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Souhrn

Tato práce se zabývá simulacemi chiroptických spekter pomocí kombinace molekulárně
dynamických a kvantově chemických výpočtů. Molekulová dynamika je použita ke zkou-
mání konformačního chování studovaných systémů (převážně proteinů), kvantová chemie
pro výpočet jejich spektrálních vlastností. Výpočetně náročné kvantově chemické metody
jsou však omezeny pouze na relativně malé systémy. My jsme překonali tento problém
zejména pomocí fragmentace systémů na sadu menších, výpočetně zvládnutelných částí.
Tyto fragmenty jsou pak použity pro výpočet spektrálních vlastností, které jsou následně
přeneseny zpět na původní molekulu.

Studována jsou spektra vibrační optické aktivity (VOA) proteinových systémů (fibrily
poly-L-glutamové (PLGA) kyseliny, prefibrilární formy insulinu a globulární proteiny v na-
tivním stavu). Simulovaná spektra většinou uspokojivě souhlasila s experimentem a byla
použita k jeho interpretaci. V případě spekter Vibračně Cirkulárního Dichroismu (VCD)
poly-L-glutamové kyseliny simulovaná jen spektra kvalitativně reprodukovala experiment.
Ve výpočtech jsme byli např. schopni reprodukovat silný pás v oblasti amidu I a slabší
negativní pás patřící karboxylové skupině postraního řetězce.

Podobná výpočetní procedura byla pak použita na soubor vybraných globulárních pro-
teinů. Jejich spektra Ramanovy optické aktivity (ROA) poskytla uspokojivou přesnost a
simulovaná spektra mohla být použita k interpretaci experimentálních výsledků. Byli jsme
schopni reprodukovat experimentální rozdíly mezi převážně α-helikálním lidským sérovým
albuminem a concanavalinem A obsahujícím převážně struktury β-skládaného listu, a nebo
mezi velmi podobným lidským a slepičím lysozymem. V případě insulinových fibril jsme
zjistili, že ROA technika je velmi citilivá ke konformačním změnám proteinů a ze spekter
jsme byli schopni extrahovat informace o molekulové struktuře.

Dále byly provedeny dvě studie v oblasti spektroskopie elektronového cirkulárního dichro-
ismu (ECD) a cirkulárně polarizované luminiscence (CPL). První byla zaměřena na to, jak
kovové ionty ovlivňují ECD spektrum jejich komplexu s Monensinem. Druhá se zabývala
CPL europiového komplexu indukovanou interakcí s aminokyselinou.

Součástí práce jsou také metodické projekty zahrnující implementaci helikálních period-
ických podmínek v molekulární dynamice a přenos frekvenčně závislé polarizovatelnosti pro
výpočet UV-vis a ECD spekter velkých systémů.

Klíčová slova: molekulární dynamika, simulace spekter, kvantová chemie, chiralita,
optická aktivita



Summary

This Thesis deals with simulations of chiroptical spectra using a combination of molecular
dynamics and quantum chemistry. Molecular dynamics was used to explore conformational
behaviour of studied systems (proteins), quantum chemistry for calculation of spectral prop-
erties. The Quantum chemical methods are limited to relatively small systems. We overcome
this problem mostly by a fragmentation of studied systems, when smaller, computationally
feasible, fragments are created and used for the quantum chemical calculations. Calculated
properties were then transferred to the big molecule.

Vibrational Optical Activity (VOA) spectra of poly-L-glutamic acid fibrils (PLGA), in-
sulin prefibrillar form and native globular proteins were studied. The simulated spectra
provided satisfactory agreement with the experiment and were used for its interpretation.
Experimental Vibrational Circular Dichroism (VCD) spectra of poly-L-glutamic acid fibrils
were only qualitatively reproduced by the simulation. We could reproduce the major amide
I band and a smaller negative band associated with the side chain carboxyl group.

Our simulation procedure was then extended to a set of globular proteins and their
Raman Optical Activity (ROA) spectra. Here we achieved an exceptional precision. For
example, we were able to reproduce the main experimental differences between α-helical
human serum albumin and concanavalin A containing mainly β-sheets, or between very
similar human and hen egg-white lysozymes. In case of insulin fibrils, we found how the
ROA technigue is sensitive to protein coformational changes. By using our simulation, we
were able to extract the information of molecular structure and flexibility from the spectra.

Chiral systems were also studied by Electronic Circular Dichroism (ECD) and Circularly
Polarized Luminiscence (CPL) spectroscopies. Using ECD we studied how the metal ion
influence ECD spectra of respective metal-monensin complexes. The second project dealt
with CPL of racemic europium complex induced by interaction with aminoacids.

The Thesis also contains methodical projects dealing with implementation of helical
periodic boundary conditions in molecular dynamics and transfer of frequency-dependent
polarizabilities for calculation of UV-vis and ECD spectra of larger systems.

Keywords: Molecular Dynamic, Spectra Simulations, Quantum Chemistry, Chirality,
Optical Activity
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1 Introduction
Molecular spectroscopy includes a wide range of techniques that can be helpful for struc-

tural studies in chemistry and biology. For example, vibrational spectroscopy is advantageous
for protein studies even though it cannot provide detailed information about 3D structure. It
can be used to study dynamic structural changes. The time scale of vibrational transitions
is shorter than for conformational changes and the vibrational spectrum thus provide an
average of all present conformations. As an example of applications, we can study enzyme-
substrate interactions or protein folding.

As proteins are chiral molecules, they can be studied using technigues of Vibrational
Optical Activity (VOA) including Vibrational Circular Dichroism (VCD) and Raman Optical
Activity (ROA) spectroscopies. Their advantage is that they exhibits extreme sensitivity to
protein structural variations [1, 2]. It is possible to clearly distinguish proteins with the
same primary but different secondary structure, because the secondary structure elements
such as α-helices or β-sheets have very characteristic spectral patterns.

VCD provides mainly information about protein backbone, and its experimental fre-
quency range is relatively narrow (usually 900-2000 cm−1). On the other hand, ROA is
also sensitive to sidechain groups and the experimental range is wider than in case of VCD
(usually 100-2400 cm−1).

In general, VOA spectra are very complicated. For their interpretation, we use the
simulations to assign signals to appropriate vibrations and to make a link between geometry
and spectral pattern. The complexity calls for development of reliable simulation techniques.
In this work, a multistep approach combining molecular dynamics and quantum chemistry
procedures is applied. The molecular dynamic is used for conformational studies, while the
quantum chemical part provides VOA properties.

Due to computational demands of the quantum chemical methods, direct VOA calcula-
tions are limited to relatively small systems. As proteins are large molecules, it was necessary
to apply procedures making VOA calculation feasible. This was achieved by system frag-
mentation and transfer of molecular property tensors. We used an automatic fragment
generation combined with Cartesian Coordinate Transfer (CCT) methods [3, 4].

This multi-level computational strategy was used in VOA simulations of poly-L-glutamic
acid, where the specific chiral ordering of sidechain carboxyl groups in the studied fibrillar
structure was well explained. The procedure was then extended to a series of globular
proteins and insulin fibrils.

Other chiral systems were studied by Electronic Circular dichroism (ECD) and Circularly
Polarized Luminiscence (CPL) spectroscopies. We focused on two projects. The first one
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studied how the metal ion influences ECD spectra of metal-monensin complexes. The second
one dealt with CPL of racemic europium complex induced by interaction with aminoacids.
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2 Theoretical Part
2.1 Chiroptical Spectroscopy

Chiroptical spectroscopy explores interaction of polarized light with a chiral sample.
Historically, the first observation of this phenomenon was rotation of the plane of linearly
polarized light, referred to as optical rotation (OR). Later, the absorption difference of left-
and righthanded circularly polarized light, circular dichroism (CD), was observed as well.

2.1.1 Chirality

Chirality of a molecule means that it cannot be superimposed on its mirror image.
These mirror "isomers" are called enantiomers. They have many chemical properties the
same, which often makes them indistinguishable. One of possible techniques to resolve them
is interaction with the linearly polarized light, when an opposite rotation of the plane of
polarization is observed. Observation of this phenomenon started the chirality research.

The first experiment was carried out by Arago in 1811, who observed that plane of
linearly polarized light was rotated when passed through a quartz crystal [5]. Later, in 1824,
it was discovered by Fresnel that this was due to circular birefringence, i.e. difference in the
refraction indices for left- and righthanded circularly polarized lights. Also, he suggested
that molecules of the optically active medium exist in right- and left helical forms [6]. In
the revolutionary year 1848 Pasteur conducted another remarkable experiment. He found
a relation between the geometry of the crystals and optical activity of their solutions. He
achieved this via separation of racemic mixture of tartaric acid crystals by hand [7]. However,
he did not suggest any relation to molecular geometry. Next breakthrough came with the
concept of the asymmetric carbon [8, 9]. This structural motif has two mirror-image forms.
In 1904, the term of chirality started to be widely used. Lord Kelvin defined it as a property
of any geometrical figure or group of points, mirror-image of which cannot be superimposed
on itself [10].

A simplest molecular element, which leads to chirality, thus is the chiral center (fig.
2.1). Usually, it is an atom with sp3 orbital symmetry forming four different bonds in a
tetrahedron. The configuration of the chiral center is specified by the letters R for rectus
(right) and S for sinister (left) orientation according Cahn-Ingold-Prelog system [11, 12].

Another possibility is helicity of the molecule. These structures are specified via positive
P-helicity or negative M -helicity. Examples of such compounds are helicens shown in fig.
2.2. Other chiral structures lack chiral stereogenic center but have axial (fig. 2.3) or planar
(fig. 2.4) chirality. Axial chirality is most commonly observed in a biaryl compounds where
the rotation about the aryl-aryl bond is restricted, e.g. for biphenyl or binaphthyls. The
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Figure 2.1: Example of asymmetric carbon center

compounds having planar chirality possess two non-coplanar rings. Example for ferocene
molecule is shown in figure 2.4.

Figure 2.2: Helical chirality
Figure 2.3: Axial chirality

Figure 2.4: Planar chirality

2.1.2 Chiral Light

Electromagnetic radiation is oscillating wave of an electric and magnetic fields. In plane
waves, the fields are orthogonal and change synchronously in time. Thus it is sufficient to
consider the electric field (eq. 2.1).

E(r, t) = E0e exp[i(k · r − ωt)] (2.1)

where E(r, t) denotes the electric field vector, E0 its magnitude, e the polarization
vector, r the position vector, t time and ω angular frequency.

The polarization vector e describes the polarization state of the radiation. If we assume
that the radiation is travelling in the z direction, we can simplify eq. 2.1 to 2.2:

E(r, t) = (EX + EY ) exp
[
i(kz − ωt)

]
= E0e exp

[
i(kz − ωt)

]
(2.2)

The tip of vector E follows a right or left handed helix in space, depending on the
polarization. In the case the radiation moves towards an observer, he sees a circle. Thus
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the polarization vector e rotates clockwise or anticlockwise (fig. 2.5). The vector E can be
expressed as sum of two vectors EX and EY for X and Y direction. These orientations can
be written in the form of equations 2.3, where eL means polarization vector for left circularly
polarized and eR for right circular polarized light.

eL = 1√
2

(eX + ieY ) (2.3)

eR = 1√
2

(eX − ieY ) (2.4)

Figure 2.5: Left- and righthanded circularly polarized light

2.1.3 Electronic Circular Dichroism

Electronic Circular Dichroism (ECD) is defined as absorption difference of left and right-
handed circularly polarized light in the UV-vis wavelength region (∆A = AL − AR). ECD
is quick and undemanding chiroptical method for structural study of chiral molecules. It
can be applied to studies of molecular complex formations, protein folding, etc. ECD is
very suitable method for determination of the secondary structure content in proteins [13].
The amides groups are the most active chromophores of protein backbone. Their different
arrangement leads to characteristic ECD spectra of different secondary structures (fig. 2.6).

2.1.4 Circularly Polarized Luminiscence

Circularly polarized luminescence (CPL) spectroscopy is differential spontaneous emis-
sion of left and right circularly polarized radiation (∆I = IL − IR). This phenomenon can
be additionally quantified by luminiscence dissymmetry factor glum

glum = 2(IL − IR)
(IL + IR

= ∆I
I

(2.5)
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Figure 2.6: ECD of proteins of various secondary structure [13]

where IL and IR are left and right circularly polarized emission intensities. Situation
when glum = ±2 means complete polarization of the emitted light; glum = 0 means totally
unpolarized beam.

Typical value of glum for isolated organic molecules ranges from 10−3 to 10−2. But for
lanthanide complexes, values as high as one can be observed [14]; glum = 1.38 was the
highest measured value so far [15]. The lanthanide complexes are thus excellent candidates
to be studied by CPL. We can extract the information about the excited state chirality and
observe transitions not easily observable in absorption spectra (e.g. f → f transitions in
lanthanides) or we can select transitions using certain excitation wavelength [16].

2.1.5 Vibrational Optical Activity

Vibrational Optical Activity (VOA) is dealing with vibrational transitions. For its sim-
ulation, we need to obtain vibrational frequencies and intensities. We can achieve this with
the aid of quantum chemical methods. In the Born-Oppenheimer approximation, we assume
wavefunction of the system as a product of electronic and nuclear parts (eq. 2.6), where RN

means nuclear and r electron coordinates.

ψ(ri, RN) = Φel
Rn

(r)ΦNcl(RN) (2.6)
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Then we can solve vibrational problem separately. The nuclear wavefunction can be
obtained from equation 2.7. It depends on 3N coordinates, but the vibrational potential of
nonlinear molecule depends only on 3N − 6 (3N − 5 for linear one) coordinates, where N
is number of atoms. The remaining 6 (5) coordinates represent translational and rotational
motions.

The Schrödinger equation for Φncl(RN) is:

[T̂ncl + ϵ(RN)]Φncl(RN) = EΦncl(RN) (2.7)

The instant value of a coordinate Rj can be written as (eq. 2.8)

Rj = R0
j + ∆Rj j = 1, 23N. (2.8)

The kinetic energy operator T̂ vib
ncl is:

T̂ vib
ncl = −

3N∑
j=1

h̄2

2Mj

∂2

∂∆R2
j

= −
3N∑
j=1

h̄2

2Mj

∂2

∂R2
j

(2.9)

and the potential ϵ(R) is:

ϵ(R) = ϵ(R0) +
3N∑
j=1

∂ϵ

∂∆Rj

∆Rj + 1
2

3N∑
j,k=1

∂2ϵ

∂∆Rj∂∆Rk

∆Rj∆Rk+ (2.10)

The first term of the Taylor series we can be set to zero and the second term is also zero for
equilibrium geometry. For the rigid molecules in the case of the harmonic approximation, we
keep only the quadratic term. It is characterized by force field matrix (f) with the elements:

fjk = ∂2ϵ

∂∆Rj∂∆Rk

= ∂2ϵ

∂Rj∂Rk

(2.11)

The equation 2.7 becomes:

3N∑
j,k=1

1
2[fjk∆Rj∆Rk −

h̄2

Mj

∂2

∂∆R2
j

]ΦNcl(∆R) = EvibΦNcl(∆R) (2.12)

This equation (eq. 2.12) can be solved using diagonalization of the force field and a
linear transformation of Cartesian into normal modes coordinates Qk (eq. 2.13-2.15).
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Qk =
3N∑
j=1

S−1
kj ∆Rj (2.13)

3N∑
i,j=1

fij∆Ri∆Rj =
3N∑
k=1

ω2
kQ

2
k (2.14)

3N∑
j=1

1
Mj

∂2

∂∆R2
j

=
3N∑
k=1

∂2

∂Q2
k

(2.15)

The vibrational Hamiltonian can be written as the sum of 3N − 6 harmonic oscillators
and the vibrational wavefunction as a product of 3N − 6 individual functions (eq. 2.16)
depending on one coordinate, which are obtained as a solution of the set of equations 2.17.
The {ωj} denote frequencies of individual modes, S is the transformation matrix, nj is
integer value and Hj vibrational hamiltonian for specific mode ωj.

Φncl =
3N−6∏
j=1

ϕj(Qj) (2.16)

Ĥjϕj = (1
2 + nj)h̄ωjϕj (2.17)

2.1.5.1 Raman Optical Activity

For the description of Raman Optical Activity (ROA) we also use quantum mechanics.
During the electromagnetic wave interaction with the molecule, electric charges start to
oscillate and a secondary wave is scattered. This process is described by induced electric
and magnetic multipole moments.

We can introduce the induced moments: electric dipole µα, magnetic dipole mα and
electric quadrupole Θαβ as:

µα = ααβEβ + 1
ω
G′

αβḂβ + 1
3Aαβγ∇βEγ + (2.18)

mβ = − 1
ω
G′

αβĖα + (2.19)

Θαβ = AαβγEγ (2.20)

where ααβ denotes electric dipole–electric dipole polarizability, Aαβγ electric dipole–
electric quadrupole polarizability and G′

αβ electric dipole–magnetic dipole polarizability. The
quantum-mechanical expressions for these tensors can be obtained from time dependent
perturbation approach. In non-resonant case, the relations are:
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ααβ = 2
h̄

∑
j ̸=n

ωjn

ω2
jn − ω2 Re(⟨g|µα|j⟩⟨j|µβ|f⟩) (2.21)

G′
αβ = −2

h̄

∑
j ̸=n

ω

ω2
jn − ω2 Im(⟨g|µα|j⟩⟨j|mβ|f⟩) (2.22)

Aαβγ = 2
h̄

∑
j ̸=n

ωjn

ω2
jn − ω2 Re(⟨mv|µα|j⟩⟨j|Θβγ|f⟩) (2.23)

In these expressions, g, j and f denote initial, excited and terminal state of molecule;
ωjn = ωj − ωn denotes angular frequency difference. The initial and terminal state can be
written as a product of vibrational and electronic part (g = |el0⟩|mv⟩ and f = |el0⟩|nv⟩).
As for both cases the |el0⟩ is the same, we can take into account only the vibrational states
mv and nv. The operators of the electric dipole, magnetic dipole and electric quadrupole
moment are defined as:

µα =
∑

i

eiriα (2.24)

mα =
∑

i

ei

2mi

ϵαβγriβpiγ (2.25)

Θαβ = 1
2
∑

i

ei(3riαriβ − r2
i δαβ) (2.26)

where particle i has position vector ri, charge ei, mass mi and momentum pi.

For Raman and ROA tensors we obtain the transient tensors between initial (mv) and
terminal (nv) vibrational states as:

ααβ → ⟨mv|ααβ(Q)|nv⟩ (2.27)

G′
αβ → ⟨mv|G′

αβ(Q)|nv⟩ (2.28)

Aαβγ → ⟨mv|Aαβγ(Q)nv⟩ (2.29)

where the electronic polarizabilities ααβ(Q), G′
αβ(Q) and Aαβγ(Q) ) are dependent on the

normal mode vibrational coordinates (Q). We can expand the polarizability into expression
2.30:

⟨mv|ααβ(Q)|nv⟩ = (ααβ)0δmvnv +
∑
P

(
∂ααβ

∂QP

)
0
⟨mv|QP |nv⟩+ (2.30)

The index 0 denotes that the function is considered in equilibrium nuclear positions.
The first term of eq. 2.30 describes Rayleigh, the second one the Raman scattering with
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selection rule mv − nv = ±1 for harmonic oscillator case. Similar expansion can be done for
G′ and A.

As ROA is two photon phenomenon, its measurement can be done in several different
ways. One of the varied parameters is the angle between scattered and incident light beam,
which leads to the direct (0◦), right-angle (90◦) and back (180◦) scattering. The other
parameter is the polarization of incident or scattered light (fig. 2.7).

Figure 2.7: Diagram of energetic levels of a molecule and polarization states of incident
and scattered light for the four experimental forms of ROA.

The simplest methods is ICP (Incident Circular Polarization), which is based on polar-
ization modulation of the incident light. The detected scattered light is polarized or non-
polarized. Another way is SCP (Scattered Circular Polarization) measurement, in which the
sample is irradiated by linearly polarized light, and the left or right circular component of
the scattered light is detected. Methods DCPI and DCPII (Dual Circular Polarization) use
combinations of SCP and ICP; both the incident and scattered light are circularly polarized,
either in phase (DCPI) or out of phase (DCPII).

For measurements in solutions, ROA tensors are averaged over all geometric orientations.
The remaining tensor invariants are defined as:
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α = 1
3

(
∂ααα

∂QP

)
0

(2.31)

G′ = 1
3(∂G

′
αα

∂QP

)
0

(2.32)

β(α)2 = 1
2

[
3(∂ααβ

∂QP

)
0
(∂ααβ

∂QP

)
0
− (∂ααα

∂QP

)
0
(∂αββ

∂QP

)
0

]
(2.33)

β(G′)2 = 1
2

[
3
(
∂ααβ

∂QP

)
0

(∂G′
αβ

∂QP

)
0
− (∂ααα

∂QP

)
0
(
∂G′

ββ

∂QP

)
0

]
(2.34)

β(A)2 = ω0

2

[(
∂ααβ

∂QP

)
0

(
ϵαγδ∂Aγδβ

∂QP

)
0

]
(2.35)

In the expressions, the Einstein summation convention is used. Two Greek subscripts in
a symbol or a product means a summation over the Cartesian coordinates x,y and z.

Raman (IR + IL) and ROA (IR − IL) intensities can be then written as:

IR + IL = 4K(D1α
2 +D2β(α)2) (2.36)

IR − IL = 8K
c

(D3αG
′ +D4β(G′)2 +D5β(A)2) (2.37)

where c denotes the speed of light and K is a constant. Coefficients D1 − D5 are
characteristic for specific ROA measurement setup and can be found in literature [17].

The spectrum at frequency ω is then obtained from the computed Raman intensities (I)
of each mode with harmonic vibrational frequency ωi using eq. 2.38. k denotes Boltzmann
constant, T temperature, ∆ full width at half maximum.

S(ω) = 1
ωi

I

(1− exp[−ωi

kT
])(4[ω−ωi

∆ ]2 + 1) (2.38)

2.1.5.2 Vibrational Circular Dichroism

Vibrational Circular Dichroism spectroscopy is a technique detecting difference of ab-
sorption of left and right circularly polarized radiation relevant to vibrational transitions
(fig. 2.8). The contribution of particular transition j ← n is determined by the rotational
strength Rjn:

Rjn = Im
(
⟨n|µ|j⟩ · ⟨j|m|n⟩

)
(2.39)

Dipole strength Djn determines the absorption intensity:

Djn = Re
(
⟨n|µ|j⟩ · ⟨j|µ|n⟩

)
(2.40)
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Figure 2.8: The diagram of vibrational transition measured in VCD

To characterize VCD intensity we can also use Kuhn’s dimensionless dissymmetry factor
(g) defined as:

g = εL − εR

2(εL + εR) = 4Rjn

cDjn

(2.41)

where εL and εR are extinction coefficients for left and right- circularly polarized light
and c speed of light.

To compute VCD, we need to calculate the transition electric dipole moments. The
electric dipole moment for the ground electronic state can be written as:

µβ = (µβ)0 +
(
∂µβ

∂RN
α

)
0
∆RN

α (2.42)

where ∆RN
α is displacement of nucleus N from its equilibrium position. The dipole

derivates are called the Atomic Polar Tensor (APT):

PN
αβ =

(
∂µβ

∂RN
α

)
0

=
[
∂

∂RN
α

⟨ϕ0(r; R)|µβ|ϕ0(r; R)⟩
]

0
(2.43)

where ϕ0(r; R) is the electronic wavefunction for fixed positions of nuclei. The partial
derivative is taken in the equilibrium geometry.

The magnetic dipole m can be expressed as:

mβ = (mβ)0 +
(∑

N

(∂mβ

∂ṘN
α

)
0
∆ṘN

α + (2.44)

where ṘN
α are nuclear velocities and the set of partial derivatives appearing in the series

is called Atomic Axial Tensor (AAT) MN
αβ:

MN
αβ = (∂mβ

∂ṘN
α

)
0

=
[
∂

∂ṘN
α

⟨ϕ0(r; R; Ṙ)|mβ|ϕ0(r; R; Ṙ)⟩
]

0
(2.45)
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The fundamental vibrational transition moments can be written as:

⟨1|µβ|0⟩ =
√

h̄

2ωi

∑
N,α

PN
αβs

N
α,i (2.46)

⟨1|mβ|0⟩ = i

√
h̄ωi

2
∑
N,α

MN
αβs

N
α,i (2.47)

2.1.5.3 Applications of Vibrational Optical Activity

High resolution techniques such as X-ray or NMR provide a detailed information about
molecular structure, but also face many limitations. For the X-ray technique, it is the
necessity to have crystal of studied molecule. The NMR spectroscopy, capable to study the
systems in solutions, is limited by molecular size. Usually, molecular weight can not be larger
than 100 kDa [18]. Both techniques suffer problems when they are used to study flexible
molecules.

Therefore, it is convenient to use methods of vibrational optical activity. Although
these methods cannot give us the high-resolution data at the atomic level, they can provide
valuable information about the structure and system dynamical behaviour.

Proteins are very interesting and challenging molecules to study. Their conformational
analysis is based on the evaluation of their secondary structure. Secondary structure elements
such as α-helices,β-sheets, polyproline II, etc. provide characteristic spectral patterns [2, 19,
20, 21, 22]. The ROA and VCD spectroscopies have different selection rules and therefore
provide different sensitivity to distinct parts of proteins.

From VCD spectra, the secondary structure can be derived from the patterns of amide
I and amide II regions [2, 23, 24]. Characteristic patterns for α-helical structure include a
negative/positive couplet at 1660 and 1640 cm−1 in amide I and negative band at 1515 cm−1

in the amide II region. The β-sheet structure has characteristic negative band in the amide
I and the positive/negative couplet in the amide II region (fig. 2.9).

VCD is also sensitive to aggregated structures, such as protein fibrils [26]. The formation
of fibrils sometimes causes an significant enhancement of VCD intensity (fig. 2.10) [27, 28].

Unlike VCD, Raman Optical Activity (ROA) spectroscopy provides wider range of vi-
brational frequencies (the VCD low-frequency limit is about 900 cm−1, while the ROA limit
is about 100 cm−1). ROA spectra are also rich in structural information. Vibrations of
protein backbone can be found in the three main regions: backbone skeletal stretch region
(870-1150 cm−1), extended amide III region (1230-1350 cm−1) and amide I region (1600-1700
cm−1). For ROA, the most informative is considered the extended amide III region, due to
high sensitivity of the coupling between N-H and αCH deformations to protein geometry [29]
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Figure 2.9: Example of VCD spectra of α-helical [bovine serum albumin (left top) and
hemoglobin (left bottom)] and β-sheet [pepsin (right top) and chymotrypsin (right bottom)]
proteins [25].

Figure 2.10: VCD and IR spectra of native insulin, centrifuged insulin supernatant, and
centrifuged insulin fibril gel at pH=2 [26].
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Thus bands can be assigned to particular secondary structures, such as α-helices (positive
band at 1340-1345 cm−1 in extended amide III region, negative/positive couplet at 1640 and
1660 cm−1 in amide I region and positive signal in the range 870–950 cm−1) or β-sheets
(negative band at 1245 cm−1 in amide III region, negative/positive couplet at 1650 and 1680
cm−1 in amide I region) [30].

ROA can also provide information on the sidechains. For example, ROA signals of
aromatic sidechains [31] can be found in several frequency regions, as 1545–1560 cm−1 and
1400–1480 cm−1 or 1600-1630 cm−1 [30, 19].

2.2 Methods for Simulations of Vibrational Spectra

2.2.1 Molecular Dynamics

Molecular dynamics (MD) describes evolvement of molecular systems in time. Depending
on the theory used for potential determination, we can distinguish two MD types, i.e ab-
initio [32] and classical [33, 34]. In both, the classical Newton equations of motion are used
(2.49), where fi is force acting on specific particle and R̈i is the second time derivate of
position, i.e. acceleration. In ab-initio MD the interaction potential U is calculated by DFT
while in the classical MD) is empirical.

fi = −∂U(R)
∂Ri

(2.48)

R̈i = fi

mi

(2.49)

Due to its computational demand, ab-inito MD is limited to relatively small systems
(100 atoms). Classical MD enables to investigate very extensive systems (10000 atoms).
The Newton equations of motion can be solved by a variety of numerical methods. The
most common integration algorithm is the Verlet [35] method.

Verlet method is a time reversible procedure for integration of Newton equations of
motion. It can be derived from a numerical formula for the second derivatives of coordinates
Ri (eq. 2.50), reorganized to equation 2.51. The term O(h2) is neglected. As the dynamic
starts from time t0, and coordinates in time t0 − h are also needed, which can be obtained
from equation 2.52. The initial velocities Ṙi(t0) are determined randomly but with respect
to the desired temperature.
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R̈i = −Ri(t− h)− 2Ri(t) + Ri(t+ h)
h2 +O(h2) (2.50)

Ri(t+ h) = 2Ri(t)−Ri(t− h) + h2 fi(t)
mi

(2.51)

Ri(t0 − h) = 2Ri(t)− h2Ṙi(t0) + h2

2
fi(t0)
mi

(2.52)

The Verlet method is often expressed in form of relations 2.53–2.54. The positions and
velocities are calculated in different times, differing by half of the integration step. This
method is called "leap-frog" [36].

Ṙi(t+ h

2 ) = Ṙi(t−
h

2 ) + h
fi

mi

(2.53)

Ri(t+ h) = Ri(t) + hṘi(t+ h

2 ) (2.54)

Ṙi(t+ h

2 ) = Ri(t+ h)−Ri(t)
h

+O(h2) (2.55)

In classical MD the interaction potential is usually determined empirically. It con-
tains many terms. Some of them describe covalent bonds. They can be described by har-
monic functions 2.56 or by anharmonic Morse potential 2.57 (fig. 2.11) [37]; kij denotes
harmonic bond force constant, req equillibrium distance of nuclei, Deq value of dissociation
and a bond strength.

VB =
∑

bonds

kij (rij − req)2 (2.56)

VB =
∑

bonds

Deq[1− e−a(rij−req)2 ](2.57)

Figure 2.11: Morse potentiall

Other terms describe bond angle deformations (eq. 2.58), where Kθ denotes bond angle
force constant and θeq equilibrium bond angle value. In some cases, Urey-Bradley potential
(eq. 2.59) is used, introducing a virtual bond rik, securing an angle value by a distance r0.

For torsion angles, we distinguish two types, proper (fig. 2.12, eq. 2.60) and improper
(fig. 2.13, eq. 2.61). The proper ones describe torsion angle rotational motion, whereas
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VA =
∑

angles

Kθ(θ − θeq)2 (2.58)

VA =
∑

angles

KUB
ik (rik − r0)2 (2.59)

improper torsion angles are used to control configuration of 4 atoms, where 3 of them are
in plane. The VD denotes proper and VI improper torsion potential and the Φ is value of
respective torsion angles.

VD =
3∑

n=1
Kϕ[1− cos (nϕ− δ)] (2.60)

VI = KI(ϕijkl − ϕ0)2 (2.61)

Figure 2.12: Torsion angle Figure 2.13: Improper torsion angle

Interaction potential also includes nonbonding terms. One of them is the dispersion
interaction. The most common and popular are the Lennard-Jones [38] (eq. 2.62) and
Buckhingham potentials (eq .2.63) [39].

V (rij) = 4εij

⎡⎣(σij

rij

)12

−
(
σij

rij

)6
⎤⎦ (2.62)

V (rij) = Aij exp(−Bijrij)−
Cij

r6
ij

(2.63)

where rij is distance between nuclei, parameters for Lennard-Jones potential εij and σij

describe energy of the interaction and equilibrium distance, Aij, Bij, Cij are constants for
the Buckingham potential.
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Another type of the non-bonding terms are the electrostatic interactions. The most
significant one is charge-charge (q-q) interaction (eq. 2.64).

V =
∑
i<j

qiqj

4πε0rij

(2.64)

Polarizability is included as an advanced term. Induced dipole moment is linearly pro-
portional to the intensity of the electric field via the polarizability [40, 41]. In some nonpo-
larizable force fields, the polarizability is compensated by adjusted partial charges [42].

To deal with border effects, the periodic boundary conditions are often applied. The
simulated set of particles interacts with itself so that the box is replicated in all directions
[43]. Atoms in the cell are replicated to form an infinite lattice. For atoms with positions
ri, the Periodic Boundary Condition (PBC) produces their images defined as:

rimage
i = ri + la +mb + nc (2.65)

where a, b, c are vectors corresponding to the edges of the box and l,m, n any integers
from −∞ to ∞.

Each atom in the cell is interacting with other atoms in the central box (green, fig. 2.14)
and also with the images in other boxes.

Figure 2.14: Infinite latice produced from primitive cell using application of the PBC

2.2.2 Methods of Configuration Space Sampling

For reliable description of systems by MD, it is necessary to reach every possible mi-
crostate. However, some configurations are energetically unfavourable and thus unreachable
by classical MD simulation. For these cases, techniques of effective sampling of the configu-
ration space were developed. One of the approaches is the calculation of potential of mean
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force W (ξ) (PMF) along coordinate ξ [44]. It is defined from average distribution function
⟨ρ(ξ)⟩ (eq. 2.66).

W (ξ) = W (ξ∗)− kBT ln
[
⟨ρ(ξ)⟩
⟨ρ(ξ∗)⟩

]
(2.66)

ξ∗ and ⟨ρ(ξ∗)⟩ are constants. Average distribution function is described in equation 2.67,
U(R) denotes energy of system as function of coordinates R. Function ξ

′(R) describes
behaviour of other degrees of freedom, apart from observed ξ.

⟨ρ(ξ)⟩ =
∫
dRδ(ξ′(R)− ξ) exp(−U(R)

kBT
)∫

dR exp(−U(R)
kBT

)
(2.67)

To search the whole space along coordinate ξ, a series of restrained simulations, biased
by a harmonic potential wi(ξ), is performed [45].

One of such approaches is the WHAM method [46, 47] (Weighted Histogram Analysis
Method). The unrestrained distribution function ⟨ρ(ξ)⟩ is expressed as weighted sum Nw

of restrained distribution functions ⟨ρ(ξ)⟩(i)(eq.2.68), ni denotes number of points used for
restrained distribution function, Fi values of free energies of simulation windows, which are
defined by equation 2.69. These equations are solved self-consistently.

⟨ρ(ξ)⟩ =
Nw∑
i=1

ni⟨ρ(ξ)⟩(i)

⎡⎣Nw∑
j=1

nj exp
(
−wj(ξ)− Fj

kBT

)⎤⎦−1

(2.68)

exp[− Fi

kBT
] =

∫
dξ exp

(
−wi(ξ)
kBT

)
⟨ρ(ξ)⟩ (2.69)

Similar technique is the W-PMF method [48], based on individual unrestricted PMF
profiles Wi(ξ), according to equation 2.70, Ci denotes constant defined by equation 2.71.
The individual values Wi(ξ) are obtained iteratively. The final potential W (ξ) is obtained
from equation 2.72.

Wi(ξ) = −kBT ln[⟨ρ(ξ)⟩i]− wi(ξ) + Ci (2.70)

Ci = kBT ln[⟨ρ(ξ)⟩(i)] (2.71)

W (ξ) =
Nw∑
i=1

Wi(ξ)
[
⟨ρ(ξ)⟩(i)∑Nw

j=1⟨ρ(ξ)⟩(j)

]
(2.72)
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2.2.3 Special Techniques

2.2.3.1 Normal Mode Coordinate Optimization

These coordinates enable to separate high and low frequency modes. We can restrain,
for example, low frequency modes connected with mutual orientation of molecular segments
responsible for specific conformations. The high frequency modes, such as C-H stretching,
can be relaxed to improve the structure and calculated spectral properties.

As follows from the equations 2.12 - 2.15, the displacements in Cartesian coordinates are
connected with the normal mode coordinates through linear transformation:

∆Ri =
∑

j

1
√
mi

sijQj =
∑

j

SijQj (2.73)

which is referred to as S-matrix transformation.

The algorithm consists of the following steps. The first one is estimation of initial force
field (F (i)) and obtaining the S matrix. In the second step, Cartesian gradient g(i)

c is
calculated. In the case the previous step is available, the Hessian is updated using formula
[49, 50, 51, 52]:

F (i+1) = F (i) −
( ∆g(i)t∆g(i)

dR(i) ·∆g(i) + F (i) · dR(i)t
dR(i) · F (i)

dR(i) · F (i) · dR(i)

)
(2.74)

where Cartesian displacements dR(i) = R(i)−R(i−1) and the gradient differences ∆g(i) =
g(i)

c − g(i−1)
c . Afterwards, we obtain new S matrix. Then, the gradient is calculated in

normal mode coordinates as g(i) = Stg(i)
c . In the case the gradient is below certain limit, the

optimization is terminated. Otherwise a new step is produced, using quadratic dependence
and its RFO (Rational Function Optimization) extension [53, 54, 55, 56, 57] (eq. 2.75). New
Cartesian coordinates are defined by equation 2.76

dQ(i+1) = − 2g(i)

Dii +
√

D2
ii + 4(g(i))2

(2.75)

R(i+1) = R(i) − SdQ(i+1) (2.76)

where Dij = ω2
i δij is element of a matrix containing the second derivatives of energy at

optimization point i.

After this step, the next Cartesian gradient is calculated and optimization procedure
scheme is repeated until convergence.
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2.2.3.2 Transfer of Molecular Property Tensors

Ab-initio vibrational property calculations are computationally demanding with respect
to the system size. If we consider the simple GGA DFT functionals, computational time
needed for the calculation of the energy is proportional to the 3rd power of the system
size. For hybrid or double-hybrid functionals, the dependence is even steeper. One way
to overcome this obstacle is the transfer of molecular property tensors [3, 4]. The systems
is divided into a set of smaller fragments, which are then used for ab-initio calculation of
molecular property tensors, followed by a transfer to the original big molecule.

For a set of fragments containing atom pair λµ (e. g. xfx), we search the best overlap of
fragments f with the a segment F corresponding to big systems (e.g. XXFXX). Then sets of
n atoms containing or having connection to atoms λ and µ are selected. The orientation of
the f part of fragment xfx is adjusted to optimize overlap with the big molecule (XXFXX)
using minimization function:

δ(U ) =
∑

i=1..n

(ri(F )−U · ri(f))2 (2.77)

where ri(F ) and ri(f) denote coordinates of atoms in the big and small parts with the
respect to geometric centers of the fragments. U denotes the unitary transformation matrix
depending on the Euler angles. Cartesian force constants for atom pair λµ are transferred
by unitary transformation:

∂2E

∂rλ
α∂rµ

β

(F ) =
∑

γ

∑
δ

UαγUβδ
∂2E

∂rλ
γ∂rδ

(f) (2.78)

Other molecular property tensors needed for evaluation of vibrational spectra intensities
comprise several electric property tensors, respectively their derivatives, as mentioned in
sections 2.1.5.1 and 2.1.5.2. The important issue is their origin dependence. The electric
dipole µ and electric dipole–electric dipole polarizabilities α are origin independent. But
the origin dependence of m, G′ and A tensors makes the necessity to use the distributed
origin gauge [58, 59], when derivatives are expressed in systems of coordinates having origins
on the moving atom λ (eq. 2.79–2.81).

i

2h̄
∂mα(λ)
∂pλ

ϵ

= Mλ
ϵ,α(λ) = Mλ

ϵ,α(0)− i

4h̄cϵαγδR
λ
γP

λ
ϵ,δ (2.79)

∂G′
αβ(λ)
∂Rλ

ϵ

=
∂G′

αβ(0)
∂Rλ

ϵ

+ ω

2 ϵβγδ ×Rλ
γ

∂ααβ(0)
∂xλ

ϵ

(2.80)

∂Aα,βγ(λ)
∂Rλ

ϵ

= ∂Aα,βγ(0)
∂Rλ

ϵ

− 3
2[Rλ

β

∂ααγ(0)
∂Rλ

ϵ

(0) + Rλ
γ

∂ααβ(0)
∂Rλ

ϵ

] +Rλ
δ

∂ααδ(0)
∂Rλ

ϵ

δβγ (2.81)
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These tensors are transferred using the same transformation matrix U as for the force
field.

2.2.4 Quantum Chemical Methods

In this section, the quantum chemical methods used for calculation of vibrational spectra
will be introduced. The simplest reasonable approach is the Hartree-Fock method. Another
one is the Density Functional Theory (DFT), which I mainly used for simulation of Vibra-
tional and Vibrational Optical Activity (VOA) and Electronic Circular Dichroism (ECD)
spectra.

2.2.4.1 Hartree-Fock Method

Approximate wave function of many electron system is usually constructed form one
electron functions known as molecular spinorbitals χi(xi). They are orthonormal functions
defined as product of space ψi(ri) and spin s(σi) wavefunctions:

χ(xi) = ψi(ri)s(σi) (2.82)

where xi is general coordinate of ith atom consisting of space ri and spin σi coordinate.

For the whole systems wavefunction of electrons, it is necessary to fulfil the Pauli prin-
ciple, i.e. the antisymmetry of wavefunction with the respect to two particle exchange. The
simplest wavefunction can be written in the form of Slater determinant.

Φ(r1; r2; ...rN) = 1√
N !

⎡⎢⎢⎢⎣
χ1(x1) χN(x1)

... . . . ...
χ1(xN) χN(xN)

⎤⎥⎥⎥⎦ (2.83)

More accurate solution of Schroedinger equation can be obtained by an expansion into
more Slater determinants (eq. 2.84). The Hartree-Fock method uses only one determinant.

|ψ⟩ =
∞∑

n=1
Cn|Φn⟩ (2.84)

It is practical to separate the spin component and the spatial molecular orbitals ψi(r).
Atomic orbitals ϕµ(r) are used to construct molecular orbitals as:

ψi =
∑

µ

ci,µϕµ(r) (2.85)
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The Hartree-Fock equations can be written as:

f1χm(1) = εmχm(1) (2.86)

where f1 is Fock operator, which is defined in the terms of one-electron hamiltonian h1,
Coulomb Jm and exchange Km operators:

f1 = h1 +
∑
m′

(2Jm′(1)−Km′(1)) (2.87)

Jm′(1)ψm =
∫
ψ∗

m′(2) 1
r12

ψm(1)ψm′(2)dτ2 (2.88)

Km′(1)ψm =
∫
ψ∗

m′(2) 1
r12

ψm′(1)ψm(2)dτ2 (2.89)

The sum in eq. 2.87 runs over occupied molecular orbitals. The Coulomb operator
(eq. 2.88) takes into account the Coulombic electron-electron repulsion and the exchange
operator (eq. 2.89) effects of electron correlation. The sum in eq. 2.87 represents the average
potential energy of electron 1 in the presence of all other Ne − 1 electrons. Each molecular
orbital is obtained as a solution of equation 2.86 by iteration; the potential is sometimes
called self consistent field (SCF).

If we substitute the atomic orbitals into molecular ones, we obtain:

f1

No∑
µ=1

cµmϕµ(1) = εm

No∑
µ=1

cµmϕµ(1) (2.90)

The No denotes number of basis functions and cµm coefficients. By multiplication of
both equation sides by ϕ∗

µ′(1) and integration over all space, we get:

No∑
µ=1

cµm

∫
ϕ∗

µ′(1)f1ϕµ(1)dτ1 = εm

No∑
µ=1

cµm

∫
ϕ∗

µ′(1)ϕµ(1)dτ1 (2.91)

The previous equation can be simplified, when we introduce overlap matrix S and Fock
matrix F as defined in eq. 2.92 and 2.93:

Sµ′µ =
∫
ϕ∗

µ′(1)ϕµ(1)dτ1 (2.92)

Fµ′µ =
∫
ϕ∗

µ′(1)f1ϕµ(1)dτ1 (2.93)

Expression 2.91 then becomes:

No∑
µ=1

cµmFµ′µ = εm

No∑
µ=1

Sµ′µcµm (2.94)
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which is known as the Roothan equations. They can be rewritten as a single matrix
equation:

F c = εSc (2.95)

where c is an No ×No matrix containing elements cµm and ε is an No ×No diagonal matrix
containing orbital energies εm.

2.2.4.2 Density Functional Theory Method

The principal idea of DFT is the replacement of many electron wavefunction (Ψ) by
electronic density ρ. It can be defined as:

ρ(r) = N
∫ ∫

|Ψ(r1, r2, ..., rN)|2dr2...drN (2.96)

and satisfies the conditions:

∫
ρ(r)dr = N and ρ(r) ≥ 0 (2.97)

According to the Hohenberg-Kohn theorem [60], the ground state properties of a many-
electron system are uniquely determined by the electron density ρ(r) which can be deter-
mined by the variation of energy (eq. 2.98).

δE(ρ)
δρ

= 0 (2.98)

Functional of energy E(ρ) is expressed as:

E(ρ) = T (ρ) + V (ρ) +
∫
ρ(r)ν(r)dr (2.99)

where T (ρ) is kinetic energy operator, external potential ν(r) and V (ρ) contains the
coulomb interactions of electrons with nuclei.

In the Kohn-Sham DFT formulation, we need to find a set of one electron equations.
To derive it, a hypothetical system consisting of Ne non-interacting electrons in the external
potential νref (r) is considered [61]. The potential is selected to satisfy that ρref is identical
to true system electron density ρ. Hamiltonian for the reference system is defined as:

href =
Ne∑
i=1

hKS
i hKS

i = − h̄2

2me

∇2
i + νref (ri) (2.100)
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where the one electron Kohn-Sham orbitals ψKS
m are eigenfunctions of the one-electron

hamiltonians hKS
i :

hKS
i ψKS

m (i) = εKS
m ψKS

m (i) (2.101)

The total energy functional is:

E(ρ) = T (ρ) + J(ρ) +
∫
ρ(r)ν(r)dr + EXC(ρ) (2.102)

where EXC is the exchange-correlation energy.

Functional derivative of EXC with the respect to the electronic density ρ is called
exchange-correlation potential νXC(r):

νXC(r) = ∂EXC

∂ρ
(2.103)

The energy can be obtained by variational procedure, when we get Kohn-Sham equations
in the form:

[
− h̄2

2me

∇2
i + νeff (ri)

]
ψKS

m (i) = εKS
m ψKS

m (i) (2.104)

where the effective potential νeff (r) is defined as:

νeff (r) = ν(r) + 1
4πε0

∫ ρ(r′)
|r − r′|

dr′ + νXC(r) (2.105)

In ideal case, if we had the correct form of νXC(r), we could obtain the exact solution
of Schrödinger equation.
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3 Methods
3.1 Studied Systems

3.1.1 Small Chiral Molecules

Raman Spectroscopy of Polymorphs

Depending on the crystallization conditions, many organic compounds form crystals of
different structure and their proper characterization is important for pharmaceutical indus-
try. Our goal was to investigate the usage of the Raman spectroscopy in combination with
DFT calculations as a complementary method to the X-ray techniques. The potential to
discriminate structural differences in polymorphic crystalline forms was tested on the set of
three compounds.

The studied set consisted of methacrylamide (A), piracetam (B), and 2-thiobarbituric
acid (C) as model molecules representing typical organic systems forming polymorphic crys-
tals (fig. 3.1). Differences between polymorphs range from a small change in the crystal
packing (piracetam) over conformational (methacrylamide) and tautomeric (2-thiobarbituric
acid) variations. The geometries of the studied systems acid (fig. 3.1) were taken from the
Cambridge Crystallographic Database [62].

methacrylamide piracetam 2-thiobarbituric acid
Figure 3.1: Methacrylamide (A1 and A2, cis and trans conformers), piracetam (B), and
2-thiobarbituric acid (C1 and C2, enol and keto tautamers)

The Raman spectra were calculated using a cluster of molecules mimicking the crystal
and Gaussian atomic orbitals. The crystal cell was propagated to a 3×3×3 packing geometry.
Then clusters of a molecule and neighbouring molecules closer than 4 Å were created with
our own software. The geometries of the clusters were optimized in normal mode vibrational
coordinates [63] with ωmax = 300 cm−1.

Force field and polarizability derivatives of the clusters were calculated by the Gaussian
09 program [64] and transferred [3, 4] to the crystal cell. The BPW91 [65] functional with
the 6-31G and 6-31G** basis sets and the B3PW91 [66] functional with the 6-311++G**
and 6-31G basis sets for the central and neighbouring molecules were used.
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For the cluster force fields, the crystal vibrational frequencies were calculated. Theoret-
ical spectra were simulated with the Lorentzian bands, and the full width at half-maximum
was set to 10 cm−1, while applying the Boltzmann temperature correction (eq. 2.38 page
13).

Circular Dichroism Spectra of Monensin Complexes

Monensin is a natural antibiotic produced by Streptomyces cinnamonensis [67, 68, 69].
Monensin has the ability to form complexes with certain monovalent metal cations. The
antibiotic acts as a monoanion through deprotonated carboxylic function, making an overall
neutral charge of the complex formed and easily penetrate bacteria’s cell membranes. Inside
the cell dissociation processes occur and leads to disturbance of pH and metal ion equilibrium.
The following changes activate a variety of further event causing cell death. Our aim was to
investigate the behaviour of these complexes using ECD spectroscopy.

X-ray structures of monensic acid (MonH× H2O - MONSNI) [70] and its monovalent
metal complexes MonM (M = Li+- MIPSIO [71], Na+-DEYGAQ [72], K+- FECROU10 [73],
Rb+- RITLIQ [74], Ag+- MONSIN10 [75]) were used as starting geometries. The structures
were fully optimized with the Gaussian 09 program [64] using the B3LYP [76] functional
and the conductor-like polarizable continuum solvent model (CPCM) [77, 78] to include the
methanol solvent environment. CAM-B3LYP, invented to improve B3LYP, B3PW91, LC-
WPBE, and WB97XD functionals were also applied, but did not give better results than
the standard B3LYP.

Alternatively to the previous full optimization, X-ray geometries, partially optimized
in the normal mode coordinates were used as well. Normal modes with frequencies |ωi| <
300 cm−1 were fixed [63]. The partial optimization corrected bond lengths and angles of the
hydrogen atoms, determined with a big error or completely missing in the crystal structures.
The 6-311++G** basis set was used for the carboxyl group atoms, the MWB28 pseudopo-
tential [79] and basis set were used for silver and rubidium atoms, and the 6-31G** basis set
was used for the rest. For the optimized structures, UV and CD spectra were calculated at
the TDDFT[80]/CPCM level. For each system, 100 electronic excited states were obtained
to cover the experimentally observable spectral range.

Chiral Sensing of Aminoacids by Europium Complexes

Chiroptical spectroscopy of lanthanides sensitively reflects their environment. For exam-
ple, they can be useful as probing agents for protein structure. In our study, we focused on
Circularly Polarized Luminiscence of europium complex ([Eu(DPA)3]3−) induced by amino
acids (fig. 3.2), monitored by ROA spectroscopy. Our aim was to correlate free energy
profiles (obtained by MD) of differently charged alanine and histidine forms with obtained
spectroscopic data.

29



Λ ∆

Figure 3.2: Geometries of L-histidine complexes with the Λ(left) and ∆ (right) form of
[Eu(DPA)3]3−.

Interaction of L -histidine with the Λ and ∆ [Eu(DPA)3]3− forms was studied using
molecular dynamics and the Amber14 [81] software suite. Variously protonated histidine
and alanine amino acids with the [Eu(DPA)3]3

− ion were placed inside a cubic box (30 Å a
side) filled with water molecules. The energy of the system was minimized, and the geometry
was equilibrated during a 1 ns NVT dynamics, using an integration step of 1 fs, temperature
of 300 K, and the GAFF [82] (DPA ligands) and Amber14SB [83] (alanine and histidine)
force fields. Europium force field parameters were taken from ref. [84]. Then, the distance
between carbonyl oxygen of histidine/alanine and europium was decreasing (from 14 to 4
Å) in 1 Å steps using 1 ns long constrained dynamics runs and a harmonic potential force
constant of 2 kcalÅ−2mol−1. From resultant histograms the potential of mean force was
obtained using the weighted histogram analysis method (WHAM) [46, 47].

3.1.2 Proteins

Proteins are important chiral biomolecules and the chiroptical techniques are very sen-
sitive to their secondary structure. In this work, a set of globular proteins were studied
(table. 3.1). The set ranged from 783 atoms in case of bovine pancreas insulin to nearly
10000 for human serum albumin. They also differ in their secondary structure, ranging from
mainly α-helical human serum albumin and equine myoglobin to concavalin A containing
mainly β-sheet. The proteins were studied in their native forms. In the case of insulin, we
studied also amyloid fibrills. Poly-L-glutamic acid aggregates were studied as well.

The simulation procedure consisted of multiple step. In the beginning, X-ray structures
were taken from PDB structure database. The crude geometries were refined using the tleap
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Table 3.1: Characterization of the globular proteins taken to experimental and computational
study

protein name PDB ID Resolution (Å) Nres. Natoms α-helix β-sheet
bovine pancreas insulin[85] 2A3G 2.25 51 783 66 % 9 %
bovine α-lactalbumin[86] 1HFZ 2.30 124 1960 43 % 9 %

hen egg-white lysozyme[87] 3WPJ 2.00 129 1960 41 % 10 %
human lysozyme[88] 1lZ1 1.50 130 2021 39 % 12 %

equine myoglobin [89] 3LR7 1.6 153 2387 73 % 0 %
jack bean concavalin-A[90] 1NLS 0.94 237 3566 3 % 46 %
human serum albumin[91] 1UOR 2.80 585 9161 46 % 0 %

α-lactalbumin concanavalin A hen egg-white lysozyme

human lysozyme human serum albumine myoglobin insulin

Figure 3.3: Structures of studied globular proteins

program of Amber software suite [92] when missing heavy and hydrogen atoms were added.
The protein chains were divided into overlapping fragments, containing 4 amides, i.e. three
aminoacids and CH3 − NHCO− and− NHCO− CH3 terminal groups. Special fragments
were created for the disulfide bridges.

In the case of α-lactalbumin, contact fragments were created for all atomic pairs closer
than 2.4 Å, which were not covalently bonded. These two aminoacid fragments were caped
as the previous types of fragments. However, the contacts fragment had only a minor
effect on the spectra, therefore the usage of "contact" fragments was abandoned in other
simulations. Our own software written in Fortran (fragmentdna.f) was used for the automatic
fragmentation.

The structure of each fragment was partially optimized at the B3PW91/6-31++G**
level [66]. The water solvent environment was simulated using COSMO (CPCM) [77, 78]
as implemented in Gaussian09, revison D.01 program [64]. The partial optimization was
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carried out in normal mode coordinates in order to restrain modes bellow 100-300 cm−1.
The harmonic force field, atomic axial, atomic polar, Raman and ROA tensors [93, 58] were
transferred from small fragments to the big protein using the Cartesian Coordinate Transfer
(CCT) procedure [3, 4].

Vibrational frequencies, and the Raman and ROA intensities were generated using usual
procedure [58, 94, 95]. The intensities were convoluted with Lorentzian functions of 10 cm−1

bandwidth with temperature correction (T=298 K).

Another geometry model relied on molecular dynamic (MD). The simulation was carried
out in the Amber program suite using Amber 2014 force field [83]. The studied proteins were
soaked into cubic periodic water box with lengths 64 Å for α-lactalbumin, 58 Å for human
and hen egg-white lysozyme, 68 Å for concanavalin A and 90 Å for human serum albumin.
Counterions were added to neutralize the charged protein.

The MD was performed using NVT ensemble, temperature 298 K and 1 fs integration
step. Molecular mechanic minimization was followed by 1 ns equilibration dynamic, which
provided starting structure for 10 ns production run. Snapshots were taken every 10 ps. An
average nuclear density was calculated and the most closely matching snapshot was chosen
using the PVS (Parallel Variable Selection) algorithm [96]. The best geometry was then used
in the same way as the X-ray one. To use also the other MD geometries, the VOA tensors
and force fields were transferred to 1000 snapshots and the obtained spectra were averaged.

Amyloid fibrils are more complex than globular proteins. Their structure is often un-
known; therefore we explored several possible geometries for fibrillar systems. The first tested
system was the aggregates of poly-L-glutamic acid (PLGA). Assumed set of geometries was
based on simple basic primitive cell (fig. 3.4), which was consisted of two antiparallel 15-
amide protonated polyglutamic acid (PLGA) strands [Ac−Glu14 − NH2]2 with acetyl and
NH2 groups on N- and C-terminus. The system geometry was placed in a monoclinic pe-
riodic box (dimensions 66.00 Å, 9.77 Å, 8.07 Å, α = 105◦). Edges of the box were in the
x-dimension filled with 15 water molecules. This starting geometry was base on previous
X-ray studies [97, 98].

Figure 3.4: Primitive cell of poly-L-glutamic acid (PLGA) used for MD simulation
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MD simulation was run in Gromacs program [99] using the Amber03 force field [100].
At first, simulated annealing was performed, starting at 1000 K and ending at 300 K, as an
NVT ensemble. 19 independent annealing runs were performed with simulation time form
0.7 to 1.6 ns followed by 10 ns equilibration runs.

Obtained geometries were used for larger aggregate structure generation. Four aggregate
types were created. The primitive cell was expanded in sheet stacking direction (z-axis),
forming stacks of 2 or 4 two-stranded antiparallel β-sheets (systems A and B, fig. 3.5),
or in the interstrand H-bonded direction (y-direction) to consider larger, 4 stranded sheets
(systems C and D, fig. 3.5). The largest system D contained three 4-stranded antiparallel
sheets and was used for final spectra generation as the biggest and most relevant model.

System A System B

System C

System D
Figure 3.5: Structures of aggregate systems A and B created by a propagation of primitive
cell in the z axis and aggregate systems C and D created via propagation of primitive cell in
the y and z axes

The IR and VCD spectra of the model systems were obtained from the harmonic force
field, atomic polar and atomic axial tensor calculated for smaller fragments (F8 and F12
in fig. 3.6), containing 8- or 12-amide structures. To include different sidechain conforma-
tions, fragments were chosen from 4 MD snapshots. The fragments were partially optimized
using normal mode coordinates (300 cm−1 constrain limit). The Gaussian 09, revision D.01
program [64] and the BPW91/6-31G** method [65] were used. The solvent environment
was simulated using CPCM dielectric solvent model [77, 78]. The VOA tensors were then

33



transferred [3, 4] to the sets of aggregates molecules. Final spectra were obtained as an
average of all snapshots. Deuteration of peptides were simulated, because the experiment
was carried out in deuterated water (D2O).

F8 F12

Figure 3.6: Fragments F8 and F12 used for molecular properties tensor transfer

The second studied fibril structure was insulin. We proposed two basic geometries, so
called β-roll and β-helix (fig. 3.7). The β-roll was based on a β-roll protein (PDB ID 1VH4),
i.e. insulin torsion angles were set to those in residues A256-A306 in the protein. The polar
groups were protonated to correspond to the experimental pH of 2.5-3.1. An analogous
procedure was used for the β-helix, where the torsion angles followed residues A113 to A163
in a β-helix protein (PDB ID 1DAB). The terminal part of insulin B chain (B22-B30) was
kept in the native β-sheet conformation.

β-roll
β-helix

Figure 3.7: The β-roll and β-helix structures used to model the insulin fibril

Raman and ROA spectra of the fibrous insulin forms were generated using the same
methods as in the case of globular proteins. To include protein flexibility and temperature
fluctuations, molecular dynamics (MD) was performed within the Amber10 [92] software
suite. A trimer was made from the X-ray derived insulin geometries and soaked in rectangular
box (80 Å×30 Å×50 Å) filled with water molecules. Only the middle molecule in the trimer
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could move during 1 ns equilibration MD run, performed with the Amber03 [100] force
field, as NVT thermodynamic ensemble, at 300 K, using 1 fs integration step and periodic
boundary conditions. During a production run (8.65 ns) 865 snapshot geometries were
taken (each 10 ps). For an MD insulin geometry best matching the average nuclear density
generated during the MD run spectral parameters were calculated as for the X-ray structures;
then the tensors were transferred to remaining snapshots and the resultant spectra averaged.

Another MD run was performed with modified Tinker program [101], where the X-ray
based insulin geometry (β-roll) was placed in rectangular box (12 Å × 110 Å ×110 Å) filled
with water molecules and the helical periodic boundary conditions [102] were applied to
allow for a minor twist between neighbouring peptide chains (Fig. 3.8). The Amber99 [103]
force field was used in an NVT run with 1 fs integration time. During 0.1 nm 100 snapshots
were selected. For an average geometry vibrational spectral parameters were calculated
and transferred on all the other snapshots. As in the previous case, resultant spectra were
obtained as a plain average.

Figure 3.8: The twisted structure of insulin fibril
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3.2 Methodical Projects

3.2.1 Helical Periodic Boundary Conditions

Helical symmetry is often appearing in nature and thus it is desirable to use it also
in molecular dynamics simulations. An infinite helical periodicity can save a significant
amount of computer time. But the standard simulations with the usual periodic boundary
conditions (PBC) can not be used for simulation of such systems. Therefore we decided
to investigate a new algorithm containing infinitely propagated helicity and implemented it
into the commonly used Tinker [101] molecular dynamics software.

The helical periodicity in the vertical direction z is introduced for a central part (zone
1) of the MD simulation box, in a cylinder of radius r1 (fig. 3.9). This part contains the
molecule of our interest and part of the solvent. During the replication, the cylinder is
translated, i.e. shifted by the box dimension in a direction of the z-axis (bz), and rotated by
φ0. A transition zone (zone 2) is defined as a space between the above mentioned cylinder
(radius r1) and another cylinder of radius r2. In this zone, an intermediate transformation
takes place, as defined via U (φ), where φ = fφ0, and f denotes a transition function.

Figure 3.9: The definition of the helical periodic boundary conditions.
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The transition function causes a damping of helicity, i.e. f = 1 at the wall of the inner
and 0 at outer cylinder. As for similar potential-adjusting functions, e.g. the van der Waals
or Coulomb interaction cutoffs [104, 105], it is necessary to have f simple and smooth, which
restricts its choice to a sigmoidal dependence, e.g. defined as:

f(p) = 1
2

(
1− (2p− 1)

√
d+ 1

d+ (2p− 1)

)
(3.1)

where p = rxy−r1
r2−r1

, rxy denotes the distance from the z-axis, and d = 0.1 is a steepness
parameter (fig. 3.10).

Figure 3.10: The shape of damping function for different parameters d

The helical periodic boundary conditions were implemented in the Tinker 6.2 [101] pro-
gram. The Amber99 [103] force field was used. All simulations were performed in NVT
conditions and default Tinker parameters, using the default 9 Å cut off distance both for
van der Waals and Coulomb interactions. The cutoff was combined with potential switch-
ing and shifting, using 5th-degree multiplicative and 7th−degree additive (Coulomb only)
switching functions as implemented in the Tinker 6.2 program [101]. The Beeman [106]
propagation scheme, 1 fs integration time step, temperature of 298 K, and kept fixed during
the dynamics.

To test the algorithm various systems were chosen from the simple polypeptide chains to
insulin amyloid fibril. The first test system was [Ala12]∞, i.e. infinite polyalanine chain in the
α-helical conformation. To allow for a realistic motion and fluctuations, 12 alanine residues
and 813 water molecules were kept in the 37.2 Å× 37.2 Å× 18.56 Å (helical axis) box, with

37



r1 = 8 Å and r2 = 17 Å. Initial peptide backbone torsion angles (φ = −60◦, ψ = −45◦,
ω = 180◦) corresponded to a standard α-helical geometry [107] After a minimization and an
equilibrium dynamics, production run lasting 2 ns was performed.

The second test system was [Pro10]∞, i.e. the polyproline chain in the polyproline II
conformation. The system was created as for the α-helix. Ten proline residues and 856 water
molecules were put to a box 30 Å× 30 Å× 29.9 Å. The initial twist angle φ0 was changed
within 100◦-120◦, and initial backbone torsion angles [107] were set to φ = −75◦, ψ =
150◦, ω = 180◦. Values of r1 = 9 Å and r2 = 13.5 Å were used. Total time of each simulation
was 2 ns.

The largest system involved protonated insulin molecule (785 atoms), 6 Cl− ions and
4593 water molecules in 110 Å× 110 Å× 12 Å box, with φ0 = 0◦, 3◦, 6◦, r1 = 43 Å and r2

= 53 Å. An initial geometry was based on the β-roll protein (PDB ID 1VH4). After energy
minimization and subsequent equilibration the system was let to develop for 300 ps using
NVT ensemble at 298 K with 1 fs integration step.

3.2.2 Transfer of Frequency-Dependent Polarizabilities

Transfer of spectroscopic properties from small fragments to bigger system is an excellent
tool to simulate vibrational spectra of big molecules [3, 4]. However, the situation is quite
different for the case of electronic spectra. Changes of electronic states are associated with a
massive rearrangement of the electronic cloud, which cannot be easily associated to individual
atoms. In this study, we explore the Transferring of the Frequency-Dependent Polarizabilities
(TFDP) as a way to extend the accurate ab initio (e.g., TDDFT) approaches to larger
systems. In this method, the polarizability is associated with an atom, bond, or a fragment
(chromophore), and it can be transferred to a similar unit in the modelled system.

The classical transition dipole coupling (TDC) method was used to compare with TFDP.
In TDC method, the transition energies (ei) and electric transition dipole moments (µi)
obtained by TDDFT for a monomer were transferred to each chromophore in a dimer or
larger system. Energies, dipole (D = µgk · µkg ) and rotational (R = Im(µgk · mkg))
strengths for a transition g → k in the whole system are obtained after the diagonalization
of the Hamiltonian.

Diagonal Hamiltonian elements are equal to the transition energies, Hii = ei , and off
diagonal elements correspond to the dipole–dipole interaction, Vij = 1

4πε0

r2
ijµi·µj−3µi·rijµj ·rij

r5
ij

.
Then µgk = ∑

j c
k
j µj and mgk = i

2
∑

j c
k
jωjrj×µj , where cjk are elements of the eigenvectors,

ωj transition frequencies and rj are electric dipole moment positions. In the case of our
computations, we positioned the dipoles in the geometrical center of the HNCO groups
(N-methylacetamide) or in the mass center (porphyrin).
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In the case of TFDP, we obtained the frequency-dependent polarizabilities α and G′ by
TDDFT for every monomer instead of dipoles µi. Total polarizabilities of the system were
acquired as:

ααβ =
∑

i

αi,αβ +
∑
j ̸=i

[αi,αχTij,χδαjδβ +

+ 1
3(Aiα,χγtij,χγδαj,δβ − αi,αχtij,χδγAjβ,δγ) + 1

c2G
′
iαχTij,χγG

′
jβ,γ ] (3.2)

G′
αβ =

∑
i

(
G′

iα,β −
ω

2 ϵβγδri,γαi,δα

)
− ω

2
∑
i ̸=j

[ϵβγδri,γαi,δaTij,abαj,bα +

+ 1
3ϵβϵδri,ϵ(αj,αatij,λγaAiδ,λγ − αi,δatij,aλγAjα,λγ)− 2

ω
G′

iγ,βTij,γδαj,δα] (3.3)

rij = ri−rj denotes vector connecting the monomers i and j and the distance tensors are
as Tij,αβ = 3rij,αrij,β−δαβr2

ij

4πϵ0r5
ij

and tij,αβγ = ∇iγTij,αβ. The total polarizabilities are not only the
sums of the individual components, but also contain terms responsible for mutual monomer
polarization.

As an extension of the TFDP approach, monomer polarizabilities were redistributed to
to individual atoms. Thus, the summation in equations 3.2 and 3.3 proceeded over the
atomic indices. This method is called TFDPd.

Another approach is the case, when we calculated monomer polarizabilities in the pres-
ence of atomic partial charges to include the influence of the rest of the simulated system.
We refer such method as TFDPe. Combination with previous one, referred as TFDPde is
also possible.

Model systems to test the performance of TFDP included N-methylacetamide (NMA),
porphyrin dimers, and a porphyrin cluster derived from the photosystem reaction center. The
geometry of one NMA molecule was optimized by energy-minimization using the Gaussian09,
rev. D01 program suite [64]. The B3LYP [76]/6-311++G** approximation level was chosen
as a default. Other methods (CIS [108], CAM-B3LYP [109], LC-wPBE [110] and TDHF
[108]) with the same basis set were performed for control calculations. Electrostatic charges
of NMA for the TFDP method were obtained by the Mulliken (MU) population analysis
[111] and by the Merz-Singh-Kollman (MS) [112], CHelp (CHelp) [113], and Hu, Lu, and
Yang (HLY) [114] electrostatic field fitting schemes at the B3LYP/ 6-311++G** level. The
dimers were formed by rotation of one NMA molecule by 20◦ about an axis perpendicular
to the NMA plane and shifting it by 4.5, 6.5, and 8.5 Å in a direction perpendicular to that
plane (fig. 3.11).

For the dimers, the frequency-dependent polarizabilities were calculated from the tran-
sition moments and excitation energies obtained from the Gaussian output by the SOS ap-
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Figure 3.11: Dimer of N-methylacetamide, distance 8 Å

Photosystem Simplified Porphyrin monomer

Figure 3.12: Photosystem and simplified porphyrin monomer model

proach [115]. The frequency-dependent polarizability components were saved for frequencies
covering the entire excitation range incremented in 1 nm steps while applying a frequency
uncertainty parameter (Γ) of 10 nm to match the usual experimental band broadening.
For dimers, absorption and electronic circular dichroism spectra were calculated using the
time-dependent density functional theory [80].

The cctn program originally developed for vibrational spectroscopic parameters was
adapted to enable transfer of the frequency-dependent tensors. The transfer is based on
the best (least-squares distance method) overlap between the source and target chemical
entities and a unitary (rotation) transformation of Cartesian tensor indices [3, 4]. As a more
advanced model, we investigated the cyanobacterial photosystem I (fig. 3.12) [116] for which
X-ray coordinates containing 96 porphyrin chromophores were available (PDB ID 1JB0).

A monomer porphyrin molecule (fig. 3.12) was generated using the 1JB0 coordinates.
Relaxation of the geometry was enabled within the constrained (ωmax = 300 cm−1) normal
mode optimization (NMO) [63] at the B3LYP/6-311++G** level. Transition dipole moments
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and frequency-dependent polarizabilities were estimated as for the NMA. Additionally, two
porphyrin dimers were constructed, for which the TFDP and TDC results could be compared
together with the TDDFT benchmark. The geometries were based on the 1JB0 positions of
porphyrins comprising magnesium atom numbers 23357 and 23402, 23.3 Å apart (dimer 1),
and magnesia numbers 17407 and 20451, 6.34 Å apart (dimer 2).

The simplified monomer units, without the central Mg, ion were used in the computa-
tions. To estimate the computational time, we created larger and smaller porphyrin oligomers
by adding or deleting other molecules in the 96-mer. For all systems, the spectra were gener-
ated by the TFDP method [117] using Γ 10 nm bandwidth. Likewise, the TDDFT and TDC
spectra were generated from the calculated dipole and rotational strengths using Lorentzian
bands (full width at half-maximum of 10 nm).
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4 Results
4.1 Small Biomolecular Systems

4.1.1 Raman Spectroscopy of Polymorphs

The obtained results are more deeply explained in the publication (appendix A). We
showed how the polymorphic differences were manifested in the Raman spectra. The com-
putational models explained the observations. We concluded that the Raman spectroscopy
combined with computational modelling can serve for structural analysis of organic com-
pounds in polymorphic forms.

4.1.2 Circular Dichroism Spectra of Monensin Complexes

Figure 4.1: Experimental and calculated absorption (left) and CD (right) spectra of MonH
and MonM (M =Li+,Na+,K+,Rb+,Ag+).

The results are more deeply explained in appendix B. The calculated absorption and CD
spectra (fig. 4.1) provided a better understanding of the behaviour monesin metal complexes,
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although calculations do not reproduce the experiment quantitatively. We confirmed that
the metal ions can induce specific CD shapes under a minimal change of conformation.
The limited accuracy was explained by the complexity of the system and accumulation of
computational error originating from the DFT and TDDFT approximations, solvent model,
and lack of dynamics in the modelling. Several interesting trends were observed, such as the
difference in the behaviour of the Ag+ ion if compared to the others.

4.1.3 Chiral Sensing of Aminoacids by Europium Complexes

All results are discussed appendix C. Most interestingly, measured CPL spectra of
[Eu(DPA)3]3− complex with aminoacids (fig. 4.2) were correlated to complexation energy
profiles obtained by WHAM method, both for all alanine and histidine forms (fig. 4.3).

Figure 4.2: [Eu(DPA)3]3− Raman and ROA spectra under presence of L- and D-alanine
and L- and D-histidine at pH 2, 7 and 10

We hypothesised that complex formation shifted in favour the enantiomeric equilibrium
and therefore we obtained the CPL signal. The spectra exhibit two main trends, the signal
intensity decreases with increasing value of pH, and the intensity is higher for histidine
complexes if compared with alanine.
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The changes were correlated with obtained WHAM profiles. They exhibited larger dif-
ferences for the enantiomers (∆ and Λ) in the case of histidine than for alanine (fig. 4.3).
The energy profile differences also decreased with increasing pH value.

Figure 4.3: Calculated free energy profiles for different L-alanine (left) and L-histidine
(right) forms interacting with ∆ and Λ enantiomers of [Eu(DPA)3]3− .

4.2 Vibrational Optical Activity of Proteins

4.2.1 Globular Proteins

The experimental and simulated Raman and ROA spectra for the set of 5 globular
proteins (bovine α-lactalbumin, hen egg-white and human lysozymes, jack bean concanavalin
A, human serum albumin) are discussed in appendix E. All simulated spectra reasonably
well reproduced the experimental ones. We reproduced the differences between secondary
structures in the concanavalin A and human serum albumin (fig. 4.4).

For two types of lysozymes (4.5) we also reproduced a difference in peak ratios in the
amide III extended region. The hen egg-white lysozyme exhibits much sharper negative ROA
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Figure 4.4: Simulated and experimental ROA spectra of concanavalin A and human serum
albumine

band at 1250 cm−1 and a positive one at 1304 cm−1 than the human one. A visualization
of the vibrational normal modes reveals that the intensity changes can be attributed to the
different amino acid content. The human lysozyme has twice as many tyrosine residues as
hen egg-white lysozyme. Their vibrational modes are coupled to the main chain αC− H
bending, which makes the band at 1341 cm−1 stronger.

Figure 4.5: Simulated and experimental ROA spectra of hen egg-white and human lysozyme

We also simulated IR and VCD spectra (publication is being prepared). The VCD
spectra are less complicated than for ROA. In VCD, we can observe dominant signals of the
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amide I and amide II vibrations. As an example of such simulation, IR and VCD spectra of
equine myoglobine are shown (fig. 4.6).

Figure 4.6: The IR and VCD spectra for equine myoglobin measured and calculated for the
deuterated water solvent

In the amide I region (both in simulation and experiment), we can observe a nega-
tive/positive couplet (exp. 1662/1642 cm−1), characteristic for α-helical structure. The
second characteristic band is in the amide II region (exp. negative band at 1434 cm−1).

Figure 4.7: The difference between IR and VCD spectra of equine myoglobin and jack-bean
concanavalin A

The differences in experimental IR and VCD spectra of the α-helical equine myoglobin
and mainly β-sheet containing concanavalin A are satisfactory reproduced in simulations
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(fig. 4.7). The differences in their IR spectra are small, only a slight shift (1647 to 1629 cm−1)
in amide I region is observed, whereas for the VCD spectra the differences are more markant.
For myoglobin, we can observe, for α-helical proteins characteristic, negative/positive couplet
(exp. 1662/1642 cm−1), whereas for the concanavalin A the spectral pattern is opposite.

4.2.2 Fibrillar Systems

Poly-L-Glutamic acid

The results for poly-L-glutamic acid fibril IR and VCD spectra are summarized in ap-
pendix D. The most promising system seems to be the most complicated system D (fig. 3.5).
The simulated IR and VCD spectra are plotted in fig. 4.8 and compared with the experiment.

We achieved satisfactory agreement between the observed and simulated IR pattern.
The absorption peak calculated at 1735 cm−1 and observed at 1729 cm−1 corresponds to the
C=O stretching vibration of the COOD group. In the experimental spectrum, this peak is
slightly split. The splitting is not so apparent in the averaged simulated spectrum with the
10 cm−1 band width, only a shoulder is seen. A detailed analysis of the simulations suggests
that two types of modes contribute to this band, correlated to the cis and trans orientations
of the OD group with respect to the carbonyl group. The cis orientation provides slightly
lower frequencies for this vibration (closer to the amide I region).

The absorption maxima calculated at 1681 cm−1, 1636 cm−1 (with a weak feature at
1670 cm−1) and 1610 cm−1 are primarily composed of C=O stretching of the amide groups
(amide I bands) and may be associated with the experimental maxima at 1642 and 1600
cm−1. The computed amide I bands are all higher in frequency than the corresponding
experimental values and have a greater dispersion. The -COOD vibrations show closer
agreement with experiment. The predicted CO stretching absorption maximum intensity
is larger for the -COOD than for the amide, whereas the opposite relative dipole strength
is observed experimentally, which is probably due to the dispersion distributing intensity
differently in the experiment (dominant amide I band, split -COOD) and simulation (split
amide I, both intense and single -COOD), but also may be influenced by the limited size of
fibril, as the experimental fibrils are very long

The most intense experimental amide I peak in the IR is clearly correlated to a -/+
VCD couplet, and each of the intense computed amide I features is associated with a couplet
contribution of the same sign. As in the IR absorption, the computed VCD positive signal at
1609 cm−1 does not have an experimental counterpart, possibly due to an imperfect averaging
or edge effects in the simulation. Despite the split amide I band, the overall couplet pattern
in simulated VCD are qualitatively in agreement with the experimental results.

47



Figure 4.8: Simulated and experimental IR and VCD spectra of PLGA fibrils

Insulin fibrils

Also for insulin fibril part, publication does not exist yet. The simulated and experimen-
tal spectra of the native and fibrillar insulin are compared in fig. 4.9. In the experimental
Raman spectra, formation of the fibrils is associated with minor spectral changes, such as the
shift of the amide I band from 1659 to 1674 cm−1, and small intensity variations in the other
regions. The experimental ROA spectrum in the case of the fibril form has a more compact
−/+ amide I couplet at 1660/1674 cm−1 instead of a broader one at 1640/1668 cm−1 for the
native insulin. The native insulin −/+ 1250/1313 cm−1 band intensities become smaller and
a positive 1271 cm−1 signal appears in this region for fibril. The ROA signal around 1313
cm−1 is an important band for α-helix, which forms approximately 43 % of native insulin,
and the 1271 cm−1 band for β-turn. Negative bands at 282, 993 and 1447 cm−1 in ROA
spectrum of native insulin disappear for the fibril.

The simulation reproduces many of experimental observations. The region 1580-1800cm−1,
mostly containing the C=O stretching frequencies of amide I and carboxyl is plotted in a
different frequency-scale in order to provide more detailed view. The C=O frequencies are
calculated too high, which is usual for the modelling at this level of theory [118, 119]. In
the Raman spectra, the observed shift in amide I frequency (1659 → 1674 cm−1 for native
to fibril transition) is reproduced satisfactory, as simulated 1730 → 1742 cm−1. In ROA,
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Figure 4.9: Experimental (top) and simulated (bottom) spectra of native and fibrous insulin

the fibril form has a sharp 1660(-)/1674(+) couplet in the experiment, which is reproduced
by the simulation at 1728/1740 cm−1. This seems to be characteristic for β-sheet structures
observed also in globular proteins with a high β-sheet content [120]. In the native form,
the amide I ROA signal is broader. The experimental Raman 1617 cm−1 band (calculated
at 1669 cm−1, ascribed to C=C stretching vibrations in aromatic tyrosine residues and is
accompanied by a close band (experimentally 1608 cm−1) of phenylalanine vibrations. These
vibrations exhibit a strong negative ROA signal at 1620 cm−1 for the fibril, reproduced by
the simulation at 1657 cm−1.
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The amide II band (C-N stretching and NH bending, around 1540 cm−1) is weak, which
is usual in non-resonance Raman peptide spectroscopy. In the native insulin, there is a weak
negative ROA signal (1537 cm−1, simulation 1557 cm−1), disappearing for the fibril.

The histidine C-H bending vibrations (calculated 1522 cm−1, experimentally 1446 cm−1)
give strong Raman bands but generates very weak ROA signal. In the extended amide III
region (1200-1400 cm−1), the simulation confirms that ROA is relatively strong and changes
with the conformation. The 1313/1339 cm−1 (exp./calc.) ROA positive band of native
insulin looses intensity and a new 1271/1306 cm−1 positive band appears for the fibril. The
simulated spectrum changes even more, and predicts at 1343 cm−1 negative ROA band for
the fibril, not observed in experiment. Vibrational modes in this region belongs to the main
peptide chain coupled with αC− H bending and side chain vibrations, which gives them
sensitivity to geometry changes.

The negative ROA band of native insulin (exp. 1240 cm−1) slightly shifts to 1233 cm−1 for
the fibril. The same trend is observed in the simulations (1239→ 1213 cm−1), but also here
the observed intensity changes less than in theory. This can be explained by an incomplete
conversion of the native state into the fibrillar one. The negative 993 cm−1 experimental
ROA band of native insulin is not well predicted theoretically. A remarkable is the intense
ROA signal in the lowest-wavenumber region (200-300 cm−1) comparable with the strongest
bands of the extended amide III region. The +/- native insulin bands at 224/282 cm−1

change into a positive signal for the fibril, which are qualitatively reproduced by the theory.
Visualization of vibrational normal modes showed that the negative (282 cm−1) ROA bands
comes from α-helical segments of insulin. Similar +/- pattern was observed at 229/302 cm−1

for highly-helical human serum albumin [120].

Insulin aromatic residues comprise histidine, 3 phenylalanine and 4 tyrosine groups. The
aromatic rings are not chiral, but a large ROA signal can be induced by coupling of their
vibrations with neighbouring covalent bonds and other peptide parts [120]. Therefore they
can sample locally the protein conformation. According to simulation, phenylalanine and
tyrosine conformer ratios (the χ1 and χ2 side chain torsion angles) significantly change when
insulin adopts the fibril form (table 4.1).

Table 4.1: Populations and χ1, χ2 torsion angles of the Phe and Tyr side chain conformers
in native and fibrillar insulin obtained by molecular dynamics.

Conformer χ1/
◦ χ2/

◦ p, native/ % p, fibril/ %
A -63 102 49 24
B -173 72 31 68
C 57 92 20 8

To understand how the Phe and Tyr residues contribute to insulin ROA spectra, we
simulated Raman and ROA spectra of NH2 − Phe− COH and NH2 − Tyr− COH model
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molecules. The simulations exhibit significant changes in spectral shapes of aromatic bands
at 1005, 1330 and 1650 cm−1 due to the conformation of the aromatic side chain. For
NH2 − Phe− COH, the conformers were averaged using MD populations. Raman and ROA
spectra were generated in the native and fibrillar insulin and plotted in fig. 4.10. For the
fibril, we can see that the C=C stretching band (number III in fig. 4.10) generates a relatively
strong negative ROA signal corresponding to the observed band at 1620 cm−1 (fig. 4.9). A
similar intensity change occurs for the aromatic hydrogen bending ( 1350cm−1, number II)
and out of plane motion (1000 cm−1, number I), where correspondence to the experiment is
not so obvious due to the overlap with other vibrations.

Figure 4.10: Simulated Raman and ROA spectra of a model NH2 − Phe− COH molecule
mimicking Phe and Tyr average conformation in fibril and native insulin. Characteristic
bands of the aromatic ring vibrations (I-III) are marked.

The ROA techniques reflect the twist of fibril threads because the twist causes local
changes in insulin conformation. The spectra (fig. 4.11) are simulated for three values of
the twist 0◦, −3◦ and −6◦. The twist variation approximately corresponds to that found in
the model X-ray protein structures (fig. 3.7).

As shown in figure 4.11, the Raman spectra are practically insensitive to the twist,
whereas ROA shapes are quite sensitive. The ROA intensity variations are less pronounced
above 1500 cm−1, e.g., the amide “W” shape is not much eroded, but the extended amide
III region undergoes rather dramatic changes. All intensity variations are not monotonic.
For the twist of −3◦ a positive ROA signal appears around 1275 cm−1, while the intensity
is smaller for 0◦ and −6◦. In the lower-frequency region (below 1000 cm−1), the spectra are
less dependent on the twist. At the current level of experimental noise and computational
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precision we can not determine the twist of insulin fibril from comparison of the theoreti-
cal and experimental spectra. However, the computational experiment well documents the
potential of the ROA spectroscopy for future fibril studies.

Figure 4.11: ROA and Raman spectra of insulin fibril simulated for three values of the twist
between neighbouring insulin units (100 MD snapshots avaraged).

Because the spectra for different fibril twist were generated from a limited number of
MD snapshots, we needed to be sure that the error of the averaging is smaller than the
effect of the twist shown in Figure 4.11. In the figure 4.12, Raman and ROA spectra for
the twist of −6◦ are plotted for 50 and 100 MD snapshots. Small differences in Raman and
ROA intensities for the 50 and 100 snapshot simulations indicate that the twist-induced
changes in the spectra are reliable. They are mainly caused by structural changes, such as
variation of the distribution of torsional angles. Examples of such distributions are given in
figure 4.13, for the main chain φ and ψ torsion angles, and histidine and tyrosine χ1 side
chain angles. Many (φ, ψ) values are near (−145◦, 150◦), corresponding to the standard
β-sheet conformation, and that some twist-induced changes are not monotonic in the row
0◦ → −3◦ → −6◦, similarly as for the ROA spectra. It is also obvious that the individual
side chain angles χ1 are more sensitive to the twist than the average φ and ψ distributions.
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Figure 4.12: Convergence for twisted fibril simulations: Raman and ROA simulated for 50
and 100 snapshot averages

Figure 4.13: Distributions of torsional angles for 3 twisted fibril structures
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4.3 Methodical Projects

4.3.1 Helical Periodic Boundary Conditions

These results discussed in publication in appendix F. For example on an insulin fibril
model, we examined if its geometry was compatible with the β-roll protein. During the
simulation, the insulin molecules were satisfactory stable and the β-roll structure was main-
tained.

The simulation time (300 ps) was relatively short but the simulations provide converged
potential energy profiles. For the zero twist, the average geometry was very close to that
obtained by the longer (8 ns) periodic boundary condition (PBC) computation (Fig. 4.14).
The largest deviations are outside the insulin loop for the flexible part of the peptide chain.
For PBC, the Amber program was used. The insulin molecule was stabilized by sandwiching
it between two other molecules.

Figure 4.14: On the top: overlap of the average structures of the insulin fibril model obtained
by HPBC (Tinker,φ0 = 0◦, 0.3 ns) and PBC (Amber10, 8 ns) dynamics, and on the bottom:
the potential energy from the HPBC simulations for the two twist angles, N is number of
the snapshot taken in 100 fs intervals.

For all cases, the conformation required for the fibril formation, was supported by the
Amber99 force field. Also, for φ = 0◦ , the structure was more flexible than for φ = 6◦,
which indicates that the twisted fibrillar geometry is preferred by the Amber99 force field,
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in agreement with the experimental observations of the β-roll protein in other fibril studies
[121, 122, 123, 124].

4.3.2 Transfer of Frequency-Dependent Polarizabilities

All results are summarized in appendix G. We comment on the behaviour of the method
for the case of N-methylacetamide (NMA) dimer. If we look on fig. 4.15, we can see an ab-
sorption and ECD spectra for 3 NMA dimers types with separation distances of 4.5, 6.5 and
8.5 Å. The TFDP and TDDFT computation are compared. For 4.5 Å where excited elec-
tronic states involving charge-transfer between the NMA molecules significantly contribute
to spectral intensities, ECD spectra obtained by the TFDP and TDDFT methods are very
different. Only some spectral features are reproduced, such as the mostly negative signal
within 180-200 nm, a positive one within 145-180 nm, and a negative lobe at 135 nm. Much
smaller differences can be found between the TFDP and TDDFT absorption spectra. The
small differences correspond to the different mechanisms providing the absorption and ECD
signals. While the monomer ECD is zero, the absorption dimer signal is very well approxi-
mated by the sum of the monomer spectra. It means that ECD is more sensitive to proper
modelling of the NMA-NMA interaction in the dimer.

Figure 4.15: Absorption (left) and ECD (right) spectra of NMA dimer, with monomers
separated by 4.5, 6.5 and 8.5 Å. TDDFT and TFDP methods are compared.

For 6.5 Å, the absorption spectra obtained by the two tested methods are nearly identical.
The differences between the TDDFT and TFDP spectra are smaller than for 4.5 Å, both for
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absorption and CD. The TFDP curve reasonably well mimics several TDDFT CD features,
such as the positive/negative signal around 130 nm, positive signal within 150-170 nm, and
a negative peak at 217 nm. Around 180 nm, both approaches provide a negative lobe, but
exact positions of the minimum differs (179 nm for TFDP vs. 186 nm for TDDFT).

For the distance of 8.5 Å a direct interaction of the NMA electronic clouds is almost
excluded, and the influence of intermolecular charge-transfer transitions is limited. The
TFDP and TDDFT spectra are even more similar, although minor differences still occur.
For example, the negative TFDP CD signal at 146 nm is predicted by TDDFT as a shoulder
only. However, the TFDP seems to be suitable to simulate spectra for distant chromophores.
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5 Conclusion
This Thesis was focused on Optical Activity of biologically-relevant systems. The largest

molecules included poly-L-glutamic acid fibrils, a set of globular proteins and insulin fibrils.

For poly-L-glutamic acid (PLGA), we used a crystal-like geometry model. With several
annealing cycles and molecular dynamic equilibration we verified that the structure was
stable. Using the Cartesian coordinate-based transfer of the force field and intensity tensors
calculated for smaller fragments, IR and VCD spectra of sheet segments were simulated.
They exhibited a qualitative agreement with experimental data. The averaged spectral
patterns converged relatively quickly with the number of MD snapshots and annealing cycles.
Analysis of the side chain VCD indicated that the spectrum reflects the chiral -COOH group
orientation. We can thus conclude that VCD spectroscopy combined with the simulations is
able to recognize specific geometry features of fibrillar structures.

For the ROA of globular proteins, the computational techniques provided more satis-
factory precision in frequencies and spectral intensities. They could be used to interpret
experimental Raman and ROA spectra more thoroughly. We were able to reproduce the
differences between mainly α-helical human serum albumin and concanavalin A containing
mainly β-sheets, or the differences between very similar hen egg-white and human lysozymes.
The ROA spectroscopic method is also a useful tool to monitor protein amino acid composi-
tion. The possibility to monitor biomolecules, in this case globular proteins, in their natural
aqueous environment makes the ROA suitable for applications in biology and medical imag-
ing.

We used a combination of molecular dynamics and density functional theory to simulate
Raman and ROA spectra of the complicated structure of the insulin fibril. Based on the
modelling we could understand most of the spectral changes observed experimentally, i.e. the
dependence of ROA peak signs and intensities on the structure. Insulin geometries derived
from the β-roll and β-helix proteins provided similar spectra. The most spectral changes
could be interpreted as a α-helix → β-sheet secondary structure transition. These changes
were observed in the amide I, extended amide III and lowest-frequency (bellow 300 cm−1)
spectral regions.

Computational modelling with simplified systems also revealed that the aromatic residues
in insulin had not only strong Raman, but also ROA signal that can be potentially used as
a local probe of the structure. A surprising fact was the sensitive response of the amide III
ROA signal to the changes of the conformation simulated for different twists. We showed
that this does not reflect a direct non-covalent interaction of peptide chains, but is caused
by changes in local protein conformation. The results showed that the ROA technique is
sensitive to protein conformational changes during the fibrillation, and that the complex sim-
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ulations are needed to extract the information about the structure and molecular behaviour
from the spectra.

Apart from the proteins, we studied also smaller molecules. We confirmed that the
Raman spectroscopy was suitable to distinguish polymorphic structures of various drugs.
The UV and ECD spectra of monensin metal complexes were calculated; they were quite
sensitive to metal ion, which can be used in analytical chemistry. Interesting results were
also obtained for lanthanide complexes. The Circularly Polarized Luminiscence (CPL) was
induced by interaction with aminoacids. The experimental data were correlated with com-
plex formation energies acquired using WHAM method. The induced CPL can thus be used
to monitor the biomolecules indirectly in the future.

Methodical projects included the implementation and testing of helical periodic boundary
conditions into the Tinker program. The implementation appeared to be stable and usable
for systems possessing helical symmetry, such as the fibrils.

The second methodical project dealt with transfer of molecular properties needed for
UV-vis and Electronic Circular Dichrosim (ECD) spectroscopies. Good results were achieved
by using the frequency-dependent polarizabilities (TFDP). This method provided results at
least comparable with an older similar semiempirical model (TDC). The transfer parameters
could additionally be varied to account for the chromophore environment and polarizability
localization. The favourable computational time allows to study very large systems.

We believe that improved molecular dynamics methodology can provide even more de-
tailed information about the world of biomolecules in the future.
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6 List of Abbreviations
CD Circular Dichroism.

CPL Circularly Polarized Luminiscence.

DFT Density Functional Theory.

MD Molecular Dynamic.

NMA N-methylacetamide.

NMR Nuclear Magnetic Resonance.

OR Optical Rotation.

PBC Periodic Boundary Conditions.

PMF Potential of Mean Force.

RFO Rational Function Optimization.

ROA Raman Optical Activity.

SOS Sum Over States.

TDC Transition Dipole Coupling.

TDDFT Time Dependent Density Functional Theory.

TFDP Transfer of Frequency-Dependent Polarizabilities.

UV-vis Ultraviolet and visible wavelength region.

VCD Vibrational Circular Dichroism.

VOA Vibrational Optical Activity.

WHAM Weighted Histogram Analysis Method.
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