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Abstract

Defining Local Order in the Unfolded State using Short Peptide Model
Systems and Spectroscopic Methods: Conformational Biases, Mediation by

Solvation, and Nearest Neighbor Effects
Siobhan Eileen Toal
Prof. Reinhard Schweitzer-Stenner

This thesis describes conformational ensembles of amino acid residues in
unfolded peptides, and how their dependence on solvation and nearest-neighbor
interactions can be obtained by a combination of vibrational and NMR spectroscopies. To
this end, short peptide model systems may be chosen ranging from dipeptides to blocked
and unblocked tripeptides. The question then arises whether one type of model system is
more suitable for studying conformational propensities. Results from our spectroscopic
studies suggest that the conformational ensemble of trialanine and its high pPII content
are independent of the peptide’s protonation state. In addition, we find that the
conformational ensemble of the alanine dipeptide, a classic peptide model system,
resembles the unblocked GAG model peptide, as expected in the absence of any end
effects.

To explore the physical basis underlying residue-level conformational bias we
utilized UVCD and NMR derived 3J coupling constants to decompose the Gibbs free
energy landscape. We found that the thermodynamics underling conformational

propensities of (1) trialanine in different binary solvents and (2) GxG peptides in water
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exhibit a near exact enthalpy-entropy compensation involving rarely observed
isoequilibria. Their existence indicates peptide solvation as the common physical

mechanism behind conformational preferences.

Contrary to the isolated pair hypothesis, an ingredient of the classical random coil
model, amino acid residues can not be considered as isolated from their neighbors in the
unfolded state. To explore nearest neighbor (NN) interactions, we chose a series of
“GxyG” host guest peptides, where x/y={A,K,LV}. Utilizing a six different NMR J-
coupling constants in conjunction with amide I’ (IR, VCD, Raman) band profiles we
extracted the conformational distributions of x and y residues in the GxyG peptides. Our
data reveal large changes in conformational distributions due to neighbor interactions,
contrary to the isolated pair hypothesis. Interestingly, residues that have large intrinsic
biases towards specific sub-populations tend to loose these preferences upon interaction
with a given neighbor, indicating a degree of conformational randomization. Strong
effects induced by residues with bulky side chains suggests that the underlying

mechanism is the the disruption of neighboring residues’ hydration shells.
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CHAPTER 1. INTRODUCTION

1.1 PROTEINS, THE PROTEIN FOLDING PROBLEM, AND THE UNFOLDED STATE

1.1.1 Protein Structure and Folding
Proteins are the major functional component of living cells and embody the

quintessential relationship between structure and function at the bio-molecular level.
There exists over 100,000 proteins of various sequences in the human genome that are
involved in all aspects of the maintenance of life (1). At its most fundamental level, the
structure of proteins consists of linear unbranched chains of amino acid residues attached
through the peptide (C-N) bond. There are 20 natural amino acids common to all living
organisms which comprise this primary structure of proteins. These amino acid
compounds are composed of amine, carboxylic acid, and substituent side-chain functional
groups (-R) attached to a common carbon atom referred to as the alpha carbon (Ca). The
type of side-chain varies dramatically among amino acids, from a simple hydrogen atom
in the amino acid glycine to much more complex aromatic-based structures such as
tyrosine and tryptophan. Depending on the nature of the side-chain, an amino acid can be
hydrophilic or hydrophobic, acidic or basic. A protein, then, can be depicted as a
regularly repeating polypeptide backbone (...Ni—Coi—Ci—Ni+1—Cai+1—Ci+1...),
with alpha carbons containing the variant R group of the 20 natural amino acids.

A protein’s biological function is generally determined by its three-dimensional

structure, which is attained through the process of “protein folding” in which the



unordered polypeptide chain arranges in space into its regularly ordered shape. The final
thermodynamically stable and bio-functional state is generally referred to as the native
state (N) of the protein. This (generally) reversible two-state process U«N (where U
denotes the unfolded state and N denotes the native state) is depicted in Figure 1.1. The
process of protein folding is governed by the primary amino acid sequence as well as
cellular interactions. The folding of a protein can be visualized as concerted process
involving both local folding about the polypeptide backbone into regularly patterned
secondary structures, as well as more global folding of protein sub-domains into the total

tertiary 3D structure.

Folding
ﬁ
_

Unfolding

Unfolded (U) Native (N)

Figure 1.1: Scheme illustrating protein folding from unfolded (U) to folded native state
(N).

This linear sequence of residues contains certain rotational degrees of freedom

that lend flexibility to the chain and allow local folding into distinct three dimensional



conformations. The peptide group (H-Ni-Ci-O) itself is nearly planar due to electronic
resonance and delocalization of the carbonyl © electrons over the CO and adjacent Ci—
Ni bond. Due to the n-like molecular orbital that extends over the three atoms (O-C-N),
the peptide bond has partial double bond character. This has been evidenced by X-ray
crystallographic studies showing the C-N bond length is 1.33A, only slightly larger than
the 1.27A for average C=N bond lengths (2). Hence, the angle, Q, defined as the angle
between carbonyl and amino groups, is generally fixed in a 180° trans-conformation.
Local folding of the polypeptide chain then results in a regular “secondary structure” that
can be fully defined through the remaining backbone dihedral angles, herein denoted as ¢
and y (Figure 1.2). These angles represent the only rotational degrees of freedom in the
chain. The angle ¢ is defined as the torsional angle between the nitrogen and Ca

(¢i=£Ci-1—Ni—Cai—Ci), whereas the angle y represents the torsional angle between

Ca and carbonyl carbon Ci (yi=£Ni—Cai—Ci—Ni+1).

Carboxyl
terminus

Figure 1.2: Polypeptide chain with dihedral angles ¢ and @ denoted as well as typical
bond lengths along the chain. Taken from reference (3) and modified.



In folded proteins, certain types of secondary structures predominate. Among these,
the two most commonly found structures are a-helices and B-sheets (3). The right handed
a-helix is spiral-like conformation with canonical (¢, y) = (-60°, -45°) which is stabilized
by backbone (i—i+4) hydrogen bonding between N-H and C=0 groups. In contrast, -
sheet structures are composed of H-bonded pairs of adjacent  strands which have
relatively extended dihedral angles (¢ , y) = (-140°, 135°) in antiparallel sheets and (¢ ,
y) = (—120°, 115°) in parallel sheets (3). In contrast to the intra-strand H-bonding seen in
alpha helical conformations, these structures are stabilized by inter-strand H-bonding
between N-H and C=0O groups. The conformations adopted by amino acid residue which
constitute the loop between two beta-strands is generally referred to as [-turns.
Depending on the position of amino acid within the loop, there can be various (¢ , )
coordinates. Turns and loops play special roles in protein chemistry as they are thought to

serve as initiation sites for the folding process (4).

1.1.2 Ramachandran Plots

In the early 1960’s G. N. Ramachandran contrived a relatively simple method for
analyzing and conceptualizing regular secondary structure motifs in proteins (5).

Ramachandran investigated the conformations available to the so-called “alanine



dipeptide” (AdP), which is a single alanine residue with methyl-blocked termini (N-

acetyl-alanyl-N'-methylamide) (Figure 1.3).

H o
H3C\/IL A H /CH3
” ¢ \ ,\Il
(@) CH3 H

Figure 1.3: The structure of the alanine dipeptide (N-acetyl-alanyl-N-methylamide)
showing dihedral angles ¢ and y.

The choice of this compound is motivated by the fact that alanine has the simplest
side chain (-CH3) other than glycine (-H) and hence the alanine dipeptide was thought to
offer a baseline for identifying regions in (¢, y)-space in which repulsions are minimized.
Ramachandran utilized simple models that assumed standard atomic radii and local hard
sphere repulsions between atoms that are at least third neighbors (i.e. 1-4 interactions), to
calculate sterically accessible ¢ and y combinations. For this analysis the author
constructed 2D correlation plots reflecting the probability of specific secondary
conformations. This type of plot, widely termed a “Ramachandran plot”, is depicted in
Figure 1.4 and is clearly dominated by “extended structures” including [-strand

conformations in the upper left quadrant, right-handed helical structures in the lower left



quadrant, and left-handed helical conformations in the upper right quadrant. The obtained
regions accurately reflect experimentally known secondary structures (i.e., (¢, y)-
positions) sampled by folded proteins. Ramachandran also reported plots for dipeptides
of residues other than alanine, which were found to be nearly identical to that of alanine,
and hence, alanine’s conformational sampling was for a long time thought to be

representative of all naturally occurring amino acid residues except glycine and proline.

Ramachandran plots are now regularly used as a tool to express and visualize
secondary structures found in proteins and peptides or conformations derived through
experimental/theoretical means. Indeed, as increasing numbers of high-resolution protein
structures become available through X-ray crystallography, residue conformations in
folded proteins have been found to distribute according to the outlines in the

Ramachandran plot, with most residues in favored regions.
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Figure 1.4: Generalized Ramachandran plot which shows the allowed (black lines) and
favored (grey filled) ¢, conformations obtained for the alanine dipeptide with the three
major secondary structures (B: B-strand, ag: right handed a helical, a.. left handed a
helical) depicted.

1.1.3 Anfinsen’s Thermodynamic Concept
The entire protein folding process is inherently coupled to the conformational

sampling of individual amino acid residues and hence the energy landscape dictated by
the amino acid sequence. The now classical experiments performed by Anfinsen et al. on
ribonuclease showed that proteins can spontaneously (ms), reproducibly, and reversibly
fold into their native bio-functional state, indicating that all the information required for
protein folding is encoded in the primary amino acid sequence (6). Anfinsen’s own
explanation for this spontaneous re-folding was the so-called “thermodynamic model,”

which postulates that the native state is the most thermodynamically stable, and as such



the folding process must be a consequence of the drive to minimize the Gibbs free
energy(7). In other words, a protein achieves it native state as a result of the constraints of
the polypeptide backbone as modified by the chemical and physical properties of amino
acid side chains. To test this hypothesis, Anfinsen unfolded the ribonuclease enzyme
under extreme denaturing conditions (high guanadinium chloride concentrations) and
observed that the protein re-folded spontaneously back into its native structure when

returned to non-denaturing conditions.

1.1.4 Levinthal’s Paradox
Although the above described simple thermodynamic model explains the overall

driving force for protein folding, it leaves many questions unanswered. In the well known
“Levinthal paradox,” it was countered that proteins fold on time scales far too short (us-s)
to allow for a stochastic search of conformational space (8). Specifically, if one considers
that each residue can sample three possible conformations (a modest estimate), statistics
predicts that there exists about 3% possible configurations of the chain. If the protein is
able to sample new configurations at the rate of one picosecond, it would take longer than
the age of the universe for it to find the native state through a stochastic search of the
energy landscape. Since we know that proteins fold reproducibly in short time scales,
there must be some unifying driving forces that enable a more biased search for the

native state. However, considering Levinthal’s calculation of the vast number of



conformational states possible, the question still remained how a protein navigates

pathways to this global minimum in energy.

1.1.5 Energy Landscapes and Folding Funnels
Anfinsen’s thermodynamic approach has been extensively adopted and expanded

over the years. Most importantly, Wolynes, Onuchic and colleagues reconsidered
Levinthal’s conformational search problem along with Anfinsen’s findings, and took into
account that not all conformations are equally likely (9-11). In fact, Levinthal’s paradox
implicitly states that a folding protein starts from one specific conformation, and that all
available unfolded states are isoenergetic. However, by the very definition of the
denatured state of a protein, it can be concluded that it is not a single point on the energy
landscape, but rather an ensemble of such disordered states. The so called “new view” of
folding describes the folding process in terms of statistical ensembles of states, and
hence, folding is depicted as a flow process of an ensemble of chain molecules that
navigate a complex multidimensional potential energy funnel (Figure 1.5). The free
energy surface of the polypeptide chain can then be viewed as a funnel-like landscape
with many local minima corresponding to small energy traps (metastable states) on the

order of RT and a single global minimum corresponding to the native state.



10

Unfolded

~
Native

Figure 1.5. The funneled energy landscape representing the process of going from
unfolded state to native state. Taken from ref. (10) and modified.

The depth of the funnel depicts the sum of all contributions to internal free energy
such as hydrogen bonds, hydrophobic, and solvation free energies of a given chain
conformation. The width of the funnel represents the configurational entropy of the
polypeptide chain, i.e., the conformational degrees of freedom in (¢, y)-space. In going
from the unfolded to native state on the funnel, there is a progressive reduction in
dimensionality of the accessible conformational space (search volume), and
concomitantly a decrease in the entropy and increase in favorable enthalpic interactions
in the system. Formation of adventitious contacts and conformations lowers the free
energy and increases the likelihood of formation of still further adventitious

conformations. This way, the unfolded protein follows a pathway of minimal frustration
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towards the absolute minimum in Gibbs energy (10). Rather then performing a random
search for the native state, unfolded proteins fold by accumulating favorable protein-

protein and protein-solvent interactions that lower energy and promote chain compaction.

1.1.6 The Unfolded State
At its most fundamental level, the “protein folding problem” asks how the amino

acid sequence encodes a protein’s final 3D structure. Since the unfolded state of proteins
and peptides constitutes the starting point for this conformational search, a complete
understanding of its local structure and dynamics is important. In addition, the discovery
of Intrinsically Disordered Proteins (IDPs), which contain significant levels of disorder
yet undergo complex biological functions, as well as unwanted aggregation, has
motivated numerous experimental and theoretical studies aimed at describing local order
in the unfolded state (12-15). These proteins challenge preconceived “lock and key
dogma,” which dictated that a protein must fold in order to be bio-functional. Some IDPs
are prone to self-aggregation, which causes their involvement in numerous
neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, the prion diseases, as well as the systemic amyloidoses (16-20).
IDPs and unfolded proteins have in common that the structure of both are considered
highly disordered relative to the the native state of proteins. Studying the unfolded state,
therefore, should shed light on the key determinants of both the protein folding process

and the structural distributions exhibited by various IDPs.
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Unfortunately, for a long period of time the unfolded state attracted little scientific
attention, in part, due to insufficient methods to study its inherent heterogeneity and
dynamics, but also due to the wide-spread notion that it could be described as a “random
coil” polymer, the residue conformations of which are governed solely by local steric
interactions (5). Within the aforementioned funnel model, this random coil-like unfolded
state can be visualized as a hyperplane of iso-energetic conformations at the top edge of

the folding funnel, which are governed by large amounts of entropy (see Figure 1.5).

1.1.7 The Random Coil Model
The description of the unfolded state as a random coil stems originally from

polymer theory, in which the unfolded state was described as a flexible polymer in a theta
solvent. In a theta solvent, the effects of repulsive interactions exactly counterbalance the
effects of attractive interactions, and hence the polypeptide chain is considered a freely
jointed, freely rotating chain in which there are no significant intra-protein, non-local
interactions (21, 22). The theta point marks the boundary between the good and bad
solvents. In the theta solvent, the medium provides an exact compensation for the
excluded volume effect. The random coil model thus assumes that unfolded polypeptides
chains have large associated conformational and combinatorial entropies, which must be
overcome by favorable enthalpic gains and entropic losses (i.e. H-bonding, hydrophobic
interactions such as -stacking, ete...) in order to fold into a stable state. It is not

expected to exhibit any residual structure.
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The validity of the random coil approach for unfolded and denatured states of
proteins was first corroborated by the pioneering work of Tanford where it was reported

that denatured proteins have a radius of gyration (Rg) that conforms to polymeric models

of random coils (23). Specifically, it was shown that the intrinsic viscosity, [n], of
denatured proteins varies with molecular weight, and hence the number of residues (n),
according to a simple power law [n]=n?, with the exponent “a” equal to approximately
0.68, well within the range predicted by Paul J. Flory (0.5-0.8) for random coils (22). In
addition, Flory’s model for a polymeric random coil assumes that each monomer sub-unit
is randomly oriented with respect to neighboring monomer sub-units. This is the so-
called “Isolated Pair Hypothesis” (IPH). The IPH suggests that the total number of
possible conformations that can be adopted by a polypeptide can be determined as the

product of the number of conformations sampled by each amino acid residue.

1.1.8 Local vs. Global Random Coils
The term random coil here deserves further clarification. Within the scope of

polymer chemistry, a “random coil” generally suggests a long-chain polymer in which the
entire backbone exhibits no well-defined structure. This notion stems from the Flory’s
description of freely jointed chains in theta solvents as described above and is supported
by Tanford’s work (22, 23). Herein we will denote this situation as a “global random

coil.” The “global random coil” applied to proteins thus assumes that unfolded
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polypeptide chains adopt a multitude of conformations that lead to a Gaussian
distribution of end-to-end distances. This distribution would be associated with large

conformational and combinatorial entropies.

With regard to the sub-nanoscale (residue-level) scale, Flory’s model for a
polymeric random coil assumes that each monomer sub-unit is randomly oriented with
respect to neighboring monomer sub-units (i.e., the IHP) (22). This hypothesis and
Flory’s reliance on an extensive sampling of the Ramachandran space by individual
residues, constitutes what is referred to herein as a “local random coil (24).” Therefore,
the term random in this context means that each amino acid residue can sample the entire
sterically allowed, nearly ergodic region of the Ramachandran space without being
influenced by its nearest neighbors. This type of maximal conformational sampling
would encompass the entire shaded region displayed above in the generalized
Ramachandran plot (Figure 1.4). In general, the work in this thesis focuses on

experimental studies that challenge this local random coil model.
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1.2 EVIDENCE FOR NON-RANDOMNESS IN THE UNFOLDED STATE
Reproduced in part, from:

I. Toal, S., Schweitzer-Stenner, R. Local Order in the Unfolded State: Conformational
Biases and Nearest Neighbor Interactions. Biomolecules 2014, 4(3), 725-773

1.2.1 Overview

The main question concerning unfolded states is whether or not “unfolded”
necessarily means “random” or “devoid of secondary structure.” For a long period of
time since the work of Tanford (23) and Flory (21) the notion that the sterically accessible
conformational space is randomly sampled by each residue within an unfolded protein
was considered textbook dogma. This greatly suppressed any deeper interest in unfolded
state exploration. More recently, however, exploring unfolded states has become
increasingly relevant due to (1) the observation of residual structure in unfolded states as
well as distinguishable conformational biases of individual amino acid residues that both
suggest a breakdown of the local random coil model (25-31) and (2) the discovery of
Intrinsically Disordered Proteins (IDPs), some of which lack any well-defined structure
yet perform complex biological functions (12-15, 32-34).

The challenge of the classical random coil model is based on numerous
experimental, bioinformatic, and, to a more limited extent, computational observations.
Firstly, numerous NMR studies have revealed the existence of residual structure in both
IDPs and denatured proteins. Works from the laboratories of Dobson and Shortle suggest
the existence of some ‘native-like topology’ in the denaturated state of proteins, that is a

result of non-local interactions (25-27, 35-38). In addition, work by Dyson and Wright
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(39-42), and numerous NMR studies by Blackledge, Schwalbe and their associates (20,
28-30, 43-48), revealed residual structure in the form of local turns, as well as unstable
helical and strand structures in unfolded peptides and IDPs. Secondly, it is now generally
established that individual amino acid residues in short peptides do not conform to the
basic assumptions of the local random coil model, in that they display different
conformational preferences with a much less entropic Gibbs energy landscape (49-55).
This is particularly true for alanine, for which most experimental evidence indicates an
unusually high preference for the so-called “poly-proline II” conformation, which is at
odds with the local random coil model (49-51, 54). For instance, Figure 1.6 displays the
difference between conformational sampling in a local random coil model compared to
recent experimental work reported by Toal et al. for the alanine dipeptide (56).
Obviously, there is a large discrepancy between the two, with experiment revealing a
much more restricted conformational sampling. The conformational analysis of alanine

based peptides is one of the main subjects of this thesis.
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Figure 1.6: (A) Ramachandran plot depicting a local random coil distribution of
conformations. (B) The experiential obtained Ramachandran plot of the alanine residue
of the alanine dipeptide in water as reported by Toal et al. (56).

1.2.2 Model Systems for the Unfolded State
The presence of residual structure in the unfolded state has significant implications

for protein folding theories, as the number of conformations needed to be sampled by a
polypeptide chain would be greatly reduced. This type of investigation is, however,
complicated by experimental limitations and the inherent dynamics of the unfolded/
disordered state system, which in some cases can yield inconsistent results. As previously
stated by Kallenbach and associates (57), recent advances have afforded a few systems to
become the favored way of studying the unfolded state, namely by investigation of
denatured proteins, intrinsically disordered proteins, charged oligopeptides, short

peptides with no long range order, and/or coil libraries.



18

Short peptides have been extensively utilized as model systems for studying
unfolded/disordered states. Generally, such peptides are unable to form the stable
hydrogen bonding and long range interactions needed to fold into well defined secondary
structures. Thus, one can study the conformations of residues in an unfolded state without
the necessity of applying denaturing agents which are likely to affect the backbone
structure. In particular, short alanine based peptides have been increasingly used in this
regard for a variety of reasons. Alanine is the most abundant amino acid residue in nature
and exhibits the highest helical propensity in folded proteins (3). In terms of the unfolded
state, alanine has also proven special with regard to its unusually high preference for the
so called polyproline II region in the Ramachandran plot, which is discussed in detail in
the following chapters. In addition, alanine is one of the simplest amino acids due to the
small methyl side chain, which provides a basic model for comparing experimental and

computational results.

1.2.3 The pPIl Conformation and the TK Hypothesis
Historically, the local random coil model did not remained unchallenged. Tiffany

and Krimm were among the first who questioned its applicability for proteins (58). In a
series of experiments using ultraviolet circular dichroism (UVCD), they reported that the
spectrum of unfolded, fully ionized poly-L-glutamic acid and poly-L-lysine are
remarkably similar to that of the conformationally restricted trans-L-polyproline (Figure

1.7) (58, 59). In proline rich proteins, such as collagen, the trans-L-polyproline (pPII)
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structure is a rather rigid structural motif with backbone dihedral angles (-78°, 146°)
located in the upper-left quadrant of the Ramachandran map (60). The similarity of
UVCD spectra between frans-L-polyproline and these oligopeptides was hence surprising
since charged oligopeptides were thought to adopt a true random coil due to the high

degree of electrostatic repulsion along the polypeptide chain.
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Figure 1.7. Left Panel: UVCD spectra of poly-L-proline 1l, Middle Panel: poly-L-glutamic
acid, and Right Panel: poly-L-lysine measured as a function of temperature, which show
characteristic pPll signals. Taken and modified from (59).

The typical pPII UVCD spectra of non-proline peptides exhibits a pronounced
asymmetric couplet with a large negative maximum at approximately 195 nm (m->7n*)
and small positive maximum at approximately 218 nm (n->r*) (Figure 1.7). The theory
of CD and UVCD are discussed in further detail in Chapter 2 of this thesis. Previous to

Tiffany and Krimm’s studies, this type of UVCD spectrum was strictly associated with
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disordered chains with no regular secondary structure (i.e., random coils). Woody and
coworkers have since shown that the adaptation of pPIl conformations in peptides and
proteins indeed gives rise to this far UVCD spectrum (61-64), although many in the

scientific community still mis-interpret this signal as indicative of a random coil.

Tiffany and Krimm hence concluded that charged polypeptides assume, at least
locally, a rather ordered pPII conformation . These authors also observed the resemblance
between UVCD spectra of proline-based peptides (which may be expected to form a
stable pPII structure) and proteins unfolded by denaturing agents, which led them to
hypothesize that the conformational manifold of unfolded peptides and proteins are

dominated by pPII-like conformations (59).

Tiffany and Krimm’s initial challenge of the random coil model did not at first
meet acceptance. The main argument against interpreting the negative couplet in the
UVCD spectra of homopeptides as being indicative of pPII was based on the observation
that similar couplets were also observed for very short (unionized) dipeptides in water
(65). Since it was assumed at this time that individual amino acid residues in such short
peptides could not exhibit any structural preference, it was concluded that the

interpretation of Tiffany and Krimm was questionable.

It was only after Dukor and Keiderling presented similar findings as Tiffany and
Krimm, using Vibrational Circular Dichroism (VCD) spectroscopy on the same

polypeptides, that the random coil theory became a central point of contention again (66).
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Dukor and Keiderling showed that the amide I mode of both, poly-prolines (Pro), of
different lengths (n=3,4) and ionized poly-L-glutamic acid (PLG) give rise to very
pronounced negative-positive couplets in the respective VCD spectra, the intensity of
which increases with the length of the peptide. Based on this evidence, it was concluded
that the conformational ensemble sampled by PLG must in fact have large fractions of
pPIl, in agreement with Tiffany and Krimm’s work. The VCD of the amide I mode is
extremely conformational sensitive, which will be more fully discussed in Chapter 2 of
this thesis, and continues to be used as marker by protein biochemists for disentangling

various degrees of conformational order (67).

1.2.4 Alanine Studies: Experimental

1.2.4.1 Evidence for pPIl

The preferential sampling of pPII-like conformations by individual amino acids has
been identified many times since the work of Tiffany and Krimm, and Dukor and
Kiederling. Particular in this regard are studies on alanine and short alanine-based
peptides. One of the most notable, and widely debated, studies in this context was
performed by Shi et al., who utilized HNMR and UVCD spectroscopy to investigate a
peptide containing a sequence of seven alanine residues, i.e., X2-A702-NH>z (“XAO”),
where O is ornithine and X is diaminoisobutyric acid (49). Figure 1.8 shows the

structurally sensitive 3J(HNH®) values for all alanine residues within the XAO peptide
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obtained by Shi et al. as a function of temperature. The monotonous increase of 3JJ(HNH®)
with rising temperatures and the clearly detectable temperature dependence of the UVCD
spectrum indicate that the conformational distribution of the peptide changed as a
function of temperature. This would not be the case if most conformations of the

ensemble were nearly iso-energetic, as dictated by the local random coil model.
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Figure 1.8: (a) The change in 3J(HNH?) with temperature for Ala 2-7 residues of the
X2A702-NH2 peptide. (b) The UV-CD spectra of XAO at o (blue) 1°C; o (green) 35°C; A
(red) 45°C; and v (black) 55°C. Taken from ref. (49) and modified.

The use of the empirical Karplus equation, which relates 3J(HVH®) to backbone ¢
angles (see Chapter 2 of this thesis), led the authors to conclude that at room temperature

the XAO peptide is predominantly in a conformation with an apparent backbone ¢ angle
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of approximately 70° (49). Although this ¢ angle could theoretically correspond to both,
pPIl and a-helical conformations in the upper and lower left quadrants of the
Ramachandran plot respectively, the measured UVCD spectra (Figure 1.8b) clearly
resembles those reported by Tiffany and Krimm (59), thus leaving pPII dominance as the
likely option. The monotonic increase in 3J(HNH®) coupling constants with rising
temperature suggests a redistribution towards conformations with more negative ¢-
values, consistent with the notion of an increasing population of B-strand-like
conformations. This is corroborated by the temperature dependence of the UVCD
spectrum which suggests that the conformation populated at high temperatures must
exhibit a positive couplet with a positive signal below and a negative signal above 200
nm, which is diagnostic of B-strand like conformations (see Chapter 2 of this thesis,

Theory Behind Spectroscopic Techniques).

The preferential sampling of pPII by alanine in short and unfolded peptides
proposed by Kallenbach, Shi, and colleagues have subsequently been corroborated
numerous times by studies on different types of alanine-based peptides (56, 68-75). In
this context, the alanine dipeptide (AdP), which is a single alanine residue flanked by two
methyl-blocked peptide groups (see Figure 1.3), has played an important role owing to its
traditional use as classical peptide model system, since Ramachandran et al. used it to
construct (¢,y) maps 50 years ago (5). Even prior to the above study on XAO, Han et al.
reported a strong pPIl preference for the AdP peptide based on a comparison of

experimental Raman, VCD, and ROA spectra with spectra calculated using DFT



24

approaches (76). In their study, they mimicked explicit water solvation by constructing
AdP complexed to four water molecules (i.e., AdP-(H20)4) and found that the presence of
explicit water imposed a dominant preference for pPIl, as well as right-handed helical
conformations on the alanine residue of the peptide. Weise et al. later provided further
experimental evidence for pPII dominance in AdP solvated in CsPFOND20 by
rationalizing NMR derived dipolar coupling constants with a single representative pPII
conformation (77, 78). Using 2D IR experiments, Hochstrasser and co-workers were able
to derive the angle between the two amide I’ transition dipoles of AdP, which correlates

best to a representative pPII-like conformation (-70°, 120°) (79).

In addition to the classic AdP peptide, short unblocked oligoalanines have also
been extensively subjected to conformational studies. Woutersen and Hamm, for instance,
exploited the backbone sensitivity of the amide I mode in peptides by using non-linear
time resolved 2D-IR spectroscopy to analyze cationic trialanine (AAA) in aqueous
solution (68, 69). From their experiment they inferred the strength of the nearest neighbor
coupling between the peptide’s amide I modes and their relative orientation. By
combining this with results from ab initio calculations on the (¢, y)-dependence of
excitonic coupling, the authors were able to identify a representative pPII like
conformation. In a later study from this group the results of MD simulations were utilized
to re-analyze the results of the time resolved IR-experiment; this yielded a 80% fraction
for pPII and 20% for a right-handed helical conformation (71). Barron and coworkers

took a different approach to investigate the conformational preference of short alanine
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oligomers (80). Using Raman optical activity (ROA) measurements, they showed that
alanine oligomers from 3-7 residues were predominantly adopting pPII-like structures. To
this end, they utilized the appearance of a very specific signal at 1314 cm™! which was
found to be diagnostic of pPIl. Results from these experiments suggest that alanine
oligomers ranging from tri- to hepta-alanine prefer pPIl conformations in solution and
that the pPII content per residue increases with the number of residues. In a separate
study, Asher and coworkers used the y-sensitivity of UV-resonance enhanced amide I1I
modes to show that a longer helical peptide, referred to as “AP” (AAAAA-(AAARA):-A)

unfolds into a predominantly pPII-like structures (81, 82).

Prior work by Schweitzer-Stenner and co-workers has also indicated high pPII
preferences for alanine based peptides (70, 73). Eker et al., for instance, utilized the
excitonic coupling between local amide I modes to examine several polyalanines in water
(72, 73). For unblocked and semi-blocked tripeptides the authors determined the intensity
ratios of the two amide I bands in the respective IR, isotropic, and anisotropic Raman
spectra and analyzed them with an excitonic coupling formalism to determine the (¢, y)
values of a representative conformation of the peptide’s central residue. Results from this
analysis were checked by simulating the corresponding VCD signal for this conformation
which was then compared with the experimentally determined profile. Additional
analysis of this representative structure subsequently suggested that trialanine exhibits a
50:50 mixture of pPII and B. A similar investigation was performed on tetraalanine

(AAAA) and revealed a higher pPII content (83), in agreement with McColl et al. (80).



26

1.2.4.2 Evidence for Statistical Coil
Although the above studies qualitatively agree in that they suggest a relatively

high pPII propensity of alanine (though with different values for pPII fractions), it should
be noted that a minority of results have challenged this notion. Particular in this regard
are the conflicting reports concerning the pPII preference of the aforementioned XAO
peptide studied by Shi et al. In a set of studies, Scheraga, Liwo, and colleagues performed
MD simulations using the Amber 99 force field and simulated annealing (MD SA) to
calculate the conformational ensemble of the XAO peptide (84, 85). The authors obtained
a conformational ensemble, which they decomposed into 10 dominant conformational
families, that satisfied experimental parameters. Figure 1.9 displays the Ramachandran
map these authors obtained, which superimposes the entirety of the conformational
families of all residues within the peptide. From this plot one may infer two major sub-
populations within the families, namely one centered at ¢ = -160, which contains mainly
extended B-strand populations, and a second centered at ¢ = -70, which contains pPII as
well as B-turn-like conformations. These results suggest that the peptide exists in an
ensemble of inter-converting structures, among which pPII is only one of many
conformations sampled by its alanine residues. These results are supportive of the
concept of a statistical coil, which the Scheraga group had earlier suggested as a modified

version of the more simplistic random coil model (86, 87).
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Figure 1.9: Ramachandran map superimposing the backbone distributions of all residues
and all conformational families of the XAO peptide calculated by MD SA with NMR
derived time-averaged restraints. The green boxes indicate the two dominant
conformational clusters centered at ¢ = -160 and ¢ = -70. Taken from ref (84) and
modified.

In an effort to resolve the conflict views of XAO experimentally, Zagrovic et al.
conducted small angle X-ray scattering (SAXS) measurements on XAO, from which they
derived a radius of gyration of 7.4 A (88). This value seems to be inconsistent with a
substantial sampling of pPII, for which one would expect a much more extended radius
of gyration of 11.6 A. Subsequently, by using their MD derived conformational ensemble
for XAO, Makowska et al. (84) were able to reproduce this 7.4 A radius of gyration
obtained by Zagrovic et al. (88) as well as the 3J(HNH®) constants of Shi et al. (49) with
MD simulations, which led further credence to the notion that pPII is not dominantly
sampled by the XAO peptide. However, the conformational manifold of alanine residues

derived from Makowska’s analysis was still atypical in that it indicated substantial
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sampling of multiple turn-like conformations, which produced the rather compact
structure of the peptide (as reflected by its small radius of gyration). Hence, their model

was in fact still a departure from the classical random coil.

1.2.4.3 Reconciliation
Schweitzer-Stenner and Measey tackled these conflicting views concerning the

conformation of the XAO peptide with a more extended experimental approach (89).
They utilized the structural sensitivity of the amide I mode in polypeptides by simulating
the IR, isotropic, anisotropic Raman, and VCD amide I band profiles as well as the
3J(HNH®) constants obtained by Shi et al. (49) for XAO. They extended the two-state
model of Shi et al. (pPII«<>p), by constructing a statistical ensemble in which each residue
was allowed to adopt a manifold of different representative conformations (pPII, J,
helical and various turns structures), thus also considering the results of Makowska et al.
(84, 85) Experimental spectra were fit using these distributions within an excitonic
coupling model that exploits the conformationally sensitive coupling between the local
amide ' vibrational modes. As a result, they found that the best reproduction of all
experimental data was achieved by assuming a mixture of conformations that contains
various turn (26%) and B-strand conformations (23%) with a sizeable (50%) contribution
from canonical pPII conformations. The inclusion of various turn structures at the XA
and XO interface is in agreement with the MD simulations of Makowska et al. (84), but a

high pPII contribution localized on the central alanine residues clearly indicate a pPII
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preference for alanine, in line with Shi et al.(49). With their statistical model, the authors
calculated a value of 19.1 A for the peptide’s end-to-end distance, which is nearly fully
consistent with the R reported by Zagrovic et al. (88). Hence, Schweitzer-Stenner and
Measey were able to reconcile both sides of the “XAO debate.” Generally, the authors
confirmed the notion that alanine residues exhibit more pPII sampling than predicted by
any random or statistical coil models. However, their analysis also revealed a substantial
nearest-neighbor influence of the hydrophilic terminal residues on the conformational

manifold of alanine, which is at variance with the IPH.

1.2.4.4 Moving away from representative structures
Most of the above discussed spectroscopic studies have in common that they

invoke representative conformations to reproduce experimental data, i.e.,, single (¢, y)
point pairs for the entire conformational manifold or for subpopulations. Thus, the results
are of limited use for (1) comparisons with conformational distributions obtained from
computational studies, (2) for a reliable quantitative assessment of conformational
propensities and (3) for estimating the conformational entropy of unfolded peptides.
These shortcomings have recently been addressed with increasingly more
complex studies that combine various techniques, like NMR and vibrational
spectroscopy, as well as theoretical methods to yield realistic conformational distributions
in the Ramachandran space. The first step in this direction was made by Graf et al. by

combining experimentally derived sets of seven different NMR J coupling constants,
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each of which relate differently to ¢ and y backbone angles, along with distributions
derived from constrained all atom Molecular Dynamics (MD) simulations to determine
conformational ensembles of tri- to hepta-alanines (74). The authors determined that
these peptides predominantly sample pPII (up to 90% for trialanine), with some minor
admixtures of extended B structure. In agreement with the earlier alanine studies of Shi et
al. (49) and Eker et al. (73), the population of right-handed helical conformations was

found to be negligible.

Following the study of Graf et al. (74), Schweitzer-Stenner et al. subsequently
used the published coupling constants as constraints in a newly developed algorithm
which, for the first time, described the conformational ensembles of residues as a
superposition of two-dimensional Gaussian functions (90). Using this model, the authors
were able to simultaneously reproduce the J-coupling constants reported by Graf et al.
(74) for trialanine, as well as the amide I’ band profiles of Raman, IR and VCD reported
by Eker et al. (73), with a conformational ensemble containing 84% pPII. The total 3D-
distribution function (i.e. conformational ensemble) obtained by Schweitzer-Stenner et al.
(90) for alanine in AAA is shown below in Figure 1.10. Thus, they confirmed the high
sampling of pPII for this peptide as obtained by Graf et al (74). In this study, the
combined use of the structurally very sensitive VCD signal of amide I’ and a large
number of ¢@-dependent coupling constants allowed a rather precise differentiation

between pPIl and B- strand sub-distributions, whereas the w-dependent coupling
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constants were useful for assessing the relative population of states associated with the

upper and lower left quadrant of the Ramachandran plot.
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Figure 1.10: 3-D plot of the distribution function used for the optimized simulation of the
amide I’profiles and J coupling constants of trialanine as obtained from ref (90).

1.2.4.5 Intrinsic Propensity of Alanine
While the above referenced studies on short oligoalanines are useful in

ascertaining the high preference of alanine for the pPII conformation, they also reflect the
influence of neighboring alanine residues, and hence, one critical issue has not been
explicitly dealt with, namely, the “intrinsic” conformational propensity of alanine.
Kallenbach and associates addressed this issue by exploring the pPII population of
alanine in glycine based host-guest system AcGGAGGNHz: (50). Utilizing an approach

reminiscent of their previous XAO study they combined NOE data and 3J coupling



32

constants derived from NMR as well as UVCD to show that alanine in AcGGAGGNH>
predominantly samples pPII, but to a lesser extent than the seven alanine containing XAO
peptide (49) In a subsequent study, Hagarman et al. (54) measured and analyzed the J
coupling constants earlier utilized by Graf et al. (74) for polyalanines and amide I
profiles of the unblocked tripeptide GAG. They found a pPII fraction of 79% for alanine,
which is slightly lower than the value obtained for AAA (84%), thus indicating that

alanine neighbor indeed stabilizes the pPII conformations slightly (54).

1.2.5 Theoretical Studies on Alanine
Over the last fifty years the alanine dipeptide (AdP) has been the classical model

system for studying the conformational sampling of amino acid residues in the unfolded
state. Numerous MD studies still use this peptide to explore the conformational
propensity of alanine in water (56, 91-100). Most of the results of these and similar
studies on other alanine based peptides still predict statistical-coil like distributions for
short alanine peptides (88, 101, 102) and hence are at odds with the most of the
aforementioned experimental results. This does not concern only the above described
propensity studies but also simulations of e.g. helix-coil transitions, for which many MD
force fields just overestimate the nucleation parameter ¢ owing to their intrinsic
oversampling of helical conformations (101). This tendency is kept alive even in some
more recent MD simulations. For instance, Beck et al reported ‘intrinsic’ propensities of

amino acids using in lucem MD simulations in the host-guest motif GGXGG and
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reported a significantly lower pPII propensity (16%) and an a-helical propensity above
50% for alanine (103). Generally, the results of MD simulations with regard to unfolded
peptides depend heavily on the choice of the force field, as demonstrated with systematic

comparisons by Zagrovic et al. (88) and Kwac et al. (96).

Among several attempts to move the results of MD simulations closer to
experimental constraints, some success is noteworthy. In a computational study by Mu et
al. in which the GROMOS package was utilized with Amber 09, it was also found that

extended pPII and  conformations dominate for trialanine (65% and 12% respectively)

(104). Gnankaran and Garcia found that the Amber 96 forcefield could be forced to yield

good agreement with experiment (i.e., high pPII content for polyalanines) only by
elimination of a backbone dihedral potential (105). However, the physical rationale for
these changes remains obscure. Moreover, Garcia found pPII to be particularly stable for
tetra-alanine, observing that four residues are necessary for an optimal backbone
solvation in pPII (105). In line with Garica’s results, Kentsis et al. (106) utilized ergodic
sampling algorithms to show that in explicit water pPII is the predominant state of
polyalanines. Contrary, Sosnick and coworkers used many different force fields to
calculate the MD populations for the central residue in trialanine and found a
significantly reduced pPII propensity for most force fields, except for the OPLS-AA-97

force field, for which they reported >80% pPII propensity (107).
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More recently, Best and Hummer tried to remedy the confusing situation by using
Garcia’s insights but avoiding their drastic change of AMBER force fields (102). They
modified rather than eliminated the dihedral backbone force constants to reproduce
experimental data on the fraction of helix measured in short peptides. In addition to re-
paramaterizing the force fields based on quantum chemical calculations, each was
optimized to account for helical content of short peptides by modifying the torsional
dihedral angel functions. However, though these authors were able to mostly reproduce
the J-coupling constants reported for polyalanines, their distribution still yielded a much
lower pPII content than that reported by Graf et al. (74) for the respective polyalanine. To
resolve this contradiction, Verbaro et al. (108) used the distributions of Best and Hummer
(102) to simulate the amide 1° band profile of the VCD and IR spectrum of the A5W
peptide and found them to be incapable of reproducing the strong amide I” VCD couplet.
Moreover, these distributions led to an overestimation of the end to end distance, which
Verbaro et al. (108) assessed by fluorescence resonance energy transfer (FRET)
measurements. A subsequent modification of distributions led to a higher pPII fraction
and the reproduction of all experimental data, including the end-to-end distance.

Although much of the discrepancy with MD simulations of unfolded peptides
likely resides in force field parameterization, some studies have indicated that the
underlying reason might be more complex. In particular, the choice of water model was
found to be important. Realizing the above shortcomings of MD simulations to reproduce

many experimental observations for short peptides, Duan et al. used quantum mechanical
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methods with continuum solvent models and an effective dielectric constant (€=4) to
account for the polarizability in the system (109). The authors were thus able to
determine that the pPII region is the most favorable. In a more recent approach by Lanza
et al. (110), N-terminal blocked alanine peptides Ac-Ala,-NH2 (N=2-4) were studied
using MP2, CCSD(T) and DFT ab initio methods with implicit hydration. These authors
found that nearly all major conformations (a- helical, pPIl, B-strand, and turn-like
conformations) as well as a large number of mixed structures are energetically accessible,
more in agreement with statistical coil models. This result is in agreement with results
from Han et al. (76), who showed on a lower level of theory that obtaining a preference
for pPII requires the explicit consideration of water.

Many of the above referenced studies point to the role of hydration for
conformational stabilization and, with respect to theoretical calculations, the choice of
water representation (i.e., implicit vs. explicit solvation) and water model. Indeed, the
water model seems particularly relevant for simulating unfolded states and intrinsically
disordered peptides, for which energetic differences between conformations are generally
on the order of RT, and interactions with water are enhanced due to larger solvent
exposure. The most commonly used water models for MD studies are the so called ‘three
site” water models, namely, TIP3P, SPC, and SPCE, and the four site water model TIP4P
(111-115). Although these models are still widely used in the protein community,
numerous studies have shown that the resulting conformational ensembles obtained by

using these models are far from being in agreement with each other and with
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experimental findings. Hence, many attempts have been conducted to re-parameterize
these water models. Notable in this regard is a study conducted by the Head-Gordon
group in which they re-parameterized the standard TIP4P water model (TIP4P-ew) with
inclusion of both Coulomb and Lennard-Jones long-range interactions (114). The authors
found that the TIP4P-Ew water model yielded slightly better agreement with
experimentally measured scalar couplings for trialanine (114). However, they still
obtained a conformational ensemble with under-estimated (relative to many experimental
results) pPII fractions (pPII 52%, 40% f). Using this water model Wickstrom et al. (116)
demonstrated that ensembles generated with TIP4P-Ew predicted the NMR scalar

couplings for trilanine reported by Graf et al. (74) more accurately than ensembles

generated with TIP3P model.

1.2.6 Physical Basis for pPIl Stabilization
The physical reason for the preferred sampling of the pPII trough by alanine is

still not well understood and is still widely debated in the literature. The most prominent
theories involve solvation (72, 77, 117-121), side-chain backbone interactions (122), and
electrostatic and steric effects (107, 117, 123), as key driving forces for inducing
conformational biases towards extended regions of the Ramachandran plot. Most
theories, however, and a limited number of experiments emphasize the role of solvation
for the stabilization of pPII (76, 93, 106, 124), while they still disagree on the underlying

mechanism. Qualitatively, one can imagine that water interactions with the backbone and
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side chains will deviate between different extended conformations (i.e., pPIl and B-

strand) by simply examining the backbone orientation of these structures (Figure 1.11).

3 CERERRVINVEN TS
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Figure 1.11: Backbone structure of polyalanine in B-strand and pPIll conformation. Taken
from ref (119) and modified.

Results from a computational density functional theory (DFT) based study on the

alanine dipeptide in explicit water (i.e., the peptide complexed with two and four water
molecules), suggest that water stabilizes pPII by forming a bridge between adjacent
carbonyl and amide groups by hydrogen bonding (76). For illustration, Figure 1.12 shows
the optimized pPII structure coordinated to water obtained by Han et al. Similarly, MD
simulations of various polyalanines in explicit water with a modified Amber force field

led Garcia to the conclusion that the pPII conformation is optimizing the packing of water

molecules in the hydration shell of the peptide. The authors found that in the pPII
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conformation here exists a high water density chain where water is delocalized and not

pinned around polar atoms (Figure 1.12).

Figure 1.12: (Left) Optimized pPIl structure of AdP obtained when coordinated to water.
Taken from ref (76) and modified. (Right) Sites of high water density around pPII
conformations at 278K. Taken from ref (119) and modified.

A somewhat similar rationale has been suggested by Kentsis et al. based on MD
simulations of a series of GGXGG peptides (106). They found that only alanine avoids a

disruption of the backbone hydration shell, which explains why it seems to be the only
residue with a high pPII propensity. However, a different explanation was given by
Drozdov et al. (93). They performed MD and Monte Carlo simulations for the alanine

dipeptide in explicit water and found that peptide-solvent interactions stabilize compact
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conformations that do not include pPII. However, water plays a role by attenuating
attractive electrostatic interactions between the peptide atoms. This leaves steric
interactions as the decisive force for determining conformational preferences. pPII
minimizes these interactions and thus becomes the most prominent conformation. This

notion was recently confirmed by Law and Dagett (125), who found that the occurrence

of pPII conformations in proteins does not correlate with the existence of water bridges.

In a study by Mezei et al. (119), it was found using Monte Carlo type simulations that the

solvation free energy of pPIl is favored over both B-strand conformers by 0.7 kcal/mol/

residue, and over a-helix by 2.7 kcal/mol/residue. The only parameter that was found to

correlate with this solvation free energy was the first hydration shell solvation energy.

All these different theories have in common that they emphasize the role of water
and solvation for the stabilization of pPII. This notion seems to be in good agreement
with experimental results. Eker et al., for instance, showed that the pPII content of the

blocked AcAAOH peptide is practically eliminated if water is replaced by DMSO as

solvent (72). Simillarly, Liu et al. used CD spectroscopy to investigate the solvent

dependence of the conformational distributions of AcGGAGGNH: (126). These authors

interpreted their data as indicating that the pPII content of this peptide decreased in the
order water > methanol > ethanol > 2-propanol, which reflects a linear correlation

between pPII content and solvent polarity. However, no correlation between the dielectric
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constant of the solvent and pPII content was found, which is somewhat at odds with the

model proposed by Drozdov et al. (93).

1.3 CONFORMATIONAL STUDIES OF NON-ALANINE RESIDUES

1.3.1 Non-Glycine Based Systems
While experimental results have generally converged in measuring a high pPII

propensity for alanine, conformational propensity studies on residues other than alanine
are more limited in number and vary in terms of the choice of short peptide model
system. One of the first studies in this regard was conducted by Creamer and colleagues
where they explored the residue level bias for pPII by studying short polyproline based
peptides, PPP-X-PPPGY where x=A, G, V, L, I, N, Q, and M, with UVCD spectroscopy

(118, 122). They found that proline has the highest pPII content followed by glutamine and

alanine. The lowest pPII propensities were found for branched amino acid residues (I, V).

Eker et al. chose an alanine-based host-guest system, AXA, where x= G, V, M,
H, S, P, L, K, Y, and F, to experimentally investigate the conformation of guest
residues in aqueous solution (73). They combined Fourier transform IR, polarized
Raman spectroscopy, and vibrational CD measurements of the amide I band profile
of alanyl-X-alanine tripeptides in D20 to obtain the dihedral angles of a representative
conformation of their central amino acid residue. The obtained results led them to sort
the investigated peptides into three classes. Valine, phenylalanine, tryptophan,

histidine, and serine predominantly adopt an extended [-strand conformation.



41

Cationic lysine and proline prefer a pPll-like structure. They found alanine,
methionine, glycine, and leucine populate these two conformations with comparable

probabilities.

More recently, Grdadolnik et al. performed a comprehensive experimental study
and reported propensity scales for 19 non-proline residues in blocked dipeptides (i.e.,
XdP) based on an analysis of the amide III’ region of their Raman and IR spectra as well
as the @-dependent J coupling constant (127). By measuring the amide III’ region with
both attenuated total reflection IR spectroscopy and Raman spectroscopy, they assigned
three resolvable sub-bands to pPII, B, or right-handed helical conformers. By considering
these three main conformations they were able to obtain pPII fractions of 0.68 and 0.53

and B fractions of 0.17 and 0.43 for alanine and valine, respectively.

1.3.2 Glycine Based Host Guest Studies
In the attempt to determine the mole fraction of pPIl and other backbone

conformations reflecting the intrinsic propensity of amino acid residues, many
researchers have turned to glycine based model systems. Glycine-based host-guest
systems had been frequently used as models beforehand to obtain 3J(HNH®) and chemical
shift values for what researchers considered as “random coil” conformations of amino
acid residues (128-131). Glycine as neighbor is considered as an ideal reference residue

as it provides minimal nearest neighbor interaction due to its hydrogen based side chain,
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thus allowing for an accurate intrinsic propensity scale. Moreover, since glycine is non-
chiral, CD spectra can be expected to reflect solely the conformational distribution of the

X-residue.

One of the first conformational propensity studies was conducted by Shi et al.,
who chose Ac-GGxGG-NMe in water, where “x” represents the 19 natural amino acids
except glycine, to investigate the guest residues conformational preference in the
unfolded state (51). Shi et al. measured the UVCD spectra for 18 residues (glycine was
excluded, alanine had been measured previously) at three different temperatures. For
most of the investigated peptides the spectra exhibit isodichroic points, indicating a two-
state model, which was assigned to a pPII/f equilibrium. To obtain quantitative
information on the amount of pPII/B present, the authors utilized the conformational
sensitive SJ(HNH®) coupling constants derived from H NMR experiments. The 3J(HNH®)
coupling constant varies dramatically in the ¢ region between pPII and B strand (-65° and
1259, respectively) and thus provides a rather sensitive measure of the angle ¢. (see Ch. 2
of this thesis). The authors reported their results as indicating high proportions of pPII
conformations at low temperature for nearly all investigated residues, shifting to an
increasing [-strand population at high temperature for all peptides. The pPII content thus
obtained ranged from 40 to 80% depending on the residue, with alanine exhibiting the
highest pPII propensity of 83%. However, the data analysis of Shi et al. (51) has been
challenged on various accounts. The interpretation of the experimental 3J coupling

constants reported are questionable, because (1) the 3J(T) coupling constants should
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represent Boltzmann-averaged conformational distributions rather than just two isolated
conformations, (2) experimental 3J coupling constants are generally three-fold degenerate
with respect to the angle ¢ and hence could be reproduced with various conformational
ensembles and (3) the reference 3J coupling constants used to represent pure pPII and B in
these studies were obtained from coil libraries of Avbelj and Baldwin which may not

actually reflect real distributions of amino acid residues in unfolded peptides (132).

1.3.2.1 GxG Peptides
A detailed conformational analysis aimed at obtaining realistic conformational

distributions of amino acid residues in glycine based host systems was performed by
Hagarman et al. (54). They used unblocked GxG peptides as the host guest system.
Individual conformational distributions of the guest residue were described by
constructing variable two-dimensional Gaussian functions in the (¢,y)-space. This way,
the authors were able to avoid using less realistic representative structures. Using these
functions in a global analysis of amide I’ band profiles and various J-coupling constants
(see Ch 2 of this thesis), they were able to obtain Ramachandran plots for 15 amino acid
residues. A representative set is shown in Figure 1.13. Their results confirm the high pPII
propensity of alanine (79%), as well as the variable conformational preferences of all
other residues. However, alanine is the only residue with such a high pPII fraction. The
pPII scale derived by Hagarman reads as follows: A, M> L, E, R, K>>I, V, S> DN, T,C,

with most residues exhibiting a lesser pPII content than the corresponding values reported
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by Shi et al. (51). Figure 1.14 shows a comparison of the pPIl and B-strand content

obtained for various amino acid residues in the aforementioned studies.
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Figure 1.13. Conformational distributions of the central residue in GAG, GVG, GLG, and
GEG obtained from analysis of amide I’ band profiles and J coupling constants,
illustrating the 2D distribution approach used by Hagarman et al. Taken from ref (54).
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Figure 1.14: Comparison of pPIl and B-strand populations for guest residues as derived
by Rucker et al. for PxP (blue) (118), Shi et al. for GGxGG (red) (51), Hagarman et al. for
GxG (green) (54, 55), and Grdadolnik et al. (133) for XdP (purple).
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1.3.2.1 Intrinsic Turn-like Populations
Reproduced in part, from:

I. Hagarman, A., Mathieu, D., Toal, S., Schwalbe, H., Schweitzer-Stenner, R. “Amino
Acids with Hydrogen-Bonding Side Chains have an Intrinsic Tendency to Sample
Various Turn Conformations in Aqueous Solution.” Chem. Eur. J. 2011, 17, 6789 —
6797

II. Rybka, K., Toal, S., Verbaro, D., Mathieu, D., Schwalbe, H., Schweitzer-Stenner, R.
“Disorder and order in unfolded and disordered peptides and proteins: A view derived
from tripeptide conformational analysis. II. Tripeptides with short side chains
populating asx and b-type like turn conformations.” Proteins, 2013, 81, 968-983.

In addition to distinct biases for pPII and B-strand populations, in a subsequent
study, it was found by us that a sub-set of amino acid residues (D, N, T, S) investigated in
GxG peptides have an unusually high preference for so-called “turn-like
conformations” (55). The term ‘turn-like’ herein means that the respective dihedral angles
adopted by the investigated residue are assignable to the -, y- and/or asx turn regions in
the Ramachandran plot, which are formed by turn motifs in proteins. In the case of y- and
asx-turns this could lead to intra-peptide hydrogen bonding and thus to the formation of

real turns, so that the use of the terms ‘turn’ or ‘turn-like’ is justified.

Turn motifs are ubiquitous in folded proteins, in which they are key determinants,
particularly for protein tertiary structure. Turn sequences, for the most part, reside on
protein surfaces and as such are comprised of mainly hydrophilic residues (134). Turn
motifs are increasingly recognized as relevant not only for protein folding but for

formation of local order in IDPs. Wright, Dyson and coworkers have provided NMR-based
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evidence for a role of turns in the initial phase of protein folding (135). Some ‘native-like

topologies’ have been detected in the denatured state of proteins. Mukrasch et al., for

instance, showed that an otherwise disordered tau protein contains short aspartic acid-rich

segments with a preference for type I B-turn conformations (31).

Turn types in proteins can be broadly classified according to the separation
between the two end residues with B-turns defined as i—i+3 type and y-turns defined as
i—i+4 type being the most common. These turns in proteins may or may not be stabilized
by intra-peptide backbone-backbone H-bonding between end residues (3). Turns can be
further classified into sub-types designated I-VIII depending on the preferred dihedral
angles within the turn (Table 1.1). Each turn type additionally has a backbone mirror-
image conformation designated I’-VIII’. The two most common types of turns are (1) B-
type I with canonical backbone dihedral angles for the i+1 and 1+2 positions of (-60°,
-30°) and (-90°, 0°), and (2) B-type II with canonical backbone dihedral angles for the i+1
and 1+2 positions of (-60°, 120°) and (80°, 0°) (3). For visualization, Figure 1.15 displays

two types of B-turns.
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B Turns

Figure 1.15. Type | and Il B-turns shown for a tetrapeptide. Taken from ref. (3) and
modified

In addition so-called “asx” turns are a special type of i, i+2 turn motif found in
proteins in which the first residue (typically aspartic acid or asparagine) has a side chain
that may H-bond with the i+2 residue (136, 137). Similar motifs occur with serene and
theronine, which are called ST-turns (138). Detailed analyses of turns in a database of
proteins with different folds revealed that residues with short, polar side-chains, such as
S, T, D, and N, also have a high tendency to be located in the i, i+1, i+2 and i+3 positions
in B-turns. Duddy et al. showed for a database of 500 proteins that 10% of their N, D, S

and T residues are involved in these asx- and ST- type turns (139).
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Table 1.1: Common turn types and associated dihedral angles at the i+1 and i+2

position.

Turn Type Pis WYis1 dis2 Yis2

I -60 -30 -90 0
I 60 30 90 0
Il -60 120 80 0
I’ 60 -120 -80 0
Vil -60 -30 -120 120
v -60 10 -53 17

It is generally thought that the existence of turn conformations requires formation
of non-local interactions. For instance, NMR evidence suggests that short peptide
segments with proline at the i+1 position (i.e., YPxyV) can form turn structures in

solution if x and/or y are occupied by residues that rank high on the Chou—Fasman scale

of turn propensities (12). Whether formation of turn structures is also possible for short

peptides that do not contain proline is unclear. It was previously thought that the
formation of asx- or ST-turns in aqueous solution requires the presence of either P or the
unnatural amino acid aminoisobutyric acid (Aib) at the ith position or an insertion of a d-
amino acid at the 1 + 2 position (140). To address this, Hagarman et al. used the
aforementioned analysis of both amide I’ band profiles and J-coupling constants to

extract the conformational ensemble of these residues (55). It was found that D, N, T, and
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S residues in model GxG peptides indeed sample dihedral angles similar to those found in
the corner residues of various turns, namely, type I/I’, II/II’, and IV b-turns in the absence
of non-local interactions (55). The side chains of the central residues of these three
peptides have in common that they are short and exhibit hydrogen bonding capability.
The total of turn populations for these residues are abnormally high in comparison to all
other residues and range between 20% for asparagine and 32% for aspartic acid. Aspartic
acid was found to predominantly sample regions at the upper border of the upper-right
quadrant of the Ramachandran plot, which bear resemblance to asx-turns observed in
proteins. This asx conformation enables intra-peptide hydrogen bonding between the
side-chain carboxylate of aspartic acid and the C-terminal amide group. Figure 1.16
shows the total conformational ensemble obtained for aspartic acid for reference. These
finding show that the high propensity for D, N T, S to be located in turn motifs reflects an
intrinsic property and supports the role of these residues as initiation sites for hierarchical

folding processes that can lead to compact structures in the unfolded state.
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Figure 1.16: Conformation distribution of the central residue in unblocked GDG
illustrating the high turn propensities of aspartic acid. Taken from (55) and modified.

In a separate analysis, the side-chain involvement in turn formation was analyzed

by determining the homo-nuclear 3J(H*,HP) coupling constant (141). As demonstrated for

short model peptides by West and Smith (142), and for unfolded proteins by Hennig et al.

(143), Hahnke et al. (144), and Sziegat et al. (145), this coupling constant yields

information about the population of side chain rotamers with respect to the angle y, ( £

N-Ca-CB-Cy ). These coupling constants were used to stereospecifically assign the two
diastereotopic HB protons of the central residues D, N, and C within GxG peptides and
determine the respective rotamer populations by use of a Pachler model (146). This

model assumes three different rotamers of the side chains, which are associated with y,

angles of 60°, 180°, and -60°. By analyzing the coupling constants as a function of

temperature in terms of a Pachler analyses, the mole fractions of each rotator could be
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obtained. These mole fractions of turn conformations as a function of temperature are
displayed in Figure 1.17 for the fully protonated and fully ionized state of GDG and GNG
(141). Within their limit of accuracy, the data do not depict any discernible temperature
dependence. This is a surprising result since one would expect that turn-like
conformations are entropically disfavored and therefore, less likely to be populated at
higher temperatures. However, a recent computational study aimed at exploring the
behavior of the YKGQ sequence in a hairpin-forming peptide found that it can form turns

at low (room) as well as at high temperature because enthalpy and entropy are both

stabilizing (147).
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Figure 1.76: Visual representation of the mole fractions of the side chain rotamers of the
indicated peptides plotted as a function of temperature. Taken from ref (141).
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1.2.7 Coil Libraries
An alternative strategy for determining the conformational preferences of amino

acids in the unfolded state is the analysis of conformational distributions found in coil
libraries. In general, there are two main types of coil libraries constructed for structure
prediction. “Unrestricted” coil libraries simply consider large sets of proteins from the
Protein Data Bank (PDB) without any resections as to the secondary structure elements
of selected proteins. This strategy was based on the argument that the contextual
influence would be eliminated if one averages over many protein environments (36, 148).
Support for this assumption is based on the linear correlations between average
3J(HNHa) coupling constants derived from unrestricted libraries and corresponding
values obtained for AcGGxGGNH: peptides in water. However, distributions obtained
from these types of libraries are still noticeably biased towards right-hand helical
conformations and do not agree with experimentally derived distributions of amino acids
in solution (148, 149). In contrast to the unrestricted library, only a subset of the database
can be chosen (i.e. a restricted coil library) in which certain types of secondary structure
sequences are purposefully omitted. This way, it is assumed that any possible effect of the
secondary structure on the amino acid conformation is effectively eliminated, hence

mimicking the unfolded state.

Swindells et al. constructed a restricted ‘“coil library” along this line by
considering only residues in coil regions and omitting residues lying within alpha helical

or beta strand structures within a dataset of 85 proteins from the PDB (150). By using this



54

library they determined that correlations between intrinsic conformational propensities
and observed secondary structure propensities for helices are modest and strongest for 3
strand propensities/structures. Serrano took this notion a step further by constructing a
coil library in which all regular secondary structures were omitted, including amino acids
in B-turns, which could also have associated nonlocal interactions (148). As displayed in
Figure 1.17, the author was able to show that the distribution for alanine dramatically
changes from mostly right-handed helical to mostly pPIl when removing all stable
secondary structure conformations, in qualitative agreement with most experimental
studies on alanine based peptides. However, as noted by Jha et al. (149), these restricted
coil libraries may have a systematic bias towards the pPII conformation due to their
inclusion of residues at the ends of structured regions which would inherently disfavor

sheets and helices (and hence favor pPII conformations).

Jha et al. (150) constructed a much more restricted coil library in which they tried
to eliminate this bias by omitted residues flanking regular secondary structures (including
prolines) and considering only residues that lie in “coil” stretches of four or more. Their
resulting data still indicated a moderate preference for the pPII conformation in the most
restricted coil library (library without helices, sheets, turns, and terminal, pre-proline, and
most exposed residues) for most residues, with the highest pPII preference seen for
alanine (49%). High pPII levels were found even for buried residues indicating that
preferential solvation may not be the only contributor to pPII preference in the unfolded

state.
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Figure 1.17: Distribution obtained in the upper left quadrant of the Ramachandran plot
for alanine using (A) all secondary structure conformations in the protein database (i.e.
an unrestricted library) or (B) only those alanine residues in a coil conformations (i.e.,
helices, sheets, turns omitted). Each unit reprints 18°. Taken from ref. (150) and modified.

1.2.8 Nearest Neighbor Influences

One of the pillars of Flory’s random coil model for the unfolded state of proteins is the
isolated pair hypothesis (IPH). It stipulates that the conformational distribution of a
distinct residue in the polypeptide chain is independent from the nature and the adopted

conformation of adjacent residues (22). As a consequence, a random coil chain carries a
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significant amount of conformational and combinatorial entropy, which led Levinthal to
propose his paradoxon (8). The total conformational entropy and energy of a chain could
then be written as a sum of residue enthalpies and entropies. Since the conformational
distribution of different amino acid residues were expected to be comparable (with the
exception of proline and glycine), enthalpy and entropy would linearly increase with the

number of residues.

Over the last ten years the validity of the IPH has been questioned based on
experimental, computational, and bio-analytical results. One of the first pieces of
evidence for deviations from IPH came from the analysis of 3J(HNHa) constants of a 130-
residue fragment of the unfolded fibronectin-binding protein from Staphylococcus
aureus, a protein with three homologous and a terminal segment (151). In this study,
Penkett et al. showed that the average 3J(HNH®) constants of individual amino acid
residues in this protein correlate well with expectation values derived from ¢ distributions
of coil libraries. However, a more detailed analysis revealed that individual 3J(HNH®)
coupling constants depend on the nature of the respective neighbors. With respect to the
strength of this nearest neighbor interaction, Penkett et al. divided the investigated
residues into two categories: category L contained aromatic and branched aliphatic side
chains (V, I, F, W, Y) and category S, which contain all the other residues with the
exception of glycine. Category L residues were found to increase the 3J(HNH®) coupling
constant of their downstream neighbors (0.4 Hz on average), whereas S-residues had a

negligible influence. The authors interpreted the influence of L-residues as an equilibrium
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shift from o-helical to B-strand conformation. They invoked steric effects as a reason:

extended B-strand conformations exhibit less steric strain than right handed helices.

Avbelj and Baldwin supported the interpretation of Penkett et al. (151) by a
computational thermodynamic analysis (152). The result of their study suggest that
nearest neighbor interactions are dictated by solvent mediated processes rather than by
direct steric interactions. Contrary to Penkett et al. (151), they took pPII as a distinct
residue conformation into consideration. Three contributions to the ¢-dependence of the
overall Gibbs energy were discussed: (a) the torsional potential V(¢), (b) electrostatic
interactions and (c) protein/peptide solvation and its modification by side chains. V(¢)
exhibits a maximum (i.e. its most destabilizing effect) at 120°, thus, it does not favor -
strand. On the contrary, electrostatic interactions favor B-strand like conformations, but
solvation screens Coulomb interactions thus allowing a dominance of V(¢), which in turn
favors pPIl. If side chains (like valine’s B-branching side chain) perturb the hydration
shell, they reduce the pPII propensity. Avbelj and Baldwin further showed that the
influence of side chains on propensities is not limited to their own residue (152). They are
capable of affecting the solvation of nearest neighbors as demonstrated in Figure 1.19,
which shows how the substitution of the fifth residue of a heptaalanine peptide by the -
branched valine increases the solvation Gibbs energy both in the pPII and the B-strand
conformation. An increase in energy here means less solvation, since the solvation Gibbs
energy is negative. The effect is much more pronounced for pPII than for B, thus causing

a preferential destabilization of the former. These changes clearly affect the solvation of
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the neighbors, where it also favors the B-strand conformation. By performing similar
calculations for other amino acids, Avbelj and Baldwin (152) found that branched
residues and residues with aromatic side chains exhibit much stronger nearest neighbor

effect.
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Figure 1.19: Representation of the change of the electrostatic solvation free energy
induced by substituting the fifth alanine residue of a heptaalanine peptide by valine.
Changes are plotted for pPIl and B-strand conformations, as indicated. Taken from ref.
(152) and modified.

Thus far the most detailed information about nearest neighbor interactions came from
coil library studies of Sosnick and coworkers (107, 149, 153, 154). For instance, Jha et

al. (149) observed (a) that the contributions of nearest neighbors to apparent propensities
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of an amino acid residue can be significant, (b) that these interactions are both side chain
and conformation dependent and (c) that they affect the propensities as well as the
position of local maxima of distributions. In order to simplify the representation of
nearest neighbor effects, they classified neighbors according to the properties of their side
chains: B-branched (and aliphatic), aromatic and alanine like. G and P were not
considered (149). The influence of these different types of amino acid residues on the
pPII, B-strand, and helical content of alanine obtained by Sosnick et al. (107) are
visualized in Figure 1.19. The authors found that if the side chain is B-branched (V, I),
the pPII and B-fractions are actually slightly above the average value in coil libraries, but
once the neighbor adopts a helical conformation, pPII drops and [B-strand increases.
Aromatic neighbors have very limited influence on the distribution, while alanine like
neighbors behave like valine and isoleucine. The situation is different for the C-terminal
neighbor. An aromatic neighbor in pPII increases the B-strand population and decreases
the helical content compared with B-strand and right handed helical. The pPII fraction of
alanine is less affected (149), it is highest for a helical neighbor and lowest if the
neighbor adopts B-strand. The influence of C-terminal B-branched neighbors is modest,
but qualitatively similar to that of the corresponding N-terminal neighbor. Alanine-like N-

terminal neighbors stabilize pPII and destabilize the helical conformation.
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Figure 1.20: Changes in pPll, B-strand, and helical conformations in alanine
induced by (a) N-terminal neighboring residues and (c) C-terminal neighboring
residues. Taken from ref. (149) and modified.
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The influence of the residue conformation on nearest neighbor interactions was
also investigated by Pappu et al. (155). They used a simple hard-sphere model to explore
the conformational space of a polyalanine peptide. The repulsive potential utilized in this
model was augmented by hydrogen bonding formation for certain ¢,y conformations.
The Ramachandran space was subdivided into 49 quadratic meso-states and their
population was calculated with Monte-Carlo methods. The authors thus found that steric
clashes involving conformations in the right handed helical region of the Ramachandran
plot (which violates the IPH), while such clashes were obtained when neighbors adopted
conformations in the upper left quadrant of the Ramachandran plot. Hence, this work
questions the validity of the IPH, but only for a limited set of conformations. This is a
somewhat less complex picture than that arising from the coil library studies of Sosnick
and colleagues, even though the latter also suggest a strong nearest neighbor effect
involving residues in helical conformations (149).

A similar message emerges from other studies of the Sosnick laboratory by which
they tried to reproduce residual dipole coupling (RDC) values of unfolded proteins
observed with NMR experiments. To this end, Sosnick and coworkers used coil library
distributions of amino acid residues with and without nearest neighbor influences (149).
Considering the latter led to a much better reproduction of experimentally obtained
coupling values, thus emphasizing the relevance of nearest neighbor interactions for the

structural ensemble of unfolded proteins and peptides.
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CHAPTER 2. THEORY BEHIND SPECTROSCOPIC METHODS

X-ray crystallography, and in some cases, NMR spectroscopy, are the most widely
used methods for determining protein structure in native or thermodynamically stable
states. However, studying unfolded or disordered states of proteins and peptides presents
a challenge in this regard due to the inherent inhomogeneity and dynamics of the system.
To study conformation in the unfolded state, the combined use of multiple,
complimentary, spectroscopic techniques has hence proved beneficial, as one can extract
different layers of information, which can then be combined to yield clear pictures of
conformational distributions.

All of the studies performed herein combine the use of three main spectroscopic
techniques, namely, ultraviolet circular dichroism (UVCD), Nuclear Magnetic Resonance
(NMR), and various vibrational spectroscopies (infrared, Raman, and vibrational circular
dichroism). The basic theoretical background needed to understand and analyze each
spectroscopy is described in turn below. Specific materials and methods used within each

study are described separately in Chapter 3 of this thesis.

2.1 ULTRA-VIOLET (ELECTRONIC) CIRCULAR DICHROISM

Circular dichroism (CD) is increasingly recognized as a valuable tool for
evaluation of protein and peptide structure and conformation (61, 156). CD is a

spectroscopic technique that takes advantage of the inherent chirality of protein
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environments by measuring the differential absorption between left- handed and right-
handed circularly polarized light:

A=A, - A, (eq. 2.1)

where AL and Ar are left-handed and right-handed absorbance, respectively. If the
circularly polarized light is absorbed to different extents by a chromophore, the resulting
radiation possess elliptical polarization. A CD signal will be observed when a
chromophore is chiral which, in the case of proteins and polypeptides, occurs primarily
due to the asymmetric 3D environment (156). Generally, CD instruments report

ellipticities (0), which can simply be converted to absorption via:

0

A =— 2.2
32980 (€q-22)

Typically, units of Ae (M-lem!) are used for spectral comparisons which are calculated

via Beer-Lambert’s Law:

A€ = A (eq. 2.3)
cb

where c is the concentration of chromophore (peptide) in units of molarity and b is the
path length in centimeters. The parameter Ae (M-lcm'!) is herein referred to as
“dichroism.”

Ultraviolet circular dichroism (UVCD) is the application of the CD technique in
the ultraviolet region. Typically, far UVCD (<250nm) is used to probe the chirality about

the amide group. The amide group has four n electrons, three m orbitals (mp, Ty, and w*)
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and two lone pairs in the non-bonding orbitals (n» and n') of the valence shell. Two nn*
transitions, mhp,—n* (denoted NV, approximately 190 nm, electric dipole transition
moment || = 3.1D) and mp—n* (NV2, 139 nm, |u| = 1.8 D), and one nn* (n—n*, 220 nm)
transition in the amide chromophore have been identified (157). Figure 2.1. shows a

simple MO diagram depicting these transitions.
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Figure 2.1: Electronic transitions of the amide group in the far-UV region. The molecular
orbitals shown are the bonding, nonbonding and antibonding 1 orbitals (T, Tinp and 1*)
and two lone pairs on the oxygen atom. Taken from ref (157) and modified.
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The spatial arrangement of the amide groups along the polypeptide backbone
determines the far—UV CD spectrum. Therefore, different types of secondary structures
of proteins give rise to characteristic UVCD profiles in this region, as displayed in Figure

2.2.
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Figure 2.2. Far UVCD spectra of various secondary structures. Solid line: a-helix; long
dashed line: anti-parallel B-sheet; dotted line: type | B-turn; cross dashed line: pPII helix;
short dashed line, irregular structure. Taken from ref. (156).
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2.1.1 Origin of CD Activity in Polypeptides

The integrated intensity of a CD band for a given transition gives a measure of the
strength of CD, called the rotational strength. Rotational strength is defined theoretically,
as the imaginary part of the scalar product of the electric (1) and magnetic (m) dipole

transition moments of an electronic transition:

R=c %d/l:lm[ﬁ-m] (eq. 2.4)

where c is a constant, which in cgs units is approximately 2.295 X 10-3° erg cm? (64). 1

is the electric transition dipole moment, which can be considered a measure of the linear
charge displacement upon transition. 7 is the magnetic dipole moment transition, which
can be envisioned as a measure of the circular motion of charge associated with the
transition. Therefore, to give rise to a CD signal, a transition must involve both linear
and circular charge movement resulting in helical charge displacement (64).
Mathematically, this means that the angle between p and m # 90 and p # 0 and m # O.
For certain symmetries, electrically allowed transitions may be either
magnetically allowed or forbidden depending on the particular geometry of the molecule.
The electronic transitions in an achiral molecule have either the electric (e.g., nn*
transitions) or the magnetic (e.g., nn* transitions) dipole transition moment equal to zero,
or the two kinds of transition moments are perpendicular to each other (e.g., no*
transitions), which results in zero rotational strength. For instance, if a molecule has a

center of symmetry, the given electronic transition cannot be both electrically and
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magnetically allowed. In a molecule with a plane of symmetry, a given electronic
transition may be both electrically and magnetically allowed, however this would result
in orthogonal relationship between the two, and hence a vanishing rotational strength.
Therefore, a CD signal will not be observed unless a molecule is chiral.

For protein and peptide conformational analysis in the far UV, the amide group is
the chromophore of interest. The planarity of the NHC group results in a plane of
symmetry within the chromophore, and hence a vanishing rotational strength. Therefore
the chromophore itself does not exhibit an intrinsic CD activity (156). In order to
generate rotational strength, the environment must be perturbed by a chiral field. The
interaction between protein chromophores in the (3D) chiral field of the protein
introduces these perturbations leading to optical activity. This occurs through the
coupling of electrically and magnetically allowed transitions through Coulomb
interactions. Moffitt laid the foundation for describing the coupling in the excited state,
which results in the exciton splitting of electronic transitions (158). There are two basic
interactions of this type that lead to the observed CD in polypeptides. The primary
method is the called coupled-oscillator or p-pu* mechanism in which one member of a
pair of oscillators induces a magnetic dipole moment in the second oscillator resulting in

a composite transition with non-vanishing electric and magnetic moments. The second

mechanism for induced rotational strength is the so called p—m mechanism (63), wherein

the electrically allowed transition on one chromophore mixes with the magnetically

allowed transition on another. It is in this way that interaction between transition
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moments leads to CD activity and the geometrical relation between transition moments in
different secondary structures that determines the characteristic secondary structure
UVCD spectra shown in Figure 2.2 (63).

A basic assumption for analyzing UVCD spectra of proteins is that the measured
spectrum can be expressed as a linear combination of basis spectra that reflect the
secondary structure content within the molecule. In the unfolded state, conformational
ensembles are largely composed of high levels of extended conformations such as pPII
and B-strand. The UVCD spectrum of pPII-type structures exhibits a weak positive band
at approximately 215nm and a negative maximum at 195nm (Figure 2.2). The long-
wavelength band (~215 nm) is generally assigned to the nm* transition and the short-
wavelength band (~195 nm) to the n* transition (64). Strong mixing with higher energy
transitions are thought to be responsible for the non-conservative CD spectrum. A typical
UVCD spectrum of displaying the pPII signal at low temperatures is shown below in
Figure 2.3 for reference. With increasing temperature this signal generally decays due to
increased sampling of B-strand conformations which displays the opposite CD signature
(i.e. B-strand conformations exhibit a positive nn* band at 195 nm followed by a

negative n* band 215 nm., see Figure 2.2)
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Figure 2.3: Far UVCD spectrum of trialanine as a function of temperature from 10-90°C.
The inset depicts the difference spectrum.

2.2. NMR SPECTROSCOPY

2.2.1 J-coupling Constants

NMR has long been used as a quantitative technique for structure determination
of proteins and peptides. When conducting NMR on unfolded or disordered states,
conformational fluctuations that take place on time scales faster than the time resolution
of NMR (i.e. milliseconds) must be taken into account. For the highly dynamic unfolded

state, resulting NMR-derived parameters are ensemble averages and reflect a mixture of
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coexisting conformations interconverting on faster time scales (159). Within this thesis,
the determination and analysis2of so called J-coupling constants plays a key role in
conformational analysis. J-coupling, also referred to as spin-spin coupling, results when
two nuclei separated by 1-3 bonds perturb the respective valence electrons. The
alignment of electron and nuclear spins at one atom is communicated through the
chemical bond to neighboring atoms which results in a splitting observed in the
respective NMR signal. Since this interaction depends on the overlap of electron and
nuclear wave functions, the resultant splitting is orientationally dependent, i.e. it depends

on the intervening torsional angles.

2.2.1.1 Homo-Nuclear 3J Coupling Constants

The importance of three-bond J-couplings (*J) for determining three-dimensional
molecular conformation by NMR methods is well-established (43, 159-162). For peptides
and proteins, a wide variety of different J-couplings are commonly being used in the
structure determination process. Each coupling constant has an associated Karplus
equation (160), which relates the J-coupling constant to the intervening torsion angles.
The respective coefficients for these equations have been empirically parametrized on the
basis of known protein structures (162-164). The most widely used coupling constant in
this regard is the so called 3J(HNH®) coupling constant which reflects the spin coupling
between amino and the alpha carbon hydrogen, and hence is sensitive to the intervening

¢-angle. The respective Karplus equation is given by (160):
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J(HYH®)= Acos®(¢—607)+ Bcos(¢p—60°)+C (eq. 2.5)

The coefficients A, B, and C are empirical parameters that are generally derived through
correlation of homo- and hetero- nuclear NMR data with crystallographic information for
large sets of proteins of known secondary structure. Several sets of Karplus coefficients
have been reported in the literature and are listed in Table 2.1. In line with experiments
by Graf et al. on alanine based peptides and Schwalbe et al., we choose to utilize the
Karplus coefficients reported by Hu and Bax (A = 7.09, B =-1.42 , C = 1.55). These

coefficients have proven the best in our global analysis of NMR and vibrational data.

Table 2.1: Karplus coefficients obtained from various studies.

A B C
Vuister and Bax 6.51 -1.75 1.6
Hu and Bax 7.09 -1.42 1.55
Schmidt et al. 7.9 -1.05 0.65

aData from Vuister and Bax taken from ref (163). Data from Hu and Box taken from ref (164).
°Data from Schmidt et al. taken from ref (162).

An example of the amide region in a typical H-NMR spectrum for a short peptide,
trialanine, is shown in Figure 2.4. Amide proton signals generally show up between 6-9

ppm. Since trialanine has two labile NH groups which are exchangeable with solvent, we
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observe two amide signals that are split into doublets due to interaction with neighboring

CaH protons through the aforementioned spin-spin coupling mechanism.
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Figure 2.4: Experimentally obtained H-NMR spectrum for AAA in H20 at 35 °C (blue line)
along with the resulting fit (purple lines) using Voigtian profiles. The two 3J(HNH2) coupling
constants are outlined with red arrows where we use the subscript “C” to denote the C
terminal amide signal and “N” to denote the N-terminal (central residue) amide signal

The associated Karplus curve for 3J(HNH®) coupling constants is given below in
Figure 2.5. The structural sensitivity of this parameter can be immediately seen when

comparing the two predominate conformations in the unfolded state, namely B-strand and
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pPII conformations. Canonical B-strand conformations have a ¢ angle of approximately
-125°, compared to pPII which has a canonical ¢ angle of -70°. Therefore, the 3J coupling

constant in this region varies from 10-4.5Hz.
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Figure 2.5: Graphical representation 3J(HNH®) Karplus relationships that depends on the
backbone dihedral angle ¢. The red shaded area corresponds to the phi region between
pPIl and B.

2.2.1.2 Hetero-nuclear Coupling Constants
The information provided by the 3J(HNH®) coupling constant is most beneficial

when one has a priori information regarding the conformational ensemble of the target

amino acid. For instance, as seen in Figure 2.5 the 3J(HNH®) coupling constant has up to
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three ¢ values that satisfy a given coupling magnitude. For this reason, in order to extract
quantitative information on the conformation of an amino acid for which there is no a
priori information, one should use a combination of several J-coupling constants. Figure
2.6 shows the six conformationally sensitive J-coupling constants as a function of their
respective dependent backbone angle (¢ or ). Each coupling constants depends
differently on the backbone angle and can be obtained by appropriate hetero-nuclear 2D
NMR experiments. Four of the coupling constants: 3J(H®,C”), 3J(HN,C”), 3J(HN,C%),
J(HN,CP) depend solely on the angle ¢, while the two remaining ones, J(INC®) and 2J(NC®)

depend on .

When using these constants to obtain information on short peptide or unfolded
proteins, it becomes particularly important to consider the ensemble character of the
conformational distribution (159). In a seminal study by Graf et al. (74) it was shown that
the combined use of all NMR J-coupling constants along with distributions derived from
constrained all atom MD simulations was sufficient to accurately obtain the
conformational ensemble of various alanine based peptides. Work by the Schwalbe group
has shown that various J coupling constants along with relaxation rates and SAXS data
can be used to deduce residual structure due to non-local interactions in denatured
proteins and IDPs (36, 45, 47, 48, 165, 166). Hagarman et al. recently showed that the
use of these coupling constants in combination with vibrational spectroscopy was

sufficient to quantify conformational ensembles of amino acid residues (54).
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2.3 VIBRATIONAL SPECTROSCOPIES
Proteins have vibrational spectra that contain important details on their structure.

Bands are observed in infrared (IR) or Raman spectra that correspond to the normal
modes of vibration of that particular structure. The following section will introduce amide
I as the primary normal mode used herein for the conformational analysis of tri- and
tetra-peptides, as well as the excitonic coupling model, which accounts for the vibrational
mixing between different amide I mode in a polypeptide chains. The strength and sign of
this mixing is orientationally dependent and thus enables spectroscopists to simulate the
band profiles of amide I modes in infrared (IR), polarized Raman, and vibrational circular
dichroism (VCD) spectra in terms of conformational distributions of amino acid residues.
The mathematical formalism derived in the following section was employed via Matlab
in order to simulate and fit experimental amide I band profiles and extract conformational
distributions of amino acid residues in various GxG peptides, dipeptides, and GxyG

peptides throughout this thesis.

2.3.1 Amide I/ Mode

The amide I band is generally the most intense band in the IR spectra of proteins

and peptides. According to normal mode decomposition, the amide I mode is primarily a
CO stretching vibration together with an out-of-phase CN stretch component and small
CCN deformation and NH in-plane bending (ipb) (167, 168). The transition dipole
moment, therefore, has a direction that forms an angle between 15-25° with the CO bond

direction in the plane of the peptide group (167) .
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In water, the amide I mode mixes with HOH bending modes within the hydration
shell, which complicates the use of this band for structural determination (76, 169, 170).
However, this effect, as well as the admixture of NH in-plane-bending to amide I, can be
eliminated by using heavy water (D20) as solvent. This ensures the replacement of NH
by ND (which causes a slight downshift to the amide I frequency) and decouples it from
any vibrations of molecules in the hydration shell (DOD bending modes are
approximately 300 cm!' lower than amide I). The amide I mode in D20 is referred to as
amide I’ to reflect this difference. Depending on experimental conditions this band is
located in the wavenumber region 1610-1700cm!. In the absence of vibrational coupling
between amide I modes (i.e. the intrinsic amide I), the structural sensitivity of this mode
arises from the conformationally dependent strength of hydrogen bonding between
protein CO and NH group with solvent (168, 171-173). In addition, the frequency
position and the oscillator strength of the amide I’ mode is slightly side chain dependent,

as shown by Measey et al.(174).

2.3.2 Excitonic Coupling

In polypeptides and proteins (i.e., more than one peptide group), the structural

sensitivity of the amide I mode is primarily due to vibrational coupling between local
amide I modes on adjacent carbonyl groups (167, 175). This coupling is primarily

electrostatic in nature and can in most cases be approximated by the so-called “transition
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dipole coupling” (TDC) formalism, which invokes the interaction potential between local
amide | transition dipole moments. A transition dipole moment associated with a
vibrational mode is in first order describable as the first derivative of the permanent
electronic dipole moment with regard to the modes normal coordinate. The corresponding
potential describing the TDC interaction between pairs of local amide I oscillators is

given by:

’R3 : (eq. 2.6)

where 8% 0. is the derivative of the electronic ground state dipole moment (i.e., the

transition dipole moment) with respect to the ith normal coordinate (Q;). 7, are the unit

vectors in the direction of the respective dipole moments, Rjj is the distance between the

ith and jth dipole, and IA?ij is the unit vector along this line.

Quantum mechanically, this coupling occurs between the excited vibrational
states of the local amide I oscillators due to through bond and through space (TDC). As a
consequence of this coupling, new delocalized eigenstates are generated, termed
excitonic eigenstates. These excitonic eigenstates can be written as a linear combination

of the excited vibrational states of local amide I’ oscillators (176):

\Zi>=iafj|x,-> (eq. 2.7)
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Where yi are the wavefunctions of the ith excitonic state, yj are the vibrational
eigenfunctions of the local (unperturbed) amide I mode of the jth oscillator, and aj; are the
mixing coefficients (eigenvectors) which describe the amplitude of the ith excited state
wavefunction at the jth position.

The coefficients ajj can be obtained by solving the time-independent Schrodinger

equation, which for a polypeptide of #n oscillators reads:

([:Io""[:[exc) %i>=E|Zi> (eq. 2.8)

where H o, and H .. represent the Hamiltonians for the unperturbed and coupled excitonic
system respectively, E is the set of n eigenergies, and | ;(i> is a state vector representing

the n excitonic states. The excitonic Hamiltonian contains information on the strength of
vibrational coupling of the system, and hence is a function of the dihedral angles and
distances between coupled oscillators. For a tetrapeptide, the total Hamiltonian (Hr = Ho

+ Hexc) can be written in matrix notation as (177):

v Ay b
Hp=| Ay v, Ay (eq.2.9)
6 Ay vy

where the diagonal elements, v;j are the unperturbed local amide I frequencies, Ajj:1 are
the nearest-neighbor excitonic coupling energies, and 0> are non-nearest neighbor

coupling.



80

In order to obtain the excitonic eigenenergies through application of the above
Hamiltonian, one requires information on the strength of vibrational coupling. In a
seminal study by Torii and Tasumi, the nearest and second-nearest-neighbor coupling
constants as a function of dihedral angles of a glycine dipeptide were determined using
ab initio based normal mode calculations (176). The authors found that while the second
nearest-neighbor coupling constants could be well approximated by TDC, the nearest
neighbor coupling constants required additional factors. This likely reflects both the
increased importance of through-bond interactions and a breakdown of the TDC
approximation at short distances. The coupling map as a function of dihedral angles for
nearest-neighbor coupling contains a negative trough in the center of the Ramachandran
plot as well as two maxima centered at (0°, 180°) and (180°, 0°). DFT calculations
performed by Gorbunov et al. (178) confirmed the conformational dependence of
coupling strength obtained by Torii and Tasumi. In addition, Gorbunov et al. found that
the vibrational coupling was transferable to dipeptides with hydrophobic and hydrophilic
side chains as well as tripeptides with charged end groups (178).

In a recent study, Schweitzer-Stenner was able to heuristically reproduce the
coupling map obtained by Torii and Tasumi in order to utilize the ab initio information in
calculating amide I band profiles of conformational distributions (90). The coupling
constant strength as a function of dihedral angels produced by Schweitzer-Stenner is
displayed in Figure 2.7. This plot very closely mimics those obtained by Torrii and

Tasumi, as well by Gorbunov et al. (178) Most importantly for use in calculating band
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profiles, Schweitzer-Stenner was able to quantitatively reproduce the maximum at (0°,
180°) that causes a large gradient in the coupling strength along the pPII region (90).
Implementation of this nearest-neighbor coupling plot allows for diagonolization of the
total Hamiltonian (eq 2.9) to yield new eigenenergies v'1, v 2, v '3, and mixing coefficients

ajj for each excitonic state.
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Figure 2.7. Contour plot of the nearest-neighbor coupling constant as function of ¢ and @
calculated with a heuristic model by Schweitzer-Stenner (90) in reproduction of ab initio
results of Torii and Tasumi (176).
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2.3.3 Calculation of Band Profiles

In this thesis, the calculation of IR, isotropic Raman, anisotropic Raman and VCD
amide I’ band profiles for short peptides is conducted in the framework of the above
described excitonic coupling model. In this section we first describe calculation specifics
for Raman band profiles, followed by IR and VCD. The mathematical formalism derived
here was implemented via Matlab for simulations and fitting of amide I’ band profiles in
order to obtain conformational distributions for amino acid residues throughout this

thesis.

2.3.3.1 Calculation of Raman Profiles
Excitonic coupling causes a re-distribution of intensities between sub-bands

underlying the total amide I band profile which is different in respective isotropic,
anisotropic Raman and IR band profiles (177). Utilizing the excitonic coupling model
along with the coupling strengths, it is therefore possible to describe this effect in terms
of backbone dihedral angles. Diagonalization of the total Hamiltonian (eq 2.8) yields the
mixing parameters ajj which can be used to calculate corresponding Raman tensors (and
dipole moments) of the ith excitonic states. Similar to equation (2.7), we can write the
Raman tensor as a linear combination of the local amide I tensors and dipole moments,

respectively, as follows:

Ja;) (eq. 2.10)
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where @,, &,, &,are the amide I Raman tensors of the three unperturbed (local)

oscillators. The Raman tensor of an amide I mode in the above coordinate system can be

written as:
a b 0

a=| b 1 0 (eq. 2.11)
0 0 ¢

The elements a b and c are here expressed in units ayy since this is the dominant
contribution to the tensor and we are only interested in relative units. The tensor elements
of the local amide I’ oscillators were recently determined by Measey et al. a using AX
and XA dipeptides where X signifies one of the 20 naturally occurring amino acid
residues (52). Transformation into a coordinate system coinciding with the “major axis of
the Raman tensor” (mart) yields (83):

1-a

bh=— 212
93 (eq )

In order to use eq. 2.10-2.12 to calculate the tensors of the excitonic states, the
tensors of the local amide I modes have to be transformed into a common coordinate
system. Choosing the C-terminal peptide group as the reference coordinate system and
the corresponding NCa bond as the x axis, each tensor can be sequentially rotated from

its initial coordinate system into the C-terminal coordinate system via appropriate
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rotational matrix operations (83). Figure 2.8 shows the tetrapeptide GSAG (for an
example) with assigned coordinate systems S1-3 used to express the local Raman tensors

and dipole moments for reference.

y2 « ©

Figure 2.8: Planar structure of the tetra-peptides GSAG with coordinates fixed to
completely extended (¢, =180, 180) for demonstration purposes. The coordinate
system S1(x1, y1, z1) was used to express the Raman tensors of the individual
uncoupled amide | mode and their transition dipole moments. The z- component has
been omitted for clarity. The structure was obtained by using the program TITAN from
Wavefunctions.

For instance, the ¢, tensor, which belongs to the N-terminal peptide group was

rotated from coordinate system S; into the reference coordinate system S3; (C-terminal)

via standard rotational matrices dependent on peptide geometry:
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&,(8,)= R (@)R W,,)R" (§) (R (@1,)6,(SHR" (¢ ) RE)DRW DR@,,)  (eq2.13)

Equation 2.12 can be understood using Figure 2.8 as follows. First the coordinate system

S1 has to be rotated by @', =@,, — . Next, rotation about the angle ¢, which is the angle

between NCa and CaC bond, brings the y axis colinear with the CaC bond. Next the
system is rotated about the dihedral angle yi2. Subsequent rotation about an angle o,
which is the angle formed by the CaC bond of Sz and the y» axis, brings the x axis of the
coordinate system coplanar with the NCa bond of Sz. The angles @ and ¢ are known from
peptide geometry to be approximately 96° and 20°, respectively. This series of rotations
brings S; into Sz. A similar set of transformations then brings the system into the final

reference coordinate system S at the C-terminal:

,(S;) = R" (@,,)R" (W,5)R" (£,3)(R" (9 )0, (SR (9 1)) REDRW,)R(@,)  (eq. 2.14)

Now, with the local tensors in a common coordinate system, the isotropic and anisotropic

scattering for the ith excitonic state can be calculated as follows (170):

B2 =—(Tra") (eq. 2.15)
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Once these tensor invariants are obtained, the Raman band profiles can be calculated as a

superposition of Gaussian profiles representing the respective excitonic modes (83, 170):

1,(Q)= X [458.1(2)] (cq. 2.17)
L ()= X[ 772,(2)] (cq. 2.18)
where
1 —(Q—fzzi )
= 20 (eq. 2.19)

Q; is the eigenenergy of the ith excitonic state in cm™! and oj is the corresponding

halfwidth of the band profile.

In our analyses we exploit the additional structural sensitivity offered by
measuring polarized Raman (83). By measuring the light polarized parallel and
perpendicular to the scattering plane, one can obtain the isotropic and anisotropic

intensity profiles via:

I, =1 —%I (eq. 2.20)

=1, (eq. 2.21)
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2.3.3.2 Calculation of IR profiles
The band profile for IR can be similarly determined. IR absorption intensity is

proportional to the square of the transition dipole moment associated with the respective
vibrational transition. The dipole moments of the excitonic states can be written generally

as:

:aj> (eq. 2.22)

Each transition dipole moment can be described by:

Uy, -cosV}
= M, -sind (eq. 2.23)
0
where i is the local amide I transition dipole moment of the itk peptide group and 9 is

the angle between the dipole vector and the x-axis of the coordinate system.

To utilize eq. (2.22-2.23) for determination of transition dipole moments in
excitonic states, the local dipole moments along the peptide backbone must first be
transferred into a common coordinate system. Similar to the procedure described above
for transformation of Raman tensors, we choose the C-terminal as our basis coordinate
system. The local coordinate systems are the same as those shown in Figure 2.8 in the

example of tetrapeptide GSAG. The respective rotational transformations to move the
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local transition dipole moments of residue 1 and 2 in to basis coordinate system S3 are as

follows (83):

1,(S3) = R(@,)R( 5, ) R(E, ) R(9 ) R(@1, ) R(w,, ) R(E)R(9)2) i (S) (eq. 2.24)

1,(S;) = R(w23)R(l//23)R(§23)R(¢'23)ﬁ2(52) (eq. 2.25)

Once the dipole moments are in the basis system S3, the dipole moments of the excitonic
states can be calculated via eq 2.22. The IR intensity can then be written as a

superposition of Gaussian bands representing the respective bands of the excitonic

modes:
n—1

L (Q)=Y[1"f] (eq. 2.26)
i=1

where

1= (- R) (eq. 2.27)

) L. ) o -39
where C is a constant, which in electrostatic units is 9.2 x 10 esu.
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2.3.3.3 VCD Profiles

Vibrational circular dichroism (VCD) is a powerful tool for structural
determination in short peptides and proteins. VCD intensity is proportional to the
rotational strength of the ith excitonic state (179). Rotational strength was previously
defined in the context of UVCD, however in the context of VCD we need to re-write it in

terms of the derivative of electric and magnetic dipole moments:

R =Im[f/ /] (eq. 2.28)

As one can see from eq 2.28, rotational strength depends on the scalar product between
the transition dipole and transition magnetic moments of the respective excitonic state.
Holzwarth and Chabay used a coupled oscillator model to derive the rotational strength
for isoenergetic oscillators (179). Eker at al. expanded this model to consider two non-
isoenergetic oscillators (70). We follow Eker et al. and write the rotational strength for a

peptide with N residues as:

N ' N ‘ lﬂ«- N-1 N
R=Im| Y o, i,y ot — ?( > v T x (0 - 00, 1, )ﬂ (eq. 2.29)
J=1 J=1 I=1 m=2

where [} and smjare the derivatives of electric and magnetic dipole moments of the

local amide I’ oscillators. 7, is the distance vector between oscillator 1 and m. The

im
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coefficients ajj are the afore-described mixing coefficients, which reflect the contribution
of the jth residue to the ith excitonic state. The first term describes the rotational strength
induced by excitonic coupling of excited vibrational states. The second term describes the
chirality generated by the magnetic moment at residue i induced by the electronic
transition dipole moments of neighbors. The VCD profile of the amide I can be calculated

as a superposition of Gaussian bands using:

ind n—I1

v
Ae(Q)=—"—"> IR f, eq. 2.30

= w2k (eq. 2.30)
where vo is the first moment of the amide I’ band profile and f; is the afore-defined

Gaussian band profile (eq 2.19).

2.3.3.4 Calculation of Distribution Functions

For the simulation of all amide I’ profiles and J coupling constants of short

peptides, we generally assumed a statistical conformational ensemble for the
corresponding investigated amino acid residue consisting of normalized two dimensional
Gaussian distributions. The central coordinates and halfwidths of these distributions are
used as variable parameters for our simulations. This type of ensemble takes into account
that each residue has multiple co-existing conformations that make up the conformational

ensemble and that these conformations should be approximated by distribution functions



91

that mimic the breadth of the sub-space. The total ensemble distribution function is given

by (90):
X 5(p-po i Aj_l p—Py
Flo) = —EL_g ) i) (eq. 2.31)
i 2 Vj

where

ﬁz[ ¢ } (eq.2.32)
v

and

R 60)“ O'¢ J

i~ ’ " (eq.2.33)

Opyj Oy,

is the covariance matrix that contains the halfwidths along ¢ and v as diagonal elements.
The diagonal elements of the matrix V; are the half half-widths of the jth distribution
along the coordinates ¢ and vy, and the corresponding off-diagonal elements reflect

correlations between variations along the two coordinates. The factor y; is the mole

fraction of the jth sub-distribution.
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If multiple conformations are considered, each then gives rise to its own band
profile, which must be weighted accordingly (90). The expectation value of any
observable, x, that depends on the dihedral angles of the conformational ensemble (i.e.
IR, Raman intensities, rotational strengths and J coupling constants) can then be written

as:

T T

[ [xr(o.p)dpay
()=

.2.34
7 (eq )

where Z is the partition function of the ensemble that can be calculated by:

z=Y | [ xf(o.y)dody (eq. 2.35)

=1

2.3.4 Conformationally Dependent Band Profile Differences
Excitonic coupling between the local amide I” modes increases the frequency

splitting between them and re-distributes IR and Raman intensities (83). If only two
coupled oscillators are considered, two different excitonic energy levels are observed
depending on whether the oscillators are in phase or out of phase. The result is a splitting

of the amide I band, which can be as large as ~70 cm™! for B-sheet structures (167). Figure

2.9 shows the band splitting for a tetrapeptide, namely tetraalanine, for example (83).

Schweitzer-Stenner et al. (83) showed that the band profile can be decomposed into three
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sub-bands (1643 cm’' (AI’}), 1656 cm! (Al;), and 1674 cm™ (Al’3)) that are a

consequence of the three delocalized excitonic states formed from coupling of the three
local amide I modes in tetraalanine. As seen in Figure 2.9 the sub-bands noticeably differ
in terms of there respective depolarization ratios and IR intensity ratios. This leads to the
observed “non-coincidence” between peak positions with maximum intensity for the total
amide I’ band profiles, which indicates a substantial strength of excitonic coupling. The
strongly negative-positive couplet in the VCD spectrum is indicative of an extended pPII

structure.
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Figure 2.9. Amide I’ region of the IR, isotropic Raman, anisotropic Raman, and VCD
spectra of tetraalanine in D20 measured at pD 1. The line profiles in the spectra result

from a global spectral decomposition based on excitonic coupling. Taken from ref (83).
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To illustrate how the amide I’ band profile reflects various conformational
distributions, Figure 2.10 depicts the band profiles calculated for (a) 100% right-handed
helical, (b) 100% B-strand, (c) 100% pPII, and (d) a mixture of 50% pPII and 50% -
strand. The IR and Raman spectra of both extended pPII and B-strand conformations
exhibit a large non-coincidence. This is due to the large strength of excitonic coupling in
this region of the Ramachandran plot as shown in Figure 2.7. The isotropic Raman and
IR profiles for the pure pPIl and B-strand conformations are qualitatively similar,
however, these two conformations can be discerned when examining the anisotropic
Raman profile, which, for pPII gives rise to a higher intensity at lower wavenumbers. [3-
strand conformations give rise to a comparatively more symmetric band profile in the
anisotropic spectrum. In addition, the pPII conformation gives rise to a particularly large
negative-positive couplet in the VCD amide I profile which is clearly discernible for -
strand conformations. In contrast, the IR and Raman spectra of right handed helical
conformations do not exhibit a marked non-coincidence, and additionally show a very
weak positive-negative couplet in the VCD. These differences illustrate that the combined
use of IR, polarized Raman, and VCD comprises a powerful tool for investigating
secondary structure content in the unfolded state. In particular, VCD has proven very
useful in this regard as the couplet pattern and strength of the amide I couplet is very
sensitive to backbone dihedral angles. As seen in Figure 2.10, one can clearly discern
between mixtures of even extended conformations (90). In addition, Schweitzer-Stenner

et al. has recently shown that VCD signal can even be used to discriminate
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conformational content for longer disordered peptides, as well as parallel and anti parallel

B-sheets (67, 180).
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Figure 2.10. Isotropic Raman, anisotropic Raman, IR, and VCD amide | profiles of
tripeptides simulated for different conformational ensembles, that is, 100% PPII (solid
line), 100% [B-strand (dashed line), 50:50 mixture of pPIl and B-strand (dashed gray), and
100% right- handed helical (dashed-dot-dot). Taken from ref (90).
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CHAPTER 3. MATERIALS AND METHODS

3.1 MATERIALS
Short alanine based peptides, L-alanyl-L-alanyl-L-alanyl (AAA) and the alanine

dipeptide (H3—~CONH-CHCH3—CONH—-CH) were purchased from Bachem Bioscience

with >98% purity. These peptides were used without further purification. Glycine capped
peptides (“GxG”) used for temperature dependent studies: L-glycyl-L-alanyl-L-glycine
(GAQG), L-glycyl-L-glutamic acid-L-glycine (GEG), L-glycyl-L-lysyl- L-glycine (GKG),
L-glycyl-L-phenylalanyl-L-glycine (GFG), L-glycyl-L-methionyl-L-glycine (GMQG),
glycyl-L-tyrosyl-L-glycine (GYG), and L-glycyl-L-leucyl-L-glycine (GLG) were
purchased from Bachem Biosciences Inc. (King of Prussia, PA) and used without further
purification. L-glycyl-L-valyl-L-glycine (GVG), L-glycyl-L-aspartic acid-L-glycine
(GDG), L-glycyl-L-seryl-L-glycine (GSG), L-glycyl-L-Isoleucyl-L-glycine (GIG), L-
glycyl-L-threonyl-L- glycine (GTG), glycyl-L-asparagyl-L-glycine (GNG), and L-glycyl-
L-cystyl-L-glycine (GCG), L-glycyl-L-aspartic acid-L-glycine (GDG), L-glycyl-L-
threonyl-L-glycine (GTG) were custom synthesized by Genscript Corp. (Piscataway, NJ)
at >98% purity. These peptides were subsequently purified by dialysis against aqueous
HCl in 100MWCO Spectra/Por CE Float-A-Lyzer bags (Spectrum Laboratories Inc.,
Ranch Dominquez, CA) and lyophilized to remove trace amounts of trifluoroacetic acid
(TFA).

Isotopically labelled tetrapeptides (“GxyG”) for heteronuclear NMR experiments:

L-glycyl-L-aspartic acid-L-alanyl-L-glycine (GDAG), L-glycyl-L-aspartic acid-L-lysyl-
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L-glycine (GDKG), L-glycyl-L-aspartic acid-L-leucyl-L-glycine (GDLG), L-glycyl-L-
aspartic acid-L-valyl-L-glycine (GDVG), L-glycyl-L-seryl-L-alanyl-L-glycine (GSAQG),
L-glycyl-L-seryl-L-lysyl-L-glycine (GSKG), L-glycyl-L-seryl-L-leucyl-L-glycine
(GSLG), L-glycyl-L-seryl-L-valyl-L-glycine (GSVG), L-glycyl-L-alanyl-L-valyl-L-
glycine (GAVG), L-glycyl-L-lysyl-L-valyl-L-glycine (GKVG), L-glycyl-L-leucyl-L-
valyl-L-glycine (GLVG), L-glycyl-L-valyl-L-valyl-L-glycine (GVVG), L-glycyl-L-
alanyl-L-leucyl-L-glycine (GALG), L-glycyl-L-lysyl-L-leucyl-L-glycine (GKLG), L-
glycyl-L-leucyl-L-leucyl-L-glycine (GLLG), L-glycyl-L-valyl-L-leucyl-L-glycine
(GVLG) were 13C carbonyl labelled at residue 1, uniformly '3C and PN labelled at
residue 2 and 3 and N labelled at residue 4. The C-terminal residue was manually
attached to a chlorotrityl resin. The synthesis was manually carried out by standard Fmoc
chemistry. Peptides were purified by reversed- phase HPLC. Products were characterized
using electrospray ionization mass spectrometry and analytical HPLC. All isotopically
labelled Fmoc-protected amino acids were purchased from Cambridge Isotope

Laboratories (Andover, MA).
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3.2 METHODS

3.2.1 UVCD Measurements

Temperature-dependent UVCD spectra for all peptides were obtained using a
Jasco J-810 spectropolarimeter in the wavelength range of 180-300 nm. Peptide samples
were placed in a 100 pm ICL cell (International Crystal Laboratories) and into a nitrogen-
purged system. Each sample was allowed to equilibrate to the desired temperature with a
Peltier heating system (model PTC-4238S, accuracy 1°C). Spectra were generally recorded
from 10°C to 90°C in increments of 5°C with a 100s delay time and ten accumulations at
each temperature. The spectra were collected as ellipticity as a function of wavelength
and converted to Ae [M! cm™ res'] via standard calculations. For all UV-CD
measurements, peptides were dissolved in the desired solvent at a concentration of SmM
peptide. For studies in pure aqueous environment H>O was used as the solvent. The
omission of the 10% D,O solvent, which was used for NMR experiments, has a

negligible effect (~2.9%) on the UVCD signal magnitude and thermodynamic parameters

derived from our experiments based on a comparison of UVCD spectra of AAA in 100%
H,O and D,O reported by Eker et al. (70). For co-solvent studies, the peptide was
dissolved in the desired binary mixture of % H,O / % alcohol (v/v). The alcohol solvents
chosen were either 5-60% ethanol or 5-60% glycerol. The pH for all samples was
adjusted to approximately 2.0 with HCI. The choice of pH is critical to ensure on one side
that nearly all peptides are in the cationic state, which requires a pH below 2.5, and on the

other side to avoid a high CI- concentration (pH > 1.5), which would affect UVCD



100

absorbance below 200 nm. We have to confine ourselves to the cationic state to avoid the
contributions from n->n* and n->r* charge transfer transitions from the carboxylate to

the peptide group.

3.2.2 NMR Measurements

For all aqueous NMR measurements (homo- and hetero-NMR), the desired
peptide was dissolved in a solution of 90% H20/10% DO at a final peptide concentration
of 0.05 M. The D;0 (Sigma-Aldrich) contained 0.1% trimethylsilane (TMS), which was
used as an internal standard. For co-solvent studies, the same general procedure was used,
however, adding the desired volume % co-solvent to create a stock binary mixture, which
was then used to dissolve the peptide. The pH for all samples was adjusted to
approximately 2.0 with HCI. The choice of this pH is necessary to ensure that the peptide
is in the cationic state in order to match UVCD experiments. In addition, using acidic

conditions also facilitates the determination of 3J(HNH®) of the labile amide protons.

3.2.2.1 "H-NMR Temperature Dependent Studies:
The 'H-NMR spectra as a function of temperature for all GxyG, GxG, as well as

short alanine based peptides, were recorded on a Varian 500 MHz FT-NMR with a 5 mm
HCN triple resonance probe (Drexel University). Varian’s VNMR software (v. 6.1) was
used to process all spectra, and the presaturation mode (presat) was used to suppress

solvent signals. The sample was allowed to equilibrate for 100s at each temperature, and
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4-32 transients were collected for each, depending on the temperature (with the highest
temperatures generally requiring 32 scans). The raw FIDs were analyzed using Mestrec
software, which was used to Fourier transform and phase the data. To obtain accurate
values for 3J(HNH®) coupling constants at all temperatures and solvation conditions, the
following procedure was carried out. Amide proton signals were decomposed using
Voigtian profiles with flexible half-widths. An example of a typical H-NMR spectrum in
the amide proton region of trialanine is shown below for reference. The frequency
positions of the Voigtian profiles (in Hz) were then plotted as a function of temperature as
shown in Figure 3.1, and a linear regression was used to fit the data. The linear equations
generated from these fits were then subtracted in order to generate consistent 3J(HNH®)

coupling constants as a function of temperature for each peptide.
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Figure 3.1: (Top) H-NMR spectrum of amide protons obtained for AAA at 35°C. The pink
lines represent the optimized Voigtian sub-bands used to fit the doublets. (Bottom, Left)
Peak positions [Hz] of the four component peaks of the two amide doublets as a function
of temperature. (Bottom, Right) Resulting coupling constants as a function of temperature
obtained by procedure described in text.
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3.2.2.2 Homo- and Hetero-Nuclear NUIR:
Amide proton 3J(HNH®) coupling constants were determined using 'H NMR. The

spectra for GxyG peptides were recorded on a Bruker 600 MHz DR Xmeter with a 5 mm
HCN triple resonance probe with xyz gradients (Center for Biomolecular Magnetic
Resonance, Johann Wolfgang Goethe University, Schwalbe Research Group). All
measurements were performed at 298 K. Spectra were acquired and analyzed using the
program TopSpin V 2.1. Proton assignment for all GxyG peptides could be obtained from
ID spectra and 'H, 'H-TOCSY spectra using a DIPSI-2* mixing sequence (181).
3J(HNH%)-coupling constants were obtained from a 3C decoupled H-NMR spectrum
using standard presaturation to suppress water solvent. The exact coupling constants were
determined by fitting the proton signals with Voigtian profiles with flexible halfwidths.
The remaining coupling constants used to garner information on the angle ¢ were
determined through the appropriate E.COSY-type measurements: 3J(H%,C’) was
determined through (CO- coupled (H)NCAHA experiment (182); 3J(HN,C’) was
determined through soft HNCA-COSY(165, 183); the 3J(HN,C%) coupling constant was
determined through HNCO(C%)-E.COSY (165, 184); and the 3J(HN,CP) coupling constant
was determined through HNHB(CP)-E.COSY (183). Exact peak positions for calculation
of coupling constants were extracted by deconvolution of the respective 1D trace.
Information of the angle v is obtained through determination of 'J(NC%)- and 2J(NC®)-

coupling constants. These coupling constants were determined through the J-modulated
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'H,’’N-HSQC method (166). In order to extract these coupling constants, the peak

intensities for different mixing times were fitted to:

I, = Acos(r'JT)cos(m2JT)e " (eq.3.1)

where Iexp is the experimental peak height intensity, 'J = IJ(NC®), 2] =2J(NC*!), Ais a
fitted amplitude factor, and T*; is the transverse relaxation rate for the 1/2 — t — t/2 echo
sequence. Parameters used for 2D experiments were implemented based off of previous

peptide studies of the same kind, reported by Hagarman et al. (54).

3.2.3 Vibrational Spectroscopy
All FT-IR and VCD spectra were recorded with a Chiral IR™ Fourier Transform

VCD spectrometer (BioTools, Jupiter, F1). A CaF> demountable cell (BioTools) with a
path length of 100 um was used for all experiments. The spectral resolution was 8 cm’!
for all measurements and a total of 720 min acquisition time (648 min for VCD, 72 min
for IR spectra). Backgrounds of each solvent (i.e., D,O, H>O, and all binary alcohol
mixtures) were obtained separately and appropriately subtracted out of the sample FTIR

spectra using the program Multifit.

All polarized Raman spectra were obtained with either a 514 nm (800 mW) laser
line from Spectra Physics Argon-Krypton laser (Santa Clara, CA), or a 442 nm (32 mW)

excitation from a HeCd laser (Model IK 4601R-E, Kimmon Electric US). The Raman
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scattered light was collected in a backscattering geometry. Peptide samples (0.2M in
appropriate solvent) were placed in a 1.0 mm Q Silica depression well slide with a thin
glass cover slip. The x50 objective of the microscope was focused past the coverslip and
into the sample. Spectra were measured at room temperature. The laser beam was
directed into a RM 100 Renishaw confocal Raman microscope with a back thinned CCD
camera, from Renishaw Inc. (Hoffman Estates, IL). Scattered light was filtered with an
appropriate notch filter, dispersed by a single-grating 2400 I/mm grating, and polarized
with a A/2 plate. The light was dispersed by the spectrometer and then imaged onto a
CCD (Wright Instruments). Both parallel x-polarized and antiparallel y-polarized (with
respect to the polarization of the excitation laser beam) spectra were obtained with 10
accumulations each. All spectra were then averaged to sufficiently eliminate background
noise. The corresponding solvent spectra were then subtracted from the sample spectra

using the program Multifit (185).



106

CHAPTER 4. SPECIFIC THEORETICAL PROTOCOL DERIVED FOR THE
THERMODYNAMIC ANALYSES OF SHORT PEPTIDES

4.1 TWO-STATE THERMODYNAMIC MODEL FOR UVCD ANALYSES
To obtain the enthalpic and entropic differences between pPII and B-strand, we

employed a global fitting procedure to analyze the temperature dependence of the
conformationally sensitive maximum dichroism Ag (T) and the 3J(HNH®)(T) constants. In
the case of alanine based peptides (AAA), we know from our own vibrational work and
others that the conformational ensemble is dominated by pPIl and § (56, 70, 74), and
hence we assume that the small contribution of turns < 8% is negligible in their analysis.
Therefore, the fitting of these peptides is a “two-state” thermodynamic analysis. With
regard to GxG peptides, the turn population may constitute up to 32% of the
conformational ensemble, and so for these peptides we used a “pseudo two-state
thermodynamic analysis,” which includes the addition of temperature independent turns.
The temperature independence of turn states is justified within GxG peptide background
information provided in Ch 1.3 of this thesis.

In our thermodynamic analysis, the experimentally measured 3J(HNH®) and Ae
values can be expressed in terms of mole-fraction weighted contributions from each
conformation. It is important to note that UVCD spectra provide information on the net
conformational populations of pPII and B-strand, whereas the 3J(HNH®) values obtained
from "H-NMR provide site-specific information regarding the average ¢-values of the

central and C-terminal residue, according to the specific empirical Karplus relationship
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(160). The analysis of CD data therefore was based on the assumption that the behavior
of the entire peptide is describable by a two state model, for which each residue may
exhibit either pPII or B-strand conformation. This assumption is justified by the clear
isodichroic points we and others obtain for alanine based peptides as well as GxG model
peptides (75, 186, 187). This is most likely due to the fact that both residues provide
nearly identical contributions to the observed dichroic value if they adopt similar
conformations, in line with recent theoretical results by Woody (64). The applicability of
a two state model for explaining the CD spectra of trialanine has recently been confirmed
by Oh et al. (186). This implies that peptides with mixed residue conformations (e.g.
pPII for the central residue and B-strand for the C-terminal) are treated as a 50:50 mixture
of pure pPII and B residues. In addition, in all that follows we assign the ground state as

pPIIL. Therefore, we can express Ae generally as:

Ag= AgpPII '(2%pP11—pP11 T Xppup T Zﬂ—pPll)+ Agﬁ '(2%[3—/3 T Xp=peu T pru-ﬂ) (eq' 4. 1)

where Xi—j (i, = pPIl, P) are the mole fractions of the four different net peptide
conformations that can contribute to the UVCD signal for a tripeptide, and Aeppl] and
Agp are the intrinsic dichroism values of a residue in pPII and B-strand, respectively, in
units of M-'em!. The factor of 2 for y,p;;,pyy @nd g g is necessary to account for the case

where both residues adopt the same conformation and hence contribute twice to the
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dichroic value. In this formalism we assume that there is no significant electronic
coupling between residues for the considered conformations, in accordance with Woody
(63). In addition, the N-terminal residue has been shown not to contribute to the far
UVCD of peptides (64). Therefore, trialanine has two UVCD active residues, and the

possible peptide level conformations are: yppii—ppi1, Yppii-g, Yp—ppit and Yp-p.

However, for a dipeptide (e.g. the AdP), although there are two peptide bonds,
there is only one residue with Ae values that contribute to the UVCD spectra. Similarly
for GxG model peptides, since the glycine residues are achiral and therefore CD inactive,
there is only one CD contributing residue. Therefore, in the case of AdP and GxG mixed

mole fraction terms are set to zero and the equation can be simplified to:

AE=AE oy X oo +AES X5 (eq. 4.2)

The mole fractions in eq.4.2 can then be expressed as a function of temperature

using Boltzmann factors. For the A (T) of a tripeptide like trialanine, this yields:

|:A8pPII (2 + e—AGl /RT + e—AGZ/RT ) + Aé‘ﬁ (e—AGI /RT + e—AGZ/RT + e—(AG, +AG, )/RT ):|

—(AG,+AG, )/RT

AS(T) = -AG, /RT —AG, /RT

1+e +e +e

(eq. 4.3)
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where AGi = Gp,i — Gpri,i denotes the Gibbs energy difference between pPIl and the B-
strand conformations of the i CD-contributing residue, with i=1 denoting the central and
1=2 the C-terminal residue. For AdP and GxG peptides, eq. 4.3 can be reduced to:

Ae ,, + Age 9
Ae(T)=—LE (eq. 4.4)

1 + e—AG/RT

4.2 TWO-STATE AND PSEUDO-TWO STATE MODEL FOR HNMR ANALYSIS
When analyzing 'H-NMR data with a two state pPIl«>f model, mixed terms of

the type pPII-B are entirely unnecessary as the 3J(HVH®) coupling constant is site specific
for the ith amide proton, where we denote i=1 for the amide associated with the central

residue and i=2 for the C-terminal amide. Therefore the 3J constant can be written as:

3‘]1' = Xippn 3Ji,pPu TXip 3Ji,ﬂ + in,T 3‘]i,T (eq. 4.5)

Where we include here the mole factions (yir) and intrinsic J-coupling constants (*Jit)
associated with turn-like conformations in anticipation of dealing with GxG peptides,
which have been shown by us to have much larger populations of turn-like conformation
(11-32%) (55). This high population of turn-like conformations is non-negligible when
calculating ensemble averages. However, their populations have also recently been

shown by NMR analysis to be temperature independent (141). Therefore, we construct a
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pseudo-two state thermodynamic model in which re-distributions among pPII and B are
temperature dependent with temperature independent turn conformations. The
corresponding equation describing the temperature dependence of 3J(HNH®) can be then

written as:

3
J,
3‘]‘ T — i,pPIl
(T) I+e

3 —AG,/RT
+J, €

AG,RT (ZpPll + Zﬂ)"' ZZI’,T : 3Ji,T (eq. 4.6)

Where the second term vanishes when dealing with alanine based peptides (AAA) for
which the turn population (3 i < 8%) approaches zero. To obtain reference values for
3Jippm, 3Jip and 3Jit to be used in equation 4.5 and 4.6, we use the unique pPII, B-strand,
and turn sub-distributions obtained from vibrational analysis for each residue. These
distribution functions can be subsequently used to calculate statistically meaningful sub-
ensemble average <}Jppi> , <3Jp>, <3J1> expectation values via the newest version of the
Karplus equation (163) for use in equation 4.6. This is an improvement over methods
where reference coupling constants are obtained by use of residue specific coil library
data which may not resemble conformational distributions of amino acid residues in
water (51).

These reference coupling constants can then be used in eq. 4.6 along with the

average Gibbs free energy difference between pPII and B-strand sub-states:

AG,=—RT -In i (eq. 4.7)
ZpPII i
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This can be used to relate AH; and AS; through:

AH. —AG.(T
AS, =— (Ts) (eq. 4.8)
TR
so that
T
AG, = AH, -[1——J+AG,.(TR)
Ty (eq. 4.9)

was obtained as the equation to be finally inserted into eq. (4.6) to fit 3J(HN,H%) (T), thus

using AH; as the only free parameter.
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CHAPTER 5. THE CHOICE OF PEPTIDE MODEL SYSTEM AND THE PH
INDEPENDENCE OF AAA

Reproduced in part, from:

[. Toal, S., Meral, D., Verbaro, D Urbanc, B., Schweitzer-Stenner, R. “pH-
Independence of Trialanine and the Effects of Termini Blocking in Short Peptides: A
combined Vibrational, NMR, UVCD, and Moleculer Dynamics Study. J. Phys. Chem.
B,2013, 117, 3689-3706.

II. Rybka, K., Toal, S., Verbaro, D, Mathieu, D., Schwalbe, H., Schweitzer-Stenner, R.
“Disorder and order in unfolded and disordered peptides and proteins: A view derived
from tripeptide conformational analysis. II. Tripeptides with short side chains
populating asx and 3-type like turn conformations” Proteins, 2013, 117, 3689-3706.

5.1 INTRODUCTION

Investigation of local order in the unfolded state is complicated by experimental
limitations and the inherent dynamics of the system, which has in some cases yielded
inconsistent results from different types of experiments. One method of studying these
systems is the use of short model peptides. Multiple experimental and theoretical
evidence utilizing various types of short model peptides has accumulated supporting the
notion that the conformational space of most amino acid residues is much more restricted
than suggested by the random coil model (51, 54, 55, 68, 188, 189). Moreover, it has
become clear that each amino acid residue has a unique and restricted conformational
ensemble. In this context, the aforementioned polyproline II (pPII) conformation has
emerged as the dominant conformation for many amino acid residues, specifically alanine

(54). The absolute number for the pPII preference of alanine has been a matter of debate,
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with percentages of pPII ranging from 40-90% (50, 54, 127). However, the most recent
NMR and vibrational studies on polyalanines and short alanine based peptides analyzed
using realistic conformational distributions confirm the high (>70%) pPIl propensity of
alanine (74).

While experimental results have qualitatively converged in reporting a high
intrinsic pPII propensity for alanine, some issues are still unresolved. One of these is the
choice of model peptides for conformational quantification. Blocked dipeptides are often
considered as an ideal choice. With respect to alanine, the alanine dipeptide, Ac-Ala-
NHMe “AdP”, has been the classical model system particularly for computational studies
of alanine conformations (76, 93, 95-97). Several experimental studies (IR, Raman,
NMR) on this peptide have been carried out as well (79, 190). As outlined in Chapter 1 of
this thesis, many recent experimental investigations have chosen to use various blocked
dipeptides or blocked tripeptides (56, 132, 189). In contrast, other researchers use
unblocked peptides, such as trialanine (AAA) and GxG (x: different guest amino acid
residues), for conformational studies, in part because these types of peptides allow more
comprehensive NMR studies and provide a better spectral resolution in the amide I
window of vibrational spectra (54, 69, 70, 74, 75, 191).

Recently, Kallenbach and coworkers launched a major criticism of the use of
tripeptides for conformational studies (192). The authors cite the fact that four guest
residues in GxG, AcGxGNH2, and AcGGxGGNH2, and the respective dipeptides, show

slightly different *J(HNH®) coupling constants at different pH as an argument for the
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influence of terminal groups biasing results. Using a two-state analysis of 3] coupling
data along with reference Jypn and Jg values obtained from pPII/f maxima in coil
libraries, the authors obtained an increase in pPII content along the series
(GxG)<(AcGxGNH2)<(AcGGxGGNH). This analysis led He et al. to conclude that the
free terminal groups of, e.g., GXxG cause a 15% reduction of pPII propensities of the
central residue and that blocked dipeptides or even blocked glycine-based host-guest
systems would be more appropriate model systems (192). However, caution has to be
taken when solely analyzing 3J(HNH®) constants, as the observed differences could well
arise from small shifts of conformational distributions in the Ramachandran space rather
than variations in percent pPII.

To address this issue, we explored the influence of terminal groups on central
amino acid residues in short alanine peptides by performing a combined analysis of NMR
coupling constants and amide I’ band profiles of all three protonation states of AAA as
well as of the alanine dipeptide (AdP) (56). Thus, we are addressing two questions: (1) to
what extent does the protonation state of the terminal groups affect the intrinsic
conformational propensity of central amino acid residues in tripeptides with unblocked
termini, and (2) how does termini blocking (i.e., “capping”) affect this conformational
propensity? In addition to determining the influence of free termini on central alanine
residue’s conformational distribution at room temperature, we also explore the

thermodynamics governing the pPII preference for AdP and AAA in all protonation states
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by analyzing the temperature dependence of conformationally sensitive CD and NMR
parameters.

In the second, computational part of this investigation we utilized molecular
dynamic simulations (MD) (in collaboration with Dr. Urbanc, and Derya Meral, Drexel
University). As indicated above, the assumed suitability of AdP as the simplest model
system for studying peptide conformations has led to a flood of MD studies on this
peptide in vacuo and in aqueous solution (76, 95-100, 193) (see Chapter 1 of this thesis).
One of the reasons for this multitude of studies is that MD simulations of unfolded
peptides heavily depend on the choice of the force field (88, 109). While earlier
simulations with CHARMM and AMBER force fields led to an overemphasis of right-
handed helical conformations (95, 105), more recent modified CHARMM and AMBER
as well as OPLS force fields yielded a dominant population of the pPII/B conformations
in the upper left quadrant of the Ramachandran plot (88, 94, 101). In an effort by theorist
to match experiment, some advances have recently been made by combining MD
simulation for the solvent with DFT calculations for the peptide (74, 193). However, most
of these simulations still predict pPII populations in amounts well below the recently
reported experimental values. Exceptions to the rule are strongly modified AMBER and
CHARMM force fields, which yielded a rather high fraction of pPII (0.8 and 0.99) for
AAA and AdP, respectively. However, the physical rationale for these changes (i.e.
eliminating the torsional potential for ¢ and y in AMBER and a highly polarizable

version of CHARMM) remain somewhat obscure (96, 194). Kwac et al. performed MD
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simulations of AdP with several normal and polarizable force fields and different water
models and found that only the combination of a polarizable AMBER ff02 force field
with a polarizable water model yielded pPII fraction slightly higher than 0.5 (96). Here,
our experimental studies of AAA and AdP are complimented by MD simulations that
combine two common force fields with several commonly used water models. The
relative validity of the resulting conformational manifolds was evaluated by comparison

to experimentally derived distributions.

5.2 RESULTS AND DISCUSSION

5.2.1 Trialanine conformations derived from Amide I’ simulation are pH-
independent.

In this section it is shown that the conformational distribution of the central amino
acid residue of AAA in aqueous solution is practically independent of the protonation
state of the terminal groups. To this end we first measured and analyzed the IR, polarized
Raman, and VCD profiles of cationic AAA utilizing the four 3J-coupling constants
dependent on ¢ and the two 2(VJ coupling constants dependent on y reported by Graf et.
al. as simulation restraints (74). The total set of amide I profiles of all three protonation

states of AAA is shown in Figure 5.1.
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Although the respective profiles look different, this is primarily due to (a) the

overlap with bands outside of the amide I region (CO stretch above 1700 cm™! and COO

antisymmetric stretch below 1600 cm™! in the spectrum of cationic and zwitterionic AAA,

respectively) and (b) the electrostatic influence of the protonated N-terminal group on the
N-terminal amide I modes. In the absence of the N-terminal proton the amide I shifts
down by 40 cm’!. This leads to a much stronger overlap with the amide I band
predominantly assignable to the C-terminal peptide group.

The experimental amide I’ band profiles and J-coupling constants were fit
according to the theoretical protocol based on excitonic coupling. The extent of spectral
changes depends on the strength of excitonic coupling and hence on the dihedral angles
of the central amino acid residue. This brings about the conformational sensitivity of
amide I band profiles (167). The underlying theory of excitonic coupling as well as our
formalism used for the simulation of amide I band profiles are outlined in detail in
Chapter 2 of this thesis. Here, it is sufficient to mention that the (¢, y) dependence of
amide | and J-coupling constants are accounted for by mathematically describing the
mixing of excited vibrational states via excitonic coupling(167, 177) and by Karplus
relations for J-coupling constants (160, 163), respectively. The variable parameters for
simulation are the 2D Gaussian distributions reflecting the conformational ensemble.

The results of the optimized simulation are depicted by the solid lines in Figure
5.1 and the calculated J-coupling constants in Table 5.1. The final simulation of all amide
I’ profiles is in very good agreement with experiment. The mole fractions, ¢ and
coordinates, and half-halfwidths of the sub-distributions used to attain these final
simulations are listed in Table 5.2. In agreement with the results of Graf et al. (74) and
Schweitzer-Stenner et al. (90) the analysis reveals a dominant pPII fraction of 0.84 for the
central residue of cationic AAA, the remaining conformations are -strand, type II B-turn,
right-handed helix and y-turn-like. The addition of minor turn fractions were necessary in

order to reproduce all J-coupling constants without deteriorating the simulation of amide
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I’ profiles. The respective mole fractions of these sub-conformations carry an uncertainty

of up to 5%.

Table 5.1: Comparison of experimental and calculated J-coupling constants for

cationic AAA.
COUPLING CONSTANT | EXPERIMENTAL [HZ] CALCULATED [HZ]

3 N

J(HHe) 5.68 + 0.07 5.63
3J(HNC) 1.13 0.1 1.09
3J(HaC’) 1.84 +0.3 1.57
3J(HNCE) 2.39 +0.25 2.10
1J(NCo) 11.34 +0.2 11.19
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Table 5.2: Center (¢,P)-coordinates denoted in parenthesis, and respective mole
fractions of the two dimensional Gaussian sub-distributions used for
simulation of Vibrational Spectra and J-coupling constants for
Cationic AAA (AAA+), Zwitterionic AAA (AAA+-), Anionic AAA(AAA-),
Alanine dipeptide (AdP), and cationic GAG (GAG+).

Conformation AAA+ AAA+- AAA- AdP GAG+
0.84 0.84 0.84 0.74 0.72
pPII (-69,145) (-69,145) (-69,130) (-69,160) (-69,155)
0.08 0.08 0.08 0.16 0.18
B-strand (-125,160)|  (-125,160)| (-125,150)| (-115,160)| (-115,155)
0.04 0.04 0.04 0.04 0.03
right-hand helical (-60,-30) (-60,-30) (-60,-30) (-60,-30) (-60,-30)
0.04 0.04 0.04
inverse y-turn (-85,78) (-85,78) (-85,78)
0.03 0.03
type Il B-turn (-60,120) (-60,-120)
0.03
type I' B-turn (20,40)
0.04
inverse y-turn (20,-60)
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We used the conformational ensemble obtained for cationic AAA to simulate the
amide I’ profiles of zwitterionic and anionic AAA (Figure 5.1). For the former, we used
the 3J(HNH®) of the N-terminal amide proton to constrain our simulation. The 3J(HNH®) of
the N-terminal amide proton for anionic AAA is unattainable due to loss of NMR
resolution in basic conditions. For anionic AAA, it was necessary to use different
intrinsic wavenumbers for the individual local amide I modes, since the deprotonation of
the N-terminal is known to shift the respective amide I’ mode wavenumber from 1672 to
1635 cm™! (195). This causes a much larger overlap with the amide I’ band of the C-
terminal peptide group (1649 cm ). Otherwise, we achieved the best fit of the amide I’
band profile of both protonation states with only minor variations of the distribution
function obtained for the cationic state. The parameters of the conformational
distributions for zwitterionic AAA and anionic AAA are listed in Table 5.2. Any
significant changes made to either the occupation or breadth of sub-distributions defining
the conformational ensemble resulted in less accurate simulations of amide I’ profiles and
J coupling constants for both protonation states. The 3J(HNH®) = 5.74 Hz coupling
constant observed for the zwitterionic state was exactly reproduced. Most importantly,
the mole fractions obtained for each conformation remain essentially unaltered among the
three different protonation states of AAA. The central alanine in all three protonation
states was found to have a high pPII content of 84% followed by B-strand conformation
(8%) and minor fractions of turns totaling 8%. The positions of the corresponding sub-

distributions for all three protonation states of AAA show only slightly different ¢ and v
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values. Upon deprotonation of the carboxyl group of cationic AAA there is no discernible
conformational difference. The only remarkable change is that the pPII distribution shifts
to lower y-coordinates upon deprotonation of the N-terminal in forming anionic AAA
(Table 5.2). The small difference between the experimental 3J(HNH®) coupling constants
of cationic CJ(HNH*)=5.68Hz) and zwitterionic AAA (CJ(HNH®*)=5.74Hz) are accounted
for by a very small shift of the ¢-coordinate of the pPII sub-distribution. Taken together,
the data show no substantial decrease of the pPII population upon the deprotonation of
either termini, in contrast to what He et al. reported for GxG peptides using a two state
analysis. Our results also show that differences between 3J(HVH®) coupling constants can
reflect small changes of coordinates of sub-distribution rather than variations of their
statistical weight. This issue is often overlooked in studies determining conformation in
peptides and proteins (50, 133, 189, 192, 196). Since local residue conformation may
significantly differ from canonical values, assuming static distributions with variant mole
fractions may be an over-simplification. The combined analysis of amide I profiles along
with J coupling constants, and particularly the sensitivity of the VCD signal strength, is

useful here for discriminating between population and coordinate changes (54).
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5.2.2 Alanine Dipeptide has a conformational ensemble similar to
corresponding GAG

In addition to the various protonation states of trialanine, the amide I’ band
profiles of AdP were also measured and analyzed in order to check if termini blocking
may effect conformational ensembles. For reference, the structures of AAA, GAG, and
AdP are shown in Figure 5.2. While GAG consists of an alanine residue flanked by
unblocked glycine based “end groups,” the alanine dipeptide contains an alanine residue
capped by acetyl group (N terminal) and methyl amide (C-terminal). The IR and Raman
profiles for AdP are very reminiscent of what was obtained for anionic AAA, owing to
the absence of the charge on the N-terminal group, but the VCD is negatively biased due

to the intrinsic magnetic moment of the C-terminal (Figure 5.3) (197).

GAG+ 0

. NH OH
HaN /ﬁl/ NH/ﬁ(
¢} O

CHj

AdP 0

HaC NH _CH,
Y NH

0 CH,

Figure 5.2: Chemical Structure of AAA, GAG, and AdP peptides.
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Figure 5.3: (A) Isotropic Raman, (B) anisotropic Raman, (C) IR, and (D) VCD band
profiles of the amide I’ mode of AdP in D20. The solid lines result from the simulation

described in the text.
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As seen in Figure 5.3, the VCD signal was fully reproduced by the optimized
simulation. In addition, the experimental 3J(HNH®) at room temperature (5.88Hz) was
also fully reproduced by the final simulation ensemble. The resulting sub-states and
respective statistical weights of the final simulation ensemble for AdP are listed in Table
5.2. The pPII fraction of the alanine residue in the dipeptide analog is slightly lower
(74%) than the value observed for all protonation states of AAA (84%). The respective y-
values for the pPII conformation in AdP are also slightly downshifted relative to
trialanine. Interestingly, the final conformational ensemble obtained for AdP (Table X) is
very similar to what Hagarman et al. previously reported for the unblocked GAG peptide
(54). Altogether, the distributions of AdP and GAG (Table 5.2) agree quite well.
Actually, this is what one might expect in view of the fact that in both GAG and AdP
peptides, the two peptide bonds surrounding the central alanine residue are directly
flanked by methylene and methyl groups respectively. Therefore, the blocked terminal
CHs-groups of AdP are somewhat more reminiscent of glycine’s methylene Ca
component rather than the CH-CHj3 group in alanine since glycine lacks the additional -
carbon. The conformational similarity of alanine within AdP and GAG suggests that the
interaction between the end groups of a dipeptide with the central residue is analagous to
the (most likely weak) interaction between terminal glycine and the central residue in
GxG. This indicates that the strength of neighbor interactions is practically absent for any
atoms beyond nearest-neighboring Ca side-chains. Said another way, the terminal side

chains block any detectable influence of charged end groups on the conformation of the
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middle “guest” residue under investigation. The only remaining difference between GAG
and AdP are the free termini of glycine which are absent in AdP, but present in GAG.
Since we find the central alanine residue in these two peptides have nearly identical
conformational ensembles, our results demonstrate a very limited influence of terminal
charges on non-ionized central residues of tripeptides.

To check the generality of the above results for non-alanine residues, we
examined the unblocked fully protonated Gly-Val-Gly (GVG) peptide and the valine
dipeptide (VdP). Figure 5.4 shows the experimental polarized Raman, IR, and VCD,
amide I’ profiles for GVG and VdP. Following the same theoretical protocol above, and
as previously described (see Ch 2 of this thesis), we simultaneously simulated all amide I’
profiles for GVG and VdP utilizing the six conformationally sensitive J-coupling
constants as restraints. The final fit to experimental data is plotted as the solid lines in
Figure 5.4. The 3J(HNH®) coupling constants for both valine peptides are very well
reproduced by our simulation procedure. The thus obtained conformational ensemble for
GVG and VdP (Table 5.3) are both similar to those recently reported for the GVG peptide
(198). In contrast to the alanine peptides, GVG has a much decreased pPII content
(xpp=0.32) in preference for an increased sampling of B-strand-like conformation (yp
=0.46) in agreement with literature. The ¢ and y coordinates of these sub-distributions
are also shifted to lower and higher values, respectively, as compared to those obtained

for the alanine-based peptides.
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I’ mode of GVG (left panel) and VdP (right panel) in D20. Experimental data was taken
for GVG was taken and modified from Hagarman et al.(54) The solid lines result from the

simulation described in the text.
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Table 5.3: Center (¢,/)-coordinates and mole fractions of the two-dimensional
Gaussian sub-distributions obtained for cationic GVG and the valine dipeptide (VdP)

Conformation GVG+ el
0.32 0.32

pPll (-80,170) (-78,150)

0.46 0.46

B-strand (-120,170) (-120,150)

0.04 0.04

right-hand helical (-60,-30) (-60,-30)
0.11 0.11

inverse y-turn (-60,60) (-60,60)
(i+1)residue type I' 007 007
B-turn (60,30) (60,30)

Similar to the case of alanine peptides, the experimental data for the VdP could be

reproduced with nearly the same conformational distribution and statistical weights

obtained for GVG. This result again demonstrates that there is limited conformational

influence of terminal groups on central residues in tripeptides, and moreover, that the

similarity of uncapped glycine termini to methyl-blocked termini holds true even for

peptides with non pPII-preferring central residues.

While these results indeed show negligible end-group effects on conformations of

aliphatic residues in tripeptides, one might still expect a different situation for polar and/
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or ioniziable side chains. In order to check whether end effects are influential in these
types of residues we chose to analyze the capping effect on aspartic acid. As described in
detail in Chapter 1.3.2.1 of this thesis, in previous GxG conformational studies we found
aspartic acid to be a member of a special sub-class of amino acid residues (D, N, T, S)
that all have above-average (>30%) preference for conformations generally found in turn-
supporting structures (55). Structurally, these residues have relatively short flexible side
chains with some degree of H-bonding capability. One might hence wonder whether the
propensities for turns and turn-like conformations could be induced by the influence of
the partially charged terminal group of unblocked peptides. To test this we measured and
analyzed the amide I’ profiles and 3J(HNH®) coupling constants of the aspartic acid
dipeptide (DdP) at the same conditions (acidic pH) as the afore-studied GDG peptide.
The amide I’ profiles for DdP are shown in Figure 5.5. The solid lines in this figure result
from a simulation for which we used exactly the same conformational distribution as
obtained for GDG. As one can infer from Figure 5.5, the resulting simulation for DdP
agrees well with experiment. The conformational ensembles for both DdP and GDG are
dominated by 48% p-strand like conformations followed by turn-like conformations
(30%) and pPII (20%). In addition, the simulated 3J(HNH®) coupling constant (7.55Hz) is
close to the experimental value obtained for DAP of 7.47 Hz. Any attempt to reduce the
turn population or increase either extended sub-populations (i.e., pPIl or B strand)
resulted in deterioration in both amide I’ profiles as well as *JJ(HNH®) coupling. The fact

that aspartate samples the same conformational manifold in a free glycine environment
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(GDG) and in the blocked dipeptide (DdP) indicates that the obtained asx-turn population
for aspartic acid in the GxG peptide model is not caused by the terminal groups but rather
an intrinsic property of the aspartate residue. These results, along with those on AdP and
VdP underscore the notion that GxG and blocked dipeptides (XdP) are both suitable
model systems for investigating the intrinsic conformational preferences of amino acid

residues.
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Figure 5.5: Amide I’ profiles of the isotropic Raman, anisotropic Raman, IR and VCD
spectra of DAP at pH 2. The solid lines result from the simulations described in the text.
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5.2.3 The Gibbs energy landscape of alanine residues in unblocked tri- and
blocked dipeptides is not influenced by end-effects.

To further explore the factors stabilizing the conformational distributions of the
three alanine based peptides (cationic AAA, zwitterionic AAA, and AdP), we
characterized their ensembles in thermodynamic terms. While the above studies revealed
very limited differences between the protonation states of AAA and AdP, it is possible
that differences emerge at e.g. higher temperatures because of different enthalpic and
entropic contributions between coexisting conformations. Indeed, an analysis of UVCD
spectra of cationic and zwitterionic AAA has led Oh et al. to the conclusion that the
thermodynamic parameters of the two protonation states are different (186). In a first
step, we measured the far UVCD spectra of zwitterionic AAA and Adp as a function of
temperature between 5°C and 85°C, which are shown in Figure 5.6. A comparison of
these spectra with UVCD spectra for cationic AAA measured between 0°C and 90°C is
also shown in Figure 5.6. To facilitate comparison of the three peptides they are all
plotted on the same scale in units of Ae [M-'cm-'residues!], where the number of residues
contributing to the UVCD signal for AAA and AdP are 2 and 1, respectively. At low
temperature, all three of these alanine based peptides exhibit UVCD signals characteristic
of a dominant sampling of pPIl conformation, in agreement with what is now well
established in literature for alanine (see Chapter 1.2.4 of this thesis). Cationic AAA 1is
most prominent in this regard, with a positive maximum at approximately 215 nm and a
pronounced negative maximum at 190 nm. The insets in Figure 6 depict the difference

spectra calculated by subtracting the lowest temperature spectra from the highest
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temperature spectra, and are all indicative of a population re-distribution from pPII to

more B-like conformations.
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Figure 5.6. UVCD spectra of (left panel) cationic AAA, (middle panel) zwitterionic
AAA, and (right panel) the AdP as a function of temperature. Cationic AAA spectra range
from 0 to 90 °C with AT = 10 °C. Zwitterionic AAA and the alanine dipeptide range from
5 to 85 °C with AT = 5 °C. The arrows indicate increasing temperatures. The inserts
show the difference spectrum AAg between highest and lowest temperatures.

A word of caution deserves to be mentioned here regarding the use of UVCD to
characterize peptide conformation. Although UVCD spectra can provide powerful
qualitative information, the sole use of this technique to define conformational

populations in peptides is problematic and may yield ambiguous results. However, the
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ability of UVCD to track spectral changes reflecting population re-distributions with e.g.,
changing temperature can indeed provide useful information regarding the energetics of
the system, especially when backed up by a priori knowledge of conformational sub-
space.

Although the temperature dependence of the UVCD spectra for all three alanine
based peptides is qualitatively similar, a direct comparison of cationic AAA with
zwitterionic AAA and AdP reveals distinct differences in the spectral line shape at all
temperatures. As reported earlier (186, 192), the spectra for zwitterionic AAA is
noticeably red-shifted as well as lower in intensity at both the positive and negative
maxima compared to that of cationic AAA. Although we find that the UVCD spectral
line shape at both low and high temperatures for cationic and zwitterionic AAA differ, it
is not likely that this difference is due to structural changes, as this would be reflected in
a significant change in the 3J(HNH®) constants for each peptide. For the amide hydrogen
associated with the central residue of cationic and zwitterionic AAA we obtain 3J(HNH®)
values at room temperature of 5.68 and 5.74 Hz, respectively. In addition, a priori
knowledge from the above-described vibrational analysis dictates that the conformational
ensemble of both protonation states of trialanine are nearly identical. Therefore, it is more
likely that this pH-dependent spectral change in the UVCD is due to interference of the
charge transfer (CT) transition between the C-terminal carboxylate and the peptide group
of zwitterionic AAA. This transition has been previously reported by Pajcini et al.(199)

for glycylglycine and by Dragomir et al. (52) for AX and XA peptides, and is assignable
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to a neoo—>m* transition. Indeed, it was found by Dragomir et al. (52) that the frequency
position of this CT band correlates well with the positive dichroic maxima of pPII in the
respective UVCD spectrum.

A comparison of the UVCD spectra of cationic AAA with AdP reveals differences
in line shape at both low and high temperatures. Because AdP is blocked at the C-
terminal carboxylate, these spectral changes cannot be a result of the CT transition. The
positive maximum at 210 nm, diagnostic of pPII conformation, is noticeably decreased
for AdP relative to cationic AAA, indicating less sampling of pPII-like conformation in
favor of more extended conformations. This is in agreement with the results from our
above vibrational analysis in which we obtain a slightly lower pPII fraction for AdP and
an increased B-content relative to both cationic and zwitterionic AAA.

The temperature dependence of the UVCD for each peptide displays an
isodichroic point (Figure 5.6), indicating that all three peptides predominantly sample
two conformational states within the temperature region (i.e pPII- and B-like). This two-
state behavior is typical of short alanine-based peptides (200), and is again in line with
the conformational ensembles we obtained for these peptides through the simulation of
the amide I’ vibrational profiles (Table 5.2).

In order to investigate the free energy landscape of each alanine peptide, we
employed a global fitting procedure to analyze the temperature dependence of the
conformationally sensitive maximum dichroism Ag (T) and the 3J(HNH*)(T) values with a

two-state pPII- model (see Ch 4). To be consistent with the conformational ensembles of
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each peptide derived above, we began the fitting process by using the statistical average
<3Jppi> and <}Jg> and the Gibbs energy difference between the peptide-specific pPII and
B distributions derived from our vibrational analysis. However, this process originally led
to a poor fit to the experimental 3J(HNH®)(T) data. This is likely due to the presence of
weakly populated conformations in the conformational ensembles of the investigated
peptides. For both ionization states of AAA, vibrational analysis revealed that 8% of the
conformational ensemble is not of pPII/B type. For AdP this number is 11%. To
compensate for this slight deviation from two-state behavior we lowered the average
dppi-value, representing the center of the pPII sub-distribution, relative to that obtained
from our vibrational analysis. The best fit to the thermodynamic data was achieved by
lowering ¢pp by 0.25° and 0.36° per 1% population of non-pPII/f conformations for
AAA and AdP, respectively.

The thus modified distribution was subsequently used to calculate statistical
average <}Jppi> and <3Jp> expectation values via the newest version of the Karplus
equation (163). The final values of <*Jpp> and <*Jg> obtained from this procedure are
5.02 Hz and 9.18 Hz, respectively, for cationic AAA, 5.09 Hz and 9.18 Hz for
zwitterionic AAA, and 4.69 Hz and 9.17 Hz for AdP. We used these ‘effective’ reference
coupling constants and the respective experimental 3J(HVH®) values to calculate the mole
fractions of pPII and B-strand conformations for the residues in each alanine peptide. This
procedure results in pPII mole fractions for the central residues, yi=1(pPII), of 0.86, 0.84,

and 0.74 for cationic AAA, zwitterionic AAA, and AdP, respectively, which exactly
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match the mole fractions we derived from our vibrational analysis of amide I” modes
(Table 5.2). This shows that our forced reduction to a two-state model for the
thermodynamic analysis indeed preserved the Gibbs energy difference between the pPII
and B-strand conformations. This observation indicates that the population of turn
conformations might not be very temperature dependent, in agreement with recent
theoretical predictions and experimental results (141, 201). For the C-terminal residue,
we obtained pPII fractions of 0.67 and 0.60, for cationic and zwitterionic AAA,
respectively.

Using the calculated reference <3J> values obtained, we could then employ
equation 4.7 to fit the experimental 3J(T) data and extract thermodynamic information
regarding the pPII/B-strand equilibrium for all peptides. The resulting fits for all three
peptides are shown as solid lines in Figure 5.7. The thermodynamic parameters obtained
from this procedure are shown in Table 5.4. For the central residue of cationic AAA we
obtain AG= -4.44 kJ/mol at room temperature, with an enthalpic difference between pPII
and B-strand of AH; = -20.7 kJ/mol, whereas the entropy difference is AS|= -54.4 J/
mol*K. These values reflect the fact that pPII is enthalpically stabilized whereas B-strand
is entropicallys stabilzed. These values are all somewhat larger than those obtained by Oh
et al.(186), who simultaneously analyzed UVCD and NMR data of cationic AAA using
an iterative non-statistical approach to find reference Jpopn and Jp values. Their analysis
yielded AH= -10.63 kJ/mol and AS= -50.2 J/mol*K. In contrast, our values are only

slightly lower than those obtained by the joint MD/NMR studies of Graf et al.( 74) (AH =
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-24.8 kJ/mol and AS = -62.2 J/mol*K), where each reference coupling constant was
calculated by directly averaging the Karplus-derived coupling constants over all MD
conformations within the sub-state. In view of the uncertainties of the obtained
thermodynamic parameters our results and those reported by Graf et al. can be considered
as being in reasonable agreement. In a previous study on solvation effects on the
conformation of AAA (75), we employed a slightly different fitting approach, using
central and C-terminal residue thermodynamic parameters to calculate the temperature
dependence of the effective equilibrium constant and Gibbs free energy for the net
pPIl«»p-strand transition, which was then used to fit the Ag(T) data. However, we have
since revised our Ag(T) fitting procedure to explicitly account for the contributions from
the four different peptide conformations (see eq. 4.6). The thermodynamic values
obtained with the revised equation are qualitatively similar to those listed by Toal et al.
(75), although slightly less negative. As mentioned above, we calculated y1,,pn=0.84 and
v2,pp=0.67 for zwitterionic AAA from the respective experimental 3J(HNH®) coupling
constants and conformational distributions. This yields Gibbs free energy differences at
room temperature for the pPll<»>B-strand transition of AG;=-4.41kJ/mol and
AG2=-1.01kJ/mol, which are noticeably similar to those obtained for cationic AAA
(x1,pp1=0.84, AG1=-4.44kJ/mol and y2,,p=0.67, AG>=-1.71kJ/mol).

To further explore whether there is an influence of the terminal groups on the
thermodynamics of zwitterionic AAA we used the AH; values obtained from 3J(HNH®) (T)

of cationic AAA to fit the corresponding data of zwitterionic AAA. The resulting fit is in
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good agreement with the experimental data (Figure 5.7), indicating that the free energy
landscape of un-blocked AAA is indeed very similar across all protonation states. From
this fit to zwitterionic AAA data, we obtain slightly higher entropic contributions for both
residues (i.e, AS1=-55.3 J/mol*K for the central residue and AS>= -32.3 J/mol*K for the

C-terminal) as compared to cationic AAA (Table 5.4).
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Figure 5.7. 3J(HNH9) [Hz] of the central (left panel) and C-terminal residue amide (right panel)
plotted as a function of temperature for cationic AAA (circles), zwitterionic AAA (squares)
and the AdP (triangles). The solid lines result from the two-state thermodynamic model
fitting procedure described in the text.
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Table 5.4: Spectroscopic and thermodynamic parameters derived from fitting
the temperature dependence of the 3J(HN,H?) coupling constants for
cationic AAA (AAA+), zwitterionic AAA (AAA+-), and the alanine
dipeptide (AdP) using the two-state fitting procedure described in the

text.
3] Jopt | Jp X1 AG AH AS 12, AG AH AS
[Hz] |[[Hz] |[Hz] |(pPLD) |(kJ/ |(kJ/ |(kJ/ |(pPID) |(kJ/ |(kJ/  |(kJ/
mol) |mol) |mol) mol) |mol) |mol)
AAA+ 5.61/ 5.02/ 9.18 0.86/ -4.44 -20.6 -54.4/ 0.67 -1.71-10.63/-29.92
AAA+- 574/ 5.09/ 9.18 0.84| -4.41 -20.6/-55.32| 0.60/ -1.01/-10.63/-32.27
AdP 587/ 4.63 9.17| 0.74] -2.5 -25.2| -66.1 n/a| n/an/a _|n/a

To fit the experimental H-NMR data for the AdP, we were restricted to a single set

of 3J(HHH®) (T) data as AdP does not have a second amide proton coupled to a C, proton.

As described above, using the distribution obtained from amide I’ profiles and the

experimental room temperature value of 3JJ(HNH®*)=5.9 Hz, we obtain a pPII population of

x1,pp1i=0.74, in agreement with our vibrational analysis. This population is associated with

a Gibbs free energy difference between pPII and B-strand of AG;= -2.5 kJ/mol (Table

5.4). The result of the final fit using dH; as the sole free parameter is shown in Figure 5.7.

From this fit, the corresponding 4H; and A4S; values were obtained (i.e., AH;= -25.2kJ/

mol and 4S>= -66.1J/mol*K), which are comparatively larger than the respective values

obtained for both protonation states of AAA (Table 5.4).
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With the thermodynamic parameters for each peptide derived above, the analysis
of the Ag(T) data could be carried out using the mole fraction weighted Boltzmann
distributions for AAA and AdP respectively. The final fit to the experimental data is
shown as solid lines in Figure 5.8. From this analysis we obtain the conformation-specific

spectroscopic parameters, Agppir and Agp, which are listed for each peptide in Table 5.5.
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Figure 5.8: Aemax of cationic AAA (circles), zwitterionic AAA (squares) and the AdP
(triangles) measured at the maximum dichroism for each at room temperature (214nm,

219nm, and 215nm respectively) plotted as a function of temperature. The solid lines
result from the fitting process described in the text.



Table 5.5: Intrinsic dichroism values, Aeppi and Aeg, of cationic AAA,
zwitterionic AAA and AdP obtained from the two-state thermodynamic
fitting procedure described in the text. Ae values are in [M-lcm-res].
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Peptide Ae(pPII) Ae(PB)

cationic
AAA 1.32 -1.55
zwitterionic AAA 0.84 -1.87
AdP 0.74 -2.06

5.2.4 MD reveals that the pPIl content and hydration shell of AAA remains
intact upon switching protonation states.

Contributions: MD work done in this section was primarily conducted by Derya Meral,
under the guidance of Dr. Urbanc (Department of Physics, Drexel University), with

analysis done in collaboration.

To investigate the ensemble differences of the three alanine-based peptides in

atomistic detail we performed a series of all-atom MD simulations combining two of the

currently available force fields (OPLS and AMBERO3) with the three commonly used

water models (TIP3P, SPCE, TIP4P). The AMBERO3 force field was also used in

combination with with the TIPAPEw water model. The decision to test multiple force-

field/water models combinations stems from the poor reproduction of experimentally-

obtained distributions for short peptides and unfolded proteins reported in many MD
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studies (See Chapter 1.2.5 of this thesis). It is now well known that different force fields
yield rather different conformational distributions, typically producing very low pPII
propensities and overestimating the helical content, at variance with experimental results
(95, 98, 100). In addition, the use of different water models for explicit solvation also
leads to variable conformational preferences (115). Here, we chose to gauge which of the
above mentioned force-field/water model combinations would predict conformational
ensembles in the best agreement with experimental data, and then use this combination
for a direct comparison of the two different alanine model systems.

In order to obtain conformational propensities, we defined the (¢,y) angles
corresponding to the peak position for each major conformation (i.e., pPII-, B strand-, and
helical-like) by first identifying the centers of each distribution in the MD-derived
Ramachandran plots. The spread of each sub-population was then defined by ensuring
that all respective conformations were included, similar to the method employed by to
Gnanakaran and Garcia (105). Table 5.6 shows the resulting fractions of pPIl, -strand,
and helical-like conformations sampled during all MD simulations. By comparing the
results for different force-field/water model combinations, we noted that the OPLS force-
field yielded the most accurate reproduction of the experimentally obtained
conformational distributions and conformer statistical weights for cationic AAA. Not
surprisingly, the fractions of pPII obtained with the OPLS force-field are still far below
what we and others obtain experimentally. In addition, the helical content is far above

what is expected for short peptides. This overestimation of the right-handed helical
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content is characteristic of most MD simulations involving unfolded proteins or short
peptides (101). Although the MD results are not in quantitative agreement with
experiment, they are sufficient for our purposes of investigating the relative population
differences and changes between the three alanine peptides as we are only interested in

observing changes in populations.

Table 5.6: Fraction of pPII, B-strand and helical-like conformations obtained from
MD simulations of cationic AAA, zwitterionic AAA, and AdP using the
OPLS, Amber 03, and Amber 10 force fields with the TIP3P, TIP4P,
and SPC/E explicit water models.

Force | Conforma |Cationic AAA Zwitterionic AAA Alanine Dipeptide
Field |tion Type
TIP3 |SPC/ [TIP4 |Tip4 |TIP3 |SPC/ |TIP4 |Tip4 |TIP3 |SPC/ [TIP4 |TIP4
p E p p-Ew [P E P p-Ew |P E p p-Ew
OPLS |pPII 0.6 0.67| 0.62(-- 0.54] 0.53| 0.57{-- 0.44] 0.47| 0.45(--
B-strand 0.12| 0.11| 0.15{(-- 0.13| 0.12| 0.15]-- 0.12| 0.11| 0.14(--
Helical-like| 0.17| 0.13| 0.15{-- 0.12| 0.13| 0.08]-- 0.23| 0.22| 0.22(--
remainder | 0.105| 0.09| 0.06|-- 0.21| 0.22| 0.2]-- 0.11| 0.2| 0.19{--
Amb (pPII 0.58] 0.61| 0.59| 0.39 0.39| 0.37| 0.41| 0.34| 0.39
er 03
B-strand 0.22] 0.19( 0.24| 0.15 0.15| 0.16] 0.16f 0.17| 0.15
Helical-like| 0.09( 0.08| 0.06| 0.34 0.34| 0.35| 0.3| 0.36| 0.34
remainder | 0.11( 0.12] 0.11| 0.12 0.12| 0.12| 0.13| 0.13| 0.12
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Of all the water models under study, the SPC/E water model yielded the best
agreement with experiment, i.e., the greatest sampling of pPII conformations for cationic
AAA and AdP. Figure 5.9 shows the corresponding Ramachandran plots for cationic
AAA, zwitterionic AAA, and AdP obtained using the OPLS force field with the SPC/E
water model. All three plots clearly show a dominant sampling of the pPII conformations
followed by B-strand-like (i.e., extended) conformations. Both protonation states of AAA
had a relatively higher pPII fraction compared to AdP, again in agreement with our
vibrational and thermodynamic results. It should be noted that MD simulations yielded a
slightly higher pPII content for the cationic compared with the zwitterionic state of AAA.
However, no increase in the B-strand or helical conformations was observed in the latter.
Instead, the MD-derived Ramachandran plot in Figure 5.9 indicates a scattered
population close to the bridge region between the B-strand and the right-handed helical
region. An increased population in this region would cause a substantial increase of the
3J(HNH®) in the zwitterionic state compared to the cationic state. Since we do not obtain

this experimentally, we can conclude that this is an artifact of the MD simulation only.
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Figure 5.9. Ramachandran plots for (A) the cationic and (B) zwitterionic AAA and (C) AdP

obtained by MD simulations using the OPLS force field and SPC/E water model.
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To obtain information on the dynamics of the conformational ensemble, the time
evolution of the dihedral angles ¢ and y was monitored (Figure 5.10) throughout the 50ns
MD trajectory for cationic AAA and AdP. To calculate the lifetimes and hence the
stability of each conformation, the time durations of the three conformations along the
MD trajectory were extracted. Figure 5.11 shows the distributions of the time durations,
N(t), for each of the three major conformations. The lifetime (7) of each conformation
was determined by fitting each curve with an exponential function. Notably, all time
distributions shown in Figure 5.11 could be fit accurately with a single exponential
function, except for the pPII distribution of AAA which required a bi-exponential fit.
Table 5.7 shows the lifetimes for each major conformation sampled by AAA and AdP. In
general, the pPII conformation persisted for the longest lifetime in both alanine-based
peptides. For AAA, the bi-exponential fit yielded two average lifetimes of 15.8 ps and
181.8 ps. The two lifetimes likely reflect fluctuations of the water distribution within the
hydration shell. For AdP, the pPII lifetime was 63.7 ps, approximately in-between the two
lifetimes obtained for the same process in AAA. Although we did not observe the fast
decay in the pPII conformation of AdP, this might have been due to the 20 ps time step
used in the MD simulations. In both peptides, other than pPII, the helical conformation

had the longest lifetime, followed by the B-strand conformations. Not surprisingly, the /
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pPII transitions were the most frequent for each peptide, in agreement with the largely

two-state character of the obtained conformational ensembles.
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Figure 5.10: Time evolution of ¢ and Y dihedral angles for AAA (top panel) and AdP
(bottom panel) over the 40-50 ns time interval within the 50 ns MD trajectory.
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Figure 5.11. Distribution of durations, N(t), of the (A) pPIl, (B) B-strand, and (C) helical
conformations for cationic AAA (black circles) and AdP (red circles) derived by MD by
counting the number of occurances of respective sub-poluations at each time interval.
The solid line represents exponential fits.
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It is noteworthy that the pPII distribution of duration times, Nppu(t), were
dominated by the pPII— P transition, as evidenced by the comparatively large effective
rate (4.14x10° s'and 3.94x10° s'! for Adp and AAA, respectively, Table 5.8). Similarly,
the B decay was dominated by the Pp—pPII transition (4.0x10° s! and 4.10x10° s!,
respectively). Such a fast exchange dynamics in cationic AAA has been obtained earlier
by Mu and Stock (104). A comparison of the three lifetimes for AAA and AdP (Table
5.7), shows that all conformer lifetimes were significantly shorter for AdP. The large
disparity between lifetimes of the three major conformations adopted by the two peptides
would not necessarily be expected based soley on differences in conformational
propensity. For instance, although the helical conformation had the lowest propensity for
all peptides, it had a relatively long lifetime (70.4ps and 34.6 ps for AAA and AdP,
respectively) as compared to the lifetime of B-strand (15.95 ps and 9.58 ps, respectively).
This disparity of lifetimes between AAA and AdP and the stability of the three
conformations can be explained by considering the role of the solvent in stabilization of

pPIl, B-strand, and helical conformations.
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Table 5.7: Average lifetime (z), and initial population (No), and R2 parameters
obtained from fitting duration distribution curves, N(t), for cationic
AAA and AdP in each major conformation. Each curve was fit with a
single-exponential function, except for the pPIl curve of AAA which
required a bi-exponential fit and 4 parameters.

Conformation No 7 (ps) R2
Trialanine | pPlII 0.0084 / 15.77 / 0.976
0.0051 181.81
B 0.0898 15.95 0.99
Helix 0.0154 70.4 0.985
Alanine pPIl 0.0175 63.7 0.996
Dipeptide
B 0.2071 9.58 0.999
Helix 0.0326 34.6 0.993
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Table 5.8: The number of occurances, probability and effective rate constants for

each transition type for AdP. The “bridge” region refers to the
occupation in the area ®<-125°, 50°>W>-110°.

AdP Transitions | # occurances | probability rate (s)
B —pPli 200 0.180 4*109
pPIl = B 207 0.187 4.14*10°
B —helix 47 0.042 9.4*108
helix = 49 0.044 9.8*108
B —bridge 28 0.025 5.6*108
bridge — 18 0.016 3.6"108
pPll —helix 126 0.114 2.52*10°
helix = pPlIl 117 0.106 2.34*10°
pPIll —bridge 33 0.030 6.6*108
bridge —pPII 49 0.044 9.8*108
helix —bridge 119 0.108 2.38*10°
bridge —helix 113 0.102 2.26*10°
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Table 5.9: The number of occurances, probability and effective rate constants for
each transition type for AAA. The “bridge” region refers to the
occupation in the area ®<-125°, 50°>W>-110°.

AAA # probability rate (s)
Transitions occurances

B —ppll 205 0.334 4.1*109
ppll = B 197 0.321 3.94*109
B —helix 3 0.005 6*107
helix = 10 0.016 2*108

B —bridge 6 0.010 1.2*108
bridge = B 6 0.010 1.2*108
ppll —helix 20 0.033 4*108
helix —ppl! 10 0.016 2*108
ppll —bridge |10 0.016 2*108
bridge —ppll 13 0.021 2.6*108
helix —bridge | 68 0.111 1.36*109°
bridge—helix | 65 0.106 1.3*10°
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To more closely investigate the solvation of the three alanine peptides, we
calculated the radial pair distribution functions g(r) between the amide proton of the
central residue and water hydrogen and oxygen for AAA and AdP. Interestingly, for both
protonation states of AAA, the g(r) plots are practically overlapped. Figure 5.12 shows
the radial distribution functions for cationic AAA and AdP. For the sake of clarity, we
omit here the corresponding g(r) plots for zwitterionic AAA as these were near identical
to cationic trialanine. Most of the water oxygen atoms were at the hydrogen bonding
distance (approximately 1.7 A) for both protonation states of AAA. In addition, there is a
rather intense second maxima in the g(r) for the water oxygen observed at approximately
3.2 A, reflecting some degree of water ordering, resulting in a pronounced second
hydration shell around the central amide atom of AAA. Again, we did not observe any
significant differences between g(r) curves of protonated and zwitterionic AAA,
indicating that the hydration shells remained intact upon switching the protonation state.
For AdP the H>O-HN distance with the highest water density was increased to about 2A
and is noticeably less pronounced (by a factor of 3), suggesting a relatively limited
hydration of, and weaker hydrogen bonding to, the alanine residues in blocked peptides.
This indeed would affect the propensity of the central alanine residue, specifically
decreasing the pPII preference for AdP, in agreement with our experimental results. In
addition, and perhaps more importantly, the second hydration shell present in AAA was
not observed in the dipeptide analogue. The decreased density of water around AdP and

the absence of the second hydration shell indicate a much less ordered solvent structure in
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AdP (relative to AAA). This more disordered solvent structure around AdP was also
reflected in a broader distribution of the distance between the central Cp atom and the C-
terminal amide nitrogen atom (Figure 5.12C), which had additional peaks at larger
distances relative to AAA (Figure 5.12B). The highly ordered solvent structure around
AAA and the increased H-bonding capacity can be thought of as effectively increasing
the activation barrier between conformations, which indeed explains the aforementioned

longer conformational lifetimes obtained for AAA.
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Figure 5.12. Radial distribution functions, g(r), of water molecules (using H- and O-atoms
of water) around the amide proton of the central residue of cationic AAA and AdP derived
by MD. Distributions of the (B) cationic AAA and (C) AdP conformations with respect to
the dihedral angle ¢ and the distance between the nitrogen atom of the third residue and
the side-chain atom Cg of the central residue in AAA and the corresponding distance in

AdP.
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5.3 CONCLUSIONS

Taken together, our experimental and MD data show no substantial decrease of
the pPII population upon deprotonation of trialanine’s terminal groups, in contrast to
what was recently reported in literature. Conformational distributions were obtained from
a global analysis of amide I’ bands of IR, polarized Raman, and vibrational circular
dichroism spectra and a set of 6 different J-coupling constants. Our combined simulation
of these amide I’ profiles and J-coupling constants reveals that the conformational
distribution of the central residue in AAA predominantly adopts the pPII conformation
(xppi=0.84), followed by the B-strand conformation (y=0.08), along with small
admixtures of right hand helical-like (y,=0.04) and y turn-like conformations (y,=0.04),
in all protonation states. The proximity of the end groups did not seem to affect this high
pPII preference of alanine. Remarkably, the entire conformational distribution, defined by
a superposition of Gaussian functions representing the maxima and widths of each sub-
state in (¢, y) space remain quantitatively similar in all protonation states of the
unblocked tripeptide. In contrast, the pPII fraction of the AdP is slightly lower than what
is observed for AAA in all protonation states. Thermodynamic analysis of the alanine-
based peptides reveals that the free energy landscape of the pPII-f equilibrium as well as
the enthalpic stabilization of the pPII conformation is nearly invariant to the terminal
charge. Interestingly, the conformational ensemble of the alanine dipeptide resembles
closely that of the unblocked GAG model peptide with a pPII propensity of y,pii=0.74.

Investigation of valine and aspartic acid dipeptides in comparison to their GxG
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counterparts further reveals that the conformation of the target amino acid is the same in
both model systems regardless of the dominant conformational ensemble of the guest
amino acid. These results indicate that the end groups beyond neighboring Ca moieties
do not have an experimentally significant influence on the intrinsic conformation of non-
terminal residues in peptides.

Results of MD simulations on cationic and zwitterionic AAA also show that these
peptides share similar Ramachandran plots. Both protonation states of AAA have a
relatively higher pPII content as compared to the AdP, corroborating our experimental
findings. In addition, radial distribution functions derived by MD simulations indicate
that the amide proton of the central residue in AAA is on average in much closer
proximity to water molecules, which may explain the higher enthalpic gains and
stabilization of the pPII conformation for AAA relative to the AdP.

We have shown that the hydration shell around AdP is much less ordered than
around AAA. Consequently, the pPII preference in AdP is diminished relative to that of
AAA, effectively decreasing the activation barrier of the pPII-f transition. Indeed,
favorable backbone-solvent interactions in aqueous solution have been cited numerous
times in literature as the primary source for stabilization of the pPII conformation (72, 75,
76, 93, 119, 194) (see Chapter 1.2.6 of this thesis). We thus hypothesize that the choice of
water model in MD simulations is instrumental for the reproduction of the
experimentally-observed conformational propensities in small peptides. In particular,

polarizable water models and force field may prove critical in this regard (96).
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Recent efforts directed towards defining a pPII propensity scale in various host-
guest peptides are part of the broader goal to establish a physical basis for the
experimentally observed pPII preference in unfolded states. As such, this study was
directed toward determining whether there was any appreciable difference in the
conformational ensemble upon protonation/deprotonation of terminal groups in short
unblocked peptides. The findings reported herein for AAA do not indicate any difference
in this regard. Further, since the blocked forms of amino acids show remarkable
similarity to the unblocked GxG peptides, we conclude that these are both suitable model
systems for investigating unfolded states, conformational preference, and the pPII bias

specifically.
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CHAPTER 6. SOLVATION STUDIES
Reproduced in part, from:

I. Toal, S., Verbaro, D., Schweitzer-Stenner, R. “The Role of Enthalpy-Entropy
Compensation in Determining the Conformational Propensities of Amino Acid
Residues in Unfolded Peptides.” J. Phys. Chem. B., 2014, 118, 1309-1318

II. Toal, S., Amidi, O., Measey, T., Schweitzer-Stenner, R. “Conformational Changes of
Trialanine Induced by Direct Interactions between Residues and Alcohols in Binary
Mixtures of Water with Glycerol and Ethanol.” J. Am. Chem. Soc., 2011, 133,
12728-12739

6.1 THERMODYNAMICS OF GXG PEPTIDES POINTS TO THE ROLE OF SOLVATION FOR
GOVERNING AMINO AcID BIASES IN THE UNFOLDED STATE

6.1.1 Introduction
Despite the increasing relevance of characterizing local conformational ensembles

in the unfolded state, the role that solvation plays in governing and modifying ensembles
remains unclear. As discussed earlier (see Chapter 1 of this thesis), our studies (52, 54,
55, 202) along with others (49, 51, 132, 133) have shown that contrary to random coil
theories, distribution functions obtained for the amino acid residues in the unfolded state
are far more restricted and unique to each residue. Specifically, distributions are often
bimodal in the upper left quadrant and allow one to discriminate between sub-
distributions of pPIl and [-strand like conformations. Generally, the combined
conformational space of pPII and B-strand was found to be much more restricted than a

typical random coil distribution in the upper left quadrant in the Ramachandran plot.
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We recently reported detailed conformational analyses of GxG model peptides in
water based on a global analysis of amide I’ bands of IR, Raman, and vibrational circular
dichroism spectra as well as of 2D NMR J coupling parameters (54, 55, 141, 198). Thus,
we could derive residue-level information from each spectroscopic technique and
combine them with statistical models that describe the entire conformational manifold of
guest residues in the peptides. The obtained results allow us to sub-divide the amino acid
residues investigated here into categories according to their pPII propensity. Alanine was
found to stand out with an exceptionally high intrinsic pPII propensity of 0.72. Category
number two contains residues, such as L and K, with a modest dominance of pPII over a
substantial B-strand fraction. The third category contains branched aliphatic and aromatic
groups (V, I, F), which display comparatively higher B strand and turn propensities.
Surprisingly, we found a fourth category of peptides which contains residues with short
polar and/or ionizable central residues (D,T, N, C) and a higher-than-average content of

turn-like conformations.

The physical origin behind this restricted conformational sampling of the
Ramachandran space by practically all amino acid residues in general, and of their
different conformational distributions in particular, remains largely unclear. Most
theories, however, and a limited number of experiments emphasize the role of water
solvation particularly for the stabilization of pPII, while they still disagree on the

underlying mechanism. As outlined in Chapter 1 of this thesis, these theories suggest a
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variety of causes encompassing direct hydrogen bond bridge formation, electrostatic and
steric effects, and optimal water packing in the hydration shell (76, 93, 119).

Many of the attempts to elucidate the conformational biases of amino acid
residues generally focus on Gibbs free energy differences between populated
conformations (120, 121). However, the reliability of any thermodynamic model should
be checked with regard to its capability to rationalize concomitant changes in enthalpy
(internal energy) and entropy. For instance, it is well documented that pPII conformations
are stabilized enthalpically, while more extended B-strands are entropically favored (203).
This indicates at least a partial enthalpy-entropy compensation for the equilibrium
between these conformers. Early theories on structural transitions of biomolecules
suggest that direct and indirect solute - solvent (water) interactions could bring about a
nearly exact thermodynamic compensation of very large enthalpic and entropic changes
associated with conformational transitions of biomolecules (i.e. between pPII and f in the
case of amino acid residues), thus yielding very low Gibbs energies (204-207). Hence, all
the important thermodynamic information which should provide physical insight into
why certain conformational propensities are stabilized becomes lost within minor AG
changes.

This study was aimed at elucidating the individual thermodynamic contributions
underlying conformational propensities in order to shed light on the factors driving local
order in the unfolded state. If a common thermodynamic cause for the different

propensities of amino acid residues exists, enthalpy and entropy should be nearly



163

perfectly linear, thus reflecting a very narrow distribution of compensation temperatures
at which a substantial part of the total Gibbs energy disappears due to enthalpy-entropy
cancelation (207). In order to check whether this scenario applies to individual amino
acid residues in unfolded pepitdes, we determined the enthalpic and entropic
contributions to the Gibbs energy landscape of GxG model peptides in aqueous solution
by a global analysis of their temperature dependent UVCD and HNMR spectra. The
analysis was based on the aforementioned set of experimentally determined
conformational distributions, which we recently obtained for these peptides at room
temperature using 2D NMR and vibrational spectroscopy (54, 55, 141, 198). We herein
identify a common nearly exact enthalpic-entropic compensation effect (208), which for a
majority of amino acid residues in aqueous solution causes an iso-equilibrium at near
physiological temperatures (207). This is a rarely observed relationship which shows that
these amino acid residues share a common compensation temperature at which the
solvation Gibbs energy is zero. Only three amino acid residues, A, D and T, deviate from
this picture, most likely due to additional solvent peptide and intrapeptide interactions.
We propose the average compensation temperature of the investigated set of peptides as a
measure of the goodness of the solvent which determines its capability to stabilize a

statistical coil over partially or completely folded states of proteins.
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6.1.2 Results

6.1.2.1 Thermodynamics of Conformational Preference
To characterize conformational ensembles of each amino acid within the model

GxG system in thermodynamic terms, we analyzed the temperature dependence of the
respective UVCD and '"H NMR spectra by using the method outlined in Chapter 4 of this
thesis. The thermodynamic analyses of non-alanine GxG peptides is complicated by the
presence of turn-like conformations, which for aspartic acid constitute 32% of the
conformational ensemble (55). Such a large fraction of turn conformations necessitates an
extension of the simplified two-state pPII-p model used for alanine based peptides.
Recently, however, Rybka et al. showed that these turn-like conformations are generally
thermostable (141). If this notion applies to all residues, a pseudo two-state
thermodynamic model with temperature independent fractions of turn conformations is a
suitable approximation. The formalism of the pseudo two state thermodynamic model is

outlined in detail in Chapter 4 of this thesis.

To check the validity of a pseudo two-state model, we first measured the far
UVCD spectra as a function of temperature for all investigated GxG peptides. These
spectra are exhibited in Figure 6.1. At low temperatures, spectra of all peptides display a
negatively biased couplet with the negative maximum at approximately 195 nm, which is
diagnostic of a substantial sampling of pPIl conformations (58, 64). With increasing
temperature, the dichroism at 215 nm (Aes) and the negative maximum (Ag19s )

decrease, indicating a conformational redistribution towards more [-strand-like
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conformations (186). The pPII content as indicated by Aeios and Agzis differs for each
peptide at each temperature, confirming the notion that each amino acid residue has
distinct conformational preferences in the unfolded state. The pPII preference for each
residue at temperatures lower than or equal to room temperature qualitatively agrees with
those explicitly derived by Hagarman et al. (54, 55), i.e. the pPII preference decreases in
the following order: A, M> L, E, R, K>>I, V, S> DN, T. Amino acids with high turn
propensities (D, N, T, S) additionally exhibit a shallow negative maximum at
approximately 220 nm. However, the temperature dependence of this marker is modest,
and indeed, all CD spectra exhibit a clear isodichroic point (= 204 nm) confirming that
the conformational ensemble at all investigated temperatures is dominated by two states
(pPII and PB) and a pseudo two-state model considering only exchanges between pPII and

B-strand is a suitable approach.
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Figure 6.1: (A) UV-CD spectra as a function of temperature for GAG, GKG, GVG, and
GDG. For clarity, only spectra taken at 10 °C (solid line), 50 °C (dotted line), and 90 °C

(dashed line) are shown. (B) 3J(HN,HC‘) [Hz] coupling constants as a function of
temperature for all amino acid residues. The solid lines result from the thermodynamic
model described in the text. Panel a displays alanine (circles), methionine (squares),
leucine (triangles), glutamic acid (crosses). Panel b displays lysine (circles), arginine
(squares), valine (triangles), isoleucine (crosses). Panel ¢ displays tryptophan (circles),
phenylalanine (squares), tyrosine (triangles). Panel d displays serine (circles), asparagine
(squares), valine (triangles), isoleucine (crosses).
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To gain site-specific information, the 3J(HNH®) coupling constants were measured
as a function of temperature. These constants reflect the average ¢ value of the central x-
residue according to the Karplus relationship (163) and are thus useful observables for
assessing residue-level conformational populations. In line with the above results, we
constructed a simple pseudo-two state thermodynamic model that considers 1)
redistributions among extended structures (pPII-B) as temperature dependent and 2)
temperature independent turn populations as outlined in Ch 4 of this thesis. Using this
model we obtained very good fits to the experimental data (Figure 6.1B). As shown in
Figure 6.1B, the 3J(HN,H®) constants for all residues increases with temperature,
indicating a conformational re-distribution from pPII to B, as reported in the literature
(51). Amino acid residues with relatively high pPII content at room temperature (A, M, L,
E) display modest changes in 3J(HNH®) with temperature. In contrast, for amino acid
residues that have a more balanced pPII-f distribution (R, V, I) we observed larger
changes in the 3J-value with temperature (Figure 6.1B). The B-branched residues valine
and isoleucine in particular shift rapidly towards more extended B-strand conformations
upon heating. Notably, amino acids that have been previously shown by us to contain
uniquely high turn-like content (S, N, D, T) (55, 141), exhibit rather weak temperature
dependencies of 3J values (Figure 6.1B). This may be a direct result of their relatively
large intrinsic turn population, which according to Rybka et al would provide a

temperature insensitive contribution to3J (141).
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The thermodynamic values AH and AS obtained from our fits, and the
corresponding room temperature AG values are displayed in Figure 6.2. Immediately, one
can see from the wide distribution of thermodynamic values that amino acids
substantially differ substantially with regard to their enthalpic and entropic contributions
to the pPII/B equilibrium. Generally, our data indicate that enthalpic and the entropic
contributions far exceed the Gibbs energy at room temperature, which is diagnostic of a

near-exact enthalpy-entropy compensation (207).

0 0
”IJIJI] ” ﬂﬂﬂﬂﬂ“ﬂﬂ
:—20 ——20>
%-40 —-4o<§
60 i -1 -60
2_
| i i
g °[Tv0o UH UU U
2t
0]
3 2}
_37

| | | | l |
ALSKVIERMYFWTND
Amino Acid Residue

Figure 6.2. AH (gray bars) and T AS (black bars) values (upper panel) and AG (lower
panel) obtained for the indicated residues (upper Panel).
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6.1.2.2 Enthalpy-Entropy Compensation
A closer look at Figure 6.2 reveals that, not only are the AH and AS values of

different residues vastly dissimilar, but in addition, individual AH/AS values for each
amino acid residue compensate each other to an extent which minimizes the Gibbs free
energy for all residues. A balance between entropic losses and enthalpic gains upon
structure formation is ubiquitous to protein folding processes and all types of interactions
involving weak, van der Waals governed forces (205). However, exact enthalpy-entropy
compensation (in contrast to a mere correlation) is an interesting phenomena per se and
implies that AH = T:AS and hence AG = 0 at T = Te. Tc is termed the compensation
temperature. With regard to the GxG peptides investigated in this study, Tc could then be
identified with the average transition temperature for the pPIl«<>p equilibrium.
Alternatively, only a fraction of the Gibbs energy could be subject to compensation, in

this case (204):

AH = o +TAS (eq. 6.1)
Therefore, an exact statistically significant linear fit to AH/AS values indicates that all
investigated processes can be related to exactly the same compensation temperature T
and Gibbs free energy, whereas statistically significant data scattering reflects a
distribution of similar compensation temperatures. To determine the category of enthalpy-
entropy compensation reflected by our thermodynamic data, we plotted the enthalpy and

entropy differences between pPIl and B for all amino acid residues investigated. As
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shown in Figure 6.3, we obtained a nearly perfect linear relationship when fitting the data
with eq. (6.1). The fit yielded a Tc-value of 29542 K and an a-value of -0.77kJ/mol. The
high correlation coefficient of 0.98 indicates that the compensation temperatures for the
individual GxGs should be very similar. These values will be considered further in the

discussion.
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Figure 6.3. Plot of AH versus AS values obtained from a thermodynamic analysis of

3J(HNHQ) (T) data of all investigated amino acid residues. The solid line results from the
linear least-squares fit.
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6.1.2.3 Iso-equilibrium Points

Technically, it is difficult to establish a common compensation temperature for a
set of correlating AH, AS pairs owing to their statistical uncertainties, which per se rule
out a perfect correlation. The high value obtained for the correlation coefficient in Figure
6.3 suggests that our data pairs might be sufficiently accurate and precise to achieve this
goal. In this case, we should be able to identify a temperature at which at least a
substantial number of the investigated amino acid residues exhibit nearly the same Gibbs
energy difference between pPII and 8 (207). In order to determine whether such an iso-
equilibrium point exist for the amino acid residues, we calculated the mole fraction ratio
of pPII and B for all peptides as a function of temperature which is displayed in Figure
6.4. We indeed found that there are two closely spaced iso-equilibria representing two
sub-sets of amino acid residues.

The first iso-equilibrium cluster (IE1) occurs at approximately 302K and contains
the amino acid residues L, V, I, S, K, Y, W, and F; the second iso-equilibrium point (IE2)
occurs at a slightly higher temperature (approximately 312K) and contains E, R, M, N
(Figure 6.4 A and B, respectively). Notably, IE1 contains mostly amino acids with short
bulky side chains (L, I, V) as well as the aromatics (Y, W, F); with serine as an exception.
This equilibrium point is characterized by nearly equal mole fractions of pPII and

(X pri, 11/ X p, 1IE1=1) and hence indicates a rather iso-energetic free energy landscapes in

the upper left quadrant of the Ramachandran plot at the corresponding temperature
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(302K). IE2 is characterized by yppi, 152/%p,1E272, indicating a much stronger bias for pPII

for these amino acids.
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Figure 6.4. Temperature dependence of x,p/Xg for all investigated amino acid residues.
(upper panel) The first iso-equilibrium cluster (IE1) containing amino acid residues |
(turquoise), V (green), L (light green), Y (orange), S (red), W (gray), F (black). (middle
panel) The second iso-equibrium cluster (IE2) containing R (green), E (black), M (aqua),
and N (blue) residues. (lower panel) Remaining xpP”/xB for alanine (blue), aspartic acid

(dark red), and threonine (red).
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In order to determine the average compensation temperature for these two subset
we plotted the respective AH and AS values separately and subjected them to a linear
regression. The resulting AH and AS relationships for each subset are shown in Figure 6.5
and exhibit nearly perfect linearity for both fits. The respective compensation

temperatures obtained from these fits are Tc1=297+4 K and T.2=305+3K, the respective
axis values are o= -0.3x0.3 kJ/mol and a»=1.4+0.2 kJ/mol. The corresponding

correlation coefficients are 0.999.
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Figure 6.5: Enthalpy - Entropy correlation for amino acid residues contributing the
isoequlibria 1 (upper figure) and 2 (lower figure). The solid lines are the result of linear
regression.
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When these two isoequilbrium clusters are removed from analysis, we are left
with only three amino acid residues, namely, alanine, aspartic acid, and threonine (Figure
6.4C). These real compensation temperatures differ from the lower Tc-value obtained
from the fit to eq. 6.1. Only in the case of a perfect fit (correlation coefficient of 1) would

this Tc-value coincide with the temperature associated with a single iso-equilibrium point.

6.1.3 Discussion

6.1.3.1 The Existence of Statistically Significant AH-AS Compensation
The combined iso-equilibria and near-exact AH-AS compensation among the

investigated GxG peptides implies that there is a common mechanistic effect behind
conformational preference in the unfolded state. Enthalpy-entropy compensation effects
have been reported in a wide array of different protein folding and binding phenomena
(205, 207, 209). However, the statistical accuracy, the existence itself of ‘extra-
thermodynamic’ enthalpy-entropy compensation effects, and the physical basis for such
effects has been a matter of debate in a range of literature (207, 210). It can be shown that
if the compensation temperature is close to the experimental temperature, that
compensation effects may be due to error propagation (207). The compensation
temperature obtained in this study (295.2K) is lower than the range of experimental

temperatures (298-328K). Krug et. al presented an analysis of such compensations and
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derived tests for distinguishing between extra-thermodynamic factors and statistical
compensation (210). To assign a compensation effect as likely occurring from extra-
thermodynamic factors, one has to compare the slope (B) with the harmonic mean of
experimental temperatures (Thm). Krug et al. additionally showed that statistical analysis
allows one to determine an approximate 95% confidence interval for the slope . In
general, if the compensetion slope (Tc) falls within this range, one may not rule out
statistical compensation due to error propagation. Following this protocol we obtain the
95% confidence limit of B to be (295 K, 63.3 K). Comparing this to the slope resulting
from linear regression of AH/AS values (Tc=295.2K), we see that the compensation
temperature lies just outside the error interval on the upper boundary of B. Therefore, this
analysis suggests that the obtained AH/AS compensation is likely not a statistical artifact.
In this context, it is important to also note that the critical assessment of linear enthalpy-
entropy relationships provided by Krug et al. is based on van’t Hoff and Arrhenius plots,
which indeed are prone to strong statistical correlations between AH and AS, however this

is not how the thermodynamics were obtained.

Recently, Liu and Gao (207) showed that if the experimental errors along AH and
AS plane are significantly less than the range of the experimental values, the data are
indicative of a real compensation effect. In order to determine these errors we calculated
the error of the 3J (T) values for each GxG peptide according to standard propagation of

error techniques. The error in each 3J series is determined by:
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87 =\J(Gm*TY +8b> +(Sn*T) + 5 (eq. 6.2)

where dm and on are the standard errors for the linear slopes of the higher and lower
frequency peaks of the amide proton doublet, and b and dc are the standard errors
associated with the respective intercepts. We then calculated the error in AH and AS by
obtaining the upper and lower error limits for each AH/AS pair by re-fitting the “error
propagated 3J(T)” data. For illustration, Figure 6.6 shows the experimentally obtained 3J
(T) with error bars as well as the “error propagated 3J(T)” used to determine AH/3AS
errors for GAG and GIG. Thus, we were able to obtain 6AH and 8AS values for each
amino acid residue (Table 6.1). As shown below, the largest error is seen for isoleucine
with 6AH=18kJ/mol and 8AS=20.7 J*mol/K which is still well within the range of
experimental values. Hence, we can consider our AH/AS compensation to be statistically
significant.

In addition, the iso-equilbria we obtained indicates that at least a large subset of
the investigated amino acid residues share a common transition temperature, and hence
the AH/AS compensation is real and justified. Although one expects, to a certain degree,
that enthalpy and entropy will be opposing driving forces in conformational transitions,
an exact linear compensation for similar, though not identical, thermodynamic processes
(i.e. in our case the pPII/B equilibrium of different residues) is rarely observed. If, for
instance, compensation temperatures for related processes were slightly different, the AH
and AS values would not be exactly reproduced by the linear fit, they may still show

significant correlation. The obtained Tc-value in this case would then be considered as
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representative of a set of slightly different underlying compensation temperatures.
Therefore, one may say that the better the correlation obtained, the more similar are the

respective compensation temperatures and the more likely it is that a common mechanism

is operative.
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Figure 6.6: 3J(HNH?2) and associated error as a function of temperature. The solid lines
reflect the “error propagated 3J(T)” values used to determine SAH and dAS values.
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Table 6.1: Thermodynamic errors, &AH and dAS for each investigated peptide.

Peptide 0AH kJ/mol 8AS J/mol K
GAG 1.0 34
GLG 0.96 3.1
GSG 1.2 3.7
GKG 0.91 2.96
GVG 8.1 12.2
GIG 18 20.7
GEG 1.23 3.01
GRG 2.1 3.2
GMG 3.64 12.2
GYG 0.82 2.5
GFG 1.2 4.5
GWG 0.96 3.5
GTG 5.2 3.6
GNG 4.1 4.8
GDG 3.9 2.9
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6.1.3.2 AH and AS are Varied Among Residues
The respective AH and AS values of those amino acid residues exhibiting near

exact compensation behavior are vastly different. For instance, the enthalpic stabilization
of pPII for alanine is rather modest, but sufficient to outweigh the entropic losses upon
conformational ordering to the more compact pPII structure. Surprisingly, the respective
enthalpic gain of -10 kJ/mol produced by a B—pPII transition in alanine is substantially
lower than those of other amino acid residues such as valine (-35kJ/mol) and isoleucine
(-70kJ/mol, which all have a preference for B. However, as shown in Figure 6.2, the
respective entropies for these residues favor B conformations to such an extent that they
overcome (most of the) enthalpic stabilization of pPII even at room temperature. For
valine, the entropic stabilization of B-strand like structures even overcomes enthalpic
stabilization conferred in pPII structures at room temperature. The remaining residues all
exhibit comparable enthalpic differences between pPII and § with an average enthalpy of
approximately 5kJ/mol. The pPII/B equilibria of valine and isoleucine, two aliphatic
amino acids with Cp branched side chains, involve particularly large AH/AS values
compared to non-branched leucine. This result is surprising and will be addressed in

further detail below.
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6.1.3.3 Decomposing AG to Reflect Solvent Mediation
The near-exact AH/AS compensation as well as the derived iso-equilibria both

point to a common mechanistic effect driving conformational propensities in the unfolded
state. The physical origin behind exact thermodynamic compensation is a matter of very
multifaceted debates, but it is clear that protein/peptide hydration and solvent
reorganization play a key role (204-208, 211, 212). For instance, Lumry and Rajender
described a two- state hydration model in which the reaction/transition of a protein is
coupled to a reaction/transition of water (204). In this context, the compensation behavior
observed here for pPIl«<»p transitions would be rationalized as a result of direct
interaction of hydration shell water with the peptide. Grunwald and Steel proposed a
similar theory in which compensation is linked to changes in solvent reorganization —
distinguishing between environmental processes in the solvent and nominal reactions of
the solute (206). At the real compensation temperature the free energy change of the
environmental process is zero and hence the AG associated with the reaction is solely due
to the nominal process. To interpret our data we develop a similar concept in that we first

assume the total Gibbs energy follows the following balance:

AG, = AG, +AG, +AG, (cq. 6.3)
where AGg. is the conformational Gibbs energy difference in vacuo in the absence of
intramolecular hydrogen bonding, AGgps is the peptide solvation Gibbs energy, which
encompasses backbone and side chain hydration. AGgs reflects relaxation processes in the

hydration shell which are caused by pPll« transitions.
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In line with our data, environmental (solvent processes) terms are subject to total
enthalpy-entropy compensation at certain compensation temperatures Tcps and Tcs.

Therefore, we can formulate eq.(6.3) in more explicit terms as:

AGy = AG, +AS, (T, ~T)as, (T, -T) (€. 60
where ASgps and ASgs are the entropy differences of peptide-solvent interactions, and
changes in the configuration of the hydration shell, respectively, which are caused by the

increase of the side chains solvent accessible surface upon pPII —3 conformational

transitions (120). Ben-Naim showed that the purely conformational enthalpies and
entropies AH®g and AS°g do not compensate and that AHge»>TASgc at room temperature
(212). Following Grunwald and Steel(206), Ben Naim (212), and Qian and Hopfield
(211), we assume the Gibbs free energy due to relaxation of the hydration shell is zero
(i.e., AGgs = 0, Tcs = T) for all temperatures, even though the respective AH and AS

values can be rather large. Hence, we can omit the third term and re-write eq. (6.4) as:

AG, = AH, +AS, (T, -T) (cq.6.5)

Comparing this equation with the generalized linear equation for entropy-entropy
compensation given in eq 6.1, we can then identify the general compensation temperature

Tc with Tc,s and the constant a with AHge. Thus, our original linear fit to AH vs. AS data



183

(Figure 6.3) yields an average AHgc= -0.770 kJ/mol, indicating that the change in
conformational free energy in the unfolded state favors pPII distributions slightly. The
very small value we calculate for o (i.e. AHgc) is diagnostic of what Movileanu and
Schiff termed a near-exact compensation (208). Individual analysis of AH/AS values for
iso-equilibrium cluster 1 (IE1) and 2 (IE2) reveals that IE1 residues (L, V, I, S, K, Y, W,
and F) exhibit a lower average conformational enthalpy of AHgce1= -0.324 kJ/mol,
indicating an even more exact thermodynamic compensation driving propensity among
these residues. This low conformational enthalpy is also is in line with the rather iso-

energetic character of this point (X ppi, 1E1/ X g, 1E1=1). On the other hand, cluster 2

residues (E,R,M,N) have a slightly larger conformational enthalpyAHgc,ie2 = -1.49kJ/mol.

Re-examining the series of ASpg and AHg values displayed in Figure 2 we observe
the largest deviations from the linear compensation fit for alanine (ASg = -23.0 J/mol - K,
AHg = -10.3 kJ/mol) and aspartic acid (ASg = -38.0 J/mol - K, AHp = -9.2 kJ/mol). This

makes sense as these residues were found to lie outside of the iso-equilibria points

(Figure 4c) where AGgc for the series are approximately equal.
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6.1.3.4 Rationalizing the Range of AH AS Values: Branched Aliphatics - A
case study

Although the above described model indeed accounts for the obtained enthalpy-
entropy compensation, it fails to explain the striking differences among AH/AS values of
(predominantly) aliphatic residues with Cp branched (V,I) and linear side chains (K,L,M).
The different AH and AS values of L and I residues are particularly surprising since their
side chains are very similar, exhibiting comparable surface areas and hydrophobicities,
which are both larger than the corresponding values for valine. The same can be said
about the so-called conditional hydrophobic accessible surface areas, which Fleming et
al. introduced as a crucial determinant for the Gibbs energy of residue conformations
(120). These authors suggested that this surface is generally reduced in pPII compared
with B strand conformations hence stabilizing the former via the hydrophobic effect. This
would indeed increase the entropic and enthalpic difference between pPII and B-strand,
but if the solvent accessible surface area is a measure for this effect, one would expect a
hierarchy I=L >V, contrary to our observation A similar hierarchy would be expected for
solvent relaxation processes associated with a change in solvent accessibility. In addition
to side-chain solvent interactions one could invoke variations of backbone-solvent
interactions due to side chains as the dominant contribution to both AH and AS values of
pPII/B equilibria, in agreement with Avbelj and Baldwin (121, 132). This notion is
corroborated by the observed influence of amino acid side chains on the hydration of the
N-terminal amide protons in blocked dipeptides, which Bai and Englander determined

with hydrogen exchange experiments (213). The respective Gibbs energy associated with
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the HD-exchange shows a V=I>L hierarchy, indicating that V and I are more effective in
shielding the peptide from hydration.

A complete theory which accounts for how enthalpy-entropy compensation
governs amino acid conformation might need an extension beyond the consideration of
peptide solvation to account for the differences observed between residues. It is possible,
for instance, that the obtained differences in AH-AS values at least partially reflect
different conformational restrictions for branched and linear side chains in pPII and B-
strand conformations. To check for this possibility we analyzed the rotamer library of
amino acid residues that Dunbrack and Karplus obtained for all amino acid residues from
a large set of protein data bank files (214). Based on the positions and widths of
distributions reported in our earlier studies (54, 55), we counted the number of side chain
rotamers for the following regions of the Ramachandran plot from of Dunbrack and
Karplus: 180°>y>160° and -100°>¢>-120° for B-strand of V and I, : 160°>y>140° and
-100°>¢>-120° for B-strand of K, L and F, : 180°>y>160° and -60°>¢>-100° for pPII-
strand of V, I, K, L and F. Utilizing this library, we found that only V and I have a larger
number of rotamers in the B-strand (6 and 4 for V and I) than in the pPII region (3 for V
and 0 for I), while the numbers are very similar for K, L and F (16 and 16, 16 and 15, 6
and 6, respectively). This observation suggests that the rotational degree of freedom of
branched side chains is much more restricted in the pPII than in the B-strand region of V
and I, whereas no such discrepancy exists for linear side chains. The fact that V and I still

share an iso-equilibrium point with four other amino acid residues (including L) suggests
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a nearly ideal enthalpy-entropy compensation so that these steric effects remain absent in
the total Gibbs energy balance. Taking this into account, our Gibbs free energy model
(eq. 5) has to be extended in order to account for enthalpy-entropy compensation brought

about by steric restrictions of branched side chains:

AG,=AH, +AS; «(TCPS —T)+ ASy, (T, =T) (eq. 6.6)

where ASgs: is the new conformational entropy term which is predominantly associated

with differences between side chain entropies.

6.1.3.5 Conformational Entropy Reduction
Reproduced in part, from:

I.  Schweitzer-Stenner, R., Toal, S. “Entropy Reduction in Unfolded Peptides (and
Proteins) due to Conformational Preferences of Amino Acid Residues” Biophysical
Journal, Submitted

Protein folding is a transition from a disordered to an ordered state. It is generally
thought to involve a massive reduction of conformational entropy, which is compensated
by a gain in enthalpy, and for hydrophobic residues, by a gain in solution entropy (4).
Any reliable assessment of the thermodynamics of folding has to rely on an estimation of
how much conformational entropy is eliminated by the folding process. It is obvious that
the existence of conformational preferences of amino acid residues should substantially

reduce the conformational entropy of unfolded peptides and proteins compared with a
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local random coil scenario, hence increasing the stability of the native state relative to the
unfolded state. Local order caused by conformational preferences would also reduce the
entropy of IDPs, which should be advantageous for promoting disorder—order
transitions caused by IDP binding to biomolecules (13). However, a quantitative picture
connecting residue level order/disorder and conformational entropy has still to emerge
and quantitative estimations about the suspected entropy reduction are rare in the
literature. To explore the entropy reduction imposed by residue conformational bias we
compare the conformational entropy of GxG peptides to that of a an ideal random coil
ensemble. Figure 6.7 shows an artificial Ramachandran plot, which mimics a classical
local random coil. Contrary to the experimentally conformational ensembles obtained for
GxG peptides the random coil distribution assumes substantial sampling of right handed
helical and similarly structured turn-like conformations. As in the classical plots of
Ramachandran et al (5), there is no clear distinction between pPII and B-strand, since they
display a rather homogeneous sampling of a broad region in the upper left quadrant of the
Ramachandran plot.

Figure 6.7 also exhibits corresponding plots for GAG, GVG, GLG and protonated
GDG, which represent four different types of amino acid residues with regard to their
intrinsic propensities (54, 55). Alanine is peculiar in that it exhibits a significantly above
the average intrinsic pPII propensity (i.e., 0.72). Leucine shows a more balanced pPII/B-
strand ratio with pPII still being more populated. Valine has a slight preference for -

strand because it is heavily entropically favored over pPII. Protonated aspartic acid has an
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above average propensity for various turn-like conformations stabilized by intra-peptide

hydrogen bonding between side chain and amide proton.
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Figure 6.7: Ramachandran plots of a random coil-like ensemble compared to GAG,
GVG, GLG, and protonated GDG.
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To calculate the conformational entropy of the amino acid residue x in GxG for
distributions such as those shown in Figure 6.7, we utilize the well know Boltzmann

definition of entropy:

S = R | P.(O.y)INP.(9.9)dgdy (cq. 6.7)

where R is the gas constant and Px(¢y) is the mole fraction weighted conformational
distribution for a respective residue (see Chapter 2 of this thesis, eq 2.30). The final result
of a numerical integration of eq. 6.7 depends on the size of the micro-states into which
the Ramachandran space is sub-divided.* Here, we use rather small sized segments with
Ap=Ay=2.0° which lies well within the regime in which Sx depends linearly on Ap and
Avy. Since we are interested in entropy differences between Scont and the entropy Sic of the
random coil distribution shown in Figure 6.7, we do not need to worry about absolute
values:

ASconf = Src - Sconf (eq. 6.8)

entropy used the obtained thermodynamic data for GxG peptides to estimate the
temperature dependence of the conformational entropy.

Figure 6.8 exhibits the differences between Helmholtz energy contributions TASx
at 298 K for the investigated residues in the GxG model peptides. The significance of the

obtained values is judged by the extent by which they exceed the thermal energy RT
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indicated by the upper horizontal line. For aspartic acid (D), we calculated TASx for the
fully protonated and the fully ionized molecule. At room temperature, all TASx values are
negative which indicates that the conformational entropies of all amino acid residues are
less then that of a random coil, as expected. While the residue specific TAScont(X)
contributions to the free energy are within the energy available at room temperature, it
should be noted that these are per residue values which, when considering the length of
IDP regions in proteins, will accumulate and induce substantial variations in IDP
conformational entropy depending on amino acid sequence.

All TASx values exceed the thermal energy, though to a different extent. The
average deviation from random coil is -3.84kJ/mol. Not surprisingly, the largest deviation
from random coil entropy is obtained for alanine with ATSx=-4.72kJ/mol indicating a
quite restricted conformational sampling at room temperature. The ATSx varies
significantly between residues, with differences reaching up to approximately 2kJ/mol.
Alanine as well as aspartatic acid, asparagine, serine, threonine and methionine exhibit
TASx values above 4kJ/mol, i.e. they lie in the 2RT regime (marked by the lower
horizontal line in Figure 6.8). This is a reflection of their relatively high level of order

(i.e. large degree of conformational bias) in the unfolded state.
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Figure 6.8: The difference between conformational entropy contributions to free energy of the
indicated amino acid residues relative to a hypothetical random coil distribution. Single letters
denote amino acid residues in GxG peptides. The index i indicates the ionized state of the residue.
The solid line represents the available energy at RT, and the dashed line represents 2RT.

Interestingly, we found that for a majority of the residues investigated the
conformational entropy relative to random coil, ASconf(X), 1s at least partially correlated
with the entropic difference between the subpopulations pPII and B (ASppu-s) derived
from our earlier discussed thermodynamic analysis of HNMR data (Figure 6.9). We
obtain a correlation coefficient of 0.63 when omitting the branched aliphatics isoleucine
and valine which, as previously discussed, have abnormally high ASppig values in favor
of B conformations. As the experimentally derived entropy difference between pPII and 3
conformations decreases along the series of amino acid residues, the relative

conformational entropy ASconf(X) increases, indicating larger deviations from a random
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coil conformation.* This suggests that thermodynamic properties of underlying residual

structure play a key role in modulating conformational entropy in the unfolded state.
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Figure 6.9: Relationship between AScont=Sres-Scoil and the experimentally derived ASppii-g.
The solid line reflects a linear least squares fit with a correlation coefficient of 0.63.

It has been previously shown in this thesis that an increase in temperature affects
nearly exclusively the equilibrium between pPII and B of the central residue of GxG,
whereas the population of turns is practically temperature independent (141). From the
obtained pPII-<»f thermodynamic parameters we were able to calculate the temperature

dependence of the conformational populations (px(4,)). From these distributions, we
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then calculated AScons for each peptide at various temperatures. In order to consider the
increased sampling of conformational space within the individual (pseudo)potential wells
for each conformation with rising temperature, we multiplied the Gaussian bandwidths of
the respective sub-distribution with a factor (T/Tx)"2(215). We used the thus obtained
distribution functions to calculate TASconf for five different temperatures between 290 and
360 K. As shown in Figure 6.10, the entropy difference between the conformational
distributions of x in GxG and the assumed random coil distribution at room temperature
decreases with increasing temperatures reflecting the increased available conformational
space for each residue.

The temperature at which a given amino acid residue’s conformational entropy
contribution to the free energy reaches the random coil value at room temperature is
different for each species. It is highest for isoleucine, for which random coil entropy is
not reached within the considered temperature regime. This reflects the rather high -
strand propensity of this amino acid residue at high temperatures (216). For a majority of
the amino acids residues, however, TASxonf becomes even positive at T > 340K,
indicating a higher degree of disorder. These results suggest that with respect to their
conformational entropy unfolded peptides and proteins might indeed become also locally
random coil-like at high temperatures, even though distributions are still different from
those of canonical random coil ensembles owing to the very low occupancy of right
handed helical conformations. Taken together, the above analysis reveals that the intrinsic

conformational entropy is residue specific and substantially lower then suggested by the
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local random coil model. This indicates that particularly for IDP-type peptides (Ag,
salmon calcitonin) and relatively small foldable proteins the total conformational entropy
might depend on the amino acid composition. With regard to IDPs, the composition of
sequences which are involved in e.g. protein-protein and protein-DNA interactions, might
matter. Conformational entropies of IDPs and unfolded proteins of similar size might
differ, because the former are less heterogeneous than the latter with regard to their amino

acid composition.

TSresidue-TScoiI[kJ/mOI:|

T
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Amino Acid Residue
Figure 6.10: Relative conformational entropy contributions to free energy, TAScont at 298°
K(dark grey), 301°K, 311°K, 340°K, and 370°K (light grey) derived from conformational
distributions of the central x-residues in GxG peptides and the thermodynamics of pPII-p
strand transitions.
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The average TAS:onfor the values displayed in Figure 6.8 lie well in the range of
values that Baxa et al. obtained from coil library biased MD simulations for ubiquitin (3.0

and 4.5 kJ/mol-residue) (217). We therefore wondered whether the obtained 74S, values

exhibit some correlation with helix propensities of amino acids in alanine based peptides.
Conjectures in this direction are motivated by the fact that alanine, the amino acid residue
with the highest propensity for pPII in the unfolded state, also exhibits the largest helical
propensity in folded proteins (218). It has been shown by Schweitzer-Stenner et al. that
the pPII propensity of the majority of the investigated residues exhibit a linear correlation
with the respective Zimm-Bragg parameter s=[fraction helix]/[fraction coil] in alanine-
based host guest systems (219). Figure 6.11 shows a plot which displays the relation
between the corresponding —RT*In(s) values of the investigated amino acid residues and
their conformational entropy. The correlation is moderate (r=0.69). Interestingly,
however, alanine (ASx=-4.6 kJ/mol; -RT*Ins=-3.8 kJ/mol) is clearly apart from any linear
regression curve of the data (we assumed T=298 K for the plot). As for our earlier study,
the s-values were taken from a very comprehensive host-guest study of Chakrabartty et

al.(218)
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Figure 6.11: Comparison of the per-residue Gibbs energy of helix formation (-RT In(s), s
is the Zimm Bragg parameter) and TAScont 0f 15 amino acid residues in GxG dissolved in
aqueous solution at T=298 K. These entropy values were derived from experimentally
obtained conformational distributions. The solid line is the product of a linear regression.
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It could be that a more meaningful correlation could be obtained by comparing -
RT*In(s) with the loss of backbone and side-chain conformational entropy concomitant
with the transition from a statistical to a helical distribution. The reduced side chain
entropy in the helical state has been proposed by Creamer and Rose as a key determinant
for the helical propensity of amino acid residues in alanine based peptides (220). This

conformational entropy reduction ASconf® can be written as

AS *= (Soc,canf - Src ) - ASC()nf + ASconf,chain (eq 69)

conf

where Suconf 1s the conformational entropy of the residue in a right-handed helical
conformation. This was calculated by assuming that each residue can sample a helical
conformational space describable by a Gaussian distribution with 6,=c,=10cm-!. This
helical distribution resembles those obtained from crystal structures and MD simulations
(221). The entropic loss of side chains, ASconf,chain has been reported by Blaber et al. based
on the analysis of crystal structures of proteins (222).

Figure 6.12 shows a plot of —RT*In(s) versus the derived (helical corrected)
ASconf”. A first glance at the data reveals no significant correlation. However, a closer
look suggests the existence of two subsets of data for for which a good correlation might
exist. The smaller of these subset contains the branched and bulky residues V, I, W and T;
the larger subset contains the remaining investigated residues besides alanine which (not

surprisingly) does not fit into any of these two sets. The branched residues have a lower
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helical propensity. We subjected both sets to linear regressions and obtained r-values of

0.96 and 0.87, which both indicate good correlations.
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Figure 6.12: Comparison of the per-residue Gibbs energy of helix formation (-RT In(s), s
is the Zimm Bragg parameter) and the conformational entropy loss of 15 amino acid
residues upon a transition from a coil-like to a right handed helical conformation. The
temperature value is 298 K. The conformational entropy loss was calculated as the sum
of backbone side chain entropy changes as described in the text. The solid lines
represent linear regression of the two clusters of data.
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To appreciate the significance of these values one should keep in mind that
correlations between Gibbs enthalpies and entropies are notoriously bad even in the case
of excellent correlations between enthalpy and entropy (210). The correlations obtained
for both data sets clearly suggest that the helical propensity actually decreases with
decreasing difference between the conformational entropy. Alanine is an exception, as it
exhibits a high helix propensity and a very limited loss in conformational entropy. This is
somewhat counter-intuitive, as one might expect that a reduction in entropy loss should
yield a higher helical propensity. However, what looks like a surprising result actually
makes physical sense, if one considers the well established fact that folding/unfolding

processes in general and helix&coil transitions in particular are governed by enthalpy-

entropy compensation which becomes exact at the folding temperature. For the

helix&coil transition of different alanine based peptides one can assume that the folding

temperatures are similar. In such a case enthalpy and entropy are linearly related. In the

ideal case of identical transition temperatures one can write:

AH,_, =TAS., *

conf conf

(eq. 6.10)
where T. is the compensation temperature. The Gibbs energy is thus written as:

AG,, =(T.-T)AS,,, * (eq. 6.11)

Hence, an increasingly negative AScont® causes an increasingly negative AGx for T < T¢

and thus an increasing helix propensity, as reflected by our data.
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The total per-residue entropy contribution to the Zimm-Bragg parameter s cannot
be totally accounted for by conformational entropies. Another contribution certainly
arises from hydrophobic effects, i.e. the partial burial of side chains in the helical
conformation. Blaber et al. (222) estimated the respective Gibbs energy associated with a
helix < coil transition for all amino acid residues. One can assume that this contribution
is mostly entropic in nature at room temperature (4). We thus added these hydrophobic
contributions reported by Blaber et al. to TASx* to obtain new entropy values TASx**.
However, a plot of —RT*In (s) versus TASx** did not reveal any correlation (data not
shown). This suggests that adding hydrophobic contributions practically eliminates the
surprising positive correlation between the loss of conformational entropy and helical
propensity.

The behavior of alanine deserves some additional comments. Many attempts have
been made to explain the high helical propensity of this residue in folded proteins. In
addition, results reported in our studies clearly show that alanine does not fit into any of
the categories for other amino acids in the unfolded state. First, alanine has an abnormally
high pPII propensity in the unfolded state (0.72 in GAG, > 0.8 in AAA, > 0.6 in
polyalanines). With regard to GxG, its AG(T) curve does not share an iso-equlibrium
point with other residues, most likely owing to the fact that its enthalpy-entropy
compensation temperature is higher and pure conformational energy difference (i.e.
vacuo) between pPII and B-strand are still slightly in favor of the former). In this study,

we show that the high helical propensity of alanine t involves a comparatively small loss
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of conformational entropy upon the transition from a coil to a helical distribution. We, in
accordance with others, attributed the high pPII propensity to an optimal hydration of the
backbone, which is only guaranteed with alanine as side chain (105, 194). In the helical
state alanine guarantees minimal interactions between side chains (compared to more
bulky residues) and is likely to still permit backbone hydration thus minimizing
disfavorable enthalpic contributions to the Gibbs energy and allowing the hydrogen
bonding contribution to dominate.

What is the general significance of this and related thermodynamic studies on
short peptides for the understanding of unfolded peptides/proteins and the energetics of
protein folding? With regard to the unfolded state it becomes clear that in principle the
total entropy depends on the amino acid sequence, but this might become irrelevant for
longer proteins with comparable mixtures of aliphatic, polar and ionizable side chains.
The average conformational entropy for these three groups is slightly different; from our
data we obtained <ATS>aiph=4.0 kJ/mol (V,ILL,M,A), <ATSx>arom=3.5 kJ/mol (Y,W,F),
<ATSx>charged=3.5 kJ/mol (K,E, ionized D, R) and <ATS,>po=4.2 kJ/mol (protonated D,
S,T and N). IDPs are known to contain more charged and less aliphatic and aromatic
residues than foldable proteins. If we e.g. assume that an IDP has 10 more charged
residues and 10 less aliphatic residues than a foldable protein of comparable size this
would provide the IDP with 5kJ/mol of extra entropic contribution to the Gibbs energy.

Since IDPs typically have more polar than aromatic groups, the actual entropy gain might
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be smaller. Therefore, the sequence will matter for only comparatively short IDPs or
within IDP segments, particularly if the composition is not very heterogeneous.

A stronger sequence influence could arise from the conformation and residue
dependence of the solvation enthalpy and entropy between pPII and B reported (ASppip,
AHppi1p) in section 6.1.2 of this thesis. This should have a significant effect particularly
on the stabilization of unfolded states at high temperatures, at which entropically favored
B-strand structures become increasingly populated. To illustrate this point we calculated
the changes in average enthalpy and entropy associated with a temperature increase from

298 to 350 K by utilizing the following relationships:

—AG py_p/
<A5 >_ AgpPu—ﬁe e (eq. 6.12)
pPIi-B [ — —AG py_p/RT

1+e

where A&ppu-p=AHppi-p, ASppi-p R is the gas constant and T the absolute temperature.
Figure 6.13 shows the difference between <AHppi.p> and T<ASypu.p> values calculated
for 298 and 350 K for all amino acids investigated. The obtained diagram is reminiscent
of the large differences between the AHppu-p and ASppii-p values reported by Toal et al.
(216). While the changes are in the range between 0 and -5 kJ/mol for most amino acid
residues, L, R and particularly I and V stand out in that the data indicate their solvent free
energy becomes substantially more entropic at high temperature. This implies that

unfolded states of peptides and proteins with a preponderance of these amino acids (e.g.
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in aliphatic peptides with a high propensity for self-aggregation) are substantially more

entropic and less enthalpic than polypeptides with more polar or ionizable side chains.
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Figure 6.13: Plot of differences between <AHppig> and T<ASypig> of GxG peptides
calculated for temperatures of 350 and 298 K by utilizing the AHppi-g and ASppii-
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6.1.4 Conclusions
These results of these thermodynamic investigations on GxG peptides are

interesting and very significant for numerous reasons. Firstly, the co-existence of both
compensation effects and iso-equilibria is rare, and indeed this is the first study, that
captures and explains this effect for residue level transitions. As discussed above, their
occurrence indicates a common source behind promotion of conformational preferences
in the unfolded state, which we can directly link to the competing action of peptide
solvation and intrapeptide hydrogen bonding. Solvent reorganization might contribute
significantly to enthalpy and entropy, but does not affect the conformational equilibrium.

Secondly, the coalescence of X ppi/ X p (i.e. the iso-equilbria) suggests that amino acid

composition, and hence individual propensities in the unfolded state, become much less
significant near physiological temperatures (310 K). Thus, within the confines of our
obtained pPII/P distributions, and in the absence of nearest-neighbor interactions (i.e.
solely intrinsic effects), one aspect of the classical random coil model becomes nearly
valid at compensation temperatures, namely the independence of conformational
ensembles on the amino acid sequence of peptides and proteins. Therefore, only the
different turn-like fractions among the residues matter at these compensation
temperatures. Thirdly, the deviation of alanine, aspartic acid, and threonine from iso-
equilibrium is very interesting. Aspartic acid and threonine are among a sub-class of
amino acids that have unusually strong preferences for turn-like conformations which in

some cases have been found to be stabilized by side-chain backbone H-bonding (55).
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How these propensities for turn-like structures affect the thermodynamics of the pPII-f
equilibrium is unclear. We conjecture that the polar character of the side chains can
significantly affect the overall hydration shell of the peptide thus causing a change of the
compensation temperature. One might be tempted to consider interactions between the
side chains and the terminal groups as well (so called end effects) (192). However, this
can be definitely ruled out for GDG, since Rybka et al. (141) showed that conformational
distributions of protonated GDG, AcGDG and the aspartic acid dipeptide are
indistinguishable.

The third amino acid residue that does not share any iso-equilibria with other
residues is alanine. The conventional explanation, based on several MD simulations
would invoke a particularly efficient hydration shell packing as the stabilizing factor of
pPII (119). However, in order to invoke protein-hydration as the driving force for pPII
stabilization one would have to assume that the compensation temperature for alanine
hydration is much higher for any of the other residues (an estimation puts it above 400 K,
Figure 6.4). To further study the effect of solvation on the conformational preference of
alanine, we performed a separate investigation of alanine based peptides in various co-
solvent systems, as discussed below in Chapter 6.2.

In addition, we found that the conformational preferences of amino acid residues
lead to a substantial decrease of conformational entropy. The corresponding contributions

to the free energy at room temperature lie between 1 and 2 RT. The entropy reduction

effect is most pronounced for alanine and protonated aspartic acid. Upon increasing
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temperature the backbone entropy of GxGs approaches the entropy of the assumed
random coil distribution. We used the obtained conformational backbone entropies to

calculate the respective loss associated with a coil — helix transitions and found that it

does correlate moderately with the respective Gibbs energy of helix formation (i.e. -
RT*In s). However, upon adding literature values for the loss of side chain entropy to our
backbone conformational entropy values we obtained rather good correlations for two
different subsets of amino acid residues. Taken together, we show that conformational
propensities of amino acid residues in GxG can be used for deriving a realistic estimation

of the backbone entropy of unfolded peptides and proteins.
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6.2 EFFECTS OF ALCOHOL CO-SOLVENTS ON THE CONFORMATION OF AAA

6.2.1 Introduction
The physical reason for the preferred sampling of the pPII trough by alanine has

been extensively debated in the literature. As outlined in detail Ch 1 of this thesis, most
theories have in common that they emphasize the role of water and solvation for the
stabilization of pPIl (76, 119). If water is indeed pivotal for the sampling of pPII
conformations in unfolded peptides and proteins, the conformational distributions of the
latter should be substantially altered by the addition of co-solvents. Theoretical and
experimental studies aimed at describing the effect of certain co-solvents on protein/
peptide conformations in aqueous solution have been performed thus far without
providing an unambiguous picture. It is well established that protein stability can be
enhanced with the admixture of so-called kosmotropic co-solvents, such as polyols (223,
224). The thus induced stability can be described in terms of shifting conformational
equilibria to more energetically favorable states. In addition, certain polyols such as
glycerol have been shown to prevent protein aggregation, apparently by inhibiting partial

unfolding or misfolding of aggregation-prone peptide segments (225).

Typically, co-solvent-induced stabilization is discussed in terms of preferential
hydration of the protein backbone by water or, similarly, preferential exclusion of co-
solvent . Specifically, Gekko and Timasheff proposed that protein stabilization is a result

of the preferential hydration of its backbone via exclusion of the glycerol co-solvent from

the immediate domain of the protein (223, 225). More recently, Head-Gordon and co-
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workers analyzed data from neutron diffraction experiments on N-acetyl-leucine-
methylamine (NALMA) in water and in a 1:5 glycerolwater mixture with an empirical

potential structure refinement algorithm (226). Their results also suggest that glycerol

preserves the peptide hydration shell. In addition, this group performed MD simulations

on the aforementioned system and observed that the population of water molecules in the

solvation shell of the hydrophobic leucine residue increases in the presence of glycerol,

while the peptide-H>O hydrogen bonds are maintained (227). These findings were found

to be consistent with their results obtained from neutron diffraction data. However, a
rather different picture emerged from a recent MD simulation of Vagenende et al. who

investigated the proximity of glycerol molecules at the (hen egg white) lyzosyme-solvent

interface in a glycerolwater mixture (228). Their results suggest that two modes of

protein-glycerol interactions are operative. One of them involves electrostatic interactions
of a glycerol molecule with the protein surface, which induces an orientation of the
solvent molecule so that further interactions between glycerols and protein groups are
sterically inhibited. The second mode of interaction causes glycerol to preferentially
interact with aliphatic groupings on the backbone, acting as an amphiphilic interface
between the local hydrophobic surfaces on the protein and the polar water solvent. This
type of interaction has direct consequences for stabilizing aggregation-prone hydro-

phobic peptide segments in solution.
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Clarifying this issue is of great importance for a variety of reasons. First, glycerol

is used in numerous biophysical experiments on proteins (particularly those carried out at

subzero temperatures) including protein-folding studies (229). It is also routinely

employed for protein crystallization (230) and in the food industry (231). As indicated

above, it stabilizes the folded state of proteins. However, if, in contrast to widespread
thinking, glycerol does indeed interact directly with proteins and peptides, it is also
necessary to determine how the cosolvent affects the Gibbs energy landscape of the
unfolded state, which is much more exposed to the solvent than the folded state. In
addition, investigation of the effect that small co-solvents have in the presence of water
on the conformational distribution of alanine should shed light on how water itself

stabilizes the pPII conformation.

To tackle this issue, we investigated the influence of glycerol and ethanol on the
conformational distribution of cationic trialanine in water. Ethanol was selected as an
additional alcohol cosolvent for this study to make contact with a recent NMR/CD study
on short unfolded peptides in binary mixtures of water and various alcohols (126).
Moreover, we deemed it useful to compare two co-solvents which differ in terms of their
bulkiness and their number of aliphatic and polar groups. For this study, '"H NMR and
UVCD spectroscopy was combined to determine how the conformational distribution of
cationic trialanine in water is modified in mixtures of water with different amounts of

ethanol and glycerol. The resultant temperature dependence of the maximum dichroism
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measured at 215 nm and of the *J(HVH®) coupling constants of two amide protons was
subjected to a global analysis based on simple two-state models, from which the
respective thermodynamic parameters (enthalpy and entropy) as well as the conformation
specific spectroscopic parameters (i.c., average Ae and *J(HVH®) of pPII and B-strand
sub-distributions) were obtained. In addition, IR and polarized Raman spectra of
trialanine for selected binary mixtures of the above cosolvents were measured in oder to
identify possible interactions between the alcohol and peptide molecules. Our results
clearly show that polar cosolvents affect the energy landscape of peptides. Moreover,
they provide strong evidence for the notion that they interact directly with the aliphatic
side chains. Our NMR data furthermore suggest that the thermodynamics of these

interactions are different for the central and C-terminal residue of the peptide.

6.2.2 Results

6.2.2.1 Trialanine in Water

In a first step, we measured the far UVCD spectra of cationic trialanine in water
as a function of temperature between 10 and 90°C, which are shown in Figure 6.14. The
inset depicts the difference spectrum calculated by subtracting the spectrum recorded at
10°C from that measured at 90° C. At low temperatures, the pronounced positive
maximum of the UVCD spectrum at approximately 215 nm is diagnostic of a dominant

sampling of pPII-like conformations, in agreement with what has been now well-
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established in the literature (68, 70, 191, 232). The difference spectrum indicates a
change of the conformational distribution from pPII-like to more extended B-strand-like
conformations, again in agreement with earlier results. The maximum dichroism (Ag) at

approximately 215 nm decreases with increasing temperature as shown in Figure 6.15,

also reflecting this shift from pPII to [ states.
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Figure 6.14. Temperature-dependent UV-CD spectra of cationic AAA in H,O at pH 2.0.
Arrows indicate increasing temperature from 0 to 90 C. Inset: CD difference spectrum
obtained by subtracting the spectrum measured at 10 °C from the spectrum recorded at

90 °C.
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Figure 6.15. Maximum dichroism (Aeo15 nm) obtained from the UV-CD spectrum of
cationic AAA in H,O plotted as a function of temperature from 273 to 363 K.

To obtain residue-level details about the peptide conformations, we measured the
"H NMR spectrum for cationic trialanine in water and determined the C-terminal and N-
terminal *J(HNH®) coupling constants as a function of temperature (Figure 6.16). Here,

we utilize the nomenclature of Oh et al., who termed the coupling constant reflecting the
¢-angle of the central alanine residue of the peptide as “N-terminal” (196). This reflects

the fact that the N-terminal alanine is not associated with an amide proton. The
experimentally determined value for the N-terminal coupling constant increases in the

temperature range studied from 5.53 to 6.14 Hz in very good agreement with

experimental studies by Graf et al. (74) These values are also indicative of a change in the
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conformational equilibrium between pPII to more B-like distributions. The experimental

coupling for the C-terminal ranges from 6.4 to 6.86 Hz, which is also in agreement with

literature values(232).

300 310 320 330 340

Temperature [K]

Figure 6.16. Temperature dependence of the 3J(HNHC‘) coupling con-stants of cationic
AAA in H2O obtained from the NMR signals of the N-terminal (upper panel) and C-
terminal (lower panel) amide protons. The solid lines represent fits of a two-state model.
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To extract the free energy landscape for trialanine, we employed a global fitting
procedure to analyze the temperature dependence of the conformationally sensitive
maximum dichroism Ag (T) and the 3J(HNH®)(T) values with a two-state pPII-f model.
The analysis was based on the conformational distribution obtained for the central residue
of trialanine at room temperature (56, 70). This way, the average 33HNHY) coupling value
pertaining to each sub-distribution (i.e., Jep, Jg) could be determined utilizing the newest
version of the empirical Karplus relationship (160, 163). In general, the method
employed within this study is exactly the same as that employed in Chapter 5 of this
thesis for alanine based peptides and described in full in Chapter 4 of this thesis. In the
fitting procedure we consider only two states, and ignore the very low population of turns
(<8%) for trialanine. Using the two-state model, we obtain excellent fits to the
experimental 3J(HNH®)(T) for both N- and C-terminal of trialanine in water as seen above
in Figure 6.16. The thermodynamic values for AH and AS obtained from this analysis are

listed in Table 6.2.
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Table 6.2: Spectroscopic and thermodynamic parameters derived from fitting the
temperature dependence of the 3J(HN,H?) coupling constants for
cationic AAA in H20 using the two-state fitting procedure described in
the text. The 3J(HNH?) is the coupling constant obtained
experimentally at room temperature

3‘J(HNH“) 3Jpp|| 3‘J|5 Asppu ASB ApPII AG AH AS

[Hz] [Hz] [Hz] Mlem!  [M'em! [kJ/ [kJ/ [J/
res] res'] mol] mol] mol*K]
AAA, N- 5.61 5.02 9.18 1.32 -1.55 0.86 -4.44 -20.6 -54 .4
terminal
AAA-C- 6.40 5.28 9.27 1.32 -1.55 0.72 -2.32 10.15 26.29
terminal

6.2.2.1 Thermodynamics of AAA in Binary Mixtures
To examine the effect that addition of alcohol co-solvents has on the

conformational distribution of alanine residues in trialanine we chose to implement 5%,
30%, and 60% co-solvent binary mixtures with water. The UV-CD spectra of three
ethanol/water and three glycerol/water mixtures as a function of temperature are shown in
Figure 6.17. Although we also measured the CD spectra for a 60% ethanol/water (v/v) we
could not obtain resolved H NMR spectra for this mixture, so we omit this mixture from
our analysis. In the region below 200 nm, some of these spectra are somewhat noisier

than those of AAA in pure water, which might be due to impurity scattering or high
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solvent absorptivity. However, this was not much of a concern because we used the

maximum Ag at approximately 215 nm for our thermodynamic analysis.
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Figure 6.17. Temperature dependence of UVCD spectra of cationic AAA in glycerol/
H20 and ethanol/H20 binary mixtures. Upper panel: 5% binary mixtures. Middle panel:

30% binary mixtures. Lower panel: 60% binary mixtures.
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The corresponding Ag(T) plots, as well as the temperature-dependent 3J(HNH®)
coupling for each binary mixture, are shown in Figure 6.18 and Figure 6.19, respectively.
The solid lines all result from fitting the experimental data using the aforementioned two-
state model fitting routine. The temperature-dependent decrease in the maximum

dichroism Ag, ;5 indicates decrease pPII content as a function of increasing temperature,

in line with what was found above for trialanine pure water. The 3J(HNH®) coupling
constants for all solvent mixtures increase as a function of temperature, also signifying an
increased sampling of B-like conformations in the ensemble. Interestingly, at room
temperature the experimentally determined 3J(HNH®) values for AAA in ethanol/water
and glycerol/water at the same volume percent are nearly identical, i.e., 3JJ(HNH%)= 5.45
Hz for 5% admixtures alcohol and 3J(HNH®) = 5.77 Hz for 30% admixtures alcohol.
However, the temperature coefficients for the 3J(HNH®) values of each mixture are
different for the two alcohols, thus indicating a different Gibbs energy landscape and
more pronounced differences between corresponding conformational mixtures at higher
temperatures. The increase of 3J(HNH®) with temperature is generally more pronounced
for water/ethanol as compared to water/glycerol mixtures, indicating that the
conformational distribution of AAA shifts toward higher B content for ethanol more

efficiently then for AAA in glycerol mixtures.
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Figure 6.18. Maximum UV-CD (Ag,45) signal plotted as a function of temperature from

273 to 363 K for AAA in binary mixtures. The solid lines result from fitting procedures
described in the text. Glycerol binary mixtures (upper panel): D,O (circles), 5% glycerol

(diamonds), 30% glycerol (squares), and 60% glycerol (crosses). Ethanol binary mixtures
(lower panel): D20 (circles), 5% ethanol (diamonds), 30% ethanol (squares).
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Figure 6.19. 3J(HNH®)[Hz] of N-terminal (upper panels) and C-Terminal (lower panels)
plotted as a function of temperature from 298 to 333K for AAA in binary mixtures. The
data for glycerol/HoO mixtures are shown in the left panel, and the data of the

corresponding ethanol/H20 mixtures are displayed in the right panels.Parts (a) and (c)
show the data for H2O (circles), 5:95 glycerol:H20 (diamonds), 30:70 glycerol:H20
(crosses), 60:40 glycerol:HoO (triangles). Parts (b) and (d) show the data for HoO
(circles), 5:95 ethanol:HoO (squares), and 30:70 ethanol:HoO (crosses).



220

The resulting thermodynamic and conformation specific spectroscopic parameters

obtained from the fitting routine for all binary mixtures are all listed in Table 6.3 and 6.4.

We interpreted the obtained changes of Agppn and Aegp as indicative of changes of the

distribution of pPII and B-strand-like conformations, which could involve changes of the
coordinates of the distribution center as well as alterations of the distribution widths.

However, a successful fitting of our data did not require changes of Jg and only rather
minor changes of Jppi, which seems to be at variance with the changes observed for Agypn

and Aegp. One possible explanation of these conflicting observations is that the obtained
changes of Ag solely reflect variations along the y-coordinate, which would not affect
3J(HNH®). In a theoretical study by Woody et al. it was shown the positive maximum in
the far UVCD spectrum of pPII indeed varies with the angle y (64). Additionally, we
could invoke changes of the halfwidth of the Gaussian distribution along ¢ and w.
Changing the halfwidth with respect to ¢ would not drastically change *J(HNH*) because
the relationship between 3J(HYH®) and ¢ is nearly linear for ¢-values between 70° and
100° (i.e. between pPII and B-strand distributions). The Ae values in Table 6.3 suggest
that even small amounts (i.e., 5%) of the two co-solvents cause significant changes of

Agppri and Agp. Glycerol is more effective in changing Agypn than ethanol, whereas the

latter has a rather strong effect on Agg.
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Temperature Dependence of 3J(HNH2) Coupling Constants Obtained
for N- and C-Terminal Amide Protons and of Aez1snm Of Cationic AAA

in Binary Mixtures. 3J(HNHQ) (TR) is the room temperature
experimental value.

Solvent

3J(HNH®) (Tr) Inppn[Hz] Agppu[M'cmires™] Agg[M'cmres]

5:95 glycerol/
H20

30:70 glycerol/
H20

60:40 glycerol/
H20

5:95 ethanol/H20

30:70 glycerol/
H20

5.45

5.77

5.69

5.45

5.78

5.27

5.32

5.32

5.23

5.33

3.6

2.76

3.74

2.58

3.53

-5.10

-4.93

-7.78

-1.98

-6.09
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Table 6.4. Thermodynamic Values Obtained from Global Fitting of the
Temperature Dependence of 3J(HNH2) Coupling Constants Obtained
for N- and C-Terminal Amide Protons and of Ag21snm of Cationic AAA
in Binary Mixtures.

Solvent y~nppn AAGN  yc,ppn AAGec AAHN AAHc AASN AAHN

[kJ/ [kJ/ [kJ/ [kJ/ [J/ [J/
mol] mol] mol] mol] mol*K] mol*K]
5:95 0.96 -0.76 0.75 -0.37 -4.80 4.38 -13.53 12.92
glycerol/
H20
30:70 0.89 1.69 0.69 0.36 14.8 -3.18 57.52 -0.19
glycerol/
H20
60:40 0.91 1.13 0.70 0.23 11.61 4.28 35.16 13.56
glycerol/
H20
5:95 0.95 -0.30 0.71 0.15 -18.74 7.98 -61.87 26.28
ethanol/
H20
30:70 0.89 1.71 0.65 0.83 9.25 8.33 25.31 25.19
glycerol/

H20
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The admixture of alcohol to water also has a substantial impact on the
thermodynamic parameters of the system but surprisingly much less influence on the pPII
propensities of the two alanine residues. The yppn values slightly increase upon the
addition of 5% alcohol and decrease to a somewhat larger extent if the alcohol content is
30% or greater. The discordance between the rather drastic changes of both AH and AS
and the modest change of yypn which we obtained even for a 5% admixture of alcohol
reflects a rather interesting compensation between AAH and AAS (these differences are
calculated by subtracting the respective value obtained in pure water from that in the
binary mixture). This can be illustrated by comparing the respective values for 5%

admixture glycerol. For the central alanine residue (N-terminal), we obtained AAHN = 4.8

kJ/mol and AASx = 13.5 J/mol K. Hence, the gain in enthalpy (favoring pPIl) upon

moving from pure water to 5% glycerol is nearly compensated for by the increase of the

entropic difference, which takes away nearly 4 kJ/mol at room temperature.

Surprisingly, the changes in thermodynamics determined are not monotonous with
respect to increasing co-solvent fractions. As shown above in Table 6.3, even the addition
of 5% alcohol causes the negative free energy difference (AG) to increase for both N-
terminal and C-terminal residues. However, this effect becomes reversed for 30:70
alcohol water mixtures for which AAG becomes positive. Interestingly, in a separate
analysis we found that the temperature coefficients of the chemical shifts for both amide

protons also show this non-monotonous behavior with respect to increasing co-solvent
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concentration. Figure 6.20-21 shows the temperature dependence of the midpoint of each
amide doublet as determined by averaging the two adjacent peak positions [ppm]
obtained through Voigtian band deconvolution. Linear regression analysis of the resulting
temperature dependent chemical shifts yields excellent correlation coefficients (<0.97).
The temperature coefficients obtained through this process are plotted in Figure 6.22 as a
function of solvent composition. Evidently, these temperature coefficients follow the
same general non-monotonic behavior observed for the thermodynamic values with
increasing solvent composition. This can be considered an independent result since
thermodynamic values were obtained through 3J analysis which are not necessary related

to chemical shift values (i.e. 3J and ppm are not generally correlated).
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Figure 6.20: Chemical shifts [ppm] for each component of the A) N-terminal and B) C-terminal
plotted as a function of temperature for AAA in all solvents. AAA in H,O (red), 5% glycerol
(blue), 5% ethanol (light blue), 30% glycerol (pink), 30% ethanol(dark blue), 60% glycerol

(green).
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Figure 6.21: Chemical shifts [ppm] for each component of the C-terminal doublet plotted
as a function of temperature for AAA in all solvents. AAA in H,O (red), 5% glycerol (blue),
5% ethanol (light blue),30% glycerol (pink), 30% ethanol(dark blue), 60% glycerol
(green).
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Figure 6.22: Resulting chemical shift temperature coefficients [ppm/K] for N-terminal
(central residue) plotted as a function of solvent composition. Temperature coefficients in
glycerol mixtures (circles) and ethanol mixtures (squares), with 0% admixture
representing the H20 solvent.6.2.2.2 Enthalpy-Entropy Compensation of Trialanine in
Binary Mixtures
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6.2.2.2 Enthalpy-Entropy Compensation of Trialanine in Binary Mixtures

The values for AAH and AAS inferred from the temperature dependence of

3J(HNH®) seem again to indicate an enthalpy-entropy compensation. To clarify whether
this is characteristic for our peptide-solvent system, we plotted individual AH as a
function of AS for both the N-terminal and the C-terminal residues for the milieu of
binary mixtures investigated. The plots in Figures 6.23 and 6.24 suggest a linear
relationship. Therefore, we fitted the afore-described eq. 6.1 to the experimental data. We

obtained excellent correlation coefficients for both plots with somewhat different Tc and
AHc for the two residues (Table 6.4). This reflects the different peptide environment of

the two residues (peptide-peptide for the N-terminal and peptide-carboxylic acid for the
C-terminal residue). Further implications of the thus established enthalpy-entropy

compensation will be discussed below.
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Figure 6.23. Correlation of AH and AS values obtained from a thermo- dynamic analysis

of 3J(HHHN) coupling constants reflecting the ¢-values of the central residue of AAA in
water, glycerol/water, and ethanol/ water binary mixtures. Individual points are assignable
as follows: pure H,O (square), 5% glycerol (upside down triangle), 30% glycerol
(hexagon), 60% glycerol (triangle), 5% ethanol (circle), and 30% ethanol (ellipse). The
solid line results from a linear regression to the data.
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Figure 6.24. Correlation of AH and AS values obtained from a thermo- dynamic analysis
of 3J(HRHN) coupling constants reflecting the ¢-values of the C-terminal residue of AAA
in water, glycerol/water, and ethanol/ water binary mixtures. Individual points are
assignable as follows: pure HoO (square), 5% glycerol (upside down triangle), 30%
glycerol (hexagon), 60% glycerol (triangle), 5% ethanol (circle), and 30% ethanol
(ellipse). The solid line results from a linear regression to the data.
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Table 6.5: Results Obtained from the Linear Fit of enthalpy-entropy

data
residue AHo [kJ/mol] Tr R2
N-terminal -4.28 321.5 0.997
C-terminal -1.96 309.2 0.989

Looking at the influence of cosolvent addition on the N- and C-terminal residue

individually reveals that changing the alcohol content of the binary mixture affects the
enthalpic and entropic contributions to the residues’ Gibbs free energy rather differently.
By adding 5% glycerol, for instance, the AG value of both residues increase. However,
the enthalpy difference between central residue conformers increases, whereas it
decreases for the C-terminal conformers. As indicated above, the entropy change reduces
the respective changes of the Gibbs energy. This observation corroborates the notion that
the residue-solvent interactions of the two residues are qualitatively different. However,
the enthalpy-entropy compensation ensures that the Gibbs energies and thus also the mole
fractions of pPII change in sync. Thus, our results show that similar mole fractions/

propensities of residues might conceal the full picture of the underlying thermodynamics.



231

6.2.2.3 Evidence for Preferential Binding
While important for any further modeling of peptide-solvent interactions, the

obtained thermodynamic parameters alone do not assist in clarifying whether or not the
co-solvent actually penetrates the hydration shell and interacts directly with the peptide.
However, the observation that alcohol addition also changes the spectroscopic parameters

Agppr and Agp seems to suggest that such an interaction indeed occurs. Moreover, it is

reasonable to argue that a model which considers only an indirect influence of the solvent
on the peptide’s energy landscape (i.e., by modulation of the hydration shell) might have
difficulties to explain why small fractions of co-solvent can substantially affect enthalpy
and entropy differences. These findings suggest that glycerol and ethanol are both
effective in substituting water in the hydration shell of trialanine, thus even slightly
stabilizing the pPII conformation when present at low concentrations. The notion of a
direct interaction between co-solvent and peptide is further supported by the following
argument. The model invoking an indirect co-solvent induced conformational
stabilization is generally described in the literature by so-called “preferential hydration

theories”. Given that pPII conformations are known to be stabilized by water solvation
(in fact pPII is not even a minimum on the free energy surface in vacuo (76)), preferential

hydration theories would argue that the addition of co-solvent may increase water content
on the surface of the peptide by preferentially excluding co-solvent from the hydration
shell. However, this type of indirect interaction would lead to a monotonous relationship

between co-solvent concentration and conformational change. This expectation is at
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variance with our results, namely, the initial stabilization of pPII at 5% alcohol/ water

mixtures followed by a shift to B-like conformations at a higher concentration co-solvent.

To investigate further the proposed direct interactions between alcohol and
peptide, we measured the FT IR and Raman spectra of trialanine in water and in 5%
alcohol/water (water means D>O) mixtures. The respective spectra obtained after

subtracting the respective solvent spectra are displayed in Figure 6.25.
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Figure 6.25. Infrared (upper panel) and Raman spectra (lower panel) of AAA in D20
(solid line), 5% ethanol/D20 (dotted line), and 5% glycerol/D20O (dashed line).



234

As shown in Figure 6.25, co-solvent addition has only a very small influence on

the amide I band profiles between 1600 cm'! and 1700 cm™'. This is consistent with the

small change of the pPII population inferred from our CD and NMR data. However, we
observed rather dramatic intensity changes of bands in the 1300 cm™! - 1500 cm! region.

With respect to IR, the addition of glycerol increases the intensity of nearly all bands in
this region, whereas ethanol does not have a detectable effect. Both cosolvents, however,
clearly affect the Raman bands particularly in the region between 1400 and 1500 cm™!,

which are assignable to CH3; symmetric and antisymmetric bending modes. Bands

between 1300 and 1400 cm! arise from rather complex modes with CH3; symmetric

bending and Cas,H bending modes (in-plane and out-of-plane)n (169, 233). The

substantial modification of intensity in this region of the vibrational spectra upon addition
of 5% co-solvent strongly suggests that there are alcohol molecules in close enough
proximity to trialanine’s CH3 group to allow for some non-bonded, van der Waals type
interaction. This would be consistent with results of recent calculations of Vagenende et

al. (228), who reported that the aliphatic part of glycerol can interact with aliphatic side
chains. Thus, glycerol can indeed be thought of as acting as an amphiphilc interface

between hydrophobic residues and the bulk water solvent. For preferential interaction of
glycerol co-solvent to occur, the glycerol molecule must be oriented such that aliphatic

groups point toward peptide hydrophobic groups and the three OH groups point toward
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water solvent. The data in Figure 6.25 also shows that neither of the alcohols perturbs the

environment of peptide’s carbonyl groups.

To explain the rather strong influence of the co-solvent on IR and Raman
intensities of methyl deformation modes, two options could be considered. First, one
might consider drastic changes of the eigenvectors of the respective normal modes. This,
however, should also cause wavenumber shifts which have not been obtained. The second

option involves vibrational mixing between solvent and peptide modes, as observed for

amide I and water bending modes (234). To check whether this hypothesis makes

physical sense, we performed a DFT calculation for an alanine dipeptide-glycerol

complex. The glycerol molecule was located close to the aliphatic CH3 group of the

central alanine residue. We used the canonical PPII coordinates (¢ = 70, y = 150) as a
starting point for a structural optimization of this peptide-solvent complex on a B3LYP6-
31g** level of theory. The calculation was performed with the TITAN software of
Schrédinger, Inc. The optimized structure was an extended B-strand with ¢ = 161 and y =
166. This result shows again that the pPII conformation is not a dominant conformation
in the absence of water. A normal mode calculation for the optimized structure clearly

revealed vibrational mixing between the symmetric CH3 bending mode and CH as well as

the OH bending mode of glycerol. This is visualized in Figure 6.26, which compares the
equilibrium structure of an alanine dipeptide-glycerol complex with a snapshot

representing the maximal amplitude of the mixed methyl-glycerol CH deformation mode.
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Figure 6.26. DFT calculated 1418 cm' bending mode of a glycerol-alanine dipeptide
complex. The right is the resting equilibrium state, and the left exhibits the maximal
amplitude of the vibration.

6.2.3 Conclusion
After having provided various lines of evidence for a direct interaction between

co-solvent and peptide molecules, we are now in the position to propose a model that
could qualitatively describe the thermodynamic parameters derived from our data. The
non-monotonous behavior observed for AH, AS, and the temperature coefficients of the
chemical shifts with respect to their changes with increasing mole fractions of the
employed co-solvents suggests different modes of peptide-alcohol interactions at low and
intermediate concentrations of the latter. Since we are primarily interested in elucidating
conformational propensities of nonterminal residues, we confine ourselves to considering
only the data for the central residue. It seems to be reasonable to attribute these different

steps to subsequent “binding” of alcohol molecules to the peptide. The term binding is
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justified as long as it can be assumed that nonbonding interactions are operative. The first
binding of an alcohol must be slightly stronger in pPII-like conformations. This provides
the observed increase of the enthalpic stabilization of these conformations. The

interaction potential for peptide co-solvent pairs is describable by an anharmonic
potential (205). The corresponding vibrational energy levels are more widely spaced for

the stronger bond. Thus, stronger binding to peptides in pPII conformations further
increases the entropy difference between pPII and B-strand, as obtained. Higher alcohol
concentrations facilitate the binding of a second and even third molecule, which, for, as
of yet unknown reasons, is stronger in the B-strand conformation. This reduces the
enthalpy difference between pPII and concomitantly decreases the entropy difference
between pPII and B-strand by adding more entropy to the former than to the latter. This
binding model explains the behavior of AH and AS as a function of the co-solvent

fraction and the above established enthalpy-entropy correlation.

The broader conclusion that can be taken from these results on co-solvation, is
that water solvation is indeed closely linked to the pPII preference of alanine. This is in
agreement with studies discussed in Chapters 5 of this thesis, where it was shown that
destabilization of the hydration shell is correlated with decreased pPII content in alanine

residues.
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CHAPTER 7: NEAREST NEIGHBOR INFLUENCES

Contributions: 2DNMR work done within this chapter was primarily conducted by S.
Toal with contributions from Dr. Christian Richter, at Johann Wolfgang Goethe
University, Schwalbe Research Group, Frankfurt Germany. Vibrational Analysis
performed by S. Toal, Drexel University.

7.1 INTRODUCTION
The random coil model is based on the isolated pair hypothesis (IPH) which

stipulates that the conformational space sampled by a residue in a polypeptide chain does
not depend on the conformation or identity of its nearest-neighbors (22). If the IPH was
indeed valid, the conformational distributions obtained of individual GxG model peptides
could be used to predict conformations of ideal entropic IDPs in the absence of any local
order stabilizing non-local interactions. However, computational and theoretical evidence
have led a majority of researchers to question the IPH (151, 152, 155, 235, 236). The IPH
hypothesis and evidence against it is discussed in detail in Chapter 1.2.8 of this thesis.
Most notable evidence against IPH includes MD and bio-informatic work conducted by
the Sosnick group who provided clear and residue specific evidence for nearest-neighbor
(NN) interactions (107, 149, 154, 236). For instance, Jha et al. examined the
conformational distributions of residues obtained by analysis of restricted coil libraries
(i.e. all stable structures eliminated) as a function of NN identity (149). To increase the
sampling size of the library while still retaining the dominant steric effects, the authors
separated NNs into three groups according to the main steric properties of their side-
chains: (a) f-branched side-chains (Val, Ile, and Thr); (b) aromatic side-chains (Trp, Phe,

Tyr, and His); and (c) the remaining called alanine-like (except Gly and Pro). The authors
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found strong nearest neighbor effects on individual conformational ensembles depending
on NN type. Figure 7.1 shows this effect for alanine, where the Ramachandran plots for
this residue flanked by the different residue classes are markedly different from a similar
plot obtained by averaging over all potential neighbors. The biggest effect is seen when
alanine is flanked by B-breached residues, in which the pPII propensity of alanine is
reduced in favor of a more balanced extended conformation sampling and increased

helical content.

NNammatic -Ala

Figure 7.1 Ramachandran map for alanine from the coil library, averaged over all
neighbors (except Pro and Gly), for cases in which the upstream residue is -branched
(Val, lle, Thr), aromatic (His, Trp, Phe, Tyr), or the rest (alanine-like). Taken from ref (149)
and modified.
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Coil-libraries provide valuable information about conformational propensities of

amino acid residues. However, in order to obtain the “restricted” libraries, which more
accurately reflect conformation in the absence of stable secondary structures, one is
sometimes left with only a limited set of data points (153). This is a problem for
analyzing specific NN interactions via coil libraries as the number of occurrences of a
particular NN motif is substantially reduced compared to averages over all neighbors. In
addition, experimental intrinsic (i.e. in GXG motifs [55]) propensities and those obtained
from coil libraries show marked differences. In a recent study, we compared experimental
and coil library obtained conformational ensembles for the center residues in GYG, GFG,
GIG, GVG, GRG, and GEG, which represent aromatic, aliphatic, and charged residues
(153, 198). We found that coil library ensembles of corresponding tripeptide segments
have a much larger fraction of type II’/type I/type III B turn conformations than
distributions sampled by these tripeptides in water. These conformations are close to the
trough of right-handed helical conformations located about the lower border of the upper
left quadrant of the Ramachandran plot. The increased turn populations in restricted coil
libraries suggest that even amino acid residues in coil regions of a protein experience
non-local interactions that shift their distribution towards turns. Interestingly, we found

this increase to be concomitant with asymmetric changes of the respective pPII/B-stand
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populations implying that these non-local intra-protein interactions do not solely stabilize
turn/helix conformations but in addition selectively destabilize either pPII or B. The thus
obtained discrepancies between amino acid residue propensities in short peptides and in
restricted coil libraries suggest that the latter do no constitute a truly ergodic canonical
ensembles which are representative of corresponding peptide fragments in solution.
Instead, these libraries likely reflect an ensemble of polypeptides subjected to statistical
distribution of non-local interactions energies. Therefore, the use of coil libraries for the
investigation of conformational propensities in the unfolded state and specifically the

change in propensities with NN interactions is problematic.

Experimental results on nearest-neighbor interactions in short peptides are still
rather limited in number. We previously discussed (see Ch 5 of this thesis) that alanine
neighbors in AAA stabilize pPII of the central alanine residue at the expense of B-strand
conformations. It has also been found that the high B-strand propensity of valine obtained
by others (232), and us in the GVG model peptide (198), is enhanced by flanking valine
residues in trivaline (VVV) (70). Similarly, Pizzanelli et al. has shown that the pPII
fraction of phenylalanine in the GFG motif increases from 42% to 57% when flanked
instead by alanine (i.e. in the AFA peptide) (237). In addition, we recently determined the
conformational ensemble of ionized trilysine (KKK) and protonated as well as ionized
triaspartic acid (DDD) and compared them with the respective GxG model (202, 238).
The obtained conformational populations for the central residues for these peptides are all

shown in Figure 7.2. Valine as terminal neighbors significantly increases the B-strand
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content of valine from 46% to 68% mostly at the expense of pPII which concomitantly
decreases from 50% to 16%. For trilysine, the two neighbors stabilize what Verbaro et al.
( 238) called a distorted pPII conformation with ¢=-90 and y = -170, whereas K adopts a
much more balanced pPII/p strand in a glycine context. Duitch et al. (202) found that
ionized DDD contains practically no pPII, approximately 30% p-strand conformations,
30% right-handed helical conformations, and 40% turn-like conformations. Upon side-
chain protonation, extended conformations dominate with the distribution containing
equal fractions of pPII and B-strand without any detectable turn-like conformation. In
GDG, however, the protonated state shows more pPII (though B is still dominant) and
less helical/turn like conformations. In the ionized state, pPII is slightly dominant (59%),
coexisting with 41% of B-strand. Hence ionized D as neighbor stabilizes B-strand
populations of aspartic acid. These results clearly reveal strong nearest neighbor effects,

which are apparently not limited to side chains with branched residues.
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Figure 7.2: Representation of the molar fractions of amino acid residues indicated on the
abscissa in GXG and XXX peptides. The code for the bars are defined in the inset of the
figure.

It has been argued that the nearest-neighbor effect is mostly solvent mediated.

Avbelj et al., for instance, calculated the electrostatic solvation free energy (ESF) for a
model peptide system, acetyl-AsXAs-amide, where X is any amino acid (152).
Electrostatic solvation results from the interaction between water and the partial charges

on the peptide NH and CO groups. The authors found that substitution of the X residue
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from alanine to valine causes reduction in ESF values of nearby peptide groups and and
as a consequence destabilizes pPIl compared with 3. Figure 7.3 shows the change in ESF
in both pPII and { for all amino acid residues. Taken together these results indicated the
NN effects are linked to peptide solvation and depend on the type of NN as well as the its

conformation.

AESF

leg boglep g bogelog degd gl o 1 gl §e)

Y | | |
VIWYFHTLKQEMRBRCNDSAG
amino acid

Figure 7.3: The overall change in ESF (AESF, kcal/mol) produced by an amino acid
substitution in an (Ala)9 peptide plotted against amino acid type.
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The above theoretical, bio-informatic and, in part, experimental results reveal a

breakdown of the IPH in the unfolded state. Therefore, contrary to the random coil
model, we cannot consider amino acid residues as isolated from their peptide
environment. To move closer towards experimentally based structural predictions of IDPs
the intrinsic preferences of amino acid residues must be complimented by experimental
information on nearest-neighbor interactions. To this end, more systematic experimental
investigations on NN effects are necessary. In order to investigate NN effects in the
unfolded state we have conducted a combined 2D-NMR and vibrational study on selected
“GxyG” host guest peptides: GDyG, GSyG, GxLG, GxVG, where x/y={A, K, L, V}.
Aspartic acid and serine were chosen at the x-position due their noted ability to
drastically change the distribution of alanine in xAy peptides in coil libraries. Lysine and
valine were similarly chosen at the y-position as these amino acids have the largest effect
on the C-terminal end of the peptide in the coil libraries of Sosnick et al. (153). The
GxyG motif allows for determination of the conformational ensembles of both x and y
residues simultaneously. We employed an algorithm based on excitonic coupling in order
to simulate the amide I’ band profiles of IR, isotropic and anisotropic Raman, and VCD
as well as a full set of six conformationally sensitive J-coupling constants. All peptides
were uniformly backbone labeled with SN and !3C in order to obtain hetero-nuclear
coupling constants: 3J(H*,C”), 3J(HN,C”), 3J(HN,C%), J(HN,CP), which depend on the angle
¢, JINC%) and 2J(NC®), which depend on y. The theoretical algorithm which combines

NMR and vibrational parameters to extract conformational distributions is similar to that
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employed for investigation of the intrinsic propensities of x-residues in GxG or homo-
tripeptides (i.e. AAA) however with an extension over the three local amide I oscillators
of GxyG. The theoretical formalism for this approach has been described in detail in
Chapter 2 of this thesis. In addition to determining the conformational distributions of
each guest residue of the selected GxyG peptides, the thermodynamics underlying the

pPlI< equilibrium were also examined. To obtain enthalpic and entropic contributions

to Gibbs free energy the temperature dependence of 3J(H'HC®) coupling constant was
analyzed in terms of a pseudo-two state model. In the following sections, we first present
conformational distributions obtained from the combined vibrational and 2D-NMR
analysis. We then dissect these results in terms of the trends of NN interactions according
to amino acid type. Finally, we present the results of our corresponding thermodynamic

analysis and discuss how these point to the role of solvent mediation in NN effects.

7.2 RESULTS

7.2.1 Vibrational and 2D-NMR Spectroscopic Results
For illustration, Figure 7.4 shows the experimentally obtained amide I’ IR,

isotropic and anisotropic Raman, and VCD profiles for a representative set of the total 14
investigated GxyG peptides. The solid lines in Figure 7.4 reflect the result of optimized
amide I’ simulation according to the derived excitonic coupling algorithm using 2D

Gaussian conformational distributions as free parameters (see Chapter 2.3 of this thesis).
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In order to simulate these bands and obtain structural information, in a first step we
started with the known intrinsic conformational ensemble of the corresponding amino
acid residue obtained from GxG model peptides (54, 55). For instance, in the GDAG
peptide, the conformational ensemble of GDG and GAG were used as starting points in
the simulation. If the resulting fit of amide profiles and NMR constants was poor, in a
second step, we began to incrementally modify the ensembles to more closely reflect
those reported in the NN specific tripeptide coil libraries of Sosnick et al. (153). For the
GDAG peptide this means obtaining information on GDA and DAG from restricted coil
library motifs. Within this step, special care was given to making small adjustments to the
ensembles while interactively checking the resulting simulated amid I’ profiles and NMR
coupling constants for reproduction quality. In some cases, it was necessary to implement
distributions that were not present in coil library tripeptide motifs. This is not surprising,
as discussed earlier, these libraries constitute a qualitative look at NN interactions but are
not sufficiently robust to capture quantitative differences in ensembles. As a final step,
the distribution parameters were fine tuned to minimize the root mean square deviation
between the six experimental and simulated J-coupling constants. As shown in Figure
7.3, all simulated band profiles are in good agreement with experiment. Table 7.1A-D
lists the J-coupling constants obtained from various 2D NMR experiments as well as the

corresponding optimized simulated J-coupling constants.
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Figure 7.4: Isotropic Raman, Anisotropic Raman, IR, and VCD profiles in the amide I
region for noted GxyG peptides
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Table 7.1A: Simulated (upper sub cell) and experimental (lower sub cell) NMR
derived J coupling constants for all investigated residues within the
chosen GDyG peptides.

Method - GDAG GDKG GDLG GDVG
coupling
D: A: D: K: D: L: D: V:
sim sim sim sim sim sim sim sim
(exp)  (exp) (exp) (exp) (exp) (exp)  (exp)  (exp)
'H-NMR 3J(HNHe) 718 6.62 6.25 6.77 6.90 6.81 6.59 8.23
[Hz]
7.22 6.63 6.19 6.63 6.97 6.78 7.08 8.25
+0.01  +0.04 +0.2 +0.28 +0.04 0.01 0.06 =+0.06
HNCe- 3J(HNC) 1.08 1.24 0.72 1.1 0.92 0.90 0.91 0.81
cosy [Hz]
0.97 1.2 0.5 1.03 0.9 0.84 0.87 0.81
+0.06 +0.08 0.07 +0.3 +0.03 +0.09 0.04 =0.12
Cco- 3J(HeCi) 3.01 2.50 2.82 2.2 2.65 2.45 3.00 2.80
coupled [Hz]
H)NCeHe
Ll 3.15 2.19 2.7 2.09 2.75 2.45 3.0 2.8
+0.9 +0.2 +0.17 017 +0.04 +0.03 +0.15 =+0.08
(CF)- 3J(HNCB)  1.50 1.61 1.53 1.6 1.52 1.60 1.70 1.30
E.Cosy [Hz]
1.54 1.98 1.47 1.54 1.57 1.66 1.54 1.28
+0..5 +0.08 +0.06 +0.06 +0.05 +0.02 +0.08 =+0.05
J- Mod 1J(NC) 11.75 11.19 12.2 10.9 11.30 1091 11.75 11.19
HsQcC [Hz]
11.81 11.37 1193 11.27 11.34 10.58 119 11.23%
+0.13 +0.11 012 +0.18 +0.11 +0.1 +0.12 0.18
J- Mod 2 i
= [:l(zr]lCU) 8.50 8.70 n/a 8.80
8.47 8.74 n/a 8.83
+.16 +0.17 +0.18
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Table 7.1B: Simulated (upper sub cell) and experimental (lower sub cell) NMR
derived J coupling constants for all investigated residues within the
chosen GSyG peptides.

Method J- GSAG GSKG GSLG GSVG
coupling
S: A: S: K: S: L: S: V:
sim sim sim sim sim sim sim sim
(exp) (exp) (exp) (exp) (exp) (exp) (exp) (exp)
el 3J(HNH) 7.4 6.2 6.6 7.2 7.3 7.3 6.9 8.2
[Hz]
6.86 6.35 6.62 7.22 6.86 7.34 6.95 8.43
+0.07 +0.03 +0.04 +0.03 +0.02 +0.01 +0.07 +0.04
HNCe- i
e ;:I(ZlilNC) 1.0 0.8 0.9 n/a 1.0 0.8 0.9 0.8
0.97 0.79 0.88 n/a 0.44 0.66 0.87 0.76
+0.1 +0.05 +0.26 +0.06 +0.11 +0.05 +0.05
e 3J(HaCi) 3.2 3.2 3.3 3.2 24 24 3.3 3.1
coupled [Hz]
H)NCoHa
® 3.26 3.2 3.52 3.52 2.48 2.59 3.52 3.52
+.03 +0.07 +0.03 +0.03 +0.03 +0.04 +0.03 +0.03
CH
(E.czsy i[*ﬁl(zliINCB) 1.8 2.0 1.8 1.6 1.5 1.6 1.9 1.5
1.79 2.05 1.86 1.54 1.79 1.60 1.92 1.41
+.0.06 +0.06 +0.06 +0.13 +0.67 +0.06 +0.06 +0.13
J- Mod ai
HSQ‘:: Eﬁl(z?o ) 12.2 10.9 12.2 11.0 121 10.8 12.2 1.3
12.2 1.3 12.3 1.3 12.2 11.15 12.2 1.3
+0.12 +0.15 +0.13 +0.18 +0.12 +0.02 +0.09 +0.2
J- Mod ai
HSQ% 2J(NCdi) 8.1 8.4 8.2 8.2
[Hz]
8.04 8.38 8.21 8.39
+0.16 +0.17 +0.15 +0.20
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Table 7.1C: Simulated (upper sub cell) and Experimental (lower sub cell) NMR
derived J coupling constants for all investigated residues within the
chosen GxLG peptides.

Method J- GALG GKLG GLLG GVLG
coupling
A: L: L1: L2: V:
sim sim sim sim sim sim sim sim
(exp) (exp) (exp) (exp) (exp) (exp) (exp) (exp)
'H-NMR 3J(HNHa) 6.75 7.36 6.40 7.00 7.60 8.85 8.46 8.10
[Hz]
6.8 7.4 6.44 7.1 7.62 9.08 8.46 8.15
+0.1 +0.11 +0.06) +0.05 +0.09 +0.07 +0.17 +0.16
gggy 3J(HNC) 1.30 0.85 1.01 0.75 0.80 0.90 0.75 0.63
[HZ]
1.36 0.53 0.96 0.51 0.77 0.84 0.77 0.58
+0.17 +0.06 +0.13 +0.06 +0.06 +0.06 +0.3 +0.06
CO- i aCi
coupled E.}:(:} Ci) 2.00 2.32 2.22 2.39 3.20 3.44 2.50 2.40
H)NCaHo
® 2.08 2.29 2.20 2.37 3.52 3.52 2.53 2.37
+0.19 +0.29 +0.03 +0.03 +0.03 +0.03 +0.03 +0.06
(CP)- iJ (HNGE
E Cosy |[.}J_i(; C8) 2.30 1.75 1.69 1.72 1.52 1.80 1.60 1.49
2.29 1.66 1.73 1.73 1.54 1.73 1.54 1.54
+0.02 +0.08 +0.3 +0.06 +1.73 +0.19 +0.06 +0.13
ﬁshg%d 1J(NCa) 11.30 11.34 11.90 11.54 10.90 11.20 11.10 11.45
[Hz]
11.32+0 1.4 11.44 11.26 10.65 11.16 11.07 11.24
.13 +0.16 +0.07 +0.18 +0.06 +0.25 +0.03 +0.20
J- Mod ai
HSQ% ;.i(zr;lc ) 8.35 8.50 8.41 8.21
8.29 8.55 8.43 8.23
+0.19 +0.15 +0.21 +0.18
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Table 7.1D: Simulated (upper sub cell) and Experimental (lower sub cell) NMR
derived J coupling constants for all investigated residues within the
chosen GxVG peptides.

Method J- GAVG GKVG GLVG
Coupling
A: V: K: V: L: V:
sim sim sim sim sim sim
(exp) (exp) (exp) (exp) (exp) (exp)
'H-NMR 3J(HNHa) 6.60 7.19 7.24 7.40 7.52 7.78
[HZ]
6.6 7.15 7.21 7.42 7.49 7.77
+0.12 +0.09 +0.12 +0.13 +0.09 +0.15
HNCe-COSY | 3(HNC) 1.10 1.08 0.90 1.00 86.00 0.75
[Hz]
1.27 1.16 0.87 0.99 0.81 0.68 +0.03
+0.03 +0.06 +0.01 +0.04 +0.03
CO-coupled aCi
(H)Nc(‘:’:m Eﬁi(zl; C) 2.50 2.29 2.70 2.10 2.70 2.32
2.56 +0.14 2.35 2.72 2.06 2.68 +0.19 2.36
+0.17 +0.04 +0.05 +0.12
(CP)-E.Cosy | 3)(HNCE) 2.21 1.56 1.91 1.54 1.99 1.65
[HZ]
2.4 1.5 1.84 1.52 +0.11 1.936 1.52
+0.11 +0.16 +0.03 +0.02 0.064
J-Mod HSQC | 1j(NCai) 11.43 11.29 11.33 11.55 11.10 11.31
[Hz]
11.45 11.33+0.1 11.23 11.46 10.98 11.26
+0.17 6 +0.11 +0.19 +0.09 +0.19
J-Mod HSQC | 2 j(NC«i) 8.39 8.58 8.50
[HZ]
8.4 8.61 8.52
+0.15 +0.15 +0.21
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The amide I’ profiles shown in Figure 7.4 look qualitatively similar with respect
to their intensity distributions, but differences are noteworthy. Most of the investigated
peptides exhibit some degree of non-coincidence between the isotropic Raman and IR
profiles. In general, the high frequency band of amide I’ profiles in isotropic Raman are
more intense, whereas in the IR profile intensity is redistributed such that the low
frequency band is the most intense. This type of non-coincidence is characteristic of a
dominant sampling of extended conformations (i.e., pPII and B-strand) associated with
the upper left quadrant of the Ramachandran plot. The origin of this re-distribution and
non-coincidence for ensembles dominated by extended structures (i.e. pPII and B-strand)
is the large strength of excitonic coupling in this region of the Ramachandran plot as
shown in Figure 2.7 (176). Excitonic coupling, its dependence on dihedral angles, and its
effect on the shape of amide I band profiles has been discussed in detail in Chapter 2.3 of
this thesis. The largest non-coincidence was obtained for for GALG and GKLG for which
the derived conformational ensembles were found to have large percentages of extended
conformations. For instance, the lysine and leucine residues in GKLG have 90% and 95%
extended populations, respectively. In contrast, peptides with conformational
distributions dominated by turn-like structures, have much less redistribution in intensity
resulting in coincidence between Raman and IR amide I profiles. This coincidence is
typical for residues that sample regions of the Ramachandran space outside of the
extended region. For instance, GDAG and GDVG peptides both have large percentages

of turn-like populations and as a result exhibit the largest coincidence between band
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profiles. Table 7.2a-d lists the resulting conformational distributions obtained for each x
and y amino acid residue within all investigated GxyG peptide. The VCD signal emerges
again as the most sensitive indicator of structural differences. While it displays a
negative-positive couplet indicative of significant pPII population for most of the
investigated peptides, the intensity of this couplet varies markedly among different
peptides. In general, the series of alanine containing peptides GDAG, GSAG, GALG, and
GAVG exhibit the largest VCD signals largely due to the high pPII content of alanine.
GALG shows the largest observed VCD signal due to the high pPII content of alanine

(65%) and, to a lesser extent, leucine (42%) within the peptide.
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Table 7.2A: Conformational distributions obtained from fitting amide I’ band

profiles and corresponding NMR coupling constants for aspartic acid
in the GDyG .peptide series. Upper subcells are (¢, ) positions,
lower subcells are respective mole fractions. The corresponding
amino acid is highlighted in red.

Peptide pPII B extended total i+2 I/I’B asx turn
turn

GDG (-78, 175) (-125,175) (-50, 0) (60, 110)
0.20 0.48 0.68 0.09 0.23

GDAG (-78, 175) (-132, 175) (-50, 0) (65, 150)
0.24 0.48 0.72 0.09 0.19

GDKG (-75, 150) (-130, 145) (-50, 0) (60, 115)
0.40 0.45 0.85 0.08 0.07

GDLG (-75, 145) (-130, 145) (-50, 0) (65, 130)
0.4 0.43 0.83 0.07 0.10

GDVG (-78, 150) (-130, 145) (-50, 0) (65, 130)
0.45 0.4 0.85 0.07 0.10
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Table 7.2B: Conformational distributions obtained from fitting amide I’ band
profiles and corresponding NMR coupling constants for Serine in the
GSyG .peptide series. Upper subcells are (¢, ) positions, Lower
subcells are respective mole fractions. The corresponding amino acid
is highlighted in red.

Peptide pPII B extended total i+2 I/IPB i+2’/IIB asx turn
turn turn

GSG (-79,165) (-103,165) (-50,0) (70, 0) (70, 160)
0.42 0.33 0.75 0.10 0.05 0.10

GSAG (-75,152) | (-118,150) (-50, -0) (70, 0) (70, 160)
0.37 0.40 0.77 0.1 0.06 0.07

GSKG (-75,165) | (103, 165) (-50,-15) (70, 0) (75, 145)
0.31 0.44 0.75 0.1 0.05 0,04

GSLG (-74,155) | (-132,155) (-50,-15) (70, 0) (65,160)
0.37 0.42 0.79 0.1 0.05 0.06

GSVG (-70,155)  (-110,155) 0.88 (-50, -15) (65,160)
0.47 0.41 0.05 0.07
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Table 7.2C: Conformational distributions obtained from fitting amide I’ band
profiles and corresponding NMR coupling constants for Alanine in the

GAyG and GxAG .peptide series. Upper subcells are (b, )
positions, Lower subcells are respective mole fractions. The

corresponding amino acid is highlighted in red.

pPII B extended DI/ i+2I/IPp i+1IIB  y-turn
total turn turn turn
GAG | (-69,155) | (-115,155) (-60,-30) | (-60, 120) (20, 60)
0.72 0.18 0.9 0.03 0.03 0.04
GDAG | (-69,155) | (-115,155) (50,-50)
0.62 0.23 0.85 0.05 0.10
GSAG | (-69,150)  (-115,140) (60,50) -60,-30 (-50,50)
0.50 0.31 0.81 0.07 0.07 0.05
GALG | (-69,145) | (-115,140) -55,30 (40,-60)
0.65 0.29 0.94 0.06
GAVG | (-75,155) | (-120,155) (50,-50) (-60,-30) | (-60, 100)
0.4 0.48 0.88 0.05 0.05 0.02




258

Table 7.2D: Conformational distributions obtained from fitting amide I’ band
profiles and corresponding NMR coupling constants for Alanine in the
GKyG and GxKG .peptide series. Upper subcells are (P, @)
positions, Lower subcells are respective mole fractions. The
corresponding amino acid is highlighted in red.

Peptide | pPII B extended D/IIPP if21/IPB i+2 /11 i+1 113
total turn turn Bpturn  turn
GKG (-66,150) | (-115,145) (-65, 35)
0.50 0.41 091 0.09
GDKG | (-66,148) (-115,135) (70, 45)  (-65, 35) (-60, 110)
0.46 0.42 0.88 0.03 0.05 0.04
GSKG | (-66,145) (-125,135) (70, 45)  (-65, 35)
0.42 0.49 0.91 0.06 0.03
GKLG | (-66,145) (-120,140) (70,30)  (-65,35)
0.52 0.38 0.9 0.04 0.06
GKVG | (-66,145) (-120,140) (75,45)  (-65,35)
0.4 0.48 0.88 0.05 0.07
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Table 7.2E: Conformational distributions obtained from fitting amide I’ band profiles and

corresponding NMR coupling constants for Alanine in the GLyG and

GxLG .peptide series. Upper sub-cells are (¢, P) positions, Lower subcells
are respective mole fractions. The corresponding amino acid is highlighted

in red.
Peptid | pPII B exten D/IIP i+21/ it2D/ i+1 11 asx
e ded Ppturn II’p mp p turn turn
total turn turn
GLG |(-76, (-98, (-50, (-60,
145) 160) -40) 110)
0.45 0.42 0.08 0.05
GDL | (-70, (-115, (-50, (-65,
G 152) 145) -40) 112)
0.49 0.42 0.05 0.04
GSLG | (-70, (-120, (70,  (-70,0) (-50,
152) 142) 45) -50)
0.48 0.40 0.05 0.04 0.03
GLL | (-70, (-120, (-50, (-65, (100,
G 145) 142) -50) 112) 115)
0.40 0.49 0.05 0.02 0.04
GLL |(-76, (-98, (-70, (-50, (-65, (100,
G 145) 160) 10) -50) 112) 115)
0.42 0.42 0.02 0.04 0.07 0.03
GAL | (-70, (-120, (-70, (-50, (-65, (100,
G 150) 140) 10) -50) 112) 115)
0.42 0.46 0.03 0.03 0.04 0.02
GKL | (-70, (-120, (-50,
G 142) 150) -50)
0.43 0.52 0.05
GVL | (-70, (-123, (-50, (-67, (100,
G 145) 142) -50) 112) 115)
0.40 0.48 0.05 0.05 0.02
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Table 7.2F: Conformational distributions obtained from fitting amide I’ band
profiles and corresponding NMR coupling constants for Alanine in the
GVyG and GxVG .peptide series. Upper subcells are (¢, )
positions, Lower subcells are respective mole fractions. The
corresponding amino acid is highlighted in red.

Peptid | pPII i} pt extend D/III’ 21/ i+2 i+l y- asx
e ed Bturn IPPp DI/l IIB turn turn
total turn B tur
turn n
GVG | (-80, (-120, (60, (-60, (-60,
170) 170) 30) -30) 60)
0.32 0.46 0.78 0.07 0.04 0.11
GDVG | (-74, (-120, (-60, (95,
145) 140) -30) 130)
0.3 0.50 0.8 0.10 0.1
GSVG | (-74, (-120, (-60, | (60, (95,
152) 147) -30) | 0) 130)
0.28 0.51 0.79 0.05 0.06 0.10
GVLG | (-74, (-120, (60, (-60,
152) 145) 0) 60)
0.33 0.48 0.81 0.11 0.08
GAVG | (-72, (-120, (-60, (-60, (95,
155) 155) -30) 60) | 115)
0.39 0.45 0.84 0.09 0.05 0.02
GKV | (-75, (-115, (-110, (65, (-60, (-60,
G 155) 155) 100) 35) -30) 60)
0.44 0.4 0.03 0.84 0.07 0.02 0.04




261

For visualization purposes, Figure 7.4 shows the Ramachandran plots that
correspond to the numerical conformational distributions for all residues within the GxyG
motifs listed above in Table 7.2a-f. Each plot is labelled as the corresponding tripeptide
motif. For instance, the GDAG tetra-peptide studied can be broken down into two
tripeptide motifs for studying NN effects: (1) GDA in which we observe the effect of
alanine on aspartic acid and (2) DAG in which we observe the effect of aspartic acid on
alanine. These conformational ensembles can then be compared to GDG and GAG,
respectively, to infer NN influence compared to a purely glycine environment. Just a
qualitative look at the highly variant Ramachandran plots in Figure 7.5 underscores the
notion that there are unique preferences among amino acid residues in the unfolded state,
and that these preferences are indeed modified by NN interactions. Details on trends

observed for specific NN interactions are discussed in detail in the following section.
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Figure 7.5: Ramachandran plots corresponding to the derived conformational ensembles for
GxyG peptides, which show the neighbor effect on center amino acid in each series.
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7.2.2 Trends in Nearest Neighbor Interactions

7.2.2.1 NN Effects on pPIl propensity and Extended State Equilibrium of
Alanine

As discussed throughout this thesis, alanine is special in its high intrinsic pPII
propensity in the unfolded state as found by us using short alanine based peptides as well
as by numerous others (56, 75). In GAG, alanine has been reported as having a pPII
content of 72%. Previous studies have shown that alanine neighbors increase the pPII
propensity of alanine. For instance, the central alanine residue in AAA was found to have
a pPII content of >80%. Figure 7.6 displays the pPII and B-strand content obtained for
alanine residues with different neighboring residue in GAyG and GxAG peptides and
compares it to GAG. Apparently, the intrinsic pPII content of alanine (as reflected by
GAG) is reduced once a non-alanine neighbor is introduced. On the contrary, a
comparison of the alanine residues within G*AG, G*AAG , GA*AG, and A*AA (where
the star here comes before the alanine residue of interest) reveals that alanine as an N-
terminal neighbor (i.e. GA*AGQG) stabilizes pPII content of nearby alanines more so than
alanine as a C-terminal neighbor (ie. G*AAG). In addition, we find that the
conformational ensembles of GAG and GGAG are statistically similar, with GGAG
losing only a minor portion of B-strand content in favor of turn-like conformations. This
increase in turn content is likely the result of extra flexibility lent to the GGAG peptide
by the additional glycine residue. The similarity of GAG and GGAG lends another piece
of evidence to the notion that GxG peptides reflect intrinsic propensities of the x-residue

and are equally adequate model systems in comparison to the longer glycine based
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systems (i.e., GGxGQG) for the unfolded state. Insertion of non-alanine or non-glycine
residues significantly decreases the pPIl content of alanine in favor of B-strand
conformations. As shown in Figure 7.6, in general, as the pPII content of a peptide
decreases the B-strand content systematically increases regardless of the identity of the
interacting neighbors. This results in an extended state population that fluctuates only
mildly (Figure 7.7). Aspartic acid and particularly serine as upfield neighbors
significantly reduce the pPII content of alanine from 72% in GAG to 62% and 50%, in
GDAG and GSAG, respectively. Interestingly, while the loss of pPII here is accompanied
by an increase in B-strand content, an above average portion is re-distributed to turn-like
conformations, which nearly double from 10% in GAG to 17% and 19% in GDAG and
GSAG, respectively. This is noteworthy in light of the fact that aspartic acid and serine
themselves were previously reported by us (see Ch 1.3.2.1 of this thesis) to have high
intrinsic propensities for turn-like conformations. It seems that this preference for turns is
communicated downfield to alanine in these peptides. For visualization, Figure 7.7
displays a plot that correlates changes of sub-distributions within each peptide’s
conformational ensemble. In contrast, if one examines the effect of hydrophilic residues
valine and leucine on the conformation of alanine upfield, the loss in pPII results in an
increase B-strand conformations with more minor variations in turn-like conformations.
For GAVG the turn population increases from 10% to 12% (i.e., stays constant in the
limit of uncertainty) whereas in GALG the turn population of alanine actually decreases

to 6% in favor of a more pronounced pPII content (65%) and overall dominance of
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extended conformations (94%). Interestingly, while aspartic acid and serine have the

largest effect on stabilizing turn conformations, valine has the largest effect overall on the

intrinsic conformational propensity of alanine, greatly reducing the pPII content to only

40% in favor of a dominance in B-strand conformations (48%). In fact, the ensemble of

alanine in GAVG is the only one in which pPII is no longer the dominant conformation.

This is likely due to the branched valine side-chain de-stabilizing the optimal hydration

shell around alanine which allows for pPII dominance.Valine has been shown by us to

have a high B-strand population in a purely glycine environment.

AAA
G*AAG
GA*AG

GGAG

GAG
GDAG
GSAG
GALG
GAVG

B pPIl e B TURN

AAA
G*AAG
GA*AG

GGAG

GAG
GDAG
GSAG
GALG
GAVG

0225 0.45 0.675 0.9 0 0.05 0.1 0.15 0.2
mole fraction mole fraction

Figure 7.6: pPIl (green) and B-strand (blue) and turn (red) content obtained for alanine
residues within the denoted peptide systems. G*AAG denotes the first alanine residue of
GAAG, whereas GA*AG denotes the second alanine residue in GAAG.
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pPII B TURN extended total

0.75

0.5

0.25

0

AAA G*AAG GA*AG GGAG GAG GDAG GSAG GALG GAVG

Figure 7.6: pPIl (green) and p-strand (blue), turn (yellow), and total extended
conformations (pPII plus B) (orange) obtained for alanine residues within he denoted
peptide systems. G*AAG denotes the first alanine residue of GAAG, whereas GA*AG
denotes the second alanine residue in GAAG.
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7.2.2.2 NN Effects on Turn Preferences
Aspartic acid and serine are among a sub-class of amino acid residues that we

have found to have above-average preferences for turn-like conformations. Aspartic acid
has the largest intrinsic turn content (32%) followed by serine (25%). In addition to large
propensity for a variety of turns, these two amino acid residues contain a particular
preference for the so called asx-turn region located in the upper right quadrant of the
Ramachandran plot, which we have shown in aspartic acid to be stabilized by intra-
peptide hydrogen bonding (55). The question arises to what extent these preferences for
turn-like conformations are affected by nearest neighbors. We chose to examine the effect
of A, K, L, V amino acids on the conformational ensemble of D and S as these amino
acids showed the largest effects in restricted coil libraries (153). Figures 7.8 and 7.9
display the change in extended and turn populations for aspartic acid and serene
respectively upon insertion of an aliphatic (A, L, V) and a charged side chain (K). The
respective propensities of D and S are also compared to the intrinsic preferences of these
residues as ascertained from GDG and GSG peptides as well as the homo-peptide DDD.
The turn content of the central residue of DDD was found to be quite large,
encompassing 38% of the total conformational ensemble, indicating that aspartic acid as
a neighbor stabilizes the intrinsic turn population of nearby aspartic acid residues.
Noteworthy is the complete lack of any pPII sub-population in DDD. As evident from
Figure 7.8, the turn-forming capability of both aspartic acid and serine is significantly

reduced upon insertion of any aliphatic residue. Effects on aspartic acid are more
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dramatic with respect to loss in turn propensity than those on serine. In general, as the
bulkiness of the residue increases, i.e., A<L<V there is a concomitant decrease in turn
preference. Again, valine seems to be the most efficient in eliminating this propensity for
both aspartic acid and serine, dropping total turn content from 32% to 15% in D, and 25%
to 12% in S, respectively. For aspartic acid, most of this drop is due to the loss in ass-
turns, which decreases from 23% to 10% of the total conformational ensemble (Table
7.2A). In combination with the obtained influence of valine on alanine discussed above
this observation suggests that valine functions as an eraser of conformational
propensities. In addition, valine was shown earlier (see Chapter 6.1 of this thesis) to be
special with regard to its large enthalpic and entropic differences between pPII and
strand, which we hypothesized to be a result of the B-branched side chain limiting
rotational degree of freedom in the pPII compared to the B-strand. It is possible that the 3-
branching of valine disrupts the intra-peptide H-bonding capability of aspartic acid and

serine which effectively eliminates turn preference in favor of a more balanced ensemble.

With the reduction in turns, the pPII content of both aspartic acid and serine
generally increases. This trend is most dramatic for aspartic acid, for which in a purely
glycine environment has a relatively low pPII content of only 20%. When alanine is
inserted this rises only modestly to 24%, but upon insertion of large residues, such as
lysine, leucine, and valine, the pPII content increases to 40-45%. In contrast, the B-strand
population remains 40% or larger for all investigated peptide motifs. As shown in Figure

7.9, NN interactions seem to implement changes within the ensemble, such that increases
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in pPII are somewhat balanced by decreases in B-strand and turn populations. However,
for some peptides (GDKG, GDLG, GDVG, GSLG, GSVQG) the decrease in turns and -
strand populations does not outweigh the increase in pPII, resulting in a larger extended

state population as a whole.

M PPII O

B TURN
DDD DDD
GDG GDG
GDAG GDAG
GDKG GDKG
GDLG GDLG
GDVG GDVG
0 0125 025 0375 05 0 0.175 035 0525 0.7
u PPII mB
B TURN
GSG
GSG
GSAG GSAG
GSKG GSKG
GSLG GSLG
GSVG GSVG
0 012 024 036 048 0 0.065 0.13 0.195 0.26
mole fractions mole fraction

Figure 7.7: pPIl (green) and B-strand (blue) and turn (red) content obtained for aspartic
acid (upper panels) and serine (lower panels) within he denoted peptide systems.
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Figure 7.9: pPIl (green) and B-strand (blue), turn (yellow), and total extended
conformations (orange) obtained for aspartic acid (left panel) and serine (right panel)
residues within the denoted peptide systems.

GSVG
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7.2.2.3 NN Effects on Lysine, Leucine, and Valine

Lysine and leucine are two amino acid residues that have intrinsically more
balanced conformational ensembles than the other residues addressed thus far. The
leucine residue in GLG contains 45% and 42% pPII and B-strand content respectively.
Lysine has slightly more pPII bias with 50% and 41% pPII and B-strand content
respectively. Compared to the high preferences for particular regions in the
Ramachandran plot observed in many amino acid residues, these ensembles are much
closer to what Scheraga et al. would define as a statistical coil (84). Figure 7.9A and 7.9B
display the change in conformational content with respect to each investigated K and L
containing peptide. Compared to what was observed and discussed above for more
conformationally biased residues such as alanine, aspartic acid, serine, there is relatively
little change in the conformational ensembles of K and L. Both pPII and [B-strand
conformations fluctuate about their mean values. In contrast, NN effects on valine are
slightly more pronounced (Figure 7.10C). This is likely due to the fact that valine has a
slight intrinsic preference for the B-strand region of the ramachandran plot (i.e., in a
purely glycine environment). Valine has been shown by us to have an extended
population dominated by B-strand (46%) (vs. 32% pPII) with a somewhat higher turn
preference (22%). As seen in Figure 7.10C aspartic acid and serine increase this disparity
in population among extended structures whereas leucine and lysine decrease this

difference. The turn forming residues seem to slightly increase the already present -
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strand preference of valine, whereas aliphatic residues destabilize this preference

resulting in a more balanced distribution.

B)
PPII B TURN PPII B TURN
1.00 extended total 1 extended total
0.75 0.75
0.50 0.5
0.25 0.25
0.00 0 -
GKG GDKG GSKG GKLG GKVG GLG GSLG G*LLG GKLG
C) PPII B ~ TURN extended total
0.9
0.675
0.45
0.225

0
GVG GDVG GSVG GVLG GAVG GKVG

Figure 7.9: pPll (blue) and B-strand (green), turn (yellow), and total extended
conformations (orange) obtained for A) lysine, B) leucine, and C) valine.
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7.2.2.4 Thermodynamics
It is useful to examine the factors underlying the Gibbs free energy landscape in

order to gain a better understanding of why certain conformations are (de)stabilized. To
extract thermodynamic information, the 3J(HNH®) coupling constants for each residue
within each peptide were measured as a function of temperature. As previously discussed,
these constants reflect the average ¢ value of the correlated residue according to the
Karplus relationship. In line with our strategy adopted for the thermodynamic analysis of
GxG peptides, we utilized the afore-described pseudo-two state thermodynamic model
that considers redistributions among extended structures (pPII-f) as temperature
dependent whereas turn populations are assumed temperature independent in accordance
with recent results from Rybka et al. (141). This model is described in detail in Ch 4 of
this thesis. The experimental 3J(HYH®) (T) data were fitted with equation 4.7, using again
solely AH as a free paramter. Using the pseudo-two state model, we obtained very good
fits to the experimental data 3J(HNH®) as a function of temperature for all residues (Figure
7.11). For comparison, within each amino acid series the 3J(HNH®) (T) data for the

corresponding GxG peptide model are also presented.
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Figure 7.10: 3J(HNH2) as a function of temperature for GxyG peptides. The amino acid of
interest in each plot is noted by -X. For instance, GDxG-D shows the 3J coupling
constants as a function of temperature for the amino acid residue D in all GDxG peptides.
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In general, the 3J(HNH®) coupling constants for all residues increase as a function
of temperature indicating a conformational redistribution from predominantly pPII to -
strand conformations with increasing temperature. Amino acid residues with high
populations of turns have weaker temperature dependencies of 3J(HNH®). In contrast,
residues with more balanced pPII-f distributions exhibit large changes in 3J values with
temperature. This interplay can be seen when comparing NN effects in, for instance, the
GSxG peptide series (Figure 7.11). As discussed above, valine as neighbor practically
eliminates the turn forming propensity of aspartic acid. In line with this, the temperature
dependence of 3J(HNH®) for serine in GSVG becomes quite large in comparison to GSG.
The 3J(HNH®) coupling constants for D and S at room temperature drop significantly
upon insertion of any NN residue. This is due to the large increases in pPII (and decreases
in turn content) for these residues as discussed above (Figure 7.9). In contrast, the
decrease in pPII content observed for all alanine containing tetrapeptides due to NN
interactions effectively increases the 3J(HNH®) compared to that of GAG (Figure 7.11).
The thermodynamic values AH and AS obtained from our fits of 3J(HNH®) (T), and the
corresponding room temperature AG values calculated based on the pPIl and  mole

fractions derived from vibrational analysis are visualized in Figures 7.12-7.18.
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Figure 7.11: (A) AH and TAS values obtained from fitting of 3J coupling constants with pseudo-
two state model, (B) AG values calculated from respective pPIl and 8 mole fractions obtained
from vibrational and 2D NMR analysis and (C) relationship between AS and AH for aspartic acid
and serene residues within the GDxG and GSxG peptide series.
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Figure 7.12: (A) AH and TAS values obtained from fitting of 3J coupling constants with pseudo-
two state model, (B) AG values calculated from respective pPIl and 8 mole fractions obtained

from vibrational and 2D NMR analysis and (C)relationship between AS and AH for lysine

residues within the GAyG and GxAG as well s GxKG and GKyG peptide series.
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Figure 7.13: (A) AH and TAS values obtained from fitting of 3J coupling contestants with pseudo-
two state model, (B) dG values calculated from respective pPIl and $ mole fractions obtained
from vibrational and 2D NMR analysis and (C)relationship between AS and AH for lysine
residues within the GLyG and GxLG as well s GxVg and GVyG peptide series.
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Figures 7.11-7.13 display the thermodynamic results (AH and AS) obtained from fitting
of 3J(T) data in Figure 7.10 with the pseudo two-state model. The enthalpic and entropic
differences between pPII and B are noticeably different within each amino acid series.
The same can be said for the AG values that were obtained independently from mole
fractions of pPII and B derived from the combined vibrational and 2D-NMR analysis.
While the variant AG values within each series reflect the above described NN effects on
the conformational ensembles of the investigated amino acid residues each peptide, the
large variations of AH and AS within each peptide series were not. For instance, as noted
above the conformational ensembles obtained for lysine within the GxKG and GyKG
series did not drastically change upon different NN insertions, however the respective
thermodynamics underlying the pPII/B transitions range by 15kJ/mol for AH and 75kJ/
mol for TAS (at room temperature) (Figure 7.12). In particular, serine as a neighbor
drastically increases both AH and AS for lysine as compared to that in a purely glycine
environment. In addition, the balance between enthalpy and entropy is reversed, with the
entropic contribution to Gibbs free energy outweighing the enthalpic stabilization of pPII.
Similar effects are seen with valine as neighbor. The largest range in AH and AS as
compared to intrinsic values are seen for the GDxXG series, with enthalpy increasing by
approximately 22kJ/mol GDKG relative to GDG, underscoring again the large effect that
lysine apparently has on affecting the underlying pPII/B thermodynamics. For

illustration, Figure 7.12 displays the obtained thermodynamics behind the pPII/B
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transition for aspartic acid residues within the GDyG peptide series. In contrast, alanine,
which was shown earlier to be affected dramatically by NN interactions (in terms of both
decreases in pPII content and increases in turn content), shows comparatively weaker
changes in pPII/B thermodynamics due to NN interactions. The range in changes of AH
within the GxAG and GAyG series (Figure 7.12) varies by only 6kJ/mol, which is
markedly lower than all other investigated residues within their respective NN series.
This likely reflects the ability of alanine to preserve its hydration shell regardless of
neighboring residue, due to its comparatively small side chain relative to other amino
acid residues.

Figures 7.12C-7.14C display the relationships between AH and AS for all peptide
GxyG series. Contrary to what was obtained earlier for GxG peptides, we generally
obtain a lower degree of correlation between these two parameters due to NN effects.
This is reflected by the larger deviation from linearity. The respective R? values along
with the theoretical ‘compensation’ temperatures obtained from fitting each GxyG series
with a linear relationship (AH = a-T:AS) are listed below in Table 7.3. As previously
discussed, we assign ideal compensation to reflecting a common mechanism behind the
effect, namely solvation. The aspartic acid and serine series both have the largest degree
of AH/AS correlation, meaning that the comprising peptides in each series have very
similar compensation temperatures. It is interesting that the NN effects for these amino
acids exhibit a compensation effect, whereas we previously found that these amino acids

in the respective GxG series do not share an isoequilbrium temperature with other amino
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acid residues (Chapter 6.1 of this thesis). We attributed the lack of compensation for
aspartic acid and serine as due to the increased degree of self solvation of these residues
(i.e. intra-peptide H-bonding) competing with solvation by water. In contrast, the NN
effect for alanine exhibits the lowest degree of compensation. As shown earlier, alanine
in a purely glycine environment also did not exist in isoequilbrium with any other amino

acid residue.

Table 7.3: R2 and T, values obtained from linear fitting of each peptide series GDyG,
GSyG, GxAG and GAyG, GxLG and GLyG, GxKG and GKyG, GxVG and GVyG.

Peptide GDyG GSyG GxAG, GxLG, GxKG, GxVG,

Series GAYG GLyG GKyG GWyG
R 0.96 0.96 0.79 0.94 0.9 0.86
Tc 318K 282 K 482 K 278 K 243 K 381 K

7.3 CONCLUSION
To explore nearest-neighbor effects in the unfolded state we conducted a

combined 2D-NMR and vibrational study on selected “GxyG” host guest peptides:
GDyG, GSyG, GxLG, GxVG, where x/y={A, K, L, V}. This analysis allowed for the
extraction of the conformational ensembles of both x and y residues within each GxyG
series. Comparison of these ensembles with the respective amino acid ensembles
obtained for GxG peptides shows large changes in sub-populations due to NN

interactions. This is in direct contrast to the isolated pair hypothesis, and on a broader
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scale, with the random coil model. Interestingly we showed that residues that have large
intrinsic biases towards specific sub-populations tend to lose these preferences upon
interaction with a given neighbor. For instance, residues that prefer turn-like
conformations (namely aspartic acid and serine) lose this turn preference in favor of
increased pPII populations, which ultimately increases the total extended state sampling.
In a similar light, the large intrinsic preference of pPII for alanine is diminished upon
insertion of any non-alanine neighboring residues. Large pPII propensities (above that
for GAQG) are only obtained with alanine as a neighbor. The loss of pPII for alanine
generally increases with the bulkiness of the NN side chain, indicating that sterically
more demanding side chains disrupt the optimal hydration of the alanine and hence its
pPII propensity. This effect is seen most clearly for GAVG in which the pPII propensity
of alanine is eliminated in favor of more balanced extended state sub-populations (pPIl/
B). In contrast to alanine, aspartic acid and serine, the other investigated residues (leucine,
lysine, and valine) show comparatively smaller effects in their conformational ensembles
upon insertion of non-glycine neighbors.

Results of the associated thermodynamic analysis reveals that small changes in
apparent conformational ensembles due to NN interactions may mask comparatively
larger changes in underlying Gibbs free energy contributions. In addition, the lower
degree of correlation between AH and AS values derived for the GxyG peptides series
indicates that the compensation temperatures between pPIl and [ are substantially

modified by NN interactions. This is particularly true for alanine, for which we obtain
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very little compensation between AH and AS at room temperature. This implies that at
temperatures sufficiently below the compensation temperature conformational
preferences can become very pronounced. This non-ideal compensation effect obtained
for GxyG peptides additionally underscores the reliability and significance of the exact
AH/AS compensation obtained previously for GxG peptides.

Taken together, these results suggest that NN interactions act as conformational
randomizers, eliminating intrinsic biases in favor of largely balanced pPIl/ B dominated
ensembles. With regard to unfolded or highly disordered states, these results suggest that
local order along the chain will depend on amino acid sequence. However, the loss of
conformational preference in favor of more extended conformations when one takes into
account NN interactions implies that the unfolded chain becomes largely a pPII/B coil at
or near physiological temperatures. This is particularly true for sequences with high
degrees of heterogeneity in terms of amino acid type. IDPs in general are characterized
by low content of bulky aliphatic amino acid residues and high content of polar amino
acid residues. In light of our results attributing branched aliphatic residues as
conformational randomizers, it is possible that intrinsically disordered regions in proteins
avoid conformational randomization by minimizing the occurrence of these residues,
hence promoting local order within the disordered region. In addition, many disordered
proteins contain low complexity of sequence, i.e., have sequences with
overrepresentation of residues. Given the finding that NN of the same type reinforce

intrinsic conformational preferences, it may be that ID regions in proteins are designed to



284

impart local order through homologous sequences while maintaining disorder dominated

by pPII/B coils on a larger scale.

CH. 8 SUMMARY AND OUTLOOK

The discovery of IDPs and bio-functionally important intrinsically disordered
regions within proteins has motivated numerous studies aimed at describing residue-level
conformational ensembles in the unfolded state. Multiple lines of evidence gathered over
the last 15 years strongly suggest that amino acids residues display unique and restricted
conformational preferences in the unfolded state. These preferences produce local order
in the unfolded state, which could be relevant for understanding the structure-function
relationship of disordered proteins. Unfolded state conformational preferences are
different from those observed in folded regions of proteins, and their existence in the
unfolded state is in direct contrast to the classic random coil model. To fully understand
residue level order/disorder one has to formulate a quantitative, experimentally based
picture of conformational ensembles and to determine the physical basis underlying these
biases. To this end, this thesis has described (mainly) spectroscopic studies on short

peptides that were designed to elucidate conformational preferences of amino acid
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residues, their underlying thermodynamics, and how these are governed by nearest
neighbor interactions and mediated by solvation.

With regard to conformational studies, a variety of short peptide model systems
may be chosen, ranging from dipeptides to blocked and unblocked tripeptides. In the
work conducted for this thesis, generally unblocked tripeptides or tetrapeptides were
chosen as they offer the best spectroscopic resolution due to increased separation of
individual amide I band. The choice of model system was validated by our results on
trialanine which show that there is no substantial difference in conformational ensembles
upon protonation of end groups. This suggests that groups beyond neighboring Ca
moieties do not significantly influence intrinsic conformational propensities. Further, we
showed that blocked forms of amino acids show remarkable similarity to the unblocked
GxG peptides, which indicated that both are suitable model systems for investigating

unfolded states, conformational preference.

To wunderstand residue-level order/disorder, the physical bases underlying
conformational preference must be investigated. In this context alanine and its high
intrinsic pPII preference has garnered much attention. Theories on the mechanism of pPII
stabilization (particularly for alanine) generally point to the role of optimal solvation,
although unambiguous experimental evidence for this is lacking. To experimentally
investigate whether solvation governs conformational preference and pPII biases
specifically, the thermodynamics underlying preferences of trialanine in different binary

solvents, as well as GxG peptides in aqueous solution, were determined through
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temperature dependent NMR and UVCD studies. It was found that residues substantially
differ in terms of respective enthalpy and entropic contributions to their pPII/B
equilibrium. Regardless of individual differences, however, a majority of amino acid
residues within model GxG peptides have nearly identical compensation temperatures
and differences in their Gibbs free energy between pPII and B-strand conformations near
physiological temperatures. This type of iso-equilbrium suggests a common mechanism
behind conformational preference, namely peptide solvation. Residues that avoid iso-
equilbrium, namely, A, D and T, are those which were found by us to have have large
degrees of conformational preference; Alanine’s small side chain allows for optimal
backbone solvation, hence disproportionally stabilizing pPII, whereas aspartic acid and
threonine have a tendency to self-solvate, which is then reflected in uniquely high turn-

like preferences.

To further examine whether solvation is the key to alanine’s uniquely high
preferences for pPII, a separate thermodynamic investigation was performed on trialanine
in various co-solvent systems. If optimal hydration around the residue is indeed pivotal
for pPIl preference, then perturbing the solvation system with co-solvents should
destabilize pPII. It was found that small admixtures of alcohol co-solvents (5% v/v)
considerably alters the enthalpic and entropic differences between pPII and - strand sub-
states. The changes of thermodynamic parameters and pPII content are not monotonous
with respect to increasing co-solvent fractions, however, the combined manifold of AH

and AS values obtained for the investigated binary mixtures exhibits an enthalpy-entropy
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compensation. This indicates that trialanine in various co-solvent systems have a
common transitions temperature, and in general, that conformational ensembles are

governed by hydration of the peptide.

The information garnered regarding intrinsic conformational propensities and how
these are governed by solvation must be complimented by an understanding of how
conformational preferences are modified by nearest-neighbor interactions. To this end we
conducted an extensive investigation of neighbor effects on selected GxyG tetrapeptide
motifs: GDyG, GSyG, GxLG, GxVG, where x/y={AK,LV}. Using a combined
vibrational and 2D-NMR approach we were able to determine the conformational
ensemble of each x and y residue within the GxyG tetrapeptides. Comparison of these
ensembles with the respective amino acid ensembles obtained for GxG peptides shows
large changes in sub-populations due to NN interactions. This is in direct contrast to the
isolated pair hypothesis, and on a broader scale, with the random coil model.
Interestingly, residues that have large intrinsic biases towards specific sub-populations
tend to lose these preferences upon interaction with a given neighbor. In addition, the
more bulky the side chain the more efficient it is at destabilizing conformational
preferences. This indeed suggests that the mechanism behind neighbor interactions is
solvent mediated, as disruption of neighboring residues’ hydration shell is more probable
with branched and/or bulky side chains. Thermodynamic results on the same GxyG

peptides substantiates this finding, as steric and electrostatic effects should cause solely
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enthalpic changes to the Gibbs free energy, whereas we obtain large changes in both

enthalpic and entropic contributions.

Taken together, our results establish that not only are intrinsic conformational
preferences (i.e., no NN interactions) in unfolded and disordered states governed by
solvation, but that these preferences are then modified by solvent mediated NN
interactions. The situation for highly disordered regions or IDPs then, is complex and
largely dependent on amino acid composition and sequence. Randomization of
conformational preference through NN interactions suggests that disordered regions exist
largely as pPII/B coils. The high degree of population in the extended region of the
Ramachandran plot decreases the entropy of the chain and distinguishes it from a random
coil. Short segments containing order within a larger disordered chain may be obtained

depending on the local sequence of the proteins.
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