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We all like to congregate at boundary conditions.
Where land meets water. Where earth meets air.

Where body meets mind. Where space meets time.
We like to be on one side, and look at the other.

Douglas Adams
The Hitchhiker’s Guide to the Galaxy





Abstract
Ultrafast protein dynamics are of particular interest for understanding the molecular basis of bio-
chemical function. 2D-IR spectroscopy is a method to study molecular dynamics starting in the
subpicosecond regime. But the application of 2D-IR to investigate protein dynamics with high spa-
tial resolution is currently limited to few biological systems with intrinsic chromophores. Spectral
congestion, the contribution of many similar oscillators to the same signals, makes it difficult to
draw conclusions about local structural dynamics in most other proteins.

The aim of this thesis is to extend the application of 2D-IR spectroscopy to a wider range of proteins
by introducing unnatural amino acids (UAAs) with azide or nitrile groups as site-specific vibrational
probes, which absorb in the free spectral window between 1800–3000 cm�1 by using methods from
chemical biology.

Part I introduces the methodology 2D-IR (Chapter 1) and the PDZ domain, a protein system of
interest (Chapter 2). The PDZ domain is an interesting model system to study because a transfer
pathway with energy flow on a few picosecond time scale has been predicted by MD simulations.
This pathway is comprised of coupled amino acid residues and believed to be connected to intra
domain long-range communication and thus allostery. The development of experimental tools to
directly track the predicted ultrafast anisotropic heat transfer in PDZ defines a major goal of this
thesis and is an ideal test case to demonstrate the application potential of UAAs as site-specific
labels for 2D-IR.

Part II introduces the characteristics of the tested UAAs before their application as novel vibra-
tional probes. Chapter 3 gives an overview of different methods for site-specific incorporation of
amino acids with functionalized side chains into proteins. It focuses on supplementation based in-
corporation (SPI) and suppression-based approaches (SCS) such as artificial genetic code expansion.
Some of the incorporated amino acids carry azides and nitriles in their side chains, which are strong
IR active groups. Chapter 4 presents a full experimental characterization by FTIR, DFT, broadband
IR, 2D-IR and two color 2D-IR of four azide- and nitrile-containing aliphatic and aromatic amino
acids. Azidohomoalanine (Aha), which can be incorporated into proteins as methionine surrogate,
is identified as favorable candidate for applications in proteins.

Part III applies Aha to the study of local microenvironment and conformational dynamics in
PDZ. In Chapter 5 six mutants of PDZ are investigated on how the azide vibration can be employed
as a qualitative monitor for local hydrophobicity by comparing FTIR spectra to structural data
available. The results presented here show that it is indeed possible to use Aha for monitoring
the local microenvironment and even conformational changes induced by ligand binding can be
observed. This is the first experimental indication for the existence of the allosteric mechanism
discussed.
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Chapter 6 discusses 2D-IR measurements of two of the six PDZ mutants. 2D-IR spectra of the azide
moiety of Aha in PDZ Ile327Aha and PDZ Ala390Aha have been recorded to validate the capability
of monitoring ultrafast equilibrium dynamics using a site-specific probe. The mutant with Aha
located in the binding pocket (PDZ Ile327Aha) was then chosen to investigate the influence of
ligand binding on the line shape of the 2D-IR spectra, giving insight into the structural dynamics of
ligand binding in PDZ on the level of hydrogen bonds on a picosecond time scale.

Part IV of this thesis explores the applicability of UAAs to real-time studies of vibrational en-
ergy transfer. Chapter 7 focuses on vibrational energy transfer (VET) in the single amino acid
Azidophenylalanine (N3P). N3P in its boc-protected form (with an additional peptide bond in
the system) was investigated using two-color 2D-IR. All cross peaks between the azide vibration
and other marker modes could be recorded. The data show that it is possible to directly track
vibrational energy flow through the system from the injection point at the proximal azide group
to all other functional groups. The transfer times are shown to be distance dependent and reflect
spatial proximity of functional groups. Comparing the results to DFT calculations demonstrates
that this experimentally derived information of spatial proximity can be used for unambiguous
spectral assignment in the N3P model system.

In larger systems like the PDZ domain this experimental approach fails because of spectral con-
gestion. It is not possible to inject and track vibrational energy in a site specific fashion. Chapter 8
presents a VET pair of amino acids, Azulenylalanine as a donor and Aha as acceptor, that are spec-
trally separated from the native protein bands. Azulene converts the energy of a visible photon
into vibrational energy efficiently and within 1 ps and Aha monitors VET by a change of its azide
absorption band. Application in model peptides demonstrate the performance of the VET pair over
a distance comparable to the size of the PDZ domain as well as in aqueous solution, which is a key
prerequisite for the application in proteins. This is the first experimental tool dedicated to study
directional biological energy flow on picosecond time scales which is applicable in proteins.

In Chapter 9 this VET pair is incorporated into a protein-ligand complex of the PDZ domain to
study the proposed energy transfer pathway. First successful measurements are presented, after
several experimental difficulties were encountered and overcome. The measured signal was still to
small to serve as direct evidence of the proposed energy pathway. Thus a lot of work remains to
finally solve the addressed long-standing question in biophysics on pathways for energy flow and
allosteric communication in PDZ.
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Motivation
Protein dynamics cover many orders of magnitude in time, from femtoseconds (~10-15 s) to hours
and days [1, 2, 3]. Only a few hundred amino acids in chain length built complex and dynamic high-
performance machines, such as myoglobin [4] involved in oxygen transport, or photo receptors like
rhodopsin [5] and photoactive yellow protein [6] or a modular protein domain, as the PDZ domain
investigated in this thesis [7, 8, 9, 10]. All those have a size of only few nanometers; the protein world
is one billion times (10-9) smaller than the macroscopic world. Is it surprising then that the fastest
dynamics in proteins are happening on a timescale one billion times shorter than fast processes in
the macroscopic world?

The timescale of protein dynamics starts in the subpicosecond range with the initial steps of
chemical or biochemical reactions within less than 100 fs (~10-15 s to 10-13 s) [1, 2, 3, 5, 11, 12].
However, when biologists and biochemists think of proteins, at first static colorful three-dimensional
structures come to mind - images of conformational states provided by methods such as X-ray
crystallography, NMR spectroscopy or high-resolution cryoelectron microscopy [13, 14, 15].

For a full understanding of protein function and biochemical mechanisms three-dimensional
static structures are highly important yet not sufficient. As the physicist Richard Feynman said: "Ev-
erything that living things do can be understood in terms of the jiggling and wiggling of atoms", [16]
which holds true for all biological matter including proteins. Ligands are bound and unbound,
hydrogen bonds are built and broken, side chains are rotating or chromophores are isomerising
and all overall all functional groups move with the energy of kT. Therefore proteins are comprising
a complex molecular dance and are not at all the static objects known from textbook images but
highly dynamic machines, their dynamics covering a wide timescale. These diverse fluctuations
are essential to drive the proteins’ function determining biology on molecular level. However, the
details remain subject to intensive experimental and theoretical studies.

The ultrafast processes in proteins can be described in great detail by quantum, semi-classical
and classical molecular dynamics modeling approaches [17, 18, 19, 20]. Additionally many dif-
ferent experimental approaches have been developed to study protein dynamics with different
time-resolutions, both in the steady-state or under non-equilibrium conditions. First steps towards
experimental investigation of protein dynamics were already made in the 40s [21], the invention
of stop-flow measurements gave access to non-equilibrium processes in the sub second or mil-
lisecond region. Much faster times scale are nowadays accessible with different technological
approaches. NMR experiments can detect picosecond equilibrium dynamics indirectly, using
relaxation methods [22, 23, 24, 25, 26, 27, 28, 29] or millisecond dynamics in real-time experiments
[27, 30]. Time-resolved crystallography approaches as pump-probe experiments [31, 32, 33] allow
insights into processes in the picosecond range, but are limited to certain model systems like
myoglobin or PYP.

The major technological development enabling experimentalists to study protein dynamics start-
ing from the most fundamental scale in the femtosecond regime was the invention of femtosecond
lasers (Ti:Sapph) in the 1980s. It led to the new fields of femtochemistry and femtobiology almost
three decades ago [34, 35]. Several different variants of ultrafast spectroscopy covering the full range
of the UV to the mid IR and terahertz have been realized [36, 37, 38, 39]. During the last 15 years
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Figure 1: The timescale covering biomolecular dynamics spans more than ten orders of magnitude from the
femtosecond regime (10-15 s to seconds and longer. Processes happening on the fastest, most fundamental
timescale in (bio)chemistry include bond breaking and formation and chromophore isomerization as fastest
steps within femtoseconds, followed by processes as proton transfer or side chain reorientation, which
happen within picoseconds or longer. Secondary and tertiary structure changes happen on the nanosecond
to millisecond scale or even longer. Complex biochemical processes such as signal transduction across
the synapse, involving different partner proteins and ligands to fulfill a function span the entire timescale,
starting out from the fast molecular motions within a protein to the formation of protein-ligand complexes
leading to the start of a signal cascade below the millisecond time regime.
A huge body of biophysical methods exists to study these types of effects, with few able to address the ultrafast
processes. Those include optical multidimensional spectroscopy, like 2D-IR spectroscopy. An alternative for
to study a limited number of model systems with great temporal and spatial resolution is time-resolved X-ray
diffraction. A well-established method to study protein dynamics is NMR spectroscopy, real-time approaches
resolve millisecond to microseconds, relaxation approaches reach the picosecond regime. All methods are
supported well by computational approaches like molecular dynamics simulations.

the technological development moved on from transient one-dimensional spectroscopy to multidi-
mensional spectroscopy with two or more frequency axes, in analogy to NMR spectroscopy [40, 41].
The first frequency range to demonstrate the possibility of multidimensional optical spectroscopy
was the mid-IR [40, 42, 43, 44]. 2D-IR and 3D-IR as well as transient 2D-IR have been demon-
strated and became established as broadly used techniques, also to address biophysical questions,
nowadays [42, 45, 46, 47, 48, 49, 50, 51, 52]. Multidimensional variants of optical spectroscopy have
been demonstrated and are increasingly used in the visible and ultraviolet range as well (known
as 2D-ES, 2D electronic spectroscopy, [53, 54, 55, 56, 57]) in addition to mixed multidimensional
spectroscopy [58, 59, 60].

Vibrational spectroscopy in general is a highly sensitive technique for measuring protein sec-
ondary structure changes and dynamics by monitoring the amide bands [42, 61, 62, 63]. The
intrinsic real-time resolution limit of ultrafast vibrational spectroscopy is around 50 fs [44]. This
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Figure 2: Why are novel vibrational probes necessary? FTIR absorption spectra of H2O (red) and D2O (blue)
with typical protein vibrations indicated in gray and possible vibrations of novel vibrational probes indicated
in blue-green. Shown are azides (approx. 2100 cm�1), thiocyanates (approx. 2150–2170 cm�1) and nitriles
(around 2250 cm�1)

makes 2D-IR a highly important experimental technique for biophysics especially, as it is one of
very few techniques matching the fast time range of molecular dynamics simulations nowadays
routinely used to describe and predict protein dynamics [17, 18, 19, 20]. Fastest (structural) changes
can be tracked by 2D-IR in the femtosecond and picosecond regime combined with the intrinsically
high spatial resolution on the level of chemical groups inherent to vibrational spectroscopy.

However, in proteins the spatial resolution is limited. The high sensitivity of IR to observe
vibrational modes turns into a restriction in resolution as spectra become highly congested and ab-
sorption bands are comprised of contributions by all similar IR-active modes in a protein molecule.
Thus the ability to assign spectral features to localized modes is limited for proteins. Despite this
problem of spectral congestion, equally present in time-resolved IR and multidimensional IR spec-
troscopy, many experiments have been conducted with high local resolution [39, 64, 65, 66, 67, 68,
69, 70, 71, 72]. In those experiments either a very specific marker vibrations in difference spectra are
assigned or,question like proton transfer or hydrogen bonding are addressed. Some experiments
make use of intrinsic native vibrations, from co-factors, chromophores or ligand such as CO in
Myoglobin [47, 73, 74].

Many protein systems however lack intrinsic vibrational markers or the scientific question ad-
dresses e.g. backbone or conformational dynamics. A possible way to overcome the limitation
in spatial resolution by spectral congestion is the manipulation of the system of interest and the
site-specific introduction of specific vibrational probes. Those should absorb in the biological free
window in the range between 1800–3000 cm�1 and can be utilized to monitor localized structural
changes. The traditionally used approaches of isotope-labeling or chemical modification have
limitations and require elaborate sample preparation protocols. Often the sample amount is limited
and labeling is not very efficient, making these approaches ill-suited for 2D-IR spectroscopy of
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proteins because that technique needs higher labeling yield and sample amounts.
Thus novel vibrational probes and new routes of sample preparation are highly desired. The

new field of synthetic biology and protein engineering is emerging and provides new potential
vibrational probes suitable for the study of proteins as well as new approaches for their site-specific
incorporation [75, 76]. A particular promising way to challenge the problem of spectral congestion is
the use of unnatural amino acids with chemical groups absorbing well separated from protein bands,
such as azides or nitriles. Using a artificial genetic code expansion [77, 78, 79] or a supplementation
based incorporation approach [80, 81] it is possible to express proteins labeled to a high percentage
and ideally with sufficient sample yields. Chemical groups ideally suited to be tested as novel probes
include azide, nitrile or thiocyanate; all of which have been used in IR spectroscopy previously and
absorb between 2000 cm�1 and 2200 cm�1. Those groups are additionally favorable because their
absorption is relatively well separated from solvent vibrations. For a most versatile novel vibrational
probe experiments both in H2O and D2O should be possible.

With a versatile vibrational probe, that ideally can be incorporated site-specifically in many
proteins without too many restrictions, multidimensional ultrafast IR spectroscopy will be enabled
to address a huge variety of long-standing biophysical questions, which up to now can not be
investigated experimentally.

A site-specific probe that can be placed randomly and directly during protein expression will
enable direct study of the local microenvironment in a protein (for example in [82, 83]). This will
give important insights into the protein interior, helping to unravel e.g. enzymatic mechanisms [84]
or mapping out binding interfaces in protein-ligand complexes. Combined with the intrinsically
fast real-time resolution of 2D-IR spectroscopy fluctuations of the potential energy surface, which
reflect fast conformational dynamics of a protein, can be monitored and will allow to study side
chain dynamics with previously impossible accuracy. This application of probing the site-specific
environment and local dynamics is shown in this thesis on the PDZ domain, which is also highly
interesting in another respect: One of the most fascinating phenomena in protein biophysics is
information transfer within and between protein domains, also known as allostery. It is intriguing
that a protein-protein interaction domain, such as the PDZ domain, must transfer the information
of its ligand binding status to attached domains. In a simplified model it might be expected that
this information is transduced to neighboring protein domains by pure mechanical means through
prominent secondary and tertiary structure changes. The PDZ domain however, is the best studied
example of an allosteric protein which does not undergo structural changes upon ligand binding.
Different simulations have found that in the PDZ domain a network of coupled amino acid residues
is present, which is believed to function as a wire for information transfer [9, 10, 85]. Physically
this phenomenon can be understood as vibrational energy transfer or heat transduction between
two distant sites, a process being subject of intensive studies in ultrafast vibrational spectroscopy.
The timescale of few picoseconds and the nature of the process as directional energy flow make it
an biophysical question ideally suited to be addressed by 2D-IR spectroscopy, which will only be
possible using site-specific vibrational modes.

The aim of this thesis is to test the feasibility of unnatural amino acids as such site-specific
vibrational probes and demonstrate different applications in biophysics, including the experimental
study of vibrational energy flow in proteins and the direct investigation of ultrafast structural
dynamics.
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1 Principles of 2D-IR Spectroscopy
Two-dimensional Infrared Spectroscopy (2D-IR) is a third order nonlinear optical spectroscopy.
With its intrisinc high time-resolution and a high sensitivity for structural changes, inherent to
vibrational spectroscopy, it is ideally suited to investigate ultrafast dynamics in complex molecular
enivronments such as liquids or biological complexes. The upgrade from first order spectroscopies
to a multidimensional implementation similar to multidimenstional NMR spectroscopy with two or
more frequency axes holds great promise for novel insights into equilibrium and non-equilibrium
molecular dynamics starting in the subpicosecond time range. For a comprehensive understanding
of 2D-IR and the observable ultrafast dynamics in a molecular system, quantum dynamics and
theory of nonlinear spectroscopy are required, but basic concepts and information content of 2D-IR
spectra can be understood in a less formal way.

The chapter is mainly based on the book Concepts and Methods of 2D Infrared Spectroscopy by
Peter Hamm and Martin Zanni [44]. Good introductions into 2D-IR can be additionally found in
the reviews [40, 50, 86] and in the book Two-dimensional Optical Spectroscopy by Minheang Cho
[37]. A comprehensive textbook on the theory of nonlinear optical spectroscopy is the work of Shaul
Mukamel [87].

1.1 Vibrational Spectroscopy
Vibrational spectroscopy is the study of the quantum system formed by all vibrations in a molecular
environment. Therefore to understand the processes accessible by 2D-IR spectroscopy, which
include vibrational anharmonicity and coupling, vibrational energy transfer and frequency fluctua-
tions of oscillators, a brief recapitulation of the basics of vibrational spectroscopy is helpful.

Infrared spectroscopy studies vibrational modes in molecules by means of the absorption of
infrared light resonant to a transition between energy levels, another type of vibrational spectroscopy
is Raman spectroscopy which is based on inelastic scattering. Both are sensitive to molecular
vibrations and thus can probe different properties such as molecular structure or dynamics.

Every molecule has 3N degrees of freedom, 3 degrees describing the translation in ~x ,~y ,~z direction
and 3 degrees describing the rotation of the overall molecules in spaces around the ~x ,~y ,~z axis. For
every nonlinear molecule with N > 2 atoms 3N �6 vibrational modes remain. For example a model
protein with 100 amino acids of only Alanine contains 1003 atoms, resulting in 997 vibrational
modes. [62]

bending symmetric stretch anti-symmetric stretch

Figure 1.1: H2O has three different vibra-
tional normal modes, which are bending,
symmetric stretch and anti-symmetric
stretch vibrations.
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Vibrational modes include symmetric and asymmetric stretch, bending, wagging and scissoring
modes. The three different vibrational normal modes in H2O are shown in Figure 1.1. Modes can
be degenerate when energies are similar. For a mode to be IR active a change of the dipole during
replacement of the atoms is required. The intensity of an IR absorption scales with the transition
dipole moment. Vibrational modes which are not IR active are Raman active.

To calculate the energy of a vibrational mode, the most basic model is a harmonic oscillator
assuming equidistant energy levels.

⌫=
1

2⇡

r
k
µ

(1.1)

with µ as the reduced mass of two point masses µ= m1·m2
m1+m2

. The potential energy of a harmonic
oscillator is given by

En = h⌫(n +
1
2
) (1.2)

with ⌫ as the transition frequency and�E = h⌫= hc ⌫̄= h c
�

as the energy difference for a transition.
A more accurate description of the energy levels of a vibrational mode is derived by assuming an
anharmonic oscillator described by a Morse potential:

V =De (1� e a (re�r ))2 (1.3)

with De as the finite dissociation energy and a as the curvature of the potential. The energy levels
of an anharmonic oscillator are given by:

En = h⌫
✓
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2

◆
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n +
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2

◆2
(1.4)

with x as the anharmonicity constant of x = h⌫
4De

. The Morse potential describes the decreasing
energy gap between higher vibrational levels:

En+1�En = h⌫0�
(n +1)(h⌫0)2

2De
(1.5)

with the transitions frequency between the respective energy levels calculated as

⌫=
a

2⇡

r
2De

µ
(1.6)

For the transition between energy levels in the anharmonic oscillator different selection rules
apply, instead of �⌫ = ±1 as the only allowed transition, also transitions of �⌫ = ±2,±3,±n are
allowed, leading to overtones in IR spectra. Another consequences of the anharmonic potential
is, that coupling between modes is possible, which can be investigated in great detail by 2D-IR
spectroscopy.

Vibrational Modes in Proteins. A protein’s vibrational spectrum is composed of contributions
from the peptide backbone as well as side chain signals. The main characteristic absorptions in an
FTIR spectrum of a protein are depicted schematically in Figure 2 in the motivation. They relate
to specific vibrations of the peptide units in the protein backbone and characteristic side chain
vibrations. [61, 62, 63, 88, 89]

The N�H stretching vibrations generate the amide A and amide B bands at 3300 cm�1 and
3070 cm�1. Those vibrations are sensitive to changes in the hydrogen bond network of the peptide
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backbone. The Amide I band around 1650 cm�1 is due to modes consisting mainly of the C��O
stretch vibrations of the peptide units in the backbone. This is a very important frequency range for
the investigation of secondary structure dynamics. At 1550 cm�1 the Amide II band is found, which
is comprised by modes based on the out-of-phase NH in plane bending and the CN stretching
motion of the peptide bonds. The Amide III mode leads to a band between 1200 cm�1 and 1400 cm�1

and is comprised of the in-phase contributions of the NH in plane bending and the CN stretching
vibration.

Other important vibrational modes found in proteins are those of amino acids side chains. For
example the CO stretch vibrations of the carbonyls in Asp or Glu side chains are found above
1700 cm�1. The ring mode vibrations of Tyr or Phe are very specific as well and can be found around
1500 cm�1.

1.2 2D-IR Spectroscopy
Two-dimensional infrared spectroscopy is the multidimensional upgrade of regular IR spectroscopy,
comparable to two-dimensional NMR in comparison to one-dimensional NMR. Already in the first
publication to two-dimensional NMR the application of 2D spectroscopy in infrared spectroscopy
was envisioned [41]. However it took about three decades before the first 2D-IR spectrum was
reported by Hamm, Lim and Hochstrasser [42].

As outlined in the motivation, 2D-IR spectroscopy is of arising importance in physcial chemistry
and used to investigate structural dynamics of a wide range of molecules. The observables in
2D-IR spectroscopy are the energies of the vibrational eigenstates of the molecules investigated as a
function of time, couplings between those eigenstates (see Figure 1.6), the population of states as
well as the amplitude and relative orientation of their transition dipole moments. These observables
together with additional informations derived about correlations between states, leading to cross
peaks and the dynamic change of peaks, provide valuable insights into a wide range of molecular
systems.

Different types of scientific questions have been addressed in the recent years. Those include the
dynamics of hydrogen bonding networks of molecules in solution or within water [90, 91, 92, 93]
as well as structure elucidation of small (organic) molecules and peptides [94, 95, 96, 97, 98, 99] or
exchange between different conformations [47, 100, 101, 102, 103] or energy transfer and relaxation
processes [104, 105, 106, 107, 108, 109, 110, 111, 112].

2D-IR was mainly applied to small organic compound or organo-metall complexes with defined,
well separated vibrations. Applications to protein dynamics and biophysical questions are emerging
as well, however due to spectral congestion those studies are limited to e.g. secondary structure
dynamics, ligand dynamics or are carried out on smaller modell systems which contain vibrational
probes such as isotope labeled CO groups [49, 51, 96, 113, 114, 115, 116, 117]. Others include
measurements of the ligand CO in Myoglobin and other heme-containing proteins [47, 118].

Appart from multidimensional spectroscopy in the infrared other optical spectroscopies with two
frequency axes have been demonstrated and become of increasing importance. The most prominent
is 2D-Vis, first performed by Brixner et al. [119], others are 2D-UV [53, 54, 55, 56, 57] or mixed
techniques which allow for surface specific experiments [58], subensemble specific photochemistry
[59] or detailed investigation of vibronic coupling [60]. Another extension of the 2D-IR approach
is the introdcution of an additional trigger to study non-equilibrium dynamics, either by exciting
a processes by a visibile light pulse as in transient 2D-IR pioneered by Jens Bredenbeck et al.
[46, 86, 120, 121] or by a temperature jump as demonstrated by the Tokmakoff group to study

9



Part I. Introduction and Theoretical Background

protein folding [122, 123, 124, 125].

1.2.1 Experimental Implementation of 2D-IR Spectroscopy
2D-IR spectra can be recorded in two fundamentally different approaches, either in the frequency
domain as was the case for the first ever reported 2D-IR [42] or in the time domain with subsequent
Fourier Transformation in analogy to moder NMR spectroscopy. This was first demonstrated by
Zanni et al. [126]. Both approaches have been shown to yield largely the same information [127]
and mainly differ in terms of time-resolution, spectral resolution along the pump axis, technical
implementation as well as data processing (Fourier transformation 2D-IR data have to be phase
corrected).

The simplest implementation of a 2D-IR setup is in the frequency domain and briefly sketched
in Figure 1.2. Here the pump probe or hole burning approach, also known as double resonance
2D-IR is used, which is combining a broad band IR probe pulse which generates the signal along
the !probe-axis, in the used convention on the x-axis, with a narrow band IR pump pulse that is
sketched along the!pump-axis, which is the y-axis in the used convention1 For 2D-IR in the time

Fabry-Perot 
interferometer

delay stage

spectrometer and 
detector array

sample

pump
probe Figure 1.2: Schematic drawing of a 2D-IR

setup in the frequency domain. A Fabry-
Perot interferometer is used to narrow
the pump pulse. Figure inspired by [44]

domain not only two pulses are required but instead of the pump pulse a pulse pair is used. Thus
three independent pulses with two defined time-delays and a fourth pulse used as local oscillator
overlapped with the signal during heterodyne detection are used. The time domain approach
is also referred to as photon echo approach or Fourier transformation 2D-IR. To record 2D-IR
spectra in the time domain, several different technical setup have been demonstrated [44].The most
versatile is a heterodyned photon echo experiment with four independent laser beams inplemented
in a box-CARS geometry. A good compromise between versatility and experimental complexity
is offered by a collinear geometry for Fourier transform 2D-IR, realized by using a Mach-Zehner
interferometer to generate a pulse pair in a pump probe geometry [128, 129] or for example using
the recently demonstrated TWINS approach [130].

Using a mid-IR pulse shaper as developed by the Zanni group it is possible to record 2D-IR spectra
both in the time domain as well as in the frequendy domain [131, 132, 133]. The pulse shaper can
be used to generate either a pulse pair as mentioned above or to prepare a narrowband IR pulse just
like it is used in the double resonance approach.

As all data presented in this thesis are recorded in the frequendy domain using the pump-probe
geomentry, only this approach is discussed in more detail. The schematic setup is shown in
Figure 1.2. A broad band mid-IR pulse, generated by a tunable OPA [134] is split by a beam-splitter

1There is up to now no standard for drawing 2D-IR spectra and thus axis are interchanged.
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c

Figure 1.3: Different pulse sequences used in this thesis. In a) 2D-IR spectroscopy in pump-probe approach
with narrow band pump pulse (from FP), b) 2C-2D-IR spectroscopy with pump and probe pulses of different
IR colors, the pump pulse is narrowed in the frequency domain by the Fabry Perot etalon and thus elongated
in the time domain to approx. 1 ps. c) VIS-IR (transient IR) using a visible excitation pump pulse followed by
a IR probe pulse. Here the pump pulse is not narrowed and short in the timedomain.

into a pump and a probe beam. The pump beam has a higher energy and is narrowed in the
frequency domain by using a Fabry-Perot interferometer. The Fabry Perot interferometer changes
the pulse in the time domain as indicated in Figure 1.3 a and b, the pulse get a long tail in the time
domain, which is causing the lower time resolution of frequency domain 2D-IR in comparison to
time-domain or photon echo 2D-IR.

The pump pulse has a Lorentzian shaped bandwidth and can be described as follows:

E (!) = E0(!)
1�R

1�Re i 2d!
c

(1.7)

R is the reflection coefficient of the mirrors in the Fabry Perot interferometer, which is wavelength
dependent, therefore specific mirrors for a certain frequency range have to be used to get optimal
pulse shapes and energies for the pump pulse.

The signal is calculated as the difference between the pumped and the unpumped recorded
intensities:

S(!probe,!pump, t ) = l o g
IpumpON

IpumpOFF

(1.8)

The signal size scales with the squared extinction coefficent ( ) of the investigated vibrations and
linear with the intensity of the pump pulse.

1.3 Features of a 2D-IR Spectrum
A 2D-IR spectrum (such as the schematic spectrum shown in Figure 1.6) contains different types of
peaks, diagonal peaks for every absorption band in the spectral range probed and possible cross
peaks between different oscillators, which can be generated by a wide range of mechanisms.
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Figure 1.4: Principle of anharmonicity and signal
generation for 2D-IR by combining ESA, GSB and SE
contributions. The 2D-IR spectrum shows real data
(discussed in chapter 4) of CNP in THF for a waiting
time of 1.5 ps.
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1.3.1 Diagonal Peaks
The diagonal peaks correspond to the absorption spectra of the respective molecule. Usually for
every absorption band a diagonal peak can be observed. In Figure 1.4 a diagonal peak for the
CN stretching vibration in cyanophenylalanine is shown with a schematic anharmonic oscillator
to explain how a 2D-IR signal is generated. As 2D-IR spectroscopy is a difference spectroscopy,
the signals are calculated from the absorption change between the pumped and the unpumped
spectrum. The pump pulse is resonant to the |0i to |1i transition and creates a population in the |1i
state.

The probe pulse can interact in different ways with this population. As the probe pulse is broader
in frequency then the pump pulse it can be absorbed both by the population in the |0i state as
well as the population in the |1i state. The transition from |1i to |2i is referred to as excited state
absorption (ESA). Due to the anharmonicity of the potential this transition is lower in energy than
the energy gap between |0i to |1i.

This is the reason, why 2D-IR spectra can be recorded (otherwise signals from the |0i to |1i
transition and the |1i to |2i transition would cancel) and why the contributions to the 2D-IR signal
from this transition are at lower wavenumbers. The probe pulse can also create again a transition
from |0ito |1i, which has a smaller intensity than than without absorption of the pump beam, why it
is referred to as ground state bleach (GSB). Furthermore, stimulated emission (SE) from |1i can be
induced by the probe pulse.

The main information is that frequency fluctuations as a function of time (i.e. spectral diffusion)
can be measured. Thus, the homogeneous line width can be obtained and processes which lead
to inhomogeneous broadening can be investigated. The contributions to the spectrum from GSB
and SE are depicted as a blue (negative signal), the ESA signal is shown as red (positive) part in the
spectra2.

Spectral Di�usion. The dynamic lineshape of the peaks in a 2D-IR spectrum yields important
information on the dynamics of the quantum states involved. In Figure 1.5 spectra of the azide
stretch vibration in the model system azidohomoalanine are shown. The pronounced tilt of the
diagonal peak for the short waiting time of 1 ps can be clearly observed as well as the vanishing of
the tilt for the longer waiting time of 3.5 ps. The cause of the tilt is inhomogeneous broadening of
the diagonal peak, that is the azide absorption band is broadened of contributions from several
different subensembles, which e.g. experience an different microenvironment. Thus the tilted
diagonal peak is in principle constituted of the underlaying diagonal peaks for all members of the
subensemble. Upon a longer waiting time the tilt vanishes because of exchange between the states
and thus equilibration. Thus 2D-IR spectroscopy can directly access fast equilibrium fluctuations.

The measure of this process is the frequency frequency correlation function (FFCF) given by
C (t ) = h�!(t )�!(0)i [50, 135, 136]. Using this function the frequency and amplitute of the fluctua-
tions in a molecular system in equilibrium can be described. The FFCF is the results aimed for in
spectral diffusion studies, which are of increasing importance especially in 2D-IR spectroscopy of
proteins [50, 137, 138, 139, 140]. It can be extracted from 2D-IR spectra by a CLS (center line slope)
analysis. The inverse of the tilt along the diagonal peak as function of waiting time is analyzed.

This approach has to be used with care as other competing processes can influence the lineshape
and then the CLS approach is not meaningful anymore. In case of perfect inhomogeneous line
broadening the CLS value would be 1 but in experiments smaller values are normally observed as

2As plotting of spectra is subject of convention different variations for color schemes and positive and negative signals
exist in the literature.
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Figure 1.5: Principle of spectral diffusion. The shown
spectra are real measured data of Aha in H2O for the
waiting times of 1 ps and 3.5 ps. They are discussed
in detail in chapter 4.

perfect broadening only happens for the shortest waiting times. With time the CLS value drops to 0
when the peak appears upright.

1.3.2 Cross Peaks
The other type of peaks in 2D-IR spectra are cross peaks which can be created by various mech-
anisms and reflect interactions between the respective vibrational modes. Cause of cross peaks
appearance include anharmonic coupling, population transfer between states or relaxation pro-
cesses such as intramolecular vibrational energy redistribution (IVR).

Cross Peaks can be generated in any molecular system with several vibrations. In Figure 1.6 the
level scheme of two coupled vibrational oscillators is depicted. The molecule can be described by a
2D potential:

V (r1, r2) = V1(r1)+V2(r2)+�1,2r1r2 (1.9)

with Vn (rn ) being the Morse potentials (Equation 1.3) describing a single oscillator and �1,2 as the
coupling between the two oscillators. The coupling between two oscillators might be described by
transition dipole coupling

�i j =
1

4⇡✏0

2
4~µi~µj

r 3
i j

�3
(~ri j ·~µi )(~ri j ·~µj )

r 5
i j

3
5 (1.10)

The coupling introduces a difference in energy all states in the anharmonic level scheme in
Figure 1.6, leading to cross peaks. This shall be illustrated for the upper left cross peak in Figure 1.6.

Due to anharmonic coupling the energy gap between the |00i state and the |10i state (transition
2) is different from the energy gap between |01i and |11i (transition 1), although in both transitions
one quantum is put into the first oscillator. This reflects the influence of the second oscillator on
the first oscillator (i.e. coupling). Upon pumping the second oscillator, thus a difference signal
is recorded due to the frequency shift of the first oscillator (bleach of transition 2 and induced
absorption of transition 1). In the absence of coupling the two would cancel exactly.

The strength of the coupling is responsible for the size of the shift for the energy levels and can be
extracted from the 2D-IR spectra by the off-diagonal anharmonicity, which is the energy difference
between the positive and negative parts of the cross peak. As anharmonic coupling is changing the
potential of the investigated oscillators in a time-independent manner, cross peaks generated by
this mechanism are observed instantanously in the 2D-IR spectrum. A good explanation of signal
generation in 2D-IR spectra is given in [127].

If coupling is caused by transition dipole coupling, it can be described by Equation 1.10. The
off-diagonal anharmonicity revealed by the cross peaks therefore contains information about the
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Figure 1.6: A model system which contains two coupled oscillators, such as the di-peptide shown here is well
suited to explain the different signals in a 2D-IR spectrum. The level scheme of two coupled oscillators is
shown on the left. b is the coupling between oscillators which induces a shift of energy levels. The dotted
transistions are only possible to be probed after the pump pulse prepared the system. The probe pulse
induces a transition from the ground state to the first excited state for the osciallator it is in resonance with (2,
8). The probe pulse can then induce either a transition related to excited state absorption (3,5) or a transition
leading to stimulated emission back to the ground state (4, 6). In case of coupling addition transitions to the
coupled eigenstate levels become visible (depicted as 1, 7).

relative orientation of transition dipoles. Still, information on relative orientation of oscillators is
much more readily obtained from anisotropy measurements of the cross peaks then from evaluating
anharmonicities [94, 95, 98, 99, 141].

Other mechanism can lead to the appearance of cross peaks between vibrational modes as well,
which have different properties than cross peaks incuded by anharmonic coupling and might be
time-dependent. Those include for example coherence transfer as investigated e.g. by Khalil et al.
[142] or population transfer [127] caused by fluctuations of the couplings, mostly investigated in
metal carbonyl complexes [143]. Another very important mechanism is exchange between different
subensembles, just like chemical exchange in NMR spectroscopy. This could for example be the
formation and breaking of hydrogen bonds as investiated e.g. by Fayer and Co-Workers [100] or the
change between different ligand binding states in a protein as investigated by Bredenbeck et al. [47].
The type of experiment aimed to investigate exchange is named 2D-IR exchange spectroscopy or
2D-IR-EXSY.
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1 Principles of 2D-IR Spectroscopy
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Figure 1.7: Schematic representation how intramolecular vibrational energy redistribution (IVR) or more gen-
eral vibrational energy flow can lead to cross peaks in 2D-IR spectra. Energy from a pumped, highly localized,
vibrational mode is dissipated into low frequency, delocalized modes. Those can be anharmonicially coupled
to other high frequency modes, generating a heated ground state, which results in a frequency shift leading
to a cross peak in the 2D-IR spectrum. The figure is inspired by [104].

Intramolecular Vibrational Energy Redistribution (IVR) as Mechanism for Cross Peak
Generation. IVR is another mechanism, which can lead to cross peak formation in 2D-IR spectra.
In Figure 1.7 a schematic level scheme for a molecule is given to explain the appearance of cross
peaks generated by IVR through the molecule. In case a transition is excited by the pump pulse the
excess energy is distributed through low frequency, delocalized modes in the molecule by the IVR
mechanism.

The physical process is in principle a relaxation from a vibrationally excited state, which can
decay into at least two, but most likely many lower energy (low frequeny) vibrational modes under
fulfillment of energy conservation,

!a =!b +!c (1.11)

Those low frequency modes are anharmonically coupled among each other as well as they are
coupled to other high frequency, localized modes. Excitation of low frequency modes through IVR
thus can lead to frequency changes of the high frequency localized modes, which become visible as
a transient difference signal. This signal decays again when the complete energy is transfered to
the solvent. As the distribution of the vibrational energy via the IVR mechanism is not happening
instantanously but the energy needs to be transported through the molecule first, the cross peaks
generated by IVR have a specific peak time, which is a measure for the spatial proximity of the
involved high frequency modes.

Two speed regimes for IVR, ballistic and diffusive, have been discussed. In case of a ballistic
energy transfer the mean distance is linear proportional to the transfer time < x >/ t [144, 145]
whereas in the diffusive regime the distance is proportional to the square root of time < x >/pt
[110, 146, 147, 148]. The mechanisms of energy transport in different speed regimes as well as
the underlaying principles as to when energy is transported by which mechansim are subject of
extensive research in ultrafast spectroscopy [104, 109, 111, 145, 148, 149, 150, 151, 152]
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Figure 1.8: Schematic representation of 2C-2D-IR, an approach used in this thesis employing two independent
tunable optical parametric amplifiers as infrared light sources. OPAs normally have a band width of 200-
300 cm�1, which is not sufficient to cover a whole absorptions spectrum (e.g. from 1500 cm�1 to 2200 cm�1.
To access cross peaks in this range one OPA is centered as pump on the vibration of interest, the other OPA is
shifted between the different spectral windows as probe.

2C-2D-IR as Approach to Measure Cross Peaks. As cross peaks in 2D-IR spectra contain very
valuable information about the molecular system under study it is of huge interest to record those
with high resolution and between spectrally separated modes as well. This is a technical challenge
as the mid-IR pulses used for pumping and probing the investigated transitions are generated
by an OPA with subsequent DFG [134], which are tunable over a wide range but have a limited
spectral width of 200 cm�1 to 300 cm�1. This is sufficient to study cross peaks between similar
vibrations such as the carbonyl modes of a metal carbonyl, but not enough to study the coupling
or energy transfer between all important vibrational modes in a protein or when a vibrational
probe, which absorbs in the free window between 1800 cm�1 and 3000 cm�1 is used. To allow for
the measurement of cross peaks between such very separated vibrational modes a technique of
two-colour 2D-IR (2C-2D-IR) or dual frequency 2D-IR is used [153, 154].

To record cross peaks between separated modes in the pump probe approach, two independent
tunable OPAs are used. As depicted in Figure 1.8 it is possible to record a stripe of a full spectrum
with all the cross peaks corresponding to one diagonal peak. In the time domain it would be
necessary to record the full spectrum before Fourier transforming the data. The 2C-2D-IR spectra
in this thesis are recorded by using one OPA for pumping a transition of interest (indicated by the
pump in figure Figure 1.8) and then probing the different spectral windows where a cross peak is
expected independently using a second OPA. The final 2C-2D-IR spectrum is then assembled by
the individual spectra.
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2 PDZ as Example for Vibrational Energy
Flow and Dynamic Allostery in Proteins

The process of IVR or vibrational energy transfer (VET) introduced in Chapter 1 as potential mecha-
nism of cross peak generation in 2D-IR spectra is not limited to small molecular systems.

In fact VET is a general principle of energy relaxation abundant in all molecular systems. The en-
ergy from an excited vibrational mode is dissipated over several relaxation pathways. Those include
relaxation into low frequency modes of a molecule. How energy is dissipated and transported in
such macro molecules as proteins with their thousands of degrees of freedom is a major topic of
research in theoretical chemistry and biophysics [148, 155, 156].

The interest in vibrational energy flow is driven by its key role in the most recent understanding of
long-range communication in proteins [3, 155, 157, 158]. In several different proteins energy transfer
pathways have been predicted. They are are found to function as relaxation pathways of excess
energy and might be involved in information transfer through a protein [148, 159, 160, 161]. This is
newly proposed mechanism of the classical principle of allostery, one of the fundamental concepts
in biochemistry [162, 163, 164, 165, 166]. The best theoretically studied example for anisotropic
energy transfer along a conserved amino acid network is the PDZ domain [9, 10, 167, 168], which is
introduced in this chapter.

2.1 Allostery
The process of information transfer within a protein or more general a biological macro molecule is
referred to as allostery, one of the key principles in biochemistry. All processes where an effector at
one binding site triggers a function or regulates the protein at a distant site are allosteric in nature.
Thus allostery is a intrinsic property of most proteins and a highly studied field [162, 165, 169].

A Classical Understanding of Allostery. The understanding of how information is transferred
through a protein started with a pure mechanical and structure-based understanding in the 60s [170,
171]. The classical text-book example for an allosterically regulated protein is hemoglobin. It
illustrates the importance and function of allosteric regulation. In hemoglobin—which consists of
four sub units, two -chains and two -chains—the binding affinity for the native ligand O2 changes
when one binding sites at the heme co-factors in only one of the four sub units is filled. This change
from R to T state leads to an increase in oxygen binding affinity and a 1.7 fold higher transport
efficiency for oxygen. [172].

The allosteric regulation in hemoglobin was first described with the MWC (Monod-Wyman-
Changeux) model [158, 166, 170, 171] which describes a two-state system that is switched by an
allosteric effector. As illustrated in Figure 2.1 an allosteric effector induces the change for all sub
units. This can be described with a purely mechanistic and structure-based model in which the
mechanical force of the conformational change in one sub unit affects the whole protein to change
the conformation in every sub unit.

17



Part I. Introduction and Theoretical Background

Allosteric
effector

Allosteric
inhibitor

Allosteric
effector

Allosteric
effector

a

b

Active site

Allosteric
site

Allosteric
activator

c

Active site

Allosteric
site

e

Allosteric
site

d

Allosteric
site

Novel
binding

site

Figure 2  Different modes of allosteric behavior. 
(a) Cooperativity: a cartoon representation of 
the Monod-Wyman-Changeux (MWC) model of 
allosteric transitions. A symmetric, multimeric 
protein can exist in one of two different 
conformational states—the active and inactive 
conformations. Each subunit has a binding site 
for an allosteric effector as well as an active site 
or binding site. (b) A monomeric, allosterically 
inhibited protein. The binding of an allosteric 
inhibitor alters the active site or binding 
site geometry in an unfavorable way, thereby 
decreasing affinity or catalytic efficiency.  
(c) A monomeric, allosterically activated 
protein. The binding of an allosteric activator 
results in increased affinity or activity in the 
second site. (d) The binding of an allosteric 
effector might introduce a new binding site 
to a protein. Binding of a ligand to this new 
binding site could lead to changes in active site 
geometry, providing an indirect mechanism of 
allosteric control. This type of effect is of great 
interest in the design of allosteric drugs and can 
be considered a subset of the example shown 
in c. (e) The fusion of an enzyme (maroon) to 
a protein under allosteric control. This type of 
construct can act as an allosteric switch because the activity of the enzyme is indirectly under allosteric control via the bound protein with an allosteric 
site. Such constructs are both present in nature and the target of protein engineering studies.

ously in localized regions28,29. These local unfolding events result in a 
large number of conformations that may differ from each other only 
slightly, and this collection of conformers is considered the native-state 
ensemble. This view relies on the idea that there are regions of varying 
stability in a given protein30. For a catalytic cycle, there are multiple 
sequential protein species that occur along the reaction coordinate, and 
each of these intermediates is associated with an ensemble of conforma-
tions, enabling parallel reaction paths (Fig. 4a).

The relaxed landscape paradigm for ligand binding incorporates the 
aforementioned concept. It features individual protein molecules in an 
ensemble that undergo small and large changes in conformation6,13,31,32. 
The interconverting conformations have similar energies, and the 
ensemble itself can be described as the ‘native state.’ The binding of an 
allosteric effector can lead to a change in the distribution of protein 
molecules that reside in the same or different conformational states  
(Fig. 4b)33. This change may or may not be observable by X-ray or NMR 
methods because it may be subtle in terms of impact on the average 
structure. However, in the case of an allosteric effect, the new distribu-
tion of protein conformational states is by definition functionally differ-
ent. If such states are sparsely populated in the native state, even a small 
change in the distribution (a change that may not be visible via X-ray or 
NMR spectroscopy) can result in a large effect on function.

Allosteric networks in proteins
Allostery by definition involves the propagation of signals between sites 
in a protein structure. A change in function could be brought about by 
the binding of a ligand, covalent modification or mutation at a distant 
site. The idea that there is a network of physically interconnected and/
or thermodynamically linked residues along which signals are commu-
nicated is intuitively very appealing, and there are many studies that 
provide evidence for this concept34–37. The mechanism of information 
transfer in such a network has been discussed in the literature34. An 
attractive concept is that the mechanisms can be divided into enthalpic 
and entropic factors9,38,39. The percentage of residues in a protein that 

to the rate-limiting product release step in RNase A and show that the 
conformational change is not ligand induced. Rather, the role of ligand 
binding is to stabilize a pre-existing conformation, selecting this confor-
mation in the population of protein conformers. This study highlights the 
unique suitability of NMR spectroscopy for studying protein dynamics: 
NMR relaxation dispersion experiments can both quantitate the rates 
of kinetic processes and estimate conformer populations. Moreover, the 
determination of the chemical shift difference ( ) between exchanging 
conformations allows the study of sparsely populated species that may 
be functionally important25–27.

In a parallel study, Boehr et al. found that the dynamics of transitions 
between different enzyme conformations limit the rate of catalysis by 
dihydrofolate reductase (DHFR) from Escherichia coli3. Similar NMR 
experiments revealed that five conformations of DHFR that constitute 
the key species in the enzyme’s catalytic cycle interconvert at rates that 
are equal to those previously determined by kinetic experiments (Fig. 3). 
The NMR results revealed that each enzyme intermediate consists of an 
ensemble of conformations, including minor populations of conforma-
tions that resemble the predominant species featured in the preceding 
and following kinetic steps. This suggests that, as substrates bind, release 
and become chemically converted to other compounds, the populations 
of conformations in a protein ensemble adjust and act to drive catalysis 
along the preferred pathway. The correlation between rate-limiting steps 
of catalysis and rates of conformational change found in both studies 
highlights the role that such changes play in guiding catalysis. These 
phenomena fit our definition of the kinetic parameters of catalysis.

Changes in distributions of protein conformations
In the past, proteins in their native state were viewed as existing in equi-
librium between stable discrete conformations. Moreover, conforma-
tional change events were often thought of as interconversions between 
two different protein conformations. This classical view is being replaced 
by a more comprehensive idea that proteins exist as complex statistical 
ensembles of conformers and that proteins unfold and fold continu-
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Figure 2.1: Schematic overview of different types of allostery. a) shows the classical MWC model (Monod-
Wyman-Changeux), which is also valid for hemoglobin. b) shows how an allosteric inhibitor changes the
conformation to reduce binding affinity whereas c) shows the opposite case with an allosteric effector, which
enables binding. d) shows how the binding of an allosteric effector at a regulatory side can introduced a
conformational change at a distant site which leads to the generation of a novel binding site. e) shows a fusion
protein of an allosterically regulated domain and an enzyme, a construct known as allosteric switch as the
activity of the enzyme is controlled indirectly by the attached allosteric domain. Reprinted with permission
from Macmillan Publishers Ltd: Nature Chemical Biology [166], copyright 2008.

In the last decades the understanding of allosteric regulation expanded from the MWC model
and its sequential counterpart known as KNF model on to an understanding of allostery as intrinsic
property of dynamic proteins. Not only the direct regulation of enzymes or proteins like hemoglobin,
that transport small molecules, is understood and described by allostery but also long-range com-
munication in larger multi-domain proteins becomes a well studied field [165, 169, 173].

Especially in signal transduction it is important to understand how the binding of a small effector
molecule starts a cascade of signaling events over hundreds of proteins. Signaling networks are
highly studied and full description of cellular communication routes emerge. However the initial
step of communication within a single protein domain is not yet understood in all cases. Using
small protein-protein-interaction domains as model systems, different mechanism of intra- and
inter-domain communication have been proposed [9, 10, 162, 174, 175, 176].
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2 PDZ as Example for Vibrational Energy Flow in Proteins
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Figure 2.2: Allostery regulation can be understood on the
free energy landscape of a protein (a). The protein fluc-
tuates in its ground state and upon ligand binding (indi-
cated by the lower arrows) its conformational distribution
is narrowed (b). This is known as induced fit. The protein
may also populate different conformation states equally
but favor one state upon ligand binding. This is known
as conformational selection (c). Combinations where the
protein shifts state and is trapped in an energy minimum
upon ligand binding are also possible (d).
Figure inspired by [173].

A Dynamic Picture of Allostery. Along with the understanding of proteins as dynamic entities
rather than three-dimensional rigid structures, the description of different conformational states
using an energy funnel picture emerged [165, 173, 177]. The concept of energy landscapes is mainly
known from protein folding where an unfolded protein samples its conformational space along
a reaction coordinate in the energy funnel to a local minimum. This is an intriguing description
of a dynamic protein with different functional conformations as well. In this model (sketched in
Figure 2.2) a protein is correctly folded in the deepest wells of the funnel but can have different con-
formational states which are populated with a different probability, a thermodynamic description
of the statistical sampling of the low states in a protein’s energy landscape. The protein in equilib-
rium fluctuates and changes between these conformational states. Through an external trigger an
excitation such as ligand binding or the hydrolysis of ATP the energy landscape changes. In one
case the protein narrows its conformational distribution upon ligand binding, known as induced
fit (Figure 2.2 b), in another case the equilibrium between two or more states is shifted towards
one favored conformation, known as conformational selection (Figure 2.2 c) or a combination of
shifting the energy state and a narrowed conformational distribution is possible (Figure 2.2 d).

The conformational space of a protein is a multidimensional and complex problem and difficult to
describe theoretically. To avoid the use of the full energy landscape, treatment of protein dynamics
in terms of normal modes has been introduced [148, 155, 156, 158, 178]. Using the normal mode
picture another description of allostery can be derived, which can be understood as allostery without
conformational change [166, 179]. Normal modes in a protein are either localized vibrational modes
or delocalized vibrational modes which may encompass whole protein. If the protein conformation
fluctuates and the energy at a given site change this can be understood as energy injection in a
localized mode. Using the physical description of intramolecular vibrational energy redistribution
or vibrational energy transfer [155, 156, 180] anisotropic energy flow between distant sites in a
protein can be understood and related to allostery.

Energy flow in proteins or smaller model systems has been well studied by theoretical models [10,
85, 146, 148] as well as experimentally in model compounds and peptides with ultrafast vibrational
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spectroscopy [109, 112, 145, 150, 152, 181, 182, 183, 184]. The experimental investigation of protein
fluctuations and the role of protein dynamics in allostery was mainly limited to NMR studies with
lesser time resolution [3, 23, 24, 164, 185, 186].

One of the best studied systems for different types of dynamic allostery is the family of PDZ
domains. For these systems several simulations have predicted a coupled network of amino acid
residues connected by a transfer pathway for anisotropic vibrational energy flow [9, 10, 167, 168].
Experimental insight is provided by NMR studies [187, 188] and the first studies of dynamics related
to allostery using optical spectroscopy have been demonstrated lately [189]. PDZ domains and
the different types of allostery postulated in these domains are discussed in the remainder of this
chapter.
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Figure 2.3: Post synaptic density: Organization of protein complexes with focus on PDZ containing scaffold
proteins. The arrow indicates the interaction between PDZ3 of PSD-95 with its native ligand, the CRIPT
protein. Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience [8],
copyright 2009.

2.2 PDZ Domains
The family of PDZ domains (post synaptic density protein-95/disks large/zonula occludens-1) is
one of the most abundant and important families of small modular protein-protein interaction
domains [187, 190]. Similar modular protein protein connecting domains include the families of
PTB domains, SH2 and SH2 domains and WW. PDZ domains can be found in all kingdoms, from
bacteria to higher animals. They are normally part of multi domain proteins complexes. Their
applications include signaling, scaffolding and trafficking of major protein complexes such as the
assembly of the synapse [7, 8, 191, 192, 193]. PDZ domains are classified on the conserved binding
motif special for binding the C-terminus of their target protein [190, 194] and show high ligand
specificity.
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2 PDZ as Example for Vibrational Energy Flow in Proteins

Almost all PDZ domain proteins are found in the cytosol. PDZ is of high importance and very
specialized as a main organizing domain of protein complexes at the plasma membrane, including
trans-membrane proteins, membrane associated proteins and periplasmic proteins. Functions
mediated by protein complexes assembled by PDZ domains include signaling pathways and ion
permeability [195]. It was found that even though the main function of PDZ domains is rearrange-
ment of protein domains and scaffolding, e.g. "gluing proteins together" for them to function [196],
they might as well be involved in regulation of their target proteins.

The PDZ domain family has be widely studied both theoretically and experimentally. The domain
is a prototype for allosteric communication and long range interaction upon ligand binding [157,
186, 197, 198, 199, 200, 201]. The best studied examples include PDZ2 from hPTE1E and PDZ3 from
PSD-95. For both domains similar findings have been made but overall it still remains subject of
debate how long-range communication and energy transfer is happening in these domains [197].

carboxylate 
binding loop

blue: apo-PDZ
red: holo-PDZ

Figure 2.4: Comparison of the structures for apo- and holo-
PDZ3 in complex with CRIPT as pentamer (KQTSV). Repro-
duced in UCSF Chimera [202] using pdb files 1BFE and 1BE9,
representing the structure of PDZ 3 as derived from X-ray crys-
tallography [203]. Depicted are only residues 301 to 403, the
remaining residues in the pdb file are vector-derived and there-
fore not part of the canonical PDZ fold. It can be clearly seen
that only subtle conformational changes are happening upon
ligand binding, especially pronounced in loop 2, the carboxy-
late binding loop.

Structure of the 3rd PDZ Domain of PSD-95 The 3rd PDZ domain of PSD-95 was the first
PDZ domain whose structure was solved using X-ray crystallography by Doyle et al. [203] for the
residues 302 to 402. Structures for the apo-protein and holoprotein in complex with the CRIPT
peptide as pentamer have been solved (pdb entries: 1BFE (apo), 1BE9 (holo)). The observed globular
and compact fold is common to all different PDZ domains and contains six -sheets plus two -
helices and is shown in Figure 2.4. PDZ3 is different as it has an additional 3-helix, which is unique
to this domain and not present in other PDZ domains. The hydrophobic protein core is assembled
by two antiparallel -sheets, forming a -sandwich. One -sheet is comprised of -strands A, F,

D and E. The opposite -sheet is assembled by D, C and B. The peptide ligand is bound as
antiparallel -strand between B and B. These two structural elements form the binding pocket
and are connected by the carboxylate binding loop, which displays the sequence Gly-Leu-Gly-Phe
(GLGF). PDZ domains have been previously named and described after this conserved sequence
(named GLGF repeats). In the carboxylate binding loop the C-terminus of the peptide ligand is
bound with high specificity.
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in the tertiary structure allows for fast and efficient
intramolecular signaling transduction through the
construction and precise positioning of a series of
anisotropic potential energy wells. The appropriate
alignment and packing of residues to define a signal
pathwaymaybe akey factor in thedesignof allosteric
and signaling proteins, in general. Furthermore, van
der Waals interactions are the main component of

Figure 5. Intramolecular signaling pathways proposed
by two different methods. (a) The evolutionary statistical
method proposed a signal pathway that was represented
as a series of connections of van der Waals interactions of
energetically coupled residues with His76, shown as the
pink surface mapped on a ribbon model of PSD-95.10 The
signal pathway takes a detoured route fromHis76 to Phe29.
This Figure is reprinted with permission from Lockless &
Ranganathan.10 Copyright 1999 AAAS. (b) On the contrary,
the signal pathway proposed by the ATD method
illustrated a more direct pathway from His76 to Ile45
via Ile31 and Phe29.

Figure 6. ATD studies performed on the signaling
pathway of PSD-95 with a ligand peptide under various
conditions. After the ATD-direct pathway was proposed,
it was reported by a different group that the mutation
I31Vreduces ligand binding dramatically.18 The mutation
I31V has clearly quenched the signaling from His76,
suggesting the importance of position 31 and the fidelity
of our proposed pathway. The Figures illustrate averaged
rmsd during the first 2 ps of ATD simulations for the (a)
WT and (b) I31V, respectively. (I and V are single-letter
abbreviations for the amino acid residues, Ile and Val,
respectively.) (c) The ATD simulation without electro-
static interactions. This simulation suggests that van der
Waals interaction is the main force for the intramolecular
signaling pathway of PSD-95.
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Figure 2.5: The family of PDZ domains was the first where an intramolecular wire for information transfer
was discovered. Shown are the two mainly discussed amino acid networks in PDZ3, which are derived by
independent theoretical approaches. The left shows the initially predicted pathway based on evolutionary
conserved residues, which are thermodynamically coupled. This pathway was predicted by Lockless and
Ranganathan [9]. The right shows the pathway predicted by Ota and Agard [10], which is derived from a
classical simulation of heat transfer in the protein domain. The energy was injected at position His76 and
a similar but distinctively different pathway has been found. Figure reprinted from Journal of Molecular
Biology [10], Copyright (2005), with permission from Elsevier.

2.3 Energy Flow and Dynamic Allostery in PDZ3
The family of PDZ domains with its important member PDZ3 from PSD-95 is the best studied
example for allosteric long-range communication within a single protein domain.

The first investigation of information transfer from the binding site to residues at a distant site in
the protein was carried out by Lockless and Ranganathan in 1999 [9]. Using a statistical analysis
of a set of more than 250 sequences of PDZ domains they found a conserved set of amino acid
residues which are thermodynamically related and named this a energetically coupled pathway of
connectivity. The pathway proposed by them starts in the binding groove at His372 and continues
along B, includes the ligand residues which are bound as antiparallel -sheet and then continues
to the distant surface. Based on theses studies, interest in a molecular understanding of information
transfer in PDZ domains sparked and several simulations and experiments were performed.

The most intriguing investigation of this information transfer pathway in the picture of vibrational
energy flow was carried out by Ota and Agard in 2005 [10] and is shown in Figure 2.6. They per-
formed an anisotropic thermal diffusion (ATD) molecular dynamics simulation, which is a classical
treatment of heat transfer through the protein. Instead of the expected finding of redistribution of
the injected heat via isotropic diffusion they found a very similar pathway of connected amino acids
(the sequence of PDZ3 with residues of the respective pathways indicated is shown in Figure 5.2 in
Chapter 5).

This energy transfer pathway functions as a preferred wire for the anisotropic heat transfer
through PDZ3 and connects as well the binding pocket starting at His372 with the distant protein
surface. In contrast to the pathway predicted by Lockless and Ranganathan the pathway predicted
by Ota and Agard is not through the B helix, which form the binding pocket, but through the ligand
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Figure 2.6: Ota and Agard [10] used an approach named anisotropic thermal diffusion and simulated heat
transport in PDZ3. This type of simulation is a classical heat transfer simulation similar to related simulations
in solids. The protein is treated alone without solvent molecules. They injected heat at position His372 and
followed its propagation along a coupled network of amino acid residues. A pronounced preference for the
proposed network was found and no heat transfer to other residues in proximity. The goal of my experimental
developments is to design an experiment similar to this simulation. Figure reprinted and modified from
Journal of Molecular Biology [10], Copyright (2005), with permission from Elsevier.

to the other side of the binding pocket and then through the protein core. A comparison of both
pathways is shown in Figure 2.5. The simulated heat transfer can be understood as vibrational
energy flow and occurs (in the simulation) on a timescale of a few picoseconds, which makes it
a very interesting subject to be studied by ultrafast vibrational spectroscopy. However the right
tools for the site-specific tracking of vibrational energy flow needed yet to be developed [204] (see
Chapter 8 and Chapter 9).

Another type of simulation, which is in fact very close to an ultrafast spectroscopic investigation
of the proposed pathway, was performed by Sharp and Skinner [167]. They used a pump probe
approach in a MD simulation to find a very similar pathway. The problem of intra domain long-
range interaction was also tackled by Kong and Karplus, who tested another member of the family
of PDZ domains to report as well on a related pathway [168]. Not only for the PDZ domain allosteric
pathways have been predicted by theoretical simulations. Other examples include gene regulation
factors [205] or Photoactive Yellow Protein [160, 206].

Experimental evidence for the existence of long-range couplings in the PDZ domain family is hard
to achieve. Different methodological approaches, including NMR spectroscopy and double mutant
cycles for kinetic measurements, have been performed. The experiments focused on the study
of the ligand binding dynamics and tried to extrapolate a model for dynamic allostery. Reported
experimental results partly show conflicting results, which might be due to different experimental
approaches [157, 186, 188, 189, 197, 201, 207]. A different type of long range interaction or allostery
than predicted previously has been found by NMR studies [188]. The PDZ3 domain posses a unique

C helix, which is not present in other PDZ domains. It was found, that even though C does not
seem to be involved in ligand binding as judged by the crystal structure, it changes the binding
affinity of the PDZ domain for its peptide ligand, indicating an allosteric regulation by the presence
of that helix.

The most recent theoretical understanding of PDZ function was presented by Steiner and Caflish
in 2012 [208]. They investigated the PDZ3 domain, especially the structure data with and without
ligand towards difference and comparison with MD simulations. They state that PDZ3 achieves its
ligand binding specificity by conformational selection, as they found three different energy basins
for the apo-protein without peptide ligand with only one of the basins being occupied in case of
ligand binding. The simulated structure between the three conformations varied by the distance
of B and B which form the binding pocket. The two structural elements perform a scissor like

23



Part I. Introduction and Theoretical Background

motion and the conformation with the shortest distance is the ligand binding conformation. This
property of conformation selection makes PDZ3 interesting for studies of ultrafast protein dynamics
as well as this kind of conformational fluctuations on the free energy landscape of the protein are in
general accessible by 2D-IR spectroscopy.
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3 Site-Specific Incorporation of Unnatural
Amino Acids

Site-specific reporter groups that are introduced into proteins as side chains of unnatural amino
acids (UAAs) provide a new level of spatial resolution for IR spectroscopy because they can carry
functional groups with vibrations outside of the congested spectral window of native side-chain
vibrations.

Two main approaches of genetic engineering can be distinguished: supplementation based
incorporation (SPI) and stop codon suppression (SCS) based methodologies.1 SPI uses a structural
analog for a canonical amino acid whose code is not degenerated (methionine or tryptophan)
and uses the native translation apparatus whereas SCS uses an orthogonal tRNA/amino-acyl-
tRNA-synthetase pair, which does not interfere with the native translational machinery. Excellent
reviews describe the details of each method [78, 80, 81, 209, 210, 211, 212, 213, 214, 215, 216] and
Figure 3.1 shows an overview of the two approaches in comparison with native protein biosynthesis.
Complementary labeling strategies to attach vibrational probes to proteins and different functional
groups which can be used in IR spectroscopy are discussed as well.

3.1 Unnatural Amino Acids as a Tool in Biophysics
During the last decade the field of synthetic biology has emerged. One core discipline is genetic and
protein engineering. Proteins with specialized function can be designed and expressed. By using
unnatural amino acids which are added to the amino acid alphabet, artificial chemical groups are
introduced into protein side chains. [77, 80]. Different unnatural amino acids with infrared sensitive
side chains have been demonstrated to be incorporated successfully [79, 217, 218]

This ability to design and produce recombinant proteins with specific function is very promising
for the development of novel biophysical tools, not only for IR spectroscopy. Examples for appli-
cations of site-specific UAAs in other fields include click chemistry [219, 220, 221], fluorescence
spectroscopy or FRET [209, 222, 223, 224] and the incorporation of site-specific spin labels for EPR
spectroscopy [225, 226].

A main advantage of using genetic engineering methods over post-translational chemical mod-
ifications for sample preparation is that direct co-translational incorporation of a probe during
protein biosynthesis yields a recombinantly expressed protein which already contains the label of
interest. This makes possible a high labeling yield of the protein sample and there is no need for
further purification steps to separate labeled and unlabeled species since the labeling work is done
by the E. coli. In IR spectroscopy higher specific labeling yield leads to better signal-to-noise ratio
and less background contributions from side products.

1The details of the underlying molecular biology and biochemistry are beyond the scope of this thesis, therefore only a
brief summary of the strategies is delivered.
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SPI. In contrast, the site-specific SCS approach enables the
punctual dissection and modification of proteins (e.g.
[15,16]).

Methanocaldococcus jannaschii TyrRS versus
Methanosarcinaceae PylRSs
Since the introduction of orthogonality as a tool for
protein engineering by Furter [9], various o-pairs were
developed (see [1!!] and [17] for comprehensive lists).
Nevertheless, until recently the most frequently used
o-pair was based on the TyrRS from Methanocaldococcus
jannaschii (mjTyrRS). Altogether, the incorporation of
around 40 different ncAAs, mainly aromatic analogs of
Phe and Tyr, was reported [1!!]. Among these, 4-ben-
zoylphenylalanine (Bpa) for crosslinking [18] or 4-acetyl-
phenylalanine (ActF) [19] and 4-azidophenylalanine

(AzF) [20] for site-specific coupling reactions are certainly
the most popular ones.

Now we are witnessing the spreading utilization of pyr-
rolysyl-tRNA synthetase (PylRS) and its cognate suppres-
sor tRNA pylT from Methanosarcinaceae species in the
whole field. In the native context, this ‘natural o-pair’
enables cells to incorporate the mostly aliphatic Pyl into
target proteins in response to the amber (UAG) stop
codon. In contrast to mjTyrRS, however, PylRSs already
naturally display a broad substrate tolerance towards
orthogonal ncAAs [21]. Within a very short time, a large
number of different PylRS variants for incorporation of
highly valuable aliphatic ncAAs were developed (see
Figure 2 and [4!]). Remarkably, the evolved Pyl o-pair
systems show a very high flexibility with respect to amino
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Aminoacylation with canonical and non-canonical amino acids for protein translation. (a) In the natural scenario, tRNA aminoacylation is catalyzed by
the corresponding aminoacyl-tRNA synthetase (aaRS) responsible for charging the tRNA with the cognate amino acids. (b) The supplementation-
based incorporation method (SPI) exploits the natural substrate tolerance of the endogenous host aaRSs by using auxotrophic host strains. This allows
the simultaneous exchange of many residues in a target protein by sense-codon reassignment [57]. The substrates for this procedure are non-
canonical amino acids (ncAAs) which are isostructural to their canonical counterparts (i.e. atomic mutation concept [58]). (c) Stop codon suppression
methodologies (SCS) are nominally site-specific and make use of a heterologous orthogonal aaRS:tRNA pair (o-pair) to incorporate an orthogonal
amino acid in response to a stop or quadruplet codon. At this level, orthogonality is defined by a lack of cross-reactivity between the o-pair (including
the ncAA) and the endogenous host synthetases, amino acids and tRNAs. Orthogonality of the o-pair is based on species-specific differences in tRNA
recognition by the aaRS. The o-pair has to be evolved to enable the participation of a desired orthogonal ncAA in ribosome mediated protein synthesis
(reviewed in [1!!]).

Current Opinion in Biotechnology 2012, 23:751–757 www.sciencedirect.com

Figure 3.1: For native protein biosynthesis a codon-specific tRNA is charged with the corresponding canonical
amino acid by a aminoacyl-tRNA synthetase (a). This results in a correctly charged tRNA, where anticodon
and amino acid correspond to each other as written in the genetic code. During translation this charged tRNA
is bound by the ribosome and the canonical amino acid is encoded in the expressed protein. To interfere with
the native transcription and translation apparatus two general approaches are used. For the supplementation
based incorporation method (SPI, shown in b) a proteinogenic amino acid is substituted with an isostructural
non-canonical (or unnatural) amino acid, which can be bound by a native tRNA synthetase. This yields a
mis-acylated tRNA with a native codon (for either Trp or Met, as those are the only canonical amino acids
with a non-degenerated code) but an UAA attached. This tRNA is processed in regular manner during
translation leading to a proteome wide substitution of the canonical amino acid to its structural homologue.
The stop codon suppression approach (SCS, shown in c) summarizes all techniques which work with an
artificial codon or a reassigned stop codon for that an orthogonal pair to tRNA and tRNA synthetase are
transformed from another organism. The orthogonal tRNA is loaded by the synthetase, which most often has
an engineered binding side for the UAA of interest, and then processes by the ribosome for the codon which
is suppressed. This approach leads to incorporation of an UAA only at the position of interest.
Reprinted from [80], Copyright (2012) with permission from Elsevier.
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3.2 Supplementation Based Incorporation of UAAs
In the supplementation based incorporation method (SPI) an amino acid is replaced by an isostruc-
tural analog during protein biosynthesis in an auxotrophic E. coli strain. As one of the proteinogenic
amino acids is not synthesized by the auxotrophic E. coli it needs to be supplemented into the
growth medium. The isostructural UAA is used instead and incorporated at every position in a
protein with a codon for the respective proteinogenic amino acid. The SPI method leads thus to a
proteome-wide substitution with the used UAA. [80, 212, 227]. For only two amino acids, methion-
ine and tryptophan, an unambiguous genetic code and tRNA/tRNA synthetase pair exist natively.
Those amino acids are the main targets for the SPI approach as reported in the literature [80, 212]

In a strain such as E. coli B834 for methionine, an isostructural amino acid can be incorporated at
every position with a codon for methionine [218]. This type of approach is routinely used in protein
expression for X-ray crystallography to introduce heavy atoms (via selenocysteine) for solving the
phase problem [227].

Normally an auxotrophic E. coli needs to be grown with the missing amino acids supplemented
in the growth medium. Several UAAs have been shown to be compatible with the native translation
apparatus. To avoid cytotoxic effects of the supplemented UAA the E. coli culture is first grown with
the proteinogenic amino acid as supplement and only during protein expression the isostructural
UAA is supplemented in the growth medium. This approach ensures that bacteria grow normally
and all regulatory pathways and the biosynthesis machinery are functioning normally and have
methionine at crucial sites incorporated.

The SPI approach is easy to implement in a biochemical laboratory, because it requires only
an auxotrophic bacterium, the expression plasmid for the protein of interest and the UAA to be
used as supplement. To allow for site-specific and single-residue labeling, the over expressed gene
needs to contain no native methionine codon. Because the methionine codon functions as start
codon in translation, every protein-encoding gene starts with a methionine codon. The N-terminal
methionine is often removed in vivo, but to provide a pure sample for 2D-IR spectroscopy, leftover
methionine analog at the N-terminus should be removed by cleavage. The construct used for
incorporation of Aha during this thesis used a TEV-cleavage side.

Examples for UAAs incorporated using the SPI Approach. Figure 3.2 presents an overview
of UAAs which are structural homologues to methionine or tryptophan. Among those that can be
incorporated into proteins several are interesting for biophysical applications [223, 228].

The methionine analog Azidohomoalanine (Aha, no. 14), which is used for click chemistry [218,
220, 229], is highly interesting for application in IR and 2D-IR, because it carries an azide group
which absorbs at 2100 cm�1. It is one of the best studied UAAs to be incorporated by the SPI
approach. Its chemical synthesis is described in [230, 231, 232] and a modified E. coli, which can
both synthesize Aha and incorporate it into a recombinantly expressed protein has been engineered
recently [221]. Aha is one of the novel vibrational probes tested for their application potential in
2D-IR in Chapter 4.

The tryptophan analog Azulenylalanine-alanine (AzuA, no. 35 in Figure 3.2) has applications
in studies of vibrational energy flow [112] or FRET [233]. It so far has not been incorporated via
SPI directly but there was preliminary success using the SCS method [234]. AzuA is discussed in
Chapter 8 and Chapter 9 of this thesis.
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fermentation and expression of target proteins in Met-
depleted cultures of E. coli in which MetRS was overex-
pressed and the medium supplemented with the analogue at
millimolar concentrations.

In addition, this approach can be employed even with
synthetases with well documented editing activity, but only if

the desired noncanonical amino acid is not a substrate for
editing reactions. For example, the leucine analogue trifluor-
oleucine is about 200-fold less active than leucine in the ATP-
pyrophosphate exchange activation assay.[79] Nevertheless, it
can easily be incorporated into relatively small coiled-coil
proteins under normal expression conditions.[80] On the other

Figure 4. Expansion of the coding capacities of AUG and UGG triplets, which are in the genetic code assigned to the canonical amino acids
methionine (1)[13, 76] and tryptophan (19),[17,74,75, 102–106] respectively. These evolutionary codon assignments make Met and Trp obligatory building
blocks in protein synthesis, as they both belong to the first coding level. Experimental reassignments of AUG and UGG coding triplets enable
entire libraries of mostly isosteric, noncanonical amino acid analogues and surrogates to serve as substrates for ribosome-mediated protein syn-
thesis, building in this way a second or facultative coding level in the genetic code. Noncoding levels consist of amino acid substrates for which
experimental attempts at incorporation were unsuccessful to date. One of the main tasks of code engineering is to “move” translationally inactive
amino acids from the noncoding level to coding levels. Most of the translationally active amino acids presented here were incorporated into pro-
teins by the groups of Budisa and Tirrell. Note that translationally active allylglycine, 2-butynylglycine (not shown) as well as norvaline (9), norleu-
cine (3), homoallylglycine (11), and homopropargylglycine (8) might serve as substrates for engineered LeuRS as well.[102–106] This novel feature in
the translational process (“identity problem”) is discussed in detail in the text. Methionine analogues and surrogates: selenomethionine (SeMet,
2), 2-aminoheptanoic acid (4), telluromethionine (TeMet, 5), S-nitrosomethionine (6), trifluoromethionine (7), ethionine (10), trans-crotylglycine
(12), selenoethionine (13), azidohomoalanine (14), metoxinine (15), azidoalanine (16), cis-crotylglycine (17), and trifluoronorleucine (18). Transla-
tionally active tryptophan analogues and surrogates: 7-azatryptophan (20), 4-, 5-, and 6-fluorotryptophan (21–23), 5- and 4-hydroxytryptophan (24
and 25), 5- and 4-aminotryptophan (26 and 27), l-b-(thieno[2,3-b]pyrrolyl)alanine (28), l-b-(thieno[3,2-b]pyrrolyl)alanine (29), b-selenolo[2,3-b]pyr-
rolyl-l-alanine (30), and b-selenolo[3,2-b]pyrrolyl-l-alanine (31). The 7-fluorotryptophan, and 4-methyltryptophan are not shown. Translationally
inactive Trp analogues and surrogates: 5-cyanotryptohan (32), benzothienopenalanine (33), azulene (35), 1-, 6-, and 7-aminotryptophan (34, 36,
37), 7-trifluoromethyltryptophan (38), and azatryptophan (39). The IUPAC names of the compounds are available in the Supporting Information.

N. BudisaReviews

6436 ! 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 6426 – 6463

Figure 3.2: Examples of UAAs, which can be incorporated via a supplementation based incorporation ap-
proach as surrogates of the canonical amino acids Tryptophan and Methionine. Incorporation into proteins
is possible up to the second coding level. For the SPI approach the endogenous translation apparatus is
used in an auxotrophic strain. The genetic code for the two amino acids Methionine and Tryptophan is not
degenerated (there is only one codon for each of them) as shown in the section of the codon table in the
bottom of the figure. The most interesting UAA for IR spectroscopy that can be incorporated this way is
Azidohomoalanine. Azulenylalanine, which is used in this thesis as well (see Chapter 8 and Chapter 9) can
not be directly incorporated as tryptophan analog.
Reproduced with permission from [212], Copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1
Chemical structures of genetically encoded unnatural amino acids (and hydroxy acids in the case of molecules 32 and 66).
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Figure 3.3: Examples of UAAs, which can be incorporated via genetic code expansion using an orthogonal
tRNA/aminoacyl-tRNA synthetase pair, e.g. based on the TyrRS from Methanocaldococcus jannaschii. Some of
those UAAs are interesting for use as vibrational probes in FTIR and 2D-IR spectroscopy. No. 14, Cyanopheny-
lalanine (CNP) has been reported especially for this applications [79] and no. 7, Azidophenylalanine (N3P)
are highly interesting for applications in proteins.
Reproduced from [209].

3.3 Stop Codon Suppression based Incorporation of UAAs
The other general approach to incorporate UAAs is the stop codon suppression (SCS) also called sup-
pression based incorporation. This technique directly interferes with the endogenous biosynthesis
machinery at the transcription level as it extends the available genetic code with an additional codon
for the UAA that is to be incorporated. The most common implementation is the reassignment
of a stop codon to a engineered orthogonal tRNA/tRNA-synthetase pair from another organism.
The tRNA carries an anticodon that matches the stop codon to be suppressed and is loaded by the
tRNA-synthetase, which is specifically adapted to the UAA of interest (see Figure 3.1 (c)).

An early demonstration of this approach in vivo was done by [235], encoding for a fluorinated
phenylalanine in E. coli by transformation of a yeast suppressor tRNA(Phe) amber/phenylalanyl-
tRNA synthetase pair. This yielded proteins with up to 75 % successful incorporation of the target
UAA. The remainder was expressed with structurally related canonical amino acids.

The principle of using a native stop codon (in this case the amber codon UAG) and reprogramming
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the intracellular translation machinery to read through this codon instead of terminating the protein
biosynthesis was improved dramatically since then [209, 210, 213, 236, 237]. It generally works
because in E. coli the amber codon is not used to the same extent as the other two stop codons.
A major step towards better incorporation yields is the use of specifically engineered derivatives
of orthogonal tRNA/tRNA synthetase pairs, with tRNA(Tyr)/Tyr RS from Methanococcus jannaschii
[78, 210] being the most prominent example.

Other than the native amber codon, quadruplet codons are another approach of extending the
genetic code. The first demonstration was the use of AGGA as codon in combination with the
tRNA(Lys/Lys RS pair from Pyrococcus horikoshii [214, 238, 239]. The discovery of the native pathway
for the incorporation of pyrrolysine as 22nd proteinogenic amino acid in Methanosarcina barkeri
by amber codon suppression [240]made the corresponding tRNA/tRNA synthetase pair (which is
orthogonal to E. coli) another much used tool for the genetically encoded incorporation of UAAs
with aliphatic side chains [216, 239, 241, 242].

To have acceptable expression yield and accuracy when incorporating a specific UAA into a
protein, the tRNA synthetase needs to be optimized. This is achieved by evolving the binding side
through repeated mutagenesis of residues in the substrate binding pocket. Positive and negative
selection circles are then required until a mutant of the specialized tRNA synthetase with appropriate
properties is found. The orthogonal tRNA and optimized tRNA synthetase are transformed in an E.
coli expression strain and tested for compatibility with its transcription and translation machinery.
The additional UAA has to supplemented in the growth medium. Recent approaches from molecular
biology include engineering a bacterium with the ability to not only incorporate and cope with the
additional UAA but also with its new biosynthesis pathway [243]. The SCS approach has not only
been demonstrated in E. coli but was also successfully shown to work in higher organisms such as
Saccharomyces cerevisiae [213, 241] or even mammalian cells [244].

Examples for UAAs incorporated using the SCS Approach. Figure 3.3 summarizes the set
of UAAs for which incorporation with a SCS approach has been demonstrated [209].

More than 70 different chemical compounds were incorporated as UAAs, some of them of interest
to IR spectroscopy. Cyanophenylalanine (CNP, no. 14 in Figure 3.3) was the first UAA introduced
specifically as IR reporter group [79], but results from Chapter 4 show CNP is of limited use. Until
now only a few applications for CNP in proteins for IR spectroscopy have been demonstrated
[79, 245, 246, 247, 248].

Another interesting UAA is Azidophenylalanine (N3P, no. 7 in Figure 3.3). The incorporation
was first demonstrated by [217] and some applications in IR spectroscopy of proteins have been
demonstrated since then [82, 83, 136, 249].

Both CNP and N3P are tested in this thesis for their usage as vibrational probes in 2D-IR spec-
troscopy of proteins.

3.4 Potential Functional Groups as Probes for IR Spectroscopy
Many candidates for novel probes for IR spectroscopy of proteins exist beyond the UAAs discussed.
Several different functional groups have been tested and there is a huge body of related work in the
recent literature [75, 76]. In Table 3.1 an overview of potentially useful functional groups with their
spectral absorption windows are listed. Most of them have been reported and tested for FTIR or
2D-IR spectroscopy in model compounds but not in proteins. Not all of them can be incorporated as
side chain of UAAs, but several other approaches for their introduction into proteins are known and
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group structure ⌫̄ (range) Intensity

Azide R�N3 2050 cm�1–2120 cm�1 strong
Alkine R�C���C�H 2120 cm�1 weak
Nitrile R�C���N 2250 cm�1 medium
Carbon-Deuterium R�C�D 2100 cm�1 weak
Isocyanate R�N��C��O 2230 cm�1–2280 cm�1 strong
Cyanate R�O�C���N 2130 cm�1–2260 cm�1 medium
Thiocyanate R�S�C���N 2130 cm�1–2170 cm�1 medium
Isothiocyanate R�N��C��S 2030 cm�1–2200 cm�1 strong
Thiol R�S�H 2580 cm�1 weak
Metal-Carbonyl R�Re�(C���O)3 2000 cm�1–2100 cm�1 very strong

R�Ru�(C���O)2(OH)3

Table 3.1: Functional groups with vibrational absorption bands in the biomolecular free window between
1800 cm�1 and 3000 cm�1.

used. Some of them yield site-specific probes as well. Those include mainly chemical modifications
of the purified proteins.

Isotopes of Carbonyls. One of the most common approaches in traditional FTIR spectroscopy
is the introduction of isotope labels for a specific amino acid species during protein expression by
using an isotope labeled precursor or amino acid in the growth medium. This is generally a good
approach to help with assignment of vibrational modes, e.g. in case of a C��O group the difference
between the natural isotope 12C16O and heavy isotopes like 13C16O or 12C18O leads to a wavenumber
shift of about 2.2 % to 2.5 % to lower wavenumbers (for the Amide I region this means a shift from
1650 cm�1 for natural isotopes to 1613 cm�1 for 13C16O [62, 63]). This spectral shift can be used to
analyze the change in vibration of a single labeled, site-specific oscillator separated from the main
vibration. The main drawback of this approach is that all amino acids of the same type are labeled
unless the sample is prepared by full synthesis. A huge body of work analyzing peptide and protein
folding and protein function that uses isotope labeling exists. (e.g. [62, 63, 69, 114, 250])

Carbon-Deuterium Groups. Other novel probes are C�D modes [108, 251, 252, 253, 254], which
can only be incorporated site-specifically by full synthesis of the protein samples. C�D modes
absorb at 2100 cm�1, thus the absorption bands are well separated from other protein bands.
Their spectral characteristics have been investigated in detail in single amino acids and in proteins
[108, 251, 252, 253, 254]. They are exceptionally noninvasive to the protein structure [255]. Their
major drawbacks are that the achievable size of the protein system is limited because full chemical
synthesis is needed and that the for the C�D stretch vibration is relatively small so that high sample
concentrations are required.

Metal Carbonyls. This is yet another type of site-specific label which fulfills the requirement of
high oscillator strength exceptionally well, but which is not derived from a native precursor class of
molecules was the first to be studied in great detail by 2D-IR [46, 86, 120, 142, 256]. Both the Zanni
and the Kubarych group gained insights into protein solvation and dynamics using a metal carbonyl
attached e.g. to a histidine side chain. [137, 138, 257]. This is despite the fact that metal carbonyls
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can be very invasive to the native protein structure.

Thiocyanate. SCN has an absorption band well within the free spectral window, at 2150 cm�1

allowing for applications both in H2O and D2O. Thiocyanates can be created from cysteines in a two-
step chemical reaction [258, 259, 260]. The advantage of this approach is that conventional sample
preparation protocols can be used, and high protein expression levels are expected. However, the
post-translational chemical modification has certain drawbacks in contrast to the newer approaches
of using UAAs. When site-specific resolution is desired, only one cysteine can be present in the
protein of interest. Additionally, a SCN group is not very stable (hydrolysis within a few days was
reported in [258]). Furthermore chemical reactions never yield 100 % labeling. Depending on the
sample conditions, much lower labeling yields have to be anticipated and by-products are difficult
or impossible to separate. SCN is an important site-specific vibrational probe, because of its high
electric field sensitivity. It can be used for direct measurements of the electrical field in proteins via
Stark spectroscopy [84, 261, 262, 263, 264].

The approach of SCN labeling was tested in our group and is reported in the Bachelor thesis
of Daniela Kern-Michler [265], which was supervised by the author but is not covered here. In
addition to the development of a labeling protocol and detailed characterization of the SCN label
by steady-state FTIR spectroscopy, we performed ultra-fast experiments (transient IR and 2D-IR
measurements) on Methyl-Thiocyanate and SCN-labeled Hemoglobin, the results of which are
reported in [260].

Other Chemical Groups. Beside the discussed candidates for novel vibrational probes other
functional groups might be useful based on their absorption frequency and (expected) extinction
coefficient. Those include (but are not limited to) Alkines, which can be incorporated into proteins
using an approach similar to Aha and which are among the best studied UAAs due to their wide
applicability in click chemistry [219, 220, 266, 267]. But in contrast to azides or nitriles the expected
signal intensity is weak.

Cyanates (OCN) and Isocyanates (NCO)have been studied in model compounds using 2D-IR and
might be useful for protein studies as well [76, 268]. The natively present Thiol group (SH) is only
a weak vibrational oscillator but was previously used in a proof-of-principle experiment as local
probe in protein in IR spectroscopy [269].
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4 Experimental Characterization of Azide- and
Nitrile-Containing Unnatural Amino Acids

As outlined in the motivation and Chapter 3, unnatural amino acids carrying an azide (N3) or nitrile
(CN) group in their side chains make promising candidates for novel vibrational probes to be used
for 2D-IR spectroscopy of proteins. Before those can be applied to study protein dynamics, the UAAs
need to be thoroughly characterized to identify a suitable and versatile probe. Different influences
on the vibrational lifetime and line shape need to be studied on the UAA alone to gain meaningful
insights into protein dynamics when it is applied as site-specific probe.

An ideal probe should fulfill a wide range of specifications beside its spectral features, including
photo stability and usability in different biologically relevant solvents. This chapter summarizes ex-
periments conducted in search for a novel probe and discusses results on the UAAs azidophenylala-
nine (N3P), azidohomoalanine (Aha/N3A)1, cyanophenylalanine (CNP) and cyanoalanine (CNA).

4.1 Introduction
A huge body of work is currently dedicated to the testing of novel vibrational probes for 2D-IR
spectroscopy, including unnatural amino acids (reviewed in [75, 76]). The group of Peter Schultz
suggested to use cyanophenylalanine (CNP) as genetically encoded, site-specific probe for IR
spectroscopy and demonstrated the successful incorporation into myoglobin. They reported FTIR
absorption spectra with reasonable extinction coefficient [79] and were able to also show that their
myoglobin mutant, with CNP replacing the distal histidine, was still functional as shown by UV/Vis
and FTIR spectroscopy of the mutant with and without CO ligand. Unfortunately I was not able to
reproduce their results on myoglobin (see my diploma thesis [270]) and that initiated the search for
other probes for 2D-IR spectroscopy. Several other groups in the 2D-IR and FTIR community work
as well on testing and characterizing novel vibrational probes (as summarized in Chapter 3).

In this thesis several candidates of novel probes with special focus on azide- and nitrile-containing
amino acids are compared. All are either aliphatic or aromatic amino acids with terminal nitrile
or azide groups, derivates of either phenylalanine or alanine. Their spectral characteristics are
investigated and reported in this chapter. The best candidate for application in proteins is identified.
The tested candidates can either be incorporated by amber codon suppression as demonstrated for
CNP and N3P [79, 217] or using the supplementation based approach as shown for Aha/N3A [218].
To complete the set of structurally related amino acids cyanoalanine (CNA) was tested additionally
as aliphatic nitrile.

Azide and nitrile groups are well-studied by IR spectroscopy [43, 271, 272]. The absorption
frequency for the azide stretch vibration is expected around 2100 cm�1 and the absorption frequency
for a nitrile around 2200 cm�1 [273]. Both are reported to show a pronounced solvatochroism, which

1note that in this chapter azidohomoalanine was used in its boc-protected form for most experiments and this therefore
abbreviated N3A in contrast to later chapters; the abbreviation Aha refers to the unprotected free amino acid.
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makes them especially favorable as reporters of the local protein interior [274, 275, 276, 277, 278,
279].

In case of nitriles this effect has been known for very long [280, 281, 282]. The Gai group was
the first to realize and demonstrate the major potential of using a nitrile group as reporter of a
biomolecular environment [271]. In a series of experiments they demonstrated the huge sensitivity
of the nitrile stretch vibration to the polarity of its solvent surrounding (using THF and H2O as
pure solvents as well as mixtures). In a first application to study a biologically relevant effect, they
investigated the binding of a peptide to its receptor and were able to show that the IR frequencies
indeed showed a shift as expected for a change towards a less polar environment. This effect of
sensitivity to the surrounding electrostatics has been studied since to a great extent and also been
utilized in Stark spectroscopy of proteins [84, 283, 284, 285]. Also nitriles have been used in several
recent 2D-IR studies. The high sensitivity of the absorption band to solvent changes or hydrogen
bonding and unbonding allows experiments like EXSY-2D-IR [52, 286]. Not only as site-specific
reporter group incorporated into the peptide or protein chain [52, 248] nitriles were used in 2D-IR
experiments, but also medically relevant ligands with nitrile groups served as insightful reporters of
ultrafast equilibrium dynamics [287, 288]. A good review on the application of the nitrile stretch
vibration as IR reporter group to study biomolecules is given in [52, 281].

As the azide stretch vibration is known to have a higher extinction coefficient than a nitrile or
a thiocyanate stretch vibration, azide are especially interesting for 2D-IR applications. The first
testing of an azide-derivatized amino acid to be used in proteins was carried out by Minheang Cho’s
group [274]. They tested the alanine-derivate -alanine for its usability as vibrational reporter in
comparison to an aliphatic nitrile and thiocyanate and found its extinction coefficient to be more
than a 10 times higher for the azide than for the nitrile. Their experiments indicate a clear and
similar correlation between the absorption frequency and the polarity and/or hydrogen-bonding
property of the solvent with the azide frequency showing a similar blue-shift upon switching from a
nonpolar solvent to H2O. Later theoretical and experimental descriptions showed, that azides have
a more complicated solvatochroism than nitriles [276, 278, 279], however they serve as very sensitive
reporters of hydrogen-bonding. Especially the aliphatic azide azidohomoalanine was studied in
detail [275, 289], because of the previously described relatively simple approach for incorporation
into a protein [218]. Other azides proposed for usage in proteins include azidoproline [290] and
azidophenylalanine [82, 83]. Generally a good introduction and review of recent developments in
using site-specific probes in FTIR and 2D-IR spectroscopy is given by [75, 76].
A versatile vibrational probe for usage in proteins should fulfill the following requirements:

A High Extinction Coe�cient. A huge will allow for high signal strength at reasonable sample
concentrations still operable with protein samples. Vibrational modes, which were investigated in
the first 2D-IR experiments, including carbonyl oscillators [42, 46, 47, 95, 291, 292], have extinction
coefficients around 1000 M�1 cm�1 leading to good signal size and reasonable signal to noise ration
(SNR) for samples with sub-millimolar concentration, as required in 2D-IR studies of protein dy-
namics. Examples include e.g. studies of peptide and protein folding [113, 117]. In FTIR absorption
spectra the signal size of an absorption band scales linear, whereas in 2D-IR spectra the signal size
is proportional to the squared extinction coefficient. Therefore a high oscillator strength, reflecting
a strong transition dipole and high extinction coefficient is crucial for a novel vibrational probe to
be applied in proteins. If is twice as large that allows samples to be four times less concentrated,
making 2D-IR experiments of proteins more feasible.
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Figure 4.1: Structures of the four amino acid candi-
dates tested in this thesis. The focus is on azides and
nitriles, both aromatic and aliphatic. All structures
are depicted in their boc-protected form, which has
the advantage, that the system contains a peptide
bond. The molecules are cyano-alanine (aliphatic
nitrile), cyano-phenylalanine (aromatic nitrile), azi-
dohomoalanine (aliphatic azide), and azidopheny-
lalanine (aromatic azide).

Spectral Congestion. The absorption frequency of the functional group in the UAA should be
separated from normal protein vibrations and ideally be in the biologically free window between
1800 cm�1 and 3000 cm�1. Oscillators natively present in proteins lead to spectrally crowed ab-
sorption spectra because of their overlap, especially in the amide regions (see Motivation). A new
spectral label needs to be separated from those natively present absorptions to allow for studies
with spatial resolution on side chain level. Several different functional groups are in principle suited
to be used as vibrational probes are reported in Chapter 3.

Solvent Compatibility and Low Background. Application both in H2O and D2O. These are
the major solvents for the investigation of proteins. H2O is preferable because no re-buffering
and difficult sample preparation is needed. However it is as well important to have a Novel Probe,
which can be used in D2O, because it might be interesting to do experiments, where one wants to
measure signals of the backbone. Changes of the backbone are reflected by the amide I and amide
II signals, comprised of contributions from the peptide bonds. Those bands are not accessible in
H2O because of the high solvent absorption. Regular FTIR spectroscopy of proteins therefore is
normally performed in D2O. Time-resolved 2D-IR measurements dedicated to study the coupling
of a Novel Probe to vibrational modes of the protein backbone or monitor changes of the protein
secondary structure on the vibration of the Novel Probe have to be carried out in D2O.

Incorporation Protocol. The incorporation of a Novel Probe should be easy to achieve and not
need difficult molecular biology or other expression systems than standard recombinant expression
in E. coli. Possible incorporation strategies using latest developments from chemical biology are
briefly described in Chapter 3. A relatively easy implementation of a labeling protocol is important,
because proteins for 2D-IR must be produced in high yield with resulting protein mass of some
mg to have sufficient protein amounts for 2D-IR measurements. Additionally a protein of interest
needs to be very stable to reach protein concentrations in the mM range. Even more important is
that the incorporation approach needs to yield high labeling percentages and ideally should allow
to prepare protein samples with single incorporation sites.
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Photostability. Not only equilibrium 2D-IR studies are aimed for with a labeled protein sample
but as well transient IR and transient 2D-IR spectra might be interesting. Especially when the
studied protein is a photo receptor. Then it is necessary that the novel probe is stable upon visible
excitation. For example this would be the case for a study in myoglobin where the carbon monoxide
ligand can be excited and removed from the binding side by 530 nm light (as used in the 2D-IR
study by [47]) or in a photoreceptor like proteorhodopsin with the excitation wavelength of approx.
525 nm [68] or in the small photo receptor PYP with the low excitation wavelength of around 450 nm
[293]. This is especially important to be tested on the azide containing UAAs as azides are used
traditionally in photocrosslinking studies of proteins [294, 295]

Vibrational Life Time, Anharmonicity and Sensitivity to the Surrounding. The vibrational
lifetime is a crucial information about a novel probe because it determines the time window that
can be accessed using the new label. The anharmonicity is another important characteristic of a
vibrational probe, as it determines the splitting between the negative and positive contributions
to a 2D-IR spectrum by the excited state absorption (ESA) and the combination of stimulated
emission (SE) and ground state bleach (GSB). Of major importance for applications in proteins is a
pronounced sensitivity to the environment of the studied vibration. Given that azides and nitriles
are very sensitive reporters of their local environment it is to be expected that their 2D-IR spectrum
shows possibly strong spectral diffusion. This means for short waiting times the diagonal peak is
elongated along the diagonal, which reflects the inhomogeneity of the local surrounding. With
increasing waiting time the environment fluctuates and the inhomogeneity vanishes, leading to the
2D-IR diagonal peak becoming less elongated along the diagonal or even circular.

4.2 Experimental Design
The following experiments have been conducted with the four proposed candidates CNP, N3P,
N3A and CNA. The experimental conditions are mentioned in the figure captions, details about the
experimental setup for the ultrafast measurements can be found in Appendix A and details on the
quantum chemical calculations in Appendix C.

Solubility Test. Every amino acid was tested towards its solubility in different solvents, those
included H2O (or NaOH to enable solubility), DMSO, THF, CCl4, CHCl3 and C2H3N. For this the
boc-protected form of all the amino acids was used.

Extinction Coe�cient and Solvatochroism. For the four amino acids candidates concentration-
dependent FTIR absorption spectra in the solvent tetrahydrofuran, which is a good mimic for the
protein interior [271], have been recorded. Of the three best candidates also FTIR absorption spectra
in aqueous solution have been measured to monitor the influence of the solvent on the absorption
frequency.

DFT Calculations. Of all amino acids DFT calculations to assign the recorded FTIR spectrum,
have been carried out using different complex basis sets to allow for a detailed assignment (see
Appendix C for computational details). It is not easy to do an unambiguous assignment of all
characteristic modes, even with the help of DFT calculations. Especially difficult and partly mis-
leading is the assignment for the aromatic amino acids CNP and N3P. More details on how to use
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experimental results from ultrafast IR spectroscopy for unambiguous assignment can be found in
Chapter 7.

Illumination test to monitor Photostability. Of both azide-containing amino acids N3A and
N3P, UV/Vis spectra were measured to monitor long-term stability upon visible radiation using
a high-power LED. Its crucial to determine the photo stability, especially of the azide-derivates,
because azide containing compounds are often used in photo-crosslinking, to ensure a broad
applicability for the novel probe in different ultrafast experiments.

Vibrational Life Time and Anharmonicity. Of the three amino acids with a high enough extinc-
tion coefficient for applications in proteins ultrafast broad band IR spectra have been recorded. The
first measurement for the three remaining label candidates (N3A, CNP, N3P) was the determination
of the vibrational life time and the anharmonicity in the example solvent THF.

Transient IR Spectra and 2C-2D-IR of Aha and N3P. For the three remaining candidates
transient IR data with pumping the absorption serving as a probe have been recorded for the full
spectral window covered by the FTIR. Of the two azide-containing amino acids Aha and N3P full data
sets of 2C-2D-IR spectra for different waiting times have been recorded. The 2C-2D-IR approach
is an technique used in our group to measure cross peaks between separated absorption bands,
utilizing two independent optical parametric amplifiers to allow for disentangled light sources for
pump and probe beam. Using independent pump and probe light sources it is possible to access
not only diagonal peaks in a 2D-IR spectrum but as well cross peaks, which are separated by some
hundred wavenumbers. See Chapter 1 for details. This experiment is important to see the influence
of couplings between the novel probe and e.g. CO oscillators of the peptide bond for planned studies
of protein structural dynamics.

2D-IR to monitor Spectral Di�usion. The diagonal peak of the azide or nitrile group in the
2D-IR spectrum was measured for different waiting times with high spectral resolution. These
data allow for the determination of the spectral diffusion characteristics, which is a mandatory
prerequisite for application of the respective UAA in proteins. Of the best candidate, Aha, the
spectral diffusion in H2O has been tested as well, because this is the solvent crucial for application
of the proposed label in proteins.

4.3 Results and Discussion
In the following all experimental results are described and discussed with focus on identification
of the most versatile novel vibrational probe to be applied for protein studies (those are described
in the following chapters). The main result of the investigation is the finding, that Aha has the
best combination of properties to be used in proteins, but the other candidates have application
potential as well.

4.3.1 FTIR and UV/Vis Spectra, Extinction Coe�cients, and DFT Calculations
In Figure 4.2 the FTIR spectra of the four investigated candidates are depicted. Two things can be
recognized at first glance: The nitrile containing amino acids have a lower extinction coefficient
than the azide-containing amino acids and the aromatic amino acids show a higher extinction
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Figure 4.2: FTIR spectra with results from DFT calculations for all four investigated label candidates. All
spectra are measured in THF and show the extincting coefficient. To calculate the extinction coefficient
accurately experiments with different concentrations have been measured. Solutions of 100 mMstock per
molecule were prepared and measured against THF (99.9%, Sigma-Aldrich, anhydrous, inhibitor-free) as
background. Experiments were performed using a Bruker Tensor FTIR spectrometer, equipped with DTGS
detector, in a sample cell as described in [296]with spacer thickness of 50µm. DFT calculations have been
performed using Gaussian09 [297], results are scaled by a factor of 0.96 [298], see Appendix C for more details.

coefficient than the aliphatic amino acids with the same attached group. Cyanoalanine has the
lowest extinction coefficient of the investigated label candidates of approx. 18 M�1 cm�1 and a
very narrow line width. Overall the integral of the aliphatic nitrile stretching vibration is very
small, indicating a small transition dipole moment, which excludes cyanoalanine as novel probe in
proteins. The obtained center frequency for CNA in its boc-protected form at 2251 cm�1 in THF
matches the previously reported value of 2252 cm�1 for the Fmoc-protected molecule [271]. A value
for is not reported in the literature.

Azidohomoalanine as the aliphatic azide has an extinction coefficient of 506 M�1 cm�1 in THF
and a reasonably narrow line width. The extinction coefficient for the azide stretch in Aha is a bit
lower than the observed one for the amide I vibration, which shows two distinct absorption bands for
the two carbonyl oscillators present in the test molecule Fmoc-Aha. The obtained center frequency
of 2099 cm�1 for the azide stretch vibration in THF matches reported values, whereas the extinction
coefficient was up to now reported differently, with values ranging from about 300 M�1 cm�1 [139]
in THF to 1570 M�1 cm�1 in H2O reported by [289], with which we disagree (see Chapter 5 for the
values in H2O as well as [299] for a detailed report on the experiments for determination of the
extinction coefficient).

In CNP the line width is smaller than for Aha but the extinction coefficient is bigger than for
cyanoalanine. The extinction coefficient is approx. 194 M�1 cm�1 for the boc-protected derivate
in THF. The extinction is much smaller than the amide I mode but more than 10 fold higher than
for cyanoalanine. The value for is of the same magnitude than reported by [271] who found
220 M�1 cm�1.

For N3P the biggest extinction coefficient is found of all investigated attached groups. The
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aromatic azide stretch vibration has an extinction of 736 M�1 cm�1. The extinction coefficient for
the azide moiety is approx. the same as for the amide I vibration. The line width is comparable
to the aliphatic azide in Aha. For the of the azide stretch vibration of N3P not values have been
reported in the literature so far. In comparison to CNP in N3P an additional absorption band in the
ring mode region around 1600 cm�1 was found, which is confirmed by the DFT calculations and
was contributed to a degeneration and splitting of the ring vibration.
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Figure 4.3: Concentra-
tion dependent FTIR
absorption spectra
of the azide stretch
vibration in N3P in THF.
Data were recorded on
a Bruker Tensor FTIR
using a DTGS detector
and a cuvette with
50µm path length

In N3P a disturbance of the line shape for the azide stretch vibration is observed. All other
tested molecules posses a symmetric line shape with only one absorption band. In case of N3P
about four sub bands can be observed in the azide stretch vibration (as can be seen in in more
detail in Figure 4.3). The presence of sub bands in the azide absorption can be explained by a
Fermi Resonance (possibly between the symmetric stretching of the azide at 1200–1300 cm�1 with
aromatic C�H deformation at 800 cm�1) [300], because the splitting into sub bands vanishes upon
isotope substitution [301]. In Figure 4.3 concentration-dependent FTIR spectra of N3P in THF are
shown. The line shape indicating at least four sub bands is consistent for all concentrations, as can
be very well seen in Figure 4.3 b for the normalized spectra. This excludes concentration effects as
source for the complicated line shape of the azide stretch vibration in N3P.
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Figure 4.4: FTIR spectra for N3P, CNP and N3A in THF and aqueous solution in comparison. Spectra are
measured under different experimental conditions and therefore only the normalized absorption bands are
shown. As the boc-protected derivates of azido- and cyano-phenylalanine are difficult to solve in pH-neutral
H2O, those have been measured in NaOH (under basic conditions).

To investigate the previously reported sensitivity of the azide and nitrile groups to the surrounding
solvent environment also FTIR absorption spectra in aqueous solution have been measured of N3P,
CNP and N3A. Those are shown in Figure 4.4. For all three tested UAAs a blue-shift of the center
frequency of either the nitrile or the azide stretch vibrations is observed, which is in agreement
with reports from the literature [52, 254, 275, 279, 281, 286, 289]. For N3P and CNP a pronounced
effect on the line width included by the more polar and hydrogen-bonding environment in H2O
can be clearly observed, which is not as distinct in N3A. But also for the aliphatic azide stretch
vibration a broadening in H2O occurs, which is analyzed and discussed in more detail in Chapter 5.
For N3P the line shape of the azide stretch absorption is not as disturbed in H2O as in THF, which
might explain the misinterpretation that the sub bands are induced by the surrounding (solvent
or protein) or why a Fermi Resonance for this molecule was ignored by part of the literature for
experiments conducted in H2O [249].
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Figure 4.5: UV/Vis absorption spectrum of Aha in
H2O recorded using a Jasco V670 UV/Vis spectrom-
eter. Samples with varying concentrations were
placed in a cuvette with path length of 1 cm, which
had an optical transparency starting at 250 nm

Amino acids containing azide groups in their side chain are commonly used in click-chemistry
and photocrosslinking of proteins [220, 294, 302, 303, 304, 305]. Therefore the photo physical
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amino acid ⌫̄ (THF) ⌫̄ (H2O) ✏ (THF) ⌧ GSB/SE (THF) ⌧ ESA (THF)

CNA 2251 cm�1 no data 18 M�1 cm�1 no data no data
N3P 2114 cm�1 2125 cm�1 736 M�1 cm�1 0.542 ps/4.607 ps 1.1 ps/5.66 ps
Aha 2099 cm�1 2119 cm�1 506 M�1 cm�1 0.83 ps/4.89 ps 0.77 ps/4.87 ps
CNP 2228 cm�1 2234 cm�1 194 M�1 cm�1 1.07 ps/4.64 ps 1.19 ps/6.05 ps

Table 4.1: Overview on spectral characteristics for the four tested novel probes.

properties and photo reactivity in the UV/Vis spectral range of N3P and Aha have to be taken into
account for different applications, especially in transient 2D-IR of photoactive proteins. The UV/Vis
spectra of both samples (N3P and N3A) were recorded and for N3P a stability test was conducted.
In Figure 4.5 the UV/Vis absorption of Aha for different concentrations in H2O is shown. It can
be clearly seen, that the absorption band is situated below 350 nm, results for N3P are similar
and not shown. Thus the azide-containing amino acids are suitable for applications in the most
common photoactive proteins or for photo activable reactions (e.g. measurements in PYP or BR
as well as in Myoglobin, in all of those an excitation wavelength above 400 nm have been used)
[4, 38, 47, 306, 307, 308, 309]. For N3P FTIR spectra in THF after different illumination times using
either a 400 nm LED or a white-light LED have been recorded to record structural changes upon
irradiation. Even after 5 h and 8 h irradiation no instability of the compound could be observed
(data not shown).

4.3.2 Anharmonicity and Vibrational Lifetimes
Based on the extinction coefficient three of the four tested compounds fulfill the first requirement
for applications in proteins and have a sufficient oscillator strength to allow experiments with
concentrations in the low µM regime. Those are N3P, CNP and N3A. For those three UAAs broad
band IR pump IR probe spectra have been recorded. Results are shown in Figure 4.6. Experiments
with N3P have been conducted with the high-power OPA as IR light source for the pump light,
where as experiments with CNP and Aha have been conducted using the regular OPA for both pump
and probe pulse generation (see Appendix A for details on the experimental setup). Broad band IR
experiments are conducted in the way that the pump pulse is not narrowed by a Fabry Perot (FP)
etalon (as done for all 2D-IR experiments presented in this thesis) but the whole OPA spectrum and
thus the full IR intensity is used for pump the vibrational mode of interest. This generates much
higher signal intensities and allows for a higher time-resolution in the femtosecond range, because
the pump pulse length is not stretch in the time domain by the FP (see Chapter 1 for an explanation
of the different possible time-resolutions).

From the broad band spectra the anharmonicity of the azide- and nitrile absorption bands can
be deduced. In Figure 4.6 a and b the data for N3P are shown. The excited state absorption (ESA)
induced signal has its maximum at 2090 cm�1. The bleach signal which is caused by contributions
from stimulated emission (SE) from the first excited state as well as by ground state bleaching (GSB)
has its maximum at 2119 cm�1. This results in an anharmonicity of about 30 cm�1. The bands are
not completely separated but overlapping and cancel each other. This can be seen in the region
around 2100 cm�1, the ESA induced signal seems to be blue shifting for longer time delays, because
of a positive signal contributed by the heated ground state. As the band consists of several sub
states, a single anharmonicity cannot be given.

Figure 4.6 c shows the broad band IR data for CNP. Here the bands are well separated and between
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Figure 4.6: Time-resolved IR-pump - IR-probe absorption spectra of the three amino acid candidates tested
for ultrafast measurements. Data were recorded with a broad band pump pulse matching the respective
absorption maximum (bleach). The pulse length was in the order of 100 fs allowing for fast time-resolution.
For N3P the pump light was generated using the high-power OPA (see Appendix A) with approx. 13µJ
intensity before the Fabry-Perot etalon. Data for CNP and N3A were recorded with pump light generated
using the regular OPA with approx. 2.5µJ before the Fabry-Perot etalon. Samples of N3P had a concentration
of 250 mM and were measured in a flow cell with 25µm spacer thickness, conditions for CNP and N3A were
25 mM and 250µm spacer thickness. Because of these different experimental values no absolute numbers
for signal sizes are given in the plots.

both additionally the positive signal contributed from the heated ground state, which occurs after
longer waiting times at 2225 cm�1, can be observed. The center wavenumber of the ESA induced
positive signal is at 2205 cm�1, the center wavenumber for the bleach signal is at 2230 cm�1. This
results in an anharmonicity of 25 cm�1, which is smaller than the approximated anharmonicity for
the azide vibration in N3P. The well separated bleach and ESA signals makes CNP a good candidate
for usage in applications, where the change of anharmonicity is of interest. The good separation
is a results of the very narrow line width of the nitrile stretch vibration in comparison to the azide
absorption band.

The broad band IR spectra of N3A in THF are shown in Figure 4.6 d. Here the maximum of the
bleach signal is at 2099 cm�1, the ESA signal at 2074 cm�1, which results in an anharmonicity of
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Figure 4.7: Vibrational lifetimes of the functional group (azide or nitrile) of the three amino acid candidates
(N3P, CNP, N3A) from broad band IR pump IR probe experiments shown in Figure 4.6, see that caption
for experimental details. Data correspond to the time-dependent intensity of either the bleach signal
(contributions from ground state bleach (GSB) and stimulated emission (SE)) or the signal for the excited
state absorption (ESA). To extract the vibrational lifetime of either the azide or nitrile stretch vibration the
data have been fitted using a bi-exponential decay.

approx. 25 cm�1. However as for N3P here the bands are clearly overlapping and for longer waiting
time the hot ground state (which can be distinguished in the spectra for CNP) overlaps with the ESA
signal including a shifting of the overall band.

From the time dependence of the signals obtained in the broad band IR experiments the vi-
brational life times of the azide and nitrile stretch vibrations in the tested UAAs can be deduced.
The corresponding transients to the bleach and ESA signals of all three molecules are shown in
Figure 4.7. Data are fitted by a bi-exponential function. The observed lifetimes can be found
in Table 4.1. The results clearly show that CNP has the longest vibrational life time of the three
compounds investigated with 6.05 ps as ⌧2 for the ESA. The use of the ESA for the determination of
the vibrational lifetime is more accurate then the use of the signal at the fundamental which is more
strongly overlapping with the signature of the hot ground state.

The vibrational life time obtained for N3P is slightly shorter with 5.66 ps for ⌧2 of the ESA signal
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vibrational mode peak time N3P peak time CNP peak time N3A

amide I 2.2 ps 5.1 ps 1.5 ps
carboxylate 3.5 ps 6.2 ps 2.3 ps
ring mode 1.3 ps/1.4 ps 3.6 ps no data
amide II 3.9 ps 8.1 ps 2.7 ps
ring mode 1.2 ps 2.1 ps no data

Table 4.2: Peak times of transients depicted in Figure 4.9 as observed by fitting a bi-exponential function
(using Origin 8.5) to the transient data.

and Aha has the shortest lifetimes with 4.87 ps.
The vibrational lifetimes of CNP, N3P and N3A do not differ a lot. While CNP has a slightly longer

lifetime, its extinction coefficient is lower, thus the time window for spectral diffusion measurements
will be comparable and in the range of about 5-10 ps. A much longer vibrational life time of 106 ps
was found for an aliphatic thiocyanate stretch vibration2, in contrast the extinction coefficient of the
SCN is much lower [260]. So for experiments aiming at the measurement of picosecond dynamics
up to more than 10 ps thiocyanate might be the vibrational probe of choice.

4.3.3 Time-Resolved IR Spectra
The possibility to measure coupling to other vibrational modes or to observe differently induced
cross peaks with other vibrational modes is of interest for the study of a molecular system, for
example in experiments, where the azide or nitrile vibration is excited and coupling or energy
transfer to the peptide backbone (e.g. the amide I mode) shall be studied.

To investigate this type of signals all model compounds were used in their boc-protected form
in time-resolved IR experiments. In Figure 4.8 cuts through 2C-2D-IR spectra are shown. The
narrow-band pump pulse was centered on the maximum bleach signal for either the azide or nitrile
absorption, whereas the probe was adjusted to different spectral windows, covering the range
between 1450 cm�1 and 1800 cm�1 as well as the region around the azide (2100 cm�1) or nitrile
(2200 cm�1) vibration. In this range all other characteristic IR absorption bands such as the amide
II, amide I and ring mode vibrations are present.

In Figure 4.8 the cross peaks between all vibrational modes present in the FTIR spectrum in
Figure 4.2 and the azide and nitrile vibration are observed. In this spectra again the anharmonicity
of the signals can be extracted as well as the cross peak anharmonicity. The cross peaks observed
in this spectra are not induced by direct coupling or e.g. population transfer but by vibrational
energy transfer between the azide or nitrile group to the other vibrational modes investigated.
The distinction between processes leading to cross peak generation can be made by the time-
dependence of the signals, if cross peaks would appear instantaneously the mechanism would
clearly be direct coupling. In these experiments the cross peaks show a correlation between the
spatial proximity and the peak time (the time for the signal to reach its maximum, listed in Table 4.2).
This can be understood more precisely from the transients shown in Figure 4.9. Plotted is the time
dependence of the signal intensity of all peaks shown in Figure 4.8. It can be seen for example, that
the two carbonyl absorptions in the amide I region have different peak times Table 4.2, based on this
it can be unraveled which signal corresponds to the peptide unit and which signal corresponds to

2Experiments carried out in the group, but which are not part of this thesis.
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Figure 4.8: Transient IR spectra with pump pulse centered on the absorption maximum for either the azide or
nitrile groups for the three amino acid candidates N3P, CNP and N3A. All data are measured in THF. Shown
are data for parallel polarization of pump and probe pulse. The pump pulse had a width of approx. 17 cm�1 in
all experiments. All experiments were conducted using the high-power OPA as light source for the pump light
(see Appendix A for details about the setup). Samples had a concentration of 50 mM, the spacer thickness
was 125µm. Note that signals for N3A in the amide II region are recorded with a concentration of 25 mM
(and not scaled). Concentrations between experiments might vary, because of the high fugacity of the solvent
THF.

the carboxylate. How those peak times can be used for assignment of the FTIR absorption spectrum
is discussed in detail in Chapter 7.

For all three molecules the amide II signal from the peptide unit has the slowest peak time. All
in all for N3A the fastest peak times for those signals are observed, which can be explained by the
shorter distance between the azide group and the peptide unit. In CNP the longest peak times are
observed. The main explanation for this is the longer vibrational life time of the nitrile mode. In
CNP as well the smallest signals are observed due to the lower extinction coefficient. N3P has the
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Figure 4.9: Transient data for all main modes of the three amino acid candidates. Plotted is the time dependent
absorption change of the corresponding bleach signal for all peaks in the amide I region, ring mode region
and amide II region (as shown in Figure 4.8). For N3P and N3A the bleach signal for a single pixel is shown,
whereas for CNP the integrated bleach signal is plotted to achieve better signal-to-noise ratio. All samples
were in the boc-protected form, experiments were done in THF with parallel polarization of pump and probe,
for details about the experimental setup see Appendix A. Data are fitted by a bi-exponential function to better
observe the time, when the maximum intensity is reached. Those peak times are reported in Table 4.2.

highest signal intensities, as was expected based on the high extinction coefficient and the observed
peak times for all signals are slightly longer than for the same modes in N3A because of the larger
distance between the azide mode and the peptide backbone due to its bigger side chain. They are
shorter than in CNP, which might be caused by the Fermi Resonance speeding up VET.

Judging from the results of the broad band experiments and the transient IR data presented in
this section azidohomoalanine seems to be a very good candidate for usage in proteins, because
of its fair signal intensity, but its vibrational life time is very short and only allows for studies in
a time window between about 1 ps to 5–10 ps. Azidophenylalanine has similar properties and
higher signal intensities, which in principle makes it a better candidate for usage in proteins,
which can not be highly concentrated. But the big disadvantage of using N3P in time-resolved and
especially 2D-IR measurements can be seen in the data in Figure 4.8 as the azide line shape is highly
disturbed and complicated by a Fermi Resonance. This could be cured by using isotopologues
[301]. Cyanophenylalanine in comparison to the other two is the only nitrile-containing compound,
which was tested in ultrafast measurements. Its nitrile stretch vibration has a similar life time.
Already in the transient IR data it can be seen that the signals are much weaker than for the azide
absorptions, thus it might be difficult to use CNP in proteins with small concentrations.

4.3.4 2C-2D-IR Spectra
Additionally to the time-resolved IR spectra a full set of 2C-2D-IR spectra [104, 153] has been
recorded for the two azide containing UAAs N3P and N3A in the range from 1480 cm�1 to 1800 cm�1,
covering three different spectral windows for N3P (amide II, ring mode region, amide I) and two
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Figure 4.10: 2C-2D-IR spectra of N3A in THF. Shown are all cross peaks observable between the azide
vibration at 2099 cm�1 and the other characteristic vibrations in the region between 1450 cm�1 to 1800 cm�1.
Data were recorded in two different spectral windows for the cross peaks and in addition for the diagonal
peak. All experiments have been carried out on the 150 line grating, samples had a concentration of 50 mM
for the diagonal signals and the amide I region, the data in the amide II region have been recorded with
25 mM concentrated samples. All measurements have been done using a sample cell with 125µm spacer.
The pump pulse had a width of 16.5 cm�1 adjusted by the FP, the IR intensity before was 13.7µJ. The signal
intensity is given in the plot, contour levels are set so that cross peaks have the same intensity (± 0.1 mOD).

different spectral windows for N3A (amide II, amide I) was measured. As explained in chapter 1 (see
Figure 1.8 the approach of 2C-2D-IR in the frequency domain using two independent tunable OPAs
as pump and probe allows to record cross peaks between vibrations, which are further separated
than the regular width of an OPA spectrum. A similar technological approach in the time domain
for accessing cross peaks in 2D-IR spectra which are too far separated for being covered with the
same excitation light source was first reported by Hochstrasser and Rubtsov and became widely
known as dual-frequency 2D-IR [104, 153].

In Figure 4.10 the 2C-2D-IR spectra of N3A in THF are shown for four different waiting times. It
was possible to record all expected cross peak signals between the azide vibration and vibrational
modes in the amide I and amide II region. From the full 2C-2D-IR data similar information as from
the the 2C-2D-IR cuts in Figure 4.8 can be deduced with the additional possibility of a more details
line shape analysis. Figure 4.11 shows a similar data set for N3P with the additional cross peaks

49



Part II. Novel Site-Specific Probes for (ultrafast) Infrared Spectroscopy
pu

m
p 

w
av

en
um

be
r/

cm
-1

 

probe wavenumber/cm-1

500

 

 
ε IR

/c
m

-1
M

-1

2070

2110

2150

 

 

pu
m
p/
cm

-1

2070

2110

2150

 

 

pu
m
p/
cm

-1

2070

2110

2150

 

pu
m
p/
cm

-1

1500 1550 1600 1650 1700 1750 2000 2100 2200

2070

2110

2150

 

pu
m
p/
cm

-1

probe/cm-1

IR
/ c

m
-1
M

-1
Intensity/ m

O
D

 (see inset)

± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD± 1.0 mOD

± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.5 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD

± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.1 mOD± 0.07 mOD± 0.07 mOD± 0.07 mOD

1 ps

5 ps

2.5 ps

10 ps

Azidophenylalanine (THF)

Figure 4.11: 2C-2D-IR spectra of N3P in THF. Shown are all cross peaks observable between the azide
vibration and the other characteristic vibrations in the region between 1450 cm�1 to 1800 cm�1. Data were
recorded in three different spectral windows for the cross peaks (amide I, amide II and ring modes) and in
addition for the diagonal peak. All experiments have been carried out on the 150 line grating, samples had a
concentration of 50 mM, a flow cell with 125 µm spacer was used. The pump pulse had a width of 12 cm�1

adjusted by the FP, the IR intensity before was 13 µJ. The signal intensity is given in the plot, contour levels
are set so that cross peaks have the same intensity (± 0.1 mOD for 1 to 5 ps, ±0.07 mOD for 10ps). Note that
the 2C-2D-IR experiments in the ring mode region have been conducted with a new sample in comparison
to the amide I region because of the high fugacity of THF as solvent and signal sizes therefore have to be
compared carefully.

for the ring modes observed. Overall the signal sizes, even for the small cross peak signals in the
ring mode region and for the amide II mode are well above the noise level and can be detected
for times up to 10 ps with good signal to noise ratio. When comparing the two data sets it can
be seen, that the diagonal peaks for N3P show already a slightly disturbed line shape induced by
the Fermi Resonance [300, 301]. Recent experiments by the Nibbering group addressed a similar
phenomenon (the Hydrogen-bond enhanced Fermi Resonance in Aniline) and studied the exact
relaxation pathways by polarization dependent 2D-IR experiments [310]. A similar analysis could
be carried out for N3P to characterize the Fermi Resonance between the azide and the ring modes
more.

In N3P it is difficult to interpret data in the amide II region. Those signals are dominated by the
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strong contribution from an additional ring mode (see chapter 7 for details), for the cross peak
between the azide vibration and the amide II mode from the peptide unit the GSB/SE contribution
can be measured whereas the ESA signal is canceled by the strong signal for the ring mode. The
same is not true for N3A, here even two signals for the excited state absorption can be found in this
spectral window, with one corresponding to the true amide II signal from the peptide bond and the
other possibly originating from methylene group vibrations. [62]
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Figure 4.12: 2C-2D-IR spectra of N3P in THF, shown is the time dependent signal for the cross peak between
azide region (pump) and carbonyls (probe) for high concentrations, between 10 and 25 ps the sign for GSB/SE
and ESA switches, indicating an intermolecular effect of heat transfer between the N3P molecules via the
solvent. Data are plotted with 16 contour levels, equally spaced between ±0.15 mOD as cut-off. These data
were recorded with high concentration (250mM) and thin spacer (25 µm).

In Figure 4.12 the cross peak signals in the carbonyl region of N3P are shown as observed under
different experimental conditions. In contrast to the data shown in Figure 4.11, which are taken
with samples of 50 mM concentration, these experiments were carried out with a concentration of
250 mM. Here intermolecular heat transfer via the surrounding solvent leads to the inversion of the
signal at around 10 ps as due to the high concentration heating of the solution by the deposited pulse
energy becomes large enough to significantly influence the spectra. This is a very important result,
because it shows the limit for sample concentrations and clearly demonstrates, that intermolecular
effects might have to be considered in the interpretation of data.

Overall the 2C-2D-IR spectra yield information on interaction between the vibrational modes.
In the tested molecules the cross-peaks are all generated by vibrational energy transfer. Using two
independent OPAs as light sources for pumping and probing to record 2D-IR data in the frequency
domain is a very intuitive approach for expanding the observable spectral region and to access
cross peaks far separated from the pump transition. The information gain in comparison to cuts
through the 2C-2D-IR spectra as those shown in Figure 4.8 is limited in this specific case. As a
proof-of-principle experiment, however it was successful and the VET induced cross-peaks between
all vibration modes and the pump azide transition were possible to record.
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4.3.5 Spectral Di�usion

±4 mOD ± 2 mOD

pu
m

p 
w

av
en

um
be

r/
cm

-1

probe wavenumber/cm-1
2200 2220

2220

2240

 

 pu
m

p/
cm

probe/cm

1.5ps

2200 2220

 

 

 
5ps

1.5 ps 5 ps

2200 2220

2220

2240

 

 pu
m

p/
cm

probe/cm

1.5ps

2200 2220

 

 

 
5ps

2200 2220

2220

2240

 

 pu
m

p/
cm

probe/cm

1.5ps

2200 2220

 

 

 
5ps

Figure 4.13: 2D-IR Spectra of CNP in THF.
Shown is the diagonal peak for the ni-
trile stretch vibration at 1.5 ps delay and
5 ps delay between pump and probe
pulse. Data were recorded using the 300
line grating. The sample concentration
was 50 mM and the spacer thickness for
the measurement cell was 125 µm. The
pump pulse had a bandwidth of 12 cm�1

adjusted by the Fabry Perot etalon, the IR
intensity was 13 µJ right in front of the FP.

Spectral diffusion, as described in Chapter 1, is an effect intensively studied by 2D-IR spectroscopy.
The instantaneous inhomogeneous broadening of a IR absorption is equilibrated by exchange
of the subspecies over a short time, leading the initially tilted 2D-IR peak to turn upright. For
usage in proteins this is about the most important property of a novel vibrational probe, since
in spectral diffusion measurements changes in the microenvironment or e.g. hydrogen bonding
configuration might be accessible. For a meaningful analysis of protein dynamics monitored by the
spectral diffusion of the novel vibrational probe a previous investigation of the dependence of the
vibrational frequency on the surrounding of the respective vibration is mandatory. To explore the
response of the respective vibration on dynamics of the surrounding (solvation dynamics in the
present case), 2D-IR data of the nitrile or azide stretch vibration of the three compounds CNP, N3P
and N3A in THF have been recorded with high resolution using the 300 line grating.

In Figure 4.13 the 2D-IR data for CNP are shown. The inhomogeneity of the nitrile vibration
for 1.5 ps delay can be seen by the small tilt of the central slope. In the signal for 5 ps these
inhomogeneities are already vanished. Due to the small extinction coefficient as well as the very
narrow line width of the nitrile stretch vibration the spectral diffusion process is difficult to observe
in these spectra in detail using the spectral resolution possible with the current setup. The narrow
line width reflects the weak solvatochroism of the vibration and is a limitation for using CNP as
good monitor for local dynamics in proteins. Even though the nitrile stretch vibrations posses the
longest vibrational life time, which would allow to access protein dynamics in a longer time window
than using an azide as probe, the lack of pronounced spectral diffusion makes CNP not the most
favorable UAA to be used in proteins.

In Figure 4.14 the spectral diffusion process for the azide band in N3P is shown. The data are
recorded in two overlapping spectral windows to access the full diagonal peak in high resolution
and monitor the complicated lineshape. The main azide stretch vibration shows a distinct spectral
diffusion. The signal for 1 ps waiting time has a pronounced tilt, which disappears for longer time
and is not observable at 5 ps anymore. In principle the signal size and SNR make N3P a perfect
UAA to be used in proteins. For a concentration of 25 mM a signal size of 13 mOD is observed,
which means that experiments with protein samples of only 1 to 2 mM concentration would still
be feasible. But just as for the IR absorption spectrum the 2D-IR spectrum is strongly perturbed
by the Fermi Resonance. The spectra in Figure 4.11 contain cross peaks between the different
states created by the Fermi Resonance. As the lineshape for the azide stretch vibration in N3P is
this complicated even for the free UAA in a non-hydrogen bonding solvent, it is obvious, that it
should not be applied to study conformational dynamics in proteins through spectral diffusion
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Figure 4.14: 2D-IR spectra of N3P showing its spectral diffusion properties in THF for different waiting times.
Shown are two overlapping measurements windows. The measurement was carried out using the 300 line
grating and the high power OPA as light source for the pump. The shown data are recorded with parallel
polarization between pump and probe beam, the pump intensity was 12µJ in front of the FP by which the
pump band width was adjusted to 14 cm�1. Samples had a concentration of 25 mM and were measured in a
flowcell with spacer thickness of 250µm.

measurements.
Figure 4.15 shows the 2D-IR spectra obtained for N3A in THF (upper panel) and for Aha (the

free amino acid without boc-protection group) in H2O (lower panel). In contrast to the spectra
of N3P in Figure 4.11 here the lineshape is very clear (for both solvents) and also a pronounced
spectral diffusion can be observed. Similar as found for the azide stretch in N3P the azide stretch
in N3A/ Aha probes the inhomogeneities in its surrounding and thus the 2D-IR spectra for the
shortest waiting time of 1 ps both show a clear tilting. Comparing the two spectra for 1 ps in more
detail it can be seen, that the azide stretch in H2O has to have more diverse microenvironment
and experiences huger line broadening as indicated by the larger tilt of the signal in H2O. This
corresponds to previous findings that the azide absorption in Aha has a broader line width when
exposed to a hydrogen bonding solvent. The observation of a difference in center wavenumber,
inhomogeneous broadening and spectral diffusion kinetics for different solvents makes N3A/ Aha a
very promising probe for applications in proteins. Also that it is possible to observe 2D-IR spectra
with strong enough signals and decent SNR in H2O is an important finding. As was reported by
[139] and is discussed in greater detail in Chapter 6 the azide stretch vibration is directly situated in
the region of the H2O combination band. Thus a solvent background contributes to the signal for
longer waiting times while additionally limiting the feasible spacer thickness. Data reported here
are measured with 100 mM concentration, which is not feasible for protein samples, but the 2D-IR
data for Aha in the lower panel in Figure 4.10 are only corrected by subtraction of a background for
negative waiting time, thus it is not yet accounted for contributions from the H2O background. A
10fold smaller signal than measured for 1 ps will still be detectable, bringing 2D-IR experiments in
proteins into reach (see Chapter 6 for results). The data presented in Figure 4.15 can in principle
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Figure 4.15: 2D-IR spectra of Aha showing its solvent dependent spectral diffusion properties for different
waiting times. The upper panel shows the data for THF, the lower panel the spectra in H2O. The measurements
were carried out using the 300 line grating. The measurements in THF have been conducted using the high-
power OPA as light source for the pump light. The sample had a concentration of 25 mM and was measured
in a cell with 125µm spacer thickness. The measurements in H2O were carried out using the regular OPA as
light source for both pump and probe pulse. Here the sample had a concentration of 100 mM and due to
the high solvent absorption measurements have been carried out in a cell with 50µm spacer thickness. For
both experiments the width of the pump pulse was adjusted to 17 cm�1. Note that for Aha in H2O shorter
and different waiting times than for Aha in THF are reported.

be analyzed further by a Center Line Slope Analysis (CLS) as performed by Bloem et al. [139] to
extract the frequency-frequency correlation function (FFCF). The 2D-IR spectra themselves are
highly resolved and thus allow to determine the solvent influence on the spectral diffusion dynamics
directly.

4.4 Conclusion
Four different UAAs as candidates for usages as novel vibrational probes in proteins have been
tested, specifically with respect to their usage in 2D-IR. Two nitrile containing amino acids and
two azide containing amino acids were investigated. Experiments included a detailed analysis
of all relevant properties for applications in proteins with special emphasis on usability in 2D-
IR experiments. For a novel vibrational probe to be used in 2D-IR spectroscopy it is of crucial
importance to posses a decent oscillator strength. This is the first key requirement as in contrast to
FTIR spectroscopy in 2D-IR the signal size scales with the squared extinction coefficient and thus
is particularly important for how low the sample concentration can be chosen. The aliphatic nitrile
of the UAA cyanoalanine was found to be not passing this prerequisite as its was measured to be
only 18 M�1 cm�1, about a factor 40 times lower than found for the UAA with the best extinction
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coefficient, azidophenylalanine. The difference in signal size for a similar concentration sample
between using these two as probes thus would be a factor 1600, not taking into account other
influences on the signal intensity such as line width or vibrational life time. All other three tested
candidates posses an extinction coefficient which makes applications in proteins feasible. Those
UAAs are N3P, CNP and Aha. All of them have different properties making them suitable for different
applications.

Azidophenylalanine. The aromatic azide tested was azidophenylalanine. From the first exper-
imental test of whether the UAA under consideration for applications in 2D-IR spectroscopy of
proteins this one was the most promising as it exhibits an of 736 M�1 cm�1. But already in the
FTIR spectra of the azide stretch vibration in THF a disturbance of the lineshape which can not be
accounted for by inhomogeneous line broadening is found. Comparison with the literature reveals
that aromatic azides posses a Fermi Resonance [300, 301], which makes N3P very unfavorable for
applications in 2D-IR spectral diffusion measurements. For 2D-IR spectroscopy this property is
even worse than for FTIR spectroscopy as it completely changes the expected characteristics and
introduces a complicated lineshape with unpredictable spectral diffusion behavior, influenced also
by energy transfer between the contributing states.. As analysis of the spectral diffusion dynamics
of a novel probe (ideally with a center line slope plot) in different positions in a protein of interest
will be one of the major applications, N3P is not suited to be used for this. As a novel probe to be
used in IR spectroscopy of proteins N3P is only feasible in cases where an aromatic side chain needs
to be replaced and protein concentrations are very low. However meaningful applications of N3P in
vibrational spectroscopy will probably remain limited to similar experiments as reported by Ye et
al., where spectral shifts as a consequence of a conformational change are investigated. [82, 83].

Cyanophenylalanine. The aromatic nitrile tested was cyanophenylalanine, which originally was
the first UAA to be proposed for applications in IR spectroscopy [79]. It has a much lower than the
azide compounds tested with 194 M�1 cm�1. Still it posses few unique features, which make it an
important UAA for applications to study protein dynamics.

First of all the solvatochroism of the nitrile stretch vibration is discussed to be more more easily
modeled in terms of local electrostatics, as compared to the azide stretch vibration, which is more
affected by hydrogen-bonding [263, 279]. A linear correlation between the local electrostatics and
the nitrile stretch vibration is reported in the absence of hydrogen-bonds, which can be accounted
for in an analysis [140]. Nitriles have been proven as versatile probes in 2D-IR of proteins, with
the most prominent example being the study of the inhibitor rilpivirine bound to HIV-1 reverse
transcriptase [287, 288], where nitrile groups were present in the bound ligand. The usage of
CNP as site-specific probe incorporated into a protein at position of interest will take this type of
experiments to the next level. In this respect CNP has another advantage over the best candidate
identified, Aha, which is its more versatile incorporation technique. As CNP is incorporated via
artificial genetic code expansion, there is ultimately no limitation to which proteins can be tested
(in contrast Aha is most suitable in Methionine free proteins). For ultrafast investigations of protein
dynamics CNP has another beneficial property, which is its relatively long vibrational lifetime of
6.05 ps. This allow a longer time window to be accessed and resolved than with an azide probe.
Additionally CNP has interesting photophysics as it is also employed as a fluorescent probe with
a reported decay of up to 8 ns [311] allowing for combined experiments of IR and fluorescence
spectroscopy [246].
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Azidohomoalanine. The last UAA tested towards its application for 2D-IR of proteins is azido-
homoalanine. It has been tested vigorously lately in IR spectroscopy [255, 279, 289, 312] and also
been applied in a first 2D-IR experiment [139]. The great interest sparked because of its wide appli-
cations in click-chemistry and the relatively easy incorporation approach as methionine analog
[218]. The results presented in this chapter also suggest Aha as the most versatile probe of the tested
candidates. This is for several reasons, but mostly because of a combination of beneficial properties.
First of all Aha, as it contains an azide group, has a relatively huge of 506 M�1 cm�1, allowing
for experiments with samples in the low mM range. As discussed the azide center frequency is
more sensitive to hydrogen bonds than to local electrostatics, as demonstrated in Chapter 5 this
property can be of use. The most important characteristic for using Aha in 2D-IR is its unperturbed
lineshape and its pronounced solvatochroism leading to easily observed spectral diffusion, both in
H2O and THF, which enables studies of protein dynamics in the time window between 1 ps to 5-10 ps.

The results in this chapter suggest UAAs might be versatile probes for 2D-IR spectroscopy with
azidohomoalanine as the best candidate to be used in applications. The remainder of this thesis
focuses on different example applications of Aha as site-specific probe for conformational dynamics
as well as energy flow in proteins.
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5 Site-Specific Probing of Local Environment
and Long Range Interactions in PDZ3

To test the application potential of the previously identified novel vibrational probe Azidohomoala-
nine (Aha) in FTIR spectroscopy of proteins the PDZ3 domain was studied. This chapter describes
in brief experiments aiming at demonstrating the value of an azide group as a site-specific probe.
To show that despite its complicated solvatochromism the azide in Aha is a sensitive reporter of
the hydrophobicity of its surrounding microenvironment, six mutation sites in PDZ3 were chosen.
The absorption frequency was found to be correlated to the hydrophobicity as deduced from the
known crystal structure. The second aim was to tackle the question of allostery and long range
communication as introduced in Chapter 2.

The six mutants also were picked to be either part of the predicted pathway [10] or situated off-
pathway. Ligand binding observed by FTIR spectroscopy revealed that indeed a localized vibrational
probe can monitor small conformational changes not visible in the crystal structure which match
the predictions of a coupled network.

Three mutants which are part of the predicted allosteric communication route [10], see Figure 2.6,
are found to show subtle but distinct conformational changes upon ligand binding, whereas mutants
used for control do not show changes. The results successfully demonstrate the potential of IR
spectroscopy in combination with the Aha label for structurally resolved investigations in proteins
and biophysical studies of protein function and give new insights for the understanding of ligand
induced long-range communication in PDZ3.

The chapter is partly based on the manuscript FTIR spectroscopy of Azidohomoalanine-labeled
PDZ3 from PSD-95: Site-specific probing of local environment and ligand-induced long range
interaction. A lot of the experiments have been carried out by Katharina Eberl during her Bachelor
Thesis [299] and after as student assistant supervised by the author.

5.1 Motivation
The characterization of structural changes and local effects in proteins is the key to functional under-
standing of any biological process. In this chapter the previously identified novel vibrational probe
Azidohomoalanine (Aha) is tested in a first application as reporter of the local microenvironment in
PDZ3. It is demonstrated what type of long-standing biophysical questions can be addressed and
possibly answered using FTIR spectroscopy with high resolution on side chain level. The protein
investigated is the 3rd PDZ domain of PSD-95 (as introduced in Chapter 2), a protein-protein inter-
action domain involved e.g. in diverse signal transduction processes, protein sorting and transport.
Several different mechanisms for information transfer upon ligand binding from the binding cavity
to opposite sides of the PDZ domain are predicted by theoretical and experimental approaches.
Those include ligand induced conformational changes, allosteric long-range communication and
conformational selection.

Here it is aimed to demonstrate how the approach [82, 289] (see also the Motivation of this thesis)
of combining IR spectroscopy with site-specific vibrational probes in the side chain of UAAs to
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Figure 5.1: Shown are the structure of the CRIPT peptide as heptamer (ac-NYKQTSV), the peptide used as
native ligand throughout the experiments in this thesis and the structure of PDZ3 based on the pdb entry
1be9 with mutation sites indicated.

access local information, can aid experimental data to these long-standing and controversially
discussed questions in PDZ3.

In recent publications the potential of this approach for further understanding of protein function
was demonstrated on GPCR function [82, 83] and recently used for quantitative measurements
of electrostatics in a catalytic center [264]. As described in Chapter 4 the UAA Azidohomoalanine
(Aha), which contains an aliphatic azide group seems to be an ideal candidate for applications in
proteins. Aha can be incorporated into all proteins which can be expressed in E. coli as methionine
analogue [218] and is incorporated co-translationally, allowing for high labeling yield (see Chapter 3
for more details).

By using the azide moiety of Aha as reporter group it might be possible to probe small changes in
the protein microenvironment. As discussed by Minheang Cho’s group [75, 274, 278, 313], the azide
group is a good reporter for changes in the solvation shell, rearrangements in hydrogen bonding
networks or folding events. In contrast to other vibrational marker groups, such as Thiocyanate
and nitrile [258, 263], the azide center frequency is not linearly correlated to the electric field. But
one huge advantage of the azide group in Aha is its higher absorption coefficient (as reported in
Chapter 4 and the usability both in H2O and D2O [274]. In this chapter a first possible application
of Aha as site-specific probe is demonstrated for the study of a protein microenvironment.

5.2 Experimental Design
Six incorporation sites in PDZ3 were chosen to fulfill a range of requirements. The mutants, shown
in Figure 5.1 were picked because of their role in the predicted transfer pathway, as based on the
simulation by Ota and Agard [10] and not on the calculations from Ranganathan and Lockless [9].
Three incorporation sites for Aha are part of the predicted pathway with Ile327 being directly in
the binding pocket, Ile341 part of the protein core and Leu353 on the distant protein side. The
other three incorporation positions are matching the first three by their distance from the initial
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GSPE 301FLGEE DIPRE PRRIV IHRGS TGLGF NIIGG EDGEG IFISF 1be9:
302GGEE DIPRE PRRIV IHRGS TGLGF NIIGG EDGEG IFISF
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45ILAGG PADLS GELRK GDQIL SVNGV DLRNA SHEQA
376AIALK NAGQT VTIIA QYKPE EYSRF EANSR VNSSG RIVTN
376AIALK NAGQT VTIIA QYKPE EYSRF EA

Lockless:
Ota/Agard:
1be9:
PDZ-aha: AIALK NAGQT VTIIA QYKPE EYSRF EA

80AIALK NAGQT VTIIA QYKPE EYSRF EA
80AIALK NAGQT VTIIA QYKPE EYSRF EA

PDZ-aha:
Lockless:
Ota/Agard:

Figure 5.2: Sequences of PDZ3, derived
from pdb entry 1be9 [203], the used mu-
tants (PDZ-aha) in this thesis and the se-
quences with positions for the conserved
energy transfer pathways indicated as re-
ported by either Ranganathan and Lock-
less [9] or Ota and Agard [10].

starting point of the proposed energy transfer at His372 (for further details see Chapter 9) to be
used in the later planned ultrafast experiments for direct tracking of energy flow. Those three
positions are additionally matching other requirements. Ala376 is located at the opposite site of the
binding pocket (than Ile327), Ser398 is located in the 3-helix, which is discussed to be involved
in a different type of allostery [188, 207] and Ala390 is as well part of the protein core (as is Ile341)
but not predicted to be involved in allosteric communication. In Figure 5.2 the sequence of the
first published crystal structure [203] from pdb entry 1be9 is compared to the positions involved in
allostery as predicted by either Ota and Agard [10] or Ranganathan and Lockless [9] and the mutants
tested in this thesis. As can be seen many more positions of interest are present.

By comparing the spectroscopically observed hydrophobicity to the local environment in the
X-ray structure of the holoprotein (pdb: 1be9, [203]) the capability of Aha as sensor for local
hydrophobicity was tested. To show the application potential of Aha for monitoring protein function
and demonstrate the advantage of sensitive reporter groups for subtle, local conformational changes,
ligand binding studies with FTIR of PDZ3 with its native ligand, the CRIPT peptide were performed.

5.3 Results and Discussion
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Figure 5.3: Normalized FTIR absorption
spectra of Aha in H2O and Fmoc-Aha
in THF. Concentration dependent mea-
surements with concentrations ranging
from 5–25 mM were performed in H2O
(with 100µm spacer) and tetrahydro-
furan (with 50µm spacer). All mea-
surements were averaged for 128 scans
and performed using a Bruker Tensor
FTIR spectrometer equipped with liquid
nitrogen-cooled MCT detector. An ad-
ditional long pass filter with a cut-off at
4µm was used. The mirror speed was set
to 20 kHz. Settings were chosen to use
the optimal range of the detector.

The presented results aim to demonstrate that the azide moiety of Aha (structure shown in
Figure 5.3) is well suited to monitor local microenvironments in proteins. Based on this, it is aimed
to establish that biophysical processes like ligand binding can be studied using Aha as site-specific
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label in IR spectroscopy. The final problem addressed is whether the novel resolution on side
chain level helps to gain new insights into unanswered questions like the nature of the long-range
interaction for allosteric communication in PDZ3.

5.3.1 FTIR Spectroscopy of free Azidohomoalanine
In Figure 5.3 the vibrational absorption spectra of free Aha in H2O (black line) and Fmoc-Aha in
THF (red line) are shown. Concentration dependent FTIR measurements between 5 and 25 mM
yield the extinction coefficients of the azide stretch vibration in both solvents. For H2O we found
✏ = 375 M�1 cm�1 at a center wavenumber of 2119 cm�1 the corresponding values in THF are
✏ = 526 M�1 cm�1 at a center wavenumber of 2099 cm�1. THF was used to mimic the nonpolar
protein core [274]. Because free Aha is insoluble in THF the Fmoc protected derivative was used.
In contrast to Chapter 4, were for reasons of comparison the boc-protected form of Aha was used,
here the Fmoc-protected derivative was used as the sample was available as a solid whereas the
boc-protected sample is a very viscous fluid, not accurately to weight.

The results show how the azide center frequency is sensitive to the hydrophobicity of the envi-
ronment. The results correspond well with the frequency shifts reported by Cho et al. ([274]) and
Raleigh and Co-Workers [275, 289]. However, significantly smaller values for than reported in [76]
(1570 M�1 cm�1) are obtained, which match results presented in [274] and [139]. As discussed
previously [76, 276, 314] the azide vibration is a suitable reporter group of local changes in the
hydrophobicity. A first use in a model protein was reported by [289]. In contrast to other reporter
groups, like thiocyanate [264] or nitrile [263], where the vibrational absorption frequency is linearly
correlated to the electric field, azide can not be used for quantitative measurements of the field as
discussed by [275] because of its ability to form hydrogen bonds and thus some concurring effects
shift the center frequency.

However, with the following results it is demonstrated that azide is a good reporter group for the
qualitative study of local environment. Not only the shift of the center wavenumber from 2119 cm�1

between H2O as polar solvent with a dielectric constant of 78.5 down to 2099 cm�1 in the nonpolar
solvent THF with a dielectric constant of 7.4 [315] (protein interior 2–10) can be used to gain insight
into changes of the microenvironment. The line shape and line width add additional information.
For the free Aha a change in line width when shifting from the polar, hydrogen-bonding solvent
H2O with a broad line width of 37 cm�1 to the nonpolar, non hydrogen bonding solvent THF with
an observed line width of 28 cm�1 is found. This lets expect a line broadening for solvent exposed
azides with an overall integrated signal size being comparable between non-exposed and exposed
azides.

5.3.2 FTIR Spectroscopy of Aha-labeled PDZ3 and Analysis of
Microenvironment

At all positions shown in Figure 5.1, Aha was introduced and for those six different mutants (residues
302–402, numbering according to [203]) FTIR spectra of the azide absorption were recorded. The
FTIR absorption bands are shown in Figure 5.4, with the maxima for Aha in H2O and THF indicated
by arrows. All mutants show their azide absorption within the expected range from 2099 cm�1 to
2119 cm�1.

In comparison to this, Figure 5.5 shows the protein microenvironment for each of these mutants
(based on available X-ray structures [203]). The surrounding residues are colored based on their
polarity. This analysis links the observed variations of center wavenumbers and line shapes to the
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Figure 5.4: Absorption spec-
tra for all six mutants of PDZ3
with Aha introduced at differ-
ent positions. The signals are
normalized for better com-
parison. Data was acquired
in aqueous phosphate buffer,
pH 6.8, with a spacer thick-
ness of 100µm and concen-
trations varying between 3–
4 mM. Obtained signal sizes
varied between 5–10 mOD de-
pending on sample concen-
tration.

individual hydrophobic environments of the mutants. The structural insights gained by this analysis
strongly support the usage of Aha as direct reporter of local microenvironment in proteins.

Ile327Aha The residue 327 is positioned in the ligand binding pocket in -strand B with the azide
group oriented towards the protein interior and buried deeply between hydrophobic amino acid
side chains (Figure 5.5 a and b). The azide vibration of Ile327Aha is centered at 2099 cm�1 indicating
a high hydrophobicity as expected from the structure. The center frequency for this mutant is the
lowest observed for all studied mutants with the same center wavenumber as Aha in THF. But in
contrast this mutant has a broader line shape of 32 cm�1 with two submaxima, separated by approx.
2 cm�1, which could be reproduced in several independent measurements. A possible reason for
the splitting of the band might be, that the side chain can adopt slightly different orientations within
the protein core, where it will experience different levels of hydrophobicity, as indicated in Figure 5.5
b.

Leu353Aha Leu353Aha is located in loop 4 between -helix A and -strand D, oriented to-
wards the hydrophobic core of the protein domain, which is assembled by six -strands, includ-
ing -strands A, D and F. The center frequency is 2101 cm�1 with a side maximum at approx.
2095 cm�1 (Figure 5.4). The line width of 28 cm�1 FWHM is smaller than for Ile327Aha. The results
indicate a highly hydrophobic surrounding in combination with less local inhomogeneity than for
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mutant N3 absorption [cm�1] FWHM [cm�1] structural element

Aha (H2O) 2119 cm�1 37 cm�1 -
Aha (THF) 2099 cm�1 28 cm�1 -
Ile327Aha 2097 cm�1/ 2101 cm�1 32 cm�1 beta
Ala376Aha 2111 cm�1/ 2116 cm�1 32 cm�1 alpha
Ser398Aha 2111 cm�1 33 cm�1 alpha
Ile341Aha 2106 cm�1 29 cm�1 beta
Leu353Aha 2094 cm�1/ 2101 cm�1 28 cm�1 loop
Ala390Aha 2106 cm�1/ 2122 cm�1 45 cm�1 beta

Table 5.1: Center wavenumber of the azide stretch vibration for the six mutants investigated. Values for free
Aha in THF and H2O as given for comparison

Ile327. It seems two main orientations are favored. As shown in Figure 5.5 c and d the azide group is
buried by nonpolar side chains, while polar residues are only present near its peptide bond

Ile341Aha The amino acid residue Ile341 is located at the end of -strand C and is part of the
hydrophobic core of PDZ3 as well. In contrast to Leu353Aha, where the azide group is deeply buried
in the hydrophobic core and thus only in proximity to hydrophobic side chains of the -sheets, in
this mutant the azide group is oriented more towards the surface of the protein (see Figure 2.4). C
is not part of the main antiparallel -sheet forming the core of the PDZ motif, but is the outer strand
of the opposite -sheet formed by B, C and the peptide ligand. Here Ile341 is located close to
loop 3, in a presumably more flexible region of the protein. The absorption spectrum for mutant
Ile341Aha shows one maximum at 2106 cm�1 with almost symmetrical line shape and a line width
of 29 cm�1 similar to Leu353Aha (Figure 5.4, Table 5.1). This finding indicates a homogeneous
microenvironment in close proximity of the azide group. As visualized in Figure 5.5 e and f, the
azide moiety is embedded between nonpolar residues.

Ala390Aha The residue Ala390 is located in F with its side chain oriented towards the protein
interior. The corresponding FTIR absorption spectrum shows a main absorption band at 2016 cm�1

and an additional pronounced shoulder at 2122 cm�1 (Figure 5.4). The band has a broad line shape
with a FWHM of 45 cm�1 indicating a complex microenvironment or hydrogen bonding as well
as high flexibility. The shoulder implies the presence of a different sub ensemble with possibly a
different orientation of the side chain, than for the main conformation. This can be explained when
revisiting the surroundings of side chain 390. In Figure 5.5 g and h the azide at position 390 is shown
from opposite sides. It can be clearly seen how one half of the surrounding residues has polar side
chains (indicated in light to dark blue) whereas the other side is composed of highly hydrophobic
residues. A slightly different orientation towards both sides of this cavity explains why we observe
two highly separated sub ensembles in the FTIR spectrum.

Ser398Aha The azide side chain in the mutant Ser398Aha is introduced in the C-terminal -helix
C, which is unique to PDZ3 and lacking in all other PDZ domains [188] (Figure 2.4). The correspond-
ing FTIR absorption spectrum has a maximum at 2111 cm�1 and a line width of 33 cm�1 (Figure 5.4).
Similar as for Ile341Aha the line shape is relatively symmetric, indicating a homogeneous environ-
ment. As shown in Figure 5.5 i and j, the azide is in proximity to polar and charged side chains,
illustrated by the light and dark blue color, but mostly solvent exposed. The combination of these
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Ile327Aha

Leu353Aha

Ile341Aha

Ala390Aha

Ser398Aha

Ala376Aha

a b

c d

e f

g h

i j

k l

hydrophobic hydrophilic

Figure 5.5: Microenvironment of Aha in the six de-
scribed PDZ mutants. The orientations are derived
based on a combined approach of alignment to
known structure (from pdb entry 1be9, [203]) to-
gether with molecular docking (using AutoDock 4.2
[316]) using Aha as flexible residue [317]. Details
are described in Appendix C. All amino acids are
colored based on their hydrophobicity according to
the free energy of the amino acid side chain for the
transition from cyclohexane to H2O in the gas phase
(values obtained from [318]). Shown is the surface
of the whole protein with the surface volume of Aha
subtracted. The Aha residue is shown as sticks. The
figures were prepared using PyMol [319].

effects explains why the measured azide absorption frequency is close to the center wavenumber in
water for this mutant.

Ala376Aha In Ala376Aha the azide is located in -helix B, which forms part of the binding pocket,
as shown in Figure 5.1. This mutant has the highest azide absorption wavenumber with its center
at 2116 cm�1 and a line width of 32 cm�1 (Figure 5.4). The asymmetric line shape indicates an
inhomogeneous microenvironment. The azide group is mostly water exposed and not surrounded
by protein side chains, illustrated in Figure 5.5 by free space. Due to this, the center wavenumber is
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approximately the same as for free Aha in H2O, the small shift towards lower wavenumbers might
be explained by the difference of surface water to bulk water, since the water molecules in the ligand
binding pocket, where the azide is located in this mutant, possess a different and higher ordered
structure than water molecules surrounding free Aha. Also, following the results by [278] and [279]
the azide moiety is a sensitive sensor for hydration because of its frequency blue shifting upon
hydrogen bonding. As the azide group in Ala376Aha does not have a complete solvation shell as
Aha in free solution but part of its surrounding is the protein the difference between the center
frequency found for Ala376Aha to free Aha can easily be explained.

Figure 5.6: Aha in two different secondary structure elements, an a-helix and a b-strand.

Possible Influences of Higher Ordered Structure on Azide Frequency. The comparison of
the center wavenumbers reported in Table 5.1 with the related secondary structures hints towards a
direct correlation of azide absorption to the containing structural element. For the -strand mutants
Ile327Aha, Ile341Aha and Ala390Aha the maxima are at 2099 cm�1 and 2106 cm�1. For Leu353Aha,
which is located in a loop, the azide vibration is observed at 2100 cm�1, indicating that this region
is hydrophobic. For Ser398Aha and Ala376Aha higher values with 2111 cm�1 and 2117 cm�1 are
found, both residues are located in -helices. As discussed by [275] and [276] several effects need
to be considered for interpretation of the frequency shift of the azide. Especially the distribution
of partial charges and presence of unbound electron pairs in two of the three nitrogen atoms
generates several interactions sites for the building of hydrogen bonds that differently influence
the frequency shift, with experimental data indicating that Hydrogen-bonding leads to a blue-shift
and line-broadening (this work and [279]). This experimental observations of frequency shifts thus
might not only monitor the direct microenvironment around the azide moiety, but an effect of
the secondary structure and possible interactions with the peptide backbone could be considered.

-helices posses an overall dipole moment that might lead to an effect explaining the observed
correlation and in [313] an blue-shifting of the azide absorption upon interaction with carbonyl
groups from the peptide backbone is discussed. These two effects could explain the findings here.
In an -helix the peptide bond is hidden in the helix core and not accessible for hydrogen bonds
to the azide whereas in an -strand electrostatic interactions and hydrogen bonds are present to
stabilized a -sheet as can be seen in Figure 5.6. But the finding of red-shifted azide absorptions
in -strands and blue-shifted azide absorptions for Aha in -helices are inverse to the effect of
electrostatic interaction with the peptide backbone as proposed originally by Oh et al. [313]. The
results can be better explained in comparison with the findings by Wolfshorndl et al. [279], who
reported that azides are especially sensitive to hydration and the highest blue shift of the azide
frequency was found in water, even in comparison to solvents with additional H-bond donors. A
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similar result, supported by quantum chemical calculations was reported by Choi et al. [278]. As
the azide in the two tested -helices (mutants Ala376Aha and Ser398Aha) is more water-exposed
than the azide in the three mutants positioned in a -strand, which is part of the hydrophobic core,
this explanation is very likely. Thus these results on random positions and the previous explanation
of wavenumber shifts as result of the hydrophobicity of the microenvironment strongly suggest that
single effects like blue-shifting of the center wavenumber upon hydrogen bonding or red shifting
through interaction with H2O [278] are not mainly accountable for the experimentally observed
absorption spectrum. However to validate and understand the competing effects of electrostatic
interactions and hydrogen-bonding to the solvent H2O molecules on the azide center wavenumber
or line shape, further experiments in different proteins and different microenvironments as well as
support from theory will be needed.

5.3.3 Study of Ligand Binding (CRIPT) to PDZ3
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Figure 5.7: Absorption spec-
tra for all six mutants of PDZ3
with Aha introduced at dif-
ferent positions in complex
with the CRIPT peptide as lig-
and. The signals are normal-
ized for better comparison.
Data was acquired in aqueous
phosphate buffer, pH 6.8, with
a spacer thickness of 100µm
and concentrations varying
between 3-4 mM. Measure-
ments with the native CRIPT
peptide acNYKQTSV as lig-
and were performed with 1.5–
2 fold excess of ligand to ob-
tain maximum binding and re-
peated to ensure they are re-
productive. Additional infor-
mation on experimental con-
ditions and data processing
can be found in Appendix B.

The binding of a conserved C-terminal motif with a special sequence of hydrophobic and charged
residues is characteristic for all PDZ domains. For PDZ3 from PSD-95 this is Thr/Ser-X-Val. A well
studied interaction partner is the CRIPT protein, whose c-terminal sequence ac-NYKQTSV is used
as a peptide ligand in these studies. Based on previous structural data, especially the X-ray analysis
of the ligand binding [203], but also NMR-studies on allosteric effects of the small c-terminal alpha-
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Figure 5.8: Magnified FTIR absorption spectrum of the three PDZ mutants (Ile327Aha, Ile341Aha, Leu353Aha)
which show a spectral shift upon ligand binding, indicating a small conformational change.

Kd [µM]

WT 2.87 ± 0.2
Ile327Aha 24.7 ± 0.4
Ala376Aha 22.6 ± 0.5
Ser398Aha 1.89 ± 0.2
Ile341Aha 2.52 ± 0.2

Leu353Aha 2.49 ± 0.05
Ala390Aha 2.97 ± 0.07

Table 5.2: Binding constants for PDZ3 mutants with CRIPT peptide ac-
NYKQTSV as obtained by Isothermal Titration Calorimetry. The experi-
mental details are given in Appendix B

helix unique to PDZ3 [188], the mutants were tested for the capability of Aha as a potential probe for
ligand binding. Furthermore, it was assessed whether IR spectroscopy, using azide as a local reporter
group, can add insights to the long standing debate on allosteric communication mechanisms upon
ligand binding in PDZ3. From the X-ray structures, only subtle changes in the secondary structure
are predicted (in loop 2, [203]) and thus the local environment of the azide moiety of Aha at the
discussed positions should not change significantly. An exception is expected for mutant Ala376Aha
in the binding pocket as its hydration status changes upon ligand binding. The ligand binding to
all mutants shown in Figure 2.4 was tested by isothermal titration calorimetry (results in Table 5.2,
details on the experiment in Appendix B) and FTIR absorption spectroscopy (Figure 5.7).

The binding constants for the Aha labeled PDZ mutants to the ligand acNYKQTSV are in good
agreement with results for wild type PDZ (Table 5.2) and literature values [188, 320]. Mutations in
the binding pocket (Ile327, Aha376) lower the binding affinity for the native peptide ligand, but the
binding constants are still in the lower µM range, so the mutants seem to be mainly undisturbed.
Combined with observations from CD spectroscopy (see Appendix B), that the secondary structure
of all mutants is preserved, we conclude, that the introduction of Aha does not alter the functionality
of the PDZ3 domain.

The FTIR spectra of all mutants with and without peptide ligand are shown in Figure 5.7. For
mutants Ile327Aha, Ile341Aha and Leu353Aha small changes in the spectra are observed (a magni-
fication of the respective parts of the spectra is shown in Figure 5.8), especially in the line shape,
upon ligand binding, which were reproducible in several independent experiments. In Ile327Aha
the azide group itself is not directly involved in ligand binding, but the residue is coordinated
over hydrogen bonds between protein backbone and the ligand as shown in Figure 5.9 b. So it is
not expected that ligand binding directly alters the absorption for the azide. The reason for the
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observed shift thus might be a small local rearrangement induced by the hydrogen bonding of the
related peptide bonds, leading to the tightening of a previous possible position proximal to the
very hydrophobic residues in the surrounding. This is possible explanation why an increase for
a already present sub band indicating a higher population of this sub ensemble for the mutant
Ile327Aha is found. The same can not be true for the observed shifts in Ile341Aha and Leu353Aha.
Those residues are not directly involved in ligand binding but located in -strands which form the
hydrophobic core of the PDZ3 domain. Both residues are discussed to be involved in the predicted
allosteric network (in the pathway as proposed by [10]). The observed spectral shifts indicate a
subtle conformational change leading to rearrangements of the direct microenvironment of the
two residues. In contrast mutants Ala390Aha and Ser398Aha do not show any changes upon ligand
binding. Ala390Aha is as well located in the protein core, but here the azide group does not sense
a change of the microenvironment. In the mutant Ser398Aha the Aha residue is located in the
C-terminal -helix unique in PDZ3. This ↵-helix was found to highly influence the binding affinity
for the CRIPT peptide [188] with several direct interaction sites with the ligand detected in NMR
studies carried out by [207]. No influence of ligand binding to the azide center wavenumber or
the spectral line shape can be found in Ser398Aha. As the side chain is oriented away from the
ligand this finding is not to surprising. A better test to map whether an extended binding interface
as proposed by [207] involving the -helix C is present in PDZ3 would be performed by replacing
either Tyr397 or Phe400 with a UAA as local probe. The biggest change is observed for the mutant
Ala376Aha. Here the center wavenumber of the azide absorption changes from 2117 cm�1 to 2108
cm�1. This huge frequency shift of 9 cm�1 might be explained by the exclusion of surrounding water
molecules from the binding pocket. The azide is located in the -helix B, which forms the other
outer half of the binding pocket. But in contrast to Ile327, Ala376 is not directly involved in ligand
binding (as seen in Figure 5.9 a), but sticks out from -helix B towards the solvent as is reflected by
the high wavenumber observed for the ligand free Ala376Aha at 2117 cm�1.

Ala376Aha

(a) Ala376Aha
Ile327Aha

Ile327Aha

(b)

Figure 5.9: The mutants Ala376Aha (a) and Ile327Aha (b) in complex with the native CRIPT ligand (as peptide
acNYKQTSV). Structures are taken from pdb entry 1be9 [203] with the orientation of Aha modeled based
on results from flexible docking. The orientation of the peptide ligand is obtained from docking as well.
Hydrogen bonds of the complex are indicated in red with prominent interaction of the backbone of Aha
indicated by arrows. In the mutant Ala376Aha the azide group is located in a-helix 2, which forms half of
the binding pocket. But the residue 376 is not involved in ligand binding. In contrast in mutant Ile327Aha
the azide group is located in b-sheet 2, that forms the second half of the binding pocket. As is indicated by
red arrows the residue 327 is involved in ligand binding by hydrogen bonds formed between the protein
backbone and the peptide.
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5.3.4 Allostery and Long-Range Communication in PDZ3
PDZ3 is not only an example for a protein-protein interaction domain, but an intensively studied
prototype system for allostery. As first introduced by [9] and further developed by [10] different
computational approaches show a coupled network of amino acid residues, that might transmit
information upon ligand binding [187]. Several experimental attempts [188, 197] tried to prove the
existence of the predicted energetically coupled network but up to today the theoretical predictions
can not be validated.

The presented FTIR results using Aha as a local probe in PDZ3 add some information. Three
of the investigated mutants, Ile327, Leu353 and Ile341 were chosen because they are part of the
predicted sparse network. The three other mutants are not part of the predicted pathway with
Ala376 located in the binding pocket, Ser398 in the -helix that increases the binding affinity for the
CRIPT peptide and Ala390 positioned far apart from any interaction site.

In Figure 5.7 the absorption spectra of the free PDZ and their change upon ligand binding are
plotted. As discussed above for residues Ile327 and Leu353 a subtle change of the line shape goes
along with the decrease of one sub band in favor of the increase of a main maximum (at 2097 cm�1

for Ile327 and at 2102 cm�1 for Leu353). For Ile341 a small shift of the center wavenumber is
observed. At these residues which are part of the predicted energetically coupled network [10], a
small change of the microenvironment seems to happen upon ligand binding. In case of Ile327
this can be explained by direct interaction with the peptide ligand. The azide group itself is not
directly involved in ligand binding, but the residue is connected to the ligand via backbone H-
bonds. The reason for the observed shift thus might be a small local rearrangement induced by the
hydrogen bonding of the mentioned peptide bonds, which changes the relative populations of the
two sub ensembles, producing the double peak in the ligand free spectrum. This is not possible for
Leu353 or Ile341, where the change of the azide absorption clearly indicates a subtle conformational
change, thus supporting the idea of the presence of an long-range effect of ligand binding on local
structure in PDZ3. Overall the observed frequency shifts indicate a subtle conformational change
and not a huge conformational rearrangement, which fits well with the reported findings from X-ray
structures.

However, instead of explaining these findings only by the presence of an allosteric network,
conformational selection as predicted by [208] from MD simulations might be an alternative mech-
anism leading to the observed change in line shape. This mechanism postulates that the protein
domain indeed undergoes conformational fluctuations and one conformation is favoured for ligand
binding, which is in contrast to the earlier predicted binding mechanism of induced fit based on
the very similar X-ray structures[203]. The spectral change from showing sub ensembles to one
favored conformation in Ile327 and Leu353 can be interpreted as adopting one favored conforma-
tion for ligand binding. The mutant Ala376, not directly involved in ligand binding but located in

2, that forms part of the binding pocket, is discussed by [208] to experience some small structural
rearrangement upon ligand binding through a predicted scissor-like closing of the binding pocket
in the protein-ligand complex. The FTIR data show a huge change for the absorption frequency of
Ala376 upon ligand binding, but due to the sensitivity of Aha to surrounding water and the exclusion
of water from the binding pocket, these findings do not safely support the theoretical prediction.
Further experiments using the demonstrated combination of FTIR and the Aha label, dedicated to
investigate the scissor motion, are needed.

A different allosteric effect, special for PDZ3, was introduced by [188]. They investigated the
effect of 3, unique to this PDZ domain and found a huge effect on ligand binding affinity. The
FTIR data do not provide new insights into the effect of 3 on ligand binding, because Ser398 is
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oriented away from the predicted interaction surface between 3 and the CRIPT peptide. The
highest binding affinity for this mutant was found in the ITC measurements (reported in Table 5.2)
with a significantly lower binding constant as for the wild type, emphasizing the importance of 3
for high ligand affinity.

The presented results add experimental evidence to the hypothesis of long-range communication
in PDZ3 upon ligand binding. They clearly show allosteric conformational changes at distinct
residues not connected to the binding pocket (Ile341, Leu353) in good agreement with previous
predictions [10].

5.4 Conclusion and Outlook
This study aimed to demonstrate a first application of UAAs as site-specific probes in IR spectroscopy
and to show that Aha is a sensitive reporter group for the study of protein microenvironments. It
was tested whether the enhanced local resolution enables IR spectroscopy to unravel unanswered
biophysical questions. PDZ3 from PSD-95 was used as test protein for studying ligand binding
functionality and its allosteric mechanism. Previous results suggested, that IR spectra of Aha in
proteins might be hard to interpret due to several competing effects. The complex solvatochromism
of Aha, as discussed by [275, 276, 279], might hinder the direct interpretation of IR absorption
spectra. It was stated, that analysis of the different contributions to spectral shifts from hydrogen
bonding or changes in hydrophobicity would be needed. Here it is demonstrated how versatile
Aha as spectral probe is for the study of biophysical problems, even though its center wavenumber
is only qualitatively correlated to the hydrophobicity of the surrounding and probably can not be
used for quantitative measurements. The observation of free Aha in an polar or nonpolar solvent
directly shows the sensitivity of azide to polarity and the results for six different incorporations
sites in PDZ3 show how sensitive Aha is to monitor different protein environments. The direct
comparison of the experimentally obtained data for hydrophobicity with known X-ray structures
demonstrates that Aha is well suited for this application. All obtained center wavenumbers predict
the hydrophobicity of the microenvironment correctly. This demonstrates how, despite several
different physical effects influencing it, the azide absorption is still usable for the investigation of
the local protein microenvironment.

When used as reporter group for protein function, like ligand binding in the example of PDZ3,
Aha is excellently suited as well. Two of the investigated mutants are located in the binding pocket
and for both not only a change of center wavenumber was found but also molecular explanations
derived from the binding mechanism. In mutant Ile327 only the peptide backbone is involved in
ligand binding, leading to a small change for the azide absorption due to changes of hydrogen
bonding to the backbone, whereas in mutant Ala376 we were able to observe how water is excluded
from the binding pocket.

Azidohomoalanine is a suitable tool for testing subtle conformational changes, which indicate
long-range communication, as shown for Leu353 and Ile341. The data presented here, demonstrate
how the combination of IR spectroscopy and a new site-specific spectroscopy probe can be used
to study difficult biophysical phenomena, such as allostery. The results supporting the presence
of a coupled network of amino acid residues, are a first evidence how the use of site-specific
spectral probes will change the scope and add novel applications to IR spectroscopy. Further
experiments are necessary to prove or disprove the predicted allosteric mechanism in PDZ3 and
study long-range effects in more detail. The novel approach of combining FTIR spectroscopy with
UAAs as site-specific probes to enhance spatial resolution is not a stand-alone technique but the
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gained results should be confirmed and discussed in context with other biophysical experiments.
To achieve deeper understanding of the complex allosteric mechanism in PDZ3 and the several
dynamic processes happening, additionally NMR experiments in collaboration with the group of
Harald Schwalbe are underway.
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6 Monitoring of Ultrafast Equilibrium
Dynamics in PDZ3

One of the many applications of 2D-IR spectroscopy on a site-specific probe in a protein is the
investigation of ultrafast equilbrium dynamics. The spectral diffusion dynamics of the azide moiety
in Aha are modulated by fluctuations of the environment and thus is in principle possible to probe
conformational dynamics of a protein in an experiment. To explore the technical feasiblity and the
possible information gain of this appraoch again the PDZ domain was used as first target. Of the
six introduced and discussed mutants from Chapter 5, Ala390Aha and Ile327Aha were chosen for
demonstration of 2D-IR experiments

This chapter is organized as follows: The first section covers motivatin and experimental design,
the second shows results on free Aha in water, the third section reports 2D-IR results on PDZ
Ile327Aha, the fourth section contains results on the mutant Ala390Aha and the fifth section covers
results on the mutant PDZ Ile327Aha with and without ligand.

6.1 Motivation
As outlined in Chapter 2 allostery and conformational dynamics of a protein can be understood in
an energy landscape picture [173]. Those only slightly differing conformations which constitute
the native state of a protein interchange between each other on picosecond time scale. For the
understanding of processes such as the predicted conformational selection in ligand binding in
PDZ3 [208] experimental insights into the equilibrium fluctuations of the protein structure are of
huge importance.

In this chapter the first 2D-IR spectra of an Aha labeled protein are reported. The aims of this
study were first of all to determine the time window accessible by 2D-IR spectroscopy when using
Aha as label. The vibrational life time of the azide stretch vibration was determined before in THF,
but other parameters affect the actual measurement window as well, foremost of all the possible
sample concentration and the competing solvent background from a heated H2O combination
band.

The second aim was to show that it is indeed possible to record a 2D-IR spectrum of an Aha labeled
protein. Before any biologically relevant informations can be extracted from a 2D-IR spectrum of a
UAA in a protein a proof-of-principle experiment was necessary. The spectra can then be discussed
in terms of the third aim of these experiments, which is to demonstrate how Aha can be used for
monitoring fluctuations on the free energy landscape in the time frame of several picoseconds.

Not only conformational dynamics of the protein lead to inhomogenous broadening of the azide
vibration but solvent dynamics are well known to influence 2D-IR spectra and thus it was planned
to test whether solvent reaarengements can be observed as well. Also it would be interesting to
see whether exchange between conformational sub ensembles on picosecond timescale can be
observed using the azide moiety as reporter group.

To test the ability of the proposed approach for investigating conformational selection it was
tested if the ligand binding is influencing the protein flexibility and therefore spectral diffusion.
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6.2 Experimental Design
All experiments were carried out using the setup as described in Appendix A. The first set of
experiments focused on Aha in H2O to identify the needed concentration and spacer thickness for
obtaining a 2D-IR signal with the setup in a configuration using only OPA I for IR light generation.
Acceptable experimental conditions to measure signals with good SNR and quality were determined.
A crucial aspect for SNR is the background absorption of the solvent. In the region around 2100 cm�1

the combination band in H2O can be found [321], which strongly absorbs the IR pump and probe
light. Therefore samples can not be measured using a spacer thickness of higher than 50 µm,
otherwise almost no light reaches the detector because of the high optical density of the sample.

The data presented in this chapter were obtained as 2D-IR spectra in the pump-probe approach
with pump and probe light both generated using OPA I. The energy of OPA I was around 3 µJ for the
chosen wavelength of 4750 nm, measured at the entrance of the 2D-IR setup. For the measurements
the pump pulse had a band width between 12 and 15 cm�1. All data were recorded using the 150
line grating. The polarization of the pump and probe beam relative to each other was set to parallel.

All experiments of protein samples were performed with sample concentrations around 15 to
18 mM. Samples were prepared from frozen aliquots of purified protein (see Appendix B) and
controlled by MALDI for high labeling yield.The protein concentration was determined by a Lowry
assay. The samples were concentrated using Vivaspin 500 centrifugal concentrators with a MWCO
value of 5000 and possibly aggregated protein was removed in a final centrifugation step. Samples
were not pumped through the measurement cell [296] as in contrast to experiments presented in
chapter 9.

The mutants chosen for 2D-IR measurements are Ile327Aha and Ala390Aha. Both of them are
interesting to demonstrate different aspects of using UAAs as labels in 2D-IR of proteins. Ile327Aha
is located in the binding pocket and involved in ligand binding but as well part of the predicited
energy transfer pathway [10]. In the FTIR data it was found, that Ile327Aha posses two absorption
maxima which show a subtle change upon ligand binding. Thus this mutant is an ideal candidate
to test the influence of ligand binding on the azide absorption as well as potentially help to gain
understanding into the conformational dynamics of the protein in its bound and unbound state.
Ala390Aha is located in the hydrophobic core of the protein and had two very distinct absorption
bands in the FTIR spectrum, which do not show any change upon ligand binding. This mutant is
interesting for comparison as it would be expected to show a different spectral diffusion dynamics.

6.3 Results and Discussion
6.3.1 2D-IR on Aha in H2O
This section focuses on free Aha in water using experimental conditions, which allow comparison
to protein measurements. Figure 6.1 shows 2D-IR spectra of free Aha in H2O measured with the 150
line grating. Spectra with higher resolution measured using the 300 line grating are discussed in
chapter 4.

The spectra shown in Figure 6.1 were recorded for the waiting times -20 ps, 1 ps, 1.25 ps, 1.75 ps,
2.5 ps, 3.5 ps, 5 ps and 10 ps. The signal intensity observed in these spectra of a sample with a
concentration of 100 mM is ±1.25 mOD for a waiting time of 1 ps and decreases to 0.065 mOD
for a waiting time of 5 ps, reflecting the time window accessible by the vibrational life time of the
azide group (for further discussion see chapter 4). Those data shown in Figure 6.1 are corrected by
subtraction of the heated background at 10 ps to account for solvent contributions. The influence
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Figure 6.1: 2D-IR spectra of the label Aha in H2O. Shown is the diagonal peak for the azide stretch vibration,
which has its absorption maximum at 2119 cm�1 (see figure 5.3). The spectra are corrected for background
contributions from the heated H2O band by subtraction of the 10 ps signal. Data were recorded using the
150 line grating with a sample of 100 mM Aha in H2O with 50 µm spacer thickness. The pump pulse was
narrowed using the Fabry-Perot and had a band width of 15 cm�1, the IR intensity generated from OPA I was
about 2.8 to 3 µJ at the entrance of the 2D-IR setup. The contour levels in the plot are chosen to show the
maximum signal.

and disturbance of spectra by H2O in the region around 2100 cm�1 was already shortly mentioned
in chapter 5.

The azide absorption at 2119 cm�1 is almost ideally centered on top of the combination band in
H2O at about 2125 cm�1 comprised of contributions from the bending vibration as well as librations
[321]. The H2O band is visible in the 2D-IR spectra after vibrational relaxation and cooling of the
molecule as can be seen in the spectra in Figure 6.2 already at 2.5 ps. The combination band has
a broad line width and therefore it is possible to account for the heated background by simple
subtraction of a signal at longer waiting times (e.g. 10 ps) where the 2D-IR spectrum is dominated
by the solvent background (seen in Figure 6.2 for 10 ps). The simple subtraction does not take the
time dependence of the water background into account. For protein samples this was accounted
for by subtraction of a long term background scaled by a time dependent factor for the respective
times (this was done for data shown in Figure 6.6 and Figure 6.8 1).

In Figure 6.3 cuts through the 2D-IR spectrum shown in Figure 6.1 for the pump centered at
2112 cm�1 are shown, which show that the line shape of the azide band in H2O is unperturbed (as
in contrast to the azide stretch mode in N3P as discussed in Chapter 4) and similar to the line shape
observed for the azide stretch vibration in THF (see Figure 4.6).

The effect of vibrational cooling and relaxation of the azide stretch vibration can be seen in the

1A script for the time-dependent fitting of the H2O band was written by my colleague Luuk J.G.W. van Wilderen.
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Figure 6.2: 2D-IR spectra of the label Aha in H2O. The data are from a different measurement as those in figure
6.1, with similar sample conditions (100 mM, H2O, 50 µm spacer). The data are corrected by subtraction of
the negative background signal at -20 ps instead of subtraction of the heat background at 10 ps.

transients shown in Figure 6.4. Here the transient signal for the bleach of the azide absorption is
shown both in THF and H2O (THF data from experiments reported in chapter 4). It can be seen,
that the decay of the signal is faster in THF. The transient for the azide stretch vibration in H2O
can be fitted with a bi-exponential function with = 0.52 and 0.53 where as the in THF is 0.71
and 0.72. It seems that in the hydrophobic and non-hydrogen bonding solvent the azide vibration
relaxes faster or vibrational cooling by heat transfer to the solvent is faster than in the polar and
hydrogen-bonding solvent H2O.

In the 2D-IR spectra in Figure 6.1 also the spectral diffusion dynamics, which are accessible with
the resolution provided by the 150 line grating, can be observed. As was already discussed in chapter
4 the spectral diffusion properties of a novel vibrational probe are the key to the study of local
dynamic changes in a protein on the picosecond timescale. Judging by the data in Figure 6.1 the
application of Aha in H2O to measure site-specific structural dynamics in proteins appears feasible
for a time-window up to 5 to 10 ps. For a detailed analysis, measurements with the 300 line grating
would be more appropriate.
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6.3.2 2D-IR on Ile327Aha
The first experiments to demonstrate that it is indeed possible to measure 2D-IR spectra of an
Aha-labeled protein have been carried out on the PDZ mutant Ile327Aha.

This mutant site is located in the binding pocket of PDZ as shown in Figure 5.9 b.Aha is involved in
ligand binding via its peptide backbone with the azide group pointing towards the protein interior.
The site is believed to be a key position for the allosteric communication in PDZ3 [9, 10]. For this
mutant it was shown in Chapter 5 that the azide group is positioned in a hydrophobic pocket, which
forms part of the binding groove and that indeed ligand binding to this mutant can be monitored
on the center wavenumber, indicating a change in the local microenvironment.

2070 2100 2130

2075

2100

2125

2150

100%        90%                50%                           25%

 

 

1ps       1.25ps 1.75ps            2.5ps

2070 2100 2130

 probe/wavenumber

2070 2100 2130

 
2070 2100 2130

 

± 0.15 mOD

1 ps 2.5 ps1.75 ps

probe wavenumber/cm-1

pu
m

p 
w

av
en

um
be

r/
cm

-1

2070 2100 2130

2075

2100

2125

2150

100%        90%                50%                           25%

 

 

1ps       1.25ps 1.75ps            2.5ps

2070 2100 2130

 probe/wavenumber

2070 2100 2130

 
2070 2100 2130

 
2070 2100 2130

2075

2100

2125

2150

100%        90%                50%                           25%

 

 

1ps       1.25ps 1.75ps            2.5ps

2070 2100 2130

 probe/wavenumber

2070 2100 2130

 
2070 2100 2130

 
2070 2100 2130

2075

2100

2125

2150

100%        90%                50%                           25%

 

 

1ps       1.25ps 1.75ps            2.5ps

2070 2100 2130

 probe/wavenumber

2070 2100 2130

 
2070 2100 2130

 

1.25 ps

± 0.12 mOD ± 0.068 mOD ± 0.034 mOD

2070 2100 2130

2075

2100

2125

 

 

2070 2100 2130 2070 2100 2130

 
2070 2100 2130

 

± 0.126 mOD

1 ps 2.5 ps1.75 ps

probe wavenumber/cm-1

pu
m

p 
w

av
en

um
be

r/
cm

-1

1.25 ps

± 0.103 mOD ± 0.0625 mOD ± 0.0362 mOD2070 2100 2130

2075

2100

2125

 

 

2070 2100 2130 2070 2100 2130

 
2070 2100 2130

 
2070 2100 2130

2075

2100

2125

 

 

2070 2100 2130 2070 2100 2130

 
2070 2100 2130

 
2070 2100 2130

2075

2100

2125

 

 

2070 2100 2130 2070 2100 2130

 
2070 2100 2130

 
2070 2100 2130

2075

2100

2125

 

 

2070 2100 2130 2070 2100 2130

 
2070 2100 2130

 

Figure 6.5: 2D-IR spectra of the PDZ mutant Ile327Aha in H2O. Data are corrected by subtraction of the heat
background at 10 ps to remove solvent contribution to the signal. Note the leaking pump pulse leading to
artifacts along the diagonal, most notable for the 2.5 ps signal. The sample conditions were approx. 15 mM
protein in phosphate buffer and 50 µm spacer. The width of the pump pulse was adjusted to 16 cm�1, data
were recorded using the 150 line grating.

The FTIR spectrum of this mutant, which was discussed in more detail in chapter 5 shows two
sub bands and one of the goals of this first 2D-IR study was to find out if it is possible to reproduced
this observation in a 2D-IR spectrum. In Figure 6.5 the very first 2D-IR spectra of an Aha labeled
protein sample are shown. The current literature only discusses Aha in a peptide ligand (and not
incorporated in a protein) for 2D-IR [139]. The sample concentration was approximately 15 mM
before a final centrifugation to remove particles. For the 1 ps signal an intensity of 0.126 mOD
was observed. The tilt of the peak is very pronounced. Since the data are recorded with the 150
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line grating the resolution is not as high as possible. Based on the 1 ps signal it can not be safely
stated, that two submaxima are observed as in the FTIR spectrum. Between the time delay of
1 ps and the time delay of 2.5 ps almost no spectral diffusion can be observed. At 1.75 ps the
impression to observed two submaxima in the bleach signal might be gained, which would need
further confirmation with data of higher signal intensity. The spectral diffusion behavior of the
azide side chain in Ile327Aha indicates that no conformational changes are happening in the time
frame between 1 ps and 2.5 ps. Also no rearrangements of the side chain itself or changes of the
micro environment are happening on the time scale accessible, which means that the position of
the side chain is very rigid and its surrounding is inhomogeneous on this timescale.
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Figure 6.6: Time-dependent
cuts through the 2D-IR
spectra of the PDZ mutant
Ile327Aha in H2O. Data are
corrected by subtraction of
the heat background at 10 ps
to remove solvent contribu-
tion to the signal. The sample
conditions were the same as
for data reported in Figure 6.6,
data were recorded using the
150 line grating.

To reach a higher signal intensity either the sample concentration needs to be higher, which is
not possible for a protein sample. Or the pump power needs to be enhanced. This is in principle
possible with the setup used, however the high-power OPA used for experiments reported in chapter
4 was not in operation for the experiments presented in this chapter. This is why also no data of a
protein sample recorded with the 300 line grating and thus higher spectral resolution are presented.
Using the OPA I as pump and probe light source for measuring a protein sample in H2O with a
thickness of 50 µm on the 300 line grating is not possible, because almost no light can be detected.

In Figure 6.6 cuts through the 2D-IR spectra for two different pump positions are shown. In
comparison with the FTIR spectrum it can be seen, that the center of the azide bleach signal seems
to have shifted towards higher wavenumbers by 10 cm�1. This finding indicates, that the azide
group in this sample is exposed in a less hydrophobic environment or is exposed to more hydrogen
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Figure 6.7: 2D-IR spectra of the PDZ mutant Ala390Aha in H2O. Data are corrected by subtraction of the heat
background at 10 ps to remove solvent contribution to the signal. Note the leaking pump pulse leading to
artifacts along the diagonal, most notable for the 2.5 ps signal. The sample conditions were approx. 15-18 mM
protein in phosphate buffer and 50 µm spacer. The width of the pump pulse was adjusted to 16 cm�1, data
were recorded using the 150 line grating.

bonds [279] as in less concentrated samples of the correctly folded protein. An explanation might
be partly unfolding of the protein sample or instability. From the data presented here it can be safely
stated, that is possible to record 2D-IR spectra of an Aha-labeled protein, that the signal intensity is
high enough to allow for acceptable signal-to-noise-ratio and that it is possible to analyze spectral
diffusion behavior qualitatively, but that sample preparation has to be improved towards better
protein stability. Additionally signals should be recorded with higher spectral resolution and higher
excitation power.

6.3.3 2D-IR on Ala390Aha
The second mutant, which was chosen for exploring Aha as label in 2D-IR spectra of proteins is
Ala390Aha. For this mutant two distinct sub band in the FTIR absorption spectrum have been
found as was discussed in chapter four and shown in Figure 5.7. In the FTIR spectra the sub bands
are found at 2106 cm�1 and 2122 cm�1. This mutant is a good candidate to test whether it is possible
to resolve these two submaxima and measure exchange between the two sub populations (in an
EXSY experiment like in [86, 118]).

The data are shown in Figure 6.7, the sample conditions were as described previously. The sample
concentration was 15 mM and a spacer thickness of 50 µm was used. The data are recorded for the
same time points as the data reported for the PDZ mutant Ile327Aha. It has to be noted that for the
spectra in Figure 6.7 there are artifacts along the diagonal contributed from the leaking pump pulse,
which are not easy to remove from the spectra, because the data were corrected by subtraction of a
positive background at 10 ps. The signal size of the azide absorption in the mutant Ala390Aha in
Figure 6.7 is comparable to the signal size of the azide in mutant Ile327Aha shown in Figure 6.5.

For the sample at 1 ps waiting time the signal intensity is ±0.15 mOD, which decreases down
to ±0.034 mOD for 2.5 ps. The peak shows a very pronounced tilt along the diagonal axis at 1 ps.
Spectral diffusion can be observed in the data set presented in Figure 6.7 in contrast to the data for
Ile327Aha in Figure 6.11. For the longest waiting time of 2.5 ps the tilt decreased so that the peak
appears alomost upright and inhomogenous broadening is vanished.

The resolution of the 150 line grating is not sufficient to completely resolve if there are two
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Figure 6.8: Time-dependent cuts for the PDZ mutant Ala390Aha in H2O for different pump wavenumbers.
Data are corrected by subtraction of the heat background at 10 ps to remove solvent contribution to the signal.
The black arrow indicates the pump position. The upper panel shows the corresponding FTIR spectrum for
this mutant. The sample conditions were approx. 15-18 mM protein in phosphate buffer and 50 µm spacer.
The width of the pump pulse was adjusted to 16 cm�1, data were recorded using the 150 line grating.

submaxima present in the 2D-IR data. In the spectrum for 2.5 ps two submaxima seem to be
observed, one with a center at 2110 cm�1 and the second with a center at 2125 cm�1 for the bleach
signal. However this observation has to be discussed with care because of the leaking pump light.
That spectral diffusion is happening already on a 2.5 ps timescale indicates first of all, that the
surrounding of the azide group changes on the timescale of 2.5 ps. As was discussed in chapter
5 and shown in Figure 5.5 g and h Ala390 is located in the protein interior. The azide group is
surrounded half by polar amino acid side chains and half by nonpolar side chains. This is reflected
by the spectrum in Figure 6.7 because strong spectral diffusion can be observed, which is only
the case for an initially inhomogeneous surrounding, which equilibrates on the time scale of the
spectral diffusion process. The spectral diffusion process is not finished at 2.5 ps, but the data
indicate that the sub ensembles are interchanging. Generally speaking the protein conformation
fluctuates on its free energy landscape and even within the short time window of 2.5 ps side chain
dynamics are occurring. The resolution and signal intensity as well as the accessible time-window
in this experiment are not sufficient to measure actual exchange between the two sub ensembles.

A further insight into the structural dynamics might be gained in a P2D-IR experiment [99].
The data in Figure 6.7 can be analyzed in more detail by the cuts through the 2D-IR spectrum along

a defined pump positions which are shown in Figure 6.8. Those were measured in an independent
experiment and averaged for a higher number of scans to allow for better signal-to-noise ratio.
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Figure 6.9: Transients for the bleach signal of
Ala390Aha in H2O, recorded with the narrow band
pump pulse centered on the main absorption for
two different pump wavenumbers matching the sub
bands in the absorption spectrum.

Comparison of those cuts with the FTIR spectrum of the PDZ mutant Ala390Aha shows that the
maximum of the bleach signal corresponds to the maximum of the FTIR spectrum (in contrast
to the data discussed in the previous section). This indicates that the protein sample is folded
correctly and the time-dependent spectra can be analyzed qualitatively and might yield important
information on the biomolecular dynamics.

Figure 6.9 shows the transients for two of the bleach signals in Figure 6.8 with the pump centered
at 2112 cm�1 or 2097 cm�1 respectively. Those transients are not directly at the position of the
maxima reported in the FTIR spectrum but are the best of the recorded data in terms of non spectral
overlapp between the two bands and signal size. The bleach signal in Figure 6.8 for the pump
at 2097 cm�1 possibly reflects the sub ensemble which has its absorption maximum in the FTIR
spectrum at 2106 cm�1 whereas the bleach signal for the pump at 2112 cm�1 corresponds more to
the sub ensemble with the absorption maximum at 2122 cm�1 in the FTIR. The transient signals
in Figure 6.9 indicated a slightly different vibrational lifetime for the two sub ensembles (note
that those data are not corrected with a weighted background as in contrast to the cuts shown in
Figure 6.8).

When comparing the data with the results for the free Aha in either H2O or THF a similar effect
is seen. The peak time for the azide in H2O was shortly after the peak time in THF ( Figure 6.4),
indicating that the polar solvent extends the lifetime. This corresponds to the effect seen in Figure 6.9
for the azide group in Ala390Aha, with the bleach signal for higher wavenumbers (which means
a more polar environment - see chapter 5) showing a slightly later peak time than the bleach
signal for lower wavenumbers. Thus it can be state, that indeed two different conformations of the
PDZ mutant Ala390Aha are observed in the 2D-IR spectrum and that it is possible to access and
distinguish different sub ensembles of the protein on its free energy landscape.

Comparison of Spectral Di�usion in Ala390Aha and Ile327Aha In Figure 6.10 an overlay of
the 2D-IR spectra of the mutants Ile327Aha and Ala390Aha as contour lines is shown. The upper
panel shows the directly measured data as they were shown in Figure 6.5 and Figure 6.7, the lower
panel shows a smoothed version of the contour levels using the built-in algorithm of Origin 8.5
(parameter given in caption). Almost no differences in the tilt of the bleach signals at 1 ps can
be be observed. Both mutants seemingly have a similar broadening the azide band by different
sub ensembles. However already and 1.25 ps and more pronounced at 1.75 ps as well as 2.5 ps a
difference in the spectral diffusion dynamics can be observed. As discussed above the azide group in
Ile327Aha does not reflect any changes of the microenvironment because no spectral diffusion and
thus no exchange between sub ensembles can be observed. In contrast in the mutant Ala390Aha
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Figure 6.10: 2D-IR spectra of the PDZ mutants Ile327Aha and Ala390Aha in H2O shown as contour lines. The
upper panel shows the directly measured data, the lower panel shows smoothed contour lines using the
built-in algorithm from OriginPro 8.5 with extrapolation to 100 points and the smoothing parameter 0.005
. Data are corrected by subtraction of the heat background at 10 ps to remove solvent contribution to the
signal. The sample conditions were approx. 15 mM protein in phosphate buffer and 50 µm spacer. The width
of the pump pulse was adjusted to 12.5 cm�1, data were recorded using the 150 line grating.

the spectral diffusion process is similar as for Aha in H2O (shown in Figure 6.1) indicating flexibility
of this side chain and conformational fluctuations in the surrounding within 2.5 ps.

6.3.4 Ligand Binding observed with 2D-IR in Ile327Aha
The last experimental set presented in this chapter investigates whether ligand binding influences
spectral diffusion characteristics observed in a 2D-IR spectrum of the PDZ mutant Ile327Aha. As
described previously this position is located in the binding pocket and proposed to be part of the
coupled network of amino acids [10]. A subtle change of the FTIR absorption spectrum can be
found in the presence of the native ligand the CRIPT peptide (see Figure 5.7), which interacts with
the incorporated Aha via the peptide backbone.

In Figure 6.11 the 2D-IR spectra of the mutant Ile327Aha without and with the heptameric CRIPT
peptide are shown. The data were recorded with the same sample, first spectra without the ligand
were recorded and then peptide was added to the same sample. The data for the ligand-free sample
are very similar to the spectra shown in Figure 6.5, with a bit higher signal size with 0.161 mOD.
This is because the sample concentration was slightly higher with 15 to 18 mM before the final
centrifugation to remove scattering particles.

The center wavenumber of the bleach signal is around 2115 cm�1, which indicates again that
the protein might be slightly unfolded or has experienced a destabilization leading to a more polar
environment for the side chain at residue 327. However it was possible to conduct the experiment
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Figure 6.11: 2D-IR spectra of the PDZ mutant Ile327 in H2O without and with the heptamer acNYKQTSV as
ligand. Data are corrected by subtraction of the heat background at 10 ps to remove solvent contribution to
the signal. The sample conditions were approx. 15 mM protein in phosphate buffer and 1.5 fold ligand excess
and 50 µm spacer. The width of the pump pulse was adjusted to 12.5 cm�1, data were recorded using the 150
line grating.

in the presence of the ligand and to prepare a sample with 1.5 fold ligand excess which was still
soluble and did not show effect of protein precipitations at this very high concentrations.

The spectra in Figure 6.11 suffer from a similar problem as the data shown for the mutant
Ala390Aha in Figure 6.7. The pump pulse leakage which is not easy to remove from the spectra
after correction by subtraction of a positive background signal to account for the heated solvent
background lead to small artifact signals along the diagonal most notably for the longer waiting
times at 2.5 ps and 3.5 ps. Comparing the data of the ligand free PDZ mutant with the data of
the protein-ligand complex shows that up to 1.75 ps the data seem almost identical whereas at
2.5 ps to 3.5 ps subtle difference can be observed. Comparing the data for 3.5 ps shows that in the
spectrum without ligand the bleach maximum is centered at 2115 cm�1 (on the pump axis) whereas
the bleach signal for the sample of the protein-ligand complex is centered more at 2108 cm�1.

This can be observed in more detail in Figure 6.12 when overlaying the spectra in a similar way as
it was done for comparing the two different mutants in the section above. The upper panel show
the raw data as presented in Figure 6.11 and the lower panel shows the data with the smoothing
algorithm of OriginPro 8.5 applied. It can be clearly seen, that up to 1.75 ps the ligand binding almost
has no influence, the contour levels of the two spectra lay on top of each other. This indicates that
ligand binding to PDZ does not influence the microenvironment of the azide group in equilibrium
on this very short timescale. For the signals at 2.5 ps and 3.5 ps in the smoothed data a slightly
difference between the center maxima for the bleach and ESA signals can be observed. In case of
the protein-ligand complex the center maximum is shifted a bit towards lower wavenumbers.

This very similar to the findings from static FTIR measurements reported in chapter 5. Here it
was found that the absorption maximum is shifting by about 1-2 cm�1 upon ligand binding to lower
wavenumbers. However these observations in the 2D-IR spectra have to be discussed with care,
because of the overall shift of the bleach signals in comparison to the FTIR spectra. In Figure 6.14
this can be seen more clearly. Here cuts through the 2D-IR spectra in Figure 6.11 are shown (data
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Figure 6.12: 2D-IR spectra of the PDZ mutant Ile327 in H2O without and with the heptamer acNYKQTSV as
ligand shown as contour lines. The upper panel shows the measured data, the lower panel shows smoothed
contour lines using the built-in algorithm from OriginPro 8.5 with extrapolation to 100 points and the
smoothing parameter 0.005. Data are corrected by subtraction of the heat background at 10 ps to remove
solvent contribution to the signal. The sample conditions were approx. 15 mM protein in phosphate buffer
and 1.5 fold ligand excess and 50 µm spacer. The width of the pump pulse was adjusted to 12.5 cm�1, data
were recorded using the 150 line grating.

were recorded in an independent experiment and averaged for a higher number of scans than the
full 2D-IR spectra). The left column of Figure 6.14 shows the data for the free PDZ mutant Ile327Aha
and the right column shows the data for the protein-ligand-complex. The top panel shows the FTIR
absorption spectrum. In dark blue the FTIR absorption spectra, which were reported in chapter 5
are reproduced. Those were measured with a sample concentration of 3 to 4 mM, the spectra in
light gray are FTIR absorption spectra of the samples, which were measured in the 2D-IR setup.
Those FTIR spectra were recorded after the 2D-IR measurements were carried out.
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Figure 6.13: Transients for the bleach signal of
Ile327Aha with and without ligand, recorded with
the narrow band pump pulse centered on the main
absorption. Note that these data are not corrected
for the heated solvent background.
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Figure 6.14: Cuts for the PDZ mutant Ile327Aha in H2O for different pump wavenumbers and with heptamer
as ligand (left column). Data are corrected by subtraction of the heat background at 10 ps to remove solvent
contribution to the signal. The black arrow indicates the pump position. The upper panel shows the
corresponding FTIR spectrum for this mutant. The sample conditions were approx. 15-18 mM protein
in phosphate buffer and 50 µm spacer. The width of the pump pulse was adjusted to 16 cm�1, data were
recorded using the 150 line grating.
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In the cuts shown in Figure 6.14 it can be seen that center wavenumbers of the bleach signals
correspond more to the FTIR absorption spectra of the samples after the 2D-IR measurements
(gray) and do not reflect the line shape and center maxima as would be anticipated from the FTIR
absorption spectra in blue. This is probably due to the high concentration and the insufficient
buffer capacity of the phosphate buffer used for preparing the samples. Thus the samples might be
partly unfolded and it is not certain that the ligand is still bound in the same configuration.

Therefore experiments need to be improved further first by increasing the buffer concentration
or switching to a buffer with higher buffer capacity and second the experiments could be conducted
(after rebuilding the setup again, which was not possible during this thesis) with the OPA II used as
high-power light source for generating the mid-IR light used for the pump pulse. The OPA II has
about 3 to 4 times higher output power than the OPA I, which was used in for the experiments in
this chapter. The higher output power would allow for measurements to be carried out with sample
concentrations of around 4 to 5 mM, which is a similar concentration as used for the experiments
reported in chapter 5.

Due to the effect that the sample seems to be not folded correctly, no qualitative analysis of the
protein dynamics is undertaken. In Figure 6.13 the transient signals for the spectra at the pump
position 2105 cm�1 are shown. A comparison indicates that ligand binding is not influencing the
vibrational lifetime of the azide group in PDZ. As the spectra in Figure 6.11 are clearly affected by
pump pulse leakage all discussions of what is causing changes in the line shape or life time are only
qualitativly and data should be processes further for a detailed analysis.

6.4 Conclusion and Outlook
The objective of the presented experiments was to demonstrate how Aha as example for a versatile
UAA can serve as novel vibrational probe in 2D-IR of proteins and what kind of information are
accessible. The data show that it is possible to record spectra of an Aha-labeled protein with
acceptable SNR to extract information about underlaying conformational dynamics in the studied
PDZ domain. The data are intended as proof-of-principle and already show that using Aha as
site-specific probe different questions such as conformational selection in PDZ or flexibility of the
protein core can be addressed.

Line Shape Analysis. The data shown in Figure 6.11 of the azide moiety in the PDZ mutant
Ile327Aha in the case without and with the native ligand can in principle be analyzed further. The
typical analysis for spectral diffusion data is a Center Line Slope (CLS) analysis [139, 249]. A related
analysis describing the different influences of inhomogeneous and dynamic broadening is the
calculation of the eccentricity of diagonal peaks (as shown for Horseradish peroxidase in [118]).
However because the samples of the mutant Ile327Aha seem to unfold or at least destabilize under
the current experimental conditions and because of the leaking pump pulse, which could possibly
be reomved with a higher level of data correction, a more quantitave analysis is not performed.

The partly unfolding can be seen in Figure 6.14, in the top panel the FTIR absorption spectra are
depicted. The blue spectra show the case for 3-5 mM high concentrations, the light gray spectra
show the data of the samples after laser measurements. A possible explanation for the shift and
broadening of the azide absorption about 10 cm�1 to higher wavenumbers is a less hydrophobic
environment as well as inhomogeneous broadening due to diverse sample environment. The
samples probably destabilized due to insufficient buffer capacities of the used phosphate buffer for
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the high protein concentrations of approx. 15 to 18 mM, which were needed to demonstrate the
principle feasibility of those type of experiments.

Better quality data are expected for a repeated experiment using the high-power OPA II as pump
light source. Using three to four times higher excitation power and at the same time less concen-
trated samples of around 4 mM should yield similar signal sizes with a much smaller likelihood of
protein unfolding. With this smaller concentration additionally effects on the ligand binding con-
tributed by inter-molecular interactions and too high viscosity will be minimized. In general those
experiments will benefit enormously if strategies for better signal sensitivity could be implemented.

Comparison with published 2D-IR Spectra of Novel Vibrational Probes in Proteins. The
above reported data demonstrate how Aha can be utilized as vibrational probe and gave first insight
into local dynamics in the PDZ domain (for the mutant Ala390Aha) on a few picosecond timescale. It
is a intriguing demonstration of the capabilites of 2D-IR spectroscopy and shows how the proposed
combination of ultrafast 2D-IR with site-specific probes can be used to study fast conformation
dynamics in proteins.

The results can be compared to those obtained by Bloem et al. [139], who used Aha as label
incorporated in the peptide ligand. They found similar results for the usability of Aha as label in
protein as demonstrated here in this thesis.

Other examples of 2D-IR spectra of proteins containing unnatural amino acids as novel probes
include the data presented by Thielges et al. [136, 249] on Myoglobin with N3P as label. It has to
be stated that Aha has to be favored over N3P because of the much simpler line shape. Thielges
et al. discuss spectral diffusion of the N3 absorption band as result of changes in the free energy
landscape. As demonstrated in this thesis in chapter 4, N3P has a complicated line shape and already
in the 2D-IR spectra of free N3P sub bands distorting the effects of inhomogeneous broadening are
present. The Fermi Resonance of the N3 band with the ring modes leads to four submaxima for
the free amino acid which should not be neglected when analyzing 2D-IR data of the N3 band in a
protein. Furthermore the distortion of the line shape through the Fermi Resonance forbids the use
of a CLS analysis, which was done in the paper by Thielges et al. Another example of 2D-IR data of a
protein with label is shown by Chung et al. [322], who incorporated CNP into villin headpiece. In
comparison to CNPAha is smaller and therefore more versatile to replace a wide range of native
protein side chains and it has a larger what allows for better SNR.

A completely different type of label was tested by Woys et al. [257] as well as by King et al.
[137], this type of vibrational probe is unique because a metal-carbonyl is used. The label has
the advantage of longer lifetime and a large transition dipole. However, it is mainly useful for
attachment to the protein surface, because it is too large to be included at arbitrary positions of the
protein and disturbance of the protein fold is to be expected.
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Vibrational Energy Transfer

Figure 7.1: VET induced peak times in azidophenylalanine (N3P) reflect spatial proximity of functional groups
and thus can be used for unambiguous assignment of the absorption spectrum. The figure is reproduced
with permission from [111].

Signals derived in ultrafast 2D-IR measurements contain important information about the stud-
ied system, not only in their line shapes (as discussed for spectral diffusion in Chapter 6) or in
case of cross peaks between functional groups (as demonstrated in 2C-2D-IR measurements in
Chapter 4) but important information can be gained from the time dependence of the cross peaks
(as introduced in chapter 2).

In this chapter the time dependence is used to assign vibrational modes to functional groups
of the molecule based on the assumption that vibrational energy transfer (VET) is the underlying
mechanism for cross-peak generation with a clear distance dependency.

The unnatural amino acid N3P, which was studied with 2C-2D-IR in chapter 4 is used as a model.
Its FTIR spectrum contains a few well separated absorption bands. But still it is difficult to assign
those peaks unambiguously by educated guessing. Results from DFT calculations were compared
with 2C-2D-IR transfer times to obtain the assignment. It is demonstrated how the everyday task in
analytical chemistry of assigning vibrational absorption bands to chemical groups is assisted or
even made possible by using information derived from ultrafast vibrational energy transfer.

This chapter is based on the publication Ultrafast hopping from band to band: Assigning infrared
spectra based on vibrational energy transfer, and is reproduced here with permission from WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim: Angewandte Chemie Int. Ed. [111], copyright 2013.
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7.1 Motivation
Infrared spectroscopy is widely used in fundamental and applied chemical research. Applications
cover tasks in analytical chemistry, such as process monitoring or product identification [323, 324]
as well as cutting edge studies elucidating reaction mechanisms [325, 326, 327, 328] or resolving
ultrafast biomolecular dynamics and functions [66, 67, 329]. Typically, analysis of an IR spectrum
starts with assignment, i.e., with establishing a connection between the bands observed in the
spectrum and the moieties of the molecule that are involved in the corresponding vibrations.

For small molecules, vibrations often can be assigned based on experience, aided by databases
that list functional groups and the typical wavenumber range of their absorption bands. However,
the database approach quickly becomes infeasible if several groups are present that cause vibrations
in the same wavenumber range or if a certain group is present several times in a molecule. A way
to obtain assignment information in such cases is isotope labeling, which might involve complex
synthesis.

Figure 7.2: Structure and IR absorption spectrum of N3P. The band positions obtained from DFT computa-
tions using the M06 functional and the B97D functional are indicated with black triangles (scaling factors
of 0.962 and 1.015 are used for M06 and B97D, respectively). Small gray triangles indicate methyl group
absorptions of the t-butyl moiety. Their absorption is less than 5 % of the neighboring vibration ⌫90 The
background colors blue, green and red mark the different spectral regions discussed in the text. This figure is
reproduced with permission from [111].

The standard tools for assignment are quantum chemical computations. However, even for
seemingly simple cases such as the FTIR absorption spectrum of N3P (shown in Figure 7.2), contra-
dicting results can be obtained from different computational methods, as illustrated by the results
presented here. Furthermore, there are cases where the computation of vibrational modes can be
intrinsically difficult, such as excited states or reaction mixtures containing unknown species. A
broadly applicable experimental approach to aid assignment is therefore highly desirable.

In this chapter it is demonstrated how time-dependent infrared pump-probe spectroscopy allows
one to solve assignment problems. For this purpose, a vibration of the molecule is selectively excited
using an infrared excitation pulse with narrow bandwidth and the response of the other vibrations is
investigated by a delayed probe pulse, which is in principle only a cut through a 2C-2D-IR spectrum
(as introduced in chapter 1 and 4).

When the initially excited vibration relaxes low-frequency modes become excited and intramolec-
ular vibrational energy transfer (VET) across the molecule occurs between low frequency modes
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[104, 148]. Through-bond transfer rates of 2.6–5.5 Å/ps have been reported for different molecules
[77, 104, 144, 330]. The high-frequency vibrations investigated here are anharmonically coupled to
the low-frequency modes and respond to VET by red shifting [331]. Because transfer times correlate
with through-bond distances [77, 104, 144, 145, 330], the order in which the bands in the spectrum
respond to the initial excitation reflects the distance between the vibrating groups in the molecule.
This is critically important information for band assignment.

As an example for the broadly applicable method of VET based assignment the results gained
in Chapter 4 on the novel probe azidophenylalanine (N3P), which is used as a protein label for IR
spectroscopy [76, 82] are discussed here. The boc-protected form (structure shown in Figure 7.2)
was studied, thereby adding a peptide bond to the model system.

7.2 Results and Discussion
7.2.1 Classical Assignment using Databases
In Figure 7.2 the FTIR absorption spectrum is shown. Referring to a database of group frequencies
[273], as is typically done for IR band assignment, several bands in the wavenumber range 1400–
2200 cm�1 are expected. Asymmetric azide stretching is usually found in 2080–2170 cm�1 and
therefore the band at 2114 cm�1 is assigned to the azide moiety. The structure of the band is
attributed to a Fermi Resonance [301] as already discussed in Chapter 4. Carbonyl stretching of
the carboxylate moiety is expected between 1705 cm�1 and 1730 cm�1; carbonyl stretching of the
carbamate moiety (amide I) is expected between 1705 cm�1 and 1722 cm�1 [273].

Two bands (at 1744 cm�1 and 1718 cm�1) can be observed in the corresponding spectral range,
but it is not possible to definitively assign which one belongs to the carboxylate and which one
belongs to the carbamate. An amide II vibration of the carbamate moiety is expected as well
[273]. This should occur between 1510 cm�1 and 1550 cm�1, and we observe bands at 1508 cm�1

and 1524 cm�1. Furthermore, several ring vibrations are expected in the range from 1450 cm�1

to 1665 cm�1. Ring vibrations are therefore the likely cause for the small absorption signals at
1581 cm�1 and 1608 cm�1. However, a ring vibration could also be responsible for one of the bands
in the amide II range.

Thus the database approach to assign an FTIR absorption spectrum is not sufficient to assign
even such seemingly easy spectra as measured for N3P.

7.2.2 Assignment using DFT Calculations
To clarify the assignment of the carbonyl bands and the assignment in the amide II range, the
normal modes of N3P were computed using density functional theory (DFT)1. The vibrational
wavenumbers computed using the M06 and the B97D functionals2 [332, 333] are displayed below
the experimental data in Figure 7.2.

Figure 7.3 shows the localization of the respective normal modes. The localization of modes
⌫96 to ⌫92 is almost identical in both calculations, with the highest wavenumber mode being the
azide stretching vibration. Both methods suggest that the carbonyl stretching of the carboxylate ⌫95

is at a higher wavenumber than the carbonyl stretching (amide I) of the carbamate ⌫94. The two
modes with next lower wavenumbers in both computations are localized on the phenyl ring, with

1DFT calculations were carried out by Jens Bredenbeck and the author. All calculations have been performed using the
cluster at Center for Scientific Computing, Frankfurt.

2M06/6–31+G(d,p)/PCM/UFF and B97D/6–31+G(d,p)/PCM/Bondi; see Appendix C for computational details.
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Figure 7.3: Localization of vibrational normal
modes computed using DFT with the M06 and
the B97D functionals. The red color coding of
the molecular structures represents the vibra-
tional energy per atom. The color scale is nor-
malized to the maximum vibrational energy
localized at a single atom for each mode. Both
computations agree on the assignment of the
azide asymmetric stretch, which is the mode
excited in the pump-probe measurements, the
two carbonyl modes and two of the ring modes.
However, the order of the amide II mode of the
carbamate and the third ring mode is inter-
changed. Red, green and blue background col-
ors correspond to the spectral regions marked
in Figure 7.2. This figure is reproduced with
permission from [111].

the higher one involving predominantly the four H-substituted C atoms ⌫93 and the lower one
involving mainly the other two C atoms ⌫92.

In the amide II wavenumber range, the computations predict two modes: an additional ring
mode and an amide II vibration of the carbamate. While the two computations are in agreement
about the localization of the two vibrations, there is disagreement about the order of the modes.
The computation using the M06 functional predicts the ring mode at higher wavenumber, whereas
the computation using the B97D functional predicts a higher wavenumber for the amide II mode.

Figure 7.4: a) Open conformation of N3P. b) The
hydrogen bonded conformation of N3P can be
ruled out as the hydrogen-bonded carbonyl would
show an absorption band downshifted by about 20-
30 cm�1, which was not observed. This figure is
reproduced with permission from [111].

Conformations Intramolecular hydrogen bonds could lead to additional transfer pathways, which
would have to be taken into account when analyzing the experiment. In N3P, a hydrogen bond
between the azide group as hydrogen bond acceptor and the N�H or the O�H group as potential
donors would likely influence energy transfer. However, due to the large distance and stiffness
introduced by the phenyl ring between the azide and the potential hydrogen bond donors the
existence of such an intramolecular hydrogen bond as indicated in Figure 7.4 can be excluded safely.
No rotamer can be formed that brings the N�H or O�H group close enough to the azide group. A
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minor effect on the observed transfer times could occur if there was a hydrogen bond between the
O�H of the carboxyl moiety and the C��O of the carbamate moiety.

Participation of C��O in such a hydrogen bond would lead to the appearance of a C��O band
downshifted by about 20–30 cm�1 compared to the free C��O. The observed C��O band of the carba-
mate (1718 cm�1), however, is at the very high end of the expected range (1705–1722 cm�1) [273].
Presence of a hydrogen bonded population would cause an additional band at about 1690 cm�1,
which is not observed in the absorption spectrum shown in Figure 7.2.

7.2.3 Unambiguous Assignment using Transfer Times

Figure 7.5: IR pump-probe spectra of N3P
in THF for different delay times. The
pump pulse was centered on the azide
absorption. Different spectral regions
were probed with an independently tun-
able OPA. The borders between regions
probed in individual experiments are in-
dicated by dashed gray lines. Red, green
and blue background colors correspond
to the spectral regions marked in Fig-
ure 7.2. The figure is reproduced with
permission from [111].

To resolve the uncertainty resulting from the calculations, unambiguous assignment of the
vibrational modes can be obtained from measurements which monitor VET using ultrafast IR
pump-probe spectroscopy. The results of these experiments (described in detail in Chapter 4 and
Appendix A) are shown in Figure 7.5.

Both vibrations, which absorb in the amide II range and can not be unambiguously assigned
using DFT calculations, are located at different through-bond distances from the azide and VET
originating from the excited azide group will lead to a much faster response of the ring vibration
compared to the amide II vibration; this allows clear assignment of the bands in the absorption
spectrum to the vibrational modes.

Figure 7.6 shows the change of the absorption of the bands (transient IR spectra shown in
Figure 7.5) as a function of time after direct excitation of ⌫96 at 2114 cm�1 (the azide stretch
vibration). tmax indicates the time of maximum signal obtained by bi-exponential interpolation of
the data in the vicinity of the maximum [330].

The upper panel shows the responses of the two bands at 1744 cm�1 and 1718 cm�1, which are
attributed by classical assignment to carbonyl vibrations. Both DFT computations attribute the
higher wavenumber band to the carboxylate moiety (⌫95 and ⌫095 in Figure 7.3, spatially closer to the
azide) and the lower wavenumber band to the carbamate moiety (⌫94 and ⌫094 in Figure 7.3), which
is spatially further away from the azide. The experiment strongly supports this assignment, as the
higher wavenumber band responds earlier in time (t 1744

max = 2.3 ps) than the lower wavenumber band
(t 1718

max = 3.6 ps). The middle panel shows the time dependence of the absorption bands that are
attributed to the ring modes. The response is much faster than that of the carbonyl modes with
t 1608

max = 1.4 ps and t 1581
max = 1.3 ps and reflects the proximity of the azide group and the phenyl ring. In

these cases the two DFT computations agree well with each other as well as with the information
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Figure 7.6: Absorption change of the bands as a func-
tion of time after excitation of ⌫96 (azide vibration
at 2114 cm�1). The red lines are bi-exponential in-
terpolations in the vicinity of the maximum that are
used to obtain tmax, the time of maximum signal.
The black lines connect the measured data points
and serve as a guide to the eye. Signals in the middle
panel are vertically offset for better visibility (note
the different origin of the y axes). The scales of each
panel are chosen such that the two curves have the
same positive amplitude. Red, green, and blue back-
ground colors correspond to the color coding in Fig-
ure 7.2. The figure is reproduced with permission
from [111].

from time-resolved spectroscopy. To further distinguish modes such as ⌫92 and ⌫93, which are
delocalized over a similar set of atoms and therefore yield similar tmax, the angles between transition
dipoles of excited and probed modes could be obtained from polarization resolved measurements
and compared to computed angles. The assignment of the bands at 1524 cm�1 and 1508 cm�1

remains unclear from the computations because the results are contradictory. The computed band
intensities (see Table 7.1) are not conclusive for assignment. Both computations predict a higher
intensity for the amide II band, but a different order of bands. The energy transfer times, however,
decide in favor of the assignment suggested by the B97D computation: the lower wavenumber mode
responds very quickly with t 1508

max = 1.1 ps, which is in agreement with its assignment as a ring mode
(⌫090 in Figure 7.3). The tmax observed for this mode corresponds with the times observed for the
two other ring modes. In contrast, the higher wavenumber mode is slower, with t 1524

max = 3.9 ps. This
time is comparable to the value of t 1718

max = 3.6 ps obtained for the carbonyl group of the carbamate.
The assignment of the band at 1524 cm�1 as an amide II vibration of the carbamate suggested
by the B97D computation (⌫091 in Figure 7.3) is therefore strongly supported; the contradicting
assignment as a ring mode proposed by the M06 computation must be discarded. However, one
should not deduce a superiority of the B97D functional over the M06 functional in computing

computed IR intensities (km/mol)
vibration B97D M06

⌫90/⌫090 273.6 834.2
⌫91/⌫091 365.9 62.3
⌫92/⌫092 10.7 7.0
⌫93/⌫093 27.5 37.4
⌫94/⌫094 726.9 633.8
⌫95/⌫095 415.5 420.3
⌫96/⌫096 1720.4 1584.3

Table 7.1: Computed IR intensities using expensive DFT calcula-
tion approaches for the vibrational modes of N3P. See appendix C
for details.
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vibrational frequencies from this single result. With increasing density of vibrational bands in
larger molecules, harmonic DFT computations that are frequently employed to aid assignment
cannot be expected to predict exactly the right order of bands [334, 335, 336]. High level ab initio
methods with anharmonic corrections, which have the desired accuracy to address the assignment
problem, are not applicable in the majority of cases due to the prohibitive computational effort
required [336, 337]. Therefore, an experimental approach to assignment, such as the one presented
here, is of great importance.

7.3 Conclusion
This results demonstrate how VET-induced signals obtained from ultrafast IR-pump-IR-probe
experiments or 2C-2D-IR experiments can aid the exact assignment of absorption bands. The
fact that the time dependence of VET-induced absorption changes reflects the spatial proximity
of the two modes which correspond to the excited and the responding absorption bands was
used. In the present case of a molecule with little branching and no intramolecular hydrogen
bond (see Figure 7.4) it has been sufficient for assignment to measure a data set with VET starting
from one mode at the end of the molecule. For molecules with a more complex structure, two
or more measurements with VET starting from modes located at different points in the molecule
can be used to obtain additional assignment information. Also weaker bands than azide can
be used to inject vibrational energy, as the low noise allows for the detection of smaller signals.
Additionally, small signals can be increased by increasing infrared pump intensity, concentration
or sample thickness. VET based assignment will be particularly useful when assignment using
databases or quantum chemical computations is difficult, e.g., in molecules where vibrational
frequencies of different functional groups are similar or for species that are difficult to compute,
such as reactive intermediates and excited states. In mixtures the technique can reveal which
absorption bands belong to the same species. Disentangling IR spectra of reaction mixtures which
might contain unknown species is therefore another promising application when investigating
reaction mechanisms.
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8 A Donor-Acceptor Pair for the Real-Time
Study of Vibrational Energy Flow in
Proteins

pump

probe

donor: azulene

acceptor: azide

a VET pair for ...    ...use in proteins

Figure 8.1: To follow directional energy flow (vibrational energy transfer - VET) in proteins suitable chro-
mophores for the injection and tracking of energy are required. Azulene and azidohomoalanine comprise a
promising donor-acceptor VET pair. The figure is reproduced from [112] with permission from the PCCP
Owner Societies.

Novel probes are not only suitable for the sensing of changes in the microenvironment in a protein
(as shown in chapter 5 and chapter 6) but due to the fact, that they can be positioned site-specifically
a different type of application seems possible. Vibrational energy transfer (VET) is believed to play
an important role in protein function. For PDZ an energy transfer pathway is proposed between the
binding site and the distant protein surface, however, experimental evidence for such pathways is
lacking. As described in the previous chapter and chapter 1, ultrafast pump-probe spectroscopy
has been used to investigate VET in great detail in small molecules. This chapter describes the
design of a novel approach to directly track energy flow in a protein by using a VET pair of an donor
and acceptor molecule in remote analogy to FRET 1. It consists of two artificial amino acids, �-(1-
azulenyl)-alanine as heat source and the previously discussed novel probe azidohomoalanine as
acceptor. Both can be co-translationally positioned site-specifically using independent approaches
from chemical biology and are spectrally separated from protein bands. The VET pair is tested in a
model peptide towards its applicability to proteins and first measurements in aqueous solution, the
necessary prerequisite for application to proteins are presented [112, 338].

The chapter is partly based on the publication A donor-acceptor pair for the real-time study
of vibrational energy flow in proteins and those parts are reproduced from reference [112] with
permission from the PCCP Owner Societies.

1Fluorescence Resonance Energy Transfer or Foerster Resonance Energy Transfer
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Figure 8.2: Structures of monomeric azulene compounds �-azulenyl-alanine (AzuA), �-(1-azulenyl)-N-acetyl-
alanine(ac-AzuA) and azulene-1-yl-acetic-acid (AzuCa), the acceptor molecule Aha and the model peptide
AzuP with the sequence ac-Azu-Tyr-Asn-Aha-Gly as well as the small peptide used for assignment with the
sequence ac-AzuYG (AzuP’). AzuCa was a gift from Dirk Schwarzer, MPI Göttingen, ac-AzuA and AzuA were
a gift from the group of Nediljko Budisa, TU Berlin (synthesis was performed by Michael Hösl and Patrick
Durkin). Azu-Tyr-Asn-Aha-Gly (AzuP) and Azu-Tyr-Gly (AzuP’) were synthesized using standard protocols
for solid-phase-peptide synthesis by Marie Anders-Maurer (AK Schwalbe). Reproduced from [112] with
permission from the PCCP Owner Societies.

8.1 Motivation
How vibrational energy is transported in a protein and how this transport might be related to
biological function is a question of increasing interest [85, 147, 148, 152, 155, 156, 204, 206, 339,
340, 341, 342]. The role of vibrational energy transfer (VET) is very evident when it comes to
efficient cooling of reaction sites or chromophores in proteins [85, 180, 343]. A more subtle role
of VET is suggested by a number of theoretical studies, which have linked VET to intramolecular
information transfer, i.e. allostery. In simulations, highly anisotropic, directional energy transfer has
been observed, that connects distant sites in proteins and appears to be correlated with allosteric
communication [10, 85, 167, 205, 206, 341, 344, 345]. However, experimental tools to study the
anisotropic nature of VET in proteins and to map out long range energy transfer pathways with
sufficient time and spatial resolution are lacking [148, 204]. In small molecules and short peptides,
ultrafast pump-probe spectroscopy has been a powerful tool to study VET in great detail [77, 106,
108, 111, 148, 152, 183, 342]. In these experiments, a certain functional group is excited by either a
UV/Vis pulse or an IR pulse and the subsequent transfer of vibrational energy along the molecule
leads to a response of local vibrations that can be tracked by IR or Raman spectroscopy. In order
to extend the approach of ultrafast pump-probe spectroscopy to proteins, important additional
requirements have to be fulfilled. Due to the spectral congestion in these large systems, the use of
specific spectrally isolated labels is crucial to warrant localized injection of energy and localized
probing of the transfer, i.e. a protein compatible VET donor-acceptor pair has to be designed.
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S0

S1

S2

X

Figure 8.3: Level scheme for Azulene, indicating why it is a suit-
able molecule to be used as heat donor. It is a famous example
of exemption to Kasha’s rule, which states that photo emission
with high yield only occurs from the lowest excited state. Azulene
however, among other examples, shows photo emission upon
ultraviolet excitation from its S2 state instead of its S1 state. Ex-
citation to the S1 state occurs upon absorption at ⇡ 600 nm and
is followed by fast relaxation through internal conversion on a
timescale off ⇡ 1ps [150, 350]. This means energy is not released
as a emitted photon, as would occur in other molecules and no
fluorescence takes place. Instead the molecule relaxes to the
ground state and thereby the energy is transferred to higher ex-
cited vibrational states of the electronic ground state. This is
possible because of a conical intersection between S1 and S0 state
[350, 351].

8.1.1 Prerequisites for Donor and Acceptor
To map out energy flow between two distinct arbitrary sites in a protein, infrared and visible
chromophores, that can be incorporated site-specifically, without disrupting the protein function or
changing the overall structure, are needed. A large transition dipole of labels is mandatory to keep
protein concentrations in reasonable limits while maintaining sufficient signal sizes. Previous pump-
probe experiments on proteins only used native IR or UV/Vis chromophores and therefore where
largely insensitive to the directionality of VET [181, 346, 347]. Resonance Raman probing allowed
to monitor VET between the optically excited heme of cytochrome c and a nearby tryptophan
[184, 348] as well as allosteric communication between the hemes of the ↵ and � sub units in
hemoglobin [349]. However, the vast majority of proteins do not contain a suitable combination of
chromophores at all.

A promising way for the exact positioning of chromophores is offered by tools developed in
chemical biology[80, 212, 234], including the use of artificial amino acids as novel vibrational probes
as introduced in chapter 3. The extension of the amino acid alphabet by the incorporation of
artificial amino acids through artificial genetic code expansion [78, 210] or the use of structural
homologues as amino acid surrogates [218] already during the expression of the target protein
enables the use of chromophores located in the amino acid side chain and allows for homogeneous
labelling with a high labeling yield.

Here a donor-acceptor pair for tracking VET is presented. It comprises of an azulene chromophore
as a “donor” which can be excited at 600 nm and injects vibrational energy into the peptide or
protein under investigation and the azide chromophore of the favorite novel probe Aha serves as
an “acceptor”, which can be monitored at 2100 cm�1 to track VET in the system. It is shown that
these labels combine a set of very favorable properties for the study of VET in biological macro-
molecules. Co-translational incorporation of each of the labels into proteins has been demonstrated
in the form of �-(1- azulenyl)-L-alanine and L-azidohomoalanine, respectively [218, 234, 352]. An
important point is that the demonstrated methods of incorporation into proteins are orthogonal
and applicable to the same protein sample, thus allowing for simultaneous labeling (see chapter 3
and 9 for more details).
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 ac-AzuA in THF
 AzuCa in THF Figure 8.4: UV/Vis absorption spectrum of the

two monomeric azulene compounds ac-AzuA and
AzuCa, both in THF. Shown is the region between
550 nm and 780 nm were the S0 to S1 absorption is
expected. The maximum absorption can be clearly
seen at around 600 nm. Spectra were recorded on
a Jasco V-660 spectrometer against THF as back-
ground in a 1 mm thick cuvette, concentrations
were chosen to allow for an OD below 1.0. Repro-
duced (modified) from reference [112]with permis-
sion from the PCCP Owner Societies.

VET Donor. A favorable vibrational energy “donor” for studying VET should convert most of
the energy of an absorbed photon into vibrational energy, and it should do this as fast as possible
to provide a sharp onset for a time resolved measurement of VET. At the same time, the donor
should not produce any side effects for its surrounding caused, for example, by isomerization or
permanent change of dipole moment. Furthermore Vis chromophores are preferable compared to
IR chromophores due to the approximately 10 times larger photon energy that is dissipated.

Azulene is an excellent candidate in these respects, as it undergoes ultrafast (sub-picosecond)
internal conversion [350, 353, 354]from S1 to S0 (violation of Kasha’s rule) [350, 351, 355] after 600
nm excitation, thereby converting basically the complete photon energy of 2.1 eV into vibrational
energy without undergoing persisting structural changes [145] as visualized in Figure 8.3.

Due to these favorable properties, azulene has been previously used for studies of VET in hydro-
carbon chains [145, 146, 150]. The advantage of depositing more energy when using Vis instead of IR
excitation and to have a larger number of modes that can potentially couple and inject energy into
the system under investigation comes at the expense of a somewhat larger chromophore. Recently
azulene was as well proposed as label in FRET studies [233]. Previous studies of VET in model
peptides used azobenzene as energy donor [152, 331], with the important disadvantage that the
system is perturbed by chromophore isomerization [356].

As azulene-based VET donors for application in peptides and proteins, we investigated �-(1-
azulenyl)-N-acetyl-alanine (ac-AzuA) and azulene-1-yl-acetic-acid (AzuCa), which both have their
S0 to S1 absorption band at about 600 nm (see Figure 8.4). Results of transient IR measurements on
those two chromophores in THF can be found in Figure 8.8.

Internal conversion after excitation at 600 nm is found to occur on similarly fast timescales as
for free azulene [354] as reflected by the rapid onset of VET . Both chromophores are found to have
excellent photo-stability, allowing for many days of sample usage under present measurement
conditions.

VET Acceptor. An ideal “acceptor” chromophore for the direct tracking of VET needs to have
its IR absorption band well separated from the protein vibrations (as introduced in the motivation
of this thesis). Ideally the chromophore can be used both in H2O and D2O, which means it has to
absorb between 1800 cm�1 and 2150 cm�1. It needs to have decent oscillator strength and a narrow
line width, which translates into a large difference signal from anharmonic frequency shifts induced
by VET [331].
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Figure 8.5: Example for data analysis.
Shown are transient IR data for AzuP in
the amide I region. Transients are ei-
ther plotted as change of bleach inten-
sity on one pixel, integrated bleach in-
tensity (sum over more pixel) or in case
of very small signals the amplitude, cal-
culated from bleach signal and excited
state absorption is shown in Figure 8.13
as demonstrated here for the mode at
1615 cm�1. Reproduced from reference
[112] with permission from the PCCP
Owner Societies.

Azidohomoalanine was identified as preferable novel vibrational probe and and as a suitable
candidate fulfilling those requirements already in chapter 4 and its usability in proteins was demon-
strated in chapter 5 and 6. In this chapter another application of aha is shown as a part of the
proposed donor-acceptor pair for the direct measurement of VET in proteins.

8.2 Experimental Design
To investigate the performance of the proposed azulene-azide donor-acceptor pair, a model pep-
tide AzuP (AzuCa-Tyr-Asn-Aha-Gly) shown in Figure 8.2, which contains azulene incorporated as
azulene-1-yl-acetic-acid (AzuCa) at the N- terminal position and azidohomoalanine close to the
C-terminus was designed. In addition amino acids which display characteristic protein marker
modes, such as tyrosine, asparagine and glycine providing the C-terminal carboxyl were added, in
order to have additional spectroscopic indicators of VET. Of the peptide AzuP Vis-pump-IR-probe
spectra covering the range from 1200 cm�1 to 2120 cm�1 were recorded. Experimental details on
those ultrafast measurements can be found in Appendix A as well as the figure captions for the
respective results. The transient IR spectra for AzuP in d 6-DMSO are shown in Figure 8.6 b. To
aid the assignment of the observed bands, additionally the time resolved spectra of the azulene
monomer AzuCa in the same solvent (d 6-DMSO) and of a shorter peptide AzuP’ (Azu-Tyr-Gly) were
measured under comparable conditions. The transient IR data for AzuCa are shown in Figure 8.6d,
those of AzuP’ are shown in Figure 8.7.

Data Analysis. Data were recorded as transient pump-probe spectra at a fixed pump wavelength
of 600 nm with an excitation energy of approximately 5 µJ and magic angle polarization between
visible pump and infrared probe. Resulting example spectra are plotted in Figure 8.5. For the shown
transients, which were used to analyze peak times and help with band assignment, typically the
bleach signal at one pixel was plotted. For small signals or broad signals, data are integrated by
adding up several pixels. For some very weak signals the amplitude of the signal is shown, calculated
from the intensity of the exited state absorption minus the intensities for the bleach signal. The
modes, which are shown in Figure 8.9, are described in table Table 8.1.
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transient calculated from

2098 cm�1 bleach single pixel at 2098 cm�1

1728 cm�1 amplitude, (ESA[1710 cm�1 + 1714 cm�1 ]) - (bleach[1723 cm�1 + 1728 cm�1 ])
1678 cm�1 bleach, single pixel at 1678 cm�1

1670 cm�1 integrated bleach signal, sum of signal at 1668 cm�1 + 1672 cm�1

1615 cm�1 amplitude, (ESA[1604 cm�1 + 1608 cm�1 ]) - (bleach[1612 cm�1 + 1616 cm�1 ])
1516 cm�1 bleach, single pixel at 1516 cm�1

1398 cm�1 bleach, single pixel at 1398 cm�1

Table 8.1: Overview how transients in Figure 8.9 are calculated by either integrating the bleach signal for
different pixels or calculating the amplitude between ESA signal and bleach signal.
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Figure 8.6: (a) FTIR and (b) transient IR spectra of the
model peptide AzuP with 600 nm excitation wave-
length. (c) FTIR and (d) transient IR spectra of the
incorporated donor AzuCa. Numbered signals are
discussed in the text. FTIR spectra were recorded on
a Bruker Vector 22 DTGS detector. Concentration-
dependent measurements of all azulene monomers
with concentrations ranging from 25 to 250 mM in
a CaF2 cell [296] with an optical path length of 100
µm were performed. The model peptide AzuP was
solved in d6-DMSO (99.9 %, deutero, Germany) in
concentrations from 10 to 50 mM for FTIR measure-
ments performed as described above. No sign of
concentration dependence has been found in these
measurements.
Transient IR spectra were recorded as described in
Appendix A. Samples were prepared with approx. 8-
10 mM concentration for the peptide AzuP and 30
mM for AzuCa in d6-DMSO, data were recorded with
approximately 5µJ excitation energy in a flow-cell
with 250 µm spacer. The azide and glycine spectral
window were collected with a 100 µm spacer due to
larger solvent absorption, the corresponding signals
where multiplied by 2.5 to compensate for the lower
thickness. Reproduced from reference [112] with
permission from the PCCP Owner Societies.

8.3 Results and Discussion
8.3.1 Transient IR Experiments on the Model Peptide AzuP
Energy transfer in AzuP starts at the azulene chromophore and is tracked along the peptide structure
in the following. The bands 7, 11 and 12 in Figure 8.6 b are assigned to the azulene moiety, based on
comparison with bands 2,3 and 4 of the azulene monomer AzuCa in Figure 8.6 d. Their response
is instantaneous on the time scale of our instrument, as exemplified by the transient of band 7
(1398 cm�1 transient, Figure 8.13 a). The carbonyl group of AzuCa appears at 1714 cm�1 (band 1,
Figure 8.6 d). In the peptide AzuP the vibration is shifted because of amide formation to 1670 cm�1
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(band 4, Figure 8.6 b). Due to its proximity to the azulene chromophore, it is the next vibration to
respond to VET (tm a x = 2.1 ps, 1670 cm�1 transient, Figure 8.13 b) after the chromophore itself. The
next residue in the peptide sequence is tyrosine. Its ring modes [88, 89] contribute bands 5 and 9
in Figure 8.6 b. This assignment of the tyrosine is confirmed by comparison with the spectrum of
AzuP’ in Figure 8.7 and is in agreement with literature values [89]. The tyrosine vibrations show a
tm a x of 4.7 ps (1615 cm�1 transient, Figure 8.13 b) and 4.2 ps (1516 cm�1 transient, Figure 8.13 c),
respectively. The next amino acid is asparagine. Here, an amide I like mode in the side chain at
about 1680 cm�1 is expected [88, 89]. It overlaps with the other modes in the carbonyl range, which
belong to the backbone and together generate a stronger signal (band 3, 1678 cm�1 in Figure 8.6 b),
also due to their closer proximity to the chromophore. Additionally an NH wagging mode of the
asparagines side chain is expected (1612 cm�1 in H2O). A shift to lower wavenumbers in DMSO can
be expected and tentatively band 6 is assigned to this mode. The band is absent in AzuP’, which lacks
asparagine (see data in Figure 8.7). As the band is small and overlaps with other bands no transient is
shown in Figure 8.13. Next in sequence is the proposed “acceptor” chromophore azidohomoalanine.
Its anti-symmetric azide stretching mode absorbs at 2100 cm�1, perfectly separated from the other
bands of the peptide. It responds with tm a x = 7.0 ps (2098 cm�1 transient, Figure 8.13 a).

The peptide is completed at the C-terminus by glycine, which contributes band 2 in the transient
IR spectrum of AzuP (carbonyl stretching of the carboxylic acid moiety), that peaks at tm a x = 5.9 ps
(1728 cm�1 transient, Figure 8.9 c). For the characteristic localized vibrational modes of the peptide
a pronounced correlation between the through-bond distance of the vibrating moiety from the
azulene chromophore and the time until the VET induced signal of this moiety becomes maximal is
found [106, 111].

The data clearly illustrate how Vis-pump-IR-probe spectroscopy monitors directional energy flow
through a molecule. It also impressively illustrates, that band overlap leading to spectral congestion
especially in the amide I and amide II region is a severe problem already in very small peptides. In
order to carry out systematic studies of directional VET in proteins, the use of an acceptor that can
be monitored separately from the other protein vibrations is crucial.

The VET induced signal of the azide stretching band of the proposed acceptor azidohomoalanine
is the dominating contribution at long delay times (Figure 8.6 b). Even upon VET originating at
the azulene donor in a through-bond distance of approximately 2 nm, it reaches a signal size
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Figure 8.7: Transient IR spectra for the small as-
signment peptide AzuP’ and the model peptide
AzuP, both measured under similar conditions in
d6-DMSO, data in the lower panel are the same as in
Figure 8.6. The assignment peptide does not contain
an azide acceptor chromophore, therefore data are
only shown for the region 1350 cm�1 to 1750 cm�1.
Reproduced from reference [112] with permission
from the PCCP Owner Societies.
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Figure 8.8: FTIR absorption spectra and transient
IR spectra for the model compounds ac-AzuA (a
(FTIR), b (transient IR)) and AzuCa (c (FTIR), d (tran-
sient IR)) measured in THF. Experiments were per-
formed similar to those described above with a sam-
ple concentration of 25 mM for AzuCa and ac-AzuA.
The spacer thickness used in the CaF2-flowcell was
250 µm and an excitation intensity of 5 µJ. Repro-
duced from reference [112] with permission from
the PCCP Owner Societies.

comparable to the total carbonyl signal of the peptide.
The experimentally observed tm a x of 7.0 ps over a distance of three peptide bonds and the side

chain bonds corresponds to previously reported transfer rates of 2.6 to 5.5 Å/ps [77, 104, 357]. The
presented measurements have been carried out at 10 mM peptide concentration with a spacer
thickness of 250 µm and an excitation energy of 5 µJ for the 600 nm pump. The concentration is
in a range that is compatible also with many soluble proteins. The signal quality generated at this
concentration (2098 cm�1 transient, Figure 8.9 a) impressively demonstrates that the proposed
donor-acceptor pair is indeed suitable to monitor energy flow on a length scale of biological
relevance, since the length of the investigated peptide corresponds to the radius of small proteins.

8.3.2 Relaxation in Model Systems of Di�erent Size
The proposed VET pair of azulene as heat donor and Aha as heat acceptor is not only suitable for its
designed purpose, the direct tracking of vibrational energy flow in a protein, as for example the PDZ
domain. Moreover this novel donor-acceptor pair is an extremely useful experimental tool to study
the characteristics and physical principles of vibrational energy flow.

One example of possible applications is the detailed investigation of the transfer mechanism in
molecules of different chain lengths to find out how heat is transported, similar to experiments by
the Rubtsov group on PEG chains [144, 357].

A first results of this kind can be found in the data presented here. In Figure 8.10 the transient
signals of the characteristic ring modes of the azulene chromophore at 1398 cm�1 and 1575 cm�1

are plotted for the molecules AzuCa and AzuP, both in the same solvent (d6-DMSO) so that a solvent
effect can be excluded. The signals from AzuP are shown in light blue, the signals from AzuCa in
dark blue. Signals are fitted by an bi-exponential function to visualized the peak time and decay
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Figure 8.9: Transients for the model peptide Azu-Tyr-
Asn-Aha-Gly, measured in d6DMSO. Shown is the
time dependent signal intensity of the signals shown
in Figure 8.6. Data are fitted with a bi-exponential
function to allow for better recognition of the peak
maximum. The upper panel shows the results for
the azide signal contributed from Aha and the char-
acteristic ring mode of azulene, the middle panel
shows peak intensities for signals in the amide I re-
gion, the lower panel shows the transient signals
for the characteristic tyrosine ring mode and the
carbonyl of the C-Terminus. Reproduced (modified)
from reference [112]with permission from the PCCP
Owner Societies.

better.
It can be directly seen, that relaxation of vibrational energy is faster in the larger molecule AzuP,

which contains four additional amino acids and has a peptide chain length of more than 2 nm. In
AzuCa for comparison the relaxation is much slower. However the peak times seem to be similar
for the modes with approximately 1.4 ps (not completely resolved) in AzuCa for the ring mode at
1398 cm�1 and 1.3 to 1.4 ps (as well within the resolution limit) for the same ring mode in AzuP. For
the other ring mode at 1575 cm�1 the peak time is found to be approximately 1.7 ps in AzuCa and
1.8 ps in AzuP, which is almost the same within the precision of the experiment.

This finding can be explained by the different number of vibrational modes in molecules with
different size. As AzuCa has less modes in which the excess energy can be dissipated those modes
will overall accept more energy and thus show a longer vibrational life time whereas in AzuP the
energy can be dissipated into many more vibrational modes and thus the ring mode shows a shorter
life time. Thus the propose donor acceptor pair is a suitable tool to investigate relaxation pathways
within a molecule. These results are in agreement with previous studies reported by the Rubtsov
group [144, 357] and by Schwarzer et al. [145, 150], who did already extensive studies of how VET
efficiency and speed is affected in different molecular systems. The nature of the intramolecular
vibrational energy transfer needs to be investigated in further detail, especially with respect to
applications in proteins, e.g. with peptides of different chain length. This kind of experiment
would allow to find out, if the VET process induced by exciting a delocalized mode as in the
azulene chromophore has similar properties than VET, which is induced by excitation of a localized
chromophore (e.g. as in the experiments presented in chapter 8 and [108, 111, 144, 338, 357].
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Figure 8.10: Transients of ring modes in AzuP and
AzuCa, measured in d6-DMSO, shown is the time
dependence of the signal intensity for signals no.
7 and 12 from Figure 8.6 b and no. 2 and 4 from
Figure 8.6 d.

8.3.3 Usability in Aqueous Solution
One major prerequisite for the application of the proposed VET pair in proteins is its functionality
in aqueous solution. The solvent is known to influence heat transfer rates [358] and if relaxation
of the heat from the excited azulene mode to the surrounding water would be faster or much
more dominating than the VET process leading to signal generation in experiments, application in
proteins will fail. Also that the energy which is relaxed via VET into the low frequency modes might
be rather dissipated to the surrounding solvent molecules depending on the presence of hydrogen
bonds is affecting the signal size for the VET induced signal of the azide stretch vibration.

To investigate the usability in aqueous solution compared to organic solvent, which can not
be explained by theory directly, e.g. because computations including explicit solvent are costly
and difficult, the transient IR signal in a di-peptide with the sequence AzuA-Aha was studied in
d6-DMSO and H2O.

In Figure 8.11 the UV/Vis spectrum of the azulene compound AzuA (�-azulenyl-alanine) is shown.
The absorption maximum for the S0 to S1 transition is found around 600 nm in H2O, similar as for
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Figure 8.11: UV/Vis absorption spectrum of the free
amino acid Azulenylalanine (AzuA) in H2O, mea-
sured against H2O as background. The concentra-
tion was approximately 2.3 mM. Data were recorded
on a Jasco V-660 spectrometer. A cuvette with 0.1 cm
path length was used.
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Figure 8.12: Transient IR spectra of the dipeptide AzuAha in d6-DMSO and H2O. The upper right panel
shows the originally collected data for AzuAha in H2O, only corrected by subtraction of a negative time
signal as background. The lower right panel shows the data with a correction for the heat background
contributed by the combination band of H2O . Sample conditions for both experiments have been identical,
the concentration was 25 mM, a spacer of 100 µm was used, excitation power at 600 nm was 5 µJ, spectra
have been collected with 500 shots on the 150 line grating. The visible focus had a size of 120 µm and was
stretch in time to approx. 400 fs by guiding the light through glass rods. The relative polarization of pump
and probe beam was set to the magic angle.

the previously described azulene compounds AzuCa and ac-AzuA in THF (see Figure 8.4). Transient
IR experiments were performed similar to the other experiments described in this chapter.

In Figure 8.13 the transient IR spectra of AzuAha in d6-DMSO and H2O are shown. The upper
panel shows the azide signal without background correction for the solvent but only subtraction
of a background for negative waiting times. The azide signal in H2O is difficult to discriminate
from the solvent contribution of the heated H2O band (the same problem, which was discussed in
more detail already in chapter 6) and is smaller than the signal in DMSO, the sample conditions
were similar. The data for AzuAha in DMSO show a signal with a maximum amplitude of about
0.6 moD, whereas the amplitude of the signal in H2O is only around 0.35 mOD. The lower panel
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shows the azide signal without the heated solvent background. The background was removed by
fitting a polynomial function of fifth order to the signal for longest waiting times and subtract it
scaled to the intensity at the highest wavenumbers from all other spectra. The pure azide signal
has an intensity of about 0.3 mOD for a concentration of 25 mM in a flow cell with 100 µm spacer
thickness. This signal size would allow for measurements of a protein sample, proving further more
the applicability of the proposed VET pair.
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Figure 8.13: Transients of the azide stretch vibration of the di-peptide AzuAha in H2O and d6-DMSO.

Figure 8.13 shows the time dependence of the azide signal in DMSO in comparison to H2O. It can
be seen that the peak time for the azide vibration is faster than in DMSO with 4.94 ps for the bleach
in DMSO and 4.62 ps for the ESA in DMSO. The signals in H2O have peak times of 2.97 ps for the
bleach and 3.14 ps for the ESA. This demonstrates how vibrational cooling affects the relaxation
rates and the signal intensity, since the whole molecule is cooling faster in H2O, not allowing for a
similar amount of vibrational energy to reach the azide.

8.4 Conclusion and Outlook
In the light of the presented results the application of the proposed genetically encoded azulene-
azide donor-acceptor pair for the study of anisotropic energy flow in proteins appears very promis-
ing. Both, donor and acceptor absorb at optimal spectral positions with respect to native protein
transitions and aqueous solution. Also energy transfer to the solvent could be investigated by moni-
toring specific vibrations of the solvent. The VET donor mechanism works without troublesome
perturbation of the protein structure and undesired effects on the spectrum by permanent dipole
moment changes.

The proposed VET pair has shown excellent performance in a model peptide in terms of a
sharp onset of VET and generation of a large transfer signal over a biologically relevant distance.
Additionally the performance of the VET pair was successfully demonstrated in aqueous solution,
which is a major limitation for applications in proteins. Vibrational cooling in H2O was found to
shrink the observable signal size, but big enough signals were observed to allow for testing the
application in proteins.

Site selective incorporation of the labels either through synthetic approaches or during protein
expression will allow to investigate VET in proteins in great detail. Anisotropy of VET in different
types of secondary structure elements can be addressed, e.g. comparing transfer along the backbone
and across hydrogen bonds in �-sheets. VET across different types of tertiary contacts can be
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investigated, which do not play a role in the quasi one-dimensional case of small peptides but are
hypothesized to be of importance in a protein setting.

Additionally the VET pair might be of interest to study the physical principles of VET in more
detail, as the nature of heat transfer is still not understood completely.

The long standing theoretical predictions of distinct highly directional energy transfer pathways
in proteins and their role in allosteric signalling can be subjected to rigorous experimental testing.
First experiments towards this goal are presented in the following and final chapter of this thesis.
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Flow in PDZ

This chapter describes the first steps towards real-time mapping of energy flow in the 3rd PDZ
domain of PSD-95. A major goal of this thesis was to demonstrate whether the direct measurement
of energy flow in PDZ is possible. It was intended to design an experiment mimicking the Anisotropic
Thermal Diffusion Simulations from Ota and Agard [10].

As outlined in Chapter 2 and Chapter 8, energy flow in proteins is of major interest for the
understanding of intra domain communication in proteins and signal propagation as well as for
allosteric long-range effects. A huge body of theoretical work predicts the existence of energy
transfer pathways in the PDZ domain as well as in other protein domains [9, 10, 148, 159, 160, 161,
167, 168, 359]. However experimental tools to access and directly observe this effect in real-time
and proof the existence of energy transfer pathways are lacking [204].

As demonstrated in Chapter 8 the usage of a donor acceptor pair to monitor VET pathways is
a possible approach to experimentally access those. Based on the positive results on the model
peptide, it was planned to employ the proposed donor acceptor pair of azulenyl-alanine and Aha in
the PDZ domain [338].

This chapter organized in the following sections. First the sample design is outlined, second
the biophysical characterization of the investigated protein-ligand complex with the incorporated
donor-acceptor pair is described, third first transient IR data of the model complex are reported and
experimental challenges discussed. The chapter ends with possible experimental improvements
and a outlook towards further research.

9.1 Sample Design
The general idea is to directly mimic the simulation by Ota and Agard [10] in an experiment. In
Chapter 2 the idea of a conserved network of residues involved in long-range communication was
introduced. One attempt, by which those networks were predicted was the simulation shown in
figure 2.6. In this anisotropic thermal diffusion simulation heat (vibrational energy) was injected
site-specifically into the system at position His372. The propagation of energy was followed by
monitoring the change in rmsd of all residues in the PDZ domain which is equivalent to monitoring
a temperature change. A preferred energy transfer pathway from His372 to Ile341 via Ile327 within
4 ps was found. In contrast the injection of heat at other positions yielded isotropic heat propagation
throughout the protein.

The donor-acceptor pair described and tested in chapter 8 was designed to address this phe-
nomenon in an experiment. Ideally heat would be injected at position His372 and the propagation
of heat would be monitored at positions along the proposed pathway and away from the proposed
pathway with a thermometer suitable for usage in proteins. This experimental idea is illustrated
in figure 9.1. The resulting energy flow would be measured by monitoring the arrival time of heat
at positions along the proposed energy transfer pathway. To proof if the heat transfer is indeed
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Ser398

Leu353

Ala390

Ile341

Ile327

Ala376

His372

pump

probe

Figure 9.1: The ideal experiment to mimic Ota and Agards simulation and find out whether anisotropic heat
transfer in PDZ exists: Heat injection via a pump pulse at position His372 (blue), reporting of heat arrival
at three positions on the proposed pathway (light blue: Ile327, Ile341, Leu353) and three positions off the
proposed pathway (green: Ala376, Ala390, Ser398) with similar distance from His372.

anisotropic and the proposed coupled network of (conserved) residues ([9]) serves as preferred
"wire" for site-to-site communication it is necessary to observe if and when energy arrives at off-
pathway positions. Therefore pairs of residues with similar distance from the injection point should
be monitored (in figure 9.1 residues on-pathway are colored turquoises, off-pathway residues are
colored green). The result would be pairs of energy transfer times within the picosecond range
where ideally the set of on-pathway residues are reached by the energy within few picoseconds and
the off-pathway residues might yield not signal at all.

9.1.1 Incorporation of Multiple Novel Probes
In the previous chapter the almost ideal compounds azulenyl-alanine as heat source and Aha as
local thermometer were introduced. To implement the above outlined experimental idea, it would
be necessary to incorporate both artificial amino acids site-specifically into the PDZ domain with
the restrictions to keep the protein domain functional and generate high protein yield.

In the field of genetic engineering approaches for the simultaneous incorporation of two different
non canonical amino acids are developed. The first demonstration of the simultaneous site-specific
incorporation of two different artificial amino acids via the usage of an modified ribosome, which
can process quadruplet codons, was demonstrated by Neumann et al in 2010 [214, 239, 360]. The
usage of two independent orthogonal tRNA pairs was demonstrated as well [361]. A different
approach using an poly-auxotrophic E. coli to introduce even three different artificial amino acids
using the supplementation incorporation method was demonstrated by the Budisa group in 2010 as
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Mutant pairs and distance to His372

Ile327Aha and Ala376Aha 0.8 nm
Ile341 and Ser398Aha 1.7 nm
Leu353 and Ala390Aha 1.8 nm

Table 9.1: Mutant pairs of Aha labelled PDZ to mimic anisotropic thermal diffusion in an experiment. Dis-
tances are measured between C� of His372 and C� of the respective side chains.

well [81], approaches for the multiple encoding of artificial amino acids are reviewed in [211, 214].
All approaches have in common, that the double labelling with two different artificial labels is in

principle possible, but expression yields are not in the range similar to regular recombinant protein
expressions as desired of samples suitable for 2D-IR or transient IR. Using stop codon suppression
approaches, as demonstrated by [239, 361], the protein yield will drop substantially, because the
incorporation approach competes with the termination machinery of protein synthesis [237] and
even though orthogonal tRNA/tRNA synthetase pairs (mainly from Methanococcus jannaschii) are
used, those might be "leaky" for different amino acids than the desired artificial label. Thus the
labelling efficiency for double labelling would be lower than desired for the difficult transient IR
experiments planned.

The introduced donor acceptor pair of azulenyl-alanine and Aha [112] is in principle suitable for
simultaneous incorporation into a protein. Azidohomoalanine is introduced in a supplementation
based incorporation method as methionine analogue, thus the expression of an Aha-labelled
protein requires a methionine auxotrophic E. coli. Azulenyl-alanine in contrast was proposed as
candidate to be used as tryptophan analog in a similar approach in tryptophan auxotrophic E. coli
[212]. However this approach is not sufficient for the incorporation of azulenyl-alanine [234] and a
novel tRNA synthetase specific for azulene is required. This challenge is addressed in an ongoing
cooperation with the group of Nediljko Budisa from TU Berlin.The design and optimization of an
expression system in E. coli suitable to express an azulene-labelled PDZ with Aha incorporated
additionally is out of the scope of this thesis and requires severe work from molecular biologists. To
address the question of interest about energy transfer in the PDZ domain a protein-ligand complex
was designed instead, which contains the donor in the peptide ligand.

9.1.2 Protein-Ligand Complex
To gain a suitable experimental system of PDZ with the introduced VET pair the above mentioned
limitations had do be overcome. A different approach to introduce both artificial amino acids
into the functional PDZ is to study the energy transfer in the presence of the peptide ligand and
introduce the heat source azulenyl-alanine in the peptide ligand. This is actually matching both the
simulations by Ota and Agard [10] as well as the study by Ranganathan and Lockless [9]who as well
used the protein ligand complex for their studies, as simulations have been performed using the
pdb file 1be9. Additionally meaningful results would be expected since the energy transfer pathway
is believed to be important for allosteric long-range communication, a process happening in the
presence of the native ligand.

To design a stable and measurable protein-ligand complex with the VET pair introduced several
restrictions had to be addressed.

The binding constant of the designed complex needs to be similar to the binding constant of
the wild type in complex with its native CRIPT ligand to allow for experimental results about the
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peptides with azulene origin status

Azu-QTSV derived from CRIPT tested experimentally
Azu-KQTSV derived from CRIPT tested experimentally
KKET-Azu-V derived from Saro et al. [320]) potential candidate

Table 9.2: Promising and tested peptide sequences for a ligand of PDZ3 with azulene incorporated as VET
donor.

protein-ligand complex, as the majority of the peptide needs be in bound complex 1. The heat
source needs to be in the proximity of the originally proposed starting point for the energy transfer
pathway, close to His372. The protein-ligand complex needs to be sufficiently stable to allow for
high protein concentrations during the experiment.

Positions for Thermometer. Since Ota and Agard [10] proposed an anisotropic heat transfer
starting at His372 and IVR shows a strong distance dependency, pairs of incorporation sites with
similar distance from His372 have been identified. The mutation sides in PDZ introduced in chapter
2 and discussed in chapters 5 and 6 were originally chosen for this final experiment. Three of the six
incorporation sides are positioned of the energy transfer pathway suggested by Ota and Agard [10]:
Ile327, Ile341 and Leu353. The other three mutants Ala376, Ala390 and Ser398 are matching those
three to generate three pairs of residues with one on pathway and one off pathway and the same
distance from the proposed starting point of the energy transfer at His372.

Peptide Design. The peptide tested for docking were based on the sequence of the native peptide
ligand CRIPT. The main focus was on short peptides with the conserved sequence NYKQTSV and
azulene as N-terminal residue attached. The most promising peptides resulting from this approach
in terms of distance to His372 in combination with predicted binding affinity are AzuKQTSV and
AzuQTSV. A longer binding motif increases the binding affinity but in contrast moves the azulene
group to far out of the binding pocket. A different approach for peptide design was to modify the
sequence of another binding partner. Saro et al. [320] undertook a huge study of binding partners
for PDZ3 and reported not only on CRIPT and CRIPT derived peptides but as well on the sequence
KKETEV as good binding partner for PDZ3 (with a kD of 18µM). The sequence was modified and for
the variant KKETWV a binding constant of 2.8 µM was reported, indicating that a tryptophan at
position -1 (see Figure 5.1) increases the binding affinity to PDZ3. Some docking attempts to the
wild type with a peptide of the sequence KKETAzuV were carried out, but not for all mutants. This
position for the introduction of the azulene donor is promising and needs further attention.

Docking Results. The whole set of possible combinations between incorporations sites for Aha
and the different possible azulene-containing ligands was investigated using molecular docking
(see Bachelor Thesis by Martin Essig [362]). Table 9.3 reviews the main results obtained for the
binding of three ligands (AzuKQTSV, AzuQTSV and the native CRIPT) to the wild type PDZ3 domain
as well as the six mutants.

1The Bachelor thesis in Biophysics of Martin Essig entitled "Ligandenoptimierung in silico mittels molekularem
Docking" was dedicated to tackle the peptide design by testing several possible peptide candidates using molecular
docking. The thesis topic was proposed by the author and works were supervised by her. The results of this thesis are
partly reproduced in this chapter
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Mut AzuKQTSV AzuQTSV AcNYKQTSV
4Gb i nd Kd 4Gb i nd Kd 4Gb i nd Kd

WT -8.91 0.292 -8.33 0.779 -7.04 6.86
Ile327Aha (r) -8.06 1.24 -7.64 2.5 -5.86 50.49
Ile327Aha (f) -7.48 3.27 -7.74 2.12 -5.56 84.0
Ile341Aha (r) -8.00 1.37 -4.28 723.36 -6.58 14.93
Ile341Aha (f) -8.63 0.476 -2.99 6480 -6.32 23.49

Leu353Aha (r) -9.76 0.070 -8.71 0.413 -7.07 6.57
Leu353Aha (f) -7.34 4.16 -3.13 5005 -6.90 8.77

Ala376Aha (r) -9.00 0.253 -8.24 0.908 -7.16 5.69
Ala376Aha (f) -6.75 11.33 -4.11 968.43 -6.35 22.22
Ala390Aha (r) -9.01 0.246 -8.68 0.436 -6.80 10.29
Ala390Aha (f) -8.88 0.312 -8.09 1.17 -6.64 13.47
Ser398Aha (r) -9.51 0.107 -8.50 0.587 -6.81 10.18
Ser398Aha (f) -9.31 0.150 -7.57 2.84 -7.12 6.01

Table 9.3: Computed binding constants as derived from molecular docking (details in Appendix C). All Kd

given in µM , all4Gb i nd in kcal/mol. r and f denote rigid and flexible Aha, respectively.

Simulations were carried out both with the Aha side chain as rigid or flexible residue. For compu-
tational details see Appendix C. The computations predict if a stable complex with tight binding
to the PDZ domain is formed. This can be evaluated when comparing the results for the wild type
peptide with experimental values: The value for Kd obtained for the wild type in complex with the
CRIPT peptide acNYKQTSV is 6.86 µM. The experimentally obtained value (see table 5.2) is 2.87 µM,
leading to an difference between predicted binding affinity from molecular docking and measured
binding constants of approximately factor two to three.

For the mutants in complex with the native peptide mainly similar results as for the wild type were
obtained. The binding constants were predicted about a factor three lower than experimentally
observed, the docking algorithm correctly predicted that the mutant Ile327Aha has the lowest
binding affinity. Introducing additional flexibility to the azidohomoalanine side chain leads to even
lower binding affinity. Still the approach seems to be suitable to predict whether a peptide ligand
binds with a Kd in the micro molar range.

Two short peptides containing azulenyl-alanine as N-terminal group were docked into the binding
pocket for all six mutants. Overall the results predict good binding of the ligand AzuKQTSV to all
mutants with even higher binding affinity than for the native peptide. For the ligand AzuQTSV
results between flexible and non-flexible Aha side chain vary dramatically, e.g. for the mutant
Leu353Aha the binding constant is predicted to be in the nano molar range when Aha is kept
rigid, but drops to the milli molar range with a flexible Aha. The results in combination with
the approximate distances given in table 9.1 suggest, that AzuKQTSV is the ligand, which has the
preferable binding properties.

9.2 Identification and Characterization of Stable Complexes
Based on the molecular docking results and considerations of the distance between azulene and
Aha in different possible complexes, the mutant Ile327Aha (which is located directly in the binding
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Figure 9.2: Structure of Ile341Aha in complex with AzuKQTSV as derived from Molecular Docking using the
pdb file 1BE9 as starting structure.

pocket) in complex with either AzuQTSV (shorter distance) or AzuKQTSV (overall better binding
predicted) seemed favorable for first experimental attempts.

Both peptides were synthesized and their binding affinity to Ile327Aha was investigated using ITC
measurements, resulting in the necessity to test other mutants for usage in the first experiments.

Sample preparation of the PDZ domain with azulene containing ligands was complicated ad-
ditionally, because the ligands are nonpolar and only slightly soluble in aqueous buffer directly.
The ligand needs to be solved in DMSO first (for experiments d6-DMSO was used to avoid high
absorption at the same wavenumber as the azide absorption) and can then be diluted using buffer.
DMSO is discussed to reduce protein stability and induce degradation of proteins, when added
even in low percentage [363, 364, 365]. Therefore the stability of the wild type PDZ domain in
complex with the native CRIPT peptide was tested in the presence of 2 % DMSO, the lowest possible
concentration usable for solving the azulene-containing ligands.

ITC Results. In figure 9.3 the ITC results for the PDZ wild type in complex with CRIPT in buffer
(left) and in buffer with 2% (v/v) DMSO are shown 2. Both show a good binding affinity for the
ligand, without DMSO the binding constant is 2.87 µM, in the presence of DMSO the binding affinity
decreases to 3.20 µM but is still in a similar range, indicating only a small effect of DMSO to the
binding.

2Experiments are carried out as described in Appendix B
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Figure 9.3: Isothermal titra-
tion calorimetry is used to de-
termine the binding constants
of the CRIPT peptide to the
PDZ wild type. The left data
show results for the wild type
with CRIPT, the right data are
recorded in the presences of
2% DMSO. The binding con-
stant kd for the native com-
plex is 2.87 µM, with DMSO
added, the binding affinity de-
creases to 3.20 µM.

The complex of PDZ Ile327Aha with AzuQTSV does not show any binding affinity in the ITC (data
not shown). Based on the molecular docking results in table 9.3 the ligand AzuKQTSV should posses
a Kd in the µM range but as shown in figure 9.4 the complex does not show tight binding in the ITC
experiment. From the experiment a binding constant of 120 µM is determined. This binding affinity
means that, if protein and peptide are in 1:1 stoichiometry in the sample solution, about 70% of
the peptide are in complex with the protein, which leads to 30% free peptide and 30% free protein.
This ratio is not ideal for time-resolved IR measurements and the experimental optimization of
those. Assuming an experiment with protein concentration of 10 mM and 70% ligand binding under
similar conditions as used in chapter 8 for the di-peptide AzuAha (see figure 8.12 a signal size of only
0.04 mOD can be expected for ideal conditions. Additionally a signal originating from heat transfer
through the solvent might be measured. An alternative to measuring Ile327Aha in complex with
AzuKQTSV is the next favorable on-pathway mutant Ile341Aha in complex with AzuKQTSV. For this
complex a binding constant of 13 µM is determined experimentally, resulting in 90 % bound ligand
in a 1:1 mixture of protein and peptide. This is favorable in comparison to a maximum binding
of 70% for the complex of AzuKQTSV bound to Ile327Aha. To prove the technical feasibility of the
predicted time-resolved experiments the complex of Ile341Aha with AzuKQTSV as depicted in figure
9.2 was used.

FTIR spectrum of Ile341Aha in Complex with AzuKQTSV. A FTIR absorption spectrum of
Ile341Aha in complex with AzuKQTSV is shown in figure 9.5. For comparison the data for the mutant
Ile341Aha both with and without the native peptide ligand are shown. The data of the complex
with the azulene-containing ligand are recorded in phosphate buffer with d 6-DMSO added, the
other data are the same as in Figure 5.7. The center wavenumber of the azide absorption is shifted
by approximately two wavenumbers between the complex of Ile341Aha with acNYKQTSV and the
complex of Ile341Aha and AzuKQTSV (in the presence of d 6-DMSO). The center wavenumber of the
mutant Ile341Aha in complex with the ligand AzuKQTSV is at 2109 cm�1. The line shape appears
broadened and is disturbed at higher wavenumbers. This can be explained by the presence of
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Figure 9.4: Isothermal titra-
tion calorimetry is used
to determine the binding
constants of the azulene-
containing peptide AzuKQTSV
to the PDZ mutants Ile327Aha
and Ile341Aha, which are
located on-pathway. The
left data show results for
Ile327Aha, the right data
for Ile341Aha. The binding
constant kd for Ile327Aha
with AzuKQTSV is 120 µM (in
the presence of 2% DMSO),
for Ile341Aha under similar
conditions a kd of 13 µM is
determined.

d 6-DMSO in the sample and the difficulties to adjust the d 6-DMSO concentrations in the reference
sample to the same value. d 6-DMSO has a small absorption peak at 2133 cm�1 ([366]), which is why
the spectrum is disturbed. The putative broadening of the azide stretch vibration can be explained
by two effects. One might be a slight denaturation of the sample in the presence of d 6-DMSO,
especially since this data were recorded with a sample which was used in the laser measurement
and stored cool for a short time before the absorption spectrum was recorded. The other explanation
is that the broadening is partly an artifact because of difficulties with the baseline correction due to
the d 6-DMSO absorption (which can be seen at the edges of the spectrum, where the baseline is not
similar to the other data). Overall it has to be stated, that the absorption spectrum of the mutant
Ile341Aha in complex with AzuKQTSV is similar to the absorption spectrum of this PDZ mutant in
complex with its native ligand and that no full unfolding or degradation can be observed on the
FTIR spectrum. If this would be the case the center wavenumber would be expected at around
2119 cm�1, the wavenumber corresponding to water-exposed azide groups.

9.3 Transient IR Spectroscopy
Of the described complex Ile341Aha with the ligand AzuKQTSV transient IR spectra under different
conditions have been recorded. The experimental conditions were optimized to allow for artifact-
free signal determination.
For those experiments a high intensity of pump light with 600 nm was needed to allow for signals
to be possibly obtained. As described in the previous section using a excitation power of 5 µJ with
samples of approx. 10 mM concentration in a 100 µm thick flow cell a signal size of about 0.05 mOD
is expected, if heat transfer occurs through-bond (as for experiments in chapter 7 and 8). In case
of the energy transfer pathway predicted for PDZ the heat transfer or intramolecular vibrational
energy transfer would not be conducted only over covalent bonds, but as well through non-covalent
contacts. The transfer efficiency for this type of heat transfer is not known experimentally and thus
a much smaller signal must be anticipated. Therefore experiments with higher concentrations
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Figure 9.5: FTIR spectrum of the PDZ mutant Ile341Aha in complex with AzuKQTSV and 2 % DMSO. Data are
recorded as described in Appendix B.

and/or higher excitation energy to allow for maximum signals are necessary.

9.3.1 Experimental Challenges
Samples had to be pump through a flow cell [296] to avoid re-excitation of the same complexes
which contain chromophores not relaxed yet. The 600 nm pump light lead to huge artefacts recorded
on the spectrometer. This happened only for the probe wavenumber of 4800 nm(2080 cm�1) in
combination with the protein sample. Due to the relatively huge absorption of the IR light in
the solvent (phosphate buffer, H2O) no filters were used in the IR probe light pathway between
the sample position and the spectrometer. Unexpectedly scatters of the 600 nm pump light were
recorded on the MCT detector array as huge artefact signals, because the 8th order of the 600 nm
light in the spectrometer was diffracted along the same optical path at the first order signal for the
4800 nm to which the spectrometer was optimized. By placing a different filter, which does not
decrease IR intensity but removes visible light in front of the spectrometer this problem was solved.

A different technical problem was denaturation and deposition of aggregated sample on the
calcium fluoride windows upon heating of the sample through visible excitation leading to strong
scattering effects. Using an excitation energy of 3 µJ it was possible to conduct the experiments
without an increasing and strong background signal. But with higher pump light intensities as
required for the experiment a huge artifact resulting from scattering of the pump light and deposi-
tion of denaturated sample on the calcium fluoride windows was observed. In the last attempts
to conduct these experiments this problem was solved by using a motorized computer-controlled
micrometer screw (Newport Conex LTA-HS actuator with integrated controller) for constant moving
of the sample cell in the pump focus. Thus spots of deposited sample by heating through the 600 nm
pump light were avoided and it was possible to increase the excitation power to even 10 µJ allowing
for possibly higher signal intensities.
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Figure 9.6: Transient IR spectra of PDZ Ile341Aha with the ligand AzuKQTSV. The left data are uncorrected,
the right data are corrected by subtraction of the fit of a polynomial function of fifth order to the solvent heat
background. The protein concentration was approx. 15 mM before a final centrifugation, peptide was added
in the ratio 1:1. The OPA II was set to 600 nm and the pump power was adjusted to 10 µJ. The sample was
pumped through the flowcell with a spacer thickness of 100 µm, data are recorded using the 150 line grating.
The arrow indicates the wavenumber at which a signal of the azide is expected.

9.3.2 Results on Ile341Aha in Complex with AzuKQTSV
Oft the complex Ile341Aha with the ligand AzuKQTSV transient IR data have been recorded under
optimized experimental conditions. All previously described improvements to avoid to the experi-
mental difficulties and artefacts have been carried out. In figure 9.6 transient IR data of this complex
in 1:1 stoichiometry between PDZ domain and azulene-containing peptide ligand are reported.
Both were concentrated around 15 mM after a final centrifugation to remove aggregates, which
might lead to scattering and high background noise. The data were recorded with an excitation
energy of 10 µJ of the 600 nm light measured at the sample position. The center wavenumber for
probing the IR signal was set to 4725 nm (2116 cm). The spectral window covers the range from
2000 to 2200 cm�1, data were recorded on the 150 line grating. In the left panel in figure 9.6 data
are shown without any correction for the long-time heat background, the right panel shows data
after subtraction of a weighted background function. 3 A possible signal induced by vibrational
energy transfer between the energy donating azulene chromophore and the energy accepting or
monitoring azide moiety is expected at around 2100 to 2110 cm�1. In the right panel of figure
9.6 no signal can be observed. As discussed previously the maximum possible signal intensity
can be deduced from the results presented in chapter 8 on the di-peptide AzuAha. With the used

3A polynomial function of 5th order was fitted to the background at 120860 fs. It was subtracted from all other spectra
scaled accordingly to set values on pixel 1 and 31 to zero.
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parameters of approx. 15 mM protein/peptide concentration, a binding affinity which leads to
about 90% bound ligand and an excitation energy of 10 µJ a maximum signal of about ± 0.16mOD
is expected . The signal should arise at times of few picoseconds as based on the ATD simulations
from [10]. This is about the same size as the background signal observed at 120 ps resulting from
heating of the underlying combination band in H2O . Thus a signal of this size should be possible
to observe, however no signal is observed, even when the data are corrected for contributions
from heated background. Technically the experiment worked well. This can be confirmed by the
signal size of the water background at long waiting times. In the experiments on the di-peptide
(see chapter 8, figure 8.12) in H2O the background signal was about 0.2 mOD big for the sample
with an concentration of the azulene chromophore of 25 mM and an excitation energy of 5 µJ at
600 nm. Assuming a linear correlation between signal size, concentration and excitation energy for
the experimental conditions used here a background signal of about 0.24 mOD (0.2 mOD * 2 (for
higher excitation)*0.6 (for lower concentration)) would be expected, the observed signal is about
0.2 mOD. This indicates, that the heat transfer from the azulene chromophore to the surrounding
solvent is of similar size and efficiency. By this it can be stated, that the experimental conditions are
similar to the experiments shown in chapter 8. Especially important is, that by this its proven, that
the spatial overlap between pump and probe beam on the sample is ideal. For regular transient IR
and 2D-IR experiments the overlap is adjusted by maximizing the signal size before a measurement
(as done for experiments with the di-peptide) which was not possible for the experiments described
in this chapter.
It has to be noted that signals around the size of approx. 0.01 mOD could have been observed in the
experiments, this is the noise level as can be seen in figure 9.6 in the right panel. Every signal above
this noise could have been extracted from the data using either the simple approach described
above (subtraction of heat background) or in a more sophisticated way using global analysis. The
data were analyzed by global analysis using a sequential model approach using a Matlab toolbox
[367]. 4 However in the global analysis no component beside the expected solvent signals was found
which might be assigned as azide signal. The only signals extricable are for very fast relaxation
processes and the solvent heating.The results of the global analysis are not shown because no
additional information could be extracted.

9.4 Discussion and Outlook
Currently from the sample side there is no way to improve the described experiment. Possible
explanations why no signal was observed are not connected to experimental issues like weak or not
ligand binding, artefacts from pump light, scattering, low concentrations, insufficient excitation
energy or general failure of the experiment.
One remaining question is if the ligand is oriented in the binding pocket as suggested from the
docking results. If the azulene is not in close proximity to the binding pocket or the ligand is bound
in a different configuration, this could explain why no heat transfer was observed. To solve this
question a collaboration with the group of Prof. Harald Schwalbe is underway to investigate the
ligand orientation using NMR spectroscopy.

Another more fundamental explanation for the absence of a signal is, that vibrational energy
transfer over non-covalent contacts, such as between the peptide ligand and the PDZ domain and
through the protein, is to weak to be observed. From theory it is predicted, that energy transfer
pathways in protein exists and the assumption that those can be monitored by local temperature

4The analysis was performed by my colleague Luuk J.G.W. van Wilderen.
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changes or energy transfer between vibrational modes [85, 147, 148, 152, 155, 156, 204, 206, 339,
340, 341, 342] is made. But if and how vibrational energy is transported over H-bonds or van-der-
Waals-contacts is not understood. Even the transport mechanism for vibrational energy transfer
along covalent molecular chains [144, 149, 357, 368, 369, 370] is not exactly understood yet. The
reason for the difference in heat transport between the demonstrated experiment and theoretical
predictions as by Ota and Agard [10]might well be, that those simulations do not take into account
the surrounding solvent as energy acceptor. Additionally the heat transfer efficiency over non-
covalent contacts might be much weaker than for transfer through covalent bonds. Furthermore the
ATD simulation showed the anisotropic heat transfer through the PDZ3 domain along the predicted
amino acid network but was carried out without accounting for an influence of ligand binding.

The described experiment was designed to directly address the question if an energy transfer
pathway in the PDZ domain exists. To better understand the physical mechanism of vibrational
energy transfer in molecules over non-covalent bonds, a simplified model system needs to be
investigated. For this we choose a polypeptide comprised of three �-strands which form an antipar-
allel �-sheet and incorporated azulene and Aha at different positions to compare energy transfer
(speed, efficiency and more) over covalent vs. non-covalent bonds in a similar type of experiment
as described above. 5 This is an important prerequisite for the accurate interpretation of the results
presented in this chapter. If the energy transfer efficiency through non-covalent contact would be a
factor 100 or 1000 smaller than for energy transfer through covalent bonds, this would easily explain
why we did not observe any signal in the presented data.

The presented results are thus an important step towards the experimental real-time investiga-
tion of vibrational energy flow in proteins and continuative studies will add to a deeper physical
understanding of long-range communication and allostery.

5This is research in progress in collaboration with the group of Prof. Nediljko Budisa and experiments are carried out
mainly by Martin Essig for his master thesis [371].
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Conclusion and Future Directions
The aim of this thesis was to demonstrate how UAAs carrying azide or nitrile groups in their side
chain can be employed as novel vibrational probes for ultrafast 2D-IR spectroscopy of proteins,
thereby creating a unique approach of combining labeling strategies from chemical biology with
ultrafast laser experiments to study protein dynamics. The expectation was that site-specific probes
enable types of experiments otherwise not possible, leading to new insights into protein function.
The presented results demonstrate the enormous application potential of novel vibrational probes
in ultrafast 2D-IR spectroscopy to the study of protein biophysics.

Novel vibrational probes sparked great interested in the whole FTIR and 2D-IR community. Thus
a huge body of work has been published during the last years on characterizing and testing diverse
probes for usage in proteins and nucleotides (reviewed e.g. in [75, 76, 314]). Research focused on
C�D vibrations [108, 251, 252, 253, 254], nitriles [263, 271, 281, 322, 372], azides [82, 139, 274, 276,
279, 289, 290, 373, 374, 375], thiocyanate [258, 260, 376] or metal-carbonyls [137, 138, 257].

In this thesis several UAAs, all with azide or nitrile groups as the vibrational reporter, have been
evaluated towards their application potential as novel vibrational probes. The vibrational probes
studied are all incorporated using methods from chemical biology and thus can be placed site-
specifically while at the same time allowing for a pure sample with high labeling yield. The most
favorable candidate was then used in studies of conformational dynamics and energy flow in the
PDZ3 domain.

The results for the free amino acids (presented in Chapter 4) lead to the conclusion that the
unnatural amino acid azidohomoalanine (Aha) is the most favorable of the tested candidates. This
is due to a combination of several different characteristics and the aim for a most versatile probe.
Aha has a high oscillator strength, a clear line shape which is crucial for spectral diffusion analysis
and a vibrational life-time that allows measurement of few picosecond dynamics. Aha can be used
both in H2O and D2O because its absorption band positioned in a way that background correction
is straight forward. The incorporation of Aha as a methionine analog makes the sample preparation
simple.

However the application of Aha as a local probe also has limitations. Foremost the lifetime of
the azide vibration is not long enough to observe dynamics after about 10 ps, since the signal is
decayed. Additionally the incorporation via the SPI approach results in all methionine codons being
translated into Aha. This means only proteins without any natively present methionine are ideal
candidates for 2D-IR studies using Aha as label or a methionine-free mutant needs to be designed.
Other UAAs, like CNA or N3P from this thesis, are in principle much more versatile with respect to
wide applications in all types of proteins, because they are incorporated via genetic code expansion
and thus using a specific non-canonical codon. However as discussed in great detail in Chapter 4,
those probes have other limitations either in terms of signal strength or line shape properties.

125



Conclusion and Future Directions

Allostery in PDZ
The experimental investigation of six mutants of the PDZ3 domain by FTIR spectroscopy (see
Chapter 5) already gave strong hints towards the existence of the proposed coupled network of
amino acid residues. The results presented are the first experimentally derived results, which
support the transfer pathway suggested by Ota and Agard [10] and detect small conformational
changes which have not been reported by NMR or X-Ray crystallography studies before. The
subsequent 2D-IR investigation of conformational dynamics (see Chapter 6) in two of the six
mutants showed how novel vibrational probes can be used to access picosecond dynamics. It was
monitored that the binding groove is very rigid and not changing its conformation upon ligand
binding, whereas the other mutant shows conformational fluctuations within few picoseconds.
However the experiments to probe the existence of an energy transfer pathway in PDZ3 directly
with real-time resolution as laid out in Chapter 9 have so far not been successful. Thus there remain
many additional experiments to eventually prove the concept of long-range communication and
dynamic allostery in PDZ3.

Other Incorporation Sites for Probes in PDZ3. The presently studied mutants were chosen
not only because of their position on or off the pathway but as well to demonstrate the power of
site-specific probes for the study of local environment and ligand binding. Given the results, that
the three mutants, which are part of the proposed network show subtle conformational changes
reflected by the shift of the azide absorption band upon ligand binding, more experiments to map
out the proposed allosteric communication seem promising.

The current incorporation positions were chosen based on the results from the ATD simulation by
Ota and Agard [10], which predicted different residues than the analysis based on thermodynamic
coupling of residues presented by Ranganathan and Lockless [9]. The two predictions only agree
about the start at His372 and the end of the transfer pathway on the opposite protein surface at
Leu353 and Ala347 but show different residues as involved in the pathway in between (see Figure 2.5
and Figure 5.2). Most notably Ota and Agard [10] predict a more direct pathway from the binding
groove through the -sheets of the protein interior and not as Ranganathan and Lockless [9] first
along the 1-helix which forms part of the binding groove. In principle all residues listed in Figure 5.2
not yet tested as incorporation sites for Aha should be tested. The residue Phe325 is predicted
by both theoretical approaches as important side chain for the transfer pathway. However this
amino acid side chain will be difficult to replace by Aha without influencing the structural and
functional integrity of the PDZ3 domain. To study whether at this position a small conformational
change upon ligand binding, similar as observed for Leu353 and Ile341, occurs another UAA with
aromatic side chain is needed. This could be N3P, which should preserve the protein structure
and function, however the Fermi Resonance (see Chapter 4) will obstruct detailed line shape
analysis and might hinder the monitoring of the small conformational change expected. The other
residues to be replaced by Aha are either glycine side chains (G322, G329, G330, predicted by [9])
or other aliphatic amino acids (Ala347, Val362, Val386) with the exception of Lys380, which should
be as well replaceable by Aha. Testing all those incorporation sites for conformational changes
upon ligand binding in similar experiments as discussed in Chapter 5 will help to discriminate
whether the predictions by Ranganathan and Lockless [9] or Ota and Agard [10] are more accurate
to describe allostery in PDZ3. These experiments will add more details to the currently controversy
[9, 197] discussed issue of long-range allosteric communication. In addition to these incorporation
positions at least three to five other positions should be tested for strengthening the claim that Aha
is indeed a useful monitor for subtle local changes.
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Beside the conserved energy transfer pathway [9, 10] an additional allosteric effect involving 3

had been reported specifically for PDZ3 by NMR spectroscopy [188]. Thus far only one of the six
incorporation sites (Ser398) is located in this small -helix which is unique for PDZ3 from PSD-95.
The literature [187, 188, 199, 207] discusses a larger binding interface than only the groove between

2 and 1 as derived from the original crystal structure (see Figure 2.4, [203]), however the data
do not report the specific interaction sites but rather discuss the lack of bonds despite the proven
allosteric effect [188], whereas later NMR experiments show interactions outside the binding groove
[207]. During the molecular docking experiments for designing an optimized peptide ligand (see
Chapter 9 and [362]) we as well found preliminary evidence for non-covalent contacts between
the N-terminal residue (-6 position, Figure 5.1a) of the heptameric CRIPT peptide and residues
Tyr397 and Phe400 in 3. Those are promising positions for either the incorporation of Aha to
monitor the long-range interaction or maybe the incorporation of N3P as this UAA is structurally
more related to the two aromatic residues which would be replaced. Even though N3P has the
disturbed line shape by a Fermi Resonance this residue should be usable for the purpose of mapping
the influence of non-covalent interactions on the local microenvironment. [82, 83] Additionally
mapping the interaction surface using a larger peptide ligand (as done by [207]) would yield more
detailed insights into the binding mechanism and specificity of PDZ3.

Direct Tracking of Vibrational Energy Flow in PDZ3. Current experiments to directly mon-
itor vibrational energy flow in the PDZ3 domain in complex with an optimized peptide ligand
containing azulene as VET donor have thus far not been successful to probe the predicted energy
transfer pathway. Further experiments using e.g. a different peptide ligand, which puts the azulene
in closer proximity to the starting point of the energy transfer pathway at His372 need to be con-
ducted. The ideal experiment however to study also the biological relevance of the predicted VET
pathway is on a double mutant of PDZ3 with azulene and Aha both incorporated into the protein.
To conduct this experiment progress for the incorporation of AzuA with high expression yield using
the SPS approach is needed. On this type of sample it would be possible to study the influence of
the ligands presence or absence on the energy transfer. However an important prerequisite for this
experiment is a deeper understanding of the transfer mechanism, e.g. supported by simulations
matching the experimental conditions used in the reported experiments. As currently no signal
from the azide moiety was observed but a strong heat signal of the H2O combination band could be
detected, the experiment worked out experimentally. Reasons for the lack of signal are discussed
in Chapter 9, before the same experiments are repeated, more insight into the energy transfer
efficiency through non-covalent bonds (see below) is needed and ways to enhance signal sensitivity
need to be explored. Another possible approach would be following the energy flow using different
probes and e.g. different positions. For example ruthenium carbonyl as probe (as proposed by King
et al. [137] is attached to a protein on a histidine side chain. Incorporation of azulene as donor on
the distant protein surface and monitoring energy transfer in the reverse direction using this much
stronger but less native reporter group might allow to "see through" the non-covalent contacts.

Simultaneous Incorporation of two Probes and extended Application of 2C-2D-IR. To
study conformational dynamics in greater detail than possible using one localized reporter group it
might be useful to introduce two independent reporter groups into one protein. The simultaneous
incorporation of two UAAs is currently a field of major research in protein engineering as discussed
previously (see Chapter 3 and Chapter 9).Thus to demonstrate the benefit of two local probes in a
protein, such as PDZ, it will be initially more feasible to combine two labeling approaches, like the
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genetic encoding for Aha with the chemical conversion of a cysteine residue into a thiocyanate [258,
260, 265]. With two groups site-specifically place in a protein of interest 2C-2D-IR experiments will
be possible to study cross peaks between the two unnatural oscillators. Those can yield information
about relative orientation of side chains to each other and their time-dependent fluctuations. Using
a polarization dependent measurement scheme also angles and the relative structure could be
probed similar as demonstrated for a small organic system in [99]. A first question, which can
be addressed by this kind of experiment is the study of the relative movement of the structural
elements comprising the peptide binding groove in PDZ3. As Steiner and Caflisch showed in a MD
simulation [208] in PDZ3 conformational selection might be a possible mechanism for peptide
binding. The predicted scissor motion between 2 and 1 is difficult to address experimentally and
might be possible to observe using two site-specific probes.

Energy Flow in Proteins and further Application of VET Pair
To directly track directional energy flow between two distant sites in a protein a novel VET pair
was introduced and tested in Chapter 8. This VET pair comprised of azulene as donor and Aha as
acceptor [112] and was originally intended for experiments in PDZ3. It can be also used generally to
study IVR/VET in greater detail as well as monitor VET pathways in more complex systems than
demonstrated before [109, 152].

Studies of IVR/VET Mechanism. In Chapter 8 briefly the possibility to gain insight into the
general mechanism of IVR or VET by using the proposed donor-acceptor pair is introduced. One
effect that was already reported in Figure 8.13 is the difference in transfer kinetics. The results on
the dipeptide comprised of AzuA and Aha suggested a huge difference e.g. due to solvent polarity,
solvent dynamics or hydrogen bonding effects. Thus far only the influence of DMSO or H2O on
the transfer efficiency has been monitored but further experiments on this di-peptide in different
solvents may lead to detailed insight into the influence of solvent effects (like collision dynamics)
on VET. Another phenomenon already mentioned in Chapter 8, which can be studied in more detail
is the mechanistic nature of the intramolecular IVR/VET process itself. This is already subject to
detailed studies e.g. by the Rubtsov [144, 357] and Dlott [77, 368] groups. Studies using our VET
pair might add to the known principles. Already from results reported in Figure 8.10 it can be seen
that the size of the studied system influences the relaxation and transfer of heat from the azulene
chromophore through the molecule as monitored by its vibrational ring modes. In the small system
AzuCa only very few vibrational modes with less delocalization are present as the system has much
less degrees of freedom. Thus the ring mode shows a longer lived signal, whereas in the model
peptide AzuP many more degrees of freedom, thus also more and highly delocalized vibrational
modes are present, leading to a shorter life time per signal for the single vibration. Whether this very
simple analysis holds true in differently complex systems as well as for IVR both in a ballistic and a
diffusive transport regime needs to be understood by a close link between experiment and theory.
The VET donor-acceptor pair is in this respect an ideal tool to gain more mechanistic understanding
of vibrational energy transfer processes.

VET through non-covalent bonds using the WW Domain as Model System. One probable
reason why no signal of energy flow from the azulene to the azide moiety in the PDZ protein-ligand
complex studied in Chapter 9 was observed is that the proposed pathway involves non-covalent
bonds. In contrast the through-bond transfer is very efficient has in all studied systems in this thesis
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(see Chapter 7 and Chapter 8) yielded strong enough signals to be detected with concentrations,
that were matched in the final experiments on the protein-ligand complex. One might expected
that energy flow through non-covalent contacts and hydrogen bonds is less efficient and other
relaxation pathways for the energy might be preferred. In contrast for PDZ3 the simulations by Ota
and Agard [10] instead propose a very specific anisotropic transfer pathway involving non-covalent
contacts. To study the mechanism and efficiency of VET (or heat transfer) along non-covalent bonds
in comparison with covalent bonds and additionally whether a similar distance dependency for
transfer through non-covalent bonds than for transfer through covalent bonds might be found an
pure -sheet peptide would be ideal. One very well studied protein domain comprised of three
anti-parallel -strands is the WW domain [377, 378], which is small enough to be fully synthesized.
In collaboration with the group of Nediljko Budisa it is aimed to use this domain as a model system
and designed different mutant pairs for the incorporation of the VET pair, either in opposite -
strands, connected only by non-covalent bonds or in similar distance in the same strand, connected
by covalent bonds. This is work in progress, discussed in greater detail in the Master thesis of Martin
Essig [371], which was supervised by the author.

VET Pathways in other Proteins. The assumption that VET pathways with importance for
intermolecular long-range communication and allostery exist, was not only made for the PDZ
domain but generally made for several proteins [147, 148, 155, 156, 160, 161, 178, 341, 359]. Even
the claim, that allosteric long-range pathways, which might involve VET are an intrinsic property of
proteins was made. The presented VET pair is a generalized way to investigate transfer pathways
in all kind of different proteins. Thus far only vibrational energy flow in heme proteins has been
tested experimentally using Raman spectroscopy [348, 349]. This is possible due to the presence of
a natively occurring chromophore (the heme group) to inject heat for the direct tracking of energy
flow. In case of all other proteins for which VET pathways and anisotropic energy flow have been
suggested (among those are fluorescent and photoactive proteins such as GFP or PYP [160, 161] but
as well other protein domains such as SH3 [379]) only an approach as the usage of our VET pair will
allow for experimental investigation [204]. In principle the technique can be extended for the study
of energy flow in all these different proteins. But first efforts towards introduction of only Aha as
local probe into the blue-light receptor PYP have been proven to be very difficult [380]. This shows
that even though the VET pair was designed for a very general usage, its application currently is
limited by the molecular biology and sample preparation.

Further Applications of Novel Vibrational Probes
The usage of novel vibrational probes for studies of site-specific dynamics different from the
reported application to PDZ3 in Chapter 5 and Chapter 6 is promising. Some examples of other
biophysical question to be studied have been reported in the literature, e.g. the study of GPCR
conformational changes using N3P as local reporter group by Ye et al. [82, 83]. In general the
combination of ultrafast 2D-IR spectroscopy or FTIR spectroscopy with site-specific reporter groups
will enable completely novel experiments. Some of the biophysical question possible to be address
are mentioned in the following paragraphs.

Monitoring of Structure, Function and Folding. Unnatural amino acids as site-specific probes
can be used to study structural dynamics in ultimately all kind of proteins. Especially interesting
are those, which have ultrafast dynamics not accessible for NMR or X-Ray crystallography or in
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which changes are expected but to small to be observed with other techniques. Those could for
example include intrinsically disordered proteins or photo receptors. Current work in our group
based partly on results of this thesis is dedicated to the study of structural dynamics upon photo
chemistry in PYP [380]. Expectation is, that using Aha as probe close to the binding site of the
chromophore details about the modulation of the speed of the photo cycle by different mutations
in the active side can be measured in transient 2D-IR experiments. One other possible application
of local probes is the study of of protein folding and unfolding events with side-chain resolution in
similar fashion as introduced by the Tokmakoff group [117, 125], which employ a different scheme
of transient 2D-IR using a temperature jump as trigger to start a non-equilibrium process. Using
UAAs in a similar experimental scheme might lead to more insights into the cooperative nature of
protein folding, potentially with pharmaceutical or medical relevance, similar as in experiments
reported in [288, 381].

Probing of Local Microenvironment, Hydrophobicity and Electrostatics. Site-specific vi-
brational probes are not only useful to study conformational changes, but as reported and deeply
investigated by the Boxer group [84, 140, 258, 283, 285, 382, 383] oscillators such as nitrile groups
or thiocyanates can be used to quantitatively measure the electrostatics in a protein at position of
interest. Only oscillators whose absorption frequency is linear correlated with the electric field of
the surrounding environment (e.g. by the solvent) can be used for Stark effect based experiments.
This holds true for nitrile, thiocyanate or carbonyl groups, but not for azides [275, 276]. Combining
the approach of Stark Spectroscopy with 2D-IR on a protein which has a suitable label incorpo-
rated like a cysteine converted to a thiocyanate [260, 265] or e.g. CNP [79, 140] should allow for
the measurement of time-dependent changes in the local electrostatics in a protein. This is for
example interesting in the investigation of catalytic processes in the active site of an enzyme. For
the steady-state case investigated by FTIR comparable experiments have been reported on the
ketosteroid-isomerase [264]. Using time-resolved IR or 2D-IR spectroscopy would enable the a
detailed mechanistic understanding and insight into ultrafast dynamics of biochemical catalysis.

Overall in this thesis the foundations for using UAAs as site-specific probes in FTIR and ultrafast
2D-IR spectroscopy have been developed. As only briefly discussed in this conclusion a huge variety
of experiments and applications to all different kinds of biophysical problems can be undertaken
based on the presented work.
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A Ultrafast Experiments
In this chapter the experimental setup and its different possible configurations are described briefly.
A more detailed description of the components in the setup as well as the underlaying theory of
nonlinear optics is given in the authors diploma thesis, which covered the first OPA and NOPA in
great detail and the 2D-IR setup in brief [270]. Another very detailed description of the used setup is
given in the PhD thesis of Andreas Messmer [141].

A.1 Overview of the Experimental Setup
An amplified Ti:sapphire laser system (Spitfire Pro XP, Spectra-Physics), which generates pulses with
a wavelength of 800 nm, 1 kHz repetition rate, 3 W output power and a pulse duration of 90 fs, was
used to pump two home-built optical parametric amplifiers (OPAs). Both OPAs are constructed as
reported previously [134, 141, 270].

Signal and idler of each OPA were mixed in an AgGaS2 crystal to generate mid-IR pulses by
difference frequency generation (DFG).[134] The main difference between both OPAs is that one is
pumped with similar energies (approx. 380 µJ) as previously described whereas the second OPA is
pumped with a higher initial energy (approx. 1.7 mJ) and contains a larger BBO crystal to generate
higher IR power, the AgGaS2 crystal is thinner to prevent spectral narrowing. To avoid optical
damage this crystal is placed not in the focus but before the IR focus (BBO: 10 mm x 10 mm x 4 mm,
AgGaS2 5 mm x 5 mm x 0.5 mm).
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Figure A.1: A typical spectrum of the OPA I
probe light and a corresponding pump pulse
narrowed by the Fabry-Perot. The width of the
OPA spectrum is 180 cm�1, the width of the
pump spectrum is 14 cm�1.

Energies from OPA I varied between 1.5 to 3 µJ, energies from OPA II were up to 12 to 15 µJ
depending on the center wavenumber. For later experiments OPA II was extended for generating
600 nm light to pump azulene (see below). The high-power configuration was only used for the
2C-2D-IR experiments reported in Chapter 4, all other 2D-IR spectra are measured using OPA I both
for generating the pump and the probe.
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Probe and reference pulses were obtained by splitting off a few percent of the mid-IR output of the
first OPA by reflection from a BaF2 wedge. Both probe and reference pulses were directed through
the sample. The focused probe beam had a diameter of ⇡ 80 µm (FWHM) at the sample position.
Narrow-band pump pulses (bandwidth given in the figure captions of the respective experimental
results) were generated by sending the mid-IR output of the first or second OPA (depending on the
experiment) through a computer-controlled Fabry-Perot interferometer [42] with using optimal
mirrors for the FP for the respective wavelength range.

The beam was then focused into the sample with a focal diameter of ⇡ 130 µm (FWHM). The
narrow band pump pulse was overlapped temporally and spatially with the broad-band probe
pulse at the sample location. The reference pulse passed through the sample at a location spatially
separated from the pump pulse. The time delay between the pump and probe pulses was altered
using a computer-controlled delay stage (Physik-Instrumente, M-415.PD). Pump-probe spectra
were recorded as function of the time delay using an imaging spectrometer (Horiba scientific, TRIAX
180) with a 32-pixel nitrogen-cooled HgCdTe detector array (Infrared Associates).

Visible Light Generation. The pump light for excitation of the S0 to S1 transition of azulene at
600 nm, as can be seen in Figure 8.4 was generated by frequency doubling of the signal light from
the second amplification step in OPA II. The signal covers a range from 1200 to 1800 nm, tunable by
adjustment of the time delays and the crystal orientation of the BBO in the general OPA part. The
signal and idler are sent through a BBO crystal with phase matching conditions suitable to double s
polarized light, what is only true for the signal and not the idler. The BBO was type I with a size of 6
mm x 6 mm x 0.5 mm with cut angles of = 90 � = 26.4 �. In this configuration pulses with approx.
590 to 620 nm could be generated. For shorter wavelength (approx. 590 to 600 nm) only intensities
of a few µJ were achieved with 280 µJ power (signal and idler) from the 2nd stage of OPA 2.
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Figure A.2: A typical spectrum for the orange 600 nm
light resulting from doubling the signal out of OPA 2.
The center wavenumber of this spectrum is approx.
603 nm, the spectral width 8 nm. The intensity was
measured with 18µJ

The conversion processes was highly efficient for the wavelength range just above 600 nm, with
typical intensities of 15 to 20 µJ purely for the doubled signal (measured after the light passed
through a band pass filter for 600 nm ± 40 nm and guided along a mirror with low reflectivity for
rests of signal and idler light).

Visible pump pulses were attenuated to energies of about 5 µJ at sample position, center wave-
length= 600 nm and a pulse length 400 fs as the pulses where stretched by guiding them through
fused silica rods. The beam was focused into the sample with a focal diameter of ⇡120 µm (FWHM).
The visible pump pulse was overlapped temporally and spatially with the broad-band probe pulse
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at the sample location. The relative polarization of the pump and probe pulse was set to the magic
angle.

A.2 Di�erent Experiments performed in this Thesis
In this thesis different types of experiments have been performed. As experimental conditions are
summarized in the figure captions of the respective results only a general overview is given here.

The types of experiments performed are the following:

Broadband IR Pump IR Probe Measurements.
Of the UAAs CNP, N3P and N3A broad band IR pump IR probe data were recorded using the OPA II
(N3P) or OPA I (CNP, N3A) as pump with full spectral width and full power. The data were recorded
with full achievable time resolution around 100 fs, which is determined by the cross-correlation
between pump and probe pulse.

2D-IR and 2C-2D-IR spectra using two independent OPAs.
2C-2D-IR spectra were measured of the UAAs CNP, N3P and N3A in THF and Aha in H2O with
the pump pulse centered on the azide or nitrile absorption (N3P, N3A, Aha center wavenumber
2115 cm�1, CNP center wavenumber 2225 cm�1). The light for the pump pulse was generated
using OPA II with energies in the range around 12 to 15 µJ before the Fabry-Perot. Different sets of
semi-transparent mirrors have been used in the azide or nitrile region. Experiments were performed
with parallel and perpendicular polarisation of pump and probe beam for the compounds CNP and
N3P. For the compound N3A the relative polarisation was only parallel. All spectra shown in the
thesis show data for parallel polarisation.

The center wavenumber of the OPA I, generating the probe pulses was adjusted to cover different
spectral regions and to access spectrally separated vibrational modes (carbonyl modes (center
wavenumber 1722 cm�1), ring modes (center wavenumber 1602 cm�1), and the amide II region
(center wavenumber 1522 cm�1). Samples were prepared with 50 mM concentration in THF and
measured in a CaF2 cell with an optical path length of 125 µm, all values are given in the figure
caption of the respective results.

2D-IR spectra using OPA I.
Of Aha in H2O and the PDZ mutants Ala390Aha and Ile327Aha (without ligand and in complex
with acNYKQTSV) 2D-IR spectra in the azide region (center wavenumber = 2115 cm�1) have been
recorded. For all those experiments the OPA I has been used both for generating pump and probe
light. In all those experiments the polarisation between the pump and probe pulse was set to
parallel polarisation. All data have been recorded with the 150 line grating.

Transient IR Spectra with 600 nm Pump.
For the two test compounds AzuCa and AzuA time-resolved IR spectra with a fixed pump wavelength
of 600 nm were recorded in THF, the spectral region between 1200 cm�1 to 1850 cm�1 was covered,
only between 1438 - 1486 cm�1 no data were recorded due to high solvent absorption.

The model peptide Azu-Tyr-Asn-Aha-Gly (AzuP) was studied in d6-DMSO due to solubility diffi-
culties in THF. For comparison the monomeric test compound AzuCa was measured in d6-DMSO
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as well, since the peptide was synthesized using the carboxy derivate of the Azulenyl-Alanine. The
center wavenumber of the probe pulses was adjusted to cover different spectral regions and to
access spectrally separated vibrational modes between 1200 cm�1 and 2150 cm�1.

The experiments of the dipeptide AzuAha were performed both in d6-DMSO and H2O. Here only
data in the window with center wavenumber of 2150 cm�1 were recorded. Samples were prepared
with approx. 10 mM concentration for the peptide, 25 mM for AzuCa and ac-AzuA in THF, 30 mM
for AzuCa in d6-DMSO and 25 mM for AzuAha both in d-6-DMSO and H2O. Data were recorded
in a flow-cell with CaF2 windows, a continuous sample flow and an optical path length of 250 µm
for AzuCa and ac-AzuA in THF as well as for AzuP in d6-DMSO. The azide and glycine spectral
window in AzuP was collected with a 100 µm spacer due to larger solvent absorption, as where the
measurements of AzuCa in d6-DMSO.

The final experiments were of the PDZ mutant Ile341Aha in complex with the azulene-labelled
peptide AzuKQTSV. The technical challenges of these experiments as well as all the conditions are
described in full detail in Chapter 9.
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B.1 PDZ Expression and Purification Protocol
The third PDZ Domain from PSD-95 (sequence from Rattus norvegicus) was expressed in E.coli
using the vector pGDR11. A construct encoding for residues 303-402 (numbering similar as in [203])
with an N-terminal His-Tag followed by a TEV-cleavage side before the amino acid sequence of
interest was used (bought from MrGene)1. This construct encoding the PDZ mutant was designed
to remove the start codon during purification to leave only one side with azidohomoalanine per
mutant. Six different point mutations were introduced using the Site-Directed Mutagenesis kit by
GeneArt. The mutants were designed to cover diverse positions in the structure, including the water
exposed surface of the protein, the hydrophobic binding pocket as well as positions for Aha in

-helices and -strands. Two positions were chosen in the binding pocket to investigate ligand
binding effects.

The large-scale expression and purification was carried out by Sabrina Oesteritz. The protein was
expressed in E.coli B834 (methionine-auxotrophic) using M9 minimal medium (1.4 l M9 salt (5x),
28 g glucose, 14 ml 1 M MgSO4, 700µl CaCl2, 1.4 ml trace elements, 70 mg thiamine, 70 mg biotine,
700 mg ampicillin for 7 liters). Azidohomoalanine (Iris-Biotech) was supplemented at 50 mM final
concentration in the main culture used during induction of expression with IPTG and time of over
expression following a modified protocol from those described in [218] and [220]. The cell lysate was
purified using a Ni-NTA affinity column. Then the purified protein was digested with TEV protease
to cut off the N-terminal residues of the expressed construct, that contain the His-tag as well as the
residue encoded for by the start codon. This normally is a methionine that as well is replaced by
Aha. Thus the cleavage is necessary to prevent presence of two azide groups in the final protein.
The digested solution was purified further by a reversed affinity column. Protein concentration for
all samples was determined using a Lowry assay.

B.2 Protein Sample Characterization
All samples were controlled for purity and labeling yield by SDS-PAGE and MALDI. An example
for the SDS-PAGE can be found in Figure B.1. To verify non-invasive mutations before using the
respective sample in any experiments, the secondary structure of purified Aha- labeled PDZ3 (after
the labeling efficiency was quantified by MALDI) was compared to the wild type structure using
CD spectroscopy (see Figure B.3). Furthermore the mutants were tested for their functionality by
ITC binding studies. The results are reported in Table 5.2; examples for the ITC results are shown in
Figure B.3. The whole set of biophysical characterization data for the six mutants is described in the
Bachelor Thesis of Katharina Eberl [299], which was supervised by the author.

1The cloning was done by Silvia Eger, Uni Konstanz.
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Figure B.1: Example of an SDS-PAGE showing the
different purification stages of a PDZ expression.
Shown are results for the mutant Ile327Aha. Col-
umn order is the following: (1) Marker, (2) PDZ3-Aha
construct after first affinity chromatography, before
TEV cleavage, (3) raw PDZ3-Aha construct after TEV
cleavage over night (4) and (5) differently concen-
trated purified PDZ3 after reverse affinity column,
(6) and (7) flow-through of first affinity column for
different imidazol levels.
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Figure B.2: MALDI for the mutant Ile327Aha with PDZ wild type as internal standard. The molecular weight
for the WT is 10.777 kDa, for the 100 % labeled PDZ-Ile327Aha is should be 10.790 kDa, the methionine
variant has a 5 Da higher weight. The left MALDI spectrum shows a expression where the incorporation failed
and methionine got incorporated at the position of the AUG codon. The right MALDI spectrum shows an
example for the achieved labeling quality with a high yield (about 100 %) of azidohomoalanine incorporated
for the AUG codon.
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PDZ mutant with methionine MW [kDa] with Aha MW [kDa]

Wild type 10.777
Ile327 10.795 10.790
Ile341 10.795 10.790
Ser398 10.821 10.816
Ala376 10.837 10.832
Leu353 10.795 10.790
Ala390 10.837 10.832

Table B.1: Molecular weight for all mutants of PDZ3 with either methionine (no successful introduction) or
Aha incorporated. Weights are calculated from the sequence using the ProtParam tool on ExPASy.

MALDI. All samples were controlled by MALDI after complete protein expression, purification
and digestion by TEV protease to find out the labeling quality with Aha. The molecular weights for all
mutants and the wild type PDZ sequence, both with methionine (in case there was no incorporation
of Aha) and Aha are listed in Table B.1. To verify a molecular weight difference of 5 Da for approx.
11 kDa protein, all data are calibrated with the wild type protein as internal standard. We show here
representative specta for Ile327Aha and Ala 376Aha, both show a clear labeling with Aha that can is
estimated to be ca. 90 %. Molecular weights for mutants were calculated using the ProtParam tool
on ExPASy server. Labeling efficiencies were estimated comparing the calculated mass difference
for the wild-type and the measured mutant (see table) to the measured mass difference. With a
small theoretical mass difference of only 5 Da for the exchange of methionine to azidohomoalanine
high precision MALDI with internal calibration was used. The bands for labeled and unlabeled
protein are overlapping, but as can be seen in Figure B.2 very accurately corresponding mass values
for the unlabeled and labeled case were obtained. If the obtained shift was not exactly as calculated,
but in between numbers for labeled and unlabeled protein the ratio was calculated and taken as
estimate for labeling efficiency (e.g. a mass with difference 2.5 was measured instead of 5, meaning
a labeling efficiency of only 50 % was reached).

CD Spectroscopy. CD spectra were measured with a J-720 spectropolarimeter by Jasco. Data
were accumulated in the range from 260 nm to 178 nm with a scanning speed of 200 nm/min. The
number of scans was 32. Protein concentrations varied between 1.5 to 2.3 mg/ml, depending on the
original sample. Samples were prepared in phosphate buffer (see rest of experimental section) and
measured in a measurement cell with CaF2 windows and a spacer thickness of 50µm. As can be
seen in Figure B.3 all mutants show a similar secondary structure as can be deduced from the highly
overlapping spectra (wild type is shown for comparison). However due to the phosphate buffer data
in the region below 195 nm are hard to interpret and disturbed (see [384] for further information).

ITC Measurements. ITC measurements were performed using a VP-ITC microcalorimeter. Sam-
ples were prepared from 75–200µl of frozen protein stock diluted with 50 mM sodium phosphate
buffer, pH 6.8 to a final volume of 2 ml and a corresponding concentration of approx. 0.1–0.12 mg/ml.
Before injection into the sample chamber, all protein solutions were centrifuged in a micro con-
centrator (Vivaspin, 5 kDa cut-off) and degassed for 15 min. The final volume was adjusted to
2.2 ml after preparation, corresponding to a final concentration of approx. 0.2 mM. For the analysis
the stoichiometry of the binding reaction was set to n=1. As a ligand acNYKQTSV was used in a
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Figure B.3: a) CD spectra of the PDZ mutants investigated in this thesis and the wild type. b) example of ITC
results for Ile327Aha. Binding kinetics studied for the native ligand ac- NYKQTSV; comparable results with
Sato et al. [320] and Petit et al. [188]; CD spectra for all studied mutants with WT for comparison. Data are
normalized to better visualize the similarity, samples were prepared in 50 mM Na2HPO4 buffer with pH 6.8.
Perturbations in the spectrum below 200 nm are caused by the phosphate buffer [384]. The corresponding
High Voltage trace shows the increase (not plotted).The area disturbed by phosphate is indicated by a gray
background.

concentration of 0.88 mg in 500 µl sodium phosphate buffer, leading to a final concentration of
2 mM. Measurements were done at 25 �C with a total number of 28 injections, the first with 5 µl, all
following with 10 µl. Data were analyzed with the accompanying software.

FTIR Measurements. All FTIR measurements of labelled PDZ domain mutants were performed
in aqueous phosphate buffer (H2O), pH 6.8 with no additional salts. The sample cell consists of two
CaF2 windows (see [296]) with a spacer thickness of 100µm. Protein concentrations varied between
3–4 mM. Measurements with the native CRIPT peptide acNYKQTSV as ligand were performed the
same way with 1.5–2 fold excess of ligand to obtain maximum binding and repeated to ensure
they are reproductive. All data were measured against phosphate buffer as background. Data
were further corrected for background signals from the H2O combination band at 2000–2300 cm�1

by fitting a polynomial function of 5th order to the background, while leaving the interval with
data points (approx. 2080–2180 cm�1) out for fitting using baseline correction in OriginPro 8.5. All
measurements were performed using a Bruker Tensor FTIR spectrometer equipped with liquid
nitrogen-cooled MCT detector. An additional long pass filter with a cut-off at 4µm was used. The
mirror speed was set to 20 kHz and values for aperture and amplification to use the full linear range
of the detector were chosen.
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B.3 Overview of Sample Sources

Sample Source

N3A: boc-Azidohomoalanine Marx Group, Uni Konstanz
fmoc-Aha: Fmoc-Azidohomoalanine Iris-Biotech
Aha: Azidohomoalanine Iris-Biotech
N3P: boc-Azidophenylalanine bachem
N3A: boc-Cyanoalanine bachem
CNP: boc-Cyanophenylalanine bachem

AzuA: Azulenyl-Alanine Budisa Group, TU Berlin
acAzuA: Acetylated Azulenyl-Alanine Budisa Group, TU Berlin
AzuCa: Azulene-1-yl-acetic-acid Schwarzer Group, MPI bpc Göttingen

Azulene-Azidohomoalanine Dipeptide Budisa Group, TU Berlin
AzuP: Azu-Tyr-Asn-Aha-Gly synthesized by M. Anders-Maurer, Uni Frankfurt
CRIPT: acNYKQTSV synthesized by M. Anders-Maurer, Uni Frankfurt
Azu-QTSV synthesized by M. Anders-Maurer, Uni Frankfurt
Azu-KQTSV synthesized by M. Anders-Maurer, Uni Frankfurt

PDZ-WT residues 302-401, purified by S. Oesteritz
PDZ Ile327Aha residues 302-401, purified by S. Oesteritz
PDZ Ile341 Aha residues 302-401, purified by S. Oesteritz
PDZ Ala376Aha residues 302-401, purified by S. Oesteritz
PDZ Ala390Aha residues 302-401, purified by S. Oesteritz
PDZ Leu353Aha residues 302-401, purified by S. Oesteritz
PDZ Ser398Aha residues 302-401, purified by S. Oesteritz

Table B.2: Overview on Samples studied in this thesis.

141





C Computational Methods

C.1 Docking/Bioinformatics
The Molecular Docking was mainly performed by Martin Essig during his Bachelor Thesis [362] and
afterwards as a student assistant supervised by the author. This Appendix gives only a brief overview
on the main experiments. The visualisation of Docking results was performed by the author.

For all investigated mutants molecular docking of the CRIPT peptide (as heptamer, acNYKQTSV)
into the known structure of PDZ3 holoprotein (1be9, crystal structure from protein ligand complex)
using AutoDock 4.2 [316, 317]was performed.

The pdb file was modified introducing a in silico mutation using UCSF Chimera [202] before usage
as receptor file in the docking. Simulations were additionally performed with Aha as flexible side
chain. Resulting pdb data from simulations with flexible Aha were used to visualize the orientation
of the azide moiety in the investigated mutants using PyMol. The surface of surrounding residues
in the proximity of Aha was colored according to the free energy of the amino acid side chain for
the transition from cyclohexane to H2O in the gas phase (values obtained from [318]). For this a
gradient was applied to show different degrees of hydrophobic or polar environment with three
steps for polar (dark blue to light blue), three steps for hydrophobic (dark red to light red) and white
for non-polar residues. The figure shows the surrounding surface of the Aha with the azide as center
point and Aha shown as sticks. To produce this view, the surface volume of aha was removed from
the whole protein volume.

In silico Mutation. Chimera 1.5.2 [202]was used for visualization and modification of the PDB-
data set (1be9, [203]) of the PDZ domain. To accomplish an in silico mutation, the unnatural amino
acid azidohomoalanine was constructed by adding additional atoms to an amino acid backbone.
Bond lengths and torsion angles were adjusted to match a prior DFT calculation (as reported in
Chapter 4). The mutation sites in the PDZ domain were identified and selected in the PDB data set.
The corresponding side chain was deleted and replaced with the constructed azidohomoalanine.
Prior side chain orientation was matched if possible, but in some cases (i.e. alanine mutations)
some of the side chain torsions had to be changed due to steric hindering. To correct this further
each docking session was done with a flexible azidohomoalanine side chain, as described below.

Molecular Docking. MGLTools 1.5.4 and its subprograms AutoGrid 4.2 and AutoDock 4.2 [316,
317]were used for docking preparation, execution and analysis. Preparation of the mutated recep-
tors involved converting the .pdb-files to the .pdbqt format used by AutoDock and therefore assign-
ing a reasonable charge to the azide group. Since the algorithm used to assign Gasteiger charges to
the receptor can not predict the special properties of the azide functional group, the charges were
changed to resemble those obtained by previous DFT calculations of free Aha (N1 :�0.128, N2 : 0.11,
N3 :�0.11). This leaves the system at a non integer charge, but the deficit was small enough to be
negligible. The size of the grid box was chosen to include the Aha residue (different for each mutant),
and always included the binding pocket and the important residues within it, while leaving enough
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space for the ligand. Grid spacing was set to 0.375 Å for all dockings. The search parameters were
mostly left at their standard values, except for the rate of gene mutation which was increased from
2% to 5%. The maximum number of energy evaluation was set to “long” (2.5 ·107) and a docking
session includes 50 docking runs (except for the wild type docking with only 40 runs). To analyze
if the results are reproducible, the best docked ligand conformations of each run were compared
and sorted into clusters, based on their RMSD. (clustering algorithm of MGLTools) A cluster with
multiple conformations shows that very similar docked conformations are reached by multiple,
independent docking runs, which raises the probability of a native-like docked state.

Visualization in PyMol. Resulting pdb data from simulations with flexible Aha were used to
visualize the orientation of the azide moiety in the investigated mutants using PyMol. The surface
of surrounding residues in the proximity of Aha was colored according to the free energy of the
amino acid side chain for the transition from cyclohexane to H2O in the gas phase (values obtained
from [318]). For this a gradient was applied to show different degrees of hydrophobic or polar
environment with three steps for polar (dark blue to light blue), three steps for hydrophobic (dark
red to light red) and white for non-polar residues. Figure 4 in the main paper shows the surrounding
surface of Aha with the azide as center point and Aha shown as sticks. To produce this view, the
surface volume of Aha was removed from the whole protein volume. Figure 5.5 shows the azide
group for all positions in PDZ with its surrounding surface colored by the relative polarity.

C.2 Quantum Chemistry/DFT Calculations
All computations reported in Chapter 4 and Chapter 7 were performed with the Gaussian09 suite of
programs, [297] using density functional theory (DFT). All calculations have been performed on
the CSC (Center for Scientific Computing, Frankfurt). For the calculations reported in Chapter 4
the functional B3LYP in conjunction with the 6�311G(d,p) basis set was chosen. This functional is
regularly used for the calculation of vibrational modes (see [252]). Because of the discrepancy in
assignment for the modes in the amide II region in the molecules CNP and N3P (see Chapter 7 for
details) from experiment versus calculations, a higher basis set (6�311G(d,p)) was chosen. Overall
the calculations for the three amino acids Aha, CNP and N3P have been performed with several
different basis sets in conjunction with the B3LYP functional. (not all data reported)

For the computations reported in Chapter 7 Truhlar’s hybrid functional M06 [332] in conjunction
with the 6�31+G(d,p) basis set was chosen, as it reached very good agreement with the experi-
mental results on molecular structure, vibrational frequencies, and on transition dipole moment
orientations, which are very sensitive to the localization of vibrations in previous studies [99]. The
B97D functional by Grimme [333] in conjunction with the 6�31+G(d,p) basis set has been chosen
for comparison because the computation resulted in a different order of the investigated modes.
The influence of the solvent was taken into account by the self-consistent reaction field (SC RF)
method using the polarizable continuum model (PCM). For creating the solvent cavity, the Gaus-
sian09 default UFF radii [385] and the van der Waals radii of Bondi [386]were employed, both with
the default scaling of 1.1 and explicit hydrogen atoms [387].

The computed normal modes, as derived by either using the M06 or the B97D functional, in the
region between 1450 cm�1 to 2200 cm�1 have been visualized using a Mathematica script. The
script plots the atomic coordinates and colors the atoms corresponding to their relative vibrational
energy, which is calculated as potential energy derived from the displacement.
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Center Atomic Atomic Coordinates (Å)
Number Number Type X Y Z

1 7 0 �1.903 049 0.825 097 �0.187 084
2 1 0 �2.171 475 1.558 820 �0.830 164
3 6 0 �0.506 721 0.709 449 0.190 190
4 1 0 �0.450 401 0.135 738 1.116 174
5 6 0 0.322 551 �0.016 202 �0.917 460
6 6 0 0.036 424 2.110 984 0.440 005
7 1 0 �0.205 857 �0.955 559 �1.109 383
8 1 0 0.269 043 0.584 347 �1.831 396
9 6 0 1.764 135 �0.303 167 �0.561 580

10 8 0 �0.287 989 3.093 959 �0.204 040
11 6 0 2.092 855 �1.352 989 0.312 328
12 6 0 2.810 429 0.460 079 �1.099 214
13 1 0 1.302 576 �1.967 289 0.735 837
14 6 0 3.417 352 �1.629 257 0.643 785
15 6 0 4.144 028 0.197 649 �0.779 116
16 1 0 2.584 310 1.271 767 �1.785 766
17 1 0 3.664 135 �2.444 377 1.316 490
18 6 0 4.447 918 �0.852 182 0.097 573
19 1 0 4.933 384 0.803 152 �1.214 574
20 6 0 �2.835 680 �0.098 934 0.173 143
21 8 0 �2.605 846 �1.064 502 0.900 793
22 8 0 �4.028 264 0.213 203 �0.377 841
23 6 0 �5.255 551 �0.587 337 �0.130 590
24 7 0 5.771 766 �1.207 644 0.485 357
25 7 0 6.718 512 �0.556 749 0.031 696
26 7 0 7.676 431 �0.041 196 �0.311 439
27 8 0 0.942 140 2.142 654 1.427 410
28 1 0 1.296 062 3.048 583 1.502 740
29 6 0 �5.602 425 �0.563 286 1.360 349
30 1 0 �6.579 401 �1.035 199 1.506 819
31 1 0 �4.863 254 �1.103 549 1.953 469
32 1 0 �5.664 971 0.468 493 1.720 997
33 6 0 �5.072 854 �2.007 298 �0.672 838
34 1 0 �6.029 019 �2.536 845 �0.610 248
35 1 0 �4.767 344 �1.978 171 �1.723 774
36 1 0 �4.329 655 �2.564 147 �0.100 446
37 6 0 �6.307 881 0.170 766 �0.942 926
38 1 0 �7.277 639 �0.324 533 �0.838 159
39 1 0 �6.403 948 1.201 111 �0.586 970
40 1 0 �6.039 988 0.188 931 �2.003 822

Table C.1: Atomic coordinates as derived from DFT calculations for visualization of calculated normal modes
in N3P using the B97D functional.
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Center Atomic Atomic Coordinates (Å)
Number Number Type X Y Z

1 7 0 �1.893 566 0.938 732 �0.016 997
2 1 0 �2.152 667 1.723 641 �0.602 517
3 6 0 �0.499 284 0.742 637 0.301 639
4 1 0 �0.427 547 0.205 782 1.254 876
5 6 0 0.223 217 �0.064 226 �0.801 082
6 6 0 0.147 106 2.101 559 0.438 735
7 1 0 �0.340 670 �0.999 468 �0.909 537
8 1 0 0.126 862 0.491 560 �1.744 014
9 6 0 1.664 338 �0.351 591 �0.500 773

10 8 0 �0.110 805 3.043 269 �0.280 170
11 6 0 2.010 599 �1.320 335 0.447 074
12 6 0 2.687 210 0.359 890 �1.130 185
13 1 0 1.224 086 �1.888 189 0.943 786
14 6 0 3.338 213 �1.572 503 0.760 347
15 6 0 4.023 859 0.118 636 �0.830 621
16 1 0 2.436 215 1.116 393 �1.873 256
17 1 0 3.611 394 �2.327 265 1.493 327
18 6 0 4.346 507 �0.851 015 0.119 095
19 1 0 4.804 869 0.681 651 �1.338 215
20 6 0 �2.803 928 �0.048 376 0.208 875
21 8 0 �2.540 866 �1.091 326 0.787 346
22 8 0 �3.998 540 0.309 611 �0.280 517
23 6 0 �5.169 536 �0.569 972 �0.167 189
24 7 0 5.678 469 �1.174 830 0.492 431
25 7 0 6.594 861 �0.564 776 �0.054 567
26 7 0 7.522 481 �0.068 231 �0.492 027
27 8 0 1.065 678 2.135 555 1.404 121
28 1 0 1.486 982 3.012 340 1.398 361
29 6 0 �5.511 511 �0.799 970 1.294 552
30 1 0 �6.467 785 �1.332 838 1.358 037
31 1 0 �4.747 990 �1.395 405 1.801 236
32 1 0 �5.621 844 0.158 757 1.815 031
33 6 0 �4.921 557 �1.865 962 �0.919 475
34 1 0 �5.849 013 �2.450 418 �0.943 251
35 1 0 �4.626 987 �1.655 704 �1.954 588
36 1 0 �4.144 386 �2.468 366 �0.441 976
37 6 0 �6.258 896 0.240 089 �0.846 710
38 1 0 �7.200 307 �0.320 392 �0.833 769
39 1 0 �6.414 863 1.192 726 �0.327 960
40 1 0 �5.993 828 0.448 882 �1.889 388

Table C.2: Atomic coordinates as derived from DFT calculations for visualization of calculated normal modes
in N3P using the M06 functional.
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Frequencies 1450.9957 1467.4895 1491.2880
Red. masses 1.0527 1.0567 2.3742
Frc consts 1.3059 1.3407 3.1109
IR Intensity 3.0121 10.6260 273.5761
Atom AN X Y Z X Y Z X Y Z

1 7 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.02 0.00
2 1 0.00 0.00 0.00 �0.06 �0.02 0.00 �0.19 �0.06 �0.01
3 6 0.00 0.00 0.00 �0.01 �0.01 0.00 �0.01 �0.02 0.00
4 1 0.00 0.00 0.00 0.04 0.01 0.01 0.09 0.02 0.01
5 6 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01
6 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
7 1 0.00 0.00 0.00 �0.01 0.00 0.01 0.01 0.02 �0.01
8 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 �0.03 0.00
9 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.14 0.02 �0.02

10 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 6 0.00 0.00 0.00 0.00 0.00 0.00 0.03 �0.07 0.07
12 6 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.06 �0.05
13 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.33 0.19 �0.19
14 6 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.05 �0.04
15 6 0.00 0.00 0.00 0.00 0.00 0.00 0.08 �0.09 0.09
16 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.43 �0.03 0.01
17 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.47 �0.06 0.04
18 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.15 0.03 �0.03
19 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.36 0.22 �0.23
20 6 0.00 0.00 0.00 0.00 0.01 0.00 �0.02 �0.01 0.00
21 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 6 0.01 �0.02 �0.04 �0.03 �0.03 0.01 0.01 0.00 0.00
24 7 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00
25 7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
26 7 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
27 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 1 0.00 0.00 0.00 �0.01 0.00 �0.01 �0.01 0.00 �0.01
29 6 �0.02 �0.03 0.00 �0.02 �0.02 �0.02 0.00 0.00 0.00
30 1 �0.13 0.17 �0.20 �0.06 0.05 �0.22 0.00 0.00 0.01
31 1 0.20 0.35 0.09 0.11 0.36 0.19 0.00 �0.01 �0.01
32 1 0.13 �0.11 0.23 0.26 �0.10 0.26 �0.01 0.00 �0.01
33 6 0.02 0.02 �0.02 �0.03 0.00 0.02 0.00 0.00 0.00
34 1 0.16 �0.23 0.15 �0.13 0.18 0.02 0.00 �0.01 �0.01
35 1 �0.14 0.22 �0.02 0.30 �0.20 0.08 �0.01 0.00 0.00
36 1 �0.30 �0.20 0.20 0.26 0.08 �0.31 0.00 0.00 0.01
37 6 0.01 �0.01 �0.02 �0.01 �0.02 0.01 0.00 0.00 0.00
38 1 �0.10 0.19 0.32 0.08 �0.15 0.09 0.00 0.01 0.00
39 1 �0.29 �0.06 �0.01 0.12 0.14 �0.29 0.00 0.00 0.01
40 1 0.26 0.05 0.06 0.00 0.33 0.06 0.00 �0.01 0.00

(a)

Table C.3: Displacement per atom for normal modes in N3P as derived from DFT calculations using the B97D
functional.
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Frequencies 1504.2563 1566.1930 1600.2382
Red. masses 1.7467 6.3479 5.7760
Frc consts 2.3287 9.1742 8.7146
IR Intensity 365.8979 10.6930 27.5265
Atom AN X Y Z X Y Z X Y Z

1 7 �0.16 �0.08 0.02 0.00 0.00 0.00 �0.01 0.00 0.00
2 1 0.82 0.26 0.03 �0.02 0.00 0.00 0.03 0.01 0.00
3 6 0.07 0.06 �0.02 0.00 �0.01 0.00 0.01 0.00 �0.01
4 1 �0.37 �0.07 �0.06 0.01 0.01 0.01 �0.02 0.01 0.00
5 6 0.01 �0.01 0.01 �0.01 �0.03 0.03 0.03 0.00 0.01
6 6 �0.03 �0.02 �0.02 0.00 0.00 0.00 0.00 0.00 0.00
7 1 0.03 �0.01 �0.06 �0.16 0.07 0.00 0.04 �0.01 �0.03
8 1 �0.05 0.01 0.02 0.24 �0.05 �0.01 �0.05 �0.02 0.01
9 6 �0.02 0.00 0.00 0.07 0.26 �0.24 �0.23 0.01 �0.02

10 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 6 0.00 �0.01 0.01 0.08 �0.19 0.18 0.26 �0.10 0.11
12 6 0.01 0.01 �0.01 �0.11 �0.13 0.11 0.33 0.02 �0.01
13 1 �0.05 0.03 �0.03 �0.36 0.12 �0.13 �0.20 0.25 �0.25
14 6 0.03 0.01 �0.01 0.12 0.14 �0.12 �0.30 �0.01 �0.01
15 6 0.02 �0.01 0.01 �0.06 0.18 �0.17 �0.23 0.07 �0.07
16 1 �0.05 0.00 0.00 0.24 �0.07 0.08 �0.42 �0.12 0.09
17 1 �0.08 �0.01 0.01 �0.26 0.08 �0.09 0.31 0.12 �0.09
18 6 �0.03 0.00 0.00 �0.09 �0.25 0.23 0.15 0.01 0.00
19 1 �0.05 0.04 �0.04 0.31 �0.08 0.09 0.10 �0.19 0.19
20 6 0.11 0.05 0.02 0.00 0.00 0.00 0.01 0.00 0.00
21 8 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 8 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 6 �0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 7 0.01 0.00 0.00 �0.01 0.02 �0.02 0.01 0.00 0.00
25 7 0.00 0.00 0.00 0.00 �0.01 0.01 0.01 0.00 0.00
26 7 0.00 0.00 0.00 0.01 0.01 �0.01 �0.02 �0.01 0.01
27 8 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
28 1 0.03 �0.01 0.04 0.00 0.00 0.00 0.00 0.00 0.00
29 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1 0.00 �0.01 �0.05 0.00 0.00 0.00 0.00 0.00 0.00
31 1 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
32 1 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
33 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 1 �0.02 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
35 1 0.04 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
36 1 0.02 �0.01 �0.03 0.00 0.00 0.00 0.00 0.00 0.00
37 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 1 0.01 �0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
39 1 0.01 0.01 �0.02 0.00 0.00 0.00 0.00 0.00 0.00
40 1 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00

(b) continued from page 147

Table C.3
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Frequencies 1665.0458 1714.9490 2173.1119
Red. masses 10.5176 9.6163 13.9807
Frc consts 17.1798 16.6633 38.8995
IR Intensity 726.9133 415.5353 1720.4352
Atom AN X Y Z X Y Z X Y Z

1 7 �0.02 �0.09 0.05 0.00 0.02 �0.01 0.00 0.00 0.00
2 1 �0.28 �0.24 �0.03 0.11 0.08 0.01 0.00 0.00 0.00
3 6 �0.02 0.00 �0.01 �0.02 �0.06 0.02 0.00 0.00 0.00
4 1 0.07 0.00 �0.04 �0.10 �0.21 �0.06 0.00 0.00 0.00
5 6 0.01 0.00 0.01 0.01 �0.01 �0.01 0.00 0.00 0.00
6 6 �0.02 0.09 �0.06 �0.11 0.58 �0.38 0.00 0.00 0.00
7 1 0.00 0.01 �0.02 �0.05 0.01 0.09 0.01 �0.01 0.00
8 1 �0.04 0.00 0.01 0.00 0.05 0.02 0.01 0.00 0.00
9 6 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 8 0.02 �0.06 0.04 0.09 �0.35 0.25 0.00 0.00 0.00
11 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 6 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
14 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 �0.01
15 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
16 1 �0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 �0.01
17 1 0.01 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
18 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.04 �0.03 0.02
19 1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 �0.01
20 6 �0.09 0.64 �0.39 0.01 �0.10 0.06 0.00 0.00 0.00
21 8 0.08 �0.36 0.22 �0.01 0.05 �0.03 0.00 0.00 0.00
22 8 0.02 �0.05 0.03 0.00 0.01 0.00 0.00 0.00 0.00
23 6 0.01 0.04 �0.02 0.00 �0.01 0.00 0.00 0.00 0.00
24 7 0.00 0.00 0.00 0.00 0.00 0.00 �0.18 �0.07 0.06
25 7 0.00 0.00 0.00 0.00 0.00 0.00 0.68 0.32 �0.26
26 7 0.00 0.00 0.00 0.00 0.00 0.00 �0.48 �0.23 0.19
27 8 0.01 0.00 0.01 0.02 �0.05 0.04 0.00 0.00 0.00
28 1 �0.04 0.02 �0.05 �0.27 0.10 �0.34 0.00 0.00 0.00
29 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1 0.04 �0.06 0.09 0.00 0.01 �0.01 0.00 0.00 0.00
31 1 �0.09 �0.05 0.06 0.01 0.00 �0.01 0.00 0.00 0.00
32 1 0.02 0.01 �0.02 0.00 0.00 0.00 0.00 0.00 0.00
33 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 1 0.05 �0.09 0.03 �0.01 0.01 0.00 0.00 0.00 0.00
35 1 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00
36 1 �0.06 �0.09 �0.03 0.01 0.01 0.00 0.00 0.00 0.00
37 6 0.00 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 1 �0.03 0.05 �0.03 0.01 �0.01 0.01 0.00 0.00 0.00
39 1 0.01 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
40 1 0.01 �0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00

(c) continued from page 148

Table C.3
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Frequencies 1465.7775 1484.3199 1523.3900
Red. masses 1.0760 1.0691 2.5764
Frc consts 1.3621 1.3877 3.5228
IR Intensity 5.4370 7.5908 834.2472
Atom AN X Y Z X Y Z X Y Z

1 7 0.00 0.00 0.00 0.02 0.01 0.00 0.21 0.11 �0.01
2 1 0.01 0.00 0.00 �0.07 �0.02 0.00 �0.76 �0.23 �0.04
3 6 0.00 0.00 0.00 �0.01 �0.01 0.00 �0.11 �0.07 0.01
4 1 �0.01 0.00 0.00 0.05 0.01 0.01 0.33 0.07 0.06
5 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
6 6 0.00 0.00 0.00 0.01 0.01 0.01 0.05 0.03 0.04
7 1 0.00 0.00 �0.01 �0.01 0.01 0.01 �0.04 0.02 0.07
8 1 0.00 0.00 0.00 0.01 0.00 0.00 0.05 �0.01 �0.01
9 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.04 0.01 �0.01

10 8 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 �0.01
11 6 0.00 0.00 0.00 0.00 0.00 0.00 0.02 �0.02 0.02
12 6 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 �0.01
13 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.09 0.05 �0.05
14 6 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 �0.01
15 6 0.00 0.00 0.00 0.00 0.00 0.00 0.02 �0.03 0.03
16 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.12 �0.01 0.00
17 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.10 �0.01 0.00
18 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.04 0.01 �0.01
19 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.11 0.06 �0.07
20 6 0.00 0.00 0.00 �0.01 0.00 0.00 �0.19 �0.06 �0.03
21 8 0.00 0.00 0.00 0.00 0.00 0.00 0.02 �0.01 0.01
22 8 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01
23 6 0.03 �0.04 �0.04 �0.04 �0.03 0.01 0.04 0.01 0.01
24 7 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
25 7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
26 7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
27 8 0.00 0.00 0.00 0.00 0.00 0.00 �0.02 �0.01 �0.01
28 1 0.00 0.00 0.00 �0.01 0.00 �0.01 �0.05 0.01 �0.06
29 6 �0.01 �0.03 0.02 �0.01 �0.01 �0.02 �0.01 0.00 0.00
30 1 �0.23 0.35 �0.20 �0.05 0.05 �0.19 �0.01 0.01 0.07
31 1 0.34 0.36 �0.05 0.10 0.31 0.19 0.01 �0.04 �0.06
32 1 �0.03 �0.14 0.22 0.24 �0.11 0.22 �0.05 0.01 �0.04
33 6 0.01 0.02 0.00 �0.03 0.01 0.02 0.00 0.00 0.00
34 1 0.13 �0.17 0.00 �0.13 0.18 0.05 0.03 �0.05 �0.05
35 1 �0.18 0.13 �0.03 0.32 �0.22 0.06 �0.06 0.03 �0.01
36 1 �0.21 �0.12 0.18 0.26 0.09 �0.34 �0.03 0.01 0.07
37 6 0.00 0.00 �0.02 0.00 �0.02 0.01 �0.01 0.00 0.00
38 1 �0.07 0.12 0.33 0.08 �0.16 0.09 �0.03 0.03 �0.02
39 1 �0.24 �0.03 �0.03 0.11 0.16 �0.29 �0.01 �0.03 0.05
40 1 0.28 0.06 0.07 0.00 0.34 0.08 0.02 �0.06 �0.01

(a)

Table C.4: Displacement per atom for normal modes in N3P as derived from DFT calculations using the M06
functional.
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Frequencies 1536.2043 1633.9572 1667.0588
Red. masses 2.8578 7.1566 6.7145
Frc consts 3.9736 11.2573 10.9943
IR Intensity 62.3145 6.9664 37.3803
Atom AN X Y Z X Y Z X Y Z

1 7 0.06 0.03 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
2 1 �0.21 �0.07 �0.01 �0.01 0.00 0.00 0.02 0.01 0.00
3 6 �0.03 �0.02 0.00 0.00 �0.01 0.00 0.01 0.00 0.00
4 1 0.08 0.02 0.02 0.01 0.00 0.00 �0.02 0.01 0.00
5 6 �0.05 0.01 �0.01 �0.01 �0.02 0.03 0.04 0.00 0.01
6 6 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
7 1 �0.03 �0.01 0.02 �0.14 0.06 0.00 0.05 �0.01 �0.01
8 1 0.02 0.00 �0.02 0.22 �0.04 �0.01 �0.03 0.00 0.01
9 6 0.17 �0.03 0.03 0.08 0.27 �0.25 �0.25 0.01 �0.01

10 8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 6 �0.05 0.09 �0.09 0.08 �0.19 0.19 0.28 �0.10 0.11
12 6 �0.09 �0.06 0.05 �0.12 �0.14 0.12 0.35 0.03 �0.01
13 1 0.34 �0.18 0.19 �0.31 0.08 �0.09 �0.16 0.23 �0.23
14 6 �0.14 �0.06 0.05 0.11 0.14 �0.13 �0.34 �0.02 0.00
15 6 �0.09 0.09 �0.10 �0.08 0.19 �0.19 �0.26 0.08 �0.09
16 1 0.39 0.02 �0.01 0.23 �0.08 0.09 �0.36 �0.11 0.09
17 1 0.40 0.04 �0.01 �0.20 0.10 �0.10 0.28 0.12 �0.09
18 6 0.18 �0.02 0.02 �0.08 �0.28 0.27 0.17 0.01 0.00
19 1 0.39 �0.24 0.25 0.34 �0.08 0.10 0.12 �0.20 0.20
20 6 �0.06 �0.02 �0.01 0.00 0.00 0.00 0.01 0.00 0.00
21 8 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 8 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 6 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 7 �0.06 �0.01 0.00 �0.01 0.02 �0.02 0.00 0.00 0.00
25 7 0.00 0.01 �0.01 0.00 �0.01 0.01 0.01 0.00 0.00
26 7 0.01 0.01 �0.01 0.01 0.01 �0.01 �0.02 �0.01 0.01
27 8 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 1 �0.01 0.00 �0.02 0.00 0.00 0.00 0.00 0.00 0.00
29 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
31 1 0.00 �0.01 �0.01 0.00 0.00 0.00 0.00 0.00 0.00
32 1 �0.01 0.00 �0.01 0.00 0.00 0.00 0.00 0.00 0.00
33 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 1 0.01 �0.01 �0.01 0.00 0.00 0.00 0.00 0.00 0.00
35 1 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
36 1 �0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
37 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 1 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
39 1 0.00 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
40 1 0.00 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

(b) continued from page 150

Table C.4
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Frequencies 1777.9745 1830.1448 2273.9380
Red. masses 11.6022 10.7286 13.9837
Frc consts 21.6093 21.1721 42.6021
IR Intensity 633.8339 420.3064 1584.3492
Atom AN X Y Z X Y Z X Y Z

1 7 �0.03 �0.09 0.04 0.01 0.02 �0.01 0.00 0.00 0.00
2 1 �0.19 �0.17 �0.01 0.08 0.06 0.01 0.00 0.00 0.00
3 6 �0.02 0.01 �0.01 �0.02 �0.07 0.02 0.00 0.00 0.00
4 1 0.06 0.01 �0.04 �0.07 �0.18 �0.05 0.00 0.00 0.00
5 6 0.01 0.00 0.00 0.01 0.00 �0.01 0.00 0.00 0.00
6 6 �0.02 0.07 �0.06 �0.12 0.61 �0.42 0.00 0.00 0.00
7 1 0.01 0.01 �0.03 �0.04 0.01 0.07 0.01 �0.01 0.00
8 1 �0.04 0.00 0.01 0.00 0.04 0.01 0.00 0.00 �0.01
9 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 8 0.01 �0.05 0.04 0.09 �0.37 0.27 0.00 0.00 0.00
11 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
14 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 �0.01
15 6 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
16 1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 �0.01
17 1 0.00 0.00 0.00 0.00 0.00 0.00 �0.01 0.00 0.00
18 6 0.00 0.00 0.00 0.00 0.00 0.00 �0.04 �0.02 0.02
19 1 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 �0.01
20 6 �0.12 0.69 �0.37 0.01 �0.08 0.05 0.00 0.00 0.00
21 8 0.09 �0.40 0.22 �0.01 0.04 �0.02 0.00 0.00 0.00
22 8 0.03 �0.05 0.03 0.00 0.01 0.00 0.00 0.00 0.00
23 6 0.01 0.04 �0.02 0.00 �0.01 0.00 0.00 0.00 0.00
24 7 0.00 0.00 0.00 0.00 0.00 0.00 �0.17 �0.08 0.07
25 7 0.00 0.00 0.00 0.00 0.00 0.00 0.65 0.34 �0.30
26 7 0.00 0.00 0.00 0.00 0.00 0.00 �0.47 �0.25 0.22
27 8 0.01 0.00 0.01 0.02 �0.04 0.04 0.00 0.00 0.00
28 1 �0.03 0.02 �0.03 �0.23 0.09 �0.28 0.00 0.00 0.00
29 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 1 0.03 �0.06 0.07 0.00 0.01 �0.01 0.00 0.00 0.00
31 1 �0.08 �0.04 0.06 0.01 0.00 �0.01 0.00 0.00 0.00
32 1 0.02 0.01 �0.02 0.00 0.00 0.00 0.00 0.00 0.00
33 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 1 0.05 �0.08 0.02 0.00 0.01 0.00 0.00 0.00 0.00
35 1 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
36 1 �0.05 �0.08 �0.04 0.00 0.01 0.00 0.00 0.00 0.00
37 6 �0.01 �0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 1 �0.03 0.04 �0.02 0.00 �0.01 0.00 0.00 0.00 0.00
39 1 0.01 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
40 1 0.01 �0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

(c) continued from page 151

Table C.4
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Zusammenfassung
Proteine sind hochspezialisierte, komplexe Maschinen deren vielfältige Funktionen biochemi-
sche Katalyse, Signalverarbeitung, Transport und Strukturbildung umfassen. Für ein umfassendes
Verständnis der spezialisierten Funktion von Proteinen und ihres komplexen Zusammenspiels,
sind Standbilder allein jedoch nicht ausreichend: Zeitaufgelöste Beobachtungen sind nötig, da
(Bio)chemie dynamisch ist. Biochemische Prozesse erstrecken sich über eine Zeitskala vom sub-
pikosekunden-Bereich bis zum Minutenbereich und länger. Die ersten Schritte (bio)chemischer Re-
aktionen spielen sich auf den kürzesten Zeitskalen im Femtosekunden bis Pikosekunden-Bereich ab,
ebenso wie erste funktionell relevante Strukturveränderungen, die sehr gut in Molekulardynamik-
Simulationen behandelt werden können. Die experimentelle Beobachtung dieser ultraschnellen
Prozesse in Proteinen allerdings ist schwierig (insbesondere mit hoher räumlicher Auflösung)
und noch in der Entwicklung, viele Erkenntnisse sind insbesondere durch optische Spektroskopie
zugänglich.

Eine wichtige Methode mit hoher Zeitauflösung und möglicher Strukturauflösung ist die zweidi-
mensionale oder allgemeiner mehrdimensionale Infrarotspektroskopie (2D-IR), ein konzeptionelles
Pendant zur mehrdimensionalen NMR Spektroskopie im Infraroten mit einer Zeitauflösung im
Femtosekundenbereich. Schwingungsmoden erlauben Einblicke in ultraschnelle Prozesse in Echt-
zeit. (eine Schwingungsperiode einer typischen Amid-Bande bei 1600 cm�1 hat eine Dauer von ca.
20 fs) Die 2D-IR Spektroskopie erlaubt die direkte Untersuchung struktureller Dynamik spezifischer
funktioneller Gruppen innerhalb eines Experiments. Einerseits ist die Beobachtung der Dynamik
im Gleichgewicht möglich, andererseits kann mittels transienter 2D-IR Spektroskopie ähnlich wie
in anderen Anreg-Abtast-Experimenten auch über einen Zeitbereich bis zu Nanosekunden und
länger gemessen werden, um Nichtgleichgewichtsprozesse zu beobachten.

Die ultraschnelle Dynamik von kleinen Molekülen lässt sich so im Detail sehr genau studieren
und sogar Strukturaufklärung ist möglich. Für Messungen an biologischen Makromolekülen, im
speziellen an Proteinen, stößt die 2D-IR Spektroskopie jedoch an dieselben Grenzen wie klassische
FTIR Spektroskopie. Infrarot Spektroskopie ist sensitiv für alle infrarotaktiven Schwingungsmoden
und durch die Wiederholung von funktionellen Gruppen wie der Peptidbindung sind IR Spektren
eine Überlagerung der Signale einzelner Gruppen, die nicht mehr unterschieden werden können.
So ist zwar eine Messung von Sekundärstrukturänderungen und der Dynamik des Proteinrückgrats
möglich, aber nicht eine Analyse der lokalen Dynamik einzelner Seitenketten. Nur in Ausnahme-
fällen, z.B. wenn das Protein einen Liganden oder Chromophor besitzt, der in einem separierten
Spektralbereich absorbiert, sind zeitaufgelöste ortsspezifische Messungen möglich. Hier setzt die
vorliegende Dissertation mit dem Titel Unnatural Amino Acids as Novel Probes for Ultrafast 2D-
IR Spectroscopy of Proteins - deutsch: Unnatürliche Aminosäuren als neue Schwingungssonden
für die mehrdimensionale Infrarotspektroskopie an Proteinen an. Sie verbindet das junge For-
schungsgebiet der mehrdimensionalen zeitaufgelösten Infrarotspektroskopie mit neuen Methoden
aus der chemischen Biologie. Ziel ist es, neue spezifische Schwingungsmarker zu charakterisieren
und diese auf ihre Anwendbarkeit in Proteinen zu testen, um so das Anwendungsgebiet der 2D-IR
Spektroskopie zu erweitern.
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Part V. Appendix

Die Arbeit gliedert sich in vier Teile:

• Teil 1: Einleitung und theoretischer Hintergrund.

• Teil 2: Experimentelle Charakterisierung neuer Schwingungsmarker für die 2D-IR.

• Teil 3: Anwendungsbeispiel 1: Ortsspezifische Untersuchung konformationeller Änderungen
und lokaler Dynamik.

• Teil 4: Anwendungsbeispiel 2: Echtzeitmessung von Schwingungsenergietransport.

Teil 1: Einleitung und theoretischer Hintergrund. Dieser Teil erklärt die physikalischen und
technischen Grundlagen der 2D-IR Spektroskopie und stellt das untersuchte Modellprotein, die
dritte PDZ-Domäne des Multidomänenproteinkomplexes PSD-95 vor.

In Kapitel 1 werden die Konzepte und Methoden der mehrdimensionalen Infrarotspektroskopie
erklärt. Dabei handelt es sich um eine Ultrakurzzeitmethode mit Subpikosekunden-Zeitauflösung.
Die Spektren, mit zwei Frequenzachsen (oder mehr, bisher wurden maximal drei demonstriert),
ähnlich wie bei mehrdimensionaler NMR-Spektroskopie, erlauben die direkte Analyse von Schwin-
gungsmoden bezüglich verschiedenster Parameter wie Anharmonizität, Lebensdauer oder spek-
traler Diffusion aus den Signalen auf der Diagonale. Ebenso ist es möglich Kreuzsignale zwischen
Schwingungsmoden zu messen, die Aufschluss über Kopplungen zwischen den beteiligten Oszilla-
toren oder Populationstransfer sowie Schwingungungsenergietransferprozesse erlauben.

Kapitel 2 stellt das untersuchte Modellprotein PDZ3 und das Konzept von Energietransferwegen
in Proteinen, von denen angenommen wird, dass sie für Allosterie wichtig sind, vor. Allosterie
ist ein grundlegendes Konzept der Biochemie, hiermit ist im allgemeinen eine Veränderung von
Protein-Eigenschaften durch einen Effektor an einer entfernten Wechselwirkungsstelle gemeint.
PDZ3 ist ein Modellsystem für Allosterie ohne konformationelle Änderungen, hier sind spezifische
Energietransferwege von gekoppelten Aminosäure-Seitenketten u.a. mittels Molekulardynamik-
simulationen prognostiziert worden. Über solche Energietransferwege könnte Information (z.B.
über den Status von Ligandenbindung) von einer Seite des Proteins zur anderen vermittelt werden.
Die Simulationen schlagen eine spezifische, anisotrope Wärmeleitung durchs Protein vor, die auf
Pikosekundenzeitskala abläft. Dieser Prozess könnte durch Nutzung der in dieser Doktorarbeit
entwickelten methodischen Ansätze erstmals im Experiment untersucht werden.

Teil 2: Definition und Charakterisierung neuer Observablen. Besonders aussichtsreiche
Kandidaten für die Nutzung als neuartige ortsspezifische Schwingungssonden sind unnatürliche
Aminosäuren. In den letzten Jahren wurden neuartige Ansätze in der chemischen Biologie ent-
wickelt um funktionalisierte Aminosäuren mit nicht proteinogenen Seitenketten ortsspezifisch
co-translational einzubauen. Die beiden Hauptansätze hierfür sind entweder die Nutzung eines
zusätzlichen, künstlichen Codons und damit die Erweiterung des genetischen Codes (bekannt als
stop codon suppression oder genetic code expansion) oder aber die Substitution einer proteinogenen
Aminosäure durch ein Strukturanalogon. (bekannt als supplementation based incorporation)

In Kapitel 3 werden diese Methoden erklärt, sowie weitere Möglichkeiten für neuartige Schwin-
gungssonden diskutiert. Neben dem ortsspezifischen und co-translationalen Einbau unnatürlicher
Aminosäuren mit funktionellen Gruppen (wie z.B. Azid- oder Nitrilgruppen, deren Absorption bei
2100 cm�1 bzw. 2200 cm�1 liegt) in der Seitenkette, deren Infrarotabsorptionsbanden im Bereich
zwischen 1800 cm�1 und 3000 cm�1 und damit im "biologisch freien Fensterliegen, ist für Peptide
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Zusammenfassung

Cyanophenylalanin Azidophenylalanin Azidohomoalanin

Einbau: Stop Codon Suppression Stop Codon Suppression Einbau als Met Analogon

IR: ⌫̄ = 2251 cm�1 ⌫̄ = 2114 cm�1 ⌫̄ = 2099 cm�1

✏ = 194 M�1c m�1 ✏ = 736 M�1c m�1 ✏ = 506 M�1c m�1

⌧ = 1.07 ps/4.64 ps ⌧ = 0.542 ps/4.607 ps ⌧ = 0.83 ps/4.89 ps

2D-IR: hohe Anharmonizität, Komplexes 2D-IR Spektrum ausgeprägte spektrale Diffusion,
wenig spektrale Diffusion aufgrund von Fermi Resonanz klare Linienform

Tabelle 5: Übersicht der (spektroskopischen) Eigenschaften der untersuchten unnatürlichen Aminosäuren in
Bezug auf ihre Anwendbarkeit in Proteinen. Alle Werte sind für Messungen im Lösungsmittel Tetrahydrofuran,
das als Referenz für Polarität im Proteininneren verwendet wird, gemessen.

und kleine Proteine auch eine Synthese möglich. Hier besteht dann die Möglichkeit von ortsspe-
zifischer Isotopenmarkierung z.B. der Carbonylgruppe in der Peptidbindung oder aber auch der
Einbau deuterierter Seitenketten. Eine weitere Alternative ist die post-translationale, chemische
Modifikation eines Proteins. Ein Beispiel hierfür ist die Umwandlung des Thiols einer Cystein-
Seitenkette in ein Thiocyanat, das auch im freien Fenster bei 2150 cm�1 absorbiert. Ein Nachteil
dieses Ansatzes gegenüber dem co-translationalen Einbau ist der geringere Markierungsgrad einer
Probe.

Im experimentellen in Kapitel 4 liegt der Fokus auf der Untersuchung von Azid- und Nitril-
markierten Derivaten der Aminosäuren Phenylalanin und Alanin bezüglich ihrer Eignung als neuar-
tige Schwingungsmarker in Proteinen. Ein neuer Schwingungsmarker sollte wichtige Voraussetzun-
gen erfüllen. Einerseits muss der Extinktionskoeffizient der Absorptionsbande groß sein, um Signale
von Proteinproben mit geringer Konzentration messen zu können. Des weiteren sollte das Absorpti-
onsmaximum im freien Fenster von Biomolekülen zwischen 1800 cm�1 und 3000 cm�1 liegen und
idealerweise nicht von Schwingungsmoden von H2O oder D2O überlagert sein. Außerdem sollte
ein möglichst vielfältige einsetzbarer Marker auch photostabil im sichtbaren Spektralbereich sein,
um Untersuchungen von Nichtgleichgewichtsprozessen mittels transienter 2D-IR Spektroskopie
zu erlauben. Die Aminosäuren Azidophenylalanin, Azidohomoalanin, Cyanophenylalanin und
Cyanoalanin sind auf diese Eigenschaften hin mittels FTIR und UV/Vis Spektroskopie untersucht
worden. Um Informationen über strukturelle Dynamik und lokale Änderungen der Umgebung im
Protein zu erhalten, sind Messungen der spektralen Diffusion mit 2D-IR erforderlich. Deswegen
sollte ein neuer Schwingungsmarker selbst keine komplizierte Bandenform im 2D-IR zeigen, muss
aber auflösbare spektrale Diffusion zeigen. Ein weiteres Kriterium ist die Schwingungslebensdauer,
die bestimmt, welches Zeitfenster tatsächlich beobachtet werden kann. Schließlich ist es auch von
Vorteil, wenn es möglich ist, Kreuzsignale zu anderen funktionellen Gruppen zu messen, dies kann
z.B. in Untersuchungen zur Strukturaufklärung oder zur Messung von Schwingungsenergietransfer
(der direkt Aufschluss über Wärmeleitung erlaubt) genutzt werden. Diese Eigenschaften sind mittels
Breitband IR-Anreg-IR-Abtast-Spektroskopie sowie 2D-IR und 2-Farben-2D-IR untersucht worden.
Eine Übersicht über die Ergebnisse ist in Tabelle 5 zu finden.

Aus den Experimenten ergibt sich, dass Azidohomoalanin der aussichtsreichste Kandidat für eine
Nutzung in Proteinen ist. Diese Aminosäure kann als Methionin-Analogon in Proteine eingebaut
werden, hat ein Absorptionsmaximum bei 2119 cm�1 (in Wasser) und ist damit sowohl in H2O als
auch D2O nutzbar. Die Absorptionsbande hat eine klare Linienform (im Gegensatz zu Azidophenyl-
alanin) und der Extinktionskoeffizient ist mit ca. 500 M�1cm�1 ausreichend hoch. Die Azidbande
ist im sichtbaren Spektralbereich photostabil und mit ca. 6 ps Schwingungslebensdauer sollte eine
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Untersuchung des Zeitfensters zwischen 1 ps und 10 ps möglich sein. In den beiden folgenden
Teilen der Doktorarbeit wurde Azidohomoalanin in verschiedenen Anwendungen genutzt.

Teil 3: Ortsspezifische Untersuchung von Protein-Mikroumgebung und lokaler Dynamik.
In Kapitel 5 wird am Beispiel der Ligandenbindung in der PDZ Domäne demonstriert, wie ein neuer
Schwingungsmarker bereits in statischen FTIR Spektren eine Untersuchung ungeklärter biophysika-
lischer Fragestellungen erlaubt. Die Absorptionsbande des Azids der Azidohomoalanin-Seitenkette
ist sensitiv für die Polarität ihrer Umgebung und wird außerdem durch die Bildung von Wasser-
stoffbrücken beeinflusst. Damit ist zwar keine direkte Messung des elektrischen Feldes möglich,
aber dennoch kann die direkte Umgebung qualitativ untersucht werden. An sechs ausgewählten
Positionen in PDZ, sowohl in der Bindungstasche, als auch im Inneren des Proteins sowie an der
Oberfläche ist Azidohomoalanin eingebaut worden. Ein Vergleich mit bekannten Strukturdaten
zeigt eine eindeutige Korrelation zwischen der Hydrophobizität der umliegenden Aminosäuren
und dem Absorptionsmaximum. Außerdem ist die Ligandenbindung untersucht worden. Es ist
möglich für direkt an der Bindung beteiligte bzw. der Bindetasche benachbarte Seitenketten eine
Änderung der Hydrophobizität durch Ausschluss von Wasser aus der Bindetasche zu zeigen (Bei-
spiel Mutante Ala376Aha). Außerdem konnten auch kleine konformationelle Änderungen durch
die Peptidbindung beobachtet werden, allerdings nur für die drei Mutanten, die Teil des von Ota
und Agard prognostizierten Transferweges sind. Für zwei andere Kontrollpositionen wurde keine
Änderung der lokalen Umgebung gemessen. Dies ist ein erster experimenteller Hinweis auf die
Existenz des prognostizierten Transferweges und zeigt wie die Nutzung neuer Schwingungslabel
hilft um auch langreichweitige Effekte in Proteinen zu messen, die mit anderen Methoden wie
Röntgenkristallographie oder NMR Spektroskopie bisher nicht beobachtet wurden.

Kapitel 6 zeigt erste 2D-IR Spektren von PDZ, das mit Azidohomoalanin markiert ist. Zwei Mutan-
ten, PDZ-Ile327Aha und PDZ-Ala390Aha sind untersucht worden und es konnte gezeigt werden,
dass es technisch möglich ist, 2D-IR Spektren dieser Proben in der Frequenzdomäne in Anreg-
Abtast-Geometrie zu messen. Hierbei ist besonders zu beachten, dass die Proben in H2O vorliegen,
das bei 2125 cm�1, also genau unter der Azid-Absorption eine Kombinationsschwingung hat und
damit einerseits die optische Dichte der Proben so erhöht, dass Messungen nur mit Schichtdicken
bis 50 µm möglich sind und andererseits ein zeitabhängiger Lösungsmittelhintergrund durch
Wärmetransfer in den Spektren vorhanden ist. Die Korrektur der Spektren ist aber möglich, so
dass aus den gemessen Daten Aufschlüsse über die lokale Dynamik gezogen werden können. Die
Mutante PDZ-Ile327Aha ist sowohl ohne Ligand als auch im Komplex mit ihrem nativen Bindungs-
partner, dem CRIPT-Peptid in seiner Form als Heptamer gemessen worden. Die 2D-IR Spektren
bestätigen die Tendenz aus den FTIR-Spektren derselben Mutante, dass eine bereits im unge-
bundenen Zustand vorliegende Proteinkonformation (von zwei anhand ihrer Azid-Absorption
unterscheidbaren Konformationen) den Liganden bindet und scheinbar keine große konforma-
tionelle Änderung passiert. Dieses Ergebnis bestärkt die Vorhersage von Steiner und Caflish, die
aus Molekulardynamik-Simulationen derselben PDZ-Domäne schließen, dass der Bindungsmecha-
nismus konformationeller Selektion vorliegt. Die Mutante PDZ-Ala390Aha hat im FTIR die beiden
am stärksten getrennten Sub-Ensemble gezeigt, auch im 2D-IR Spektrum lassen sich zwei Peaks
unterscheiden, wobei die spektrale Auflösung nicht für eine detaillierte Analyse der spektralen
Diffusion ausreicht. Aus der Analyse der zeitabhängigen Signalintensität für die zwei Maxima zeigt
sich, dass eine der beiden Konformationen eine deutlich polarere Umgebung hat (da hier das Ab-
sorptionsmaximum bei höherer Wellenzahl vorliegt und die Relaxation ähnlich wie in reinem H2O
schneller ist) und die zweite Konformation eine unpolarere Umgebung hat. Ein weitergehendes
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Zusammenfassung

Experiment mit höherer spektraler Auflösung könnte hier Aufschluss über Seitenkettendynamik im
Pikosekundenbereich geben.

Teil 4: Untersuchung von Energiefluss in Proteinen in Echtzeit. Schwingungsenergie-
transfer innerhalb von kleinen Molekülen ist ein gut studiertes Phänomen in der physikalischen
Chemie. 2D-IR lässt sich gut für die Untersuchung von gerichtetem Schwingungsenergietransfer
(VET) bzw. die Ausbreitung von Wärme durch niederfrequente Moden innerhalb eines Systems nut-
zen. Aber nicht nur in kleinen Systemen scheint dieser Mechanismus stattzufinden, sondern auch
für Proteine sind Schwingungsenergietransferwege oder Netzwerke zwischen einzelnen Moden
prognostiziert bzw. modelliert worden. Die in dieser Arbeit untersuchte PDZ Domäne ist eines der
bekanntesten Beispiele. Das bereits zuvor beschriebene Netzwerk gekoppelter Aminosäurereste,
das vermutlich eine Funktionalität für langreichweitige Kommunikation oder Allosterie im Protein
besitzt, hat sich in einer Simulation mittels Wärmeleitung nachweisen lassen und auch für viele
andere Proteine sind bereits ähnliche Transferwege simuliert worden. Jedoch fehlen experimentelle
Ansätze um gerichtete Wärmeleitung in Proteinen ortsspezifisch zu messen. Der vierte Teil dieser
Doktorarbeit beschäftigt sich mit dem experimentellen Nachweis und Anwendungsmöglichkei-
ten von Schwingungsenergietransfer in Systemen unterschiedlicher Größe mit dem Ziel einen
experimentellen Ansatz für den Nachweis von Transferwegen in Proteinen zu entwickeln und zu
testen.

Zunächst ist am Beispiel von Azidophenylalanin demonstriert worden, dass sich innerhalb
einzelner unnatürlicher Aminosäuren Energietransfer zwischen einzelnen funktionellen Gruppen
mittels 2Farben-2D-IR direkt verfolgen lässt. In Kapitel 7 werden die experimentell ermittelten
Energietransferzeiten zur eindeutigen Zuordnung von FTIR-Absorptionsbanden genutzt und im
Vergleich mit quantenchemischen Rechnungen zeigt sich hier eine interessante Anwendung dieser
Technik für die Analytik.

Um gezielt Transferwege in komplexeren Systemen zu untersuchen ist die Verwendung spe-
zifischer Marker, wie sie bereits in Teil 2 vorgeschlagen wurden, notwendig. Kapitel 8 diskutiert
einen Lösungsansatz für dieses Problem. Aminosäuren mit Azid in der Seitenkette sind hervorra-
gende Kandidaten für die Beobachtung von Energietransfer am Endpunkt eines Transferweges,
jedoch ist eine initial größtmögliche Wärmeinjektion in das zu untersuchende System wünschens-
wert, um auch auf wenig effizienten Transferwegen, wie z.B. dem prognostizierten Weg in PDZ3,
einen Schwingungsenergietransfer zu beobachten. Hierfür bedarf es eines anderen Chromophors
der als Donor fungiert. Ein guter Kandidat ist Azulen, das bei 600 nm seinen ersten elektroni-
schen Übergang von S0 nach S1 hat und die Absorptionsenergie mittels interner Konversion strah-
lungslos im elektronischen Grundzustand in angeregte Schwingungszustände umwandelt. So lässt
sich innerhalb der Relaxationszeit von 1 ps ca. 10 mal mehr Schwingungsenergie am Startpunkt
des Transferwegs deponieren als bei Nutzung eines Infrarot-Chromophors. Das vorgeschlagene
Donor-Akzeptor-Paar für die Untersuchung von Schwingungsenergietransfer in Proteinen aus
Azulenyl-Alanin und Azidohomoalanin ist in mehreren Modellpeptiden untersucht worden. Bei
einem Abstand von ca. 2 nm in Bindungslängen ist immer noch ein ausreichendes Transfersignal
für die Azidschwingung zu beobachten und weitere Experimente in verschiedenen Lösungsmitteln
zeigen die Anwendbarkeit in Wasser.

Das abschließende Kapitel 9 dieser Doktorarbeit vereint die vorherigen Arbeiten, um erste Experi-
mente auf dem Weg zur direkten zeitaufgelösten Messung des vorhergesagten Energietransferwegs
in PDZ3 durchzuführen. Da der gleichzeitige Einbau verschiedener unnatürlicher Aminosäuren
in ein Protein kompliziert und noch ineffizient ist, wurde ein anderer Ansatz gewählt um ein Mo-
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dellsystem zu designen, dass sowohl Azulen als Donor als auch Azidohomoalanin als Akzeptor in
PDZ3 enthält. Es wurde ein optimierter Peptidligand, abgeleitet vom nativen CRIPT Peptid, genutzt,
der Azulen als c-terminalen Rest in direkter Nähe zum prognostizierten Startpunkt am His372
enthält. An dem Komplex aus PDZ-Ile341Aha und AzuKQTSV sind transiente Infrarotspektren auf-
genommen worden und alle technischen Probleme, um diese Art von Proben zu messen, konnten
gelöst werden. Allerdings konnte in den Experimenten kein Signal gemessen werden, außer einem
Hintergrundsignal der erhitzten Wasserschwingung im gleichen Spektralbereich, das zeigt, dass die
Messung technisch erfolgreich war. Somit steht eine abschließende Beurteilung über die Existenz
des Energietransferweges weiterhin aus. Dennoch lässt sich ableiten, dass die Nutzung des vorge-
schlagenen Donor-Akzeptor-Paares die experimentelle Untersuchung der lange vorhergesagten
Theorie über Wärmeleitung im Protein ermöglicht.

Insgesamt konnte in dieser Doktorarbeit demonstriert werden, wie sich unnatürliche Amino-
säuren als neuartige Schwingungsmarker für die zeitaufgelöste 2D-IR Spektroskopie und FTIR-
Spektroskopie verwenden lassen und welche vielfältigen biophysikalischen Fragestellungen mit
diesem Ansatz untersucht werden können. Im Rahmen dieser Arbeit sind viele weitere Ideen ent-
wickelt worden, die im abschließenden Ausblick kurz vorgestellt werden.
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