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1. Introduction

1.1. Proteins in biology

Proteins constitute the major class of macromolecules in living organisms and play an
essential role in nearly every biological process. Their function is very diverse
including signal processing and transduction, mechanical support of cells, catalysis of
specific chemical reactions as well as transport and storage of nutrients and
metabolites. Proteins are linear polymer chains made up of twenty different o-L-
amino acids connected by amide linkages. The amino acid sequence of a protein is
determined by the sequence of nucleic acids in the encoding gene, which is translated
at the ribosome during protein biosynthesis. In higher organisms, proteins are often
modified after synthesis by the attachment of sugars, lipids or other chemical groups.
Under physiological conditions most naturally occurring proteins adopt a specific
three-dimensional structure (native conformation), which is usually an absolute
prerequisite for proper function. The transition from an unstructured polypeptide
chain to a highly ordered molecule with a well-defined three-dimensional structure is
referred to as protein folding. Proteins that do not fold properly and form aggregates
were found to be the cause for several diseases including the Alzheimer disease, the
Huntington disease and prion diseases like Creutzfeldt-Jacob disease, Scrapie and

Bovine Spongiforme Encephalopathy.

The linear amino acid sequence of a polypeptide chain includes the entire information
for the chain to fold to its native three-dimensional structure in solution." This allows
the study of the protein folding process in vitro in the absence of the cellular
environment. The question of how the linear amino acid sequence is able to find its
native structure is a central question in biophysics. A final goal is to predict the native
structure from the linear amino acid sequence what would allow the design of proteins

with new structures and properties.



1.2. Protein folding

Starting from a large ensemble of unstructured conformations termed the unfolded or
denatured state (U), the polypeptide chain has to search for energetically favorable
interactions to form secondary structured elements like loops, helices or B-sheets. In
the native state (N) secondary elements are arranged in a clear defined three-
dimensional structure (tertiary structure). The unfolded and folded states of a protein
are in equilibrium, thus folding and unfolding reactions occur constantly in a protein

population.

1.2.1 Protein stability

Folding of many small proteins can be described as a two-state process with no

partially folded intermediates populated to a significant amount.

U—=N (1)

Here, k¢ and k, are the rate constants for folding and unfolding, respectively. Taking
the unfolded state as a reference the stability of the native protein can be expressed by

the difference in free energy AG® between the folded and the unfolded state according

to

[N, K

AG’=-RTInK, with K, =—%=-—" (2)
q q [U] k

eq u

K¢q 1s the equilibrium constant and [N]eq and [U]eq are the concentrations of native
and unfolded molecules in equilibrium. The stability of a protein is usually small with

a free energy for folding (AG®) in the range of -10 to -40 kJ/mol. The small stability is

the result of several large, but compensating, contributions. Upon folding
intramolecular van-der-Waals interactions, H-bonds and salt bridges are established,
which is energetically favorable. On the other hand the protein looses interactions,
mainly hydrogen bonds with the solvent, which is energetically destabilizing. Similar
compensating effects are observed for the reaction entropy. The native state is
destabilized by a decrease in chain entropy while it is stabilized by an increase in

entropy due to the release of water molecules that were bound to the unfolded chain.



The native state was supposed to be the thermodynamic most stable state on the
energy landscape. But today several cases are known where this assumption is not
true. Examples are proteins that are natively unstructured and only fold in the
presence of their binding partner (DNA or another protein) and misfolded proteins

involved in prion diseases.

The equilibrium between the native and the unfolded state can be shifted by a change
in external conditions. The Gibbs fundamental equation (Equation 3) shows that the
equilibrium can be perturbed by pressure, temperature or changes in chemical
potential, e.g. upon addition of chemical denaturants like urea or guanidinium

hydrochloride (GdmCI).

dAG® = AV'dp — AS°dT + ¥ Au’dn, 3)

AV, AS” and Ap,® are the changes in volume, entropy and chemical potential upon

folding. Including the effect of a denaturant on protein folding, equation 3 can be

written as

dAG’ = AVdp — AS°dT + md[ D] 4)

The m-value describes the experimentally observed linear change in stability upon
addition of a denaturant’ and was found to correlate well with the change in
accessible surface area (ASA) between the native and the unfolded state.’
Experimentally, protein stability is usually determined in an unfolding transition
induced by increasing the temperature or by the addition of denaturants. Some
proteins can also be denatured by a change in pH due to repulsion of equally charged
amino acids and the loss of salt bridges in very acidic or basic conditions. A good
indication for a two-state system is given if equilibrium transitions studied by
experimental probes that measure different properties of the polypeptide chain

superimpose each other.



1.2.2 Intermediates and barriers in protein folding

It is a major unsolved question in biophysics how a protein finds its native state.
Insight into the folding process is given by kinetic studies: How fast does a protein
fold? What is the folding mechanism? Does folding occur in a concerted reaction or
are there intermediates? What are the properties of the free energy landscape for
protein folding and dynamics? Are there side reactions like aggregation? The time a
protein would need to find its native state by randomly sampling all possible
conformations is astronomically large.** Experimental studies showed that folding
times of small proteins range from microseconds to seconds,’ a contradiction that is
known as the Levinthal’s paradox. In different theories obligatory intermediates are
suggested to guide proteins along defined reaction pathways and by this speed up the
folding process.”® In hierarchical models, like the framework model or the diffusion-
collision model, local interactions guide folding by formation of secondary structure

715 The nucleation-

and subsequent stabilization by long range interactions.
condensation model proposes the early rate-limiting formation of a folding nucleus
followed by condensation of structure around this nucleus.'® In contrast, the picture of

fast folding due to a funnel-like energy landscape'”'®

with a small energy bias
towards the native state' describes intermediates as non-productive kinetic traps.
Experimental studies on many proteins revealed transient population of intermediates,
which favored hierarchical folding. Because of their transient nature, intermediates
are difficult to observe and to characterize. However, under certain conditions these
partially folded states can be populated and studied experimentally. Nevertheless,
several small single domain proteins were found to fold and unfold without
population of kinetic or thermodynamic intermediates (Figure 1A).%***' Recent
results on apparent two-state folders suggested the presence of high-energy
intermediates, which are obligatory for fast folding (Figure 1B).”** These

intermediates are higher in energy than the unfolded and the native state and do not

become populated to detectable amounts during folding/unfolding or in equilibrium.

The folding process can be described by a potential energy curve as shown in
figure 1A for a two-state folding reaction. The native state (N) and the unfolded state

(U) are separated by the transition state (TS or f). The folding kinetics is determined

by the rate constants for folding and unfolding, 4r and k. AG‘f)ffl is the activation free



energy for the folding and unfolding reaction, respectively. Figure 1B shows the
potential energy curve for an apparent two-sate folder going through a high-energy

intermediate (I) during folding and unfolding.

Figure 1A4: The free energy surface for a
two-state folding reaction is shown as
the free energy G of the reaction as a
function of a certain reaction coordinate,

which describes the progression of the

free energy G°

folding reaction followed by a certain

experimental observable.

Figure 1B: The free energy surface for
an apparent two-state folder going
through a high-energy intermediate [

during folding/unfolding.

free energy G°
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Due to the existence of free energy barriers, transition state theory (TST) of Eyring®*
was applied to protein folding reactions. This results in a reaction rate constant that is

determined only by a pre-exponential factor ky and the height of the barrier AG™

0%

k =k, exp(

) )

The pre-exponential factor ky represents the maximum rate constant in the absence of

any barrier and is specific for each reaction. In classical TST, ko is given by

ky = (6)



where / is the Planck constant. This reflects the maximum reaction rate constants for
elementary reactions in organic chemistry where covalent bonds are formed and

broken. At room temperature this corresponds to 6:10' s

, which reflects the
vibration frequency of a covalent bond. This is not an appropriate description for
folding reactions. Alternatively, in Kramer’s theory” the solvent collision rate is
faster than barrier crossing and thus the movement over the energy barrier is driven
by temperature dependent Brownian motion. Coupling to solvent motion is introduced
by a friction coefficient y that enters the pre-exponential factor and the rate constant

for folding becomes

—AG"
k= gexp( G
Y RT

) (7

The maximum rate constant depends on the friction coefficient and on a constant C,
which is specific for each reaction. Under the assumption that friction is proportional
to the solvent viscosity 1 this leads to an inverse dependence of the reaction on 7.

Equation 7 was shown to be valid for many reactions proceeding in aqueous solution.

In analogy to equation 4, Gibbs fundamental equation applied to transition state

properties is given by
dAG" = AVdp — AS"dT + m'd[ D] ®)

A change in pressure gives information about the volume of the transition state,*

20,2729
’ and

variation of the temperature about its entropy, enthalpy and heat capacity
variation of the denaturant concentration about its solvent accessible surface area. The

change in activation free energy (AAGOi) relative to the change in reaction free energy

(AAG") with respect to a perturbation (dx) is a measure for the position of the

transition state on the reaction coordinate probed by dx *°

_ 9AG* /ox

=T % 9
% T MG T ax ©)



If or = 1 the change in AG® is already completely observed in the transition state
(0AG" / ox = 0AG}" / ox ) what indicates that the transition state resembles the native
state with respect to the property tested (Figure 2A). If o = 0 the change in AG” can

be entirely attributed to 0AG.* / 0x, indicating that the transition state resembles the

unfolded state with respect to the property tested (Figure 2B).

(A) (B)

GO
GO

1/ AAG® = AAG,
N

- - > - -
reaction coordinate reaction coordinate

Figure 2: Effect of a perturbation Ox on a protein folding reaction where A: the

transition state resembles the native state (o, = 1) or B: the transition state

resembles the unfolded state (o, = () with respect to the properties tested.

Extending this concept to structural perturbations, achieved by amino acid mutations,
allows to determine to what extend individual side chain interactions are already

formed in the transition state (¢-value analysis).”!

1.3 Early steps in protein folding

During protein folding the unstructured chain has to search for energetically favorable
side-chain and backbone interactions to find its native structure. Thus, formation of
site-specific interactions in a polypeptide chain is the first basic step during protein
folding and sets an upper limit for protein folding rate constants. The maximum rate
at which two points in a polymer chain can make contact is determined by intrachain
diffusion. These early steps in protein folding correspond to a polymer problem,
which depends on structural and dynamic properties of an unfolded polypeptide

chain. To understand structural properties and chain dynamics in the unfolded state it



is convenient to use simplified polymer chain models for unfolded polypeptide

chains.

1.3.1 Polymer chain models

In a simplified view, unstructured polypeptide chains can be described as random coil
polymers, which can adopt a huge number of different conformations with no specific
interactions between individual residues. Such an ideal polymer with n bonds of
length / can be explained as freely jointed chain with an average end-to-end distance

of

<r’>=nl’ (10)

This chain model fails to describe local structural properties and is therefore only
realistic to describe global properties of long chains. Further, it assumes equally
probable angles at each joint what is not the case in real polypeptide chains. Here,
neighboring segments influence each other and thus angles become restricted. The
conformation of a polypeptide backbone can be described by specifying the dihedral

angles ¢ and y of all residues (Figure 3). For polypeptide chains, the allowed torsion

angles are presented in conformational energy plots’>> and in the Ramachandran
map.’’
H R., H @) Figure 3: Chemical
/ ’ structure of the peptide
CH N, 8\ backbone. Side chains
/ S \_Ci\ v, are represented as R;.
R H

The phenomenon of restricted angles can be explained by chain stiffness. The end-to-
end distance of such a chain is larger than expected from equation 10. Flory
introduced the characteristic ratio C, as a measure for the dimension of a stiff chain

compared to a freely jointed chain.”’

<r’>=Cnl’ (11)



C, increases with chain length until it reaches a limiting value C,, for long chains and
<r’>=C_nl’ (12)

Cs equals the average number of chain segments that propagate in the same direction.
For polypeptide chains it depends on the amino acid composition, with little
contribution from flexible glycine residues and large contributions from the stiffer

amino acids. C-/ is termed the Kuhn length b, which describes the hypothetical chain

length of segments that can move freely without feeling chain stiffness.’®*° The Kuhn
length is directly connected to the persistence length /, (b=2/,), which is a measure for
the distance that an infinitely long chain propagates in the same direction. The
excluded volume effect, introduced by Kuhn®® describes that two points in a real
chain cannot overlap. This results in increased chain dimensions and a larger end-to-

. 4
end distance™®

N<ri>ocl-n' with v=0.59 (13)

Flory introduced the isolated-pair hypotheses, which describes that each pair of ¢,y

angles is independent of the values of its neighbors.”” This hypothesis was shown to
be invalid for polypeptide chains where steric effects extend beyond nearest-chain

neighbors.* Compared to a dipeptide, the region of allowed 0,y combinations in the

Ramachandran map is decreased in longer chains. This results in more extended
conformations and in a significantly restricted conformational space for the unfolded

chain.

Chain structure and dimension are directly connected to macroscopic chain dynamics.
Several theoretical approaches were developed to describe the dynamics in polymer
chains. Based on Gaussian chains, the Rouse model*? and the Zimm model® describe
the dynamics of unstructured polymers in dilute solution. The optimized Rouse-Zimm
approach (ORZ) further includes polymers of finite length and significant degree of
chain stiffness.** Another important approach to describe unfolded polypeptide chains
is the Szabo, Schulten, Schulten theory (SSS), which treats the kinetics of end-to-end

.4
contact formation.*’



1.3.2 Triplet-triplet energy transfer

Triplet-triplet energy transfer (TTET) was shown to be a well-suited tool to directly
measure the formation of site-specific interactions within a polypeptide chain in order
to study the process of intrachain diffusion.**** During TTET, excited-state energy is

transferred from a triplet donor D to a triplet acceptor moiety A
D’+A'— D'+ A® (14)
via the simultaneous exchange of two electrons between the two groups.* The

superscript indicates the electronic state of the molecule, with one for the singlet and

three for the triplet state. Figure 4 shows a Jablonski diagram describing this process.

E A

So—— 3— So

Donor Acceptor

Figure 4: Jablonski diagram for triplet-triplet energy transfer from a triplet donor to
a triplet acceptor. The rate kisc corresponds to formation of the donor triplet state via

intersystem crossing. krrer is the rate constant for the energy transfer step.

49,50

The rate constant for energy transfer was shown to decay exponentially as the

distance r separating donor and acceptor increases
2r
Kpper = A exp(_z) (15)

A denotes a factor that is dependent on photophysical properties and L is the average
van-der-Waals radius of donor and acceptor. The strong distance dependence results

in close contact (van-der-Waals contact) being a prerequisite for efficient energy

10



transfer. The strong distance dependence of TTET is an important difference to the
well-known fluorescence resonance energy transfer (FRET), which designates the
radiationless transfer of excited-state energy between a donor and an acceptor
fluorophore. FRET is mediated by resonant oscillation of transient dipoles in the two
chromophores. It occurs through space and the rate of energy transfer decays with 1//°

with 7 being the interchromophore distance.

An 1deal donor/acceptor pair for TTET studies should fulfill the following properties:
Formation of the excited donor state must occur fast and with a high quantum yield.
The intrinsic lifetime of the donor triplet state should be long to get access to a large
experimental time window. This requirement is usually fulfilled since reversion to the
ground state is spin-forbidden and thus slow. Further, the triplet energy of the
acceptor must be several kJ below the triplet energy of the donor to obtain efficient,
irreversible energy transfer upon formation of van-der-Waals contact. Xanthone and
naphthalene were shown to be a suitable donor/acceptor pair. TTET in this system
was shown to be diffusion-controlled.”” The xanthone triplet state is formed within

~ 2ps’" with a high quantum yield of ~ 99%. Triplet transfer to naphthalene is
irreversible and occurs with a time constant 1/krrer of ~ 2ps. In degassed aqueous
solution the intrinsic lifetime of the xanthone triplet is around 20us. Since the triplet

states of xanthone and naphthalene show intense absorption bands, the energy transfer

process can easily be detected (Figure 5).

0.8+
0.6
0.4
023
0.0

Absorbance

Figure 5: TTET can easily be detected by monitoring the decay in xanthone triplet
absorbance at 590 nm or the concomitant increase in naphthalene triplet absorbance

at 420nm. Taken from reference 47.
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1.3.3 Chain dynamics in unfolded polypeptides

Introducing the TTET labels into a polypeptide chain (Figure 6) allows measurements

of absolute rate constants for site-specific contact formation within the chain.

0(\_ p oo s Figure 6: Scheme of an

oo O Qe Y

\\ l\\ intramolecular TTET
experiment to study site-

&’-C‘CO k, w k. a‘é) Korsier £ specific contact formation
C — 4 == O ) 8 .
C P\ L

~2ps in an unstructured

polypeptide chain. Taken

chs-\’s s ‘{: from reference 51.

Recent results on model polypeptide chains, revealed that the kinetics of end-to-end
contact formation depend on chain length and on amino acid sequence.”” TTET
experiments performed on the nanoseconds to microseconds time scale revealed
single exponential kinetics. This can be explained by very fast interconversion
between the different conformations in the large unfolded ensemble. In poly(Gly-Ser)
and polyserine peptides the rate limiting steps for motions over short and long
distances are different in origin (Figure 7).* The time constants (1/k.) for end-to-end
contact formation over short distances are almost independent of chain length and
reach a limiting value of 5 — 10 ns for flexible glycine-serine chains. For longer
poly(Gly-Ser) chains with more than 20 peptide bonds end-to-end contact formation

17201 "with N being the number of peptide bonds. In stiffer polyserine

scales with N
chains the end-to-end contact formation rate constants are significantly reduced and

reach a twofold slower limiting value.

109 e ———rrrg Figure 7: Rate constants k. for end-to-end
: AN contact formation in model polypeptide
108- chains and in a natural loop sequence
F derived from the parvabumin protein.

Adapted from references 47 and 53.

ke(s1)

7L
10 F @ poly(Gly-Ser)
O polyserine
I A parvalbumin loop

106 L PR S R S A | L LNy
1 10 100

Number of peptide bonds (n)
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The observation that different processes limit intrachain loop formation for short and
long loops is in agreement with polymer theory. Short chains cannot be treated like
ideal chains due to strong influence of chain stiffness on chain properties. Long
chains behave like Gaussian chains with contributions from excluded volume effects.
However, the factors determining intrachain dynamics in the different regimes are
still not well understood. A subpopulation of the large unfolded ensemble turned out
to show much more complex loop closure kinetics on the 50 to 500 ps time.** This

was explained by conformations, which can form loops by just a few bond rotations.

Intrachain contact formation kinetics in naturally occurring protein loops revealed rate
constants comparable to the expected value from results on polyserine chains (Figure
7).>** A problem of TTET in natural polypeptide sequences is that the amino acids

tryptophane, tyrosine and methionine interact with the xanthone triplet state.”

The effect of amino acid sequence on the dynamics of loop formation was studied in
host-guest peptides of the sequence Xan-Ser-Xaa-Ser-NAla-Ser-Gly where Xaa
denotes one of the 20 naturally occurring amino acids, Xan is xanthone and NAla is
the non-natural amino acid naphthylalanine. The results show that the amino acid side
chain has only a small effect on the contact formation rate constant (Figure 8).*
Glycine as a guest residue leads to the fastest dynamics consistent with its high
flexibility. Amino acids with short side chains show slightly faster loop formation
than long side chains. The proline peptide shows two rate constants corresponding to

the cis and trans state of the Ser-Pro peptide bond, respectively.

Figure 8: Rate constants k. for end-to-end

200y Bl contact formation in host-guest peptides to

1.0x108 - ] 4 study the effect of individual amino acids
é; 2:2:12;: =5 — on local chain dynamics. Taken from
:’ 4.0x107} ] reference 47.

2.0x107 ’—x—‘
1.0)(107 " 1 " 1 " 1 n 1 "
SGS SAS SSS SES SRS SHS SIS SPS SPS

trans cis

Sequence
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To improve the understanding of limiting factors for intrachain dynamics the effect of
solvent viscosity and of temperature on intramolecular contact formation was recently
addressed applying different approaches. These experiments yield information on the
role of solvent friction and allow estimation of intrinsic free energy barriers. Results
obtained from different methods disagree in several points. TTET experiments

revealed fractional viscosity dependencies (k. ~ ® with B < 1)**>* and significant

free energy barriers™ for end-to-end loop formation in short model polypeptide
chains, indicating that loop formation in these peptides is not fully diffusion-
controlled. Huang et al. studied end-to-end contact formation in unstructured
fragments from the N-terminal f-hairpin of ubiquitin applying fluorescence
quenching of 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) by tryptophane (Trp) and
tyrosine (Tyr).”® DBO quenching by Trp occurs via exciplex formation with a nearly
diffusion-controlled bimolecular rate constant kq 20 = 2.0-10° M''s™ while quenching
by Tyr occurs via hydrogen atom abstraction with slower rate constants of kgm0 =
5.8:10° M's™ >’ The results did not indicate any intrinsic barriers for loop formation
in the flexible turn sequence. However, the results for the two stiffer strand sequences
revealed significant intrinsic barriers for loop formation, indicating contributions from
internal friction to chain dynamics in these sequences.’® In agreement with results
from TTET, the DBO/Trp system indicated intrinsic barriers for end-to-end loop
formation in short poly(Gly-Ser) chains and further showed that the activation energy
decreases with increasing chain length.”® The absolute rate constants for loop
formation measured by DBO/Trp quenching are slower by a factor of around two
compared to the corresponding values measured by TTET from Xan to Nal. The
DBO/Trp system further revealed a slightly increased activation energy for end-to-
end contact formation in a (Ala-Gly-Gln); chain compared to the value expected for a
flexible poly(Gly-Ser) chain of similar length.” Another method used to study
intramolecular contact formation is based on Trp triplet quenching by cysteine (Cys).
The quenching mechanism for this system is not completely understood. The
bimolecular quenching rate constant of kq = 5.0-10° M's is significantly lower than
the diffusion limit, indicating inefficient energy transfer upon contact formation.®*®’
Thus, this method does not allow direct measurement of contact formation rate
constants but requires correction of experimentally determined quenching rate

constants for the probability of quenching during the lifetime of the contact pair.

14



Lapidus et al. applied this system to study end-to-end loop formation in poly(Ala-Gly-
Gln) chains using a correction factor of 2.%* Significantly larger correction factors (17-
28) were proposed by results from MD simulations.”” The rate constants determined
by the Trp/Cys pair are significantly slower compared to results from Xan/Nal triplet
quenching and DBO/Trp fluorescence quenching. The Trp/Cys system was used to
study end-to-end loop formation in poly(Ala-Gly-Gln) chains of different length.**®
The results indicated significant contributions from internal friction to dynamics in
these chains.” Recently, a single molecule technique based on fluorescence
quenching of the oxazine fluorophore MRI121 by Trp monitored by fluorescence
correlation spectroscopy (FCS) was introduced to measure specific contact
formation.®® Fluorescence quenching of MR121 by Trp occurs via photoinduced
electron transfer upon van-der-Waals contact formation with a diffusion-limited
bimolecular rate constant of k, = 4.0-10° M's™.*”%® Due to the requirement of defined
mutual orientation between the aromatic groups, the rate constants determined in the
FCS experiments need to be corrected to reveal rate constants for contact formation.
Rate constants for end-to end contact formation in poly(Gly-Ser) chains and their
dependence on loop length determined by the MR121/Trp system agree with results
from TTET measurements.®” Modulation of the solvent viscosity by adding sucrose
showed that B = 1 for (Gly-Ser), with n=2,4,6,8,10 and 14, indicating that loop
formation in these chains is fully diffusion-controlled. This result is supported by both
the observation that loop formation dynamics are not influenced by internal friction
indicated by 7= 1/k. — 0 for # — 0 and by the absence of intrinsic energy barriers.*’
These results are not in agreement with results from TTET experiments, which

indicate intrinsic barriers and B < 1 for loop formation in short chains.”

1.3.4 Aggregation prone polyglutamine sequences

Long polyglutamine stretches in proteins are associated with a variety of neurological
human disorders, of which Huntington’s disease is the most common.”’ Dependent on
the length of the polyglutamine domain these proteins may aggregate to typically
fibrilar aggregates, which are supposed to be connected to cellular toxicity.”'”’
Currently, these sequences are subject to extensive research to elucidate the kinetics

80-82

and thermodynamics of the aggregation process and to study different aggregate

morphologies.®>** Aggregation of long polyglutamine sequences has been suggested
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to occur via a nucleated-dependent polymerization mechanism for which an
energetically unfavourable, S-structure containing species within the bulk monomer
pool serves as nucleus.* Other observations propose that soluble unstructured
monomers, which are somewhat more extended than true random coils aggregate in a
more complex assembly mechanism via soluble aggregates lacking regular [(-sheet
structure.®® Singh et al. used monomeric polyglutamine peptides of four to 16 amino
acids length to study intrinsic chains dynamics by Trp/Cys contact quenching.®’ They
found very slow rate constants for contact formation and proposed an extreme
stiffness with a persistence length of 13A for polyglutamine sequences. However, this
method is not diffusion-controlled, which makes a quantitative evaluation impossible.
It is still unclear whether structural and dynamic properties of unstructured
polyglutamine chains are different compared to other unstructured polypeptide chains

and whether this is connected to aggregate formation.

1.4 Protein-protein interactions

Protein-protein interactions play a central role in diverse biological processes like
enzyme catalysis, inhibition and regulation, cellular signal transduction and folding of
oligomeric proteins. Bimolecular reactions involving proteins are subject to extensive
research. Nevertheless, the speed limit for site-specific interaction between two
proteins or between a protein and a small ligand is still not well understood, however,

it is a prerequisite for the detailed understanding of these processes.

1.4.1 Analytical models for bimolecular reactions

A bimolecular reaction between particles of species A and B can be written as
A+B:ﬁA*BL>C (16)

The first step, in which the encounter complex A*B is formed from the free partners,
depends on relative diffusion of the interacting particles. A subsequent unimolecular
step forms the final complex C. The actual reversibility of the second step can be

neglected under the assumption that C is very stable. If k. >> k_4 the reaction becomes
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diffusion-limited and the association rate constant ka = k4. In the opposite limit where

k. << k_q the unimolecular step becomes rate limiting and ka = k. kq /k-.

According to the classical Smoluchowski theory,®® which models the interacting
molecules as uniformly reactive spheres, diffusion stets the upper limit of the

association rate constant to 5-10° M s according to

N
ky=——4rwa(D,+ D 17
s = Tooo VFUDPa+ Dy) (17)

Dap are the diffusion coefficients of the reaction partners. The particles react as soon
as their radial separation reaches the reaction distance a for the first time. This simple
diffusion model assumes that diffusion occurs in a hydrodynamic continuum with no
forces acting between the reactants what brings about several complications
concerning its application to protein-protein association.*” Under the assumption of a
spherical shape the diffusion coefficient can be determined via the Stokes-Einstein
equation

k,T

D=
67nr,

(18)

Here, ry is the hydrodynamic or Stokes radius and 7 is the solvent viscosity.
Experimentally D can be determined via classical diffusion measurements based on
Fick’s second law where the spreading of an initial sharp boundary between a buffer
and a solution of known concentration of the molecule of interest is followed as a
function of time. Since biological macromolecules have usually a very small diffusion
coefficient the boundaries spread very slowly making a precise determination of D
difficult. In practice other techniques are used to determine diffusion coefficients very
accurately, among which the most important ones are analytical ultracentrifugation,
dynamic light scattering (DLS) and nuclear magnetic resonance (NMR) spectroscopy.
Debye found that the association rate constant between charged molecules can be
affected by electrostatic interactions.” For two uniformly reacting spheres of charge

zae and zge at the position 74 and rp in space, the interaction potential energy is given

by
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The diffusion-limited association rate constant is then given by
kps =4m(D,+ D)/ Jmeu(“_rﬂ”kﬂ (ry—r,) " dr (20)

When other, non-reactive ions are nearby, electrostatic interactions between charged
reactants are partially screened. This results in an attenuated interaction potential
energy’' and thus in a decreased effect of electrostatic interactions on the association
rate constant.”’ While bimolecular reactions between spherical and uniformly reactive
molecules are quite well understood, less is known for protein-protein interactions

and protein-ligand interactions.

1.4.2 Site-specific protein-protein interactions

Since proteins are usually not uniformly reactive over their entire surface, proper
mutual orientation is a prerequisite for productive protein-protein and protein-ligand
interactions. Due to the orientational constraints the maximum rate constant for
intermolecular reactions involving proteins is expected to be smaller than the

Smoluchowski limit of 5-10° M s™'. Several theoretical studies put the limit for site-

specific protein-protein interactions in the range from 10° to 10° M s It is
difficult to experimentally test whether the association process is diffusion-controlled,
reaction-controlled or a mixture of both limiting cases. A general hint for a protein-
protein or protein-ligand interaction to be diffusion-controlled is a large association
rate constant ka. Further indications are a strong dependence of kx on solvent
viscosity and a low energy of activation. Coupled folding and association introduces

additional complexity in folding studies of oligomeric proteins.

1.4.2.1 Folding and assembly of dimeric proteins

The yeast transcriptional activator GCN4 is one of the best-characterized dimeric
proteins. Here, two identical alpha helices of 33 amino acids length each form a

parallel two-stranded coiled coil.”® Formation of the final dimer occurs with a
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bimolecular rate constant ks of 4.2:10° M s.°7 In a mutational analysis it was found
that elements of secondary structure are already formed in the transition state of the
rate-limiting step in the folding and association reaction and thus play a fundamental
role during assembly.”® Another well-studied homodimeric protein is the Arc
repressor, which regulates transcription of the ant gene during lytic growth of
bacteriophage P22. In the native Arc dimer, two identical monomers consisting of 53
amino acids each are strongly intertwined with each other forming a single globular
domain with a conventional hydrophobic core.”"'® Kinetic stopped-flow experiments
revealed a bimolecular rate constant for formation of the Arc dimer of approximately

2:10" M s under physiological conditions.'”!

Unfolding turned out to be fast with a
rate constant of around 0.1 s™ what results in a short average lifetime of ten seconds
for the native dimer. A mutational analysis revealed transition state properties, which
can be explained by simultancous folding and association.'” In wild type Arc,
formation of salt bridges and hydrogen bond interactions mediated by the side chains
of Arg31, Glu36 and Arg40 determine the rate-limiting step for folding. Replacing
these interactions by the mutations Arg31Met, Glu36Tyr and Arg40Leu (MYL
mutant) reduces the kinetic barrier for folding with almost no effect on the overall
structure.'”® Compared to the wild type protein the rate constant for folding is
increased by a factor of around ten to ks = 3-10° M''s”". While the assembly of wild
type Arc depends only modestly on solvent viscosity, kx for the MYL mutant is

inversely proportional to solvent viscosity indicating that the reaction is diffusion-

controlled.

1.4.2.2 Folding and assembly of trimeric proteins

Detailed kinetic studies on the assembly of trimeric proteins are quite rare. Among the
best-studied trimeric proteins is the tail spike protein of Salmonella phage P22'%1%
and collagen.'”’ The large size of the proteins makes an extensive investigation of the
association process very complex. Folding and assembly of the foldon domain from
bacteriophage T4 fibritin is a well-studied trimerization reaction. Fibritin is a rod-like
structural protein of bacteriophage T4. It is attached via its N-terminus to the neck of
the bacteriophage and forms a homotrimer consisting of a N-terminal anchor domain

(residues 1-46), a central coiled-coil domain (residues 47-456) and a small C-terminal

globular domain (residues 457-486).'" The C-terminal domain is called foldon
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domain, which was shown to be an evolutionarily optimized trimerization motif that

is essential for assembly of fibritin.'”*"'* In isolation, the foldon domain adopts the

same trimeric B-propeller structure as in fibritin (Figure 9).!!

Figure 9: NMR structure of the trimeric foldon
domain. The native trimer is stabilized by
intermolecular H-bonds, salt bridges and

hydrophobic interactions.”!!

Due to its small size the foldon domain is a good system to study folding and
association reactions during the assembly process. Previous studies yielded detailed
information on the mechanism of coupled folding and association during the assembly
process.''" During assembly, a monomeric intermediate with native-like topology is
formed on the submillisecond time scale. This intermediate assembles into a partially
folded trimer in two very fast consecutive bimolecular reactions with rate constants of
1.9(20.5)-10° M s and 5.4(+0.3)-10° M s in the presence of 0.58 M guanidinium
chloride (GdmCl). A final folding step yields the native trimer. Although the
bimolecular reactions during foldon assembly are very fast it is unclear whether they
are diffusion-limited. Mutation of an intermolecular salt bridge (ESR variant) was
shown to lead to a monomeric state that resembles the monomeric folding
intermediate in its spectroscopic properties and allowed the characterization of the
structure and the dynamics of this kinetic intermediate using solution NMR
spectroscopy.''? Structural studies revealed essential native like topology of the
monomeric intermediate with defined hydrogen bonds and side chain interactions, but
largely increased flexibility and reduced stability compared to the native trimer
(Figure 10A). The low stability of the intermediate allows a large free energy gain
upon trimerization, which serves as driving force for rapid assembly. It is still unclear
whether structure formation in the monomeric folding intermediate is important for

fast assembly. The binding surfaces of the monomeric subunits in the native trimer
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are oppositely charged (Figure 10B). Whether this asymmetric charge distribution

guides the rapid assembly process electrostatically is still unknown.

Figure 10A4: Comparison of a
single subunit in the foldon wild
type trimer (left) with the ten
lowest energy structures of the
E5SR monomer (right). Taken

from reference 112.

Figure 10B: Charge
distribution on the different
sides of a foldon wild type
monomer with Glu at position 5
based on the E5R structure.

Taken from reference 112.

1.4.2.3 Electrostatic enhancement of site-specific protein-protein interactions

The Debye-Smoluchowski theory predicts a modest effect of electrostatic interactions
on diffusion-controlled bimolecular reactions. More realistic models for protein-
protein association predict a much larger effect of electrostatics on the association

. . 113,114
kinetics.''*

In many systems, rapid association was indeed found to be supported
by long-range electrostatic forces, which can enhance the bimolecular rate constant by
several orders of magnitude. Optimization of the association rate constant is mainly
important in situations where speed is essential.'’>""” Wendt et al. studied a designed
heterodimeric parallel leucine zipper consisting of an acidic and a basic chain of 30
amino acids each.''® They obtained a rate constant for dimer formation of k = 1-10°
M s at low ionic strength. Increasing the ionic strength significantly slowed down

association resulting in ks = 5-10° M' 5™ at very high ionic strength. These results

indicate a significant enhancement of the association process by favorable
electrostatics. Another well-studied example is the process of complex formation of
the nuclease barnase with its intracellular inhibitor barstar.'” The binding sites of

barnase and barstar are oppositely charged. In the absence of salt, association occurs
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with a rate constant of kx = 5-10° M s, Increasing the ionic strength significantly

slows down association and extrapolation to very high ionic strength where
electrostatic forces are completely shielded yields a basal value for ks of 10° M s°
119 Selzer et al. introduced a strategy to predict the effect of electrostatic forces on

.. . .. . 120.12
the association rate constants of protein-protein interactions.'**'*!

Besides generally
speeding up protein-protein association, electrostatic attractive forces may also help
guiding the interaction partners into proper mutual orientation and by this increasing

the frequency of productive collisions.

1.4.2.4 Theoretical models for site-specific protein-protein interactions

Since proteins are usually not uniformly reactive over their entire surface, proper
mutual orientation is a prerequisite for productive protein-protein and protein-ligand
interactions. Due to the orientational constraints a reduced rate constant kx = I" - kg

will be observed. The simple theoretical approach of multiplying the Smoluchowski
rate constant ks by the probability that in a random encounter the interacting
molecules are properly oriented (“‘geometric rate constant”) yields rate constants that
are usually several orders of magnitude smaller than experimentally observed values.
This can be explained by reorientation during a single encounter event due to
translational and rotational diffusion. Various analytical models were developed to
quantify the retarding effect of partial reactivity and the role of rotational diffusion on
the association rate constant. Solc et al. presented a formal solution for association of
two spherical molecules bearing axially symmetric reactive patches, which cover a

portion of the overall molecule surface.'*

Later they numerically studied the
simplified case where one of the molecules is uniformly reactive.'” This model is
referred to as the model of Solc and Stockmayer and describes the binding of a small
ligand to a partially reactive macromolecule. Schmitz and Schurr numerically
investigated the reaction between a mobile sphere bearing a single axially symmetric
reactive site and a stationary reactive site on a planar surface.'**'*> This model is
referred to as the model of Schmitz and Schurr. Shoup et al. introduced the generally
applicable constant flux approximation that allowed simplification of the complex
formal solution of Solc et al. and Schmitz et al. to closed analytic expressions for the

association rate constant.'”® They applied their approach to the model of Solc and

Stockmayer for association of a uniformly reactive molecule B of radius rg with a
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molecule A of radius 7, that is reactive only over the axially symmetric region 0 < 0
<0,". In the limit k¥ — oo (diffusion-controlled reaction) this results in an expression

for the bimolecular rate constant of

- K., (P_,(cos@°)— P, (cos68°))’ j_l
k =—k.(1— 9 v1+l/2 2 —. -1 A 1+1 A 21
o ooty (gll@m(é* )& K€ 201 -

with gre |ROIEHD 22)
D, +D,

K; are modified Bessel functions of the second kind and P;(x) is the /th order Legendre

polynomial. DA™ is the rotational diffusion coefficient of molecule A. In the limit of

small 6, 7o >> rg and kK — oo the bimolecular rate constant becomes
k,=4rnD,r,(a/rr,) (23)

where a=r,0 . In 1993, Zhou used the constant flux approximation and presented an

expression for the association rate constant of two spherical molecules bearing axially
symmetric patches and considered the influence of electrostatic interactions.'"” In
2002, Schlosshauer et al. presented a general expression for the partially diffusion-
controlled association rate constant of two molecules with an asymmetric reactive

12
patch on each surface.'*’

Within the constant flux approximation and in the limiting
case of axially symmetric reactive patches they arrive at the solution presented by

Zhou. For k¥ — oo the expression for the rate constant simplifies to

k, = —ky(1—cos85)* (1 - cos 93)2[ Y s, ,12)] (24)

Ll

The sum over the indices /, /1, [, runs from 0 to co and the summands are defined as
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with g* = \/Dfrlmll (ll + 1) + D;mlz (lz + 1) .a (26)
D, + D,
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0
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The matrix (0 0] 5] denotes the Wigner 3-j-symbol. Assuming one particle to be

uniformly reactive the approach of Schlosshauer et al. coincides with the results
introduced by Solc et al. and Shoup et al. In the fully diffusion-controlled limit and
assuming both spheres to be uniformly reactive they arrive at the Smoluchowski rate
constant. Further, they obtain a very good agreement with the results obtained from
Brownian dynamics simulations.”” The theoretical models for site-specific protein-
protein interactions indicate that reorientation after initial contact formation
significantly reduces the retarding effect of partial surface reactivity. They
demonstrate that the deviation from the naive geometric rate constant increases with
increasing angular constraints. Another interesting finding is that for reactions

between molecules with large difference in radii (ra/rg — o) partial surface reactivity

of the small molecule can be neglected due to very fast rotational diffusion. At the
same time rotational diffusion for the large molecule is slowed down and the

molecule becomes apparently immobilized.

Theoretically, protein-protein and protein-ligand association reactions can be
characterized by simulating translational and rotational diffusion of the interacting
molecules.'® Since diffusion of biological macromolecules is quite slow these
Brownian dynamics simulations rely on the accessibility of a relatively large time
window. This is achieved via simplification by neglecting conformational dynamics
within the individual subunits. Usually many trajectories are simulated starting with
the proteins at random orientations separated by a certain distance. If part of these
trajectories lead to productive association, then computer algorithms can be applied to

) . 113,129-131
derive the association rate constant,''>!?*!3

To describe the criteria for productive
association detailed and accurate absorbing boundary conditions have to be defined.

Definition of the boundary conditions is usually quite complex and often coupled to
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experimental results in a way to get good agreement of predicted and experimental

.. . . 132
association kinetics. 3

To predict association rate constants from theory alone, the
encounter complex ensemble has to be specified and located on the reaction
coordinate without reference to experiment.'”® However, it is still unclear how the

encounter complex of protein-protein and protein-ligand interactions does look like.

2 93,133

Sometimes the encounter complex'* is referred to as the transient complex.

Often it is assumed that the interacting molecules in the encounter complex have
mutual separations and orientations that are close to the native alignment.”*'?*"%
Generally, two extreme scenarios are proposed concerning the binding mechanism
between two proteins or between a protein and a small ligand."”” The induced fit
model suggests binding in the unfolded state and subsequent folding. On the other
hand, the conformational selection model suggests that binding cannot occur in the

unfolded state. It proposes rare formation of folded/active molecules in the unbound

state and subsequent binding.

1.5 Effect of cellular crowding on intra- and intermolecular diffusion

processes

Inside living cells macromolecules may occupy as much as 40% of the total
intracellular volume and reactions proceed in a very crowded environment. This could
have a significant effect on thermodynamics and kinetics of intracellular diffusion
processes.””® Experiments carried out in the test tube in the absence of cellular
components may thus be misleading for the understanding of diffusion processes in
nature. To study the effect of crowding in vitro several types of crowding agents that
mimic the dense environment were introduced. Beside nucleic acids, mostly folded
proteins account for crowding inside cells. Therefore, proteins like ovalbumin or
hemoglobin were used as mimics for the cellular environment. Other widely used
crowding agents are polyethylene glycols, dextrans and Ficoll. Compared to the real

in vivo environment, all these solutions are quite well defined and easy to manipulate.
A major effect from cellular crowding is increased solvent viscosity. The concept of

the Reynolds number nicely demonstrates that viscous forces become very important

when small things move through fluids."*” The Reynolds number R is a dimensionless
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parameter in the equations of motion in a fluid that indicates the relative size of terms

that describe inertial forces and viscous forces. It is given by

_ vlp
n

R (28)

Here, v is the velocity of the particle moving through a fluid with specific gravity p
and viscosity 1. L is the dimension of the particle. For a small molecule, like a
flagellated bacteria the Reynolds number is very small, which means that it moves
itself by using viscous share without experiencing any inertia. This becomes clearer
from calculating the distance the bacterium coasts when it stops swimming. The result
1s impressive revealing that it will come to a stop within about 1 us and will coast a

distance of around 4-10"'* m, a distance small compared to the diameter of a hydrogen
atom. However, the bacterium does not actually stop because it is still subject to
Brownian motion. For intra- and intermolecular protein motions the Reynolds number
is very small. This indicates that inertia is not important for protein diffusion and
intrachain diffusion and results in motions, which are determined by solvent friction

and other frictional forces.

Processes that are limited by solvent friction are expected to decrease with 1/7.%
Using small viscous additives like glycerol or ethylene glycol, end-to-end contact
formation in model polypeptide chains was found to depend strongly on solvent
viscosity.**!*® The effect of increased solvent viscosity on end-to-end loop formation
is significantly reduced in the presence or large crowding agents.®"'* The finding that
large viscous co-solutes have a small effect on intrachain dynamics is consistent with
the observation that crowding in the cytoplasm usually slows down diffusion of small
solutes and many macromolecules by only a few-fold compared to their diffusion in

141
water.

However, several observations describe large reductions in solute diffusion
inside cells. This might be explained by an additional steric effect of crowding on
solute movement by providing fixed barriers or by interactions between solutes and
cellular components.'*!

For protein-protein interactions the effect of increased viscosity is expected to be

larger for long-range translational diffusion than for the faster and more local
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rotational diffusion. Together this is expected to lead to a very complex dependence

of association reactions on viscosity. Several experimental studies on diffusion inside

142,143 144-146

cells and in cell-simulating solutions indicate that the relative size of

crowding and associating molecules might be an important parameter.

A second major effect of macromolecular crowding is the restriction in available
space due to mutual impenetrability of all molecules. Considering a single
polypeptide chain, the excluded volume theory predicts that macromolecular
crowding decreases the dimension of the unfolded state and stabilizes more compact
conformations.'*'** This will favor protein folding entropically. Several theoretical
approaches were developed to describe the effect of excluded volume on association

. 149-151
reactions.'*

They predict that the excluded volume effect will result in an effective
entropically based distance-dependent attractive potential, which is acting when the
associating molecules are very close to each other and results in an enhancement of

150,152

association reactions in crowded solutions. This was confirmed in experiments

. s e 1 154
on excluded volume induced association.'>*"

The overall effect of molecular crowding on intra- and intermolecular dynamics is
complex. On the one hand dynamics can be enhanced by the excluded volume effect.
On the other hand, crowding can slow down kinetics by reducing diffusion. The effect
of crowding will thus depend on whether the investigated reaction is diffusion-
controlled or reaction-controlled. For a folding reaction the excluded volume effect

may reduce AG™ and by this speed up the reaction. If intrachain diffusion plays a

critical role crowding may act to reduce the rate of intrachain diffusion and hence
decrease the value of the pre-exponential factor in Kramer’s equation. Different
contributions of the opposing effects explain the different results from experiments on
the effect of crowding on intrachain dynamics in unfolded polypeptide chains,® for
formation of secondary structure elements'> and for folding of large proteins.'**'7¢'%3
For larger proteins the excluded volume effect seems to be dominant resulting in
increased folding rate constants.

In analogy, fast diffusion-controlled protein-protein interactions are more affected by

reduced diffusion while slow association reactions can be significantly enhanced by
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the excluded volume effect. Several experimental studies revealed that the crowding

environment has only a small effect on many protein-protein interactions.'**'%’
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2. Aims of Research

2.1. Intramolecular diffusion processes during protein folding

Kinetics of loop formation in unstructured polypeptide chains

Formation of site-specific interactions in a polypeptide chain represents the
elementary step in protein folding and thus sets an upper limit to protein folding rate
constants. In earlier experiments triplet-triplet energy transfer (TTET) was used to
study the kinetics of end-to-end loop formation in poly(glycine-serine) and polyserine
model peptides of different length. Rate constants for loop formation were found to
approach a limiting value in short chains while they scale with a power law in longer
chains, indicating that the rate-limiting step for motion over short and long distances
are different in origin. We wanted to characterize the rate-limiting step for motion in
these different regimes in more detail by analyzing the effect of solvent viscosity and
of temperature on the kinetics of end-to-end loop formation. This allows to assess
contributions from solvent interactions and to characterize the free energy barriers for
loop formation. To obtain more information on dimension and internal dynamics of
unfolded polypeptide chains we wanted to apply fluorescence resonance energy
transfer (FRET). Usually, rather harsh conditions are required to populate the
unfolded state of a protein. Natively unfolded proteins provide good model systems to
study the unfolded state under physiological conditions. To study loop formation in a
natural unfolded polypeptide chain we wanted to apply TTET to a fragment from the

natively unfolded brinker protein.

Kinetics of loop formation in aggregation prone polyglutamine peptides

Several neurodegenerative diseases associated with proteins are based on the presence
of abnormally long polyglutamine stretches. The mutant protein aggregates into
intraneuronal, nuclear inclusions, which are assumed to play a central role in the
disease process. The reason why polyglutamine stretches beyond a critical length lead
to aggregate formation is not known. A possible explanation is special properties in
the unfolded state of polyglutamine chains. We wanted to apply TTET to study end-
to-end loop formation in short unstructured polyglutamine peptides to test whether
polyglutamine chains have different dynamical and structural properties compared to

other polypeptide chains.
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2.2 Intermolecular diffusion processes during protein folding and assembly

Site-specific protein-protein and protein-ligand interactions play an important role in
diverse biological processes. These processes are limited by diffusion of the

interacting molecules. The speed-limit for site-specific interactions is still not known.

Site-specific interactions between unfolded polypeptide chains

To improve the understanding of site-specific protein-protein and protein-ligand
interactions we applied intermolecular TTET to different model systems. We aimed to
answer the following questions: 1) What is the diffusion-controlled rate constant for
site-specific association between two unfolded polypeptide chains and between an
unfolded polypeptide chain and a small molecule? 2) Is the association process
slowed down by orientational constraints? 3) Is the bimolecular rate constant

influenced by intermolecular electrostatic interactions?

Assembly of the foldon domain from bacteriophage T4 fibritin

Due to its small size the trimeric foldon domain from bacteriophage T4 fibritin is a
good model to study formation of site-specific protein-protein interactions during
protein assembly. Assembly of the native trimer is limited by two consecutive
bimolecular association reactions. The foldon domain can be synthesized chemically
what allows introduction of the labels for TTET measurements. We wanted to
determine the maximum possible rate constant for site-specific formation of an
encounter complex between two monomeric foldon subunits by applying TTET to the
monomeric foldon E5R variant. This allows to test whether dimer formation during
assembly of the wild type protein is diffusion-controlled. Results from NMR solution
spectroscopy indicate that the binding surfaces of the monomeric subunits in the
native trimer are oppositely charged. By varying the salt concentration, we wanted to
investigate the role of long-range electrostatic interactions on the assembly of the wild
type trimer and on the maximum rate constant for encounter complex formation
between two monomeric subunits. To study how fast folding can occur in the absence
of the association reactions, we wanted to eliminate relative translational diffusion of
the monomeric subunits during the assembly process. We wanted to apply two
strategies in which three monomeric foldon subunits are either placed within a single

continuous amino acid chain or are connected using a cyclic template.
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3. Results

3.1 Dynamics of intramolecular loop formation in polypeptide chains

Specific contact formation between two sites in an unfolded polypeptide chain
represents the elementary step in protein folding and determines how fast the vast
conformational space can be explored in search for energetically favourable
conformations. Characterization of the dynamics in unfolded polypeptide chains is
therefore important to understand the earliest steps in protein folding and thus to
characterize the protein folding process in detail. Recently, several experimental
methods were introduced to study the dynamics of specific contact formation and
were applied to unfolded model polypeptide chains and natural protein sequences (see
chapter 1.3.3). The different approaches revealed different rate constants for a certain
contact formation reaction and results further lead to different conclusions on limiting
processes for chain dynamics in the unfolded state. Thus, the factors determining

intrachain dynamics in unfolded polypeptide chains are still not well understood.

3.1.1 Effect of solvent viscosity and temperature on intrachain diffusion

processes

The goal of this part of the work was to gain a detailed understanding of the dynamics
of intramolecular loop formation in polypeptide chains. TTET measurements on the
dynamics of end-to-end loop formation in different polypeptide chains had shown that
the kinetics of formation of long loops are in agreement with the behaviour expected
for a pure diffusive search of a Gaussian chain.*’ In contrast, formation of short loops
is slower than expected for a pure diffusive search®’, indicating the presence of
barriers and a change in the rate-limiting step that should affect the viscosity-
dependence of the reaction. To characterize the dynamics and barriers of loop
formation in the different regimes of short and long loops in more detail, we
determined the effect of solvent viscosity and temperature on the formation of

intramolecular van-der-Waals contacts.

To obtain absolute free energy barriers and viscosity-dependencies the TTET process

between the two chromophores has to be fully diffusion-controlled. The effect of
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solvent viscosity on the rate constant of a chemical reaction can be described by the
empirical equation
-B
ko=ko| L (29)
Mo

where 1 1s the reference solvent viscosity of water at 7= 22.5°C and k. is the rate
constant at 7. The exponent P reflects the sensitivity of the reaction to solvent
viscosity. For purely diffusive reactions, which are fully viscosity-dependent a [3-

value of 1 is expected. Reactions with high barriers should be completely independent
of solvent viscosity resulting in 3 = 0. Previous results from our group showed that
bimolecular TTET from xanthone to naphthalene has a B-value of 1 in accordance
with a diffusion controlled-reaction.'* This result was confirmed by studies on the
effect of temperature on the bimolecular rate constant for TTET from xanthone to
naphthalene. The viscosity-corrected bimolecular rate constants determined at
different temperatures revealed a low activation energy of 2.6(+0.4) kJ/mol,"*® which
is on the order of RT as expected for a diffusion-controlled reaction. These results
show that TTET from xanthone to naphthylalanine is diffusion-controlled and not
limited by a free energy barrier. Thus, TTET allows determination of absolute rate
constants, viscosity-dependencies and free energy barriers for van-der-Waals contact

formation processes.

3.1.1.1 Effect of viscous co-solvents on intrachain dynamics in model polypeptide

chains and natural protein sequences

According to Kramer’s theory the solvent collision rate for a chemical reaction is
faster than barrier crossing and thus movement over a free energy barrier (AG™) is
driven by temperature dependent Brownian motion.”> Coupling of a chemical reaction
to solvent motion is introduced into the rate equation by a frictional coefficient, ¥,

which enters the pre-exponential factor

—AG"
k= gexp( G
Y RT

) (7
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where C is a reaction-specific constant. Assuming that solvent friction is proportional
to solvent viscosity, 1, equation (7) leads to k o< 1/7. Kramer’s relation was confirmed

in early experimental studies on the effect of solvent viscosity on the rate constants of

. .. . . 168-1
conformational transitions of polymers in solution'**'"

and was further applied to
describe dynamic states of proteins involved in enzymatic reactions.”""'”* We used
TTET to study the effect of solvent viscosity on end-to-end loop formation in
different polypeptide chains. Earlier studies had shown that the kinetics of formation
of long loops is in agreement with the behaviour expected for a pure diffusive search
of a Gaussian chain and thus a 1/1 viscosity dependence of the rate constant for loop

formation (k.) is expected. In contrast, formation of short loops is slower than
expected for a pure diffusive search indicating the presence of barriers or a change in

the rate-limiting step that should affect the viscosity-dependence of the reaction.

We investigated loop formation in peptides of the general form shown in figure 11
with the triplet donor xanthone (Xan) attached at the N-terminus and the triplet
acceptor naphthylalanine (Nal) located near the C-terminus. Since TTET between
Xan and Nal is a diffusion-controlled and fast process, the measurement of the
transfer kinetics yields the rate constant for intramolecular loop formation (k.) that

leads to van-der-Waals contact between the labels.

0 0 Ry 0 Ry 0 C
NP NP AP YR P N
i N c
\N/é\ e \C/ .N/é\c/ \C \N/E\C/ \C/ \U
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Figure 11: General form of the used model peptides to study end-to-end loop formation
by TTET. The triplet donor xanthone was attached to the N-terminus and the acceptor
group was introduced via the non-natural amino acid naphthylalanine near the C-

terminus.

Figure 12 compares TTET kinetics measured by the transient triplet absorbance decay
of the Xan donor at 590 nm in a (Gly-Ser),4 chain in water with 17=1 cP and at N=10.3

cP in the presence of either glycerol or PEG 20000. A double exponential function is
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necessary to describe the observed triplet absorbance decay under all conditions. The
slower kinetic phase has only about 5 % amplitude and its time constant of 1.4(%0.1)

Us in water corresponds to the intrinsic xanthone lifetime. This reaction is caused by

molecules that do not undergo TTET during the lifetime of the donor triplet state,
probably due to formation of small aggregates. The faster kinetic phase with a time
constant of 54.7(+4.0) ns in water is due to TTET from Xan to Nal and reflects the
kinetics of intramolecular loop formation. Figure 12 shows that loop formation in the
(Gly-Ser)4-peptide is slowed down at increased solvent viscosity, but the magnitude

of the effect is different for glycerol and PEG 20000.

Norm. absorbance at 590nm

Time (s)

Figure 12: Transient triplet absorbance decay observed for a (Gly-Ser) 4 chain
in water (—) and at 10.3(%£0.2) cP in the presence of glycerol (—) and PEG

20000 (—), respectively. Measurements were carried out in 10 mM KP pH 7.0
at T=22.5°C.

Figure 13 shows the effect of solvent viscosity in the presence of different co-solutes
on the rate constant k. of end-to-end loop formation in (Gly-Ser), chains withn =1, 6
and 14 and in a Ser; chain. The results reveal that increasing the solvent viscosity
slows down end-to-end loop formation in all peptides, but the magnitude of the effect
depends on the co-solute size. The effect of Ficoll-70 on k. was investigated since this

co-solute has been widely applied in experimental crowding studies.®
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Figure 13: Effect of solvent viscosity on the rate constant k. for end-to-end loop formation in
(Gly-Ser), peptides with n=1 (A), n=6 (B), n=14 (C) and in a (Ser), peptide (D). The lines
represent a fit of equation 29 to the data. The viscosity was adjusted by adding Ficoll-70 (e)
PEG 20000 (e), PEG 6000 (), PEG 1500 (¢), PEG 1000 (<), PEG 600 (*), sucrose (e),

glucose (o), glycerol () and ethylene glycol (e). Part of the results was taken from reference

140. Measurements were carried out in 10 mM KP pH 7.0 at T=22.5 °C.

The viscosity dependence of k. can be described by the empirical equation

-B
K=k | L

c c, 29
"1, 29)

A fit of equation 29 to the data shown in figure 13 reveals that the B-value for

intrachain loop formation depends on the nature of the co-solute used to modulate
solvent viscosity. This result indicates that chain motions do not see the macroscopic
viscosity of the solvent. The microviscosity experienced by the polypeptide chain

should depend on the size of the co-solute. Figure 14 shows [ as function of the co-

solute’s hydrodynamic radius 7, measured by dynamic light scattering (for ethylene
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glycol, glycerol, glucose, sucrose, PEG 400, PEG 600 and PEG 1000) or taken from
references 173 (for PEG 1500, PEG 6000 and PEG 20000) and 69 (Ficoll-70). The -

value is small for large co-solutes and increases with decreasing size of the co-solute
until it reaches a limiting value below a critical co-solute size (Figure 14). This result
shows that the macroscopic solvent viscosity and the microscopic viscosity
experienced by a polypeptide chain are identical only for small co-solutes, which can
thus be used to determine the actual viscosity-dependence of loop formation. This
result is interesting in context of the effect of cellular crowding on diffusion processes
and suggests that increased viscosity inside cells, which is due to the presence of high
molecular weight molecules, has only a small effect on intrachain dynamics. The
reduced effect of large co-solutes on k. is in agreement with the observation that
increased solvent viscosity in the presence of large crowding agents also has only a

small effect on bimolecular diffusion processes.'*!
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Figure 14: Sensitivity (B) of loop formation rate constants to solvent viscosity determined for
(Gly-Ser),, chains with n=1 (4), n=6 (B), n=14 (C) and in (Ser), (D) vs. the hydrodynamic

radius ry of the co-solutes used to modulate solvent viscosity.

The origin of the fractional viscosity-dependence (B < 1) observed for large co-

solvents can be explained by a microviscosity experienced in an inhomogeneous
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. 141,174
medium. !

According to the Stokes-Einstein relation and the Stokes-Einstein-
Debye relation diffusional processes in solution are inversely proportional to solvent
viscosity. This theory assumes a continuous and homogeneous solvent to which the
concept of Brownian diffusive motion is applicable. This assumption does neither
agree with the situation in vivo, where the local viscosity is governed by the presence
of a relatively small number of large macromolecules nor with adding viscous co-
solvents in order to adjust solvent viscosity in vitro. The co-solutes used to adjust
solvent viscosity are much larger and less mobile than water. Thus, the solute will not
see a continuous solvent but an inhomogeneous medium. Studies on translational
Brownian motion of small molecules and on rotational Brownian motion of proteins
in viscous aqueous solution pointed out deviations from the Stokes-Einstein

™ and from the Stokes-Einstein-Debye relation,'” respectively. A detailed

relation’
analysis of the wviscosity dependent rate constant of oxygen escape from
photodissociated oxyhemerythrin revealed that the size of the viscous co-solute is a

.. 1
critical parameter.'”

We measured the effect of solvent viscosity modulated by the addition of glycerol on
the rate constant of end-to-end loop formation in poly(Gly-Ser) chains and in
polyserine chains to determine the viscosity dependence of k.. Glycerol is a small
molecule and thus exerts the full viscous effect on the dynamics of loop formation. To
test whether viscous additives affect the dimension of the unfolded polypeptide chains
we performed DLS measurements on the following amino acid sequence: H-Gly-Arg-
Gly-Ser-Gly-Ser-Gly-Ser-Arg-Gly-Ser-Gly-Ser-Arg-Gly-Ser-Nal-Ser-Gly-OH with
Nal = naphthylalanine. The arginine residues were introduced to increase solubility of
the polypeptide chain in order to reach peptide concentrations high enough for DLS
measurements. Results revealed a hydrodynamic radius of rg = 1.00(+0.15) nm for
this polypeptide chain in the absence and in the presence of 30 % (w/v) glycerol,
indicating that glycerol has no effect on the dimension of the studied model
polypeptide chain. Figure 15 shows that the sensitivity of k. on solvent viscosity is a
function of loop length. In (Gly-Ser), chains with » > 8 the rate constant of end-to-end

loop formation decreases with 1/n (B = 1). This indicates that loop formation in long

chains is diffusion-controlled. In shorter chains with n < 8, k. exhibit a fractional

viscosity dependence (3 < 1) even for small co-solutes, indicating that the reaction is
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not fully diffusion-controlled. Similar results were found for stiffer polyserine chains.
However, due to limitations in polypeptide synthesis, we were not able to study long
polyserine chains. It is thus still unclear whether B also reaches a limiting-value of 1

in long polyserine chains.

12» T A Figure 15: Sensitivity of end-to-end
loop formation at T=22.5 °C in
poly(Gly-Ser) chains (®) and polyserine
chains (o) to solvent viscosity in the
presence of glycerol. Adapted from

reference 140.
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The observation of two different limits for formation of short loops and long loops is
in agreement with previous TTET measurement on the effect of loop-length on 4. in
unfolded poly(Gly-Ser) and polyserine chains.*’ These experiments show that loop
formation scales with N"'"**! for long poly(glycine-serine), chains with n > 10 in
agreement with the value expected from polymer theory for a Gaussian chain with
excluded volume effects. The rate constant for end-to-end loop formation over short
distances becomes almost independent of chain length and reaches a limiting value of

1.8(£0.2)-10° s for flexible poly(Gly-Ser) chains. A similar behaviour was observed
for stiffer polyserine chains with a limiting value of 8.7(+0.8)-10” s™' and a scaling law
of k. ~ N>'*%% for longer chains. Our results on the effect of solvent viscosity on

intrachain loop formation in polypeptide chains of different length support the model

of different rate-limiting processes for formation of long and short loops.

As shown in figure 14, the effect of solvent viscosity on end-to-end loop formation in
poly(Gly-Ser) and polyserine chains becomes stronger with decreasing co-solute size
and reaches a limit for small co-solvents. For a (Gly-Ser)4 chain this limit (8= 1) is
reached between glycerol and glucose (Figure 14C), which have hydrodynamic radii
of 0.22 nm and 0.37 nm, respectively. Comparing the corresponding hydrodynamic

diameters (dy = 2-ry) to the length of a peptide bond in a flexible chain (0.35nm)
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reveals that the dimensions of glycerol and glucose correspond to the length of 1.3
and 2.1 peptide bonds, respectively. This is in the range of the persistence length of
[, = 2 peptide bonds (0.7 nm) expected for flexible poly(Gly-Ser) chains.”” This
result suggests that the upper limit for the critical co-solute size that still exerts the
full viscous effect corresponds to the persistence length of the chain. To test this
model we studied the effect of solvent viscosity on end-to-end loop formation in a
stiffer (Thr-Ser); chain and compared the results to the flexible (Gly-Ser)4 peptide.
Due to low solubility of the (Thr-Ser); peptide, two additional arginine residues were
introduced at the C-terminal end. A corresponding (Gly-Ser);s peptide with two
additional arginine residues at the C-terminus was synthesized for comparison.
According to Flory, a (Thr-Ser); chain and a (Gly-Ser);4 chain have similar end-to-
end distances.”” TTET measurements in water reveal similar rate constants for end-to-
end contact formation in water for the (Thr-Ser); and (Gly-Ser);4 peptides. The two
additional N-terminal arginine residues in the (Gly-Ser)4 peptide slightly decrease the
rate constant for loop formation but they do not affect the critical co-solute size
(Figure 16). Measurements in the presence of different viscous additives revealed a
limit of B = 0.85 for (Thr-Ser); in the presence of small co-solutes. This limit is
reached between sucrose and PEG 400 with hydrodynamic radii of 0.50 nm and 0.58
nm, respectively, corresponding to the length between 2.9 and 3.4 peptide bonds. This
value is higher compared to the limiting size for (Gly-Ser)4, it is, however, shorter
than the persistence length in the range of 5 to 7 peptide bonds predicted for an ideal
polypeptide chain. However, the effect of peptide solvent interactions and

intramolecular hydrogen bond formation may reduce the persistence length in real

solutions.

Figure 16: Effect of co-solute dimension
S Iy + ____________ ;‘ _______________ 7] on the sensitivity (B) of end-to-end loop
0 § é é ] formation at T=22.5 °C to solvent

0.8 4
@ viscosity for a (Thr-Ser); chain (o) and a

Q
é (Gly-Ser) ;4 chain (), respectively.
0.6 J
0.4

0.1 ‘ I I I — Il
rh (nm)
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If the critical maximum size that a co-solute may have to exert the full effect of
solvent viscosity on loop formation is dependent on the persistence length of the
polypeptide chain, a critical co-solute size should not be observed for free diffusion of
small molecules, which occurs on a very small length scale. To test for this
assumption we studied the effect of solvent viscosity on ion motion by measuring
electrical conductivity in a 50 mM sodium chloride solution. The measured

conductivity x can be described by the Nernst-Einstein equation

2 2
Z'F

K= D +D 30
RT,[ . +D_] (30)

where z is the charge of the ion, F'is Faraday’s constant, R is the gas constant, 7" is the
absolute temperature in K. D,. are the diffusion coefficients of the cation and the

anion, respectively. According to the Stokes-Einstein equation

k,T

D=
67nr,

(18)

the diffusion coefficient is inversely proportional to solvent viscosity and thus, the
effect of solvent viscosity on conductivity should also be described by equation (29).
Figures 17A and 17B show that B does not reach a limiting value for the motion of
small ions in solution. This result is consistent with the idea that the critical co-solute
size observed for loop formation in unfolded polypeptide chains depends on the
dimensions of the underlying motions and is thus a function of the persistence length

in polypeptide chains.
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Figure 17A: Electrical conductivity K in a 50 mM NaCl solution at T = 22.5 °C as
a function of solvent viscosity. The viscosity was adjusted by adding PEG 20000 (),
PEG 6000 (), PEG 1500 (), PEG 1000 (<), PEG 600 (), sucrose (), glucose (e),

glycerol (o), ethylene glycol () or urea (o).
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Figure 17B: Sensitivity () of ion movement to solvent viscosity vs. co-solute

dimension. T =22.5 °C

To compare the effect of solvent viscosity on the dynamics of loop formation in the
homopolypeptide chains to the effect on naturally occurring amino acid sequences,
we investigated peptides derived from the natural proteins carp muscle -

parvalbumin, the DNA-binding domain of the brinker protein and the B1 domain of
protein G. Figure 18 shows the sequence of the studied protein fragments and their
structure within the context of the full-length protein. In general, aromatic amino
acids were replaced by the triplet labels, since they have similar size and chemical
properties. All fragments are unfolded as judged by CD spectroscopy (see chapter
3.1.2 and reference 53).
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Figure 18: Natural protein fragments used to study the effect of viscosity and temperature on
end-to-end loop formation: The structure within context of the full-length proteins (left) and the
amino acid sequence (right) are shown (A: GBls.5;, B: PA DE-loop, C: PA EF-loop and D:
Brkgs.sg). In the structures the positions where TTET labels were introduced are shown in red. The
figures were prepared using MacPyMOL and the pdb files 4CPV'"® for the PA sequences, 2J53"7°
for the GBI sequence and 2GLO" for the Brinker sequence.
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Fragment Sequence

GBl1,s.5, Xan-DDATKT-NAla-SG-NH,
GB1,s.5, T49G Xan-DDAGKT-NAla-SG-NH,

GB1,s.5, T49P Xan-DDAPKT-NAla-SG-NH,

PA DE-loop Xan-KADARALTAGETKT-NAla-SG-NH,
PA EF-loop Xan-LKAGDSDGDGKIGVDE-Nala-SG-NH,
Brke.go Xan-GKGNQRATARKFENIFRRQIQK-Nala-L.Q-NH,

Table 1: Amino acid sequence of natural protein fragments modified to apply TTET. Xanthone
(Xan) is attached to the N-terminus while naphthylalanine (Nala) is introduced near the C-
terminus. The C-terminus of all peptides was amidated. In all fragments Ser-Gly was

introduced at the C-terminus to increase flexibility near the resin during SPPS.

The GBl4s.s,-peptide comprises residues 45 to 52 from the B1 domain of protein G
(GB1) which forms a B-hairpin loop structure in the native protein (Figure 18A). In
this eight amino acid fragment tyrosine at position 45 was replaced by the triplet
donor xanthone and phenylalanine at position 52 by the triplet acceptor
napthylalanine (Table 1). These positions are well-suited for labelling since the side
chains of residues 45 and 52 are close in the native structure of GB1. To test for fast
reactions occurring in the dead-time of the photoflash experiments (~10 ns) we
compared the TTET kinetics in the donor/acceptor peptides with triplet decay of
donor-only peptides, in which the triplet acceptor naphthylalanine was replaced by
alanine, which cannot undergo TTET with xanthone. The results show a significant
loss of the xanthone triplet absorbance in the experimental dead-time (10 ns)
indicating subnanosecond reactions of loop formation in the GB14s.s; peptide (Figure
19A and 19B) compatible with fast loop formation reactions on the 200 ps time scale
observed in short polyserine peptides by a combination of femtosecond- and
nanosecond-laser flash experiments.’” In addition to the dead-time reactions TTET in
the GBlys.s; fragment occurs in two resolved kinetic phases with time constants of

1.0(£0.1) us and 30.3(%£1.9) ns. The slow kinetic phase corresponds to the intrinsic

xanthone lifetime and the fast kinetic phase corresponds to end-to-end loop formation.
Comparison to the dynamics in the homopolypeptide models shows that loop

formation in GBly4s.s; in water is slower than the value observed for a polyserine
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chain of the same length (Figure 19C and table 2). Additionally, we studied two
variants of the GB14s.5; peptide to test for the effect of proline and glycine residues on
the dynamics of loop formation, since these residues frequently occur in turn

. 181,182
regions. *

Replacing Thr49 by the more flexible glycine residue accelerates end-
to-end loop formation in water. Introducing the stiffer proline residue, in contrast,
leads to slower kinetics (Figure 19 and table 2). At the same time the dead-time
amplitude decreases when a proline is introduced (Figure 19A and 19B). TTET
measurements in the presence of glycerol reveal a B-value of 0.9 for the wild-type
GBl4s.s; fragment and for both variants (Figure 19D and table 2) indicating that

proline and glycine residues have no effect on the contributions of solvent interactions

to the dynamics of loop formation in these fragments.

We further studied end-to-end loop formation in two loops derived from P-carp
parvalbumin (Figures 18B and 18C). The DE-loop comprises residues 70 to 85
whereas the EF-loop fragment comprises residues 85 to 102 and binds Ca*" in the
native state. Both loops connect two o-helices in the native structure of parvalbumin.
Xanthone and naphthylalanine were introduced at positions of phenylalanine residues
70 and 85 in the DE-loop and at positions of phenylalanine residues 85 and 102 in the
EF-loop. These positions are within van-der-Waals contact in the native structure
(Figures 18B and 18C). The time constant for loop formation in the EF-loop is
52.6(£2.8) ns, which is comparable to the value expected for a polyserine chain of
similar length (Fig. 19).>> The rate constant for loop formation in the DE-loop is
significantly slower than in the polyserine chains (Figure 19C). This difference can be
explained by the higher content of glycine residues in the EF-loop compared to the

DE-loop. TTET measurements in the presence of glycerol reveal S-values of 0.86 for
the DE-loop and = 0.85 for the EF-loop (Table 2) indicating that loop formation in

both fragments is sensitive to solvent viscosity but not fully diffusion-controlled.

We further studied end-to-end loop formation in a fragment consisting of amino acids
66 to 89 from the DNA-binding domain of the brinker protein (Brkes-go, see chapter
3.1.2). This domain is natively unfolded and only forms structure upon binding to

DNA. The 24 amino acid Brkee so-fragment includes helices 11 and III from the DNA-

binding motif (Figure 18D). In the absence of DNA o-helix formation in this segment
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is prevented by repulsive 1, i+4 interactions between lysine and arginine side chains
(Figure 18D). These interactions are screened in the presence of negatively charged

phosphate groups from the DNA backbone, which induces o-helix formation.

Xanthone was attached to the N-terminus of the Brkesso-fragment and
naphthylalanine was introduced at the position of tryptophane 87 (Table 1). Since
Tyr77 and His80 in Brkee.go interfere with TTET experiments these residues were
replaced by phenylalanines (Table 1). Loop formation in the unfolded Brkesgo-
fragment is significantly slowed down compared to model polypeptide chains of
similar length (Figure 19A and table 2). An acceleration of loop formation in the
presence of sodium chloride indicates that the effect can partly be attributed to
repulsive interactions between positively charged side chains (Figure 19C). TTET

measurements in the presence of glycerol reveal a B-value of 0.87 for the Brkee.go-
fragment, which is similar to the S-values found for the parvalbumin fragments (Table
2). In summary, all studied natural protein sequences showed fractional viscosity
dependences in the range of B = 0.86 to 0.90 indicating that end-to-end loop

formation in all fragments is not fully diffusion-controlled.

Table 2: Rate constant k. (H,0) for

Fragment k, (H,0) (s B
end-to-end loop formation in natural
GBlyss, 3.3(x0.2)-107 0.90(x0.05) * protein sequences in water at T=22.5
GBl,s5, T49G  50(x03)10"*  0.90(x0.04)* °C and the corresponding f-values
determined from TTET
107 A A
GBlyss, TAOP 24(x0.2y10 0.90(0.05) measurements in the presence of
PA DE-loop 1.5(x0.1)-10"*  0.86(x0.03)4 glycerol. A: Data taken from
PA EF-loop 1.9(+0.1)107 # 0.85(+0.03) reference 140, B: Data taken from
reference 53.
Brkg g0 4.5(+0.1)-10° 0.87(x0.02)*
Brkg. g +salt 7.0(x0.1)-10° -
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Figure 19: A and B: Transient triplet absorbance decay observed in the donor/acceptor peptides
GB1s5.5; (green), GB1s.5; T49G (red) and GBI1s.5; T49P (blue) and in a GBl1ys.5; donor-only
peptide (black). C: Comparison of k. for end-to-end loop formation in natural loop sequences and
model polypeptide chains in water: poly(Gly-Ser) (e), polyserine (0), GBls.5; (o), in GBI .55
749G (o) and GBlys.s; T49P (e), DE-loop (o), EF-loop (), Brkss.so (¢) and Brkssso in the
presence of 300 mM NaCl (o). D: Viscosity dependence of k. for loop formation in GB14s5.5, (®),
GB1 5.5 T49G (o) and GBI 5.5, T49P (e). Part of the data was taken from references 53 and 140
(see table 2). Measurements were carried out in 10 mM KP pH 7.0 (GBIl-peptides and
homopolypeptides), in 10 mM NaCac pH 7.0 (parvalbumin fragments) or in 20 mM NaAc 20 mM
NaCl, pH 5.7 (Brkgs.sg) at T = 22.5°C.

Recent studies on the effect of solvent viscosity on folding of cytrochrome ¢ and
TrpCage showed that folding time constants (1/ky) in both proteins vary linearly with

183,184
0.

solvent viscosity and extrapolate to a positive intercept 7° as 7 — 70 was

suggested to represent the maximum time constant for folding in the absence of

solvent friction and was interpreted as the contribution of intrinsic friction to the

folding reaction. Analysis of the viscosity-dependence at 20° C revealed 7°=0.7 us

for TrpCage ' and 77=6 us for cytochrome ¢ folding from the compact M-state to

46



the native state'®*. Figure 20A shows the same analysis for the viscosity-dependence

of loop formation in poly(Gly-Ser) and polyserine chains of different length.
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Figure 20: A: Time constant for loop formation in (Gly-Ser), chains as a function of solvent

viscosity: n =1 (o), 2 (o), 3 (¢), 4 (¢), 5 (), 6 (¢), 8 (¢), 14 (). B and C: Limiting time constant
T?for n—0 vs. loop length for poly(Gly-Ser) (o), polyserine (0), GBIl ,s.5; (®), GBIl 5.5 T49G
(¢) and GBls.5; T49P (), DE-loop (o), EF-loop (e), Brkss.se (). The lines represent the
average T? for polyserine chains (---) and poly(Gly-Ser) chains (—). Data on poly(Gly-Ser),

polyserine, GB1-peptides and parvalbumin fragments was adapted from reference 140.

A linear relationship between the time constant for loop formation (7, = 1/k;) and
solvent viscosity is observed for all polypeptides. Extrapolation to 7 — 0 reveals a
positive intercept (7. ) as observed for cytochrome ¢ and TrpCage. A linear fit gives
values of 70 = 2.8(+2.0) ns for poly(Gly-Ser) chains and of 70 = 4.6(+2.0) ns for
poly(serine) chains. For both series of peptides 7’ does not depend on chain length
(Figure 20B). The values for 7. are only about 2-fold smaller than the limiting values

of 5.5£1.0 ns and 11.5+1.0 ns observed for short chains in the length-dependence of

loop formation in poly(Gly-Ser) and polyserine chains, respectively (Figure 7). This
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comparison shows that internal friction contributes significantly to the dynamics of
loop formation in short chains.

For the natural protein fragment GBlyss; and the T49G and T49P variants T? 1S
7.5(£3.7) ns, 4.3(%2.2) ns and 9.1(£4.5) ns, respectively, which is comparable to the
values observed in unfolded model polypeptide chains (Figure 20C). However, Figure

20C shows that this limit is significantly increased in the DE-loop (7)=21.1(x10.6)
ns) and the EF-loop fragments (7’ =17.0(+8.5) ns) from B-carp parvalbumin and in

the Brkes go-fragment (70 =54.7(£27.4) ns). The 7! -values in the range of 2-55 ns for

loop formation in all studied peptides indicate that in the absence of solvent friction
other processes become rate limiting for intrachain dynamics. From our
measurements we cannot determine whether these processes are solvent dependent or

not. Possible origins of these processes are internal friction and/or bond rotations.
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3.1.1.2 Characterization of the barriers for intrachain loop formation in model

polypeptide chains and natural protein sequences

To characterize the barriers for intrachain loop formation in the different limits of
formation of short and long loops in more detail we applied TTET from xanthone to
naphthylalanine attached to different polypeptide chains and measured the effect of
temperature on end-to-end loop formation. To determine the effect of chain length on
the barriers for loop formation we studied homopolypeptides consisting of poly(Gly-
Ser) or polyserine groups. The general form of the used model polypeptides is shown
in figure 11. Figure 21A shows the observed transient triplet absorbance decay in a
(Gly-Ser),4 chain, which reveals a significant acceleration of loop formation with
increasing temperature. The absorbance decay can be described by a double
exponential function with the slower kinetic phase corresponding to the intrinsic

xanthone lifetime 7 =1.5(+0.1) us. The faster kinetic phase can be attributed to TTET

and corresponds to the rate constant k. for end-to-end loop formation. Varying the
temperature changes the solvent viscosity with an apparent activation energy of
Eaapp=17 kJ/mol. Therefore, the observed rate constant k. measured at different

temperatures, has to be corrected against viscosity according to

-B
k = kc(ﬂJ 31)
Ny

using the B-values determined from intramolecular TTET measurements in the

presence of glycerol (Figure 21B; see chapter 3.1.1.1). Increasing the temperature
speeds up both the observed rate constants k. and the viscosity-corrected rate
constants k. in all studied peptides. The data can be described by the Arrhenius

c

equation:

_Ea

k.=A-ekl (32)

where A is the Arrhenius pre-exponential factor and E, is the Arrhenius activation

energy. The observation that &, shows linear Arrhenius behaviour indicates a change

in heat capacity of AC}; ~ 0 for loop formation.
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Figure 21: A: Transient triplet absorbance decay monitored at 590 nm in a (Gly-Ser),, chain
in10 mM KP pH 7.0 at T=10 °C (—), 20 °C (—), 30 °C (—), 40 °C (—) and 50 °C (—). The
continuous lines represent fits of double exponential functions to the data. B: Observed () and

viscosity-corrected (0) rate constants for end-to-end loop formation in (Gly-Ser),,. The lines

represent a fit of equation 32 to the data. Measurements were carried out by F. Krieger '*’

Comparing the results from different (Gly-Ser), chains with » ranging from 1 to 14
shows that the activation energy reaches a limiting-value around 5 kJ/mol for long
loops with n > 8 and increases for shorter loops with a value of 13.9 kJ/mol for (Gly-
Ser); (Figure 22A). Similarly, the activation energy decreases from 16.1(+0.3) kJ/mol
for a (serine), peptide to 9.2(%1.0) kJ/mol for a (serine)y peptide (Figure 22A). Due to
limitation in peptide synthesis the activation energies for longer polyserine peptide
chains could not be determined. For peptides with the same number of amino acids
between the triplet labels, the activation energy is increased in polyserine chains
compared to the poly(Gly-Ser) chains (Figure 22A). An explanation for lower
activation energies in poly(Gly-Ser) peptides compared to the poly(serine) peptides is
decreased chain stiffness, since a glycyl-residue increases the flexibility of a

polypeptide chain compared to other amino acids.”’

Comparing the general rate equation

AGY* AH* ASO*

k=ky-e B =k -e K .¢R (5)
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to the Arrhenius equation (Equation 32) shows that the enthalpic contribution
(activation enthalpy AHOi) to the free energy barrier can be determined from the

Arrhenius activation energy according to

AH" =E - RT (33)

For a fully diffusion-controlled reaction AH” should be close to 0. The results on the
long poly(Gly-Ser) chains indicate a AH**-value around 2.5 kJ/mol, which is close to
zero, as expected for a purely diffusion-limited reaction. For shorter poly(Gly-Ser)
chains and polyserine chains the enthalpic contributions to the barriers for intrachain
loop-formation are larger with values of AH% = 11.4 kJ/mol for the (Gly-Ser); peptide
and AH™ = 15.6 kJ/mol for the (serine), peptide. These values are comparable to

results from computational analysis of single bond rotation in B-turns.'®

In addition to the activation energies and enthalpies the results from fitting the
Arrhenius equation to the temperature-dependence of k, yields the Arrhenius pre-
exponential factor of the reaction, which includes contributions from the activation
entropy, AS%, and from the pre-exponential factor, ky, of the general rate-equation

according to

ASY 4R

A=kye * (34)

Figure 22B shows that the Arrhenius pre-exponential factor for loop formation
decreases with increasing chain length for poly(Gly-Ser) and polyserine chains
(Figure 22B). This behaviour is in accordance with a larger number of conformations
adopted by longer chains, which leads to an increased loss in entropy upon loop
formation. Comparing chains of the same number of peptide bonds between the triplet
labels shows that poly(Gly-Ser) chains have larger pre-exponential factors compared
to polyserine chains. This difference is expected since poly(Gly-Ser) is more flexible
than polyserine and thus has a larger accessible conformational space and looses more

entropy upon loop formation. For polyserine chains increased stiffness leads to a
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restricted conformational space, which results in less loss of entropy upon loop
formation and results in a higher Arrhenius pre-exponential factor. This behaviour has
previously been observed for formation of very short loops.”® To estimate entropic
contributions to the free energy barrier we attempted to dissect the Arrhenius pre-
exponential factor into AS* and kq, according to equation 34. Since the correct ko is
not known for loop formation, the determination of absolute values of AS™ is not

possible. However, it is reasonable to assume that ky is on the order of the rate
constant for a single bond rotation in a polypeptide chain, which is around 10'° s™.

Figure 22C shows AS* as a function of loop length for all studied model polypeptide
chains assuming ko = 10'° s'. The results show that AS* is negative. This is expected
since end-to-end loop formation should be entropically unfavourable. AS® is around 0
kJ/(mol-K) for the shortest peptides (Ser), and (Gly-Ser); indicating that entropy does

not contribute to the free energy barrier for loop formation in these chains. This result

also indicates that the value of 10" s™ assumed for ko may be too low.
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To characterize the free energy barriers for loop formation in unstructured natural
protein sequences we determined the temperature-dependence of loop formation in
the same peptides used in the study of the viscosity-dependence of loop formation
(see figure 18). The results from the viscosity-dependence of loop formation in these
peptides described in chapter 3.1.1.1 were used to correct the rate constants for the
effect of temperature on solvent viscosity according to equation 31. The results from
the temperature dependence of loop formation in the natural protein sequences are
summarized in table 3. For all natural protein sequences we found significant
activation energies in the range of 12 - 16 kJ/mol. Loop formation in the wild type
GB14s.s2-peptide has an activation energy of £, = 15.7(£0.9) kJ/mol, which is around
4 kJ/mol higher than for a polyserine chain of the same length. The Arrhenius pre-
exponential factor for GBlys.sy is 4 = 1.8(£0.7)-10'° s, which is significantly larger
compared to a polyserine chain of the same length, indicating a decreased entropic
cost for loop formation in GB14s.s,. For loop formation in the T49G GB1 variant E, =
15.5(+0.7) kJ/mol and 4 = 2.4(x0.7) -10'"° s™" were determined. Loop formation in the
T49P variant yielded E, = 15.7(+0.8) kJ/mol and 4 = 1.4(x0.4)-10" s (Figure 23B).
These results indicate that mutations do not significantly affect the enthalpic
contribution and the entropic contribution to the free energy barrier for loop
formation. In the native protein G this amino acid sequence forms the loop region of a
tight B-hairpin. The reduced entropic cost for loop formation in these peptides
indicates the presence of energetically favourable loop conformations in these
sequences. Population of loop conformations in equilibrium is in accordance with the
large observed loss of xanthone triplet absorbance in the experimental dead time
(Figure 19A). For the sequences derived from B-carp parvalbumin we found E, =
14.3(+0.7) kJ/mol and 4 = 4.6(x1.9)-10° s for the DE-loop and E, = 12.5(x0.7)
kJ/mol and A = 2.7(£0.3)-10° s for the EF-loop, respectively. This indicates
increased enthalpic barriers and decreased entropic cost for loop formation in both
sequences compared to unfolded model polyserine chains of the same length. The EF-
loop shows a lower activation energy and a lower Arrhenius pre-exponential factor
compared to the DE loop, which can be explained by higher chain flexibility in the
EF-loop due to a larger number of glycine residues. For the sequence derived from the

naturally unfolded brinker protein we found E, = 13.3(£1.0) kJ/mol and 4 =
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9.8(+3.7)-10° s™. This indicates increased enthalpic barriers and decreased entropic
cost for loop formation in Brkge.g9 compared to an unfolded model polyserine chain of
the same length. This can be explained by repulsive interactions between positively
charged residues in Brkes.gg, which might lead to increased internal friction and/or

decreased chain flexibility in this sequence (see chapter 3.1.2).
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Figure 23: A: Rate constants (k,) for end-to-end loop formation in natural protein sequences
and model polypeptides: poly(Gly-Ser) (e), polyserine (0), GBl .5, (®), GBIl .5, T49G (o),
GBIl 5.5, T49P (e), DE-loop (0), EF-loop (e), Brks.s (®) and Brkgs g in the presence of 300
mM NaCl (o). B: Effect of temperature on end-to-end loop formation in GB1 5.5, (®), GBI .5,
T49G (o) and GBIl .5, T49P (e). Results for poly(Gly-Ser) and polyserine were taken from
reference 47. Data on natural protein sequences was partly taken from references 53 and
140 (see table 3). Measurements were carried out in 10 mM KP pH 7.0 (GBI-peptides and
homopolypeptides), in 10 mM NaCac pH 7.0 (parvalbumin fragments) or in 20 mM NaAc 20
mM NaCl, pH 5.7 (Brkgs.g9) at T = 22.5°C.
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Fragment  k, (H,0) (s") E,(kJ)  AH" (kJ/mol) A(shH© AS" (J/(mol-K))©

GBlss, 3302107  157(x0.9)*  132(x09)*  1.8(x0.7)-10"4 -3.5(2£32)
GBl,s5, T49G  50(x0.3)-107*  155(x0.7)*  13.0(+x0.7)*  2.4(x0.7)-10"°4 -1.1(x2.5)
GBl,55, T49P  24(x0.2)-10"* 157(x0.8)* 13.2(+0.8) 4 1.4(x04)-10'4 -5.5(x2.5)
PA DE-loop 1.5(x0.11074  143(x0.7)*  118(x0.7)"  4.6(x1.9)-10°4 -14.8(£2.5)
PA EF-loop 1.9(x0.110%  125x0.7)4  100(x0.7)*  2.7(x0.3)-10°4 -22.3(x1.3)
Brkeg g0 45(x0.1)-10°  13.3(x1.0) 10.8(x1.0) 9.8(£3.7) -10° -27.2(3.1)
Brkeg o +salt 7.0(x0.1)-10° - - - -

Table 3: Results for loop formation in unstructured natural protein sequences. k,(H,0) is the
rate constant determined in water at T=22.5°C. The activation entropy AS™ was determined
assuming k, = 100 ps. A: Data taken from reference 140, B: Data taken from reference 53. C:

obtained from a fit of equation 5 to the temperature dependence of k,’.

In summary, the results on the effect of temperature on end-to-end loop formation in
natural protein sequences indicate significantly increased activation energies
compared to polyserine chains. A possible explanation for increased activation
energies in natural sequences compared to polyserine chains are longer side chains,
which might lead to steric contributions to the enthalphic barrier for loop formation.

The activation enthalpies AH* for the natural protein sequences are in the range of
10.0 - 13.3 kJ/mol (Table 3), which is comparable to AH" observed for the collapse

in cytochrome c,'®® which indicates that the dynamics of loop formation determine the
rate constant for fast collapse early in folding. The Arrhenius pre-exponential factors
determined for loop formation in natural protein sequences are significantly increased
compared to results on polyserine chains (Figure 24A). This indicates that the

entropic contribution (ASOi) to the free energy barrier for loop formation is lower in

the natural protein sequences than in polyserine chains of the same length. For loop

. . . . 1 -1
formation in natural protein sequences, AS%-values using ko = 10" s' are

summarized in table 3. Entropic contributions (AS®) to the free energy barrier for

end-to-end loop formation correlate with the Flory mean square end-to-end distance

2172

<r>"" of a polypeptide chain and thus more compact conformations lead to a higher

pre-exponential factor (Figure 24B). Poly(Gly-Ser) chains show the most
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unfavourable activation entropies. This is expected since these chains can adopt a
relatively large number of conformations due to high chain flexibility. Possible
explanations for higher pre-exponential factors in natural protein sequences compared
to polyserine peptides are side chain interactions, which might lead to more compact
conformations and/or excluded volume effects, which decrease the accessible
conformational space. The results show that free energy barriers for formation of
short loops and for loop formation in natural protein sequences contain significant
enthalpic contributions whereas free energy barriers for formation of long loops in
flexible poly(Gly-Ser) model polypeptide chains contain mainly entropic

contributions.

1ol

1010

20+

A

10°

40+

Activation entropy (J/(mol-K))

<2512 (&) <12 (A)

Figure 24: Pre-exponential factor (A) and activation entropy (B) for end-to-end contact
formation vs. the mean square end-to-end distance <r>"?. The colours are as indicated in

figure 23. Experimental conditions are as described in figure 23.

The observed barriers for end-to-end loop formation kinetics in short poly(Gly-Ser)
and polyserine peptides are in accordance with the fractional viscosity-dependences
(B<1) for loop formation in these chains. This comparison shows that formation of
short loops 1s not fully diffusion-controlled. For long poly(Gly-Ser) chains the
activation energy is in the order of the thermal energy, which is in agreement with the
inverse viscosity-dependence of the rate constant for loop formation (=1) and
indicates that formation of long loops in flexible poly(Gly-Ser) chains is fully
diffusion-controlled. Comparison of the results on the effect of temperature and of
viscosity on loop closure kinetics reveals a negative correlation between the activation

energy and the sensitivity of the reaction to solvent viscosity () for both poly(Gly-
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Ser) and polyserine chains (Figure 25). Larger activation energies for loop formation
lead to smaller B-values. However, the increase in activation energy with decreasing [3
is weaker in flexible poly(Gly-Ser) chains compared to stiffer polyserine chains. The
results on natural protein fragments from carp muscle B-parvalbumin (DE-loop and
EF-loop) and from the natively unfolded brinker protein (Brkes-go) fit well on the
correlation observed for polyserine chains. All studied GB1 fragments (GB14s.5, and
the two variants T49G and T49P) do not fit to the correlation observed for polyserine
chains. The GBI fragments show similar B-values as a polyserine chain of the same
length, however the activation energy in the hairpin fragment is significantly
increased. This could be due to more compact chain conformation in the hairpin
fragment, which leads to steric barriers, in accordance with a larger pre-exponential

factor.

Figure 25: Correlation between the
activation energy E, for loop

7 formation and the sensitivity of the

reaction to solvent viscosity (). The

colours are as indicated in figure 23.

Ej (kJ/mol)

Data for homopolypeptides and
partly for natural sequences were
adapted from reference 140 (see
11 table 3).

The observed negative correlation between E, and [ indicates that crossing of free
energy barriers for loop formation, which contain a large enthalpic contribution
(AH™) is not fully driven by temperature dependent Brownian motion ($<1) and thus
the reaction rate constant is influenced by the barrier height (AG*) and the pre-
exponential factor ky. Free energy barriers for loop formation that contain mainly
entropic contributions, as it is observed for long flexible poly(Gly-Ser) chains, can be
overcome by Brownian motion, indicated by the inverse dependence of the rate
constant on solvent viscosity (B=1). These results indicate that mainly the enthalpic
contribution to the free energy barrier of loop formation determines whether the

reaction is diffusion-controlled or not.
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Our system used to study the effect of solvent viscosity and temperature on loop
formation dynamics is diffusion-controlled (see chapter 3.1.1), indicated by an
activation energy of £, = RT for TTET from xanthone to naphthalene. This model is
supported by an inverse dependence of the bimolecular rate constant for TTET from

xanthone to napththylalanine on solvent viscosity (f=1). Thus, TTET allows

determination of absolute rate constants, viscosity-dependencies and free energy
barriers for end-to-end loop formation. This is in contrast to previous systems used to
characterize the rate-limiting steps for end-to-end loop formation in polypeptide
chains (see chapter 1.3.3). These systems are either not diffusion-controlled, contain
contributions from intrinsic barriers for photophysics or are not well characterized. In
a detailed study on the effect of solvent viscosity and temperature on end-to-end loop
formation in flexible poly(Gly-Ser) chains we observed different regimes for
intrachain motions over short and long distances. This indicates different rate-limiting
steps for formation of short loops and long loops. Formation of short loops is not-
diffusion controlled but is limited by intrinsic barriers, which contain mainly
enthalpic contributions. Intrinsic barriers for formation of long loops contain mainly
entropic contributions and can be overcome by temperature dependent Brownian
motion, indicating that loop formation in these chains is fully diffusion-controlled. A
similar behaviour was observed for stiffer polyserine chains. However, activation
energies for loop formation in these chains are slightly increased compared to
poly(Gly-Ser) chains, which can be explained by increased chain stiffness. The
entropic contributions to the free energy barriers are decreased in polyserine chains
compared to flexible poly(Gly-Ser) chains, which can be explained by a restricted
conformational space for polyserine chains resulting in less loss of entropy upon loop
formation. Free energy barriers for loop formation in natural protein sequences
contain increased enthalpic contributions but decreased entropic contributions,
compared to the studied homopolypeptide chains. Longer side chains in the natural
protein sequences might lead to steric contributions to the enthalpic barrier for loop
formation. Possible explanations for higher pre-exponential factors in natural protein
sequences compared to polyserine peptides are side chain interactions, which might
lead to more compact conformations and/or excluded volume effects, which decrease

the accessible conformational space.
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3.1.2 Dynamics of loop formation in a fragment from the brinker protein

Characterization of dynamics of unfolded polyserine and poly(glycine-serine) model
polypeptide chains by TTET allowed insight into physical basis of chain dynamics.
Compared to these model peptides biological sequences are more complex as they
consist of 20 different amino acids. Usually, very harsh conditions are used to unfold
proteins in vitro what makes characterization of the unfolded state under
physiological conditions difficult. Natively unfolded proteins provide good model
systems to study the unfolded state under physiological conditions. They exist as an
ensemble of unstructured conformations and only adopt a well-defined three-
dimensional structure in the presence of their binding partner, like DNA or other
proteins. To measure end-to-end loop formation in a naturally occurring unstructured
amino acid sequence we applied TTET to a highly charged fragment from the natively
unfolded brinker protein. The brinker protein is a nuclear repressor playing an
important role in the Drosophila Decapentaplegic morphogen pathway. The full-
length protein consists of 704 amino acids and contains an N-Terminal sequence-
specific DNA-binding domain (Figure 26). In solution the DNA-binding domain is
globally unstructured and highly flexible. Binding to cognate DNA induces folding to

an ordered structure consisting of four a-helices forming a helix-turn-helix DNA
£187

recognition moti

1 42 101 705

Figure 26: Structure of the DNA-binding domain of Brinker in
complex with DNA. Ribbon diagram of the lowest energy

structure taken from reference 187.

We used a fragment consisting of amino acids 66-89 of the brinker protein (Brkee-so)
to investigate chain dynamics by TTET. This 24 amino acid fragment includes the

sequence of helixIl and helixIIl from the DNA-binding motif (Figure 27A). In the
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absence of DNA o-helix formation in this segment is prevented by repulsive 1, i+4
interactions between lysine and arginine side chains. These interactions are screened
in the presence of negatively charged phosphate groups from the DNA backbone,

which allows o-helix formation (Figure 27B).

CssKGNQRATARKYNTHRRQIQKWLQs,

Figure 27A: Wild-type amino acid sequence of the fragment Brkgs.so. Residues included in

helixII and helixIll in the folded conformation are shown in red and blue, respectively.

(A) (B)

Figure 27B: In the presence of DNA repulsion of positively charged amino acids of
Brkss.so (shown in stick representation in panel B) is screened, which allows o-helix

formation in this sequence. The figures were prepared using MacPyMOL and the pdb file
2GLO".

In order to study chain dynamics in Brkee.go residues Tyr77 and Hisgyp were mutated to
phenylalanine since these amino acids interact with the xanthone triplet state. To
study end-to-end loop formation the triplet donor xanthone (Xan) was attached to the
N-terminus and the triplet acceptor napthyl was introduced replacing Trp at position
87 by the non-natural amino acid naphthylalanine (Nal) (Figure 28). In the following

Brkee-s9 denotes the modified sequence suitable for TTET measurements.

Xan-GKGNQRATARKFNIFRRQIQKNaILQs9

Figure 284: Amino acid sequence of Brkss.so used for TTET measurements. TTET labels
and introduced mutations are in green. Residues included in helixIl and helixIIl in the

folded conformation are shown in red and blue, respectively.
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Figure 28B: Brkes.so labelled for
TTET: Tryptophane at position 87
is replaced for naphthylalanine
and xanthone is attached to the N-
terminus of glycine at position 66.
TTET labels are shown in green
and in stick representation. The
figure weas prepared using
MacPyMOL and the pdb file
2GLO".

In the presence of 20mM NaAc, 20mM NaCl, pH 5.7 Brkge-go 1s unfolded, indicated
by a minimum of the CD signal around 200 nm (Figure 29A). This is further
supported by a thermal transition monitored at 222 nm, which shows only a small
linear decrease in the CD signal with increasing temperature (Figure 29B), as

observed for unfolded polypeptide chains.'®®
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Figure 29: A: CD spectra of Brkss.os in 20 mM NaAc 20 mM NaCl, pH 5.7 at 5.0 °C
(blue), 22.5 °C (green) and 80.0 °C (back) and B: Thermal transition of Brkss.og in 20 mM
NaAc 20 mM NaCl, pH 5.7 monitored by the change in CD signal at 222 nm.

The triplet absorbance decay observed for Brkeego in the presence of 20mM NaAc,
20mM NaCl, pH 5.7 at T = 22.5 °C can be described by a triple exponential function
(Figure 30). The slowest kinetic phase corresponds to the intrinsic xanthone lifetime
with Tine = Ukine = 1/(1.8(20.2)-10° s™) = 5.5+(0.5) us and contributes with 2(£2)% to
the total amplitude of the triplet absorbance decay. The second kinetic phase can be

attributed to end-to-end loop formation in Brkeege. It accounts for 86(£9)% of the
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overall amplitude and reveals a rate constant for end-to-end loop formation k. of
4.5(x0.1)-10° s™'. The third kinetic phase has a rate constant of 2.3(£0.3)-10" s and

accounts for 9(+5)% of the overall amplitude. The origin of this phase is still unclear.
The determined rate constant for end-to-end loop formation is significantly lower than
the expected value from results on polyserine chains.*’” This is in contrast to recent
results on intrachain dynamics in other unstructured biological protein fragments,
which revealed rate constants comparable to the expected value from results on

. . 4
polyserine chains.>*”

Possible explanations for the slow dynamics in Brkesgo are
increased chain dimension and/or increased internal friction due to repulsive
interactions between positively charged residues. This model is supported by
measurements in the presence of GdmCI, which screens electrostatic forces (Figure
30). Loop formation kinetics in Brkee-go linearly depend on the GdmCI concentration
extrapolating to 7.0(x0.1)-10° s™ in the absence of denaturant, which is close to the

expected value from results on polyserine chains.
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Figure 30: Rate constants (4) and corresponding relative amplitudes (B) as a function of
the GdmCl concentration obtained by a triple exponential fit to the observed triplet
absorbance decay in Brkss.s9. TTET measurements were carried out in 20mM NaAc, 20mM
NaCl, pH 5.7 at T = 22.5°C. The solid line represents a fit of equation 35 to the rate

constant for end-to-end loop formation in the range of 1.0 to 8.0 M GdmClI.
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The GdmCl-dependence of k. can be described by

Ink, = Ink® — "LP] (35)
RT

Here k. is the rate constant for end-to-end loop formation at zero denaturant

concentration, k. is the rate constant at the denaturant concentration [D] and m.
describes the sensitivity of k. to the presence of denaturant. The results reveal a m.-
value of 541(x4) (J/mol)/M, which is comparable to values from results on
poly(glycine-serine) chains of similar length.'® The observation that the third kinetic
phase does not disappear in the presence of high denaturant concentrations (k3 =

4(+3)-107 s) indicates that it is not related to protein aggregation.

To study the origin of the slow kinetics of loop formation in Brkes g9 in more detail we
investigated the effect of viscosity and of temperature on k. in the presence of 20 mM
NaAc 20 mM NaCl pH 5.7 (Figure 31). A fit of equation 29 to the rate constants
determined at different solvent viscosities yields B = 0.87(+0.02), which is low
compared to a poly(glycine-serine) chain of similar length and compared to the value
expected for a polyserine chain of similar length (Table 4 and chapter 3.1.1.1). The
fractional dependence of k., on solvent viscosity indicates that loop formation in Brkee.
g9 1s not fully diffusion-controlled. The temperature dependence of k. can be described
by the Arrhenius equation (Equation 32), which reveals a pre-exponential factor of A4
= 9.8(+3.7):10° s and an activation energy of E, = 13.3(+1.0) kJ/mol for loop
formation in Brkes.go. Both values are significantly increased compared to the results
for a poly(glycine-serine) chain of similar length and compared to the values expected
for a polyserine chain of similar length (Table 4 and chapter 3.1.1.2). This result
indicates significant contributions from intrinsic barriers to slow loop formation in
Brkesso. On the other hand, the large Arrhenius pre-exponential factor indicates a
decreased entropic cost for loop formation in Brkeegg compared to poly(glycine-
serine) and polyserine chains. For poly(glycine-serine) chains and polyserine chains
we found a negative correlation between the activation energy and the sensitivity of
loop formation to solvent viscosity (see chapter 3.1.1.2). The results for Brkgego fit to

the correlation observed for polyserine chains (see chapter 3.1.1.2).
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Figure 31: Effect of viscosity (A) and temperature (B) on the dynamics of loop formation in
Brkss.so in 20 mM NaAc 20 mM NaCl pH 5.7. The viscosity was adjusted by adding glycerol.
A fit of equation 29 to the viscosity dependence of k. yields § = 0.87+0.02, which was used to
correct k. measured at different temperatures (red) against changes in viscosity (blue). A fit
of equation 32 to the viscosity-corrected data yields A = 9.8(3.7):10° s’ and E, =
13.3(£1.0) kJ/mol.

peptide A6 E, (kJ/mol) 8

Brkes.so  9.8(£3.7)-10°  13.3(1.0) 0.87(£0.02)
GS;p  2.8(£0.7)-10  5.0(=1.0) 0.98(0.04)

GSis  12(£0.3)-10°  5.0(20.6)  0.99(+0.04)

Table 4: Effect of temperature and solvent viscosity on end-to-end loop
formation dynamics in Brkss.so in 20mM NaAc 20 mM NaCl pH 5.7 and

comparison to results on (glycine-serine), chains of similar length.

The presence of inorganic phosphate (P;) was shown to induce structure formation in
the DNA-binding domain of the brinker protein by mimicking the negative charges of
the DNA backbone. Similarly, structure formation in Brkee g9 1s induced, indicated by
a maximum of ellipticity at 190 nm and two minima at 208 nm and 222 nm (Figure

32). A similar effect is observed in the presence of NaCl (Figure 32).
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Figure 32: CD spectra of Brkgs.os in 100 mM potassium phosphate (KP), pH 7.0 at 5.0 °C
(blue), 22.5 °C (green) and 80.0 °C (blue) and in the presence of 20 mM NaAc, 300 mM

NaClpH 5.7 at 22.5 °C (red).

In order to quantify the formation of secondary structure in the presence of inorganic
phosphate and in the presence of NaCl we calculated the helicity fi, of Brkes.go based
on the mean reasidual ellipticity at 222 nm ([6]»22) (Table 5 and material and
methods). In the presence of 20mM NaAc, 20mM NaCl, pH 5.7 the CD spectrum of
Brkee-s9 indicates an unstructured polypeptide chain. However, the calculation yields a
helix propensity of 7-13 % under these conditions. The deviation can be explained by

contributions of the TTET labels to [0].2,, which indicates that all calculated values

for the helix propensity in Brkee-g9 are slightly too large.

Buffer Jhso-c (%) Ju225.c (%) Jhso.0.c (%0)
20 mM NaAc, 20 mM NaCl pH5.7 12.9 124 8.0
100 mM KP pH 7.0 61.8 47.0 16.7
20 mM NaAc, 300 mM NaCl pH5.7 - 40.7 -

Table 5: Helix content obtained from CD spectroscopy on Brkes.s.

The helix content of Brkeego in the presence of inorganic phosphate is reduced when

urea is added (Figure 33 and table 6).

65



T T T ' T Figure 33: CD spectra of Brkss.

0
- os at T = 5°C in the presence of
°
_g 100 mM phosphate (vellow), 100
E ~1-10% mM KP + 0.5 M (orange) and
(3}
2 100 mM KP + 1 M urea (red).
e
E
S —2104F -
2,
1 1 1 1 1
200 220 240
wavelength (nm)
Buffer Jus.o.c (Y0)
20 mM NaAc, 20 mM NaCl pHS5.7 12.9
20 mM NaAc, 20 mM NaCl pH5.7 +0.5 M urea 9.2
100 mM KP pH 7.0 61.8
100 mM KP pH 7.0 + 0.5M urea 44.9
100 mM KP pH 7.0 + 1.0M urea 29.2

Table 6: Reduction of helix content of Brkss.sg in the presence of urea at T = 5°C.

In the presence of 0.5 M urea at 5 °C, the effect of secondary structure formation in
the presence of inorganic phosphate is saturated at 300 mM P; (Figure 34 and table 7).
Again one has to take into account that calculated helix propensities are somewhat to
large due to contribution of the TTET labels to [0]222. In the presence of 0.5 M urea,
the spectrum of Brkee.gy clearly indicates a random coil conformation in the absence

of inorganic phosphate (Figure 34) while calculation yields a helix content of 9.2 %.
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Figure 34: A: CD spectra of Brkss.os in 20 mM NaAc, 20 mM NaCl, pH 5.7 in the presence
of 0.5 M urea at T = 5°C (red). Helix formation is induced in the presence of inorganic
phospate: [P;] = 100 mM (orange), 200 mM (yellow), 300 mM (light green) and 400 mM
(dark green). B: Helix propensity of Brkess.os in the presence of 0.5 M urea at T = 5°C as a
function of the inorganic phosphate concentration. f, was determined from [0],5, as
described in materials and methods. The line represents a fit of the Schellmann weak

binding model to the data.

Buffer Jus.o.c (Y0)
20 mM NaAc, 20 mM NaCl pH 5.7 + 0.5 M urea 9.2
100mM KP + 0.5 M urea 44.9
200mM KP + 0.5 M urea 54.0
300mM KP + 0.5 M urea 60.5
400mM KP + 0.5 M urea 61.3

Table 7: Helix content obtained from CD spectroscopy on Brkgs.se in the presence of

various concentrations of inorganic phosphate at T = 5 °C.

To study the effect of secondary structure formation on chain dynamics we performed
TTET experiments in the presence of 300 mM potassium phosphate at 5°C. Above
2.0 M urea, the measured transient triplet absorbance decays can be described by a
triple exponential function with the same kinetic phases that have been observed in
the absence of inorganic phosphate (Figure 35). The first kinetic phase corresponds to

the intrinsic xanthone lifetime with T = 1/kine = 1/(7.0(x3.0)-10* s) = 14+(6) us and
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contributes with of 2(+2)% to the overall amplitude of the kinetics. The second
kinetic phase corresponds to end-to-end loop formation in unfolded Brkesso and
accounts for 87(£3)% of the overall amplitude. A fit of equation 35 to the denaturant
dependence of k. in the rang of 2.0 M to 8.0 M urea reveals a mc-value of 427(£8)

(J/mol)/M and a rate constant k¢ 20 of 3.1(20.1)-10° s™" in the absence of denaturant.

As urea is a weaker denaturant compared to GdmCI, the decreased mc-value in urea is
expected (m. = 541(#4) (J/mol)/M for GdmCI, Figure 30). The third kinetic phase
does not significantly depend on the urea concentration with a rate constant ranging
from 8-10° s to 2-10” s™' with relative amplitudes of 9(+3)%. Below 2.0 M urea an
additional kinetic phase is necessary to describe the kinetic data. The rate constant of
this additional phase is not well separated from the intrinsic xathone triplet lifetime
and from the rate constant for loop formation in unfolded Brkees.so. To describe the
additional kinetic phase, the triplet absorbance traces monitored in the range of 0.5 M
to 2.0 M urea were fitted with a quadruple exponential function in which £, for loop
formation in the unfolded conformation and ki, were fixed on the values expected
from their urea dependence above 2.0 M urea (Figure 35). Results reveal a rate
constant of 9.0(x2.0)-10° s for the fourth kinetic phase and relative amplitudes,
which increase with decreasing urea concentration. Since the additional kinetic phase
appears at low urea concentrations and its contribution to the observed triplet
absorbance decay increases with decreasing denaturant concentrations it is likely that
this phase is related to secondary structure formation. If this model is correct,
contribution of the fourth kinetic phase to the observed triplet absorbance decay
should be highest in the absence of urea. However, measurements in the absence of
denaturant could not be performed due to aggregation of Brkee.go during the degassing
procedure in the presence of high concentrations of inorganic phosphate.
Measurements in this sample showed that the aggregates do not contribute to

observable TTET.
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Figure 35: Effect of urea on the dynamics of loop formation in Brkss.so in the presence of
300 mM KP at T = 5°C. In the range of 2.0 M to 8.0 M urea results from a triple
exponential fit are shown. The solid line represents a fit of equation 35 to k. above 2.0 M
urea. Below 2.0 M urea results from a quadruple exponential fit are shown in which k. in
the unfolded conformation (open red circles) and the intrinsic xanthone lifetime (open black

circles) were hold fix.

In the absence of inorganic phosphate, where Brkes-g9 1s unfolded (Figures 29), £ is
linearly dependent on the urea concentration over the whole range of denaturant

concentration (Figure 36).
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Figure 36: Effect of urea on the dynamics of loop formation in Brkgs.go in 20 mM NaAc 20
mM NaCl pH 5.7 at T = 5°C. The solid line represents a fit of equation 35 to the rate

constant of the main kinetic phase.

A fit of equation 35 to the data monitored at 5°C reveals an mc-value of 420(£3)

(J/mol)/M and k0 of 2.1(20.1)-10° s™" in the absence of denaturant. This m-value
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supports the result from measurements in the presence of inorganic phosphate at high
urea concentrations (m. = 427(x8) (J/mol)/M). The observation that the addition of
inorganic phosphate increases ko (kem2o = 3.1(20.1)-10° s in 300 mM Pi at 5°C)
and thus loop formation in unfolded Brkeg g0 at a given urea concentration supports the
model of decelerated chain dynamics due to repulsion of positively charged residues

at low ionic strength.

To study the contribution of repulsive interactions between positively charged side
chains to the slow kinetics of loop formation in Brkee.so in more detail we performed
TTET experiments in the presence of high NaCl concentrations, where electrostatic
interactions are screened. A quadruple exponential function is necessary to fit
transient triplet absorbance decays measured in the presence of high NaCl
concentrations (Figure 37B). The slowest kinetic phase corresponds to the intrinsic
xanthone triplet lifetime with T = 1/kine = 1/(1.5(£0.3)-10° s™) = 6.7(x1.3) us and
accounts for 2(£2)% of the total amplitude of the triplet absorbance decay. The rate
constant of the second kinetic phase is independent of the NaCl concentration with &
=1.1(£0.2)-10° s™'. The relative amplitude of this phase increases with increasing salt
concentration (Figure 37B), indicating that this phase might be related to end-to-end
loop formation in the helical conformation. At the same time contributions from the
third kinetic phase decrease with increasing salt concentration, indicating that this
phase can be attributed to loop formation in unfolded Brkee.so (Figure 37B). The rate
constant of the third kinetic phase is increased with increasing NaCl concentration
reaching a limiting value of 7.0(20.1)-10° s™ (Figure 37A). This value is in good
agreement with the rate constant for loop formation in unfolded Brkee g9 extrapolated
from measurements in the presence of GdmCI to zero denaturant (Figure 37A). This
result supports the model of slow chain dynamics in the unfolded conformation due to
repulsion of positively charged residues at low ionic strength. The fourth kinetic
phase with k = 3.0(£1.0)-10" s™ and a contribution of 9(+5)% to the total amplitude of

observed TTET corresponds to the fast phase of unknown origin.
Since Brkesso tends to precipitate during the degassing procedure at high ionic

strength conditions another explanation for the appearance of the second kinetic phase

might be related to xanthone triplet quenching in the aggregates. This explanation is
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contradicted by measurements in the presence of 300 mM Pi in the absence of
denaturant, which showed that the aggregates to not contribute to observable TTET.
As the lifetime of the second kinetic phase is rather well separated from the intrinsic

xanthon lifetime T (1.5(x0.2)-10° s™ in 300 mM NaCl at 22.5°C) it is not probable

that it corresponds to intrinsic xanthone quenching.
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Figure 37: A: Rate constant for loop formation in Brkss.so in 20 mM NaAc, 20 mM NaClpH 5.7 as a
function of GdmCl (red, see figure 40). In the absence of denaturant the rate constant is enhanced by
the addition of NaCl: 100 mM (yellow), 300 mM (green) and 500 mM (black). T = 22.5°C pH 5.7. B:
Relative amplitudes of the kinetic phases obtained from a quadruple exponential fit to the observed
triplet absorbance decays measured in the presence of different NaCl concentrations: A ,.; (intrinsic
xanthon triplet lifetime, open circles), A, (loop formation in helical conformation, blue), A3,

(loop formation in unfolded conformation, red) and Ay,.; (kinetic phase of unknown origin, black).

To study in more detail whether increased chain dimension and increased internal
friction in Brkeego contribute to the slow chain dynamics in Brkesgg we plan to

determine end-to-end distances and intrachain diffusion constants by applying FRET.
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3.1.3 Dynamics of loop formation in aggregation prone polyglutamine peptides

Several neurodegenerative diseases associated with proteins are based on the presence
of abnormally long polyglutamine stretches. Among these diseases, the most common
and best known is Huntington’s disease.”” The unusually long polyglutamine stretch
facilitates protein aggregation, which is assumed be related to the disease process.”' "’
In a recent study, Singh et al. proposed extreme chain stiffness and very extended
conformations for soluble polyglutamine peptides from results of Trp/Cys contact
quenching experiments.®” However, this method is not diffusion-controlled, which
makes a quantitative evaluation impossible. It is thus still unclear whether unfolded

polyglutamine chains have different structural and dynamical properties compared to

other polypeptide chains.

To test for unusual chain properties in polyglutamine peptides we applied triplet-
triplet energy transfer (TTET) from xanthone (Xan) to naphthylalanine (Nal) to
measure end-to-end loop formation kinetics. We investigated peptides of the type
shown in figure 38 with n = 2, 4 and 9 ((Gln),, (Gln)s and (Gln)y) and compared the

dynamics of loop formation to results from poly(glycine-serine) and polyserine model

0} (0]
- /(Gln)n Ser\ /Ser\ /Gly NH,
” Arg Arg
(¢}
° (]

Figure 38: Polyglutamine peptides used in TTET experiments. Xanthone was attached

peptides.

to the N-terminus and naphthyl was introduced via the non-natural amino acid
naphthylalanine. The short C-terminal sequence including two arginines was introduced

to increase solubility. The C-terminus of the peptides was amidated.

Solutions of polyglutamine peptides are often heterogeneous due to peptide
aggregation and therefore different protocols were developed to obtain homogenous
samples. We used a protocol introduced by O’Nullain et al. (see materials and

190

methods) ™ to remove all aggregates and aggregation nuclei in polyglutamine

samples. Although spontaneous aggregation in short polyglutamine peptides is very
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slow we tested whether applying this protocol to samples of (Gln)y prior to TTET

measurements has an effect on the observed kinetics of end-to-end contact formation.

To test for successful disaggregation, the final solution was analysed by monitoring
light scattering in a fluorescence spectrometer in which emission and excitation
wavelength were set to 450nm.'”° The obtained Rayleigh light-scattering signal was
comparable to scattering from buffer alone and significantly lower than the signal of a
partly aggregated sample indicating complete removal of residual aggregates (Figure

39).
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Figure 39: Test for residual aggregates in (Gln)g. The signal of the disaggregated
solution (red) is comparable to scattering from buffer alone (black). The signal of a

partly aggregated sample (green) is significantly higher. T = 22.5 °C.

Studying secondary structure formation by circular dichroism spectroscopy revealed
unstructured conformations only for disaggregated (Gln)y samples as indicated by a
minimum of the ellipticity around 200 nm (Figure 40). Untreated (Gln)y samples
show significant amounts of B-sheet conformations as indicated by a minimum of the
ellipticity at 218 nm and a positive ellipticity below 200 nm (Figure 40). The typical
B-sheet CD spectrum indicates the presence of residual aggregates in the untreated
(Gln)o sample.® For both shorter peptides, (Gln)s and (Gln),, we found unstructured

conformations even without application of the disaggregation protocol.
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Figure 40: A: CD spectra of (Gln)y after disaggregation (red) and without prior treatment
(blue) at 22.5 °C. Using polycarbonate tubes instead of polyallomer tubes for the centrifugation
step induced [(-sheet conformations even in disaggregated samples. B: CD spectra of (Gln),
(solid line) and (Gln), (dashed line) at 22.5 °C without prior treatment. All spectra were

measured in 10 mM NaCac pH 7.0.

Figure 41A shows the kinetics of end-to-end loop formation in water for a
disaggregated (Gln)y sample and for an untreated (Gln)y sample measured by TTET
from xanthone to naphthylalanine induced by a 4-ns laser flash. The amplitudes of the

observed triplet absorbance decays were compared to the respective amplitude

measured in a (Gln); donor-only peptide. In this reference peptide the naphthylalanine
3

residue was replaced by a phenylalanine, which cannot undergo TTET with Xan.’

Asgonm (norm)
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Figure 41: Kinetics of end-to-end contact formation for disaggregated (Gln)y (blue) and
untreated (Gln)g (green) measured in nanosecond-laser flash TTET experiments (A) and
picosecond-laser flash TTET experiments (B). A (Gln); donor-only peptide was used as
reference: Disaggregated (black) and without treatment (red). Measurements were

carried out in 10mM NaCac pH 7.0 at T = 22.5 °C.
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Both the disaggregated sample and the untreated sample exhibit smaller amplitudes
for the observed triplet absorbance decay compared to the donor-only reference
peptide. The amplitude of the observed triplet absorbance decay reaches 60% for the
disaggregated sample and 30% for the untreated sample, compared to the amplitude
measured in the reference peptide. The observable rate constants, k., for end-to-end
contact formation in the disaggregated and the untreated (Gln)9 sample are similar
(Table 8). Together with the increased loss in signal amplitude for the untreated

sample compared to the disaggregated sample this indicates that species adopting [3-

sheet conformations do not contribute to the observed TTET. Possible explanations
for the loss in signal amplitude observed in the disaggregated (Gln)y sample compared
to the donor-only reference are subnanosecond chain dynamics. To test for this we
performed picosecond-laser flash experiments in which TTET is induced by a 120 ps
laser flash and by this allow measurement of loop formation kinetics from 2 ns on.
These experiments cannot resolve the missing amplitude, indicating the absence of
chain dynamics on the 2 to 10 ns time scale (Figure 41B). Thus the observed loss in

signal amplitude must be due to even faster processes, possibly due to PB-hairpin

formation or fast intermolecular TTET between subunits of residual aggregates.

A triple exponential function is necessary to describe the observed triplet absorbance
decay in the (Gln), peptide (Table 8). The slowest kinetic phase corresponds to the
intrinsic lifetime of the xanthone triplet and accounts for 4(+2)% of the overall
amplitude of the observed kinetics. The second kinetic phase has a rate constant of
9.1(+1.0)-10° s™ in water and accounts for 10(£3)% of the overall amplitude of the
observed triplet absorbance decay. The origin of this phase is still unclear, however,
as it is still present in the presence of high denaturant concentrations (Figures 42A
and 42B) it seems to be unrelated to structure formation or aggregation. The third
kinetic phase corresponds to end-to-end loop formation and accounts for 86(+4)% of
the overall amplitude of the observed triplet absorbance decay. For (Gln)s only two
exponentials are required to describe the observed triplet absorbance decay (Table 8).
The slowest kinetic phase corresponds to the intrinsic lifetime of the xanthone triplet
and contributes 5(+2)% to the overall amplitude. The second kinetic phase accounts
for 95(+4)% of the overall amplitude and corresponds to end-to-end loop formation.

For (Gln)y a triple exponential function is necessary to describe the observed triplet
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absorbance decay (Table 8). The slowest kinetic phase corresponds again to the
intrinsic lifetime of the xanthone triplet and accounts for 4(+3)% of the overall
amplitude. The second kinetic phase contributes with 84(£3)% to the overall
amplitude of the observed triplet absorbance decay and corresponds to end-to-end

loop formation. The third kinetic phase has a rate constant of 4.5(x1.2)-10" s in

water and accounts for 13(+4)% of the overall amplitude of the observed triplet
absorbance decay. The origin of this phase is still unclear. It does neither depend on
oxygen content nor on peptide concentration, arguing against a bimolecular reaction.
Additionally, this phase is still present in the presence of high denaturant
concentrations (Figures 42C and 42D) suggesting that it does not appear due to
structure formation or aggregation. In water at 22.5 °C, TTET experiments revealed
rate constants k. for loop closure of 4.9(20.3)-10" s™ in (Gln), 2.1(x0.1)-10” s in
(Gln)4 and 1.0(20.1)-10” s in (Gln)o (Table 8). Degassing the samples before TTET

measurements to prevent quenching by oxygen does not change these values

significantly.
sample Ay ra ky (s™) Ao ka (s™) As o ks (s
0.04 0.10 0.86
(GIn)2 untreated 5(£1)-10° 9.1(x1.0)-10° 4.9(£0.3)-10
(£0.02) (£0.03) (£0.04)
0.05 0.95
(Gln)4 untreated 5(£1)-10° 2.1(£0.1)-10’ - -
(£0.02) (£0.04)
0.04 0.84 0.12
(GIn)9 untreated 4(£2)-10° 1.1(0.1)-10’ 4.5(%1.2)-10
(£0.02) (£0.03) (£0.04)
0.03 0.84 0.13
(GIn)9 6(+2)-10° 1.1(£0.1)-10” 4.4(£1.1)-10
(£0.02) (£0.03) (£0.04)

disaggregated

Table 8: Kinetic phases for the studied polyglutamine peptides obtained by fitting the
observed triplet absorbance decays with the sum of two or three exponentials,

respectively.

For the three studied polyglutamine peptides a linear relationship between Ink. and the

denaturant concentration [D] is observed (Figure 42). This data can be described by
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D
Ink, = Ink® — "LP] (35)
RT

Here k. is the rate constant for end-to-end loop formation at zero denaturant

concentration, k. is the rate constant at the denaturant concentration [D] and m.
describes the sensitivity of k. to the presence of denaturant. The results for (Gln)a,
(Gln)4 and (Gln)y are summarized in table 9. Comparing chains of similar length
shows that the m¢-values for the polyglutamine peptides are similar to previous results
on flexible poly(glycine-serine) chains.' However, the increase in m. with increasing
chain length is slightly more pronounced in the polyglutamine chains. The ratio of m.-
values for GdmCI and urea (1.3 for (Gln)g) is similar to the results on poly(glycine-
serine) chains.'™ Linear extrapolation of the rate constants to zero denaturant
confirms the value for k. measured in the absence of denaturant for all three

polyglutamine peptides (Figure 42 and table 9).

peptide kc,H20 s kf ™ M yrea (J/mol)/M) me Gama ((J/mol)/M)
(Gln), 4.9(+0.3)-10"  4.9(+0.2)-10 175(+4) -

(Gln), 2.1(£0.1)-10"  2.1(+0.1)-10’ 256(+5) -

(Gln)o 1.0(£0.1)-10"  1.1(20.1)-10’ 363(=10) 472(£27)

Table 9: Denaturant dependence of end-to-end loop formation in polyglutamine
peptides. m. and k.” were determined from a fit of equation 35 to the rate constants of
end-to-end loop formation in the presence of different denaturant concentrations. k.20

is the measured rate constant in the absence of denaturant.
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Figure 42: A: Effect of denaturant on loop formation in (Gln), (A and B), (Gln), (C and
D) and (Gln)y (E and F). All measurements were carried out in 10mM NaCac buffer pH
7.0 at T = 22.5°C. Measurements on (Gln)g in GdmCl were carried out on disaggregated
samples while samples in urea were untreated. (Gln), and (Gln)y; samples were not
disaggregated before measurement. The relative amplitudes were determined without

contributions from the intrinsic xanthone lifetime.



The kinetics of end-to-end loop formation in the studied polyglutamine chains are
very slow compared to kinetics in poly(glycine-serine) and polyserine chains, (Figure

43). This effect increases with increasing chain length.
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Figure 43: Comparison of rate constants k. for end-to-end contact formation in
polyglutamine peptides (red) with results from poly(Gly-Ser) chains (filled black circles),
polySer chains (open black circles) and a natural loop sequence of the parvalbumin

protein (open triangle) in water. Adapted from reference 47.

To study the unusually slow chain dynamics observed in the studied polyglutamine
sequences in more detail we investigated the effect of solvent viscosity and of
temperature on end-to-end loop formation in (Gln),, (Gln)s; and (Gln)e. This allows
determination of contributions from solvent motion and the presence of free energy
barriers. To quantify the effect of solvent viscosity 77 on the kinetics, the empirical
equation

-B

n
k.=k, ,| — 29
0 o (29)

is fitted to rate constants determined at different solvent viscosities. Here 7 is the
reference solvent viscosity of water at 7' = 22.5°C and k. is the rate constant at 7.
The exponent f reflects the sensitivity of the reaction on solvent viscosity. For
reactions, which are fully diffusion-controlled is 1 and rate constants decrease with
1/n. For reactions, which are independent of solvent motion [ is 0 and the reaction

becomes fully determined by activation barriers. For all studied polyglutamine
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peptides we found a fractional viscosity dependence of k. indicating that end-to-end
loop formation in these chains is not fully determined by diffusion (Figure 44 and
table 10). The determined B-values were used to correct measurements carried out at
different temperatures for the effect of temperature on solvent viscosity. The

corrected rate constants k, can be described by the Arrhenius equation

_EA

k.=A-ef (32)

Results reveal significant activation barriers for all three studied polyglutamine

peptides (Figure 45 and table 10).

peptide E, (kJ/mol) AGhH B
(Gln), 15.5(£1.0)  2.6(x0.7)-10"  0.75(x0.02)
(Gln), 16.0(£0.3) 1.5(0.4) -10"°  0.80(%0.03)
(Gln), 15.1(+1.0) 4.9(+1.4)-10°  0.91(+0.03)

Table 10: Effect of temperature and of solvent viscosity on the dynamics of end-to-end
loop formation in polyglutamine peptides. The activation energy E, is corrected for the

effect of temperature on solvent viscosity according to equation 31.

80



6
10_I

107}

6
101

2107

106

Figure 44: Effect of solvent viscosity on end-to-end loop formation in (Gln), (A and B),
(GIn), (C and D) and (Giln)y (E and F). Measurements were carried out in 10 mM NaCac pH
7.0 at T=22.5°C and viscosity was adjusted by adding glycerol. Measurements on (Gln)y
were carried out either on disaggregated samples (red) or untreated samples (black) while
measurements on (Gln), and (Gin), were carried out on untreated samples. The solid lines

represent fits of equation 29 to the data. Fit results are summarized in table 10. Relative
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Figure 45: Effect of temperature on end-to-end loop formation in (Gin), (A and B), (Gin), (C
and D) and (GIn)y (E and F) without correction (black) and after correction for the effect of
temperature on solvent viscosity (red). Measurements were carried out in 10 mM NaCac pH
7.0 using non-disaggregated samples. The solid lines represent fits of equation 32 to the data.
Fit results are summarized in table 10. Relative amplitudes A,., were determined without

contributions from the intrinsic xanthone lifetime.



Chapter 3.1.1.1 and 3.1.1.2 describe a detailed study on the effect of solvent viscosity
and of temperature on chain dynamics in poly(glycine-serine) and polyserine chains,
which were used as a model for the unfolded state. A direct comparison of these
measurements to the results on polyglutamine peptides studied here is shown in figure
46. Measurements on the effect of solvent viscosity on the rate constant for end-to-
end loop formation reveal a similar behaviour for polyglutamine peptides compared to
poly(glycine-serine) and polyserine chains (Figure 46A). In all studied polyglutamine
peptides the dependence of k. on solvent viscosity is fractional (k. ~ 1/17® with B <1)
and [ increases with increasing chain length. This indicates contributions from chain
stiffness to the dynamics of end-to-end loop formation in these chains. Whether loop
formation in long polyglutamine chains is fully diffusion-controlled (f = 1) is still
unclear. Measurements on the effect of temperature on k. revealed a different
behaviour for polyglutamine peptides compared to poly(glycine-serine) and
polyserine chains (Figure 46B and 46C). For poly(glycine-serine) chains and
polyserine chains we found that the activation energy is high for formation of short
loops and decreases with increasing loop length. However, for the studied
polyglutamine peptides the activation energy is rather independent of chain length
with a value comparable to the results on the shortest poly(glycine-serine) and
polyserine chains. (Gln), and (GIn)s; show similar Arrhenius pre-exponential factors
compared to poly(glycine-serine) and polyserine chains of similar length. However,
(Gln)9 shows a slightly increased Arrhenius pre-exponential factor compared to
poly(glycine-serine) and polyserine chains of similar length, which indicates
decreased entropic cost for loop formation in (Gln)y suggesting increased chain
stiffness. For poly(glycine-serine) and polyserine chains we found a negative
correlation between the activation energy for end-to-end loop formation and the
sensitivity of the reaction towards solvent viscosity using small co-solutes like
glycerol. Results for the studied polyglutamine peptides do not fit to these correlations
(Figure 46D). In summary, these results indicate that the relatively high and chain
length independent activation energy is the main source of decelerated chain
dynamics in polyglutamine peptides compared to poly(glycine-serine) and polyserine

chains.
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Figure 46: Effect of solvent viscosity and of temperature on end-to-end loop formation in
polyglutamine chains (red), poly(glycine-serine) chains (black) and polyserine chains (open). A:
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was adjusted by adding glycerol. B: Activation energy as a function of chain length. C: Arrhenius

pre-exponential factor as a function of chain length. D: Correlation between the activation
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energy E, and the sensitivity of loop formation dynamics to solvent viscosity.

To test whether slow chain dynamics in polyglutamine sequences are due to
properties of a single glutamine residue we performed host-guest experiments. In an
earlier study the effect of different amino acids on local chain dynamics was studied
measuring TTET in short host guest peptides of the sequence Xan-Ser-Xaa-Ser-NAla-
Ser-Gly.47 Xaa denotes the guest amino acid for which Gly, Ser, Ala, Ile, His, Glu,
Arg and Pro were tested. The results showed that the amino acid side chain has only a
small effect on the contact formation rate constant (Figure 8). Glycine exhibits the
fastest dynamics consistent with its high flexibility. Amino acids with short side

chains show slightly faster loop formation than long side chains. The Ser-Pro-Ser
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sequence shows two rate constants corresponding to the cis and trans state of the Ser-
Pro peptide bond, respectively. We synthesized the same host guest peptide with
glutamine as the guest amino acid. The obtained rate constant for loop formation is
comparable to the value from results on the Ser-Ser-Ser sequence (Figure 47). This is
slightly faster than expected considering the general observation of slightly decreased
rate constants for large side-chains. The results show that glutamine itself has no

retarding effect on local chain dynamics.

108

2.0-108

1.0-108f
8.0107

» 6.0107

ke (s

4.0107

2.0107

107, L : L L 1.0107

0 2 4 6 8 ’ SGS SAS SSS SES SRS SHS SIS SPS SES sas

[GdmCI] (M) trans cis
Sequence

Figure 47: Rate constants k. for end-to-end contact formation measured by TTET in host guest
peptides to study the effect of individual amino acids on local chain dynamics, Adapted from
reference 47. The result obtained for Xaa = Gln is shown in blue and was measured in 10 mM

NaCacpH 7.0 at T=22.5°C.

To get more insight into internal motion in polyglutamine sequences, we plan to
measure a complete dependence of end-to-end contact formation kinetics on chain
length as is was done previously for poly(glycine-serine) and polyserine chains.*’
Further, we want to measure the effect of denaturant, viscosity and temperature on

chain dynamics in all these polyglutamine peptides.
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3.1.4 End-to-end distance distributions and intrachain diffusion constants in

unfolded polypeptide chains studied by FRET

Characterization of the unfolded state is important to understand the process of
protein folding in detail. Compared to the native state, the unfolded state cannot be
characterized by high-resolution structure techniques due to the large ensemble of
conformations in this state. Usually, very harsh conditions are used to unfold proteins
in vitro what makes characterization under physiological conditions difficult. Many
theoretical and experimental studies indicated specific and non-specific interactions as

well as significant amounts of residual structure in the unfolded state.*!'?!2%

In previous experiments, our group applied triplet-triple energy transfer (TTET) from
xanthone to naphthalene on poly(Gly-Ser) chains of different length to study the
kinetics of intramolecular loop formation in unfolded polypeptide chains.*”'® Results
indicated that properties of these chains significantly change in the presence of
denaturants.'®® The rate constant k. for end-to-end contact formation decreases in the
presence of denaturant due to increased solvent viscosity and due to binding of the
denaturant molecules to the polypeptide chain.'"™ To obtain more information on
structure and internal dynamics of unfolded polypeptide chains we performed time
resolved fluorescence resonance energy transfer (FRET) experiments on an (Gly-
Ser);6 chain in the absence and presence of the denaturant guanidinium hydrochloride
(GdmC1).”" FRET in unstructured polypeptide chains is determined both by the
conformational heterogeneity and by internal dynamics on the time scale of the donor
lifetime. This provides the chance to obtain information of both the dimensions and
the dynamics of the polypeptide chain. In our strategy we measured FRET with two
different donor-acceptor pairs with similar Ry but with different donor life times

(Figure 48).
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Figure 48: Structure of (glycine-serine);s labelled with dansyl as FRET acceptor and either
naphthalene (left) or pyrene (vight) as FRET donor. Taken from reference 201.
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(Gly-Ser)6 labelled for FRET is unstructured, indicated by a minimum of the CD
signal around 200 nm (Figure 49)

R B S s s s S S s S e B
s y A ]
S 5000 _-\ 3
< C ]
N - -
5 OF ]
éb C ]
E 5000 F 3
2 C ]
€ _10000 F ]
@ [ P PR 1
180 200 220 240
A (nm)
~ 5000 ——r———————————
i - ]
= - B
£ [ \ ]
) 0
= - ]
Q o -
1)) L -
3 - ]
g -5000 |- -
3 L -
; [ ]
© -0 oy T
180 200 220 240
A (nm)

Figure 49: CD spectra of the (Gly-Ser) ;s chains labelled with naphthalene/dansyl (A) and
with pyrene/dansyl (B) in the absence of GdmClI (solid lines) and in the presence of 6 M
GdmCl (dashed lines). The negative band at 230 nm in the naphthalene/dansyl-labelled
peptide is due to contributions from naphthylalanine. Slight changes in this region between
0 and 6 M GdmCl may indicate small changes in the local environment of the naphthalene

group. Taken from reference 201, supporting information.

Since the effect of intrachain diffusion on FRET efficiency increases with increasing
donor lifetime, global analysis of the data allowed reliable determination of
interchromophore distance distributions and intrachain diffusion constants. Results
show that an increase in end-to-end distance and in diffusion constant for motion of
the two fluorophores relative to each other with increasing GdmCl concentration

(Figure 50).
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Figure 50: A: Donor-acceptor distance probability distribution function p(r) of (glycine-
serine) ;s in the presence of 0 M GdmCl (violet), 2 M GdmCl (blue), 4 M GdmCI (green), 6 M

GdmCl (orange) and 8 M GdmCl (red). B: Effect of GdmCl on rms end-to-end distances

<*>12 calculated from donor-acceptor distance distribution functions. C: Effect of GdmCl

on donor-to-acceptor diffusion constants Dp, obtained from the global analysis (open
circles) and on viscosity-corrected values (closed circles). The solid lines describe fits of the

Schellman weak binding model to the data. Taken from reference 201.

Both effects can be described by the Schellman’s weak binding model (Figure 50).
Since there are no specific side-chain interactions present in (glycine-serine);s, the
significant reduction of chain dimensions in water is explained by non-specific
intramolecular hydrogen bonds, which in this chain can only form between backbone
amide and backbone carbonyl groups or between backbone carbonyl groups and

serine side chains. The intramolecular hydrogen bond network in the absence of
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denaturant leads to decreased chain flexibility as indicated by a reduced intrachain
diffusion constant (Figure 50). Together with results from recent TTET
measurements, which showed accelerated loop formation in the absence of
denaturant'™ our results suggests that non-specific chain compaction might be
important for fast protein folding by accelerating the conformational search for
favourable interactions. Formation of non-specific intramolecular hydrogen bonds
might contribute significantly to chain compaction, which is often observed early

during folding and is usually attributed to a hydrophobic collapse.

This work was carried out in collaboration with A. Mdglich and published in

reference 201 (see Appendix).
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3.2 Dynamics of site-specific intermolecular interactions

Intermolecular interactions play an important role in many biological processes. The
classical Smoluchowski theory models the associating species as uniformly reactive

spheres and puts the maximum rate constant for association to 5-10° M's™. The

situation becomes much more complex when proteins are involved. Here, successful
complex formation usually requires proper mutual orientation do to partial surface
reactivity. These orientational constraints have a retarding effect on the association
kinetics. The diffusion-controlled rate constant for site-specific protein-protein and

protein-ligand interactions is typically assumed to be in the range of 10° M''s™ to 10°
M—ls—l 92-95,128

3.2.1 Intermolecular interactions between unfolded polypeptide chains

The method of TTET was previously applied to different model peptides and
naturally occurring sequences to study intrachain contact formation between two
specific points within a single polypeptide chain. Here, we apply TTET to measure
diffusion-controlled formation of transient intermolecular interactions in different
model systems (Figure 51). Part of the results described in this chapter was adapted

from reference 202.
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Figure 51: Scheme for intermolecular TTET from an unstructured peptide labelled
with xanthone to A: 2-naphtylacetic acid (2-NAA) and B: an unstructured peptide
labelled with naphthalene.
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To study the kinetics of site-specific association by intermolecular TTET, we
synthesized different model peptides labelled with either the triplet donor xanthone
(Xan) or the triplet acceptor naphthylalanine (NAla) (Figure 52). The peptides vary
either in their net charge to characterize the influence of intermolecular electrostatic
forces on the bimolecular rate constant or in the number of reactive sites to study the
role of orientational constraints. CD spectroscopy confirmed that the peptides do not
show any stable secondary structure in solution as expected from their amino acid

sequence.

peptidel: GRSPGSRGSDpr(Xan)GSRGSFSG
peptide2: GDSFGSDGSDpr(Xan)GSDGSFSG
peptide3: GRSFGSRGSNAIaGSRGSFSG

peptide4d: GRSNalaGSRGSNalaGSRGSNAIlaSG
peptide5S: GRSFGSRGSNalaGSRGRSFSRG
peptide6: GRSNalaGSRGSNalaGSRGRSNAIaSRG

Figure 52: Amino acid sequence of model peptides synthesized for intermolecular
TTET experiments. TTET labels are in green, positively and negatively charged
residues in blue and red, respectively. The N-termini of all peptides are acetylated and

C-termini are firee.

In order to determine the bimolecular rate constants (ka) for the association processes
TTET experiments were performed under pseudo first-order conditions. Analysis of

second-order kinetics is complex. The reaction rate v for a heterogeneous second

order reaction of the type A+B—“—C is

v=—k,[A]lB] (36)

Equation 36 can be simplified if one of the reaction partners is present in large excess
(minimally fivefold excess). For instance, if B is present in large excess, its
concentration can be approximated to be constant throughout the reaction. Thus, [B]

can be approximated by [B]o and the rate law becomes apparent first-order.

v=k'[A] with k'=k,[B], 37)
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Reactions in which the observed kinetics is first-order but the mechanism is second-
order are referred to as pseudo first-order reactions. To determine ko in TTET
experiments we used concentrations of the donor molecule between 30 to 50 uM and
an at least tenfold excess of acceptor molecules. Plotting the observed rate constant k¢
( = k& in equation 37) against the acceptor concentration in a pseudo first-order plot

according to

k. =k, + k,[acceptor] (38)

reveals a linear relationship with the slope corresponding to the bimolecular rate
constant k4. The intersection with the y-axis corresponds to the rate constant ko for the

intrinsic decay of the donor triplet state in the absence of triplet acceptor.

In the first part we studied association between an unfolded polypeptide chain and the
small molecule 2-naphthylacetic acid (2-NAA). The results reveal bimolecular rate
constants of kx = 5.9(20.3)-10° M's™ for association between peptide 1 and 2-NAA
and of kx = 1.9(x0.2)-10° M's™ for peptide 2 and 2-NAA in water (Figure 53 and
table 11).
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Figure 53: Pseudo first-order plot for contact formation of 2-NAA with peptide 1 (blue)
and with peptide 2 (red) in 10mM KP pH7 at T = 22.5°C. Adapted from reference 202.

An explanation for the difference in k4 is given by the Debye-Smoluchowski theory,

which predicts that the diffusion-controlled rate constant for association of charged
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reaction partners is significantly influenced by electrostatic forces. To quantify
electrostatic contributions to the association reaction we studied the effect of ionic
strength on ka. Results support the model in which attractive electrostatic interactions
enhance association of peptide 1 with 2-NAA while repulsive -electrostatic
interactions slow down association of peptide 2 with 2-NAA. In the analyzed range
we observed a linear dependence of logka on the square root of the ionic strength
(Figure 54) indicating that the effect of screening is not yet saturated in the presence

of 200mM sodium chloride.
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Figure 54: Effect of ionic strength on contact formation of 2-NAA with peptide 1 (blue)
and with peptide 2 (red) in 10 mM KP pH7 at T = 22.5°C. lonic strength was increased by
adding NaCl. Results from measurements in the absence and in the presence of 100 mM

NaCl were adapted from reference 202.

The most straightforward experimental way to study whether a reaction is diffusion-
controlled is to examine the viscosity dependence of the reaction. A diffusion
controlled-reaction is proportional to the diffusion constant D and therefore,
according to the Stokes-Einstein equation (Equation 18), inversely proportional to the
viscosity of the solvent. Furthermore, in this limit the temperature dependence is
weak with an apparent activation energy corresponding to the temperature
dependence of the solvent viscosity. To test for diffusion control we investigated the
effect of solvent viscosity on the kinetics of contact formation between peptide 1 and
2-NAA and between peptide 2 and 2-NAA (Figure 55A). Fitting equation 29 to the

bimolecular rate constants measured at different solvent viscosities reveals that § = 1
for both peptides. This indicates that the bimolecular rate constant decreases with 1/n,

as expected for a diffusion-controlled reaction. Further, we studied the effect of
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temperature on ks (Figure 55B). The bimolecular rate constants at different
temperatures were corrected for the effect of temperature on solvent viscosity. Fitting
the Arrhenius equation (Equation 32) to the viscosity-corrected data revealed
activation energies of 3.7(%+0.3) kJ/mol in both peptides. The small dependence of ka

on temperature supports the model of diffusion-controlled association.
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Figure 55: A) Effect of solvent viscosity on k4 for contact formation of 2-NAA with peptide 1
(blue) and with peptide 2 (red) in 10mM KP pH7 at T = 22.5°C. The continuous lines
represent fits of equation 29 to the data revealing B = 1.1(x0.1) and B = 1.0(0.1),
respectively. The viscosity was modulated by adding glycerol. B) Effect of temperature on k,
for contact formation of 2-NAA with peptide 1 (blue) and with peptide 2 (red) in 10 mM KP
pH7. Bimolecular rate constants determined at different temperatures (open circles) were
corrected for the effect of temperature on solvent viscosity (closed circles). The continuous
lines represent fits of equation 32 to the viscosity-corrected data revealing E,=3.7(%0.3)

kJ/mol for both peptides. Taken from reference 202.

All given values for bimolecular contact formation of 2-NAA with peptide 1 and with
peptide 2 may be slightly too large due to uncertainties in the molar extinction

coefficient for 2-NAA (see materials and methods).

We investigated association of two unfolded polypeptide chains as a model for
bimolecular steps during folding of oligomeric proteins. The TTET acceptor moiety
was introduced in peptide 3 via the non-natural amino acid naphthylalanine. TTET
measurements revealed a bimolecular rate constant of 7.2:10° M™'s™ for association of
peptide 1 with peptide 3 in water (Figure 56), which is almost ten times slower than
contact formation of peptide 1 with the small molecule 2-NAA (ka = 5.9:-10° M''s™).

In the presence of 8 M urea, the association process is slowed down by a factor of
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around two (ks = 4.3-10° M''s”, Figure 56). A possible explanation for the effect of

urea on ks is weakening of potential intramolecular interactions, which could be

necessary to allow reorientation after initial contact formation. The pseudo first-order

plot for association of peptide 2 with peptide 3 shows a nonlinear dependence of the

apparent rate constant on the acceptor concentration (Figure 56). A possible

explanation for this observation is a different mechanism for association of the

oppositely charged polypeptide chains.
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Figure 56: Pseudo first-order plot for
association of peptide 1 with peptide 3
(blue) and for association of peptide 2
with peptide 3 (ved) in 10 mM KP pH 7.
Results for association of peptide 1 with
peptide 3 in the presence of 8 M urea are
shown in green. Adapted from reference

202.

Similar as for reaction between a small molecule and an unfolded polypeptide chain,

site-specific contact formation between two unfolded peptides turned out to depend

significantly on the net charge of the reactants (Figure 57). In the presence of salt

electrostatic forces are screened and the charge effect becomes smaller (Figure 57).

All bimolecular rate constants obtained for contact formation between two unfolded

polypeptide chains are summarized in table 11.
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Figure 57: Pseudo first-order plot for
association of peptide 1 with peptide 3
(blue) and of peptide 2 with peptide 3
(red) in 10mM KP pH7 at T = 22.5°C in
the absence (filled circles) and presence
(open circles) of 100 mM NaCl. Data in
the absence of NaCl was adapted from

reference 202.
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Orientational constraints due to partial reactivity can slow down bimolecular
association significantly by decreasing the frequency of successful collisions.
Reorientation during a single encounter event due to translational and rotational
diffusion can attenuate this effect. In the following the extreme cases are described.
The sliding model assumes that non-uniformly reactive molecules can meet in any
orientation. Once the molecules are in contact they slide along their surfaces and
search for the reactive site. The sliding step is a two-dimensional diffusion process
and should be much faster than the three-dimensional search. Therefore, diffusion in
solution and initial contact formation become rate-limiting in this model. The model
of site-specific association suggests that the reaction partners have to meet directly at
the reactive sites. If initial contact formation occurs somewhere else on the surface the
molecules dissociate. A possibility to discriminate between the two models is to
increase the number of reactive sites on one of the reaction partners. If the sliding
model would be valid, this should not affect the bimolecular rate constant since only
the two-dimensional diffusion step becomes faster. If initial contact formation has to
occur directly at the reactive sites, the bimolecular rate constant should be increased

by the factor of increased surface reactivity.

To increase the number of reactive sites in one of the used model peptides, a peptide
containing three naphthylalanine residues was synthesized (peptide 4). The two
phenylalanines in peptide 3 can be replaced for naphthylalanines in peptide 4 without
changing chain properties significantly. Peptide 4 turned out to be poorly soluble and
TTET measurements under pseudo first-order conditions could only be performed in
the presence of denaturant (Figure 58A). In 8 M urea, contact formation between
peptide 1 and peptide 4 occurs with ks = 1.2:10° M's™, which is almost three times
faster than the reaction of peptide 1 with peptide 4 under the same conditions. The
increase in ka by a factor of almost three supports the model of site-specific contact
formation. However, the presence of high urea concentrations might weaken potential
intramolecular interactions, which could be necessary to allow reorientation after
initial contact formation. To perform similar measurements in the absence of
denaturant we synthesized peptides 5 and 6 whose solubility is increased by two
additional arginine residues. In the presence of 8 M urea, reaction of peptide 1 with
peptide 5 and with peptide 6 occurs with bimolecular rate constants of 3.8:10° M's™

and 9.9-10° M''s”, respectively (Figure 58B). This confirms the almost three-fold
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increase in kx comparing association of peptide 1 with peptide 3 to association of
peptide 1 with peptide 4 in the presence of 8 M urea. Comparing association of
peptide 1 with peptide 5 and with peptide 6 in water reveals an increase in ka of only
two (Figure 58B), indicating that reorientation/sliding during a single encounter in

water can increase the probability of TTET.
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Figure 58: A: Pseudo first-order plot for A: contact formation of peptide 1 with
peptide 3 (blue) and with peptide 4 (red) in the presence of 8 M urea and B: contact
formation of peptide 1 with peptide 5 (blue) and with peptide 6 (red) in water (open
circles) and in the presence of 8 M urea (closed circles). All measurements were
carried out in 10 mM KP pH7 at T = 22.5°C. Results in panel A were adapted from

reference 202.

All values for £ in the presence of urea were corrected for the effect of denaturant on
solvent viscosity, which was calculated via an empirical equation introduced by Perl
et al®® Table 11 summarizes all experimentally determined bimolecular rate
constants obtained for association of an unfolded polypeptide chain with the small

molecule 2-NAA and for association of two unfolded polypeptide chains.
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Peptide low I 100 mM NaCl 200 mM NaCl 8 M urea

1 & 2-NAA 5.9(+0.4)-10° M's™! 5.0(+0.2)-10° M's™! 4.7(x0.2)-10° M's™! -

2 & 2-NAA 1.9(£0.1)-10° M's™ 2.6(£0.1)-10° M's™ 2.9(£0.2)-10° M's™ -
1&3 7.2(£0.5)-10° M's™! 9.7(x0.5)-10* M's™ - 4.3(£0.2)-10° M's™!
2&3 (2.4(£0.2)-10° M's™ 1.4(20.2)-10° M's™ - -
1 &4 - - - 1.2(20.1)-10° M's™
1&5 6.5(x0.4)-10°M's™! - - 3.8(x0.2)-10°M's™!
1&6 1.4(x0.2)-10° M''s™! - - 9.9(x0.6)- 10 M's™!

Table 11: Bimolecular rate constants in (M's™) for association between two unstructured model peptides and between an unstructured model peptide and 2-NAA.

All measurements were carried out at pH 7 and T = 22.5°C. Stern-Volmer analysis for contact formation of peptide 2 with peptide 3 did not reveal a linear

relation over the studied concentration range (Figures 56 and 57, ky was determined from a linear fit to the date at low acceptor concentrations). Results from

measurements in the presence of 8 M urea were corrected for the effect of urea on solvent viscosity.
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The naphthalene groups in peptide 6 might form intramolecular hydrophobic
interactions and by this lead to a deviation from flexible random coil structure. To
detect putative hydrophobic clusters we investigated peptides 5 and 6 by NMR
spectroscopy using chemical shift analysis of the aromatic side chain residues and
measurements of nuclear Overhauser effects (NOE). The observed chemical shifts
represent an average of the chemical shifts over all conformations present in solution
weighted by their population. In contrast, the NOE intensity decreases with the
inverse sixth power of the distance between two protons and only protons with a
distance of less than 5 A contribute to the overall intensity of the corresponding NOE

cross peak.

It was possible to assign all proton resonances of the naphthylalanine residue of
peptide 5 (Figure 59A) except for the amide backbone proton, which is in exchange
with the solvent. The proton resonances of all amino acid residues are degenerate. In

peptide 6 the naphthylalanine residues are also degenerate (Figure 59B).

Figure 59: Aromatic region of

Nal e, the 1D 'H NMR spectrum for
H\Cz/}kctlalla;tl;\\C(/H i peptide 5 (4A) and pepide 6 (B).
H/ca%l(m\crs,;e\ i Spectra  were  recorded at

H A i peptide concentrations of 1.6

¢ NaftosH N T [ mM in 10 mM KP pH 7.0 (95%
| TR H,0, 5% D,0) at T= 22.5°C.

DSS was used as reference for

Nal4,10,17 8H | SH 7},%H 34 2H 'H chemical shift. The spectra

kS Il | \ were acquired by averaging 256

, scans.

ppm 82 80 78 76 74 72

All amide protons, except for two glycines, show line broadening due to exchange
with water. The temperature coefficient for the amide proton of one of these glycines
was determined to be —6.6 ppb/K, which is typical for an amide proton in a random
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coil conformation.” Above 300 K all amide protons are in fast exchange with water.

These observations suggest that the peptide does not contain stable hydrogen bonds
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that are necessary for stable elements of secondary structure. The spectrum of peptide
6 did not show any detectable concentration dependence. A spectrum obtained with a
peptide concentration of 0.016 mM was essentially identical to that of 1.6 mM peptide

concentration, indicating that the spectral dispersion is not the result of aggregation.

Further experiments based on the temperature dependence of 1D "H NMR spectra for
peptide 5 and peptide 6 showed that the aromatic resonances of both peptides are not
significantly affected by temperature (Figure 60). The resonances of all side chain
protons in both peptides shift linearly downfield towards the random coil values as the
temperature is increased. The temperature coefficients of all aromatic proton
resonances of peptide 5 were in the range of 0.1 to 0.5 ppb/K (Figure 60A). Due to
degeneracy of the side chain resonances in peptide 6 the temperature coefficients for
only one naphthylalanine could be determined (Figure 60B), whereas an upper limit

of 1 ppb/K was estimated for the other two naphthylalanines.

A B Figure 60: Temperature

N .. dependence of the 'H NMR

chemical shifts of the aromatic

-l N protons in peptide 5 (A) and peptide

6 (B). The symbols correspond to

chemical shift (ppm)

o G S | 76 the following assignments: SH ( ®),
P 7H(®), 6H(®) 5H(®),4H(®)
741 po—e——=—=— " "1,
e ] 3H (®) and 2H ( ©) of naphthyl-

alanines and 3,5H (0,0) 2,4H (0)

72 290 310 290 310 72

of the phenylalanines.

Temperature (K) Temperature (K)

The relatively small chemical shift deviation of the aromatic proton resonances from
random coil and the small temperature dependences of these resonances suggest that
even if the aromatic rings are involved in some kind of hydrophobic interaction there

is substantial relative motion of the residues on a rapid timescale.

For both peptides there were no NOE cross peaks observed which are not in
agreement with a random coil structure. Particularly no intramolecular NOE cross
signals were detected between the ring protons of the aromatic groups, neither in the

NOESY nor in the ROESY experiments.
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Neri et al. estimated that NOESY/ROESY cross peaks would be detectable if the
population of a folded conformation were more than 10%,'* indicating that there are
no significant populations of conformations of hydrophobic clusters present in

solution for peptide 5 and peptide 6.
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Aromatic ring current effects®”® are the main source for chemical shift deviations of
side chain protons in native proteins from random coil values measured in short
peptides.””® The observed tendency of side chain protons for upfield shifts in native
protein spectra can be explained by the fact that in closely packed structures protons
experiencing upfield ring current shifts are on average closer to the aromatic ring than
those experiencing downfield ring current shifts.*” Therefore the net effect of random
encounters of side chain protons with aromatic rings in a random structure would be
expected to be an upfield shift. Compared to random coil chemical shifts, we observe
upfield shifts for all side chain protons in peptide 5 and peptide 6. The aromatic
protons of the two phenylalanines in peptide 5 show an upfield shift of 0.08ppm
compared to random coil chemical shifts. Replacing the two phenylalanines for
naphthylalanines in peptide 6 increases the upfield shifts. The aromatic proton
resonances of the three napthyalanines shift within 0.09ppm upfield, relative to those
of peptide 5. Because the ring current effects of the double ring of naphthylalanine are
larger than those of a single ring these additional upfield shifts would be expected for
a random structure. In summary, the NMR measurements proof that peptide 6 is
unfolded. NMR measurements and NMR data evaluations were performed in

collaboration with J. Habazettl (Biozentrum Basel).

Compared to the generally assumed diffusion limit for site-specific protein-protein
interactions of 10° M's™ to 10° M']s'],gz'95 128 our TTET measurements revealed rate
constants in the range of 10° M's™ to 10° M's™ for association between an unfolded
polypeptide chain and a small molecule and between two unfolded polypeptide
chains. The results further revealed that electrostatic interactions significantly
contribute to the bimolecular rate constant. Similar effects were observed for many
protein-protein interactions.'*® Testing for orientational constraints during association
between two unfolded polypeptide chains showed that not every random encounter is
successful. However, reorientation of the interacting polypeptide chains during a

single encounter can increase the rate constant of productive association.
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3.2.2 Role of electrostatic interactions in the assembly of the foldon domain

In many cases protein-protein interactions are assisted by electrostatic forces, which
may drastically accelerate bimolecular reactions. Beside a general acceleration of
protein-protein association through electrostatic attractive forces, electrostatic
interactions may guide the interaction partners into proper mutual orientation and thus
increase the frequency of successful collisions.''” We used the small homotrimeric
foldon domain from bacteriophage T4 fibritin as a model to investigate the formation
of site-specific protein-protein interactions during folding and assembly of a trimeric
protein. Previous results from kinetic folding studies showed that the isolated 27
amino acid foldon domain spontaneously folds into a very stable trimer in a series of
very fast folding and association steps (Figure 62). During folding from the GdmCI-
unfolded state a monomeric intermediate is formed on the submillisecond time

111

scale. " This intermediate has native structure but largely increased flexibility and

112

reduced stability compared to a subunit in the native trimer. © Assembly of the

intermediate into a trimeric state occurs in two consecutive bimolecular reactions via
a dimeric intermediate with rate constants of 1.9-10° M's' and 5.4-10° M']s'],
respectively. The resulting trimer is rapidly converted to the final native state in a first
order reaction with £ =210 s™.""! In addition to this fast folding pathway, about 20%
of the molecules fold in a slow process that is limited by prolyl isomerization

reactions at the prolyl residues at positions 4 and/or7.'"!
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Figure 62: Folding/assembly mechanism of the foldon domain in the presence of 0.58 M
GdmClL.""
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The NMR structure of the monomeric folding intermediate revealed oppositely
charged sites, which suggests an important role of electrostatic interactions for
association.''* Previous studies on the assembly kinetics of the foldon domain were
carried out at a residual GdmCI concentration of 0.58 M, which largely shields

electrostatic interactions.

To investigate the contributions of electrostatic interactions to the stability of the
foldon domain we measured urea-induced equilibrium unfolding transitions at low
salt concentrations (10 mM NaCac) and in the presence of additional 150 mM NacCl,
which resembles physiological ionic strength. The transitions were monitored by
changes in intrinsic Trp fluorescence at 320 nm and by changes in the far UV CD
signal at 228 nm to test for the validity of the two-state model. Figure 63 shows the
urea-induced unfolding transition at low ionic strength performed at monomer
concentrations ([M]o) of 5 uM and 13 uM. The transition is shifted to higher urea
concentrations with increasing [M]o but is independent of the probe used to monitor
the transition indicating a two state-transition between folded trimers (N) and

unfolded monomers (U)
Nz=—=3U (39)

The concentration dependence of the equilibrium between N and U can be described
by

_3fIMY;

=TI (40)

where K4 is the equilibrium constant, [M], is the total monomer concentration ([M]o
= [U] + 3[N]) and f, is the fraction of unfolded monomer in equilibrium.m A global

fit to the transitions at 5 UM and 13 uM yields a free energy of folding in the absence
of urea of AG’(H,0) = -89.2(+0.3) kJ/mole, which is identical to the value obtained
from GdmCl-induced transitions (AG’(H,0) = -89.2(+0.6) kJ/mol).""" The change in
free energy with urea concentration (m.q = dAGO/d[urea]) is 5.4(x0.1) (kJ/mol)/M,

which is the value expected from the change in SASA upon unfolding of the native
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trimer.’ Figure 63B shows that the addition of 150 mM NaCl increases the stability of
the foldon domain. A fit of the transitions in the presence of 150 mM NaCl gives
AG’(H,0) = -98.8(£0.5) kJ/mol and Meq = 6.1(£0.1) (kJ/mol)/M, indicating a 9.6
kJ/mol stabilization compared to low ionic strength. This increase in trimer stability in
the presence of 150 mM NaCl is not expected from the position of NaCl as a neutral
Hofmeister salt regarding protein stabilization and from the previously observed
significant stabilization of the native trimer by intermolecular salt bridges between

Gly5 and Argl5 of adjacent subunits.'' >
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Figure 63: A: Equilibrium unfolding transitions at low ionic strength measured at [M], = 5 uM
(circles) and [M], = 13 uM (triangles). B: Equilibrium unfolding transitions at low ionic strength
at [M]y = 5 uM (black) and in the presence of 150 mM NaCl at [M]y = 5 uM (red). The

transitions were monitored by changes in Trp fluorescence at 320 nm (closed symbols) and by

changes in far UV CD-signal at 228 nm (open symbols).

Previous kinetic studies on the folding/assembly mechanism of the foldon domain
were performed in the presence of a residual salt concentration of 0.58 M GdmCl1'",
which largely shields electrostatic interactions. To investigate the role of electrostatic
interactions for the two bimolecular association reactions we decreased the ionic
strength by unfolding the foldon domain in 6 M urea, pH 3.0 and monitored refolding
after stopped-flow mixing into final conditions of 1 M urea at pH 7.0 in 10 mM
NaCac buffer. At this urea concentration the foldon domain shows the same stability
as in the presence of 0.58 M GdmCl (AG, = -83.5 klJ/mole), which eliminates effect
from differences in protein stability. Figure 64A compares stopped-flow folding
kinetics of the foldon domain at a monomer concentration of [M]o = 10 uM in the

presence of 0.58 M GdmCl and of 1.0 M urea monitored by the change in intrinsic
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Trp fluorescence at 320 nm. In the presence of 0.58 M GdmCl the majority of foldon
monomers assemble in an apparent third order reaction reflecting a monomer-dimer
pre-equilibrium followed by a second-order reaction between a monomer and a dimer
to form a trimer (Figure 62).""" Since the stability of the dimer is low and trimer
formation is faster than dimer formation, the dimeric intermediate populates only to
very low amounts, which leads to the observed apparent third order kinetics for
formation of the native trimer when the concentration-dependence of the half-life of
the assembly reaction is analyzed.'"' Additionally, about 20% of the fluorescence
changes in a parallel slow reaction that is limited by prolyl isomerization in unfolded
molecules that contain non-native cis prolyl isomers at the prolyl peptide bonds Thr3-
Pro4 and/or Ala6-Pro7.""" Figure 64A shows that assembly of the foldon domain is
slowed down at low ionic strength and an additional kinetic step is resolved resulting
in three distinct reactions. About 10% of the fluorescence changes in a slow process
that becomes concentration-independent at very high protein concentrations (Figure
64B), compatible with the prolyl isomerization-limited reaction observed in the
presence of GdmCl. To further characterize the three reactions observed during
folding/assembly of the foldon domain we measured the assembly kinetics at different
initial monomer concentrations ([M]o). Figure 64B shows that the two faster
processes become faster with increasing protein concentration over the whole
concentration range and the amplitude of the fastest step increases with [M]y. This
behaviour indicates that the two faster reactions reflect two consecutive second order
steps in the assembly process and suggests the transient population of the dimeric

intermediate (D; see Figure 62) in the fastest reaction.
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Figure 64: A: Refolding/assembly kinetics at 0.58 M GdmCI pH 7.0 (red) and at 1.0 M urea pH
7.0 (blue). B: Concentration-dependence of the refolding/assembly kinetics at 1.0 M urea pH 7.0.
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The model of transient population of the dimeric intermediate in the fastest reaction
during refolding at low ionic strength is confirmed by the results from interrupted
refolding experiments, which monitor the time course of formation of native
molecules (Figure 65). Unfolded foldon monomers (in 6.0 M urea, pH 3.0) were
diluted into final conditions of 1 M urea, pH 7.0 at [M]o = 10 uM to initiate refolding

and assembly under the same conditions as in the fluorescence-detected experiments
(Figure 65A). After various times, t;, refolding is interrupted by a second mixing step
into final conditions of 6.7 M GdmCl, 0.17 M urea, pH 7.0. Under these conditions
the native foldon domain unfolds with a time constant of 9.0(=1.0) s. The amplitude
of this unfolding reaction is a measure for the amount of native molecules that was
formed after the time t;, when refolding was interrupted. Allowing the refolding
process to go to completion (t,) gives the unfolding amplitude of 100% native
molecules, which is used for a normalization of the data to obtain the absolute fraction
of N formed after ti. Figure 65A compares the time course of formation of native
trimer at low salt conditions determined in interrupted refolding experiments with the
fluorescence detected assembly kinetics under identical conditions. Only the two
slower processes produce native foldon trimer, whereas the faster concentration-
dependent reaction is not leading to the native trimer. This supports the model that the
fastest observable reaction reflects formation of a dimeric intermediate, whereas the
two slower reactions monitor formation of the native state on two parallel pathways
limited by trimerization or by prolyl isomerization. A second, faster unfolding process

is observed in the interrupted refolding experiments with 7 = 116(+=10) ms. The

amplitude of this reaction increases up to t; = 20s and decreases to zero on the same
time scale as the slow, prolyl-isomerization-limited assembly process occurs. This
observation indicates that molecules with non-native cis prolyl bonds can form an

intermediate, which is only slowly converted to the native all-trans state.

Comparison of the fluorescence-detected kinetics with the results from interrupted
refolding experiments reveals the transient population of a dimeric intermediate.
Unfolding of this intermediate is not observed in the interrupted refolding
experiments, which may be due to a very fast unfolding reaction under the applied
strong unfolding conditions. To resolve the unfolding reaction of the dimeric

intermediate we performed interrupted refolding experiments with less destabilizing
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conditions in the final unfolding step. In the first mixing step the intermediate was
allowed to populate for various times, t;, and in the second mixing step unfolding is
induced in the presence of 2.5 M urea. At this urea concentration the native foldon
trimer is still about 98% populated (Figure 63). Figure 65B shows that a fast

unfolding reaction with 7 = 18(+2) ms is observed in these experiments. The

amplitude of this reaction increases to its maximum value within the dead time of the
interrupted refolding experiments (35 ms) and decreases on the same time scale as
native trimer is formed, indicating that this reaction reflects the dimer to trimer
interconversion. The observed fast unfolding reaction at 2.5 M urea does not reflect
unfolding of the monomeric intermediate, since the monomeric ESR variant, which is
structurally identical to the transient monomeric folding intermediate, unfolds within
the dead time of the experiment under the same experimental conditions. This result is
in agreement with NMR studies on the ES5SR wvariant, which showed fast

folding/unfolding dynamics on the 100 us time scale. Varying the urea concentration
in the unfolding step of the interrupted refolding experiments allows a further
characterization of the dimeric intermediate (Figure 65C). Unfolding becomes faster
with increasing urea concentration with a kinetic m,-value (m, = BAGOI/B[urea]) of
-0.69(x0.03) (kJ/mol)/M. These data yield a rate constant for dimer unfolding (k.q) of
36(x1) s under the conditions applied in the refolding experiments (1.0 M urea).
This information is used in the global analysis for the determination of all rate

constants for the assembly process described below.
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Figure 65: A: Comparison of folding/assembly
kinetics at 1.0 M urea [M], = 10 UM (red) with
the time course of formation of native molecules
at the same conditions (black). B: Time course
of formation of the dimeric intermediate at 1.0
M urea and [M],) =10 uM. C: Rate constant k4
for unfolding of the dimeric intermediate at
different urea concentrations in the absence of
salt (filled circles) and in the presence of 150
mM NaCl (open circles).

Refolding experiments in the presence of glycerol support the model of transient

population of the dimeric intermediate in the fast concentration-dependent reaction

observed at low ionic strength. The addition of glycerol slows down the two

concentration-dependent kinetic phases as expected for bimolecular reactions (Figure
66 and table 12).
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Figure 66: Refolding/assembly kinetics of
the foldon domain at 1.0 M urea (red) and at
1.0 M urea in the presence of 35% (w/v)
glycerol (blue). Measurements were carried

out at [M]y = 10 uM in 10 mM NaCac pH
7.0atT=20°C.

To determine the rate constants for all reactions involved in the folding/assembly

process of the foldon domain (Figure 68) at low-salt conditions, we globally fitted the

fluorescence detected refolding experiments at various [M]y (Figure 64B) together

with the time course of formation of native molecules (Figure 65A) and of the dimeric
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folding intermediate (Figure 65B). In the global analysis the rate constant for
unfolding of the dimeric intermediate was fixed to the value of 36 s, as determined
in the interrupted refolding experiments shown in figure 65C. Additionally, unfolding
of the native trimer was measured at various urea concentrations which yielded a rate
constant k, = 2.0(x0.2)-10” s™ at 1.0 M urea (Figure 67) which was also fixed in the
global analysis. The fractions of native and unfolded molecules at 1.0 M urea
calculated from the urea-induced equilibrium transition were used as additional

constraint.
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Figure 67: Unfolding of the native foldon

trimer in the presence of different urea
concentrations. Measurements were carried

out in 10 mM NaCac pH 7.0 at T = 20°C.
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The results from the global fit are shown in figures 64B, 65A and 65B and the rate
constants for the different reactions are given in figure 68. Comparison of the
assembly process at isostability conditions in the presence of 0.58 M GdmCl (Figure
62) and of 1.0 M urea (Figure 68) shows that a change in ionic strength affects
formation of the trimer (k) more than formation of the dimer (kq). As a result, trimer
formation is faster than dimer formation at high ionic strength and slower than dimer

formation at low ionic strength.
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Figure 68: Folding/assembly process of the foldon domain in the presence of 1.0 M urea.
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The global fit of the assembly kinetics additionally yields the spectroscopic parameter
for the dimeric intermediate (Sp), which represents the fractional change in
fluorescence upon dimer formation compared to the fluorescence change upon
formation of the native trimer. For refolding in the presence of 1.0 M urea a Sp-value
of 0.44 is obtained, which is virtually identical to the Sp-value of 0.43 obtained for
assembly in the presence of 0.58 M GdmCIl. The rate constant for folding of the
trimeric intermediate to the native trimer (kf, see figure 68) cannot be obtained for
assembly in the presence of 1.0 M urea, since trimerization is slower than the

subsequent folding step at all applied monomer concentrations.

The transient population of the dimeric intermediate during assembly of the foldon
domain at low ionic strength allows the independent determination of the rate
constant for dimerization (kg) by analyzing the concentration-dependence of the initial

slope of the fluorescence change according to

(401
dt

) =k, [M]; (41)

t=0

To normalize the fluorescence detected assembly kinetics to the actual amount of
dimer we normalized the final fluorescence by the concentration of native trimer
present in equilibrium at any given protein concentrations and by the spectroscopic

parameter (Sp) of the dimer. According to the equation

log(%] =2log[M ], +logk, (42)

a plot of log(d[D]/d#)=o vs. log[M] yields the rate constant for the initial fast process
and should have a slope of 2 for a second-order reaction. Figure 69 shows a linear
dependence of log(d[D]/df)o vs. log[M]o with a slope of 2.0(£0.1), which confirms
that the fast process represents a second-order reaction leading to the dimeric
intermediate. The linear fit of equation 42 to the data additionally yields k4 =

1.1(20.5)-10° M''s™, in good agreement with the results from the global fit (Figure
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68). These results confirm the validity of the model shown in figure 68 and indicate

the initial formation of a dimeric intermediate in a second order reaction.

In the previous study on refolding in the presence of 0.58 M GdmCl the reaction order
was determined by analyzing the half-life of the reaction at different [M] and the rate
constant for dimerization was obtained from a global fit of the refolding kinetics at
various [M]o in combination with results from interrupted refolding experiments.'"’
Since the analysis of the initial slope of the reaction at £ = 0 should give information
on the initial dimerization step even when the dimer is not highly populated, we
plotted log(d[D]/d¢)o vs. log[M]o for the fluorescence-detected assembly kinetics in
the presence of 0.58 M GdmCl. The kinetic traces were again normalized to the
concentration of dimer as described above. For refolding in the presence of 0.58 M
GdmCl the slope also yields a reaction order of 2.0(0.1) and the fit gives a value of
kg = 2.1(x0.2)-10° M''s™ (Figure 69), which is in good agreement with the result
previously obtained from a global fit of the concentration-dependence of assembly
(Figure 62) and confirms the result that dimer formation is slightly accelerated with

increasing ionic strength.
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Comparison of the assembly kinetics of the foldon domain in the presence of urea and
GdmCl at identical protein stability shows that assembly is slowed down at low ionic
strength. To investigate the effect of ionic strength on the assembly kinetics in more
detail we monitored refolding in the presence of different concentrations of NaCl at a
residual denaturant concentration of 1.0 M urea. Figure 70A shows that increasing
ionic strength accelerates both dimer and trimer formation with a stronger effect on

the trimerization reaction, which becomes faster than dimer formation at high ionic
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strength. The dimerization rate constant (k4) can be calculated from the initial slope of

the assembly reaction at a given ionic strength (/) using the equation

kd:(d[D]j . 12 “3)
dt )_, [MT

Plotting logks vs. I'? yields information on the contributions from electrostatic

interactions to dimer formation. According to the equation
logk, =logk) +1.02z,z,1"° (44)

the slope of this plot yields the primary salt effect, which depends on the effective
charges that contribute to the electrostatic of dimer formation. Figure 70B reveals a
slope of 1.0(£0.1), indicating that a single charge on each monomer is responsible for
the observed salt effect, in agreement with a single negative net charge of a foldon
monomer. The interaction energy of the observed effect of charges on the

dimerization reaction can be obtained from the equation

U, ! k,T

Ink, =Ink) — |
+Ka

(45)

where U is the electrostatic interaction energy, a is the minimal distance of approach
between the two molecules, which is commonly assumed to be around 6 A for
protein-protein interactions.'”® % is the Debye-Hiickel screening parameter, which is

given by

Ame’] "
K= (46)
ek,T

Figure 70C shows the analysis of the salt dependence of dimerization according to

equation 45, which yields values of Uy = 8.2(+0.4) kJ/mol and k4 = 1.0(x0.1)-10° M"

1.-1
S .
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The rate constant for trimer formation (4;) can be obtained from the assembly kinetics
at different ionic strength using the k4-values determined from the initial slopes of the
reactions at different ionic strength (Figure 70B) and using the observation that ionic
strength has no effect on k4 at 1.0 M urea (Figure 65C). Applying these constraints
the fluorescence detected assembly kinetics could be fitted with the kinetic
mechanism shown in figure 68 to obtain k-values at different concentrations of NaCl
(Figure 70A). The results confirm the previous conclusion that the trimerization step
1s more strongly accelerated by increasing ionic strength compared to the dimerization
step (Figure 70B). Analysis of the effect of ionic strengh on trimer formation
according to equations 44 and 45 yields values of zazg = 2.2(%0.2), Uy = 16(£1)
kJ/mol and k° = 4.6(x0.2)-10° M"'s™ (Figures 70B and 70C). Since the net charge of a
monomer was determined to be -1 this result indicates a net charge of -2 for the
dimer. The ionic strength dependence of k; is weaker at high ionic strength. A similar
non-linearity of bimolecular rate constants on ionic strength is also observed for

reactions between small ions.
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In summary, the effect of ionic strength on dimer and trimer formation indicates that
the assembly process is exclusively influenced by the net charge of the interacting
molecules. This result is not compatible with an electrostatic guidance of the
monomer-monomer and the monomer-dimer interactions by the asymmetric charge

distributions on the surface of the monomeric intermediate (Figure 10).

A possible source for the observed slower trimer formation at low ionic strength is an
increased dimer stability, which could make it either difficult for a third monomer to
be incorporated into a stable dimer or could decrease the concentration of free
monomer. To test for the effect of ionic strength on the stability of the dimeric
intermediate we compared the equilibrium constant Kq = [D]/[I] = ka/kq for dimer
formation at 1.0 M urea in the absence of NaCl and in the presence of 150 mM NaCl.
The unfolding rate constant of the dimer, k4, in the presence of 150 mM NaCl was
determined in interrupted refolding experiments as described above. Figure 65C
shows that NaCl has no effect on k4 at 1.0 M urea. As a result, K4-values of
2.9(20.2)-10* M in the absence of NaCl and 5.3(£0.2)-10* M in the presence of 150
mM NaCl are obtained, which shows that dimer stability is only slightly increased at
high ionic strength.

The effect of increased dimer stability on the rate constant of trimer formation was
tested by performing assembly kinetics in the presence of Na,SO4, which generally
stabilizes folded and partially folded structures. Figure 71 A shows that the addition of
NaySOy4 accelerates both dimer and trimer formation during assembly. In the presence
of 0.5 M Na,SO; virtually the same kinetics are observed as in the presence of 1.5 M
NaCl (Figure 71A), which gives the same ionic strength, but does not lead to a
general stabilization of folded structures. These results argue against partial unfolding
of the dimer as a rate-limiting step in trimer formation. This conclusion is further
supported by the results from assembly kinetics in the presence of various
concentrations of the stabilizing osmolyte sarcosine, which leads to an increased
transient population of dimer intermediate and accelerates trimer formation (Figure
71B). Further, increasing the urea concentration to 3.0 M, which destabilizes the
dimeric intermediate, leads to a deceleration of trimer formation, whereas more

stabilizing conditions (0.55 M urea) accelerate assembly (Figure 71C). These results
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show that unfolding reactions of partially folded intermediates are not rate-limiting
for assembly of the foldon domain. They further reveal that the concentration of free
monomer is not limiting for trimer formation, even under conditions, where the dimer

becomes increasingly populated.
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Figure 71: Folding/assembly kinetics at 1.0 M
urea (red) and at 1.0 M urea in the presence of
A: 0.25 M Na,SO, (green), 0.5 M Na,SO, (blue)
and 1.5 M NaCl (black), B: 0.35 M sarcosine
(blue) and 0.70 M sarcosine (green). C:

Fa20nm (norm)

Folding/assembly kinetics at 0.55 M urea
(green), 1.0 M urea (red) and 3.0 M urea
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10 10 10 10 10 (blue). Measurements were carried out at [M],
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=10 uM in 10 mM NaCac at T=20°C.

The effect of salt on the assembly kinetic of the foldon domain showed that both
dimer and trimer formation are accelerated with increasing ionic strength, indicating
unfavorable electrostatic interactions in the transition states for both reactions. To test
the effect of ionic strength on the dissociation and unfolding of the native trimer we
monitored unfolding kinetics at 8.5 M urea in the presence of various concentrations
of NaCl. Figure 72A shows that unfolding/dissociation of the trimer is accelerated
with increasing concentrations of NaCl, despite stabilization of the native state by salt
(Figure 63), indicating that the transition state is more strongly destabilized by
electrostatic interactions than the native state. To determine the effect of ionic
strength on the unfolding/disassembly process at identical protein stability we
compared unfolding at 8.5 M urea with unfolding at 9.1 M urea in the presence of 150

mM NaCl and at 4.43 M GdmCIl, which results in a AG® = 43.1 kJ/mol for all

conditions. Figure 72B shows that increasing ionic strength strongly accelerates the
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unfolding/disassembly process under isostability conditions, indicating unfavorable
electrostatic interactions in the transition state. Figure 72 further shows that the effect
of ionic strength is not yet saturated at / = 150 mM. A further strong acceleration is

observed between / = 150 mM and / = 4.43 M.
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Figure 72: A: Unfolding of the native foldon trimer at 8.5 M urea in the absence of salt (red) and
in the presence of different NaCl concentrations: 0.15 M (yellow), 0.30 M (green), 0.75 M (light
blue) and 1.50 M (dark blue). B: Unfolding of the native protein at isostability conditions in the
presence of 8.5 M urea (red), at 9.1 M urea in the presence of 0.15 M NaCl (green) and in the
presence of 4.43 M GdmClI (blue).

Our results show that the transition state for trimer formation and
unfolding/dissociation of the trimeric foldon domain is destabilized by unfavorable
electrostatic interactions. Also the native state is slightly destabilized by electrostatic
interactions, as indicated by the increased stability in the presence of 150 mM NaCl.
However, the transition state is more strongly destabilized by electrostatics than the
native state, since unfolding becomes faster at high ionic strength, despite the
stabilization of the native trimer. The observations are surprising since salt bridges
between Glu5 and Argl5 of adjacent subunits were shown to be important for
stability of the native trimer and asymmetric charge distribution on the surface of the
monomeric intermediate suggested an important role of electrostatic interactions in
the assembly process. Our results show that recognition between the subunits does not
involve electrostatic interactions and argue against an important role of the
asymmetric charge distribution and of the Glu5-Argl5 salt bridge during neither
dimer formation nor trimer formation. The deceleration of the two association steps

by electrostatic interactions is in agreement with Debye-Smoluchowski theory, which
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takes only the net charges of the interacting molecules into account and predicts a

bimolecular rate constant of

_ N, 4mr(D, +Dy) with 7 = 2,256

DS — c .
1000 exp(i) _1 4me, ek, T
a

(47)

The net charge of a foldon monomer is -1 and of a foldon dimer -2. Thus, the Debye-
Smoluchowski theory predicts a stronger deceleration of trimer formation compared

to dimer formation in agreement with our experimental results.

These results raise the question of the importance of the native topology of the
monomeric intermediate for the assembly process. In addition to the asymmetric
charge distribution the formation of a native-like topology in the monomer also
creates a hydrophobic cluster involving residues Pro4, Ala6, Pro7, Tyrl3, Trp20 and
Leu22.'"? Our results indicate that hydrophobic interactions between these clusters
may be important for recognition between the subunits during dimer and trimer
formation. This model is in agreement with results on the recognition between S-
peptide and S-protein during formation of ribonuclease S, which is also solely

mediated by hydrophobic interactions.'*®

Unfavorable electrostatic interactions were also shown to slow down dimerization of
the homodimeric Arc repressor leading to an increase in the rate constant for
association with increasing ionic strength. In this system dimerization is drastically
accelerated when the charged residues at the interaction site are replaced by

hydrophobic side chains.'®
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Refolding conditions

kg (M's™h

ka5

ke (M's™)

ke (s

1.0 M urea + 0.25 M Na,SO4
1.0 M urea + 0.50 M Na,SO4
1.0 M urea + 0.35 M sarcosine
1.0 M urea + 0.70 M sarcosine

1.0 M urea + 35% (w/v)
Glycerol (2.5¢cP)

0.55 M urea
1.0 M urea

3.0 M urea

2.6(+0.4)-10° 4
8.1(x1.2)-10°4
1.1(£0.1)-10° 4

1.2(£0.2)-10°4

7.4(£0.8)-10°

1.4(£0.2)-10° 4
1.1(£0.1)-10° €

2.2(+0.3)10° A

32(x2) B
36(x1) "

63(+2) "

4.5(+0.5)-10°

8.2(x1.4)10* €

1.6(+0.4)-107° B
2.0(£0.4)-10° B

3.5(£0.7)-107° B

Table 12: Rate constants for folding/assembly of wild type foldon. A: determined from initial

slope, B: experimentally measured, C: determined from a fit to the mechanism shown in

figure 68. A fit of equation 29 to kg in 1.0 M urea and in 1.0 M urea + 35% (w/v) Glycerol

reveals 3= 0.42.
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3.2.3 The speed-limit for site-specific formation of an encounter complex during

assembly of the foldon domain

Previous results from kinetic folding studies showed that the isolated 27 amino acid
foldon domain from bacteriophage T4 fibritin spontaneously folds into a very stable
trimer in a series of very fast folding and association steps (Figure 62)."'" At low ionic
strength formation of the dimeric intermediate (D) and trimeric intermediate (T) occur
with rate constants of kg = 1.1(20.1)-10° M's™ and k = 4.5(x0.9)-10° M's™,
respectively (see chapter 3.2.2). Dimer formation becomes about two times faster at
physiological ionic strength while trimer formation increases about 5-fold at
physiological ionic strength (see chapter 3.2.2). The rate constants of the association
reactions are in the range of the expected diffusion limit for site-specific protein-
protein interactions. This comparison raises the question of diffusion control of the

bimolecular steps during folding and assembly of the foldon domain.

Site-specific protein-protein interactions are initiated by the formation of an encounter
complex, which is typically followed by internal structural rearrangements. To study
the process of site-specific encounter complex formation for dimerization during
assembly of the foldon domain we apply TTET to the foldon ESR variant. The ESR
variant of the foldon domain was shown to be a good model system for the early

folding intermediate,'"?

which provides basis for the two association steps during
assembly. In the E5SR variant an intermolecular salt-bridge between Glu5 and Argl5
is replaced by a repulsive interaction, which results in a monomeric protein that
structurally resembles the monomeric assembly intermediate. The ESR variant is thus
suited to apply TTET for measuring diffusion-controlled formation of transient

protein-protein interactions between folded monomeric subunits, since the subsequent

formation of a stable dimer does not occur.

To study site-specific contact formation between two foldon subunits we replaced
trypthophane at position 20 by either the triplet donor xanthone (Trp20Xan) or the
acceptor naphthalene (Trp20Nal) in the foldon ESR variant (Figure 73). This position
is suitable for introducing the TTET labels since (i) in the native trimer close-packed
interactions between Trp20 of each subunit are formed (Figure 73A), (ii) in the

dimeric folding intermediate intermolecular interactions involving Trp20 are already
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formed as judged by changes in fluorescence properties of Trp20 during dimer
formation and (ii1) the side chain of Trp is chemically similar to the aromatic triplet

labels.

C

D\/k@?

Figure 73: A: Structure of the native foldon trimer taken from reference 111. Trp residues at
position 20 of each chain are shown in green and prolyl residues at positions 4 and 7 are shown
in red. B: Structure of the foldon E5SR variant taken from reference 112. Trp at position 20 is

shown in red. C and D: ESR TTET variants where either the triplet donor (C) or the triplet

acceptor (D) was introduced into the structure of the E5SR variant at position of Trp20.

To test whether introducing the TTET labels at the position of Trp20 changes the
structural properties of the ESR variant we performed far UV CD and solution NMR
spectroscopy experiments. Comparison of the far UV CD spectra of labelled
monomer and unlabelled monomer with Trp at position 20 is difficult due to
significant contributions from the TTET labels to the CD signal (Figure 74A, 74C and
74E). However, CD-detected melting curves indicate that the stability of the labelled
monomer is similar to the stability of the unlabelled monomer (Figure 74B, 74D and

74F).
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Figure 74: Far UV CD spectra and temperature-induced equilibrium transitions of Trp20Nal (A
and B), Trp20Xan (C and D) and the unlabelled ESR variant (E and F). Measurements in A-D
were carried out in 10 mM KP pH 7.0 8.0 M GdmCl (light blue), in 10 mM KP pH 7.0 0.58 M
GdmCl (dark blue) and in 10 mM NaCac pH 7.0 1.0 M urea (red). T=20°C. Measurements on the

unlabelled E5SR variant were performed in the absence of denaturant. The spectrum and the

equilibrium transition of the unlabelled E5R variant are taken from reference 112.

Comparison of the 2-D NOESY spectra for the Trp20Nal variant and the unlabelled
E5R variant showed that the B-hairpin is still formed in the ESR TTET variant. In this
region similar NOEs are present in the labelled monomer and in the unlabelled
monomer. Further, Nal20 in the labelled monomer has similar contacts as Trp20 in

the unlabelled monomer. In the unlabelled foldon E5SR variant the N-terminal region
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participates in a hydrophobic cluster with residues from the hairpin and from the C-
terminal region.''? Corresponding NOEs were not observed in the Trp20Nal variant,
indicating that the hydrophobic cluster is not formed in the labelled monomer. In the
unlabelled foldon ESR variant the presence of a defined structure in the C-terminal
region was found that is similar to the 3jo-helical turn in the native wild-type
trimer."'? Results on the Trp20Nal variant indicate that this structure is also present in
the labelled monomer. However, for the unlabeled monomer more NOEs are found in
the C-terminal region compared to the labelled monomer, which can partly be
explained by spectral overlap of resonances in this region. However, this observation
also indicates that the structure in the C-terminal region is more loosely formed in the

Trp20Nal variant compared to the unlabelled E5R variant.

Intermolecular TTET experiments were performed under pseudo first-order
conditions with donor concentrations between 20 and 50 UM and a minimally 10-fold

excess of the acceptor molecule. The respective bimolecular rate constants ks for

TTET can then be obtained by analyzing the data according to the equation
k. =k, +k, -[acceptor] (38)

The experiments were carried out in the presence of 1.0 M urea to enable comparison
with results on the kinetics of the folding/assembly reaction in the wild-type protein
(see chapter 3.2.2). Figure 75 shows that the foldon monomers can form this site-
specific contact at position 20 with a rate constant of kx = 3.7(x0.2)-10° M's™.
Encounter complex formation is diffusion-controlled as indicated by the 2-fold
decrease in k4 if the viscosity is increased by a factor of 2 (Figure 78). As a reference,
bimolecular TTET between the free labels xanthone and 1-naphthylacetic acid under
the same conditions yields ks = 3.2(20.2)-10° M's™, in a process that is also

. . 47,1402
diffusion-controlled.*”-'4%->%
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Figure 75: Intermolecular TTET under pseudo-first order conditions between Trp20Xan and

Trp20Nal (green, ky = 3.7-10° M's™) and between the firee labels xanthone and 1-naphthylacetic
acid (black, ky = 3.2-10° M's™) at 10 mM NaCac pH 7.0 1.0 M urea at T = 20°C.

The Smoluchowski theory allows to calculate the diffusion-controlled rate constant

. . 210,211
for formation of a random contact between two foldon monomers according to***'*

N
ky=——4rwa(D,+ D 17
s = Tooo VFUDPa+ Dy) (17)

Determination of the diffusion coefficients (D) for the labelled monomeric
assembly intermediate by dynamic light scattering (DLS) yielded values of 1.47-10°
cm”s” for both variants in the presence of 1.0 M urea at 20 °C (see chapter 3.2.4).
The contact distance for TTET between donor and acceptor, a, was calculated from
the NMR-structure of the monomeric intermediate (see chapter 3.2.4).""* Assuming a
spherical molecule yields an effective radius of the monomeric intermediate of » =
12.0 A resulting in @ = 2r = 24.0 A. These values give a maximum rate constant for
random contact between the subunits of kg = 5.3-10° M']s'], which is 14-times faster
than the observed value for site-specific interaction at position 20. A slightly lower

value of 4.6-10° M's™ is obtained by applying the Debye-Smoluchowski equation

_ N, '47rrC(DA +D,) with 7 = 2,424€°

DS — c o 1T
1000 exp(i) _1 4me, ek, T
a

(47)

which takes into account the effect of the net charge of +1 of a foldon subunit.”® This

comparison shows that about 8 % of random contacts between the subunits lead to a
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site-specific interaction at position 20, which indicates that the large majority of
subunit contacts occur in orientation that do not allow interactions at position 20. This
conclusion is confirmed by TTET experiments between a triplet donor foldon subunit
(Trp20Xan) and the small triplet acceptor 1-naphthylalanineamide (Nalamiq), which
carries the same net charge of +1 as a foldon subunit but should not have major
orientational constraints for TTET. Compared to the site-specific interactions of two
foldon subunits the small molecule acceptor shows a nearly 4-fold acceleration of
site-specific encounter complex formation (ka = 1.4(+0.1)-10° M''s”, Figure 76A),
which represents the speed-limit for interaction of a small molecule with position 20
on a foldon subunit. This value is significantly lower than the predicted value of ks =
8.8-10° M's™ or kps = 6.7-10° M''s™ using equations 17 and 47, respectively. This
result shows that about 20 % of all randomly formed encounter complexes lead to an

interaction of the small molecule Nalypig with position 20 on a foldon monomer.
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Figure 76: Intermolecular TTET under pseudo-first order conditions between Trp20Xan and

Trp20Nal (green, ky = 3.7-10° M's™), between the free labels xanthone and 1-naphthylacetic acid
(black, ks = 3.2-10° M's") and between Trp20Xan and Naly, (red, ky = 1.4-10° M's™).
Measurements were carried out in 10mM NaCac pH 7.0 1.0 M urea at T = 20°C.

The maximum rate constant determined for encounter complex formation between the
subunits (ka = 3.7-10° M's™) is significantly faster than formation of the dimeric
intermediate on the assembly pathway of the wild-type protein under the same
experimental conditions (ka = 1.1-10° M"'s™). This comparison reveals that only one
out of 300 encounter complexes that form at this native interaction site proceeds to
yield a stable dimer. Since only 8 % of all random contacts between the subunits lead

to a site-specific encounter complex, only one out of 4000 random complexes leads to
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formation of a stable dimer, indicating significant enthalpic and/or entropic barriers
for dimerization. Our results further show that site-specific encounter complex
formation between two foldon subunits occurs faster than expected in the absence of
attractive interactions (the basal rate constant for site-specific protein-protein
interactions is set to around 10° to 10° M-1 s-1)."*® To test for the contributions of
electrostatic interactions to encounter complex formation we performed TTET
between donor and acceptor subunits in the presence of 0.58 M GdmCIl. The increased
ionic strength has virtually no effect on encounter complex formation (ky =

3.4(+0.2)-10° M's™), which demonstrates that electrostatic effects do not contribute

to the fast encounter complex formation (Figure 77A). This result is in agreement
with experimentally observed minor effect of ionic strength effects on the rate
constant for dimer formation in the assembly process of the wild-type protein (see
chapter 3.2.2). In agreement with this result decreasing the net charge of the small
molecule from z = +1 in Nalymig to z = 0 in Nal has no significant effect on the rate

constant for diffusion-controlled interaction with Trp20Xan (Figure 77B).
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Figure 77: A: Intermolecular TTET under pseudo-first order conditions between Trp20Xan and
Trp20Nal in 10 mM NaCac pH 7.0 1.0 M urea (green, k, = 3.7(+0.2)-10° M's™) and in 10 mM
KP pH 7.0 0.58 M GdmClI (blue, k, = 3.4(x0.2)-10° M's™). B: Intermolecular TTET under
pseudo-first order conditions between Trp20Xan and Naluyy (red, ky = 1.4(x0.1)-10° M's™) and

between Trp20Xan and Nal (red open, ky = 1.2(+0.1)-10° M"'s™") in 10 mM NaCac pH 7.0 1.0 M

urea. Measurements were carried out at T = 20°C.

Small single domain proteins with less than 100 amino acids typically do not populate
intermediate states so significant amounts during folding.® In this respect, the rapid

formation of a monomeric intermediate by a 27 amino acid foldon subunit is

126



surprising. It was proposed that the native-topology of the intermediate facilitates
assembly by providing a template for site-specific interaction between the subunits.''?
We tested the importance of native topology for encounter complex formation by
measuring intersubunit TTET in the presence of 8.0 M GdmCl, which completely
unfolds the foldon domain (Figure 74A and 74C). Figure 78A shows that
intermolecular TTET between positions 20 of unfolded monomers in 8.0 M GdmCl is
only decreased about 2-fold compared to TTET between intermediates in the presence
of 0.58 M GdmCl. This result shows that the native topology in the intermediate only
slightly accelerates site-specific subunit-subunit recognition but it has a strong effect

on the probability of an encounter complex to proceed and yield a stable dimer.
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Figure 78: A: Intermolecular TTET under pseudo-first order conditions between Trp20Xan and
Trp20Nal at T=25°C A: in 10 mM KP pH 7.0 in the presence of 0.58 M GdmCl (blue,
ky=4.4(+0.2)-10° M's”, n=0.91 cP) and in the presence of 8.0 M GdmCl (red, k,=1.0(+0.1)-10°
M's™). For comparison, ky in the presence of 8.0 M GdmCl (n=2.16 cP) was corrected for
viscosity effects, which yields k,=2.4(+0.2)-10° M's" at n=0.91 ¢P. B: in 10 mM KP pH 7.0 in
the presence of 0.58 M GdmCl (blue, ky = 4.4(+0.2)-10° M's™) and in the presence of 0.58 M
GdmCl, 24 % (w/v) glycerol (light blue, k,=2.2(+0.1)-10° M's™), which corresponds to a 1.9-fold

viscosity increase from n=0.91 cP to n=1.72 cP.
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3.2.4 Analytical models for calculation of the reactive surface on a monomeric

foldon subunit

The diffusion-controlled rate constant k for site-specific interaction between two
monomeric foldon subunits was determined in triplet-triplet energy transfer (TTET)
experiments to be 3.7-10° M's™ (see chapter 3.2.3). Comparing this value to the
Smoluchowski rate constant ks (Equation 17), which assumes uniformly reactive
particles, indicates that the monomeric foldon subunit is not reactive over its entire
surface. This is supported by an increases in ks to 1.4-10° M's™ when one foldon
subunit is replaced for uniformly reactive 1-naphthylalanineamide (see chapter 3.2.3).
Applying analytical models for site-specific bimolecular reactions allows
quantification of the partial surface reactivity of a monomeric foldon subunit from the

comparison of ka with ks.

Analytical models for bimolecular reactions require knowledge of the reaction
distance a. The association reaction is defined to be successful as soon as the radial
separation between the reactants reaches the reaction distance. Since TTET measures
formation of van-der-Waals contacts, we determined the reaction distance to be the
sum of the van-der-Waals radii of the interacting molecules. For the free triplet labels
this is 0.4nm. Assuming a spherical molecule, the effective radius » of a foldon

monomer was determined from the radius of gyration () according to

\/5
= (48)

The radius of gyration for a foldon monomer was calculated from the NMR-structure
of the monomeric ESR variant to be 9.3 nm resulting in an effective radius of » = 1.2
nm and a reaction distance for interaction between two foldon monomers of a = 2.4
nm. For the foldon TTET variants, this value is probably somewhat underestimated
since the introduction of the triplet labels at the position of tryptrophane 20, especially
the introduction of the relatively large xanthone (Xan), might lead to an increased

radius due to less tight packing of the N-terminus to the B-hairpin. The analytical

models further require knowledge of the translational and rotational diffusion

coefficients of the reactants. Translational diffusion coefficients Dx have been
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determined experimentally via dynamic light scattering (DLS) and were used to
calculate the hydrodynamic radius rxu for molecule X via the Stokes-Einstein

equation (Equation 18 and figure 79). Values are summarized in table 13.

Figure 79: Hydrodynamic radius ry of the

24 " i
foldon triplet acceptor variant (Trp20Nal)
20F { 7 as a function of protein concentration in 10
— 16} % { } i mM KP pH 7.0 in the presence of 0.58 M
£ ®
£ ==t *l Y GamCl (red), 1.1 M GdmCl (blue) and 8 M
< 12) g
GdmCl (green) at T = 25°C. The apparent
08 T ry is independent of protein concentration.
0 : 1.1'0_3 : 2.1'0_3 Therefore, the effective ry was calculated
[foldon E5R Trp20Nal] (M) from the average of the individual
measurements (represented by  the
continuous lines).
Molecule [GAmCI] (M) D (cm*s) D (cm®/s) 7N (cP) ru (nm)
Trp20Nal 0.58 M 1.73-10° 1.57-10° 0.91 1.39(+0.1)
Trp20Nal 1.1 M 1.67-10° 1.54-10° 0.92 1.42(+0.1)
Trp20Nal 8.0M 5.94-107 1.2810° 2.16 1.70(0.1)
2-NAA oM 8.18:10° 7.28:10° 0.89 0.30(+0.05)

Table 13: Diffusion coefficients D of Trp20Nal and 2-naphthylacetic acid (2-NAA) measured
by DLS in 10 mM KP pH 7 at 25 °C. Viscosities of all GdmCI buffers were measured by falling

ball viscosimetry. Dy w is the diffusion constant normalized to the viscosity of water at 20 °C.

Since DLS measurements on the foldon triplet donor variant (Trp20Xan) were not
possible due to relatively small solubility, we assumed identical diffusion coefficients
as for the foldon triplet acceptor variant (Trp20Nal). Similarly, the diffusion
coefficient of 1-naphthylalanineamide (Nal,miq) and 1-NAA were assumed from the
measurements on 2-NAA. Rotational diffusion coefficients of the reactants have not
been determined experimentally. Assuming a spherical shape with hydrodynamic no-

slip boundary conditions on the surface we determined them according to
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k,T 3D,

DY = = with X = A, B 49
S )

resulting in
D;;UI B 3”3,1-1 (50)

- 2
D,+ D, 4rA’H(rA’H +rB’H)

Taking the Smoluchowski rate constant ks as a reference, the reduction in rate

constant I" due to geometrical constraints can be described according to
k, =Tk (51)

The Smoluchowski theory assumes spherical shape of the interacting molecules and
neglects any specific intermolecular interactions. The corresponding values are

summarized in table 14.

Type of reaction Conditions kaM'sYy kg MTsTY)  kglky r
Trp20Xan / Trp20Nal ~ 0.58 M GdmCl 34108 5.510° 16.2 0.06
Trp20Xan / Trp20Nal 1 M urea 3.7-108 5.3-10° 14.3 0.07

Trp20Xan / Nalymig 1 M urea 1.4-10° 8.8-10° 6.3 0.16
Xan/ 1-NAA 1 M urea 3.2:10° 4.1-10° 1.3 0.78

Table 14: Summary of measured bimolecular rate constants (ks in 10 mM KP) and

Smoluchowski rate constants (ks) calculated via equation 17.

Using the constant flux approximation, Schlosshauer et al. presented a general
expression for the bimolecular rate constant for association of spherical particles
bearing reactive patches on the surface considering two limiting angles for each

particle.'*’

Within the following calculations we assume that reactive patches on the
surface of the interacting particles are spherically symmetric. Further, each correctly
oriented particle pair should react instantaneously (K — o). The corresponding rate
reduction factor then simplifies considerably and reduces to the expression found by

Zhou,'" who also considered the effect of centrosymmetric interaction potentials.
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Using spherical coordinates we assume that the surface of particle X is reactive for

0 <0 <0y and inert for 6} <O <. The fraction of reactive surface then is

1—cos6’
X = TX (52)
The diffusion-controlled rate constant ks for association between molecule A and

molecule B is reduced by the factor

F=—(1—cos@2)2(1—cos92)2( > S(l,ll,lz)j (53)

L

compared to the Smoluchowski rate constant ks due to partially reactive surfaces of
both molecules.'”” The sum over the indices [, I, I, runs from 0 to o and the

summands are defined as

2
QI+ DK,,, (&%) o (l L 12]
SWh.1) = : Q1+ 1)L, +D)I? T (25)
o 1K, p(E) =& K 3 (8%) 1 ? hatbalo 0 0
with gr= [PUAGHDEDILG D (26)
D, +D,

P_ (cos6y)— P, (cos6))
20+1

6
and I, = [ dOsin6P (cos6) = (27)
0

with X = A, B

111
The matrix (0 6 (;j denotes the Wigner 3-j symbol. K; is a modified Bessel

function of the second kind and Py(x) is the /th order Legendre polynomial. The

reduction in rate constant is less than expected from a naive geometric argument, i.e.
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I' > I'**°™ = F5-Fg. The reason is that molecules, which do not react at their initial

encounter, have a certain probability to react after mutual reorientation and therefore

can still contribute to the overall reaction rate constant k.

In the case where one of the interacting molecules is uniformly reactive over its
surface, 1.e. 92, =, we arrive at the model introduced by Solc and Stockmayer,]22 for

which within the constant flux approximation the rate reduction factor was previously
126

shown to be
- Ky (E) (P_(c0s0°)— P, (cos8’)) )

e = -(1- COSQﬁ)z (z *'1+1/2 2 . -1 A I+1 A ] (54)
=0 ZK1+1/2(‘§ )_5 K1+3/2(€ ) 20+1

with

5*'5 M.a (22)
DA+DB

It is important to consider that the following effects are not taken into account by the
applied models for bimolecular reactions: 1) Intermolecular hydrodynamic
interactions, which correlate the motion of the reactants at small distances. ii) Any
electrostatic interactions between the molecules. This assumption seems to be
appropriate since the experimentally determined bimolecular rate constants do not
depend on ionic strength. ii1) Deviations of a perfectly spherical shape of the

reactants.

The obtained values for surface reactivity in a foldon subunit and Nalymiq as well as
for the free labels are summarized in table 15. These calculations were performed in
collaboration with Y. von Hansen (TU Miinchen). For association of 1-NAA with
xanthone we assume both reactants to posses the same surface reactivity. The reactive
fraction of the surface is chosen such that equation 53 matches the experimentally
observed reduction in rate constant. Results reveal Fi.naa = Fxan = 0.7. Here, the
deviation of F from unity might be rather due to hydrodynamic effects than from
reduced surface reactivity. Using equation 53 and Fa@emia)y = 0.7 for the foldon-

Nalymig reaction we find Frlgon = 0.05. Assuming a uniform reactivity of the
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chromophore (Fnaiamia) = 1) and applying equation 54 one obtains Figon = 0.04. The

small dependence of the obtained Froidon ON Faiamid) can be explained by very fast
rotational diffusion of Nal,nig during a single encounter. Using equation 53 for the

association of two foldon subunits and assuming that both foldon variants have

identical surface reactivity (02 = 005) one obtains Frdon = 0.098 in the presence of

0.58 M GdmCl and Froigon = 0.104 in the presence of 1.0 M urea. Thus, the effective
reactive surface of a foldon subunit is larger in the foldon-foldon reaction compared
to the foldon-Nal(amid) reaction. This is expected due to specific protein-protein

interactions, which are not present in the foldon-Nal,niq reaction.

Reaction Conditions Freactant Freactant
Trp20Xan / Trp20Nal 0.58M GdmCl 0.098 0.098
Trp20Xan / Trp20Nal 1M urea 0.104 0.104

Trp20Xan / Nalyyg 1M urea 0.05 0.7)
Trp20Xan / Nalyyig 1M urea 0.04 (1.0)
Xan/ 1-NAA 1M urea 0.7 0.7

Table 15: Summary of calculated surface reactivities of a monomeric foldon subunit, Nal,,
and the free labels, respectively. Values in brackets were hold fixed during calculation.

Calculations were performed in collaboration with Y. von Hansen (TU Miinchen).

Since determination of the reactive distance a is subject to some uncertainties, we
determined how the calculated surface reactivity changes with varying a for

association of two foldon subunits (Figure 80).

Figure 80: Reactive surface on a foldon subunit

025+ . . . .
vs. the reaction distance a. For a given reaction

0.20 distance, Fpu, was adjusted such that the

relation ks(a)T(F,b;do,,):ka:3,5~]08 Mt s

FF oldon

0.15
fulfilled. We thereby evaluate equation 53 using

0.10 . experimental parameters in table 13 and 14.
Calculations were performed in collaboration

with Y. von Hansen (TU Miinchen).

a (nm)
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3.2.5 Elimination of association reactions during folding of the trimeric foldon

domain

Previous studies on the trimeric foldon domain from bacteriophage T4 fibritin yielded
detailed information on the mechanism of coupled folding and association during the
assembly process.''! During folding from the GdmCl-unfolded state a monomeric
intermediate with native-like topology is formed on the submillisecond time scale.
This intermediate assembles into a partially folded trimer via two very fast
consecutive bimolecular reactions with rate constants of k=1.9(20.5)-10° M s and
k=5.4(x0.3)-10° M s™'. A final folding step yields the native trimer. In addition to
this fast folding pathway, about 20% of the molecules fold in a slow process that is

limited by prolyl isomerization reactions (Figure 62).'"!
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Figure 62: Folding/assembly mechanism of the foldon domain in the presence

of 0.58 M GdmCL""!

At estimated cellular concentrations (1uM to 5uM foldon monomer) foldon assembly

is limited by the association reactions. To investigate folding in the absence of the
association reactions we engineered two different monomeric foldon variants in
which the elementary step of free diffusion of the subunits is eliminated and thus
intrachain diffusion becomes the elementary step for folding. In the single-chain
foldon variant three repeats of the amino acid sequence of a monomeric foldon
subunit are connected in N- to C-terminal direction to form a single continuous amino
acid chain (Figure 81). The amino acid sequences of the subunits are separated by

flexible 15 amino acid poly(glycine-serine) linkers (Figure 81).
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Figure 81: Amino acid sequence (left) and model of the structure (vight) of the single-

chain foldon variant.

The single-chain foldon variant and the wild type trimer have identical far UV CD
spectra (Figure 82A) and fluorescence spectra (Figure 82B), indicating that the single-
chain foldon folds into the same structure as the trimeric wild type protein. This
conclusion is supported by solution NMR experiments, which revealed identical
HSQC spectra for the two proteins except for the very C- and N-terminal regions of
two of the three “subunits” in single-chain foldon, in accordance with the linkers
attached to these regions (Figure 83). The structural assignment by 3D TOCSY
HSQC spectra confirmed the identical structures of single-chain foldon and wild type

foldon (J. Habazettl, unpublished results).
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Figure 82: A: Comparison of far UV CD spectra of the native wild type foldon domain
(black) and of native single-chain foldon (red). B: Comparison of the kinetic burst phase
intermediate fluorescence spectrum of wild type foldon (black circles) and single-chain
foldon (red circles). The spectra of native wild type foldon and native single-chain foldon are
shown as lines in black and red, respectively. The fluorescence spectrum of GdmCl-unfolded
wild type foldon is shown in blue. Spectra of wild type foldon are taken from reference 111

while spectra of single-chain foldon are from M. D. Crespo, unpublished results.
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Figure 83: HSQC spectra of the single-
105 105 chain foldon variant (red) and the trimeric
wild-type foldon domain (green). From J.
Habazettl, unpublished results.
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Figure 84: GdmCl-induced equilibrium unfolding transition of the wild type foldon
domain at 5 uM (O, @) and 30 uM (A, A) and single chain foldon at 5 uM (O, ®) and
15 uM (A, A). Open circles correspond to measurements in far-UV CD at 230 nm and
filled circles correspond to changes in Trp fluorescence at 320nm. All measurements
were performed at pH 7.1, 20°C. Solid lines represent fits of a two-state unfolding
transition to the data. Transitions of wild type foldon are from reference 111 and

transitions of single-chain foldon are from M. D. Crespo, unpublished results.
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Denaturant-induced equilibrium unfolding transition showed that the thermodynamic
stability of the single-chain foldon variant is independent of protein concentration, as
expected for a monomeric protein (Figure 84). Additionally, the transition is
independent of the probe used to monitor unfolding indicating two-state behavior.

The folding free energy for the single-chain foldon variant (AG’(H,0)) is -66.7(x0.1)

kJ/mol. Applying the concept of an effective concentration (Ces) with

K, (monomer)
off = (55)

K, (trimer)

yields C=22 mM for the single-chain foldon variant.

To study the effect of very high local monomer concentrations in the single-chain
foldon variant on the folding kinetics, we performed stopped-flow refolding
experiments detected by the change in intrinsic tryptophane fluorescence at 320 nm.
Similar to folding of the wild type foldon domain,'"" a burst phase intermediate is
formed during folding of monomeric single-chain foldon within the dead time of the
stopped-flow experiment (M. D. Crespo, unpublished results). The fluorescence
spectrum of the burst phase intermediate reveals a blue shift and an increased
intensity of the fluorescence maximum in the single-chain foldon variant compared to
the wild type intermediate (Figure 82). This indicates that tryptophane has lower
solvent accessibility in the burst phase intermediate of the single-chain foldon variant
than in the monomeric intermediate observed for wild type foldon. Refolding kinetics
in the single-chain foldon variant is concentration independent, as it is expected for
folding of a monomeric protein. Folding in this variant turned out to be complex and
very slow (Figure 85A). Folding of single-chain foldon (C.=22 mM) is slower than
folding of the wild type protein at a monomer concentration [M]o=10uM (Figure
85A). The observed fluorescence change can be described by the sum of four
exponentials (Table 16). Results from interrupted refolding experiments showed that
native protein is formed in all four kinetic phases (M. D. Crespo, unpublished results).
Similar as in the trimeric wild type protein the slowest kinetic phase can be attributed

to isomerization reactions at the prolyl residues. This kinetic phase is accelerated in
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the presence of cyclophilin 18, a peptidyl-prolyl cis-trans isomerase (Figure 85B).
Refolding of single-chain foldon is accelerated with increasing GdmCI concentrations
(Figure 85C). This effect can be attributed to both the increase in the relative
contribution (42,) of the second kinetic phase to the observed fluorescence change
and to the significant increase in the rate constant (k4) of the fastest observable kinetic
phase with increasing GdmCI concentration (Table 16). This observation indicates the
transient formation of stable incorrectly folded structures, which have to partially
unfold before they can reach the native state. This is in agreement with results from
interrupted refolding experiments, which indicate the formation of two stable folding
intermediates early in folding (M. D. Crespo, unpublished results). Compared to
measurements at neutral pH, refolding kinetics at pH 2 are even more complex
(Figure 85D). Here, the sum of five exponentials is necessary to describe the kinetic
data (Table 16). An interesting observation is the significant increase in k4 at low pH
compared the value determined at neutral pH. This observation is in agreement with
the formation of a stable partially folded intermediate, which needs to unfold and

rearrange before folding into the native conformation can occur.

These results show that, despite high local concentration of monomeric foldon
subunits, folding of single-chain foldon is very slow and complex. The main problem
in this variant seems to be the difficulty in finding the native topology. The results
indicate that this might be attributed to non-native association from the intermediate
formed on the submillisecond time scale. Only a small amount of the molecules in
this intermediate state fold fast into the final native state. However, many molecules
seem to be trapped in intermediates representing incorrectly folded structures
stabilized by non-native interactions. These stable incorrectly folded structures have
to partially unfold before they can reach the native state what slows down the folding

process in single-chain foldon.

138



F320 nm (norm)

Ll paaauul Lol L1111
103 102 10! 100

time (s)

1.0

0.8

0.6

0.4

F320 nm (norm)

0.2

0.0

Ll Lol Ll T
103 102 1071 100

time (s)

1ol IR
101

102

F320 nm (norm)

F320 nm (norm)

Lol Ll Lol Lol 11l
103 102 1071 100 101

time (s)

102

Figure 85: A: Folding kinetics of single-chain-foldon variant. A: in the presence of 0.58 M GdmCl

pH 7.0 (red) in comparison to folding kinetics of wild type foldon (black, [M],=10uM) at the same

conditions. B: in the presence of 0.58 M GdmClI pH 7.0 (red), 0.95 M GdmCI pH 7.0 (blue) 3 M
GdmCI pH 7.0 (green). C: in 0.58 M GdmClI pH 7.0 in the absence (red) and in the presence (blue)

of 3.3 UM cyclophilin 18. D: in 0.58 M GdmCl at pH 7.0 (red) and at pH 2.0 (blue). Final protein

concentration for refolding kinetics of single-chain-foldon was 5 uM. Measurements were carried

out in 10 mM NaCac pH 7.0 or 10 mM Glyc pH 2.0 at T = 20°C.

. age -1 -1 -1 -1 -1
Folding conditions Aiga ki (7))  Arypa Kk (s7)  Aspa k3 (57)  Agra ks (ST)  Aspa ks(sT)
0.39 0.038 0.12 0.57 0.26 33 0.24 107
58M 1 pH - -
0.58 M GdmCl pH 7 (0.04)  (£0.004)  (20.02)  (*0.15)  (#0.03)  (#02)  (#0.03)  (£10)
031 0.033 0.19 037 031 33 0.20 124
95M 1 pH - -
0.95 M GdmCl pH 7 (£0.04)  (£0.004)  (£0.02)  (£0.08)  (£0.04)  (20.4)  (£0.02)  (12)
021 0.024 0.42 0.53 0.18 28 0.19 360
OM 1 pH - -
3.0M GdmClpH 7 (0.03)  (£0.003)  (#0.05) (¥0.11)  (*0.02)  (#03)  (£0.02)  (£36)
0.58 M GdmCl pH 7 0.33 0.062 0.20 0.58 0.23 34 0.24 117
+3.3 uM cyclophilin (#0.04)  (£0.006)  (£0.02)  (#0.12)  (£0.03)  (£0.4)  (£0.03) (*12) ) )
034 0.023 021 032 0.14 1.5 022 559 0.09 10.3
0.58 M GdmCl pH 2 (£0.04)  (£0.003)  (£0.03)  (007)  (£0.02)  (£02)  (£0.03)  (£60)  (£0.01)  (:L.1)

Table 16: Summary of the kinetic phases for refolding of single-chain-foldon obtained from

fitting the kinetic traces with the sum of four or five exponentials, respectively.
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In the second strategy we used a foldon variant in which three monomeric foldon
subunits are attached via their N-terminus to a cyclic template, which orients the three
subunits correctly relative to each other (foldon-on-template variant, Figure 86). The
cyclic template mimics the situation in fibritin, where foldon is located at the C-

terminal end of a long trimeric coiled-coil.

Figure 86: Structure of the cyclic (Gly-

H H,C SH
0\\ \CHH (f:[ / Gly-Cys); template used to orient
V2 —C—CH
He BN “NH /0 monomeric foldon subunits correctly
AL \C
o /CH \CH/H relative to each other. Foldon subunits
§C l
HN NH were attached via their N-terminus to the
! c=0 . .
H,C—GH [ cysteines of the template (see materials
/ ._—C LCH_
Hs O~ \ C';‘N H an methods). Synthesis of the template
\
/CH\C H,Cﬁ \O and coupling of the foldon subunits to
TN=cH G\
O// H | \}) /CHz Cys residues were performed by W.
H HS

Haehnel (Universitdit Freiburg).

The fluorescence spectrum of the foldon-on-template variant is similar to the
spectrum of the native wild type trimer at low GdmCI concentration (Figure 87),
indicating a native-like structure. In the presence of 6.38 M GdmCl pH 2.0 the
fluorescence spectrum of the foldon-on-template variant is similar to the spectrum of

unfolded wild type foldon (Figure 87).

T T T T T T T Figure 87: Fluorescence spectra of the
foldon-on-template variant in 10 mM
0.8r 7 NaCac at T = 20 °C in the presence of
0.58 M GdmClI pH 7.0 (light blue) and
in the presence of 6.38 M GdmCl pH

2.0 (orange). Protein concentrations

normalized fluorescence

\

were 4.2 uM. Spectra of native (blue)
and GdmCl-unfolded wild type foldon

0.0

1 1 " 1 1
300 340 380 420
wavelength (nm) (red) are taken from reference 111.
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We studied the folding kinetics of the foldon-on-template variant in stopped-flow
experiments starting from unfolded protein in 6.38 M GdmCl at pH 2. At a residual
GdmCl concentration of 0.58 M GdmCl the major folding reaction occurs within the
dead time of the experiment (~ 2 ms), indicating very fast folding. This experiment
only resolves a very slow phase (Figure 88 and table 17). Comparison with folding of
wild type foldon and single-chain foldon shows that this phase can be attributed to a
prolyl isomerization reaction. Refolding experiments in the presence of increasing
GdmCl concentrations reveal that folding is resolved only at denaturant
concentrations above 3 M (Figure 88). The increase in total amplitude of the
observable fluorescence change with increasing GdmCl concentration (Figure 88)
indicates that folding of foldon-on-template is significantly slowed down with

increasing denaturant concentration.
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Figure 88: Folding kinetics of foldon-on-template in 10 mM NaCac pH 7.0 in the presence of
0.58 M GdmCl (light blue), 3 M GdmCI (dark blue), 4 M GdmCl (green) and 5 M GdmClI (grey)
in 10 mM NaCac pH 7.0 at T = 20°C. Final protein concentration was 4.2 M.

Folding kinetics in the presence of 3 M, 4 M and 5 M GdmCl can be described with
the sum of three exponentials. Fit results are summarized in table 17. The slow cis-
trans 1somerization reaction is not significantly affected by the denaturant
concentration. The rate constant of the second kinetic phase does not show a
significant dependence on the denaturant concentration either. The small contribution
of this phase to the fluorescence change upon folding is a possible explanation why
this phase is not observed in refolding kinetics monitored in the presence of 0.58 M

GdmCl. The rate constant of the third kinetic phase is significantly decelerated with
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increasing denaturant concentration, which is the typical behaviour of a folding

reaction
Folding conditions Ay, rel ky (s'l) A, vl k (s'l) Aj3, el ks (s'l)
0.050
0.58 M GdmCl pH 7.0 1 - - - -
(£0.020)
0.25 0.034 0.05 1.2 0.71 254

3.0 M GdmCl pH 7.0
(£0.04)  (£0.001)  (£0.03)  (¥0.2)  (£0.07) (£11)

0.17 0.036 0.05 3.35 0.77 79

4.0 M GdmCl pH 7.0
(£0.03)  (+0.002)  (20.03)  (£04)  (+0.05) (+2)

0.15 0.027 0.13 2.6 0.72 16

5.0 M GdmCl pH 7.0
(£0.02)  (£0.002)  (£0.03)  (£0.1)  (+0.03) (£1)

Table 17: Results from an exponential fit to non-normalized refolding kinetics of foldon-

on-template at T = 20 °C.

The two folding reactions are either decelerated with increasing GdmCl concentration
or are virtually independent on the denaturant concentration. This observation
indicates that there is no evidence for formation of misfolded structures in both
reactions. This i1s in contrast to results on the single-chain foldon variant, where
increasing GdmCl concentrations speed up the fastest observable rate constant,
indicating formation of incorrectly folded structures, which need to unfold and
rearrange before folding into the native conformation can occur. In the presence of
3 M GdmCl, folding of the foldon-on-template variant is completed after around
30 ms and thus occurs around 1000 times faster compared to folding of singe-chain

foldon variant (Figure 89).

The results on single-chain foldon revealed that finding the native topology in this
variant is difficult. This can be explained by stable incorrectly folded intermediates,
which are formed early in folding. These structures have to partially unfold before
they can reach the native state what drastically slows down the folding process. In
contrast to single-chain foldon, the foldon subunits in foldon-on-template are oriented
correctly relative to each using a cyclic template. Folding in this variant turned out to

be very fast and without any evidence for incorrectly folded structures, indicating that
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the correct relative orientation of the subunits is important for fast and efficient

folding.
A B i e et e Figure 89: Comparison of
o normalized refolding kinetics  for
= 08F single-chain  foldon (greemn) and
g 0.6 foldon-on-template (blue) in 10 mM
CE) 0.4 NaCac pH 7.0 in the presence of 3 M
,_,‘_'N’ 02l GdmCl, T = 20°C. Final protein
0oL ] concentrations were 5 UM for single-
10_3' 10|_2 10._1 160 ' 161 ' 1 02 chain foldon and 4.2 uM for foldon-

on-template, respectively.
time (s)

In future experiments, we plan to study folding of a foldon variant in which the
monomeric subunits are attached via their C-terminus to a cyclic (Gly-Gly-Cys);
template. This is in contrast to the situation in nature where the foldon subunits are
attached via their N-terminus to the trimeric coiled-coil domain of fibritin. These
experiments allow investigation of whether the N-terminal attachment to fibritin is

important for fast and efficient folding of the foldon domain.
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3.3 Materials and Methods
Peptide synthesis and purification

All peptides were synthesized by standard fluorenylmethoxycarbonyl (Fmoc)
chemistry on a 433A peptide synthesizer from Applied Biosystems. The following
solid supports from Rapp polymere were used: TentaGel S RAM for GBls4.s),
TentaGel R RAM (poly(glycine-serine) peptides, poly(threonine-serine); peptide,
polyglutamine peptides and Brkeego), TentaGel R Trt-Gly Fmoc (polyserine,
poly(glycine-serine) and Gln-host-guest peptide), TentaGel S Trt/PHB-Gly Fmoc
(model peptides for intermolecular TTET experiments) and TentaGel R PHB-Leu
Fmoc (foldon). Generally, we applied the FastMoc 0.10 mmol chemistry option for
which employed amounts of resin and amino acids were 0.10 mmol and 1.00 mmol,
respectively. We used HBTU(/HOBY) as the activation agent, 2.0 M DIPEA in NMP
as the coupling agent and 22% v/v piperidine in NMP for Fmoc deprotection. Special

procedures were applied in the following cases:

For the synthesis of poly(threonine-serine); only double building blocks (Fmoc-
Ser-Thr(y"*™)-OH) were used and HATU was used as coupling agent.

Me,Me

- Several pseudoprolines (Fmoc-Gly-Ser(y )-OH) were used for the synthesis of

poly(glycine-serine) peptides.

- For synthesis of Brkgesgo the use of HATU as coupling agent was essential for
coupling of residues Gly66 to Phe80.

- Synthesis of peptides 4 and 6 for bimolecular TTET experiments were only

Me,Me

successful if pseudoprolines (Fmoc-Gly-Ser(y )-OH) were introduced.

- The yield of pure foldon ESR variants for TTET experiments was increased

significantly if Fmoc-Leu-Ser(y™*"

)-OH was introduced at position Leu23-
Ser24.

- Couplings using a threefold excess of amino acid (diaminopropionic acid and
pseudoprolines) were carried out manually using PyBOP as the activation agent

and 44% NMM in DMF for coupling.

Peptide products were purified by reversed-phase HPLC. Purity of the peptides was
analyzed by analytical HPLC and mass spectroscopy.
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Synthesis of xanthonic acid and peptide labelling

9-Oxoxanthen-2-carboxylic acid was synthesized as described®'? and either attached
to diaminopropionic acid (Dpr) or to the N-terminus of the peptides using Fmoc
chemistry. The triplet acceptor group naphthalene was introduced by the non-natural

amino acid naphthylalanine.

Synthesis and purification of the foldon-on-template variant

Synthesis of the cyclic template (Gly-Gly-Cys); and coupling of monomeric foldon
subunits to Cys residues were performed by W. Haehnel (Universitit Freiburg). The
use of StBu as protection group for the cysteines revealed the best results for
synthesis of the template. In contrast, the Trt protection group turned out to be too

bulky.

The foldon monomers used in the foldon-on-template variant contained an additional
Gly-Ser sequence at the N-terminus to increase flexibility near the template. Multiple
coupling of Br-AcBr to the N-terminus of the foldon sequence was necessary to
obtain a good yield in AcBr-(Gly-Ser)-Foldon. Conversion was controlled via Kaiser
test. AcBr-(Gly-Ser)-Foldon was coupled in solution to the cysteines of (Gly-Gly-
Cys)s. Successful coupling was confirmed by mass spectrometry (Figure 90A) and

analytical HPLC (Figure 90B).
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Figure 90A: Analytical HPLC analysis Figure 90B: High resolution MS
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Optimizing the coupling protocol revealed the following important aspects. To
decrease the formation of side products, the pH has to be controlled during the
coupling reaction. To obtain good yields it is necessary to use an excess of BrAc-
(Gly-Ser)-Foldon. Nevertheless, small amounts of templates with only two foldon
monomers coupled are produced. Due to easy formation of disulfide bridges between
cysteines of the template the reaction has to be performed in complete absence of
oxygen. Further, the reaction has to be fast in order to prevent reaction between BrAc-

(Gly-Ser)-Foldon molecules.

Cloning, expression and purification of single-chain foldon

A synthetic gene encoding single-chain foldon (SCF) was prepared with optimal
codon usage for E. coli by Richard Kammerer (University of Manchester). Three
separate PCR amplification reactions were performed using primer pairs and the
codon-optimized foldon c¢cDNA as a template. The full-length construct was
assembled sequentially in pUC18 (PCR fragment SCF1 ligated into the HindII/EcoRI
site of pUC19; SCF2 ligated into BamH1/EcoRI site of pUC18-SCF1; SCF3 ligated
into BspEI/EcoRI site of pUC18-SCF1-SCG2). For expression, the insert coding for
the SCF protein was digested with BglII/EcoRI and cloned into the BamHI/EcoRlI site
of pHis, a derivative of pET-15b encoding an N-terminal 6xHis tag followed by a
thrombin cleavage site. Recombinant insert DNA was verified by DNA sequencing.
SCF carries two additional, N-terminal residues (Gly and Ser), which originate from

the thrombin cleavage site and are not part of the coding sequences.

Sequence:
1-42  GSGYIPEAPRDGQAYVRKDGEWVLLSTFL SGSGSGSGSGSGS
43-84 GSGYIPEAPRDGQAYVRKDGEWVLLSTFL SGSGSGSGSGSGS
85-113 GSGYIPEAPRDGQAYVRKDGEWVLLSTFL

The recombinant proteins were expressed in E. coli BL21(DE3) host strain after
isopropyl B-D-thiogalactoside induction to a final concentration of 1mM. Purification
of the 6xHis-tagged fusion protein was carried out by immobilized metal affinity

chromatography on Chelating Sepharose Fast Flow (Amersham Biosciences) and
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separation of single-chain foldon from the 6xHis-tagged carrier protein, thioredoxin,

by thrombin cleavage was performed as described in the manufacturer’s instructions.

Disaggregation of polyglutamine peptides

Polyglutamine peptides were disagreggated according to the protocol introduced by

O’Nuallain et al.:'*

1. Lyophilized purified peptide is dissolved in a 1:1 mixture (v/v) of TFA and HFIP
to 0.5 mg/ml in a sealed Erlenmeyer flask and incubated at room temperature for 5
hours.

2. The peptide solution is dried under a stream of argon gas and then immediately
placed under vacuum for around 30 minutes to remove any residual volatile
solvents. The vacuum is vent with argon gas.

3. The dry peptide is dissolved in pH 3 aqueous TFA to a concentration in the range
of 50 to 100 uM and centrifuged at 386000 g for 3 hours.

4. The upper two thirds of the solution are removed and adjusted to final buffer

conditions by a tenfold dilution with 100 mM NaCac.

The lower third of the solution from the centrifugation step was adjusted to final
buffer conditions and used as a positive control in the test for successful

disaggregation (Figure 39).

Determination of peptide and protein concentrations

Concentrations of all peptides, proteins and 2-NAA were determined
spectrophotometrically using the Lambert-Beer relationship. The following molar
absorption coefficients were used: €343 = 3900 Mlem! for xanthone, €5 = 5550
Mlem™ for napththalene and 2-NAA, €330 = 8250 M lem™ for a foldon monomer, €39
= 24750 M'em™ for single-chain foldon and foldon-on-template. For 1-NAA and 2-
NAA we used the same molar absorption coefficient as for naphthalene. However, for

2-NAA the absorption maximum is shifted to 276 nm and € is probably smaller

(experimental determination: €576 = 4742(x200) M'cm™). This would lead to a
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decrease in bimolecular rate constants ks given in chapter 3.2.1 by a factor of

1.3(£0.1) for reactions in which 2-NAA is involved.

Viscosity measurements

Solvent viscosity was measured in a HAAKE falling-ball viscosimeter Type C from

Thermo Scientific.

Conductivity measurements

Ion movement was studied by measuring electrical conductivity of a 50 mM NaCl
solution using a 217 conductometer from Metrohm. All measurements were

performed at 22.5 °C.

CD spectroscopy and determination of the helix content in Brkss.so

All CD experiments were carried out on an AVIV 62ADS or an AVIV 410
spectropolarimeter (AVIV, USA). The helicity of Brkesgy was calculated from the
mean residual ellipticity at 222 nm ([0]222]. For the calculation we used values of [0]y
= -44000-(1-3/N) deg cm? dmol™', where N is the number of residues, and [8]c = 2200
deg cm” dmol™ for the 100% helical and 100% unfolded state, respectively.?'* Due to
the contribution of the TTET labels to [0],2, all calculated helix propensities are

slightly too large.

Fluorescence spectroscopy

Equilibrium fluorescence measurements were carried out on an AMINCO Bowman

series 2 spectrofluorimeter (SLM Aminco, USA).

All stopped-flow experiments were performed with a SX18.MV stopped-flow
instrument from Applied Photophysics (Leatherhead, UK) equipped with a
Hammamatsu R1104 photomultiplier tube. The excitation wavelength was 280 nm
(4.5 nm bandwith) for final foldon monomer concentrations up to 10 uM and 295 nm
(4.5 nm bandwith) for higher concentrations. Emission was detected at 320 nm (12

nm bandwidth).
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Laser flash photolysis

Laser flash photolysis provides a method that allows rapid production of excited
states. This makes it a perfect tool to study energy transfer reactions such as TTET.
Kinetics of nanosecond-laser flash experiments was collected using a laser flash
photolysis reaction analyser model LKL.60 from Applied Photophysics. Here, TTET
was induced by a 4 ns laser pulse at 355 nm from a Nd:Yag laser. In the picosecond-
laser flash experiments TTET was induced by a 120 ps laser flash. Peptide
concentrations for intramolecular TTET measurements were in the 20-100 uM range.
Transient triplet absorbance of xanthone was measured at 590 nm and the kinetics

were analyzed using ProFit (Quansoft, Zurich, Switzerland).

Dynamic light scattering measurements

DLS experiments were carried out on an ALV DLS/SLS-5000 system equipped with
a compact goniometer system. For all samples, the apparent hydrodynamic radius
raapp Was measured as a function of the solute concentration and the effective

hydrodynamic radius 4 was determined from extrapolation of 7y app to ¢ — 0.

NMR measurements

NMR experiments were carried out on a BRUKER DRX 600 spectrometer using a
broadband inverse probe head equipped with z-axis pulsed field gradients. The probe

temperature was calibrated using 100% methanol for temperatures below 305K and

100% ethylene glycol for higher temperatures.”'* A continuous wave spinlock was
used during the mixing time (416 ms) of the ROESY sequence.”’” The homonuclear
pulse programs incorporated the WATERGATE pulse sequence for solvent signal
suppression.”'® TOCSY experiments used the MLEV17 sequence with gradients.?"’
NMR data were processed using the Bruker software XWINNMR and analyzed with
the program SPARKY .*'®

Data fitting

Data evaluation was carried out using the program ProFit (Quantumsoft, Zurich,
Switzerland). For the global fit of concentration-dependent assembly kinetics of the

foldon domain and interrupted refolding experiments (chapter 3.2.2) we used KinTek
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Explorer.”"”?*" Rate constants and spectroscopic parameters of the different kinetic
species were fitted as global parameters. The rate constants for unfolding of the
dimeric intermediate and the native protein were fixed to experimentally determined
values. The equilibrium constant between unfolded monomer and native protein

measured by CD and fluorescence was used as an additional constraint for the global
fit.
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4. Summary

The first part of this thesis addresses intramolecular chain diffusion processes during
protein folding. An unfolded polypeptide chain has to explore a vast conformational
space to search for favourable intramolecular interactions in order to find its native
state. Formation of site-specific interactions within a polypeptide chain is thus
regarded as the elementary step during conformational search and sets an upper limit
to protein folding rate constants. We applied triplet-triplet energy transfer (TTET) to
determine the rate constants for formation of site-specific intramolecular interactions
in polypeptide chains. TTET from the triplet donor xanthone to the triplet acceptor
naphthalene is a diffusion-controlled process that is based on van-der-Waals contact
between the chromophores. This method thus allows to directly monitor the kinetics
of formation of site-specific contacts on the time scale from picoseconds to tens of
microseconds. Earlier experiments on the dynamics of end-to-end loop formation in
unfolded poly(glycine-serine) and polyserine chains indicated different rate-limiting
steps for the formation of short and long loops. To understand the dynamics in the
different regimes in more detail we investigated the effect of solvent viscosity and of
temperature on the kinetics of end-to-end loop formation in different polypeptide
chains. The rate constant for formation of large loops is inversely proportional to
solvent viscosity in the presence of small co-solutes like ethylene glycol and glycerol,
indicating a diffusion-controlled reaction. In the presence of large co-solutes loop
formation kinetics show a weaker viscosity-dependence, indicating that the
macroscopic solvent viscosity and the microscopic viscosity experienced by a
polypeptide chain are identical only for small co-solutes. Small co-solutes can thus be
used to determine the actual viscosity-dependence of loop formation. The weaker
effects of large co-solutes on loop formation indicates that molecular crowding inside
cells, which is due to the presence of high molecular weight compounds, has only
little effect on the dynamics of loop formation. Formation of short loops shows a
fractional viscosity-dependence even for small co-solutes, suggesting the presence of
intrinsic energy barriers. This model is supported by the observation of significant
activation energies of up to 17 kJ/mol for formation of short loops, whereas formation
of large loops has a low activation energy around 5 kJ/mol in accordance with a

diffusion-controlled reaction.
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To investigate the dynamics of loop formation in an unfolded natural amino acid
sequence we performed TTET experiments on a 24 amino acid fragment from the
natively unfolded brinker protein. The results showed that end-to-end loop formation
in this fragment is significantly slowed down due to repulsive interactions between
positively charged residues. Possible explanations for this effect are increased internal
friction and/or increased chain dimension. Inorganic phosphate or sodium chloride
induces formation of helical structure in the brinker fragment, which enabled us to
test for the effect of secondary structure on the dynamics of loop formation. The
experiments revealed that loop formation between the ends of flexible helical
structures i1s decelerated. We further studied loop formation in sequences derived

from the natural protein B-carp parvalbumin and the B1 domain of protein G. In all

studied natural protein sequences we found fractional viscosity dependencies and
significant intrinsic barriers for loop formation, indicating that chain dynamics in
these fragments is not fully diffusion-controlled. TTET experiments cannot
completely resolve loop formation kinetics in the eight amino acid B-hairpin fragment
from protein G, indicating subnanosecond reactions of loop formation in this peptide,
which suggests that this sequence is optimized for rapid and efficient formation of
tight turns.

Polyglutamine stretches beyond a critical length tend to form aggregates, which are
assumed to play a central role in various neurodegenerative diseases. TTET was used
to study whether unfolded polyglutamine chains exhibit different dynamical and
structural properties compared to other unfolded polypeptide chains. The
polyglutamine peptides showed significantly decelerated end-to-end loop formation
compared to poly(glycine-serine) and polyserine chains. This effect increases with
increasing chain length. Studying the effect of solvent viscosity and of temperature on
the reaction revealed that slow chain dynamics in polyglutamine chains can be mainly
attributed to increased activation barriers.

The dynamics of loop formation are determined by the dimensions and by the internal
motions of polypeptide chains. To obtain more information on these properties we
performed time resolved fluorescence resonance energy transfer (FRET) experiments
on a long poly(glycine-serine) chain. The results revealed formation of non-specific
intramolecular hydrogen bonds in water, which reduces the end-to-end distance and

the end-to-end diffusion coefficient compared to an ideal chain. Addition of high
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concentrations of GdmCl, which represents a good solvent for polypeptide chains,
increases the end-to-end distance and accelerates local end-to-end diffusion. This
result suggests that non-specific intramolecular hydrogen bonds contribute to chain
compaction in water, which is often observed early during protein folding and is

usually attributed to hydrophobic interactions.

The second part of this thesis aimed at the detailed understanding of intermolecular
diffusion processes during protein folding and assembly. We applied TTET to study
site-specific formation of intermolecular contacts between unfolded model
polypeptide chains and between unfolded model polypeptides and the small molecule
naphthylacetic acid. In accordance with theory, the experiments showed that
diffusion-controlled association is strongly influenced by the net charge of the
interacting molecules. Results further revealed that the association reaction is slowed
down by orientational constraints compared to the theoretical Smoluchowski diffusion
limit. However, reorientation after initial contact formation can reduce the retarding
effect of these geometric constraints.

In further studies the homotrimeric foldon domain from bacteriophage T4 fibritin
served as a model to investigate the formation of site-specific protein-protein
interactions during folding and assembly of an oligomeric protein. The foldon domain
comprises the C-terminal 27 amino acids of each subunit of the fibritin protein, which
consists in total of 486 amino acids per subunit. The function of this small globular
domain is to assist assembly of the trimer into a rod-like coiled-coil structure. During
folding/assembly from the GdmCl-unfolded state the foldon domain forms a
monomeric intermediate in a very fast reaction on the submillisecond time scale.
Assembly of this intermediate into a trimeric state occurs in two very fast consecutive

bimolecular association reactions with rate constants of 1.9-10° M s and 5.4-10°

M s, respectively. The resulting trimer is rapidly converted to the native state.
These experiments were carried out at a residual GdmCl concentration of 0.58 M,
which largely shields electrostatic interactions. Structural studies had further indicated
an asymmetric charge distribution on the surface of the monomeric intermediate
proposing an electrostatic steering of the monomer-monomer and the monomer-dimer
interactions. We tested the effect of ionic strength and stabilizing co-solutes on

thermodynamic stability and on the assembly kinetics of the foldon domain.
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Increasing ionic strength stabilizes the native trimer. Kinetic experiments revealed
that both association reactions are slowed down at low ionic strength, indicating
unfavorable electrostatic interactions in the two assembly processes. The magnitude
of the effects can be quantitatively explained by the net charge of the interacting
molecules. As a result trimer formation is affected more strongly than dimer
formation. Additionally, increasing the ionic strength strongly accelerates unfolding
of the native state. These results indicate significant unfavourable electrostatic
interactions in the transition state of trimerization and unfolding and argue against an
electrostatic steering mechanism during recognition of the subunits.

It is an unsolved problem how fast two proteins can maximally encounter each other
at specific sites during formation of protein-protein interactions. To study the
maximum rate constant for site-specific formation of an encounter complex between
monomeric intermediates of the foldon domain we applied TTET to the foldon ESR
variant. In this variant an intermolecular salt bridge is replaced by a repulsive
interaction, which results in a monomeric protein that structurally resembles the
monomeric assembly intermediate. Our results showed that the speed-limit for
formation of a site-specific encounter complex between two monomeric foldon
intermediates at their interaction sites is 3.7-10° M"' s, This reaction is not affected
by electrostatic contributions. Debye-Smoluchowski theory predicts a rate constant of

4.6-10° M s for non-specific encounter complex formation between two foldon
monomers. This comparison shows that only 8% of all random encounters between
the subunits lead to a site-specific encounter, indicating significant orientational
constraints for this reaction. Comparison with the dynamics of formation of a dimeric
assembly intermediate with £ = 1.1-10° M"' s at low ionic strength reveals that one
out of 300 site-specific encounter complexes and one out of 4000 random complexes
leads to formation of a stable dimer, indicating significant enthalpic and/or entropic

barriers for dimerization.

At physiological protein concentrations assembly of wild type foldon is limited by
bimolecular reactions, which lead to transient formation of a dimeric and a trimeric
intermediate, respectively. We engineered two different monomeric foldon variants in
which the elementary step of free diffusion of the subunits is eliminated and folding

becomes an intramolecular process. In the single-chain foldon variant, three repeats of
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the amino acid sequence of a monomeric foldon subunit are connected in N- to C-
terminal direction to form a single continuous amino acid chain, resulting in a very
high local monomer concentration. Folding of this variant is very slow and complex,
indicating that formation of stable intermediates with non-native interactions cause
slow folding reactions in this variant. This model is supported by the observation that
folding is accelerated under destabilizing conditions. In a second approach, a foldon
on-template variant was constructed with three monomeric foldon subunits attached
via their N-terminus to a cyclic template. This orients the three subunits correctly
relatively to each other, mimicking the situation in fibritin, where foldon is located at
the C-terminal end of a long trimeric coiled-coil. Folding of the foldon on-template
variant is very fast and does not show any evidence for formation of misfolded
structures. Comparison with the results from single-chain foldon indicates that the
correct relative orientation of the subunits is important for fast and efficient folding
and that formation of stable intermediates early in folding prevents effective search

for the native topology in the single-chain variant.
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7. Appendix

7.1 End-to-end distance distributions and intrachain diffusion constants in
unfolded polypeptide chains indicate intramolecular hydrogen bond
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Characterization of the unfolded state is essential for the under-
standing of the protein folding reaction. We performed time-
resolved FRET measurements to gain information on the dimen-
sions and the internal dynamics of unfolded polypeptide chains.
Using an approach based on global analysis of data obtained from
two different donor-acceptor pairs allowed for the determination
of distance distribution functions and diffusion constants between
the chromophores. Results on a polypeptide chain consisting of 16
Gly-Ser repeats between the FRET chromophores reveal an increase
in the average end-to-end distance from 18.9 to 39.2 A between 0
and 8 M GdmCl. The increase in chain dimensions is accompanied
by an increase in the end-to-end diffusion constant from (3.6 =
1.0) X 107 cm? s~ 1 in water to (14.8 £ 2.5) x 10-7cm?2s~'in8 M
GdmCl. This finding suggests that intrachain interactions in water
exist even in very flexible chains lacking hydrophobic groups,
which indicates intramolecular hydrogen bond formation. The
interactions are broken upon denaturant binding, which leads to
increased chain flexibility and longer average end-to-end dis-
tances. This finding implies that rapid collapse of polypeptide
chains during refolding of denaturant-unfolded proteins is an
intrinsic property of polypeptide chains and can, at least in part, be
ascribed to nonspecific intramolecular hydrogen bonding. Despite
decreased intrachain diffusion constants, the conformational
search is accelerated in the collapsed state because of shorter
diffusion distances. The measured distance distribution functions
and diffusion constants in combination with Szabo-Schulten-
Schulten theory were able to reproduce experimentally deter-
mined rate constants for end-to-end loop formation.

chain collapse | chain dynamics | denaturant | FRET

nderstanding the properties of the unfolded state is a major

focus of protein folding studies. The rather harsh and non-
physiological conditions required for populating unfolded states in
equilibrium pose a major problem in the characterization of un-
folded proteins under physiological conditions. For many proteins,
rapid chain compaction in combination with major changes in
spectroscopic properties was observed in refolding experiments
starting from the denaturant-unfolded state (1-5). It has been
discussed whether these rapidly formed compact structures repre-
sent the unfolded state under physiological conditions or whether
the fast processes are due to the formation of specific folding
intermediates separated from the unfolded state by energy barriers
(3, 5, 6). Detailed structural information on unfolded proteins
under physiological conditions recently became available from
studies on natively unfolded proteins (7) and on engineered unsta-
ble protein variants (8, 9). For several proteins, compact unfolded
states with both specific and nonspecific interactions were directly
observed by NMR measurements (10-14). Analysis of the effect of
mutations on solvent accessibility changes during folding also
revealed the presence of residual structure in unfolded proteins that
can be disrupted by side-chain mutations (15). These results from
various independent experimental techniques indicate that signif-
icant parts of the native structure may already be present in
unfolded proteins. This conclusion was supported by theoretical

12394-12399 | PNAS | August15,2006 | vol.103 | no.33

work, which suggested the presence of native-like secondary struc-
ture and a large amount of intramolecular hydrogen bonds in
unfolded proteins in water (16, 17). Although our understanding of
the structural properties of unfolded proteins has recently in-
creased, the contributions from specific interactions, typical for
each individual protein sequence, versus contributions from non-
specific side-chain and backbone interactions as a result of general
polymer properties of polypeptide chains are still not well under-
stood. Furthermore, only little is known about the dynamic prop-
erties of unfolded and partially folded proteins under different
solvent conditions.

To gain insight into the structure and dynamics of unfolded
proteins, we have recently studied the kinetics of intramolecular
loop formation in model polypeptide chains with repetitive
amino acid sequences and in sequences derived from natural
proteins (18-21). Using intramolecular triplet-triplet energy
transfer (TTET) between a donor and an acceptor group, we
observed a decreasing rate constant for loop formation, k., with
increasing denaturant concentration (22). As for protein folding
reactions, a linear relationship between Ink. and the denaturant
concentration was found for all investigated polypeptide chains.
The effect of guanidinium chloride (GdmCl) and urea on k.
could be dissected into two components. Part of the effect is due
to changes in solvent viscosity. The remaining decrease in k.
arises from binding of denaturant molecules to the polypeptide
chain and could be quantitatively described by Schellman’s
weak-binding model (22-24). Because these studies revealed that
the properties of unfolded polypeptide chains are drastically
changing upon addition of denaturants, we wanted to obtain
more detailed information on the structure and dynamics of
unfolded chains in different solvents by performing time-
resolved (tr) FRET experiments on a long poly(Gly-Ser) chain
containing donor and acceptor groups near the ends. These
measurements allow for the characterization of general proper-
ties of unfolded polypeptide chains in the absence of specific
side-chain interactions. Global analysis of results obtained from
two different donor-acceptor pairs enabled us to determine
end-to-end distance distributions and intrachain diffusion con-
stants between the FRET labels in water and to characterize the
effect of denaturants.

Results

FRET Measurements on Flexible Polypeptide Chains. We have previ-
ously used poly(Gly-Ser) chains of different length as a model to
investigate the kinetics of loop formation in unfolded polypeptide
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Structure 1.

chains (18, 19, 22). To obtain information on the dimensions and
internal dynamics of these chains, we performed FRET measure-
ments. The rate constant, kr, for FRET between a donor (D) and
an acceptor (A) group depends on the properties of the chro-
mophores and on the distance, r, separating them according to (25)

1 (R,\® 1 [Ry\°®
kr=—1|—] ky=—/|—
D r Tp\ T

with

o 9,000 In 10 Py,

0= T 12875 Nn® j Fp(Mea(M)AYdA. [1]
0

7p denotes the intrinsic fluorescence lifetime of the donor, and Ry
is the characteristic Forster distance at which a given FRET pair
shows 50% transfer efficiency. N is Avogadro’s number, 7 is the
refractive index of the medium, and «? is an orientational term
assumed to equal 2/3 for rapidly reorienting fluorophores. ®p, is the
fluorescence quantum yield of the donor, Fiy(A) is the normalized
emission of the donor, and e4(A) is the extinction coefficient of the
acceptor at wavelength A. The basic FRET theory has to be
extended when unfolded polypeptide chains are studied that rep-
resent rapidly interconverting ensembles of different conforma-
tions with a distribution of interchromophore distances, p(r), which
leads to a distribution of energy transfer efficiencies and to changes
in the donor—acceptor distances of individual molecules during the
donor lifetime. Haas et al. (26) developed a formalism that treats
the effect of conformational heterogeneity and internal dynamics
on the population of excited donor molecules in trFRET experi-
ments.

ap(r, 1) 1

a ™ r P
ap(r, t
p(r )) 21

5 .
ar Po(r)Dpa
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polr) ar ar
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The first part on the right-hand side in Eq. 2 represents distance-
dependent FRET where p(r, £) is the time-dependent probability to
find an excited donor molecule with an acceptor molecule at
distance r and py is the equilibrium distribution of donor-acceptor
distances. The second part on the right-hand side represents the
effect of diffusion on FRET with Dpa denoting the diffusion
constant for motions of the two fluorophores relative to each other.

Eq. 2 shows that FRET measurements on flexible chains with
dynamics on the time scale of the donor lifetime provide the chance
to obtain information on both the dimensions and the dynamics of
a flexible polymer chain. However, p(r) and Dpa cannot be
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Structure of the (Gly-Ser)qs peptide labeled with naphthalene/dansyl (Left) and pyrene/dansyl (Right).

determined from a single FRET experiment because both param-
eters contribute to the observed FRET efficiency. Several solutions
have been proposed to determine both p(r) and Dpa in highly
dynamic and flexible systems. Haas et al. (26) and Lakowicz et al.
(27) measured FRET in solutions of different solvent viscosity to
determine Dpx in peptides of different length. Lakowicz et al. (28)
further performed FRET measurements in the presence of differ-
ent amounts of fluorescence quenchers and globally analyzed the
data to obtain p(r). We took a different approach to determining
both p(r) and Dp, in unfolded polypeptide chains by using two
different donor—acceptor pairs with similar Ry values but with
different donor lifetimes. This allows for a reliable determination of
p(r) and Dp 4 in a global analysis of the data because the diffusional
term has a stronger influence on the observed transfer efficiency
with increasing donor lifetime.

Spectroscopic Properties of the Fluorophore Systems. To study the
dimensions and dynamics in unfolded model polypeptide chains by
global FRET analysis, we synthesized two different peptides, each
containing 16 pairs of Gly-Ser between donor and acceptor. Both
peptides have the dansyl group as acceptor at the N terminus and
either naphthalene or pyrene as donor group introduced C-
terminal from the (Gly-Ser)s stretch (Structure 1). Naphthalene—
dansyl and pyrene—dansyl are two well suited donor—acceptor pairs
for global FRET analysis because naphthalene and pyrene attached
to a poly(Gly-Ser) chain have largely different fluorescence life-
times in water of (36.9 =+ 0.2) ns and (225.5 * 1.0) ns, respectively
(see Tables 1 and 2, which are published as supporting information
on the PNAS web site). The Ry values of the two pairs in water are,
however, very similar with (23.3 + 0.4) A and (20.5 + 0.4) A for
naphthalene—dansyl and pyrene—dansyl, respectively, which makes
the two pairs sensitive for the same range of donor-acceptor
distances. Because we wanted to investigate the effect of denatur-
ants on the chain properties, we additionally determined 7, and Ry
of the FRET pairs between 0 and 8 M GdmCl. The results show that
the two FRET pairs have similar R, values but largely differ in their
donor fluorescence lifetimes at all GdmCl concentrations (see
Tables 1 and 2).

Global Analysis of trFRET Measurements. Fig. 1 shows fluorescence
decay curves of naphthalene (Fig. 14) and pyrene (Fig. 1B)
attached to the ends of a (Gly-Ser)s sequence. For both donors, the
fluorescence lifetime is decreased in the presence of the dansyl
acceptor group indicating energy transfer. The decrease in lifetime
is much more pronounced for pyrene, with a 6.8-fold decrease in
fluorescence half-life versus a 2.7-fold decrease for naphthalene,
although the pyrene—dansyl pair has a slightly smaller R value than
the naphthalene—dansyl pair, and thus less energy transfer would be
expected for the pyrene—dansyl pair. This observation indicates
significant contributions from diffusional processes to the observed
FRET efficiency (see Eq. 2) and is in agreement with our earlier
results from TTET experiments that revealed end-to-end contact
formation on the 50-ns time scale in a (Gly-Ser);s peptide labeled
with xanthone and naphthalene at the ends (19, 22), which is on a
time scale similar to the donor lifetimes.
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Fluorescence decay curves for both donors in the presence of
acceptor are not single-exponential (Fig. 1). A fit of the individual
FRET data according to Eq. 2 did not allow the determination of
p(r) and Dpa because the observed fluorescence decay curve can
be fitted by either close donor—acceptor distances or by rapid
diffusion. Only global analysis of the fluorescence decay curves was
able to resolve this ambiguity. The analysis used Eq. 2 and global
values for p(r) and Dpa in the two peptides, which seems justified
because the chromophores are small compared with the chain
dimensions. A skewed Gaussian distribution (Eq. 3) was assumed
for p(r) (29, 26).

p) = car’exp(—a(r — b)*) [3]
The parameter @ determines the width of the distribution, and ¢ =
fla,b) is a normalization constant. The distribution is offset from
zero by b. TTET experiments on end-to-end loop formation in the
same peptide have previously shown kinetics in the Gaussian chain
limit both in water and in the presence of high GdmCl concentra-
tions (19), indicating that this approximation is valid. The global fit
yielded the donor-acceptor distribution function shown in Fig. 24
and a Dpa value of (3.6 = 1.0) X 1077 cm? s~ ! in water.

Effect of GdmCl on Chain Di and Dynamics. To elucidate the
effect of denaturants on the chain properties, we performed FRET
measurements in the presence of various GdmCl concentrations. At
all GdmCl concentrations, the donor fluorescence showed complex
decay curves in the presence of acceptor. With increasing denatur-
ant concentration, the apparent FRET efficiency decreases as
indicated by a decreasing effect of the presence of acceptor on the
donor lifetime (see Tables 1 and 2). Global analysis of data from the
two donor-acceptor pairs revealed that increasing GdmCl concen-

donor fluorescence decay curves in the presence of acceptor.

trations lead to an increase in the average donor—acceptor distance
and to a broadening of the distribution function (Fig. 24). To
quantify this behavior, we calculated the rms distance between
donor and acceptor, (32, from the p(r) functions (Fig. 2B). In the
absence of denaturant, a (2)'? value of (18.7 = 1.0) fis obtained.
(Y2 increases hyperbolically with denaturant concentration and
reaches a value of 39.2 A at 8§ M GdmCl. The effect of [GdmCl] on
()" can be quantitatively described by a binding isotherm em-
ploying the Schellman model for weak interactions (23, 24), which
was also able to describe the effect of denaturants on the rate
constant of loop formation (22).
(ch .l )XD
2\1/2 — (,2\1/2
e (o )
Here, ()12 denotes ()12 in the absence of denaturant and Ky is
an exchange constant on the mole fraction scale (Xp) for replacing
water bound to the peptide by GdmCL v is a factor that reflects the
sensitivity of (/22 toward denaturant binding. Fitting the experi-
mentally determined ()2 values (Fig. 2B) to Eq. 4 yields ()2 =
(18.9 £0.9) A,Kex = 12.0 £ 2.7, and y = 1.46 = 0.13. This Kcx value
is slightly smaller than the value obtained for the effect of GdmCl
on the kinetics of loop formation in the same polypeptide chains
(Kex = 274 = 1.5) (22).

A more complex behavior is observed for the effect of GdmClon
Dpa (Fig. 2C). Dpy increases from (3.6 = 1.0) X 1077 cm? s~ ! at
0 M GdmCl up to a maximum value of 8.4 X 1077 cm?s~' at 4 M
GdmCl (Xp = 0.12). At higher GdmCl concentrations, a slight
decrease in Dpa is observed. In our previous studies, we showed
that the rate constant for end-to-end loop formation in the (Gly-
Ser)s peptide is inversely proportional to solvent viscosity, 1 (18,
22). Accordingly, we corrected the values for Dp, at the different

>

p@ A

12

§§§§

L
Dpa (107 cm? s O

0.0 0.1

Fig. 2.

XGdmC1

Effect of GdmCl on the dimensions and dynamics of the (Gly-Ser)qs chain. (A) Effect of GdmCl on the donor-acceptor distance probability distribution

.
0.1
XGdmCl

0.2 0.3 0.0 0.3

function [p(r)] in the (Gly-Ser) 16 peptide. Results for GdmCl concentrations of 0 M (violet), 2.0 M (blue), 4.0 M (green), 6.0 M (orange), and 8.0 M (red) are displayed.
(B) rms end-to-end distances, (r2)'?, calculated from p(r) curves at GdmCl concentrations between 0 and 8 M. (C) Effect of GdmCl on the donor-to-acceptor
diffusion constants (Dpa) obtained from the global analysis (open circles) and on the viscosity-corrected values (filled circles) according to Eq. 5. The solid lines

in B and C describe fits to the weak-binding model (Egs. 4 and 5, respectively).
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GdmCl concentrations using Eq. 5. The viscosity-corrected values
(Dpa) increase hyperbolically with denaturant concentration and
reach a value of (14.7 = 1.0) X 10~7 cm? s~ ! at 8 M GdmCl. The
effect of GdmCI can also be described by the weak binding model
as follows:
(Kex — DX >
’ _ 0
Din= D (107 G S 13l
with

n
pon= (1) oo
DA 0 DA

where D), represents the value of Dp, in the absence of GdmCl.
The fit of the data with Eq. 5 yields D = (3.7 + 0.9) X 107 cm?
s Kex = 5.9 + 4.0, and y = 5.6 = 2.3, similar to the exchange
constant obtained of the effect of GdmCl on chain dimension.

Discussion

Using Multiple Donor—Acceptor Pairs for FRET Measurements in Flex-
ible Systems. FRET data from a single donor—acceptor pair do not
allow a reliable determination of donor-acceptor distances in
unfolded or partially folded polypeptide chains due to contributions
from intrachain diffusion. Our results show that this ambiguity can
be resolved by performing global analysis of trFRET data obtained
with two different donor-acceptor pairs. The global analysis allows
for the determination of the donor-acceptor distance distribution
function [p(r)] and additionally yields the intrachain diffusion
constant between the donor and acceptor (Dpa). The prerequisites
for this method are (/) the use of two FRET pairs with similar Ry
values but significantly different donor lifetimes and (i) chain
dynamics on the same time scale as the donor lifetimes. Our earlier
results on the kinetics of intrachain loop formation in unfolded
polypeptide chains showed that major changes in the donor-
acceptor distances occur on the 5- to 50-ns time scale, depending on
amino acid sequence and loop length (19, 20). This finding indicates
that intrachain diffusion has major effects on the observed FRET
efficiency if the donor lifetimes are slower than 1-5 ns.

The effect of chain dynamics on FRET efficiency resolves a
paradox reported for unfolded BBL protein, for which an apparent
chain compaction was observed in FRET experiments upon in-
creasing the temperature from 280 to 360 K (30). Because the
viscosity of water decreases from 1.43 to 0.33 cP (1 P = 0.1 Pa-sec)
in this temperature range (31) and intrachain diffusion is inversely
dependent on solvent viscosity (18, 22), the contributions from
intrachain diffusion to FRET increase significantly with increasing
temperature. In the FRET studies on BBL protein, naphthylala-
nine, which has a fluorescence lifetime on the same time scale as
chain dynamics (see Fig. 14), was used as the donor, which leads
to increased transfer efficiencies and thus to apparent chain com-
paction if the dynamic component is neglected.

Effect of GdmCI on Polypeptide Chain Properties. Global analysis of
FRET data obtained from the two donor—acceptor pairs attached
to the ends of a (Gly-Ser);, chain allowed us to determine both p(r)
and Dpa as a function of GdmCI concentration. The results show
that GdmCI has major effects on the chain dimensions and dynam-
ics. In the presence of 8 M GdmCl, the (2)"2 value is more than
twice as large as it is in the absence of denaturant (Fig. 2B). At the
same time, the flexibility of the chain increases as indicated by a
4-fold increase in the diffusion constant between 0 and 8 M GdmCl
(Fig. 2C). The effect of GdmCl on {?)"> and D can be described
by Schellman’s weak-binding model. The observed effects are not
caused by changes in peptide secondary structure as indicated by
virtually identical CD spectra in the far-UV region at all denaturant
concentrations (see Fig. 4, which is published as supporting infor-
mation on the PNAS web site). In addition, NMR measurements
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did not detect any interactions involving the naphthalene moiety
(data not shown).

Chain Dimensions at High Denaturant Concentrations. We compared
the average chain dimensions in the (Gly-Ser),, peptide with data
determined for GdmCl-unfolded proteins. A study by Damaschun
et al. (32) measured and compiled small-angle x-ray scattering
(SAXS) data on 12 proteins unfolded in 6 M GdmCI. They found
that the observed radii of gyration, Ry, extrapolated to zero protein
concentration scale with the number of residues, N, according to

R, = Ry X N, [61

with values of RL,' = (44 +03) Aand v = 0.5 = 0.02. In a recent
study, Kohn et al. (33) evaluated SAXS data from 28 proteins
unfolded at various protein concentrations and different concen-
trations of GdmCI. They found values of Rg = (2.08 = 0.19) A and
v=0.598 = 0.028. Assuming a Gaussian chain, R, can be converted
to (r?) with

Ry =1/6 X (r?). [7]
With the parameters reported by Damaschun et al. (32), this results
in )12 = 61.9 A for a GdmCl-unfolded 33-residue protein, which
corresponds to separation of donor and acceptor in our model
peptides. This value is significantly larger than the (*)'? value of
(36.4 = 1.0) A found for the (Gly-Ser), peptide in the presence of
6 M GdmCl. Shorter average end-to-end distances in poly(Gly-Ser)
chains are expected because of the high content of glycine residues,
which leads to shorter chains compared with natural protein
sequences (34, 35). From the data of Kohn ez al. (33), a )2 value
of 41.2 A is obtained for a 33-residue protein, which seems to be too
low when considering the significantly smaller fraction of glycine
residues in natural proteins.

We further compared our experimental data with predictions
from polymer theory. The use of parameters for the dimensions of
polypeptide chains reported by Flory and coworkers (35, 36) yields
(V2 = 37.6 A for a (Gly-Ser) 1 chain when the properties of serine
are approximated by alanine (36, 37). Although the validity of the
underlying “isolated-pair hypothesis” has recently been shown to be
oversimplified (16), this number still provides a useful estimate,
which should, however, only apply to ® conditions where a real
polymer chain behaves like an ideal chain and repulsive steric
interactions (excluded volume) are exactly compensated by in-
tramolecular attractive forces. To assess the influence of the
repulsive steric interactions in the absence of intrachain or solvent
interactions, we performed all-atom Monte Carlo simulations of
sterically allowed peptide conformations as described in ref. 21. For
the (Gly-Ser), peptide, the simulations gave a value of (43.9 = 1.0)
A for ()12 between the labels, which is in close agreement with the
limiting value of (46.4 + 1.5) A of the GdmCl-binding isotherm
(Fig. 2B).

Properties of Polypeptide Chains in Water. The above comparisons
show that the dimensions of the (Gly-Ser);s chain in the presence
of high concentrations of denaturant are similar to those predicted
for an ideal chain in the absence of intramolecular interactions and
to those found for proteins unfolded at high denaturant concen-
trations. The dimensions of the (Gly-Ser)s chain are drastically
reduced in water because of the formation of intramolecular
interactions, which leads to decreased chain flexibility as indicated
by the reduced Dpa value. The (Gly-Ser) ;6 peptide does not contain
any hydrophobic side chains except for the fluorescence labels,
which were shown to have a broad distance distribution (Fig. 24).
NMR experiments did not detect any interactions between donor
and acceptor. In addition, fluorescence anisotropy measurements
revealed freely rotating chromophores (see Materials and Methods),
and TTET experiments did not show any fast components in the
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kinetics of loop formation in a (Gly-Ser)is loop with similar
chromophores. Thus, the only possible intrachain interactions in
our model chains are hydrogen bonds between backbone amide and
backbone carbonyl groups or between backbone carbonyl groups
and the serine side chain. Our results indicate that these intramo-
lecular hydrogen bonds are more favorable than hydrogen bonds
between the peptide chain and water, which may be due to a
favorable solvation free energy of solvent-exposed intramolecular
hydrogen bonds, which was recently found to be the major deter-
minant for the stability of alanine-based a-helices (38-40). The
presence of intramolecular hydrogen bonds in unfolded proteins
has major consequences for the contributions of hydrogen bonds to
protein stability. The hydrogen bond inventory discussed by Fersht
(41) assumes that each peptide unit in an unfolded chain forms two
hydrogen bonds to water, which are broken upon folding, and a
single intramolecular hydrogen bond is formed in the native state.
Our results suggest that intramolecular hydrogen bonds are formed
both in the unfolded and the native state. Folding thus leads to a
breakage of nonspecific intramolecular hydrogen bonds, the for-
mation of specific intramolecular hydrogen bonds, and a burial of
the majority of hydrogen bonds, which should result in an unfa-
vorable solvation free energy (38).

Our results reveal that formation of intramolecular hydrogen
bonds slows down internal chain dynamics and decreases the chain
dimensions. This picture is compatible with results from the effect
of chain length on the kinetics of loop formation. In the presence
of 6 M GdmCl, a persistence length compatible with the predicted
value for an ideal chain (35, 36) is observed (19). In water, however,
chain stiffness is significantly increased and Gaussian chain behav-
ior was only observed for longer chains with N > 20 (19). The results
from our FRET measurements imply that the increased chain
stiffness in water is not due to a local chain stiffness but rather
reflects an overall loss in flexibility and chain stiffening due to the
formation of a network of intramolecular hydrogen bonds. A
comparison of the observed chain properties in water with the
dynamics of loop formation (19, 22) allows an estimate of the time
scale for structural rearrangement of the intramolecular hydrogen
bonding network. Because local chain motions and chain stiffness
are affected by the intramolecular interactions, their breakage must
be slower than local chain motions, which are on the 10-ps time scale
for bond rotations. On the other hand, single-exponential kinetics
are observed for loop formation, which indicates rapid conforma-
tional equilibration of the ensemble of unfolded states (18, 19, 37,
42, 43). These considerations set an upper limit of a few hundred
picoseconds on the interconversion of the peptide conformations.

The intramolecular hydrogen bonds are broken upon binding of
GdmClI to the peptide chain, which competes for the hydrogen
bonding donor and acceptor groups. However, the scaling laws for
loop formation derived for Gaussian chains still apply to the
experimentally observed kinetics of loop formation in water. This
observation indicates that chain compaction due to hydrogen bond
formation does not dramatically alter the polymer behavior of an
unfolded chain and that the chain can still be approximated as a
Gaussian chain, which is in agreement with conclusions from
Fitzkee Rose (44) based on simulations of random coil conforma-
tions including intramolecular interactions.

Comparison of the Results with Predictions from Szabo-Schulten-
Schulten Theory. Szabo, Schulten, and Schulten (42) developed a
theory for treating the dynamics of intramolecular end-to-end
contact formation in Gaussian chains (SSS theory). For polymers
with only a small fraction of loop conformations in equilibrium and
with fast dynamics between different conformations, a single-
exponential time constant, 7, for loop formation (42) was predicted,
consistent with the kinetics of loop formation observed in TTET
experiments (18, 19, 22). SSS theory gives a relationship between 7,
p(r), and the diffusion constant (D) between the ends of the
polymer.

12398 | www.pnas.org/cgi/doi/10.1073/pnas.0604748103

In (kgss/s™)
>
T
:

15 16 17
In (k/s™)

Fig. 3. Comparison of rate constants for contact formation determined by
TTET, k¢, with corresponding rate constants calculated according to SSS theory
(ksss) using the p(r) and Dpa values determined by FRET experiments. ksss was
calculated according to Eq. 8 with a value of 4.4 A for the reactive boundary,
rp. The solid line shows the linear correlation with a slope of 1.00 + 0.14 (r =
0.99) and an intercept of In(ksss/s~") = [(—0.1 + 2.2)].
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To test SSS theory, we used Eq. 8 with the values for Dpa and p(r)
determined in our FRET experiments to calculate rate constants
for end-to-end contact formation in the (Gly-Ser) peptide (ksss =
1/7). The results were compared with rate constants for loop
formation, k., measured by TTET (19, 22). The only remaining
unknown quantity in Eq. 8 is the value of the reactive boundary, r,
which designates the distance between two groups required for loop
formation. For TTET from xanthone to naphthalene, a bimolecular
quenching rate constant of kg = (4.0 = 0.2) X 10° M~! s~! was
determined (20). Comparing this value with diffusion constants for
naphthalene and xanthone of (6.5 = 1.0) X 10~®cm?s~ ! and (5.6 =
1.0) X 107°cm? s~! (45), respectively, yields a reactive boundary of
(44 = 0.5) A for TTET (46), which was used to calculate kgss at
different GdmCI concentrations. The results showed a linear cor-
relation between the calculated kgss values and the experimental k.
values (Fig. 3) with a slope of the correlation plot of 1.00 + 0.14 (r =
0.99) indicating that SSS theory is able to describe the dynamics of
end-to-end loop formation in long unfolded polypeptide chains.

Implications for the Early Steps in Protein Folding. The poly(Gly-Ser)
chain investigated in our studies serves as a model for an unfolded
polypeptide chain that lacks specific side-chain interactions. Com-
parison of the chain properties in water and in the presence of high
concentrations of GdmCI shows drastically reduced chain dimen-
sions in water that are most likely caused by the formation of
intramolecular hydrogen bonds. The decrease in chain dimensions
accelerates loop formation despite a decreased end-to-end diffu-
sion constant. These results suggest that nonspecific chain com-
paction can speed up protein folding by accelerating the confor-
mational search on the free-energy landscape for productive side-
chain interactions. Because the observed effects of denaturants on
chain dimensions and dynamics were obtained in a model chain
devoid of side-chain interactions, they likely represent general
properties of unfolded polypeptide chains. The results therefore
imply that intramolecular hydrogen bond formation has a major
contribution to chain compaction early in folding, which is com-
monly attributed to “hydrophobic collapse.” The results further
suggest that rapid structural changes during protein folding do not
necessarily indicate the formation of partially folded intermediates.
Thus, other methods are required to distinguish between the
formation of the defined intermediates and nonspecific chain
compaction early in refolding (6, 47).
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Materials and Methods

Peptide Synthesis and Purification. Peptides were synthesized with
an amidated C terminus using standard Fmoc chemistry on an
Applied Biosystems 433A peptide synthesizer as described in ref.
19, using TentaGel S RAM resin (Rapp Polymere, Tiibingen,
Germany). Resin-bound peptides were N-terminally labeled with
dansyl chloride (Fluka, Buchs, Switzerland). The resin was incu-
bated for 30 min in a solution of 10% (vol/vol) diisopropylethyl-
amine in dimethylformamide containing a 10-fold excess of dansyl
chloride. Naphthalene was introduced via Fmoc-1-naphthylalanine
(NAla; Bachem, Bubendorf, Switzerland). Pyrene was attached to
the side chain of diaminopropionic acid (NovaBiochem, Laufelfin-
gen, Switzerland). The amine side chain of diaminopropionic acid
was protected by a methyltrityl group that is selectively cleaved in
2% (vol/vol) TFA in dichloromethane. 1-Pyreneacetic acid (Al-
drich, Buchs, Switzerland) was coupled to diaminopropionic acid by
using standard Fmoc chemistry. Chemicals were of peptide syn-
thesis or higher grade and were purchased from Fluka or Acros
Organics (Basel, Switzerland).

Donor- and acceptor-only peptides consisted of eight Gly-Ser
repeats, and the dansyl group was replaced by an acetyl moiety or
1-naphthylalanine was replaced by alanine, respectively. Peptides
were purified on an RP-8 HPLC column (Merck, Darmstadt,
Germany) (19). Peptides labeled with two fluorophores required a
second purification on an RP-8 HPLC column with a mixture of
acetonitrile and 50 mM ammonium acetate buffer (pH 6.0).
Greater than 95% purity of the peptides was confirmed by analyt-
ical HPLC and mass spectrometry.

Spectroscopic Measurements. Steady-state fluorescence measure-
ments were carried out on an Aminco Bowman series 2 fluorimeter
(SLM Aminco). Ry values were calculated according to Eq. 1.
N-acetyl tryptophan amide was used as a standard for determining
the quantum yield (Pg = 0.144) (48). The donor-only peptides
showed low steady-state fluorescence anisotropies of 0.005 + 0.006
and 0.001 = 0.014 for naphthalene and pyrene, respectively, which
gives rotational correlation times smaller than 0.5 ns. This is much
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faster than the average fluorescence decay observed in the trFRET
measurements and justifies the use of k> = 2/3 in Eq. 1.

Time-resolved fluorescence measurements were conducted with
a time-correlated single-photon counting fluorimeter (FLS900;
Edinburgh Instruments, Edinburgh, U.K.) with irradiation at 284
nm by using a H flash lamp with a 1.5-ns pulse width operating at
40 kHz. Fluorescence decay curves were monitored at 325 and 377
nm for naphthalene and pyrene, respectively. Peptide concentra-
tions were 8 uM in 10 mM potassium phosphate buffer (pH
7.0)/0.5% DMSO. GdmCl concentrations were determined by
refractive index (49). Samples were degassed and equilibrated at
22.5°C. A mixture of 4 uM acceptor-only and 4 uM donor-only
peptide showed no energy transfer, ruling out intermolecular
FRET processes.

CD measurements were performed on an Aviv DS62 spectropo-
larimeter with peptide concentrations between 15 and 150 uM.

Data Analysis. Data were analyzed with the programs MATLAB
(MathWorks, Natick, MA) and pro Fit (QuantumSoft, Ziirich,
Switzerland). Fluorescence decay curves from the two FRET pairs
were fitted globally to the numerical solution of Egs. 2 and 3 with
the global parameters a, b, and D, because even for simple p(r),
Eq. 2 does not have an analytical solution. The lifetimes of the two
donors in the absence of acceptor were fitted separately at each
GdmCl concentration with single-exponential functions (see Tables
1 and 2), and the results were used in the global analysis.

Monte Carlo Simulation of Donor-Acceptor Distance Distribution.
Random conformations for the (Gly-Ser)s peptide without steric
overlap were generated with all-atom hard-sphere model as de-
scribed in ref. 21. For simulations, xanthone and naphthalene, which
have similar size as the FRET pairs used in these studies, were used
as donor and acceptor. In total, >60,000 valid conformations
without steric clashes were generated.
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