb.3° This means that complexes with different
tilt angles ¢ in Scheme 5) may be present in solution. Note, in
particular, that forle in contrast told and 1f, the co-
conformational space may not be restricted by hydrogen bonding
with the upper rim. The co-conformers with different tilt angles
may have quite different UV spectra (which reflect the depth
of inclusion into the nonpolar environment) and ICD effects
(which reflect the geometrical alignment with respect to the azo
chromophore) and, thus, account for the observed shiftsidor
andle For example, a tilted, less deeply immersed complex
could be responsible for the small positive ICD contributions
for le at short wavelengths.

The possible involvement of more than one co-conformer and
a large co-conformational variability constitute standing prob-
lems in the assignment of the solution structures of-hgaest
complexes. This is in contrast to crystal structures where one
co-conformer may crystallize out preferentially, which does not

(62) Saenger, W.; Beyer, K.; Manor, P. &cta Crystallogr.1976 B32 120-
128

(63) Wenz, G.; Hoefler, T.; Wehrle, S.; Schneider,blym. Prepr. (Am. Chem.
Soc., Dv. Polym. Chem.1998 39, 202-203.

(64) Kano, K.; Tatsumi, M.; Hashimoto, S. Org. Chem.1991 56, 6579~
6585.

(65) Amato, M. E.; Djedaini-Pilard, F.; Perly, B.; Scarlata, &.Chem. Soc.,
Perkin Trans. 21992 2065-2069.

(66) Krishnamoorthy, G.; Dogra, S. K. Phys. Chem. 2000 104, 2542
2551.
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necessarily provide evidence for the prevalence of this particular frontal mode of inclusion must be adapted (Scheme 3). This
co-conformer in solution. The possibility of several populated co-conformation is energetically less favorable, which may offset
co-conformers exposes also the limitations of ICD spectra for the increased driving force due to its higher hydrophobicity and
structural assignments, since ICD spectra reflect a Boltzmann-results in essentially the same binding constant ad éor
weighted average of all thermally accessible structures. In  Generally, the more hydrophilic guestsl—f show lower
general, one must note that the proposed structural assignmentbinding constants thatia—c. The ionic ammonium guesif
based on NMR and ICD effects (Scheme 3) are tentative ones,displays the weakest binding. The difference in binding constants
since they rely, for example, on empirical rules for the betweerle(250 M) and1f (20 M%) is in line with the general
interpretation of ICD effect. However, one must also recall that observation that the ionization of the guest causes a destabiliza-
the determination of the solution structures of cyclodextrin tion of CD complexes in wate¥:5869We have shown above
complexes by NMR and ICD presents a great challenge sincethat hydrogen bonding is presumably an important structure-
alternative experimental methods have not been established. determining factor. However, the postulated hydrogen bonding

The absolutemagnitude of the ICD effects can be compared ©f the hydroxyl and ammonium groups with the hydroxyl rim
on the basis of the molar ellipticity valueAd, Table 2), which ~ ©of the CD is not sufficiently large to result in an increased
extrapolate the experimentélvalues to quantitative complex- ~ Pinding constant compared to thatla Moreover, the hydroxyl
ation and, thus, present a comparable quantity for all complexes.2nd ammonium derivativegd and 1f, for which hydrogen
The order observed for the positive ICD effects, ila,> 1d bonding is presumed, show actually a weaker binding than the
~ 1f, is in agreement with the suggestion thatand1f adapt ~ @mino derivative, for which hydrogen bonding to the CD may
a similar co-conformation, which, however, is somewhat less Nt play a role at all. The absence of a significant thermody-
ideal than for azoalkanéa, i.e., the lateral co-conformation —hamic stabilization due to hydrogen bonding is in agreement
which gives rise to the positive ICD is somewhat tilted. The With the resuits of other authofs.Consequently, the thermo-
order observed for the negative ICD effects, ike,< le ~ dynamics for binding of azoalkandsis dominated by other
1b, suggests that the dichloro derivatite adapts the “most  factors. Namely, it can be adequately accounted for in terms of
perfect” frontal co-conformation, which may be caused by a 9guest hydrophobicity and a change in the co-conformation due
particularly strong binding and deep penetration of this deriva- 1© the introduction of bridgehead substituents.
tive into the cavity (see below). For comparisdin may not .Compl'exanon Kinetics. Knowledge of the association and '
protrude as deeply due to steric repulsion of the isopropyl group dissociation rate constants of guest molecules with CDs is
caused by the lower, tighter rim (note the conical shape of CD). festricted to case studié$,?* and structural effects have only
This leaves the center of massldf more displaced toward the ~ ecently received attentiofi Substituent effects have apparently
upper rim and may also be the reason for the large co- NOt been examined for a common guest structure. This chal-
conformational variability, which is indicated fdib, yet not lenging aspect can now be studied by using the substituted azo-
for 1c (see abovelP alkanesl as dynamic fluorescent probes. As noted in the outset,
the fluorescence quenching in tj3eCD cavity allows one to
obtain the association rate constants, while other techniques have
proven particularly suitable for determining dissociation rate
constant®223 Strictly speaking, the association rate constants
refer to the excited state, but it is presumed that these are
comparable with those in the ground state, since the structure
of these rigid bicyclic molecules and their dipole moments
remain virtually unaffected by the electronic excitation (e.g.,
3.5 D in the ground state vs 3.2 D in the singlet-excited state
of 1a).” This is in contrast to other guest molecules such as
attempted, but some peculiarities and clear-cut rationalizationsket(.me.s’ ;/gf;gch undergo large dipole moment changes upon

excitation?%23 Moreover, the very low K, values of the azo

are addressed. ) o group in the ground state (0.5) and excited state{&).exclude
The parent compountiaserves as a reference with a binding - the possibility of differential stabilization due to protonatfn.
constant of about 1000 M. Based on the lower solubility of |, any case, the substituents hardly interact with the azo

the dichloro derivativeic in water (1.0 mM) compared to the oy amophore (cf. very similar UV spectra), such thatrédative
other azoalkanes>(10 mM) and well-known solubility trends  gftects on the association rate constants, i.e., the substituent
(e.g., higher water solubility of alcohols compared to homolo- eftects  should be meaningful even if small changes in the
gous amines), the hydrophobicity order of the examined guest ypsoyte thermodynamics due to excitation of the azo group
molecules can be establishedlas> 1b > la> le> 1d > |

. lishe : apply.
1f. A higher hydrophobicity is expected to result in a larger As can be seen from Table 2, the overall variation in the

binding constant, which is in an overall agreement with the ,cqqciation rate constants covers only a factor-68.2much
experimental findings (1900 M for 1¢ > 1000 M for 1a,1b

Binding Constants. Relatively few thermodynamic studies
of substituent effects have been devoted to aliphatic guest
molecule$®3*as opposed to aromatic guests®’ The binding
constants in Table 2 for azoalkanggeflect the differential
stabilization of the various guest molecules in the bulk water
and the CD cavity. This results from a complex interplay
between van der Waals and hydrophobic interactions, hydrogen
bonding, release of high-energy water from the CD cavity, and
relief of CD strain energ$:3367 A quantitative analysis of the
trends of the binding constants of azoalkahéFable 2) is not

-1 -1 -1 67) Liu, L.; Guo, Q.J. Phys. Chem. B999 103 3461-3467.
> 250 .M for le > 180 M™ for 1d > 20 M for .1f)'. EGSg Matsuura, N.; Takengka, S.; Tokura, N.Chem. Soc., Perkin Trans. 2
Interestingly, azoalkandb does not show a higher binding 1977 1419-1421.

A ita i i ] H (69) Bergeron, R. J.; Channing, M. A.; McGovern, K. A.Am. Chem. Soc.
affinity than 1a despite its higher hydrophobicity. This can be 1078 100’ 2678.2883,

rationalized in terms of the solution structures, which indicate (70) Christoff, M.; Okano, L. T.; Bohne, Q. Photochem. Photobiol. A: Chem.
! : AR ; 200Q 134, 169-176.

that the lateral co-conformation, whlch_|s the energetically most (71) Nau, W. M.: Pischel, UAngew. Chem., Int. EL999 38, 2885-2888.

favorable one forla3° cannot be attained fotb. Instead, a (72) Nau, W. M.EPA News|200Q 70, 6—29.
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less than that for the binding constants. Efficient quenching upon (cf. binding constants). This factor may be a common denomi-
complexation is a prerequisite for determining association rate nator of the dissociation rate constants.

constants by the fluorescence-based method. This is not met

for azoalkanelb, such that this derivative could not be included Conclusions

in the kinetic analysis. Until recently, most reported association

rate constants of small organic guest molecules @D fell Thermodynamic, kinetic, and structural aspects of complex-

in the range of (45) x 10° M~ s% or below?® Recent ation by cyclodextrins (CDs) play an essential role in the

measurements suggest that this does not constitute an upper "miynderstandlng of their functions and for the development of

and that rate constants may exceed this v&ld&The value prospective applications. A fast kinetics, for example, is
measured for azoalkarie (7.0 x 106 M~1 57 is in line with desirable for catalytic activity, and a regulated release of the

this observation. Since the value for the dichloro derivative guest is essential in drug delivery. On the other hand, a strong

is the largest, a steric effect, which would predict a slower 21d Selective binding may be of interest for analytical or
association rate, is clearly not observed. Moreover, the presenc&Vironmental purposes. Finally, the solution structures are
of hydrophilic substituents such as hydroxy, amino, and |nt|m§1tely relate_d to molecul_ar recognltloq, a_nd the_ SpEC!fIC
ammonium has no large effect on the kinetics. Consequently, location of functional groups in the CD cavity, in particular in
guest desolvation does not dominate the complexation kineticsSO!Ution, may be the prerequisite for enzymatic specificity. A
as in other cases, e.g., in the complexation of cations by crown Pertinent example is that of ester hydrolysis, where the second-
etherst® Rather, the observed order of the available association &Y nydroxyl rim catalyzes the reaction at the acyl $Hteé.
rate constants, name&p > la > 1d—f, follows rough|y the We have provided herein a comprehensive data set for
order of the binding constants but does not allow definitive substituent effects on the binding constants and association rate
conclusions. However, it should be noted that a correlation constants for complexation of azoalkarieby 3-CD and the
between the kinetics of complexation and the binding constants solution structures of the resulting complexes (co-conforma-
is not a priori expected, and contrasting trends were observedtions). This joint study of structural, kinetic, and thermodynamic
in some case¥ This circumstance emphasizes the need for effects was made possible by the application of several
measurement of rate constants in addition to binding constants.independent spectroscopic techniques in aqueous solution.
The dissociation rate constantg;{) define the lifetimes of Azoalkanedl serve as molecular probes, which can be examined
the guests in the CD cavity{ss = 1/kdis9 and may be directly by UV, time-resolved and steady-state fluorescence, ICD, and
related to the efficiency of drug delivery and chemical protection NMR. We have shown that the structures of the CD complexes
of guestst’19 These values cannot be directly measured with of azoalkanesl, which can be examined by ICD and NMR,
our method, but they can be calculated from the experimental are mainly governed by steric effects and hydrogen bonding.
binding constants{) and excited-state association rate constants An unexpected structural variation, signaled by the inversion
(kas9 subject to the above assumption that photochemical of the ICD sign, was observed for the hydroxyl, amino, and
excitation does not significantly modify the affinity for binding. ammonium substituents. The complex stability appears to be

The calculated values fdgss range from 16to 107 s™1 and dominated by an interplay between hydrophobic and specific
are included in Table 2. Fdta—e, these values lie far below  structural effects, while the association rate constants, which
the rate constants for fluorescence in the CD cakiy & 1/tcp can be determined by fluorescence decay, are relatively insensi-

~ 1 x 10" s7%), but for 1f exit occurs with a similar rate  tive to substitution. The estimated dissociation rate constants

constant. This quantifies the previous notion (expressetléor ~ show a larger variation and appear to be correlated with the

that exit from the cavity does not compete significantly with hydrophobicity of the guest.

deactivation forla—e. Only for 1f does exit become significant,

such that the kinetics required a more evolved analysis in this Acknowledgment. This work was supported by the Swiss
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Abstract—Monte Carlo simulations of chain conformations and the diffusion equation were used to analyze
the fluorescence kinetics of short polymer chains labeled with a probe and a quencher at opposite ends. In sim-
ulations, three chain models were considered: an ideal chain (without volume interactions); a self-avoiding
chain taking into account the exclusive volume effect; and a self-avoiding chain with limited flexibility between
nearest segments. For each model, end-to-end distance distribution functions were obtai ned, which were differ-
ent from Gaussian ones. The distribution functions were used in a diffusion equation to simulate the fluores-
cence kinetics of the probe affected by intramolecular end-to-end collisions of short chains. The kinetics has
been numerically calculated for a representative experimental system in a nonviscous solution. The simulated
time-resolved fluorescence decays were monoexponential except at very short times (<2 ns). Diffusion coeffi-
cients were calculated for different chain models and different chain lengths. The experimental data could be
reproduced by assuming systematically smaller end-to-end diffusion coefficients for the shorter chains. © 2003

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Recently, the time scale and mechanism of intramo-
lecular contact formation in polymer chains have been
extensively studied by optical spectroscopy using the
probe—quencher methodology [1-9]. In the related
experiments, aprobe is attached to one end of the poly-
mer and an efficient contact quencher of the excited
probeis attached to the other end. The quenching of the
excited probe, which can be monitored through itstran-
sient absorption in the case of triplet states [3] or
through its emission for fluorescent probes [6], then
reflects the kinetics of end-to-end collision (Scheme 1)
and provides experimental information on the mutual
diffusion of the chain ends.

© G
Scheme 1.

Animportant aspect in the choice of suitable probe—
guencher pairs is the quenching mechanism, which
should only involve quenching upon contact of the
chain ends. Triplet energy transfer [5], electron transfer
[10], hydrogen atom abstraction [6, 11], and exciplex
formation [6, 11] have been proposed to satisfy this

L This article was submitted by the authorsin English.

condition. Alternative experimental approaches to
study of diffusion in polymersinvolvefluorescenceres-
onance energy transfer (FRET) as the quenching mech-
anism [12-20] or, in the case of synthetic polymers,
anthracene or pyrene excimer formation as the quench-
ing mechanism [21].

Numerous treatments allow theoretical predictions
of intramolecular diffusion processesin polymer chains
[22-26]. Most treatments refer to long chains and are
based on a Gaussian distribution function of end-to-end
distances (Gaussian chain model). Recent experimental
data for short polymer chains, in particular, those
obtained from the collision-induced quenching of our
fluorescent probe 2,3-diazabicyclo[2.2.2]oct-2-ene
(DBO) by tryptophan (Trp) in peptides [6], as well as
aternative probes employed by other groups [3, 21],
have revealed several contrasts to the theoretical mod-
els: (1) Double-logarithmic plots of the rate constants
for end-to-end collision (k,) versus the chain length of
peptides (N) were not linear as theoretically predicted
[24-26], but displayed a negative curvature, in some
sets of experiments with an inversion at very short
chain lengths [6]. (2) The corresponding plots dis-
played relatively small slopes, e.g., —1.05 = 0.06 for the
DBO-Trp pair, which fall significantly below the theo-
retical value of —1.50 [24, 25]. The length dependence
is therefore less pronounced than expected. (3) In
experiments with end-attached contact quenching sys-
tems, simple monoexponential decay was observed.

0030-400X/03/9504-0560$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Thisisin contrast to the Rouse-Zimm model, accord-
ing to which quenching induced by end-to-end chain
motion should be characterized by a series of relaxation
times [25, 27-29].

The deviations between experiment and theory may
be due to the theoretical idealization of the polymer
chain, which neglects “chemical” effects of steric hin-
drance between the residues and potentia barriers of
bond rotation [15, 21], or, alternatively, due to the the-
oretical approximations employed to obtain the equilib-
rium distribution functions (Gaussian chain model),
which may beinappropriate at short chain lengths[3, 5,
29, 30]. We have now employed Monte Carlo (MC)
simulations for the equilibrium chain conformations in
order to evaluate variances in the distribution function
and possible consequences for the intramolecular
guenching kinetics. In order to recognize the impact of
different approximations on the shape of the distribu-
tion functions and the kinetics of fluorescence quench-
ing, we have employed simple chain models of therigid
segment type.

It should be noted that, although the present investi-
gations are mainly based on a comparison with
biopolymer chains and, in particular, DBO-Trp
polypeptides, they are transferable to other macromol-
ecules. The DBO-Trp system was preferred for com-
parison with experiments, sinceit isthe only one avail-
able that employs fluorescence rather than transient
absorption for detection of biopolymer end-to-end col-
lison. This offers the possibility of comparing direct
time-resolved kinetic data with the indirect kinetic
information extracted from steady-state fluorescence
intensity measurements [6]. Both types of fluorescence
dataaretheoretically predictable, which providesfor an
additional line of comparison with experimental data.

THEORETICAL MODELS
AND COMPUTATIONAL DETAILS

The modeled (bio)polymer chains are labeled with a
fluorophore and a quencher at opposite ends. As shown
in Scheme 2, three different chain models (1-3) were
applied to describe areal short polymer system (4).

2)

3) 4)

(1) Idea short chain (IC) model. In this simple
model, it isassumed that thereisno interaction between
the chain segments; accordingly, the segment move-
ments are not correlated and the angle between seg-
ments may adopt, with equal probability, any value
from 0 to 21t in a continuous three-dimensional space.
2003
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Essentially, this is the assumption for an ideal chain
with a Gaussian equilibrium end-to-end distance distri-
bution, except that we limited the chain length to
22 segments, which isthe experimental range typically
accessible for monodi sperse biopolymers and polymers
[6, 21].

(2) Self-avoiding chain (SAC) model. Thisisapoly-
mer chain model with volume interaction, for whichwe
introduced a minimum distance (excluded volume)
between any segment ends, r,, into the simulation.

(3) Model of a self-avoiding chain with limited
angular flexibility (SALF). This model introduces an
additional limitation on the mutual orientation of near-
est segments into the SAC model by restraining the
angle between connected segmentsin additionto rg. In
essence, this limitation reflects in a simplistic way the
chemical necessity that bonds connected to the same
atom are subject to angular requirements otherwise
accepted as hybridization. In the actuad MC simula-
tions, this additional restraint was introduced through
the smallest available distance, c, between the two
unconnected ends of two connected segments.

For each chain model and for each chain length (2,
4, 6, 10, 14, and 22 segments), 10° conformations were
sampled with the MC technique. The end-to-end dis-
tance of each conformation, r, was recorded and then
plotted in the equilibrium distribution function, gy(r),
which isexpressed asthe probability of finding oneend
of the polymer chain within aunit volumewith distance
r to the other end. N denotes the number of segmentsin
the chain. Because a probe and a quencher are attached
at the two ends of the polymer chain, r isalso the ideal-
ized distance between the probe and the quencher. For
asufficiently long ideal chain, the distribution is Gaus-
sian, whichis

o 3 D3/2expD_ 3" o
Doty Ut
where 0] the mean sguare end-to-end distance,
depends on b, the length of each segment, and on N:

gn(r) = (1a)

07T = Nb° (1b)

In the case of short chains with 2—22 segments, the
distribution is more complex and differs substantially
from Gaussian. The approximate equations

In(r/b)

) (29)
= Agexp[—A,(r/b) — Ay(r/b)* = Ay(r/b) T,

gn(r/b) = Boexp[—By(r/b)*=B,(r/b)*]  (2b)

were applied to describe the distribution functions
obtained from simulations according to the IC model
and the SALF model, respectively. Note that the end-to-
end distanceis here expressed as arelative distance that
istheratio of r and b. The constants A, and B,, preceding
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the exponential term normalize the distribution func-
tions, such that

N

IgN(rlb)4T[(r/b)2d(r/b) =1 3)
0

It should be noted that a chain with two segmentsisdis-
tinct because the relative motion of one polymer end to
the other is confined to the surface of a sphere with
radius b and its center at the point where the two seg-
ments are connected. End-to-end diffusion is then
reduced to atwo-dimensional motion, to which Eq. (5)
cannot apply. The N = 2 case must therefore be treated
separately. For example, the analytical solution for the
end-to-end distribution according to the IC model is
0,(r/b) = b/(81rr). Thisis accurately reproduced by our
MC simulations. Evidently, this function aso differs
strongly from Gaussian.

Experimentally, end-to-end collision is probed via
the intramolecular quenching of the excited probe
(attached to one chain end) by the quencher (attached to
the other end). In the actual measurements, quenching
is monitored through a sudden excitation with a laser
pulse and subsequent observation of the time-resolved
fluorescence decay of the probe. The decay rate
depends on the intrinsic fluorescence decay rate and on
the intramolecular quenching of the excited probe. If
the quenching processis efficient (collision-controlled)
the latter decay channel represents directly the end-to-
end collison rate. To model the fate of the excited
probe, it is suitable to assume that quenching occurs
immediately upon contact between the excited probe
and the quencher and that the end-attached probe mol-
eculeisinstantaneously excited such that theinitial dis-
tance distribution between the excited probe and the

quencher, gy, (r), coincides with the equilibrium end-
to-end ground-state distribution obtained by the MC
simulation, i.e.,

g (r, )i=0 = 9u(r). )
Those probe molecules that are already in contact with
the quencher when excitation occurs are immediately
guenched (static quenching). The surviving excited
states must undergo conformational changes to bring
the chain ends together and therefore allow quenching.
This mutual diffusion of the chain ends is caused by
conformational fluctuation of the individual chain seg-
ments (Brownian motion). This motion can be
described in the radial diffusion equation according to
the theory of Szabo, Schulten, and Schulten [15, 24,

WANG et al.

31-33], which is based on a modified Smoluchowski
equation:

10 20

a * —_ _l * = il *
O_th(r't) = rOgN(r't)+Dr20rr ar n(r,t)

(%)
+ D;l—z(%%zgﬁ(r, 02U

Thefirst term on theright side of Eq. (5) representsthe
spontaneous decay in the absence of a quencher. D is
the mutual intramolecular end-to-end diffusion con-
stant, which is the sum of the diffusion coefficients of
the individual ends. 3! the product of the Boltzmann
constant and the temperature ( = L/kgT), and U(r) is
the potential energy of the chain possessing an end-to-
end distance r. If the equilibrium distribution gy(r) is
known, the potential energy can be obtained according
to equation [15, 24, 31, 32]

BU(r) = —Ingn(r). (6)

Equation (5) can be used to calculate the survival prob-
ability density of an excited state at distance r subject
to the initial distribution [EqQ. (4)] and the absorbing
boundary conditions

gu(r -2 =0, (7)

0 * 0 _

S I (D) + o (1, 5 BU(r) - 0. ®
The first boundary condition assumes that any excited
probe (one end) approaching the quencher (the other
end) to within a distance a will be quenched instanta-
neously. The second condition indicates the reflecting
boundary at the maximum length of the chain, which
is Nb.

The total fluorescence intensity detected in probe—
guencher experiments is proportional to the survival
probability of the excited states at timet,

Nb

I(t) = IOJ’4nrzg§(r,t)dr. )
0

l, in EQ. (9) denotes a constant characteristic of the
probe and the experimental set up. Attimet=01(t)|,., =
I, dueto Eq. (4).

When the diffusion equation (5) is solved, the kinet-
ics of end-to-end collision, which is the guenching
channel of the excited state, will be obtained. Unfortu-
nately, analytical solutions are not available. In this
work, we have numerically calculated the survival
probability of the excited probe after different time
intervalsfor agiven MC simulated distribution function
of polymer chains with 4-22 segments and have then
plotted the time-resolved fluorescence decay.
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RESULTS AND DISCUSSION

Our approach to modeling the dynamics of short
polymer chains and then comparing it with experimen-
tal results is as follows: In the first stage, distribution
functions are obtained by Monte Carlo simulations for
different chain models; these are compared with a
Gaussian function. In the second stage, the distribution
functions are employed to model the kinetics of end-to-
end collision in polymer chains by using appropriate
diffusion equations. The resulting kineticsis then com-
pared with experimental findingsfor biopolymer chains
labeled with a fluorescent probe (DBO) at one chain
end and afluorescence quencher (Trp) at the other; both
the time-resolved decay of emission and the (inte-
grated) steady-state fluorescence intensity are ana-
lyzed. Finally, the theoretically expected dependence of
the end-to-end collision kinetics on the chain length is
compared with that obtained for the experimental
biopolymer system to expose differences of the various
chain models.

End-to-end distance distribution. The IC, SAC,
and SALF models were applied for conformational
simulations. The resulting end-to-end distance distribu-
tions for a chain with 4 segments (N = 4) are plotted in
Fig. 1 as an example. Compared to a Gaussian distribu-
tion, the IC model, where no interaction is considered,
gives rise to alower distribution at the contact volume
(very small r). When an excluded volume isintroduced
(SAC model with ry/b = 0.3), i.e., the segment ends of
the polymer chain cannot come infinitely close, this
trend becomes more pronounced. When the folding of
nearest segments is limited (SALF model with ry/b =

563
g(r/b)
4Tr/b)’g (r/b)
0.6
0.04]
0.4
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Fig. 1. Equilibrium end-to-end distribution of a chain with
4 segments (N = 4) simulated according to IC model (e),
SAC model (m, ro/b = 0.3), SALF model (a, ro/b = 0.1,
¢/b =1.15), and according to the Gaussian chain model ().

0.1 and ¢/b = 1.15 corresponding to a minimum angle
between connected segments of 70°), the distribution
becomes completely different: the two ends have a
much higher probability of staying apart asaresult of a
low tendency to approach each other.

Table 1. Parameters of end-to-end distance distribution functions obtained by fitting the MC simulation results to Egs. (2a)

and (2b)?
\ IC model SALF model®
Ay x 102 A; x 10 A, x 107 A;x 10° By x 10° By x 107 B, x 10*
4 3.80[4.12] 2.55[0] 14.7[37.5] | 14.2[0] c c c
6 217 [2.24] 2.00 [0] 11.2[25.0] 6.04 [0] c c c
10 1.06 [1.04] 1.30 [0] 8.47[15.01 | 171[0] 3.18[1.04] | 5.69[15.0] 3.30[0]
14 0.630[0.630] | 0.850[0] 6.99[10.7]| 0.729[0] | 1.98[0.630] | 4.19[10.7] 1.68[0]
22 0.320[0.320] | 0.500[0] 5.09[6.82] | 0.212[0] | 1.04[0.320] | 2.80[6.82] 0.603 [0]

aValuesin brackets are parameters calculated according to the Gaussian distribution function. b values of ro¢/b=0.1and c/b = 1.15 were

applied in the simulation. ¢ End-to-end distance distribution functions for chains with 4 and 6 segments simulated with the SALF model

can be approximated as follows:
= 0.0067 + 0.0057(1.1—r/b)*3 for 0.1<r/b< 1.1
EF 0.0067 + 0.00060(r/b—1.1), for 1.1<r/b<2.2

94(r/b)0
g

= 0.0074 +0.0090(r/b—2.2)*3 for 2.2<r/b< 238

(= 0.0064exp[—3.1(r/b—2.8)*%), for 2.8<r/b< 4,

F 0.0067(1-0.19r/b), for 0.1<r/b<3.8
12 _0.29(r/b—3.8)%, for 38<r/b<6.

96(r/b)0

CE 0.0020exp[— 1.41(r/b—3.8)
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The distributions according to the IC and SALF
models for polymers with 4-22 segments were fitted to
Egs. (28) and (2b) to obtain approximate distribution
functions. The normalized parameters are summarized
in Table 1. It follows that, for a very short chain, such
as N = 4-6, regardless of whether volume interactionis
considered or not, the end-to-end distance distribution
is substantially different from Gaussian. However, for
longer chains, the coefficients in the IC distribution
functions approach more closely and more the Gauss-
ian ones with increasing N, while the coefficients
obtained from simulations according to the SALF
model also deviate significantly at large values of N.
Obviously, Gaussian distributions are inapplicable for
short chains. Deviations from Gaussian distributions
for short chains have also been deduced from FRET
(fluorescence resonance energy transfer) experiments
[15].

Chain dynamics. To evaluate theimpact of varying
distributions on the kinetics of end-to-end collision, it
is essential to employ suitable dynamic models. The
bead—spring models of Rouse and Zimm have been
widely used in this context [27, 28]. Inthefull diffusion
equation of the Rouse model, every change of the end
vector can be thought of as originating in the coopera-
tive motions of alarge number of variables. Many com-
puter simulations are based on this equation [34-36],
but the general functions to be solved require various
approximations.

The theories of Wilemski and Fixman [22, 23] and
Szabo, Schulten, and Schulten [24] provide simple
solutions for the chain motion. Both treatments predict
that the end-to-end collision rateisafunction of the dif-
fusion coefficient, number of segments, segment
length, and reaction radius. For a Gaussian chain and in
thelimit of asmall reaction radius a, the mean first end-
to-end passage time was derived as T, O b%/(aDN—=?)
[24].

Recently, Pastor et al. performed a Brownian
dynamics simulation on the mean first passage time of
the two ends of a Rouse chain with the reaction radius
as the absorbing boundary condition and compared the
results with the WF and SSS theories [34]. A satisfac-
tory agreement between simulation and theory was
only obtained when the local equilibrium approxima-
tion was satisfied, i.e., when the memory effect could
be neglected from in Langevin equation [37, 38]. This
means that both the Wilemski-Fixman (WF) and
Szabo-Schulten-Schulten (SSS) theories can only be
applied for polymer chainsinwhich the conformational
fluctuations are sufficiently fast. The local equilibrium
approximation holds, for example, in systems with a
very small reaction distance [34]. The importance of
the local equilibrium condition for application of the
WF or SSS theories has subsequently been emphasized
by others [35-37]. It is important to note that the local
equilibrium condition can be experimentally corrobo-
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rated through the observation of the monoexponential
decay kinetics[3, 5, 21, 39].

Local equilibrium can be realized by different con-
ditions in experimenta systems, which include a small
reaction radius (<Nb), fast diffusion (e.g., in nonvis-
cous solvents), and a long lifetime of the excited state
to extend the observation time. In our opinion, for the
DBO-Trp, fluorescence-based contact quenching sys-
tem the conditions of alocal equilibrium are fulfilled:
The reaction radius is small because the size of both
probe and quencher is small and because the quenching
process requires van der Waals contact and does not
occur through space [6, 11, 40, 41]. The solvent is
water, which is nonviscous in comparison to the mix-
tures with glycerol that are otherwise employed [12,
15], and the chain was designed to be flexible [5, 6],
thereby facilitating fast diffusion. The fluorescence
lifetime of the DBO probe (1 ps in the gas phase;
505 ns in aerated D,0) is the longest among organic
chromophores in solution. All of these properties ren-
der DBO an ideal candidate for the kinetic measure-
ment of intrachain collision, a conjecture which has
received support from a recent computational study
[39]. In fact, the monoexponential decay kinetics of
DBO-Trp-labeled polypeptides [6] suggests that the
condition of local equilibrium is satisfied in this partic-
ular system.

Time-resolved fluorescence decays. In the theoret-
ical simulations of the kinetics of fluorescence quench-
ing induced by end-to-end collison, we employed
parameters characteristic for the DBO-Trp probe—
guencher system. Since local equilibrium is expected to
apply for this system (seethe previous section), the SSS
diffusion equation (5) can be applied to numerically
simulate the fluorescence decay kinetics by using the
previously determined MC distribution functions. The
fluorescence decays for al chains with 4-22 segments
arereproduced as monoexponential over the entiretime
range (Fig. 2) exceptinavery shortinitial timeinterval;
this applies to all models investigated (IC, SALF, and
Gaussian chain).

The fast decay component at very short times
(Fig. 2, inset) is presumably due to the fact that some
excited probeswith avery small end-to-end distance to
the quencher require only minute Brownian motion to
undergo quenching. Once this fast decay has occurred,
equilibrium is established and the decay becomes
monoexponential. This interpretation is supported by
the evolution of the distribution function with time,
which is depicted for the IC model in Fig. 3. (The evo-
[ution for the SALF model is qualitatively similar, but
is not shown since the salient features are less readily
apparent graphically.) Upon excitation, the original dis-
tribution function is cut off at the critical distance of
static quenching. The sudden perturbation results in a
nonsteady distribution function which is immediately
restored on a very short time scale (<2 ns). During this
initial time, which corresponds to the nonmonoexpo-

OPTICS AND SPECTROSCOPY  Vol. 95

No. 4 2003



FLUORESCENCE QUENCHING KINETICS IN SHORT POLYMER CHAINS

nential decay kinetics in the fluorescence decay, the
shape of the distribution function (cf. the maximum in
Fig. 3) undergoes a substantial shift. At longer time the
shape of the distribution remains unchanged, corre-
sponding to the region of monoexponential fluores-
cence decay. This scenario is reminiscent of bimolecu-
lar fluorescence quenching in a solution, where diffu-
siona equilibrium (monoexponential decay) is only
reached after a fast initial period with a faster decay
component (transient effect) [42, 43].

The expected minute deviations from monoexpo-
nential decay kinetics are very unlikely to be experi-
mentally detectable on a nanosecond scale. M onoexpo-
nential functions are therefore sufficient to describe the
excited state decay within experimental error, and it is
consequently proper to assign a single intrinsic “fluo-
rescence lifetime” to each DBO-Trp peptide, which
greatly simplifies data analysis. The time-resolved flu-
orescence decay traces can therefore be fitted to the
equation

1(t) = loexp((1/1o +k)1). (10)

Here, 1/1, isthe decay ratein the absence of aquencher
and k, isthe guenching rate upon contact, which equals
the end-to-end collision rate [6].

Steady-state fluorescence intensity. From the
numerically calculated fluorescence decay in the inset
of Fig. 2, it can be seen that the initial (t = 0) fluores-
cence intensity for each peptide falls somewhat below
the expected maximum fluorescence intensity (ly). This
indicates that some conformations with end-to-end dis-
tance within the reaction radius undergo immediate
guenching upon excitation (static quenching) [5]. Let
py be the probability of finding both ends in the
guenching sphere within the reaction radius, which cor-
respondsto the fraction of encounters undergoing static
guenching. From the equilibrium distribution function,
Py Can be calculated according to the equation

a/b

PN = Ig,\,(r/b)4n(r/b)2d(r/b),
ro/b

wherer, is the distance limit between any two ends of
different segments and a is the reaction radius, which
cannot be smaller than r,. (If py could be accurately
experimentally determined, one could obtain informa-
tion on the distribution function and the relevant param-
eters a and b. For example, when the IC modd is
applied, theinitial contact probahility could be approx-
imately calculated as py = A)(N)(4173)(a/b)?.)

The actua fractions of static quenching arelistedin
Table 2. Expectedly, the fraction of static quenching is
larger for the shorter chains, but it does not exceed val-
ues of 1% for the SALF model. The values for the sim-
pler IC model are slightly larger (by up to 3%), which
is directly related to the neglect of excluded volume
(ro = 0). Deviations of the initia fluorescence intensity

(11)
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Fig. 2. Time-resolved fluorescence decays based on numer-
ical calculations according to the IC model (e) and expo-
nential approximation (dashed line) for polymer chains
with 4-22 segments on a long time scale. The decay on a
very short initia time scaleis shown in the inset. The diffu-
sion coefficients were taken from Table 3.

on the order of 1% are virtually impossible to detect in
time-resolved experiments, and so the effect of static
guenching can be neglected. However, when the
steady-state fluorescence intensity is calculated for the
numerically computed fluorescence decay traces in
Fig. 2 (Sy valuesin Table 2), one finds neverthel ess that
the relative steady-state fluorescence intensities drop
by up to 3% (10% in the IC model) below the values
expected from the fluorescence lifetimes, i.e., from the
monoexponential fit to the numerically calculated fluo-
rescence decay traces in Fig. 2. This reduced steady-
state fluorescence intensity can only in part be due to
the static quenching, which can account only for about
one-third of the total loss in the steady-state fluores-
cenceintensity. The major fraction isdueto the positive
curvature of the fluorescence decay traces at very short
times (Fig. 2, inset). In other words, the fluorescence
decay has a very fast component at very short times,
which is most pronounced for the shortest chains.

As a consequence of the static quenching and the
initial fast decay component, the relative steady-state
fluorescence intensity should be somewhat less than
expected on the basis of the fluorescence lifetimes, but
the effect may well fall within the rather large experi-
mental error of steady-state fluorescence measure-
ments, which arevery sensitive to, among other factors,
fluorescent or absorbing impurities. (A closeinspection
of the only available experimental comparison of time-
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Fig. 3. Representative evolution of the distance distribution between excited probe and quencher with time (IC model, N=4, a/lb =

0.6, D =5.4x 107 cm? s™!) obtained by using Egs. (4)«8). The dashed line corresponds to the ground-state equilibrium distribu-
tion. The computed data points are not shown for clarity. Note the displacement of the maximum at short times.

resolved and steady-state fluorescence data (for the
DBO-Trp system in [6]) suggests indeed that the rela-
tive fluorescence intensities of short chains are some-
what “too small” in comparison to the fluorescencelife-
times. Thistrend may still be within error, but pointsin
the theoretically expected direction.) The steady-state
fluorescence intensity (S,) is therefore in a good
approximation proportional to the fluorescence life-
time,

Sv = ‘(l:lN(t)dt:‘([C(l_pN)eXp(_t/TN)dt (12)

= C(1-pn)Ty=Cry

(Cisaconstant), such that the kinetics of end-to-end
collision can be alternatively quite reliably extracted
from the relative steady-state fluorescence intensities,
as was demonstrated in a preceding experimental
study [6].

The first approximation takes into account that the
decay of the fluorescence intensity (l,) can be ade-
quately fitted by a monoexponential decay function
with atime constant Ty, and the second approximation
considers that the absolute values of py are very small.

L ength dependence of end-to-end collision rates.
In order to calculate the end-to-end collision rate for
each chain and to investigate the functional form of the
length dependence, we assumed a segment length b of
5 A, which resembles the length of a peptide linkage
(-CHR—CO—-NH-), and a typica intrachain diffusion
coefficient D of 9 x 107 cm?s. We then solved
Egs. (5)—9) numerically and varied the reaction radius
a from 0.5-5 A; the lower limit of 0.5 A is actually
unreasonably small, but was included to better demon-
strate the effect of varying reaction radius.

By fitting the calculated decay traces to monoexpo-
nential functions, the end-to-end collision rate con-
stants k, were first obtained for the Gaussian chain
model. The rates decrease with increasing chain length

and can be linearly correlated according to logk, =

ologN where a isequal to —1.51, to —1.53, and —1.60
for a/lb = 0.1, 0.5, and 1, respectively. These slopes
show a good agreement with the theoretical prediction.
Notethat asmall reaction radiusisessential to precisely
reproduce the expectation value for a Gaussian chain
(-1.5) [24, 25]. The length dependences of the collision
rateswere similarly obtained for the |C model and plot-

tedinlog(k,)—log(N) format (Fig. 4a). Increasing the
radius of quenching froma/b=0.1, 0.6 to 1 resulted in
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Table2. Experimental fluorescencelifetimes (ty) of DBO/Trp-labelled peptides of different chain lengths (N, taken as number
of peptide units), expectation valuesfor the steady-state fluorescence intensities (Sy) from therelativelifetimes, and theoretical
initial contact probability (py) obtained for different polymer chain models

Experiment? IC model® SALF model®¢
N d e f e f
n, NS W/ 1o PN SN Pn Sn
4 14.3 0.0286 0.0304 0.0257 0.0081 0.0278
6 19.5 0.0390 0.0171 0.0364 0.0056 0.0380
10 30.5 0.0610 0.0090 0.0575 0.0024 0.0591
14 45.6 0.0912 0.0057 0.0874 0.0013 0.0890
22 74.4 0.149 0.0028 0.150 0.0018 0.152
00 5009 (=1g) 1.00 0.00 =1.00 0.00 =1.00

8From [6], single-photon counting values. b Calculated by numerical simulation of fluorescence decays according to Egs. (5)—(9) withb =
5 A and a/b = 0.6; the diffusion coefficient was varied to fit the apparent lifetime of the simulated trace (monoexponential function) to the

experimental result. © Valuesof ro/b= 0.1 and c¢/b = 1.15 were assumed in the simulation. dThisvalue corresponds to the expectation value
of the relative steady-state fluorescence intensity derived from the experimental lifetimes if static quenching was absent and if the decay
was strictly monoexponential; this corresponds to the approximate solution in Eq. (12), i.e., Sy = Cty with C = L/t © Expectation value

for the fraction of static quenching. fTheoretical value of the relative steady-state fluorescence intensity (normalized to unity in the absence
of intramolecular fluorescence quenching, i.e., N — 8) taking into account both the fraction of static quenching and the deviations from

monoexponentiality; this corresponds to the precise theoretical solution of Eq. (12),i.e.,, Sy= J‘g’ | (t)dt .9 Taken asthe fluorescence life-

time in the absence of quenching [6].

a decrease in the dope a from —1.44, —-1.49 to —1.57,
again very closeto thetheoretical values. The same col-
lision rate calculations according to the SALF model
are shown in Fig. 4b for a representative simulation
with ry/b=0.1and ¢/b = 1.15, corresponding to a min-
imum angle between connected segments of 70°. It is
seen that, in the whole length range, the log-og plots
are no longer linear. The dlight negative curvature
reproduced by the SALF moded reflects the introduc-
tion of practically relevant parameters such as chain
stiffness. However, the negative curvature is still much
less pronounced than the negative curvature observed
in experimental studies [3, 6]. Asfor the other investi-
gated models (Gaussian and I1C), the slope a obtained
according to the SALF model becomes more negative
with increasing reaction radius, but the absolute values
remain close to —1.5.

The constancy of the slope for the different chain
models is quite surprising in view of the large devia-
tions among the distribution functions (Fig. 1). Devia-
tions of the conformational distribution of short chains
from theideal Gaussian one aretherefore unlikely to be
responsible for the disagreement of the length depen-
dence plots with theoretical predictions. The deviations
could be related to the shortcomings of the chain mod-
els presently employed. Alternatively, the assumption
of aconstant diffusion coefficient for chains of different
lengths may be inappropriate.

When the end-to-end diffusion coefficient D in the
modified diffusion equation (5) was varied in order to
fit the numerically calculated tracesto the experimental
ones for the DBO-Trp pair in polypeptides [6], the
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intramolecular diffusion constants in Table 3 were
obtained (b wastaken as5 A and a/b as 0.6). Compared
with the diffusion of free amino acid moleculesin H,0,

which have diffusion coefficients of ca. 10° cm?/s[44],
the end-to-end diffusion of polypeptides with 4—
22 amino acids are at least one order of magnitude
smaller. For example, at room temperature in D,O, for
N = 6 the diffusion coefficient is 7.2 x 10" cm?/s (IC)
and 2.3 x 10 cm?/s (SALF). These vaues are in the
same range as those suggested by Lapidus et al. for
related peptides with 3-19 amino acids (4 x 107 cm?/s)
[3]. Buckler et al. also applied FRET to study the struc-

Table 3. End-to-end diffusion coefficients calculated from
the experimental lifetimes(cf. Table 2) of DBO/T rp-labelled
polypeptide chains of different chain lengths (N, taken as
number of peptide units)

\ D x 107, cm? st
IC model@ SALF model2P
4 5.4 22
6 7.2 23
10 9.6 29
14 10.2 31
2 111 33

8 The diffusion coefficients were cal cul ated as described in the text.
A segment length b =5 A and areaction radius a/b = 0.6 were used
inthe calculation. ® Values of ro/b=0.1and c/b=1.15wereapplied
in the simulation.



logk,
-
NN (@)
\\\ \\\\
8 Te~o. ... alb=1
.~ -
"ol sl
~a ..
- ~a
alb=06  "S~o, T
~ ~~\~ \~\\
el -~ T
-~ - -~
7_ \.h“\\ \*\_
alb=0.1 T
.
.
S
6_

Fig. 4. Dependence of end-to-end collision rate, k, on the
chain length (N = 4 to 22). k, was calculated for different
reaction radii with the distribution functions obtained from
a) the IC model and b) the SALF model. (a) Linear fits are
shown for N =410 22 with slopesof —1.44 (a/b=0.1), -1.49
(a/b=0.6), and —1.57 (a/b = 1.0). (b) Linear fits are shown
for N = 10 to 22 with slopes of —1.44 (a/b = 0.3), —1.45
(a/b=0.5), and —1.49 (a/b = 1.0); note the deviation from
the linear fit at small N.

ture of denatured ribonuclease A [19]. For the 21-resi-
due segment, the end-to-end diffusion constant was deter-
mined to rangefrom (1.5-8) x 10~ cm?/s. In arecent study
on the CAGQW peptide by Yeh et al. [39], diffusion coef-
ficients of 3.25 x 10% and 8.9 x 10 cm?/s were com-
puted for the AMBER and CHARMM force fields,
respectively. These are consistent with our values
obtained for the SALF model. (InaFRET study involv-
ing oligopeptides with 4-9 repeating units of N5-(2-
hydroxyethyl)-(2-hydroxyethyl)-L-glutaminein amix-
ture of glycerol and trifluoroethanol, Haas et al.
obtained considerably lower diffusion coefficients of
(3-8.5) x 108 cm?/s[15]. Thismust be primarily dueto
the high viscosity of this solvent mixture.)

The choice of the chain model and therelated distri-
bution function has a pronounced effect on the calcu-
|ated diffusion coefficients. From Table 3, it can be seen

WANG et al.

that the intramol ecular diffusion constants based on the
SALF model are systematically larger than those based
on the IC model at the same length. This is expected,
since both volume interaction and the angul ar restraints
tend to keep the chain ends further apart (cf. the maxi-
mum of 4rr?g,(r) in Fig. 1), so that, on average, longer
distances must be passed to achieve contact and
guenching. In other words, the two chain ends are fur-
ther apart in the SALF model and must travel alonger
way during the same time to conform to the experimen-
tal results. This manifests itself in a larger calculated
diffusion coefficient.

One also observes a decrease in the diffusion con-
stants for smaller values of N (Table 3). This trend is
presumably the underlying reason for the negative cur-
vature observed experimentally [3, 6, 15, 21]. It appears
that shorter chains limit flexibility and hinder end-to-
end collisions more than longer ones do; i.e., shorter
chains may exhibit a larger “internal friction” [15].
Consequently, end-to-end collision becomes increas-
ingly difficult for shorter chains. These results lead us
to suggest that steric hindrance of the (bio)polymer side
chainsand the potential barriers of bond rotation lead to
the peculiarities of the experimental length depen-
dence, i.e., the deviation of the slope, aswell asthe neg-

ative curvature, in the log(k,)—log(N) plots. The

internal friction dominant in short chainsis not consid-
ered in the present MC calculations, but can be
included into MC simul ations through the use of appro-
priate force fields (to obtain more realistic distribution
functions) in combination with molecular dynamics
simulation and solvation effects (to reproduce the
kinetics). Some initial work in this direction has
recently been reported [40, 45].

CONCLUSIONS

We used the Monte Carlo technique to simulate the
equilibrium conformational distribution of short poly-
mer chains and the related kinetics of end-to-end colli-
sion. Different chain models of the rigid-segment type
were employed. We showed that the distribution func-
tions for short polymer chains vary substantially from
the Gaussian distribution expected for long chains.
Simulations of the chain dynamics for a representative
experimental system (DBO-Trp) demonstrate that the
kinetics of end-to-end collision becomes monoexpo-
nential on time scales above 2 ns. Thisisin agreement
with the most recent experimental findings for probe—
guencher systems and suggests that alocal equilibrium
is maintained in the related experimental systems, i.e.,
conformational fluctuations are sufficiently fast to
maintain a constant shape of the distribution function
during the guenching process. Moreover, the integrated
steady-state fluorescence intensity is expected to be
proportional to the fluorescence lifetimes, since devia-
tions from monoexponentiality are small and since the
fraction of static quenching is too small to be experi-
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mentally relevant (<1%). With respect to the character-
istic plots of the end-to-end collision rates of the poly-

mer chains versus the chain length in log(k,) —log(N)

format, the experimentally observed dope and pro-
nounced curvature cannot be reproduced with a con-
stant diffusion coefficient. Presumably, this curvatureis
due to an “internal friction” in short biopolymers,
which results in a reduced diffusion coefficient of the
chain ends and, therefore, slower end-to-end contact
rates in short chains.
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APPENDIX

COMPARISON OF COLLISION-INDUCED
QUENCHING VERSUS FRET TO ANALYZE
CHAIN DYNAMICS

Another popular experimental technique for prob-
ing conformational dynamics in polymer and biopoly-
mer chains is based on fluorescence resonance energy
transfer (FRET) [12—20]. In this technique, an energy
donor D and an energy acceptor A are attached at oppo-
site ends of the polymer chain. The energy donor is
excited by ashort light pul se and then decays spontane-
ously aswell asviaFRET, which proceeds according to
the Forster equation [46]

1R

I oo (13)

w(r) =

Here, R, is the Forster radius and r is the distance
between the donor and the acceptor. In this case, the
distribution of end-to-end distances results in a contin-
uum of transfer rates, which isin contrast to the colli-
sion-induced quenching mechanism in the DBO-Trp
and related probe—-quencher systems. Note that FRET
occurs over different distances with different rates,
while collision-induced quenching occurs exclusively
upon contact and thereby reflects an elementary reac-
tion. The polymer chain undergoes conformational
changes during the excited state lifetime, which renders
the analysis of quenching by the FRET mechanism
more complex. (Therelative orientational motion of the
two chromophores (alignment of electric transition
dipole moments) also influences the energy transfer
rate [35]. This additional complication in the interpre-
tation of FRET datawill not be further discussed here.)
The distance-dependent energy transfer decay must be
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added to Eg. (5) and results in the egquation [15, 17,

ER(EH] *(r,t)

0 « _ 1
a—th(r,t) - _T_%L DDgN
(14)

10 20 0
+D5r gl (r, ) + pi = % (r,t)aBU(r)E,
which is subject to a boundary condition:

r2or
0 . ]
SO + G DFBUD)|

=Tg

=0 (15

FRET experimentscan, in principle, yield both the end-
to-end distance distribution and the intrachain diffusion
coefficient. However, since these parameters are tightly
correlated, the recovery of both the distribution and the
diffusion coefficient from the donor fluorescence decay
becomes very difficult [16]. (Beechem and Haas sug-
gested that the equilibrium distance distribution and the
intramolecular diffusion coefficient can be recovered
by global analysis of both donor and acceptor fluores-
cence decay and growth curves [16]. However, direct
excitation of the acceptor is difficult to avoid in experi-
mental systems, which generally complicates this type
of analysis (14].) In practice, the analysis of FRET data
depends either on the knowledge of the diffusion coef-
ficient or on the knowledge of the distribution function.
Normally, the end-to-end distance distribution hasto be
built first by a suitable chain model or by a second set
of experiments under different experimental condi-
tions, e.g., in a solvent of high, in which where D is
negligible.

The advantage of using collision-induced quench-
ing systems such asthe DBO-Trp pair to analyze chain
dynamicsliesin the fact that the rate of end-to-end col-
lision can be directly extracted from the experimental
(monoexponential) decay traces. Monoexponential
decays suggest that the local equilibrium condition is
satisfied, which is expected for a small contact radius
and slow decay rates. Information on the chain dynam-
ics can therefore be obtained without the assumption of
atheoretical model for polymer dynamics and without
the related numerical calculations according to diffu-
sion equations; these operations are only necessary
when absolute diffusion coefficients are warranted (see
the related section in the main text).

FRET decay traces are inherently nonmonoexpo-
nential due to the continuum of transfer rates [15, 17,
18]. A bi- or even triexponential functionisrequired for
adequate fitting, but the related rate constants obtained
from the fits have no readily apparent meaning. (We
suggest that the nonmonoexponentiality of the decays
(picosecond time regime) observed in the case of fast
intramolecular eectron transfer in peptides [10] may
also be the result of distance-dependent electron trans-
fer rates. Electron transfer, unlike hydrogen atom trans-
fer or exciplex formation, does not strictly occur upon
contact but may occur over sizable distances through
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space or through the solvent (ca. 5-8 A) and over larger
distances through bonds. Electron transfer probe—
guencher systems appear less suitable than FRET sys-
tems for investigating polymer chain dynamics, since
the distance dependence of quenching by electron
transfer isnot simpleto predict.) Srinivaset al. recently
carried out a Brownian dynamics simulation for FRET
between the two ends of a Rouse chain and reported
that the survival probability becomes monoexponential
only under very specia conditions, namely if (i) the
Forster radius is very small and (ii) the solvent is non-
viscous [35]. While these are exactly the conditions of
aloca equilibrium [18, 33, 35-37], these are also con-
ditions under which an exchange mechanism is favored
over FRET [47, 48]. In other words, if one intends to
measure end-to-end collision rates by means of energy
transfer or to apply the WF and SSS theories to intrac-
hain energy transfer, it is recommended that a probe—
guencher pair with an exchange mechanism of energy
transfer be employed. Unfortunately, such donor—accep-
tor pairs, which should aso display monoexponential
decay and growth kinetics, have apparently not yet been
employed in intramolecular quenching [35, 36].
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Fluorescent probes and sensors are
well-established tools in analytical and bio-
logical chemistry, spanning such diverse
applications as calcium ion detection, cell
staining, and polarity sensing [1]. An inter-
esting sub-class of fluorescent probes com-
prises chromophores with a particularly
long fluorescence lifetime, e.g. more than
50 ns [2]. Perhaps the simplest yet very im-
portant application based on long-lived
fluorescence (or generally luminescence)
relies on the reliable differentiation of long
fluorescence lifetimes from any shorter-
lived luminescence components. This is of
interest, in particular, for screening assays
where fluorescent probes are employed to
signal molecular events such as the inhibi-
tion of an enzyme by a library of potential
drugs. Short-lived emission is ubiquitous
and may stem from other additives, sample
impurities, biological components, scat-
tered light, the solvent, or sample container
materials of cuvettes and microplates.
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The shorter-lived components can be
eliminated from detection through a time-
gate, such that the emission from the long-
lived fluorescent label (which serves as the
signaling unit) can be selectively detected.
This reduces the background during the
measurement dramatically. An instructive
example is depicted in Fig. 1, which com-
pares the fluorescence decay of a long-lived
fluorescent probe (T = 500 ns) with that
of a shorter-lived fluorescing component
(T = 10 ns), with the latter one, however,
being much more intense (108 times larger
preexponential factor). If as usual the inte-
grated fluorescence intensity would be
compared through steady-state methods, a
‘signal-to-background’ of 0.00005:1 would
result, which would prevent any useful
information to be obtained. If one carries
out the experiment in lifetime mode with
a time-gate between 200-1000 ns and
integrates the areas under the curves, the
‘signal-to-background’ ratio becomes bet-
ter than 10000:1, an impressive improve-
ment by more than eight orders of magni-
tude, which has its underlying reason in the
exponential decay kinetics of the fluores-
cence. This improvement renders the selec-
tive detection of long-lived fluorophores in
so-called ‘time-resolved’ screening assays
generally an entirely instrumental problem.
In particular, the real background may be
dominated by detector noise rather than
contributions from short-lived emission.

CB7+DBO

CHIMIA 2008, 57, No. 4

10 T 1 1
I Y <—— time gate
0.5} ~
0'0 H 1 1
0 400 800 [t/ns]

Fig. 1. Comparison of the fluorescence decay of a long-lived fluorescent
probe (7 = 500 ns) with that of a shorter-lived component (z = 10 ns);
the shorter-lived component is 108 times more intense (relative preex-
ponential factors). A suitable time gate for use in a time-resolved assay

is shown at 200 ns.

Relatively few organic molecules dis-
play lifetimes in this long time regime, with
azoalkanes derived from 2,3-diazabicy-
clo[2.2.2]oct-2-ene (DBO) displaying the
longest fluorescence lifetime in solution
[3]. The record for the longest fluorescence
lifetime of an organic chromophore in solu-
tion lies currently at 1.03 ps (in aerated
H,0!) [4] and is held by the supramolecu-
lar complex (CB7+DBO) between the par-

ent azoalkane and cucurbit[7]uril (CB7), a
barrel-like organic host molecule [5]. Over
the past six years, we have investigated this
interesting chromophore in great detail and
have prepared several DBO derivatives,
which we refer to as fluorazophores (‘fluo-
rescent azo chromophores’). Some of the
investigated derivatives are shown in
Scheme 1.

CH,NH,
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A representative synthetic sequence to ob-
tain Fmoc-Fluorazophore is shown in
Scheme 2, which has been scaled up to af-
ford typically 3 g of Fmoc-DBO in an over-
all yield of 10%, sufficient for the commer-
cial synthesis of up to 30 polypeptides
(10 mg scale).

The intriguing photophysics of fluo-
razophores has been worked out in great de-
tail [6-11] and the fascinating quenching
pathways have been investigated through a
combination of experimental and theoreti-
cal methods [12-14]. On the more applied
side, fluorazophores have proven to be use-
ful as sensors for antioxidant activity, both
in solution [15][16] as well as in mem-
brane-mimetic systems [17], as probes for
measuring the kinetics of association with
supramolecular systems [18][19], as tools
to investigate the geometries of cyclodex-
trin inclusion complexes by means of cir-
cular dichroism [20][21], and as probes for
the polarizability inside molecular contain-
er molecules [22].

Most recently, we have employed fluo-
razophores to measure the kinetics of end-
to-end collision in biopolymers (k. in
Scheme 3), including peptides [23][24],
and oligonucleotides [25]. For this purpose,
the fluorazophore (P) is attached to one end
of the biopolymer and an efficient (nearly
diffusion-controlled) fluorescence quencher
(Q) is attached to the other side; in peptides
this quencher moiety is usually tryptophane
and in oligonucleotides guanine. The kine-
tics of fluorescence quenching can then be
equated to the rate of end-to-end collision,
which has proven difficult to obtain accu-
rately by alternative techniques.

Keeping in mind that alternative me-
thods have other advantages [26][27], the
fluorazophore approach presents, arguably,
the most sensitive and most accurate tool
for measuring end-to-end contact in
biopolymers known to date. Note that this
application is made possible by the exceed-
ingly long fluorescence lifetime, which al-
lows the fluorazophore to ‘wait’ sufficient-
ly long until it is being approached (and im-
mediately quenched) by the other end; this
diffusive approach of the chain ends takes
10 ns to 1 ps in aqueous solution. The life-
time of fluorazophores (ca. 505 ns in D,0
under air) is therefore ideally suited for in-
vestigations in this time regime.

Being able to measure the absolute rates
for the motions within biopolymers or at
least knowing the time scale for these
processes is of fundamental importance for
understanding the mechanism of protein
folding [28], for predicting the kinetics of
intramolecular reactions in biopolymers
(formation of hydrogen bonds, cystine
bridges, proton transfer, electron transfer)

CHIMIA 2003, 57, No. 4
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[29], and for understanding protein domain
motions [30]. The size of biopolymers and
the effects of solvation, including salt ef-
fects, still present a major challenge to com-
putational chemistry, which demands ex-
perimental data. The latter, in turn, may
provide invaluable benchmark values for
the calibration of theoretical models [31].
A simple problem already arises if one
attempts to predict the time scale of diffu-
sion-controlled end-to-end collision in
(bio)polymers from the available rates for
diffusion-controlled intermolecular reac-
tions. To allow a comparison, it is useful to
compare the probability for intramolecular

and intermolecular encounter complex for-
mation between two fragments.

Consider Scheme 4a, the intermolecular
case. We assume an ideal solution with no
enthalpic interactions between the probe
(P) and the quencher (Q) molecules. The
concentration of the encounter complex,
Cpq- can be obtained according to Eqn. (1)
with V, being the volume of the encounter
complex with radius a (spherical approxi-
mation). C,” and C,0 are the total concen-
trations of P and Q. The ‘equilibrium con-
stant’ for encounter complex formation is
then given by Eqn. (2), assuming that the
concentration of molecules in contact is
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(a) intermolecular reaction

k coll

,"di 5%

(b} intramolecular reaction

Scheme 4

small (dilute solution, i.e. Cp= C and C
=~C O) It follows that the equlhbuum con-
stant for encounter complex formation (in
units of m*mol~!) equals the volume of the
encounter complex multiplied with the
Avogadro constant (V,). This in turn corre-
sponds, due to the absence of enthalpic ef-
fects, to the loss of entropy associated with
the formation of the encounter complex, i.e.

A,;S® = RIn(1000K;, . C%), where the fac-
tors 1000 and CY, the standard concentra-
tion in M, are added to give a dimensionless
equilibrium constant.

Coq =GN V.Gl = CUCON, %ms (1)
c Cp 4
Ky =—2- w—12 - —34°N,
WS C, Clcy e @

The intramolecular case, Scheme 4b,
describes the pertinent situation for en-
counter complex formation within a
biopolymer chain labeled with a probe (P)
and a quencher (Q) at opposite ends. For
simplicity, we assume that the chain does
not introduce additional interactions be-
tween probe and quencher except to restrict
the distance by which they can diffuse apart
(ideal chain, Gaussian chain). Like for the
intermolecular case, we assume no en-
thalpic interactions between the probe and
the quencher residues. The fraction of
chains with the two ends in contact, (C 4 CaN
be obtained in this case from the distribu-
tion function (g) in Eqn. (3), which has ana-
Iytical solutions for a very long chain (N >> 1,
with N the number of chain segments)
and for the shortest chain (N = 2). r is taken
as the distance between the chain ends and
b equals the length of an individual chain
segment. The ‘equilibrium constant’ for end-
to-end encounters is then given by Eqn. (4),

which assumes for the case of a very long
chain (N >> 1) that the concentration of
molecules in contact is small (C, = C, +
C,). Again, this relates directly to the loss
of entropy associated with the formation of
an end-to-end encounter complex within an
ideal chain, i.e. A, ;S? = RInk,

ntra’

e

,wit_l‘1 (r’)=!v\lb2 for N>»1
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ly function of the chain for the intramolec-
ular case is to limit the distance between
probe and quencher.

intra intra intra .
Kintra - kcoll / kchss . ool 5 )
K mter inter g inter (5)
inter coll diss coll

Use of the respective expressions for the
equilibrium constants for intermolecular
and intramolecular encounter complex for-
mation then affords Eqn. (6). If one further
expresses the intermolecular collision rate
constant through the relationship between
the intermolecular diffusion rate constant
and the diffusion coefficient (g2 = 4pman,),
one obtains Eqn. (7), with D being the mu-
tual intermolecular diffusion coefficient.

Eqn. (7) provides the ideal relationship
between the unknown rate constant for in-
tramolecular end-to-end collision and the
known (diffusion-controlled) rate constant
for an intermolecular probe-quencher pair.
Accordingly, the rate of end-to-end colli-
sion in a biopolymer increases linearly with
the diffusion coefficient and size of the en-

(3’):’“!

g(r)= bz for N =2

¢, C 3 Vg ¥

i SN/ . iy o =g’ =—qa’ for N>>1
Kow = ety = s = (Zyz(rz] 3 (JszZ) rn L
e, ‘ 4 .

c f:g(r)47rr dr (a/b)z - S
Klmm =t oa 2 for N'=2

Co 1= [ glr)amaiar 4-(alt)

The kinetics of end-to-end contact for-
mation for the intramolecular reaction can
be related to that of the intermolecular re-
action (Eqn. (5)) if one reduces the equilib-
rium constants to ratios of microscopic rate
constants and considers further that the ele-
mentary rate of dissociation of the en-
counter complex must be identical for both
species within the approximations made
(g~ = gimr), Recall, in particular that the on-

counter complex (radius a), it depends in-
versely on the cubed chain segment length
(b), and it decreases with increasing chain
length (N) with the characteristic exponent
of =3/2. Eqn. (7) has been derived in a diffe-
rent context by Szabo, Schulten, and Schul-
ten through an analysis of the first passage
time of end-attached groups based on a
modified Smoluchowski equation [32][33].

for N'>>1

N*“/2 for N
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To apply Eqn. (7), one may use com-
monly accepted intermolecular diffusion
coefficients of 10 cm2s™! in water (the
mutual diffusion coefficient in Eqn. (7) cor-
responds to twice this value), a van-der-
Waals reaction radius of 5 A, and a chain
segment length of 5 A (typical for one pep-
tide unit). The resulting estimates for the in-
tramolecular collision times (l/k.,) are
0.2 ns for N=4 and 2.7 ns for N = 20. This
means that end-to-end contact formation in
biopolymers in solution may occur as fast
as several ns according to the simplest the-
oretical framework. These theoretical rates
can now be compared with the experimen-
tal results obtained from the fluorazophore
probe/quencher technique in synthetic
polypeptides.

Our initial experimental study focused
on the length dependence of the end-to-end
collision rates in peptides with the general
structure Trp-(Gly-Ser) -DBO-NH, (struc-
ture below); these peptides are water solu-
ble and presumed to be ‘structureless’ ac-
cording to a previous study [26]. This is an
important requirement to apply theories
based on Gaussian chain behavior [34][35].

H

The fluorescence decays of all peptides
as recorded with the time-correlated single
photon counting technique were strictly
monoexponential (Fig. 2). The resulting
fluorescence lifetimes (t) for the peptides

with different length are listed in the Table
and range from 10-75 ns. Subject to the as-
sumption of diffusion-controlled quench-
ing, the collision rates can be directly ob-
tained through a correction for the inherent
fluorescence lifetime (T,) according to Eqn.
(8). The data for the collision rate constants
demonstrate that end-to-end contact forma-
tion in short polypeptides may occur as fast
as 10 ns in water, significantly faster than
previous estimates of rates for peptides
with the same length, but also substantially
smaller than expected from the ideal-chain
behavior according to Eqn. (7) (see above).
Presumably, the diffusion coefficients of
the peptide chain ends are much smaller
than those of the free probe and quencher;
the use of smaller diffusion coefficients in
Eqn. (7) than the intermolecular ones would
bring the theoretical data much closer to the
experimental cnes [36].

koo = 1/t =1/ 1 (8)

Table. Fluorescence lifetimes and end-to-
end collision rate constants for Trp—(Gly—
Ser),-DBO-NH, polypeptides

n N2 t/ns® kg, /107 s71¢
0 2 23.3 41
1 4 14.3 6.8
2 6 19.5 4.9
4 10 30.5 3.1
6 14 45.6 2.0
10 22 74.4 1.1

aNumber of peptide units between probe and
quencher. PFiuorescence lifetime in aerated
D,0 at 23 °C measured by time-correlated
single photon counting. ¢Obtained from Eqgn. 8
with 7, = 500 ns.
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The dependence of the collision rates on
the chain length as derived in Eqn. (7) pre-
dicts a linear increase of the logarithmic
collision rates with the logarithm of the
number of chain segments (). The corre-
sponding plot (Fig. 3) for the experimental
data shows that this linear relationship is
not observed. Instead, one obtains a plot
with a strong negative curvature. Moreover,
the theoretical slope [34][35] of —~3/2 is on-
ly reached for the longer chains. These vari-
ances indicate deviations from the ideal
behavior, which are presumably related to
effects of chain stiffness, which impose an
increased internal friction for end-to-end
collision in the short chains [36].

The interpretation of the fluorescence
lifetimes in terms of end-to-end collision
rate constants requires a collision-induced
fluorescence quenching, i.e. probe and
quencher must come into van-der-Waals
contact (2-3 A distance) for quenching to
occur. This is naturally fulfilled for quench-
ing by hydrogen atom transfer or exciplex-
induced quenching, which are the two
prototypal quenching mechanisms of the
DBO chromophore [3]{6][8][131(14][37-39].
However, quenching by electron transfer,
which presents an alternative quenching
mechanism, could operate through bond
(superexchange mechanism); it could also
occur over a considerable distance through
space or through the solvent (up to 5-8 A)
and must therefore be excluded [40]. The
same applies for Dexter-type triplet energy
transfer, which has been employed in other
intramolecular probe/quencher pairs to as-
sess end-to-end contact formation {[26]
[41][42]. Quenching over larger distances
than van-der-Waals contact would result in
a continuum of distance-dependent rate
constants, which could not be analyzed in
terms of a diffusion-controlled collision

04 06 08 10 12 14 log[N]

Ly log [keonl
].0 — 78k
)
., 7.6+
: T4+
05+«
. 7.2+
i : 7.0
LJ
¢ L
0.0 "‘1 L 1 N . 0 02
0 50 100 150 [t/ns]

Fig. 2. Fluorescence decays (time-correlated single photon counting,
normalized intensity) of Trp—~(Gly-Ser),-DBO-NH, polypeptides (n = 1,
2, 4, and 6). The lowest trace corresponds to n = 1, the uppermost one

ton=86.

Fig. 3. Double-logarithmic plot of the end-to-end collision rate con-
stants (k) of Trp—(Gly-Ser),~DBO-NH, polypeptides versus the pep-
tide length, taken as the number of intervening peptide units (V). The
dashed line has a slope of —3/2 and is shown to illustrate the deviation

from the theoretical behavior (Eqn. 7).
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process. In this case, quenching presents no
longer an elementary reaction to which a
single rate constant can be assigned. In fact,
fluorescence resonance energy transfer,
which operates over even larger distances,
has proven inapplicable to obtain the perti-
nent elementary rate constants [26][43].

In view of the possible complications
due to distance-dependent quenching rates,
it appeared compulsory to establish experi-
mentally that quenching through bond or
through the solvent do in fact not apply for
the DBO/Trp probe/quencher pair. We have
therefore performed a series of carefully
designed control experiments (Schemes
5-7). Control experiments of this type are
strongly recommended to establish alter-
native methods for assessing end-to-end
contact formation, in particular if triplet
energy transfer or electron transfer (both
of which are candidates for distance-de-
pendent quenching rates) are the postulated
quenching mechanisms.

In the first experiment (Scheme 5), we
have compared the fluorescence lifetime of
the shortest peptide, in which probe and
quencher are directly attached, with the
longer ones. The lifetime of the shortest
peptide is in fact longer than for the next
longer one (Table), which speaks strongly
against a through-bond quenching mecha-
nism, but can be understood in terms of
internal friction (steric hindrance effects)
[36]. We encounter this effect in daily life:
It is more difficult to make a knot in a very
short rope than in a longer one.

In the second experiment (Scheme 6),
we have exchanged the presumably flexible
amino acids glycine and serine in the back-
bone of the peptide by rigid cyclic proline
spacers. The proline peptide has a much
longer lifetime than the glycine-serine one,
close to the lifetime in the absence of
quencher (505 ns in D,O). This suggests
that quenching through bond is unlikely
since the number of bonds remains identi-
cal in both species. The effect of rigidifying
the backbone provides also strong evidence
that it is the diffusion between the chain
ends which is decisive for the quenching
process. Incidentally, it should also be men-
tioned that any increase in the solvent vis-
cosity, as it can be achieved, for example,
through the addition of denaturants like
urea (5 M) or guanidinium chloride (6 M)
also decreases the end-to-end collision
rates of flexible DBO/Trp polypeptides,
consistent with a diffusive process.

In the third experiment (Scheme 7), we
have left the peptide backbone unchanged,
but have added cucurbit[7]uril (CB7) to the
aqueous solution of the peptide. As demon-
strated by NMR experiments, CB7 com-
plexes selectively and quantitatively the

TrpGlySerDBO-NH,
=143 ns in DO

TrpDBO-NH,
=233 nsin D,0

end-to-end collision
more difficult to achieve

Scheme 5

TrpGlySerGlySerDBO-NH,
T=19.5ns inD,0

TrpProProProProDBO-NH,
7=450nsin D,0

cnd-to-end collision
virtually prevented
Y by backbone rigidity
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Scheme 6

TrpGlySerGlySerDBO-NH,
7=19.5 ns in D,0

TrpGlySerGlySerDBO-CB7-NH,
= 1030 nsin D,0

but intimate contact pre vented

end-to-end collision possible,
through protective shield

Scheme 7
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DBO chromophore (K = 4 x 10° M™!) and
thereby provides a ‘protective shield’
around the chromophore.[22] This shield
prevents van-der-Waals contact with the
quencher, which is still free to diffuse since
solvent and peptide backbone have re-
mained unchanged. The resulting lifetime
of the complexed peptide was found to be
1.03 s, suggesting that the quencher is not
able to quench the excited probe at all (the
longer lifetime than in D, O results from the
exclusion of oxygen and the solvent from
the cavity). This result provides strong evi-
dence for the view that quenching requires
intimate contact. If quenching would occur
through space or through the solvent it
should have also been mediated through the
supramolecular wall.

It follows from the control experiment
in Scheme 6, that the fluorescence lifetimes
of DBO/Trp end-labeled peptides are a
quantitative measure of the flexibility or
rigidity of the peptide backbone. We have
therefore most recently synthesized a series
of random-coil peptides, in which Trp and
DBO are separated by a sequence of identi-
cal amino acids (see structure below) [24].
Each peptide has a characteristic fluores-
cence lifetime, which can be interpreted in
terms of the conformational flexibility,
which a particular amino acid imposes on
the backbone. This allows one to define a
conformational flexibility scale for amino
acids in peptides. The following order of
flexibility applies, where glycine gives rise
to the most flexible peptide and proline pro-
duces the most rigid one:

Gly > Ser > Asp, Asn, Ala > Thr, Leu >
Phe, Glu, Gln > His, Arg > Lys > Val > [le
> Pro

H

H,N

N NH,

0 o
\ 5 HN

N

H N

N

In summary, the intramolecular fluores-
cence quenching of fluorazophores pro-
vides a distinct tool for investigations in the
area of biopolymer dynamics. Future stud-
ies will involve oligonucleotides, larger,
structured peptides, mutation effects, the
determination of activation energies, and
the transfer of the kinetic results to applica-
tions in high-throughput screening technol-
ogy, where the long fluorescence lifetime
provides the additional advantage of sup-

pressing background fluorescence through
time-resolved detection (see Fig. 1).
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Abstract: A novel fluorescence-based method, which entails contact quenching of the long-lived fluorescent
state of 2,3-diazabicyclo[2.2.2]-oct-2-ene (DBO), was employed to measure the kinetics of end-to-end
collision in short single-stranded oligodeoxyribonucleotides of the type 5'-DBO—(X),-dG with X = dA, dC,
dT, or dU and n = 2 or 4. The fluorophore was covalently attached to the 5' end and dG was introduced
as an efficient intrinsic quencher at the 3' terminus. The end-to-end collision rates, which can be directly
related to the efficiency of intramolecular fluorescence quenching, ranged from 0.1 to 9.0 x 10°® s™*. They
were strongly dependent on the strand length, the base sequence, as well as the temperature.
Oligonucleotides containing dA in the backbone displayed much slower collision rates and significantly
higher positive activation energies than strands composed of pyrimidine bases, suggesting a higher intrinsic
rigidity of oligoadenylate. Comparison of the measured collision rates in short single-stranded oligodeoxy-
ribonucleotides with the previously reported kinetics of hairpin formation indicates that the intramolecular
collision is significantly faster than the nucleation step of hairpin closing. This is consistent with the
configurational diffusion model suggested by Ansari et al. (Ansari, A.; Kuznetsov, S. V.; Shen, Y. Proc.
Natl. Acad. Sci. USA 2001, 98, 7771—7776), in which the formation of misfolded loops is thought to slow

hairpin formation.

Introduction

Recent work on nucleic acid dynamics has focused on the
formation of single-stranded DNA (ssDNA) hairpiti$ which
are believed to play a key role in many biological functions,
including gene expression and regulatfoil DNA transcrip-
tion,1213 as well as DNA transpositioH. Hairpin formation
includes not only the collision of the two arms but also the fast

T Departement Chemie, UniverditBasel, Klingelbergstrasse 80, CH-
4056 Basel, Switzerland.
* School of Engineering and Science, International University Bremen,
Campus Ring 1, D-28759 Bremen, Germany.
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zipping of the stem part. To describe the hairpin-to-coil
transition, a two-state model of an all-or-none transition between
open and closed states was introduced by Libchaber and co-
workers!-2 However, the kinetics of hairpin formation displayed
a non-Arrhenius temperature dependence in some cases which
points to a more complex mechani$f.Ansari and co-
worker$” suggested a configurational diffusion model, in which
the ssDNA can be transiently trapped in misfolded states prior
to the nucleation step. The test of this model requires experi-
mental end-to-end collision rates in ssDNA, which we are now
providing for the first time. To allow a direct comparison, we
have studied ssDNA fragments which correspond in their size
to the loop segments of the previously studied entire hairpins.
We employed a novel method which uses 2,3-diazabicyclo-
[2.2.2]-oct-2-ene (DBO) as a fluorescent probe. The extremely
long fluorescence lifetime of DBO (325 ns in aerated water and
420 ns in deaerated water) and its quenching mechanism, which
requires a close probe-quencher contact, offer the possibility to
monitor intramolecular collisions in the submicrosecond scale
which has proven difficult to realize by alternative techniques.
A phosphoramidite DBO derivative2) was synthesized and
directly applied in automated solid-phase synthesis to obtain
5'-DBO-labeled oligonucleotides (see below). The end-to-end
collision rates were measured through the intramolecular
fluorescence quenching of DBO by a guanine base as quencher

(14) Lee, G. S.; Neiditch, M. B.; Sinden, R. R.; Roth, D.Mol. Cell. Biol.
2002 22, 2068-2077.
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at the 3terminus (Scheme 1). The efficient quenching of DBO

by guanine ensures that the end-to-end collision in a random-

coiled oligonucleotidek in Scheme 1) is followed by rapid
deactivation of the excited statdy) before the chain ends
dissociate K-). In this limiting kinetic scenario, the quenching
rate constantk) equals the pertinent rate constant for end-to-
end collision ki+). The ky values provide therefore a direct
measure of the flexibility of the oligonucleotide backbone.

/zN //N
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|
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Experimental Section

Materials. Commercial materials were from Fluka or Aldrich.
1-Hydroxymethyl-2,3-diazabicyclo[2.2.2]-oct-2-erig yas synthesized
according to a literature procedueThe primary hydroxyl group was
converted to 2-cyanoethy,N-diisopropylphosphoramidite by using
the phosphitylating reagent CIP(O@EH,CN)N(iPr). The DBO-
labeled oligonucleotides were synthesized by Amplimmun AG (Madu-
laina, Switzerland) in 1.Qumol scale in>95% purity; the DBO
phosphoramidite 2) was coupled to the 'Serminus of synthetic

= 6.6, 2.5 Hz, 2H, CKCN), 3.60-3.70 (m, 2H, CHN), 3.8%+3.94,
(m, 2H, CHO0), 4.12-4.16 (m, 1H, CHO), 4.25-4.30 (m, 1H, CHO),
5.15 (t,J = 3.5 Hz, 1H, CH) ppm3C NMR (CDCk, 400 MHz): ¢
20.8 (CHy), 21.9 (2C, CH)), 23.9 (2C, CH), 25.0 (4C, CH), 43.6 (2C,
CHN), 58.9 (CHO), 62.3 (CHN), 67.4 (), 69.4 (CHO), 118.0 (CN)
ppm. FAB-MS (NBA) 340; Calcd 340.4.

Sample Preparation. Concentrations of labeled synthetic oligo-
nucleotides in water were calculated from the absorbance at 260 nm
(A260)-*¢ The fluorescent probe displays a weak absorbance in the near
UV (Amax ca. 365 nme ca. 50 cm* M%) but is transparent at 260
nm2” such that no correction for the probe absorption is necessary in
the calculation of the oligonucleotide concentration. The strand
concentrations in all measurements were adjusted t0860uM,
sufficiently low to exclude intermolecular fluorescence quenching.

Fluorescence MeasurementsAll measurements were performed
in aerated water at 28C except for the temperature-dependent
experiments. Fluorescence decays were recorded on a laser-flash
photolysis setup (LP900, Edinburgh Instruments, Edinburgh, Scotland)
with 7-mJ, 355-nm pulses of 4 ns width from a Nd:YAG laser (Minilite
II, Continuum, Santa Clara, CA), or on a time-correlated single-photon
counting (TCSPC) fluorometer (FLS920, Edinburgh Instruments) by
using a 1.5-ns pulse-widthHlash lamp at 370 nm. Fluorescence was
monitored at 440 nm. The resulting data were analyzed by mono-
exponential fitting to afford the respective fluorescence lifetimes with
typical errors of+£3%.

Results

Selection of Intrinsic Quencher.The quenching methodol-
ogy in Scheme 1 requires the selection of an efficient fluores-
cence quencher, which should ideally be an intrinsic component
of the respective biopolymer. While in the case of peptides this
role can be taken over by the amino acids tryptophan or
tyrosine!®19 guanine presents the best choice when applying
this method to oligonucleotides. In fact, when comparing the
bimolecular quenching rate constants of free DBO by different
mono-nucleotide® the order GMP (dGMPY dTMP > UMP
~ CMP (dCMP)> AMP (dAMP) results, with GMP (dGMP)
yielding a high rate constant of 50 108 M~1s71 in aerated
water, 40 times faster than the quenching rate of AMP (dAMP),
but less than the diffusion-controlled limit.

Diffusion coefficients of probe and quencher when covalently

oligonucleotides during the last stage of the automated solid-phase|inked to a biopolymer should fall at least 1 order of magnitude

synthesis. RP-HPLC (570% acetonitrile in 0.1 M triethylamine acetate
(TEAA)) was used for desalting and removal of failure sequences. The
remaining TEAA from the eluant was removed by lyophilization.
Synthesis of DBO-Phosphoramidite (2)A solution of dry 1-hy-
droxymethyl-2,3-diazabicyclo[2.2.2]-oct-2-ernk 837 mg, 2.4 mmol)
and anhydrous diisopropylethylamine (0.7 mL, 4 mmol) in 16 mL of
dichloromethane was stirred under argon. 2-Cyanoéthytdiisopro-
pylphosphoramidochloridite (0.6 mL, 2.8 mmol) was added dropwise,
the mixture was then stirred for 2 h, transferred to a separatory funnel
along with 50 mL of ethyl acetate and washed with saturated sodium
chloride solution (2x 40 mL). The organic phase was dried over
anhydrous sodium sulfate, filtered, and then rotary-evaporated to yield
a yellowish oil. Purification by flash column chromatography (§iO
ethyl acetate/dichloromethane/triethylamine 5:5:1) yielded a colorless
oil (580 mg, 71%). It was dissolved in ethyl acetate, precipitated from
n-hexane at-20 °C, filtered off quickly and evaporated to dryness to
give 2 as a colorless solid which melts at room temperature (490 mg,
60%).31P NMR (CDCE, 400 MHz): 6 145.89 pprmiH NMR (CDCls,
400 MHz): ¢ 1.12-1.20 (m, 2H, CH), 1.21 (d,J = 6.8 Hz, 12H,
CHy), 1.31-1.37 (m, 2H, CH), 1.57-1.68 (m, 4H, CH), 2.65 (dt,J

(15) Zhang, X.; Gramlich, G.; Wang, X.; Nau, W. M. Am. Chem. So2002
124, 254-263.

below the values for intermolecular diffusion of free mole-
cules?=23 This is due to the movement restriction and the
internal friction imposed by the chain backbone. As a result,
intramolecular reactions between a probe and a quencher may
be controlled by intrachain diffusion even if the rate of the
corresponding intermolecular reaction falls up to 1 order of
magnitude below the diffusion-controlled limit like for the
dGMP/DBO pair. Consequently, it is reasonable to assume that
the intramolecular quenching process between DBO and
guanine is collision-controlle®,i.e., quenching occurs before

(16) Borer, P. NHandbook of Biochemistry and Molecular Biolodrd ed.;
CRC Press: Cleveland, 1975.

(17) Nau, W. M.; Wang, XChemPhysCher002 3, 393—-398.

(18) Hudgins, R. R.; Huang, F.; Gramlich, G.; Nau, W. M. Am. Chem. Soc.
2002 124, 556-564.

(19) Huang, F.; Nau, W. MAngew. Chem., Int. Ed. Eng2003 42, 2269~
2272.

(20) Marquez, C.; Pischel, U.; Nau, W. NDrg. Lett.2003 5, 3911-3914.

(21) Lapidus, L. J.; Eaton, W. A.; Hofrichter, Broc. Natl. Acad. Sci. U.S.A.
200Q 97, 7220-7225.

(22) Hagen, S. J.; Hofrichter, J.; Eaton, W. A.Phys. Chem. B997 101,
2352-2365.

(23) Liu, G.; Guillet, J. E.; Al-Takrity, E. T. B.; Jenkins, A. D.; Walton, D. R.
M. Macromoleculesl99Q 23, 4164-4167.
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T T T T T Table 1. Rate Constants and Activation Energies for End-to-End
N Collision in Single-Stranded Oligonucleotides
10k § ? oligonucleotide TosNS  ToNS? k(106 s71P  Eg/(kI/mol)®  logA?
g 8 5'-DBO-dAdA-dG 215 243 0.54 43 13.3
> & = 5'-DBO-dTdT-dG 60 94 6.0 14 9.2
= 5-DBO-dCdC-dG 67 123 6.7 14 9.3
E F 5'-DBO-dUdU-dG 58 120 9.0 12 9.0
= 2 5'-DBO-dAdC-dG 106 162 3.2 20 10.0
5 S 5-DBO-dAdAdAdA-dG 247 255 0.12 33 10.9
2 8 . . 5'-DBO-dTdTdTdT-dG 72 87 24 14 9.0
g 05F 0 200 400 5'-DBO-dCdCdCdC-dG 96 115 1.8 16 9.0
5 ¢/ ns 5'-DBO-dudUuduUdU-dG 83 118 3.6 10 8.3
§ 5-DBO-dUdUdG 5-DBO-dAdCdAdC-dG 131 164 15 15 8.7
= r 5-DBO-dUdU 1 agq is the lifetime of the reference strand with identical sequence but
without the 3 terminal dG as quencher,-BBO-(X),. ? At 25 °C, error in
5'-DBO-dAdAdG data is 10%¢ Temperature range 230 °C; error in data ist3 kJ/mol.
J d Temperature range 2310 °C; error in data is 20%.
0.0
1 1 1 L 1

0 500 1000 nents {i) and {ii), since the nature of the backbone is retained.
t/ns The quenching rate constants related to quenching by guanine
Figure 1. Fluorescence decays of DBO-labeled ssDNA (normalized (Kg) can then be obtained according to eq 1, which corresponds,
intensity, recorded by TCSPC). Shown in the inset is a fluorescence decaysubject to the assumption of nearly-quantitative quenching upon
on a semilogarithmic scale. L .
contact kg > k_), to the rate of end-to-end collisioky(in eq

the probe/quencher pair dissociatks>$ k-). The deactivation 2)

mechanism of DBO by guanine is presumed to be direct or

exciplex-mediated quenching by-¥ hydrogen abstractidh?>27 k= 1 1 Q)
as evidenced by the significant solvent deuterium isotope effect Tobs o

of 1.420 This quenching by hydrogen atom transfer requires a Kk,

close probe/quencher contact, another important requirement for kq = ——~k,, fork;> k_ 2
applying the methodology in Scheme 1. kg + ko

Fluorescence Quenching by End-to-End CollisionsSe-

quences of single-stranded oligonucleotides were designed adn the actual experiments, there is a significant decrease of the
5'-DBO—(X)-dG, where X= dC, dT, dU, or dA anch = 2 or fluorescence lifetime when guanine is attached, t&s < 7o.

4. At room temperature, these oligonucleotides do not possesdn the case of 5DBO-(dU)-dG and 5DBO—(dU), (Figure

a stable secondary structure (random coil, cf. Scheme 1)1), for example, the lifetimes are 58 ngyd9 and 120 ns1p),
although base-stacking interactions are partly maintained be-respectively, corresponding kg = 9.0 x 10f s"1.3! The lifetime
tween purine basé8:2® Solutions of the oligonucleotides  shortening is due to the efficient quenching by dG and the
displayed monoexponential fluorescence decays (Figure 1), i.e.,conformational fluctuation of the flexible backbone which allows

each oligonucleotide has a specific “fluorescence lifetimgy, the chain ends to reach conformations where end-to-end contact
similar to the situation for DBO-labeled polypeptid@¥ and is possible (cf. Discussion).
consistent with recent numerical simulaticfis. Rate Constants and Activation Energies for End-to-End

The excited DBO decays through three channelsquench- Collision in ssDNA. The intramolecular quenching rate con-

ing upon contact with guanine at the other end through mutual stants for sSDNA containing a backbone of different length
diffusion of the chain endsijif quenching upon contact with  composed of different types of nucleotides were determined in
bases in the backbone (mainly the nearest neighboring nucle-a temperature range between 25 and°@0(Table 1). It was
otide), and iji) the inherent decay through fluorescence and found that the longer strands € 4) show slower end-to-end
nonradiative processes. To extract the first component, i.e., thecollision rates than the shorter strands= 2), with a typical
kinetics of end-to-end collision, reference strands with identical factor of 2-4 difference. This length dependence is in line with
sequence but without thé &rminal quencher (5DBO— (X)) expectations for end-to-end collision processes in (bio)poly-
were measured in all cases; the fluorescence lifetime of thesemers3® and was previously observed for polypeptid&sn
reference strands() reflects only the last two kinetic compo-  contrast to the polypeptides, however, we did not observe slower
: : — rates for the shortest derivative, i.e., the end-to-end collision
e o Bk duehine 1 Olgontl, rate constant for the shorest homologue in which probe and
end-to-end collision rates could be somewhat larger, which would, in fact, quencher are directly attached to each otlme+=(0, 5-DBO-
gl;rtsr;nlajrsgeﬁagiigfnnfglﬁ;qggggl.pal conclusion with respect to the mechanism dG) is the fastestrfps = 29 ns,kq =33 x 1(F S’l). Moreover,
(25) Nau, W. M.; Greiner, G.; Rau, H.; Wall, J.; Olivucci, M.; Scaiano, JC.  the end-to-end collision rates are strongly dependent on the kind
(26) FF”rl]sycShe(I:hl‘jmZﬁeilar?éja %(03Hlesl’l7r3ﬁnésg4 Haselbach, E.; Muller, P.-A.; Nau, of nucleotide in the backbone with the order ldT ~ dC>

W. M. J. Am. Chem. So@00Q 122, 2027-2034. dA. Again, this is similar to the situation for polypeptides, where
(27) Pischel, U.; Nau, W. MJ. Am. Chem. So@001, 123 97279737.

(28) Mills, J. B.; Vacano, E.; Hagerman, P.JJ.Mol. Biol. 1999 285 245-

257. (31) The question arises whether the lifetime 'eDBO-(dU) is a more suitable
(29) Saenger, WPinciples of Nucleic Acid Structuré&Springer-Verlag: New reference for 5DBO-(dU),-dG than 5-DBO-(dU),. However, since the
York, 1984. lifetimes of 3-DBO-(dU), (120 ns) and 5DBO—(dU), (118 ns) are
(30) Wang, X.; Bodunov, E. N.; Nau, W. MDpt. Spectrosc2003 95, 560— virtually the same (Table 1), the length of the reference oligonucleotide
570. appears to be no critical parameter.
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T T J " T short oligonucleotide into contact. All measured activation
T2 5-DBO-dCdCdG § : it o i

energies were positive. This is a nontrivial result, because
5'-DBO-dUdUdG apparent negative activation energies have been reported for

M ssDNA hairpin formatiort:6 The activation energies for dU, dT,

6.8 M and dC strands were all close to 16 kJ/mol, the activation energy
S DBO-dTdTdG for solvent viscous _fI(_)W i_n I_ZD_.35 This suggests_ immediately

5 I i that end-to-end collision is limited by solvent friction and only

2 modulated through a probability factor which differentiates the

o4 5-DBO-dAdCdG types of nucleotides. The latter could derive from variations in
. the conformational freedom for bond rotations as imposed by
the different steric demand of the bases.
7 In contrast, end-to-end collision in oligoadenylates displayed
significantly higher activation energies, 43 kJ/mol f6ZBO-
(dA)>-dG and 33 kJ/mol for sSDBO—(dA)4-dG, which point
561 = to a higher intrinsic ‘rigidity’ of oligoadenylates. Clearly, end-
L . L . L to-end collision in oligoadenylate is limited by internal friction
3.2 33 34 (not by solvent friction as for the pyrimidine strands), which
provides also strong support for the assumption that the
Figure 2. Arrhenius plots of the quenching rate constants in DBO-labeled inFram(.)lecu'ar q.uenChin.g of DB.O ny gL_Janine in oligonucle-
sSDNA. otides is determined by intrachain diffusiok,. (in Scheme 1),

not by an intrinsic activation barrier for excited-state deactivation
the type of amino acid in the backbone is also a crucial (Kg).
parameter in determining the flexibility. Because it is known that adjacent adenines can undergo base-

The rate data in Table 1 reveal that about ddllisions occur stacking interaction&>?° two additional ssSDNA were investi-
per second between the chain ends of short sSDNA fragments gated, in which the adenine bases in the strands were replaced
Electron transport through DNA, which has attracted significant by cytosine in an alternating manner (see data feDBO-
attention due to its importance for DNA damage and repair, dAdC-dG and 5DBO-dAdCdAdC-dG in Table 1). End-to-end
has been reported to occur in ssSDNA at a rate of cl.s1d collision in these strands became significantly faster and the
with two intervening dT between electron donor and accefitor. rate constants were on the same order of magnitude as those
This is quite similar to the rate constants for end-to-end collision for oligopyrimidines. In addition, the activation energies of end-
determined herein, which supports the suggestion that electronto-end collision in these oligonucleotides were much smaller
transport in ssDNA may proceed through intrachain corftatt. than those of oligoadenylates and close to the activation energy
The intramolecular collision rate constants measured for of solvent viscous flow.

pyrimidine-derived oligonucleotides (8.0 x 10 s™1) fall _ _
up to 1 order of magnitude below those for flexible polypeptides Discussion
with the same number of monomer units (e.g., 3.3 andx2.5
10’ s for Trp-(Ser)-DBO and Trp-(Ala)-DBO in D,0). The
end-to-end collision rate for tetraadenylate (k210° s71) is
also 1 order of magnitude slower than those for relatively rigid

6.0
5'-DBO-dAdAdG

1000/ T (K-1)

Although experimental data for end-to-end collision rates have
recently been reported for polypeptid€4?21.3&he characteristic
time scale for intrachain collision in single-stranded nucleic acids
has remained elusive. We have now transferred to oligonucle-

. —1 _ 5 | . .
peptides (e.g., 3.7 and 1%26410? s for Trp-(Val),-DBO and otides the methodology of using intramolecular fluorescence
Trp-(lle);-DBO in D:0).™>** Oligonucleotides are apparently guenching of DBO to obtain the kinetics of intrachain diffusion.

more rigid than polypeptides. This result may not be further The principle of measuring end-to-end collision rates by
surprising but because the experimental data for intramolecularfluorescence quenching is shown in Scheme 1. This method
contact formation in oligonucleotides were previously unavail- requires not only a long-lived fluorescent probe to allow

able, the end-to-end collision rates of ssDNA have been quenching through the relatively slow nss time scale)

presumed to t,)e similar to those of flexible polypeptlaé'me intrachain diffusion to compete with spontaneous deactivation
present experimental data demonstrate that these b|opolymer§)ut requires also a contact quenching mechanism to relate the

differ substantially with respect to their flexibility as assessed kinetics of quenching directly to the kinetics of end-to-end

through the relative mobility of the chain ends. collision. Both requirements are fulfilled for the DBO chro-

' Arrhenius plots (Figure 2) affordegl the activation energy for mophore'? In the case of polypeptides, tryptophan was selected
intramolecular fluorescence quenching of DBO by guaniie (55 quenchel®19 In single-stranded oligonucleotides, guanine

Table 1), which should reflect the energy required for those ., take over this role. Both are the most efficient intrinsic

conformational changes which bring the two chain ends in a g,orescence quenchers of DBO among natural amino acids and

(32) Meggers, E.. Dussy, A.: Schafer, T.. GieseCBem. Eur. J200Q 6, 485— nyc!ec?bases, r_espectlvel_y. In view of the comprehensive me_cha-
492 nistic information established in the course of the polypeptide

(33) Kar{, Y.; Schuster, G. Bl. Am. Chem. Sod.999 121, 10 85710 864.
(34) The fact that Trp is a better intermolecular quencher of DBO fluorescence

(kg =21 x 108 M~1s71) than guaninel; = 5.0 x 108 M~!s™%) cannot be (35) The activation energy of solvent viscous flow inGHin the relevant
responsible for the observed large difference in intramolecular quenching temperature range (29813 K) was obtained by plotting 4nversus 1T

rate constants between peptides and oligonucleotides. When Tyr is used with the viscosities taken from Cho, C. H.; Urquidi, J.; Singh, S.; Robinson,
as quencher in peptides, which is similarly efficiet€ 5.6 x 10® M~1s™%) G. W.J. Phys. Chem. B999 103 1991-1994.

as guanine, the difference remains, with the rates in peptides being reduced(36) Bieri, O.; Wirz, J.; Hellrung, B.; Schutkowski, M.; Drewello, M.; Kiefhaber,
by a factor of 2-3. T. Proc. Natl. Acad. Sci. U.S.A.999 96, 9597-9601.
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studied’” and in view of additional control experiments per- mol, which compares well with the stabilization energy of a
formed for ssDNA (cf. Supporting Information), we interpret single AA base stack obtained by molecular modeling (34 kJ/
the intramolecular quenching rate constamtg ¢f the DBO/ mol).38 Interestingly, the activation energy for the longer adenine
guanine probe/quencher pair in oligonucleotides in terms of end- strand, 5DBO-(dA);-dG, is smaller than that of the shorter
to-end collision rate constantk(in Scheme 1) according to  one. Presumably, the conformation for end-to-end contact
eq 2. formation in 3-DBO-(dA);-dG has a larger circle radius, which

The quenching rate data in Table 1 provide the first direct renders steric hindrance effects less important and which may
experimental measure of the collision rates between the chaineven allow the base-stacking interaction to be partially retained
ends in single-stranded oligonucleotides. The slow collision rates during the collision process. This trend is consistent with the
for the oligoadenylates stand out and the related strands showanalysis of Ansari and co-workers which implies that the
also significantly higher activation energies than the oligopy- energetic cost of bending a molecular chain to a loop should
rimidine strands. Because the DNA strands presently employeddecrease with increasing lendth.
cannot form intramolecular hydrogen bonds or stable secondary The flexibility of DNA is deemed important in additional
structures, the energy barrier for the quenching process is akey events, including electron transf#-3%as well as nucleic
measure of the energy required for the conformational changesacid—protein selective bindinéf=42 In fact, the higher intrinsic
of the oligonucleotide backbone which bring the probe and rigidity of single-stranded oligoadenylates observed in the
guencher into contact. This energy barrier is a composite of present study may provide a possible explanation for the reduced
the apparent activation energy for solvent viscous flow and the binding of the SSB protein with poly(dA), compare binding
energy barrier of internal friction, i.e., the bond rotations required enthalpies of-14 kcal/mol for poly(dA),—75 kcal/mol for poly-
for end-to-end collision. (dT), and —85 kcal/mol for poly(dC)3 The binding to the

It is appropriate to argue, akin to the situation for peptifes, protein requires a substantial conformational change of the
that strands whose ends collide with the slowest rates are thessDNA, the energetic cost of which is highest in poly(dA) due
most rigid ones. This means that the kinetics of end-to-end to the required unstacking, cf. activation energies in Table 1.
collision in ssDNA provides also a direct measure of their  Qligopyrimidines do not show substantial base-stacking
intrinsic flexibility. The 10 times slower end-to-end collision interactions at room temperat#®#** Our observations that the
rates and the substantial activation energies signal therefore a&nd-to-end collision rates of strands composed of dT, dU, and
higher ‘rigidity’ of oligoadenylates, which is qualitatively  dC differed weakly and the activation energies were all close
consistent with the trend observed by Hagerman and co-workersto 16 kJ/mol, the activation energy of the solvent viscous flow
through persistence length measureméhtShis increased  in water3 indicated that the friction with solvent molecules
rigidity is presumably due to two reasons. On one hand, purine during conformational changes is the main contributor to the
bases are larger than pyrimidines, which decreases the intrachairenergy barrier. This applies both for the shorter(2) as well
diffusion coefficient and imposes higher steric restrictions as the longerr(= 4) oligonucleotides studied. The differences
toward bond rotation. On the other hand, adjacent purine basespetween the absolute rate constants for dT and dU strands are
undergo sizable base-stacking interacti&fwhich impose a  small, but nevertheless consistent with their molecular structure.
barrier toward free bond rotation. The faster quenching of dU relative to dT strands can be related

To evaluate the relative importance of these two factors (steric to the lack of the extra methyl group which will exhibit increased
hindrance versus base-stacking interaction) control experimentssteric hindrance effects in the course of the required bond
were performed with SDBO-dAdC-dG and 5DBO-dAd- rotations in dT strands. A general relationship between the size
CdAdC-dG strands, in which the purine base stacking is of the residue in the chain segments and the rate of end-to-end
destroyed by the alternating cytosine bas&sThese strands  collision has already been recognized in polypeptides, where
show much faster rate constants and also smaller activationjarger residues also tend to slow this procéss.
energies for end-to-end collision than the homogeneous dA  The absolute rate constants for end-to-end collision in SSDNA
strands (Table 1), which suggests that the major contributor t0 re essential for the understanding of the mechanism of ssDNA
the rigidity of the oligoadenylates strands is due to base stacking.pajrpin formation8 In particular, these elementary rate data
However, the rate constants and activation energies do not quitecan provide information on whether it is the kinetics of end-
reach the values for the pyrimidine strands, which indicates that tg_end contact formation that is rate-determining for hairpin
the larger size of adenine and the related steric hindranceformation. An ssDNA hairpin is composed of a single-stranded
involved during conformational changes has an effect as well. |oop part and a double-stranded stem part with several base pairs.
The control experiments with the mixed purine/pyrimidine - Ansari and co-workers have suggested that the rate-determining
strands immediately demonstrate that the flexibility of DNA  gtep in hairpin formation is the formation of a loop with a
fragments cannot be predicted in an incremental fashion from «correct base paif.” They argued that only a ‘correct’ nucleating
the flexibility of strands containing only identical bases, but |oop can result in rapid zipping of the hairpin, but that intrachain
that synergetic effects, in particular base-stacking interactions co|jisions in sSDNA can also form misfolded loops which do

between neighboring_ pu_rine bases, operate. ~ not lead to subsequent zipping of the stem part and thereby
The measured activation energy for end-to-end collision in

5'-DBO-(dA)-dG suggests that the destruction of base-stacking (39) o'Neill, M. A.; Barton, J. K.J. Am. Chem. So2002 124, 13 053-13 066.

H 7 i i i (40) Hogan, M. E.; Roberson, M. W.; Austin, R. Piroc. Natl. Acad. Sci. U.S.A.
interaction in an AAG unit may require as much as-30 kJ/ 1089 86, 92739277,

(41) Hogan, M. E.; Austin, R. HNature 1987 329, 263-266.

(37) Nau, W. M.; Huang, F.; Wang, X.; Bakirci, H.; Gramlich, G.; Marquez, (42) Suck, D.Biopolymers1997 44, 405-421.

C. Chimia2003 57, 161—-167. (43) Kozlov, A. G.; Lohman, T. MBiochemistry1999 38, 7388-7397.
(38) Aalberts, D. P.; Parman, J. M.; Goddard, NBiophys. J2003 84, 3212- (44) Camerman, N.; Fawcett, J. K.; Camerman,JAMol. Biol. 1976 107,
3217. 601-621.
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reduce the hairpin formation rate. Their results showed that the order of magnitude slower than those for polypeptides with the
closing rate for a DNA hairpin with 4 dT in the loop is ca. 0.8 same number of residués!® suggesting a relatively higher
x 10 s71 (25 °C).5 Our experiments afforded an end-to-end ‘rigidity’ of oligonucleotides. This is in fact reflected also in
collision rate of 2.4x 1(° s~ for 5-DBO-(dT)-dG, which is the rates for hairpin formation in oligonucleotides as well as in
much faster and suggests that the time for hairpin formation is peptides, with the latter (g8-hairpins) being formed 1 order
‘longer’ than expected from the time of forming a loop. This of magnitude fasteh>46
result is _consistent w_ith the idea_l that not all _end-_to-end or other Conclusions
intrachain contacts induce hairpin formation, i.e., there are .
mismatches and inefficient contacts, which require the ssDNA W€ have shown that the end-to-end collision rates of short
to explore several local minima conformations until the ‘correctt SSPNA can be experimentally measured by employing a
nucleating loop is reached. The absolute rate constants for endfluorescence-based method, in which the end-attached chro-
to-end collision in oligonucleotides provide therefore strong MoPhore DBO is efficiently quenched upon contact with dG at
support for the configurational diffusion model by Ansari and the (_)ther e_nd. These elementary kinetic data are essential to
co-workers. predict the time scale and determine the mechanism of secondary
Moreover, previous work on the formation of DNA hairgifis stru_cture formation, e.g., for hairpins, to gvaluate the rigidity
have affordechegatie activation energies for the folding rates, ©f different base sequences, and they provide benchmark values
which are in contrast to the positive activation energy of end- o the development of computational methods for sSDNA
to-end collision rates reported herein. This contrast provides dynamics. The present experiments in dependence on temper-
further support that hairpin formation, unlike end-to-end colli- &turé and base sequence show that oligoadenylate is much more
sion of random-coiled oligonucleotides, involves a transition 19id than the oligonucleotides composed of pyrimidines, which
state with lower enthalpy than the initial st&t.in terms of is mainly due to thq ba§e-stack|ng mtlergctlons |n.oI|goa(_jenyIate.
the model by Ansari and co-workers, the initial state corresponds COmMpared to the kinetics of DNA hairpin formation, which has
to the random-coiled sSDNA and the apparent transition state P8en Préviously studied, the end-to-end collision rate of the
is the loop in which a single correct base pair is formed: the ohgonucl_eotlde correspo_ndlng to the_ ha_lrpln loop partis 1 oro_|er
hydrogen bonds in this base pair stabilize the transition state,°f magnitude faster. This contrast indicates that the effective
which provides the underlying reason for the measured negativelntrachain diffusion is strongly slowed during hairpin formation,
activation energy. The oligonucleotides in our systems cannot Which supports the configurational diffusion model, where
form stable base pairs during end-to-end collision, such that a Misfolded loops are presumed to slow hairpin formation.
positive activation energy results, which is characteristic for the ~ Acknowledgment. This study was performed within the
temperature dependence of the solvent viscosity and the energySwiss National Research Program “Supramolecular Functional
required for conformational changes, including the unstacking Materials” (NRP 47, Grant No. 4047-057552) and supported by
of purine bases. the Schweizerischer Nationalfonds (Grant No. 620-58000).
Finally, it is noteworthy that the absolute rates for end-to-
end collision in oligonucleotides as well as peptides are also
manifested in the kinetics of secondary structure formation. For
example, the presently reported rates for oligonucleotides are 1
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Control experiments to establish methodology. Control experiments were performed to establish
the validity of the interpretation of the experimental data in terms of intrachain contact formation. To
exclude a through-bond mechanism of fluorescence quenching (e.g., superexchange electron transfer),
different oligonucleotides with identical separation between probe and quencher were studied: 5'-DBO-
dCdCdG, 5'-DBO-dCdCdGdA, and 5'-DBO-dCdCdGdAdAdA. If a through-bond quenching
mechanism would operate, the lifetimes should remain the same due to the identical probe/quencher
separation. Instead, the fluorescence lifetime increased from 67 to 86 to 93 ns, which can be reconciled
in terms of two effects related to intrachain diffusion: The adenosine attached to the 3' terminus
(i)Shields the quencher from the approach of the probe through steric hindrance and base stacking and
(if)[decreases the effective diffusion coefficient of the chain end. Both factors reduce quenching and
lengthen the lifetime. The more pronounced increase in lifetime upon attachment of the first adenosine

further demonstrates that the steric hindrance effect is the more important contributor. Incidentally, this
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experiment demonstrates that the fluorescence-based method is not restricted to measurement of end-
to-end collision processes, but can also be used to measure contact formation between one end and any
position within an oligonucleotide (i.e., quenching by an internal guanosine).

To demonstrate that neighboring guanine bases contribute independently to quenching, we have
compared the quenching efficiency in nucleotides with a guanine doublet, 5'-DBO-dCdCdGdG, with
those containing single guanines, 5'-DBO-dCdCdGdA and 5'-DBO-dCdCdAdG. 5'-DBO-dCdCdAdA
was used as a reference, since adenine is also a purine base, but does not serve as an efficient quencher
of DBO fluorescence. The resulting rate constants are listed in the supporting Table 2. Note first that
the quenching rate of 5'-DBO-dCdCdGdA is larger than that of 5'-DBO-dCdCdAdG, because the
quenching efficiency decreases as the distance between probe and quencher increases. More striking,
the quenching rate of 5'-DBO-dCdCdGdG is as large as the combined quenching rate constants of 5'-
DBO-dCdCdGdA and 5'-DBO-dCdCdAdG, but not larger; the two adjacent guanines contribute
independently to the quenching. This result is in line with exciplex-induced quenching following
collision between the probe and an individual guanine, but speaks against an electron transfer
quenching mechanism since a guanine doublet should serve as a better (more than additive) electron

donor site due to a decreased oxidation potential."”
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Table 2. Intramolecular fluorescence quenching in DBO-labeled oligonucleotides

oligonucleotide Tobs/ NS kq ! (106 s-1)a
5’-DBO-dCdCdAdA 128 reference
5’-DBO-dCdCdGdA 86 3.8
5’-DBO-dCdCdAdG 99 2.3
5’-DBO-dCdCdGdG 73 59

a At 25°C, error in data is 10%.
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Abstract

Intramolecular fluorescence resonance energy transfer (FRET) has been measured to
recover detailed structural and dynamic properties in flexible Gly-Ser peptides. Two
fluorescence energy donor/acceptor pairs with very small Forster critical radius (< 10A) are
introduced, where either naphthalene or tryptophan serves as energy donor and 2,3-
diazabicyclo[2.2.2]oct-2-ene (DBO) as acceptor. The fluorescence decays of the donor
(naphthalene) and acceptor (DBO) in the presence and absence of FRET have been measured
and subjected to global data analysis. The recovered intramolecular diffusion coefficients
(0.78 - 20 x 107" cm?/s) were found to be much smaller than those of free amino acids (107
cm’/s), which provides experimental evidence that the diffusion of the chain ends of these
biopolymers is considerably slowed down. The slowest diffusion coefficients were obtained
for the shortest peptides, which is consistent with expectations from theoretical studies.
Shorter chains are proposed to exhibit a larger internal friction, which limits chain flexibility.
Additionally, the intramolecular energy transfer efficiency has been measured for both
donor/acceptor pairs and the effective average end-to-end distances were calculated, which
are compared with independently determined end-to-end collision rates in the same set of

peptides.



Introduction

How proteins fold and how proteins function remain to be two of the most important and
fundamental questions in protein science. The kinetics and dynamics of peptide chain motions
presents an indispensable element in this context. The sequence and rate of the formation of
the individual secondary structures will be critical for the correct folding to the functional
native conformation of a protein,' while the rates of hinge or shear domain motions in a
protein will be decisive for substrate binding.>® Peptide motion, as an essential step for
conformational changes of peptides and proteins, is therefore indispensable in protein folding
and protein functions.

To explore the mechanism, predict the rate limit in protein folding, and to disclose the
relationship between the function and flexibility of different regions in a protein, several
photophysical methods for monitoring intramolecular collisions in peptides have been
established. For this purpose, a probe and quencher are introduced at the two ends or in two
positions of a peptide,*® and the intramolecular collision rates are then extracted from the
kinetics of quenching of the excited probe, either a triplet state monitored by transient
absorption, or a fluorescent singlet state. All of these methods are based on an assumption that
the excited probe is quenched by the quencher through contact, which has been
experimentally established for the fluorescence-based method.” Any quenching that can occur
over a longer distance, including super electron transfer and fluorescence resonance energy
transfer (FRET), should therefore be avoided.® While the use of FRET as spectroscopic ruler®
to estimate average distances in static, large proteins is well-established, its application to
short flexible peptides as more dynamic systems has been less frequently explored.”'’ The
latter can be used to recover the end-to-end distribution function and diffusion coefficients of
the chain ends as additional key parameters.’

The short peptides, for which the end-to-end collision rates have been determined in
previous studies, have typical lengths between 2-20 amino acid residues, suggesting average
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end-to-end distance on the order of 10 A. In order to investigate such short peptides by FRET,
and thereby obtain complementary information on the dynamics, it is essential to design
FRET donor/acceptor pairs with Forster critical radii (R,) on the same order of magnitude,
i.e., 10 A.'"""* This is because the determination of distances by FRET is most accurate when
the donor/acceptor distance lies within a range of 0.5R,—2.0R,. This limitation restricts the
choice of donor/acceptor pairs dramatically, since in addition to a very low oscillator strength
of the acceptor, both donor and acceptor must ideally be small organic chromophores and in
addition, the acceptor should have no absorption at the excitation wavelength of the donor.

The previously investigated peptides were of the type Trp—backbone-DBO, where the
backbone represents the characteristic amino acid sequence and where DBO presents 2,3-
diazabicyclo[2.2.2]oct-2-ene, a fluorescent azo chromophore with an exceedingly long
lifetime, which is efficiently quenched intramolecularly by forming an intimate contact with
Trp to allow the accurate determination of the end-to-end collision rate constants between the
chain ends represented by the C-terminal probe (DBO) and the N-terminal quencher.*"*'*

We reckoned that the identical peptides, i.e., Trp—backbone-DBO could be employed as
FRET systems, by exciting Trp as donor and monitoring the singlet energy transfer to DBO as
acceptor. Luckily, it turned out further that the Forster critical radius for this pair is exactly
the 10 A required to apply FRET for reliable distance measurements in the identical set of
peptides, and therefore to allow an excellent and self-consistent comparison of experimental
data, namely the previously determined end-to-end collision rates. In a second step, it turned
out that substitution of Trp by the very closely related naphthylalanine (Nal) provides an
additional insight and some advantages due to the longer donor lifetime while preserving the
very short Forster critical radius at the same value.

The results of this FRET study are described in this paper for peptides of different chain

length, Nal-(Gly-Ser),-DBO and Trp—(Gly—Ser)n—DBO6 (n=0,1,2,4, 6 and 10, cf. Scheme



1), for which we expected substantial variations in the end-to-end distribution functions and
diffusion coefficients."
Experimental Section

Materials. All commercial materials were from Fluka or Aldrich. The DBO-labeled
peptides were commercially synthesized in > 95% purity (Affina, Berlin). Details on the
synthesis of the probe and its suitability in solid-phase peptide synthesis can be obtained from
our previous study.’

Fluorescence measurements. Fluorescence decays were recorded on a time-correlated
single photon counting (TCSPC) fluorometer (FLS920, Edinburgh Instruments, Edinburgh,
Scotland) by using a 1.5-ns pulse-width H, flash lamp or a Picoquant picosecond pulsed diode
laser (A, = 373 nm, ca. 50 ps pulse width) for excitation. The peptide concentrations were
adjusted to 10-100 uM, sufficiently low to exclude intermolecular interactions. Experiments
were carried out in D,O under air to keep the experimental conditions consistent with
previous study, where the end-to-end collision rates for peptides with the same backbone have
been measured.’ For each peptide, Nal-(Gly-Ser),-DBO, three independent fluorescence
decay traces were collected. Upon excitation of the naphthalene chromophore (A,, = 285 nm),
the temporal evolution of the fluorescence of both the donor (naphthalene A, = 335 nm) and
the acceptor (DBO A, = 450 nm) were monitored. In an independent set of experiments the
fluorescence decay of acceptor (DBO) was also measured for direct excitation (A, = 373nm).
To obtain the donor decay in the absence of FRET, a reference peptide, Nal-(Gly-Ser),, was
synthesized, in which only the donor moiety, naphthalene, is present, i.e., without acceptor.

Solid-phase fluorescence experiments were carried out in trehalose glass with 1 mM
naphthylalanine and 77 mM DBO. Trehalose glass was prepared by heating 5 g trehalose with
ca. 0.5 mL water to ~130 °C to obtain a viscous solution with dissolved naphthylalanine and
DBO, which was then quickly poured into a 1 cm cuvette and allowed to cool down to get a

transparent glassy matrix.



Absorption spectra were recorded on a Cary 4000 UV-Vis spectrometer (Varian) and
stead-state fluorescence spectra on a Cary Eclipse fluorometer (Varian)

Data analysis. There are two factors which affect the efficiency of FRET: (1) the end-to-
end distance distribution, i.e., the donor/acceptor distance, which is dependent on the
sequence and the length of the peptides, and (2) the conformational flexibility, since the
peptide chains undergo conformational changes during the excited state lifetime. The latter
leads to diffusional fluctuations of donor acceptor distance during the probe lifetime, which
enhances the FRET efficiency by a varying degree. In principle, the time-resolved decay of

the surviving excited donor sites is described by the following distribution function:'*'>'®

1 R\ - 10,0 . 1af,. 9
EgN(r,t) = _T—o(1+ (70) )gN(r,t) + DFErza—rgN(r,t)+D76—r(r2gN(r,t)5ﬁU(r))(l)

D is the mutual intramolecular end-to-end diffusion constant, which is the sum of the
individual diffusion coefficients of the two chain ends. B! is the product of the Boltzman

constant and temperature (8 = 1/kgT), and U(r) is the potential energy of the chain possessing
an end-to-end distance r. If the ground-state equilibrium distribution gN(r) is known, the

potential energy can be obtained according to Equation 2, assuming no perturbation of the

distribution function upon excitation of the donor.'*"’

pU(r)=—-Ingy(r) @)
Equation 1 can be used to calculate the survival probability density of an excited state at

distance r subject to the boundary condition

0 0
EgN(r,l)+gN(l’,t)5/3U(r) =0 3)

FRET experiments can in principle yield both, the end-to-end distance distribution and the
intrachain diffusion coefficient. However, since these parameters are tightly correlated, the
recovery of both distribution and diffusion coefficient from the donor fluorescence decay

becomes very difficult. According to Haas and coworkers this problem is overcome by global



analysis of both the donor and acceptor fluorescence decays and growth curves.” This
approach of “over-determination” has been adapted in this paper.
Results

Intramolecular energy transfer from naphthalene to DBO. In a pervious work, efficient
singlet-singlet energy transfer from naphthalene to DBO has been observed,' where
naphthalene and DBO were directly connected through a short dimethylsiloxy tether. The
experimental results (for n-hexane as solvent) suggested that the effective average end-to-end
distance between naphthalene and DBO is as short as 5.2 A, which means that naphthalene
and DBO come essentially in contact (orbital overlap) such that exchange energy transfer
mechanism was expected to be dominant. In the present set of experiments with peptides,
FRET was expected to become dominant due to the longer and more rigid tether and due to
the more viscous aqueous solution which both favor FRET over exchange- energy transfer
due to (1) a larger average end-to-end distances and (2) slower diffusion.

In order to corroborate the participation of FRET in the case of the Nal/DBO doubly
labeled peptides, a control experiment was performed, in which a host molecule,
cucurbit[7]uril (CB7), was added to solutions of Nal-(Gly-Ser),-DBO and Nal-(Gly-Ser)q,
respectively. It has been demonstrated that DBO can be included into the cavity of CB7 to
form a supramolecular host-guest complex, where CB7 can serve as a protective shield to
exclude the contact between DBO and naphthalene.””” Independent control experiment
revealed that naphthalene is also included into CB7. At the selected concentrations of peptide
(3.8 x 10 M) and CB7 (7.5 x 10™* M) less than 1% of peptide is uncomplexed, owing to the
high binding constants, (5 = 1) x 10* M™' for Nal*CB7 and (4 + 1) x 10° M for DBO*CB7.
The salient feature of this control experiment is that the complexed chromophores cannot
undergo exchange energy transfer due to the separation imposed by the supramolecular host,
but only FRET, which is free to operate through space. Indeed, under such conditions the

resonance energy transfer between naphthalene and DBO is still observed in both steady-state
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and time-resolved measurements. The emission spectrum of the doubly labeled peptide Nal-
(Gly-Ser),-DBO in the presence of CB7 is shown in Figure 4, where the emission of DBO
above 400 nm was observed with excitation of naphthalene at 285 nm. When time-resolved
measurements were performed, the fluorescence decay of the naphthalene residue in both
Nal-(Gly-Ser), and Nal-(Gly-Ser).-DBO could be roughly fitted with a monoexponential
decay function, lifetimes of 73 ns and 62 ns were observed. The significantly longer lifetime
than that of free naphthalene under the same condition without CB7 (37 ns) was also an
evidence that the naphthalene residue in both peptides has been efficiently protected by CB7
from the quenching of oxygen. However, the obviously shorter naphthalene lifetime in the
doubly labeled peptide Nal-(Gly-Ser),-DBO suggested that the excited naphthalene can still
be quenched by DBO even in the cavity of CB7. Recall that the inclusion of DBO by CB7 in
peptide Trp-(Gly-Ser),-DBO excludes completely the quenching by tryptophan (increasing
the lifetime of DBO from 20 ns to 1030 ns), where a contact quenching mechanism applies.’
This control experiment suggests that a close contact is not necessary for the quenching of
naphthalene by DBO and that a through-space electron or energy transfer process, which can
occur through the walls of the supramolecular cages, dominates at long distances. The
possibility of an electron transfer mechanism, however, has been excluded in a previous work
on the basis of the endergonic thermodynamics.'® The energy transfer efficiency for peptide
Nal-(Gly-Ser),-DBO in the presence of CB7, calculated from fluorescence lifetime, is 15.1%,
suggesting an effective distance of energy transfer of 13.1 A, which corresponds to the
average end-to-end distance of this peptide. This average end-to-end distance is a little longer
than the corresponding one in the absence of the CB7 (See Table 2 and 3), because that the
donor and acceptor are prevented to approach closer than the cucurbituril diameter when they
are included by CB7 (Scheme 2). Admittedly, this experiment does not provide compulsory
evidence that FRET dominates in the uncomplexed peptide as well, but it is an appealing
experiment to address the question by means of supramolecular technology.
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The quenching rate constants of naphthalene by DBO in the intermolecular case were also
measured in D,O (n = 1.1 cP), H,O (n = 0.89 cP) and acetonitrile (1 = 0.345 cP), which are
5.7 x10°M's™, 6.3 x 10° M's™", and 9.5 x 10° M™'s™" at 25°C, respectively, demonstrating
diffusion-controlled quenching.

Characterization of FRET donor/acceptor pair. The critical Forster radius (R,) for
resonance energy transfer from naphthalene to DBO in D,0 was calculated according to
Forster theory from the overlap (J) of the absorption spectrum of DBO and the fluorescence
emission spectrum of naphthalene. The R, value of the Nal/DBO energy donor/acceptor pair
inD,0is 9.8 +0.2 A (J =3.05 x 10" M"'cm”'nm®*). Note that the critical radius in H,O is the
same as in D,0O within error due to the very similar spectra, quantum yield (this work) and
refractive index.” Naphthalene has a fluorescence lifetime of 37 ns in both H,0 and D,O.
Peptide-attached naphthalene and DBO, Nal-(Gly-Ser), and (Gly-Ser),-DBO, were also
applied to measure R,. Results show that the attachment to peptides does not affect J and R,
values.

Alternatively, R, was obtained by measuring the fluorescence decay in the absence of
diffusion and energy migration among donor molecules, which can be described by Equations

4 and 5.”
I=1, exp[—t/t ~2(C, /C,, )t/T)! 2] 4)
C,, = 3000/27**NR; (5)
Here, 7 is the lifetime in the absence of quencher, C, is the concentration of the acceptor and
Ca 1s the critical acceptor concentration for energy transfer.
The pertinent measurements were done in solid trehalose, where diffusion could be
neglected.”? Additionally, the concentration of the acceptor DBO (77 mM) was controlled to

be much higher than that of the naphthylalanine donor (1 mM) such that the energy migration

between donor molecules (homo-FRET) could be neglected. Note that naphthylalanine was



used instead of naphthalene in the solid phase experiments because the preparation of the
solid sample needs enhanced temperatures, where naphthalene itself sublimes. The
fluorescence decay was recorded and then applied to Equations 4 and 5 to calculate R,. The
result is 9.4 = 0.4 A, consistent within error with the value calculated from the spectral
overlap. The slightly smaller value may come from the difference of the medium, e.g., a
larger refractive index in trehalose than in water.

Time-resolved fluorescence measurements. The time-resolved fluorescence decay of
naphthalene residue (A, = 335 nm) was recorded in the donor-only-labeled peptide and the
donor/acceptor doubly-labeled peptides by donor excitation (A,, = 285 nm) (representative
decay traces are shown in Figure 1). The decay trace of the donor-only-labeled peptide can be
fitted with a mono-exponential function with a lifetime of 36 ns, similar to the decay of free
naphthalene. However, a multi-exponential function is required in the case of the doubly-
labeled peptides due to the continuum of energy transfer rates. The fitting results are
summarized in Table 1; for simplicity and ease of comparison, “average” fluorescence
lifetimes are provided also for the multiexponential decays by a weighing procedure.
Expectedly, the average fluorescence lifetimes of the naphthalene donor residue are
consistently shorter than that of free naphthalene as a result of energy transfer. The lifetimes
increase with increasing peptide length, indicating a reduced FRET efficiency in the longer
peptides.

The time-resolved fluorescence decay traces of the DBO acceptor residue (A, = 450 nm)
was measured by exciting the naphthalene donor residue (A, = 285 nm, Figure 2) as well as
by directly exciting DBO (A,, = 373 nm). The direct excitation of the DBO acceptor residue
resulted in a monoexponential decay, with the lifetimes increase with peptide chain length as
well, from 135 ns for Nal-DBO to 270 ns for Nal-(Gly-Ser),,-DBO. These lifetimes fall
shorter than the fluorescence lifetimes of the DBO-only-labeled peptide (e.g., 403 ns for (Gly-

Ser).-DBO) as a consequence of some intramolecular exciplex-induced quenching of the

10



excited DBO by the ground-state naphthalene residue; this quenching channel becomes less
efficient as the distance between probe and quencher increases. The fluorescence response of
the DBO acceptor residue upon excitation of naphthalene as donor is characterized by a rapid
growth and slower decay, which can be understood in terms of the initial population of the
excited DBO by FRET and its subsequent deactivation. The time constant characterizing the
decay component found for DBO populated by FRET was identical, within error, to the time
constant measured upon direct excitation. This is not necessarily expected since the FRET
experiment populates a subpopulation of peptide conformations in which the DBO and
naphthalene chromophores are within distances and geometries suitable for FRET, while the
direct excitation samples the conformational ensemble average.

End-to-end distance distribution and intramolecular diffusion coefficient. The time-
resolved fluorescence data for each peptide were analyzed according to Equation 1 by
employing the Globals software package (Experimental section).” The mean end-to-end
distance and the intramolecular diffusion coefficient were calculated for all peptides. The
results are summarized in Table 2.

Firstly, the fluorescence data were directly employed in fitting. The representative end-to-
end distance distributions recovered from direct global analysis are shown in Figure 3. From
the parameters in Table 2 we can see that the mean end-to-end distance is significantly shorter
than the contour length (sum of length of the individual segments), and increases only slowly
with increasing backbone length. For example, while the contour length increases from 22.8
A for Nal-(Gly-Ser),-DBO to 53.2 A for Nal-(Gly-Ser),-DBO the extracted mean end-to-end
distances increase merely from 7.96 A to 10.91 A. This suggests that the Gly-Ser peptide
chains are highly flexible and form more random-coil-type than extended conformations. On
the other hand, the obtained intramolecular diffusion coefficients are all on the order of 10~
cm’/s and increase with chain length for the shorter peptides (N < 10) to reach an upper limit
for the longer ones (N = 10).
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Due to the high correlation of the parameters the errors remained large even in the over-
determined global analysis, which required a model-assisted data analysis to better expose the

salient features of the trends of the diffusion coefficients. For this purpose, we calculated a set

of approximate root mean square end-to-end distances as <R2> = LI, where L is the contour

length and [ is the Kuhn length of Gly-Ser peptides, both obtained by assuming a length of

one peptide unit as 3.8 A.” It was found that the calculated means (R,,,,) are close to the

fitted ones but change in a more systematic way. Re-analysis of the kinetic data by

constraining the R values provided an improved set of distributions and diffusion

mean

coefficients. The recovered intramolecular diffusion coefficients were also found to lie in the

range of 10”7cm?/s to 10°cm?/s, which are in the same order of magnitude as values for

5,24 5

similar peptides obtained experimentally>** and theoretically,” and one to two orders of
magnitude slower than those of free amino acids.” For the available values (N < 10), the
coefficients increase with contour length.

Energy transfer efficiency. Average energy transfer efficiency in the system can be

calculated through time-resolved or steady—state fluorescence measurements according to the

following equations:

Dy =1- i (6a)
IO

O, =1-" (6b)
Ty

I and [, as well as T and 7, are the fluorescence intensity and average lifetime of the donor
residue in the presence and absence of the acceptor residue, respectively. Equation 6b is only
valid if the fluorescence decay can be fitted monoexponentially. This is not the case for the
present FRET systems, such that the fluorescence intensity was preferred in the calculation of

the energy transfer efficiency.
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Figure 4 shows the fluorescence emission spectra (donor excitation) of the doubly-labeled
peptides with different contour lengths and the naphthalene donor-only-labeled peptide. In the
absence of the DBO acceptor, a strong emission of the naphthalene donor was observed from
300—400 nm. In the Nal/DBO doubly-labeled peptides, the emission of naphthalene was
significantly reduced and the typical emission of DBO appeared at longer wavelength as a
consequence of singlet-singlet energy transfer. With increasing peptide length, the intensity of
naphthalene fluorescence recovers again partially as a result of a reduced energy transfer
efficiency. As a peculiarity, it has to be noted that the DBO fluorescence intensity remains
surprisingly constant regardless of the large variations in donor fluorescence; this is due to the
delicate balance of two factors since the shorter peptides show more efficient energy transfer,
but also shorter DBO fluorescence lifetimes due to more efficient intramolecular quenching
of the excited acceptor by the ground state donor.

The steady-state fluorescence results are summarized in Table 3. The average energy
transfer efficiency calculated according to the changes of naphthalene emission is strongly
dependent on the contour length of the peptides. It decreases from 94% for the shortest Nal-
DBO peptide to 60% of the longest one, Nal-(Gly-Ser),,-DBO. There are two parameters that
can principally reduce the energy transfer efficiency: longer average distances or slower
conformational fluctuation rates. The recovered intramolecular diffusion coefficients actually
increase for the longer peptides, which demonstrates that the reduced energy transfer

efficiency derives from a larger end-to-end distance in the longer peptides.

The effective average end-to-end distance at which energy transfer occurs, R',.,,, can be
calculated from the energy transfer efficiency according to Equation 7.
6
ET = 6 &, 6 (7
RO + R'mean

In case that the conformations of the peptides are fixed, i.e, no fluctuations occur during the

lifetime of excited donor, R'__.. will be equal to the equilibrium average end-to-end distances
q q g

mean
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(Rean)> returned from the global analysis. However, in the case of Gly-Ser peptides, the high

mean.

flexibility of the backbone facilitates rapid conformational changes, such that the R'..,, values

mean

reflects the average distances at which energy transfer occurs, which will be naturally shorter

than the equilibrium average end-to-end distance, R as a consequence of the vastly more

mean?®

efficient transfer rates at shorter distance (R° dependence). Additionally, the difference

between R', .., and R, should be larger for the longer peptides because the reduced energy

mean mean

transfer efficiency in the longer peptides results in a longer lifetime of the donor residue,
which makes it possible that even peptides with remote donor/acceptor separation have
sufficient time for diffusion to explore conformations with suitable energy transfer distanced.

The R',..., values obtained from steady-state measurements in Table 3 with the R, values

mean mean

recovered by global analysis in Table 2 are generally consistent with the above expectations:

for the shorter peptides, the R’ ,, value are quite similar to R, due to the high energy

mean mean

transfer efficiency, but with increasing contour length, the R ,, values become significantly

mean

larger than the corresponding R' values. However it is also noticed that the assumed R
g p g

mean mean

value for the shortest Nal-DBO peptide, 5.4 A, is shorter than the calculated R',.,, value, 6.2

A. This suggested that the model used for predicting the root mean square end-to-end distance
has some shortcoming for the very short chain with only two peptide bonds. In fact, both
numerical simulations,"” molecular dynamics simulations,”’ as well as end-to-end collision
rate measurements’ have demonstrated that the very short peptide is an outlier due to its
apparently higher rigidity, which is now also borne out by a higher-than-expected effective
average distance of energy transfer, again suggesting a more extended conformation.

FRET from tryptophan donor to DBO acceptor residue. The fluorescence and triplet-
triplet absorption of tryptophan has been intensively employed to study the structural and
dynamic properties of protein and peptides.”*”’ The emission of tryptophan in water is very
broad with a maximum at 350 nm. The large overlap with the absorption of DBO makes

FRET possible. The critical radius, R, for the Trp/DBO energy donor/acceptor pair was also
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calculated from the spectra overlap (J = 3.97 x 10" M"'cm'nm®, being the same for peptide-
linked tryptophan and DBO, Trp-(GlySer), and (GlySer),-DBO), and a value of 9.9 £ 0.2 A,
virtually the same as for the Nal/DBO pair, which allows one to conduct closely related
experiment.

In this paper, we also employed the steady-state fluorescence intensity of tryptophan
(donor) to calculate the energy transfer efficiency and the effective average end-to-end
distance. The chemical structure of Nal and Trp is very similar (Scheme 1); it is therefore a
very good approximation that the structural and dynamic properties of these two series of
peptides such as the equilibrium end-to-end distance distribution and the intramolecular
diffusion coefficient are very similar. There is, however, an important photophysical
difference between the two probes, which should have a direct and predictable effect on the
energy transfer efficiencies. Namely, the fluorescence lifetime of Trp is shorter than that of
Nal by one full order of magnitude, which limits the probability that FRET is induced through
diffusional fluctuation and conformational changes, but favor a static energy transfer. In other
words, the contribution of the diffusion-enhanced FRET, and therefore the overall FRET
efficiency is reduced in the Trp-based peptides (Table 3). An additional manifestation of this

notion is that the Trp peptides should give rise to systematically larger R',..,, value (closer to

mean

the equilibrium R, ,,), which is supported by the experimental data in Table 3.

Participation of intermolecular energy transfer. It should be noted that the global
analysis is based on the assumption that the FRET process only occurs between naphthalene
and DBO attached in the same peptide, i.e., that the change of the fluorescent property of the
naphthalene residue is only caused by an intramolecular energy transfer process. To exclude
intermolecular energy transfer or other quenching processes, control experiments were
performed. For this purpose, the donor—only labeled peptide, 100 uM Nal-(Gly-Ser), D,O

solution was excited at 285 nm. The emission spectrum between 290-550 nm showed a

typical naphthalene fluorescent peak at 335 nm. After the addition of the acceptor-only
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labeled peptide, 100 uM (Gly-Ser),-DBO, 285-nm excitation did not lead to DBO emission.
Additionally, time-resolved measurement demonstrated that before and after addition of
acceptor-only labeled peptide, the lifetime of naphthalene in the donor-only peptide remained
unchanged, indicating the absence of quenching. These control experiments suggested that at
100 uM, the upper limit of peptide concentration applied in the fluorescence measurements in
this paper, no intermolecular energy transfer happens, i.e., any FRET observed in the doubly-
labeled peptides must occur intramolecularly.

In addition, this experiment provides conclusive evidence that association between the
peptides does not occur at typical experimental concentrations, since aggregation would
situate probe and quencher in sufficiently close proximity to allow FRET. In addition,
aggregation should be further disfavored by the lower concentration employed in most
experiments.

Discussion

FRET is widely employed, besides its application in supramolecular photonic devices,” to
measure molecular conformational changes and probe-quencher distances, mostly
intramolecularly in biopolymers.”'**>** One of the key problems in the application of FRET is
the selection of suitable donor/acceptor pairs with the appropriate Forster critical radii, which
is due to the very strong distance dependence of the energy transfer rate and therefore transfer
efficiency (Figure 5).

Note that most conventional FRET probe/quencher pairs have critical radii ranging from
20-100 A.* The resonance energy donor/acceptor pairs employed in this paper, Trp/DBO and
Nal/DBO, have similar, very small critical radii of 9.9 A and 9.8 A respectively, and should
therefore be suitable to probe chromophore separations at such short distances. Since FRET
measurements are most sensitive in the range where the distance between probe and quencher
lies between 0.5 R, and 2 R, the present probe/quencher pairs should excel when

probe/quencher separation between 5-20 A are to be investigated. For average energy transfer
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distance below 5 A energy transfer would be too fast and efficient (> 98%, kg, > 64k,), while
above 20 A it is too inefficient (< 2%, kg > 1/64k,), compare Figure 5. The average end-to-
end distances in the short flexible Gly-Ser peptides studied in this work range from a few
angstrom to less than 20 A, and are are therefore ideally suited for the present FRET pairs.

An additional motivation for using donors and acceptors with small molecular size as well
as small Forster critical radii comes from theoretical work and molecular dynamic
simulations. These have shown that the survival probability of energy donor/acceptor pairs in
doubly-labeled polymer chains can be most accurately recovered from the approximate
theories, such as WF theory or the SSS model, if the Forster critical radius and chormophore
sizes are smaller or similar to the chain length.'"'* Evidently, this theoretical condition cannot
be fulfilled by most established FRET donor/acceptor pairs when the end-to-end distances
become very short. In comparison, the energy donors used in the present work (tryptophan or
naphthalene) and in particular the acceptor (DBO) are very small compared with conventional
fluorescent probes.” This specific advantage together with the small Forster critical radius
around 10 A make it possible to recover the structural and dynamic properties of short
peptides from the fluorescence decays, based on the modified Smoluchowski equation and
global analysis.*

Singlet-singlet energy transfer may occur through an exchange (Dexter) or a resonance
(FRET) mechanism, or both."**" Transfer due to exchange interaction become more
important at very small donor/acceptor separation, while FRET dominates at longer distance.
In our previous work, where naphthalene and DBO were separated by a dimethylsiloxy tether
and measured in n-hexane, energy transfer from naphthalene to DBO was considered to occur
mainly through Dexter mechanism due to the very short and flexible tether and very lower
solvent viscosity.' In the current work on a more rigid peptide chain and more viscous

solvent, we expect FRET to become dominant. Actually, the ratio of energy transfer through
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Dexter and FRET can be estimated roughly. At the rapid-diffusion limit of fluorescence
resonance energy transfer, the upper limit of energy transfer rate can be estimated by eq. 8.****

2.523R?¢
kFRET =" (8)

T,r
T, 1s the lifetime (in s) of the donor in the absence of the energy transfer and r is the distance
of closest approach of the donor and acceptor (in nm), which is taken as 0.4 from the reaction
distance for Trp/DBO.”” The calculated FRET rate constant is found to be 1.1 x 10° M's™",
much smaller than the experimental intermolecular quenching rate constant of naphthalene by
DBO (ca. 6 x 10° M™'s™" in water, see Results), indicating that a Dexter mechanism dominates
in the intermolecular case with less than 20% of energy transfer through FRET. However, this
does not mean that Dexter is also dominant in the case of intramolecular energy transfer,
which is due to a slower intramolecular diffusion, which puts the exchange mechanism at a
disadvantage since it requires a close donor/acceptor approach. Both current work and
previous work have shown that intramolecular diffusion coefficients fall at least one order of

magnitude below the respective intermolecular ones,

which suggests the energy transfer
rate by Dexter will decrease by at least 10 times in the intramolecular case. On the other hand,
the intrinsic distance dependence of the energy transfer rates by FRET remains almost
unchanged. It is therefore reasonable to assume that FRET becomes dominant in the peptides
investigated.

Experimentally, time-resolved fluorescence decay traces of donor and acceptor were
recorded for each peptide in the presence and absence of FRET. The fluorescence decay
traces of naphthalene in the presence of FRET cannot be satisfactorily fitted
monoexponentially. Nevertheless, a biexponential fit is sufficient to describe the decay traces
and even in this case the contribution of the longer-lived component is small (< 10%). It is

possible to define an “average” lifetime (Table 1) and employ it to calculated an apparent

intramolecular quenching rate constant by energy transfer, which can be compared with the
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end-to-end collision rate constants previously determined for the same Gly-Ser peptide
backbone (k, values in Table 1).% The results entered in Table 1 as ker values and plotted in
Figure 6 as the logarithmic rate constants versus loglN, with N taken as number of peptide
units. Such plots are common in polymer and biopolymer kinetics*® in order to evaluate
deviations from ideal-chain behavior. As can be seen, the apparent quenching rate constants
from FRET fall far above the end-to-end collision rates, which suggests that the quenching of
the donor by the acceptor does not occur through a well-defined and intimate contact, but
through a longer-range interaction characteristic for FRET. In addition, the inversion at very
short donor/acceptor, which is found for the end-to-end collision rates disappears, although a
negative curvature remains, which reflects steric hindrance effects prominent in very short
chain. This discriminating feature also points to a quenching mechanism with looser
geometrical constraints, namely FRET, which depends primarily on the distance.

The fluorescence decay traces were accordingly subjected to global analysis according to
the pertinent FRET model (eq. 1). This analysis yielded the equilibrium end-to-end distance
distributions (for example see Figure 3) and the intrachain diffusion coefficient (Table 2). The
recovered intramolecular diffusion coefficients lie in the reasonable range of 10 cm*/s, at
least one order of magnitude smaller than the diffusion of free amino acid molecules (ca.
10~ cm*/s in H,0).” Most importantly, a decrease of the diffusion constants for the shorter
peptides is observed. In a previous study,"” we have numerically simulated the dynamics of
the short Gly-Ser peptides and suggested that a slower diffusion coefficient of shorter
peptides would be the underlying reason for the negative curvature and the weaker length-
dependent end-to-end collision rates (Figure 6) compared with theoretical prediction for the
ideal chain model. The results in the present paper now verify this suggestion experimentally.
The lower diffusion coefficients in the shorter peptides can be most intuitively in terms of
steric hindrance effects, since a short backbone restricts motion of the chain ends more than a
longer one does. In addition, the lower diffusion coefficients can be interpreted in terms of a
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higher “internal friction”, which is yet another conceptual approach to chain stiffness in
polymers and biopolymers.'**

The time-resolved fluorescence measurements in the Trp/DBO doubly-labeled peptides,
which are exactly those for which the end-to-end collision rates have been measured, were
less conclusive and not amenable for more detailed global analysis. This is because the time-
resolved fluorescence decay of tryptophan is complex and non-monoexponential even in the
absence of acceptors. Even free tryptophan shows a bi-exponential trace in neutral aqueous
solution. In Trp/DBO-labeled peptides, the decay pattern becomes more complex. As a
second complication, the very broad emission of tryptophan overlaps with that of DBO,
which would require a ratiometeric method to discriminate the fluorescence of the DBO
acceptor upon excitation of tryptophan as donor. Nevertheless, the integrated energy transfer
efficiency can be determined from steady-state fluorescence measurements, which allows at
least estimates of the effective average end-to-end distances.

The directly observable properties of fluorescent labeled biopolymer chain, such as the
end-to-end collision rates and the intramolecular energy transfer efficiency in peptides and
oligonucleotides, are dependent on two factors: the equilibrium end-to-end distance
distribution and the flexibility of the backbone. The Trp/DBO probe/quencher pair has been
proven to provide a measure of the end-to-end collision rates in peptides, where DBO serves
as a long-lived probe and Trp as a selectively collision-induced quencher.*”"” By changing the
role of tryptophan from the contact quencher to that of an energy donor with DBO acting as
acceptor, or by exchanging tryptophan by the closely related naphthalene as donor, it is now
possible to obtain approximate distributions. The results are shown for naphthalene in Figure
3, obtained by global analysis. The data for tryptophan allow a more direct estimate on the
average end-to-end distances and therefore distributions because the singletlifetime of
tryptophan is very short (< 3 ns), such that the Brownian motion during its excited state
lifetime cannot result in a large displacement, especially because of the relatively small
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diffusion coefficients of the chain ends. The effective average energy transfer distance, R'..,.,

recovered from the Trp/DBO FRET system should therefore fall only slightly below the

actual average distance under equilibrium conditions, R In a first approximation, the

average energy transfer distances obtained from (steady-state) FRET in Trp/DBO peptides
can be taken as measure of the average end-to-end distance. This approximation should hold
particularly well for rigid peptides or in very viscous media where the motion of the chain on
a 3-ns time scale can be neglected.' Even in the case of the presently investigated flexible
Gly-Ser peptides, the agreement between the energy transfer distance obtained from Trp/DBO
FRET (Table 3) are in satisfactory agreement with the experimental values by global fitting of
the Nal/DBO FRET data, as well as the theoretical values for an ideal chain model (Table 2).
Conclusions

Two energy donor/acceptor pairs (naphthalene/DBO and tryptophan/DBO) with very small
Forster radius (R, ~10 A) have been applied to recover structural and dynamic properties of
short flexible peptides through intramolecular FRET. These donor/acceptor pairs with very
small critical radius have proven very suitable for investigating these very short biopolymers.
In addition, FRET efficiencies in the tryptophan/DBO donor/acceptor pair allowed direct
estimates the average end-to-end distance of peptides, which is made possible by the short
fluorescence lifetime of tryptophan. Global analysis of the time-resolved fluorescence decay
traces and end-to-end distances obtained from the ideal chain model were also employed to
improve the accuracy of the results. The results confirmed that the intramolecular diffusion
coefficients are one to two orders of magnitude smaller than the intermolecular diffusion

coefficients. The smallest diffusion coefficients were observed in the shorter peptides, in line

with previous numerical simulations result.
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Captions for schemes and figures

Scheme 1. Structure of doubly labeled peptides: a) Nal/DBO labeled peptides, Nal-(Gly-
Ser),-DBO and b) Trp/DBO labeled peptides, Trp-(Gly-Ser),-DBO.

Scheme 2. Structure of CB7 combined peptides Nal-(Gly-Ser),-DBO.

Figure 1. Time-resolved fluorescence decay of naphthalene donor in doubly labeled peptides
a) Nal-DBO, b) Nal-(Gly-Ser),-DBO, c) Nal-(Gly-Ser),-DBO, d) Nal-(Gly-Ser),,-DBO, and
in the donor-only peptide e) Nal-(Gly-Ser),. A, = 285nm, A, = 335nm.

Figure 2. Time-resolved fluorescence decay of DBO acceptor in doubly labeled peptides a)
Nal-DBO, b) Nal-(Gly-Ser),-DBO, c) Nal-(Gly-Ser),-DBO, and d) Nal-(Gly-Ser),,-DBO. A_,
=285nm, A, = 450nm.

Figure 3. Representative end-to-end distance distribution in Nal/DBO doubly labeled
peptides recovered from direct global analysis: Nal-DBO (—), Nal-(Gly-Ser),-DBO (----),
and Nal-(Gly-Ser),-DBO (— - — - — ).

Figure 4. Fluorescence emission spectra of doubly labeled peptides Nal-(Gly-Ser),-DBO
(solid line, from lower to the upper ones, n = 0, 1, 2, 4, 6, and 10, respectively) and
naphthalene donor-only peptide (dashed line, Nal-(Gly-Ser),), as well as the emission
spectrum of peptide Nal-(Gly-Ser),-DBO (3.8 x 10~ M) in the presence of CB7 (7.5 x 107
M) (dotted line). A, = 285 nm.

Figure 5. FRET efficiency dependent on the donor/acceptor distance.

Figure 6. Double logarithmic plot of kg (open cycle) and k, (solid cycle) versus peptide
length (data taken from Table 1). A function of the type y = a —1.5x — b/x was fitted to the
experimental data (a = 9.37, b = 0.392 for data obtained from collision-based experiments,6
and a = 9.57, b = 0.229 for data obtained from experiments based on singlet-singlet energy
transfer from current work). The dash-dot-dash line has a slope of —1.5 and is shown to

illustrate the deviation from the theoretical behavior.
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Table 1. Parameters of naphthalene fluorescence lifetimes in donor-only-labeled and

donor/acceptor doubly-labeled peptides”

. (o) <T> quT kq
tid N

pep 1de (nS)b )CZ (nS)C (107s—l)d (1078—1)6

Nal-(G-S), 35.5(1.000) 1.01 35.5

Nal-DBO 2 3.1(0.975), 1.28 3.7 24 4.1
25.8(0.025)

Nal-G-S-DBO 4 3.5(0.966), 1.36 4.1 22 6.8
22.6(0.034)

Nal-(G-S),-DBO 6 5.0(0.961), 1.09 6.2 13 49
35.4(0.039)

Nal-(G-S),-DBO 10 8.3(0.920), 1.09 10.5 6.7 3.1
36.0(0.080)

Nal-(G-S),-DBO 14 10.8(0.978), 1.11 11.4 59 2.0
36.4(0.022)

Nal-(G-S),,-DBO 22 18.2(0.904), 1.12 20.7 2.0 1.1
45.0(0.095)

“ A =285nmand A, =335 nm.

’ Recovered lifetimes (7;) and preexponential factors (o, normalized) of single or double
exponential fits to time-resolved fluorescence decay of naphthalene residue in different
peptides.

‘ Lifetime averages (Eairi) for multi-exponential fits.**

¢ Apparent quenching rate constants of naphthalene by DBO, calculated from the average
lifetime of naphthalene in Nal-(Gly-Ser),-DBO peptides.

¢ Collision-controlled intrachian quenching rate constants of DBO by tryptophan, taken from

Ref. 6.
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Table 2. Distance distribution and diffusion coefficient recovered from global analysis for

Nal-(GlySer),-DBO peptides.

direct global analysis

model-assistant analysis

L Rmean D Rmean D
n N 2 2
A" A’ (107cmYs) (M) (107cm?s)
0 2 7.6 6.14 2.67 112 54 0.78 1.42
1 4 152 6.26 2.76 1.09 7.6 5.44 1.10
2 6 228 7.96 4.03 113 93 11.69 1.14
4 10 380 10.39 5.66 111 120 14.73 1.12
6 14 532 1091 491 1.08 142 79.0 1.10
10 22 836 1476 4.47 1.16 17.8 4.2 1.16

“ Contour length, L = N I, where N is the number of intervening peptide units and 1 is the

length per unit (Kuhn length), taken as 3.8 A.

b Experimental average end-to-end distance obtained by FRET measurements and direct

global analysis.

“ Root mean square end-to-end distance of each peptide calculated from the relationship

R =h/N.
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Table 3. Energy transfer efficiency and effective end-to-end distance in peptides Donor-(Gly-

Ser),-DBO with naphthalene and tryptophan serve as energy donor.

Donor = naphthalene

Donor = tryptophan

n N Dpr R pean (A) Dpr R pean (A)
0 2 0.94 6.2 0.94 6.4
1 4 0.92 6.5 0.86 8.6
2 6 0.87 7.1 0.79 9.5
4 10 0.73 8.3 0.68 10.7
6 14 0.70 8.5 0.65 11.3
10 22 0.61 9.1 0.58 11.0
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