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Introduction

1.1 MOLECULAR INTERACTIONS AS HUMAN INTERACTIONS

C ogito ergo sum.

With these words Cartesius (René Descartes) seems to find his only cer-
tainty: humans exist, or at least exist as res cogitans, as a " thinking thing"
Is the thinking, our ability to logically use words to describe our thoughts
and our feelings, enough to capture the human consciousness of our own
existence? | honestly do not think so.

ogito, et tracto ergo sum.
| think, | interact and thus | am.

We know that we exist, that we are not the result of a joke because
we think, and because we interact. Interaction defined, defines, and will
define who we are. No State, no village, no community, no family, no rela-
tionship can exist without reciprocal and dynamical interactions. Thereby,
interactions define us, building and structuring what we are, and what we
are part of. In a similar fashion, interactions act in molecules and in between
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molecules, defining their conformation, their ability to cooperate, specifically
and in a unique fashion. Every one of us is a building block of our soci-
ety. The stability and the endurance of our community, or our relationships,
strongly depend on how we interact with others. Similarly, small molecules
are the building blocks of larger molecular systems, such as proteins that
are the essential parts of cells and organs. As in the human world, if the
interactions between the small molecules do not work properly, proteins will
be altered, and cells and organs will not function.

Similar to psychologists, philosophers and sociologists who analyze human
interactions to understand our complex behavior in society, we, as physical
scientists study the intimate interactions between molecules. How can we
do so? Psychologists can talk directly to their patients, but scientists hardly
can do the same with molecules. Physicists can use light. Molecules are
not static systems: they move, they rotate, and their atoms oscillate similar
to a spring. Light, that is a special region of the electromagnetic spectrum,
can induce these oscillations, and a physicist can record these molecular mo-
tions. Molecular interactions cause structural fluctuations in the molecule,
perturbing the molecular oscillations. By measuring these oscillations, scien-
tists can reconstruct molecular interactions, and also changes in molecular
structure.

Using light, we can thus get access to the microscopic world of molecules,
which enables us to understand the molecular mechanisms and the driving
forces of biological processes. We will now introduce the subjects of this
thesis, discussing the connection between the studied molecular structures,
and their macroscopic biological functionalities.

1.2 MOLECULAR STRUCTURAL DIVERSITY AND BIOLOGICAL FUNCTIONS

1.2.1 PROTEINS

Among the biological macromolecules, proteins are arguably the most im-
portant. Proteins perform many different biological tasks, such as oxygen
transport in our blood? or converting light to biological fuels in plants®.
Proteins are polymers composed of smaller building blocks, amino-acids
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(Fig. The sequence of amino-acids is referred to as the primary struc-
ture. The local conformation of the protein is called the secondary structure,
and mostly determines the function of the protein. Changes in the sec-
ondary structure can thus affect the biological functionality of the protein,
leading to severe consequences.®> Typical examples of secondary structures
are the alpha-helix and the beta-sheet (Fig. An alpha-helix is formed
when the chain of amino-acids twists into a spiral, while a beta-sheet is
formed when the chain zig-zags, and when parallel strands of amino-acids
form strong inter-amino-acid connections. Proteins often do not assume
a unique secondary structure, but harbor different structural motifs.® The

anti-freeze glycol protein

B-sheet
a-helix
amino-acid random coil
o
NH
W

7
H /OM % PPII
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Figure 1.1: Schematic illustration of the possible secondary structures of a protein (left), and of
the secondary structure of a disordered protein (right). The molecular structures of two different

amino-acids, proline and aspartic acid, are shown in blue and orange rectangles, respectively.

three-dimensional conformation of a protein is not strictly determined by
the sequence of amino-acids. Proteins can show conformational switches,
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when containing proline residues, for example. The proline residue has two
different conformations, depending on the orientation of the amide bond
(conformational isomerism), and proteins can fold in different ways depend-
ing on the proline isomer.™® The structure and function of a protein are also
determined by functional groups (alcohol, thiols and carboxylic acid) con-
tained in the side chains of the amino-acids of the protein sequence. The
side-chain carboxylic acid group of aspartic acid, for example, is essential for
protein folding®1% and for protein functions such as proton conduction12,

In the last decades, it has also been found that proteins do not always
adopt a specific conformation, and can have unordered domains, which can
assume a specific secondary structure upon substrate binding. These struc-
turally flexible proteins are crucial in many cellular mechanisms.1¥ An exam-
ple of flexible and unordered proteins is represented by anti-freeze glycol pro-
teins, which enable the survival of animals at sub-freezing conditions.'* By
binding to the ice surface, anti-freeze proteins are able to inhibit the growth
of ice crystals, which would be fatal for the organism.2> A recent molecular
study has proposed that the anti-freeze activity of anti-freeze glycoproteins
is linked to the ability of the protein to segregate into a hydrophobic and
a hydrophylic part, thus enhancing a particular secondary structure, called
polyproline helix or PPII. PPII is formed when the protein twists into a loose
spiral without the formation of intra-molecular bonds, which instead hap-
pens in a-helixes.*® Anti-freeze glycoproteins thus represent a particularly
interesting example of the functional biological role of a flexible and disor-
dered protein structure.

1.2.2 GLYCOSAMINOGLYCANS

Polysaccharides are polymers composed of simple sugar units that repeat
tens to thousands of times. In living systems, polysaccharides are sub-
divided in three classes. The first and second classes are storage and
structure-related. A third class of polysaccharides is represented by gly-
cosaminoglycans or mucopolysaccharides: heterogeneous polysaccharides,
where the repeating unit is a disaccharide composed of an amino sugar and
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an uronic acid. An example is hyaluronic acid, which is presented in Fig.
[1.2l Glycosaminoglycans (GAGs) are negatively charged polymers (poly-
electrolytes) at neutral pH, and their properties are heavily influenced by
the pH and/or salt conditions. Glycominosoglycans are abundantly found
in the three-dimensional network surrounding the cell, which we refer to as
the extra-cellular matrix or ECM. GAGs are widely present in our bodies,
and are associated with various physiological functions that are not always
favorable. T8 For instance, heparin prevents the coagulation process in our
body,1%20 but can also promote amyloid formation, and hence amyloid dis-
eases such as Alzheimer or Parkinson.182122 Glycosaminoglycans are also
involved in the immune response to external pathogens?3, and can inhibit
inflammatory response?%25 |nterestingly, low-molecular weight hyaluronic
acid has a pro-inflammatory role, while high-molecular weight hyaluronan has
an anti-inflammatory role.2% Since glycosaminoglycans, and hyaluronic acid
in particular, are over-expressed in the presence of inflammation, they can be
used as clinical predictors for some diseases, for example Dengue fever 2728
High concentrations and changes in the molecular weight of hyaluronic acid

‘{P\L\)RONIC ACID DISACCHARIDE UNIT
) :

core protein

& 9lucuronic acid fink protein

GAG
& n-acetylglucosamine

aggrecan

proteoglycan

hydrogel

Figure 1.2: Schematic illustrations of the hyaluronic acid chain, and a proteoglycan, formed
by aggrecans that bind to the hyaluronic acid chain via specific binding sites. Bottom left, a
schematic illustration of hyaluronan hydrogel.*”
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have been also been linked to cancer initiation, metastasis, and therapy re-
sistance. 4?0

The diversity and the flexibility of the molecular structure of GAGs permit
these molecules to interact with a large variety of biological macro-molecules.
GAGs interact with proteins via precise binding mechanisms, forming protein-
GAG complexes called proteoglycans (an example is reported in Fig. .18
One class of proteoglycans, known as aggrecans, is responsible for the correct
functioning of human cartilage.X” The macromolecular structure of proteo-
glycans is often not unique. Since GAGs are strongly charged, their binding
affinity to proteins depends on the pH and on the presence of cations.®
For almost all GAGs, a covalent bond is formed between the GAG and the
protein, but not in the case of hyaluronic acid.

Hyaluronan was discovered in the early 1930s by two researchers of
Columbia University, and for a long time it was considered to be a sim-
ple GAG with limited biological functionalities.** However, nowadays the
enormous physiological relevance of hyaluronan is widely acknowledged and
among all the glycosaminoglycans, hyaluronan is arguably one of the most
studied, also because of its broad application in the design of novel, bio-
compatible and responsive hydrogels,32%% elastic materials consisting of
polymer networks and up to 90% of water. To capture and mimic the
special properties of the extracellular matrix, stimuli responsiveness, bio-
compatibility, and tunability of mechanical properties are key. The extra-
cellular matrix influences cellular processes via mechanical and biochemical
signals, and in turn is influenced by the metabolism of the cell.** This gives
rise to a dynamic reciprocity, which acts as a bidirectional and continuous
flow of information that regulates different biological processes. Thanks to
their high biocompatibility, hyaluronic acid polymers are widely used as a
scaffold for responsive synthetic hydrogels.*® Hyaluronan hydrogels are pH-
responsive, showing dramatic changes in their mechanical properties. At
pH=2.5, hyaluronan undergoes a liquid-to-gel transition, increasing its elas-
ticity ten-fold.29This pH-responsive behavior is an interesting and important
study case for gaining a comprehensive picture of the molecular interactions
that drive hydrogel responsiveness, which plays a critical role in the dynam-
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ical reciprocity between cell and extracellular matrix.

1.3 INFRARED SPECTROSCOPY

The molecular structures of bio-macromolecules, such as proteins and polysac-
charides, are stabilized by molecular interactions. In biological systems,
these molecular interactions usually involve the formation of a hydrogen-
bond connecting two electronegative atoms or molecular groups. If these
two molecular groups are part of the same chain, the hydrogen bond is intra-
molecular, while, if they are part of different macro-molecules, the hydrogen
bond is inter-molecular. In proteins and polysaccharides the molecular func-
tional groups, which are involved in the formation of the hydrogen-bond,
are usually amide and carboxyl groups. The frequencies of the molecular
vibrational modes of the amide and carboxyl groups change when the inter-
and intra-molecular interactions change in strength, and thus these modes
mirror fluctuations of the structure and solvation of the macromolecule.
Molecular vibrations strongly absorb in a specific region of the electro-
magnetic spectrum, the infrared region. With infrared light, it is possible to
observe light absorption at specific frequencies. These specific frequencies
are resonant frequencies of molecular vibrational motions. In first approxi-
mation, the absorption frequencies depend on the strength of the chemical
bonds and on the mass of the atoms. The investigation of the conformation
of proteins and polysaccharides usually involves the molecular vibrations of
the amide and carboxylic acid groups. The corresponding absorption lines
are in the range from 1400 cm™ till 1750 cm™, in the mid-infrared region
(mid-IR). The amide group has two vibrational modes that are highly sen-
sitive to the three-dimensional conformation: the amide | and the amide Il
vibrations. The vibrational frequencies of these amide modes shift upon the
formation of a hydrogen bond, and the magnitude of this frequency shift
depends on the secondary structure. For this reason, amide modes are con-
sidered to be precise structural markers. For example, the amide | vibration
of a protein folded in an a-helical structure absorbs around 1660 cm™, and
at 1620 and at 1680 cm™ if the protein is folded in a 3-sheet structure.®”
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1.3.1 TwoO-DIMENSIONAL INFRARED SPECTROSCOPY

The information extracted from infrared spectra is often insufficient to fully
characterize the structure and solvation of the studied molecule. The spec-
tra of proteins are usually highly congested, preventing the resolution of the
vibrational frequencies of the amide | modes. Infrared spectroscopy thus
often does not enable a trustworthy identification of the secondary struc-
ture. Changes in the solvation of the molecular groups are also difficult
to observe in linear spectra since the linear spectral shape is often strongly
broadened due to both homogeneous and inhomogeneous broadening mech-
anisms. Moreover, biological reactions often involve a change of the molec-
ular interactions of only a small fraction of the molecular groups, and the

a) b)

amino-acid N+4

amino-acid N

9 B-sheet  a-helix

absorption

1630 1650

frequency(cm™)

1680

Figure 1.3: a) Schematic illustration of an a-helical structure, and b) of the amide group. The
strongest vibrational motion is the amide | vibration, which mainly involves the C=0O stretching
mode, with minor contributions of the C-N stretching and N-H bending modes. c) Schematic
illustration of the infrared absorption spectrum of the amide | mode in a § — sheet and an

«a — helical structure.
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effect on the linear spectrum can often not be resolved. The development
of femtosecond infrared pulsed lasers3® enabled a giant leap in spectroscopy,
allowing researchers to circumvent many of the limitations of linear infrared
spectroscopy. Proteins and other molecules change their local conformation
on time scales that are on the order of picoseconds, and by using state-of-
the-art lasers, which generate ultra-short pulses, one is capable of probing
such fluctuations in molecular structure and solvation.3?

Time-resolved two-dimensional infrared spectroscopy (2D-IR) is based on
the use of two infrared femtosecond beams. The first (pump) is employed
to excite molecular motions, whilst the second (probe), which has a tunable
delay time with respect to the pump, is used to record the vibrational re-
sponse at different times after the excitation. In 2D-IR we measure the signal
as a function of both the pump and the probe frequency, thus yielding to

Figure 1.4: A strong infra-red pulse (pump) induces oscillatory motions in the molecular groups,
and a second pulse (probe) is used to monitor the effect of the vibrational excitation.
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a two-dimensional spectrum. The information contained in the line-shapes
of the 2D-IR spectrum, and in their time-dependence, was recently used to
study the structure of hydrated protons in bulk liquid water.*® Molecular
interactions between different molecular groups give rise to specific spectral
features, called cross-peaks. Cross-peaks carry unique and precise informa-
tion on the molecular interaction mechanism, which can be uncovered by an-
alyzing their time dependence. The time dependence of cross-peaks, for ex-
ample, allowed researchers to follow in real time the ultra-fast formation and
disruption of a molecular complex of phenol/benzene.*! Since cross-peaks
require an interaction between specific molecular vibrations, the cross-peak
signal can also greatly help in resolving the congested linear infrared spectra
of proteins, identifying the presence of specific structures. Moreover, by ex-
amining the dependence of the cross-peak signal on the polarizations of the
pump and probe beam, valuable information on the relative orientation of
the interacting molecular groups, and thus on the molecular conformation
is obtained. A nice recent example is the work of the group of M.Zanni,
where the authors were able to identify amyloid fibers in human lenses, and
to ultimately prove that cataract is an amyloid disease.4? Here, they com-
bined 2DIR with other techniques (transmission electron microscopy and
light scattering measurements), showing the benefit of a multi-technique
approach, which, due to the increasing complexity of the studied molecules,
is now often necessary to uncover the connection between the macroscopic
properties and the underlying molecular-scale interactions.

1.4 OUTLINE OF THIS THESIS

This thesis focuses on the structure of bio-relevant molecules, and on their
inter-/intra- molecular interactions. Chapter 2 presents the theory of linear
and two-dimensional infrared spectroscopy, concentrating our discussion on
molecular coupling mechanisms, and describes the setup employed in this
thesis. Chapter 3 introduces basic principles of bio-polymer physics, describ-
ing their static and dynamic properties. Chapter 4 to 6 present our studies
of the molecular structure of carboxyl groups, -COOH. We demonstrate
the existence of distinct conformational isomers of carboxylic acid in formic
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acid (Chapter 4), and in more complex bio-molecules, such as peptides, at
room temperatures in aqueous environments (Chapter 5) and in hydrophobic
environments (Chapter 6). Chapters 7 to 10 present the molecular confor-
mation of hyaluronic acid in relation to its mechanical properties. First, the
molecular conformation of the hyaluronan polymer chain at neutral pH is
discussed. We study the intra-molecular hydrogen-bonds, which stiffen the
polymer (Chapter 7), and the effect of calcium ions on the intra-molecular
hydrogen-bonded network (Chapter 8). In Chapter 9 we identify the specific
inter-molecular interactions that are activated by tuning the pH at 2.5, and
that lead to a dramatic change of the viscoelastic behavior of hyaluronan
solutions. The effects of temperature and nature of the side-chain on the
inter-molecular interactions, which lead to the hydrogen-bonded network,
are discussed in Chapter 10. Finally, in Chapter 11, we present an inves-
tigation of the molecular structure of anti-freeze glycoproteins in aqueous
solution. We show that this largely disordered and flexible protein acquires
a specific conformation at quasi-freezing conditions, enabling the protein to
inhibit the growth of ice crystals.






Two-Dimensional Infrared Spectroscopy:
from concepts to experiment

Abstract

The understanding of two-dimensional infrared spectroscopy requires a basic, but
broad knowledge of physics and chemistry. Furthermore, the large content of in-
formation provided by a two-dimensional spectrum demands a careful and critical
analysis of the spectral signatures. In this chapter, we will provide the reader with
the basic knowledge required to understand and analyze two-dimensional infrared
vibrational spectra based on previous works.#3™ |n the first part, we will treat the
molecular vibration as a quantum oscillator, and we relate its properties to mea-
surable spectroscopic observables. In the second part, we describe pump-probe
and two-dimensional spectroscopy, and we introduce the coupling of molecular vi-
brations, which we again describe with a quantum formalism. We also describe
the origins and mechanisms of molecular couplings. In the last part, we briefly
describe the home-built set-up that we used to perform two-dimensional infrared
spectroscopy.
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2.1 QUANTUM DESCRIPTION OF MOLECULAR VIBRATIONAL MOTION

To understand the principles of infrared spectroscopy, we need a description
of the relative motions of the atoms within the molecule. In the following
we will provide such a description within a quantum formalism.

displacement x

Figure 2.1: a) Schematic illustration of the molecular vibration of a carbonyl group. The
interaction between the oxygen and carbon atoms can be described as a harmonic oscillator with
elastic constant k. We refer to the displacement from the equilibrium position as x. b) The
energy levels of the harmonic oscillator are equidistant and separated by an energy hwo, where
wo is the vibrational frequency of the harmonic oscillator. The eigenfunctions v are also shown.
c) Energy levels of an anharmonic oscillator (Morse oscillator). In this case, the energy levels

are not equidistant, and their separation decreases with increasing quantum number n.

The nuclei of molecules show oscillatory motions, which often have a
vibrational frequency in the infrared spectrum. This means that the vibration
can often be excited with infrared light. We will describe the vibration as
a harmonic oscillator with elastic constant k (Fig{2.1)) and reduced mass .
In the simple case of a diatomic molecule of atoms with masses m; and mo,

the reduced mass p = % The Hamiltonian,I:IO, which describes the
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total energy of the system, is given by

~2
“ P 1 .9
Hy=—+ =k 2.1
0 2 2 Zz (2.1)
where p and & are the momentum and position operators. The energy levels
of the harmonic oscillator can be found by simply applying the Hamiltonian

described in eq[2.1] to the time-independent Schrédinger equation:

H vy = E ) (2.2)
where E is the eigen-energy, and ¢/ denotes the wavefunction. By writing
Wy = \/% as the resonance frequency, and defining n as the vibrational
quantum number, the eigen-values are given by:

1
En = th(n + 5) (23)

For the harmonic oscillator the energy levels are equidistant, with an energy
separation of hwy. We also notice that at n = 0 (ground state) the energy is
non-zero (zero-point energy). This result is related to the uncertainty prin-
ciple, which states that it is not possible to know precisely both the position
and the momentum of the oscillator (AzAp > h/2 ).%® This means that
the expectation values of the square of the momentum and/or the position
are non-zero, which directly implies that the energy cannot be zero.

Up to now we have considered a stationary system with a time-independent
Schrodinger equation with a time-independent Hamiltonian. To enable tran-
sitions between the levels, we need to add a time-dependent term to the
Hamiltonian. We thus add a time-dependent potential V' (),

H = Hy+ V(t) (2.4)

The corresponding time-dependent Schrodinger equation has the following
shape:

H{(t) [4) (2.5)

Here we consider the case that the time-dependent perturbation is given
by the product of the electric field of infrared light multiplied by a dipole

SOy
'LFLW—
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moment. Hence, we express V(t) as a function of the electric dipole moment
operator /i and an oscillating electric field E(t):

V(t)=—fi- E(t) (2.6)
ﬁ is dependent on the positions 7 of all the charges ¢ of the system:

TN (2.7)

By using the following form for the oscillating electric field:

o | .
E(t) = 5 Eo(e™" + ™) (2.8)

we can rewrite eq2.6] as follows:
1o = . .
V(t) = —5;1 - Ep(e™' + e7™) (2.9)

In time-dependent first-order perturbation theory, the transition probability
from level i to f induced by V() is given by Fermi's Golden Rule:

Wy = S| VO, (210)

where Wy; represents the transition probability per unit time. By using
eq/2.9) we obtain that

2m 13» n iw —iw .
Wi = 25 {1 = it Eo(e™ + e ™)) [* =

= Sl FlaBocos(O)1) (8 wpi — ) + 8(uwgs +w))

where wy; = Ef;E and 6 is the angle between the electric field polarization

and the dipole moment. The first delta function ¢ implies that the transition
can only happen if the photon energy equals the energy difference between
the initial and final states. Clearly, for a quantum harmonic oscillator, where
the energy levels are equidistant, its spectrum will be limited to just one
single frequency, wy. By taking w = wy;, we can rewrite eq[2.11] to:

(2.11)

Wi = o Bacos 0| <fIili) [P = 5o Bieos(@ s (212)
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where 114 is defined as the transition dipole moment. We wrote this expres-
sion to describe the transition probability per unit of time to jump from |7)
to the upper level |f).

We now expand the dipole moment ﬁ as a function of the displacement
operator i around the equilibrium position z,

/)
~ 2.13
M= o + o (2.13)
By substituting this expression in eq2.12 we obtain:
™ o\’ -

From eq[2.14] we see that a vibrational motion can only be excited by an in-
frared electric field if the transition dipole moment of the molecules changes
as a function of the displacement x of the oscillator. The term cos(f) repre-
sents the fact that the transition probability has its maximum if the electric
field polarization is oriented parallel to the transition dipole moment. More-
over, the term (f|z|iy| is only non-zero if ny = n; + 1.

For real molecules, this last rule is not as rigid because the potential is not
harmonic, i.e. the potential contains third and higher orders of the displace-
ment x. An empirical description of an anharmonic potential is provided by

the Morse potential (Fig[l.2k),
Vo= D(1 —e )2 (2.15)

were a and D are the curvature and the depth of the potential, respectively.
The parameter D represents the energy necessary to break the bond of the
diatomic molecule. By solving the time-independent Schrodinger equation,
we find that

E,=(n+ %)hwo —(n+ 22 (2.16)

with wy = a+/2D/m. It follows from this expression that the energy separa-
tion of the levels decreases with increasing quantum number. As we will see,
this dependence of the energy spacing on the vibrational quantum number
is crucial in two-dimensional and pump-probe infrared spectroscopy.
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2.2 INFRARED ABSORPTION

Both linear and pump-probe spectroscopy are based on the measurement of
the attenuation of an infrared beam that travels through a sample (Fig..
The attenuation of the infrared beam depends on the sample length /, on
the molecule concentration C and on the ability of the molecule to absorb
the incoming radiation. This last factor is determined by the transition
probability expressed in eq[2.11] To relate the molecular properties previously
described to the light attenuation, we start by considering an incoming beam
with intensity I
C€o

Iy = 7Eg (2.17)

where ¢ is the dielectric constant in vacuum and c the speed of the light.

1=50-100 pm

Figure 2.2: Schematic illustration of linear infrared spectroscopy, where we measure the atten-

uation of a beam with an intensity Io that travels through a sample for a distance L.

We find that 9
B2 =22 (2.18)

C€g
We substitute this expression for E2 in eq. [2.11], which yields the following

formula for the transition probability:
Wy = __0|,ufi|2 (2.19)

where we also replaced cos(6)? with its average value § for an isotropic
sample. We define now a new quantity, the absortion cross-section, o, as

TWg; 2
LA 2.20
T = Sheeg Pl (2.20)
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The transition probability W;; depends on the total amount of photons,
which is proportional to Iy, and Wy; = o;1.

The intensity reduction of the beam through a small distance dl can be
written as

dl = —opl - C - dl (2.21)

By integrating this expression we find that

I
- el (2.22)

This equation is referred to as the Lambert-Beer law. The exponential term
can also be rewritten as ay; = 04;Cl, which we refer to as the absorbance.

a) Pump-probe infrared spectroscopy
time delay

b)Two-dimensional infrared spectroscopy

time delay
interferometer E.
| -
P
f

Figure 2.3: a) and b) schematic illustrations of pump-probe and two-dimensional infrared spec-
troscopy,respectively.
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2.3 Two-DIMENSIONAL INFRARED SPECTROSCOPY (2DIR)

We have so far discussed about molecular motions, and how we can use a
quantum formalism to describe them. We have then directly linked macro-
scopic measurements, light intensity, to molecular properties, such as the
absorption cross-section. In the case of molecular vibrations in the con-
densed phase, the vibrational lifetime is typically on the order of hundreds
of femtoseconds to a few picoseconds, and the relaxation dynamics contains
information on the molecular structure, solvation and other molecular-scale
interactions. Thanks to femtosecond lasers, we are able to access to these
ultrafast dynamics by performing pump-probe or two-dimensional infrared
spectroscopy. In both cases, we use an intense beam (pump) to excite the
molecular vibrations from the ground state to the first excited state, and
we use a second weaker beam (probe) to monitor the absorption of the
probe pulse as a function of the probe frequency and the time delay between
pump and probe beams. In two-dimensional infrared spectroscopy also the
frequency of the pump beam is varied, and thus we record the absorption of
the probe pulse as a function of pump and probe frequencies (Fig..

Pump-probe and two-dimensional infrared spectroscopies are non-linear
spectroscopic techniques, which means that the signal measured is not linear
with respect to the total electric field of the radiation. In this chapter, we
will explain these two techniques by using a simple mathematical approach.
If the reader is interested in non-linear theory response, we refer to the book
of Hamm and Zanni for more details*>.

2.3.1 TRANSIENT ABSORPTION SIGNAL

Pump-Probe

In pump-probe spectroscopy the absorption of the probe pulse is recorded
as a function of probe frequency in presence and in absence of the pump
pulse. In case the pump is off, the absorbance of the sample is simply given
by

ot f(Wprobe) = 01 (Wprobe) No (2.23)
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where Ny is the number of molecules per area (Ny = C'L) in the ground
state. In case the pump is on, the intense pump excites a significant fraction
of the molecules, Ny, from the ground state |0) to the first excited state 1),
and the probe absorption is modified because of three effects. Firstly, due
to the pump excitation fewer molecules will be in the ground state, and thus
less probe light is absorbed(ground state depletion) at the wy; frequency,
as shown in Figl2.4p. Secondly, a fraction of the excited molecules can
be stimulated back by the probe light to the ground state, leading to the
enhancement of light at the wy; frequency (stimulated emission). Thirdly,
since the |1) state is populated, the probe radiation induces the transition
from |1) to |2), and probe light at the w5, frequency will be absorbed (excited
state absorption). The resulting absorbance in the case of pump on takes
the following form

aon(wprobea t) = 001 (wprobe)(NO - 2N1 (t)) + 012(wprobe)N1 (t) (224)

where 015 is the absorption cross-section of the |1) to |2) transition. The
factor of 2 takes into account that the cross-sections of ground state ab-
sorption and stimulated emission are the same. The signal measured is the
difference between a,r¢ and

Aa<wprobea t) = Qon (wprobw t) - O5off (Wprobe) =

(<200 (W) + TN (1) 2P

Usually, we refer to the negative term of the absorption difference as bleach
and to the positive term as excited state absorption. Further considerations
about eq2.25| are worthwhile:

e in the case of a harmonic oscillator, the absorption change is zero
because wg; = wiz and 2091 = o019;

e as the excited state will relax, the absorption change will be time de-
pendent, and should be referred to as transient absorption signal. The
time dependence is introduced by the time dependence of the popu-
lation N; of the first excited state, which has a certain lifetime 7. In
many cases, the population decays exponentially, NV;(t) = Nl(())e_f
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e although the bleach signal contains a factor 2 (20¢;), the bleach and
the excited state absorption will usually have similar amplitudes since
in most cases 019 ~ 2001

Two-dimensional Infrared Spectroscopy

In two-dimensional infrared spectroscopy the absorption change of the
probe is not only measured as a function of the probe frequency and the
time delay between excitation and detection but also as a function of the
pump frequency. To determine this dependence, the pump beam is sent
through an interferometer (Mach-Zender (MZ) interferometer in our cur-

b) - - pump-off
— pump-on
PUTPON
=
2
=
3
=
[
displacement x W, Wy,
probe frequency
) d)
=
=
=
v
=
£ z
=% =
S S Wor
2 g
£ s
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[} =
E (=%
=
Wy, Wy, Wy, Wo;
probe frequency probe frequency

Figure 2.4: a) Anharmonic vibrational potential. An intense pump beam (blue bold arrow)
excites a fraction of the population to the |1). The probe light experiences less absorption at
|0>-|1) frequency due to the partial depletion of the ground-state, and to stimulated emission.
Because of the |1) is populated, the probe light can also excite a fraction of molecules to the |2)
excited state, and thus part of the probe light is absorbed at the |1)-|2) frequency. b) Absorption
of probe in case of pump-on and pump off. c) Transient absorption signals at different time
delay between pump and probe. d) 2DIR spectrum at a fixed pump-probe delay.
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rent system) before entering the sample (Fig.. The MZ interferometer
converts the pump pulse into a pulse-pair with a tunable time separation 7;,.
The intensity of the pump beam at the sample position is modulated, and
hence also the pump-probe signal. The transient absorption signal is thus
dependent on the probe frequency, on the time delay between pump-probe
tpp, and on the time-delay of the interferometer, Aa(Ti,,tpp, Wprobe). A
Fourier transform is then applied along 7;,, yielding Aa(wWpump, tpps Wprobe)
which is the two-dimensional infrared (2DIR) spectrum.

Fig[2.4d shows a typical 2DIR spectrum . The blue-colored diagonal sig-
nal is negative and referred to as bleach, whilst the red-colored diagonal sig-
nal is positive and referred to as excited state absorption. The shape of these
2DIR signals provides information on the line-shape broadening mechanisms
of the excited molecular vibrations. The anti-diagonal width of the diago-
nal signals represents the homogeneous broadening and the diagonal width
represents a convolution of the homogeneous and inhomogeneous broaden-
ing. Hence, 2DIR spectroscopy can disentangle the different line-broadening
mechanisms, contrary to linear infrared spectroscopy.

2.3.2 POLARIZATION DEPENDENCE

The transient absorption signal is dependent on the time between the pump
and probe pulses. However, the amplitude of the transient absorption sig-
nal is not only time-dependent because of the relaxation of the populated
excited state. Other effects like molecular reorientation or resonant energy
transfer can also lead to a time dependence of the measured signal. To
determine these effects we perform polarization dependent pump-probe and
two-dimensional infrared spectroscopy, where both pump and probe beams
are linearly polarized. We measure the transient absorption signal in parallel
(Aa(t)) and perpendicular (Aa(t) ) polarization with respect to the pump
(FigP.5). By using Aa(t)) and Aa(t),, we define the isotropic signal

Aa(t)H + QAOz(t)J_

AOQ'SO (t) = 3

(2.26)
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which is an observable that is not affected by molecular reorientation or
resonant energy transfer. The dynamics of these latter processes can be
selectively monitored through the so called anisotropy parameter, which has
the following form

R(t) = Aa(t) — Aalt),

= Dall), + 28a(t). (227)

The anisotropy is the difference between the parallel and perpendicular tran-
sient absorption signals divided by the isotropic signal. As a result the decay
of the anisotropy is independent from the vibrational lifetime.

The anisotropy parameter is related to the orientational correlation func-
tion of the excited molecule’, i.e. given a transition dipole moment at an
angle 6, with respect to the pump polarization at time ¢ = 0 which is the
probability to preserve 6, at t > 0. The anisotropy can be written as follows:

2 . .
R(1) = 2CP0) - i) (228
a) b) time
) A A“per‘ -
J_g > é &“ﬂ\ probe parallel day, /,”
a ( “\ ©

od 2 -

= probe perpendicular
A > <y
{;

A
*Q’&' 0.2 3

pump time

Figure 2.5: a) A linearly polarized pump pulse is used to excite the carbonyl vibration of simple
acid molecules. The pump light is mainly absorbed by the molecules that have their transition
dipole moment oriented parallel to the pump polarization, inducing an anisotropic distribution
of the excited state. By using probe pulses with polarizations parallel and perpendicular to the
pump polarization we measure a polarization dependent transient absorption signal. b) Parallel,
perpendicular and isotropic transient absorption signals. c) Examples of anisotropy decay. The
anisotropy decay of a carbonyl vibration molecule is slower than that of the hydroxyl vibration

of a water molecule.
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where P;(..) is the second order Legendre polynomial:

R(t) - ; %(360529T(t) —1) (2.29)
This equation yields to the fact that the maximum of the anisotropy, ob-
tained with 6,.(t) = 0, is 0.4, whilst its minimum is -0.2, obtained with
0.(t) = 5. In Fig. we report a schematic illustration of the anisotropy
decay traces of a carbonyl vibration of formic acid and of a hydroxyl vibration
of a water molecule. We observe that the anisotropy decay is much faster
for the water molecule. This is because a water molecule is smaller than
formic acid, thus showing a much faster orientational diffusion.*®4? |n addi-
tion, the anisotropy of the hydroxyl vibration of a water molecule can decay
because of resonant energy transfer to nearby, differently oriented hydroxyl
vibrations.®%n this thesis, the majority of the studied molecular vibrations
shows a constant anisotropy at 0.4, indicating that their reorientational dif-
fusion happens on much larger time scales than the time interval over which

we can probe the reorientation (typically 4-5 vibrational lifetimes).

2.4 MOLECULAR COUPLINGS

Two-dimensional infrared spectroscopy can provide unique information on
the structure of molecules, from small acids to proteins. Thanks to the
pump-frequency resolution, 2DIR enables us to determine the couplings
between different molecular vibrations, which provide information on the
molecular structure. In Fig[2.6p we show the 2DIR spectrum of two un-
coupled molecular vibrations, A and B. For both the diagonal peaks, the
excited state absorption is red-shifted with respect to the bleach because of
the anharmonicity of the potential, which leads to a difference (A) in en-
ergy between the bleach and the excited state (diagonal anharmonic shift).
Next we consider the case that the molecular vibrations A and B are cou-
pled. As a result, upon excitation of A (or B) a vibrational response will
be observed at the vibrational absorption frequencies of B (or A). Hence,
off-diagonal peaks called cross-peaks appear (Fig.. Like the diagonal
peaks, the cross peaks also consist of a bleach and a shifted induced ab-
sorption. The magnitude of this latter shift, the off-diagonal anharmonicity
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(A4pg), is related to the coupling between the two modes. The amplitudes
of the diagonal and off-diagonal also scale differently with the cross-section.
The amplitude of the diagonal peaks scales with oZ;, whilst the cross-peak
amplitude is proportional to the product of the absorption cross-sections of
the A and B vibrations, 0§} o5
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Figure 2.6: a) and b) 2DIR spectra for two uncoupled and coupled molecular vibrations, respec-

tively.

2.4.1 SYSTEM OF COUPLED OSCILLATORS

In this section we will provide a more detailed description of the coupling
mechanisms of two vibrations that give rise to cross peaks in the 2DIR spec-
trum. We consider a system composed by two coupled molecular vibrations,
A and B. The total potential of the system is written as,

V(ra,rg) = Vi(ra) + Va(rg) + BasV(ra,rs) (2.30)

where the Vi(r4) and Vi(rp) represent the vibrational potentials of the sin-
gle oscillators A and B as a function of their vibrational coordinates, and
BapV(ra,rg) the coupling terms. The 45 is the coupling constant, and
represents the strength of the coupling. We refer to the individual A and B
molecular vibrations as local modes.

In first approximation, we assume the separate A and B oscillators to be har-
monic. For a system of coupled harmonic oscillators the total Hamiltonian
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takes the following form in second quantization:
: A iy 1 A
H= th(bAbA + 5) + hWB(bBbB + 5) + BAB(bAbB + bBbA) (231)

where b' and b are creation and annihilation operators, respectively. The
application of the creation operator increases the quantum number of the
oscillator, b [n) = 4/(n+1)|n + 1), and the annihilation operator decreases
the quantum number b |n) = 1/(n) |n — 1). The last term of eq. origi-
nates from the bilinear term g4qp of a Taylor expansion of the total potential
V' (qa, qp), which we can rewrite in terms of annihilation and creation op-
erators by using that ¢ = %(IA)T + D). By ignoring the zero-point energy,
eq2.31] takes the following form

f{ = EA)ABLBA + thlA)TBi)B + BAB(EC‘ZA)B + Z;TBBA) (232)

By expressing the Hamiltonian of a coupled system in second quantization,
the effect of the coupling mechanism becomes quite intuitive. The last
term of eq2.32] describes the coupling as a transfer of the excitation from
one vibration to the other. Since molecular vibrations are better described
by anhamornic oscillators, we consider an anharmonic expression for the
potential, yielding the following Hamiltonian:

i Mz;;z;A+mBz;;z;B+ﬁAB<z;;z;B+zgz;A>_%z);z;;z;Az;A_gz;y;;aBaB

(2.33)
where A is the anharmonicity shift, which we for simplicity assume to be
the same for A and B. We now investigate the effect of this Hamiltonian
within a limited set of basis functions, since the states accessible in 2DIR
measurements are limited to the second level. This basis is given by the
following set: |00),|01),|10),(02),|20),/11), where the first and second
quantum numbers refer to the excitation of the A and B oscillators. In this
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basis, the Hamiltonian takes the following form,

0
hwa Bas
Bap hwp
2hwy — A 0 V2845 (2:34)
0 2hwp — A V2B

\/iﬂAB \/55,43 hwy + hwp

The Hamiltonian in this form can be divided in three blocks: ground state,
the one-exciton Hamiltonian and the second-exciton Hamiltonian. This
Hamiltonian is block-diagonal, and every block or sub-matrix can be diag-
onalized separately. To find the vibrational levels of the one-exciton states,
we can just consider the first-excited state Hamiltonian, H":

7O _ < Z‘:; fﬁi ) (2.35)

By then calculating the determinant of the H; matrix to find the eigenvalues,
we find the energy values for the first excited state of A and B

0 _ hwa+hwop & /4B + (hwa — hwp)?
A,B 9

We now consider the case of weak and strong couplings. For weak coupling,
we have that 45 << hw4 — hwp, and thus we can reduce eqf2.36| to

E(l) ~ hw + Qﬂ?ﬁlB
A,B AB L —}_MA ~ hwp

In the case of weak coupling, the excitations are localized on single sites and

the energy levels correspond to the uncoupled energies, slightly shifted.

For strong coupling, we have that 545 >> hwa — fuwp, and hence eq2.36]

is reduced to

(2.36)

(2.37)

Feoa + hw
EY) ~ —A; 4+ Bap (2.38)

In the limit of strong coupling the energy levels of the two molecular vibra-
tions A and B are strongly mixed.
The energy for the simultaneous excitation of both vibrations is given by

EQ = EY + By — Aup (2.39)
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Where the anharmonicity A 4pis the off-diagonal anharmonicity, which we
previously defined as the magnitude of the frequency separation between the
bleach and the excited state absorption of a cross-peak. In the limit of weak
coupling, it is possible to relate the off-diagonal anharmonicity A 45 to the
coupling constant by using second order perturbation theory,
2

Aup = _Wﬁ% (2.40)
We can observe that the diagonal and off-diagonal anharmonicities are acces-
sible observables in 2DIR spectroscopies, and thus that in the weak coupling
limit we can extract the coupling strength 55.

Above we considered the Hamiltonian for a system of two anharmonic
oscillators. Though more complex, it is possible to expand this description
to a system of n oscillators. In the case of identical molecules which display
just nearest neighbor interactions, the Hamiltonian takes the following form

H = hwoblb; + ) Bi(blbi1 +blbi) (2.41)

This expression can be used to study the vibrational excitations in secondary
structures such as an a-helix, where amide vibrations are strongly coupled,
and thus the vibrational motions are highly delocalized over the chain.

2.4.2 ENERGY TRANSFER

We have now described a system of two coupled vibrations, determining how
the coupling mechanism affects and modifies the energy levels of the two
vibrations in the cases of strong and weak coupling. Coupling interactions
can lead to transfer of the vibrational excitation between the two coupled
molecular vibrations if the energy difference is somehow compensated (en-
ergy transfer). In case this happens, the cross-peak signal follows a specific
dynamics, i.e. the cross-peak signal is not instantaneous but increases with
the delay time between the pump and probe (Figl2.7c). Such energy transfer
between coupled vibrations is enabled by fluctuations in the local environ-
ment that allow for a compensation of the energy mismatch between the
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excited and accepting vibrations. Fluctuations lead to a time dependence
of the coupling constant 5 and the site energies E;, yielding to a temporal
dependence which we express as 3(t) = B+ d3(t) and E;(t) = E; + 0 E;(t).
0FE;(t) and §5(t) represent the deviations of the site energies and coupling
constant from their time average values, E; and 3. By introducing the time
dependence, the first-exciton Hamiltonian, which we previously found for a
coupled dimer, can be written as:

Eo+6EA(t)  Bap + 0Bap(t)
H) = (BAZ +6ﬂ:B<t) E_B+5E2<t> ) (2:42)

where both the diagonal and off-diagonal elements are time dependent. A
relatively simple expression for the transfer rate can be obtained by using a
perturbative approach, in which the time dependence of the diagonal peaks
is solely dependent on the fluctuations of the site energies (which is valid in
the case of weak coupling (B4 << AE, with AE = h(wa — wg)), whilst
the time dependence of the cross-peak depends only on the fluctuation of the
coupling constant. The energy-transfer rate can be obtained from Fermi's

golden rule:
Pap = kagT (2.43)

where P, p represents the probability of a transition from A to B in a time
T, and k4p the transfer rate. This yields:®

L LAEt
kap = w foo (5B(t)5B(0)yer>F dt (2.44)

where {..) denotes the ensemble average. Assuming that the fluctuations
are Markovian and have a Gaussian distribution, (33(t)03(0)) = d?e '/~
with d the amplitude of the fluctuations and 7 the correlation time of the

fluctuations, eq/2.44| yields:*

_ 2d*T
 h2+ AE27?
where we notice that the transfer rate scales as the square of the fluctuation

amplitude, and is inversely proportional to the energy difference between the
vibrations.

kap (2.45)
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The dynamics of the cross-peak signals of modes A and B is given by k45 +
kpa. In case the energy splitting of the states A and B is small compared
to the thermal energy (kg1 >> AF), kpa ~ kap, and the rate at which
the cross-peak rises is ~ 2k 5. This is not always the case. In this thesis,
for example, we will study cross-peaks among vibrations which lie more than
500 cm™ from each other, and thus kgT < AE. In this case, the transfer
rate downhill will be larger than the uphill rate (detailed balance), which will
not lead to different dynamics of the cross-peak, but to different amplitudes
of the cross-peak signals.

a) —_— A b — A(pumped) ~B(probed) A(pumped) ~B(probed)
- = B ===+ B(pumped)- A(probed) ===+ B(pumped)- A(probed)
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Figure 2.7: Examples of cross-peak dynamics for the coupling mechanisms studied in this
thesis. a) Delay traces of uncoupled molecular vibrations A and B. b) Delay traces of the
cross-peak signals A(pumped) — B(probed) and B(pumped) — A(probed) in case A and B
are anharmonically coupled, as described in section 2.4.1. c) Delay traces for the cross-peaks
A(pumped) — B(probed) and B(pumped) — A(probed) in case of fast energy transfer be-
tween the modes. After equilibration, the two cross-peak signals decay with the same rate that

is a weighted average of the vibrational relaxation rates of A and B.

2.4.3 TRANSITION DIPOLE-DIPOLE MOMENT COUPLING MODEL

The coupling constant 3 can find its origin in transition dipole-dipole cou-
pling (TDC), meaning that the vibrations, A and B, are affected by the
excitation of the other because A and B are electrically coupled via their
transition dipole moments. In this case, the TDC coupling term has the
following form:

1 T r T r T
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where [i4 and jig are the transition dipole moments of the molecular vibra-
tions A and B, respectively, and 74 the vectors connecting the two sites.
The coupling constant scales as ﬁ at large distance, and has its maximum
in case that the two transition dipole moments are aligned parallel with re-

spect to each other.

2.4.4 CHEMICAL EXCHANGE

The appearance of cross-peak signals can also be related to chemical ex-
change, which similarly to energy transfer mechanism is a time-dependent
process. We can imagine that molecules can adopt two different states, with
spectroscopic properties (i.e. vibrational frequencies) that depend on the
adopted state. For example, a molecule can interconvert between a dimer
state, absorbing at w4, and a monomer, absorbing at wg. Within a certain
time, which is usually on the order of picoseconds if hydrogen-bonds are
involved, the two states will interconvert. This chemical exchange will lead
to the appearance of cross-peaks. At time 0 we tag molecules in a particular
state by vibrationally exciting them. If during the vibrational lifetime the
molecules chemically exchange (from monomer to dimer or vice-versa), the
spectroscopic properties of this excitation change as well. Thus, a molecule,
that at time 0 was excited at w4, will at time ¢ have this excitation at wp,
yielding to the appearance of a cross-peak, provided that the exchange does
not lead to vibrational relaxation, and that the chemical exchange is the
result of the spontaneous dynamic of the studied system (not excitation in-
duced). The dynamics of the cross-peak signal will then be directly related
to the chemical exchange rates kg + kpa between the two states.

2.4.5 POLARIZATION DEPENDENCE OF A CROSS-PEAK

As for diagonal peaks, by using probe with parallel and perpendicular polar-
ization with respect to the pump, we can determine the anisotropy of the
cross-peaks. In this case, the anisotropy is given by

R- %<300529AB N (2.47)
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where 6 4 is the angle between the transition dipole moments of the A and B
vibrational modes. Eq[2.47] provides a measurable observable of the relative
orientation of the transition dipole moments of the interacting vibrations,
providing important structural information. Though the anisotropy of cross-
peak is a critical source of information, the measurement of the anisotropy
of cross-peak can be easily perturbed. Cross-peaks most of the times overlap
with diagonal peaks or an ingrowing heating signal, and thus the polariza-
tion dependence of the signal at the cross-peak vibrational frequencies can
be highly perturbed. Molecular reorientation or the presence of resonant in-
termolecular energy transfer processes leading to a change of the anisotropy,
must also be carefully considered.

2.5 EXPERIMENTAL SET-UP

Here, we provide for the reader’'s convenience a brief summary of the em-
ployed experimental set-up, based on previous work.*>

2.5.1 TWO-DIMENSIONAL INFRARED SET-UP

As described before, the techniques of pump-probe and two-dimensional
infrared spectroscopy are based on the measurement of the absorption of
a probe pulse in presence and in absence of a pump beam,leading to an
absorption change Aa. The time delay t,, between pump and probe can be
varied, allowing to record the absorption change as a function of time, A«(t).
The transient absorption change is recorded as a function of wavenumber
(v = %) where X is the wavelength. In infrared spectroscopy, 7 is usually
expressed in cm~!. For example, amide vibrations absorb at 1600 cm™
corresponding to a wavelength of ~6um, water vibrations absorb at 3400
cm™, corresponding to a wavelength of ~3um.

We measure the attenuation of the transmitted light of probe through
the sample, normalized to a reference spectrum, 7' = f,—p The normalization
to the reference spectrum is important to compensate for fluctuations in the
laser spectrum. As a rule of thumb, the relative percent error between probe
and reference spectrum should be lower than 0.3% to obtain measurements

with a good signal-to-noise. In presence (on) or absence (off ) of pump, the
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absorption change takes the following form
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Figure 2.8: Scheme of the setup used for the generation of ultrashort infrared pulses. BS: beam
splitter. AgGaSs: silver-gallium-disulfide crystal. LWP: long-wave-pass filter. BB: beam block.
DM:dichroic mirrors. PC: periscope.

(GENERATION OF ULTRASHORT INFRARED PULSES

To perform two-dimensional infrared spectroscopy, two infrared beams with
a pulse duration of ~ 100 femtoseconds are necessary. Since at this stage
no laser is capable to produce directly ultrashort and intense pulses in the
infrared region, the first part of the experimental setup (Fig. is used to
convert the frequency of femtosecond near-infrared pulses to the infrared.
The starting point of the setup is a commercial mode-locked Ti:Sapphire
oscillator (Coherent, Mantis-5). The output is formed by broad band pulses
@810 nm at a repetition rate of 80 MHz. The power output is ~560 mW.
The pulses are used to seed a Ti:Sapphire regenerative amplifier (Coherent,
Legend Elite-USP-1K-HE+). To reduce the peak power, which could dam-
age the optical components in the amplifier, the seed pulses are stretched to
obtain a pulse duration of ~100 picoseconds by a grating, and then 1 out of
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80000 is coupled into the cavity of the amplifier via a Pockels cell. The am-
plification takes place as the pulse passes through the Ti:sapphire crystal in
the regenerative cavity, which is pumped by a Nd:YLF laser (Coherent, Evo-
lution, 44.1 Hz, 22mJ@input current=19.8 A). After 10 round-trips through
the pumped crystal, the amplified pulse is extracted by using a second Pock-
els cell. After this, the 800 nm pulse is compressed back with a grating pair
to a pulse with a duration of ~35 fs. At this stage, the amplified pulses are
horizontally polarized at 800 nm with a repetition rate of 1 kHz. A tele-
scope is then placed in the pulse path to expand the diameter of the 800 nm
beam to reduce the power density. Next, the 800 nm beam is split in three
beams, with pulse energies of 1 mJ, 3.1 mJ, and 0.8 mJ. The second and
third beams are used to generate the mid-infrared pump and probe pulses
using two commercial optical parametric amplifiers (OPAs), after further
expanding their diameters (by a factor 1.2). The use of different OPAs for
the pump and probe allow us to independently tune the pump and probe
infrared frequencies, and thus to perform two-color experiments.

The commercial OPAs produce two output beams, signal and idler. The
wavelength of the signal can be tuned between 1200 to 1500 nm, and the
wavelength of the idler between 1600 and 2400 nm. In both OPAs, the
wavelength of signal and idler are selected via a software interface, upon
careful calibration of all the rotational and translational motors of the delay
stages and the mount of the nonlinear BBO crystal, which control the OPA
parameters. Due to the lower input power for the probe path, the signal in-
tensity is four times lower than for the pump path, also leading to somewhat
larger pulse-to-pulse fluctuations.

After the OPA, the signal and idler, which are almost collinear with a small
time difference, are separated with a dichroic mirror. The idler and signal are
sent through separate delay stage, and sent at a small relative angle into a
silver-gallium-disulfide (AGS) crystal. By carefully overlapping in space and
in time, the signal and idler beams are difference-frequency mixed, generating
a mid-infrared pulse that functions as pump or probe. The generated infrared
beam is separated from the signal and idler beams with a germanium-based
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long-wave-pass filter. The infrared beams of pump and probe are then ex-
panded to beam sizes of 3.8 mm and 5 mm, respectively. Many of the
experiments employ pulses near 6 um, where the carbonyl vibrations absorb.
Hence, to reduce absorption of the generated infrared by water vapor, the
frequency-conversion stages are kept under nitrogen atmosphere.
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Figure 2.9: Scheme of the 2DIR set-up. WGP: wiregrid polarizer. WP: waveplate. W: ZnSe
wedges. BB: beam block. P:parabolic mirrors.

Pump path

The pump beam passes through a chopper (Thorlabs, MC200), and a
wobbler. The chopper and the wobbler are synchronized to the laser us-
ing a trigger signal from the amplifier. The chopper operates at 500 Hz,
blocking every other shot. The wobbler is used to minimize artifacts caused
by interference of scattered pump light with probe light in the detector,
by introducing a small variable path-length change via an oscillating ZnSe-
window. The presence of the wobbler reduces the power of the infrared beam
by ~20%. The pump beam is then guided onto a Mach-Zehnder interfer-
ometer, which is used to split the pump into two pulses, and to determine
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the dependence of the signals on the pump frequency. The pump pulses are
focused into the sample using an off-axis parabolic mirror (90°,f=15 cm).
After the pump has traveled through the sample, it is blocked by a beam
block. The beam block can be removed, and the pump can be guided by
one fixed and one temporary routing mirror to the detector to analyse its
spectrum.

Probe path

After the germanium-based long-wave-pass filter, the probe beam is

guided into a delay stage, which is used to introduce a time delay between
pump and probe (¢,,). Next, two ZnSe-wedges are used to split off two re-
flections from the beam to obtain separate probe and reference beam. The
probe then travels through a wave-plate, which it is used to rotate the probe
polarization to 45°with respect to the pump polarization. As a result, the
parallel and perpendicular polarization components have similar intensities.
Next, both probe and reference beams are focused into the sample by an
off-axis parabolic mirror. The probe is aligned such that it overlaps with the
pump beam, whilst the reference is displaced by a small distance.
After the sample, the probe travels through a beam splitter (50:50). The
transmitted and reflected probe components are guided through two dis-
tinct polarizers to select either the parallel or the perpendicular polarization
component. The reference, the parallel and the perpendicular probe beams
are then sent into a spectrograph (Oriel, MS260i), and the beams are de-
tected by three lines of a mercury-cadmium-telluride detector (MCT), which
is cooled with liquid nitrogen.

2.5.2 FTIR MEASUREMENTS

All samples that were studied with femtosecond pump-probe or 2DIR spec-
troscopy, were first characterized by measuring their linear Fourier Transform
Infrared absorption spectrum. These measurements were performed using
a Bruker Vertex 80v FTIR spectrometer, equipped with a liquid-nitrogen-
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cooled mercury cadmium telluride (MCT) detector, which covers a spectral
range between 12000 to 450 cm™. The linear spectra were recorded in trans-
mission or in attenuated reflection modes under a nitrogen atmosphere with
a frequency resolution of 3 or 2 cm™. For every spectrum, 50 to 100 scans
were averaged. In all the measurements reported in this thesis, a standard
sample cell with an optical length between 10-100 pum was used. In the
attenuated reflection measurements the range of absorption is on the order
of a few um, depending on the infrared wavelength.



Concepts of Biopolymer Physics

Abstract

Drawing the connection between the molecular and macroscopic properties of a
biopolymer is not-trivial. The mechanical properties result from various mecha-
nisms that happen across different time- and size-scales. In particular, both the
physical properties of the polymers, such as the rigidity of the chain, and of the
solvent, such as pH and ionic strength, dictate the macroscopic properties. In this
chapter, we provide for the reader’'s convenience a brief summary of basic con-
cepts of polymer physics, basing our discussion on textbook knowledge.*® We first
introduce static properties of neutral biopolymers and charged biopolymers (poly-
electrolytes). We then present the transport properties, viscosity and diffusion, for
polymers in aqueous solution in the presence of salt.
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3.1 STATIC PROPERTIES OF BIOPOLYMERS

olymers are chains that are composed of repeating blocks (monomers).

In the case of polysaccharides, the repeating units are saccharide units
that are linked with glycosidic bonds. Biopolymers, polymers essential in
biological processes, constantly change their conformation in response to
thermal fluctuations, but they maintain orientational correlations along their
backbone for a certain distance termed the persistence length. In polysac-
charides, one of the reasons for this local rigidity is the presence of intra-
molecular hydrogen-bonds, which are formed by the hydroxyl groups of the
chain. An example is reported in Fig[3.I] where we show a schematic il-
lustration of hyaluronic acid that is a linear polysaccharide composed of
D-glucuronic acid and N-acetyl-D-glucosamine sugar units.

The rigidity of a biopolymer is an extremely important concept in biopoly-
mer physics.®® In order to introduce this concept, we start by discussing the
worm-like chain. Contrary to simple models (ideal chain and Kuhn chain
models) where the polymer chain is approximated to a sequence of N + 1
monomers connected by N links with a step length /, in a worm-like model
the biopolymer is approximated as a continuous chain, where the number of
monomers N tends to infinity and the step length / to 0. Consider an elastic
filament of length s with a constant curvature 6/s. By applying Hooke's
law, we write the elastic energy as

1 0\?

where ky is the bending rigidity constant.

By taking the thermal average over the angle, we calculate the mean
square bending angle
—AU/kgT)6*do s

2\ _ §exp( _
=2 (exp(—AU/kpT)do 2/<a_kaT (3:2)

Similarly, we take the average of the cosine of the angle, {cosf(s)), between
the tangent vectors along the polymer backbone separated by a distance s
(Fig3.1k). We define (cos 6(s)) as the directional correlation of the worm-
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’. glucuronic acid \
& n-acetylglucosamine DI‘SACCHARIDE UNIT

Figure 3.1: Schematic illustration of hyaluronic acid, a linear polysaccharide composed of
D-glucuronic acid and N-acetyl-D-glucosamine. Green lines indicate the formation of intra-
molecular hydrogen-bonds (listed by using letters A-E). Oxygen and nitrogen atoms involved in

the formation of the intra-molecular hydrogen bonds are also indexed.

d  hA, B J
s
I
L=NI : 0(s)!
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Figure 3.2: Schematic illustrations of an ideal chain a) and of a worm-like chain b). In c) a
segment of length s and curvature 0. Adapted from Introduction to Biopolymer Physics by
Johan R.C. Van der Maarel.52

like chain. We write that

{cos 0(s)) = exp (-'Li'> (3.3)

p
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a) excluded volume interactions b)
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Figure 3.3: a) lllustration of excluded volume interactions between two chain segments, which

are distant along the contour length but nevertheless close in space. b) Typical radius R of a
coil-like polymer. c) Schematic representation of dilute and semi-dilute regime. In the dilute
regime, the concentration is low enough such that polymers are spaced by distances larger than
R. In the semi-dilute regime, the concentration is such that polymers start to interpenetrate.
Adapted from Introduction to Biopolymer Physics by Johan R.C. Van der Maarel 52

where L, is the persistence length, which indicates the length scale over
which the orientational correlation of tangent vectors along the chain is
lost. To relate the persistence length to the bending rigidity, we take a
filament s << L, and we expand eq@ up to the second order. We obtain
that

S

@) =22

(3.4)
p

By using eq[3.2, we obtain the following relation between the bending
rigidity and the persistence length

Kb

L. =%
P kpT

(3.5)
In this view, the persistence length depends on the thermal energy required
to bend the chain. We identify polymers as flexible if L, is much smaller
than the contour length L., as semi-flexible if L,/L, ~ 1, and as rigid if
L, >> L.
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So far, we have only considered interactions between neighbouring seg-
ments. We did not consider the interactions between segments that are
at larger distance than the persistence length, but in close proximity. In
Fig[3.3p we present an illustration of a long-range interaction between two
segments in the same chain. Between these two segments a repulsive force
acts, since the first segment cannot occupy the space of the second segment.
This concept is commonly referred to as excluded volume. We now consider
a polymer with a typical size determined by the coil radius R. Let ¢ be the
concentration of the monomer. The average concentration inside the coll
domain is thus

(o ~ % (3.6)

The repulsive forces are proportional to c2. By applying a mean field ap-
proach, i.e. by neglecting fluctuations and correlations between monomers,

we can write that
2 2 N?
& == 75 (37)

The repulsive free energy per unit of volume is thus
1
Frep ~ 5/<;BTB<§> (3.8)

where B is an excluded volume parameter with the dimension of a volume,
and %k;BT is the typical repulsive energy between a pair of segments. By
using eq[3.7] after integration of the repulsive free energy over the chain
volume R3, we can express the repulsive force as a function of R as:
1 N?

Frep(R) =~ §k:BTBﬁ (39)
The effect of this repulsive force is to swell the chain since a larger R means
a lower energy. However, increasing R causes further restrictions in the
configurational degrees of freedom, and thus the repulsive force is counter-
balanced by entropy. In the case of an ideal chain, where the monomers do
not interact, and thus the configurational energy is simply given by entropic
contributions, we can write that

RQ

Felast(R) =~ kBTW (310)
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and we find the R (which is defined as Flory Radius Rf) for which the total
energy (Fiiast + Frep) is minimized,

B\

Rp ~ (1_3) IN3/® (3.11)
The expression [3.11]is valid for an ideal chain, where excluded volume forces
are only counterbalanced by entropic forces. A more general expression,
which takes into account the solvent properties, for the typical radius R of
the coil is given by

R~ IN (3.12)

where v depends on the solvent conditions. In a good solvent, the inter-
actions between the polymer and the solvent are favorable, and thus the
excluded volume forces are only counterbalanced by the entropic loss. In
this case, v takes the Flory value 3/5.%% In a bad solvent, the interactions
between the polymer and the solvent are not favorable, and thus the polymer
tends to contract: v is, in this case, 1/3.°2

We have so far introduced the concept of rigidity of a single isolated
chain, and seen that the typical size R of a polymer depends on the number
of monomers. We now instead consider a solution of polymers in a good sol-
vent. If the concentration is low enough such that the average coil distance
exceeds the Flory radius Ry, so that the swollen chains do not interpene-
trate, the solution is defined as dilute. Upon increasing the concentration of
polymer, we reach a certain concentration c¢* for which the average inter-coil
distance approaches Rp, (cﬂ*ﬁ ~ Rp. This concentration c* is called the
overlap concentration, and by using eq[3.12for a good solvent, we find that
¢* ~ N~*°1=3 (Figl3.3¢).52 Above c* the chains will start to interpene-
trate, reaching the semi-dilute regime.®In Fig[3.4] we show the dependence
of the polymer radius R and ¢* on N by taking [ = 1. We observe that the
overlap concentration drastically decreases with increasing N. Solutions of
polymers having a similar persistence length but different molecular weight
will therefore exhibit quite different macroscopic behavior.

By further increasing the concentration, the chains start to be entangled,
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R ~ N3/5
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Figure 3.4: Dependence of the typical size R and of ¢* on the numbers of monomers. We have

here set the step length [ (persistence length) to 1.

i.e. topological constraints are formed among the chains. This regime is
called the semi-dilute entangled regime, and it is reached when the polymer

concentration is:?4

c>n’Pc* ~ ¢, (3.13)

where n is the number of overlapping chains, which ranges between 3 and 10.
Chain-entanglement has a strong effect on the dynamics of the polymers,
as we will see in Chapter 10.

Static properties of polyelectrolyte in the presence of salt

Polyelectrolytes are polymers that carry ionizable charges. In case the
charges are either positive or negative, the polyelectrolytes are defined as
homogeneous, while in case both negative and positive charges are present,
the polyelectrolytes are instead defined as polyampholyte. Since polyelec-
trolytes are charged, the above described parameters (persistence length,
radius, and overlap concentration) must be adjusted to take into account
the electrostatic forces existing among the chain segments and among the
chains. We will start now by describing the polymer’ properties in the pres-
ence of salt, where the dissociated ions are mobile and not condensed on
the chain. This is the case when the distance between the charges is less
than the Bjerrum length, (g, which is the distance over which two elemen-
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tary charges have an electrostatic energy comparable to £gT'. In aqueous
solutions at room temperature, the Bjerrum length is 0.71 nm. In case
the distance between the charges is less than [, ions can condense on the
charged groups on the polymer to reduce the charge density along the chain.
This phenomenon is referred to as Manning condensation.>*

In our previous description of the persistence length, we have considered
just correlations among sequential segments and excluded volume interac-
tions. In case of homogeneous polyelectrolytes, we need to consider the
electrostatic repulsion forces that act among the neighboring segments as
well as among the segments that lie far apart along the chain but are nev-
ertheless spatially close. Hence, the elastic energy must contain a second
term,

AU = AUy + AU, (3.14)

where AU, = %kBTL;;%. The total bending energy can be then consid-
ered as the sum of the bare and electrostatic contributions, and the total
persistence length the sum of the bare persistence length Lg and of the elec-
trostatic persistence length L?. Clearly, repulsive electrostatic forces result
in an increase of the persistence length. We treat the electrostatic interac-
tions in the Debye-Hiickel approximation, where dissociated charges interact
simply through Coulomb potential, and no interactions with the solvent are
considered. By taking an elastic filament with charge density p = v.yye,
where v, represents the effective number of charges per unit length, and e
the elementary charge, we find the following expression for L (also referred

to as Odijk-Snolnick-Fixman expression):>2
2
e _ Versln
L, = DR (3.15)

where k! is the Debye screening length, which is defined as % = 87p,lz,

where p represents the salt concentration. The electrostatic persistence
length thus decreases as p; ' and increases with the square of the number

of effective charges per unit length. By increasing the salt concentration,
we thus expect that the persistence length decreases, and thus the chain

flexibility increases (Fig[3.5).



3.2. Dynamic and Transport Properties 47

low salt concentration

S
o® CHO)
‘. ONC) -@ '~®.

high salt concentration ®

o0 @
@ o @

®cwe gto o
@ @® &) ®

Figure 3.5: Schematic illustration of the conformation of a homogeneous polyelectrolyte in
presence of low salt and high salt concentration. Black circles identify the negative charged

groups of the polymers, while the light blue circles indicate the free positive cations.
3.2 DYNAMIC AND TRANSPORT PROPERTIES

We now discuss some dynamic properties of biopolymers with a particular
attention to transport properties such as viscosity. We consider polymers
in a dilute solution so the polymer chains can be considered independent.
Let R be the typical size of the polymer, which fluctuates due to thermal
motion. Because of thermal energy, the value of R fluctuates in time with
a certain relaxation time 7. At every time, the polymer will experience an
elastic restoring force (f.;), and an hydrodynamic friction force f;.. We
write that

fa=KR (3.16)

where K is an elastic constant which depends on the solvent condition, and
oR

. =(— 3.17

where ( is the friction coefficient.
In a steady state, the sum of the elastic and friction forces must be equal
to 0,

C%JrKR:O (3.18)
ot
and by integrating over R, we find that 7 = % which we refer to as global

relaxation time. We now want to directly relate the dynamic properties of
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Figure 3.6: Example of a viscoelastic solution of hyaluronic acid ( M,,=1 MDa ) dissolved at
a concentration of 20 mg/ml in water at physiological salt conditions. The elastic state of
hyaluronan (right) is reached by decreasing the pH from neutral to 2.5. By further decreasing
the pH to 2, a liquid state is retrieved (left).

the polymer to 7. We first assume that the polymer chains are not freely
drained, i.e. the solvent molecules cannot freely flow through the coil, but
they are carried with the coil movement. Polymer dynamics under this
condition is referred to as the Zimm condition. We write ( by using the
Stokes’ law,

¢ =6mnsR (3.19)

where 1, represent the solvent viscosity and R is the characteristic size
of the coil. As aforementioned, the elastic constant K depends on the
solvent conditions. In case of a good solvent where the chain is swollen,
K=!' = R%/kgT. In the Zimm condition, the global relaxation time thus
takes the following form

T~ Rin,/kT (3.20)

As expected, the relaxation time of a polymer chain in a good solvent is
proportional to the size of the coil and to the solvent viscosity. By considering
Brownian motion of the polymer, we can now use the global relaxation time
to derive the self-diffusion coefficient, D. We assume that in the time 7,
the polymer diffuses over a distance on the order of R, and we thus find
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that: D ~ 372. Using eq.@ we find that

kgT

D~
RF775

(3.21)

In the case the solvent molecules are not carried by the coil movement (Rouse
model), the elastic constant K assumes the following form:

Ni?

K1~ 3.22

T (3.22)

By using { = (; IV, where (; is the friction coefficient per link (¢, = 67n;,l), we

find that the relaxation time in the Rouse model takes the form 7 = ]\ZZ?

and so the self-diffusion coefficient becomes:

kgT

~ 3.23

Nin. (3.23)

A second transport property, which will be essential in this thesis, is the
viscosity of the polymer solution. In order to calculate the viscosity we use
the Einstein’ equation, which describes the specific viscosity of a suspension
of colloidal spheres with a volume fraction ¢.

—n, A
1= _ 20 959 (3.24)

Ns Ns

In the Zimm condition, ¢ = cR3/N, and, assuming a good solvent, we can
thus write that the viscosity increment An takes the form

An ~ %kBTT (3.25)

The viscosity increment is directly proportional to the polymer concen-
tration and the relaxation time.
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Observation of Distinct Carboxylic acid
Conformers in Aqueous Solution

Abstract

We investigate the molecular geometry of the carboxyl group of formic acid in ace-
tonitrile and aqueous solutions at room temperature with two-dimensional infrared
spectroscopy (2DIR). We found that the carboxyl group adopts two distinct con-
figurations: a configuration in which the carbonyl group is oriented anti-parallel to
the hydroxyl (anti-conformer), and a configuration in which the carbonyl group is
oriented at an angle of ~60° with respect to the hydroxyl (syn-conformer). These
results constitute the first experimental evidence that carboxyl groups exist as two
distinct and long-living conformational isomers in aqueous solution at room tem-
perature.
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4.1 INTRODUCTION

he chemical impact of conformational isomerism has been recognized

for a long time.”>®% The conformation change of a relatively small
molecular group can have a large impact on the macromolecular structure.
For example, the cis/trans-isomerization of the amino-acid proline can have a
strong effect on the conformation of proteins.'*¢1°* Carboxyl groups play an
important role in this respect, as they form strong inter- and intramolecular
hydrogen bonds that govern and stabilize macromolecular structures.©5:66
As a consequence, the conformational isomerism of carboxylic acids has
been intensely studied with different molecular simulations techniques.©%/0
These studies predicted the existence of distinct conformational isomers of
the carboxylic acid group, both in the gas phase and in aqueous solution.

syn anti
O o]
/) _</
O—H Hon /‘/O
Hoy H

Figure 4.1: Schematic picture of syn- and anti-conformers. Orange and green arrows indicate
the transition dipole moment of the carbonyl and hydroxyl vibrations,respectively.

Up to now, distinct carboxyl group conformers have only been experimen-
tally observed in rare-gas matrices under cryogenic conditions.™"%3 The car-
boxylic acid group adopts two distinct planar geometries in rare gas matrices
at low temperatures, as illustrated in Fig[4.1] 74727475 |n the syn-conformer,
the O-H group is oriented at ~60° with respect to the C=0, while in the
anti-conformer the O-H is anti-parallel to the C=0. The anti-conformer is
less stable than the syn-conformer, with the result that the chemical reactiv-
ity depends on the conformation.” Molecular dynamics simulations showed
that the equilibrium concentration of the high energy anti-conformer is neg-
ligible in the gas phase at room temperature, but that this conformer sta-
bilizes upon hydration.°*™%7 |n 3 rare-gas matrix at extremely low temper-
atures, the anti- and syn- configurations were identified with linear infrared
spectroscopy, which was enabled by the fact that the carbonyl and hydroxyl
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Figure 4.2:  a) Linear infrared absorption spectrum of a 0.5 M solution of formic acid in
deuterated acetonitrile. The spectrum shows two distinct narrow bands at 1730 cm~! and 1754
cm™!, and a broad band around 2430 cm™! with a shoulder at 2380 cm™'. b) Linear infrared
absorption spectrum of a 0.3 M solution of formic acid in D,O. The spectrum shows a C=0
stretch band around 1700 cm™! with a shoulder at 1724 cm™?!, and a band at 2030 cm~? that
is part of the broad and structured absorption spectrum of the O-D stretch vibration of formic

acid. The solvent background absorption is subtracted in both cases.

stretch vibrations of the carboxyl group have narrow absorption lines in these
conditions. In room-temperature solutions, in particular in water, the car-
bonyl and hydroxyl stretch vibrations are strongly affected by the interactions
with the surrounding solvent molecules, leading to a strong broadening of
the absorption bands. In addition, at acid concentrations above ~3 M, the
vibrations will also be affected by dimer formation.”™®®% These effects pre-
clude the study of conformational isomerism of carboxylic acids in aqueous
media at room temperature with conventional linear infrared spectroscopy.

Here we use two-dimensional infrared (2DIR) spectroscopy to study the
conformations of carboxyl group of formic acid molecules in room temper-
ature solutions. We study the coupling between the carbonyl (C=0) and
hydroxyl (O-D) stretch vibrations for deuterated formic acid dissolved in dif-
ferent solvents, including water. We found that the measurement of this
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coupling reveals the relative orientation of the carbonyl and the hydroxyl
groups, and thus forms a unique experimental test of the existence of con-
formational isomerism of carboxylic acids under bio-relevant conditions.

4.2 RESULTS AND DISCUSSION

In Fig[4.2a and Figl4.2b we show the linear infrared spectra of formic acid
dissolved in deuterated acetonitrile and heavy water (0.5 and 0.3 M, re-
spectively) in the frequency regions of the C=0 (~1750 cm™') and the
O-D (~2430 cm™1) stretching vibrations. Acetonitrile is a weakly polar and
aprotic solvent, and the measured response of formic acid in this solvent
may be similar to that in an inert gas matrix, which was used in previous
experiments. 47 Comparison of the response of formic acid in acetoni-
trile with the response in (heavy) water will reveal the effect of hydration on
the carbonyl and hydroxyl stretch vibrations, and on the potential presence
and relative abundance of different conformers. For formic acid in acetoni-
trile the absorption spectrum shows two distinct bands at 1730 cm~! and
1754 cm~!. The similarity of this spectrum with that of a more dilute so-
lution (see Appendix Secf4.4.1] and Fig/4.7p) indicates that the bands are
unlikely to be the result of dimer formation. In the O-D stretch region we
observe a broad band around 2430 cm™~! with an additional peak at 2380
cm~!. The latter can be assigned to a Fermi resonance of the O-D stretch
vibration with the overtone of the C-O stretch vibration.™48L For formic
acid in water (Fig[4.2b), we observe a broad band for the carbonyl vibration
around 1700 cm™ with a shoulder around 1724 cm™!. The absorption of
the O-D vibrations is redshifted in heavy water®” compared to acetonitrile
solution. The band is broad and shows different subbands. Because of the
strong absorption of the O-D stretch vibrations of D;O, we cannot resolve
the full O-D stretch spectrum of formic acid. However, the spectrum shows
a distinct band at 2050 cm~! corresponding to the O-D stretch vibration.
The full O-D stretch absorption spectrum of formic acid can be seen in
dimethy! sulfoxide (DMSO) solution (see Appendix Secf4.4.1] and Figf4.7k).
The observed spectrum is broad (1900-2300 cm~') and has multiple peaks
due to combined excitations of the O-D stretch vibration and the O-D... 0O
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hydrogen bond. Since DMSO and water are hydrogen-bond acceptors of
similar strength, the part of the formic O-D stretch absorption that we can
observe in D,O corresponds to the low-frequency part of the formic O-D
stretch absorption spectrum observed in DMSO.
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Figure 4.3: a) Linear spectrum of a 0.5 M solution of formic acid in deuterated acetonitrile in
the region of the carbonyl stretch vibration. b) and c) 2DIR spectra at T,,=1 ps of the same
solution when exciting the carbonyl stretching modes and probing the O-D stretching modes in
parallel and perpendicular polarization configuration, respectively. d) Anisotropy of the A (anti)
and S (syn) cross-peaks as a function of delay time between the excitation and detection pulses.

The dashed lines are single exponential fits.

We study the vibrational response of the carbonyl and hydroxyl stretch vi-
brations and their coupling with 2DIR spectroscopy. The details of our 2DIR
setup are reported in Chapter Section . In brief, we excite the carbonyl
stretching vibrations with a strong femtosecond infrared pulse pair (~100 fs,
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5 11J per pulse). This excitation induces transient absorption changes that
are probed with a weaker (0.7 uJ) single femtosecond probing pulse that is
delayed by a time T,,. In all experiments the excitation pulses are centred at
1720 cm~! with a bandwidth of 200 cm™!, in resonance with the carbonyl
vibrations. The probe pulse is centred at 2450 cm™! to measure the response
of the O-D stretch vibrations in deuterated acenotrile, and at 2050 cm~! to
measure the response of the O-D stretch vibrations in heavy water solutions.
The 2DIR signal is recorded simultaneously with the probe in parallel and
perpendicular polarizations with respect to the pump, which allows us to
extract information on the relative orientation of the excited C=0 vibra-
tion and the probed O-D vibration. In Fig/d.3pb and Fig{4.3c we show 2DIR
spectra of formic acid in acetonitrile. The blue colored regions correspond
to negative transient absorption changes (bleaching) and the red colored
regions to positive transient absorption changes. The spectra contain sev-
eral cross-peak signals corresponding to frequency shifts of the O-D stretch
vibration that are induced by the excitation of the carbonyl vibration. In
both the parallel and the perpendicular 2DIR spectra, we observe cross-peak
bleachings at 2380, 2423, and 2463 cm~!. We observe additional struc-
ture in the 2DIR spectrum at probe frequencies below 2400 cm™!, namely
a decreased absorption near 2380 cm™!, and an enhanced absorption at
2340 cm™!. These signals result from the frequency shift and/or bleaching
of the aforementioned Fermi resonance of the O-D stretch vibration and
the overtone of the C-O vibration, following the excitation of the carbonyl
vibrations. The 2423 cm™! and the 2463 cm~! represent O-D stretching
modes. It is clearly seen that the low-frequency carbonyl vibration at 1754
cm~! shows a more intense cross-peak (which we denote as A) with the
2463 cm~! O-D stretch mode in parallel polarization (Fig.). Similarly,
the low frequency carbonyl vibration at 1730 cm~! shows a more intense
cross-peak (which we denote as S) with the 2423 cm™! O-D stretch mode
in perpendicular polarization (Fig.). To better illustrate the polarization
dependence of the signals, we plot the anisotropy of the two cross-peaks
as a function of the time delay between the excitation and probing pulses.
Fig.4d shows that at all time delays between 0.3 and 2 ps the anisotropy
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of the S-cross-peak is negative, indicating that the C=0 at 1725 cm™! is

oriented at a large angle with respect to the O-D stretch vibration at 2423
cm~!. The A-cross-peak shows a positive anisotropy, indicating that the
C=0 vibration at 1754 cm™! is oriented almost parallel to the O-D stretch-
ing vibrating at 2463 cm~!. The relative orientations indicate that there are
two distinct species of formic acid in deuterated acetonitrile solution, with
different relative orientations of the carbonyl and the O-D stretch modes.
The anisotropy signals of Fig. decay, probably as a result of the re-
orientation of the formic acid molecule. To extract the angle between the
carbonyl and hydroxyl groups, we fit the anisotropy decays (Fig[4.3d) with
a single exponential decay function. By extrapolating the fit to time delay

zero, we determine the initial anisotropy R,, from which we calculate the

5R3+1)_

gles extracted from the anisotropy values (15+5° and 65110 °) match well
with the molecular geometries of the anti and syn configurations, respec-
tively (Fig.. Thereby these results demonstrate that formic acid exists
in distinct anti and syn configurations in room temperature solution. The
extracted angles are affected by the fast inertial (librational) motion of O-D
bond,®* which explains why the extracted angle for the anti-conformer is
somewhat larger than expected (15° vs 0°).

We find that the syn-conformation of formic acid in deuterated acetonitrile
has a low-frequency carbonyl vibration and a low frequency hydroxyl vi-
bration, while the anti-conformation has high-frequency carbonyl and high-
frequency hydroxyl vibrations. This finding agrees with the properties of
formic acid in a low-temperature rare-gas matrix.™® By comparing the linear
infrared and 2DIR spectra (see Appendix Secf4.4.2] and Figl4.g)), we find
that the anti species accounts for 30%+5% of the total amount of carboxyl
groups present in solution. The absence of a cross-peak signal between
the different hydroxyl vibrations, which would indicate the transformation
from syn to anti or viceversa, shows that the two species do not exchange
within the lifetime of the vibrationally excited state (~6-8 ps). This finding
is supported by the results of an experiment in which we excite and probe
the carbonyl vibrations, and in which we also do not observe a cross-peak

angle with the following expression: 6 The two an-

arccos(
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Figure 4.4: a) and b) isotropic degenerate 2DIR spectra of formic acid in deuterated acetonitrile
at 0.5 and 5 ps, respectively. The dashed squares indicate the upward and downward cross-peak
regions, where we do not observe any ingrowing spectral signatures.

signal of the two carbonyl vibrations (Fig. |4.4]). This outcome agrees with
the results of molecular dynamics simulations that showed the presence of
a large energy barrier (~11 kcal /mol)™? between the two species.

In Fig{4.5bf4.5c we show 2DIR spectra of formic acid in heavy water
solution in the cross-peak region where the carbonyl stretching modes are
excited and the O-D stretch modes around 2050 cm™! are detected in a
parallel and perpendicular polarization configuration with respect to the
pump. The spectral features are much broader and not as distinct as in
acetonitrile solution. However, we observe again that the cross-peak of the
high-frequency shoulder of the carbonyl at 1724 cm™! is stronger in parallel
polarization (Fig.), while the cross-peak of the low-frequency carbonyl
at 1694 cm~! is stronger in perpendicular polarization (Fig.).

An interesting observation is that the high-frequency carbonyl vibration
now has a cross-peak with a lower frequency O-D vibration while the low-
frequency carbonyl vibration has a cross-peak with a higher frequency O-D
vibration. In Figfd.5d we plot the anisotropy of the A and S cross-peaks
in water, and we observe that the A cross-peak corresponds to a positive
anisotropy value while the S cross-peak corresponds to a negative anisotropy.
We thus find strong evidence of the existence of two molecular geometries



4.2. Results and Discussion 61

a) b)
Q
N —~ 1740
= €
E g =
=B 2 1720
c g
$ o g
g R & 1700
E - g
o
3 = 1680
-2 ° 1950 2000 2050 2100 1950 2000 2050 2100
absorption probe frequency (cm‘l) probe frequency (cm'l)
d)
X 0.4 ---------------------------------------------------------------------------
o anti-acn. el H
. | I R ...
oosynacn. 2 o2f—- w7 2
5 S
@ anti-wat. 3
% 0 ..................................................... "", ................. :‘ e
m syn-wat. —— g i - i
_0.2 1 1 1
0 0.5 1 1.5 2
time(ps)

Figure 4.5: a) Linear spectrum of a 0.3 M solution of formic acid in D,O in the region of
the carbonyl stretch vibration. b) and c) 2DIR spectra at T,,=1 ps of the same solution when
exciting the carbonyl stretching modes and probing the O-D stretching modes in parallel and
perpendicular polarization configuration, respectively. d) Anisotropy of the A and S cross-peaks
as a function of delay time between the excitation and detection pulses. For comparison for
formic acid in acetonitrile also the results of Fig. [f-3d are shown. Dashed and continuous lines

are single exponential fits.

of formic acid in aqueous solution: a configuration in which the carbonyl
makes a small angle with the O-D vibration (A cross-peak and anti con-
figuration), and a configuration where the carbonyl vibration makes a large
angle with the O-D vibration (S cross peak and syn configuration). An inter-
esting question is why the 1724 cm~! carbonyl vibration shows a cross-peak
with a lower frequency O-D stretch vibration, and the 1694 cm~! carbonyl



62 4. Observation of Distinct Carboxylic acid Conformers in Aqueous Solution

vibration with a higher frequency O-D stretch vibration. This finding clearly
deviates from what was observed for formic acid in acetonitrile (Fig[4.3]) and
in a rare-gas matrix at low temperature.””® This observation can be explained
from the difference in the strength of the hydrogen bonds between the O-D
group of formic acid and the surrounding water molecules in the two con-
figurations. In the anti configuration these hydrogen bonds are stronger
than in the syn configuration. As a result, the O-D vibration undergoes a
stronger red-shift in the anti configuration than in the syn configuration,
which overcompensates the intrinsically higher frequency of the O-D stretch
in the anti configuration that was observed for formic acid in deuterated
acetonitrile and in a rare gas matrix. A similar reversal of the O-D stretch
vibrational frequency is observed for a solution of formic acid in DMSO
(which is a similarly strong hydrogen bond acceptor as water), as shown
in Appendix Secl4.4.3 and Figld.9 This explanation is also supported by
molecular dynamics simulations of acetic acid hydrates, which show that the
anti-conformer is more strongly hydrated than the syn-conformer.”” In Fig.
we compare the anisotropy values obtained for formic acid in heavy wa-
ter with the results obtained for formic acid in deuterated acetonitrile. We
observe that the negative anisotropy of the S cross-peak does not show a
significant change by changing the solvent while the positive anistropy of the
A cross-peak is somewhat lower in heavy water than in deuterated acetoni-
trile. This difference likely results from the fact that the spectral features
are much broader in heavy water than in deuterated acetonitrile. Hence,
the signal observed in the region of the A cross-peak has some contribution
of the stronger S cross-peak for which the anisotropy has a negative value.
An additional effect may be that the stronger hydrogen bonding of the anti
configuration to surrounding water molecules leads to a larger net deviation
from a perfect parallel arrangement of the carbonyl and O-D groups. We
estimate from the amplitudes of the cross peaks that 25+10% of formic acid
adopts an anti configuration in heavy water. Unfortunately, the precision of
this estimation is low as a result of the strong broadening of the carbonyl
absorption band. The analysis of the more narrow carbonyl spectrum of
formic acid in DMSO vyields a similar fraction for the anti configuration of
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30+5%. It thus appears that the character of the solvent does not signifi-
cantly change the concentration, and thus the relative stability of the two
formic acid conformers. This result indicates that the stronger hydrogen
bond donated by the formic acid O-D group in the anti configuration consti-
tutes only a small contribution to the overall stabilization of this conformer,
or that this contribution is compensated by counteracting solvation effects
of the remainder parts of the molecule.
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Figure 4.6: lllustration of the syn- and anti-conformers of formic acid in acetonitrile and in liquid

water.

4.3 CONCLUSION

In summary, using femtosecond 2DIR spectroscopy we demonstrate that
formic acid adopts two distinct, long-living conformations in deuterated ace-
tonitrile and heavy water solutions, denoted as syn and anti (Fig.. We
observed that for formic acid in heavy water the frequency of the O-D stretch
vibration is at a lower frequency in the anti configuration than in the syn
configuration, which is opposite to what is observed for formic acid in deuter-
ated acetonitrile. This difference indicates that the OD group of formic acid
forms a stronger hydrogen bond to surrounding water molecules in the anti-
conformer than in the syn-conformer. We observe that the fractions of
anti-conformer syn-conformer are 20-30% and 80-70 %, respectively, both
in deuterated acetonitrile and in heavy water solution. The observation of
distinct conformers of the carboxylic acid and their slow exchange at room
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temperature shows that these conformers are separated by high energy bar-
riers. As a result, the presence of these conformers can have a large effect
on the structure and dynamics of (bio)molecular systems.

4.4 APPENDIX

4.4.1 ASSIGNMENT OF ABSORPTION PEAKS TO CARBONYL AND O-H/O-D VIBRA-
TIONS

Solutions of formic acid in d-acetonitrile show two absorption peaks in the
carbonyl vibrational region. The most intense is around 1730 cm™, while
the second is at 1760 cm™. To discard the possibility that one of the peak is
due to dimer formation, we measure the linear spectra of formic acid at 0.05
M and 0.5 M. Figl4.7p shows the spectra normalized to the absorption of
the 1730 cm™ peak. We observe that the relative intensity between the two
peaks does not change by increasing the concentration, strongly suggesting
that these two peaks are associated to two structurally different monomers.

The spectrum of D,O strongly absorbs between 2200 to 2600 cm™, par-
tially overlapping with the vibrational region of the acid O-D modes around
2100 cm™. To corroborate the assighment of the absorption peaks at 2050
cm™ to the O-D modes of the acid and not of the D,O, we add different
concentrations of NaOD to formic acid solutions. By gradually deprotonat-
ing the -COOD groups, we observe that the intensities of the absorption
peaks at 2050 cm™ decrease (Fig.). This indicates that the peaks ob-
served at 2050 cm™ are due to the absorption of the vibrational modes of
the acid O-D. This assignment is corroborated by measuring the vibrational
spectrum of formic acid in dimethyl sulfoxide. In Figl4.7kc we observe that
the spectrum of HCOOD in dimethyl sulfoxide contains a broad structured
band around 2100 cm™. In the case of HCOOH this broad band is shifted
to higher frequency (2600 cm™), confirming that the broad band at 2100
cm™ HCOOD is due to the absorption of the acid O-D modes.

4.4.2 RELATIVE CONCENTRATION OF SYN- AND ANTI- CONFORMERS

The relative concentration of the conformers cannot be determined from
the linear infrared spectrum, as the cross-sections of the carbonyl vibrations
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Figure 4.7:  a) Scaled linear infrared spectra of 50 and 500 mM solution of formic acid in
acetonitrile-d3. b) Linear infrared spectra of 0.5 M formic acid in heavy water with different
amounts of added NaOD (D,O background is subtracted). We observe a strong decrease in

1

absorption at 2050 cm™", which supports the assignment of this band to the O-D stretch

vibration of formic acid. c) Linear infrared spectra of 0.5 M solutions of deuterated and non-
deuterated formic acid in DMSO (solvent background is subtracted). In both solutions the
double-peak structure of the carbonyl band is clearly observed. The broad structured bands
at 1900-2300 cm™ and 2400-2800 cm™ are assigned to O-D and O-H stretch vibrations of
deuterated and non-deuterated formic acid, respectively.

of the two conformers are not known. However, we can make use of the
fact that the linear infrared absorption spectrum scales as p? (where i is
the vibrational transition dipole moment), while the 2DIR spectrum scales
as u*, thus providing an additional relation between the measured signals,
cross-sections and relative concentrations of the conformers. The linear
IR spectrum and the diagonal 2DIR spectrum (pump frequency = probe
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Figure 4.8: a) Linear infrared spectrum and a diagonal slice of the 2DIR spectrum of formic acid
in acetonitrile-d3. The similar shapes of the spectra indicate that the carbonyl stretch vibration
has a similar absorption cross section for the syn- and anti-conformers. b) and c¢) Decomposition
of the linear infrared spectrum (b) and 2DIR diagonal slice (c) of formic acid in acetonitrile-d3

into two Lorentzian-shaped bands, corresponding to two formic acid conformers.

frequency) are shown together in Fig..

The diagonal 2DIR spectrum (and in fact all presented 2DIR spectra) is
normalized with respect to the pump spectrum. We observe a very similar
ratio of the two bands in the linear IR spectrum and the diagonal 2DIR
spectrum, which indicates that the two bands have similar cross-sections.
To obtain the precise ratio between the cross-sections of the peaks, we fit
the linear spectrum and the 2DIR slice with two Lorentzian-shaped bands
(Figl4.8b-c). We find that the ratio of the two cross-sections is close to 1.
We then calculate the areas under the bands of the two carbonyl vibrations by
fitting the linear spectrum. The ratio of these areas represents the fractions
of the two conformers.

4.4.3 SYN- AND ANTI- CONFORMERS IN DMSO SOLUTION

Fig[4.9p-b show the parallel and perpendicular 2DIR spectra obtained by
exciting the carbonyl modes at 1730 cm™, and probing the O-D vibrational
modes around 2100 cm™. Similarly to formic acid in heavy water and in
acetonitrile, we notice that in parallel polarization configuration the strongest
cross-peak signal is observed when pumping the carbonyl vibration at 1730
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Figure 4.9: 2DIR spectra of 0.5 M of formic acid in DMSO obtained by excitation of the carbonyl
stretch vibration and probing of the O-D stretch modes with a) parallel and b) perpendicular
probe polarization; ¢) Comparison of the anisotropy values of the O-D/C=0 cross-peaks of
formic acid in acetonitrile-d3, heavy water, and DMSO solution.

cm, while in perpendicular polarization configuration the strongest cross-
peak signal is obtained when pumping at 1710 cm™. The dependence of the
amplitude of the cross-peak signal on the probe polarization suggests that
in DMSO two different species of formic acid are present. We find that the
anisotropy of the cross-peak obtained by exciting at 1730 cm™ is around
0.2, similar to the value that we observe when exciting the higher frequency
carbonyl mode of formic acid dissolved we find in water. This anisotropy
value corresponds to an angle between the transition dipole moments of the
O-D and C=0 vibrations of ~35°. The anisotropy of the cross-peak at lower
pump frequency is -0.1, corresponding to an angle of ~70°.
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Abstract

The carboxyl (COOH) side-chain groups of amino acids, such as aspartic acid, play
an important role in biochemical processes, including enzymatic proton transport.
In many theoretical studies it was found that the (bio)chemical reactivity of the car-
boxyl group strongly depends on the conformation of this group. Interestingly, up to
now there has been no experimental investigation of the geometry and the stability
of different COOH conformers under bio-relevant conditions. Here, we investigate
the conformational isomerism of the sidechain COOH-group of N-acetyl aspartic
acid amide using polarization-resolved two-dimensional infrared spectroscopy. We
find that the carboxyl group shows two distinct near-planar conformers (syn and
anti) when dissolved in water at room temperature. Both conformers are signif-
icantly populated in aqueous solution (75+10% and 25+10% for syn and anti,
respectively). Molecular dynamics simulations show that the anti-conformer inter-
acts more strongly with water molecules than the syn-conformer, explaining why
this conformer is present in significant amounts in aqueous solution.
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5.1 INTRODUCTION

arboxyl groups and carboxylate anions are widely present in proteins,

both as part of the side chain of amino acids glutamic and aspartic
acid, and as C-terminal groups. Under physiological conditions, the carboxyl
groups are usually deprotonated, but in specific microenvironments they can
still be found in protonated form.®®® The side-chain carboxyl groups of
aspartic acid and glutamic acid residues are essential for enzymatic cataly-
sis, protein folding,?1% proton conduction in protein nanochannels, 22 and
gating of pH-sensing ion channels®*,

For simple carboxylic acids (formic, acetic and propionic acid) dissolved in
rare-gas matrices under cryogenic conditions, the carboxyl group can adopt
two distinct conformations with a planar structure. ™@2L92 |n the so-called
syn-conformer, the hydroxyl group is at an angle of ~60° with respect to
the carbonyl group, while in the so-called anti-conformer the hydroxyl group
is oriented anti-parallel to the carboxyl group. Recently, we showed for
formic acid that distinct long-living syn and anti carboxyl conformers exist
also in aqueous solutions at room temperature, with relative abundances of
70-80% and 20-30%, respectively(see Chapter [4).

The conformational isomerism of carboxyl groups in molecules that are
more complex than propionic acid has not been studied yet.?® The potential
presence of the anti conformer is often neglected, especially in X-ray diffrac-
tion studies in which proton positions cannot be determined accurately. As a
consequence, only 2% of the carboxyl groups found in the Cambridge Struc-
tural Database are depicted in an anti-conformation.?* Nevertheless, the
presence of side-chain COOH-groups of aspartic and glutamic acid residues
in an anti-conformation is expected to play an important role in enzymatic

reactions and polypeptide structure stabilization. 247101

Here we use polarization-resolved two-dimensional infrared (2DIR) spec-
troscopy and molecular dynamics simulations to study the conformational
isomerism of the side-chain carboxyl group of N-acetylaspartic acid amide
(Fig]5.1]), as a model for the aspartic acid residue. In the 2DIR experiments
we measure the response of the hydroxyl vibration upon the excitation of
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Figure 5.1:  Syn and anti conformers of N-acetylaspartic acid amide. Red and blue arrows
indicate the transition dipole moments of the carbonyl and of the hydroxyl vibrations, respectively.

the carbonyl vibration of the same carboxyl group. The polarization depen-
dence of this signal provides unique information on the molecular geometry
of the carboxyl group. We observe two distinct conformations of the car-
boxyl group with different orientations of the hydroxyl group with respect to
the carbonyl group. We also determine the fractions of the two conformers
in dimethyl sulfoxide (DMSO) solution and in aqueous solution. Finally, we
use molecular dynamics simulations to explain the structures and relative
abundances of the two conformers from their interactions with the solvent
molecules.

5.2 RESULTS AND DISCUSSION

First, we measure the 2DIR spectra of N-acetylaspartic acid amide in DMSO
solution (0.4 M) by exciting the carbonyl stretch vibration and probing the
hydroxyl stretch vibration (Fig5.2h). The good solubility of this amino acid
in DMSO and the absence of solvent absorption bands in the spectral regions
of the carbonyl and hydroxyl groups allow for an accurate measurement of
the 2DIR cross-peak signals of these two groups. The carbonyl vibration
has an absorption band centered at 1720-1730 cm™. Upon excitation of
this vibration, cross-peak signals appear at 2500-2800 cm™ resulting from
the excitation-induced frequency shift of the hydroxyl vibration (see Chap-
ter .In the probed frequency region 2500-2800 cm™ this shift results in
a negative absorption change (colored in blue). The cross-peak signal has
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Figure 5.2:  a) 2DIR spectra in the C=0/0-H cross-peak region measured in parallel and
perpendicular polarization configuration at a time delay 73,=0.5 ps. The green and the orange
bars highlight the responses of the syn- and anti-conformers, respectively. b) Parallel (solid) and
perpendicular (dashed) transient absorption signals obtained by integrating the corresponding
2DIR signal over the probe frequency in the range between 2500 and 2750 cm . The green and
the orange colours indicate, respectively, the vibrational responses of the syn and anti conformers.

The grey dashed line represents the correction for the isotropic background.

the form of a series of subbands, which is typical for OH-stretch vibrations
of strongly hydrogen bonded systems, and results from the strong coupling
of the OH-stretch vibration to the low-frequency vibrations of the hydro-
gen bonds. 102103 These subbands are also observed in the linear infrared
absorption spectrum of the hydroxyl vibration (see Appendix Sec. and
Fig.

The amplitude of the cross-peak signal is observed to depend on the ex-
citation frequency and the polarization configuration. Excitation of the low-
frequency part of the carbonyl vibration (~1720 cm™) results in a stronger
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hydroxyl cross-peak signal in perpendicular polarization, whereas excitation
of the high frequency part of the carbonyl peak (~1745 cm™) yields a cross-
peak signal that is more pronounced in parallel polarization.

In Figl5.2b we show the 2DIR signals in parallel and perpendicular po-
larizations integrated over a probe frequency range of 2500-2750 cm™ as a
function of the carbonyl excitation frequency. We fit this integrated cross-
peak signal with two Gaussian-shaped bands. For each band, we calculate
the anisotropy R = %, where Aap, and Aoy, are the transient
absorption changes (cross-peak signals) measured in parallel and in perpen-
dicular polarization configuration, respectively. The anisotropy represents
the relative orientation of the hydroxyl transition dipole moment with re-
spect to the carbonyl transition dipole moment, and can be used to cal-

culate the angle between the carbonyl and the hydroxyl groups following
5Ro+1

T
bration has a positive anisotropy of ~0.2 (35°) and the lower carbonyl peak
has a negative anisotropy of ~-0.2 (90°). These anisotropy values clearly
indicate that the two carboxyl group species comprise distinctly different rel-
ative orientations of the O-H group and C=0 group. Based on these angles,
we assign the cross-peak signal with positive anisotropy and a high frequency
of the carbonyl vibration to the anti-conformer, and the cross-peak signal
with a negative anisotropy and a low frequency of the carbonyl vibration to
the syn-conformer. This result demonstrates that the carboxyl group shows
distinct syn- and anti-conformers, not only for simple carboxylic acids, but
also for more complex molecules like amino acids. We observe these distinct

0 = arccos We find that the cross-peak of the higher carbonyl vi-

conformers also for the terminal carboxyl groups of other amino acids in

DMSO solution (see Appendix Sec5.4.2| and see Fig)5.815.9)).

The obtained angles between the carbonyl and hydroxyl groups differ
from the ideal values of 0° (for a perfect in-plane anti-parallel configura-
tion) and 60° (for an in-plane syn configuration). Similar deviations have
been observed for formic acid in DMSO solution (see Chapter [4)). These
deviations can be explained from the fact that the extracted anisotropy val-
ues can be affected by out-of-plane rotations of the O-H or C=0 group.
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Figure 5.3: Cross-peak 2DIR spectra of N-acetylaspartic acid amide in aqueous solution.
2DIR spectra of N-acetyl aspartic acid amide in the C=0/0-H cross-peak region measured in
perpendicular and parallel polarization configuration at 73,=0.3 ps. The green and the orange

bars highlight the responses of the syn- and anti-conformers, respectively.

Such a rotational distortion can explain an increase of the ideal angle of
the anti-configuration from 0° to 35°, and an increase of the ideal angle of
the syn configuration from 60° to ~90°. Indeed, analysis of the Cambrige
Structural Database shows that the O-C-O-H dihedral angle can deviate
by 10-30° from the ideal value for both the syn and anti conformers. 104 |n
addition, the anisotropy values may be affected by fast inertial (librational)
motion of O-H bond, which leads to an ultrafast or even pulse-width limited
partial decrease of anisotropy.®*

To mimic the properties of aspartic acid residues under biological condi-
tions, we study the conformational isomerism of N-acetylaspartic acid amide
in aqueous solution. In Fig[5.3] we show 2DIR spectra of N-acetylaspartic
acid amide dissolved in water, obtained by exciting the carbonyl vibration at
~1730 cm™ and probing the O-H stretching vibration at ~2700 cm™. For
this solution, a strong absorption band of the solvent, i.e. the water HOH-
bending vibration, overlaps with the carbonyl band of the acid. Therefore, to
increase the contrast between the carbonyl and the water absorption, and to
obtain a significant carbonyl-hydroxyl cross-peak signal, we used a 1 M aque-
ous solution of N-acetylaspartic acid amide. The cross-peak signals that we



5.2. Results and Discussion 75

observe in parallel and perpendicular polarization configurations for this so-
lution are qualitatively the same as those measured for N-acetylaspartic acid
amide dissolved in DMSO. Again we observe a stronger cross-peak signal in
perpendicular polarization at a low excitation frequency of 1725 cm™ of the
carbonyl vibration. At this excitation frequency, we extract an anisotropy of
~-0.1, from which we derive an angle between the O-H and C=0 groups of
~65°. In parallel polarization we observe a stronger cross-peak signal at a
relatively high frequency of the carbonyl vibration. We find that in parallel
polarization the maximum of the cross-peak intensity is at 1745 cm™. At
this excitation frequency we extract an anisotropy of ~0.25, corresponding
to an angle between O-H and carbonyl of ~30°.

In order to quantify the populations of the anti- and syn-conformers,
we also measured degenerate 2DIR spectra, in which the carbonyl vibrations
are both excited and probed. The 2DIR signal is proportional to the concen-
tration and the square of the vibrational cross-section, whereas the linear IR
absorption scales with the concentration and the vibrational cross-section.
Hence, from the combination of the degenerate 2DIR spectrum and the
linear IR absorption spectrum we can determine the ratio of the vibrational
cross-sections and the relative concentrations of the two carboxylic acid con-
formers. Fig/5.4p shows the 2DIR spectrum of N-acetylaspartic acid amide
in aqueous solution at a concentration of 1 M. Because of the low cross-
section of the water bending vibration and its fast relaxation dynamics, its
impact to the 2DIR signal at delay time 0.3 ps is negligible.1%' We observe
that the diagonal peak is centered at 1725 cm™ and is elongated at the high
frequency side.

In Fig. we plot a diagonal cut (probe=pump frequency) of the de-
generate 2DIR spectrum as a function of the pump frequency. The resulting
transient absorption spectrum shows a peak centered at 1725 cm™, and a
shoulder around 1745 cm™. These two vibrational frequencies match with
the excitation frequencies found in Fig[5.3|for the syn- and anti-conformers.
We fit the 2DIR signal with two Voigt profiles, representing the carbonyl
stretching vibrations of the syn- and anti-conformers. A third Voigt-shaped
band centered at 1680 cm™ was added to account for the contribution
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Figure 5.4:  Degenerate 2DIR spectrum of N-acetylaspartic acid amide in aqueous solution. a)
Isotropic degenerate 2DIR spectrum of a solution of 1 M N-acetylaspartic acid amide in water,
measured at 73,=0.3 ps. b) Transient absorption signal obtained by taking the diagonal slice of
the bleach signal of the 2DIR spectrum plotted as a function of pump frequency. The green and
orange coloured bands represent the 2DIR signals of the syn and anti conformers obtained from

a fit of the measured spectrum with Voigt profiles.

of the amide vibration (grey line). We find that the relative area of the
anti-conformer band in the diagonal 2DIR signal amounts to ~25%. Un-
fortunately, we cannot determine the relative area of the absorption band
of the anti-conformer in the linear infrared absorption spectrum, because
of the strong overlap with the bending mode of the water. However, for
N-acetylaspartic acid amide dissolved in DMSO we can analyze both the di-
agonal negative absorption change of the degenerate 2DIR spectrum and the
linear infrared absorption spectrum (see Appendix Sec.and in Fig..
We find similar areas for the bands of the syn- and anti-conformers in the
linear spectrum and the 2DIR spectrum, which implies that the vibrational
cross-sections of syn- and anti- carbonyls are similar, as was found before for
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formic acid (see Chapter . Based on this quite general result, we assume
that the cross-section ratio of the carbonyl vibrations of the two conform-
ers is also similar in water solution, which implies that the relative area
of the anti-conformer in the 2DIR spectrum directly represents the relative
fraction of this conformer. We thus find the populations of the syn- and
anti-conformer to be 75+10% and 254+10%, respectively. These populations
are similar to those found for formic acid in water (see Chapter . Hence,
we conclude that the relative abundances of the syn- and anti-conformers
of carboxyl groups in polar solvents such as DMSO or water depend only
weakly on the rest of the molecule.

A.Pérez de Alba Ortiz et al. performed molecular dynamics (MD) simula-
tions to study the intermolecular interactions of the syn- and anti-conformers
of N-acetylaspartic acid amide in water. The MD simulations are done with
full atomistic resolution and at the force field level of theory. Two MD
simulations of aqueous solvated N-acetylaspartic acid amide have been per-
formed in the two different planar configurations of the -COOH group, syn
and anti. The angles between C-O and O-H, and the dihedral C-O-C-H, are
not restrained in these simulations.

From the simulations of both conformers, they obtained the density
histograms of the hydrogen and oxygen atoms of water molecules closest
to the hydrogen and oxygen atoms of the carboxyl group as a function of
the hydrogen bond distance and the angle between the hydrogen bond and
the corresponding covalent O-H bond (Fig.. We see that in all cases
for distances larger than 2.45 A the angle becomes ill-defined. Thus, we
define 2.45 A as a cut-off distance for hydrogen-bond formation between
the carboxyl group and the water molecules.

The radial distribution functions of water oxygens forming a hydrogen
bond with the acid hydrogen of the two conformers (Fig.) show clear
differences. We find that the strongly polar OH-group of the carboxylic acid
donates ~1.0 hydrogen bonds for both conformers. However, the density of
water oxygen atoms at a short distance (~1.8A) is about 10% higher for
the anti-conformer than for the syn-conformer. This result shows that the
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Figure 5.5: Density histograms of the water oxygen and hydrogen atoms closest to the hydrogen
and oxygen atoms of the carboxyl group of N-acetylaspartic acid. a) Density of water oxygens
closest to the hydrogen atom of the carboxyl group as a function of the H. - - - O,, distance and
OcH¢ -0, angle. b, c) Densities of the water hydrogens closest to the carbonyl (b) and
hydroxyl (c) oxygen atoms of the carboxyl group as a function of the O ---H,, distance and
Oc---Hyu—0, angle. The index ¢ stands for the carboxyl group and the index w for a water
molecule.

hydrogen bonds donated by the carboxyl group of the anti-conformer are
shorter and stronger than those of the syn-conformer. This finding reflects
that the hydroxyl group is more polar for the anti-conformer than for the
syn-conformer, in accordance with earlier theoretical work 77104

The hydration number of the oxygen atoms is rather different for the
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Figure 5.6: Molecular dynamics simulations of the interaction of the carboxyl group of N-
acetylaspartic acid amide in syn- and anti-conformation with water. a) Radial density function
of the water oxygens closest to the hydrogen atom of the carboxyl group. b,c) Radial density
functions of the water hydrogens closest to the carbonyl (b) and hydroxyl (c) oxygen atoms of

the carboxyl group.

two carboxyl group conformers (Figl5.6p,c). The oxygen atom of the car-
bonyl group accepts ~1.7 hydrogen bonds from water molecules for the
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anti-conformer, and only ~1.4 hydrogen bonds for the syn-conformer. The
same trend is observed for the hydroxyl group, its oxygen atom accepts ~0.7
hydrogen bonds from water molecules for the anti-conformer and ~0.5 hy-
drogen bonds for the syn-conformer. The anti-conformer is thus much better
hydrated than the syn-conformer. These differences are captured at the clas-
sical level of MD simulations, which means that they are due to exposure
and steric effects and not the result of differences in the basicities of the
oxygen atoms in the syn- and anti-conformers.

The better hydration of the anti-conformer explains why we observe this
conformer to be significantly present in aqueous solution while it is nearly
absent in the gas phase. The 25+10% fraction of anti-conformer in aque-
ous solution suggests a free energy difference between the anti- and syn-
conformer of 0.6+0.3 kcal/mol. This value will also determine the difference
in equilibrium constants of chemical reactions involving the carboxyl group
such as acid dissociation. We calculate a difference in acidity of syn- and
anti-conformers of ApK,=0.5+0.3. Hence, in spite of its better hydration,
the anti-conformer of the carboxyl group is still more acidic than the syn-
conformer, which can play an important role in intermolecular interactions
and chemical equilibria inside polypeptide structures. The difference in acid-
ity between the two conformers is much smaller than the ApK,=4 that was
obtained in calculations of the two conformers without any solvent present
95106107 This latter value for ApK, is widely accepted in enzyme stud-
ies 9098100108 The energy gap we estimate from our experiment is in fact
even smaller than the 1.5-1.7 kcal/mol that has been calculated for acetic
acid conformers in aqueous solution.®*7%7! Hence, the anti-conformer of the
side-chain carboxyl group of N-acetylaspartic acid amide is more acidic than
the syn-conformer, but this difference in acidity could strongly depend on the
degree of solvation. Variation of the local environment of the amino-acid,
i.e. within a protein, can thus lead to a strong change of the acidity of the
aspartic acid side group.
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5.3 CONCLUSION

We showed with polarization-resolved two-dimensional infrared spectroscopy
that the side-chain carboxyl group of N-acetylaspartic acid amide exists in
two distinctly different conformations, both in DMSO solution and in aque-
ous solution. In one of these conformations the carbonyl stretch vibration
has a relatively low frequency of ~1720 cm™, and the angle between the
carbonyl and hydroxyl groups of the carboxylic acid side group amounts to
~90°. For the other conformer the carbonyl stretch vibration has a relatively
high frequency of ~1745 cm™, and the angle between the carbonyl and hy-
droxyl groups of the carboxylic acid side group is ~35°. In line with earlier
work we assign these conformers to nearly-planar syn- and anti-conformers,
where we explain the deviations from the ideal values of 60° (syn) and 0°
(anti) from small angle out-of-plane rotations of the hydroxyl and carbonyl
groups.

We find that the anti-conformer of N-acetylaspartic acid amide has a rela-
tive abundance of ~25%, both when dissolved in DMSO and in water, which
is significantly higher than the <1% observed in gas-phase studies. Molecu-
lar dynamics simulations show that the increase of the relative abundance of
the anti-conformer upon dissolution in water can be explained by the more
favourable hydration of this conformer in comparison to the syn-conformer.
The lower relative abundance of the anti-conformer in comparison to the
syn-conformer implies that this conformer is more acidic in water than the
syn-conformer, corresponding to a ApK, of 0.5+0.3. The acid dissociation
is only one of the chemical properties of the carboxyl group that depends
on the molecular conformation. Hence, the fact that both the syn- and the
anti-conformers are present under biological conditions must be carefully
taken into account when studying biochemical processes of polypeptides.



5. Peptide side-COOH groups have two distinct conformations
82 under bio-relevant conditions

5.4 APPENDIX
5.4.1 INFRARED SPECTRA OF N-ACETYLASPARTIC ACID AMIDE

The linear spectra of N-acetylaspartic acid in DMSO and water solutions are
shown in Fig[5.7]. For our purpose, we focus on the carbonyl and hydroxyl
regions around 1700 cm™ and 2700 cm™, respectively. In the carbonyl
region, we observe the carbonyl stretching modes at 1720 cm™, and the
amide | vibrations at 1680 cm™. We observe that in water the amide | and
C=0 vibrations are broader with respect to in DMSO solutions because of
the strong interactions with the water molecules. In the hydroxyl region, we
observe both in DMSO and in water solutions the broad structured band of
the stretching mode of the hydroxyl group.

a b
) r Y oas ¢
water water
0.8 DMSO DMSO
5 = L
Ep! s o
c = /\ = —
2 ke
Q
£o4rt > £
2 2 0.05
g g
© 02
0= : : : : — 0 : : : : :
1680 1700 1720 1740 1760 1780 1800 2500 2600 2700 2800 2900
frequency (cm ) frequency (cm )

Figure 5.7: Linear infrared spectra of N-acetylaspartic acid amide in dimethyl sulfoxide and in
aqueous solution in the frequency regions of the carbonyl a) and the hydroxyl b) vibrations. The

absorption background of the solvent has been subtracted.

5.4.2 SYN-AND ANTI- CONFORMERS IN TERMINAL ~COOH GROUPS
OF N-ACETYLLEUCINE AND N-ACETYLPHENYLALANINE

To investigate the existence of distinct conformers of the -COOH groups of
amino-acids, we studied N-acetylleucine and N-acetylphenylalanine. For N-
acetylphenylalanine the sidechain is a benzyl group, and for N-acetylleucine
an isobutyl group. In Fig[5.8a we show 2DIR spectra obtained by exciting the
carbonyl vibrations and probing the hydroxyl vibration of the~COOH group of
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Figure 5.8: a) 2D-IR spectra of N-acetylleucine in DMSO solution in the C=0/0-H cross-
peak region measured in parallel (left) and perpendicular (right) polarization configuration at
a time delay 7,,=0.5 ps. b) Parallel (solid) and perpendicular (dashed) transient absorption
signal obtained by averaging the corresponding 2DIR signal over the probe frequency in the
range between 2550 and 2750 cm™*.

the vibrational responses of the syn- and anti-conformers. The extracted anisotropy values are

The green and the orange colours indicate, respectively,

0.25 and -0.15 for the anti- and syn-conformers, respectively.

N-acetylleucine, measured in parallel and perpendicular polarization configu-
ration. We observe that in parallel polarization configuration the cross-peak
is more intense at an excitation frequency of 1740 cm™, while in perpen-
dicular polarization configuration the signal is most intense at an excitation
frequency of 1720 cm™. To extract the anisotropy of the signals, we aver-
age over the probe region between 2500 and 2700 cm™. Fig shows the
averaged parallel and perpendicular 2DIR signals as a function of the pump
frequency. We fit the spectra with two Gaussian-shaped bands to extract
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their anisotropy values. We find that the cross-peak at the higher excitation
frequency has a positive anisotropy (R = 0.25), while the one at the lower
excitation frequency has a negative anisotropy (R = —0.15). Similar results
are obtained for N-acetylphenylalanine (Fig. We assign the cross-peak
signal with an excitation frequency of 1740 cm™ and a positive anisotropy
value to the anti-conformer, and the cross-peak signal with an excitation
frequency of 1720 cm™ and a negative anisotropy to the syn-conformer.
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Figure 5.9: a) 2D-IR spectra of N-acetylphenylalanine in DMSO solution in the C=0/0-H
cross-peak region measured in parallel (left) and perpendicular (right) polarization configuration
at a time delay T:,=0.5 ps. b) Parallel (solid) and perpendicular (dashed) transient absorption
signals obtained by averaging the 2DIR signals of Figure a) over the probe frequency in the
range between 2550 and 2750 cm™'. The green and the orange colours indicate, respectively,
the vibrational responses of the syn- and anti-conformers. The extracted anisotropy values are
0.25 and -0.15 for the anti- and syn-conformers, respectively.
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5.4.3 CONCENTRATION OF SYN AND ANTI CONFORMERS IN DMSO
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Figure 5.10:  Fit of the linear infrared spectrum (a) and 2DIR diagonal slice (b) of N-
acetylaspartic acid amide in DMSO solution with two Voigt-shaped bands corresponding to
the syn- and anti-conformers. The extracted fraction of the anti-conformer is 20+10%. The
additional Voigt bands (grey) represent the vibrational responses of the two amide groups, which

are clearly observed in the linear infrared spectrum.

The relative abundances of the anti- and syn-conformers can be deter-
mined from the combination of the linear absorption spectrum and the diag-
onal 2DIR signal of the carbonyl vibrations. In this determination we make
use of the fact that the linear infrared absorption spectrum scales with o
(where o is the absorption cross-section), while the 2D-IR spectrum scales
with o2, thus providing an additional relation between the measured signals,
cross-sections and concentrations of the conformers. Fig[5.10p-b show the
linear spectrum and the diagonal slice of the negative absorption change
peaks as a function of pump frequency of N-acetylaspartic acid amide in
DMSO. We fit the 2DIR signal by using two Voigt-shaped peaks, which rep-
resent the carbonyl stretching vibrations of syn and anti conformers. These
two peaks are represented in Fig/5.10| by the green and orange colored peaks,
respectively. We find that the anti area of the 2DIR signal is 20+10%, sim-
ilarly to the linear spectrum, and that the cross-section ratio of the two
conformers is 1+0.2.
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Abstract

The molecular conformation of carboxyl group can be crucial for its chemical prop-
erties and intermolecular interactions, especially in complex molecular systems as
polypeptides. We study the conformational variety of the model amino acid N-
acetylproline in solutions at room temperature with two-dimensional infrared spec-
troscopy. We find that the carboxyl group of N-acetylproline adopts two distinctly
different conformations, syn- and anti-. In the syn-conformer the O-H group is
oriented at ~60° with respect to the C=0 and in the anti-conformer the O-H is
anti-parallel to the C=0. In hydrogen-bond accepting solvents such as dimethyl
sulfoxide or water, we observe that, similar to simple carboxylic acids, around 20%
of the -COOH groups adopt an anti-conformation. However, when N-acetylproline
is dissolved in a weakly hydrogen-bond accepting solvent (acetonitrile), we observe
the formation of a strong intramolecular hydrogen bond between the carboxyl group
in anti-conformation and the amide group, which stabilizes the anti-conformer,
increasing its relative abundance to ~ 60%.
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6.1 INTRODUCTION

Amino acids fulfill diverse roles in living systems as protein building blocks,
neurotransmitters and metabolic intermediates, thereby making them one
of the most important classes of organic molecules. ™% |n view of its low
pK, values of ~2 in aqueous solution, the carboxyl group of the amino-
acid will usually be deprotonated. However, under specific conditions, like
the nonpolar microenvironments of polypeptides, the side-chain carboxyl
groups of aspartic and glutamic acids, and the carboxyl groups of C-terminal
amino acids can exist in their protonated form,®>®% and can participate in
enzymatic processes or the stabilization of protein tertiary structure 114113
Recently, we showed that the carboxyl group of simple carboxylic acids in
room temperature solution adopts two distinct nearly planar conformations,
syn- (70-80% fraction) and anti- (20-30%).*** In the syn-conformation the
hydroxyl group is oriented at an angle of 60° with respect to the carbonyl,
and in the anti-conformation the hydroxyl group is oriented anti-parallel
with respect to the carbonyl group.2%%115 |t has also been shown that the
reactivity of the carboxyl group, and more general the strength of the intra-
and intermolecular interactions, strongly depends on the conformation of
the carboxyl group.®#7

trans-syn trans-anti
H O-H
O—H o}
N (]
A L W o
(0]
0]
HsC HaC
cis-syn cis-anti

-

(o)

)\ )\ oo
CHj CHs
o /“AM/ o /

Ham

Figure 6.1: Schematic illustration of the different conformational isomers of N-acetylproline as
determined by the conformations of the amide and carboxyl groups. Green and yellow arrows
indicate the orientation of the transition dipole moments of the hydroxyl and carbonyl stretch

vibrations. The purple arrow indicates the transition dipole moment of the amide | vibration.
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Here we study the conformational isomerism of the carboxyl group of the
model acetylated amino acid N-acetylproline in weakly and strongly interact-
ing solvents with polarization-resolved two-dimensional infrared spectroscopy
(2DIR). Figl6.1] shows all the possible structures of N-acetylproline consid-
ering the conformational isomerism of both the amide (cis/trans) and the
carboxyl group (syn/anti). It is seen that the trans-anti conformation offers
the possibility of forming an intramolecular hydrogen bond between the C=0
group of amide and the O-H group of carboxyl. N-acetylproline thus repre-
sents an ideal system to study the competition of inter- and intramolecular
interactions on the molecular conformation in solvents that resemble hy-
drophobic and hydrophilic environments. The amide and hydroxyl vibration
are usually not as strongly coupled as the carboxyl and hydroxyl vibrations
since they are few atoms apart. Nevertheless, in the presence of an intra-
molecular hydrogen-bond, the two molecular groups are interacting, and
thus the two molecular vibrations can be coupled leading to the observation
of a cross-peak signature.

6.2 RESULTS
6.2.1 LINEAR INFRARED SPECTROSCOPY

Fig. shows the linear infrared spectra of N-acetylproline dissolved in
acetonitrile, dimethyl sulfoxide (DMSO), and water in the frequency regions
of the amide I, carboxyl C=0 stretch and carboxyl O-H stretch vibrations.
We observe that the maximum frequency of the carboxyl C=0 stretch ab-
sorption shifts from 1752 cm™ in acetonitrile to ~1720 cm™ in DMSO and
water. The same trend is observed for the amide | vibration, which shifts
from 1648 cm™ in acetonitrile to 1643 cm™ in DMSO and to ~1600 cm™
in water. When N-acetylproline is dissolved in acetonitrile, two additional
amide peaks appear at 1585 cm™ and 1605 cm™. The absorption band at
1605 cm™ is found to be concentration dependent and can be assigned to
the amide | vibration of the N-acetylproline dimer (see Appendix Section
and Figl6.8).

The absorption spectrum of the carboxyl O-H stretch vibrations is also
strongly solvent dependent. When N-acetylproline is dissolved in acetoni-
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Figure 6.2:  Fourier transform infrared spectra of N-acetylproline in a) acetonitrile (0.08 M),
b) DMSO (0.4 M) and c¢) water (1 M). The solvent background is subtracted. The orange, red
and green shaded areas indicate the frequency regions of the amide |, the carboxyl C=0 stretch,
and the carboxyl O-H stretch vibrations, respectively.

trile, the carboxyl O-H stretch spectrum extends to frequencies up to 3400
cm™. The observed broad absorption spectrum can be subdivided into a
broad continuous absorption below 2900 cm™ and a broad band centered
around 3250 cm™. When N-acetylproline is dissolved in DMSO or water, a
strong absorption is observed in the frequency region 2400-2900 cm™ due to
strongly hydrogen-bonded acidic OH-groups. For N-acetylproline dissolved
in water the spectrum at frequencies >3000 cm™ is not accessible due to
strong absorption of water molecules. Due to coupling of the OH-stretch
vibrations to low-frequency hydrogen bond modes, the absorption spectrum
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Figure 6.3: 2DIR spectra of N-acetylproline dissolved in acetonitrile measured by exciting the
carboxyl C=0 vibration and probing a) high frequency and b) low frequency carboxyl O-H
vibrations. The spectra are measured in parallel polarization configuration (left panel) and
perpendicular polarization configuration (right panel). The concentration of N-acetylproline is
0.2 M (a) and 0.08 M (b). The spectra are measured at a time delay of 0.5 ps. The color scale
is normalized to the maximum intensity of the perpendicular signal in a), and to that of the
parallel signal in b).

contains a series of subbands. 102103

6.2.2 CONFORMERS OF N-ACETYLPROLINE IN DIFFERENT SOLVENTS

Figl6.3 shows 2D-IR measurements for N-Acetylproline dissolved in acetoni-
trile, where we excite the carbonyl modes, and we probe the hydroxyl modes.
The coupling between the carbonyl and the hydroxyl vibrations results in a
negative absorption change (bleach). The cross-peak intensity is strongly
dependent on the polarization. Figl6.3p shows the cross-peak signal ob-
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tained by exciting the carbonyl near 1750 cm™, and probing the OH stretch
vibration near 3200 cm™. The cross-peak signals have their maximum at
an excitation frequency 1748 cm™, and a broad frequency range of the O-H
stretch vibration. By extracting the cross-peak intensity measured in parallel
(Aay,,) and perpendicular (Aay,,) polarization configuration, we determine
the angle between the transition dipoles moments of the carbonyl and hy-
droxyl vibrations. We thus find an angle of 75+10°. This angle is in good
agreement with the angle that we have found before for the carboxylic acid
group of formic acid in syn conformation (Chapter . We thus conclude
that at an excitation frequency of 1748 cm™, mainly carbonyl groups of
syn-conformers absorb. Fig. [6.3pb shows the 2DIR spectrum obtained
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Figure 6.4:  2DIR spectra in the C=0/0-H cross-peak region measured in parallel polar-
ization configuration (left panel) and perpendicular polarization configuration, for solutions of
N-acetylproline dissolved in (a) DMSO at a time delay of 0.5 ps, and in (b) water at a time
delay of 0.3 ps.

when exciting the carbonyl vibrations and probing the low-frequency hy-
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droxyl vibrations around 2600 cm™. We observe that the largest cross-peak
signal is obtained in parallel polarization configuration with a maximum at
an excitation frequency of 1755 cm™. From the signals measured in par-
allel and perpendicular polarization configuration we find that the angle
between the carbonyl and the hydroxyl transition dipole moments amounts
to 17+£10°. This value is in good agreement with a carboxyl group in an
anti-conformation. 4

In Fig. we show C=0/0-H cross-peak 2DIR spectra of N-acetylproline
dissolved in DMSO and in water, measured in parallel and perpendicular
polarization configurations. The excitation of the high frequency carbonyl
vibrations near 1745 cm™ results in a stronger response of the OH-stretch vi-
brations in parallel polarization configuration, while excitation of the low fre-
quency carbonyl vibrations near 1730 cm™ leads to a stronger cross-peak sig-
nal of the O-H vibrations in perpendicular polarization configuration. Hence,
in DMSO and in aqueous solution the O-H stretch vibrations of both the syn-
and the anti- conformer of the N-acetylproline carboxyl group absorb in the
same broad frequency range (2400-2900 cm™), and we observe a significant
difference in the carbonyl stretch frequency between the two conformers.

The large difference between the frequencies of the O-H stretch vibrations
of the syn- and anti-conformers observed for N-acetylproline dissolved in ace-
tonitrile indicates a large difference in the strength of the hydrogen bond
donated by the OH-group. The O-H stretch vibration has a high frequency
of ~3200 cm™ when the carboxyl group has a syn-conformation, and de-
creases to ~2600 cm™ when carboxyl group acquires an anti-conformation.
This finding indicates that the O-H group of the anti-conformer forms a
strong intramolecular hydrogen bond within the N-acetylproline molecule,
while the O-H group of the syn-conformers is only weakly hydrogen bonded
to the solvent. This notion is supported by the relatively low vibrational
frequency of the C=0 vibration of the anti-conformer in acetonitrile. In
previous work we observed that the carbonyl vibration of the anti-conformer
of formic acid in acetonitrile solution absorbs at a frequency that is 20-30
cm® higher than the carbonyl vibration of the syn-conformer (Chapters
. However, the frequency of the carbonyl vibration can decrease by 20~30
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cm™ upon strong hydrogen bonding of the O-H group. We clearly see this

effect when we compare the C=0 vibrational spectrum of N-acetylproline in
acetonitrile and DMSO solutions (Fig. [6.2)). For N-acetylproline dissolved in
acetonitrile the frequency difference between the carbonyl vibrations of the
anti-conformer and syn-conformer is much smaller than for N-acetylproline
in DMSO or water, because the usual blueshift of the carbonyl vibration
of the anti-conformer in comparison with the syn-conformer gets largely
compensated by the redshift that results from the strong intramolecular hy-
drogen bond formed by the anti-conformer.

The only moiety of N-acetylproline that can accept a strong hydrogen
bond from the carboxyl O-H group is the amide group. To investigate the
formation of an intramolecular hydrogen bond between the carboxyl O-H
group and the C=0 group of the amide group in more detail, we measured
2DIR spectra in which we tune the excitation pulses to the frequency range
of the amide | vibration and the probing pulses to the frequency region
low-frequency O-H stretch vibrations (Fig. [6.5). When N-acetylproline is
dissolved in acetonitrile, we observe a strong cross-peak signal at an ex-
citation frequency of 1585 cm™ and probing frequencies near 2600 cm™.
We assign the excitation frequency of 1585 cm™ to the amide | vibration
of N-acetylproline. The frequency of this vibration is strongly red shifted
compared to its usual value of ~1650 cm™ as a result of the formation
of the strong intramolecular hydrogen bond with the carboxyl OH group.
This redshift is comparable to that of similar systems forming strong intra-
and intermolecular hydrogen bonds.1297118 The formation of this strong in-
tramolecular hydrogen bond is further confirmed by the observation of an
instantaneous cross-peak signal of the amide | vibration at 1585 cm™ upon
excitation of the carboxyl C=0 vibration (see Appendix Section . This
signal demonstrates that the strong intramolecular hydrogen bond between
the carboxyl O-H group and the amide group also leads to a coupling of the
carbonyl vibration of the carboxyl group and the amide | vibration.

In Fig. and c we show 2DIR spectra obtained by exciting in the fre-
quency region of the amide | vibration and probing in the frequency region
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Figure 6.5: Isotropic 2DIR spectra obtained by exciting amide | vibration, and probing the
hydroxyl stretch vibration of N-acetylproline dissolved in acetonitrile (a), DMSO (b) and heavy
water (c). All 2DIR spectra were collected at 0.5 ps. For the solution of heavy water the hydroxyl
(O-D) vibrations were probed around 2050 cm™

of the O-H stretch vibrations in DMSO solution (probing around 2600 cm™)
and in heavy water solution (probing around 2050 cm™). The latter experi-
ment was performed in heavy water to prevent absorption of the excitation
pulses by the bending mode of H,O. For N-acetylproline dissolved in DMSO
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and in heavy water, we still observe a strong cross-peak signal between the
C=0 and the O-H vibrations of the carboxyl group, but no cross-peak signal
of the amide | and the O-H stretch vibration. The absence of this cross-peak
signal confirms that there is no strong intramolecular hydrogen bond formed
between the amide and carboxyl groups when N-acetylproline is dissolved
in DMSO solution or in water. This finding agrees with results of previous

work. 119H121

6.2.3 RELATIVE ABUNDANCE OF THE DIFFERENT CONFORMERS OF N-ACETYLPROLINE

To quantify the relative abundances of the syn- and anti-conformers, we
measure both linear infrared absorption spectra and degenerate 2DIR spec-
tra of the carbonyl vibrations. In Fig. we show the linear infrared
absorption spectrum in the frequency region of the carboxyl C=0 vibration
for a solution of 0.08 M N-acetylproline in acetonitrile. We fit this spectrum
with three Voigt-shaped bands. Two of these bands are centered at the
frequencies where we found the strongest syn and anti cross-peak signals
(1747 and 1753 cm™!). The third band at 1728 cm™' is assigned to the
N-acetylproline dimer (see Appendix Section [6.5.1)). At 0.08 M the relative
area of the anti-conformer band is 60+10%. Fig. reports the spectrum
of N-acetylproline in DMSO, which we fit with two Voigt-shaped bands cen-
tered at 1723 and 1749 cm~!. We find that in DMSO the relative area of the
anti-conformer is only 15+10%, which is thus much lower than in acetoni-
trile solution. We measure degenerate 2DIR spectra by tuning the excitation
and probing pulses both to the frequency region of carbonyl vibrations (Fig.
. We fit the diagonal slices of these spectra in the frequency region
of the carbonyl vibration with two Voigt-shaped bands (Fig.. With the
band areas obtained from the linear and 2DIR spectra, we are able to de-
termine the relative populations and cross-sections (see Appendix Section
[4.4.2)). We find that the fractional area of the anti-conformer band in the
2DIR signal amounts to 65+15% in acetonitrile solution and to 20+10% in
DMSO solution. These areas are similar to the areas found in the linear spec-
tra, indicating that the carboxyl C=O vibration has a similar cross-section
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Figure 6.6: a) Linear spectrum of the carboxyl C=0 vibration of N-acetylproline in acetonitrile
(0.08 M). We fit the spectrum with 3 Voigt-shaped bands to describe the response of the anti-
conformer (vy = 1753 ecmt, o =61cm?, T = 6.3 cm’l), of the syn-conformer (vo = 1746
ecm?, 0 =8 cm?, T' = 8 cm™) and of the syn-dimer (vg = 1728v, 0 = 8, T' = 12 cm). b)
Linear spectrum of the carboxyl C=0 vibration of N-acetylproline in DMSO (0.4 M). We fit the
spectrum with 2 Voigt-shaped bands to describe the response of the anti-conformer (vg = 1748
emt, o =11cem?, T' =11 cm’l) and of the syn-conformer (v = 1723 cm™, o = 10 em?,
=11 cm™).

in the anti and syn conformation.** Unfortunately, we cannot analyze the
data obtained for N-acetylproline in water in a similar manner, since the two
carbonyl bands are broadened by strong interactions with the surrounding
water molecules, and thus, overlap too strongly.

6.3 DISCUSSION

We find that the anti-conformer is much more abundant in acetonitrile so-
lution than in DMSO and water solution. The relative fraction of the anti-
conformer in acetonitrile solution is ~60%, whereas in DMSO solution it
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Figure 6.7: a) Diagonal slice of the 2DIR spectrum of N-acetylproline in acetonitrile (0.08 M).
We fit the spectra with 2 Voigt-shaped bands to describe the response of the anti-conformer
(10=1722 cm™, 6=9 cm™, T' =6 cm™), and of the syn-conformer (v =1746 cm™, o =9 cm™,
I' = 7 cm). b) Diagonal slice of the 2DIR spectrum of N-acetylproline in DMSO (0.4 M).
We fit the spectra with 2 Voigt-shaped bands to describe the response of the anti-conformer
(vo = 1752 cm 1 o=82cm!, I'=6.5 cm’l), and of the cmsyn-conformer (v = 1743 cm™?,

c=9cm!, =5 cm'l).

is only ~20%. This difference can be explained from the formation of a
strong intramolecular hydrogen bond between the C=0 group the amide in
a trans conformation and the O-H group of the carboxyl group in an anti
conformation in acetonitrile solution. This hydrogen-bond formation is ener-
getically sufficiently favorable to make the trans-anti conformational isomer
the most abundant in this solution. In DMSO and water this intramolecular
hydrogen bond is not formed and the syn-conformer of the carboxyl group
prevails. This latter finding agrees with previous work on simple carboxylic
acids like formic acid (Chapter [4)) and acetic acid.”*** The syn-conformer
is usually the more stable conformer, unless there exist specific interactions
that strongly stabilize the anti-conformer.
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An interesting question is why the intramolecular hydrogen bond would
only be formed in acetonitrile solution and not in DMSO or water. We ob-
serve that the redshift of the O-H stretch vibration due to the formation of
the amide-hydroxyl intramolecular hydrogen bond is similar to the redshift of
the O-H stretch vibration observed upon dissolving N-acetylproline in DMSO
or water. This finding indicates that the intramolecular hydrogen bond is of
similar strength as the intermolecular hydrogen bonds to DMSO and water
molecules, which makes it all the more surprising that there is no sign of the
formation of an intramolecular hydrogen bond for N-acetylproline in DMSO
and water. This observation indicates that other factors, such as a better
solvation of the amide group and other parts of the molecule, also play a
role, thereby making a configuration of N-acetylproline without intramolec-
ular hydrogen bond much more favorable in a polar solvent like DMSO or
water.

The stabilization of the anti-conformer of the carboxyl group of amino-
acids by the formation of an intramolecular hydrogen bond between the
carboxyl OH group and the amide C=0 group may be a more general phe-
nomenon. We found that the formation of this intramolecular hydrogen
bond, and thus the relative abundance of the anti-conformer of the car-
boxyl group, strongly depends on the polarity of the surroundings of the
amino acid. In a weakly polar environment, as mimicked here by acetoni-
trile, such an intramolecular hydrogen bond is likely formed, leading to a
strong increase of the relative abundance of the anti conformer. Hence,
for C-terminal amino acids and aspartic and glutamic acid residues that are
located in the hydrophobic micro-environment of a folded protein, the anti
conformer of the (side-chain) carboxyl group may be much more abundant
than in a polar, aqueous environment, which may affect the secondary and
tertiary structure of the protein.

6.4 CONCLUSIONS

We studied the molecular structure of the model acetylated amino acid N-
acetylproline using linear infrared spectroscopy and two-dimensional infrared
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spectroscopy. N-acetylproline shows both amide and carboxyl conforma-
tional isomerization, and thus forms an interesting model system to study
how the interaction of these groups influences the relative abundances of the
different conformers of the carboxyl group of amino acids in peptides. When
N-acetylproline is dissolved in acetonitrile, we observe a strong redshift of
the O-H stretch vibrational frequency and a strong vibrational coupling of
the amide vibration with both the C=0 and O-H vibrations of the carboxyl
group. These observations point at the formation of a strong intramolecular
hydrogen bond between the amide C=0 group and the carboxyl O-H group.
This intramolecular hydrogen-bond formation is possible only in the trans-
anti-configuration of N-acetylproline (Fig. . Due to the formation of
a strong intramolecular hydrogen bond, the anti-conformer of the carboxyl
group of N-acetylproline in acetonitrile has a relatively high abundance of
65+15%, which is much higher than is observed for the carboxyl group of
simple carboxylic acids like formic acid or acetic acid. If N-acetylproline is
dissolved in a hydrogen-bond accepting solvent, like DMSO or water, the
intramolecular hydrogen bond between the carboxyl and amid groups is not
formed. In these latter solvents the relative abundance of the anti-conformer
is only ~20%, similar to what has been observed for simple carboxylic acids.
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6.5 APPENDIX

6.5.1 DIMER FORMATION OF N-ACETYLPROLINE IN ACETONITRILE
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Figure 6.8: Normalized linear spectra of N-acetylproline at concentrations of 0.02, 0.08, and
0.2 M in the amide | (a) and carboxyl C=0 stretch (b) vibrational regions. In a) we observe an
increase of absorption at 1606 cm™" with increasing N-acetylproline concentration, and in b) we
observe an increase of absorption around 1725 cm™ with increasing N-acetylproline concentra-
tion.

Fig. shows that the increase of the concentration of N-acetylproline
leads to the rise of an additional amide | absorption band at 1605 cm~! and
an additional carboxyl C=0 stretch absorption band at 1728 cm~!. The
additional carboxyl C=0 stretch is also observed in the 2DIR spectrum, as
illustrated in Fig. [6.9p. The rise of these bands indicates the formation of
dimers of N-acetylproline. At a concentration of 0.2 M, a second C=0/0-
H cross-peak appears in the 2DIR spectrum at a relatively low excitation
frequency of ~1728 cm~!. This signal is stronger for the perpendicular po-
larization configuration than for the parallel polarization configuration, which
indicates that this C=0 vibration corresponds to a dimer of syn-conformers.
Excitation of the amide vibration of the N-acetylproline dimer at 1605 cm™!
gives rise to a cross-peak signal with strongly hydrogen-bonded hydroxyl
vibrations (Fig. [6.9). This observation shows that the dimer formation
involves the interaction between the carboxyl group of one N-acetylproline
molecule and the amide group of another N-acetylproline molecule. Since
in this dimer the hydroxyl group is strongly hydrogen bonded to the amide
group of the second molecule, both the carbonyl and hydroxyl vibrations
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Figure 6.9: 2DIR spectra of N-Acetylproline in acetonitrile at a concentration of 0.2 M, obtained
by exciting in the frequency region of the carboxyl C=0 vibrations (a) and in the frequency
region of the amide | vibrations (b). In both case we probe in the frequency region of the OH
stretch vibrations around 2600 cm™*. The 2DIR spectra are recorded in parallel (left panel) and
perpendicular (right panel) polarization configurations. In a) the green bar shows the cross-peak
between the carbonyl and the OH vibration of the anti-conformer, while the orange bar shows
the cross-peak of the carbonyl and the OH vibration of the dimer. In b) the white lines show the
central frequencies of the amide | vibration in the dimer (left) and in the trans-anti conformer
(right) of N-acetylproline

6.5.2 CROSS-PEAK BETWEEN AMIDE I AND COOH or N-ACETYLPROLINE IN
ACETONITRILE

To study the interaction between the amide and the carboxyl groups in
more detail, we also measured 2DIR spectra in the C=0/amide | cross-
peak region. In Fig. [6.10p we observe that excitation of the carboxyl C=0
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vibration at 1750 cm~! leads to cross-peak signatures of two amide | modes
at 1650 and 1585 cm~!. To understand the origin of these cross-peaks, we
resolve their dynamics. In this analysis we average over the pump frequency
region between 1700 and 1770 cm~! to obtain 2DIR signals as a function of
probe frequency for time delays between 0.3 and 10 ps (Figl6.10p). We then
fit the resulting transient absorption spectra with a cascade kinetic model
(A—B—C). We observe that the spectral signature of state A contains a
cross-peak signal at a probe frequency of 1585 cm™, showing that this cross-
peak is instantaneous. This means that the carboxyl C=0 and the amide
| vibrations are anharmonically coupled, as a result of the strong hydrogen
bond that is formed between the carboxyl O-H group and the amide C=0
group. The signature of the cross-peak at v/, =1650 cm™ is not present
in the initial spectral component A, and is part of component B that rises
with a time constant of 0.6 ps (Fig[6.10k). This finding indicates that the
cross-peak at V.00 =1650 cm! results from intramolecular energy transfer.



6. Effect of intramolecular hydrogen-bond formation

104 on the molecular conformation of amino-acids
) AM.I(b) AM.(nb) =0
" 1770 F \!
£ ‘
‘5 1760 [
G 1750
=
g 1740
=
1730 |
> / 1l
o
1600 1650 1700 1750
probe frequency (cm )
b) ) 1
0.5
I 5~
[e)) %]
% -0.5 o« \ ki=1/06ps’!
o Q B
Q - ~ , \ k2=1/2ps’!
-1.5 . ¢ . )
1600 1650 1700 1750 1600 1650 1700 1750
probe frequency (cm ™) probe frequency (cm )

Figure 6.10: a) 2DIR spectrum of N-acetylproline in acetonitrile at a concentration of 0.08 M
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b) 2DIR probe slices obtained by averaging over the pump frequency region 1700-1770 cm™*
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three states used to fit the spectral dynamics.
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Abstract

We use two dimensional-infrared spectroscopy (2DIR) to study the interactions
between the amide and carboxylate anion groups of hyaluronan polymers at neu-
tral pH. The spectra reveal the presence of intrachain hydrogen bonds between the
amide and carboxylate anion groups in aqueous solution. We determine the relative
orientation of the amide and carboxylate anion groups when forming this hydro-
gen bond and quantify the fraction of amide groups that participate in hydrogen
bonding. We find that a variation of the pH and/or temperature has a negligible
effect on this fraction, whereas the persistence length of the hyaluronan chains and
the associated viscosity of hyaluronan solutions is known to change significantly.
We conclude that the hydrogen bonding between the amide and carboxylate anion
groups does not significantly contribute to the chain rigidity of hyaluronan polymers.
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7.1 INTRODUCTION

yaluronan is a natural polysaccharide in the human body with important

biological functionalities, and accordingly it also has many biomedical
applications®®122 Since the 1940s, hyaluronan has been the subject of nu-
merous studies, investigating its physico-chemical properties and their role in
biological functions such as stem cell fate determination and tissue lubrica-
tion1237128  The viscoelastic properties of aqueous solutions of hyaluronan
were found to strongly depend on the concentration and on the molecu-
lar weight of the polysaccharide, in accordance with semiflexible polymer
models?2”. The mechanical properties also strongly depend on the nature
and concentration of added salts and the pH of the solution30:1287130 4
phenomenon that is much less well understood. The physico-chemical con-
ditions likely influence the conformation of hyaluronan polymers and their in-
teractions, but direct experimental evidence is lacking. Hyaluronan polymers
show an exceptionally large bending rigidity under physiological conditions,
with a persistence length between 4 to 7 nm, corresponding to approximately
4 to 7 monomers. 31132 This feature has been interpreted as a strong indica-
tion for the presence of intramolecular hydrogen-bonds, which locally stiffen
the chain by limiting the rotation of the disaccharide units around the gly-
cosidic bonds®*3. Indeed, for solutions of hyaluronan tetra-saccharides in
dimethyl sulfoxide (DMSO), strong evidence for the existence of specific
intrachain hydrogen bonds between the amide and the carboxylate anion
groups has been found by means of NMR. Based on this observation, it
was proposed that the secondary conformations of long chains of hyaluro-
nan polymers, such as helical stuctures, could be stabilized by intrachain
hydrogen bonds between amide and carboxylate groups.t** Several molec-
ular dynamics studies indicated that direct hydrogen bonds between amide
and carboxylate anion groups should be formed also in aqueous solution
under physiological conditions.t3® However, some other NMR and molec-
ular dynamics studies suggested that the probability of forming this type
of hydrogen bond is smaller than 10% 1391367138 |n fact, up to now, there
has been no direct experimental evidence for the existence of intrachain
hydrogen-bonds between the amide and carboxylate anion groups.
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Figure 7.1: Linear infrared spectra of protonated -COOH (HA) and deprotonated -COO™ (HA
) hyaluronan dissolved at a concentration of 20 mg/ml in heavy water. The linear spectra are
obtained by decomposing the measured linear spectra as explained in the Appendix Sec[7.4 We
observe that the main difference between the HA and HA- spectra is the presence of —COO"
molecular vibrations at 1400 and 1600 cm™. In the inset, a schematic of the molecular structure
of the repeating units of hyaluronan. The disaccharide contains N-acetyl-glucosamine linked to
glucuronate via a glyosidic bond.

Two-dimensional infrared (2DIR) spectroscopy is one of the few tech-
niques capable of directly probing interactions such as hydrogen-bonding
at the molecular scale in aqueous (bio)molecular solutions.*® Similar to
two-dimensional nuclear magnetic resonance (2D-NMR), 2DIR can resolve
molecular couplings and dynamics, but at a much shorter time scale. Molec-
ular interactions such as hydrogen-bonds or electrostatic forces usually change
on a time scale of picoseconds,**? and 2DIR is ideally suited to take snap-
shots of these interactions with sub-picosecond time resolution. Here we
apply polarization-resolved 2DIR spectroscopy to study the interaction and
relative orientation of the amide and carboxylate anion groups of hyaluronan
in aqueous solutions and as a function of ionic strength and temperature.

7.2 RESULTS AND DISCUSSION

Linear Infrared Spectroscopy

Hyaluronan is a linear polysaccharide whose basic structure is a repeat-
ing unit composed of N-acetyl-glucosamine and glucuronic acid (inset in
Fig[7.1). Figl7.1]shows the linear infrared spectra for protonated (HA) and
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deprotonated (HA") hyaluronan in heavy water solutions at a concentration
of 20 mg/ml.
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Figure 7.2: a) Isotropic 2DIR spectrum for a solution of 20 mg/ml hyaluronan in heavy water
at pH = 6.8. b) 2DIR spectrum obtained by subtracting the parallel signal from three times
the perpendicular signal. The green rectangles indicate the off-diagonal regions, which reveal
cross-peak signals arising from the vibrational coupling between amide | and COO- modes. c)
2DIR absorption signal as a function of probe frequency obtained by averaging over the pump-

frequency range between 1600 and 1615 cm™

. The orange spectral signature represents the
anti-symmetric stretching vibration of the carboxylate anion group, and the green spectrum
represents the cross-peak signal of this vibration and the amide | vibration. d) Dependence of
the cross-peak signal on the waiting time T,, between the probing pulses and the two excitation
pulses (symbols), fitted to a double exponential decay (green line). The fit reveals a rise time

constant (tentr) of 0.2 + 0.2 ps and a decay time constant (tam.) of 0.6 £+ 0.2 ps.

The spectra of the two species are extracted by fitting linear infrared spec-
tra measured for hyaluronan in different solutions with a pH ranging from
1.5 to 6.9 (see Appendix Section and Figl7.6). The HA infrared spec-
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trum shows strong absorption bands centered around 1400 cm™ and 1600
cm™ due to the molecular vibrations of the carboxylate anion: the symmetric
stretching and anti-symmetric stretching modes, respectively. Under acidic
conditions, these bands give way to a new band at 1725 cm™ representing
the carbonyl stretch vibration of the carboxylic acid group. For both HA
and HA" we observe a band at 1633 cm™, which corresponds to the amide
| mode, and a band around 1480 cm™!, corresponding to the amide Il mode®?.

Intramolecular Interaction between Amide and Carboxylate Anion Groups

Fig[7.2h shows the 2DIR spectrum measured for a solution of hyaluronan
at 20 mg/ml at pH = 6.8 at room temperature for a waiting time 7}, of 0.7
ps. This spectrum represents the isotropic response, and it is obtained by
adding the 2DIR spectrum measured with parallel polarization to two times
the 2DIR spectrum measured with perpendicular polarization*>. We ob-
serve the presence of two pairs of diagonal peaks. Upon excitation at 1607
cm, we observe a strong bleach (blue coloured) and induced absorption
(red coloured) peaks, representing the spectral response of the fundamental
transition and the excited-state absorption of the anti-symmetric stretching
mode of the carboxylate anion. Similarly, we observe upon excitation at a
pump frequency of 1633 cm™ bleach and excited state absorption signals
arising from the excitation of the amide | vibration. In the 2DIR spectrum,
similarly to the linear infrared spectrum, the two vibrations strongly overlap.
This spectral overlap obscures the off-diagonal regions of the 2DIR spec-
trum that contain information on the coupling of the different vibrations in
the form of so-called cross-peak signals, and thus on potential molecular
interactions. To reduce the diagonal signals of the amide and carboxylate
modes, we subtract the parallel 2DIR spectrum from three times the per-
pendicular 2DIR spectrum.?4Y Nevertheless, in Fig. we still observe a
significant diagonal signal for the anti-symmetric stretching mode and a sig-
nal corresponding to the 1 — 2 transition of this mode. It follows from
the time-dependent anisotropy of these signals that the carboxylate anion
rapidly reorients over a limited angle with a time constant of ~ 250 fs (see
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Appendix Section and Figl7.7p ). In addition to the residual diag-
onal signal, we observe cross-peak signals for an excitation frequency of

1610 cmand a probing frequency of 1640 cm™(upward cross-peak), and
for an excitation frequency of 1640 cm™and a probing frequency of 1610
cm(downward cross-peak). These off-diagonal features signal the presence
of a vibrational coupling between the amide | vibration and anti-symmetric
stretch vibration of the carboxylate anion group. To study the origin of the
cross-peak, we measure the temporal dynamics of the upward cross-peak. It
is difficult to study this dynamics for the downward cross-peak, as this signal
is strongly obscured by the diagonal signal of the anti-symmetric stretch vi-
bration of the carboxylate anion. The cross peak signal (excitation at 1614
cm!, detection at 1637 cm™) shows a rise followed by a slower decay (see
Appendix Sec[7.4.2/and Fig[7.7p ) which indicates that it results from energy
transfer between the excited anti-symmetric stretching mode of COO™ and
the probed amide | vibration. Hence, the cross-peak signal is expected to
have a similar spectral shape as the diagonal signal of the amide | vibration,
showing a positive excited-state absorption signal and a negative bleaching
signal. Figl7.2k shows the transient spectrum at Tw of 0.7 ps obtained by
averaging the 2DIR spectrum over the excitation frequency interval between
1605 and 1615 cm™. In this figure we also show a decomposition of the tran-
sient spectrum in spectral components that can be assigned to the diagonal
signal of the anti-symmetric stretching mode of the carboxylate anion and
the cross-peak signal of the amide | vibration, represented by the orange
and green spectral components, respectively. These spectral components
are obtained from a global fit of the transient spectra to Lorentzian func-
tions representing the excited-state absorption and bleaching signal of the
anti-symmetric stretching mode of COO, and Lorentzian functions defin-
ing the positive and negative part of the cross-peak signal of the amide |
vibration. We perform a global fit to the transient spectra measured at dif-
ferent delay times in which the widths, center frequencies, and amplitudes
of the Lorentzians are global parameters (see Appendix Section [7.4.3). We
find that the bleach of the cross-peak has its maximum at 1637 cm™. In
Fig[7.2d, we show the amplitude of the decomposed spectrum of the cross-
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peak as a function of delay. The cross-peak signal shows a fast rise, followed
by a slower decay. We fit these data to a double exponential function, with
a rise time constant of 0.2+0.2 ps and a decay time constant of 0.6+0.2 ps.
We assign the decay to the vibrational relaxation of the amide | vibration.
The occurrence of fast energy transfer between the carboxylate anion and
the amide group indicates that these groups are in close contact with each
other. This molecular interaction must be of intramolecular origin, since
there is no interchain aggregation in aqueous solution at neutral pH, as evi-
denced by AFM imaging and by rheology measurements.1% Hence, the fast
rise of the cross-peak signal constitutes a strong indication that the amide
and carboxylate group interact via an intrachain hydrogen bond: O=C-N-

H.....O0-C=0 13
Relative Orientation of the Carboxylate and Amide Groups

To study the molecular interaction between the amide and carboxylate
anion groups in more detail, we also measured the coupling between the
amide Il vibration of the amide group and the anti-symmetric stretch vibra-
tion of the carboxylate anion (Figl7.3p). The amide Il vibration absorbs at
1490 cm™, and is mainly formed by a C-N vibration. lts transition dipole
moment is at an angle of ~ 70° with respect to the transition dipole mo-
ment of the amide | mode in heavy water solutions. %142 Fig [7.3h shows the
2DIR spectrum in the frequency region of the amide Il spectral region, mea-
sured with a parallel polarization configuration of the excitation and probing
pulses, at a waiting time Tw=0.3 ps. We observe a clear cross-peak signal
for excitation frequencies between 1600 and 1640 cm™ and probing fre-
quencies around 1490 cm™. This cross-peak signal shows an anti-diagonally
elongated lineshape, which is typical for the cross-peak of the amide | and
amide Il vibrations.2*¥ We also observe that the nodal line slope is substan-
tially larger for high excitation frequencies than for low excitation frequen-
cies, which suggests the presence of an additional cross-peak signal at lower
excitation frequencies, i.e. of the amide Il vibration and the anti-symmetric
stretch vibration of the carboxylate anion. Indeed, this difference in nodal
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line slope between high and low excitation frequencies is not observed in the
2DIR spectrum of N-acetyl-glucosamine, which only exhibits a cross-peak
between the amide | and amide Il vibrations (Figl7.3p). In Fig. we
plot the parallel signal as a function of excitation frequency obtained by
averaging over a narrow probe-frequency interval between 1488 and 1492
cm'l(Fig. shows the perpendicular signal). We observe that this signal
shows a significant absorption between 1600 and 1615 cm™, confirming the
presence of significant vibrational coupling between the amide Il vibration
and the anti-symmetric stretch vibration of the carboxylate anion.

The polarization dependence of the 2DIR measurements provides infor-
mation on the angles between the transition dipole moments of the amide |
mode (which is largely parallel to the C=0 bond of the amide group), the
amide Il mode (which is largely parallel to the C-N bond), and the anti-
symmetric stretching vibration of the carboxylate anion group (which lies
close to a line connecting the two oxygen atoms), as illustrated in Fig..
We thus decompose the parallel and perpendicular transient spectra obtained
by pumping and probing in the amide | region (Fig.—b). By measuring
the ratio between the parallel and perpendicular signals of the cross-peak,
we find an angle between the transition dipole moments of the amide | and
the anti-symmetric stretching mode of the carboxylate anion of 15 + 10°.

The angle between the transition dipole moments of the amide | and of
the amide |l is expected to be 67 + 5O(Fig.). Hence, we expect that
the transition dipole moments of the amide Il and of the anti-symmetric
stretching vibrations will be at an angle of 50°, provided that all vibrations
are in the same plane. By extracting the ratio between the parallel and per-
pendicular signals, measured for excitation frequencies between 1600 and
1615 cm™ and for a detection frequency around 1490 cm™, we find that the
angle between the transition dipole moments of the amide Il vibration and
the anti-symmetric stretch vibration of the carboxylate anion is 45 + 10°.
The obtained angles between the transition dipole moments of the vibrations
of the amide and the carboxylate anion groups indicate that the orientation
of these groups is highly constrained, which points at the formation of a di-
rect intrachain O=C-N-H-----O-C=0 hydrogen bond. In this hydrogen bond,
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Figure 7.3: a) 2DIR spectrum measured in parallel polarization for a solution of hyaluronan at
pH=6.8 at a waiting time T,,=0.3 ps. Grey and green lines represent the nodal lines. b)2DIR
spectrum in parallel polarization of N-acetyl-glucosamine in D,O at a concentration of 8% wt at
a pH 7 at a waiting time of 0.3 ps. c) and d) Transient spectra as a function of pump-frequency
obtained by averaging the 2DIR spectra over the probe-frequency range between 1488 and 1492
cm™®, measured for hyaluronan with parallel and perpendicular polarization configuration of the
pump and probe pulses, respectively. The orange Gaussian-shaped peak represents the cross-

peak upon excitation of the anti-symmetric stretching mode of the carboxylate anion group.

the hydrogen atom is located close to the line that connects the two oxy-
gen atoms of the carboxylate anion (Fig). Since the formation of this
hydrogen-bond causes a direct vibrational coupling between the amide | and
the anti-symmetric stretching modes, we can retrieve the fraction of amide
and carboxylate anion groups that are bonded. We thus decompose the tran-
sient spectrum (see Appendix[7.4.3|and Fig[7.8)) obtained from the isotropic
2DIR spectrum into a diagonal signal Aa$99" (t) of the anti-symmetric

180
Vooo- Vibration and a A«;? (t) cross-peak signal. After the energy trans-
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fer is complete, we find Aas® (t)/AaS997 (t) ~ 0.1. This ratio provides
information on the fraction (fe,..) of the excited anti-symmetric stretching
vibrations of carboxylate anions that relax via energy transfer to the amide
| vibration. We use Aaf? (t)/AaS997 (t) = f" (t)o arr1/0c00- , Where

oam. and ocpoo- are the cross-sections of the v4;,; and anti-symmetric
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Figure 7.4: a) Measured transient absorption spectra for a pump frequency of 1607 cm™ for
parallel (blue circles) and perpendicular (red circles) polarization together with fits (blue and
red solid lines) , for a solution of 20 mg/ml hyaluronan in heavy water at pH=6.8. The waiting
time is 0.3 ps. The contributions of the cross-peak signal with the amide | vibration to the
parallel and the perpendicular transient absorption spectra are represented with the dashed and
continuous black lines. b) Cross-peak signals obtained from the fits to the transient absorption
spectra shown in a). From the ratio of the parallel and perpendicular cross-peak signals, we
obtain an anisotropy of R = 0.32 £ 0.05. From this anisotropy value, we can extract the
angle between the transition dipole moments of the amide | and anti-symmetric stretching using
0 = arcos(4/(BR + 1)/3) . We thus obtain an angle of 15 + 10°. c¢) Schematic representation
of the relative orientation of the transition dipole moments of amide | (72 4,,; ), amide Il (
T apr.rr) and anti-symmetric stretching (77, ) vibrations upon formation of a hydrogen-bond
between amide and carboxylate anion groups. d) lllustration of the intra-molecular hydrogen-

bond between amide and carboxylate anion groups in one single disaccharide unit.
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Vooo- Vibrations, respectively. The ratio o4y r/0coo- is close to 1 (see
Appendix Section and Figl7.8), which implies that 10 & 5% of the
anti-symmetric vcoo- oscillators decays via energy transfer to the amide
| vibration, as a consequence of the formation of a strong hydrogen-bond
between the amide and carboxylate anion groups.

Effect of pH and Temperature

bt
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Figure 7.5: a) Fractions of carboxylate groups that decay via energy transfer to the amide |
at pH=6.8, 11.7 and 13. b) Fractions of carboxylate groups that decay via energy transfer to
the amide | at different temperatures. In both cases, the fractions are obtained by fitting the
isotropic transient spectra at different pHs and temperatures as described in Appendix Sec[7.4.3]

It has been observed that the stiffness of hyaluronan chains drops down
drastically (30 —50%) when the pH is increased from neutral pH to alkaline
pH. 143144 To ynderstand the effect of the pH on the hydrogen-bond between
the amide and carboxylate anion groups, we measured 2DIR spectra at dif-
ferent pH values, and we calculate the fractions of carboxylate groups that
relax via energy transfer to the amide | vibration. In Fig[7.5p we show the
fractions as a function of pH. We observe that an increase in pH from 6.8 up
to 13 does not lead to a change of the fraction of bonded carboxylate anion
groups. The fact that an increase of pH leads to a decrease in stiffness of
the hyaluronan polymers but not to a change of the fraction that relaxes via
energy transfer, indicates that the intrachain hydrogen bond between the
carboxylate anion group and the amide group is not a major determinant
of chain stiffness. This conclusion supports a hypothesis put forward in the
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literature that the main source of chain stiffness is formed by the hydrogen
bonds/water bridges to the oxygen rings. 220443145 |t has also been reported
that the viscosity of a hyaluronan solution drops significantly when the tem-
perature is increased, likely also because of a reduction of the stiffness of the
polymer chains.1407148 \We measured 2DIR spectra at different temperatures
in the range between 5°C and 65°C, which has been observed to lead to a
decrease in viscosity of ~ 25%.147 In Fig[7.5| we compare the fractions of
bonded carboxylate as a function of temperature. Again we do not observe
a significant change in the fraction when varying the temperature in the
range between 5° and 65°C. The absence of an effect of temperature on
the fraction of intra-chain O=C-N-H:----O-C=0 hydrogen bonds between
the amide and the carboxylate anion group is somewhat unexpected. If
this fraction would have been dependent on a single hydrogen-bond bind-
ing energy, and if this binding energy would not have been too high, the
fraction of intra-chain bonds would have been expected to decrease when
the temperature is raised. However, the situation for the hyaluronan poly-
mers is more complex, as is illustrated by the fact that only ~ 10% of
the intra-chain O=C-N-H-:---O-C=0 hydrogen bonds that could be formed
are actually formed. This fraction relies on a detailed balance of solvation
interactions, configurational entropy, and different intra-chain interactions.
With increasing temperature all these contributions to the free energy will
change. With respect to the fraction intra-chain O=C-N-H-----O-C=0 hy-
drogen bonds, temperature is observed to have little effect, suggesting that
some effects may compensate each other. For instance, it could be that at
low temperatures the fraction of formed intra-chain hydrogen bond is limited
because a higher fraction would have a high associated energy penalty due
to unfavourable solvation interactions. At higher temperatures this energy
penalty is reduced, which may compensate the tendency for the intra-chain
hydrogen bonds to break up, thus yielding a fraction of intra-chain hydrogen
bonds that is more or less temperature independent. The independence of
the connected fraction on temperature indicates that this interaction does
not play an important role for the stiffness of the polymer chains, that does
strongly depend on temperature. 140148 The observed decrease of the vis-
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cosity with temperature is thus likely caused by a decrease of the stiffness of
the polymer chains induced by a reduction of hydrogen bonds/water bridges
formed by the oxygen rings. 121143145

7.3 CONCLUSION

We studied the intramolecular interactions of hyaluronan polymers in aque-
ous solution using two-dimensional infrared (2DIR) spectroscopy. The mea-
sured 2DIR spectra provided clear evidence for the existence of a direct
intrachain O=C-N-H-----O-C=0 hydrogen bond between the amide and the
carboxylate anion groups of the hyaluronic polymer units. From the am-
plitude of the cross-peak signal in the 2DIR spectra we concluded that
this hydrogen bond is only formed for 10% of the amide groups. This
finding agrees with previous results of NMR measurements and molecular
dynamics simulations. 237138 By measuring 2DIR spectra with different po-
larization configurations for the excitation and the probing pulses, we also
determined the relative orientation of the transition dipole moment of the
amide | and amide Il vibrations with respect to the transition dipole moment
of the anti-symmetric stretch vibration of the carboxylate anion group, when
these groups are connected by a direct hydrogen bond. We find that these
transition dipole moments are at relative angles of 15 + 10° and 45 + 10°,
respectively. These angles indicate that the intrachain hydrogen bond pos-
sesses the molecular structure that is illustrated in Fig[7.4d. Variations in
the solution pH or in the temperature did not change the fraction of anti-
symmetric carboxylate anion vibrations showing energy transfer to the amide
group, whereas the persistence length of hyaluronan and the associated vis-
cosity of hyaluronan solutions is known to change significantly. Therefore,
our findings indicate that the intrachain hydrogen bond between the car-
boxylate anion group and the amide group does not play an important role
in the stiffness of hyaluronan polymers.
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7.4 APPENDIX

7.4.1 PKA OF LOW MOLECULAR WEIGHT HYALURONAN

FIT OF THE LINEAR INFRARED ABSORPTION SPECTRA AT DIFFERENT DCL CON-
CENTRATIONS

We fit the linear infrared spectra using a global fitting procedure as a function
of frequency and concentration of added DCI ([ D}, ,]), which is based on
the minimization of the square error

E = Y53 D) = 5775, [Dluacdd) P (711)

where S is the fitted spectrum and S*P the experimental spectrum. As-
suming that the experimental spectra are a linear combination of the spectra
at neutral (.S,,) and acidic (S,) pH, we expect that

Vi, for wmin < W5 < Wnaz
S (Wj, [D:dded]i) = CnSn(Wja [D;—dded]i)neuwal + CaSa(Wja [D;dded]i>a6id
(7.2)

where ¢, and ¢, are the coefficient for the neutral and acid spectra, respec-
tively.

CALCULATION OF THE pK, VALUE IN HEAVY WATER

We determine the pD and the fraction of protonated/depronated carboxylic
acid groups of hyaluronan as a function of added DCIl using the acid-base
equilibrium and mass balance equations:

co = [DA] + [A7]

[Dggeal = [DA] + [D¥]

pKP = pD* — logio([A™]/([DA])
pKP = pD* + pOD~

(7.3)

The first equation represents the conservation of the total concentration
¢, of hyaluronan, which is the sum of neutral hyaluronan [DA] and nega-
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Figure 7.6: Measured raw linear spectra (red) with fits (symbols) of hyaluronan at 20 mg/ml
at different pH values (see legends) in heavy water solutions, and the resulting inferred spectra
for HA and HA-.

tively charged hyaluronan [A~]. The second equation represents the conser-
vation of the total concentration of added D, which equals the sum of free
D™ and DT that gets bonded to the added negatively charged hyaluronan
[A~]. The third equation is the acid-base equilibrium equation for hyaluronic
acid. The fourth equation is the heavy water dissociation equilibrium, where
pKPindicates the heavy water dissociation constant. Note that the acid
dissociation constant in heavy water solutions, pKf, is different from that
in water solution. In order to determine the pKC?, we fit the fractions of
[DA]*" and [A~]**" (extracted from the global fit of the linear spectra), by
using a global fitting procedure as a function of added DCI, [D;,,.,] . This
procedure is based on the minimization of the least-square error E of the
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following expression:
E = Z([DA]ext([D;_dded]i) - [DA]<[D;_dded]i7pKaD))2

’ 7.4
+Z([A7]ext([D:dded]i) — [ATN(D}sgealis PED))? 74

where pKP is the only free parameter. [DA] and [A~] are obtained by
solving the system of equations in Eq.. Using pK” = 14.95, we obtain
from the fit a value of pK” = 3.3 + 0.2, which is in good agreement with
the expected value from literature assuming a pK, in water of 2.9.

pPD TO PH CONVERSION

We determine the pH* of a heavy water solution with a glass electrode. As
the pH-meter is calibrated with water buffers for which the activity on the
surface of the glass electrode differs from heavy water, we use the following
correction to obtain the pD:pD = pH* + 0.44. Next the pD values are
converted to the pH values of a solution of water of similar acidity using:
pH = pD x 0.929.147
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Figure 7.7: a) Anistropy decay of the anti-symmetric stretching vibration of the carboxylate
anion group. The data are fitted to an exponential decay with an offset. We obtain a decay
time constant of 0.250 + 0.150 ps, and an offset of 0.37 + 0.04. b) 2DIR signal obtained from
the 2DIR spectrum reported in Fig.2b at the cross-peak frequencies (excitation at 1614 cm?,
detection at 1637 cm™). The data are fitted to a double exponential function with a rise time

constant of 0.2 and a decay time constant of 0.6 ps.
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7.4.2 FAST ORIENTATIONAL REORIENTATION OF THE CARBOXYLATE AND CROSS-
PEAK DYNAMICS

Fig[7.2b shows a difference 2DIR spectrum, obtained by subtracting parallel
signal from three times the perpendicular signal. This difference 2DIR spec-
trum shows the spectral signature of the cross-peak signal of the amide |
vibration and the anti-symmeteric stretch vibration of the carboxylate anion
group. In addition, the difference 2DIR spectrum also shows a residual signal
of the latter vibration on the diagonal. The presence of this residual signal
indicates that the ratio between the parallel and perpendicular signals of
this vibration is not exactly 3, and thus that the anisotropy is less than 0.4.
In Fig[7.7a we show the anisotropy decay of the anti-symmetric stretching
vibration of the carboxylate. We observe that the anisotropy shows a rapid
partial decay, reaching an offset of ~0.37. By fitting the dynamic to an
exponential decay with offset, we find a time constant of ~0.250 ps, sug-
gesting that excitation of the transition dipole moment of the anti-symmetric
stretch vibration of carboxylate anion shows a rapid wobbling motion within
a small cone.

To identify the origin of the cross-peak, we extract the dynamics of
isotropic signal at the cross-peak pump and probe frequencies (Fig7.7p).
We observe that the signal quickly rises and slowly decays. We fit the data
to a double exponential function, and we find a rise time constant of 0.2
ps and a decay time of 0.6 ps, which is similar to the vibrational relaxation
time of the amide | vibration. The dynamics, thus, strongly suggest that the
cross-peak results from ultrafast energy transfer from the anti-symmetric
stretch vibration of the carboxylate anion to the amide | vibration.

7.4.3 CALCULATION OF THE FRACTION HYDROGEN-BONDED -COO"~

FiT oF THE 2DIR SLICES.

We fit the 2DIR spectrum using a global fitting procedure as a function of
probe frequency and time which is based on the minimization of the square
error E/

E = Z(S(%’a t;) — S (wj, 1)) (7.5)
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where S'is the fitted spectrum and S.,,;, the experimental spectrum. Assum-
ing that the experimental spectra are a linear combination of the diagonal
signal, Scoo- ., the cross-peak signal, S,,, and the heating signal Sheating
we can write:

Vi, for Wmin < WjWmaz
S(wja tz) = Ccoo- (ti)SCOO— (wj) + Ccp(ti)scp(wj) + Cheating<ti)Sheating(wj>
(7.6)

where ccoo- , Cep and Cheating are the time-dependent amplitudes of the
diagonal, cross-peak and heating signals, respectively. The heating signature
Sheating(w;j) corresponds to the 2DIR signal at late time delay (7;,= 10
ps). The spectral signatures Scoo- and S, are described as the sum of
two Lorentzian-shaped peaks that correspond to the bleach and the excited
state absorption (esa) of the diagonal peak (I%%<" andi&s,,-) and of the
cross-peak (I%““" and I55),

Scoo-(ti,w) = ccoo-(t:)[~1Ese" (w) + acoo-1gHo(w)] (7.7)
And
Sep(ti,w) = Cep(ti)[—10" (W) + agplis*(w)] (7.8)

where a,, and factor acpo- represent the relative amplitude of the excited
state absorption with respect to the bleaching signal.
We thus rewrite equation [7.4.3] as follows:

E = Y (cep(ts) [~ 10 (w)) + acples(w;)]+
,J
+ccoo- (tz‘)[—l%?%h— (wj) + acoo-lgoo- (ti)(w;)]+

+Cheating (ti)Sheating (wj> - Sexp (wja tz))2
(7.9)
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Where the widths, centre frequencies, and the relative amplitude factors of
the esa are global parameters.

CROSS-SECTION RATIO OF THE AMIDE I VIBRATION AND THE ANTI-SYMMETRIC
STRETCH VIBRATION OF -COO-

By applying the fit procedure previously described, we are able to extract the

ratio r = Aaj? /AaS99" between the transient absorption signals of the

cross-peak and the anti-symmetric stretching vibration of COO~ (Fig.).
This ratio r is also equal to r = fe,, i 742, where f.,, 4, is the fraction of

.7co :
carboxylate groups bonded to the amide t%rough an intra-molecular hydro-
gen bond, and 0477 and ocpo- the absorption cross-sections of the amide
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| and anti-symmetric stretch vibrations, respectively. As we previously dis-
cussed in Appendix Section [5.4.3] the ratio between the two cross-sections
% can be found by comparing the linear and 2DIR spectra, because the
linear signal scales with o, while the 2DIR signal scales with as 0. Fig[7.8b
and c show the normalized linear IR spectrum and the normalized isotropic
2DIR signal along the diagonal (pump=probe). We observe that in both
the cases the relative amplitude between the amide | and the anti-symmetric
stretching is ~0.5, indicating that the absorption cross-sections are similar.
Hence, we assume that UUCAO”;’_ ~ 1, which implies that the fraction fe,, ¢
can be directly obtained from the ratio of the transient absorption signals of
the cross-peak signal of the amide | and the COO™ anti-symmetric stretch
vibration, and of the diagonal signal of the latter vibration.
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Abstract

The biological functionalities of natural polyelectrolytes are strongly influenced by
the presence of ions, which bind to the polymer chains and thereby modify their
properties. Though the biological impact of such modifications is largely recog-
nized, a detailed molecular picture of the binding process and of the mechanisms
that drive the subsequent structural changes in the polymer is lacking. Here we
study the molecular mechanism of the condensation of divalent cations (calcium) on
hyaluronan, a ubiquitous polymer in human tissues. By combining measurements
with two-dimensional infrared spectroscopy and molecular dynamics simulations,
we find that calcium specifically binds to hyaluronan at millimolar concentrations.
Because of its size and charge, the calcium cation can bind simultaneously to the
strongly negatively charged carboxylate group and the uncharged amide group of
adjacent saccharide units. We find both with simulations and AFM-force spec-
troscopy measurements that the binding of the calcium ions weakens the intra-
molecular hydrogen-bond network of hyaluronan, increasing the flexibility of the
polymer chain. We also observe that binding of calcium to hyaluronan saturates at
a maximum binding fraction of ~10%. This saturation indicates that the binding of
Ca?* strongly reduces the probability of subsequent binding of Ca®" at neighboring
binding sites, probably as a result of enhanced conformational fluctuations and/or
electrostatic repulsion effects. Our findings provide a detailed molecular picture
of ion condensation, and reveal the severe effect of a few, selective and localized



8. Strong reduction of the chain rigidity of hyaluronan
128 by selective binding of Ca®* ions

electrostatic interactions on the rigidity of a polyelectrolyte chain.
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8.1 INTRODUCTION

olyelectrolytes are charged polymers, which are widely present in Na-

ture and in man-made materials for applications ranging from wound
dressing to oil-recovery. 129121 Because of their charged nature, the polyelec-
trolyte chains strongly depend on the solution pH and on the salt conditions.
Usually, dissolved ions are mobile, and can thus screen the charges along the
chain, thereby reducing the persistence length that is a measure of the chain
rigidity.®? Nevertheless, localized electrostatic interactions between ions and
the charges on the chain (which we refer to as Manning condensation) can
happen if the distance between the charges on the chain is less than the
Bjerrum length ()\;).>* In this case, ions bind to the charges on the chain,
causing the polymer to wrap around the ions. 222153 Multivalent ions can
also condense without creating local wrapping of the chain, but still reduc-
ing significantly the persistence length by forming local ion “jackets” 1%
Though the effect of condensation on the configuration of polyelectrolytes
has been thoroughly studied in previous work®>152 the molecular details of
the complexes formed between cations and polyelectrolytes, and the molecu-
lar mechanisms underlying the conformational changes that follow from the
ion binding, are still unknown.

Among all the natural polyelectrolytes, a specific class of charged polysac-
charide, glycosaminoglycans (GAG), is arguably one of the most studied.
In the human body, GAGs are critically important in many biological pro-
cesses, such as anti-coagulation4% inflammatory response®** and the
immune response to external pathogens?®. The GAG hyaluronan plays an
especially important role in many biological processes, facilitating skin hy-
dration and tissue lubrication and mediating cell-matrix and cell-cell com-
munication?#125  As part of the extracellular matrix (ECM), hyaluronan to-
gether with collagen governs the mechanical properties of the ECM, which,
together with biochemical cues, guides cell behavior®®5? Many clinical
studies have also shown that diseases such as cancer or osteoarthritis are
correlated with changes in the average molecular weight and concentration
058159 Thanks to its biocompatibility, hyaluronan is also
widely applied as a building block for responsive and biocompatible hydro-

of hyaluronan
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An interesting feature of hyaluronan is the sensitivity of its mechanical
properties to a particular divalent cation, calcium. At a concentration of a
few mM of calcium, hyaluronan hydrogels show a decrease in viscosity that is
much more drastic than in the presence of a similar concentration of sodium
or magnesium02193 Fyrthermore, calcium ions have been found to show an
unusually strong effect on the thickness of hyaluronan brushes grafted to a
surface to emulate the glycocalyx of cells*®¥. Interestingly, a previous study
also showed that low concentrations of calcium cause a reduced translational
diffusivity of small solutes, such as glucose and lysine, in hyaluronan polymer
solutions.2®®. These findings suggest that hyaluronan polymers change their
molecular conformation when interacting with calcium ions. The distance
between negative charges in hyaluronan is ~ 1nm, which is smaller than
the Bjerrum length for divalent cations (around 1.4 nm),**#1%% and thus
ion condensation processes may occur, leading to a reduction of the charge
density along the chain.

Here we investigate the interaction between hyaluronan and calcium
ions at the molecular level, with force spectroscopy measurements using
an atomic-force microscope, linear infrared spectroscopy, femtosecond two-
dimensional infrared (2DIR) spectroscopy, and molecular dynamics simu-
lations. We find that calcium ions strongly bind to hyaluronan, forming
complexes with the carboxylate anion group and amide groups. We further
find that the formation of only a few of these complexes suffices to change
the intramolecular hydrogen bond network and, as a result, the persistence
length of the hyaluronan polymers. We thus obtain a direct molecular picture
of the binding mechanism between calcium and hyaluronan, and a molecular
explanation of the change in flexibility of the polymer upon the interaction
with the calcium ions.

8.2 RESULTS

8.2.1 COMPLEXATION OF CALCIUM IONS WITH HYALURONAN

We used linear and nonlinear IR spectroscopy to characterize the interac-
tion between calcium ions and HA. HA is composed of repeating disaccha-
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Figure 8.1: a) Molecular structure of a disaccharide unit of hyaluronan containing amide (red)
and carboxylate (green) groups on adjacent saccharide units. b) Linear FTIR infrared spectra for
a solution of hyaluronan at 20 mg/ml in water containing 0, 25, 50, 150 or 300 mM of calcium
ions (as indicated). In the shown region, we observe the absorption peaks of the anti-symmetric
stretching mode of the carboxylate anion group (Vant), and of the amide | vibration (vaa.1). ¢)
Differential FTIR infrared spectra obtained by subtracting the infrared spectrum in pure water
(0 mM Ca®") from the other spectra shown in b).

ride units (Fig.). The disaccharide unit contains N-acetylgalactosamine
linked by a glycosidic bond to glucuronic acid. In Fig/8.Ipb we report linear
infrared absorption spectra of a solution of HA at a concentration of 20
mg/ml, where we vary the CaCl, concentration from 0 to 300 mM. In the
frequency region between 1580 and 1685 cm™, we observe two bands, at
1609 cm™ and at 1633 cm™. Following the literature, we assign the band
at 1609 cm™ to the absorption band of the anti-symmetric stretching mode
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of the carboxylate anion group (¥4¢), and the band at 1633 cm™ to the ab-
sorption band of the amide | vibration (v41s.7) of the amide group.®4 Upon
addition of CaCl,, we observe a small increase of the absorption around 1590
cm™ and 1620 cm™®, and a significant decrease of the absorption near 1607
cm,

With increasing calcium concentration we also notice an enhanced ab-
sorption in the high-frequency region of the spectrum, corresponding to the
high-frequency wing of the amide | band (1650 cm™). In the absence of
calcium, the amide group is hydrated in average by 2 water molecules, and
each hydrogen-bond induces a red-shift of the amide | absorption band of 10
to 20 cm™ 100Ue7 The observed blue shift of the amide | band from ~1633
cm™ to 1650 cm™ when adding calcium ions suggests therefore that the
amide group gets (partly) dehydrated. Computational studies have shown
that in simple model systems containing a single amide group, calcium ions
have a significant probability to be located close to the carbonyl oxygen (<
2.5 A), and thus to be in direct contact with the amide group.26568 The
creation of such a cation-amide pair induces a red-shift in the amide | vibra-
tion with respect to the frequency of this mode in the gas phase, but this
red-shift is smaller than the red-shift of the amide | vibration that results
from the formation of hydrogen bonds with water molecules. In a previous
study, calcium was found to bind to the amide oxygen in a collinear fashion,
displacing both water molecules®®, thus corroborating that the observed
blue-shift of the amide vibration results from the binding of calcium ions.

At calcium concentrations below 150 mM, there is no clear difference
between the linear absorption spectra with and without added salt. Never-
theless, based on previous measurements, we do expect already a significant
effect of calcium ions on the hyaluronan structure in this concentration
regime. T63-165

We study the molecular-scale effect of calcium at low concentration with
two-dimensional infrared (2DIR) spectroscopy. 2DIR is a nonlinear technique
in which molecular vibrations are excited from the ground state (v = 0) to
the first excited level (v = 1) with an intense femtosecond mid-infrared light
pulse. This excitation leads to a change of the absorption of the excited and
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Figure 8.2: a) 2DIR spectra of hyaluronan at a concentration of 20 mg/ml in heavy water
at neutral pH containing 0 (left) and 25 mM (right) calcium ions. The waiting time between
the pump and probe pulse is 0.3 ps. The yellow rectangles indicate the regions with the largest
changes in absorption change. b) Top: transient absorption 2DIR signals taken along the dashed
lines in (a). Bottom: Differential spectrum obtained by subtracting the spectrum measured for

a solution without calcium from the spectrum of a solution with 25 mM calcium ions.

other vibrations that we probe with a second, weaker, broadband, femtosec-
ond mid-infrared light pulse (probe pulse). 2DIR spectroscopy has as an
advantage over linear infrared spectroscopy that the signal, the absorption
change Aaq, is proportional to the square of the vibrational cross-section, o,
(Aa ~ ¢?), while in linear infrared spectroscopy the signal is linearly propor-
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tional to the vibrational cross-section (o ~ o). 2DIR is thus ideally suited
to distinguish species with high cross-sections and low concentration from a
background of species with low cross-sections and high concentrations.

In Fig[8.2h we present 2DIR spectra measured at 0 mM and at 25 mM
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Figure 8.3: a) Fraction of complexed amide groups as a function of calcium concentration. The
data (symbols with error bars) are fitted with a model that includes an increasing energy penalty
with increasing occupation of the amide groups (the details are described in the Appendix Section
. The experimental values and error bars are obtained by averaging over three different
experiments. b) Illustration of the complex formed. The grey dashed line shows the bidentate
binding of the carboxylate anion group to Ca?".

of calcium ions. In both spectra we observe a strong signal when exciting
at 1607 cm™, which extends to higher frequencies and shows a shoulder at
1630 cm™. The peak colored in blue represents a decrease in absorption
due to bleaching of v,,; and the signal at lower probe frequency colored in
red represents the induced absorption of the v = 1 to v = 2 transition.
Upon addition of calcium ions, we observe an enhanced absorption at higher
frequencies around 1660 cm™, which can be seen more clearly in the lower
part of Fig[8.2b where we show the difference between the two slices taken
along the diagonal of the bleach, illustrating the enhanced absorption. We
observe a significantly increased absorption in the blue wing of the amide
vibration at a calcium concentration of 25 mM. In line with the linear absorp-
tion spectra, we assign this enhanced absorption to the complexation of the
amide carbonyl to the calcium ion, which we will indicate as vgnr.7—ca(2+)-
In order to extract the relative area of the v4n7—cq2+) amide band at
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different concentrations of calcium ions, we fit the 2DIR data with three
Gaussian-shaped peaks. In this fit we use two Gaussian-shaped peaks to
describe the v,,,; and v 4, ; vibrational bands in the absence of calcium, and
we use a third Gaussian-shaped peak to describe vap1—ca(2+) (Appendix
Section [8.5.1)). The central frequencies and the widths of the three bands
are global parameters in the fit, meaning they are fixed at all studied calcium
concentrations, and only the amplitudes of the three bands are allowed to be
different at each calcium concentration. Examples of the fits are reported
in Appendix Section . We assume that v r—ca(2+) and vapr have
the same cross-section, and thus we obtain the fraction of amide groups
bonded to calcium ions directly from the area of the van r—ca2+) Peak (
see Fig.). We observe that already at a low calcium concentration of
10 mM a significant fraction of amide groups is bonded to calcium ions.
The fraction of amide bonded groups rises quickly with increasing calcium
concentration but saturates at a fraction of just 10%.

The observed saturation implies that the binding between Ca®* and
hyaluronan is best described with a model that accounts for a high affinity
for calcium at low concentrations, but an energetic penalty upon complex
formation. This penalty energy E, depends on the fraction of formed com-
plexes, and can be accounted for by using an expression for the association
equilibrium constant that contains an exponential term containing a penalty
energy I, divided by kgT" and proportional to the fraction of occupied sites:

[Ca*T HA]

_ “igrd _ 1C@ HA]
Kon(f) = Kame [Ca?+] [HA]

(8.1)
with

[Ca*T HA]
[HA] + [Ca?*t HA]

f= (8.2)
where [ H A] is the concentration of unoccupied binding sites and [Ca?* H A]
the concentration of occupied binding sites. Using [Ca®*T] + [Ca*T HA] =

[Ca*]; with [Ca?T]; the total concentration of calcium ions in the solution,
and [HA] + [Ca**HA] = [HA], with [HA], the total concentration of
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binding sites, we can write the equilibrium expression as:
x

([Ca**]; = 2) ([HA]o — 2)
where z = [Ca*" HA]. Solving Eq[8.3for  and using Eq[8.2 we obtain:

Kon = (8.3)

L e (ca, A (s [Cas] + [HAL) — 41Ca) 1Al

f =t oA, 2[HAJ,

(8.4)
To extract the zero-concentration limit binding constant K,z o, and the
penalty energy I, we globally minimize:

2 (for ([Oa2+]i) —f ([Oa2+]i))2 (8.5)
Where the f¢*?([C'a**];) are obtained from the 2DIR experiments, and the
f([Ca**];) follow from solving the coupled equations|[8.1]and[8.4} The details
are reported in the Appendix Section [8.5.3] We fit the fraction of bonded
amide, and we find K, go = 7 + 2 M1 and E, = 30+ 5 kgT. We thus
find that the binding constant in the limit of zero concentration is one
order of magnitude larger than in the case of amide:calcium complexes in
other simple model systems containing single amide group.*®” The obtained
binding constant is equivalent to a binding energy of around 1.7 kpT.

8.2.2 EFFECT OF CALCIUM IONS ON THE PERSISTENCE LENGTH OF HYALURONAN

To assess the effect of ions on the persistence length and flexibility of HA at
the level of individual chains, we devised an atomic force microscopy assay to
probe the stretching of individual HA chains under tensile force, as schemati-
cally illustrated in Fig[8.4a. Briefly, HA polysaccharide chains were anchored
via a thiol label (site-specifically introduced at the non-reducing end) to a
gold-coated AFM probe. The AFM probe was brought into contact with a
planar support displaying the HA receptor CD44, which acted as a bait to
capture an HA chain dangling from the AFM tip. Pulling the AFM probe
away from the planar support generated a tensile force that was monitored
as a function of the probe-support distance, as exemplified in Fig[8.4p. Care
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Figure 8.4: a) lllustration of the setup to measure the persistence length of HA by single
molecule force spectroscopy: HA polysaccharide chains (MW = 647 kDa) were grafted via their
non-reducing end to an AFM tip; extracellular domains of the HA receptor CD44 were anchored
via their C-terminal end (i.e. recapitulating their orientation on the cell membrane) to a planar
support, and served as baits to capture HA chains. b) Representative force curves obtained for
stretching a single HA chain in CaCl, (red curve) and NaCl (black curve; offset by 100 pN along
the y axis for clarity). Except for a region of non-specific binding at small separations (< 50
nm), the data are well-fit by the worm-like chain (WLC) model (blue curves).c) Histograms of
persistence lengths Lp determined from WLC model fits for CaCl, (red bars) and NaCl (black
bars). These are well-fit by Gaussian-shaped curves (lines in matching colors), giving mean and
standard deviations of 3.5 + 1.2 nm in NaCl and 1.8 + 0.8 nm in CaCl,. Conditions: retract
velocity — 1 um/s, 150 mM NaCl or 50 mM CaCl,.

was taken to adjust the surface densities of HA and CD44 such that the rup-
ture of individual HA-CD44 bonds, and thus the stretching of individual HA
chains, could be resolved. The force vs. extension curves could be well-fitted
with the worm-like chain (WLC) model (Figl8.4b), as expected for flexible
and sufficiently long polymer chains. Histograms of the persistence lengths
L, extracted from these fits (Fig/8.4c) show that calcium ions decrease the
persistence length of HA. At physiological concentrations of monovalent salt
(150 mM NaCl), we found L, =3.5+1.0 nm, in reasonable agreement with
previous work.2%? In the presence of 50 mM of CaCl, the persistence length
was reduced almost two-fold, to 1.8 + 0.8 nm. Such a marked decrease in
persistence length, or equivalently, increase in chain flexibility, indicates that
calcium ions strongly affect the molecular conformation of hyaluronan.
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8.2.3 EFFECT OF CALCIUM IONS ON THE CONFORMATION OF HYALURONAN
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carboxylate (O6A/B) complex (labeled F). c¢) 2D Histograms of the differences for contacts A

to F for hyaluronan between the CaCl,-OPLS environment and the NaCl environment.

We observed that calcium ions specifically bind to hyaluronan, leading to
a significant reduction of the persistence length. To correlate the calcium
complex formation to the increased chain flexibility, we perform force field-
based molecular dynamics (MD) simulations with atomistic resolution and an
explicit description of the solvent molecules. We use specialized and previ-
ously tested force field parameters for a short HA oligomer dissolved in NaCl
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and CaCl, solvent environments. We perform MD simulations of aqueous
solvated HA at a concentration of 50 mM CaCl, which is the same as used
in the AFM experiments. We employ two different force-fields for Ca?*, re-
ferred to as CaCl,-Deublein and CaCl,-OPLS, since the treatment of divalent
cations is known to be challenging at the classical level of theory 1°¢:70\We
run unbiased MD simulations starting from a straight-chain state, i.e. with-
out chain bending, in the presence of either calcium or sodium ions, and
we studied the effect of cations on the properties of several hydrogen-bonds
within the HA oligomer.

In Fig[8.5p we show the structure of the oligomer, in which we also
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Figure 8.6: 2D Histograms of the differences for contacts A to F for hyaluronan between the

CaCl,-OPLS environment and the NaCl environment.

indicate the five studied hydrogen bonds (labeled A to E). In addition, we
also study the geometry of the complex formed with the cation (labeled F).
In Figl8.5b, we show 2D histograms of the donor-acceptor distances and
angles of the hydrogen bonds A-E and the amide/carboxylate/cation com-
plex in a NaCl environment. Strong hydrogen bonds are characterized by
donor-acceptor distances <3 A and angles >2.5 rad, the latter implying
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Probability of close contact (<3 A) with cation 02N 06A/B  O2N & O6A/B

HA in NaCl 2% 1% 0.3%
HA in CaCl,-OPLS 17% 43% 17%
HA in CaCl,-Deublein 18% 26% 10%

Table 8.1: Probability of close contact of Na™ or Ca®* cations with the single carboxyl (O6A/B)
and amide oxygens(O2N), and with both the two oxygens (OA/B & O2N).

a high degree of alignment between the acceptor, the hydrogen and the
donor. We find that hydrogen bonds A and B display a close and aligned
hydrogen bond (<3 A, >2.5 rad), while C shows a longer distance and a
smaller angle. Contacts D and E show both close and far contacts, with a
wide range of angles, as they compete for the amide group, with contact
E being somewhat favored over contact D. The cation-complex F does not
show a well-defined structure. The short (<3 A) and long (>3 A) distance
contacts between the amide and carboxylate groups and the closest cation
become apparent only after magnification of the probability scale, i.e. when
changing the maximum value from 0.5 to 0.05 normalized units.

In Figl8.6] we show the changes in the 2D histograms (blue for increas-
ing, red for decreasing) when NaCl is replaced by CaCl,. For contacts A to
E, we observe positive peaks at longer distances and smaller angles, which
indicate a weakening of these hydrogen bonds. Only hydrogen bond D also
shows a small positive peak at a distance of 3 A and an angle of 2.8 rad.
The largest difference is observed for the complex F. The Ca?* cations form
close contacts with the carboxylate (<3 A) and both close (<3 A) and far
contacts with the amide (> 3 A), in agreement with the 2DIR experimental
results of Fig.. The positive signal at a distance of around 10 A observed
for both the amide and the carboxylate groups can be explained from cations
located on neigboring monomers. The MD results thus confirm that Ca’*
cations have a high propensity to bind to the carboxylate and amide groups,
and show that this binding results in a weakening of the intramolecular hy-
drogen bonds of hyaluronan.

Table shows the probabilities of the formation of close contacts
between the cation and the amide or the carboxylate group, and with both
groups. For both force-fields for Ca?*, we find that the CaCl, environment
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yields much greater probabilities of close contacts than the NaCl environ-
ment. The CaCl,-OPLA and CaCl,-Deublein yield similar values for the
probability of close contacts with the amide (17 and 18%, respectively),
which is somewhat larger than the 10% extracted from the 2DIR experi-
ments. In Table 1 we also observe that the probabilities of close contacts
between the cation and the carboxylate differ between the two Ca?* force
fields. Previous literature reports that OPLS overestimates the Ca’* car-
boxylate affinity™™' and possibly points to CaCl,-Deublein being more real-
Istic.

We then calculate the chain end-to-end distance, and we observe that it
remains around 70 A for all cases, which suggests that the amide/carboxylate/calcium
complex does weaken the hydrogen-bond network, but that large deforma-
tion events do not occur within the computational time scale and for this
small polymer size. In order to estimate the effect of Ca®* on the flexibility
of hyaluronan, we calculate the bending free energy of the octamer in NaCl,
CaCl,-Deublein and CaCl,-OPLS environments. This is achieved by means
of a variation of the constrained MD method®®. The resulting bending
free energy profiles, spanning end-to-end lengths from a slightly stretched
hyaluronan octamer (75 A) to a half-bent U-shaped one (35 A), are shown
in Fig[8.5h. The two environments with Ca?* are consistent with each other
and present significantly lower free energies at more flexed configurations
than the Na™ environment, indicating a higher flexibility of hyaluronan in
the presence of Ca?*, in agreement with the AFM experiments (Fig.. In
flexible polymers, the bending free energy is linearly related to the persis-
tence length™™, and to the bending elastic modulus*™®. The bending free
energy thus offers a good alternative to calculate the persistence length from
the decay of tangent correlations, for which the statistics are poor in the
simulated short octamer. In Fig[8.7b, the differences in the five key hydro-
gen bonds are analyzed for the bent configuration with an end-to-end length
of 35 A for both CaCl,-OPLS and NaCl. There is a general weakening of all
contacts, even more considerable than the weakening observed for the unbi-
ased chains of Fig[8.6] Contacts B to E shift to either longer distances (>4
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Figure 8.7: a) Bending free energy profile of hyaluronan for the three different simulation environ-
ments described in the text. The shaded regions refer to one standard deviation, as determined
from a blocking analysis. b) Visualization of the amide/carboxylate/cation complex rendered
by averaging atomic positions during the last 25 ns of the CaCl,-OPLS run constrained at
an end-to-end length of 35 A. The picture is centered at the middle of the chain. c¢) 2D his-
tograms of the differences in the key hydrogen-bond distances and angles (labeled A to E) and in
the cation-amide (O2N)-carboxylate (O6A/B) complex (labeled F) for hyaluronan between the
CaCl,-OPLS simulation environment and the NaCl simulation environment with both systems

constrained at an end-to-end length of 35 A.

A) or smaller angles (<2 rad), showing a clear weakening of these hydrogen
bonds. Contact A is the only hydrogen bond with a small positive change
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at close distances. The bending is thus accompanied by a weakening of all
hydrogen bonds with the exception of hydrogen bond A, thereby reducing
the stiffness of the polysaccharide.

8.3 DISCUSSION

The 2DIR results and the MD results show that the HA polymer chains have
a high affinity for calcium ions at low concentrations, leading to the forma-
tion of specific calcium complexes with amide and carboxylate groups of
adjacent saccharide units. The single polymer stretching experiments mea-
surements show that in a solution with 50 mM Ca?* the persistence length
decreases by 50%, while the calculations with the constrained MD method
show that at this Ca?" concentration the free energy required for bending
decreases by 40%. The combination of the three techniques thus shows that
Ca2* binds with high affinity to hyaluronan and that this binding leads to
a drastic increase of the flexibility and thus to a decrease of the persistence
length.

The 2DIR results show that the association constant of Ca?* and hyaluro-
nan has a relatively high value of 7 M at low Ca?* concentrations. This
association constant is much higher than the association constant for the
binding of Ca?" to amide groups, for which an association constant has
been reported of of ~0.1 M0 We observe a similar association constant
for Ca?* and N-acetylglucosamine (see Appendix Sec.. This difference
can be explained from the fact that in hyaluronan the Ca?* not only binds to
an amide group but at the same time to a nearby carboxylate anion group.
The binding with the latter group will be rather strong, thus explaining the
much larger association constant of Ca?* to hyaluronan compared to that
to isolated amide groups. It is also interesting to compare the association
constant of Ca?* and hyaluronan with that of Ca?" and glucuronic acid,
which represents the binding affinity of a monomeric unit of hyaluronan for
Ca*. For glucuronic acid we find an association constant of 1.2+0.2 M!
(see Appendix Sec., which is thus approximately five times smaller
than that of hyaluronan and Ca?*. This finding indicates that in hyaluronan
the relative position and orientation of the amide group and the carboxylate
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anion are more favorable for binding of Ca?" than in glucuronic acid, which
probably can be explained from the larger conformational fluctuations of glu-
curonic acid in comparison to hyaluronan.Due to these larger conformational
fluctuations, the molecular geometry to bind Ca?* is on average much less
favorable for glucoronic acid than for hyaluronan.

We find that the high affinity of hyaluronan for Ca2* rapidly drops when
the concentration of Ca?* increases, i.e. we observe that the occupation of
the binding sites saturates at a bound fraction of only ~10%.This strong
saturation is not observed for glucuronic acid. It thus appears that the bind-
ing of a calcium ion at a particular binding site of HA hinders the binding
of other Ca%* ions at nearby binding sites. This hindrance may be due to
a conformational effect, i.e. the binding leads to a change of the confor-
mation of the hyaluronan, with the result that the neighboring binding sites
no longer possess the highly favorable conformation of the carboxylate and
amide groups that caused the initial high association constant of 7 M of
hyaluronan. This explanation is supported by MD simulations that show
that the binding of Ca?" induces a weakening of the hydrogen bonds and
increases the flexibility of the polymer chain. The increase of the flexibility,
which is also borne out by the force measurements, implies that the confor-
mational fluctuations increase in amplitude. As a result, the time fraction
in which the conformation of the binding site is favorable for binding Ca*
is reduced, thereby decreasing the association constant. An additional con-
tribution to the decrease of the affinity for Ca®t may be an electrostatic
effect, i.e. the positive charge of Ca?* repels the binding of other Ca?* at
nearby binding locations. This effect is obviously much more important for
hyaluronan than for glucuronic acid, as the polymer structure of hyaluronan
enforces the binding sites to be closely spaced.

The MD simulations showed that the free energy cost of bending hyaluro-
nan is consistently lower in the presence of Ca?* than in the presence of Na™.
This lower energy cost potentially also affects other mechanical properties of
hyaluronan. For instance, it has been observed that calcium ions are 10-fold
more potent than sodium ions in regulating the thickness of HA brushes?®*.
Based on simple charge screening one would expect only a roughly 3-fold in-
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crease in potency of Ca?*, compared to Na™. In view of the present findings,
the anomalously strong effect of Ca®" can be explained from the specific
binding of Ca?* to HA, causing a decrease of the persistence length of HA.

8.4 CONCLUSION

We studied the interaction between hyaluronan polymers and Ca?" ions
with a combination of linear infrared spectroscopy, two-dimensional infrared
spectroscopy, molecular-scale force measurements and molecular dynamics
simulations. We find that hyaluronan binds Ca?* with high affinity, with an
association constant of 7+2 M at millimolar Ca®* concentrations. The
molecular dynamics simulations confirm that hyaluronan has a high affinity
for Ca%* ions, forming complexes in which the Ca* ion is bound to both the
amide and the carboxylate anion groups. Upon binding to the carboxylate,
Ca?T is able to inner chelate with the amide oxygen. This favorable binding
is enabled by the stereochemical arrangement of the carboxylate and amide
groups on adjacent saccharides. The force measurements show that the
binding of Ca" leads to a large decrease of the persistence length of the
hyaluronan polymers which amounts to ~50% at a calcium concentration
of 50 mM. The molecular dynamics simulations show that this decrease of
the persistence length can be explained from a weakening of several of the
intramolecular hydrogen bonds, induced by the formation of complexes of
Ca?* with the carboxylate and amide groups.

The association constant of hyaluronan and Ca?* is ~5 times higher
than that of glucuronic acid, which contains the same carboxylate anion and
amide motif as hyaluronan, in the form of a monomer. This finding indicates
that in hyaluronan the relative position and orientation of the amide group
and the carboxylate anion are on average more favorable for binding of
Ca?* than in glucuronic acid, probably because of the larger conformational
fluctuations of the latter molecule. When the concentration of Ca?" is
increased, we observe a saturation of the binding of Ca?* to hyaluronan,
reaching a maximum fraction of only ~10%. This effect shows that the
binding of Ca?" strongly reduces the probability of subsequent binding of
Ca?" at neighboring binding sites. The saturation effect can be well modeled
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with a free-energy penalty that scales with the fraction of bound Ca?*. The
reduction of the association constant with increasing fraction of bound Ca2*
can be explained from the weakening of several intramolecular hydrogen
bonds of hyaluronan and an increase of the flexibility of the hyaluronan
polymers upon the binding of Ca?", as shown by the molecular dynamics
simulations. An additional contribution to the saturation effect may be
formed by electrostatic repulsion, i.e. the positive charge of Ca®* repels the
binding of other positive charges at nearby binding locations.

Hence, by using a multi-technique approach, we show that selective cation
binding takes place between calcium and hyaluronan polymers, leading to
the formation of specific complexes. The formation of these complexes
significantly affects the flexibility of the hyaluronan polymers. Our findings
provide a detailed molecular picture of ion condensation, and reveal the
severe effect of a few, selective and localized electrostatic interactions on
the rigidity of a polyelectrolyte chain.



8.5. Appendix 147

8.5 APPENDIX

8.5.1 Fit oF THE 2DIR DIAGONAL SLICES
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Figure 8.8: Fit of the diagonal slice of the isotropic 2DIR signal as a function of probe frequency
for a solution of 20 mg/ml hyaluronan and 0 mM calcium. The fit is obtained by using two

Gaussian-shaped bands describing the anti-symmetric stretching vibration of the carboxylate

anion group (¢9°© ), and the amide | vibration of the amide group that is not bonded to

calcium (go""). We find that w§'?° =1610+3 cm™ ,I'“99 =24+2 cm™ and w'h} ' =163443
em TAMT=40+3 cm.

In order to extract the fraction of amide groups bonded to Ca* ions,
we take the isotropic 2DIR signal along the diagonal in the 2DIR spectra
as a function of the probe frequency at a waiting time of 0.3 ps. All 2DIR
spectra were reproduced at least three times at each Ca?* concentration.
We fit the linear infrared spectra and diagonal slices of the 2DIR spectra
using a global fitting procedure based on the minimization of the following
square error:

E = > (S™([Ca®");) = $°7([Ca™]y))? (86)

where [Ca®"]; is the total added concentration of calcium ions to the so-
lution. We define S/ as the sum of three Gaussian-shaped bands describ-
ing the anti-symmetric stretching vibration of the carboxylate anion group
(9c00), the amide | vibration of the unbonded amide group (g4M-'), and

the amide | vibration of the amide group bonded to the calcium ion (g;**1).
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We thus write,
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Figure 8.9: Fit of the diagonal slices of the isotropic 2DIR signals as a function of probe
frequency for a solution of 20 mg/ml hyaluronan and different calcium concentrations. The fit is
obtained by using three Gaussian-shaped bands as described in the text. The first two Gaussians
correspond to the bands shown in Fig[8.§| for a solution without calcium. The third Gaussian
band represents the amide | vibrational spectrum of amide groups that are bonded to calcium.
For this band we find that wi'y"’ = 165843 cm ™', [)'M" = 4243 em ™.

COO AM.T AM.T

where ¢~¥% 7 eZi" " and ¢'" are the amplitudes of the three Gaussians-

FAMI)
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shaped peaks that depend on the calcium concentration.

w§PO™  TCO97 represent the center frequency and the width of the anti-
symmetric stretching, respectively. w'hi! T/ M Trepresent the centre fre-
quency and the width of the unbonded amide | band, respectively, and
wi! ! T Trepresent the centre frequency and the width of the bonded
amide | band,respectively. We constrained the center frequencies and the
widths of the ¢g““9™ and g™ bands to differ maximally by £3 cm™ from
the values obtained by fitting the 2DIR signal with no added salt (Fig..
The center frequency and width of the gi**-/ band are completely free pa-
rameters. We took all these parameters to be the same for all calcium
concentrations, meaning that only the amplitudes of the bands are allowed
to change as a function of calcium concentration. The values of the param-
eters are obtained with a global fit of all the data-sets measured at different

calcium concentrations. In Figl8.9] we show the results of the fit at a few

calcium concentrations with the amplitudes and widths of the g/ and
g1 bands, and assuming that the amide | vibration of an amide group

bonded to calcium has the same cross-section as the amide | vibration of a
non-bonded amide group, we can determine the fraction f of amide groups
that are bonded to a calcium ion from the following ratio:

FAMICI?MJ([CGH])
FglMI AMI([Ca2+] ) + FAMI AMI([Ca2+] )

¥i, f([Ca® ;) = (8.8)

8.5.2 MODEL FOR THE BINDING OF CALCIUM IONS TO N-ACETYL-GLUCOSAMINE
AND GLUCURONIC ACID

We describe the binding of calcium to an amide or carboxylate group of
N-acetyl-glucosamine and glucuronic acid:

Ca* + M " Ca** M (8.9)
Where M represents the amide and/or carboxylate group. The equilibrium
equation of this reaction is given by:

2+
Koy — [Ca**t M]

M= e ] (8.10)
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By using
[Ca®*] + [Ca®" M] = [Ca®"); (8.11)
where [C'a®*];is the total added concentration of calcium ions to the solu-

tion, and
[M] + [Ca® M| = [M], (8.12)

where [M], is the total concentration of molecular groups to Ca*". We

can write eq[8.10]

([Ca*t]; = 2)([M]o — )

Ko = (8.13)

where z = [Ca®*T M].
Solving eq8.13] for z yields

K(iM + [Ca’2+]i + [M]O-l—\/(ﬁ + [Ca2+]i + [M]0>2 —4 [Ca“]i [M]o
2 o 2

Tr =
(8.14)
with the only physical solution

L4 [Ca?t], + [M]o \/(ﬁ + [Ca?t]; + [M]0>2 —4[Ca*t]; [M]o

KoM
T = _
2 2
(8.15)
To extract the binding constant K, s, we globally minimize
3 (x([Ca**],) /Mo — 7 ([Ca?*],))? (8.16)

i

where f*P is the experimentally determined fraction of bonded amide or

carboxylate that can be obtained from equation 8.8 Fig/8.10]and show
the fit obtained for glucuronic acid and N-acetyl-glucosamine, respectively.
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8.5.3 SATURATION MODEL FOR THE BINDING OF CALCIUM IONS TO HYALURONAN

We describe the binding of calcium binds to hyaluronan with a binding
constant K, g

Ca + HA™" Ca®* HA (8.17)

The fraction of binding sites of hyaluronan that gets occupied with cal-
cium rapidly saturates with increasing added calcium concentration, which
indicates that the binding process is anti-cooperative, i.e. the binding of
Ca" leads to a penalty energy that increases with increasing fraction of
occupied sites. To describe this effect, we take the equilibrium equation:

[Ca®*T HA]

(8.18)
and we set the equilibrium constant K, i equal to its value in the limit of
no binding K, g, multiplied with an exponential term containing a penalty
energy I, that is proportional to the fraction of occupied sites:

Ep
Kon(f) = Kome o7’ (8.19)

with
[Ca*T HA]

U [HA] + [Ca?+ HA|

(8.20)

Similar as in the previous model for monomers we can rewrite eq/8.18] to:

([Ca?*]; — x)([H Ao — )

Where x = [Ca** HA]. Solving eq8.21] yields:

Kopg = (8.21)

=+ [Ca?t], + [HA] \/ (Kj,H +[Ca?t]; + [HA]o)2 —4[Ca*]; [HA]o
a,H +
2 o 2

Tr =

(8.22)
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with the only physically meaningful solution:

o etcaa, (1A (e 0w+ 1AL) - 4ca) )
: .

T =
(8.23)
By using [HA] + [Ca**HA] = [HA]o and f = z/[HA], we obtain that

;o 1 Kalﬂ + [Ca?], \/(KiH +[Ca?t], + [HA]O>2 —4[Ca**]; [HA]o
=3 —

2[H Ao 2[H Ao

(8.24)
To extract the binding constant K and the penalty energy E,, we
globally minimize

> (rt ([ea*]) = £ ([Ca*]))” (8.25)

7

where f°* is obtained from equation eq{8.10, and f([Ca?*];) is obtained
by solving the following system of two coupled equations

[ f ([C«a2+]i) o
2
J1 x +[Ca®t], \/ (ﬁ + [Ca?*], + [HA]0> —4[Ca®*],[HA]
2 oA, ¢ ST AT, =0
log K, 5 — log K, g1, + ﬂf ([C’a“].) =0
\ ’ ’ ka 7

(8.26)
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Figure 8.10: a), b) , c¢) ,d) and e) ATR spectra of N-acetyl-glucosamine at a concentration of
10 mg/ml for five different added calcium concentrations. Upon addition of calcium, we observe
a broadening and a blue shift of the band. The spectra are fitted with two Gaussians-shaped
bands, which represent the amide | mode of the amide groups that are not bonded to calcium
ions and the amide groups that are bonded to calcium ions. In addition to the Gaussian-shaped
bands, the fit of the spectra also contains the spectrum of heavy water and a straight line to
compensate for the offset due to experimental issues encountered in the background subtraction.
The Gaussian band of the not-bonded amide groups is centered at 1627 +2 cm™ and has a width
of 37 +3 cm™, and the Gaussian band of the bonded amide groups is centered at 1648 +3 cm™
and has a width of 48 +3 cm™. The amplitudes of the Gaussians are free parameters, that are
optimized at every added calcium concentration. e) Fraction of bonded amide as a function
of calcium concentration. The experimental fraction (red dots) is obtained by fitting the linear
spectra at different concentrations, and by taking the areas of the two Gaussian-shaped bands.
The error bars are obtained by propagation of the experimental errors and the fit errors. The
data are fitted to the equilibrium model described in Sec We found K, pr = 0.1254+0.05
M
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Figure 8.11: a), b) , c) and d) ATR spectra of glucuronic acid at a concentration of 10 mg/ml for
four different calcium concentrations. Upon addition of calcium, we observe a broadening and a
blue shift of the band. The spectra are fitted with two Gaussian-shaped bands, which represent
the anti-symmetric stretching modes of the carboxylate anion groups, the carboxylate groups
not-bonded to Ca*" and the carboxylate groups that are bonded to Ca*". In addition to the
Gaussian-shaped bands, the fit of the spectra also contains the spectrum of heavy water, which
shows a broad band centered around 1550 cm™, to compensate for the offset due to experimental
issues encountered in the background subtraction. The Gaussian band of the carboxylate group
that is not bonded is centered at 1601 +2 cm™ and has a width of 35 +2 cm™, and the Gaussian
of the carboxylate group that is bonded is centered at 1611 +3 cm™ and has a width of 45 +3
cm™. The amplitudes of the Gaussians are the only parameters that are allowed to vary with the
added calcium concentration.e) Fraction of bonded -COO™ as a function of added [Ca®"]. The
experimental fraction (red dots) is obtained by fitting the linear spectra measured at different
calcium concentrations, and by taking the areas of the two Gaussians-shaped bands. The error-
bars are obtained by propagation of the experimental errors and the fit errors. The data are
fitted with the equilibrium model described in Sec We found that K, » = 1.2£0.2 M.
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Molecular Origin of the Elastic State of
Aqueous Hyaluronic Acid

Abstract

The macroscopic mechanical properties of biological hydrogels are broadly stud-
ied and successfully mimicked in synthetic materials, but little is known about the
molecular interactions that mediate these properties. Here, we use two-dimensional
infrared spectroscopy to study the pH-induced gelation of hyaluronic acid, a ubig-
uitous biopolymer, which undergoes a transition from a viscous to an elastic state
in a narrow pH range around 2.5. We find that the gelation originates consisting
of a double amide -COOH hydrogen bond and an N-D-COO" hydrogen bond on
the adjacent sugars of the hyaluronan disaccharide unit. We confirm the enhanced
interchain connectivity in the elastic state by atomic force microscopy imaging.
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9.1 INTRODUCTION

ydrogels regulate the mechanical properties of cells and tissues and

thereby play an important role in many biological and pathophysiolog-
ical processes, ranging from stem cell differentiation and the degradation
of aging cartilage to wound healing S#120U00LRLI A important feature of
natural hydrogels is their ability to tune their viscoelastic properties in re-
sponse to environmental stimuli such as the solution pH, temperature and
salt conditions. Up to now, it has been difficult to connect the macro-
scopic response of hydrogels to the underlying molecular interactions, e.g.
hydrogen-bond and hydrophobic interactions, thus limiting the capability to
predict and tune the properties of hydrogels.

One of the few techniques able to track interactions at the molecular
scale is two-dimensional infrared spectroscopy (2DIR).%¥ 2DIR shares with
two-dimensional nuclear magnetic resonance (2D-NMR) the ability to resolve
molecular couplings and dynamics, but 2DIR can resolve these interactions
at a much shorter time scale. Molecular interactions such as hydrogen-bonds
or electrostatic forces usually change on a time scale of picoseconds, and
with 2DIR snapshots of these interactions can be taken with femtosecond
time resolution. 1

Here we use 2DIR to identify the molecular interactions that drive the
pH-triggered gelation of hyaluronic acid, a natural polyelectrolyte that has
received widespread attenion, being one of the main components of the ex-
tracellular matrix. It is important for cell-cell communication and also plays
an important role in many biological processes such as joint lubrication, skin
hydration and cell migration??, while its dysregulation contributes to can-
cer development.®? Due to its biocompatibility, hyaluronic acid is also widely
used as a scaffold for cell culture and drug delivery. 1231587181 Hya|yronic acid
is a paradigmatic example of a responsive natural hydrogel: it displays a
sharp transition in mechanical behavior at pH 2.5, switching from a viscous
state to an elastic gel denoted as the ‘putty state’.*® The mechanism under-
lying this remarkable liquid-to-gel transition has been investigated for over
almost a century with macroscopic techniques that map the dependence of
the viscoelastic properties on pH, temperature and ionic strength 1287130



9.2. Results 157

Based on these studies, it has been proposed that at pH=2.5, the net
charge of the polyelectrolyte chains may be sufficiently suppressed to en-
able the formation of inter-chain hydrogen-bond interactions that would act
as crosslinks. 1301631825180 This principle was suggested to be applicable to
the wider class of polysaccharides®®’, but there has been no direct evidence
for this putative pH-triggered hydrogen-bonding mechanism.

9.2 RESULTS

9.2.1 RHEOLOGY AND LINEAR INFRARED SPECTROSCOPY

Hyaluronic acid has a relatively simple linear structure and homogeneous
composition with repeating disaccharides composed of N-acetyl-glucosamine
and glucuronic-acid (illustrated in the inset of Fig. . The pH-dependent
viscoelastic behavior of hyaluronic acid solutions stands out clearly in tube
inversion assays, as shown in Fig[0.1a.. While the sample prepared in a so-

lution state (“s”) at pH 1.6 readily flows, the sample prepared in the “putty
state” (“p”) at pH 2.5 only flows on a time scale of minutes. This large dif-
ference in time scales originates from a pH-triggered transition in rheological
properties from liquid to gel. To study the pH dependence of this transition
in quantitative detail, we performed rheological experiments on semi-dilute
solutions of high and low molecular weight hyaluronic acid. We studied so-
lutions in heavy water (D,0), since heavy water is used as a solvent in 2DIR
studies of the amide and carbonyl vibrations. 2DIR cannot be applied to
solutions in H,O, as the amide and carbonyl vibrations of hyaluronic acid
absorb in the same infrared frequency region as the bending vibration of
H,O (between 1600 and 1700 cm™). In all experiments, the pD values are
converted to pH values (see Appendix Section .149 Fig. shows that
the elastic and the viscous moduli sharply increase in a narrow range around
a pH of 2.5, revealing a liquid-gel transition. This transition occurs at a pH
value just below the pK,, which is about 2.9 129137178

We studied the protonation state of hyaluronan as a function of pH with
linear IR spectroscopy (Fig[9.1k). The relative intensities of the carboxylic
acid and carboxylate anion bands of hyaluronan directly reflect the proto-
nation state of hyaluronan.The anti-symmetric vibration of the carboxylate
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Figure 9.1: Hyaluronic acid solutions undergo a sol-gel transition in a narrow pH range. a)
A tube inversion assay shows that hyaluronic acid solutions prepared at pH 1.6 exhibit viscous
flow (s), whilst solutions prepared at pH 2.5 form a viscoelastic gel (p) that flows only on time
scales beyond 2 min. b) The pH dependence of the viscous and elastic modulus of hyaluronic
acid in heavy water solutions. We observe a sharp peak in the elastic shear modulus at pH
2.5. Inset shows that hyaluronic acid is a polymer of disaccharides, themselves composed of
D-glucuronic acid and N-acetyl-D-glucosamine. c) Linear infrared spectra for hyaluronic acid
solutions in D,O at pH values ranging between 1.6 and 7. The infrared spectrum at pH=2.5 is
represented by the thick solid line. Between 1550 and 1760 cm™ we observe three bands: the
anti-symmetric stretching mode of the carboxylate anion group, vant,coo—, at 1607 cm! | the
amide | vibration, vaas.7, at 1633 cm™ and at 1726 cm™ the carboxylic acid stretching mode,
vcoop - d) Fractions of COO- and COOD groups determined from the IR spectra as a function
of pH. Thick lines represent the expected fractions based on acid-base equilibrium equations (see
ChapterAppendix Section assuming a pK,=2.9. We find good agreement between the
measured and expected carboxylic and carboxylate fractions, with about 25% deprotonation of
the carboxyl groups at pH=2.5.

anion, Vg, coo—, absorbs at 1607 cm™, and the amide | band, v4,, jabsorbs
at 1633 cm™. The C=0 vibration of the COOD group, that will be denoted
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as Vcoop, absorbs around 1726 cm™. At pH = 2.5, the COO- and COOD
groups are present in a ratio of 1:4 (inset in Fig[9.1k), which corresponds to
a pK, of 2.9, as reported in literature 178

9.2.2 TwO-DIMENSIONAL INFRARED SPECTROSCOPY

We use 2DIR spectroscopy to study the intermolecular interactions among
hyaluronic acid chains that lead to the sol-gel transition. We excite the
amide and the carboxyl vibrations with a strong femtosecond infrared pulse
pair (~100 fs, 4 pJ per pulse). This excitation induces transient absorption
changes that are probed with a weaker (0.35 pJ) single femtosecond probing
pulse that is delayed by a time T,,. The excitation and probe pulses are
centered at 1680 cm™ with a bandwidth of 200 cm™. The excitation and
probe spectra thus have sufficient spectral width to cover the v=0 to v=1
transition (bleach) and the v=1 to v¥=2 transition (excited state absorption,
or esa) of the Vynt coo—, the vooop, and the vy, pvibrations.

Figl9.2p and Fig[9.2b compare the 2DIR spectra measured for the solution
(pH=1.6) and the putty state (pH=2.5), both for T,, =1.5 ps. Bleaching
(increased transmission) is indicated in blue, while increased absorption (esa)
is indicated in red. The bleach of the v=0 to v=1 transition, and the esa
of the v 1 are centered at 1639 cm™ and 1619 cm™, respectively, along
the probe frequency axis, while for the vopoop these signals are centred
at 1731 cm™ and 1703 cm™, respectively. The bleaching and esa of the
Vant,coo— Mode are in the low-frequency wing of the bleaching and esa of
the amide | vibration, and lead to an elongation of the bleaching and the
induced absorption signals to the lower-left corner of the 2DIR spectrum. We
observe additional signals in the off-diagonal regions of the 2DIR spectrum,
indicating that the carboxyl and amide modes are coupled. In the upper
pump-frequency region, the cross-peak signal represents the effect of the
excitation of the vcpop vibration on the spectrum of the v4,,; mode. In
the lower pump-frequency region, the spectral shape of the carboxylic acid
vibration is elongated along the pump axis.This effect reduces the visibility
of the upward cross-peak, which represents the effect of the excitation of the
Van.r Vibration on the spectrum of the vopop vibration. For this reason,
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we focus our analysis on the downward cross-peak that represents the effect
of the excitation of the carboxylic acid vibration on the v4,, s vibration.

The excitation of the vcpop vibration also affects the spectrum of the
amide Il mode (v4,7.77) around 1490 cm™, as illustrated in Fig.. We ob-
serve the presence of off-diagonal signals at two different probe frequencies,
around 1435 cm™ (which we assigned to the bending modes of the -COH
and —CH groups of the N-acetyl-galactosamine and glucurononic acid moi-
eties) and 1490 cm™ (corresponding the amide Il vibration). At the amide ||
probe frequency, we observe a cross-peak at the excitation frequencies of the
amide | and carbonyl stretching mode. Fig9.3p shows the integrated cross-
peak signal of the vcpoop and vayy. 17 vibrations as a function of time delay.
We observe that the vcoop -Van.rr cross-peak is not instantaneous: the
maximum of the intensity is reached after ~1.5 ps. The observed dynamics
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Figure 9.3:  a) Isotropic 2DIR spectrum
for hyaluronic acid in D2O solutions at a
concentration of 15 mg/ml in the solution
state. Spectrum was collected at a delay
time of 1.5 ps. The pump and probe spec-
tra are centered at 1680 cm™ (AMIDE | re-
gion)and 1450 cm™ (AMIDE Il region) re-
spectively. The cross-peak, which appears
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angle, reveals a vibrational interaction be-
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vibrational relaxation time Tlcoop of the
COOD parent-mode of 0.65+0.1 ps.

can be well described with a double exponential function with a build-up time
constant 7, of ~0.7 ps and a decay time constant 75 of ~3 ps. The build-up
time constant is comparable to the vibrational relaxation time 77 1 rps of the
COOD parent-mode of 0.65+0.1 ps. The decay time 75 is much longer than
the vibrational lifetimes of the COOD, amide |, and amide |l vibrations. This
result indicates that the vcoop -Vau. 11 cross-peak results from the transient
excitation of low-frequency modes within the hyaluronic acid chain that af-
fect the absorption spectrum of the amide Il vibration. The low-frequency
modes become excited as a result of the vibrational relaxation of vcoop,
thus explaining the build-up of the cross-peak signal with 7; of ~0.7 ps.
The cross-peak signal decays when the low-frequency modes transfer their
energy to other modes, for instance to the modes of water. The time con-
stant 7, thus represents the time constant 77 ;) of the relaxation of the
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low-frequency modes.
To learn more about the mechanism that underlies the cross-peak sig-
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% slow component T
o
0 v=0
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Figure 9.4: a) Decay traces of the cross-peak in the vaas.; vibrational region extracted by fitting
the isotropic signal (see Appendix Section for hyaluronic acid at a concentration of 20
mg/ml in the solution and putty states . The decay traces are normalized to the carboxylic acid
intensity at early time delay. The solid and dashed black lines are fits to the relaxation model
(see the Appendix Section [0.5.3), for the putty and solution states, respectively. The initial
amplitude of the fast component (indicated with cen¢) is nearly two times larger in the putty state
(cent = 0.131+0.01) than in the solution state(cen: = 0.077+0.005). The red line represents the
contribution of the slow component, whose initial amplitude c¢nputty ~ Cehsor. = 0.024 4 0.004.
b) Schematic of the relaxation model describing the cross-peak dynamics. Red and blue lines
refer, respectively, to the slow component (due to thermalization) and fast component (due
to energy transfer) of the cross-peak dynamics. Values shown are the average with standard
deviation for 6 independent measurements.

nals of the amide | modes following excitation of the COOD vibration, we
compare the dependence on time delay for the solution and the putty states
(Fig. ) We normalized the transients to the bleaching signal of the car-
boxylic acid vibration at early time delay (~0.2 ps). From ~1.5 ps on, the
decay of the transients is quite similar to that of the vcoop - V.11 cross-
peak, showing a time constant of ~3 ps. However, the transients of the
VoooD - Van.rcross-peak signals have their maximum at 0.3-0.5 ps, a much
earlier delay time than the one observed for the vcoop - Vanrrr cross-peak
(~1-1.5 ps). In addition, the transients of the vcoop - Vanr.scross-peak
show an additional faster decay component with a time constant of ~0.6
ps. Interestingly, the transient of the vcoop - Vanr1 cross-peaks has a much
higher intensity at early delay times for the putty state than for the solution
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state. This observation, together with the dynamics observed for the vcoop
- Vapr.g1 cross-peak, indicates that the vopop - Vans.rcross-peak signal con-
tains contributions from two distinct mechanisms: 1) energy transfer from
the excited COOD vibration to the amide | vibration; 2) anharmonic coupling
to low-frequency modes that affect the vibrational spectrum of the amide |
mode. The relaxation model corresponding to these two mechanisms is il-
lustrated in Fig[9.4b. The cross-peak signal arising from the energy transfer
rises with a time constant 7,,,;, representing the time scale of energy transfer
from the excited COOD vibration to the accepting amide | vibration, and
decays with the vibrational lifetime T} 45,7 of the amide | vibration. This
direct energy transfer does not occur for the amide || mode because there is
a rather large energy difference between the vopop and vap.r; vibrations.
We extract the value of T apr; from the diagonal signal of the amide |
mode in the 2DIR spectrum. We find that 73 a7 is comparable to the
vibrational lifetime of the COQOD vibration: T} 43,7 = 0.65+0.1 ps. The
time constants of the second mechanism involving anharmonic coupling to
low-frequency modes can be extracted from a fit to the transient of the
Veoop - Vam.r cross-peak (Fig[9.3p). We thus fit the transients of the
Vooop - Vam.r cross-peak to the following expression containing the life-
times of the COOD vibration, T1.coop, the amide | vibration, T} sps.r, and
the low-frequency-modes, T 1 ras:

Aacp(t) Tirrm = —t

= h (eTlcOOD — eTlLMF)
Aacoop(t) ""Ticoop — Tirrum (9.1)
“+c —TlAM'I (eT;tt eT1;1311> |
t ent — .
- Tent - TlAM.I
Here Aﬁgg—ggzﬂ is the intensity of the cross-peak normalized to the inten-

sity of the vopop vibration at early time delay, t=200 fs. The parame-
ters cqpnand ce,; represent the cross-peak amplitudes associated with the
anharmonic coupling and direct energy transfer mechanisms, respectively.
Tent,Cann and Cepy are the only free parameters. As shown in Fig[9.4p, ¢, is
nearly twofold larger for the putty state than for the solution state, whereas
CanniS comparable for the two states. For the time constant 7T,,; we obtain
a value of 150 +50 fs. The energy transfer to the amide | mode constitutes
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an additional channel for vibrational relaxation of the COOD mode. The
fact that we do not observe a significant difference in Ticoop between the
putty and the solution state indicates that this energy transfer process only
occurs for a minor fraction of the COOD groups. From the values of ¢,
we estimate this fraction to be 13+2% for the putty state and 7+2% for
the solution state. The time constant T,,; also does not change upon the
formation of the putty state which shows that the efficiency of the energy
transfer remains the same. Hence, upon formation of the putty state only
the number of COOD groups showing energy transfer increases.
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Figure 9.5: a) Difference 2DIR spectrum for a solution of hyaluronic acid at pH 2.5 at a
concentration of 20 mg/ml. The difference 2DIR spectrum was obtained by subtracting the
parallel signal from three times the perpendicular signal. The yellow rectangles indicate the
cross-peak signals of the amide | and COO- modes. b) Transient absorption spectra obtained by
averaging over the pump frequency region between 1600 and 1620 cm™ at pH 2.5 and 2.9, and
normalized with respect to the pure anti-symmetric stretching signal of the carboxylate anion

group (Fig 9.11)).

The ultrafast energy transfer between the C=0 vibration of the COOD
group and the amide | vibration of the amide group can be well explained
from the presence of a hydrogen bond between the COOD and the amide
groups.188 To get more information on the nature of this hydrogen bond, we
compared the intensity of the vcoop-van.; cross-peak signal for polariza-
tions of the probing pulse parallel and perpendicular to the polarization of
the excitation pulse. The ratio of these two signals reveals the relative orien-
tation of the transition dipole moments of the excited and probed vibrations



9.2. Results 165

that form the cross-peak signal.*®? From the ratio of the signals at T,, be-
tween 0.3 and 1 ps (where the energy transfer mechanism is predominant),
we find that the angle between the transition dipoles of vcpop and vayy fis
~ 20° (see Appendix Section and Fig[9.9). As the transition dipole
moment of v, 7is at an angle of ~ 20° relative to the C=0 bond of the
amide group,®” we conclude that the hydrogen-bond configuration involves
a parallel (or anti-parallel) alignment between the C=0 groups of the car-
boxylic acid and amide, forming two closely spaced intermolecular hydrogen
bonds between the amide and carboxylic acid groups, i.e. C=0-0D...0=C-
ND and -N-D...0=C-OD...O=C-. This geometry, in which the amide and
carboxylic acid groups act both as hydrogen-bond donor and acceptor stabi-
lizing the hydrogen-bonded structure formed by these two molecular groups,
constitutes a strong inter-chain connection. We conclude that the putty
state at pH=2.5 contains a two-fold higher density of these strong double
hydrogen-bonds than the solution state at pH=1.6.

To study the role of the COO- groups in the formation of the putty state,
we also measure 2DIR spectra where we excite and probe the v,,; coo- and
the v4)7 rvibrations. Since the absorption bands of these two vibrations
overlap, we subtract the parallel signal from three times the perpendicular
signal. In the resulting difference spectrum, the diagonal peaks are strongly
suppressed since the corresponding parallel signal is ~ 3 times larger than
the perpendicular signal. This procedure is thus ideally suited to reveal
the presence of cross-peak signals of vibrations that are differently oriented.
This strategy has been extensively used in 2DIR experiments on proteins
to resolve vibrational couplings.24 Fig. reports the resulting difference
2DIR spectrum at pH= 2.5 (putty state). On the diagonal, we observe
some residual signal due to orientational relaxation of the COO- and amide
molecular groups.2291192 |n addition, we also see clear off-diagonal signals
(indicated by the yellow rectangles). In Figure we plot the transient
absorption spectrum at pH=2.5 (black cirkles) obtained from Fig. by
averaging the signals with pump frequencies between 1600 and 1620 cm™,
corresponding to the excitation of the v,,; coo— vibration. The resulting
spectrum is compared with the transient absorption spectrum at pH=2.9
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that is obtained using the same procedure (see Appendix Section and
Fig. [0.11). The transient absorption spectrum at pH 2.5 clearly shows
an enhanced absorption signal around the amide | vibrational frequency,
which implies that excitation of the v,,,; coo— vibration yields an enhanced
response of the 4,7 vibration at pH=2.5. This means that in the putty
state (pH=2.5) the interaction between the COO- and amide molecular
groups is enhanced. A similar enhancement is observed for the other cross-
peak signal, i.e. exciting the amide | vibration and probing the COO- mode
(see Appendix Section and Fig. ) Hence, our results show
that the formation of single N-D-COO- hydrogen bonds is enhanced in the
putty state, in addition to the enhanced presence of double amide-COOH
hydrogen-bonds in this state.

9.2.3 Artowmic FORCE SPECTROSCOPY (AFM)

0 0.5 1 1.5
height (nm)

Figure 9.6: On the top, AFM height images of HA filaments at pH 7 and pH 2.5, respectively,
colour coded from 0 nm (dark red) to 1.2 nm (white). The insets show amplitude images of
smaller areas of 500x500 nm?, indicated by the arrows. Scale bar: 500 nm. On the bottom,

filament height distributions with Gaussian fits.

We also perform atomic force microscopy (AFM) imaging of hyaluronic
acid solutions at different pH values to investigate to what extent the ad-
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ditional hydrogen bonds in the putty state are formed within or between
hyaluronic acid chains (Fig[9.6a,b). At pH=7 we mainly observe pearl-
necklace conformations: thin chains alternating with thicker globular config-
urations. The globular portions are likely due to the low affinity for mica.1
At pH=2.5 the AFM images clearly show a much larger density of thick
filaments than at pH=7, indicative of inter-chain interactions. To quantify
the extent of lateral association of hyaluronan polymers, we measured the
heights of the filaments at pH=7 and pH=2.5 (Figl9.6k). At neutral pH, we
find a Gaussian height distribution centered at an average filament height hq
=0.37 pum. This value is consistent with the expected thickness of a single
hyaluronan chain.t?® At pH=2.5 we find a much broader distribution, and
ho=0.53 pm, meaning that the filaments are thicker. Since the length of
the filaments at pH=2.5 is not changed compared with pH=7, we conclude
that this thickening is mainly due to enhanced inter-chain interactions that
laterally associate the strands.

9.3 DISCUSSION

The two-dimensional infrared (2DIR) spectroscopy measurements show that
the remarkable pH-triggered gelation of hyaluronic acid at pH 2.5 involves
the enhanced formation of double hydrogen bonds between carboxylic acid
and amide groups, and of strong single hydrogen bonds between carboxylate
anion (which is a stronger hydrogen-bond acceptor) and amide groups. The
enhanced formation of hydrogen bonds is intimately related and even enabled
by changes in the structure and electrostatic interactions of the hyaluronan
polymer chains. An important question is why the gelation only occurs in
a narrow pH range. In particular, one may wonder why the gelation does
not occur for a larger pH range below 2.5, as at lower pH there will be even
more carboxylic acid groups and thus potentially even more strong double
hydrogen bonds with the amide groups located on a different chain. The an-
swer to this question can be found in the special structure of the hyaluronic
acid disaccharide unit, which contains a carboxylic acid group and an amide
group on neighboring sugar units (see inset of Figl9.1p). The formation
of a double amide-carboxylic acid hydrogen-bond structure involves a quite
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Figure 9.7:  Schematic images showing the transition from a weakly hydrogen-bonded net-
work of hyaluronan at pH<2.5 (top left) to a strongly hydrogen-bonded network at pH=2.5
values (right), to isolated single chains at pH>2.5 (bottom left). At pH=2.5 the balance be-
tween hydrogen-bond and Coulomb repulsion interactions is optimal, and allows the formation
of hydrogen-bonds between the carboxyl acid and amide groups observed as the fast time com-
ponent in the cross-peak dynamics in 2D IR. Green shaded squares indicate the formation of
hydrogen-bonds between amide and protonated carboxyl groups, whilst orange shaded squares

depict the formation of hydrogen-bonds between amide and deprotonated carboxyl groups.

strict local positioning of the hyaluronic acid chains, which prevents the
formation of a second double hydrogen-bond structure at the adjacent sac-
charide units. Hence, the following mechanistic picture arises (Fig.: at
pH=2.5, the partial deprotonation of the carboxylic acid groups allows for
a high probability of forming a strong double amide-COOH hydrogen-bond
(green box) and an adjacent strong N-D-COO- hydrogen bond (orange box),
together forming a very strong inter-chain connection. In the single N-D-
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COO- hydrogen bond, the N-D of an amide group acts as the hydrogen
bond donor and the COO- anion group as the hydrogen-bond acceptor. For
a sufficient length and concentration of the hyaluronic acid chains, this en-
hanced hydrogen-bond formation will yield a long-range connected network
that behaves as an elastic solid, the putty state. This state is not formed
at lower pH, because at these pH values very few carboxylic acid groups
are deprotonated and the strong double amide-COOH hydrogen-bond can
only be combined with a relatively weak single N-D-COOH or single COOH-
amide hydrogen bond on the neighboring sugar units, thus forming a weaker
inter-chain connection. As a result, less inter-chain connections are formed
(ca. two-fold less at pH=1.6) and the overall connectivity is too low to form
an elastic gel. At pH values above 2.5, the putty state is also not formed,
because a large fraction of the carboxylic acid groups is deprotonated, which
implies that no double amide-COOH hydrogen-bonds can be formed. In ad-
dition, Coulomb repulsion will prevent the formation of N-D...-O-C hydro-
gen bonds on neighboring sugar units. As a result, the density of inter-chain
connections is again too low to allow for gel formation.

9.4 CONCLUSION

In summary, we studied the molecular origin of the ‘putty state’ of the
biologically important polysaccharide hyaluronic acid, which undergoes a
sol-gel transformation only in a narrow range around pH=2.5. Using two-
dimensional infrared (2DIR) spectroscopy, we find that this remarkable tran-
sition is accompanied by the enhanced formation of strong inter-chain con-
nections that consist of a strong double amide-COOH hydrogen-bond (green
box in Fig. and a strong N-D-COO- hydrogen bond (orange box in
Fig. on the adjacent sugar groups of the hyaluronan disaccharide unit.
These strong collective inter-chain connections can only form when the car-
boxylic acid groups are partially deprotonated, which explains why the putty
state is observed in a narrow pH range only. The enhanced inter-chain con-
nectivity in the putty state is confirmed by AFM measurements that reveal
the association of hyaluronan into thick strands in this state.

The present study illustrates that the combination of 2DIR spectroscopy,
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AFM and rheology constitutes a unique tool to identify the molecular mech-
anisms by which hydrogels respond to environmental stimuli. This combined
multiscale approach has great potential to investigate the molecular origin of
the biological functionalities of other natural polyelectrolytes, and to assist
in the rational design of supramolecular biomaterials with life-like function-
alities. 189

9.5 APPENDIX
9.5.1 FIT OF THE TRANSIENT ABSORPTION SIGNAL

The partial overlap of the -COOH diagonal peak with the cross-peak hinders
a straightforward determination of the dynamics of the cross-peak. Specifi-
cally, the positive excited state absorption (esa) band of the diagonal peak
obscures the negative bleach signal of the cross-peak. Furthermore, heating
signals originating from the relaxation of the excited vibrations will obscure
the cross-peak signal. Therefore, it is important to deconvolute the signal in
order to extract the dynamics emanating solely from the cross-peaks. The

a) —— data b)
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Figure 9.8: a) and b) examples of the fit of the transient absorption signal for solution of
hyaluronan at 20 mg/ml at pH=2.5 at T,,=0.2 ps and T»=0.9 ps, respectively. Thick black
line represents the cross-peak’ bleach, whilst continuous and dashed lines the esa and the bleach
of the diagonal peak,respectively. The red continuous line represents the spectral response of
the heating effect, which is taken from the transient absorption spectrum at 50 ps, when the

vibrational dynamics are complete.

transient absorption spectrum following excitation of the vopop vibration is
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obtained by averaging the signals obtained with pump frequencies between
1700 and 1760 cm™ (vcoop pump-region). The transient absorption spec-
trum following excitation of the vcpop mode is expected to be a linear
combination of five band: two describing the bleach and induced absorption
of the cross-peak, two describing the bleach and esa of the diagonal signal,
and one describing the effect of heating on the transient absorption spec-
trum. However, the heating signal strongly diminishes the visibility of the
esa band. Therefore, our fitting routine is not able to disentangle the con-
tribution of the induced absorption of the cross-peak. Hence, we describe
the transient absorption spectrum with three Lorentzians for the bleach and
esa of the diagonal signal, and the bleach signal of the cross-peak, and a
spectral signature representing the heating signal:

Vi, for wprobe < wprobe < (Jmebe

min max

S (w;?robe ;ti> =30 ()l (w?robe ) 4o (t) R (wg.’mbe ) (9.2)

The heating spectrum is taken directly from the transient absorption spec-
trum at 50 ps, when the vibrational dynamics is over. The width and center
position of the cross-peak and the width of the bleach of the diagonal peak
are constrained in a global fit to the transient absorption spectra at all de-
lays following excitation of the vcpop mode. The global fitting procedure
is performed as a function of probe frequency and delay time and it is based
on the minimization of the least-square error using the following expression

%} (S (wg?robe’ti> _ geap (w;;mbe’ti)y 0.3

where S°P represents the measured transient absorption spectrum. Exam-
ples of the fit are reported in Figl9.8] The central frequencies and widths of
the Lorentzians are presented in Table [0.1]

9.5.2 CROSS-PEAK ANISOTROPY

The aforementioned global fitting routine is used to determine the ampli-
tudes of the Lorentzians in the 2DIR spectra measured with the polarization
of the probe pulses parallel and perpendicular with respect to the pump
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mode  Center Frequency (cm™) FHWM (cm™)

VE6oD 1703 + 1 47+2
veeish, 1731 +3 37+3x
Vs 1 1619 + 2 48+ 6
vhicach 1639 + 2 39+4x
ylleach 1639+3 39+4

Table 9.1: Parameters of the five Lorentzians representing the bleaching of the vcoop mode
and of the vaa.1 mode, the excited-state absorption of the vcoop mode and of the van.s
mode, and the bleaching of the cross peak signal between the vcoop mode and the van.r
mode in the transient absorption spectrum following excitation of the vcoop mode. The errors
are the standard deviations computed by averaging over at least three different independent
measurements. *To reduce the number of free parameters in the fit, we set the widths of the
Lorentzians representing the bleach signals of the carbonyl vibration of the COOD group and
the amide | vibration equal to the widths of the corresponding bands obtained from a fit of the

linear infrared absorption spectrum.

pulse. By using the Lorentzian amplitudes of each mode extracted at every
time ¢; for parallel - ¢/*" (¢;) - and perpendicular - ¢/ (t;) - polarizations, we
can then calculate the anisotropy R;(%;) , which is defined as:

_ Cé)ar (tz) _ c§)er (tz>
G (t) + 267 (k)

R; (t:) (9-4)

Figl9.9 reports the obtained anisotropy values. We can extract the angle
between the direction of the transition dipole moments at time 0 and time
t; woththe following relation between anisotropy value and the angle:

R(t) - 3 cos? 05(@-) —1 (9.5)

For the cross-peak signal, the extracted angles reflect the relative orienta-
tion between the transition dipole moment of the carbonyl vibration of the
carboxylic acid group and that of the amide | vibration at different delay
times T, (inset Fig[9.9). By averaging over 6 different measurements, we
obtain an angle of 20+ 5°.
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Figure 9.9: Anisotropy of the bleach of the cross-peak and of the diagonal peak of the carbonyl

vibration of the -COOD group extracted by fitting the transient absorption spectra obtained by

1

averaging over the pump frequency region between 1700 and 1760 cm™" measured in parallel

and perpendicular polarization configuration. In the inset, the extracted angles of the cross-peak

anisotropy are plotted as a function of the delay time T%,.

9.5.3 RELAXATION MODEL

We model the delay-time dependence of the cross-peak of the vcpop mode
and the v4),; mode (amide | mode) as the result of the relaxation of two
carboxylic acid species. One species, with population N;,(t), relaxes by
energy transfer to lower-frequency modes. These lower-frequency modes
are anharmonically coupled to the amide modes. The other carboxylic acid
species, with population N, (t), relaxes via energy transfer to a nearby
amide | vibration. We thus write the cross-peak transient signal as:

Aag, (wpmbe, t) = —20AM1 (wpmbe) (w (Banr.r,Lrm) * Nen(t) + Nene (1))
(9.6)

where o 45/ 1 is the amide | cross-section and w(Bans.1,Lrar) is @ coupling-
dependent weighting factor that represents the effect of the excitation of the
low-frequency modes on the spectrum of the amide | vibration. Ny, (t) and
Nent(t) can be described as follows:

T
Nth(t) — Nth<t - O) ( LLEM ) (eft/TLCOOD _ e*t/Tl.LFJM)
Ti.coop — Ti.Lrm 07)
9.7
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and

_ _ Th.ama —t/Tent —t/Ty. AMm.1
Nent(t) = Newe(t = 0) (m) (e /Temt — eV ) (9.8)

where T coop is the lifetime of the carboxylic acid mode (0.65+0.1
ps), 11 an.z is the lifetime of the amide | mode (0.65+0.1 ps) and 111
(~3 ps) is the lifetime of the low frequency modes extracted from a fit to
the cross-peak signal of the vcoop mode and the vy, mode (amide I
mode). By normalizing the Aa,(w?™, t) to Aacoop (WP, t = 200fs)
we obtain from eq[9.6] that

AOécp (wprobe’ t) _ —20AM.L (wprobe) (w (ﬁAM.I,LFM) Nth(t) + Nem<t>) B
Aacoop (wProve,t =200fs) —20coop (WP) Neoop(t = 200fs)
ot (W) (w (Baerzea) Now(t) + New(t)
ocoop (WPree) Necoop(t =200fs)
(9.9)

and by using eq[9.7] and eq[9.§

T, LFMm ( 7t/T1 CcoOOD 7t/T1 LFM Ty am.1 ( *t/T
= C . _ e e . — e s C — =Lt AM.1 e ent __
th. (Tl,COOD*T,LFM ) T Cent. Tent—T1.AM.1

e*t/TL,AMJ)

(9.10)
where
I TAM.I (wprobe) w (ﬁAM.I,LFM) Nth(t = 200f$) (9 11)
= ocoop (wPrebe) Ncoop(t = 200fs) .
and
 oaner (WP)  Nene (t = 200f5) (9.12)

Cent. =
“ " ocoop (wPobe) Neopop(t = 200fs)

Tent, cin.and ceng.are the only free parameters of the fit to the experi-
mental cross-peak signals of the vcoop mode and the v4,,; mode (amide
| mode).The dynamics of the diagonal COOD peak both for the putty
state (pH=2.5) and the solution state at pH=2.9 are very similar show-
ing ] TI.COOD of 0.65+0.1 ps.
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9.5.4 2DIR sTUuDY OF THE AMIDE-COOQO- INTERACTION

We studied the interaction between the amide and carboxylate anion groups
with 2DIR spectroscopy. The most intense modes of these two groups, the
amide | (vanrs) and the anti-symmetric stretching vibrations (Vant.coo-),
absorb at ~1640 and ~1608 cm™, respectively, and overlap in both linear
and 2DIR spectra. We studied the v 1-Vant,coo—cross-peak signal and
its pH dependence with two different methods. In the first method, we
measure 2DIR spectra with parallel and perpendicular polarization of the
excitation and detection pulses at pH=1.9 (with a concentration of COO-
<5%), pH=2.5 (with a concentration of COO- of ~20%), and pH=2.9 (with
a concentration of COO- of ~50%). We construct the isotropic 2DIR spectra
at pH=1.9, pH=2.5, and pH=2.9, at a time delay of 0.3 ps (Fig[9.10a-b-c).
We then normalize all the 2DIR spectra to the maximum intensity observed
for a pump frequency of 1645 cm™ (at this frequency the 2DIR signal is
completely dominated by the amide | vibration). We then subtract the
2DIR spectrum at pH=1.9 from the 2DIR spectra at pH=2.5 and pH=2.9.
This allows us to compare the diagonal and cross-peak signals involving
the Vg, coo— mode at pH=2.5 and pH=2.9, as the amide | signal can be
assumed to be pH independent. The resulting difference spectra are denoted
as subpy—25 (Figure [9.10d) and subpy—2¢ (Figure [9.10k). The difference
2DIR spectra show a strong diagonal signal of the v4,: coo— mode, and a
weaker off-diagonal signal at a pump frequency of ~1640 cm™ and a probe
frequency of ~1610 cm™. The diagonal signal is stronger for the sub,p—2.9
than for the subpp—2 5 2DIR spectrum, because of the higher concentration of
COO- at pH=2.9. The off-diagonal signal represents the Vi 1-Vant.coo—
cross-peak signal. We integrate this off-diagonal signal over a range of
pump frequencies between 1637 cm™ and 1650 cm™ to eliminate possible
effects of spectral diffusion. The resulting signal is shown as a function of
the detection frequency in Figure [9.10f. The signals are normalized to the
diagonal signal of the v, coo— mode at 1610 cm™. We observe that the
cross-peak signal (pumping vap; at ~1640 cm™ and probing Vant,COO—
at ~1610 cm™) is stronger at pH=2.5 than at pH=2.9. This difference
shows that the interaction between the amide and carboxylate anion groups
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is enhanced at pH=2.5 in comparison to pH=2.9.

In a second method we determined the strength of the cross-peak signal
at different pH values by subtracting the parallel 2DIR spectrum from three
times the perpendicular 2DIR spectrum, both at pH=2.5 (Fig. and at
pH=2.9 (Figure [9.11)). This procedure reveals the cross-peak signals of
the vaum.r and venecoo— vibrations, as all diagonal signals of v45; and
Vant,coo— Will be strongly suppressed. From the resulting difference 2DIR
spectra we subsequently construct transient absorption spectra, in which
we average over the excitation frequency interval between 1600 and 1620
cm (excitation of v,:coo-). These spectra (shown in Fig.) contain
a clear vanrr - Vant,coo— cross-peak signal near 1635 cm? (detection of
vam.r). To compare the fraction of COO- groups that interacts with an
amide group at pH=2.5 with that at pH=2.9, we normalize the transient
absorption signals at pH=2.5 and 2.9 of Fig[9.5b to the diagonal signals
of the Vgni.coo— mode at 1610 cm at these pH values (Figs. and
9.10g). The cross-peak signal near 1635 cm is stronger at pH=2.5 than
at pH=2.9, showing the enhanced interaction between the COO- and amide
groups at pH=2.5 (putty state).
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Figure 9.10:  2DIR spectra of hyaluronic acid at a concentration of 20 mg/ml at pH=1.9,
pH=2.5 and pH=2.9 in figure a), b) and c). d) and e) are obtained by subtracting a) from
b) and a) from c), respectively, after normalizing the 2DIR spectra to the minimum intensity
along the pump frequency around 1645 cm™. We will refer to the subtracted 2DIR spectra in
d) and f) as subph=25 and subph=29, respectively. By doing such normalization and subtraction,
it is possible to cancel the presence of the intense amide | vibration, and thus to observe more
clearly the diagonal signal of the anti-symmetric COO™ mode and possible eventual cross-peak
signals of this mode and the amide | mode. In figure f) we report the transient spectra obtained
by averaging over the pump frequencies between 1637 cm™ and 1650 cm™ (which is the region
highlighted by a dark green rectangle) in the 2DIR spectra shown in figures d) and e). The slices
are normalized to the respective bleaches of the COO- vibration at 1610 cm™ of Figures d) and
e). At pH=2.5 we observe a larger negative absorption change around 1620 cm™ in comparison
to pH=2.9. This larger negative absorption change indicates that more amide and carboxylate
anion groups are interacting with each other at pH=2.5 than at pH=2.9.
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Figure 9.11: 2DIR spectra of a solution of hyaluronic acid at pH=2.9 at a concentration of 20
mg/m at a waiting time of 0.3 ps.
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Abstract

The viscoelastic properties of hydrogels of responsive biopolymers depend on the
interactions between the constituent polymers, which typically include electrostatic
and hydrogen-bonding interactions. The connection between the time scale of
macroscopic stress relaxation and the molecular-scale structure and dynamics is
poorly understood. Here, we study the temperature and pH dependencies of the
molecular-scale connectivity and stress-relaxation dynamics of aqueous solutions
of the ubiquitous biopolymer hyaluronan by performing 2D-IR spectroscopy and
shear rheology. We observe that increasing the temperature does not change the
equilibrium density of interchain hydrogen-bond connections. From an analysis of
the temperature dependence of the stress relaxation time scale, we find that at
pH=2.5 the simultaneous breaking of 5-15 interchain hydrogen bonds, which form
the junction point between the segments of the chains, is required for the chain
to diffuse, and thus for the network to flow. At pH 7, stress relaxation instead
proceeds through polymer reptation. We conclude that an increase in temperature
accelerates the dynamics of the polymer network without significantly modifying its
structure.
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10.1 INTRODUCTION

he macroscopic behaviour of hydrogels depends on the motions of the
constituent polymer chains, which are restricted by topological en-
tanglements, combined with associative connections. The lifetime of the
reversible connections and their density dictate the enhancement of the vis-
coelastic properties compared to the effect of entanglements alone. Re-
versible associations can for instance be formed by hydrogen-bonding or
hydrophobic interactions. The strength of these interactions is sensitive to
temperature, pH and ionic strength, making the hydrogel responsive. This
responsiveness can often be tuned by an appropriate molecular design, which
makes these hydrogels appealing for an enormous variety of biomedical ap-
plications 4181194
In this chapter, we focus on hyaluronan hydrogels, which are widely found
in the animal realm, where they have a critical role in different biological
functions, ranging from skin hydration to tissue lubrication.12%123 Hyaluro-
nan hydrogels are highly responsive to pH changes: by lowering the pH
from 7 to 2.5, solutions of hyaluronic acid undergo a liquid-to-gel transi-
tion.®® Hyaluronan is a linear polysaccharide composed of repeating units
of N-acetyl-galactosamine and glucuronic acid. The strong change of the
mechanical properties of hyaluronan hydrogels at acidic pH is due to the
formation of specic intermolecular hydrogen-bonds between adjacent chains.
As reported in Chapter 9, at neutral pH all the carboxyl groups are depro-

neutral pH H=2.5
\—o0 P \,po
F
N 0
H iy
o
O iy
o N
Homy o —{
o=(lvH
N
Figure 10.1: lllustration of the hydrogen-bonds formed between adjacent chains, as reported

in Chapter[9]
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tonated, and thus associative interactions between different polymer chains
are prohibited by strong electrostatic repulsion. Hence, at neutral pH, the
mechanical properties of hyaluronan solutions are dictated by chain entan-
glements. By lowering the pH to 2.5, around 80% of the carboxyl groups
are protonated, and thus repulsive electrostatic forces between chains are
weakened. Adjacent chains can thus form intermolecular hydrogen-bonds
between the amide groups and both protonated and deprotonated carboxyl
groups, leading to a hydrogen-bonded network as shown in Fig[I0.1] The
fraction of -COOHs that form intermolecular hydrogen-bonds is around 15%
at room temperature. Hydrogen-bonds are often short-lived, forming and
breaking on a timescale of a few to tens of picoseconds. Macroscopic stress
relaxation in hyaluronan gels at pH 2.5 occurs on much longer time scales,
ranging up to minutes. Up to now, the connection between the macroscopic
stress relaxation dynamics and the ten orders of magnitude faster molecular
dynamics has not been clearly understood.

Here, we study the impact of temperature on the macroscopic mechanical
properties of hyaluronan hydrogels and on the density of molecular cross-links
by combining rheology and two-dimensional infrared (2DIR) spectroscopy. In
2DIR, we excite the sample with a first, intense beam (pump), and we study
the induced vibrational response with a second, weaker probe pulse. In the
presence of vibrational coupling, the excitation of one vibrational mode will
affect the vibration of other modes, leading to off-diagonal signatures in the
2DIR spectrum, which we refer to as cross-peaks (see Chapter . Further
information on the molecular interactions can be obtained by measuring the
dynamics of the cross-peak signals.

10.2 RESULTS

10.2.1 TEMPERATURE DEPENDENCE OF THE DENSITY OF INTERMOLECULAR IN-
TERACTIONS

In Figure[10.2)we compare linear infrared absorption spectra of high-molecular
weight (~1.5 MDa) hyaluronan at pH=2.5 at 20 and 40°C. The spectra show
an absorption band at 1633 cm™ that we assign to the amide | vibration and
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an absorption band at 1725 cm™ that we assign to the carbonyl stretching
mode of the protonated carboxylic acid group.®?

1 — 40°C
c — 20°C
S 0.8
a
§, 0.6
Ke]
< 0.4

1600 1650 1700 1750
frequency(cm ™)

Figure 10.2:  Normalized linear infrared spectra for a solution of hyaluronan of 20 mg/ml
at pH=2.5 at 20°C and at 40°C. Since the spectral shape does not change by increasing the
temperature, we conclude that the fractions of protonated and deprotonated carboxyl groups
are constant (~20%)

At 1607 cm™ we observe an additional shoulder that we assign to the
antisymmetric stretch vibration of the carboxylate group anion group. In
Chapter 9 we showed that the formation of a hyaluronan hydrogel at pH 2.5
involves the formation of hydrogen bonds between the carboxylic acid, the
deprotonated carboxylate anion, and the amide groups of the hyaluronan
polymers (Figure [10.1). At pH=2.5 the fraction of deprotonated carboxyl
groups (—-COO") amounts to ~20%. The comparison of the spectra of
Figure|10.2| reveals that a change in temperature by 20°C does not affect the
absorption spectrum. Hence, there is no significant change in the percentage
of deprotonated carboxylic acid groups.

We also study the effect of temperature on the 2DIR spectrum of hyaluro-
nan at pH=2.5. We excite the amide and carboxyl vibrations with a strong
femtosecond infrared pulse pair centred at 1670 cm™ with a bandwidth of
200 cm™ (~100 fs, 4 ;1) per pulse). This excitation induces transient absorp-
tion changes that are probed with a weaker (0.35 uJ) single femtosecond
probing pulse that is delayed by a time T,. In Fig[l0.3-b we show the
isotropic 2DIR spectra at 5 °C and 4 °C. In both spectra, we observe on the
diagonal four distinct spectral signatures. The blue-coloured signatures are
negative-going (which we refer to as bleach) and originate from the reduced
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Figure 10.3: a) and b) 2DIR spectra of high molecular weight hyaluronan at pH=2.5 at 5°C
and 40°C at a Tw=0.2, respectively. In c) and d) the colour-bar is fivefold magnified to show
the off-diagonal peaks.

absorption at the amide | and carboxyl carbonyl frequencies. This reduced
absorption is due to the depletion of the fundamental transition (v =0 to v
=1) and stimulated emission (v =1 to v =0) of the amide | and carbonyl
pump frequency vibrations. At somewhat lower probing frequencies, we ob-
serve red-coloured spectral signatures, which we refer to as excited state
absorption or esa. The esa signatures are positive-going and arise because
of the vibrational transition from the v =1 to v= 2.%3 We observe that the
lower-frequency diagonal peak shows a shoulder at 1610 cm™. This is due
to the absorption of the anti-symmetric stretching of the carboxylate group,
which at pH=2.5 is present at a significant amount of ~20%. We also ob-
serve off-diagonal spectral signatures in the 2DIR spectrum (Fig[10.3c-d).
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In the upward off-diagonal regions (exciting around 1725 cm™ and probing

around 1630 cm™ ), which are indicated by the orange-colored rectangles,
we observe 2DIR absorption signals at the probe frequency of the amide
| absorption at both temperatures. These cross-peak signals are only visi-
ble after multiplication of the signals by a factor of 5, as they are ten-fold
weaker than the diagonal signal. In the downward off-diagonal region (excit-
ing around 1630 cm™ and probing around 1725 cm™) , we observe a bleach
signal, which is largely the result of the spectral diffusion of the carbonyl
mode, as described in Chapter [9,

Fig. reports the 2DIR signals obtained by averaging over the ex-
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Figure 10.4: a) 2DIR signals at three different temperatures obtained by averaging over the

1

pump region between 1700 and 1760 cm™ . Inset: detail of the 2DIR signal in the absorption

frequency of the amide | vibration. b) Cross-peak decay traces for solutions of high molecular
weight hyaluronan at a pH=2.5 at 5, 20 and 40 °C. Dashed lines are fits to the relaxation model
reported in Chapter 9 Section c) Extracted fractions of hydrogen-bonded carboxylic acid

groups as a function of temperature.

citation frequencies between 1700 and 1760 cm™ (orange rectangle in Fig.
—d). For every temperature, the 2DIR signal is normalized to the max-
imum intensity of the carbonyl bleach. In Fig[10.4p we observe again the
bleach and the esa of the carbonyl around 1700 cm™, but also a negative
2DIR signal near 1635 cm™, which is the vibrational frequency of the amide
| absorption. The cross-peak signals between the carbonyl stretching and
the amide | vibrations reveals the existence of molecular coupling between
these groups at pH=2.5.

To extract the fraction of bonded carboxyl groups, we fit the 2DIR slices
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as a function of time in a similar manner as in Chapter [9) by using two dif-
ferent spectral signatures to describe the diagonal and cross-peak spectral
signatures, which enables us to resolve the cross-peak signal time depen-
dence. The decay traces of the cross-peak signals are presented in Fig.
[10.4b. Since each temperature measurement requires 6-8 hours, it was not
possible to collect data at long time delays. As explained in Chapter [9]
upon excitation, the carbonyl stretching mode can relax following two dif-
ferent relaxation paths. A fraction of the excited —COOD relaxes by fast
energy transfer to the amide | vibration, with a time constant Tep: (~0.150
ps). This energy transfer process leads to the fast rising component that
we observe at early time delays. Subsequently, the amide | mode relaxes
to the ground state in a time Tiam, (~0.65 ps). Another fraction of the
excited -COOD vibrations relaxes to low-frequency modes. This process is
slower and occurs with a time constant Ticoop (~0.7 ps). Once populated,
the low frequency modes affect the absorption spectrum of the amide | vi-
bration. This latter effect decays with a time constant Ty gy, which is the
relaxation time of the low frequency modes. This second mechanism leads
to the slowly decaying component of the cross-peak signal, which dominates
at time delays larger than 1.5 ps. We therefore fit the dynamics of the cross-
peak signal with the kinetic model described in Chapter 9 Appendix Section
9.5.1. The amplitude of the relaxation component due to energy transfer is
the only free parameter and represents the fraction of carboxyl groups that
form a hydrogen bond to an amide. The amplitude of the second, slower
relaxation component is instead constrained around the value reported in
Chapter [0l Hence, we extract the amplitude of the relaxation component
due to energy transfer, and we find that around 15% of carbonyl groups
are directly bonded to the amide groups at pH=2.5. This fraction does
not change in the temperature interval between 5 and 40°C. This finding
implies that the fraction of carboxyl groups that are engaged in a direct
hydrogen-bond with an amide group does not change with temperature.
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Figure 10.5: a) and b) Temperature dependence of the frequency spectra of the shear moduli of
hyaluronan solutions at a concentration of 10 mg/ml, comparing neutral (a) versus acidic pH (b).
c) and d) Time-temperature superposition rheology of hyaluronan solutions, comparing neutral
(c) versus acidic pH (d). Frequency sweeps for each data set are shifted along the frequency
axis onto the measurement at the reference temperature of 22 °C by multiplication with a shift
factor at. These data were kindly provided by Burla F. Further details can be found in the Ph.D
Thesis of Burla F. Tailoring extracellular mechanics (Vrije Universiteit, Amsterdam, 2020)

10.2.2 TEMPERATURE DEPENDENCE OF MECHANICAL PROPERTIE

In Fig[10.5 Burla et al. report the shear moduli of solutions of hyaluro-
nan at a concentration of 10 mg/ml at pH=7 (Fig[10.5a) and at pH=2.5
(Fig[10.5p). At this concentration, hyaluronan polymers are found in the
semi-dilute entangled regime, meaning that the polymers experience tran-
sient topological constraints as a result of the high density.*#12" The fre-
quency dependence of the shear moduli reveals a transition from a fluid
response at low frequencies, where G'<G", to a solid response at high fre-
quencies, where G'>G". The frequency point at which G'=G" is referred

1Burla F. (2020), Tailoring extracellular mechanics, Doctoral Dissertation, Vrije Universiteit, Amster-
dam
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to as cross-over point, and marks the liquid-to-gel transition. At both pH
values, the elastic and viscous moduli reach a plateau when w > 1/, where
To is @ measure for the time needed for equilibration following a step strain.
To is associated to the average lifetime of the interchain entanglements or
temporary cross-links?®®, and indicates the transition between the terminal
regime (time-scales of chain diffusion and network reorganization) to the rub-
ber plateau (time-scales of transient cross-links and entanglements).* This
spectral shape is typical for entangled polymers, which show a Maxwell-type
behaviour with a rubber-plateau that remains till w ~ 1/75, and a terminal
regime for w < 1/79. At pH 7 we observe at low frequencies that G’ scales
as w? and G" scales as w. These frequency dependencies are typical for the
terminal regime in solutions of entangled polymers, where the chain diffusion
is described by a reptation model, which assumes that the polymer motion is
highly restricted by entanglements with surrounding chains.2%® At pH=2.5,
it is observed that the cross-over point shifts to lower frequency, indicating
that the stress-relaxation has a longer time constant than at neutral pHs. It
can furthermore be seen in Fig. 10.5 that the magnitude of the elastic mod-
ulus in the plateau regime is higher at pH 2.5 than at pH 7. The changes
observed by lowering the pH are consistent with the formation of transient
interactions. 222198 A convenient way to model the viscoelastic behavior of
entangled polymers that interact via transient binding between associative
groups (referred to as stickers) is the sticky reptation model. Following the
sticky reptation model, the stress relaxation time 7y is proportional to the
effective bond lifetime of the associative interactions, and to the square of
the number of stickers per chain.*%?

At both neutral and acidic pHs, it is observed that by increasing temper-
ature, shear moduli become lower. In addition, increasing the temperature
leads to an increase of the characteristic frequency at which the terminal
regime (i.e., where G"> G') crosses over to the rubber plateau (i.e., where
G' > G"), which indicates that the time-scales, in which the hyaluronan
hydrogels relieve the stress, become shorter. "

In the simplest case that we have only one type of sticker, the sticker life
time should show a dependence on temperature given by an Arrhenius acti-
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Figure 10.6: Flow activation energy of hyaluronan solutions, comparing neutral and acidic pH.
Arrhenius plot showing the shift factors used for constructing the time-temperature superposition
data in Fig[I0.5k-d as a function of the inverse of the temperature relative to the reference
temperature To = 22°C. Lines show linear fits whose slopes represent the flow activation energy
divided by 2.3R.

vation energy.?%’ To test whether a single chain association mechanism can
account for the observed temperature dependence, Burla et al. performed
a time-temperature superposition analysis using 22°C as the reference tem-
perature. As shown in Fig[10.5c-d, shifting both the elastic and viscous data
along the frequency axis by a temperature-dependent shift factor ar indeed
results in a set of master curves. To retrieve the activation enthalpy F4
for stress relaxation of the hyaluronan hydrogels?®, one can plot the shift
factor ar as a function of the inverse temperature relative to the reference
temperature T(=22°C (295 K) by using the following expression:

E, (1 1
log(ar) = ~53R (? - ﬁ) (10.1)

where R is the universal gas constant and 7;=295 K. As shown in Fig[10.6]
Burla et al. obtained straight lines for all data sets, indicating that the re-
laxation time is controlled by the thermally activated dissociation of bonds
between chains. The line slope is higher at pH 2.5 than at pH 7.0, qual-
itatively consistent with the expectation from the sticky reptation model

that pH-induced hydrogen-bonding enhances the friction on the chains. By
extracting the activation energy from the curve slope, we obtain for hyaluro-
nan solution at pH=2.5 an activation energy of ~115 kJ/mol (10 000 cm™),
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corresponding to an activation energy of 50 k, T at room temperature. In
the entangled state at pH 7.0, the activation energy is around ~30 kJ/mol
(~12 kgT), consistent with a prior report for high molecular weight hyaluro-
nan. 131202 We note that this earlier study was carried out at 50 mg/mL,
a much larger concentration than studied here (10 mg/ml), suggesting lit-
tle effect of concentration on the activation energy. For the putty state at
pH 2.5, the activation energy is around 50 kgT for high molecular weight
hyaluronan. The values of the activation energy are consistent with typical
association energies of hydrogen bonds, which span from a few to tens of

ke T.203

10.3 DISCUSSION
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Figure 10.7: a) Schematic representation of the breaking of an hydrogen-bonded complex. We

refer to the breakage time of the hydrogen-bonds as 7¢y. The activation energy necessary

to break the hydrogen-bonded complex is defined as Ea ny. b) Schematic representation of
the network dynamics. The flow activation energy E4 o corresponds to the breaking of npp

hydrogen bonds (stickers).

From our 2DIR measurements, we infer that the fraction of bonded car-
boxyl groups does not change significantly with temperature between 5 and
40°C, which implies that the formation/breaking time constants change by
comparable factors when the temperature is varied. The time-temperature
superposition analysis of the rheology likewise reveals that the fraction of
bound groups does not change with temperature, since it was only necessary
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to apply a horizontal (time) shift factor to superpose the curves. This find-
ing indicates that the sticker density is independent of temperature 197204
The fact that the density of hydrogen-bond contacts does not change with
temperature indicates that the breaking of an interchain hydrogen bond be-
tween a carboxyl group and an amide group results in a state that has about
the same overall free energy as the intact hydrogen bond. This state is prob-
ably formed by hydrogen bonds between the carboxyl and the amide groups
and solvent water molecules. As a result, a change in temperature does not
affect the relative fraction of hydrogen-bond between the polymer chains.
However, the rates at which the stickers break and reform will depend on
temperature as the breaking and reformation will involve an energy barrier
E 4 npy that will be of the order of the binding energy of a single hydrogen
bond, which is typically ~500-1500 cm™ or 2-7 kg T (for instance, in protein
secondary structure it ranges between 2 and 5 kgT“%). In Figure 10.7a, a
schematic picture is shown of the free energy potential associated with the
intact and broken interchain hydrogen bond.

To understand the acceleration of the network dynamics with increas-
ing temperature, we need to find the relation between the characteristic
lifetime of a single hydrogen bond and the characteristic time scale of the
stress-relaxation of the hyaluronan solution, as expressed in the frequency
dependence of the shear moduli. The typical lifetime 7(7=71) of a single
hydrogen-bond is on the order of a few to tens of picoseconds. For instance
for NMA(N-methyl acetamide) molecules hydrogen-bonded to methanol, the
hydrogen-bond lifetime was observed to be tens of picoseconds.?%® The stress
relaxation has a characteristic time scale of milliseconds to seconds22+202208
much longer than the lifetime of single hydrogen bonds. Such a disparity
in time scales is also observed between the acceleration of bond breaking
and the acceleration of stress relaxation with increasing temperature. The
breaking and the formation rate accelerates by a factor of ~2 (assuming
an activation energy E4 5, of 5 kgT%?). This acceleration is quite small in
comparison to the acceleration of the stress relaxation by a factor of ~400
at pH=2.5 (E4 5 = ~115 kJ/mol (~50 kgT)).

The large difference in acceleration factor and the large difference in time
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scales of the hydrogen bond and sticker dynamics can be understood from
the fact that a certain number of hydrogen bonds ny; needs to be broken
at the same time to allow for chain displacement, and consequent network
flow. In addition, such a mesoscopic rearrangement involves a frictional bar-
rier due to chain entanglements and to the required displacement of solvent
molecules. Hence, the activation energy necessary for the network to flow
will be much larger than the activation energy of breaking a single hydrogen
bond. Assuming a similar prefactor for the breaking of hydrogen bonds and
the friction, the total activation energy for stress relaxation can be written
as:

Eas(pH) = npp(pH) * Eapp + By, (10.2)

At pH=7 we assume there are no hydrogen bonds between the hyaluronan
polymer chains and thus ny,(pH = 7) = 0, which implies that the activa-
tion energy will be equal to the frictional barrier energy E;.. At pH=2.5
the density of interchain hydrogen bonds is large enough to cause the for-
mation of an elastic hydrogel. By subtracting the frictional energy Ey, to
the measured activation energy at pH=2.5, F, ., we find at this pH that
the energy barrier due to the hydrogen-bond formation is of ~85 kJ/mol (~
38 kg T). This residual activation energy corresponds to np,(pH = 2.5) =
5-15 hydrogen bonds, which need to be broken in order for the hyaluronan
chain to diffuse.

Finally, it should be noted that we have not considered the possible effect
of temperature on the frictional energy barrier E'¢,. This energy barrier
will depend on several parameters, such as the intramolecular hydrogen-
bonds that stiffen hyaluronan and the mobility of the solvent molecules.
A more flexible chain and an increased mobility of water may thus lead
to a lowering of Ey, with increasing the temperature, which will also lead
to faster dynamics of the polymer network.?%? However, the fact that the
temperature dependence of the shift factor ar can be well described with
an Arrhenius expression suggests that the value of Ey, is quite insensitive
to temperature changes within the range we studied.



10. Temperature dependence of the molecular structure
192 and stress relaxation dynamics of hyaluronan hydrogels

10.4 CONCLUSION

We used rheological and two-dimensional IR spectroscopy measurements to
measure the effect of temperature on the mechanical properties and molec-
ular structure of entangled networks of hyaluronan polymers at pH=7 and
pH= 2.5. The 2DIR results show that at pH=2.5 inter-chain hydrogen
bonds between the hyaluronan polymer chains are formed, which results in
an elastic (putty) state. Both the 2DIR and the rheological measurements
show that the density of cross-links at pH=2.5 does not depend on the
temperature (from 20°C to 40°C). Hence the equilibrium structure of the
polymer network does not change with temperature. The dynamics of the
polymer network does show a strong dependence on temperature. When
the temperature is increased, the stress relaxation strongly accelerates. At
pH=2.5 this temperature dependence corresponds to an activation energy
of ~115 kJ/mol, at pH=7 to an activation energy of ~30 kJ/mol. The
latter activation energy can be assigned to a frictional energy barrier as-
sociated with the motion of the polymer chains along each other and the
displacement of the water molecules. The much higher activation energy
at pH=2.5 suggests that under these conditions, the simultaneous breaking
of 5-15 hydrogen bonds is required for chains to move and, thus, for the
network to flow.
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Abstract

We study the solution structure of antifreeze glycoproteins (AFGPs) with linear and
two-dimensional infrared spectroscopy (2DIR). With 2DIR we study the coupling
between the amide | and amide Il vibrations of AFGPs. The measured nonlinear
spectral response constitutes a much more clearly resolved amide | spectrum than
the linear absorption spectrum of the amide | vibrations, and allows us to identify
the different structural elements of AFGPs in solution. We find clear evidence for
the presence of polyproline Il (PPII) helical structures already at room temperature,
and we find that the fraction of PPII structures increases when the temperature
is decreased to the biological working temperature of AFGP. We observe that in-
hibition of the antifreeze activity of AFGP using borate buffer or enhancing the
antifreeze activity using sulfate buffer, does not lead to significant changes in the
protein conformation,indicating that the effect of the inhibitors and enhancers is
likely related to interactions with the disaccharide units. Furthermore, we study the
structure of chemically modified AFGPs. We find a strong correlation between the
effect of the chemical modification on the relative abundance of the PPII structure,
and on the anti-freeze activity.
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11.1 INTRODUCTION

ntifreeze proteins (AFP) and antifreeze glycoproteins (AFGPs) are a
Aunique class of proteins that inhibit the growth of ice crystals in living
organisms and thereby enable their survival in freezing and subfreezing habi-
tats. 14210 AFGPs were the first antifreeze proteins to be discovered, and are
subject to considerably less structural variations than AFPs. The primary
structure of an AFGP consists of the repeating tripeptide unit (alanyl-alanyl-
threonine) to which a -D-galactosyl-(1 — 3)-a-N-acetyl-d-galactosamine
is attached at the threonine side chains, as shown in Figure [I1.1p. AFGPs
typically occur in isoforms that are grouped into large AFGP1-5 and small
AFGP7-8 isoforms.

The secondary structure of AFGP in solution and at the surface of ice
has not yet been unambiguously identified. Early circular dichroism (CD)
spectra suggested that AFGPs possess an extended random coil structure
in solution.”*' Follow-up studies using a combination of NMR and CD ex-
periments proposed a left-handed helical conformation that is similar to a
polyproline Il helix (PPII).“22213 The results of later CD, IR, quasi-elastic
light scattering and Raman spectroscopic studies all suggested the presence
of folded structural elements, but did not allow a definite determination of
the structure.** Recently, molecular dynamics simulations and a systematic
chemical synthesis study of small AFGP isoforms showed that the sugar unit
and the PPII structural element play an important role in the binding to
ice. 19215 The uncertainty regarding the solution structure of AFGPs leaves
important questions regarding their working mechanism unanswered. It re-
mains for instance unclear which site of the protein binds to ice.

Linear infrared spectroscopy is a widely used method to study the sec-
ondary structure of proteins. Structural elements such as alpha-helixes or
beta-sheets can be detected from the characteristic frequencies of their
amide vibrations. In particular the frequency of the strongly absorbing amide
| mode constitutes a clear marker for the presence of specific secondary struc-
tural elements.**21¢ Unfortunately, for more complex and (partly) disordered
proteins, the linear infrared absorption spectra are often too congested to
determine the secondary structure of the protein. Additional information on
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Figure 11.1: a) Chemical structure of a representative antifreeze glycoprotein (AFGP) repeat; n
=4-50. b) Normalized FTIR spectrum of AFGP 1-5 at a concentration of 2 wt% in D>O at room
temperature. In c) we report the normalized ATR spectrum of AFGP 1-5 at a concentration of
2 wt% in H,O. We observe that the amide |l modes absorb at lower frequencies in heavy water
than in water as a consequence of the isotopic exchange of the N-H proton. Since the amide |
is mainly due to the carbonyl stretching vibration, the shift in the absorption frequency of the

amide | modes is only a few wavenumbers.

the protein structure can be obtained with two-dimensional infrared spec-
troscopy (2DIR). 2DIR is a nonlinear spectroscopic technique in which the
vibrational response is measured as a function of two frequencies (excita-
tion and probing frequencies). The coupling of different vibrations leads
to off-diagonal signals in the 2DIR spectrum.*¥ The magnitude of these
off-diagonal signals reflects the strength of the coupling, which can provide
information on the relative position and orientation of the vibrations, and
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thereby on the spatial structure of the studied molecule./219

Here we use 2DIR to study the coupling between the amide | and amide Il
modes of AFGPs.*?Y We demonstrate that the measurement of this coupling
enables a decomposition of the complex amide | solution spectrum of AFGP
in subbands that correlate with distinct structural elements. Thereby we can
determine the relative fractions of these structural elements of AFGPs in so-
lution as a function of temperature. We also study the effect of chemical
modifications of AFGP1-5 on the relative fractions of the structural elements
and on the anti-freeze activity. The spectral decomposition of the amide |
spectrum using 2DIR also allows us to analyze the linear infrared absorption
spectrum of the amide | modes, and to use these spectra to study the ef-
fects of the addition of an enhancer (sulfate)??!, an inhibitor (borate),%*%423
and of the chemical modifications on the relative fractions of the different
structural elements of AFGP in aqueous solution.

11.2 RESULTS AND DISCUSSION

11.2.1 LINEAR INFRARED SPECTRUM

Fig[II1.1Ip shows the normalized infrared spectrum of a solution of AFGP1-
5 in deuterated water (D,0), between 1380 and 1720 cm™. We used a
concentration of 2 wt% in all our experiments as this was the minimum
concentration that provided sufficient absorption to perform 2DIR experi-
ments with a good signal-to-noise. The frequency range between 1400 and
1500 cm™® represents the region of the amide Il vibrations, and the frequency
range between 1600 and 1700 cm™! represents the amide | region. The amide
[l vibration is dominated by N-H bending vibrations and the C-N stretch-
ing vibrations, whereas the amide | mode is dominated by the stretching
of the C=0 bond of the amide group. Amide | and amide Il modes are
strongly coupled by through-bond, mechanical anharmonic interactions.#
The AFGP spectrum in the amide Il region is congested due to the overlap of
modes belonging to different protein conformations and the response of the
bending mode of residual HDO in the D,0 solvent.?** The amide | region is
also highly congested and consists of a broad band with a maximum around
1645 cm™ and a shoulder around 1620 cm™. As a result, the different amide
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Figure 11.2: Isotropic 2DIR spectra of a 2 wt% AFGP1-5 solution in D>O at 0°C. The spectra
were collected at a delay time T, of 0.5 ps. The left panel shows the 2DIR spectrum obtained
when exciting and probing in the amide | region, the right panel shows the 2DIR spectrum
obtained when exciting the amide | region and probing the amide Il region. Bleaching (reduced
absorption) is indicated in blue, while excited state absorption (increased absorption) is indicated

in red.

| subbands and the corresponding structural motifs of the protein cannot be
resolved. In Fig[II.1c we show the infrared spectrum obtained by dissolving
the protein in water. We observe that the amide Il vibrations shift to higher
frequency. This blue-shift is due to the isotopic exchange of N-D by N-H.
Similar to the heavy water solution, the amide | and amide Il regions are
observed to be highly congested.

11.2.2 Two-DIMENSIONAL INFRARED SPECTROSCOPY

We study the vibrational response of the amide | and amide Il vibrations
and their coupling with two-dimensional infrared (2DIR) spectroscopy. The
details of the setup can be found in Chapter 2 Section[2.5] In brief, we excite
the amide vibrations with a strong femtosecond infrared pulse pair (~100 fs,
4 1] per pulse). This excitation induces transient absorption changes that
are probed with a weaker (0.35 pJ) single femtosecond probing pulse that
is delayed by a time T,,. In all experiments the excitation pulses are centred
at 1630 cm™ with a bandwidth of 200 cm™ in resonance with the amide |
vibrations. The probe pulse is centred at 1630 cm™ to measure the response
of the amide | vibrations, and at 1450 cm™ to measure the response of the
amide Il vibrations induced by the excitation of the amide | vibration.
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DIAGONAL TWO-DIMENSIONAL INFRARED SPECTRA

In the left panel of Fig[I1.2] we show the isotropic 2DIR spectra obtained by
pumping and probing the amide | vibrations (diagonal region) for a solution
of a 2 wt% AFGP1-5 solution at 0 °C. The 2DIR spectrum in the diagonal
region shows a clear bleaching component (reduced absorption) due to the
depletion of the fundamental v = 0 to v = 1 transition and induced v = 1 to
v = 0 stimulated emission. At a slightly lower probing frequency we observe
an induced v = 1 to v = 2 excited state absorption. The bleaching signal is
strongly elongated along the diagonal. The maximum signal is observed at
~1655 cm™ which is slightly higher than the frequency of the maximum in
the linear infrared spectrum. The 2DIR spectrum also contains a shoulder
at 1620 cm™ that has a higher intensity relative to the main band that is
observed in the linear infrared spectrum. This difference can be explained
from the fact that the signal in the linear infrared spectrum is proportional
to c|77|?, where c is the concentration of the species and | 77|? is the square
of the transition dipole moment of the molecular vibration, whereas the sig-
nal of the diagonal 2DIR spectrum is proportional c|77|*. Thus, molecular
vibrations with a large transition dipole moment will be enhanced in 2DIR
spectra.®® It has been shown that the highly nonlinear dependence of the
diagonal 2DIR signal on the transition dipole moment can help in revealing
the secondary structure of proteins.#2>:220

OFF-DIAGONAL TWO-DIMENSIONAL INFRARED SPECTRA

The right panel of Fig[11.2] shows the isotropic 2DIR spectrum obtained by
exciting the amide | vibrations and probing the amide Il vibrations. This
region of the 2DIR spectrum shows the presence of several off-diagonal
features or cross-peaks. The cross-peak signals consist of a bleaching com-
ponent at higher frequencies and an induced absorption component at lower
frequencies. At probe frequencies between 1480 and 1500 cm™ we ob-
serve an anti-diagonally elongated bleaching band, highlighted by the green
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Figure 11.3: a) 2DIR spectra for AFGP 1-5 solutions in heavy water at a concentration of 2
wt%. The 2DIR spectra were collected by starting the measurement at 0 °C and then increasing
the temperature. b) Maximum bleaching signal of the amide |-amide Il cross-peak region for

1

probing frequencies between 1480 and 1500 cm™ as a function of the excitation frequency, at

four different temperatures, for a D20 solution of AFGP 1-5 at a concentration of 2 wt%. The
signal is normalized to clarify the temperature dependence of the spectra. Also shown are the five
Gaussian subbands in which the spectrum is decomposed. c) and d) Areas of the five Gaussian
bands used to fit the spectra of Figure a, as a function of temperature. The areas are normalized
to the total area at each temperature. The error bars represent the standard deviations obtained
from the global fit and from the propagation of the experimental errors.

rectangle in Fig[lI1.2b. In addition, we observe bleaching signals at probe
frequencies of 1447 cm™ and 1460 m™! following excitation at ~1660 cm™.
The linear infrared spectrum shows a peak near 1450 cm™ that has been
assigned to the CH3 bending vibration (see Fig—c). Hence, we assign
the signal near 1447 cm™ to the coupling of the amide | vibrations and the
CH3 bending mode.227

Fig[11.3p shows the 2DIR spectra obtained at four different tempera-
tures. To analyse the broad anti-diagonal amide Il response between 1480
and 1500 cm™, we plot the maximum of this signal as a function of the exci-
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tation frequency in the amide | band. Fig[I1.3p shows the resulting spectra
at 0°C, 5°C, 23°C and 40°C. The spectrum at 0°C shows a maximum inten-
sity at 1644 cm™ and two shoulders around 1620 and 1660 cm™. We find
that at higher temperatures a significant change of the spectrum occurs. At
40°C, the signal at 1630 and 1670 cm™ increases, while the shoulder at 1620
cm™t becomes less pronounced. It is clearly seen that the measurement of
the maximum response of the amide |l vibrations as a function of the amide
| excitation frequency results in a much better resolved amide | spectrum
compared to the linear IR spectrum of the amide | modes. The improved
spectral resolution can be explained from the nonlinear character of the
signal. The intensity of the signals measured in the cross-peak region is pro-
portional to the product of the squares of the transition dipole moments of
the two coupled molecular modes.##220 This leads to a strong suppression of
all contributions that do not involve a coupling between amide | and amide
[I. Hence, all contributions of background and contaminations, which lead
to congestion of the linear IR spectrum of the amide | modes, are no longer
observed in the off-diagonal 2DIR spectrum. The resulting spectrum reveals
the presence of five different amide | subbands. We performed a global fit of
the spectra at different temperatures using five Gaussian subbands, as shown
in Figure [11.3b. In this fit we take the widths of the subbands to be tem-
perature independent and we assume the central frequencies to blue-shift by
0.05 cm™/ °C to take into account the effect of an increase in temperature
on each of the subbands. From the fit we extract the central frequencies,
and the temperature-dependent amplitudes of the five subbands. The ob-
tained frequencies agree very well with frequency values reported in previous
studies.??8°23Y We assign the modes as follows: the 161942 cm™ band is
assigned to the PPII structure, the 1630 +2 cm™ and 1671+2cm™ bands
to extended structures (or turns), the 1644+3 cm™ band to a random coil
structure, and the 165943 cm™ band to an a-helical conformation.

The amide | vibration of the sugar unit N-acetyl-d-galactosamine absorbs

at 1627 cm (see Appendix Sec{11.4.2| and Figf11.11)), and thus overlaps

with the band at 1628 cm™ that is assigned to the amide | vibrations of the
protein part of AFGP with an extended conformation.?28%230 However, the
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Figure 11.4: a) 2DIR spectra for AFGP 7-8 solutions in heavy water at a concentration of 2
wt%. The 2DIR spectra were collected by starting the measurement at 0°C and then increasing
the temperature. b) Maximum bleaching signal of the amide |-amide Il cross-peak region for
probing frequencies between 1480 and 1500 cm™ as a function of the excitation frequency, at
four different temperatures, for a solution of AFGP 7-8 at a concentration of 2%. The signal
is normalized to clarify the temperature dependence of the spectra. Also shown are the five
Gaussian subbands in which the spectrum is decomposed. c) and d) Areas of the five Gaussian
bands used to fit the spectra of Figure a, as a function of temperature. The areas are normalized
to the total area at each temperature. The error bars represent the standard deviations obtained

from the global fit and from the propagation of the experimental errors.

observed band for AFGP shows a distinct temperature dependence, which is
not observed for the amide | vibration of N-acetyl-d-galactosamine Hence,
the observed band at 1628 cm™ likely contains contributions from both the
amide | vibration of N-acetyl-d-galactosamine, and the amide | vibrations of
the protein part of AFGP with an extended conformation. In Fig. and
we present the normalized areas of the five spectral components as a
function of temperature. We find that there is no dominant conformation of
AFGP in solution, and at all temperatures a mixture of different structural
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elements is present. When the temperature is increased to 40 °C, the ampli-
tude of the PPII band (1619 cm™) decreases from 0.404-0.02 to 0.35+0.02,
while the extended structure bands (1671 and 1630 cm™) increase from 0.00
(4+0.01) to 0.04+0.01. The amplitudes of the other two bands show very
little change with temperature. We performed the same experiments and
data analysis for 2 wt% solutions of AFGP7-8 and obtained similar results
(Fig[11.4). For both AFGP 1-5 and AFGP 7-8 we also measured the 2DIR
spectra at -5°C, but these spectra do not show significant changes compared
to the off-diagonal 2DIR signal at 0°C (Fig..
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015 | aauﬂﬂgaas@@“@%% o 0°C
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Figure 11.5: Comparison between bleaching signals of the amide I-amide Il cross-peak region
for probe frequencies between 1480 and 1500 cm™ as a function of the excitation frequency, at
0 and -5 °C, for D,0 solutions of AFGP 1-5 and AFGP 7-8 at a concentration of 2 wt%. It is
introduced a offset for comparison (dotted lines)

COMPARISON OF THE LINEAR INFRARED SPECTRA OF AFGP 1-5 AND AFGP 7-8

In Fig[I1.6h we show linear IR spectra of solutions of AFGP1-5 and AFGP7-
8 in D,O at room temperature. We observe that AFGP 7-8 has a stronger
absorption in the frequency region between 1580-1620 cm™ in compari-
son to the larger AFGP 1-5. In comparison to the 2DIR spectra, these
spectra show an additional response near 1595 cm™ due to differences in
the amino acid composition.??®23lFor the smaller AFGP7-8 isoforms it was
shown that alanine is occasionally substituted by proline in some of the re-
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peated monomer units.?3%233 The five spectral bands that we obtained from

Center Frequency (cm™) FHWM (cm!)

1592 £ 2 3343
1620 = 3 3943
1630 + 2 3246
1642 + 2 2843
1656 £ 3 3843
1668 + 2 38+3

Table 11.1: Center positions and widths obtained by globally fitting the linear infrared spectra
of AFGP 7-8 and AFGP1-5 as a function of temperature.

the analysis of the cross-peak region (exciting amide |, probing amide 1) of
the 2DIR spectra can now also be used to analyse the linear IR spectra in
the amide | region. We decompose the linear IR spectra in these five bands
plus a sixth band centred at 1592 cm™. The centre frequencies reported in
Fig[11.4c-Fig[11.4d are used as input parameters for the linear IR infrared
decomposition. We allow the centre frequencies of the six bands to shift
slightly to the blue with increasing temperature.*** The extracted widths
and centre frequencies are reported in Table 11.1I] Fig. shows the
linear spectra of solutions of AFGP1-5 in D,O for different temperatures
between 5 °C and 70 °C. We find that the temperature-dependent spectra
can be well described with the same bands that we obtained from the 2DIR
measurements. In Figure we present the normalized areas of the five
bands as a function of temperature. We observe that for all temperatures
both AFGP 1-5 and AFGP 7-8 do not show a single dominant conformer,
indicating that the proteins have a certain structural flexibility. We find that
both AFGP7-8 and AFGP1-5 have a significant content of PPII structure,
but that at high temperatures the larger AFGP1-5 has less overall PPIl con-
tent than the shorter AFGP7-8. When the temperature is lowered, the PPII
content of AFGP1-5 increases more strongly than for AFGP7-8, but remains
smaller for AFGP1-5 than for AFGP7-8 at 5 °C. For both AFGP isoforms,
the amplitude of the extended structure band decreases when the temper-
ature is lowered, in agreement with the 2DIR experiments. Figure [11.6

also shows that at all temperatures the shorter AFGP 7-8 isoforms have a
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Figure 11.6: a) Normalized linear infrared spectra of solutions of AFGP 7-8 and AFGP 1-5 at a
concentration of ~2 wt% in D20 respectively at 22 °C. b) Linear infrared spectra of solutions of
AFGP 1-5 at a concentration of ~2 wt %at different temperatures between 5 °C and 70 °C. We
also show the decomposition of the spectra in six Gaussian-shaped bands. c) Normalized areas
of five Gaussian bands that are used to fit the infrared spectra of Figure b and the temperature-
dependent spectra of AFGP7-8 (see Appendix Sec and Fig. d) Normalized areas of
five Gaussian bands that are used to fit the linear spectra of solutions of AFGP 1-5 (o) and of
AFGP 1-5 in presence of borate(A) or in presence of sufate(o) (see Appendix Sec and
Fig.
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lower a-helix content than the larger AFGP 1-5 isoforms, which likely is a
result of their difference in amino-acid composition, i.e. AFGP 7-8 contains
more prolines. In fact, proline residues are known to be a-helix breakers.?>>
The a-helical content of AFGPs does not show significant changes when
the temperature is lowered. We thus find that both AFGP isoforms, and
in particular the larger AFGP1-5, tend to form more PPIl conformations at
the expense of the extended structures as soon as the temperature is low-
ered to their biological working temperature. This result is in line with a
recent molecular dynamics simulation study that showed that PPII struc-
tures are important for AFGPs antifreeze activity.'® The antifreeze activity
of AFGP7-8 is known to be lower than for AFGP1-523¢237 \hich at first
sight may be interpreted as a pure size effect, the larger protein showing an
energetically more favourable adsorption to the surface of ice. In view of the
present findings, the difference in antifreeze activity between AFGP1-5 and
AFGP7-8 may also be partly due to an intrinsic structural difference, the
antifreeze activity of AFGP1-5 being higher than that of AFGP7-8 because
of its larger a-helix content. The higher a-helix content could for instance
be beneficial in the segregation of the hydrophilic and hydrophobic groups
of the protein, which is vital for ice binding.

EFFECT OF THE ADDITION OF AN ENHANCER/INHIBITOR OF THE ANTI-FREEZE
ACTIVITY

We measured linear infrared spectra as a function of temperature for solu-
tions of AFGP1-5 in D,0, to which we added 1 M magnesium sulfate or 0.3
M sodium borate.?2223 Sodium borate is a well-known inhibitor of antifreeze
activity and it has been proposed that borate interacts with AFGP by binding
to the cis-hydroxyl groups of the 3-D-galactopyranosyl group.“2*Magnesium
sulfate has been shown to enhance the antifreeze activity of AFGP.%2 The
molecular mechanism of this enhancement is unknown. Figure [11.6d shows
the normalized areas of the five different Gaussian-shaped bands obtained
from a decomposition of the linear spectra (see Appendix Sec[11.4.1] and
Fig[l1.9). We find that at all temperatures the addition of magnesium sul-
fate or sodium borate does not lead to a significant change in the distribution
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Figure 11.7: Schematic representation of the chemically modified AFGP variants. In the AFGP-
ald variant, the C-6 hydroxyl groups of the saccharide were oxidized to aldehyde groups. In the
variant AFGP-car, the aldehyde groups of AFGP-ald were oxidized to carboxylic acid groups. In
variant AFGP-ipp, an isopropylidene group was attached to the carbohydrate.

of structures of AFGP1-5 in solution. Hence, the addition of enhancers or
inhibitors does not change the distribution of the protein structural elements
and the temperature dependence of this distribution. This result indicates
that the effect of the inhibitors and enhancers is likely related to interac-
tions with the disaccharide units, suggesting that AFGPs bind to ice with
the hydroxyl groups of the disaccharide side chains rather than with the hy-
drophobic groups of the peptide backbone. This binding mechanism agrees
with the results of previous studies.t22387240 |n one of these studies the re-
orientation dynamics of the hydration water of AFGP was investigated and
it was found that inhibiting the antifreeze activity using borate induced no
changes in the dynamics of the water molecules.”*® This previous finding
suggests that borate primarily interacts with the sugar unit of AFGP, in
agreement with the present results.
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EFFECT OF CHEMICAL MODIFICATION OF AFGP ON THE STUCTURE AND ACTIVITY
ANTI-FREEZE STRUCTURE

In order to gain a more comprehensive understanding of the relation between
antifreeze activity and the protein structure, we investigated three different
chemical modifications of AFGP (Fig[l1.7). The AFGP-ald variant was
obtained by oxidizing the C-6 hydroxyls of the galactose moieties of the
native AFGP isoforms to an aldehyde using galactose oxidase?*. For the
AFGP-car variant the aldehydes of AFGP-ald were oxidized to carboxylic
acids using bromine water?*. The AFGP-ipp variant was prepared by adding
an isopropylidene (ipp) group to the galactose part of the sugar residue?*!,

In Figure [11.8a we report 2DIR spectra obtained for AFGP1-5 and the
three chemically modified AFGPs1-5 at a temperature of 5°C. The delay time
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T,, between the excitation and the probe pulses is 0.5 ps. In Figure|[11.8b we
plot anti-diagonal slices along the bleaching component of the cross-peak
signals of Fig[I1.8a. We observe that the cross-peak signal obtained when
exciting around 1620 cm™, which represents the PPII structure, is weaker for
AFGP-ipp and AFGP-car than for AFGP and AFGP-ald. The 2DIR spectra
thus reveal a clear decrease of the relative abundance of the PPII structure
for AFGP-ipp and AFGP-car. To quantify the reduction of the intensity of
the PPII cross-peak, we decompose the anti-diagonal slices in the same ways
as for native AFGP. By assuming that the coupling constant between amide
| and amide Il is the same for the different conformers and the different
chemically modified AFGPs, we find that the PPIl cross-peak intensity is
decreased by 30-40% in AFGP-ipp and AFGP-car with respect to native
AFGP . This decrease of the relative abundance of the PPII structure is
also observed confirmed in linear infrared absorption spectra of the different
AFGPs. We decompose these linear spectra by representing the amide |
vibrations of the different conformers with the same Gaussian bands that we
found previously. This decomposition yields to the relative fraction of PPII
for the different chemically modified AFGPs (see Appendix Sec[11.4.1] and
Fig[11.10). We also included an AFGP-bor variant that is obtained by adding
borate ions to AFGP, which form complexes with the cis-hydroxyl groups of
the galactose moiety.“*? We find that solutions of AFGP-bor and AFGP-ald
contain a similar content of PPIl (2846% and 27+4%, respectively). AFGP-
car and AFGP-ipp contain a lower fraction of PPII (214+4% and 24+5%).
Hence, in agreement with the 2D-IR data, the infrared spectra also show a
clear reduction of PPIl content for AFGP-car and AFGP-ipp.

We also studied the antifreeze activity of the different chemical modi-
fications of AFGP (see Appendix Sec]11.4.3| and |11.12)), we find that the
activities of AFGP-ald, AFGP-car and AFGP-ipp are reduced by 20%,70 %
and 70%, respectively. We thus find that the reduction of the anti-freeze
activity is strongly correlated to the reduction of the relative abundance
of the PPII content, again indicating that this conformer is crucial for the
antifreeze activity of AFGP.
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11.3 CONCLUSION

We used linear infrared spectroscopy and two-dimensional infrared (2DIR)
spectroscopy to study the structure of AFGP isoforms in solution. With
2DIR we measure the spectral response of the amide || modes as a function
of the excitation frequency of the amide | modes. The obtained response
constitutes a much more clearly resolved amide | spectrum than the linear
IR amide | absorption spectrum. The improved resolution can be explained
from the nonlinear character of the signal, which leads to the suppression
of background and/or contamination signals that congest the linear amide
| spectrum. The amide |l - amide | cross-peak response reveals the pres-
ence of five distinct amide | vibrations, which we used to decompose and
analyse the linear infrared amide | spectra of AFGP1-5 and AFGP7-8. We
assign the 1619 cm™ band to a PPII structure, the 1630 cm™ and 1670
cm™ bands to an extended structure (or turn), the 1644 cm™ band to a
random coil structure, and the 1659 cm™ band to an a-helix. We thus iden-
tify the different structural motifs and conformations of AFGPs in aqueous
solution. Our results demonstrate that AFGPs do not have one preferred
secondary structure, and have a high structural flexibility, which make them
quite distinct from non-glycosylated AFPs that typically have one preferred
conformation and are very rigid.“**2% We find that AFGPs already adopt
a PPll-conformation at room temperature. This PPIl content increases as
the temperature is lowered. We further observe that the addition of borate,
as an inhibitor of antifreeze activity, or sulfate, as an enhancer of antifreeze
activity, has a negligible effect on the distribution of AFGP structures in
solution, indicating that the effect of the inhibitors and enhancers is likely
related to interactions with the disaccharide units. Interestingly, we also
find that chemical modifications that lead to a dramatic reduction of the
antifreeze activity, also induce a lower PPIl content. This outcome shows
that the PPII structure is critical for the antifreeze activity of AFGP.
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11.4 APPENDIX

11.4.1 FITTING PROCEDURE FOR 2DIR DIAGONAL SIGNALS AND INFRARED SPEC-
TRA

&
—
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Figure 11.9: a) Linear infrared spectra at differ-
ent temperature (0-40 °C) of solutions of AFGP
7-8. b) and c) linear spectra for D,O solutions
of AFGP 1-5 with 1 M of magnesium sulfate
and AFGP 1-5 with 0.3 sodium borate at a con-
centration of ~2 wt%, respectively. The raw

absorption

data are represented by the dashed lines, and
the fits by the solid lines. We also show the six
Gaussian-shaped bands used to fit the data.

absorption

1580 1600 1620 1640 1660 1680 1700
frequency (cm T

We fit the 2DIR diagonal signals using a global fitting procedure as a
function of frequency and temperature (7;), which is based on the mini-
mization of the square error

2(8(w;, ) = 57wy, T)) (11.1)

iJ
where S is the fitted spectrum and S, the experimental spectrum. By
observing the spectral changes in Fig{ll.3| we identify the presence of 5
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different bands. Hence we assume that the experimental spectra are a linear
combination of the 5 different Gaussian-shaped bands g, and we expect that

Vi, for Wi < Wy < Whnas

5
ST = Y el )
k=1
where ¢ (T;) are the amplitudes of the five Gaussian bands that account
for the spectral changes as a function of temperatures. The Gaussian-
parameters, width and the center positions of the bands, are free param-
eters, which we globally optimize for all the measured temperatures.



212 11. Determination of the Solution Structure of Antifreeze Glycoproteins

The fitting procedure for the linear spectra is similar. However, in this case
we make use of the center positions found by fitting the 2DIR signals at
different temperatures, and we thus constrain the center positions of the
Gaussian-shaped peaks in the linear fit to be similar to the center posi-
tions extracted from the 2DIR fit. We use an additional Gaussian-band to
describe the absorption band at 1592 cm™. The spectra and subbands re-
sulting from the fits are reported in Fig[lI1.9] In fitting the linear spectra
of the different chemical modifications of AFGP1-5 variants, we constrain
the Gaussian-parameters by using the center positions and widths extracted
from fitting the linear spectra of native AFGP1-5 (FiglI1.6p).

11.4.2 LINEAR SPECTRA OF N-ACETYLGALACTOSAMINE

The disaccharide unit of the AFGP protein is composed by N-acetyl-d-
galactosamine, which carry an amide group. Fig[I1.11]shows the spectrum
of a solution of N-acetyl-d-galactosamine dissolved in heavy water at 6 wt%.
We observe that the amide | vibration absorbs at 1627 cm™, and the amide
Il vibration at 1480 cm™. When the temperature is increased, the amide |
blue-shifts and the amide Il red-shifts by a few wave-numbers.

057

—57C
c 0471 23 :C Figure 11.11: Linear infrared spec-
g 03} 31 C .
o w0 °c tra of N-acetyl-d-galactosamine at a
(e} .
202y 50 ‘c concentration of 6 wt%. The dashed
Q .
01+ 7 ?8 E lines indicate the center positions of
0 the amide Il and the amide | vibra-

1400 1450 1500 1550 1600 1650 1700
frequency (cm-1)

tions.

11.4.3 THERMAL HYSTERESIS MEASUREMENTS

Sun Y. et al. investigated the thermal hysteresis (TH) activity and ice re-
crystallization inhibition (IRI) activity of the different chemical modifications
of AFGP. Figure [11.12h shows the TH activity of natural AFGP, the three
chemical modifications, and AFGP in the presence of borate. Sun Y. et al.
find that at 10 mg/mL the TH activity of AFGP is ~0.7°C, and that the
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TH activities of AFGP-ald, AFGP-car and AFGP-ipp are reduced by ~20%,
~70%, and ~70%, respectively. Similar modifications have previously been
shown to diminish the TH activity of AFGPs, and qualitatively agree with
these results?*. The addition of borate to AFGP reduces the TH activity
by ~80% which is also in line with previous studies. 13239

AFGPs are known to have an exceptional IRl activity?®®. Figure [11.12b
shows the IRl activity for AFGP and the chemical modifications at a con-
centration of 2 ug/mL. Sun Y. et al. find that the IRI activities of AFGP-ald,
AFGP-car and AFGP-ipp are reduced by ~15%, ~50%, and ~63%, respec-
tively. The addition of borate to AFGP leads to a reduction of the IRI
activity with ~60%.

@
100
:\5 80
>
:‘g 60
5
<C 40
e 20 Figure 11.12:  Antifreeze activity measurements of
AFGP1-5 and modified variants. a) TH activities at 10
o AFGP,, ald car bor mg/ml reveals that the activity of AFGP-ald, AFGP-car,

ipp
AFGP, 5 AFGP,; AFGP,; AFGP,;

AFGP-ipp and AFGP-bor are reduced by ~20%, 70%,
100 70%, and 80%, respectively. b) The IRI activity at 2
ug/ml shows that the activities of AFGP-ald, AFGP-car,
AFGP-ipp and AFGP-bor are reduced by ~15%, 50%,
60%, and 60%, respectively.
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What does an anti-freeze protein found in an Antarctic fish have in com-
mon with hyaluronan, a long polymer found in the human body?

Both molecules have a flexible structure in aqueous solutions. Proteins
can adapt their structure to fulfill their biological functions, such as inhibit-
ing ice growth in organisms exposed to subzero conditions. Hyaluronan is a
polysaccharide that can switch on and off intra- and inter-molecular interac-
tions, reshaping its conformation and forming a structured network. To re-
solve the structural dynamics of both hyaluronan and anti-freeze proteins, we
have used in this thesis a state-of-the-art spectroscopic technique, known as
two dimensional-infrared spectroscopy (2DIR). In 2DIR we study the molec-
ular vibrations of amide and carboxyl groups of biomolecules, which are
important structural markers since their vibrational frequencies are strongly
affected by conformational and solvation fluctuations. We excite these vibra-
tions with an intense infrared beam, pump, which tags them. We then follow
their dynamics on a femtosecond time-scale with a second weaker infrared
beam, probe. If molecular interactions are present, such as inter-molecular
hydrogen-bonds between amide and carboxyl groups, the excitation of the
amide modes will affect the vibrations of the carboxyl group. In a 2DIR
spectrum, this will lead to the appearance of off-diagonal signatures, which
we refer to as cross-peak. Cross-peaks also carry information on the rel-
ative orientation of the molecular groups, providing important information
about the molecular structure. Two-dimensional infrared spectroscopy thus
is a unique technique to resolve interactions, and structure at the molecular
level.

RESOLVING THE MOLECULAR STRUCTURE OF -COOH GROUPS IN
ACIDS AND PEPTIDES Many biological functions as well as chemical reac-
tions are based on molecular interactions that involve carboxyl groups. At
neutral and alkaline pH, carboxyl groups are deprotonated, and are strong
hydrogen-bond acceptors (-COO). At acidic conditions, carboxyl groups are
protonated (-COOH), and good hydrogen-bond acceptors and donors be-
cause of the carboxyl carbonyl (C=0), and carboxyl hydroxyl (O-H) groups.
This dual character of carboxyl groups is critical in stabilizing the hydrogen-
bonded network of chains of hyaluronans and of pectins, plant polysaccha-
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rides widely used in the food industry. The formation of hydrogen-bonded
polysaccharide networks can lead to a liquid-to-gel transition, which we usu-
ally refer to as acid-gelation.

The chemical properties, which influence the hydrogen-bond strength for
instance, depend on the molecular structure of the carboxyl group. In previ-
ous works, it has been proposed that in the gas state small acid molecules,
such as formic and acetic acid, can adopt two different planar geometries.
In the syn-conformer the O-H group is oriented at ~60° with respect to
the C=0 group and in the anti-conformer the O-H is anti-parallel to the
C=0. Molecular dynamics study also proposed that chemical properties are
different among the two conformers. However, since nobody had been able
to detect the presence of syn- and anti-conformers in solutions at room
temperature, conformational isomerism of carboxyl groups and the possible
consequences have never been considered.

In Chapter 4, we show for the first time that the conformational isomerism
of carboxyl group exists also in solutions of formic acid at room temperature.
We demonstrated that syn and anti conformers are present in apolar (ace-
tonitrile), and polar (heavy water and dimethyl sulfoxide) solutions, and that
the anti-conformer is significantly present (25%). In Chapter 5, we demon-
strate that conformational isomerism of carboxyl groups is present also in
larger molecules, like in peptides. In studying N-acetylaspartic acid in po-
lar solutions, we find that the anti-conformer is again significantly present
(25%), indicating that the part of the peptide molecule outside the carboxyl
group has a small influence on the conformation isomerism. We additionally
implement molecular dynamics simulations to investigate the hydration of
these two conformers. We observe that the anti-conformer interacts with
water molecules more strongly than the syn-conformer. Both molecular dy-
namics and experimental results indicate that the anti-conformer indeed is
more acidic (lower pK,) compared to the syn-conformer. In Chapter 6, we
study the formation of an intra-molecular hydrogen bond between amide and
anti-COOH groups in N-acetylproline. We dissolve N-acetylproline in an ap-
olar solvent such as acetonitrile to mimic hydrophobic micro-environments
found inside polypeptide chains. Under such conditions, the anti-conformer
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forms a strong intra-molecular hydrogen bond with the nearby amide car-
bonyl group. The formation of this bond strongly stabilizes the anti struc-
ture, leading to a much higher abundance of anti (~65%) compared to syn
(~35%). In polar solvent, we do not observe the formation of this intra-
molecular hydrogen-bond,and the anti-population decreases again to 25%.

INVESTIGATION OF THE MOLECULAR STRUCTURE OF HYALURONAN
AT NEUTRAL PH Hyaluronan is a natural polysaccharide widely present in
Nature and especially important in the human body, where it plays an im-
portant role in many biological functions. Hyaluronan has a simple structure
that has been mainly studied in water solutions by using molecular dynam-
ics simulations. The repeating block is composed of N-acetyl-glucosamine
and glucuronic acid, which contain an amide and a carboxyl group, respec-
tively. Hydrogen bonds of different strengths are formed between N-acetyl-
glucosamine and glucuronic acid. The formation of these bonds is largely
responsible for the rather large chain stiffness of hyaluronan.

In Chapter 7, we investigate the formation of intra-molecular hydrogen-
bonds between the amide and carboxylate groups, which have previously
been proposed to stabilize the helical structures of hyaluronan. In our study,
we find that less than 10% of these functional groups form an intrachain
hydrogen- bond. In this hydrogen bond, the hydrogen atom of the hydrogen-
bond donating amide N-H group is positioned close to the line that connects
the two oxygen atoms of the carboxylate anion group. We also find that
the abundance of this hydrogen-bond is not strongly affected by increas-
ing the temperature and the pH, factors that are well known to lower the
chain’ rigidity. This finding suggests that hydrogen-bonds between amide
and carboxylate groups do not significantly contribute to the stiffening of
the hyaluronan chains.

DIVALENT ION CONDENSATION MECHANISM IN HYALURONAN Diva-
lent cations have a critical biological role, influencing the structural prop-
erties of polyelectrolytes. lons can indeed loosely bind to charged groups
along the polymer chain, inducing local bending, and thus increasing the
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flexibility of the chain. Such increased flexibility (or decreased rigidity) has
a large impact on the biological functions fulfilled by the polyelectroytes.
Though the mechanism of ion condensation is well known, the interactions
and the geometry of the complex formed between the charged groups and
the divalent ion are largely unclear at the molecular level.

In Chapter 8, we study the ion condensation mechanism of a divalent
cation (calcium) with hyaluronan. By combining experiments and molecu-
lar simulations, we find that calcium cations sit on the chain of hyaluronan
in a selective way because of their space-charge requirements, bridging the
carboxylate and amide groups on adjacent saccharides. Interestingly, the
amount of amide groups bonded to the cation saturates at low calcium
concentration (~ 100 mM), reaching a maximum fraction of 10%. This
saturation suggests that the formation of this complex hinders the forma-
tion of additional complexes at neighboring binding sites. Nevertheless, the
formation of only a few of these complexes already has a large impact on
the intra-molecular hydrogen bonds that stiffen the chain. By performing
molecular dynamics simulations, we find that upon calcium condensation the
intra-molecular hydrogen bonds drastically weaken. This weakening causes a
local bending that in turn leads to a twofold reduction of the chain rigidity,
as we measured by using atomic force microscopy, even when only a few
percent of the potential binding sites on the hyaluronan chain has bound
calcium.

A MOLECULAR PICTURE OF THE MACROSCOPIC PROPERTIES OF
HYALURONAN HYDROGELS Besides the enormous bio-relevance of hyaluro-
nan, this polymer possesses intriguing material properties. Particularly, the
mechanical properties of hyaluronan solution can be tuned by external stim-
uli such as the pH. By lowering the pH from neutral to 2.5, hyaluronan
solutions undergo a liquid-to-gel transition, increasing their elasticity dra-
matically. Interestingly, a further decrease of the pH suppresses this elastic
state again, and a liquid solution is recovered. Such dramatic responsiveness
of hyaluronan to external stimuli is an interesting study-case to understand
the interaction between cells and the extra-cellular matrix, and to design
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novel hydrogels with tunable mechanical properties.

In Chapter 9 we study the molecular interactions leading to the liquid-to-
gel transition in hyaluronan solutions at pH=2.5. We find that at this pH the
electrostatic repulsive forces between the negatively charged carboxyl groups
are reduced, and chains laterally associate by forming inter-molecular con-
nections or stickers. Such connections are due to inter-molecular hydrogen
bonds formed between amide and protonated carboxyl groups, COOH, and
between amide and deprotonated carboxyl groups, COO". We calculate that
between 10-20% of carboxyl groups are actively forming such inter-molecular
hdyrogen-bonds. By further lowering the pH, and thus by decreasing the
amount of COQO", less strong connections are formed, and the hydrogen-
bonded network dramatically weakens, causing a gel-to-liquid transition.

The visco-elastic properties of the hyaluronan elastic state, and of hydro-
gels of responsive biopolymers in general, depend on the interaction proper-
ties between the constituent polymers, such as their density and lifetime. In
Chapter 10, we study the effect of temperature on the molecular interactions
that lead to the formation of the hydrogen-bonded network at pH=2.5. We
find that the fraction of carbonyl groups, which are forming inter-molecular
hydrogen bonds and thus associative connections, is not affected by tem-
perature changes. However, we observe that the temporal response of the
visco-elastic properties drastically change when the temperature is increased,
leading to faster stress relaxation. From the observed temperature depen-
dence , we determine the flow activation energy to be ~ 50 kg T. This value
is 5-15 times larger than the activation energy of breaking a single hydrogen
bond, indicating that for the chains to diffuse, and thus for the network to
flow, multiple hydrogen bonds must be simultaneously broken. We conclude
that an increase in temperature accelerates the dynamics of the polymer
network without significantly modifying its structure.

DETERMINATION OF THE SECONDARY STRUCTURES OF ANTI-FREEZE
GLYCOL PROTEIN Anti-freeze glycol proteins (AFGP) are unique proteins
able to inhibit ice growth in many organisms. The ice-inhibition mechanism
has been largely studied because of possible biomedical and food applica-
tions. Despite numerous studies, a series of central questions were still
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unanswered: which is the structure of AFGP? Does the protein structure
change upon lowering the temperature to the working temperature of the
protein? Is a specific structure essential for the ice inhibition properties of
AFGP?

In Chapter 11, we study the molecular structure of AFGP by using 2DIR
spectroscopy. By exploiting the vibrational coupling between the amide |
and amide |l modes, we are able to resolve the frequencies of the amide |
modes of the different conformations of the protein. Thanks to previous lit-
erature, we are able to assign the distinct vibrational frequencies to specific
secondary structures. We find that anti-freeze glycol proteins have highly
disordered and flexible secondary structures. At room temperature, the anti-
freeze proteins adopt PPII, a-helical, random coil and extended structures.
By lowering the temperature to the freezing point of water, the PPII con-
tent significantly increases at the expense of the extended structure. As
suggested by previous literature, a larger presence of PPII structure is essen-
tial to segregate the hydrophobic and hydrophylic parts of the proteins, and
thus the active binding site to nascent ice crystallites. The introduction of
chemical modifications of AFGP lowers the relative abundance of the PPII
structure, and reduces the anti-freeze activity. Interestingly, the addition of
anti-freeze activity inhibitors or enhancers does not affect the relative abun-
dances of the different secondary structures, indicating that these inhibitors
and enhancers have a different working mechanism.

This thesis provides information on the flexible structure of molecules of
various sizes and complexities, ranging from carboxyl groups in simple acids
to long polymers. Thanks to a combined multi-technique approach, where
two-dimensional infrared spectroscopy played a central role, we were able to
observe conformational changes in carboxylic acid, in hyaluronan polymers
and anti-freeze glycol proteins (AFGP), unhitching the molecular interac-
tions leading to stabilization or destabilization of the molecular structures.
In the case of -COOH groups, we showed that two different geometries are
possible thanks to stabilizing interactions with surrounding water molecules.
In the case of anti-freeze proteins and hyaluronan hydrogel, we studied the



254 Summary

molecular structure in aqueous solutions, enabling us to link macroscopic
properties and biological functionalities to particular structural contents.

The obtained detailed molecular pictures of anti-freeze proteins and hyaluro-
nan might have future scientific and technological applications. Understand-
ing the structure of AFGP is critical to proceed with the synthesis of artificial
anti-freeze proteins, which can be used to preserve organs for transplant.
Tailoring the molecular interactions that lead to changes in the macroscopic
properties of hyaluronan is fundamental to comprehend the dynamic, recip-
rocal interactions between cells and the extracellular matrix, and to design
hydrogels with tunable mechanical properties for tailored biomedical appli-
cations, such as drug delivery.

All the studies here presented, as always and as it should be, open new
scientific questions. Particularly, the discovery of conformational isomerism
of -COOH groups of formic acid or peptides, dissolved in aqueous solutions
at room temperature, questions our fundamental knowledge even of small
molecular systems. Which is the biochemical impact of the presence of syn
and anti conformers? This is an issue that we were not able to address, but
that we hope will be investigated in future studies.
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Wat hebben een antivries-eiwit van een Antarctische vis en hyaluronan,
een lang polymeer dat je kan vinden in het menselijk lichaam, met elkaar
gemeen?

Beide moleculen hebben in waterige oplossingen een flexibele structuur.
Eiwitten passen hun structuur aan om biologische functies, zoals het ver-
hinderen van de groei van ijs in organismes die blootgesteld worden aan
condities van onder nul graden Celsius, uit te kunnen voeren. Hyaluronan
is een polysacharide die zich aan en uit kan zetten met het veranderen van
vorm middels intra- en intermoleculaire interacties wat leidt tot het vormen
van een wel of niet gestructureerd netwerk. Om de structuurdynamiek op te
lossen van zowel de hyaluronan en het antivries-eiwit hebben we in deze dis-
sertatie gebruikgemaakt van een state-of-the-art spectroscopietechniek die
bekendstaat als tweedimensionale infraroodspectroscopie (2DIR). In 2DIR
bestuderen we de moleculaire vibraties van amide- en carboxygroepen van
biomoleculen. Dit zijn belangrijke markers voor de structuur, omdat hun
trillingsfrequenties sterk worden getroffen door een fluctuatie in conformatie
of in solvatie. We wekken deze vibraties op met een infrarood laserstraal
van hoge intensiteit, de pump, waardoor ze ‘getagd’ worden. Vervolgens
volgen we door middel van een tweede infrarood laserstraal van minder hoge
intensiteit, de probe, hun dynamiek met een tijdschaal van femtoseconden.
Als tijdens de excitatietijd moleculaire interacties aanwezig zijn, zoals in-
termoleculaire waterstofbruggen tussen de amide- en de carboxygroep, zal
de excitatie van de amide-vibratiemodus de vibratie van de carboxygroep
beinvioeden. In een 2DIR-spectrum zal je dit zien als de verschijning van
niet-diagonale signalen, die we als cross-peaks aanduiden. Daarbij bevatten
cross-peaks ook informatie over de relatieve oriéntatie van de moleculaire
groepen. Dit verschaft ons belangrijke informatie over de moleculaire struc-
tuur in waterige oplossingen. Tweedimensionale infraroodspectroscopie is
dus een unieke techniek om interacties en structuren op moleculair niveau
te begrijpen.

HET OPLOSSEN VAN DE MOLECULAIRE STRUCTUUR VAN -COOH
GROEPEN IN ZUREN EN PEPTIDEN. Veel biologische functies, alsook
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chemische reacties, zijn gebaseerd op moleculaire interacties waarin carboxy-
groepen zijn betrokken. Bij neutrale en basische pH zijn carboxygroepen
gedeprotoneerd en functioneren ze als sterke waterstofbrugacceptoren (-
COO"). In zure pH-condities zijn carboxygroepen geprotoneerd (-COOH) en
functioneren vanwege de carboxyl-carbonyl (C=0) en de carboxyl-hydroxyl
(OH) groepen als goede waterstofbrugacceptoren én -donoren. Dit tweeledige
karakter van de carboxygroep is cruciaal in het stabiliseren van een water-
stofbrugnetwerk van ketens hyaluronan of pectine, een in de voedselindus-
trie veel gebruikte plant-polysacharide. De formatie van zulke waterstof-
brugnetwerken leidt tot een vloeistof-tot-gel overgang, die we normaliter als
zuur-gelering aanduiden. De chemische eigenschappen, die bijvoorbeeld de
sterkte van de waterstofbrug beinvloeden, worden bepaald door de molecu-
laire structuur van de carboxygroep. In eerdere literatuur is er voorgesteld
dat kleine zuurmoleculen, zoals mierenzuur en azijnzuur, in de gasfase twee
verschillende vlakke geometrieén kunnen aannemen. In de syn-conformeer
is de O-H-groep ~60°georiénteerd ten opzichte van de C=0-groep en in de
anti-conformeer is O-H antiparallel ten opzichte van de C=0. Daarbij werd
in moleculaire dynamicastudies voorgesteld dat de chemische eigenschappen
per conformeer verschillend zijn. Echter, omdat niemand de aanwezigheid
van de twee syn- en anti-conformeren in oplossing bij kamertemperatuur
heeft kunnen detecteren, is conformationele isomerisatie van carboxygroepen
en de mogelijke consequenties daarvan nooit overwogen.

In hoofdstuk 4 laten we voor de eerste keer zien dat de conformationele
isomerisatie van de carboxygroep ook bestaat in oplossingen van mieren-
zuur bij kamertemperatuur. We demonstreren dat syn- en anti-conformeren
aanwezig zijn in apolaire (acetonitril) en polaire (zwaar water en dimethylsul-
foxide) oplossingen en dat de anti-conformeer significant aanwezig is (25%).

In hoofdstuk 5 tonen we aan dat conformationele isomerisatie van car-
boxygroepen ook aanwezig is in grotere moleculen, zoals in peptiden. Door
het bestuderen van N-acetylaspartaam zuur in polaire oplossingen vinden
we dat de anti-conformeer weer in aanzienlijke mate aanwezig is (25%). Dit
wijst erop dat de overige moleculaire structuur van de peptide maar een
kleine invloed heeft op de conformationele isomerisatie. Daarnaast voeren
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we moleculaire dynamicasimulaties uit om de hydratatie van deze twee con-
formeren te onderzoeken. We observeren dat de anti-conformeer sterker
met water interacteert dan de syn-conformeer. Beide onderzoeksresultaten,
de computationele en de experimentele, wijzen erop dat de anti-conformeer
inderdaad zuurder is (lagere pKa) dan de syn-conformeer.

In hoofdstuk 6 onderzoeken we de vorming van een intra-moleculaire wa-
terstofbrug tussen de amide- en anti-COOH-groep in N-acetylproline. We
lossen N-acetylproline op in een apolair oplosmiddel, zoals acetonitril, om
de hydrofobe micro-omgeving van de binnenkant van een polypeptideketen
na te bootsen. In zulke condities vormt de anti-conformeer een sterke intra-
moleculaire waterstofbrug met de nabijgelegen amide-carbonylgroep. De
vorming van deze binding stabiliseert de anti-structuur krachtig, wat leidt
tot een veel hogere aanwezigheid van de anti-conformeer (65%) ten opzichte
van de syn-conformeer (35%). In polaire oplosmiddelen, waar we de vorming
van intra-moleculaire waterstofbruggen niet zien, neemt de populatie van de
anti-conformeer weer drastisch af tot 25%.

ONDERZOEK NAAR DE MOLECULAIRE STRUCTUUR VAN HYALURO-
NAN BIJ NEUTRALE PH Hyaluronan is een natuurlijk veel voorkomende
polysacharide en bijzonder belangrijk in het menselijk lichaam waar het
een belangrijke rol speelt in veel biologische processen. Hyaluronan heeft
een simpele structuur die voornamelijk is onderzocht in waterige oplossin-
gen met behulp van computationele moleculaire dynamische simulaties. De
repeterende eenheid is opgebouwd uit N-acetylglucosamine en glucuronzuur,
welke respectievelijk een amide- en een carboxygroep bevat. De formatie van
deze binding is voor een groot deel verantwoordelijk voor de tamelijk hoge
ketenstijfheid van hyaluronan.

In hoofdstuk 7 onderzoeken we de vorming van intra-moleculaire water-
stofbruggen tussen amide- en carboxygroepen, waarvan eerder is voorgesteld
dat ze de helixstructuur van hyaluronan stabiliseren. In onze studie zien we
dat minder dan 10% van de functionele groepen interacteren. De carboxy-
groep vormt een intra-moleculaire waterstofbrug, waar het waterstofatoom
van de waterstofbrugdonerende N-H-groep dicht tegen de lijn is geposition-
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eerd die de twee zuurstofatomen van de carboxylaat-aniongroep verbindt.
We zien ook dat het voorkomen van de waterstofbindende amide en het car-
boxylaat niet sterk wordt beinvloed door een toenemende temperatuur en
pH, factoren die bekendstaan om het verlagen van de ketenstijfheid. Deze
bevindingen suggereren dat de waterstofbruggen tussen de amide- en de car-
boxylaatgroepen waarschijnlijk niet significant bijdragen aan het verstijven
van de hyaluronanketens.

DIVALENT ION CONDENSATIEMECHANISME IN HYALURONAN. Diva-
lente kationen hebben een cruciale biologische rol door het beinvioeden van
de structurele eigenschappen van polyelektrolyten. lonen kunnen zich in-
derdaad losjes binden aan geladen groepen langs de polymeerketen, wat
leidt tot lokale buiging en op die manier dus de flexibiliteit van de keten
verhoogt. Zo'n verhoogde flexibiliteit (of verminderde stijfheid) heeft een
grote impact op de biologische functies die worden vervuld door de polyelek-
trolyten. Alhoewel het mechanisme van de ionencondensatie bekend is, zijn
de interacties en de geometrie van het gevormde complex tussen de geladen
groepen en het divalente ion op moleculair niveau nog erg onduidelijk.

In hoofdstuk 8 onderzoeken we het ionencondensatiemechanisme van een
divalent kation (calcium) met hyaluronan. Door het combineren van experi-
menten en moleculaire simulaties zien we dat calcium kationen zich selectief
plaatsen op de ketens van hyaluronan, door hun ruimtelijke en ladinggebon-
den vereisten. Dit koppelt de carboxylaat- en amidegroepen op de aangren-
zende sachariden. Opmerkelijk is dat de hoeveelheid kationgebonden amide
verzadigd bij een lage calciumconcentratie (~100 mM), tot een maximum
fractie van 10%. Deze verzadiging suggereert dat de vorming van dit com-
plex de vorming van extra complexen bij nabije bindingsplaatsen verhindert.
Desondanks heeft de vorming van slechts een aantal van deze complexen al
een grote invloed op de intra-moleculaire waterstofbruggen die de ketens ver-
stijven. Door het uitvoeren van moleculaire dynamicasimulaties vinden we
dat de calciumcondensatie de intra-moleculaire waterstofbruggen drastisch
verzwakt. Door middel van atoomkrachtmicroscopie meten we dat dit een
lokale buiging veroorzaakt die leidt tot een tweevoudige vermindering van



260 Samenvatting

de ketenstijfheid, wat zelfs al gebeurt wanneer slechts een paar procent van
de functionele groepen van de keten zich heeft gebonden aan calcium.

EEN MOLECULAIR BEELD VAN DE MACROSCOPISCHE EIGENSCHAP-
PEN VAN HYALURONAN HYDROGELS. Naast de enorme bio-relevantie van
hyaluronan heeft dit polymeer intrigerende materiaaleigenschappen. In het
bijzonder de mechanische eigenschappen van een hyaluronanoplossing die
kan worden ‘getuned’ door externe stimuli zoals de pH. Door het verlagen
van de pH van een neutrale waarde tot 2.5 ondergaat een hyaluronanoploss-
ing een vloeistof-tot-gel-transitie. Dit verhoogt de elasticiteit dramatisch.
Opmerkelijk is dat het verder verlagen van de pH de elastische staat onder-
drukt en er weer een vloeibare oplossing wordt verkregen. Zo'n dramatische
respons van hyaluronan op externe stimuli is een interessante onderzoeksca-
sus om de interactie tussen een cel en een extracellulaire matrix te begrijpen
en nieuwe hydrogels met regelbare mechanische eigenschappen te ontwer-
pen.

In hoofdstuk 9 bestuderen we moleculaire interacties die leiden tot de
vloeistof-tot-gel-transitie in hyaluronanoplossingen bij pH=2.5. We zien dat
bij deze pH de elektrostatische repulsieve krachten tussen de negatief geladen
carboxygroep zijn verminderd. Ketens verbinden zich lateraal door de for-
matie van inter-moleculaire verbindingen of stickers. Zulke verbindingen
ontstaan doordat er zich inter-moleculaire waterstofbruggen vormen tussen
de amide- en de geprotoneerde carboxygroepen, COOH, en ook tussen
de amide- en de gedeprotoneerde carboxygroepen, COO-. We berekenen
dat van de carboxygroepen 10-20% actief zulke inter-moleculaire waterstof-
bruggen vormt. Wanneer de pH verder wordt verlaagd, en dus bij een vermin-
derde hoeveelheid van COO-, worden minder sterke verbindingen gevormd
en wordt het waterstofbrugnetwerk dramatisch verzwakt, wat leidt tot een
gel-tot-vloeistof-transitie. De visco-elastische eigenschappen van de elastis-
che staat van hyaluronan, en van hydrogels van responsieve biopolymeren
in het algemeen, hangen af van de interactie-eigenschappen tussen de poly-
meren, zoals hun dichtheid en lifetime.

In hoofdstuk 10 bestuderen we het effect van temperatuur op de molec-
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ulaire interacties die leiden tot de vorming van een waterstofbrugnetwerk.
We zien dat de fractie carbonylgroepen, welke inter-moleculaire waterstof-
bruggen vormen en dus associatieve connecties, niet worden beinvloed door
temperatuursveranderingen. Echter, we constateren dat de temperatuu-
rafhankelijke reactie van de visco-elastische eigenschappen drastisch veran-
deren wanneer de temperatuur wordt verhoogd, leidend tot snellere stress-
relaxatie. Aan de hand van de geobserveerde temperatuurafhankelijkheid
bepalen we de flow activatie-energie, welke ~50 kBT is. Deze waarde is
5-15 keer groter dan de activatie-energie van het breken van een enkele wa-
terstofbrug, wat een indicatie is dat de ketens diffunderen. Om het netwerk
dus te laten vloeien moeten meerdere waterstofbruggen tegelijkertijd worden
gebroken. We concluderen dat een verhoging in temperatuur de dynamica
van het polymeernetwerk versnelt, zonder significant de structuur aan te
passen.

HET VASTSTELLEN VAN DE SECUNDAIRE STRUCTUUR VAN EEN ANTIVRIES-
GLYCOL-EIWIT. Antivries-glycol-eiwitten (AFGP) zijn unieke eiwitten die in
staat zijn de groei van ijs in veel organismes te verhinderen. Het ijsverhinder-
ingsmechanisme is grondig bestudeerd vanwege de mogelijke biomedische en
voedselgerelateerde toepassingen. Ondanks de vele studies is een reeks van
centrale vragen nog steeds onbeantwoord: wat is de structuur van AFGP?
Verandert het eiwit van structuur bij het verlagen van de temperatuur naar
de werkingstemperatuur van het eiwit? Is een specifieke structuur essentieel
voor de groei van ijsverhinderende eigenschappen van AFGP?

In hoofdstuk 11 bestuderen we de moleculaire structuur van AFGP met
hulp van 2DIR-spectroscopie. Door het exploiteren van de vibrationele kop-
peling tussen de amide |- en de amide Il-vibraties zijn we in staat om de
frequenties van de amide I-modi van het eiwit op te lossen. Dankzij eerdere
literatuur zijn we in staat de verschillende vibratiefrequenties toe te wijzen
aan specifieke secundaire structuren. We zien dat antivries-glycol-eiwitten
een hoge ongeordende en flexibele structuur hebben. Bij kamertemperatuur
nemen de antivrieseiwitten PPII, alfa-helical, random coil (willekeurige spoel)
en verlengde structuren aan. Bij het verlagen van de temperatuur naar het
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vriespunt van water wordt de PPIl-inhoud significant hoger, wat ten koste
gaat van de verlengde structuur. Zoals aangegeven is in eerdere literatuur
is een grotere aanwezigheid van PPIll-structuur essentieel voor het schei-
den van de hydrofobe en hydrofiele delen van de eiwitten en daarmee dus
het afzonderen van de actieve bindingsplekken voor ijskristallen in word-
ing. Desondanks zien we dat bij de introductie van chemische modificaties,
die de antivriesactiviteit verlagen, de PPIl-structuur significant is vermin-
derd. Interessant is dat de toevoeging van antivries-activiteitverminderaars
of antivries-activiteitvermeerderaars de secundaire structuur niet beinvloedt,
wat erop wijst dat die een ander werkingsmechanisme hebben.

Deze dissertatie verstrekt informatie over de flexibele structuur van moleculen
van verschillende groottes en complexiteiten, reikend van carboxygroepen
in simpele zuren tot lange polymeren. Dankzij een gecombineerde multi-
techniek aanpak, waarbij tweedimensionale infrarood-spectroscopie een cen-
trale rol speelde, waren we in staat om de conformationele veranderingen
in carbonzuren, in hyaluronan polymeren en in antivries-eiwitten (AVGE),
die de moleculaire interacties loskoppelen, te observeren. Met als gevolg
stabilisatie of destabilisatie van de moleculaire structuur. In het geval van
-COOH-groepen lieten we zien dat twee verschillende geometrieen mogelijk
zijn dankzij de stabiliserende interacties met de omringende watermoleculen.
In het geval van de antivries-eiwitten en hyaluronan hydrogel, bestudeerden
we de moleculaire structuur in een waterige oplossing. Dit stelde ons in staat
om de macroscopische eigenschappen en de biologische functionaliteiten te
linken aan de specifieke structurele inhoud. De verkregen gedetailleerde
moleculaire beelden van antivries-eiwitten en hyaluronan zouden toekom-
stige toepassingen kunnen krijgen op wetenschappelijk en technisch gebied.
Het begrijpen van de structuur van AVGE is cruciaal voor de synthese van
artificiéle antivries-eiwitten, die gebruikt kunnen worden om organen voor
transplantaties te bewaren. Het op maat maken van de moleculaire inter-
acties die leiden tot veranderingen in de macroscopische eigenschappen van
hyaluronan is fundamenteel om de dynamische wederkerigheid te begrijpen
tussen cellen en extracellulaire matrix en om hydrogels te ontwikkelen met



Samenvatting 263

afstembare mechanische eigenschappen voor op maat gemaakte biomedis-
che applicaties zoals de aflevering van medicijnen. Alle hier gepresenteerde
studies zorgen, zoals het altijd is en zoals het altijd zou moeten zijn, voor
nieuwe wetenschappelijke vragen. Voornamelijk, de ontdekking van con-
formationele isomerisatie van -COOH-groepen van mierenzuur of peptiden
opgelost in waterige oplossingen bij kamertemperatuur stelt onze funda-
mentele kennis van zelfs kleine moleculaire systemen ter discussie. Wat is
het biochemische gevolg van de aanwezigheid van syn- of anti-conformeren?
Dat is een kwestie waar we ons niet op konden richten en waarvan we hopen
dat toekomstige studies in staat zullen zijn om ze te onderzoeken.
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for your calmness, your support in all the period of writing this thesis, and



for your help. Bossy, oh Bossy. Four years together went quite quickly by.
Dropping by your office to talk and to say hi was one of the reasons that
| was happy to come to work. | wish you a lot of success in the future.
Robi, Roberto: you brought fun, happiness in the group. Sharing with you
all the troubles and all the tears in the last six months together was like
breathing underwater. It was highly important to have you, your empathy
and humanity close to me. Thanks for that. Lovely O.0.Sofronov, we have
been quite a couple you and I. | want to thank you to jump with me on
new projects, for the long discussions, for never giving up when everything
sucked, for helping me in the lab and in the understanding the dark side
of Chemistry. You have been my colleague, my supervisor, my friend, my
student all at once. | really do hope that you get to go on in Science and
that once | will visit your lab where you will study -syn/anti in biorelevant
conditions and in biorelevant samples.Thanks also to the other old, new,
present group members: Konrad, Johannes, Andrea, Harmen, Aditi, Balazs,
and Rahul. A big thanks also to Bip, with who | went through the supervisor
transition. Thanks for all our fights, for our beers, for all the time in the
lab, for all the things you taught me. | hope you are happy back in India,
and | hope to see you soon, to see how you are doing.

You can trust us to stick to you, through thick and thin — to the
bitter end. And you can trust us to keep any secret of yours —
closer than you keep it yourself. But you cannot trust us to let
you face trouble alone, and go off without a word. We are your
friends, Frodo.

Lord of the Rings, J.J. Tolkien

As every good story worthy of Lord of the Rings, | have and | have had my
Sams. Fe, with you | can fight, laugh, gossip (exchange information), and
complain at the same moment. | have the feeling we got stuck with each
other long time ago, while we were hiking through Italy. Life is sometimes
like that last piece of path to Radicofani: hard, rainy, and tiring, but with
you, on my side, it is always easier, funnier, and somehow the destination
becomes closer than | thought. And like then, also now, | know, you know



that we have each other backs. No matter what happens on the road, no
matter how the sky is, sunny or cloudy, no matter how heavy is the back-
bag, no matter if we take for a while different directions, no matter who
else we meet during our walk, | got you and you got me. To the next
adventures together, Burla. Alessandro Antoncecchi. | still remembered
the day | met you 5 years ago, planning with Nicola the trip back to Italy.
You have been and are to me kind of a brother, always tripping, laughing,
supporting and talking together. Thanks Alejandro for everything. | love
you and | swear that | do love you also your hair style. Federico Fanalista,
Fava. You and | met years ago, in the weirdest way possible leading to one
of the strongest friendships | endure. Thanks for all the time we spent and
will spend together, also when you are lost in your world without listening to
me :) Paul, every time | see you, it feels like the time does not pass. Thanks
for all the chats, thanks for all the aperitivo, thanks for all the laughs. |
am so looking forward to have you here back. Nico, it looks yesterday that
we were living together, partying as crazy. | do miss you a lot, but not the
amount of alcohol we consumed. Thanks for all the grappa together, thanks
for being there during my ups and downs, thanks for the patience during
my working outburst at home, thanks for being my family, my brother, my
home, and for all the smiles, laughs, love we shared and like yesterday we
share. Moritzino, Moritzino. Four years we spent to talk to each other from
one side to the other of the office. With you there, coming to the office
it was like coming home. You were one of my biggest supporter, when at
work everything was going down. Thanks for that, for all the time together,
for calming me down many times and for the infinite amount of chats and
laughs we shared. Caro, first at all, as office neighbor thanks for all the
salty sticks and the candies you have provided me during the way. Thanks
for the help that you gave me and you give in every situation, for always
taking good care of me, and talking to me some sense (wondering if it
has worked sometimes). | wish you the best Caro, you deserve it so much.
Oleg.Thank you for your continuous support. Thank you for the patience
you had while teaching me and for your friendship, which has inspired me
many times during this Ph.D. For you, a simple "thank you"”, though | know



that "thank you" is not nearly enough. Giogio. Giorgio, what would have
been a PhD without you? You coming in the office to say hi, to check that |
was having breaks, to observe if | was ok, to share your and my frustration.
You have been like a good, tasty Spritz after a long day of work. Probably,
we imagine differently: you drinking a Spritz in front of a beach, and | in
front of a mountain. But this is also what is amazing of you and me, and
of our beautiful country.

Contandoli uno a uno non son certo parecchi,
Son come i denti in bocca a certi vecchi,

Ma proprio perché pochi son buoni fino in fondo
E sempre pronti a masticare il mondo

Counting them one by one,

They are like teeth in the mouth of some old people,

But because they are few they are good through and through,
And always ready to chew the world

Gli amici, Francesco Guccini

As a good story worthy of a beautiful, melodic Italian song, during these
years | had (and | have) the opportunity to enjoy amazing and wonderful
friendship with beautiful people. Marco, thanks for the food we cooked
together, for the long chat during the various conferences, for your good
mood at every party, for your support during complicated moments. | am
looking forward to come to visit you and Ele in Sweden! Vale, oh , Vale.
Thanks for everything, for the word "rosicare”, for the aperitivo and for the
support. And always remember my friend, | have your back! Other Italian
friends have been part of this PhD experience: Vane and Lorenzo. Vane,
thanks for the chats, for the shared cigarettes when the alcohol was a bit
too much. Thanks for your chill, calm and fun mood! Lore, | remember
when we met the first time, when we got drunk together at the windmill,
when we founded the Sunday lunch club. You and | have recreated our
Italian and family traditions together. Thanks Lore for this, and for the
other thousands of moments together! Laura, my german friend. What



would have been 4 years without your german hugs? Thanks for sharing
with us your life, and your stories. Thanks for all our trips, all our dinner,
all the Spritz together. | am so looking forward for the next ones! Douwe,
| have known you since a long time, but it seems that time has not passed.
Thanks for all the chats, and the advices you gave/give me, and thanks
for your contagious calmness. Love you, my blondie dutchie. Flo, really,
your support, your honesty, your directness: thank you for that! Thanks
for taking care of me and for pushing me to stand up for myself. Thanks
for all the chats, the life and love stories shared in front of a Chardonnay.
Annemarie, my lovely Dutchie, we met really even before the beginning of
this PhD. We met at the beginning of the master thesis, and since then we
have walked our way on parallel paths, meeting sometimes when the walk
got a bit harder that we expected, swallowing our sorrows in Nachos and
beers. | like to think that this will endure, and that together with Flo we will
keep resting together when Life will get hard or simply when we will need a
good glass of Char...Sauvignon! Niels, oh Niels. Thanks for all the chats,
the walks, the help in the lab. My PhD life would have been completely
different without your support. Thanks for that, my friend. To the next
beer together!

Marloes! My PhD daughter, thanks for your support, for the nice, long
chats together where we share ideas, values, and life story. Silviaaaaaa,
silvietta, silvia mia. Dio mio, quanto ho riso con te solo le mura dell'ufficio
2.14 lo sanno! Thanks Silvia for all your good mood and the enourmous
amount of smiles that you brought in the office. Facing the last year with a
fresh you was beautiful! Gianluca, despite Covid-2 divided us before time, |
truly enjoyed that working month together, and, as it was promised, thanks
for the help to find a title! Parisa, lovely lost and found friend, thanks for
the all our chats, and for the next chats we will have! Thanks also to Jenny
(< 3), and Agustin to drop by sometimes in the office to talk and sustain me
during the thesis writing. Thanks also to Cri, Andrea, Kevin, Mario, Olga,
Ciocia Agata for all the beautiful dinner, picnic, barbecue, and brunches
we had together. | will keep these memories close to me for a very long
time, and | hope to create many more new with you! Lukas, thanks for the



food and all the nice chats together! Alberto, we met through our Latin
mafia and we, let me say it, did an amazing work together! Thanks for the
nice time, the patience that you showed me while explaining the dark side
of computational chemistry and for all the beers! Wam, Tara, and Almer,
dank jullie wel voor de tijd samen, voor alle dinertjes en aperitivo, voor al
het lachen en voor alle Spritz. Thea, iedere keer als ik naar werk ga of weer
thuiskom ben ik gelijk in een goed humeur als je achter het raam staat te
zwaaien. Dank je wel om geduldig naar mijn Nederlands te luisteren en voor
de gezellige tijd samen!

Yvonne en Jeroen, ik wil jullie bedanken. Jullie hebben mij geaccepteerd
als een dochter, misschien omdat ik van prosecco houd? Grapje! Dank jullie
wel voor iedere keer dat jullie mij hebben ondersteund, voor al het lachen,
en voor alle tijd samen. |k kijk ernaar uit om dit feestje, en meer feestjes,
samen met jullie te vieren! Julia en Natasja ook voor jullie: heel erg bedankt
voor alle sushi samen en voor de ondersteuning!

La vera amicizia non € essere inseparabili. E essere separate senza
che nulla cambi.

True friendship isn't about being inseparable. It's being separated
and nothing changes.

Frozen, Elsa and Anna

Come ogni storia degna di un cartone della Walt Disney (Frozen Cami?),
grazie alle mie amichette di una vita, Senza di voi non ce I'avrei mai fatta,
sarei stata un albero che il primo forte vento avrebbe spazzato via. Grazie a
Dede e Juls per essere sempre pronte per |'aperitivo a due ore dall'atteraggio.
Juls e Cami per ricordarmi che la vita e i problemi si affrontano assieme, e
che alla fine va davvero tutto bene. Fino a che abbiamo il nostro gin-tonic
e siamo assieme, va tutto bene. Leti per prenderti sempre cura di me, come
se 10,20,30 anni non siano mai passati. Fra, grazie per farmi respirare con
le tue risate, e le nostre passeggiate. Vitto, grazie per rendere divertente
ogni momento difficile, soprattutto ora, nel mezzo della quarantena. Fio,
il tuo ritorno nel continente é stato uno dei momenti pid felici della mia
vita. Dede, ancora te, grazie. Grazie per tutto. Per le serate di Natale a



bere assieme, per il tuo compleanno a bere tisane e a guardare " Malattie
Imbarazzanti”. Grazie per tutto amiche mie. Ve voio un bene folle.

Un grazie anche a Michi, Anna di Pila and Annuccia. Grazie per con-
dividere con me ad ogni giro un aperitivo e le vostre storie. E a Michi un
grazie speciale per tutti i Damiano dalla Nilde!

Ogni volta che ti sentirai smarrita, confusa, pensa agli alberi, ri-
cordati del loro modo di crescere. Ricordati che un albero con
molta chioma e poche radici viene sradicato al primo colpo di
vento, mentre in un albero con molte radici e poca chioma la
linfa scorre a stento. Radici e chioma devono crescere in uguale
misura, devi stare nelle cose e starci sopra, solo cosi potrai offrire
ombra e riparo, solo cosi alla stagione giusta potrai coprirti di fiori
e frutti.

Every time that you will feel lost, confused, think about the trees,
remember of how they grow up. Remember that a tree with a
large foliage and few roots is easily uprooted at the first wind,
while in a tree with a lot of roots and small foliage the lymph
slowly flows. Roots and foliage must grow in equal measure, you
must stay in the things and above them, just in this way you will
offer shadow and shelter, just in this way you will be able in the
right season to cover yourselves of flowers and fruits.

Susanna Tamaro

Come ogni storia degna della nostra famiglia, grazie a voi, Cugi. Non
siete classificati come solo amici, ma con voi condivido del DNA. Con voi
al mio fianco sono sempre riuscita ad andare avanti senza paura, e senza
vacanze assieme durante questi 4 anni, per ogni singola battuta, per ogni
singolo aperitivo mentre aspettavamo le nostre Vecchie in una piazza in Por-
togallo o in una piazza in Grecia. Grazie per i dolci, kind of, rimproveri, e



il forte supporto in ogni mia scelta. E soprattutto, grazie per farmi finire
il tuo bicchiere di vino o il tuo shot. Grazie Gio per ogni singola birretta,
per ogni singola chiaccherata mentre la luna affiorava o il sole tramontava.
Grazie a te e a Pippo per il gentile push, e per ripertermi sempre che non
c'é nessun problema. Veronica!l O cugi mia, ti ho seguito su ogni divano
in ogni tua casa. |l tempo continua a passare ma non passa mai fra me
e te: quelle lunghe chiaccherate, quelle bottiglie di vino che si svuotavano
prima del dovuto, quei sorrisi sono come ieri ancora oggi. Grazie Franci, per
quelle lunghe chiaccherate al telefono o a casa, quei momenti dove ci siamo
raccontati le nostre paure, i nostri futuri. Condividerle con te ha sempre
reso il tutto pid leggero. Mara e Andre. Ogni volta che vi vedo, che con voi
parlo, so che sono a casa, no matter what. Grazie di cuore per tutto! Un
grande grazie ai miei zii, e specialmente a Zia laia, Zio Robi, Zia Franca,
Zio Gio,e Zia Anna. Grazie per aspettarmi felici e felici salutarmi ad ogni
giro.

Mamma Ebe e Papd Silvio. Per voi, la parola grazie non é abbastanza.
Non c'é parola che possa esprimere |'amore e la gratitutide che provo per
voi. Efrem e Miriam, padre e madre di secondo livello. Ma cosa farei senza
di voi? Voi siete il mio supporto in qualunque situazione, di felicitd o di
tristezza completa. Non potrei mai immaginare una vita senza di voi. Gra-
zie rompini per esserci, per non andare mai via e per affrontare questa vita
assieme.

As every good story worth of a Life, you need a person with who to share
and live it, and that's you, Jud, Juditta,Giuditti, Giuditta, Judith. Thanks
for the support during these four years, that you have filled in a way that |
would have never expected. | always thought | would have been an errant
soul, but instead | found you, or you found me. | don't know if it was
coincidence, destiny or fate, | just know that | love you immensely.

Everytime | leave my beloved home, my mountains, my friends and my
family, | just simply say " See you tomorrow"”, as no days will pass in between
our next encounter. So, to you my friends from different cities, countries



and continents:

A DOMANI, Tot morgen, See you tomorrow Beauties!

Giulia Giubertoni
Amsterdam
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