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On the Folding and Conformation of Peptides and the Development of
Novel Methods for Their Study

Abstract

Proteins are polymers, whose complex chemistry and physics, in the course of evo-
lution, permitted their recruitment for immensely diverse functions in the biological
machinery. Therefore, the study of protein conformational behavior and interactions
of proteins with other entities of the intra- and extra-cellular milieu is of great inter-
est. In this Thesis, we do not only quantitatively study the folding of peptide and
protein systems using well-established spectroscopic techniques, but also, in recognizing the limits of existing
experimental techniques, develop novel methods for studying protein folding, protein-protein and protein-
membrane interactions.

In the first part of this Thesis, we are concerned with studying the folding process
under various conditions using small peptides or proteins as model systems that al-
low a tractable, quantitative description of the order-disorder transition. Employing

a combined site-directed mutagenesis/temperature-jump kinetics approach, we eluci-
dated the folding mechanism of a helical hairpin, which is an important intermediate
in protein folding reactions. We further considered how the folding kinetics of such
model peptides and proteins are altered in the presence of high concentrations of
macromolecular cosolutes, which are thought to provide a simplified model system
for the interior of the cellular environment. In another study, we addressed current
questions concerning the structural properties of the unfolded state ensemble using a
polypeptide that is unstructured by design as a model system.

The second part of this Thesis is focused on the development of novel methods to
study both protein folding and interactions of proteins with other molecular species.
In recent years, the nitrile stretching bands of nitrile-derivatized amino acid side-
chains have emerged as attractive probes for monitoring biomolecular processes. In
this Thesis, we theoretically and experimentally studied the molecular determinants
of the bandwidth of the nitrile stretching band of 5-cyanotryptophan. We further
evaluated the feasibility of using light-induced reductive cleavage of disulfide bonds
as a means to phototrigger protein folding reactions.
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ABSTRACT
ON THE FOLDING AND CONFORMATION OF PEPTIDES AND THE
DEVELOPMENT OF NOVEL METHODS FOR THEIR STUDY
Matthias M. Waegele

Feng Gai

Proteins are polymers, whose complex chemistry and physics, in the course of evo-
lution, permitted their recruitment for immensely diverse functions in the biological
machinery. Therefore, the study of protein conformational behavior and interactions
of proteins with other entities of the intra- and extra-cellular milieu is of great inter-
est. In this Thesis, we do not only quantitatively study the folding of peptide and
protein systems using well-established spectroscopic techniques, but also, in recogniz-
ing the limits of existing experimental techniques, develop novel methods for studying
protein folding, protein-protein and protein-membrane interactions.

In the first part of this Thesis, we are concerned with studying the folding process
under various conditions using small peptides or proteins as model systems that al-
low a tractable, quantitative description of the order-disorder transition. Employing
a combined site-directed mutagenesis/temperature-jump kinetics approach, we eluci-
dated the folding mechanism of a helical hairpin, which is an important intermediate
in protein folding reactions. We further considered how the folding kinetics of such

model peptides and proteins are altered in the presence of high concentrations of
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macromolecular cosolutes, which are thought to provide a simplified model system
for the interior of the cellular environment. In another study, we addressed current
questions concerning the structural properties of the unfolded state ensemble using a
polypeptide that is unstructured by design as a model system.

The second part of this Thesis is focused on the development of novel methods to
study both protein folding and interactions of proteins with other molecular species.
In recent years, the nitrile stretching bands of nitrile-derivatized amino acid side-
chains have emerged as attractive probes for monitoring biomolecular processes. In
this Thesis, we theoretically and experimentally studied the molecular determinants
of the bandwidth of the nitrile stretching band of 5-cyanotryptophan. We further
evaluated the feasibility of using light-induced reductive cleavage of disulfide bonds

as a means to phototrigger protein folding reactions.
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Chapter 1

Introduction



1.1 Introduction

Proteins, being typically composed of many different monomeric units (i.e. the 20
natural amino acids and their derivatives), are natural heteropolymers whose complex
conformational behavior and interactions with their environment have been attracting
the interest of researchers for many decades. Of particular interest has been a protein’s
property to adoption of narrow conformational ensemble of well defined structures, i.e.
the "folded” or "native” state. Due to their biological relevance, major efforts have
been dedicated towards resolving the native structures of a large number of proteins
since the elucidation of the first structure by x-ray crystallography by Kendrew [1] and
Perutz [2], whose research groups resolved the structures of the proteins myoglobin
and haemoglobin in the late 1950s and early 1960s. Around the same time, seminal
experiments on the 124 amino acid protein ribonuclease where carried out by Anfinsen
and coworkers [3, 4] that contributed to the understanding of how a structurally
diverse protein ensemble is converted into the narrow ensemble that represents the
native state and the biologically functional form of the protein. Specifically, they
showed that this structural conversion is reversible, implying that, under appropriate
solvent conditions, the amino acid sequence conveys the information on the structural
characteristics of the native state. These results initiated an increasing interest in the
kinetic and thermodynamic aspects of this structural transition, which is referred to

as the protein folding transition. Early experiments on the kinetics of renaturation



of various proteins found evidence for the existence of intermediates [5, 6, 7, 8, 9],
suggesting that the process of folding is associated with individual kinetic steps.
The assignment of the multiple phases observed in the folding process in a number
of proteins to specific structural events remained difficult and cumbersome as the
employed spectroscopic tools, such as fluorescence or circular dichroism, did either
not clearly distinguish between subpopulations of structures or only provided global
structural insights, or both. The development of advanced nuclear magnetic resonance
techniques in the 1980s provided a more detailed structural interrogation of the folding
process.

In the course of the 1970s and 1980s, based on experimental findings and the-
oretical considerations, specific "nucleation sites”, which were thought to facilitate
the folding of proteins, were postulated [10, 11, 12, 13, 14, 15]. In this context,
"nucleation” does not necessarily refer to a rate-limiting step, but rather describes
the initial transient formation of small assemblies of secondary structure elements,
such a helical segments, S-hairpins or bends, which allow the remainder of the pro-
tein to quickly undergo the structural transition to the native state. Consequently,
the elucidation of the mechanisms for a-helix and S-hairpin formation became inter-
esting. However, the most common experimental techniques employed at the time
were limited to observation times of > 1 ms, preventing the detailed kinetic study

of such small structural elements and only relatively indirect measurements on such



structures were reported [16]. In the mid-1990s, application of the temperature-jump
technique [17, 18, 19, 20] allowed the study of folding mechanisms of these structural
elements, which has greatly increased our knowledge of these early events in pro-
tein folding. Despite the large number of studies, which have been carried out since
then, some potential ”nucleation site” motifs have not been studied in detail. For
example, due to the ubiquitous nature of helices and turns in the native structures
of proteins, the helix-turn-helix motif (helical hairpin) might be considered a good
candidate for a "nucleation site”, which guides the rapid formation of helical pro-
teins. Moreover, the helical hairpin motif plays a key role as a receptor site in DNA
binding and protein-protein interactions [21, 22]. Thus, various helical hairpins have
recently been developed to assess the factors that control the DNA and/or protein
binding affinities of this structural motif and to form synthetic templates for protein
and drug design [23, 24, 25]. Despite its importance as a crucial structural element
in protein folding and binding, the folding mechanism of the helical hairpin motif
has not been thoroughly studied as most helical hairpins are not thermodynamically
stable in isolation, i.e. when removed from their native protein environment.

In Chapter 4, we investigate the structural determinants of the folding kinetics
of a naturally occurring helical hairpin (porcine PYY) that is free of disulfide bonds
and metal ion-induced cross-links using an infrared temperature-jump technique. This

study represents the first detailed report on the folding mechanism of a helical hairpin



that is free of cross-links. It was found that mutations in the turn region predom-
inantly increase the barrier of folding irrespective of the temperature, whereas the
effect of mutations that perturb the hydrophobic interactions between the two helices
is temperature-dependent. At low temperatures, deletion of hydrophobic side chains
was found to predominantly affect the unfolding rate, while the opposite was observed
at high temperatures. These results were interpreted in terms of a folding mechanism
in which the turn is formed in the transition state and also based on the assumption
that cross-strand hydrophobic contacts exist in the thermally unfolded state of PYY.

The study summarized in the preceding paragraph was carried out in an aqueous
solution of the peptide. However, one might ask to what extent the results of such
studies are transferable to the folding scenarios of peptides or proteins in their native
environment, i.e. the cytoplasm of the cell. Specifically, the cellular environment
exhibits high concentrations of macromolecules on the order of hundreds of g/, which
was shown to modulate biological processes, such as protein folding and protein-
protein interactions [26, 27, 28]. Thus, this property of the cellular environment,
termed ”macromolecular crowding”, is therefore intimately coupled to the process
of protein folding n vivo. Theoretical treatments of the effect of macromolecular
crowding on protein folding thermodynamics and kinetics have so far emphasized the
role of excluded volume [26], i.e. space which is occupied by the macromolecular

cosolute(s) is not available to the protein, which is therefore restricted to the space



between the macromolecular cosolutes. Thus, extended conformations of the protein
are removed from the (unfolded) ensemble, giving rise to an entropic stabilization
of the (compact) native state with respect to the unfolded state ensemble. While
previous studies have provided invaluable insight into the effect of crowding on the
stability and folding rate of protein tertiary structures, very little is known about how
crowding affects protein folding dynamics at the secondary structure level.

In Chapter 5, we present the first study that addresses the effects of macromolec-
ular crowding on the secondary structure level. Specifically, we examined the thermal
stability and folding-unfolding kinetics of three small folding motifs (i.e., a 34-residue
a-helix, a 34-residue cross-linked helix-turn-helix, and a 16-residue S-hairpin) in the
presence of two commonly used crowding agents, dextran 70 (200 g/L) and ficoll 70
(200 g/L). We found that the presence of these polymers as cosolutes does not induce
any appreciable changes in the folding kinetics of the two helical peptides, which is
somewhat surprising as the helix-coil transition kinetics have been shown to depend
on viscosity. Also to our surprise and in contrast to what has been observed for larger
proteins, we found that crowding leads to an appreciable decrease in the folding rate
of the shortest S-hairpin peptide, indicating that besides the excluded volume effect,
other factors also need to be considered when evaluating the net effect of crowding
on protein folding kinetics. A model considering both the static and the dynamic

effects arising from the presence of the crowding agent was proposed to rationalize



these results.

The study summarized in the previous paragraph revealed some of the shortcom-
ings of current crowding theories, which almost exclusively postulate the dominance of
the excluded volume effect. A shortcoming of many experimental studies is the lack
of quantitative comparison to theoretical models, which may help improve current
theories. This problem is addressed in Chapter 6, where we performed the first quan-
titative experimental test of a recently proposed crowding model [29]. Specifically,
the dependence of the melting temperature increase (AT,,) of the protein ubiquitin
on the volume fraction (¢) of several commonly used macromolecular crowding agents
(dextran 6, 40, and 70 and ficoll 70) was quantitatively examined and compared to a
recently developed theoretical crowding model, i.e., AT, ~ (R,/R.)*¢*/3. We found
that in the current case this model correctly predicts the power-law dependence of
AT, on ¢ but significantly overestimates the role of the size (i.e., R.) of the crowding
agent. In addition, we found that for ubiquitin the exponent « is in the range of
4.1-6.5, suggesting that the relation of o = 3/(3v — 1) is a better choice for estimat-
ing a based on the Flory coefficient (v) of the polypeptide chain. Taken together
these findings highlight the importance of improving our knowledge and theoretical
treatment of the microcompartmentalization of the commonly used model crowding
agents.

The summaries of the preceding three Chapters highlight the importance of the



unfolded state ensemble for protein folding thermodynamics and kinetics. In Chap-
ter 4, we saw evidence of pre-exisiting structure in the unfolded state, facilitating
fast folding. In Chapter 5 and Chapter 6, the unfolded state was at the center of
attention as its properties (specifically, its dimensions) play an important role in the
observed modulation of the thermodynamics and kinetics brought about by macro-
molecular crowding. Additionally, a group of proteins has been discovered, which,
unlike most proteins, are mostly void of any structure, yet are biologically relevant
[30, 31, 32]. The conformational properties of these so called intrinsically disordered
proteins (IDP) are of great interest as the elucidation of those might provide in-
sights into their biological function. However, due to the absence of structure and
the resulting heterogeneity, such polypeptides are difficult to study experimentally.
In Chapter 7, we attempted to characterize the conformational distribution of a 29-
residue polypeptide, which is unstructured by design. Specifically, we measured en-
ergy transfer efficiencies between seven different residue pairs. Relating the measured
efficiencies to simple models of polymer theory, we found that the polypeptide cannot
be described by a freely-jointed chain model [33] under the current solvent conditions,
due to correlations between the propagation direction of peptide bond vectors. On
the other hand, the Kratky-Porod (worm-like chain) model [34] seemingly provides
a physically reasonable description, yet the recovered persistence length of 4.2 A is

surprisingly short. Fitting a model, which takes into account volume-exclusion of



the polymer showed that the peptide is more collapsed than what would be expected
from the model, indicating that long-range attractive interactions between residues
distant in sequence space might give rise to a more compact conformation, providing
a possible explanation for the short apparent persistence length obtained from fitting
the Kratky-Porod model, highlighting the difficulties and pitfalls in the application
of simple polymer models to unstructured polypeptides.

The last three Chapters of this Thesis are concerned with the development of
novel means for studying current problems concerning protein folding, protein-protein
interactions, protein-membrane interactions and related problems. Whereas in Chap-
ters 4-6 we employed the amide I band as a global spectroscopic reporter on the
conformational transitions discussed therein, the results in Chapter 7 are based on a
site-specific non-natural spectroscopic probe, i.e. p-cyanophenylalanine. As discussed
in great detail in Chapter 3, the spectroscopic transitions of non-natural amino acid
based probes sense the local environment around a specific side chain (as compared
to the amide I vibration, which is delocalized over the entire backbone). Thus, these
probes provide complementary information and are ideally suited for the study of a
large array of biophysical problems. Specifically, the nitrile (C=N) stretching vibra-
tion is sensitive to environment, making nitrile-derivatized amino acids an increasingly
utilized tool to study various biological processes.

In Chapter 8, we showed that the bandwidth of the C=N stretching vibration of 5-
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cyanotryptophan is particularly sensitive to the degree of hydration of the side chain,
rendering it an attractive infrared probe of local hydration status. We confirmed the
utility of this probe in biological applications by using it to examine how the hydration
status of individual tryptophan side chains of an anti-microbial peptide, indolicidin,
changes upon peptide binding to model membranes. Furthermore, we showed that
p-cyanophenylalanine and 5-cyanotryptophan constitute a useful fluorescence energy
transfer pair.

In Chapter 9, we theoretically examined the experimental observation presented
in the preceding Chapter that the nitrile stretching band of 5-cyanoindole is signif-
icantly broader than the corresponding vibrational transition of comparable nitrile
compounds. Specifically, we investigated how interactions of water with various sites
of 5-cyanoindole, the side chain of 5-cyanotryptophan, affect its C=N stretching vibra-
tion via a combined electronic structure/molecular dynamics approach. It was found
that, besides those interactions with the nitrile group, interactions of water with the
indole ring also play a significant role in mediating the C=N stretching frequency.
Thus, this study provides a molecular basis for understanding how hydration affects
the C=N stretching band of 5-cyanotryptophan. In addition, an empirical model,
which includes interactions of water with both the nitrile and indole groups, is de-
veloped for predicting the C=N stretching vibrational band via molecular dynamics

simulations.
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In Chapter 10, we propose a new method for triggering protein folding reac-
tions. As described earlier, in Chapters 4 and 5 laser-induced temperature-jump
spectroscopy was used for quantifying the kinetics of conformational changes of pep-
tides. This well-established technique has allowed valuable insights into the folding
kinetics of the studied peptides. However, this technique has certain limitations on the
conditions under which protein folding can be studied. For example, this technique
provides no or limited control over the structures of the unfolded state ensemble. In
Chapter 10, we pursued the development of a phototrigger, where a disulfide bond
is used to constrain a peptide in a non-native state. In principle, this chemical bond
can be introduced between any two residues in the peptide, providing control over the
ensemble of unfolded structures. Specifically, we investigated the feasibility of lifting
the covalent constraint by reductive cleavage of the disulfide bond via light-induced
electron-transfer from an adjacent tryptophan residue. In equilibrium experiments,
we found that this method of photoexcitation leads to a sufficiently high yield of
bond cleavage such that an increase in helicity of a model helical peptide (sequence:
CW(AAAAK)3WC) after irradiation with UV light could be readily observed. In
time-resolved experiments involving this model peptide, we observed transients on
the us timescale, which we tentatively attributed to formation of helical structure
upon photoexcitation. This timescale suggests that the method is mostly suited for

the study of proteins, which fold on slower timescales. We also found evidence of
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aggregation upon photoexcitation, which could be due to polymerization of the gen-

erated peptide radical species.



Chapter 2

Theory

13
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2.1 Protein Folding Thermodynamics

The thermodynamics of protein folding and unfolding have been comprehensively
discussed in a number of reviews [35, 36, 37, 38, 39, 40, 41] and shall not be repeated
here in great detail. Rather, a few essential concepts will be discussed that are
relevant to the scientific discussion of the data presented in subsequent Chapters of
this Thesis. For the sake of simplicity, a two-state scenario shall be considered, i.e.

it is assumed that there are only two states, a folded (F') and an unfolded (U) state.
FSU (2.1)

The Gibbs free energy of this reaction is [42]
AG(T)=AH(T)—TA,.5°(T) (2.2)

where A,G°(T) = Gy(T) — G%(T'). The subscripts U and F' refer to the unfolded
and folded states, respectively. A.H°(T) and A,.S°(T) are defined analogously. The
temperature dependence of the enthalpy of the reaction (A, H°) is given by Kirchhoff’s
law [42].

T
AHO(T) = A H(T,) + / CALCdT (2.3)
T
Similarly, the temperature dependence of the reaction entropy (A,.S°) is

T
A,S°(T) = AS°(T,p) + / %dif (2.4)

Th
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Here, the reference temperature is the melting temperature of the protein, which is

the temperature for which A,.G°(T) in Eq. 2.2 is equal to zero, i.e.

_ AHA(T)

T = A 55070

(2.5)

The following discussion will focus mainly on the thermostability of proteins as in
the work presented in this Thesis, heat was used as the primary agent for protein
denaturation. First, some general aspects of Eq. 2.2 will be described, then a brief
account on the molecular origins of the terms in Eq. 2.2 will be given.

The stability curve of a generic protein, i.e. a plot of A,.G°(T) against tempera-
ture, is of concave down shape [43]. This curve crosses the T-axis at two points, T,
and T,,, describing the cold denaturation and heat denaturation points, respectively.
The point of maximum stability, 7™, coincides with the maximum of the curve. When
comparing two different proteins, the protein with a higher melting temperature is
typically described as being ”thermodynamically more stable”. However, a more pre-
cise statement would be to say that the protein exhibits a larger thermal stability as
the maximum thermal stability does not necessarily correlate with a higher melting
temperature. In particular, one can envision three distinct mechanism that give rise
to a higher thermal stability: A shift of the peak maximum of the stability curve to
higher temperature, a broadening of the stability curve, and a shift of the stability
curve along the free energy axis [43]. Empirically, a correlation between the 7* and

T,, was found [41, 43], implying that the latter mechanism typically confers higher
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thermal stability to a protein. Thus, if protein X has a higher melting temperature
than protein Y, protein X is likely to be more stable than protein Y at any temper-
ature, though this is not a thermodynamic necessity. For a more detailed discussions
of protein thermostability, the reader is referred to Refs. [41, 43]. As evident from
Egs. 2.2, 2.3, and 2.4, the Gibbs free energy is composed of three thermodynamic
quantities. Based on thermodynamic data of small, globular proteins, Robertson and
Murphy found that each of the quantities correlate well with the number of residues

N of the protein [40]. Specifically, they found

A H°(T =333K) ~ 2.92N kJmol ' residue™*

2

A,S°(T =333K) ~ 0.088N kJmol™! residue ' K™ (2.6)

A,C, =~ 0.058N kJmol ' residue * K™

As shown in Eq. 2.6, the thermodynamic quantities for protein unfolding are all
positive. The positive value for A, H® is intuitively expected for the unfolding process
as it involves the breaking of non-covalent bonds. One might also expect that the
unfolding process is associated with an increase in A,S°(T'), as the narrow set of
native conformations is transferred into an ensemble of heterogeneous and nearly
isoenergetic structures with large conformational freedom. The origin of the large
positive value for A, C,, however, is less obvious. It has been known for a long time,
that the heat capacities of hydrophobic solutes in water are raised with respect to their

heat capacities in the pure state [44, 45]. Thus, the increase of the heat capacity
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is mainly attributed to the hydrophobic effect as hydrophobic protein residues are
exposed to water in the course of the unfolding process [45, 46, 47]. Due to the large
heat capacity and entropy changes, the Gibbs free energy of unfolding is strongly
temperature dependent. Though the heat capacity is also temperature dependent,
the difference in heat capacities between the folded and unfolded states (A,C),) can
typically be assumed to be independent of temperature [36] and therefore be taken

outside the integrals in Eqs. 2.3 and 2.4.

2.2 Protein Folding Rates

In this Section, the rate equations for the common two-state folding case are consid-
ered. In particular, the kinetic model to which the data are fit is derived and some
expressions for the rate constants are discussed. The Section is concluded by making

the connection to the thermodynamic expressions described in the previous Section.

2.2.1 Perturbation of Equilibria

In this Section, the following folding/unfolding equilibrium of a two-state folder shall
be considered.

Fay (2.7)

At equilibrium, the free energy of the reaction is equal to zero (A,G = 0), i.e. there

is no net change in the concentrations (% = —% = 0) [48]. Consequently, there
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is only a static spectroscopic signal, which does not carry any information of the
kinetics described in Eq. 2.7. Thus, at the ensemble level, extracting kinetics requires
starting the reaction from a non-equilibrium state. The preparation of such a state
requires the sudden perturbation of the equilibrium (Eq. 2.7), allowing the subsequent
observation of the relaxation of the system from the prepared non-equilibrium state
back to an equilibrium state. The choice of the perturbation depends on the specific
system. In particular, the perturbation must be fast compared to the rates defined
in Eq. 2.7. Common techniques include sudden changes in pressure [49], temperature
[17, 18, 19, 20], or solvent composition [50], but also removal of a covalent restraint

[51, 52]. The corresponding rate laws for Eq. 2.7 are [48]

0 — ki)~ kR (2.9
T  kulF1e) — bolU10) (29

If the system is out of equilibrium at a time ¢, then the concentrations of F' and U
are [48]
[F)(t) = [Fleg + A[F](?) (2.10)
[U(t) = [Uleq + A[U](?) (2.11)
The free energy of the system is therefore A, G(t) = A,G° + RTInQ(t) > 0 [48, 42],
where ) = [U]/[F]. Combining Egs. 2.10, 2.11, and 2.8, it is

dA[F](t)

I by (Uleg + AN — o ([Fleg + ALFI(1) (2.12)
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As kfU]eq = ku[Fleq and A[F] = —A[U] at all times ¢, it is

dA[F](?)

S (k) ALFI() (213)

Integration of equation Eq. 2.13 provides the kinetic model to which the spectroscopic

data (i.e. the transients observed in T-jump experiments) are to be fitted:
A[F)(t) = A[FJoexp[— (ks + ku)t] (2.14)

Thus, the observed signal decays at a rate that is equal to the sum of the folding and

unfolding rates, i.e. kops = kf + ky.

2.2.2 Expressions for the Rates of Protein Folding Reactions

In the previous Section, it was described how the relaxation rate of a protein folding
reaction is measured experimentally. Though the relaxation rate provides information
about the timescale of structural rearrangements in the protein, it is more informative
to decompose the rate into its folding and unfolding components, which - combined
with site-directed mutagenesis [53] - give mechanistic insights into the folding and
unfolding processes. This decomposition requires the assumption of thermodynamic
and kinetic models for the folding/unfolding processes. In this Section, the choice of
the functional dependence of the rate constants on thermodynamic parameters will

be discussed. The first functional expression of a rate constant on experimentally
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derived parameters was given by Arrhenius [42].

k = Aexp {— ]f%] (2.15)

In its original meaning, the activation energy of the reaction and the pre-exponential
factor of this purely phenomenological expression are assumed to be temperature in-
dependent. Based on theoretical considerations, a related expression was later derived
by Eyring, Evans and Polanyi [54, 55, 56]. The transition state theory result can be
written as,

kT l— AGI] (2.16)

b= =P |~ g7

where the pre-exponential factor is on the order of 10'% s~!.

Though explicit ref-
erence to Eyring’s work is found in many publications on protein folding reactions,
the assumptions underlying the derivation of this equation (bimolecular reaction in
the gas-phase) do not apply to the protein folding problem. As a result, the pre-
exponential factor is orders of magnitude to large for protein folding reactions, but
comparisons of relative free energy barriers extracted from experimental data by fit-
ting the Eyring equation to the data are valid, as long as the pre-exponential factor
is a constant for the compared data sets. A better suited expression for a reaction
coordinate coupled to the environment was derived by Kramers [57, 58|, which takes

into account that the crossing of the barrier is assisted by thermal noise and that there

is energy transfer from the reaction coordinate to other degrees of freedom [58]. The



21

hydrodynamic approximation to Kramers’ equation in the high friction limit reads

o A [ A0 o

where A is a constant. The equation has been useful for the investigation of the vis-
cosity dependence of conformational changes in peptides and proteins [59]. However,
as the viscosity () of the solvent is not necessarily equivalent to the microscopic fric-
tion experienced by the polypeptide chain [59], the equation is of limited use. From
the above discussion, it is clear that there exists no rigorous expression for the rate
constant that could be universally applied to protein folding experiments. In lieu of
a theoretical formula for the rate constant of protein folding/unfolding, one can write

- in the spirit of the Arrhenius equation - a phenomenological equation.

i3
k = Dexp [—£]

o (2.18)

Eq. 2.18 contains both dynamical (D) and energetic terms (the exponential). The

constant D describes the intrachain diffusion on the free energy potential. This diffu-

sion term may be extracted from experiments by the appropriate sudden perturbation

of the equilibrium (see Section 2.2.1), which puts a significant population on top of

the energetic barrier [60, 61, 62, 63]. In this case, the barrierless diffusion of the chain

may be observed. This diffusion process depends on the gradient of the free energy
oG

surface, i.e. AG = (a_g)’ along the reaction coordinate (£). Thus, the diffusion

process, which carries dynamical information and is dependent on local friction, is
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not independent of the energetics of the folding reaction. In the analysis of most
experiments, the constant D is typically arbitrarily set to a constant for extraction of
barrier heights and /or for decomposition of relaxation rates into folding and unfolding
rates. A value on the order of 10° s™' was proposed to be a reasonable value [64] for
D. The significance of Eq. 2.18 in terms of the analysis of experimental relaxation
rates as described by Eq. 2.14 is, that it allows the decomposition of the relaxation

rate into folding and unfolding rates. Specifically, it is

A,G° = —RThhK = RTln% (2.19)

f
The free energy of unfolding (obtained from equilibrium experiments) is related to
the free energies of activation, i.e. (A,G° = AGL — AG},), which are - in analogy
to Eq. 2.2 - related to the activation enthalpies, entropies and heat capacities. These

quantities are used as fitting parameters in the analysis of relaxation rates.

2.3 Excitonic States and Energy Transfer

In subsequent Chapters, two seemingly unrelated approaches are being used for the
characterization of protein conformation. While the first approach, relying on the
amide I vibrational band of proteins, provides a global assessment of protein con-
formation, the second utilizes resonant energy transfer from an electronically excited
chromophore (i.e. p-cyanophenylalanine) to another chromophore (i.e. tryptophan),

providing a local measure of conformation. Specifically, information on the through-
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space distance between the two chromophores on the polypeptide chain is obtained.
Though the two techniques differ widely in their nature, i.e. whereas the former mea-
sures the absorption of vibrational chromophores, the latter measures the emission
arising from the radiative decay of electronically excited states, the useful information
arises in both methods from the coupling between transition moments. In particular,
the former case falls into the strong coupling regime, thus creating an exciton state,
whose wavefunction is delocalized along the entire backbone of the polypeptide, ren-
dering the amide I vibrational band a global reporter on protein conformation. The
latter case falls into the very weak coupling regime. In this regime, the wavefunctions
remain localized on the chromophores and a rate of energy transfer can be defined.
This rate is dependent on the distance and orientation between the transition mo-
ments of the two chromophores. In Sections 2.3.2 and 2.3.3, an expression for the
rate of energy transfer and a coupling model for the so-called amide I subspace are
discussed, respectively.

For the sake of simplicity, but without the loss of generality, a system consisting of
two molecules (A and B) is considered, each of which possesses only two energy levels,

i.e. the ground and excited states. The Hamiltonian of such a system is [65, 66, 67|

H=H,+ H,+V, (2.20)

~

Vab

V., has two types of matrix elements, Viy = <¢;¢b ¢flq5b>, which represents the

Coulombic attraction and repulsion between the excited molecule A and the unexcited
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A

molecule B, and U = <¢fl¢b V.

ab

¢a¢g>, which may be interpreted as an interaction
energy between the transition charge densities ¢/ ¢, and ¢,¢;. The normalized and

mutually orthogonal eigenvectors for Eq. 2.20 are
| W, ) = cosa [ hy) + sina [t 1)) (2.21)

|W_) = sina [¢) 1)) — cosa [1h,0p) (2.22)

where ¢ and v’ correspond to the wavefunctions of the ground and excited states,

respectively. The parameter o gives the extent of mixing between the two states
defined Egs. 2.21 and 2.22.

2U
tan2a = m with 0 S « Z 7T/2 (223)

where E,, = E! + EY+V/, and E/ and w? are the energies of the excited and ground

states of molecule A, respectively. E/%UE,
a’b ab

is ratio of the magnitude of the coupling
element U to the difference between the excitation energies of the two molecules, i.e.

this ratio measures the strength of the coupling. The eigenvalues of the wavevectors

of [U,) and |¥_) are
U

sin2«

1
Wi =3 (Bus+ Ea) % (2.24)

For various degrees of mixing «, there are two limiting cases. In the first case, where
2|1U| > |Ewy — Eav|, i.e. a ~ /4, the wavefunctions are linear combinations of the

locally excited states and the excitation is delocalized over the dimer system.

0.) = = (i) + as) (2:25)
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1
V2

This is the strong coupling case. Experimentally, the strong coupling may be identi-

v-) (e} — [¥athh)) (2.26)

fied by major alterations in the absorption spectra of the dimer system compared to
the spectra of the individual components (i.e. in this case, molecules A and B) [65].
This is found for the amide I vibrational absorption bands of proteins, whose band en-
velopes are typically very different from the amide I vibrational band of the monomer,
i.e. N-methylacetamide (NMA).

In the second case, 2|U| < |Eyp — Euv| ie. o~ 0 or a ~ /2, the eigenstates are

(Wy) = [aty) (2.27)

[W_) = — [tbathy) (2.28)

It is for the second, nonresonant (or very weakly resonant) case in which the excitation
is essentially located on one molecule and a rate can be defined for the transition from
one molecule to the other molecule. It is only in this very weak couling regime, i.e.

2|U| < |Ewp — Eav|, for which the theory of Forster [68, 65] applies.

2.3.1 Rate Equations of Energy Transfer between Fluorescent Molecules

For a single molecule (A), which was excited at a time ¢ = 0 and which is surrounded
by a solvent that is transparent in the spectral range of excitation and molecular

emission, the change in probability (p) of finding the molecule in its excited state at
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a time ¢t > 0, is given by [68]

dpa-(t) 1 1 ( t>’

L ) = ——pa (O)exp (2:29)
T T

where 1/7 is the average rate of the exponentially decaying excited state ensemble and
A* represents the excited state species of molecule A. This average rate is the sum
of radiative (1/7¢) and non-radiative (1/7,) rates of the corresponding deexcitation
channels.

11t .1 (2.30)

T Tf Tn
The ratio 7/7; determines the quantum yield () of the fluorescence, which may lie

between 0 and 1.

1 o T
n=—/;w®&=— (2.31)
Ty JO Tf
In addition of decaying according to Eq. 2.29, i.e
1
A Ty A, (2.32)

molecule A may also donate energy to a nearby molecule B with a rate kr.
A"+ B A4 B (2.33)
The rate processes in Eqgs. 2.32 and 2.33 may be written as

Pall) _ Lo t) ko (st (2.34)

From Eq. 2.34 it is apparent, that non-radiative energy transfer between the molecules

(the first term on the rhs) occurs simultaneously with radiative decay processes.
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This mechanism of radiationless energy transfer between molecules is fundamentally
different from the mechanism of reabsorption of fluorescence, which is a sequential
process. Using Fermi’s Golden Rule [69] as a starting point, Forster expressed the
rate of radiationless energy transfer (kr) in terms of experimental observables [68, 65],
namely the absorption and emission spectra of the molecules B and A, respectively.
Furthermore, provided that the excitation intensity is sufficiently low (as in most
cases), the probability of finding molecule B at t = 0 in its ground state is equal to
one. pp(t) is also assumed to be unity as back-transfer from B to A is not considered
in the equation. Integration of Eq. 2.34 and insertion of the result into Eq. 2.31, where
1/7s is substituted with 1/7, gives for the probability that the energy is dissipated

by mechanisms other than by transfer to molecule B:

=1 LT (2.35)

1/T+]{ZT)

As this probability (n) and the quantum yield of energy transfer (¢r) need to sum

up to unity, i.e. n+ ¢ = 1, the quantum yield of energy transfer is given by

kr

o= Wt k)

(2.36)

In the following, a few key points in the derivation of the Férster equation (i.e.,
the expression for the rate kr) and the assumptions implicit in the equation will be

highlighted.
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2.3.2 The Forster Equation of Resonance Energy Transfer

Let w, (w,) and wy, (wg) represent the vibronic energies of the ground (excited)
states of the donor (A) and acceptor (B) molecules, respectively. Each electronic
state is associated with a spectrum of vibrational states. Initially, the donor is in a
vibronically excited state 1),(qa, @), and the acceptor in one of its vibronic ground
states ¥y (qp, @p). Here, ¢ and @ represent the coordinates of the electrons and nuclei,
respectively. Via energy transfer from the donor to the acceptor, the donor is allowed
to relax to one of the vibrational states of its electronic ground state and the acceptor
is put in a vibrational level of an electronically excited state ¥3(¢p, @p). Thus, the

process is described by [65].

'l/)a (QAa QA) 'l/)b (QB> QB) - ,lvba (QAa QA) ¢5 (qB> QB) (237)

For brevity, the vibronic wavefunctions for the initial and final states of the dimer

system (donor + acceptor) can be defined as

Vo (4,Q) = Yo (g4, Qa) ¥y (q8, Q)

and (2.38)

Uo5(q,Q) = Va (qa,Qa) Vs (¢8,QB) ,

which are eigenfunctions of the vibronic Hamiltonian of the uncoupled system,

HoW o (qa,q8) = (o + ) Yoy (qa, q) (2.39)
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where the parametric dependence of the vibronic wavefunctions on the nuclear coor-
dinates is suppressed (Born-Oppenheimer approximation). The wavefunctions of the

initial states are normalized as usual,

[ 44 ta (a4) o (24) = e (2.40)

where 0, 1s the Kronecker delta. The normalization conditions for the wavefunctions
of molecule B are analogously defined. The wavefunctions of the final states are

normalized in the Dirac sense on an energy scale [70],

/ dQAdwa ¢ (QA’a wa’) ¢ (QAv wfl) =1
Wa Y qA

= dwg 0 (w,, — wl)

Wq

1 /
= wadawé(a—a)

dw,

da

(2.41)

The normalization constant n(a) must obviously be equal to da/dw, for Eq. 2.41
to hold. The different normalization procedures for the initial and final states arise
as the system is initially in a specific vibronic state, but can undergo a transition
into any of the vibrational states of the final electronic states, each being associated
with a continuum of vibrational states. Thus, for the final states, the normalization
procedure for wavefunctions associated with a continuum of states is chosen [70]. The
total wavefunction of the system is

20.0) = aaslt) Vsl Qexp [ (wa + w)1]

i

+/a/5aa,g(t)‘lfa,/3(q, Q)exp { 5 (wa + wg)t

dadB.  (2.42)
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Insertion of Eq. 2.42 into the time-dependent Schrodinger equation,
ih% = (ﬁo(q) + V(q)) =(q,t), taking into account the initial conditions a, ;(0) =
1 and a,(0) = 0, multiplication of the resulting equation with

U, grexp {% (W +wg) t}, and integration over space under consideration of the

normalization relations Eq. 2.40 and Eq. 2.41, results in

ih@aa/ﬁ/(t) 1 1 - < /

ARy —%AWt
o nla)n(F) a,b> e (2.43)

Where AW = w, — wy + wy, — wg is the energy difference between initial and final

states. Integration over time and taking the square of the resulting expression gives,

st = M) 2\<a/ il a,b>\2 [ s
= |n(a’)n(ﬁ’)|2‘< @ b>‘ sin? [A;L/t} A;‘;W (2.44)

It is also
/dq\If v = Z|aab| +//| a5| — V(3 )dadﬁ—l (2.45)

Thus, |aqs|’ ﬁﬁda dB gives the probability of finding the system in the range of
quantum numbers da df. Integrating over the entire range of vibronic quantum states
gives the probability that the system, which is initially in the vibronic states a and

b, makes a transition into any of the final states a and f:

Popsap = //I ag\ )dadﬁ
= 1 9(a,pB)
N /wa /wzs |aaﬁ‘ ”(a) n(3) 8(wa,wﬁ)dwadwﬁ (2.46)
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Where agf}“i’i)ﬁ) is the Jacobian determinant of the coordinate transformation from

quantum numbers to energies. Eq. 2.46 is the form of Fermi’s Golden Rule as it

9apB) _ _da dB
7 O(wa,wg)  dwe dwg and

was originally derived in Dirac’s seminal article [69]. Here
the differentials of the Jacobian determinant in Eq. 2.46 disappear by virtue of the

normalization (Eq. 2.41).

Pa,b—)a,ﬁ = /1;1 /w K'waa Wp
a Juwg

Upon energy transfer from molecule A to molecule B, the energy of molecule A is

‘A/,

2 . AW 4
wa,wb>’ sin? (7) A—W,zdwadwg (2.47)

lowered by

W, = wy — W, (2.48)
whereas the one of molecule B is increased by

Wy = wg — wp (2.49)
The arithmetic mean of Eq. 2.48 and Eq. 2.49 define the total energy of the dimer
system, W [68].

1
W = (Wa + Wb) = 3 (wa — Wq +wg — wb) (2.50)

1
2
The change in total energy upon transfer is

AW =Wy, = W, = w, + wg — wy — wp (2.51)
Using the definition in Eq. 2.50 and Eq. 2.51, the vibronic energies of the final state

may be expressed as

We = wo — W + SAW
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and (2.52)
ws = wy, + W+ SAW

Following Forster’s notation [68, 65], the interaction element Kwa, wg 1%

wa,wb>‘ in

Eq. 2.47 is set equal to u (wg, wg; W, wp),

dw,dwg

t—o00

AWt> 4

Popsap = lim . Ljﬁ |u(wa,w5;wa,wb)|2sinz< 51 ) A

2mt
S / / U (Wa, Ws; W, wy)|* 6 (AW) dwgdws (2.53)
we Jwg
We now transform to new energy variables (Eq. 2.52) and integration over AW gives
2wt
Poprag = & / (e — W, wy + W way wy) > AW (2.54)

The vibronic wavefunctions of the initial and final states (Eq. 2.38) can be written as a

product of electronic and nuclear wavefunctions (Born-Oppenheimer approximation).
W (qa,B, QA,B; Wa, Wy) = ¢4 (qa) ¢ (qB) Xa (Qa,wa) XB (QB,ws) (2.55)

W (qa,B,Qa.B;wa — W wy, + W)
= da(qa) o8 (qB) XA (Qa, wa — W) x5 (Qp,wy + W) (2.56)

Thus, the square of the interaction matrix element is

2

Jul* =

/ / U, 5(qa,8,QaB) 1% (94.8) Yap (94,8, Qa,B) dga,pdQa s (2.57)
qa,B YQA,B

2

Jul* = x

/qA , Yalaa)¥s (48)V (44,8)%a(4)¢0(a5)daa 5

S%(Wa — Wi wy)SE(wy + Wi wy)

= U?S%(wa — Wi wa) S (wy, + Wi wy) (2.58)
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Where S%(w, — W;w,) and S%(wy + W;w,) are the Franck-Condon factors of the
respective electronic transitions. i.e. the overlap integrals between the ground and

excited state vibrational wavefunctions. By truncating the multipole expansion of the

e2

e 2 s . .
[Rap—(Tai—5;)| ), the U* term is simply the interaction

. . o1
interaction operator (V' = 32

between the electronic transition dipoles of molecule A and B.

_ K2fial?|misl?

U? = (2.59)
n*RS 5

where k is a factor that represents the average relative orientation between the donor
and acceptor. The average is carried out over all configurations within the excited
state lifetime of the donor. R4 p is the separation between donor and acceptor, n
is the refractive index of the solvent, and m,4 and mp are the electronic transition

dipole moments of donor and acceptor, respectively. Eq. 2.54 is therefore:

27t K2|mal?|mp|?

Prsns = it [ ][ () $4w — W) | %

[ /w b 9(wy) SE(wy + W; wb)dwb} v (2.60)

Here, g(w) is the (Boltzmann) weight of the energy level w. Using Einstein’s coeffi-
cients for absorption and emission, the integrand in Eq. 2.60 can be connected to the

normalized absorption and emission spectra of donor and acceptor [68, 65].

AnW3|mal? 1
A(W) = # /w 0S5 (e = W) du, = —Fa(WW) (2.61)
Bo(W) = 2L [ ) S5+ Wi, = vy (262)
BV = T, SN T S T N WP ‘
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Combining Eqs. 2.60, 2.61 and 2.62 and expressing the energy in terms of frequency,

i.e. W = hv, Forster’s central equation for the rate of energy transfer is obtained:

Oln(10)k
k / 2.
= 1287T5n4NA7‘fR Jalv)es(v (2.63)

As evident from the derivation, the underlying assumption of this equation is that
the coupling can be described by a dipole-dipole (convergent multipole) interaction
between the electronic transition dipoles of the donor and acceptor (Eq. 2.59). This
assumption may be made as long as the molecular dimensions of donor and acceptor
are small compared to their separation distance. It is further assumed that there is
very weak coupling between the donor and acceptor (Fermi’s Golden Rule [69, 71]),
such that the donor fluorescence lifetime, emission lineshape, acceptor absorption
lineshape, and oscillator strengths are not perturbed by the coupling. The breakdown
of Eq. 2.63 in the context of more complex scenarios has been discussed elsewhere
[72]. However, the equation is considered to provide a good description of kr in the

context of the measurements described in this Thesis.

2.3.3 Transition Dipole Coupling in the Amide I Subspace

The amide T band (1600-1700 cm™!) is the by far most frequently utilized vibrational
band for the interrogation of protein secondary structure and solvation [73, 74, 75,
76]. The origin of its popularity for these purposes is manifold. First, the band

arises from vibrations of the amide groups of the protein backbone and is thus a
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spectral observable in all proteins. Second, the band arises mainly from the C=0
stretching vibration of the amide group and it is spectrally separated from other
features in the infra-red spectrum of proteins. Third, the band is readily observed due
to its large extinction coefficient of ~ 720 M~! em™! [77]. Fourth, through-bond and
through-space couplings between the amide oscillators along the protein backbone,
which delocalize the amide I vibration along the backbone, depend on the relative
distances and orientations of the oscillators with respect to each other, rendering the
amide I band particularly sensitive to the secondary structure conformation. Early
on, the popularity of the vibrational band as an experimental observable for the
characterization of protein conformation combined with the relatively simple nature of
the transition (mainly C=0 stretch) and the fact that the amide I vibration is largely
decoupled from other transitions in proteins have lead to efforts to theoretical model
the amide I band. In recent years, the quality of the modeling has seen significant
improvements, largely because solvation effects are now taken into account more
accurately [78, 79, 80, 81] and the coupling between adjacent oscillators is calculated
quantum-mechanically [82]. Over the years, various formalisms have been proposed
for the calculation of the amide I band [83, 84, 85, 86, 87, 74]. The model based on
the theory of Torii and Tasumi [85] has been widely accepted as a standard model for
this purpose. As described above, the amide I mode is not strongly influenced by any

other modes in the system. The vibration is considered to be mainly C=0O stretch
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with only minor contribution from motions of the a-carbons, i.e. in the absence of
coupling the amide I vibration is localized on a particular bond, largely unaffected by
adjacent amide I vibrations. Thus, a simple model in which one oscillator is assigned
to each amide group of the protein can be used as a starting point to calculate the
amide I lineshape. Therefore, for a protein with a number of n amide groups, there
will be n vibrational frequencies. Torii and Tasumi proceed by employing Wilson’s

GF-matrix formalism [88] for solving for these n frequencies.
IGF —I)\ =0 (2.64)

The F-matrix is an n by n matrix containing the force constants and the G-matrix
arises from the kinetic energy part of the Hamiltonian. A related approach was taken
by Hamm and Hochstrasser [87], who recast the problem in terms of a single matrix,

representing both the kinetic and potential energies in units of cm™!.

H = zn: H; + zn: Vi (2.65)
i=1 i<j

Here, the diagonal matrix elements, H;; , of the Hamiltonian are the vibrational

frequencies of the oscillators in the absence of coupling and the off-diagonal matrix

elements, V;;, describe the coupling between the oscillators. The index n is equal to

the number of amide groups in the protein. The appropriate choice of the diagonal

elements of the Hamiltonian has been a long-standing problem as solvation effects

influence these elements. As hydrogen bonding with the C=0 oscillators is thought
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to be the predominate solvation effect, shifts in the diagonal frequency were formerly
calculated as [89]

51/]{ = CEH(T’OH - 26) (266)

where agis chosen to by 30 cm™!/ A and rop is the C=0—HX distance in A. Typi-
cally, the C=0O—HX angle was required to fall within a predefined range of angles for
this interaction to be counted as a hydrogen bond. As noted by Kwac and Cho [90],
this simple relationship does not quantitatively account for solvation effects. They
proposed to calculate the vibrational shift by calculating the electrostatic potential
on selected sites of the N-methylacetamide. This electrostatic potential arises from
the partial charges on nearby solvent molecules. Within this framework, the diagonal

elements of Eq. 2.65 may be calculated as
W = Wgas + Z Oéiqbi (267)
i=1

where ¢; is the electrostatic potential at site ¢ on N-methylacetamide and wg,, is the
frequency of the amide I band in vacuum. For the off-diagonal elements, i.e. the
coupling terms , V;;, in Eq. 2.65 a transition dipole coupling mechanism (TDM) is

typically assumed for non-adjacent oscillators.

v, — Al 3 (,uii;)nij) (4 - Nij) (2.68)

where the magnitude of the transition dipole moment, A, is equal to 580 em1A° [91],

fi; is the unit vector of the transition dipole moment of the ith amide I mode, 7;;
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is the unit vector pointing from dipole ¢ to dipole j, and r;; is the distance between
the dipoles. The magnitudes of transition dipoles are assumed to be the same for all
amide units. This assumption is justified by the fact that, experimentally, the relative
intensities of the components of the amide I band are thought to be proportional to
the population of the associated conformation [85]. The location of the transition
dipole was measured to be tilted by 20° away from the C=0 bond axis [92]. Though
the above expression was used to calculate coupling terms for adjacent amide groups
[89] it is more appropriate to use quantum-mechanically derived look-up tables for
the calculation of these terms due to the possible break down of the point-dipole
approximation and through-bond coupling effects [82]. An appropriate ensemble of
protein structures is typically generated by evolving the nuclear magnetic resonance
structure of the protein of interest using molecular dynamics simulations [93, 94, 95,
96, 97, 91].

Upon diagonalization of the Hamiltonian, the frequencies (eigenvalues) and the
different vibrational modes (eigenvectors) of the entire exciton system are obtained.
The dot product of an eigenvector T, with the n x 3 transition dipole matrix d
representing the Cartesian components of the transition dipoles for the n peptide
groups gives the transition dipole intensities for the corresponding frequency [97].
Thus, the projection of the Cartesian transition dipole moment components onto the

vibrational mode vector (of the n-dimensional subspace) gives the transition dipole
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moment for that particular mode.

The procedure described above results in a stick spectrum. For comparison of
the theoretical result with an experimental spectrum, each spectral line in the stick
spectrum is convoluted by a Lorentzian with FWHM of 5 cm ™! to account for the vi-
brational lifetime of the vibrationally excited state (1 ps). Inhomogeneous broadening
is taken into account by averaging over multiple structures.

It is noteworthy to point out that in some older formalisms, the phases of the
oscillators explicitly appear in the arguments of cosine terms [74]. The relative phase
of the oscillators is important and may give rise to complicated band structures.
For example, 3-sheets exhibit a lower frequency peak (~ 1630 cm™') and a higher
frequency peak (~ 1680 cm™!), which are attributed to different spatial patterns of
the relative phase relationships between amide I oscillators [74, 76]. Though it is
not apparent that the formalism described above contains this phase information,

additional mathematical procedures may be used to extract this information [97].

2.4 Theory of Vibrational Lineshapes

The absorption line shape function may be written in terms of the time autocorrela-

tion function of the transition dipoles [98, 99, 66].

1

I(w): %

| e gt - i) (2.69)
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Eq. 2.69 can be derived from Fermi’s Golden Rule [69, 71] and the interested reader
is referred to Refs. [98, 99] where detailed derivations are presented. Classically,
fluctuations in the frequency w and transition dipole moment () may be considered

coupled according to [100, 66]

WO _ ioeyute (2.70)

Integration of this equation with respect to time gives

(1) = p(O)esp i [ wirydr

(2.71)

which, combined with the definition of the correlation function defined in Eq. 2.69,

provides the following classical expression for the dipole-dipole correlation function:

C(t) = {fitt) - i(0)) = |0) *exp [ () 1) (exp [~ [“bwiryar|) (272

where w = (w) + dw(t) was used. Using the cumulant expansion method [101], the

ensemble average may be conveniently moved to the exponential:
it
<exp {——/ 5w(7')d7'}>
h Jo
it —i\2 gt )
= exp l_ﬁ/ dr (dw(T)) + <%> / d7’2/ dr (dw(m)dw(m)) + ] (2.73)
0 0 0

For a system with a Gaussian frequency distribution, all terms of the cumulant ex-

pansion, but the second one, vanish. The lineshape is therefore given by

I(w) = % /_O:O dt e“texp [—g(t) — |t|/2T1] (2.74)
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The exp [—|t|/2T}] term represents the decay of the population in the excited state,
which has a lifetime of 77. For vibrational excitation, 77 is typically on the order
of a few picoseconds. The exp[—g(t)] term contains the structural and dynamical
properties of the bath (i.e. the part of the system that is not the oscillator of interest),
whose interaction with the oscillator modulate its vibrational frequency. g¢(t) is the

integral over the frequency-frequency time correlation function, i.e.

g(t) = /Ot dry /OT2 dnR(m) (2.75)

where R(t) is

R(t) = (8w(t)dw(0)) (2.76)

The fluctuations described by Eq. 2.76 are characterized by a variance (A = (5w2)1/ %)
and a correlation time (7. = 15 J§° (dwdw) dt). It is instructive to assume an expo-
nential form for the frequency-frequency time correlation function (Eq. 2.76), i.e.
R(t) = A%exp[—t/7.] [66], and to consider the following limiting cases: If the corre-
lation time is very long (¢ < 7.), the correlation function is a constant equal to the
variance of the sampled frequencies, i.e. R(t) = A% and the lineshape is a Gaussian
function with a full width at half maximum of 2A. In this regime, the lineshape is
inhomogeneously broadened and is a direct measure of the structural heterogeneity
of the system. On the other hand, if the correlation time is short (¢ > 7.), then the
oscillator samples all the frequencies on a very fast timescale compared to 1/A, which

results in a motionally narrowed Lorentzian lineshape.
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More generally, Eq. 2.72 may be recast in quantum-mechanical terms, where dw
is represented by the time-dependent operator 6€2(t) and (...) represents a quantum-
mechanical trace over bath degrees of freedom rather than a classical ensemble av-
erage: <eXpJr {—ifg 5Q(7‘)d7‘]> [90]. Then, g(t) is the integral over a quantum-me-

chanical correlation function £(t) of the fluctuation operator 4£2, i.e.
§(t) = (6Q(1)02(0)) = &r(t) + &i(t) (2.77)
whose real and imaginary parts are

Er(t) = 5 [(02(2)0Q2(0)) + (5€2(0)092(1))] (2.78)

DN = DN =

&) = 5 [{09(8)5€2(0)) — (992(0)002(2))] (2.79)

¢r(t) is an even function of time and £;(t) is an odd function of time [98]. The spectral

density if defined as the Fourier transform of the correlation function (Eq. 2.77)

Ew) = / Tt eE(t) = 2Re / Tt et (1) (2.80)
—0o0 0
The second equation in Eq. 2.80 holds due to the symmetry properties of QM corre-

lation functions [98]. Thus, it is

§(w) = Er(w) +&r(w) (2.81)

Both &z(w) and & (w) are real quantities. xp(w) = Ex(—w) is an even function, and

£1(w) = —&/(—w) is an odd function. Moreover, &(w) fulfills the detailed balance

condition

£(—w) = exp [~ fhw] {(w) (2.82)
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Eq. 2.82 follows from the property of the quantum-mechanical frequency correlation
function, whose Fourier transform is: &(w) = S [mn|?*6(w — wWinyp ). Considering
up/down transitions between specific states i and 7, it is &(w;;)/€ (Zu],) = pi/pj =

exp(—pw;;), which is equivalent to Eq. 2.82 [66]. Solving for Er(w) or &(w), it is

éut) = PR LG ) = comn ()t (289
i) = 22 ) = vann (252 ) (2.84)

The real part of the quantum-mechanical frequency time autocorrelation function
may be approximated by a classical correlation function, such as the one obtained
from a molecular dynamics simulation (€g(w) = M(t)). From Eq. 2.80, it is £z(w) =
2 [o°dte“tM(t) and the imaginary part is obtained by the fluctuation-dissipation

relationship given in Eq. 2.84. The lineshape broadening function is then given by

g(t) = %/OOO dw coth <QZ:T> gI(w)l_#s(Wt) I % /Ooo dng(w)w

(2.85)
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3.1 Introduction
3.2 Laser-induced Temperature-jump Method

The temperature-jump (7-jump) methods owes its utility to the temperature sensi-

tivity of most chemical equilibria, i.e.

<%> ik (3.1)

or ) — RI?
As discussed in Chapter 2, for the observation of chemical kinetics, a non-equilibrium
state needs to be created, i.e. the rise in temperature must be much faster than the
relaxation time of the system. A T-jump apparatus based on the discharge of a capac-
itor through a conducting sample solution was introduced by Eigen and coworkers in
the late 1950s [102], which allowed them to observe relaxation processes of chemical
reactions that occur on timescales that were previously thought to be inaccessible to
experimental scrutiny. However, to achieve sufficiently high temperature jumps of a
few Kelvins (AT ~ CU?), a capacitor with a high capacity, C, needs to be employed.
As the charge is driven through the solution by high voltages in the kilovolt range, un-
desired sample polarization may occur in the case of biological molecules [103], which
often exhibit an anisotropic charge distribution. In addition, as the charge of a ca-

t/RC " achievement of sufficiently short heating times (typically

pacitor decays with e~
on the order of us) requires samples of low resistivity, R, i.e. the sample must be nec-

essarily conductive, requiring samples with high ionic strength [104, 103]. With the
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advent of pulsed lasers, the limitations of the capacitor based T-jump method could
be circumvented by employing absorptive heating of the sample through appropriate
laser pulses [104, 105, 17, 18, 19, 20]. While some laser-induced 7-jump experiments
rely on the absorption of light energy by dye cosolutes of the sample of interest [106],
an alternative approach, which was first demonstrated by Beitz et al. [107], utilizes
mid-infrared laser pulses, which heat the sample through direct absorption of light
energy by the solvent. The time resolution of the laser induced T-jump method is
limited only by the thermalization of solvent and solute, which occurs within a few
tens of picoseconds [106]. The laser-induced 7-jump method was used for some of
the work presented in this Thesis and is discussed in more detail in the following.
The setup utilizes pulses (w = 1064 nm, 3 ns, 300 mJ/pulse, 10 Hz) originat-
ing from a Q-switched neodymium-doped yttrium aluminum garnet (Nd:YAG) based
laser [108]. Our setup (Fig. 3.1) includes a commercial Nd:YAG laser (Infinity, Co-
herent, Inc., Santa Clara, CA), whose master oscillator is composed of two concave
mirrors, a Nd:YAG prism and an acousto-optical modulator, which together form a
ring oscillator [109]. The oscillator is pumped by a GaAs laser diode, emitting light
at ~ 800 nm, which matches very well with the major Nd:YAG absorption band
(*F5/2 band) [109]. The acousto-optical modulator serves as a Q-switch: When the
acousto-optical modulator is on, light is diffracted out of the laser cavity. When the

modulator is switched off, the Q-factor of the cavity is increased, resulting in stim-
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ulated emission, which produces a nanosecond pulse. This pulse is further amplified
by passing it through Nd:YAG rods, which are pumped by a flash lamp [109]. Part
of the pulse energy (~ 20%) is focused into a Hy pressurized cell (~ 700 psi) with a
length of 1 m. Interaction between the light pulses and the hydrogen gas produces
pulses at a wavelength of 1.9 um, which are separated from other wavelengths by a
dispersive prism. The 1.9 um pulses (3 ns, ~ 10 mJ/pulse) are weakly focused (spot
size ~ 1 mm?) onto the sample cell. Changes in sample absorption in the infrared
region (typically ~ 1630 cm™!) are probed by a quantum-cascade continuous wave
laser (DayLight Solutions, San Diego, CA), whose light is focused onto the sample
(spot size ~ 200 ym?).

The generated temperature difference in the sample varies with both interaction

length along the beam path and across the excitation beam profile [20], i.e.

AT(r,z) = %I(r, z) (3.2)

where, p, C,, k and I(r, z) are the density and heat capacity of the sample, the ab-
sorption coefficient of the sample, the intensity of the heating pulse as a function of
the radial distance, r, from the center of the excitation beam axis and the interaction
length along the propagation direction, z, of the excitation beam, respectively. It is
important to probe only a population of molecules, which experience the same temper-
ature jump, AT (r, z). The radial temperature gradient is minimized in our setup by

using heating pulses with a flat-topped beam profile. In addition, the comparatively
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smaller spot size of the probe beam ensures that only a small, homogeneously heated
cross-section in the center of heating pulse is probed. The gradient of the temperature
difference generated by the heating pulse must further be nearly uniform along the
interaction pass through the sample. This temperature difference gradient along the

beam path is determined by the absorbance of the heating pulse by the sample [20]:

I(r,z) = Iy(r, z)exp(—kz) (3.3)

The utilized excitation pulses of a wavelength of 1.9 ym are only weakly absorbed
by the DO overtone stretch of the DO solvent, thus minimizing attenuation of the
excitation beam along the short pathlength (~ 50 — 100 pm) through the sample.
Technical issues related to the T-jump method involve cavitation, thermal lens-
ing and photo-accousitc effects [20]. Cavitation [110, 111] refers to the laser-induced
formation of solvent vapor bubbles in the sample. This problem is minimized by
degassing the samples before measurements, by measuring at sufficiently low temper-
atures and by limiting the magnitude of the temperature jumps to < 10 K. Thermal
lensing, i.e. the transient pump-induced change of the sample refractive index, lead-
ing to a large apparent change in optical density due to deflection of the beam away
from the active area of the detector, is also minimized by weakly focusing the pump

beam onto the sample.
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3.3 Flash-photolysis Method

Our flash photolysis setup is based on the Nd:YAG laser system described in the
previous section. The required UV-pump (w = 266 nm) pulses for electronic excita-
tion of tryptophan are generated by passing the fundamental beam (~ 100 mJ/pulse)
through two appropriately aligned birefringent 5-barium borate (BBO) crystals, pro-
ducing the second- (532 nm) and fourth- (266 nm) harmonics of the Nd:YAG fun-
damental, respectively. The fundamental and generated beams are separated by
dispersive optics: The beams are positioned onto the input face of a Pellin-Broca
prism. After passing the beams through a triangular prism, the fundamental and
second harmonic beams are directed onto beam dumps. The UV beam (a few uJ) is
collected by another triangular prism and mirrors and subsequently weakly focused

onto the sample (spot size ~ 1 mm?).

3.4  Circular Dichroism Spectroscopy of Peptides

Although the molecular determinants of circular dichroism (CD) spectra are very
difficult to understand theoretically [112], well established empirical relationships be-
tween the circular dichroism spectra and the corresponding peptide structures have
been established [113]. Due to the availability of reliable commercial CD spectrom-
eters and the low sample concentrations (20-50 pM) and volumes (~ 300 pL), CD

spectroscopy is a fast and reliable way for determining the secondary structure of pep-
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tides. In this Thesis, CD spectroscopy is mainly used to extract the thermodynamics
of unfolding from the analysis of the thermal denaturation curves, i.e. the circular
dichroism signal at a specific wavelength as a function of temperature. Employing
a two-state model, the signal, §(T"), is proportional to the folded state population,

ap, ie. 0(T) = [0p(T) 4+ 0u(T)] ap + 0y (T). The equilibrium constant of folding,

Keq = lf‘—ZF, is therefore related to the circular dichroism signal as
Op(T)Keq + 0u(T)
0(T) = 1 4
(T) 1+ K (34)

The equilibrium constant is related to the thermodynamic quantities of unfolding
as described in Chapter 2, which are used as fitting parameters. The spectroscopic
signals of the folded and unfolded states are further assumed to be linearly dependent
on temperature, i.e. 0p(T) = a + 0T and Oy (T) = ¢+ dT. This linear dependence
of the signals manifests itself in the small, steady changes in the spectroscopic signal
before and after the major cooperative unfolding transition. These small changes are
typically linear and are attributed to small structural changes, e.g fraying of helical

ends, that do not coincide with the global order-disorder transition.

3.5 Fourier-transform Infrared Spectroscopy of Peptides

Our Fourier-transform infrared (FTIR) spectrometer setup is based on a commercial
Nicolet Magna-860 spectrometer. In the spectrometer, light originating from an in-

frared source is collimated and directed onto a beamsplitter, which reflects one half
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of the beam onto a fixed mirror, and the other half onto a mirror that is movable.
The light beams are reflected at the mirrors and recombined at the beam splitter.
The recombined beam is passed through a sample cell and focused on a nitrogen-
cooled mercury cadmium telluride (MCT) detector. As the two components in the
recombined beam interfere constructively and deconstructively as a function of mirror

position, an interferogram can be recorded [114].
I(z) = / B(w) [1 + cos(2mwz)] dw (3.5)
0

Here, B(w) is the intensity of the light of the wavenumber w. Taking the inverse

Fourier-transform of Eq. 3.5, gives the intensity as a function of wavenumber.
B(w) :/ I(z)cos(2rwzx)dx (3.6)
0

B(w) is measured for both the sample (e.g. peptide+solvent) and a reference (e.g.
solvent without peptide). The optical density as a function of wavenumber is then
calculated according to Beer’s law [42], i.e.

By(w)
Byep(w)

OD(w) = —log (3.7)

In our setup, the cell consists a teflon spacer (thickness ~ 50 — 100 pm), which is
sandwiched between two calcium fluoride windows, The spacer divides the cell into
a sample and reference side, which are alternatingly moved in and out of the beam
path to correct of experimental drift. The cell is mounted onto a brass holder, which

is temperature controlled to +0.2 K by a water bath.
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3.6 Non-natural Spectroscopic Reporters

3.6.1 Vibrational Spectroscopy

The application of non-natural vibrational and/or fluorescence reporters based on
nitriles, thiocyanates and azides represents a novel methodology to study processes
involving peptides and proteins. In the following, a few theoretical concepts and
experimental observations related to the vibrational bands of nitrile, thiocyanate
and azide compounds are discussed that are relevant for their interpretation in a
biomolecular context. The current state of fluorescent labels based on these molecules
is furthermore summarized. The Chapter is concluded with a critical assessment of

the structural and energetic perturbations caused by these probes.

3.6.2 Properties of the Nitrile Stretching Mode

The nitrile (C=N) stretching band of a variety of nitrile compounds have been ex-
tensively studied in the gas [115, 116, 117, 118] and condensed phases [119, 120,
121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137,
138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148]. In particular, the solvent
(127, 128, 129, 130, 132, 133, 134, 135, 136, 143, 144, 146, 147], temperature [129, 130]
pressure [119, 135] electrostatic field [139, 140, 141], or complexation [121, 122, 123,
124, 125, 126, 131, 148] induced vibrational frequency shifts and intensity changes of

this normal mode have been the focus of many investigations over the years. The
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nitrile stretching band of acetonitrile (CH3CN), which is partly affected by a Fermi
resonance [134, 138] between this mode and the combination band of the CC stretch

' mode

and the symmetric CH3 bend and a hot band arising from the vg = 369 cm™
[115, 116, 117, 118, 130, 138], has been studied in the neat liquid [129, 130, 135, 138],
under dilute conditions in a large range of solvents [132, 133, 134, 136, 138], in mix-
tures of solvents [132, 133], at air/liquid interfaces [137, 142], as well as in solid
matrices [139, 140, 141]. Though no model has been found that quantitatively pre-
dicts the frequency shifts of the C=N stretch in all the solvents studied [138], the
shifts are well understood on a semi-quantitative level. When dissolved in an apro-
tic or protic solvent, the peak position of the C=N stretching band of acetonitrile
red-shifts compared to its gas phase value of 2266.5 cm™! [115, 116, 117, 118], ex-
cept when dissolved in fluorinated alcohols, for which small blue-shifts are detected
[133, 136, 138]. This observation was interpreted as a complex interplay between non-

specific and specific interactions between acetonitrile and the solvent [138]. Generally,

the solvatochromatic shift of the C=N stretching band may be expressed as [138§]

Av = Avyg + Avg = Avg + Avg + Avy + Avg (38)

Here, Avys and Avg refer to the solvent-induced shifts by non-specific and spe-
cific interactions, respectively. The nonspecific contribution can be decomposed into
three independent terms: Upon solvation, the centrifugal distortion of the acetoni-

trile molecule due to free rotation in the gas phase is reduced, resulting in a red-
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shift of Avg = —0.5 em™ [135, 138]. Short-range repulsive forces, which arise
from collisions of acetonitrile with solvent molecules were estimated to give rise to a
Avgp = +4.2 cm™! blue-shift [135]. Thus, the observed red-shifts arise mainly from
attractive forces, i.e. dispersive and dipole-dipole interactions between solvent and
solute [135, 138], i.e.

AIJA = DAE + PAa (39)

where D and P are the dielectric strength and the polarizability of the solvent, re-
spectively. No expression has been found for the solvent specific term, Avg. However,
Reimers and Hall [138] estimated the relative contributions of the terms in Eq. 3.8 by
setting Ave and Avg to the values mentioned above and by fitting the non-specific
component of Eq. 3.8 (i.e., Avys = Ave + Avg + Avg) to the frequency shifts of
C=N stretching band in 33 different solvents using A. and A, as fitting parame-
ters. The difference between this fit and the experimentally observed shift in a given
solvent was then taken to be the solvent specific contribution, Avg. They found
that whereas PA,, falling into the range of —8.2 to —15.1 cm™!, makes the largest
contribution to Avy, PA., which was found to be between —1.5 to —6.5 cm™! also
contributes significantly to the observed red-shifts. The solvent specific contribution
varies greatly. For example, whereas Avg = —0.8 cm ™! for benzene, it is +6.7 cm™! in

water and +15.4 cm™! in trifluoroethanol. The modulation of the vibrational poten-

tial surface induced by specific interactions between acetonitrile and Lewis acid, such
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as water, trifluoroethanol, or metal cations has been of great interest. For example,
compared to the C=N stretching band in an aprotic solvent, such as tetrahydrofuran,
the band shifts increasingly to the blue in the series of solvents: methanol, triflu-
oroethanol, and hexafluoroisopropanol [133]. This observation is attributed to an
increasing strength of the hydrogen bond formed between the nitrogen of the nitrile
group and the hydroxyl moiety along this series of alcohols. It is well established
that in compounds, such as Ag(CH3CN)J, whose nitrile stretching frequency is blue-
shifted with respect to neat acetonitrile, the coordination of the metal ion occurs
with the nitrogen lone-pair [133]. Molecular orbital calculations based on Hiickel
theory by Purcell and Drago [125] indicate that for the CH3CN-BF3 adduct the No
orbital overlaps more strongly with the C; and C,, orbitals in the adduct compared
to free acetonitrile, thus the stronger (and therefore shorter) C=N in the adduct.
The oscillator strength of the nitrile group was found to be strongly dependent on
solvent environment [133, 132]. Specifically, Eaton and Symons [133] found that the
C=N band intensity increases with increasing Gutmann acceptor number of the sol-
vent. In particular, the transition dipole strength in aprotic solvents is significantly
smaller than in protic solvents. Similarly, gains in C=N band intensity were found
for nitriles when complexed with Lewis acids [120, 121]. These observations can be
understood in terms of an increased polarization of the nitrile group upon interaction

of the nitrogen-lone pair with a Lewis acid. If the dipole moment of the C=N group
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is thought of as arising from two partial atomic charges 4+dq, then, upon displacement
or from the equilibrium C=N bond length r., the dipole is u = r.0q + drdq. Thus,
an increase in the magnitude of the partial charges +dq results in a larger vibrational

transition dipole moment [42], i.e.

pon = () Gl ) =30 al (3.10)

where 1y and v are the wavefunctions of the vibrational levels involved in the transi-
tion. It is worth noting that kinematic coupling between the C=N stretching vibra-
tion and the N-Lewis acid bond vibrations has also been evoked as an explanation
for both frequency shifts and intensity gains in the case of complexation of the ni-
trile group with various Lewis acids [120], but theoretical considerations by Beattie
and Gilson [148], as well as those by Purcell and Drago [125] are more consistent
with the explanation given above. For other nitriles, such as alkyl or aryl nitriles
or cyanogen halides, similar trends for the frequency shifts and changes in transition
intensities are observed, though their magnitudes depend on the specific molecule. Of
particular interest for probe development is the dependence of the transition dipole
strength of substituted benzonitriles [120, 121, 139, 147|. For example, whereas the
transition dipole of p-tolunitrile was found to be approximately a factor of 1.6 times
larger than the one of benzonitrile, the oscillator strengths of o-nitrobenzonitrile and
m-nitrobenzonitrile were found to be about 6 and 3 times smaller, respectively [121].

Similarly, Andrews and Boxer [139] found a correlation between the Hammett num-
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ber and the transition dipole strength of substituted benzonitriles. Cho and co-
workers [147] found that the extinction coefficient of 4-cyanophenol is smaller than
the one of 4-cyanophenoxide by a factor of two. These observations are understood
in terms Eq. 3.8 as greater electron donation to the aromatic ring leads to larger
partial charges on the nitrile atoms. For experiments in which the chemical dynamics
of a system are of interest, the lifetime of the vibrationally excited state is of great
importance as it determines the time window in which dynamics can be observed.
The vibrational lifetimes of a few nitriles have been measured and are on the order

of a few picoseconds [149, 147, 146].

3.6.3 Properties of the Nitrile Stretching Mode of Thiocyanates (R-

SCN) and Cyanates (R-OCN)

Compared to nitriles, the C=N stretching band of alkyl or aryl thiocyanates (R-S-
C=N) have received considerably less attention. However, the infrared spectrum of
methyl thiocyanate was studied in the gas phase [150]. More recently, Maienschein-
Cline and Londergan [151] studied the nitrile stretching band shape, peak position
and extinction coefficient of methyl thiocyanate in nine different solvents. The line
shape of the C=N stretching band was found to be symmetric in all solvents studied,
except in fluorinated alcohols, which was attributed to the existence of two or more

distinct populations of hydrogen-bonded complexes of the alcohols and methyl thio-
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cyanate. Contrary to acetonitrile, no evidence of a Fermi resonance between the C=N
stretching mode and other modes or linear combinations thereof were found, making
the interpretation of solvent-induced shifts in the C=N stretch in methyl thiocyanate
easier than the one in acetonitrile. As for nitriles, the extinction coefficient of the
C=N stretch was found to depend on solvent environment, being smaller by about a
factor of two in CCly compared to protic solvents, such as water of trifluoroethanol.
Organic cyanates (R-OCN) are also interesting candidates to serve as vibrational
probes due to the comparatively large extinction coefficient of the OCN asymmetric
stretching mode [152, 153]. A recent infrared study on phenyl cyanate found that
the infrared spectrum of this compound exhibits a complex band shape in the OCN
stretching region due to the involvement of the mode in at least two Fermi resonances
with overtones [153], rendering derivatives of phenyl cyanate less likely to be useful

as vibrational probes.

3.6.4 Properties of the Asymmetric Stretching Mode of Organic Azides

(R-N3)

The asymmetric stretching vibration of organic azides (R-N3) is an attractive can-
didate as an infrared probe as its vibrational transition dipole moment is typically
stronger than that of the C=N stretching mode. Unfortunately, contrary to the

infrared spectra of most nitrile compounds, which typically show a single, sharp
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band (fwhm ~ 6 — 15 cm™!) in the C=N stretching region, the band of the Nj
asymmetric stretch of organic azides is much broader (fwhm ~ 25 — 40 cm™!) and
typically convolved with one or more bands in the same region. The origin of the
complicated band structure of organic azides has been the topic of various studies
[150, 154, 155, 156, 157]. Early studies tentatively attributed the band structure to
mixing between a combination tone of low frequency vibrations and the N3 asym-
metric stretch due to anharmonic coupling [154, 156]. For example, in a systematic
study of the vibrational spectra of various aromatic acid azides (R-CONj3), Lieber and
coworkers [154] found that the infrared spectra of all aryl acid azides have two peaks
in the N3 asymmetric stretching region, except those whose CONj3 group is separated
from the aromatic phenyl ring by one or more methylene groups. For those com-
pounds, where the CONj group is directly connected to the benzyl ring, the degree of
the splitting (as judged by the relative intensity of the two peaks) was found to depend
on the substituent on the benzyl ring. Lieber et al. interpreted the observed the band
structure in the region ~ 2200 cm™! to a Fermi resonance between a combination
band and the N3 asymmetric stretching band. The combination band was thought to
arise from the combination of the N3 symmetric stretch (~ 1200 cm™') and a band
at ~ 1000 ecm~!, which was tentatively attributed to vibrations of the aromatic ring.
Similarly, investigating the origin of the band structure in the N3 stretch region in a

series of aryl azides, Dyall and Kemp [156] found that the observed splittings are more
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likely to arise from a Fermi resonance than from hot bands. In a recent experiment,
Cheatum and coworkers [157] found direct evidence of a Fermi resonance interaction
between the N3 asymmetric stretch and a combination or overtone state in the form
of cross-peaks in the 2D IR spectrum of 3-azidopyridine at early delay times. The
presence of a Fermi resonance greatly complicates the interpretation of frequency
shifts. As the vibrations involved in the resonance (combination or overtone band
and N3 asymmetric stretch) are differently affected by environmental changes, the
coupling between them is also modulated, thus changing peak position and intensity
of the vibrational band. It is interesting to note that the transition dipole strength
of the N3 asymmetric stretch of aromatic azides was found to be strongly dependent
on the nature of the aromatic ring. For example, though the extinction coefficients of
various aryl azides studied by Dyall and Kemp varied significantly with substitutions
on the benzyl ring [156], their reported coefficients are significantly higher than that
of 3-azidopyridine (~ 250 M~! em™') [157]. Despite these difficulties, some useful

azide probes have been identified, which will be discussed in a later section.
3.6.5 Theoretical Modeling of Vibrational Lineshapes of Nitriles, Thio-
cyanates, and Azides

Two distinct approaches for the calculation of vibrational lineshapes are currently

used. The first approach originated in the groups of Cho [158, 159, 160, 161, 162] and
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Skinner [163], the second was recently developed by Corcelli and coworkers [164, 165,
166]. Both methods rely on a robust classical molecular mechanics (MM) or quantum
mechanical /molecular mechanical (QM/MM) simulation of the system of interest.
In the first approach [158, 159, 160, 161, 162, 163], QM harmonic or anharmonic
frequency analyses are performed on a large number (tens to thousands) of probe-
solvent clusters, which are randomly chosen from the trajectory. For N different
clusters, there will be N unique frequencies as the vibrational frequency of the probe
in each cluster depends on the exact orientation of all the molecules with respect to
each other. The frequencies are assumed to be related to the electrostatic field or

potential in the following manner:

W = Wgas T Z ;i + Zﬁi,jEi,j (3.11)
i=1

.3

where ¢; and E; ; are the electrostatic potential and Cartesian electric field component
7 at position ¢, arising from the solvent environment, and the constants of propor-
tionality a and 3 are determined by fitting the model to the ab initio determined
vibrational frequencies of the probe-solvent clusters, assuming the appropriate gas
phase frequency wg,s of the probe. Once the parameters a and 8 are known, the fluc-
tuation of the frequency along the molecular dynamics (MM or QM/MM) trajectory
may be easily calculated via Eq. 3.11 by summing over all solvent partial charges.

The second approach [164, 165, 166], rather than employing Eq. 3.11 to obtain

the vibrational frequencies along the trajectory, uses a QM/MM method to calcu-
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late the vibrational frequency in each snapshot along the trajectory. The QM/MM
method of Corcelli and coworkers is based on the PM3 semiempirical method, which
was optimized to reproduce the C=N vibrational frequencies of acetonitrile-water
clusters. Using the single set of parameters obtained via this optimization procedure,
they found quantitative agreement between the experimental and the calculated C=N
vibrational bandwidths of acetonitrile in both water and tetrahydrofuran (THF). Fur-
thermore, they correctly predicted the solvent-induced shift when going from THF
to water [165]. Corcelli et al.’s results demonstrate that this method, once parame-
terized using one type of solvent (e.g. water), can be used for lineshape calculations
of the C=N stretch of acetonitrile in different solvent environments, i.e. the method
is 7solvent transferable”. As the purpose of spectroscopic reporters is to probe the
heterogeneous environments found in biomolecular systems, solvent transferability of
a method for lineshape calculations is of paramount importance. Though the former
method based on Eq. 3.11 typically provides good agreement between experimental
and calculated lineshapes [158, 159, 160, 161, 162, 163, 167], it is not clear to what
extent such a map is solvent transferable.

Force field parameters are currently available for a range of model compounds
of the probes [159, 165, 167, 168, 169, 170], but not all of those might be entirely
compatible with commonly used force fields as they were derived by procedures that

are different from those typically employed for a particular force field. To ensure the
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integrity of a molecular dynamics simulation of a more complex system containing
a vibrational probe, it would be beneficial to have parameters available that were

derived using the standard procedures for a given force field.

3.6.6 Infrared Probes Incorporated into Biologically Relevant

Molecules

3.6.6.1 Nitriles Probes

p-Cyanophenylalanine (p-Phecn) and m-Cyanophenylalanine (m-Phecy ). Since the
first demonstration of the synthetic incorporation of p-cyanophenylalanine (p-Phecy)
into a peptide system [171], this amino acid has become one of the most popular
site-specific vibrational probes in the context of proteins and peptides. Getahun
et al. [171] prepared two derivatives of a peptide, which strongly binds to the hy-
drophobic pocket of the C-terminal lobe within the protein calmodulin (CaM). In
one derivative (MLCKjscn), p-Phecny was incorporated at a position that would re-
main exposed to the solvent, whereas in the other derivative (MLCK3cn) p-Phecn
was placed in a position of the peptide sequence that would be sequestered from the
aqueous environment. Indeed, whereas the infrared spectrum of the MLCKzcn-CaM
complex in the C=N stretch region is virtually identical to the one of MLCKjcn in
aqueous solution, the peak position of the C=N stretch of MLCK3cn-CaM complex

is shifted to the red by ~ 6.8 cm~!. These experiments established that p-Phecy is
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not only highly sensitive to environmental changes, but also provides site-specificity
in a complex system. Schultz et al. [172] genetically incorporated p-Phecy into the
active site of the protein myoglobin, demonstrating that this probe may also be used
in the context of longer proteins, which cannot be chemically synthesized. Huang
et al. [173] investigated the temperature dependence of the C=N stretch. Recently,
Boxer an coworkers found that the spectral properties of m-Phecy are similar to those
of p-Phecy [174].

p-Cyanobenzylcysteine (p-Cyspen) and p-Cyanophenyleysteine (p-Cyspen). An
alternative approach was taken by Jo et al. [175], who site-specifically incorporated
the p-tolunitrile moiety into proteins via post-translational alkylation and arylation
of cysteines. Following the incorporation of a p-tolunitrile moiety into the peptide
mastoparan-X, via reaction with p-cyanobenzyl bromide, the infrared spectra of the
peptide were taken in aqueous solution and when bound to calmodulin. In analogy
to the model system involving MLCK3on-CaM, there is a frequency shift of about
5.3 cm~! upon binding to CaM compared to the mutant in free solution.

5-Cyanotryptophan (5-Trpen). Ideally, a native residue in a protein should be
replaced with its nitrile analogue in order to minimize energetic and structural per-
turbations. An interesting alternative to p-Phecy is 5-cyanotryptophan (5-Trpen),
whose extinction coefficient is about 1.5 times larger than the one of p-Phecy. As

tryptophan residues are frequently found at functionally relevant sites of proteins, 5-
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Trpen provides an important addition to the toolbox of the spectroscopist. Waegele et
al. [176] showed that the C=N stretching band of a mutant of the membrane-binding
peptide indolicidin containing 5-Trpcy is sensitive environmental changes. Unlike in
the case of p-Phecy, the changes in solvent environment do not significantly change
the peak position of the band, but manifest themselves in readily detectable changes
in the width of the stretching band.

B-Cyanoalanine (5-Alacx). The spectroscopic properties of S-Alacy were charac-
terized [171], but the amino acid has not been used in the context of a biologically rel-
evant systems due to its comparatively small extinction coefficient of ~ 30 M~! cm ™!
in water.

5-Cyano-2’deoxyuridine (dUcn). The infrared spectrum in the voy region of
dUcx in 2-methyltetrahydrofuran shows a single, sharp peak (fwhm ~ 8 cm™!) at
2231 cm™! [177]. The large extinction coefficient of 332 M~! em™! and a Stark tuning
rate of 1.1 cm™* MV /cm render this band an attractive sensor in the major groove
of DNA molecules.

N2-nitrile-2-deoxyguanosine (dGcox ). The band of voy peaks at 2170 ecm ™! with a
fwhm of ~ 29 cm™! in 2-methyltetrahydrofuran is unusually broad for nitriles [177].
However, the large extinction coefficient of 412 M~ cm~! and a Stark tuning rate of
1.1 ecm™' MV /cm make this band an attractive sensor in the minor groove of DNA

molecules.
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3.6.6.2 Thiocyanate Probes

B-Thiocyanatoalanine (B-Alascn). Fafarman et al. [178] post-translationally incor-
porated (-Alagcy into proteins via cysteine cyanylation. The infrared spectrum of
B-Alagcy in a variant of S-peptide shows a peak at 2161.2 cm™! in aqueous solution,
shifting to the red by 5.8 cm™' upon complex formation with the ribonuclease S-
protein. They further demonstrated that the probe may be selectively incorporated
into larger proteins and used [-Alagcny to quantify electric fields using vibrational
Stark spectroscopy [179].

Recently, Londergan and coworkers have assessed the utility of the C=N stretch
of 5-Alagcn to report the degree of burial of side-chains in membrane binding pep-
tides and upon structural transitions in peptides and proteins [180, 181, 182]. They
prepared two singly-labeled cyanylated cysteine variants of the membrane binding
peptide MBP [180]. The peptide is unstructured in water, but undergoes a coil to
helix transition upon binding to DPC micelles. One version of the peptide contains
the label in a region that is known to remain solvent exposed upon binding, the other
contains the label in a region that is buried in the hydrophobic interior of the micelle
upon binding. Whereas the infrared spectra in the C=N stretch region of the for-
mer variant in aqueous solution and in the presence of the membrane was virtually

1

identical, a significant red-shift of ~ 4 cm™", accompanied by a narrowing of the vi-

brational band upon binding was detected in the spectra of the later variant. Similar
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results were obtained for another model peptide. In another study [181], using a se-
ries of singly-labeled helical peptides with the sequence (AAAAC),, as model systems,
Edelstein et al. [181] found that width of the C=N stretch band is broader for the
helical conformation than for the coil conformations. The broadening of the lineshape
upon gain in structure was thought to originate either from reduced motional nar-
rowing due to slowed solvent dynamics in the vicinity of the structured helix or from
a conformational dependent modulation of the vibrational potential due to the helix
dipole. The small, but reproducible changes in bandwidth upon formation of helical
structure was recently used by Bischak et al. [182] to reexamine the order-to-disorder

transition of an intrinsically unstructured protein.

3.6.6.3 Azide Probes

p-Azidophenylalanine (p-Phex, ). Ye et al. [183] showed that the peak position of the
N3 asymmetric stretching band of p-Phey, significantly red-shifts by ~ 13.1 cm™!
upon changing the solvent from water to isopropanol, suggesting a high sensitivity
of this probe to electrostatic changes in the environment. However, as in the case
of simpler aryl azides, the quantitative interpretation of the N3 asymmetric stretch-
ing band of p-Phey, is complicated by its rather complex structure due to Fermi
resonances. Via genetic incorporation of this vibrational probe at various sites of

the protein rhodopsin, Ye at al. obtained site-specific information on conformational
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changes associated with the photoisomerization of rhodopsin [183, 184].
B-Azidoalanine (B-Alax,). Oh et al. [77] found that the infrared band of the
N3 asymmetric stretch of 3-Alay, shifts by ~ 13.8 cm™! to the red upon chang-
ing the solvent from water to DMSO. The extinction coefficient of band in water is
414 M~! em™*!, which is roughly a factor of two larger than that of p-Phecy, render-
ing this probe attractive for the use in conjunction with photon echo experiments.
They incorporated -Alay, into a short peptide, A5(16-22), which is known to form
[-sheet aggregates in water, but not in DMSO. The N3 asymmetric stretching bands
of this peptide in DMSO and water were found to be virtually identical, suggesting
that the probe in the aggregate samples an electrostatic environment similar to that
in DMSO. Unfortunately, the azido group of §-Alay, was recently found to disrupt
the natural backbone conformation of short model peptides [185].
Azidohomoalanine (homo-Alay, ). This amino acid has been incorporated into pro-
teins both genetically [186, 187] and synthetically [187]. The N3 asymmetric stretch-
ing band of homo-Alay, (fwhm ~ 35 cm™!) shifts from 2098 cm™' to 2115 cm™
when changing the solvent from DMF to DO [187]. Taskent-Sezgin et al. further
demonstrated that via incorporation of this probe into the protein NTL9, they could
obtain site-specific information on the unfolding process of this protein. They further
demonstrated that the N3 asymmetric stretching band of a mutant which contains

homo-Alay, at the N-terminus reports on the protonation state of the N-terminus.
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2’-Azido-2’-deozyuridine (dUx,). The N3 asymmetric stretching band of dUy,
(fwhm ~ 21 em™" in THF) was found to be centered at 2110.7 cm~! in THF, shifting
by ~ 13 cm™! to the blue in water with a peak extinction of ~ 1160 M~! cm™! [188,
189]. Interestingly, due to the position of the N3 group on the sugar ring, the Nj
band was found to be insensitive to heterodimer formation between dUy, and another
model base. This is in contrast with the previously mentioned major groove probe
dUgn, whose C=N stretch was found to be sensitive to base pairing [188]. This result
suggests that dUy, is a complementary reporter to dUcy. Whereas dUcy is a site-
specific reporter of environmental changes in the major groove, dUy, may be used
to report on events in the phosphate sugar region. Tucker et al. [189] showed that
the 2D IR spectra and frequency-frequency correlation functions of the N3 stretch of
dUy, can be readily measured in photon echo experiments due to its large extinction
coefficient. Though the short vibrational lifetime of ~ 1 ps of this mode limits the
accessible timescales, the experiments suggest that dUy, may serve as a reporter on
local water dynamics. Contrary to aryl azides, no evidence for a Fermi resonance was
found. The origin of the slight asymmetry of the N3 band attributed to the possible
conformational diversity of the molecule.

Azido-NAD*. Being a cofactor for a large range of enzymes, this azido analogue of
nicotinamide adenine dinucleotide (NAD™) has been developed by Dutta et al. [190]

as a sensor of enzyme active-site dynamics on the femto and picosecond timescales.
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The N3 band of azido-NADT is centered at 2140 cm™! (250 M~! cm™!) with a fwhm
~ 33 cm~!. Though the peak position of the N3 band shifts by ~ 2 ecm™! to the red
upon binding of azido-NAD™ to the enzyme formate dehydrogenase, a substantial

!'is observed. The binding constants of azido-

narrowing of the band to ~ 26 cm™
NAD™ to three enzymes are comparable to those of NAD™, suggesting that azido-

NAD™ is a viable probe.

3.6.7 p-Cyanophenylalanine as a Fluorescence Probe

p-Phecn fluorescence. Besides its application as a vibrational probe, p-Phecy can
also be used as a fluorescent probe due to its appreciable quantum yield of about
0.11 in water [191, 192]. Tucker et al. [191] found that the fluorescence of p-Phecy is
very sensitive to solvent environment and can be selectively excited in the presence of
other aromatic amino acids. For example, they found that the fluorescence intensity
of p-Phecy to be about 10 times lower in acetonitrile compared to water. Tucker
et al. further demonstrated the utility of this probe in the context of a biological
problem by determined the binding affinity of the MLCK3on peptide to CaM (see
first section on p-Phecy above) while monitoring the degree of quenching of the p-
Phecy fluorescence in a series of stoichiometric titrations. Recently, the photophysics
of p-Phegn was investigated in more detail by Serrano et al. [192] as well as Raleigh

and coworkers [193, 187].
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p-Phecn /Trp Férster resonance energy transfer (FRET). As the fluorescence of
p-Phecn overlaps with the UV /vis absorption profile of tryptophan, these two amino
acids form a FRET pair [194). With a Férster radius of 16.0 A, this FRET pair is
ideally suited to probe distances within small proteins and peptides and has been used
to probe the conformational distribution of unstructured peptides as well as protein
unfolding [195, 196]. Recently, Rogers et al. showed that 5-L-hydroxytryptophan (5-
Trpuo) is an interesting substitute for Trp as its absorption spectrum overlaps more
strongly with the fluorescence emission of p-Phegy, giving rise to a Forster radius
of 18.5 A [196]. In particular, the fluorescence quantum yield of 5-Trpgo is higher
than that of Trp and is less sensitive to solvent polarity, opening up the possibility
of analyzing acceptor fluorescence in case where the analysis of donor fluorescence
is complicated by changes in solvent environment. Alternatively, 7-azatryptophan
(7-Trpn) may also be used in conjunction with p-Phecy [196]. As 7-Trpy has a very
low quantum yield and its fluorescence is well separated form p-Phecy fluorescence,
this FRET pair is particularly suitable in the context of time-resolved fluorescence
experiments where leakage of acceptor fluorescence into the donor channel can be
problematic. Unfortunately, this amino acid is currently only available as a racemic
mixture of the D and L forms, which may complicate the extraction of quantitative
information involving the p-Phecy/ 7-Trpy FRET pair. An alternative acceptor in

this context is 5-Trpcn, which also has a low quantum yield, but as p-Phecy also
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has an absorption maximum close to ~ 240 nm [176]. Taskent-Sezgin et al. [193]
found that tyrosine (Tyr) also constitutes an acceptor of p-Phegy fluorescence with

a Forster radius of 12.0 A.

3.6.8 Structural and Energetic Perturbation

Frequently, the comparatively small sizes of nitrile, thiocyanate, or azide probes, sup-
posedly giving rise to a minimal perturbation of the system of interest, are cited
as their primary advantage over other ubiquitously used spin- or fluorescence-labels.
However, any extrinsic probe will always lead to some degree of perturbation. An
important molecular parameter that may be used to estimate the expected structural
or energetic perturbations is the permanent dipole moment of the probe compared
to the unmodified molecule. For example, whereas the dipole moments of toluene
("phenylalanine”) phenol ("tyrosine”) are 0.4 D and 1.2 D, respectively [197], the
dipole moment of benzonitrile is 4.2 D. The dipole moments of acetonitrile, methyl
cyanate, and methyl azide are 3.9 D, 3.6 D, and 2.2 D, respectively [197]. Given
these values, it is not surprising that substitution of Phe58 in the hydrophobic cluster
of 35-residue villin headpiece subdomain (HP35) with p-Phecy results in a strong
shift of the equilibrium towards the unfolded state as evidence by the ~ 20 fold de-
crease in the unfolding time [198]. This significant decrease in the unfolding time,

corresponding to a ~ 60% decrease in the free energy of unfolding is expected in
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this case as only a few hydrophobic residues stabilized the fold of this small pro-
tein. Comparable perturbations were found in the case of NTL9*-Ile4 /homo-Alay,
in which a hydrophobic side-chain (Ile) is replaced by a strongly hydrophilic one
(homo-Alay,) [187]. A much smaller destabilization (~ 20%) was observed though,
when replacing a less hydrophobic amino acid (Met) at the beginning of the sequence
with homo-Alay,. Despite these destabilizations, the HP35-Phe58/p-Phecy mutant
remains in its folded state (97%) at 300 K as judged by circular dichroism (CD) spec-
troscopy, and the NTL9-Met1l/homo-Alay, mutant exhibits NMR and CD spectra
comparable to the wild-type. Substantial reductions in the thermal stabilities were
found in -Alagen derivatized versions of the a-helix forming peptide of the sequence
Ac-(AAAAK)5-NH, [181]. However, all versions showed spectral signatures char-
acteristic of helical structure and helix-coil transitions were observed qualitatively
similar to the wild-type. Significant structural differences between Ac-Ala-NHMe,
i.e. acetylated and methylated alanine, and its $-Alay, analogue were observed [185].
Whereas Ac-Ala-NHMe forms a polyproline II helical structure, Ac-3-Alay,-NHMe
adopts backbone dihedral angles that give rise to a cyclic structure, which is sta-
bilized by intramolecular hydrogen bonds between the azide group and the peptide
backbone, whose formation is facilitated by the azido-gauche effect.

Dutta et al. [190] measured the activities of the enzymes formate dehydrogenase

FDH) and glucose dehydrogenase (GDH) with azido-NAD™ as a substrate. Com-
( g ydrog
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pared to the complexes with native NAD™, the Michaelis-Menten constants (K,,) of
the azido derivatives were found to be ~ 4 times smaller and ~ 5 times larger for
azido-NADT-FDH and azido-NADT-GDH, respectively. Compared to the wild-type,
the turnover rate (ke,) of azido-NADT-FDH was found to be smaller by a factor
of two. Similar effects on the values of K, and k.., were found by Fafarman and
Boxer in the case of nitrile derivatives of RNase [174]. These changes are on the or-
der of the uncertainty of these values commonly reported in enzymology. Moreover,
Alagcn-RNase shows quite small decreases in K,,, and k.,; and both the global and
local structural perturbations in the vicinity of the probe of all nitrile derivatives were
shown to be small compared to the accuracy of the crystallographic data [174].

In conclusion, though energetic perturbations due to incorporation of probes into
small proteins are often substantial as determined by the folding equilibrium constant,
in most cases the population of the folded state is still significant under ambient
conditions and its structural characteristics are similar to the one of the native protein.
It was further shown that enzymes typically retain their catalytic activity upon probe
incorporation. In the case of RNase, it was shown that the structure in the vicinity of
the probes is not significantly altered by the presence of the nitrile [174], corroborating

the notion that these probes can be considered minimally perturbative.
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Figure 3.1: Temperature-jump setup.
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Infra-red Study of the Folding Mechanism of a Helical Hairpin: Porcine
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4.1 Introduction

The a-helical hairpin, or helix-turn-helix (HTH) motif, can be regarded as a super-
secondary structural element of helical proteins. In many cases, the HTH motif is
found to play an important functional role. For example, it is the primary recogni-
tion element of a large number of DNA-binding proteins [21, 22] and is also involved
in protein-protein interactions [22] . Therefore, it is not surprising that there has
been great interest in designing stable helical hairpins that exhibit high affinity and
specificity towards DNA or proteins [23, 24, 25]. In addition, the HTH motif has
been suggested to play an important role in protein folding [11, 199, 200]. Because
it encompasses both secondary structural elements and long-range tertiary contacts,
a rapidly formed local HTH conformation could serve as a folding nucleus or ker-
nel [11, 199], allowing rapid assembly of the entire tertiary structure. For example,
Religa et al. have shown that the fast phase in the folding kinetics of Engrailed home-
odomain (EnHD) arises from the formation of a folding kernel consisting of helices 2
and 3 of the protein [201].

Because of the structural and functional roles of the HTH motif, the structural
determinants and folding/unfolding thermodynamics of various helical hairpins have
been extensively studied in the past few years [25, 202, 203, 204]. Though these
equilibrium studies provided valuable insights into the factors that control the ther-

mal stability of the HTH motif, they revealed little information on how folding and
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unfolding actually take place. As a result, our current understanding of the folding
mechanism of the HTH motif is mainly based on the kinetic study of a cross-linked
a-helical hairpin, Z34C [205], whose termini are covalently connected via a disulfide
bond that is introduced to stabilize the folded structure [23]. While Z34C is a useful
template for protein- and drug-designs [23], it may not be a good model system for un-
derstanding the mechanism of a-helical hairpin formation as the disulfide constraint
artificially limits the accessible conformational space of the unfolded state ensemble.

To provide further insight into the folding mechanism of the HTH motif, herein
we study the folding dynamics of a monomeric, naturally occurring helical hairpin
(porcine PYY; sequence: YPAKP - EAPGE - DASPE - ELSRY - YASLR - HYLNL -
VTRQR - Y - NH,) by means of temperature-jump infrared (7-jump IR) spectroscopy
[17] in conjunction with site-directed mutagenesis [53]. As shown (Fig. 4.1), porcine
PYY (referred to hereafter as PYY) is free of disulfide bonds and assumes a structure
known as the PP-fold in which an N-terminal type II polyproline (PPII) helix folds
onto a C-terminal a-helix to form a stable, well defined hydrophobic cluster between
the interfaces of the two helices [203, 206, 207]. To dissect the kinetic roles of the two
most important structural elements in the PP-fold, i.e., the hydrophobic cluster and
the turn, we studied the folding-unfolding kinetics of two sets of PYY mutants. The
first set of mutants, A7Y, Y21A, and Y27A, involves residues that contribute to the

hydrophobic interactions between the two helices. The second set of mutants, S13A
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and P14A, targets residues in the turn region of the peptide. Our results support the
notion that the turn sequence has a strong influence on the folding rate of hairpin
structures [205, 208, 209] and that the turn sequence in wild-type PYY is highly
optimized for folding, whereas the kinetic effect of mutations in the hydrophobic

cluster is more complicated.

4.2 Results and Discussion

The HTH motif has recently attracted much attention due to its DNA- and protein-
binding properties [23, 24, 25, 210] and because of its potential role as a productive
(on pathway) intermediate in protein folding [11, 199, 200], such as in the case of
EnHD [201]. Previously, we have shown that the folding mechanism of a cross-linked
a-helical hairpin, Z34C, is similar to that of S-hairpins [205], with turn formation
playing a dominant role in the folding kinetics of the hairpin. However, because
of the disulfide cross-linker it is unclear whether the folding mechanism of Z34C is
representative of that of unconstrained a-helical hairpins. Therefore, we extend our
study on how a-helical hairpins fold to porcine PYY [203, 206, 207], a naturally
occurring HTH motif free of disulfide bonds.

Folding thermodynamics and kinetics of PYY. As shown (Fig. 4.2), the far-UV
CD spectrum of PYY in phosphate buffer (20 mM, pH* 5.2) at 25 °C exhibits the

characteristic double minima of a-helices, indicating that it is mostly folded at this
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temperature. To better quantify the folding/unfolding thermodynamics of PYY and
the mutants studied here (see below), we globally analyzed their CD melting curves
measured at 222 nm using a global fitting method (see Methods Section for detail).
As shown (Fig. 4.3 and Table 4.1), the thermal melting temperature (7},,) of wild-type
PYY thus obtained is 44.0 & 1.6 °C, which is almost identical to that determined by
Zerbe and coworkers using NMR spectroscopy [203].

The conformational relaxation kinetics of PYY in response to a T-jump were mea-
sured using a time-resolved infrared technique [211] with a probing frequency of 1631
cm™ ', where solvated a-helical amides show strong absorbance [212, 213, 214]. As
shown (Fig. 4.4), the T-jump induced conformational relaxation of PYY obtained
at 32.2 °C, a temperature that is below T,,, occurs on the microsecond timescale,
indicating that it folds very rapidly. Indeed, decomposition of the relaxation rate
constants into folding and unfolding rate constant based on a two-state analysis (see
Methods section for detail) shows that the folding time constant of PYY is around
3 us in the temperature range studied (Figure 5). For example, at 30 °C the folding
and unfolding rate constants are (2.8 + 0.5 us)~! and (7.1 + 1.3 pus)™!, respectively
(Table 4.2). Interestingly, the a-helical hairpin Z34C, whose folded structure is stabi-
lized by a disulfide bond that links the N- and C-termini of the peptide, folds with a

similar rate [205]. Taken together, these results thus corroborate our previous notion

that such disulfide bonds stabilize the folded state of the HTH motif by primarily
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decreasing its unfolding rate [205].

Effect of the turn sequence on the folding thermodynamics and kinetics of PYY.
For $-hairpins, it has been shown that the sequence of the reverse turn plays a critical
role in both the stability and folding kinetics of the native fold [209, 208]. To explore
the role of the turn in PYY folding, we further studied the folding thermodynamics
and kinetics of two PYY mutants, SI3A and P14A. The choice of these mutations is
based on the study by Zerbe and co-workers which showed that both Ser13 and Prol4
are located in the turn region that links the C-terminal a-helix to the N-terminal
polyproline helix and that the Ser13 to Ala mutation is especially disruptive to the
native fold of PYY [203]. Consistent with their NMR study, our CD results show
that both mutations result in a decrease in the thermal stability of the PYY fold and
that replacement of Ser13 with Ala is strongly destabilizing (Fig. 4.3 and Table 4.1).
This observation suggests that the native turn sequence in PYY is optimized for
folding and is also in agreement with the finding of Hodges and Schepartz [25] that
mutations in the turn region destabilize the folded state of a designed derivative of
avian polypeptide (aPP), whose sequence and fold are similar to those of PYY.

The thermodynamic consequence of a mutation is a direct outcome of its effects
on the folding and unfolding rates. For example, if a mutation preferentially destabi-
lizes the folding transition state and the folded state, the folding rate of the mutant

is expected to be slower than that of the wild-type, whereas the unfolding rate is
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largely unaffected. Thus, measurements of the folding kinetics of the mutant yield
additional information that can be used to assess the characteristic of the transitions
state [53]. As shown (Fig. 4.5), both mutations in the turn region perturb the relax-
ation rate of PYY, consistent with the equilibrium CD results. A mutation of the
turn sequence may increase the chain entropy of the peptide and/or remove a native
sidechain-sidechain or sidechain-backbone interaction. Thus, if the turn structure
is formed (or becomes native-like) in the folding transition state, such a mutation
would destabilize not only the native state but also the transition state, resulting in
a decrease in the folding rate. As indicated (Table 4.2), at 30 °C the folding time of
P14A is increased by about 146 % from that of the wild-type, whereas the unfolding
time is only increased by about 34 %, suggesting that the transition state ensemble
contains a native-like turn, which in the case of PYY, is stabilized by the confor-
mational constraint on the backbone ¢ dihedral angle of Prol4. Further evidence
supporting this notion comes from the folding time of S13A (Table 4.2), which also
shows an appreciable increase from that of the wild-type (i.e., from 2.8 to 5.6 us).
In addition, the results obtained with S13A and P14A are consistent with the fact
that the sequence of SPE is frequently found at the N-terminal end of a-helices in
proteins as it is an efficient end-capping group and can increase the rate of a-helix
formation [215]. Furthermore, because the sidechain of Serl3 can form two hydrogen

bonds with the main chain nitrogen and the sidechain of Glul6 [203], respectively, it
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is expected that elimination of these hydrogen bonds via mutation would result in not
only a decrease in the folding rate but also an increase in the unfolding rate if only
one of these hydrogen bonds is formed in the transition state, as observed (Table 4.2).

Effect of the hydrophobic cluster on the folding thermodynamics and kinetics of
PYY. It is well known that the formation of a tightly packed hydrophobic cluster
involving residues from both helices is essential to stabilize the folded hairpin structure
(23, 24, 25, 210]. However, kinetically this can be achieved by either increasing the
folding rate or decreasing the unfolding rate. To dissect these possibilities, we studied
the thermodynamic and kinetic effects of two mutations (i.e., Y21A and Y27A) that
weaken the hydrophobic interactions between the two helices [203]. As expected,
both mutations destabilize the PP-fold (Fig. 4.3 and Table 4.1), although the Y27A
mutation has a much larger effect than the Y21A mutation, which is in agreement
with the NMR measurements of Zerbe and co-workers [203].

As shown (Fig. 4.5), mutation of either Y21 or Y27 to Ala results in a change
in the T-jump induced relaxation time of the peptide. It is clear that at 30 °C this
change mostly arises from a change in the unfolding time (Table 4.2). For example,
the unfolding time of Y27A is 2.1 us, which is significantly shorter than that (7.1 us) of
the wild-type, whereas its folding time only shows a marginal increase in comparison
to that of the wild-type (i.e., from 2.8 to 4.3 us). Thus, taken together, the results

obtained with Y21A and Y27A suggest that the native hydrophobic cluster in PYY
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is formed at the downhill side of the folding free energy barrier.

Effect of temperature. The kinetic data obtained at 30 °C support a folding mech-
anism wherein the turn, but not the hydrophobic cluster, is formed in the transi-
tion state ensemble of PYY. To check whether such a conclusion remains true at
higher temperatures, we further analyzed the folding and unfolding times of these
PYY peptides at 50 °C. As shown (Table 4.3), the results of S13A and P14A cor-
roborate the folding mechanism reached above. However, those of Y21A and Y27TA
seem to indicate that the hydrophobic cluster is partially formed in the transitions
state, as their folding times are significantly longer than that of the wild-type. In
other words, the kinetic data obtained at 50 °C suggest a folding mechanism of
PYY that is different from that deduced from the 30 °C data. While it is possible
that the characteristics of the transition state ensemble of PYY shows such a de-
pendence on temperature, another possibility is that this apparent discrepancy arises
from mutation-induced changes in the unfolded state. Many studies have shown that
native and/or non-native hydrophobic contacts can exist in the denatured state of
proteins [216, 217, 218, 219, 194, 220, 221, 222]. If such contacts exist in the thermally
denatured state of wild-type PYY, they are expected to have a strong effect on the
folding rate of the peptide. The NMR structure of PYY shows that Y21 and Y27 lie
on the a-helix side, while their sidechains extend towards the PPII helix (Fig. 4.1).

Thus, it is possible that even in the unfolded state of PYY, interactions involving Y21
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and Y27 and/or multiple residues on the PPII helix side persist. It is expected that
such cross-strand interactions will reduce the entropic cost associated with the turn
formation by effectively restricting the conformational space of the unfolded polypep-
tide chain, thus speeding up folding. In other words, mutations that eliminate or
decrease such cross-strand interactions are expected to decrease the folding rate, as
observed. In addition, we investigated the folding kinetics of the A7Y mutant, which
was previously shown to be more stable than the wild-type peptide [203]. Our CD
results confirm that the A7Y mutation increases the thermal stability of the PP fold
(Fig. 4.3 and Table 4.1). However, the changes in the folding and unfolding rates
induced by this mutation are close to the uncertainty of the experiments (Table 4.2

and Table 4.3), thus preventing us from making further analysis.

4.3 Conclusions

In summary, we present a detailed mechanistic study of the folding mechanism of a
naturally occurring helical hairpin (porcine PYY) that is free of disulfide bonds and
other types of cross-links. At relatively low temperature (e.g., 30 °C) the effect of mu-
tations in both the turn and hydrophobic cluster on the folding and unfolding rates of
PYY supports a folding mechanism in which the turn is formed in the transition state,
whereas the hydrophobic cluster is consolidated on the downhill side of the folding

free energy barrier. However, a more complex picture emerges at relatively higher
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temperatures (e.g., 50 °C) at which the folding rate of PYY is more significantly af-
fected, even by mutations that weaken the cross-helix interactions. While this result
could manifest a temperature dependent transition state ensemble, a more likely sce-
nario is that it reflects changes in the unfolded conformational ensemble induced by
such mutations. As the strength of hydrophobic interaction increases with increas-
ing temperature, it is conceivable that the unfolded state ensemble of PYY is more
compact at 50 °C than at 30 °C due to residual hydrophobic interactions between
the two strands. Therefore, the comparatively slower folding rates of the hydropho-
bic deletion mutations at higher temperatures are reflections of their more flexible
unfolded state ensembles, which allow the turn sequence to explore a larger region
in the allowed conformational space, thus increasing the entropic penalty associated

with turn formation and hence the folding time of the helical hairpin.

4.4 Materials and Methods

Materials. All materials were used as received. D20 (D, 99.96 %) was purchased from
Cambridge Isotope Laboratories (Andover, MA). Amino acids for peptide synthesis
were obtained from Advanced ChemTech (Louisville, KY).

Peptide sample preparation. The peptides were synthesized using standard flour-
en-9-ylmethoxycarbonyl (Fmoc)-chemistry on a PS3 peptide synthesizer from Protein

Technologies, (Tucson, AZ) and were purified by reversed-phase HPLC (Agilent Tech-
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nologies, Santa Clara, CA). The mass of each peptide was verified by matrix-assisted
laser desorption ionization mass spectrometry (Voyager-DE RP, Applied Biosystems,
Foster City, CA). Following purification, the peptide solutions were lyophilized, dis-
solved in DyO and titrated to pH* 5.2 4+ 0.1 (pH meter reading) with a solution of
sodium hydroxide in DyO. Another round of lyophilization in DyO ensured complete
removal of HyO. Peptide sample used in spectroscopic measurements were prepared
by dissolving an appropriate amount of lyophilized peptide solid in 20 mM D,O 2-
(N-morpholino)ethanesulfonic acid (MES) buffer (pH* 5.2). For circular dichroism
(CD) measurements, the peptide concentration was about 40 yM, determined opti-
cally using the absorbance of tyrosine at 280 nm and an extinction coefficient of 1492
cm~! M~!. For IR measurements, the peptide concentration was in the range of 1-4
mM.

CD measurement and analysis. CD data were collected on an Aviv Model 410
instrument (Aviv Biomedical, Lakewood, NJ) using a 1 mm cuvette. For thermal
unfolding measurements, the CD signal at 222 nm was averaged for 30 s at each
temperature. After the highest temperature was reached, the sample was cooled to
25 °C and another full CD spectrum was measured to ensure that unfolding was
reversible. The folding-unfolding thermodynamics of PYY and the mutants were
determined by globally fitting their CD thermal melting transitions to a two-state

model, the detail of the global fitting method has been described previously [223].
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Briefly, the folded and unfolded CD baselines 0p(T') and 6z (T) were assumed to be
linear functions of temperature, i.e., 0p(T) =m+n-T, 0p(T) =p+q-T, and n and
q (m and p) were treated as global (local) fitting parameters.

T-jump relazation measurement. The T-jump induced relaxation kinetics of PYY
and mutants were measured by probing the time-dependent absorbance change of
the helical amide I’ band of the peptide at 1631 cm™!. A detailed description of
the T-jump IR setup can be found elsewhere [211]. The only difference is that in
the current study the transient IR signals were probed by a tunable quantum cascade
laser (Daylight Solutions, Poway, CA). The T-jump induced relaxation kinetics of the
PYY peptides were found to develop in two distinct phases. The fast kinetic phase
is unresolvable due to the 20 ns rise time of the IR detector and is attributed to
temperature-induced spectral shift and/or imperfect background subtraction. Thus,
only the slow phase, which can be described by a single-exponential function, is

considered in the following discussion.
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Table 4.1: Unfolding thermodynamic parameters of PYY and mutants obtained from
global fitting of their CD thermal melting curves.
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Peptide AH?, AS;y, AC, T

(kcal mol™) | (cal K=t mol™!) | (cal K= mol™!) (°C)
PYY 145+ 1.6 45.8 + 4.8 221 + 25 44.0 + 1.6
ATY 135 £ 1.3 41.9 £ 3.9 333 + 47 48.7 + 2.0
S13A 5.0 £ 0.7 19.1 £ 2.5 221 £ 25 13.5 £ 2.0
P14A 10.2 £ 0.7 33.1 £ 2.1 221 + 25 36.0+1.9
Y21A 15.8 £ 0.2 51.4 £ 0.7 139 + 41 35.1£+£0.9
Y27A 3.3 0.5 11.8 + 1.9 100 + 29 4.1 £ 2.7
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Table 4.2: Folding and unfolding time constants of PYY and mutants at 30 °C.
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Peptide | k' (us) | k' (us)
PYY |28+05|7141.3
ATY |36+06]96+ 1.7
S13A |56 £ 1.0 |28 +0.5
P14A |69+ 12|95+ 1.7
Y21A |28 +0.5|4.2+08
Y27A |43 +0.8(21+04
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Table 4.3: Folding and unfolding time constants of PYY and mutants at 50 °C.



96

Peptide | k' (us) | k' (us)
PYY |24+04]1.6%0.3
ATY 2240420404
SIBA |75 +£14|1.2+0.2
P14A |36+ 06|16 +0.3
Y21A |46 +08|13+£0.3
Y27A |55+ 1.0]1.3+0.2
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Figure 4.1: NMR structure of porcine PYY (PDB code: 2RLK). The side chains of
those residues targeted for mutation are shown in stick representation.
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Figure 4.2: Far-UV CD spectrum of PYY at 25 °C.
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Figure 4.3: Thermal unfolding CD curves of PYY and its mutants, as indicated. Lines
are fits to the two-state model described in the text.
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Figure 4.4: A representative relaxation kinetic trace of PYY in response to a T-jump
of 9.2 °C, from 23.0 to 32.2 °C. For clarity, an unresolved kinetic phase has been
subtracted from these data. The smooth line represents the best fit of these data to
a single-exponential function with a life time of 1.9 us.
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Figure 4.5: Arrhenius plots of the observed relaxation rates (O) as well as folding
(O) and unfolding (A) rate constants for the peptides as indicated in the respective
panels. For each peptide, lines represent global fits of the folding and unfolding rate
constants to the Eyring equation, In(k) = In(D) — AG*/(RT), where D is a constant
and AG* is the free energy of activation. In this work, D was arbitrarily set as
101% 57t and Ach and AG?} were constrained so that AG;(T) — AGHT) = AG"(T),

where AG”(T) is the equilibrium free energy of unfolding at temperature 7.
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5.1 Introduction

Understanding how proteins fold in vivo poses a formidable challenge. Thus, a
majority of protein folding studies have been carried out in wvitro and under con-
ditions wherein only dilute aqueous solutions were used. While such studies have
provided invaluable insights into our understanding of the protein folding problem,
these did not take into account the possible effects arising from macromolecular
crowding - an important but often neglected aspect of the intracellular environment
(224, 225, 26, 226]. For instance, the presence of macromolecules near a protein
could alter its folding energy landscape simply through the excluded volume effect
since folding results in a compaction of the polypeptide chain [227]. Indeed, sev-
eral recent experimental and computational studies have shown that such effects of
volume exclusion can significantly alter the stability and folding rate of a protein
228, 229, 230, 231, 232, 29, 233, 234, 235, 236, 237]. Besides such entropic effects,
macromolecular crowding could also affect the dynamics of protein folding through
other mechanisms. [In the present case, the effect of macromolecular crowding is
referred to as the net effect of an inert macromolecule on the folding properties of
the protein or peptide molecule in question, which includes both static effects, such
as that arising from confinement, and dynamic effects, such as modulation of the
frictional drag experienced by conformational motions along the reaction coordinate.]

For example, it is well known that a high-mass macromolecular crowding agent (i.e.,
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inert polymers) not only changes the dynamic viscosity of the solution (i.e., macrovis-
cosity) but also could modulate the microviscosity of the protein environment in which
the folding reaction occurs [238, 239, 240, 241}, thus perturbing the underlying chain
dynamics, as shown by Neuweiler et al. [242]. However, most of the experimental stud-
ies on the effects of macromolecular crowding on protein folding carried out thus far
have dealt with proteins of fairly large size [26, 226, 228, 229, 232, 233, 234, 235, 236/,
wherein the excluded volume effect appears to dominate, thus obscuring other subtle
but important effects arising from the presence of crowding agents. In this work,
we studied the folding thermodynamics and kinetics of three relatively small pro-
tein motifs in the presence of two commonly used crowding agents, dextran 70 and
ficoll 70, with the aim of providing new insights into the effect of macromolecular
crowding on folding events taking place over a relatively short length scale. These
peptides form different types of protein secondary and/or supersecondary structures
in solution, specifically, a 34-residue monomeric a-helix (L9:41-74) [243], a 34-residue
cross-linked helix-turn-helix (HTH) motif (Z34C-m1, which is the D20A mutant of
734C) [205], and a 16-residue S-hairpin (trpzip4-m1) [208]. Given the critical im-
portance of protein secondary structure formation in several protein folding models,
such as the framework model [199], this study is expected to also have considerable
implications for the applicability of those models in describing in vivo protein fold-

ing. Dextran 70 is a flexible and linear (< 5% branching) polymer of D-glucopyranose
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that behaves as a quasirandom coil (R}, of ~ 63 A) 241, 244, 245, 246, 247] whereas
ficoll 70 is a compact and highly cross-linked and branched copolymer of sucrose
and epichlorohydrin that can be approximated as a semi-rigid sphere (Rj, of ~55 A)
(245, 246, 247]. Thus, comparative studies employing these two polymers allow one
to examine how the nature and the geometric shape of the respective crowding agent
affect the folding dynamics of the protein system in question. Interestingly, only the
thermodynamic stability of the shortest peptide studied here (i.e., trpzip4-m1) shows
an appreciable change when its environment is crowded by ficoll 70. Similar to that
observed for large proteins, macromolecular crowding leads to an increase in the ther-
mal stability of trpzip4-ml in the presence of 200 g/L of ficoll 70, a concentration
that falls within the concentration range that has been used in previous crowding
studies [224, 225, 228, 229, 232, 29, 234]. However, in contrast to the common notion
that macromolecular crowding increases the rate of protein folding, our results show
that the folding rate of trpzip4-ml in fact decreases in the presence of either ficoll 70
or dextran 70. Taken together, these results indicate that besides the commonly en-
countered excluded volume effect, other factors need to be considered when assessing

the effect of macromolecular crowding on protein folding.
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5.2 Results

All crowding experiments were carried out in 20 mM phosphate buffer in D;O at
pH* 7 in the presence of either 200 g/L of dextran 70 or 200 g/L of ficoll 70, whereas
all other experiments were carried out in 20 mM phosphate buffer in D,O at pH* 7.

L9:41-74. The far-UV circular dichroism (CD) spectra of 1.9:41-74 in both dex-
tran 70 and ficoll 70 solutions at 4 °C exhibit the characteristic double minima of
a-helices at 208 and 222 nm, respectively, and overlap with the CD spectrum of
L9:41-74 in D50 buffer solution (Fig. 5.1). In addition, as shown in Fig. 5.2, the
presence of these crowding agents has little effect on the CD thermal denaturation
profile of 1.9:41-74, indicating that the thermodynamics of the underlying helix-coil
transition is not sensitive to the environmental changes induced by these crowding
agents. The relaxation kinetics of 1.9:41-74 in these polymer solutions were studied by
the laser-induced temperature jump (7-jump) infrared method, the details of which
have been described elsewhere [211]. Similar to those observed in dilute solution
[243], the T-jump-induced relaxation kinetics of 1.9:41-74 contain two distinct phases
(Fig. 5.3). The fast phase cannot be resolved by our setup and has been attributed
to temperature-induced spectral shift of the amide-I’ band [214]. On the other hand,
the slow phase, which arises from the conformational redistribution process of the
peptide in response to the T-jump, is well resolved and can be described by a single-

exponential function. As shown in Fig. 5.4, within the temperature range studied, the
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T-jump induced conformational relaxation rates of 1.9:41-74 in both dextran 70 and
ficoll 70 solutions are almost identical with the relaxation rate of the peptide in D,O
buffer solution. For example, at 20 °C, the relaxation time constants of 1.9:41-74 in
dextran 70 and ficoll 70 solutions are 1.4 +0.2 and 1.5 4 0.2 us, respectively, whereas
the relaxation time constant in DyO buffer solution is 1.17 £ 0.15 us [243]. Taken
together, these thermodynamic and kinetic results indicate that the folding-unfolding
transition of this a-helical peptide is not sensitive to macromolecular crowding, at
least not to that induced by 200 g/L of dextran 70 or ficoll 70.

234 C-m1. The far-UV CD spectra of Z34C-m1 obtained at 4 °C in both dextran 70
and ficoll 70 solutions are almost completely superimposable with the CD spectrum
obtained in D,O buffer solution (Fig.5.5), indicating that the helical nature of the
folded conformation is not affected by the crowding agents. The thermal denaturation
of Z34C-m1 in both dextran 70 and ficoll 70 solutions, measured by monitoring the
change in its helical CD signal at 222 nm with increasing temperature (Fig. 5.6),
also shows that these crowding agents do not change the thermal stability of the
peptide to any appreciable extent. Indeed, globally fitting the CD data to a two-
state model reveals that the thermal melting temperature (7,,,) of Z34C-ml in these
crowded environments is only 2-3 °C higher than that [205] in D2O buffer (Table 5.1).
Consistent with these thermodynamic assessments, the T-jump-induced relaxation

rates of Z34C-m1 in these polymer solutions also show only a moderate decrease from



113

those measured in dilute aqueous solution (Fig. 5.7 and Table 5.1).

trpzip4-m1. Similar to the CD spectrum obtained in DO buffer solution [208], the
far-UV CD spectra of trpzip4-m1 in both dextran 70 and ficoll 70 solutions exhibit a
positive band centered at ~229 nm (Fig. 5.8), arising from excitonic coupling between
the paired tryptophan side chains. As shown in Fig. 5.9, the thermal unfolding
transitions of trpzip4-ml in these solutions, as monitored by the change in the CD
signal at 229 nm, show characteristics of a cooperative thermal unfolding process.
As indicated in Table 5.1, the thermal melting temperature (7,,) of trpzip4-ml in
dextran 70 solution is increased only slightly compared with that (32 °C) in D50
buffer, whereas in ficoll 70 solution, the T}, of this peptide shows a substantial increase
to ~ 44 °C (Table 5.1). The relaxation kinetics of trpzip4-m1 in response to a T-jump

were also probed at 1631 cm™*

, where antiparallel S-sheets are known to absorb [208].
As shown in Figs. 5.10 and 5.11, unlike 1.9:41-74, the folding and unfolding rates of
trpzip4-m1 are distinctly slower in the presence of the crowding agents. For example,
at 35 °C, the folding and unfolding time constants of trpzip4-m1 in dextran 70 solution

are 96 £ 14 and 92 4 14 us, respectively, whereas in dilute aqueous solution [208], this

peptide folds in 47.5 + 2.3 us and unfolds in 38.1 £ 2.0 us (Table 5.1).
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5.3 Discussion

Since macromolecular crowding is an intrinsic feature of the cellular environment
248, 249], there has been considerable interest in recent years in investigating its
effect on protein folding, both experimentally [26, 226, 228, 229, 232, 233, 234, 235,
236] and computationally [26, 226, 230, 231, 29, 234, 237]. However, almost all of
the previous experimental efforts in this area have been focused on large proteins
26, 226, 228, 229, 232, 233, 234, 235, 236], thus providing little, if any, information
on the effect of macromolecular crowding on protein folding at the secondary structure
level. While such a bias in focus is understandable because most protein secondary
structural elements (e.g., monomeric a-helix and $-hairpin) are probably too small
to be profoundly affected by the excluded volume effect [26, 227], understanding the
influence of crowding on the folding dynamics of such small structural moieties could
provide new insights into the otherwise complex interplay between different crowding
effects. In addition, in view of the important role of secondary structure formation
in existing protein folding models, such as the framework model [199], there is a
strong need for investigation of folding dynamics of secondary structural elements in
crowded environments in order to understand protein folding in vivo. In this work, we
studied the folding thermodynamics and kinetics of three distinct secondary structural
elements [i.e., a monomeric a-helix (1.9:41-74), a S-hairpin (trpzip4-m1), and an HTH

motif (Z34C-m1)] in the presence of two commonly used crowding agents, namely,
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dextran 70 and ficoll 70.

L9:41-7/. 1.9:41-74 is the central a-helix of ribosomal protein L9 from the bac-
terium Bacillus stearothermophilus. Owing to a series of favorable side chain-side
chain interactions, mostly electrostatic in nature, this peptide remains folded even in
isolation in aqueous solution [250]. Previously, we have shown that this peptide folds
on a timescale that is significantly slower than that of alanine-based peptides and
that its folding time may be a more realistic representation of the timescale in which
a-helices in proteins fold [243]. Thus, it would be quite interesting to further examine
how crowding affects its folding-unfolding dynamics. Our CD measurements (Fig. 5.2)
show that the thermal stability of 1.9:41-74 in either dextran 70 or ficoll 70 solution
remains practically unchanged from that in dilute aqueous solution, suggesting that
the helix-coil transition experiences little, if any, crowding effect. This observation is
however unexpected because the chain length of this a-helix is estimated to be 50 A
(assuming a full helical structure), which is comparable with the hydrodynamic radii
of dextran 70 and ficoll 70. Besides the apparent excluded volume effect, addition of
a polymer to aqueous solution is also known to affect the dynamic viscosity of the
solution. For example, the dynamic viscosities of 200 g/L of dextran 70 and 200 g/L
of ficoll 70 are about 18 and 10 times greater than the dynamic viscosity of water
at 20 °C [245, 251], respectively. Previously, Jas et al. [59] showed that the 7-jump-

induced relaxation rate of an alanine-based helical peptide is inversely proportional
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to n°% (where 7 represents the viscosity of the solution) when small viscogens, such as
glucose and sucrose, were used to increase the viscosity of the solution. Thus, our ob-
servation that the T-jump-induced relaxation kinetics of 1.9:41-74 in both dextran 70
and ficoll 70 solutions are almost the same as those obtained in dilute D,O solution
(Fig. 5.4) is quite interesting and warrants further discussion.

The viscosity dependence of protein folding rates stems from the diffusive nature
of the associated barrier-crossing events [252, 253, 254, 255], namely, from the re-
quirement of polypeptide chain motion to form the stabilizing native contacts via
diffusion. Previous studies have shown that under the current crowding conditions
the polymer molecules can form porous networks [238, 240, 242] wherein the viscosity
determined via the diffusion of a probe molecule can be significantly lower than the
dynamic viscosity of the bulk solution [238, 242, 256]. To differentiate these viscosi-
ties, we referred to the one measured via molecular diffusion as the microviscosity
of the solution. Since the sizes of the three peptides used in this study are rela-
tively small, it is reasonable to assume that their folding rates would respond more
to the microviscosity rather than to the dynamic viscosity of the polymer solution.
Thus, to further probe the microviscosity of the current crowding solutions, we have
also measured the characteristic translational diffusion times (7p, a quantity that is
inversely proportional to the diffusion constant D) of three molecular systems of vary-

ing sizes using fluorescence correlation spectroscopy (FCS), namely, (i) a fluorescent



117

dye [rhodamine 6G (R6G)], (ii) a 37-residue fluorescently labeled pH (low) insertion
peptide (pHLIP), and (iii) the human serum albumin (HSA) protein complexed with
the dye Nile red (NR). As shown in Table 5.2, the translational diffusion times of all
three probes indicate that the microviscosities of ficoll 70 and dextran 70 solutions
are about four to six times larger than the microviscosity of water, depending on the
size of the probe and on the crowding agent.

These FCS measurements indicate that not only the dynamic (or bulk) viscosity
but also the microviscosity measurements fall short of providing a rationale behind
the observation that the relaxation rate of 1.9:41-74 is insensitive to the presence of
crowding agents - this being in stark contrast to the well-documented notion that the
rate of a-helix formation is susceptible to viscosity [59, 257]. However, this apparent
discrepancy may be reconciled by taking into account the notion that the diffusion
constant could also be distance dependent [258, 259]. For example, the diffusion
constant (D) of a probe molecule in a polymer solution (Fig. 5.12) consisting of

porous networks [260] is:

=

D = Dyexp (—ac ) (5.1)

where ¢ is the concentration of the polymer and Dy is the diffusion constant of the
probe at ¢ = 0. The constant a has been shown to characterize the length scale

(&) of the pores embedded in the porous networks, at least for a simple pore model

[259]. Thus, for short diffusion modes or diffusion events during which the diffusing
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particles travel a distance smaller than the pore size ¢ of the polymer solution, the
particles rarely come into contact with the polymer chains and their diffusion constant
is hence close to that found in bulk water. On the other hand, for long diffusion
modes or diffusion events during which the particles travel a distance much larger
than &, the resultant diffusion constant becomes smaller than that measured in bulk
water, similar to the diffusion constants observed in our FCS measurements. In this
context, it is clear that the viscosity effect exerted by a polymeric crowding agent
on the folding rate of a peptide depends on the length scale that the polypeptide
chain has to traverse from the unfolded state to the transition state along the folding
coordinate. The formation of an a-helix can be regarded as a series of local events
wherein a hydrogen bond between the amino acids at ”i” and ”i4+4” positions along
the polypeptide chain is formed. Thus, the length scale (a few angstroms) over which
the key a-helix folding events take place is far less than the pore size of the polymer
solutions used in the current study and the corresponding folding rate therefore does
not show any significant deviation from that in dilute aqueous solution. In contrast,
in studies where small viscogens (e.g., glucose and sucrose) are used to increase the
viscosity, the resulting solution viscosity is microscopically homogeneous and the effect
of increased solvent friction can therefore be experienced down to a very short length
scale. Thus, in such cases, the viscosity dependence of the folding kinetics of protein

secondary structural elements might become more pronounced, as has been shown in
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a previous study [59].

Z34C-m1. Z34C-m1 is a mutant of Z34C (i.e., D20A) that forms a crossed-linked
HTH structure, a common structural motif found in DNA-binding proteins [23]. We
have previously shown that Z34C-m1 folds significantly slower than Z34C does since
the mutation deletes a hydrogen bond that is critical to the stability of the reverse
turn [205]. Z34C-m1 constitutes a good model system to further examine the effect
of microviscosity on the folding-unfolding kinetics of a-helices in a protein context
as the disulfide cross-linker prevents the protein to become extended upon unfolding
and hence makes it less likely to experience the excluded volume effect. As expected,
the folding thermodynamics and kinetics of Z34C-m1 are only moderately affected by
the crowding agents employed herein (Figs. 5.6 and 5.7 and Table 5.1). Thus, these
results are consistent with those for 1.9:41-74 and further corroborate the notion
that macromolecular crowding does not affect to any significant extent the folding
dynamics of a-helices that can fold independently. However, in a protein context, the
frictional drag along the folding coordinate of an a-helix may be position dependent
and thus could exert a more complex effect on the folding dynamics. Apparently,
for -sheets whose folding requires relatively large-scale chain diffusions, the effect of
microviscosity is expected to play a more important role, as discussed below.

trpzip4-m1. To further explore the extent to which the nature of the folded topol-

ogy determines the effect of macromolecular crowding, we have also studied the folding
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thermodynamics and kinetics of trpzip4-ml, the D46A mutant of the 16-residue (-
hairpin trpzip4 [208] in both dextran 70 and ficoll 70 solutions. While the thermal
denaturation properties of trpzip4-m1 are almost unaffected by addition of dextran 70,
its thermal melting temperature in ficoll 70 solution shows a substantial increase from
that in D2O buffer [208]. This difference manifests the disparity in terms of crowding
efficiency of these crowding agents and can be rationalized based on the overall dif-
ference in the molecular structures of these polymers. Previous studies have shown
that the persistence length of Dextran is about 0.4 nm [261], which renders it to be a
relatively flexible polymer. On the other hand, ficoll 70 is comparatively more rigid
due to its cross-linked structure [247, 262]. Thus, based on these considerations, it is
conceivable that dextran 70 can accommodate more interstitial spaces in comparison
with ficoll 70 at the same concentration, therefore allowing the unfolded polypeptide
chain of trpzip4-m1 more space to escape and hence leading to a weaker excluded
volume effect. In contrast to that observed in other studies, [228, 231, 29] macro-
molecular crowding results in a decrease in the folding rate of trpzip4-m1. This result
thus clearly indicates that a macromolecular crowding agent can affect not only the
protein stability via the excluded volume effect but also the folding dynamics through
modulation of the effective viscosity of the protein environment. In the case of dex-
tran 70, the thermal stability of the S-hairpin exhibits only a very modest change

(Table 5.1), thus implying that the observed reduction in the folding and unfolding
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rates is unlikely to result from the excluded volume effect and rather arises from a
viscosity effect. This interpretation is consistent with the notion that the dynamics of
peptide loop closure and (-hairpin folding require relatively large-scale and nonlocal
motions, in contrast to the folding of an a-helix, wherein the chain primarily under-
goes a series of local structural reorganizations. Thus, during such a folding event,
the peptide chain has a higher chance of colliding with the polymer network formed
by the crowding molecules, resulting in a slower folding-unfolding rate. This picture
is consistent with a recent FCS study by Neuweiler et al. [242], who showed that the
intrachain diffusion rate of a series of fluorescently labeled short poly(GS)-peptides
in ficoll 70 depends on the net effect of two opposing forces: the excluded volume
effect and the increased viscous drag of the polymer solution. The effect of viscosity
on protein folding or unfolding rate constant (k,s) can often be described by the
hydrodynamic approximation of the Kramers equation in the high friction limit; that
is,

A

kobs = —XpP <_

(T (5.2)

)
RT

where 7(T) is the effective viscosity of the medium at temperature 7" and has been
assumed here to be independent of the spatial location of the peptide, « is equal
to unity in many cases, A is a constant, AG* is the apparent free-energy barrier at

temperature T, and R is the gas constant. Thus, a crowding agent can modulate

the folding and unfolding rate constants of a protein by changing n, AG*, or both.



122

Apparently, the effect related to 7 is a dynamic one, whereas that related to AG* is
static (or the excluded volume) in nature. For a simple two-state scenario, assuming
that A is the same for both folding and unfolding and that it is independent of
crowding, one can easily show that (assuming the position of the transition state is

not affected by crowding)

Cc Cc

h k (1)), 1 ) .
_f — = /)70 _ c—0 c—0
In (k?) +1In <k0> 2aln <nc(T)> + 27 (AGE + AGS) (5.3)

where k; and k, are the folding and unfolding rate constants, respectively; AGS™ =

G¢ — GY and AG;‘O = G5 — GY, where G, and G represent the free energies of the
unfolded and folded states, respectively; and, in all cases, the superscripts ”0” and
7¢” represent the dilute and crowded solutions, respectively. In addition, 7o(7") and
n.(T') are the effective viscosities of the dilute and crowded solutions at temperature T,
respectively. For dextran 70, the increased stabilization of the S-hairpin conformation
of trpzip4-ml arising from crowding is considered to be negligible (i.e., AGS™® +
AG;‘O ~ 0). Thus, with the use of the measured folding and unfolding rate constants
of trpzip4-ml in the presence and in the absence of crowding agents, in conjunction
with the assumption that « is approximately unity for g-hairpin folding [59], the value
of n./no is calculated to be 3.5 £ 0.5 at 20 °C, which is comparable with the ratio of
diffusion times 7. /79 = 3.8 of the pHLIP peptide in 200 g/L of dextran 70 and in water
at room temperature (Table 5.2). Therefore, this agreement further corroborates the

idea that dextran 70 affects trpzip4-m1 folding via mostly the dynamic (or viscosity)
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effect.

In the case of ficoll 70, the presence of the crowding agent leads to not only
a decrease in the folding rate of trpzip4-ml but also a significant increase in the
stability of [-hairpin conformation (Figs. 5.9 and 5.11 and Table 5.1), indicating
that the folding and unfolding dynamics of trpzip4-ml experience both the excluded
volume and viscosity effects. As a result, the unfolding rate is decreased to a larger
extent than the folding rate, compared with their respective values in DyO buffer
solution (Table 5.1). This is because both the excluded volume and viscosity effects
slow the rate of unfolding, whereas they exhibit opposite effects on the folding rate.

Furthermore, it is easy to show that

kS “ AAGH
= (v) oo (o) o

AAGH = AG% — AG*, which is a quantitative measure of the excluded volume ef-

fect on the folding dynamics. Thus, it is possible to dissect the static and dynamic
contributions to the total crowding effect if 7./ny is known. While 7./ny cannot be
determined independently from the current study, the result obtained with dextran 70
nevertheless suggests that it approaches the 7. /7 ratio measured by the FCS method.
Thus, using the ratio 7./7 = 4.1 (Table 5.2), we estimated the AAG* value to be
0.3 £ 0.1 keal mol™* at 35 °C for the folding of trpzip4-ml in 200 g/L of ficoll 70
solution. As expected, the decrease in the folding free-energy barrier of trpzip4-m1l

due to the excluded volume effect is very modest, as the additional stabilization (i.e.,
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AAG® = |AGY| — |AGY)) of trpzip4-m1 due to the presence of 200 g/L of ficoll 70
at 35 °C is only about 0.5 % 0.1 kcal mol™!, owing to the small size of the peptide
relative to the size of the crowding agent, which is in agreement with the theoretical
prediction by Minton [227]. However, we expect that the approach outlined above
will be very useful for dissecting the static and dynamic effects of a crowding agent

for other protein systems.

5.4 Conclusions

Employing two commonly used crowding agents, dextran 70 (200 g/L) and ficoll 70
(200 g/L), we have studied how macromolecular crowding affects the folding-unfolding
kinetics of three peptides that fold into different conformations in solution, namely,
an a-helix (L9:41-74), a cross-linked HTH (Z34C-m1), and a S-hairpin (trpzip4-m1).
Interestingly, only the folding thermodynamics and kinetics of the shortest peptide,
trpzip4-m1, were found to show significant changes in the ficoll 70 solution, thus
indicating that the effect of macromolecular crowding is sensitive to the size and
the shape of both the peptide and the crowding agent. In addition, the observation
that macromolecular crowding does not significantly alter the folding dynamics of
the two helical peptides is consistent with the notion that a-helix formation involves
mostly local interactions. Furthermore, and in contrast to that observed for large

proteins, macromolecular crowding results in a decrease in the folding rate of trpzip4-
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ml, indicating that the motion of the peptide chain experiences higher friction arising
from the presence of the crowding agent and that the viscosity effect in this case

outplays the excluded volume effect on the folding kinetics of the S-hairpin.

5.5 Materials and Methods

Peptide synthesis and purification. All peptides used in this study were synthesized
based on standard Fmoc protocols on a PS3 automated peptide synthesizer (Protein
Technologies, MA) and purified by reversed-phase chromatography. The peptide
sequences are as follows:
Ac-41PANLKALEAQ-51KQKEQRQAAE-61ELANAKKLKE-7T1QLEK-NH,
(L9:41-74),
6FNMQCQRRFY-16EALHAPNLNE-26EQRNAKIKSI-36RDDC-NH,;, (Z34C-m1),
GEWTWADATKTWTWTE-NH; (trpzip4-m1).
TMR maleimide (Molecular Probes, CA), a thiol reactive dye, was used to label the
cysteine variant of pHLIP peptide [263] (sequence: ACEQNPIYWA-RYADWLFTTP-
LLLLDLALLV-DADEGTG) following the protocol available in the Molecular Probes
handbook. Oxidation of the Z34C mutant was done as previously described [205]. The
identity of the peptide sample was further verified by matrix-assisted laser desorption
ionization mass spectroscopy. Multiple rounds of lyophilization against a solution

of 0.1 M DCI/D50O were used to remove the exchangeable hydrogen atoms and the
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residual trifluoroacetic acid from the peptide synthesis. Peptide solutions used in
both CD and infrared measurements were prepared by directly dissolving lyophilized
peptide solids in 20 mM phosphate buffer, pH* 7, with or without the presence of
the crowding agent. The final peptide concentration for 1.9:41-74 was determined by
comparing the published CD data [250], and the concentrations for other peptides
were determined as previously described [205, 208] and were about 16-134 M and
0.8-1.5 mM for CD and infrared samples, respectively.

Crowding agents. Dextran 70 and ficoll 70 were purchased from Fisher Scientific
(PA) and GE Healthcare (NJ), respectively, and were used as received.

CD spectroscopy. All CD data were collected on an Aviv 62A DS CD spectrometer
(Aviv Associate, NJ). The folding-unfolding thermodynamics of each peptide were
obtained by fitting its CD thermal melting transition obtained at either 222 nm (for
the helical peptides) or 229 nm (for the S-hairpin) to a two-state model described in
detail previously [264].

Infrared T-jump setup. The time-resolved T-jump infrared apparatus used in the
current study has been described in detail elsewhere [211]. The relaxation kinetics
of all peptides in response to a T-jump were probed at 1631 cm~'. The observed
relaxation rate constants (kgr) were further separated into folding (k) and unfolding

(k,) rate constants based on the thermodynamic results obtained from CD studies
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using the following equations:

krp = ]{Zf—l-/{?u (55)
kg
Koy =1 (5.6)

Fluorescence correlation spectroscopy. Details of the FCS setup have been de-
scribed elsewhere [265]. For each measurement, either 1 nM R6G or 1 nM TMR-
labeled pHLIP peptide solution or a solution of 40 nM NR and 20 pM HSA was
loaded on PEG (polyethylene glycol)-silane (Gelest Inc., Morrisville, PA)-modified
glass slip. Excitation of the dye was accomplished by the 514 nm line of an Ar™
ion laser (~ 100 uW before entering the microscope), and the resultant fluorescence
was equally split by a nonpolarizing beamsplitter (Newport Corporation, CA) and
detected by two avalanche photodiodes (Perkin Elmer, NJ) using an integration time
of 0.1 us. Correlating the fluorescence signals in the cross-correlation mode was ac-
complished by a Flex 03-LQ-01 correlator card (Correlator.com, NJ) for a duration
of 120 s, and the resulting autocorrelation traces were analyzed using the following

equation [266]:

1/2
"1 fi 1
G(r) = — (1—T T
") ;N(H%) <1+—w2;) roew
D D

where 74 represents the characteristic diffusion time constant of species i, w refers

Wy

) (5.7)

to the axial-to-lateral dimension ratio of the confocal volume element, N represents

the number of fluorescent molecules in the confocal volume, f; represents the frac-
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tion of species i, 7 is the triplet lifetime of the fluorophore, and T represents the

corresponding triplet amplitude.
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Table 5.1: Summary of the thermodynamic and kinetic data for Z34C-m1 and trpzip4-
ml obtained under different conditions.
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234C-m1

D50 buffer | Dextran 70 | Ficoll 70
AH,, (kcal mol™!) 16.2+£0.7 | 17.1£0.8 | 16.8 £0.7
AS,, (cal K* mol™) | 49.4+3.8 | 52.04+2.6 | 50.942.0
AC, (cal K™ mol™!) | 118 £34 | 2454105 | 120+ 54
T, (°C) 54.7+£1.0 | 55.3£1.5 |57.7£0.5
7r (ps) 5.3+0.8 86+£13 | 73+1.1
Tu (18) 5.1+£0.8 88+£13 | 9.0+14

trpzip4-m1l
D50 buffer | Dextran 70 | Ficoll 70
AH,, (kcal mol™1) 13.8+0.2 | 125+£0.3 | 15.6£0.2
AS,, (cal K™' mol™!) | 45.1+£2.5 | 40.64+0.9 | 49.140.7
AC, (cal K™t mol™') | 343 £41 238+19 | 223+£15
T (°C) 321+0.9 | 343+05 |44.0+0.2
7r (ps) 475 +£2.3 96 £ 14 122 +18
Tu (18) 38.1+2.0 92+ 14 240 + 36
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Table 5.2: Translational diffusion times determined by FCS at room temperature for
R6G, the pHLIP peptide, and the HSA-NR complex.
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DyO | Dextran 70 (200 g/L) | Ficoll 70 (200 g/L)
R6G (us) | 5342 216 + 5 256 + 5
pHLIP (us) 73 286 £ 5 305 £8
HSA-NR (us) | 419+ 15 2000 £ 30 2460 £ 60
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Figure 5.1: Far-UV CD spectra of L9:41-74 at 4.0 °C in D50, dextran 70 (200 g/L),
and ficoll 70 (200 g/L) solutions, as indicated. All solutions contain 20 mM phosphate
buffer (pH* = 7).
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Figure 5.2: CD thermal melting curves of L9:41-74 in 200 g/L of dextran 70 (red)
and in 200 g/L of ficoll 70 (blue). Also shown for comparison are the CD thermal
melting curve (black crosses) of the same peptide in 20 mM phosphate D,O buffer
(derived from Mukherjee et al. [243].)
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Figure 5.3: Representative T-jump relaxation traces (blue and red) of 1.9:41-74 in
200 g/L dextran 70 (20 mM phosphate buffer, pH* = 7) in response to a T-jump of
5.5 °C (blue), from 22.9 to 28.4 °C, and 5.9 °C (red), from 8.1 to 14.0 °C (scaled 1.5
times). The smooth lines are convolutions of the instrument response function with
AOD(t) = A-[1 — B-exp(—t/7)], with A = —0.0033, B = 0.59, and 7 = 0.93 us for
the higher final temperature data and A = —0.0019, B = 0.78, and 7 = 1.9 us for
the lower final temperature data.
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Figure 5.4: Arrhenius plot of the T-jump-induced conformational relaxation rates of
L.9:41-74 in 200 g/L of dextran 70 (red) and in 200 g/L of ficoll 70 (blue). Also shown
for comparison are the relaxation rates (black dashed line) of the same peptide in
20 mM phosphate D2O buffer (derived from Mukherjee et al. [243]).
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Figure 5.5: Far-UV CD spectra of Z34C-m1 at 4.0 °C in D50, dextran 70 (200 g/L)
and ficoll 70 (200 g/L) solutions, as indicated. All solutions contain 20 mM phosphate
buffer (pH* = 7).
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Figure 5.6: CD thermal melting curves of Z34C-m1 in 200 g/L of dextran 70 (red) and
in 200 g/L of ficoll 70 (blue). Lines are global fits of these data to the two-state model
described in the text. Also shown are the CD thermal melting curve (black crosses)
of Z34C-m1 in 20 mM phosphate D,O buffer (derived from Du and Gai [205]).
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Figure 5.7: Arrhenius plot of the T-jump-induced conformational relaxation rates
(open circles) of Z34C-m1 in 200 g/L of dextran 70 (red) and in 200 g/L of ficoll 70
(blue). Open triangles and squares correspond to the two-state folding and unfolding
rates of Z34C-m1 in 200 g/L of dextran 70, respectively. Also shown are folding
(black dashed line) and unfolding (black continuous line) rate constants of Z34C-m1
in 20 mM phosphate D,O buffer (derived from Du and Gai [205]).
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Figure 5.8: Far-UV CD spectrum of trpzip4-ml at 4.0 °C in D50, dextran 70
(200 g/L), and ficoll 70 (200 g/L) solutions, as indicated. All solutions contain 20
mM phosphate (pH* = 7).
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Figure 5.9: CD thermal melting curves of trpzip4-m1 in 200 g/L of dextran 70 (red)
and in 200 g/L of ficoll 70 (blue). Lines are global fits of these data to the two-state
model described in the text. Also shown is the CD thermal melting curve (black) of
the same peptide in 20 mM phosphate D,O buffer (derived from Du et al. [208]).
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Figure 5.10: Arrhenius plots of the T-jump-induced conformational relaxation rates
(open circles) of trpzip4-ml in 200 g/L of dextran 70. Open triangles and squares
correspond to their respective two-state folding and unfolding rates. Also shown
are the folding (blue dashed line) and unfolding (red dashed line) rate constants of
trpzip4-m1 in 20 mM phosphate D2O buffer (derived from Du et al. [208]).
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Figure 5.11: Arrhenius plots of the T-jump-induced conformational relaxation rates
(open circles) of trpzip4-ml in 200 g/L of ficoll 70. Open triangles and squares
correspond to their respective two-state folding and unfolding rates. Also shown
are the folding (blue dashed line) and unfolding (red dashed line) rate constants of
trpzip4-m1 in 20 mM phosphate D2O buffer (derived from Du et al. [208]).
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Figure 5.12: Relative diffusion time of R6G versus ficoll 70 concentration, measured
via FCS at room temperature. The solid line represents the best fit of these data to
Eq. 5.1 with @ = 0.096. The model given in Ref. [259] suggests that the characteristic
length scale (&) of the pores of a polymer solution is related to a via the following
equation, & = (a/b)c™'/?, where b is the diameter of the diffusing probe molecules
and c is the concentration of the polymer. However, this simple pore model seems to
fail in the present case as the length scale of ficoll 70 at 200 g/L is predicted to be
smaller than the hydrodynamic diameter of the Rhodamine 6G dye.
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6.1 Introduction

Cellular compartments contain high concentrations of macromolecules (80-400 g/L),
which are expected to affect the thermodynamics and kinetics of many biological pro-
cesses that take place in such crowded environments [26, 28, 27]. Thus, many in vitro
experiments [267, 229, 268, 232, 233, 269, 270, 271, 234, 235, 272, 273, 251, 274, 236,
275, 276, 277] and computer simulations [270, 272, 273, 277, 278, 29, 279, 280, 281,
282, 283, 284] have been carried out to determine, for example, the influence of macro-
molecular crowding on the energy landscape of protein folding and protein-protein
interactions. Additionally, several models have been developed, aiming to provide a
theoretical basis for understanding the effect of macromolecular crowding on various
biological events [26, 29, 285, 286, 287, 288, 289, 282|. In the case of protein folding,
while the existing experimental results are consistent with the theoretical prediction
that an inert macromolecular crowder will destabilize the unfolded state of proteins
via a repulsive depletion force arising from the volume occupied by the macromolec-
ular cosolutes [26, 29, 285, 286, 290], quantitative comparisons of the experimentally
observed and theoretically predicted crowding effects are hardly made [291]. A rare
exception is the recent work of Zhou and coworkers, [272, 273] which showed that
in some cases their theoretical model is able to provide a quantitative fit to the ex-
perimental results [272]. Thus, there is a need for further experimental validation of

the existing crowding models [29, 285, 286, 287, 288, 289, 290]. The scaling laws of
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polymer physics [292, 293| predict that the thermal melting temperature (7,,) of a
protein that is subject to confinement exhibits a simple power-law dependence on the
size of the confining space, i.e., AT, ~ (R,/R)%; where « is a constant, R, is the
radius of gyration of the unfolded protein in the absence of confinement, and R is
a characteristic length of the confining cavity. Indeed, recent computer simulations
have shown that such a power-law dependence exists for proteins confined in spher-
ical [294, 295] or cylindrical cavities [295, 296, 297]. Based on this model, Cheung
and Thirumalai [29] further proposed that the effect of macromolecular crowding on
a protein’s T}, could be quantified by evaluating the underlying confinement effect,
which was shown to be a function of the radius (R.) and volume fraction (¢) of the
crowder. For 0 < ¢ < 0.1, they proposed that the confinement effect is equivalent to

that arising from a spherical pore of radius R = (47/3¢)'/3R,, namely:
R (6%
AT, ~ <—9> o/8 6.1
Y 61

While it has been shown in previous studies that 7;, increases nonlinearly with ¢
[268, 273], there is no rigorous experimental test of Eq. 6.1. In addition, there is some
ambiguity about how to relate the exponent « in Eq. 6.1 to the Flory coefficient ()
of a volume-excluded random coil polymer chain (v ~ 0.6) [292, 293]. For example, in
the case of confining a polymer to a spherical cavity, theory predicts o = 3/(3v — 1);
whereas in the case of confinement to slits or capillaries, it is found o = 1/v [293].

Though the latter expression was adopted in a theoretical analysis of simulations
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of proteins in crowded environments, [29, 281] it is not clear whether such choice
is also applicable to other crowding systems. Furthermore, we note that Eq. 6.1
was tested via simulations only for a special case where R, = R,; its application
to more complex scenarios could be complicated by other factors such as protein-
protein association [29, 298] and/or entropically driven phase separation [29, 299].
Herein, we aim to test both the validity of Eq. 6.1 at physiologically relevant volume
fractions of various crowding agents and the appropriate choice of the exponent «.
This is accomplished by examining how the thermal melting temperature of ubiquitin
[300] varies with ¢ using model crowding agents of different chemical structures and
molecular weights, i.e., dextran 6 (6 kDa), dextran 40 (40 kDa), dextran 70 (68 kDa),
and ficoll 70 (68 kDa). Ubiquitin is a 76-residue, single domain protein consisting
of both a and /8 secondary structures, whose folding/unfolding thermodynamics in
dilute solution have been well characterized [301, 302, 303, 304, 60, 63]. We find
that the AT, of ubiquitin exhibits a power-law dependence on the volume fraction
of these crowders as predicted by Eq. 6.1 and that setting o« = 3/(3v — 1) results
in a reasonable prediction of how AT, changes with ¢. Interestingly, we find that
the increase in the thermal melting temperature of ubiquitin is independent of the
molecular weight of the dextrans used in the current study, which is surprising as the
hydrodynamic radii of these dextran molecules are significantly different. Thus, taken

together these results suggest that the microcompartmentalization of such polymer
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solutions is different from that created by hard spheres with a radius equivalent to

the hydrodynamic radius of the crowder molecule.

6.2 Results and Discussion

Temperature dependence of the amide I’ band of ubiquitin. The thermal unfolding
transitions of ubiquitin under dilute and crowded conditions were quantitatively as-
sessed using infrared spectroscopy. In particular, the amide I’ band of the protein
under each condition, which has been shown to be a sensitive reporter of both a-
helical [213, 214] and [-sheet structures, [305] was collected over a wide temperature
range. As shown (Fig. 6.1), the amide I’ band of ubiquitin in dilute aqueous solu-
tion loses/gains intensity in the lower/higher frequency region of the spectrum with
increasing temperature, indicative of its usefulness in monitoring protein unfolding.
To extract quantitative thermodynamic information from these spectra, we analyzed
them via SVD (Ref. [306]) following Tokmakoff and coworkers, who have shown that
the second singular value, Cy(T'), is a good reporter of the unfolding transition of
ubiquitin [60, 63]. As shown (Fig. 6.2), the thermal melting curve thus obtained,
indeed, shows a sigmoid shape, consistent with a cooperative unfolding transition

(60, 63]. Thus, these data were further fit to the following two-state model,

G(T) _ (A — Ay)
Co(Trey) ATy exp((T — Tn) /W] (6.2)
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where T is temperature, T;, and W represent the midpoint and width of the sigmoidal
transition, respectively. In addition, Ay = mT + b; and Ay = mT + by represent the
folded and unfolded baselines, respectively. As shown (Fig. 6.2), the fit is satisfactory
and the resultant T, = 66.2 & 1.1 °C, is in good agreement with that obtained
in previous studies [304, 63]. We note that fitting Eq. 6.2 to the thermal melting
curve determined using the absorbance at 1624 cm ™!, which contains predominantly
contributions from both a-helical and (-sheet structures, yields essentially identical
results, thus further corroborating the notion that the thermal unfolding transition
of ubiquitin occurs between two conformational ensembles.

Dependence of T,, on crowder concentration. Following the method discussed
above, the thermal melting curves of ubiquitin under different crowding conditions
were also determined and fitted to Eq. 6.2. As shown (Fig. 6.2 and Table 6.1), the T},
of ubiquitin increases with increasing crowder concentration, a trend that has been
observed in other experimental studies [268, 270, 277] and also computer simulations
277, 29, 283]. While such an increase is consistent with the excluded volume effect
of the crowding agents, which preferentially destabilizes the unfolded state of pro-
teins [26, 29, 285, 286, 287, 288|, a quantitative assessment of the underlying relation
between T,, and the degree of crowding (or volume fraction of the crowder, ¢) was
rarely performed. As shown (Fig. 6.3), the T}, of ubiquitin increases nonlinearly with

increasing ¢ (within the experimentally accessible range of crowder concentrations).
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In fact, the data can be well described by Eq. 6.1 (Fig. 6.3 and Table 6.2), suggest-
ing that the theoretical model of Cheung and Thirumalai [29], which is based on
considerations of the entropy loss associated with confining an unstructured polymer
to a spherical pore [292, 293], possibly captures the essential physics underlying the
crowding effect. What is more interesting, however, is that the exponents (i.e., «)
extracted from the fits of the data obtained with different crowding agents fall within
the range of 4.1-6.5 (Table 6.2). As discussed above, polymer theory provides two
possible expressions for «, one is based on confinement to a spherical cavity, which
provides repulsive boundaries in all three spatial dimensions, and the other is based on
confinement to a capillary/slit, which restricts the polymer in two-dimensions/one-
dimension [293]. Using the Flory coefficient for an unstructured excluded-volume
polymer in a good solvent, which yields v ~ 0.6, the theoretically predicted values
of o are 1.67 and 3.75 for capillary/slit and spherical confining geometries, respec-
tively. Thus, the experimentally determined value of a suggests that the crowding
effect of these macromolecular crowders is more similar to the confinement exerted
by a spherical cavity than the one of a capillary/slit. This finding is remarkable as
intuitively we might think that the confinement effect exerted by a flexible and dy-
namic crowding agent would bear more similarity to those of a capillary/slit confining
geometry rather than the ones of a spherical cavity. The question arises, however,

whether the power-law dependence observed herein applies universally to different
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proteins, as observed in simulation studies of the confinement effect by Takagi et al.
[296], or if it is unique to a specific protein as shown in simulations by Rathore et al.
[294]. While more experiments are needed to answer this question, the few existing
experimental data seem to suggest that setting o = 1/v provides too small a value
for a and AT,,. For example, Sasahara and Minton [268] found a quadratic depen-
dence of the thermal melting temperature of hen egg-white lysozyme (129 residues)
on crowder concentration, which is in good agreement with our results as their data
essentially suggest an « value of 6. Similarly, we find that the experimental data of
Stagg et al. [270] on flavodoxin (148 residues) can also be fit by Eq. 6.1, yielding a
value of about 3.7 for a.

While it is noted that residual structures in the unfolded state could also lead to
a larger a due to v < 0.6, this seems to be unlikely for ubiquitin. Simulation studies
have shown that if partially folded structures are populated under a crowded environ-
ment the width of the unfolding transition would show a broadening with increasing
crowder concentration [29, 283], due to a decrease in the cooperativity of the folding-
unfolding transition. As shown (Table 6.1), our results indicate that the width of the
thermal unfolding transition of ubiquitin does not show any measurable dependence
on the concentration of the crowding agents used, which further corroborates the two-
state model used to analyze the temperature melting curves and suggests that the

large « value observed is unlikely to be caused by residual structures in the unfolded
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state of ubiquitin.

Dependence of T,, on crowder size and structure. According to excluded volume
models [26, 29, 285, 286, 287, 288], destabilization of the unfolded state of proteins
by crowding is a consequence of reduction of the space available to the polypeptide
chain, as confinement effectively eliminates conformations whose radii of gyration
are larger than the size of the confining space. The radius of the most probable
spherical volume that is void of crowders in a solution at a volume fraction ¢ of
crowders is given by (47/3¢)Y/3 R, [29]. Thus, there should be a functional dependence
of the destabilization of the unfolded state on the size of the crowder as predicted
by Eq. 6.1. For example, using the experimentally determined hydrodynamic radii
[307] of dextran 70 (R. pro = 6.49 nm) and dextran 40 (R, ps = 4.78 nm), and an
exponent « = 3.75, the ratio of AT, pao/AT . pro ~ (Repro/Re.pao)® is estimated to
be about 3.1. Similarly, using the hydrodynamic radius of dextran 10 kDa (R, p1g =
1.86 nm) [307], one predicts that AT, p1o/AT, pro is about 108 for o = 3.75 and
about 8 for a = 1.67. Though the constant of proportionality in Eq. 6.1, which
is equal to the inverse of the entropy of unfolding will lower the calculated ratios
somewhat, the data clearly do not support such a strong dependence for ubiquitin.
As a matter of fact, the ratio is found to be close to unity (Table 6.1). Such a
stark difference between theoretical prediction and experiment cannot be attributed

to experimental uncertainty, but must arise from other reasons. Similarly, other
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experimental studies have also found either no [271] or a weak [272, 277] dependence
of the thermal stability of proteins on the crowder size. The origin of the observed
discrepancy may be because when mapping a given crowded solution onto a spherical
cavity via (47/3¢)'/3R., void formation due to density fluctuations in the crowded
solution is not taken into account. In other words, protein conformations with R, > R
are strictly not allowed according to such mapping relationship, but they could exist
in a real crowded solution which is subject to density fluctuations. Interestingly,
the probability of void formation has been shown to be a function of the number
density (p.) of the crowder, i.e., (1 — ¢)/p. [236]. Alternatively, these findings may
not indicate a failure of the theory, but rather suggest that picturing the crowder
molecule as a hard sphere of a given radius and the polymer solution as a suspension
of hard spheres is an oversimplification. In particular, it seems that the effective
"crowding radii” of dextrans of different molecular weights are not as different as
one might expect based on their hydrodynamic radii, at least for proteins that have
a similar size to ubiquitin. For example, it is well known that dextran and ficoll
polymers undergo compression as concentration is increased [308, 245, 309]. At high
concentrations, the degree of compression was found to be dependent on molecular
weight [308], providing a possible explanation for the observed insensitivity of AT,
on dextran molecular weight. Taken together, our results highlight the need for

experimental and theoretical efforts to gain a more detailed picture of the microscopic
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structure and dynamics of these polymer solutions. Moreover, numerous experimental
studies have compared the efficacy of various polymers as a crowding agent [267,
272, 273, 274, 277]. For example, previous studies have found that dextran 70 is
more effective than ficoll 70 in stabilizing the folded state of proteins [272, 273, 277].
As shown (Table 6.1 and Fig. 6.3), our results are in agreement with this finding.
Though the most probably geometric shapes of either dextran 70 or ficoll 70 are
not definitely determined experimentally, it is typically postulated that dextran 70
assumes a rodlike shape whereas ficoll 70 has a spherelike geometry [277]. Thus, under
identical solution conditions dextran 70 should exert a larger confinement effect to
the unfolded polypeptide chain than ficoll 70, because according to the excluded-
volume theory the size of the most probable interstitial space found between rod-
shaped objects is smaller than that created by spherical particles of similar molecular

weight [285].

6.3 Conclusions

In summary, we demonstrated the power-law dependence of the thermal melting
temperature of ubiquitin on the crowder volume fraction, a theoretical prediction that
has not been experimentally verified. The exponent « of the power-law was found to
be in the range of 4.1-6.5 for both dextran and ficoll polymers. This result suggests,

as previously proposed, that the effect of macromolecular crowding on protein folding
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stability can be modeled by confinement of the protein of interest to a spherical
cavity [29]. However, in contrast to theoretical prediction, but in agreement with
other experimental studies [271, 272, 277|, we found that the stabilization arising
from crowding shows a weak, if any, dependence on the size of the crowding agents
used in the current study. Taken together, these findings suggest that the microscopic
compartmentalization of these polymer solutions is different from what is expected
based on the hydrodynamic radii of the crowders and underscore the need for further

improvement of existing crowding theories.

6.4 Materials and Methods

Materials. All materials were used as received. D,O (D, 99.96%) and deuterium chlo-
ride (D, 99.5%) were purchased from Cambridge Isotope Laboratories (Andover, MA),
6-kDa and 40-kDa dextrans and bovine ubiquitin were obtained from Sigma-Aldrich
(St. Louis, MO), 68-kDa dextran was obtained from Fisher Scientific (Pittsburg, PA).
Ficoll was purchased from GE Healthcare Biosciences (Piscataway, NJ).

Sample preparation. The T, of ubiquitin at pH > 4 is higher than 90 °C [302].
Therefore, all experiments were performed at pH* 1. This pH condition was chosen
because it is known to effectively decrease the thermal stability of ubiquitin without
inducing any structural changes to the folded state [304]. An appropriate amount of

crowding agent was weighed out on an analytical balance (Denver Instrument, M-220,
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Bohemia, NY) and dissolved in an appropriate amount of DCI solution (~125 mM
in D,0), dispensed via a pipette (EP2100-100R, Eppendorf, Hauppauge, NY). The
amount of DCI solution to be added was determined as follows: In separate exper-
iments, 1.0, 1.5, and 2.0 g of crowding agent was added to a 5 mL volumetric flask
(precision £0.02 mL) and the volume of Millipore water needed to get a total volume
of 5 mL was determined via an Eppendorf pipette. The volume of added water was
then subtracted from the total volume of 5 mL to calculate the volume occupancy
of the polymer. The volume fraction of polymer (Vpoymer in %) was then plotted
against the concentration of the polymer (concpoymer int g/L), and the data was fit by
a linear equation, Vpglymer = CONCpolymer - M, Which was used to calculate the amounts
of DCI solution needed to prepare the protein samples. The slopes m were found
to be 0.0651, 0.0633, 0.0632, and 0.0659 for dextran 6, dextran 40, dextran 70, and
ficoll 70, respectively. The polymer solutions were vortexed and sonicated for about
10 min, then added to dry, deuterium exchanged ubiquitin powder. The resultant
protein solution was then vortexed and sonicated for another 5 min before use.
Fourier transform infrared (FTIR) measurements. FTIR spectra were collected

I resolution. The details of

on a Nicolet Magna-IR 860 spectrometer with 2 cm™
the sample cell (56 pm optical pathlength), temperature control, and data acquisi-

tion protocol have been described elsewhere [305]. The corresponding temperature-

dependent FTIR spectra (in the range of 1550-1800 cm™!) obtained under a specific
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solution condition were analyzed using the singular value decomposition (SVD) [306]
function within MATLAB. Based on the absorbance at 1624 cm™!, the reversibility
of the thermally induced unfolding transitions of ubiquitin investigated herein was

estimated to be > 90%.
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Table 6.1: Midpoints (7,,) and widths (W) of the thermal denaturation curves of
ubiquitin obtained under different crowding conditions by fitting the experimental IR
data to Eq. 6.2. The standard deviations for all reported melting temperatures and
widths are estimated to be £1.1 and +0.3 °C, respectively. These estimates are based
on five independent measurements of the denaturation of ubiquitin in dilute aqueous

solution.
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Crowder | Concentration (g/L) | T, (°C) | W (°C)
None 0.0 66.2 4.0
Dextran 6 200 67.9 3.5
Dextran 6 250 71.5 3.8
Dextran 6 300 70.7 3.6
Dextran 6 350 73.3 3.7
Dextran 6 400 73.2 3.9
Dextran 40 200 68.0 3.8
Dextran 40 300 70.9 4.4
Dextran 40 400 4.7 4.3
Dextran 70 200 67.8 3.8
Dextran 70 300 70.3 3.6
Dextran 70 400 73.5 3.5
Ficoll 70 200 67.2 4.0
Ficoll 70 300 67.7 3.3
Ficoll 70 400 69.3 3.6
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Table 6.2: Parameters obtained from fitting the data in Fig. 6.3 to Eq. 6.1, i.e.,
Tu(¢) = T2 4+ C¢*/3, where T¢ is the thermal melting temperature of ubiquitin in
D50O. The standard deviations of the fits were estimated using the jackknife method
(Ref. [310]) and R is the Pearson product moment correlation coefficient.
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Crowder C o R?

Dextran 6 | 48.5£31.5 |41+1.2|0.89

Dextran 40 | 164.0 £43.5 | 6.5+ 0.4 | 1.00

Dextran 70 | 133.7 £48.2 | 6.3 £0.6 | 1.00

Ficoll 70 | 41.6+£36.7 | 5.9£2.3 | 0.98
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Figure 6.1: Temperature dependent FTIR spectra (a) and difference FTIR spectra
(b) of ubiquitin at pH* 1 in DyO. The lowest and highest temperatures in this case
were 1.6 and 82.6 °C, respectively.
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Figure 6.2: Thermal melting curves of ubiquitin constructed from the normalized
second-component coefficients obtained by singular value decomposition analysis of
the temperature dependent FTIR spectra of ubiquitin under different solution con-
ditions, as indicated. The data points below 30 °C are not shown for clarity. Lines
are fits of these data to Eq. 6.2 and the resultant fitting parameters are listed in
Table 6.1.
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Figure 6.3: Thermal melting temperature (7),,) of ubiquitin as a function of the
volume fraction (¢) of different crowding agents, as indicted. Lines are fits of these
data to Eq. 6.1, i.e., T),(¢) = T¢ + C¢*/3, and the resultant fitting parameters are
listed in Table 6.2. The standard deviations of the data points were assumed to be
the same as those for the melting temperature in dilute solution (see Table 6.1.).
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7.1 Introduction

Forming the starting point of any protein folding reaction, the denatured state is
an integral part of the protein folding problem. The detailed characterization of its
physical properties, however, remains a formidable experimental challenge, mainly
due to the small population of protein in the denatured state under native condi-
tions and its high degree of structural heterogeneity. In addition to its relevance
in the folding problem, knowledge of the physical properties of the unstructured
polypeptide is vitally important in elucidating the structure-function relationship of
intrinsically disordered proteins. In recent years, single-molecule fluorescence en-
ergy transfer spectroscopy has emerged as a popular technique for the study of
denatured states [311, 312, 313, 314, 315, 316] as the spectroscopic observables of
the folded and unfolded state populations are frequently separated in these exper-
iments, even under native or near-native conditions. However, providing limited
structural information, fluorescence techniques largely rely on polymer models for
the extraction of structural information of the denatured state. To this end, the
freely-jointed chain model [33] has found widespread application to obtain physi-
cal properties, such as radius of gyration and chain stiffness from single-molecule
measurements (313, 314, 315, 316]. However, doubt exists about the validity of
this analysis as the freely-jointed chain model neglects self-exclusion of the polypep-

tide. For example, a large body of work on peptides with low-complexity sequences,
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where intrachain energy transfer efficiencies and/or intrachain diffusion rates were
measured [317, 318, 319, 320, 321, 322, 323, 324, 325, 326], shows that unstruc-
tured polypeptide chains frequently deviate from freely-jointed chain behavior even
for long chains with N > 20 peptide bonds, indicating that excluded volume ef-
fects are typically non-negligible. This view is supported by extensive small-angle
x-ray scattering studies [327], which demonstrated that chemically unfolded pro-
teins follow apparent random coil behavior with R, ~ N°® where R, is the ra-
dius of gyration and N is the number of monomers in the chain. Moreover, for
short polypeptide chains with a number of N = 3 — 20 peptide bonds, studies
showed that correlations in the propagation direction of bond vectors are significant
[317, 318, 319, 320, 321, 194, 328, 322, 323, 324, 325, 326]. In many of these studies,
the Kratky-Porod chain [34], which takes into account this correlation, was therefore
found to provide an adequate description of the data. However, with a few exceptions
(194, 328] all these studies employed peptides with sequences of low complexity, e.g
poly(GlySer), poly(Gln), poly(AlaGlyGln) etc. Some of these sequences were found
to be stiffer than what would be expected on theoretical grounds or compared to
other experimental findings on peptides with simple sequences. These observations
were attributed to specific interactions between side chains of neighboring amino acids
(320, 325]. These findings, however, raise the question, if the results for peptides with

low-complexity sequences are biased and thus not necessarily transferable to natural
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peptides or proteins [329]. Here, using a 29-residue peptide, which is unstructured by
design, we characterized its conformational distribution by measuring energy trans-
fer efficiencies between 7 different monomer pairs under mild denaturing conditions.
The peptide has a complex sequence and is thus a good model for natural unstruc-
tured proteins and peptides. In agreement with previous studies, we find that due
to correlations between bond vectors, the freely-jointed chain model does not provide
an adequate description of the polypeptide on this lengthscale. In agreement with
previous studies [319, 194, 328, 322, 324, 325, 326], we found that the Kratky-Porod
model gives a physically reasonable description of the polypeptide with a persistence
length of ~ 4.2 A. Comparison of the measured transfer efficiencies with a random coil
model [330] showed that the polymer conformation is somewhat more compact com-
pared to the model’s prediction. This observation indicates that long-range attactive
interactions might be dominant, giving rise to a relatively short apparent measured

persistence length.

7.2 Results

Peptide design and properties. A short, water-soluble peptide with low secondary
structure propensity consisting of randomly chosen polar (P) and nonpolar (H) amino
acids was designed as follows: A pattern of 27 residues, which was taken from simula-

tions by Yue and Dill [331] formed the starting point of our design strategy. We then
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strategically position tryptophan and phenylalanine residues within this HP pattern
so that the conformational distribution of the polypeptide chain can later be deter-
mined via energy transfer between p-cyanophenylalanine and tryptophan [194]. We
randomly filled in the remaining sites in the pattern with polar and nonpolar residues,
excluding amino acids that are known to be quenchers of p-cyanophenylalanine flu-
orescence [193, 332]. Amino acids were categorized as polar and nonpolar according
to the scale of Kyte and Doolittle [333]. Two lysine residues were added at the C-
terminal end to ensure solubility. The resulting 29-resiude peptide has the sequence:
FDTGF-LAFTI-KPWTS-DATFV-EFRRG-FGKK-NH,. Six different versions of
the peptide were synthesized, in each version a single phenylalanine residue (bold
letters) was replaced by Phecy. In the following, we will refer to the peptides as
PepCN1, PepCNb5, PepCNS8, PepCN19, PepCN22 and PepCN26, where the num-
ber indicates to the position of the Phecy label in the sequence. In addition, we
synthesized a peptide of the sequence: FonDTGF-LAFTI-KPFTS-DATFV-EFRRG-
FGKKW-NH;, where the tryptophan at position 13 was mutated to phenylalanine
and an additional tryptophan residue was placed at the C-terminus, allowing the de-
termination of the end-to-end distance of the peptide. This version will be referred
to as PepE. As shown in Fig. 7.1, hydrophobic and hydrophilic residues as well as
the charged residues are fairly evenly distributed along the generated sequence. The

mean hydrophobicity of the sequence is -0.3, indicating that the peptide more hy-
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drophilic than hydrophobic according to this scale. As shown in Fig. 7.2, the CD
spectra of the peptide in aqueous phosphate buffer at pH 3 confirm the absence of
any appreciable secondary structure.

Farster energy transfer measurements. As shown in Fig. 7.3, the fluorescence of
the Phecy residues in the six peptides is quenched to different extent, depending on
the proximity of a residue to tryptophan. In order to analyze the observed quenching
quantitatively, we deconvoluted the spectra by fitting the sum of the fluorescence
spectra of a reference peptide, GKFcnTV, and of free tryptophan to the fluorescence
spectra of the peptides, varying only the magnitudes of the GKFoyTV and trypto-
phan spectra, as well as a factor that shifts the tryptophan spectrum by < 3 nm.
As shown in Fig. 7.4, the recovered normalized integrated areas of Phecy/Trp in-
crease/decrease with increasing peptide bond separation. The fairly smooth variation
with peptide bond separation is not necessarily expected as the sequence composition
of the chain segments of the heteropolymer across which the energy transfer takes
place varies greatly. Based on the ratios of the integrated Phecy fluorescence of each
peptide to that of the GKFonTV reference peptide, the efficiency of energy transfer

can further be calculated by

I eptide
<E>:1_&td (7.1)
Iref

Although the transfer efficiencies exhibit minor deviations from a monotonic decrease

with peptide bond separation (Table 7.1), with exception of PepE (vide infra), there
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is a strong correlation (R?=0.85) between transfer efficiency and peptide bond sepa-
ration. Thus, an attempt to describe the polymer chain by a simple polymer model
seems to be justified. In the following, we will investigate the following questions:
(1) To what extent can the energy transfer efficiencies described by various polymer
models? (2) What are the possible origins of the deviations of the efficiencies from
such models?

Relationship between energy transfer and polymer models. The measured efficiency
of energy transfer, (E), between donor and acceptor molecules are related to the

distance distribution, P(r), between the molecules, i.e.

(E)=1— <ﬁ> - /Ooo ﬁP(r)dr (7.2)

In the present case, where donor and acceptor are attached to a flexible polymer chain,
the distance distribution between them is determined by the sequence separation of
donor and acceptor, the intrinsic polypeptide properties and the complex interplay
between the properties of the polymer and those of the solvent. Intrapolymer in-
teractions are typically partitioned into local and nonlocal interactions, where local
interactions describe steric repulsion between neighboring monomers in the polymer
chain, i.e. those interactions measure the stiffness of the polymer chain [33, 330]. Non-
local interactions refer to repulsive or attractive interaction between monomers that
are distant in sequence space. The repulsive or attractive nature of those interactions

critically depends on the solvent properties in relation to those of the polymer. Under
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conditions in which solvent-polymer interactions are stronger than intra-polymer in-
teractions, monomer-monomer interactions are repulsive in nature (excluded volume
effect). Such a solvent is referred to as a good solvent for the polymer [33, 330].
In the case of polypeptides, good solvents are aqueous solutions of urea or guani-
dine hydrochloride or alcohols [334]. In the case where intra-polymer interactions are
stronger than polymer-solvent interactions, a description of a heteropolymers dimen-
sions in terms of a theoretical model is formidable as those depend on the relative
strength of the intra-polymer interactions. In the simplest case, solvent-polymer
and nonlocal interactions are completely neglected. In this case, the polymers prop-
erties are solely determined by local interactions, i.e. the intrinsic stiffness of the
chain. Two popular models that describe such a scenario are the freely-jointed chain
model [33] and Kratky-Porod (worm-like) chain model [330]. Obviously, neglecting
polymer-solvent interactions is unrealistic, however, apparent ideal (freely-jointed)
chain behavior is observed under ©-conditions, i.e. under conditions where the ex-
cluded volume interactions are compensated for to the second order by intra-polymer
attractive forces [33, 330]. Water is typically considered to be a poor solvent for
foldable proteins, providing a driving force for collapse. However, in the present case,
for the purpose of limiting diffusion enhance FRET [335], the experiments where
carried out in a 90%/10% (v/v) mixture of 1,2-propandediol (propylene glycol) and

water. The dielectric constant of 1,2,-propanediol is significantly smaller than that
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of water, thus the tendency to form hydrophobic contacts is substantially reduced in
this solvent compared to water. Furthermore, according to the criteria of Kyte and
Doolittle [333], the sequence of the present peptide is hydrophilic, while the charges
are fairly evenly distributed along the sequence (Fig. 7.1). As judged by CD, there is
no secondary structure present in the peptide (Fig. 7.2) in aqueous medium. These
observations suggest that it is not unreasonable to characterize the current conditions
as good or near O-conditions for the peptide under investigation. However, as judged
from the CD spectrum, we note that the 1,2-propanediol /water mixture induces sec-
ondary structure formation in the peptide (data not shown) with a helical content of
roughly 30-35%.

Freely-jointed chain. Assuming ©-conditions, a polymer chain may be described
as a freely-jointed chain [33, 330], whose end-to-end distribution function is Gaussian,

i.e.

. 3\ 31
Po) =i (i) e (57 ) )

()" = N2 (7.4)

Here, <7’2>1/ 2, b and N are the mean root mean square distance between donor and
acceptor, the Kuhn length and the number of peptide bonds separating donor and
acceptor, respectively. This model provides a coarse-grained description of the poly-
mer with contour length [. in terms of uncorrelated (freely-jointed) bonds of length

b, provided that the [, > b. Though the freely-jointed chain model neglects excluded
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volume interactions, the model was found to provide an appropriate description in a
number of cases [313, 314, 315, 316]. As shown in Fig. 7.5, a fit of Eqs. 7.2 and 7.3 to
the observed transfer efficiencies provides a poor description of the data. In particu-
lar, the value for PepE drastically deviates from Gaussian behavior. It is also evident
that the transfer efficiency for the PepCN1 (N = 12) peptide is significantly higher
than what would be expected based on the value for PepCN26 (N = 13). Though
these observations might be due to intrinsic polymer properties of the sequence, we
note that in both PepE and PepCN1, the Phecy label is at the N-terminal. Though
the protonation state of the N-terminal is expected to only marginally to moder-
ately affect the quantum efficiency of Phecy [332, 193, 192], we suspected that a
modulation of the quantum efficiency might be the origin of the systematic positive
deviations of the transfer efficiencies. Thus, we synthesized a version of PepCN1, de-
noted PepCN1y3r in which the tryptophan residue was mutated to phenylalanine.
Indeed, we found that the integrated area of the PepCNlwisr fluorescence is 36%
lower than that of the GKFonTV peptide. Moreover, in aqueous solvent, the fluores-
cence spectrum of PepCN1w3r exhibits a pronounced shoulder on the red side of the
major peak (Fig. 7.6). This shoulder is also present when the peptide is dissolved in
the 1,2-propandediol /water mixture, but it is less pronounced in that solvent. The
fluorescence excitation spectrum confirms that the shoulder does not arise from a

possible contamination of the sample with tryptophan (Fig. 7.6). At this time, we do
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not know the origin of this feature in the fluorescence spectrum. Using PepCN1w3p
as a reference for the PepCN1 and PepE peptides, the energy transfer efficiencies were
found to be 0.472 and 0.293, respectively (Table 7.1, values in parentheses). Fitting
the freely-jointed chain model to all seven transfer efficiencies provides a value of 5.5
A for b. The description of the data seems to be satisfactory, showing only small
deviations from the fit (Fig 7.7).

Kratky-Porod chain. An alternative description of the distance distribution be-
tween points on a polymer chain is given by the Kratky-Porod (worm-like chain)
model [34, 330]. Unlike the freely-jointed chain model, where there is no correlation
between the orientations of Kuhn segments, the Kratky-Porod chain takes into ac-
count correlations between bond vectors. In the framework of this model, the strength
of this correlation is measured by the persistence length /,,. For the asymptotic limit,
l./l, > 10, Gobush et al. [336] derived the following expression for the distance dis-

tribution:

3\ 312
2 _
P(r) = 4nr (47Tlplc> exp < 4lclp> X

( Sl, 2r* 33 TOL 32007, 67990 344175 1089r° >(7 5)

1— 24 =
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C
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Here, I = Na is the contour length and [, is the persistence length of the polymer,
which provides a measure of the stiffness of the polypeptide chain. The constant a

is the bond length, which is 3.8 A in the case of peptides. The Kuhn length is twice

the persistence length, i.e. b = 2[,. A fit of Egs. 7.2 and 7.5 to all seven data points
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results in a persistence length of 4.2 A (Fig. 7.7).

Excluded-volume chain. As discussed earlier, both the freely-jointed and Kratky-
Porod chain models neglect volume exclusion of the polymer [330]. However, a large
number of studies, using intrinsic viscosity measurements [337], measurements of hy-
drodynamic radii [338, 339] small-angle neutron and x-ray scattering studies [327],
suggest that a large number of chemically denaturants provide good solvent condi-
tions for polypeptide chains, i.e. conditions in which solvent-polymer interactions
are stronger than intra-polymer interactions. Thus, a model for a volume excluded
random coil polymer under good solvent conditions may be more appropriate for the
description of the conformational distribution. According to the scaling laws of poly-
mer physics, the probability distribution of the length of the vector connecting the

two ends of a random coil polymer is given by [330]

1

P(R) = <

R/X) (7.6)

X is related to the mean-square distance between the termini

2
x = [ (7.7)
3
and (R?) scales according to
(B = o (7.)

where ¢ is a constant, N is the number of peptide bonds and v is the Flory coefficient.
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Defining y = R/X and s = Ry/X, Eq. 7.2 may be written as

6

—1—/ 4y f (y) ﬁ—l—sﬁdy (7.9)
The function f(y) may be approximated by the interpolation function [330]
f(y) = fiy’exp [=Dy"/ = (7.10)
where § = (y — 1)/v and D and f; are respectively given by
b [(4=5v+6-vo) 1/2(1-v) 711)
32— 30+ 60— o) '
1 (24v)/2
1 (4 —5v+6—v0)!
f = {3 } (7.12)

Ar(1=v) [(2—v+ 60— ve) P2

A value of 1.1615 was assumed for v [330]. Eq. 7.9 was derived under the assumption
that donor and acceptor are attached to the ends of the polymer chain. As this is not
the case in our study, application of Eq. 7.9 for the analysis of the measured transfer
efficiencies in the present case needs to be justified. In particular, previous lattice
simulation studies found that the end-to-end distance of a subchain with a number of
Y bonds of a chain of length /N, exhibits an increased end-to-end distance compared to
a chain of length Y [340]. This swelling of a subchain is dependent on the position of
the segment in the chain, being most pronounced when the segment is symmetrically
positioned in the center of the chain of length N. Thus, no single set of parameters ¢
and v are expected to describe the end-to-end distance of different subchains according

to Eq. 7.8. To estimate to what extent the swelling of subchains occurs in the present
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case, we performed self-avoiding walk simulations on a cubic lattice employing the
Rosenbluth sampling scheme [341]. The mean square distance between donor and
accpetor positions of the six subchains of the N = 28 self-avoiding walk are compared
to the end-to-end distance of the walks of a length corresponding to the length of the
respective subchain. As shown in Table 7.2, the mean square monomer-to-monomer
distances of the subchains are indeed larger than the end-to-end distances of the
corresponding chain. However, with exception of the first subchain, all subchains
show a fairly consistent swelling of 10%. Fitting the mean square distances of the
subchains to Eq. 7.8 a very good fit with ¢> = 1.2 and 2v = 1.17. Based on these
results, we feel that in the present case, it is justified to use Eq. 7.9 for the analysis of
the measured energy transfer efficiencies between monomers within the chain, though
the shape of the distributions might deviate somewhat from Eq. 7.10 [342]. Indeed,
fitting Eq. 7.9 (Fig. 7.7) to all seven measured transfer efficiencies provides a fitting

parameter of ¢ = 4.6 A, where a value of v = 0.588 was assumed [327].

7.3 Discussion

As evident from Fig. 7.2, both the freely-jointed chain model as well as the Kratky-
Porod model provide reasonable fits to the measured energy transfer efficiencies. How-
ever, whereas the Kuhn statistical segment length, b, was found to be 5.5 A by fitting

the freely-jointed model to the data, a fit of the Kratky-Porod model provides an
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apparent persistence length of 4.2 A, implying b = 2l, = 84 A. This stark dis-
agreement between the estimated lengths for the Kuhn statistical segment raises the
question, which, if any, of the models provides a realistic value. While the value for
the persistence length derived from the Kratky-Porod model falls into the range of
previously reported values of 4-13 A [318, 319, 320, 194, 328, 322, 324, 325, 326, the
value derived from the freely-jointed chain model (I, = b/2 = 2.25 A) is clearly too
small (shorter than a peptide bond length). Thus, we conclude that a polypeptide
does not behave as a freely-jointed chain on the lengthscales (N = 5 — 28) consid-
ered in this work. This conclusion is supported by a large number of studies, where
the loop closure kinetics of polypeptides with low-complexity sequences were studied
[317, 318, 319, 320, 321, 322, 324, 325, 326]. For example, Kiethaber and coworkers
found that poly(Gly-Ser) chains behave as random coils for N > 20 [320]. Similarly,
Eaton and coworkers showed that the Kratky-Porod chain, but not the freely-jointed
chain model, appropriately describes their measured end-to-end diffusion rates of
Cys-(Ala-Gly-Gln),; Trp (j =1 —6) [319, 322]. However, the question arises how well
the Kratky-Porod chain describes the conformational behavior of a polypeptide with
a more complex sequence, like the one considered in this work. For comparison to
previous work, the persistence length may be converted into an alternative measure

of chain stiffness, i.e. the asymptotic value of Flory’s characteristic ratio, which is
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given by

Coo = =2 (7.13)

Using Eq. 7.14, the characteristic ratio based on the Kratky-Porod model is ~ 2.2.
Theoretical considerations and experimental observations estimate for polyglycine
Cs ~ 2, and C4 ~ 9 for all other amino acids, with the exception of proline, for which
Cs ~ 100 [343, 344]. For a polypeptide chain with a content of 10% glycine, Miller
et al. predicted Cy, ~ 6.8 [345]. For the Cys-(Ala-Gly-Gln),; Trp peptide, Lapidus et
al. found an apparent Cy, ~ 3.4, [319] which is closer to our value. Discrepancy be-
tween different estimates might arise from different experimental conditions: Within
the framework of the theory, the persistence length parameter arises only from local
interactions, i.e. covalent chemical bonding and rotational potentials around bonds,
which include steric effects between neighboring monomers. According to the theory,
it is only those effects, together with the chain length that determine the average
distance between two points of the chain and thus the experimental observable (e.g.
(E)). However, experimentally, this is only the case under ©-conditions [344]. If the
solvent is a poor solvent, long-range attractive intrapolymer interactions give rise to
a collapse of chain and thus an apparent lowering of the apparent persistence length.
If the solvent is a good solvent, excluded volume effects give rise to a swelling of the
polymer and therefore increase the apparent persistence length. This behavior was

clearly shown in recent experiments by Schuler and coworkers, who showed that the
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apparent persistence length of the small cold shock protein CspTm varies from 3.9 A
to 11 A when going from 0 M GndHCI to 8 M GndHCI [313]. The groups of Kiethaber
and Eaton observed the opposite effect for low complexity sequences that lack hy-
drophobic side chains, i.e. the persistence length tends to decrease with increasing
concentration of denaturant [320, 321, 322]. This observation was attributed to in-
teractions between side chains of neighboring residues, which are suppressed at high
concentrations of denaturant, thus making the chain more flexible. It is interesting to
compare the current results with those of Nau and coworkers [346], who measured the
persistence length of poly(GlySer) peptides under similar solvent conditions (100%
1,2-propandiol) as ours. The recover persistence length is on the order of ~ 10 A.
Similarly, Lapidus and coworkers found a persistence length of ~ 13 A for polyglu-
tamine peptides [325]. The fact that the apparent persistence length measured for the
peptide under investigation here is significantly smaller than that for the poly(GlySer)
peptide is not necessarily due to poor solvent conditions which would give rise to a
compact chain dimensions, but rather a reflection of the specific interactions that are
present in poly(GlySer). For example, kinetic studies of Krieger et al. showed that
poly(GlySer) in aqueous solution are significantly stiffer than the theoretically pre-
dicted value of ~ 5.7 A [343]. Zhou showed that the end-to-end distributions of loops
in proteins can be modeled by a Kratky-Porod chain with a persistence length of 3 A

[347]. However, our value of 4.2 A reflects the presence of long-range interactions as
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evidenced by the CD spectrum of the peptide in 1,2-propanediole (data not shown),
which indicates a helical content of about 30-35% under these conditions. Under such
conditions, the polypeptide could adopt a compact and/or molten globule like confor-
mation [348]. If this is the case, a description with a simple excluded volume model
should fail. As seen in Fig. 7.7, such a model indeed provides poor description of the
data. Flory’s exponent v in Eq. 7.8 indicates how the root mean square end-to-end
distance varies with chain length N. Under poor solvent conditions v < 1/2, under
©-conditions ¥ = 1/2, and under good solvent conditions, v ~ 5/3. Thus, provided
the Flory exponent can be measured, it will provide information about the solvent
conditions. Though, we have no means in our laboratory to measure this quantity
independently, fitting the excluded volume model to the measured FERT efficiencies,
provides some insight into the conformational distribution of the peptide under the
current solvent conditions. The excluded volume model described above was derived
for good solvent conditions. Thus, the model should provide a reasonable description
if v ~ 5/3. Furthermore, the model is only valid in the limit of large N, i.e. aN > [,.
In the present case, the shortest sequence distance between donor and acceptor is
aN = 19 A, suggesting that the aN > l, case applies here. Interestingly, a fit of
the model to the data provides results in ¢ = 4.6 A, where v = 0.588 was set to the

value determined by Kohn et al. [327]. Using this value, together with the parameter
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g =4.6 A, we calculated the radius of gyration of the peptide by

L2 R
(R2)" = 5 (B2 (7.14)

where the constant R is close to unity [330]. It is R, = 13.3 A. This is an interesting
result as the relation given by Kohn et al. [327] predicts a value of 14.1 A. However,
as can be seen from Fig. 7.7, this fit is comparatively poor, but still acceptable.
Taken together, these results indicate that the peptide is somewhat more collapsed
than what would be expected for a volume excluded random coil, consistent with
the CD spectrum under these conditions (not shown), which indicates the presence
of helical structure. Thus the apparent persistence length recovered from fitting the
Kratky-Porod chain reflects the presence of this helical structure, which gives rise to a
more compact state. However, its value depends on the assumption that Eq. 7.5 also
applies to l./l, ~ 4.5, which is not necessarily the case and the usage of a switching

function [349] might be more appropriate.

7.4 Materials and Methods

Materials. Natural Fmoc-protected amino acids were purchased from Advaned Chem-
Tech (Louisville, KY) and Fmoc-Phecy was obtained from Bachem (Torrance, CA).
Millipore water (Billerica, MA) was used to prepare aqueous solutions. 1,2-propane-
diol (Acros Organics, 99% p.a.) was obtained from Fisher Scientific. Peptides were

synthesized using the standard Fmoc-protocol employing Rink resin. All peptide sam-
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ples were purified to homogeneity by reverse-phase chromatography and characterized
by mass-spectrometry. Following purification, peptides solutions were lyophilized and
subsequently re-dissolved in 20 mM phosophate buffer at pH 3.0 or in a mixture of
10% water and 90% 1,2-propandediol (v/v) for spectroscopic measurements.

Absorption measurements. The concentrations of the peptides were determined
optically via the sample absorbance at 280 nm, which was measured on a PerkinElmer
Lambda 25 UV-Vis spectrometer (Fremont, CA). The molar absorption coefficients
of tryptophan and p-cyanophenylalanine are €sgonm = 5500 M~ ecm™ and €ss0nm =
850 M~! em™! [194], respectively.

Fluorescence and circular dichroism spectroscopy. The fluorescence spectra were
obtained at 20 °C on a Fluorolog 3.10 spectrofluorometer (Jobin Yvon Horiba, Edison,
NJ) with a 1 cm quartz sample holder. Temperature was regulated using a TLC 50
Peltier temperature controller (Quantum Northwest, Spokane, WA). An integration
time of 2.0 s/nm was used in all measurements. The concentrations of all samples
were ~ 20 pM. The peptide solutions were stirred during measurements using a
magnetic stirrer to avoid photo-bleaching. The far-UV circular dichroism spectrum of
PepCN5 was measured on Aviv Model 410 instrument (Aviv Biomedical, Lakewood,
NJ) using a 1 mm cuvette at 20 °C. The peptide concentration was ~ 20 uM for all
measurements.

Determination of the Forster radius. The Forster radius of the Phecy-Trp chro-
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mophore pair in a mixture of 10% water and 90% 1,2-propandediol (v/v) was deter-

mined according to [350]

9000(In10)x?
= ( : 2(815 ]3’;4%) J(\) (7.15)

k%, Qp, n, and J(\) are the orientation factor, quantum yield, refractive index of the

solvent and overlap integral, respectively. The overlap integral is defined as
J(\) = / Fo(\)ea(A)XdA (7.16)
0

where Fp and e4(\) are the peak-normalized emission spectrum of the donor and
the molar absorption coefficient of the acceptor, respectively. The quantum yield of

Phecy was calculated according to

]I AT@ 2
D, = Byt el a 1gA0D/2 (7.17)
]Tef Aw nref

where [ and A represent the integrated fluorescence intensity and absorbance of Phecy
at 280 nm, respectively. The quantum yield of Phecy in water (®,.; = 0.11) served
as a reference [192]. The last factor in Eq. 7.17 is the "inner-filter” correction factor
[351]. The orientation factor was assumed to be equal to 2/3 and the refractive index
assumed to be 1.42 for the solvent mixture and 1.333 for water. &, was found to
be 0.13, slightly larger than what would be expected based on previous results [192].
However, these small differences as well as assuming a refractive index of 1.42 for the
solvent mixture affect the calculated Forster radius by less than half an angstrom,

which was found to be about 17 A.
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Table 7.1: Calculated FRET efficiencies, (F), (standard deviation= 4+0.032) accord-
ing to Eq. 7.1 using GKFoNTV fluorescence as a reference. Values in parentheses were
determined using the PepCN1yi3r peptide as a reference (see discussion in text). N
is the number of peptide bonds separating donor and acceptor.
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Peptide | N (E)
PepCNS8 | 5 0.760
PepCN19 | 6 0.830
PepCN5 | 8 0.661
PepCN22 | 9 0.667
PepCN1 | 12 | 0.641 (0.472)
PepCN26 | 13 0.471
PepE | 29 | 0.518 (0.292)
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Table 7.2: Comparison of the mean square distance, (r?), of subchains of length N for
a self-avoiding walk of 28 links to the mean square end-to-end distance, (R?), of walks
of length N. The end positions of the subchains in the chain of 28 links correspond
to the positions of Phecy and Trp in the first six peptides listed in Table 7.1.
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Number of links, N

(r?) for subchain of length N

(R?) for chain of length N

5

6

12

13

8.01

9.97

14.26

16.44

22.18

25.24

7.19

9.07

12.86

14.84

21.01

23.14
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Figure 7.1: Hydrophobicity and charge plot for of the designed sequence.
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Figure 7.2: CD spectrum of PepCN5 in 20 mM phosphate buffer at pH 3.0 and 20 °C.
The concentration of the sample was ~ 31 M.
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Figure 7.3: Fluorescence spectra of the peptides in a mixture of 10% water and 90%
1,2-propandediol. \., = 240 nm. The concentrations of all samples was ~ 20 pM.
Each spectrum is corrected for its respective sample OD at 280 nm.
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Figure 7.4: Normalized integrated areas of Phecy fluorescence (A), Trp fluorescence
(O), and their ratios ().
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Figure 7.5: Calculated efficiencies, (E), (based on Eq. 7.1 and GKFcNTV peptide
fluorescence as a reference) as a function of peptide bond separation. The curve is a
fit to the freely-jointed chain model.
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Figure 7.6: Peak normalized fluorescence spectra of the GKFonyTV (black) and
the PepCN1lwisr (red) peptides in 20 mM phosphate buffer pH 3. The peak ra-
tio GKFcnTV /PepCNlywisr was found to be ~ 4.3 under these conditions. Aex =
240 nm. The fluorescence excitation spectrum of PepCN1y3p is shown in the inset.
Aem = 310 nm.
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Figure 7.7: Freely-jointed (black, dashed line), Kratky-Porod (red, dashed line), and
volume-excluded (blue, solid line) chain models fit to calculated efficiencies, (E). All
(F) were calculated according to Eq. 7.1 using GKFoNTV as a reference, except the
efficiencies corresponding to PepCN1 and PepE, for which the PepCN1wi3r mutant
was used as a reference.
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Chapter 8

5-Cyanotryptophan as an Infrared Probe of Local Hydration Status of

Proteins
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8.1 Introduction

The stretching frequency of a nitrile (C=N) group is sensitive to its environment,
determined jointly by the solvent and the parent molecule [138,; 139, 171, 352, 149,
151, 160, 164, 165, 146, 147]. In addition, the C=N stretching vibration is largely
decoupled from other vibrational modes of biological molecules and thus, has been
used to probe various properties of a wide variety of biological systems. For example,
it has been used to (a) report on the orientation and hydration status of individual
sidechains of a peptide that is bound to lipid membranes [353, 354] or AOT reverse
micelles [355], (b) probe the structure of amyloid fibers [356], (c) examine the binding
of aligand [172] or anesthetic halothane [357, 358] to a protein, (d) probe the dynamics
of an HIV-1 reverse transcriptase inhibitor via two-dimensional infrared spectroscopy
[359], (e) investigate local electric fields in proteins by means of vibrational Stark
spectroscopy [141, 178, 360], and (f) study the local environments of DNA fragments
(177, 361, 362].

For studies involving peptides and/or proteins, a nitrile group is typically intro-
duced by incorporating a nitrile-derivatized amino acid into the targeted polypeptide
sequence using either an in vitro [171, 178] or in vivo synthesis method [172]. So far,
three nitrile-derivatized amino acids, i.e., p-cyanophenylalanine (Phecy) [171, 172],
cyanoalanine [171] and thiocyanatoalanine [178], have been used for this purpose.

However, in light of concerns that substitution of a native residue with a non-native
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amino acid, especially a non-natural amino acid, could lead to undesirable structural
perturbations to the native fold, it would be beneficial to have other nitrile-derivatized
amino acids available to replace a targeted native residue with the respective nitrile-
containing derivative in order to minimize any potential structural perturbations.
Herein, we investigate the potential utility of 5-cyanotryptophan (Trpcy) as an in-
frared reporter of local environment of proteins and/or peptides. Our motives for
choosing this non-natural amino acid include the following: (a) tryptophan (Trp) is
often located at sites that are important for either function or stability of proteins (b)
the Stark spectroscopic study of Boxer and coworkers [141] suggests that the nitrile
group in Trpcny might be a more sensitive reporter of the local electrostatic environ-
ment than those in other nitrile-derivatized amino acids, and (c) the molar absorption
coefficient of the C=N stretching vibration of Trpcy is expected to be about 1.5 times
larger than that of Phecy [141], an added advantage for studies wherein relatively
low peptide/protein concentration is required. Finally, besides its potential useful-
ness as an infrared reporter, Trpon could exhibit interesting fluorescence properties,
akin to its structure analog, 5-hydroxytryptophan [363]. To test the utility of Trpen
as an infrared probe of local environment, we investigate how the C=N stretching
band of the free amino acid changes with solvent and how that of two Trpcn con-
taining mutants of a cationic antimicrobial peptide [364, 365], indolicidin (sequence:

ILPWKWPWWPWRR-NH,), varies in response to the binding of the peptide to
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DPC micelles and POPG lipid bilayers. Our results show that the bandwidth of the
C=N stretching vibration of Trpcy is especially sensitive to the degree of hydration
of the amino acid, thus making it a very attractive infrared probe of local hydration
status. In addition, our results indicate that while the fluorescence quantum yield of
Trpcy is approximately one order of magnitude smaller than that of Trp, rendering it
less useful as a stand-alone fluorescent probe, it can still be used together with Phegy

[191] for florescence energy transfer applications.

8.2 Results and Discussion

5-Cyanoindole and 5-cyanotryptophan. The FTIR spectra of 5-cyanoindole and the
amine protected form of Trpeny (Fmoc-L-Trpey) were measured in HyO, tetrahy-
drotetrahydrofuran (THF) and THF-H;O mixtures. Here, THF was used to mimic
the hydrophobic interior of proteins because its dielectric constant is roughly 10 times
smaller than that of HyO. As shown (Fig. 8.1), the peak position of the C=N stretch-
ing band of 5-cyanoindole in THF is centered at about 2220 cm~!, which is only
about 4 cm™! apart from that in HyO. However, the bandwidth (FWHM) of the
C=N stretching vibration in THF (8.7 cm™') is significantly narrower than that in
H,O (15.6 ecm™). As indicated (Fig. 8.2), the C=N stretching vibration of Fmoc-L-
Trpen shows a similar trend. Moreover, in agreement with the study of Suydam and

Boxer [141], the vibrational transition dipole moment of Fmoc-L-Trpeoy is estimated
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to be a factor of about 1.8 larger than that of Fmoc-L-Phecy [171], calculated using
the integrated areas of the respective C=N stretching bands. Taken together, these
results indicate that the C=N stretching vibration of Trpcy, especially its bandwidth,
is sensitive to solvent and thus, could serve as an infrared reporter of the local hy-
dration status of peptides and proteins. Suydam and Boxer have shown that the
C=N stretching vibration of 5-cyanoindole has a larger Stark tuning rate than that
of p-tolunitrile [141]. Thus, the seemingly low sensitivity of the peak frequency of the
nitrile stretching band of 5-cyanoindole to solvent is somewhat surprising. However,
this finding is consistent with the notion put forward by Webb and Boxer [360], as
well as Cho and coworkers [160, 161] that the Stark tuning rate is not necessarily a
quantitative indicator of how the C=N stretching vibration is affected by changes in
solvation, due to the complexity of the interactions between solvent molecules and the
C=N moiety. For example, Cho and coworkers found that the C=N stretching fre-
quency of cyanomethane (CH3CN) is determined by the precise configuration of water
molecules surrounding the C=N group, namely, a linear arrangement of CH3CN-H,O
(termed o-bonding with nitrogen lone-pair) will result in a blue-shift, whereas inter-
actions of water molecules with the p-orbital of the nitrile moiety (termed 7-bonding)
will lead to a red-shift [160]. In other words, the solvent-induced vibrational fre-
quency shift for aliphatic nitriles is determined by an intricate balance between the

o-bonding and m-bonding interactions. In the present case the indole ring is an ad-
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ditional, and perhaps more important, factor that needs to be considered. As shown
(Fig. 8.1), the bandwidth (FWHM) of the C=N stretching vibration of 5-cyanoindole
in water is about 7 cm~! broader than that of p-tolunitrile [171], indicating that the
structure of the parent molecule is an important determinant of the bandwidth (and
peak frequency) of the C=N stretching vibration. In other words, any interactions
between the parent and solvent molecules that can affect the C=N bond strength
would result in a change in its vibrational frequency. Therefore, it is not surprising
that an indole ring (in 5-cyanoindole and Trpcy), which is large and aromatic and
thus capable of forming various water-indole complexes with different C=N stretch-
ing frequencies, can lead to a broad C=N stretching vibrational band. On the other
hand, a smaller phenyl group (in p-tolunitrile and Phecy) would support a smaller
number of static solute-solvent complexes on the time scale of the C=N stretching
vibration compared to the indole ring, thus a narrower C=N stretching vibrational
band. While a change in the lifetime of the excited vibrational state can also lead
to spectral broadening/narrowing, the reported lifetimes of the first excited state
of the C=N stretching vibration of various nitriles [146, 147] suggest that lifetime
broadening is not a dominating factor in the current case.

Indolicidin. To test the utility of Trpcn as an infrared reporter of local hydration
environment in the context of a biological system, we used it to probe how an indi-

vidual Trp residue in indolicidin changes its hydration status upon peptide binding to



227

micelles or membranes from the aqueous phase. Indolicidin is a Trp rich antimicro-
bial peptide, which is unstructured in aqueous solution but adopts a wedge-shaped
conformation when bound to the membrane-water interface region of DPC micelles
or POPG lipid bilayers [365]. Thus, indolicidin constitutes a good model system
to test the applicability of Trpcy in monitoring changes in local hydration status
at the single-residue level. Specifically, we prepared two indolicidin mutants, namely
Trpl1l/Trpen and Trp9/Trpen, and measured their C=N stretching bands in the pres-
ence or absence of those model membranes. As shown (Fig. 8.3), the C=N stretching
band of Trp9/Trpen in water is very broad (the FWHM is approximately 34 cm™!).
This result is consistent with the aforementioned picture that in aqueous solution
the bandwidth of the C=N stretching vibration of Trpcy is dominated by the mecha-
nism of inhomogeneous broadening and also the fact that the unstructured indolicidin
polypeptide chain molecule can sample a vastly large number of conformations. As
shown (Fig. 8.3), the C=N stretching band of Trp9/Trpcn becomes significantly nar-
rower upon binding to DPC micelles, indicating that the corresponding Trp sidechain
(i.e., Trp9) is less hydrated in the micelle-bound state of indolicidin. Similarly, the
C=N stretching band of Trpl1/Trpcn also indicates that Trpll becomes less exposed
to water upon peptide-micelle association. In fact, the C=N stretching vibrational
bands of the micelle-bound Trp11/Trpcx and Trp9/Trpen are practically superimpos-

able (Fig. 8.4). Taken together, these results indicate that on average Trp9 and Trpl1
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sample a similar environment (in terms of hydration), even though they may show
different orientations with respect to the peptide backbone and depths of membrane
insertion according to molecular dynamics simulations [366, 367]. While it is not a
direct proof, the NMR study by Hancock and coworkers [365], which showed that a
spin label residing mostly at the surface of the DPC micelles reduces the 'H NMR
signal intensity of Trp9 and Trpl1 by 35% and 22%, respectively, is nevertheless con-
sistent with our findings. To verify that the Trp-to-Trpcy mutation does not cause
significant conformational changes of the micelle-bound peptides, we further carried
out CD studies. The CD spectrum of Trpl1/Trpcy in the presence of DPC micelles
(data not shown) shows that the peptide backbone gives rise to a negative CD band
centered at 205 nm, as observed for the wild-type indolicidin [365], suggesting that
the structural perturbation arising from the Trpcy mutation is insignificant. Thus,
given the rather distinct role of Trp in many antimicrobial peptides and membrane
proteins, Trpecny may prove to be a valuable infrared reporter that complements other
probes for studying peptide-membrane interactions. In addition, these results vali-
date the utility of Trpcn as an infrared probe of local hydration status or proteins, a
subject of great importance [368, 356]. It has been shown that indolicidin binds more
strongly to lipid bilayers than to micelles [364, 365]. Thus, we further measured the
C=N stretching bands of both indolicidin mutants in the presence of POPG bilayers

(Fig. 8.3). Indeed, the C=N stretching band of the POPG bilayer-bound peptides
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exhibits a measurable decrease (about 6 cm™!) in its bandwidth compared to DPC.
This result is in agreement with the NMR study indicating that the Trp sidechains
of the membrane-bound peptide are less disordered [365], further underscoring the
sensitivity of the respective infrared probe. Finally, it is worth noting that the C=N
stretching band of these peptides measured in the aforementioned micelle/membrane
environment is broader than that measured in THF, suggesting that the correspond-
ing Trp sidechains still sample a rather heterogeneous environment, consistent with
the fact that the membrane-bound indolicidin molecules lie at the interfacial region of
the membrane and, as a result, the Trp residues are situated in a partially hydrated
and dynamic environment.
5-Cyanotryptophan as a fluorescence quencher of p-cyano-phenylalanine.

5-Hydroxytryptophan, an analog of Trpcn, has been widely used as a fluorescence
probe of protein structure and dynamics. This is because the fluorescence quantum
yield of 5-hydroxytryptophan is higher than that of tryptophan and is also much less
sensitive to solvent polarity [363]. In light of the usefulness of Trpen as an infrared
probe, it would be beneficial to further explore whether this chromophore exhibits
similar fluorescent properties as 5-hydroxytryptophan. To our surprise, the acetylated
and aminated form of Trpcy (i.e., Acetyl-Trpen-NHs) is only weakly fluorescent in
aqueous solution (Fig. 8.5), making it less attractive to be used as a fluorescence

reporter. However, the absorption spectrum of Trpcy overlaps significantly with the
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fluorescence emission spectrum of Phecy (Fig. 8.5), suggesting that it is a viable
candidate to serve as a FRET acceptor to Phecy. Indeed, the fluorescence spectrum
of an amidated tripeptide, Phecn-Ala-Trpen-NHs, shows that the Phecy emission
is almost completely quenched by Trpex (Fig. 8.5). Assuming that the mechanism
of the observed fluorescence quenching can be described within the framework of
Forster theory and that at 280 nm the molar absorptivity of Trpcoyn is equal to that
of Trp, we estimated the Forster radius of this pair to be 17.4 £+ 1.0 A. Previously,
we have shown that Phecy is not only a useful fluorescent probe [191, 369, 370],
but can also be used together with Trp for FRET applications where Trp serves as
the acceptor [191, 195]. Compared to the Pheon-Trp FRET pair, whose fluorescence
spectra overlap, the Phecn-Trpeny FRET system is more convenient to use. This is
because their fluorescence emissions are well separated and thus, in conjunction with
the low fluorescence quantum yield of Trpcy, making the extraction of the donor
fluorescence intensity from a measured FRET spectrum straightforward, a feature

particularly useful in time-resolved FRET measurements.

8.3 Conclusions

In summary, we demonstrate that the C=N stretching vibration of Trpcy is a useful
infrared probe of local environment. Measurements involving binding of indolicidin

to model membranes indicate that the bandwidth of this vibrational mode is partic-
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ularly sensitive to the degree of hydration of the respective Trp sidechains. Thus, we
believe that this infrared reporter is especially useful in probing biological processes,
such as protein folding and binding, wherein a Trp residue is becoming more or less
hydrated. In addition, we show that, similar to the Phegn-Trp FRET pair, Phecn-
Trpen also constitutes a useful fluorescence donor-acceptor pair. The advantage of
the Phecn-Trpen pair is that their fluorescence emissions are well separated, thus
making decomposition of a FRET spectrum into its constituent donor and acceptor

contributions straightforward.

8.4 Materials and Methods

Materials. 5-Cyanoindole (99%) was obtained from Aldrich (St. Louis, MO). Fmoc-
L-Trpen (98%, 99% ee 2S) was purchased from RSP Amino Acids (Shirley, MA).
Chloroform solutions of dodecylphosphocholine (DPC) and the sodium salt of 1-
hexadecanoyl- 2-(9Z-octadecenoyl)- sn-glycero- 3-phospho- (10-sn-glycerol) (POPG)
were purchased form Avanti Polar Lipids (Alabaster, AL). Millipore water was used to
prepare aqueous solutions. Peptides were synthesized using standard Fmoc-protocols
employing Rink resin. All peptide samples were purified to homogeneity by reverse-
phase chromatography and characterized by mass-spectrometry. Following purifica-
tion, peptide solutions were lyophilized and subsequently re-dissolved in H,O and

titrated to pH 7.0. Chloroform solutions of DPC and POPG were dried under a
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stream of nitrogen, followed by dissication under vacuum to remove residual solvent.
Dried DPC or POPG samples were re-dissolved in 20 mM phosphate buffer solution
(pH 7.0) and then sonicated for about 10 min. Lyophilized peptides were then added
to the resultant micelle or vesicle solution, where the total DPC or POPG concentra-
tion was 250 mM. The mixture was further sonicated for about 5 min and then used
in infrared measurements involving micelle- or membrane-bound peptides. The con-
centration of free Trpcy amino acid was estimated by weight, whereas that of the two
indolicidin mutants was determined optically via the sample absorbance at 280 nm,
which was measured on a PerkinElmer Lambda 25 UV-Vis spectrometer (Fremont,
CA). The molar absorption coefficient of Trpcy was assumed to be the same as that
of Trp (i.e., €(280 nm) = 5500 M~! ecm™').

FTIR spectroscopy. FTIR spectra were collected on a Nicolet Magna-IR 860

! resolution. A CaF, sample cell that is divided into two

spectrometer using 1 cm™
compartments using a Teflon spacer (56 pum unless explicitly specified) was employed
to allow the separate measurements of the sample and reference (i.e., buffer) under
identical conditions. The temperature was maintained at 20 °C for all measurements.
To correct for slow instrument drift, an automated translation stage was used to move
both the sample and reference sides in and out of the IR beam alternately, and each

time a single-beam spectrum corresponding to an average of 16 scans was collected.

The final result was usually an average of 64-128 such spectra. The spectra shown
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correspond to the net absorbance of the solutes, which were obtained by subtracting
a linear background in the C=N stretching spectral region.

Fluorescence and circular dichroism measurements. Fluorescence spectra were
obtained at 20 °C on a Fluorolog 3.10 spectrofluorometer (Jobin Yvon Horiba, Edison,
NJ) with a 1 em™! quartz sample holder. Temperature was regulated using a TLC 50
Peltier temperature controller (Quantum Northwest, Spokane, WA). An integration
time of 1.5 s/nm was used in all measurements. Far-UV circular dichroism (CD)

spectra were collected on an Aviv Model 410 CD spectrometer (Aviv Biomedical,

NJ).
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Figure 8.1: C=N stretching bands of 5-cyanoindole in THF and a water/methanol
mixture (95/5, v/v), as indicated.
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Figure 8.2: C=N stretching bands of Fmoc-L-Trpcy in THF and a water/THF mix-
ture (60/40, v/v), as indicated. The concentration of Fmoc-L-Trpeny was estimated
to be 3.3 mM based on weight, and the optical pathlength was about 130 ym. For
easy comparison, the spectrum measured in water/THF mixture has been scaled by
a factor of 1.3.
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Figure 8.3: C=N stretching bands of Trp9/Trpey in THF, water, POPG membranes
and DPC micelles, as indicated. The peptide concentration was about 2 mM in all
solvents, except water and POPG where the concentration was not determined. For
easy comparison, the spectra obtained in water and DPC micelles have been scaled,
by a factor of 2.2 and 0.62, respectively.
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Figure 8.4: Comparison of the C=N stretching bands of Trpll/Trpen (red) and
Trp9/Trpen (blue) in DPC micelles. The Trp9/Trpey data are identical to those
used in Fig. 8.3 and the Trpl1/Trpcn spectrum was scaled by a factor of 1.3.
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Figure 8.5: Absorption spectrum of Ac-Trpen-NHs in water (black), fluorescence
spectrum of an equimolar (~ 20 uM) aqueous solution of Phecy and Ac-Trpen-NHs
(blue), and fluorescence spectrum of Phecn-Ala-Trpen-NHy (red) in water (~ 16 uM).
For fluorescence measurements, the excitation wavelength was 232 nm.
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9.1 Introduction

It is well known that the C=N stretching vibration of a nitrile group is sensitive to
its environment [371, 138, 166, 143]. Thus, several nitrile-derivatized, non-natural
amino acids, including p-cyanophenylalanine, cyanoalanine, and cyanylated cyteine,
have been used as infrared (IR) reporters of local conformation and/or electrostatics
of peptides [171, 353, 355, 358, 357] and proteins [178, 172, 179]. These applications
are primarily based on the premise that the C=N stretching frequency shifts upon a
change in the immediate environment of the corresponding non-natural amino acid.
However, recently we have shown that in the case of 5-cyanotryptophan it is the
bandwidth of the C=N stretching vibrational band, instead of its peak frequency,
that is more sensitive to the hydration status of the IR reporter [176]. In fact, the
bandwidth of the C=N stretching vibrational band of 5-cyanoindole (Fig. 9.1), which
is the sidechain of 5-cyanotryptophan, is increased from ~8.7 em~! to ~15.6 cm™*
when the solvent is changed from tetrahydrofuran (THF) to water, whereas the band
frequency shows only a slight blue shift (~4 cm™!). In addition, the C=N stretch-
ing band of 5-cyanoindole in water is also significantly broader than those of other
model nitrile compounds (i.e., acetonitrile [371, 138, 171], p-tolunitrile [171], and
methyl cyanate [151, 159]. Given the range of lifetimes (~1-5 ps) measured for the
C=N stretching vibration of several related nitrile compounds [146, 147], it seems un-

likely that lifetime broadening plays a dominant role in the broadening of the C=N
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stretching band of 5-cyanoindole. Instead, it seems more likely that the broadening
is caused by the heterogeneous interactions between the bulky indole ring and water
molecules. Such a picture is supported by the studies of the groups of Eaton, Reimers
and Cho, which showed that even for acetonitrile (CH3CN) the C=N stretching fre-
quency is determined by the precise configuration of water molecules surrounding the
nitrile group [371, 138, 159, 160]. For example, a linear arrangement of CH3CN-
HOH (termed o-bonding with nitrogen lone-pair) results in a blue-shift of the C=N
stretching frequency as compared to its gas phase value, whereas interactions of water
molecules with the m-orbital of the C=N group (termed 7m-bonding) lead to a red-shift.
However, for 5-cyanoindole, besides those interactions between water molecules and
the C=N group, one might expect that the solvation status of the parent molecule,
which is comparatively much larger than a methyl group and also contains an ex-
tended 7m-electron system that is electronically coupled to the triple bond of the nitrile
group, also plays an important role in determining the peak frequency and band shape
of the C=N stretching vibration. In order to provide a more quantitative description,
herein we carry out a theoretical investigation of how interactions of water molecules

with 5-cyanoindole influence its C=N stretching vibration.
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9.2 Results and Discussion

The details of the frequency calculations, which are based on methods used in similar
studies [166, 159, 160, 158, 93, 163, 79, 372, 373, 80, 374, 96, 81, 164, 165], are de-
scribed in Section 9.4. Briefly, a molecular mechanics (MM) model of 5-cyanoindole
was first developed, and subsequently used in a molecular dynamics (MD) simulation
of 5-cyanoindole in water. The Born-Oppenheimer potentials of the C=N stretch
were then determined for a set of 5-cyanoindole-water clusters, which were randomly
selected from a MD trajectory. These potentials were then fitted to a Morse potential
function in order to obtain their quantum mechanical (QM) vibrational frequencies.
Finally, an empirical model, which relates the C=N stretching frequency to its electro-
static environment, was developed. Specifically, the atomic charges of 5-cyanoindole
(Fig. 9.1) were parameterized by achieving a satisfactory agreement between the
MM and QM solvent-solute interaction energies. To do so, the internal parameters
of 5-cyanoindole (i.e., bond-, angle-, and dihedral-force constants, as well as Urey-
Bradley parameters) were based on those of its structural analogs, indole [375] and
3-cyanopyridine [169]. Its bond lengths were determined based on the MPW1B95/6-
31++G(d,p) optimized 5-cyanoindole molecule, while its Lennard-Jones parameters
were taken from those of indole [375] and acetonitrile [170]. Using the Gaussian
03 software package [376], the initial MM atomic charges were then obtained via a

CHelpG [377] analysis of the electron density of 5-cyanoindole at the MPW1B95/6-
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314++4G(d,p) level of theory, under the constraint that the atomic charges are to
reproduce the QM permanent dipole moment of the molecule. The results are sum-
marized in Table 9.1. To further optimize the initially obtained atomic charges so
that the MM interaction energies agree with the QM interaction potentials, a fitting

procedure using the following harmonic penalty function [378] was then carried out.

X2 = X?mter + X;enalty = Z(IEZ{M - IESM)2 + pZ(qi\dM - q?M)2 (91>

Where IESM and IEM represent the MM and QM interaction energies at geometry
« of the interaction potential and ¢M™ and qZQM are the MM charge of atom ¢ and the
corresponding CHelpG reference charge, respectively. The weighting factor, p, of the
penalty function was set to a value of 15. Three QM interaction potentials, defined
as IE=E(complex)-E(5-cyanoindole)-E(water), were calculated at the MPW1B95/6-
311++G(3df,2dp) level of theory. Specifically, the optimization was achieved by
considering the following three interaction potentials: (A) A water molecule was
placed 2.0 A away from the nitrile nitrogen with one H-O bond pointing towards the
C=N bond and the other pointing out of the indole ring plane (Fig. 9.2d). The C=N-
H angle was then stepped in 10° increments, moving the water out of the indole ring
plane. (B) A water molecule was placed 2.0 A away from the nitrile nitrogen, within
the plane defined by the indole ring (Fig. 9.2e) and with one H-O bond pointing
towards the C=N bond. The C=N-H angle was then stepped in 10° increments,

moving the water within the indole ring plane. (C) A water molecule was placed 1.6 A
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from the nitrile nitrogen with one H-O bond pointing towards the C=N bond and the
other pointing out of the indole ring plane. The C=N-HOH distance was than stepped
in 0.05 A increments from 1.60 to 2.65 A. Once the charges on the water molecule (O
= -0.834 ¢; H = 0.417 e) and the Lennard-Jones term are given, the Coulomb part
of the interaction potential can be optimized by adjusting the MM atomic charges of
5-cyanoindole via minimization of the x? (Eq. 9.1). As shown (Fig. 9.2), the new MM
interaction energies of the optimized force field match the QM interaction potential
significantly better than the CHelpG based force field energies, while the optimized
charges deviate only slightly from those obtained via QM calculations (Table 9.1).
Thus, this optimization procedure (i.e., Eq. 9.1) produced a set of charges that is
expected to better describe the interactions between water and the C=N moiety, a
pivotal requirement for the correct prediction of its stretching frequency shift upon
hydration [159, 160, 164, 165]. Having developed a MM model of 5-cyanoindole, we
next sought to establish an empirical model that allows us to determine the localized
C=N stretching frequency in water from MD simulations based on the notion that the
vibrational frequency of a localized vibrational mode is related to the local electric
field (or potential) [159, 160, 158, 93, 163, 79, 372, 373, 80, 374, 96, 81]. Specifically,
we employed a computational procedure that is similar to those used by Skinner
and coworkers [163, 79, 372] as well as by Corcelli and coworkers [164, 165]. First,

we randomly selected 40 5-cyanoindole-water clusters from a 1 ns MD simulation at
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300 K and 1 atm (details of the NAMD simulation [379] are given in Section 9.4).
As shown (Fig. 9.3), these clusters contain 5-17 water molecules (12 on average)
and were further divided into two subsets, Set-A and Set-B. For Set-A, wherein the
indole ring is considered dehydrated, only those water molecules that have at least
one atom located within 4.5 A of the NN1 atom of the indole ring are included in each
cluster. On the other hand, the clusters in Set-B are composed of water molecules
that have at least one atom located within 3.5 A of the NN1, NE1, or CD2 atom of
the indole ring (atom names are given in Fig. 9.1). Thus, the indole ring in Set-B
is regarded as partially hydrated. In the following we will consider Set-A and Set-
B as a common set. Second, DFT calculations were carried out on these clusters
using the Zhao-Truhlar hybrid meta functional MPW1B95 [380] in conjunction with
the 6-314++4G(d,p) basis set. It has been shown that this level of theory adequately
describes the weak interactions between water and the indole ring [381]. For each
cluster, the potential energy of the system as a function of the C=N bond length
(from 1.0 to 1.4 A in increments of 0.05 A) was determined via DFT calculations
wherein all other atomic coordinates were fixed. Third, the obtained potential energy
curves were then fitted to a Morse oscillator model, allowing analytical determination
of the underlying anharmonic frequencies. Fourth, an empirical model relating the
vibrational frequency to the electrostatic field components on the nitrile group was

obtained by least-square fitting the following equation to the ab initio frequencies:
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Wemp = 2oa,i Cf B + Wgas, Where EF is the Cartesian electric field component ¢ at
a site @ on the molecule, ¢ is a constant of proportionality, and wg,s corresponds
to the gas phase value of the C=N stretching frequency of 5-cyanoindole, which
was calculated to be 2392.3 cm~! using an isolated 5-cyanoindole molecule and the
procedure described above. Finally, the electric fields arising from the partial charges
of water were calculated using an in-house written code within the VMD software

a

environment [382], and the proportionality constants (c

) were determined by the

multivariate least-square fitting method. As shown (Fig. 9.4a), fitting the 40 ab
initio frequencies obtained from the vibrational analysis of the clusters with a model
that only includes the electric field components on the nitrile group in the direction

of the vibrational transition dipole, i.e.,

CN1 7rCN1 | NNI1 pNN1
Wemp = C; B, 4+ ¢, B+ Waas (9.2)

yields a relatively poor correlation coefficient (R?) of 0.64 and a root mean square
deviation (rmsd) of 7.6 cm™! between empirical and ab initio frequencies. However,
when the model was refined to include the z-component of the electric field at the

center of the six-membered ring, EXN | i.e.,
_ CNI17:ON1 |, NNIoNN1 | 6m z-6m
Wemp = €5 ;7 4+, BT 4+ T EY™ 4 Waas (9.3)

the resultant correlation (Fig. 9.4b) is significantly improved, yielding a correlation

coefficient of 0.81 and a rmsd of 5.8 cm™ with ¢! = 4554.4 cm™! /a.u., &N = -

1652.2 cm™! /a.u., and 5™ = 1989.7 cm ™! /a.u. Taken together, these results indicate
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that the electric field component at a point on the ring but distant from the nitrile
group could have a significant effect on its vibrational frequency. While a model
including only the electric field localized at the C=N group could also yield a good
correlation, it requires at least six electric field components to produce a comparable
correlation (Table 9.2). Thus, these findings show that by considering the electric
field away from the C=N group it is possible to fit the ab initio frequencies with a
minimum number of parameters.

To further verify that the indole ring indeed plays a significant role in mediating
the stretching frequency of the nitrile group, we have investigated the specific effect
of one or two water molecules placed at different positions with respect to the ring,
as shown in Fig. 9.5. As expected, we found that the C=N stretching frequency of all
three clusters shows a significant shift (i.e., Aw = Weluster — Weas 7 0) from that of the
unsolvated ring with Aw = 3.9, 8.8 , and -4.0 cm™! for (a), (b) and (c), respectively.
Thus, these results, which indicate that Aw is sensitive to the position and orientation
of the water molecule(s), corroborate the notion that the solvent-indole interaction
is a significant determinant of the C=N stretching frequency. Having determined
a set of parameters (¢?), Eq. 9.3 was then used to calculate the C=N stretching
frequency of individual snapshots along the 1 ns MD trajectory of 5-cyanoindole in

water. The resultant frequencies show a Gaussian distribution with a standard de-

viation of 13.5 cm™! and a mean that is -9.7 cm™! red-shifted with respect to Weas-
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The latter suggests that the current model correctly predicts the trend of the fre-
quency shift of the C=N stretching vibration upon hydration as the nitrile stretching
frequency is typically red-shifted with respect to the gas-phase value. For example,

Uin the gas-phase [383],

the C=N stretching frequency of benzonitrile is ~2244 cm™
which shifts to ~2235 cm™" in water [146]. Unfortunately, for the present case a more
quantitative assessment of the predicted shift cannot be made at this time because
an experimental value for wg,s for 5-cyanoindole is currently not available.

Finally, we calculated the IR band of the C=N stretching vibration from the
frequency-frequency correlation function, M (t) = (6Q2(¢)0€2(0)) with
IQt) = 2me{ov(t) — (6v(0))}. As shown (Fig. 9.6), the (normalized) autocorrela-
tion function decays rapidly in a bimodal fashion, similar to that observed for other
nitrile compounds [159, 146, 147, 165]. The vibrational pure dephasing constant,
Ty =1/ [ dt M(t), was estimated to be 0.25 ps. The variance, A = [M(0)]"/?, and
correlation time, 7 = [~ dt M (t)/M(0), of the C=N stretching frequency fluctuations
of 5-cyanoindole were found to be 2.53 ps~! and 0.61 ps, respectively. Thus, the spec-
trum is neither in the homogeneous nor in the inhomogeneous regime. Therefore, the
vibrational spectrum was calculated using a semiclassical approximation [98, 101, 90]
to I(w) ~ [°° dte! (u(t) - 1(0)), where p is the quantum mechanical dipole opera-

tor (see Section 9.4 for details). As shown (Fig. 9.7), the bandwidth of the simulated

spectrum is in very good agreement with that determined experimentally. However,
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this agreement must be cautiously interpreted. First, the vibrational lifetime of 5-
cyanoindole is currently not available. Thus, we have assumed a vibrational lifetime
of 5 ps, which is a typical value for the vibrationally excited state of nitriles [147].
Second, the production run of the simulation was carried out in the NPT ensemble,
which may adversely affect the quality of the frequency-frequency time correlation
function. Moreover, it is worth noting that the present electrostatic map may not
be applicable to 5-cyanotryptophan, especially when it is located in a heterogeneous
environment of proteins or membranes, as this map incorporates interactions that
are specific to water. Although such ”solvent-specific” maps have been used within
the context of peptides [91], alternative approaches such as those developed by the
groups of Corcelli [164, 165], Mukamel [80, 373, 374], Jansen [81] and Kurnikova [384]

may be more appropriate.

9.3 Conclusions

In conclusion, we demonstrate that interactions between water and the indole ring
make an important contribution to the broadening of the C=N stretching band of
5-cyanoindole in aqueous solution. Thus, this study provides a molecular basis to
support the notion that 5-cyanotryptophan is a useful IR probe of local hydration
status of proteins, and also indicates that the chemical moiety to which the C=N

group is attached may need to be considered in the development of electrostatic
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maps for calculation of the C=N stretching frequencies.

9.4 Methods

Molecular dynamics simulation. After immersion of 5-cyanoindole in a box of 727
TIP3P waters [385], the energy of the system was first minimized for 2000 steps
and then the system was allowed to equilibrate for 1 ns at 300 K and 1 atm. After
equilibration, a 1 ns production run was carried out in the NPT ensemble under
identical conditions. While the Berendsen barostat was used to relax the system
towards equilibrium, the pressure in the production run was maintained at 1 atm using
the Nosé-Hoover Langevin piston method. Temperature was controlled by Langevin
dynamics; and periodic boundary conditions were used to reduce edge effects. The
SHAKE algorithm was employed to constrain all bonds involving the hydrogen atom.
A cut-off of 12 A was used for nonbonded interactions, which were switched to zero
between 10 and 12 A. Full electrostatics were calculated every second step using the
particleemesh Ewald (PME) method. A 2 fs time step was used to integrate the
equations of motion and coordinates were saved every 4 fs for analysis.

Electronic structure calculation. Since H-cyanoindole was not treated as a rigid
body in the MD simulation, it undergoes structural fluctuations due to the finite
temperature of the system. Such thermally induced fluctuations could modulate the

frequency of the nitrile stretching vibration and also lead to uncertainties in the def-
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inition of the molecular coordinate system. Thus, in order to eliminate this thermal
noise, the structurally distorted molecules in the 5-cyanoindole-water clusters from
MD simulation were replaced by the optimized structure of 5-cyanoindole. The C=N
bond of the geometrically optimized molecule was then stretched in a step-wise man-
ner (from 1.0 to 1.4 Ain0.05A steps) by moving both the nitrile carbon and nitrogen,
while keeping the center of mass of the nitrile group fixed, allowing determination of
the potential energy of the 5-cyanoindole-water clusters as a function of the nitrile
bond length (e.g., the one in Fig. 9.8). For all electronic structure calculations, an
ultrafine numerical integration grid having 99 radial shells and 590 angular points per
shell was used. Tight SCF convergence criteria as defined in the Gaussian 03 soft-
ware were used for all single point energy calculations. To determine the anharmonic
frequency of the C=N stretching vibration, those point energies obtained above were

then fit to a Morse oscillator function:

V(r) = D(1 — exp[—a(r —ro)]) + Vo (9.4)

where D is the bond dissociation energy, « is a constant that determines the width
of the potential well, ry is the equilibrium bond length, and Vj is the equilibrium
potential energy of the system. By stretching the C=N bond of the isolated 5-
cyanoindole molecule from 1.0 to 12.5 A and fitting the points to the above equation,

the bond dissociation energy D was estimated to be 326 kcal/mol. The ground and
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first excited vibrational state energies were then calculated according to:

E,= DB (n—l—%) [2—B<n+%)] (9.5)

where n = 0 or 1 for the ground and first excited state, respectively. B is given by

ah
V2uD

B= (9.6)

where g is the reduced mass of the nitrile group, i.e. (12 x 14)/(12 + 14) amu.
Band shape calculation. The electric field on site ¢ of 5-cyanoindole arising from

n water molecules was calculated according to:
o K.
E, = Z 2 Tij (9.7)

Index j runs over the three atomic sites of the TIP3P water molecule, 7;; corresponds
to the distance between the ith site on 5-cyanoindole and the jth site on TIP3P water.
is the unit vector pointing from atomic site j to site 7. The frequency trajectory was
obtained by including all water molecules in the box that were within 12 A of any atom
of the 5-cyanoindole molecule, which was placed in the center of the box. Within the
framework of a semiclassical picture, the band shape of the C=N stretching vibration

was then calculated using the following equation:

1)~ [ dte lexpl-g(t) - |f/27] (9.8)

where Tj is the vibrational lifetime and g(t¢) is the line shape broadening function
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given by
(=1 [ dweoth e P e G [ awé ()3 el g g)
K== 0 2%pT ) ! w? mJo ! w? ’
Within a semiclassical picture, & 7(w) may be approximated by
&r(w) = M(0)p(w) (9.10)

where p(w) = tanh(fiw/2ksT)Mp(w) is the spectral distribution function, which is
shown in Fig. 9.9. Mg(w) is the real part of the Fourier transform of the normalized
frequency autocorrelation function M (t):

Ma(w) =2 /0 At cos(wt) [M(t) /M(0)] (9.11)

For the numerical evaluation of Eq. 9.9, spline interpolation on the first 2000 points (8
ps) of the frequency-frequency correlation function obtained from the MD trajectory
was performed to generate 800,000 data points. Eq. 9.9 was integrated with a step

size 1 ecm~!. The upper integration limit was 1042.4 cm~!.
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Table 9.1: Charges derived from a CHelpG analysis of the electron charge density
(Old MM) and those obtained from fitting of the QM interaction potentials (New
MM). Atom names are defined in Fig. 9.1.
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Atom name | New MM | Old MM
CH2 -0.1839 | -0.142679
CZ2 -0.2755 | -0.212108
CE2 0.1938 | 0.207008
CZ3 0.0216 | -0.007346
CE3 -0.2753 | -0.286345
NE1 -0.4721 | -0.470295
CD1 0.0533 | 0.028534
CG -0.3405 | -0.364845
CD2 0.2657 | 0.252653
HG 0.1980 | 0.163512
HD1 0.1685 | 0.128804
HE1 0.3661 | 0.375028
HE3 0.1202 0.166148
CN1 0.4616 | 0.406976
NN1 -0.4772 | -0.511574
HH2 0.1535 | 0.129601
HZ2 0.0222 | 0.136927




262

Table 9.2: Various possible empirical relationships, wemp = >, ¢f Ef' + Wgas, and
the corresponding correlation coefficients R? and root mean square deviations (rmsd)
from the ab initio frequencies. For the x-components, the magnitude of the field was
used due to the plane of symmetry in the indole ring plane. Entries ESN!"NNL and

ES%3=CN1 refer to the z-components of the fields at the center of the respective bonds.
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Model Electric Field Components Used R? | rmsd (em™1)
1 ECNT ENNI pom 0.81 5.8
2 ECON1 pNNI 0.64 7.6
3 ECN1 pNNL NI pNNI 0.71 6.9
4 | EONL YNNI EONL pNNL | pONI NN | g 5.7
5 ECN1 ENN1 - pONL-NNI 0.63 7.6
6 EONT, pNNI pOZ8-ON1 0.67 75
7 EONI, pNN1 - ppozs 0.74 6.9
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Figure 9.1: Atom names in 5-cyanoindole and definition of molecular coordinate
system. The x unit vector (not shown) is pointing out of the molecular plane, towards
the reader.
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Figure 9.2: (a) QM and MM interaction energies between water and 5-cyanoindole as
a function of the CN-H angle when the water is bent out of the indole plane (b) and
when the water is kept in the indole ring plane. (¢) QM and MM interaction energies
as a function of the CN-HOH distance with one of the H-O bonds aligned with the
nitrile group. Example geometries (CN-H angle = 130°) corresponding to the scans
in (a) and (b) are shown in panels (d) and (e), respectively.
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Figure 9.3: Representative snapshots of clusters in Set-A (a) and Set-B (b), respec-
tively.
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Figure 9.4: Ab initio frequency versus the empirical frequency determined from (a)
the two-component and (b) the three-component empirical models. The correlation
coefficients (R?) are 0.64 and 0.81 for the data presented in (a) and (b), respectively.
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Figure 9.5: Three model 5-cyanoindole-water clusters. In (a) and (b), the distance
between the closest water hydrogen and the indole ring plane is 2.4 A, whereas in (c)
the HoO-HN distance is 2.0 A.
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Figure 9.6: Normalized frequency-frequency correlation function, calculated from the
C=N frequency trajectory. The first 600 fs of the function are shown in the inset.
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Figure 9.7: Comparison between the experimentally measured (red) and simulated
(blue) C=N stretching bands of 5-cyanoindole. In the calculation, the lifetime of the
C=N stretching vibration was assumed to be 5 ps.
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Figure 9.8: A representative potential energy surface of 5-cyanoindole as a function
of the C=N bond length. The dots correspond to the ab initio single point energies,
while the line is the best fit of these data to Eq. 9.4 using D = 326 kcal mol ™.
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Figure 9.9: Spectral distribution, p(w), of 5-cyanoindole in water.
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Using Tryptophan-to-disulfide Electron-transfer for the Initiation of

Protein Folding Reactions
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10.1 Introduction

The sudden perturbation of the thermodynamic equilibrium between folded and un-
folded states of a protein is fundamental to any ensemble-level study of protein folding
mechanisms. Typically, this perturbation is achieved by rapidly changing a thermo-
dynamic variable that is readily controlled, such as temperature [17, 18, 19, 20],
pressure [49], or solvent environment [50]. These well-established techniques greatly
expanded our understanding of the mechanism of protein folding. However, these
methods have certain limitations on the conditions under which protein folding can
be studied. For example, the techniques provide no or limited control over the struc-
tures of the unfolded state ensemble. However, because the ensemble of unfolded
states plays an integral part in the protein folding problem as it forms the starting
point of any folding reaction, it would be desirable to have a technique that enables
the experimenter to impose a certain structure or ensemble of structures on the start-
ing point of the folding reaction. One promising method is to constrain a protein
of interest in some non-native state by chemically bonding two residues together.
In principle, this chemical bond can be introduced between any two residues in the
peptide, thus giving the experimenter control over the initial structural ensemble of
the protein. Then, by lifting the covalent constraint, the protein is allowed to adopt
its native conformation. Previously, Lu et al. [52] have proposed a disulfide based

phototrigger for protein folding reactions. In this approach, a disulfide bond is used
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to link two residues of a peptide together. Then, by directly cleaving the bond by an
ultraviolet (UV) laser pulse, the ensuing folding reaction was monitored. However,
this approach suffers from geminate recombination of the radicals that were produced
by cleaving the bond, i.e. a large fraction of the highly reactive radicals produced by
the cleavage of the bond react to re-form the covalent link before any conformational
relaxation can be observed. Moreover, this trigger requires the incorporation of aryl
disulfides into the peptide of interest and thus relies on elaborate synthesis.

Here, we propose an optical trigger for the initiation of protein folding reactions
that is solely based on natural amino acids and is therefore easily incorporated into
larger proteins. Briefly, a disulfide bond is used to constrain a protein in a non-
native state. The disulfide bond is cleaved by light-induced electron-transfer from an
adjacent tryptophan residue. Upon photoexcitation, we observed transients on the
s timescale at 1631 ecm™! and 1658 cm ™!, which we tentatively interpret as evidence

of helix formation.

10.2 Results and Discussion

It was found that 90% of thiyl radicals, formed by direct excitation of disulfide bond
electrons via a UV pulse typically undergo geminate recombination on a timescale
of ~ 2 —5 ns [52, 51], thus rendering this method unsuitable as a trigger for pep-

tide or protein folding reactions, which occur on much longer timescales. Recently,
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Hamm and coworkers [386] found that peptide backbone dynamics can be observed
following direct cleavage of a disulfide bridge, provided sufficient strain is put onto
the bond, thus reducing the probability of geminate recombination. However, suf-
ficiently large strains can only be imposed as long as the two bridged cysteines are
close together in sequence, limiting this approach to the study of small peptides.
Here, we seek to enhance the yield of the cleavage reaction by exciting a tryptophan
residue, resulting in the transfer of an electron to an adjacent disufide bridge, which is
irreversibly disrupted. In equilibrium experiments, following photoexcitation of tryp-
tophan residues adjacent to a disulfide bridge in a cyclic model peptide (sequence:
CW(AAAAK)3;WC-NH,), we found a readily detectable increase in helicity, associ-
ated with the folding of the peptide into a more helical structure upon removal of
the disulfide bond constraint. In time-resolved infrared spectroscopy experiments,
we observed transients on the us timescale. Though we found evidence that these
transients most likely arise from helix-formation, their interpretation is complicated
due to significant peptide aggregate formation and sample heating associated with
UV irradiation.
Secondary structure content of the cyclic and linear peptides.

As shown in Fig. 10.1, the CD spectrum of the linear peptide at 4 °C in 20% TFE
at pH* 7 exhibits the characteristic double minima of helical peptides, as previously

observed for related alanine based peptides [387]. In contrast, there is no clear double
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minimum in the CD spectrum of the cross-linked peptide, showing that the population
of the helical conformation is significantly reduced. Based on this equilibrium CD
study, we can expect to observe measurable changes in the spectral signature of this
peptide upon efficient cleavage of the disulfide bond via UV light.

FEvidence for disulfide bond cleavage. Having established a suitable model system,
we further investigated the feasibility of cleaving the disulfide bond via the transfer
of an electron from photoexcited tryptophan. Cleavage of disulfide bonds via light-
induced electron transfer from adjacent tryptophan residues has been observed in
various proteins [388, 389, 390, 391, 392, 393, 394]. As shown in Fig. 10.2, prolonged
exposure of both peptides to light of a wavelength of 280 nm results in a decrease
in the fluorescence band of tryptophan, indicating that the tryptophan is photo-
bleached. Though we observed significant deviations in the rate of photo-bleaching
for different samples of the cyclic peptide, the photo-bleaching process was always
significantly faster in the cyclic peptide than in the linear peptide (Fig. 10.2). We
also note that the initial fluorescence intensity (before irradiation) is substantially
lower for the cyclic peptide relative to the linear one, indicating that tryptophan flu-
orescence is quenched in the presence of a disulfide bond, as observed previously by
others [388, 389, 390, 391, 392, 393, 394]. The increased rate of tryptophan photo-
bleaching in the cyclic peptide is rationalized as follows: It is well known that the

triplet state of tryptophan can be quenched by an electron transfer reaction to a
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disulfide moiety [395], thus converting the tryptophan to a non-fluorescent species.
Another possible channel for tryptophan photo-bleaching is the generation of a free
electron following photoexcitation. The quantum yield of generating a free electron
by excitation of tryptophan that is incorporated into a peptide bond is about 0.04-
0.06 [395], depending on the pH of the solution. This free electron can undergo gem-
inate recombination or react with another chemical moiety, such as a disulfide bond.
In either case, the formed disulfide radical anions can undergo dissociation [396].
Taken together, the increased rate of photo-bleaching of the tryptophan residues of
the cyclic peptide most likely originates from the transfer of an electron from pho-
toexcited tryptophan to the disulfide bridge.

Photoproducts. To establish the photoproducts of this reaction, the absorption
spectra of the linear and cyclic peptides before and after irradiation with light of a
wavelength of 280 nm were measured (Figs. 10.3 and 10.4). An oxidation product
of tryptophan, N-formylkynurenine, has a smaller absorption at 280 nm and larger
absorption at 300 and 260 nm compared to that of tryptophan [397]. Such a change
in the absorption profile is observed for the linear peptide after irradiation, indicating
the formation of this compound (Fig. 10.3). For the cross-linked version (Fig. 10.4),
a similar increase in absorbance is observed at around 320 nm, however, the ab-
sorbance around 280 nm also increases, inconsistent with the absorption profile of

N-formylkynurenine [397], suggesting the formation of a different oxidation product.
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Vanhooren et al. [389] reported similar changes in the absorption spectrum of irradi-
ated goat a-lactalbumin, a protein which contains a tryptophan residue in immediate
vicinity to a disulfide bond. Based on the analysis of mass spectra of peptide frag-
ments of goat a-lactalbumin, they found evidence that the absorption spectrum is
the spectral signature of sulfenylated tryptophan, resulting from the reaction of the

tryptophan and thiyl radicals.

Trp® + RS* — Trp — SR (10.1)

Taken together, the absorption spectra of the linear and cyclic peptides before and
after irradiation suggest that whereas N-formylkynurenine is the major photoproduct
in the case of the linear peptide, the tryptophan and disulfide radical react to from
sulfenylated tryptophan.

Kinetics of disulfide bond cleavage. In order to further characterize the utility
of the tryptophan to disulfide bond electron transfer process as a phototrigger for
protein folding reactions, we investigated the kinetics of the disulfide bond cleavage
reaction following a UV light pulse, using the formation of helical structure, probed
via the amide I’ band of the peptide backbone. As shown in Fig. 10.5, the kinetics
traces consist of a pump induced spike (possibly due to heating) and a slower, single-
exponential rise at 1631 cm~!. This observation is consistent with the formation of
helical structure as helices show strong absorbance at this wavelength. To further

confirm that the transient arises from helix formation, we also probed the signal at
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1658 cm !, which falls into a spectral region that is associated with disordered struc-
ture. Indeed, the signal at 1658 cm~' decreases following a UV light pulse. Fitting
the slow phase of both transients with a single exponential gives rate constants of
(1.1 us)~* and (0.8 pus)~! for the 1631 cm™! and 1658 cm™! transients, respectively.
The similar rates for both transients further support the interpretation that the sig-
nals are due to helix formation following the cleavage of the disulfide bridge. We
note that the formation of the helix is expected to be faster than the rates found
here [398]. Indeed, the observed transients show no temperature dependence (data
not shown), indicating that the dissociation of the disulfide radical anion is always
slower than the formation of helical structure. Thus, the rates reported inhere are
most likely a convolution of disulfide radical anion and backbone relaxation kinetics.
The observed rates fall into the range of the microsecond dynamics of disulfide radical

anions reported by others [396, 394].

10.3 Conclusions

Taken together, the time-resolved experiments suggest that the yield of dissociation
of a disulfide bond, induced by the transfer of an electron from photoexcited trypto-
phan, is possibly sufficiently high to readily observe peptide or protein conformational
dynamics. However, the assignment of the transients to helix formation must remain

tentative at this time as heating of aggregates or other molecular species may also
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contribute to the signal. If the transients indeed arise from helix formation, the ap-
plication of this novel trigger would be useful in the context of proteins that fold
on a timescale of hundredths of microseconds and slower, where the dynamics of the
disulfide radical anion and protein are well separated. In particular, the trigger would
allow constraining proteins in various non-native conformational ensembles, opening
an avenue to a new set of experiments. However, the reactivity of the generated
radicals may lead to aggregation or undesirable side-reactions like the one described
by Eq. 10.1. However, recent demonstration of a related disulfide based phototrigger
in the context of enzyme kinetics [399] shows that the proposed triggering method

described herein may also be extended to more complex protein folding scenarios.

10.4 Materials and Methods

Materials. All materials were used as received. DO (D, 99.96%) was purchased from
Cambridge Isotope Laboratories (Andover, MA), deuterated 2,2,2-trifluroethanol-Dj
(D, 99.5%) was obtained from Sigma-Aldrich (St. Louis, MO). Amino acids for
peptide synthesis were obtained from Advanced ChemTech (Louisville, KY).
Sample preparation. The peptides were synthesized using standard flouren-9-
ylmethoxycarbonyl (Fmoc)-chemistry on a PS3 peptide synthesizer from Protein
Technologies, (Tucson, AZ) and were purified by reversed-phase HPLC (Agilent Tech-

nologies, Santa Clara, CA). The mass of each peptide was verified by matrix-assisted
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laser desorption ionization mass spectrometry on a Burker UltrafeXtreme instrument
(Bruker Daltonics, Billerica, MA). Buffer solutions were prepared by adding the ap-
propriate amounts of DyO and 2,2,2-trifluoroethanol-D3 (20 volume%) to buffer salt.
The 20 mM buffer solution was then added to dry, deuterium exchanged peptide
sample to give a ~ 2 — 3 mM solution of peptide for infrared measurements.

Spectroscopic measurements. Circular dichroism (CD) data were collected on an
Aviv Model 410 instrument (Aviv Biomedical, Lakewood, NJ) using a 1 mm cuvette.
The sample concentration was ~ 36.5 uM in the presence of 20 mM buffer pH 6.
UV-vis spectra were collected on a Perkin-Elmer Lambda 25 UV-Vis spectrometer
(Fremont, CA). Fluorescence spectra were obtained at 20 °C on a Fluorolog 3.10
spectrofluorometer (Jobin Yvon Horiba, Edison, NJ) with a 1 cm quartz sample
holder. Temperature was regulated using a TLC 50 Peltier temperature controller
(Quantum Northwest, Spokane, WA). An integration time of 1.5 s/nm was used in
all measurements. The samples were not stirred during measurements.

The transient IR spectroscopy setup consisted of a Nd:YAG laser, whose funda-
mental (1064 nm, 10 Hz repetition rate, 3 ns pulse width) was frequency quadrupled
to yield an excitation wavelength of 266 nm. The excitation wavelength was sepa-
rated from the fundamental and second harmonic by a collection of prisms and weakly
focused (focal spot ~ 1 mm?) onto the sample cell, consisting of two CaFy windows,

separated by a 100 um thick Teflon spacer. The excitation power was estimated to
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be on the order of ~ 10 — 20 uJ per pulse. The transient IR signals were probed by
a tunable quantum cascade laser (Daylight Solutions, CA), which was focused onto
the sample (focal diameter < 300 pm), and detected by a HgCdTe detector (Kolmar
Technologies, Newburyport, MA). The temperature of the sample was maintained by
a water bath. The sample cell holder was constantly horizontally moved through the
excitation beam during data collection to avoid excessive aggregation of the photoex-

cited peptides.
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Figure 10.1: CD spectra of the linear (A) and cyclic (O) peptides at 4 °C in 20 mM
phosphate buffer pH* 7 and 20% TFE.
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Figure 10.2: Decrease of the fluorescence intensity of the tryptophan fluorescence
band as a function of irradiation time at 280 nm for the linear (A) and cyclic (O)
peptides.
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Figure 10.3: Absorption spectra of the linear peptide before (red) and after (black)
irradiation for 70 min at 280 nm.
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Figure 10.4: Absorption spectra of the cyclic peptide before (red) and after (black)
irradiation for 70 min at 280 mn.
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Figure 10.5: Relaxation trace observed at 1631 cm™! (upper panel) and 1658 cm™*

(lower panel), consisting of a fast, pump-induced shift (73 = 0.04 ps) / (11 = 0.08 us)
and a slow phase (75 = 0.8 us) / (1 = 1.1 us) for 1631 cm™! / 1658 cm ™!, respectively.
The slow phase is tentatively interpreted as a convolution of the helix folding and the
bond dissociation kinetics. The temperature was 15 °C.
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In Chapter 4, we offered insights into the folding kinetics of a naturally occurring
helical hairpin. One interesting extension of this project would be to determine the
generality of the proposed mechanism. The study of related peptides, like the helical
hairpin of Engrailed Homeodomain, would be an interesting candidate for future
studies.

In Chapters 5 and 6, we investigated the effects of macromolecular crowding on
peptide and protein folding. Most common crowding models picture the macromolec-
ular crowding system as an aqueous suspension of hard spheres (i.e. the crowders),
the protein being confined to the space in between these crowders. Based on qualita-
tive agreement between the model’s predictions and experimental results, there seems
to be some justification for this picture. However, for more quantitative predictions,
the characteristics of common crowder systems need to be known more precisely. For
instances, there is no estimate for the average size of the aforementioned interstitial
spaces for a given crowder system. One could think of studies, reminiscent to those
of Masuda et al. [258, 259], that would provide an improved understanding of the
microcompartmentalization of the solvent by the macromolecular crowders.

Furthermore, we have only tested the crowder model of Thirumalai and Che-
ung [29] using one model protein, i.e. ubiquitin. In our study, due to the properties
of ubiquitin, we used IR spectroscopic measurements, which are more cumbersome to

perform than, for example, circular dichroism measurements. It would be insightful
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to choose a large number of proteins, e.g. 30 or more, that are cheap, commercially
available, not prone to aggregation, and have well defined, readily measurable simple
(ideally, two-state) circular dichroism unfolding transitions. Testing various models
against this set of protein unfolding data under different crowding conditions would
provide tremendous insights and would allow to draw much more general conclusions.

In Chapter 7, we attempted to test various polymer models for the description
of the conformational ensemble of an unstructured polypeptide with a complex se-
quence. However, this test cannot be performed without bias as the shape of the
conformational distribution function has to be assumed a priori, though the ex-
periment measures only the mean of the distribution. As distribution functions of
different shapes might have similar or identical averages, the experiment described
in Chapter 7 and related experiments preformed by other investigators are not rig-
orous tests of the polymer models. A more direct measurement should be carried
out. One could, for example, perform single-molecule measurements of the energy
transfer efficiencies where the polymers are dissolved in frozen matrices. Freezing out
any polymer dynamics and measuring on the single-molecule level would allow for the
determination of the energy transfer efficiency and also the distance as, in this case,
the distribution is a delta function for the single-molecule. Building up a histogram of
distance distributions, one could preform a rigorous test of any polymer model. Fur-

thermore, the photophysical properties of some of the Phecy containing peptides used
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in Chapter 7 are not well understood. It would be worthwhile to investigate some of
the observations related to Phecy fluorescence described in Chapter 7 in more detail
to allow for a rigorous interpretation of the Phecy based FRET efficiencies.

In Chapters 8 and 9, a new infrared probe, i.e. the nitrile stretching band of
5-cyanotryptophan, was proposed. An interesting observation is that the center fre-
quency of the C=N stretch of 5-cyanotryptophan is ~ 30 — 40 cm ™! lower than the
one of p-cyanophenylalanine. It is therefore conceivable that coupling between the
vibrational transition dipoles of the two probes could occur [361], if they are spatially
brought close together. If such coupling would occur, this could provide a novel means
to measure short distances between the probes in protein systems. An appropriately
designed 2D IR experiment could reveal such coupling.

In Chapter 10, we proposed a new triggering method based on tryptophan-mediat-
ed reductive cleavage of disulfide bonds. Our results seem to suggest that this method
could be applied to more complex folding problems, provided that undesired side-
reactions of the reactive radical species are minimized. An interesting candidate for

a follow-up study would be S-lactoglobulin A.
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