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Preface

Optical spectroscopic methods are based on interactions of molecules with
electromagnetic radiation. Many different types of spectroscopic techniques have been
developed and found numerous applications in biochemical and structural studies
of peptides, proteins, nucleic acids and other natural compound. The determination of
structure of biomolecules and consecutive clarification of the relation between their
structure and functionality is one of the main tasks of biophysics.

As many of biomolecules are chiral, chiroptical spectroscopic methods are
being widely used for determining the structure (i.e., absolute configuration and
preferred conformation in solution). Chiroptical spectroscopy explores the interaction
of polarized light with a chiral sample. Differences in absorption, scattering,
or dispersion of left- and right-circularly polarized light on molecules can be utilized.

Two methods of vibrational optical activity, Raman optical activity (ROA)
and vibrational circular dichroism (VCD), are used in this thesis. They combine the
sensitivity of chiroptical methods to spatial arrangement of atoms in molecules with
the richness of vibrational spectra. Vibrational spectroscopy can also be used to study
dynamic structural changes. The time scale of vibrational transitions is shorter than
for conformational changes and the vibrational spectrum represents a sum of the
conformer spectra. We also used the electronic circular dichroism (ECD), circularly
polarized luminescence (CPL) and chirality-insenitive nuclear magnetic resonance
(NMR). A brief overview of the methods is in Chapter 1.

It is important to understand the origin of measured spectra and physical
principles behind them. Computational chemistry can help us with it. Quantum-
chemical computations on real systems require many approximations. New algorithms
were developed in the last decade, for example an analytical derivative procedure
for ROA tensors implemented into Gaussian09 enabled to efficiently compute ROA
intensities. Especially accurate simulations, taking into account the solvent and many
conformations of flexible molecules, are needed for chiroptical spectra. The methods,
which we used, are summarized in Chapter 2.

The objectives of the thesis are formulated in Chapter 3. Chapter 4 contains
descriptions of the computational and experimental details. Achieved results, related

to four publications that can be found as Attachments, are discussed in Chapter 5.



Averaging of many conformers and solvent configurations is necessary for
flexible molecules to represent the investigated system more realistically. However,
cluster geometries obtained directly from molecular dynamics often provide
unrealistic vibrational band broadening. The normal mode optimization method was
used to reduce this broadening in publication [I] (Chapter 5.1).

Publication [II] (Chapter 5.2) represents another methodological study. The
ability of several harmonic and anharmonic computational approaches to describe
vibrations in the C-H stretching region (~3000 cm™) is explored for three terpene
molecules. Four spectroscopic methods (IR, VCD, Raman, ROA) are examined
together in order to better assess the reliability of the simulations.

The role of dispersion forces and influence of different organic solvents
on conformer equilibria is examined for cyclic dipeptides with tryptophan by ECD,
VCD, ROA and NMR spectroscopy in publication [III] (Chapter 5.3).

The last project deals with lanthanide complexes that are used as convenient
spectroscopic probes for many biomolecules. The lanthanide-peptide interaction and
its effect on lanthanide spectroscopic properties was investigated systematically in
a series of histidine-containing peptides and complexes of europium as described
in publication [IV] (Chapter 5.4). CPL spectra sensitively reacted on the histidine
position in the peptide chain, peptide length and pH. These findings were rationalized
by molecular dynamics simulations.

Common attributes of all papers included in this thesis are the technique of the

Raman optical activity and interest in details that can affect the computed spectra.



1. Spectroscopic studies of chiral molecules

1.1. Chirality

Chirality is one of the fundamental principles in nature and describes the ability
of an object to exist in two forms called enantiomers. They are “mirror images” to each
other and cannot be superimposed (Fig. 1.1).!* Such objects do not have a plane
or a centre of symmetry. The word chirality is derived from the Greek word “kheir”
meaning hand. This term was suggested by Lord Kelvin in 1904. Human hands are
perhaps the most universally recognized example of chirality. For molecules, many
chemical and physical properties (molecular formula, bonding arrangement, melting
point, boiling point, density) are identical for both enantiomers.

Enantiomers may interact in different ways with other chiral molecules and
they can also be resolved by interaction with polarized light. As a linearly polarized
light passes through an optical active system (a solution of chiral molecules), the plane
of polarization, when viewed along the axis toward the source, may be rotated
in a clockwise (to the right) or anticlockwise (to the left) direction. In 1848, Louis
Pasteur discovered that mirror-image enantiomers generate equal but opposite optical-

rotation angles. Observation of this phenomenon®*>

started the chirality research.
A right handed rotation is called dextrorotary (D-), a left handed rotation is levorotary
(L-), according to the Fischer system.® The Cahn-Ingold-Prelog system’ represents
another way how to distinguish between two enantimers. It deals with a chiral center,
which is the simplest molecular element that leads to chirality. Usually, it is a carbon
with sp® orbital hybridization forming four different bonds arranged in a tetrahedron.
The configuration of the chiral center is specified by the letters R- for rectus (right)
and S- for sinister (left) orientation. Apart from the chiral center, the chirality can be
based on a helix, chiral axis, etc.

Chirality is a crucial concept in chemistry of living organisms because many
biologically important molecules are chiral. These molecules are often naturally
present in one enantiomeric form only. D-saccharides are typically preferred in nucleic
acids and L-amino acids are present in proteins. Chirality of biomolecules is related to
biologically important processes. For example, proteins are often highly
stereoselective towards their binding partners. For a molecule with » chiral centers, the
maximum number of possible stereoisomers is 2”. Quite often, only one of the possible

forms is biologically active.® The enzymes are the most conspicuous examples of
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chirality among biomolecules. All of them have many stereocenters (well-known
example is a proteolytic enzyme chymotrypsin containing 251 stereocenters)’ but

usually only one of these stereoisomers is produced and utilized in a given organism.

4 “

H CHy CH; H
[S] N

L-alanine D-alanine

Fig. 1.1: Two enantiomers of the simplest chiral aminoacid — alanine.

1.2. Chiroptical spectroscopy

Chiroptical spectroscopy probes interaction of polarized light with a chiral sample. It
can explore differences in absorption, scattering, or dispersion of left- (LCP) and
right- (RCP) circularly polarized light on molecules.'® The circularly polarized light,
being intrinsically chiral itself, acts as a chiral probe.

Historically, the first observation of molecular chirality was rotation of the
plane of linearly polarized light, referred to as optical rotation (OR). OR or optical
rotatory dispersion (ORD), which is OR as a function of wavelength, have been
routinely used by synthetic chemists for compound characterization for more than
100 years.'!213 Later, the absorption difference of LCP and RCP light, electronic
circular dichroism (ECD), was observed as well. Both techniques typically use
ultraviolet or visible light and explore the electronic transitions in molecules. The ECD
and ORD spectra are related through the Kramers—Kronig transform relations.'* As
a result, an ECD spectrum can be converted into an ORD spectrum when a full ECD
spectrum covering all electronic transitions is available and vice versa. Thus, ECD and
ORD are not truly independent spectroscopic methods. Nevertheless, practical
limitations (a full range ECD/ORD spectrum covering all electronic transitions is not
measurable in practice) make these two methods complementary.!> ECD, however, is

easier to interpret.



Another technique related to ECD, is the circularly polarized luminescence
(CPL), that measures differences in emission of the LCP and RCP light, i.e. transitions
from the excited states are detected.!®!’

The introduction of commercial instrumentation for measuring ORD in the
1950s and ECD in the 1960s led to a rapid expansion of applications of chiroptical
spectroscopy in organic and inorganic chemistry and biochemistry and, more recently,
in supramolecular chemistry and chiral nanoscience.'®!” ECD is currently the most
common chiroptical method. It is routinely used as a probe of the stereochemistry and
behavior of chiral molecules in solutions, especially for proteins.

In mid-1970's it was shown that the enantiomer selectivity can be incorporated
into the vibrational spectroscopy, which led to the development of the new field of the
vibrational optical activity (VOA). Similarly as the vibrational spectroscopy consists
of two complementary techniques: Raman and infrared (IR) spectroscopy, VOA
consists of their chiral variants: Raman optical activity (ROA) and vibrational circular
dichroism (VCD). Many resolved vibrational bands (3N—6 vibrational modes for
N-atomic molecule) can be distinguished in VOA spectra compared to few bands
usually observable for electronic transitions. VOA is therefore more sensitive to
structural details. ROA explores the same vibrational transitions as VCD, but the
technique is more complex.

The first ROA spectrum was reported in 1973 by Prof. Barron et al.?° measured
for both enantiomers of 1-phenylethanol and 1-phenylethylamin from 300 to 400 cm'.
The reliability of the measured signal was confirmed by Prof. Hug.?! The first VCD
spectra were measured in 1974 by Holzwarth et al.?*> for C-H (2920 cm™) and C-D
(2204 cm™) stretching modes of both enantiomers of 2,2,2,-trifluoro-1-phenylethanol.
Thanks to the availability of commercial instruments (first VCD in 1997% and ROA
in 2003%%), VOA is now more accessible to the wider scientific community. VOA was
applied for many types of biomolecules:* peptides,?® nucleic acids,”’ sugars,
and viruses.”’

Also the level of analysis of chiroptical spectra is improving rapidly thanks to
advances in computational chemistry,*® which has improved our understanding of the
underlying principles behind these chiroptical techniques. The availability of fast
computers with large memory allowed quantum-chemical calculations for larger

molecules of synthetic, pharmaceutical and biological importance. Nowadays



calculations of chiroptical spectra are implemented into free and commercial computer
programs (Gaussian,*’ Dalton,*? ADF,** CADPAC,** etc.).

A comparison of the chiroptical methods used in this thesis is in Table 1.1.
Commercially available ECD spectrometers cover a broad range of wavelengths
(~180-800 nm). This range may be severely restricted by the solvent transmission,
material of the sample cell, etc. Below 180 nm, special vacuum techniques and
synchrotron radiation can be used as the source of light.*> Low-lying electronic
transitions, for example in lanthanide complexes, can be seen by extending the
wavelength range to the near-infrared region (800—1100 nm). Many organic solvents
enabling ECD measurement in a large part of the 180-800 nm intervals are available,
the concentration can be lower and accumulation times shorter than for VOA.
The electronic spectra, however, provide a limited number of features, not necessarily
associated with local geometry. VOA spectroscopies are generally more sensitive to
the local structure. Signals corresponding to distinct parts of the molecule are usually

well separated in VOA spectra.

Table 1.1: Comparison of chiroptical techniques. Modified from*®

Method CPL ECD VCD ROA

Cost 0.3 0.1 0.1 0.2

Usual detection range 180-800 nm  180-800 nm  800-4000 cm™  100-2400 cm
kek

Peak resolution Few bands  Few bands =~ Many Many

transitions transitions

Solid state measurement | Possible Possible Possible Not known

Typical concentration 0.1 mg/ml 0.1 mg/ml 10 mg/ml 30 mg/ml *

Water as a solvent OK OK Problematic Ideal

Organic solvents OK OK Acceptable Problematic

Theoretical prediction Difficult Usually Very reliable Very reliable

(DFT/TD-DFT) reliable

* for many compounds the recommended concentration for ROA is not possible due

to a limited solubility

** shift from the laser radiation

Other advantages of VOA (ROA and VCD) are inherited from the parent
Raman and IR spectroscopies. The usual spectral range for VCD is from 800 to
4 000 cm’! but it is extensible up to 14 000 cm™', where overtones and combination

bands occur. ROA is usually measured from 200 to 2400 cm™' (rarely 4000 cm™).’’
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The low-frequency vibrational modes (amide modes IV-VII in proteins, helix
breathing, torsions and skeletal deformations)® accessible by ROA may be particularly
sensitive to the conformation and dynamics of molecules. The ROA measurement
requires even higher sample concentration than VCD. The most commonly used
solvents represent another difference between ROA and VCD spectroscopy. Water has
a weak Raman scattering, whereas a scattering from organic solvents often masks the
ROA signal from the sample. Therefore, ROA spectroscopy is particularly well-suited
for biomolecular applications like investigations of the secondary structures of
peptides in the natural aqueous environment. Purification of samples in order to
minimalize the fluorescence from impurities is often required for ROA spectroscopy.
Water and other polar solvents have broad and intense absorption bands, so less polar
solvents are preferred in the VCD spectroscopy. The ROA and VCD spectroscopies
have different selection rules, consequently, they have different sensitivities towards
distinct parts of biomolecules.

A brief overview of common principles of ROA, VCD, ECD and CPL is
presented in the following chapters. The quantum-chemical methods used for
calculations of the spektra are introduced in Chapter 2 and discussed with the focus on
computational aspects and investigation of flexibility of chiral molecules in solution.

Other information can be found in books of Barron,? Nafie,* and Polavarapu.*

1.2.1. Raman optical activity

Raman optical activity measures a small difference in Raman scattering of RCP and

LCP light, either in the incident or scattered beams, or even in both?

IROA = [(R) — I(L). (1.1)

A normalized circular intensity difference (CID) can be defined as*!

IRO4I(R) — I(L)
A= TR = IR + 1) (1:2)

ROA is a weak effect, A ~10°-107, and the parent Raman scattering is already
arelatively weak phenomenon — only about one from 10° photons is scattered
inelastically. A high experimental sensitivity is therefore required for ROA

measurements and the technique is susceptible to artifacts. If both enantiomers are



measured, the mirror imaged signals should be obtained.** These signals can be used
to check the experimental reliability.

There are several experimental configurations. First selectable parameter is the
scattering angle between directions of the incident and scattered light. Three basic
geometries are: the forward (0°), right-angle (90°) and backward (180°) scattering. The
backscattering geometry is currently considered to be the best experimental strategy.
Its main advantage is a high signal intensity and lower artifacts level.*

Another parameter is the polarization of incident and scattered light. There are
three basic circular polarization schemes:

1. The incident circular polarisation (ICP),?°
where the incident laser beam is periodically switched between RCP and LCP
states, and the detected scattered light is linearly polarized or unpolarized.

2. The scattered circular polarisation (SCP),?!

where the incident light is linear or unpolarized and the difference in RCP and

LCP Raman scattered light is detected.

3. The combination of ICP and SCP called dual circular polarisation (DCP),*
where both the incident and scattered light are circularly polarized, either

in-phase (DCP1) or out-of-phase (DCPm) as summarized in Fig. 1.2.

ev | A eV i e—o—m4—m—— eVvic—m—
(X ) ___fh_ﬂ_l_. 2\ £\
AR b L I'y 'y
a P R L L R
R L R L
a @ 2> e d:) C!')
g 4 v
| 7 I g I I 9 " " g IF v
9 (of) g g
B 15 Is 15 T ° ° I8 L
Al =11, AF=Ig =K A=Iy -1} A= 1814
ICP ROA SCP ROA DCP, ROA DCP, ROA

Fig. 1.2: Diagram of energetic levels of a molecule showing polarization states of the

incident and scattered light for four experimental forms of ROA. Adapted from *°.
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First ROA instruments of Prof. Barron in Glasgow laboratory were based on
the ICP scheme and used the right-angle*® and backscattering geometry.*” The only
one commercial ROA instrument so far was introduced by BioTools, Inc., USA in
2003.2* This spectrometer is based on the design of Hug and Hangartner. It uses the
SCP scheme and the backscattering geometry. Relatively easy ROA measurements
with artifact reduction were enabled by two novel features:

1. the RCP and LCP scattered radiation separated by a polarization beam splitter
is measured simultaneously on the upper and lower halves of a multichannel
charge-coupled device (CCD) detector. The ROA spectrum is obtained by
subtracting the LCP intensity from the RCP intensity.

2. the use of electronically controlled half-wave led to optical generation of
virtual enantiomers and thus to elimination of the artifacts resulting from
residual linear polarization components in RCP and LCP scattered light.*®
The simultaneous measurement of both states of circular polarization enabled

elimination of the “flicker noise” (a random noise, which might be caused by
fluctuations in the laser power, sample density, dust particles in the optical path or heat
fluctuations of the detector) and speeded up the experiment. Theoretical aspects of

ROA will be discussed in Chapter 2.2.3.

1.2.2. Circular dichroism

The circular dichroism (CD) intensity is defined as the difference in the absorbance

for LCP and RCP (Fig. 1.3)*

AA(w) = A, (v) — Agp(v) (1.3)
1 i
L R
IS
0
A; Ap

Fig. 1.3: Energy-level polarization diagram illustrating the photon transitions
associated with CD. For VCD energetic levels 0 and 1 correspond to the zeroth and
the first vibrational levels of the ground electronic state. For ECD energetic levels 0

and 1 refer to the ground and the excited electronic state. Adapted from *°.
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The corresponding absorption spectrum can be defined as the average

AW) = 7 [4r @) + A, ()], (14)

The differential molar absorption coefficient defined by the Beer-Lambert law

can be also used

AA

Ae(v) = ,(v) — eg(v) = L

(1.5)
where ¢ is the molar concentration in mol.L™! and / is the pathlength in cm. This
definition of CD does not depend on the choice of sampling variables such as
pathlength and concentration. Therefore it is useful for comparison of experimental
and calculated CD spectra.

Two spectral regions are the most frequent: ultraviolet-visible (UV/vis) and
infrared (IR). CD measured in the UV/vis region is called electronic CD, because
electronic transitions are involved. CD measured in the IR region is called vibrational
CD as it mostly samples vibrational transitions. While ECD is more sensitive to
molecular environment, VCD spectra provide more local information about the
structure. The theoretical aspects will be discussed in Chapter 2.2.4.

A dimensionless anisotropy ratio can be defined as*!

_AA  2[AL — Ag]

= 2L AR 1.6
A Ap+ A (1.6)

g

in analogy to A (1.2) in ROA. g is typically ~10~ for ECD and 10 for VCD.* A high
stability of spectrometers is therefore required.

Commercial instrumentation is available for both ECD and VCD. Two types of
VCD spectrometers exist: dispersive and Fourier-transform (FT). The dispersive
instruments>® use a grating monochromator to scan through the wavelength region of
interest, recording the spectrum sequentially. The FT-CD instruments use the
Michelson interferometer and collect all wavenumbers simultaneously. The first
FT-VCD spectrometer was constructed in 1979°! and the first commercial instrument
was offered in 1997 by BioTools.?® Shortly after, Bruker, Jasco and Thermo-Fisher
also introduced the VCD accessories into their FT-IR spectrometers. Despite the
different designs of VCD spectrometers, all of them use the photoelastic modulator

(PEM) placed in front of the sample to modulate the IR beam.

12



The FT technique dominates the commercial market. It can produce
high-quality spectra over the entire mid-IR, typically from ~600 to ~2000 cm™' with
a good resolution (typically 4 cm™') and in a reasonable time. The dispersive VCD
instruments are still used for measuring isolated bands, e.g., for biopolymers
in aqueous solution in the midIR region, taking advantage of a stronger source and
a narrower spectral region.?%?

Samples suitable for VCD measurement should exhibit absorbance in
a relatively narrow range of 0.1-1.0; the most desirable value is around 0.5. Too high
absorption means the lack of incident light on the detector and sizable artifacts. For
small absorptions, the noise level is increasing and birefringence in the optical material
of optical lenses, filters, cells and other windows, and reflections may cause artifacts.
The absorbance can be optimized by a combination of sample concentration, optical
pathlength and choice of the solvent. Water and other polar solvents have broad and
intense absorption bands, so less polar solvents are preferred. Deuterated organic
solvents are frequently employed to reduce the absorbance within the spectroscopic

window.

1.2.3. Circularly polarized luminescence

Circularly polarized luminescence can be viewed as the emission analogue of ECD,
1.e. the light is emitted by an excited state and we measure the differences in emissions
of the LCP and RCP light (Fig. 1.4).' Another form of fluorescence optical activity,
for which the total fluorescence is measured for absorption of LCP and RCP light, is

called fluorescence detected circular dichroism (FDCD).

e
F,
R L =1
R . Fluorescence = S(Fr+ FL)

CPL=F -F,

g

Fig. 1.4: Energy-level polarization diagram illustrating definition of CPL. Adapted

from #°. g is the ground state, e is the excited electronic state.
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A normalized dissymmetry factor can be defined in analogy to A (eq. 1.2)
in ROA and g (eq. 1.6) in VCD as

_2[F(R) - F(L)]
~ F(R)+F(L) "’

(1.7)

For isolated organic molecules g~10>-1072,

Custom-built instruments for measurement of CPL were designed, developed
and improved by a limited number of research groups.!” CPL instruments contain
a quarter-wave modulating circular polarization analyzer that converts alternately LCP
and RCP light in a luminescence beam into a linear polarization. Nowadays, also
commercial instruments are available. The first commercial CPL spectrometer from
JASCO (CPL-200) consists of two CD spectrometers, with the second one used as the
emission spectrometer.

CPL spectroscopy has been useful for some organic molecules, liquid crystals
and polymers. In the last 20 years, applications involving luminescent lanthanide (III)
ions, particularly Eu(IIl) and Tb(III) also appeared. The Eu fluorescence bands are as
narrow as the vibrational ones, and occur within the operational range of the SCP-ROA
spectrometers, so CPL can be measured using this technique.’*>* Similarly, the
ICP-ROA instrument can measure FDCD. In addition, the strong laser radiation source
makes it possible to observe quite weak signals, undetectable on conventional CPL
spectrometers.’®>> For example, the strongest Eu(III) signal, which can be measured

on the SCP ROA spectrometer, belongs to the Do — F transitions>®>’

and appears as
(“false””) Raman bands shifted by ~1700-2100 cm™ from the 532 nm laser excitation.
A weaker signal around 850 cm™ belongs to the °D; — 'F; transitions®® and is visible
in the differential (CPL) spectrum only. The luminescence can be distinguished from
the “true” Raman scattering.>

Many of the applications of lanthanides (III) involve selective and sensitive

LIV and sugars.%? However,

probes of biomolecules,®® such as amino acids, peptides
modelling of the lanthanide complexes is not directly approachable by current
computational tools as it often involves energy transfer between many molecular
energy levels and excited state optimization, i.e. it is quite more complex than for ECD.
The theoretical understanding of lanthanides and the fluorescence enhancement effects

is rather poor as discussed in Chapter 5.4 (publication [IV]).
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1.3. Applications of chiroptical spectroscopies

Chiroptical spectroscopies are being used for determining the molecular structure (i.e.,
absolute configurations and conformations) in solution.*” They do not provide an
atomic resolution, unlike the X-ray crystalography®® and nuclear magnetic resonance
spectroscopy (NMR).®* These higher-resolution techniques dominate in structural
biology, but methods of chiroptical spectroscopy are more convenient sometimes.

For X-ray crystallography and similar diffraction techniques® it is necessary
to obtain a crystal structure of a studied system, which can change its native structure
in some cases. The absolute configuration determination is possible only in the case of
monocrystalline samples. The crystallization process may be rather problematic for
some proteins (especially for short peptides or membrane proteins). Another limitation
is that larger molecules must contain “heavy” atoms.

The NMR spectroscopy measurements is limited by molecular size (molecular

Y6667 and absolute

weight can not be usually larger than a few hundreds of kDa
configuration can be obtained from NMR only through an interaction with another
system (solvent or reagent) of known chirality.®® NMR is able to probe the molecular
motion over a wide range of timescales, ranging from picoseconds to tens of seconds.®
Nevertheless, faster conformational changes are not detectable and only an average
signal of conformer populations is obtained. For optical spectroscopies, a very fast
optical response (absorption/emission of a photon ~3.10"'* s) enables to discriminate
these conformers and the measured spectrum is an algebraic sum of the subspectra.
Chiroptical spectroscopies are not only suitable for measurements in solutions,
but they easily enable to study molecules under different experimental conditions
including pH, temperature, concentration and/or chemical environment. It is therefore
possible to study structural changes in various biomolecular processes including
protein folding’®’! denaturation’? or interaction with ligands. Off all available
chiroptical spectroscopic methods, VOA is by far the richest in the abilitity to reflect
structural details. The main applications of VOA methods are described in the

following chapters.
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1.3.1. Determination of the absolute configuration

This is a fundamental problem in stereochemistry encountered during organic
synthesis, analysis, drug screening and natural product isolation, especially in the
pharmaceutical industry.”® As the human body is amazingly chiral-selective, single-
enantiomer drugs are more efficient in binding to biological targets and have fewer
side effects than the equivalent racemic drugs (which contain an equal mixture of the
enantiomers). Nearly 50% of drugs are chiral; the pharmacological activity resides
with the eutomer (pharmacologically active enantiomer) whereas the distomer
(inactive or less potent or equally potent or different pharmacological activity or toxic
enantiomer) metabolizes by a different pathway and can create unnecessary burden on
the body. A notorious example is thalidomide that was used in 1960s to
alleviate morning sickness in pregnant women and caused that between 5,000 and
7,000 infants were born with phocomelia (malformation of the limbs).”

Every chiral drug substance approved for sale by the US Food and Drug
Administration (FDA) must have a known absolute configuration. The use of
stereochemically pure drugs with specified level of the enantiomeric excess (EE),
usually greater than 99%, was recommended in 1992. Recently, both ROA and VCD
methods were approved as suitable quantitative tools for chiral active pharmaceutical
ingredient tests as an alternative, or supplement, to the X-ray crystallography and
NMR method. Structures of over 7000 molecules have been determined with VCD
and over 150 patents for new drug applications have been filed, where the absolute
configuration is proven with VCD.

Currently, VCD is used more routinely than ROA. In some cases however, for

7576 or bromochlorofluoromethane,”” ROA

example the (R)-[?H1, >Hz, 2H3]-neopentane,
represents the only technique how to determine the absolute configuration. The focus
is on simultaneous use of multiple methods.”® A combination of VCD and ROA
methods with theoretical calculations (sometimes accompanied by ECD and NMR)
was found to be the most useful for determination of the absolute configuration for
molecules with two or three chiral centres.”TL1V']

Many applications involve the measurement of the enantiomeric excess, which
is the excess of one enantiomer over the other in the sample. In favorable
circumstances, EE may be determined to an accuracy of ~0.1%.% It is predominantly

handled by VCD,*"®2 but also ROA can be useful 834
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1.3.2. Structural studies of the biologically significant molecules

Chiroptical methods, especially ROA spectroscopy measured in aqueous solution, are
useful probes of the structure and behaviour of many biomolecules.***> As for the
small molecules, ROA spectra provides valuable information on proteins,3®

carbohydrates, %7

polypeptide and carbohydrate components of intact
glycoproteins,®® and nucleic acids.?”* The systems of biological interest are often large
and complicated and their investigation represents a challenge at both experimental
and theoretical levels. In biopolymers (peptides/proteins, nucleic acids), however, the
more or less regular repetition of the chiral subunits provides intense and unique
spectral patterns.”

ECD was the first method that enabled determination of the secondary structure
content in proteins.”*>% ECD is well-suited for the investigation of light-absorbing
molecular subunits.”* The amides groups are the most active chromophores of protein
backbone. Their different arrangement leads to characteristic ECD spectra of different
secondary structures.”>*° Characteristic ECD bands can be found in the spectral region
of amide group absorption (far-UV CD, below 250 nm). A typical protein spectrum
contains n—7t* transitions (~220 nm) and m—n* transitions (~190 nm and ~140 nm).
a-helices have intense ECD signals and are easily detectable. ECD spectra of B-sheet
or P-turn structures are not so characteristic. Signals from aromatic residues
(phenylalanine, tyrosine and tryptophan) can be found in the spectral range of 250—
290 nm, which can contribute to the tertiary structure assessment.

The most intense bands in ROA spectra of proteins are assigned to vibrations
of the protein backbone. They are found in three main spectral regions:

1. the backbone skeletal stretch region (~870—1150 cm™), which is assigned
mostly to Co—C, Co—Cp and C-N stretching vibrations,

2. the extended amide III region (~1230-1350 cm™') corresponding to the
in-phase combination of the in-plane N-H deformation with the C-N stretch
together with Co-H deformations,

3. the amide I region (1600—1700 cm™"), where C=0 stretching bands can be
found. The amide III region is supposed to be the most characteristic for
the peptide backbone conformation, due to the coupling between N-H and

Co-H deformations.®
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a-helices are characterized by a positive band at ~1340-1345 cm’,
a negative/positive couplet at ~1640 and 1660 cm™! and a positive signal within ~870—
950 cm™!. B-sheets have a negative band at ~1245 cm™ and a negative/positive couplet
at ~1650 and 1680 cm™.”” The signal corresponding to B-turns also involves a positive
band at ~1295 cm™! and a negative band at ~1345 and 1375 cm™..

Side chain vibrations generate many characteristic Raman bands, but they are
often less prominent in ROA spectra due to conformational freedom, which can
suppress the ROA intensities. Only a few side chain vibrations generate strong ROA
signals”®® such as tryptophan (~1545-1560 cm' and ~1400-1480 cm), or
phenylalanine and tyrosine (~1545-1560 cm™).!% The tryptophan band ~1545—
1560 cm™ which is assigned to the W3 vibration of the indole ring in tryptophan, can
be used to determine the conformation of the tryptophan side chain. The wavenumber
of this W3 vibration correlates with the magnitude of the y2torsion angle. While
a positive W3 ROA signal corresponds to the positive y» torsion angle, a negative
signal corresponds to the negative one. %1021

For VCD spectroscopy, the secondary structure can be derived from the
patterns of the amide I and amide II regions.'®?%1% The following pattern is
characteristic for a-helical structure: a negative/positive couplet at ~1660 and
1640 cm™ and a negative band at ~1515 cm™'. Random coil proteins provide a positive/
negative couplet at ~1660 and 1640 cm™ in amide I region together with a negative
VCD band in the amide II region. The B-sheet structures often have a characteristic
negative band in the amide I and a positive/negative couplet in the amide II region.!%
VCD is also sensitive to aggregated supramolecular structures, such as protein
fibrils.!% The VCD intensity is enhanced and characteristic spectral amide I
patterns - either (+,+,—,+,+), or (—,—,+,—,—), correspond to the left- or right-handed

supramolecular chirality. 07108
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1.4. Interpretation of chiroptical spectra

Reliable interpretation of the experimental data is essential for many applications.
A few rules for the empirical correlation of VOA intensities and molecular structure
are known today.'%? Spectroscopic signatures of main structural motives (o.-helix and
[-sheet for proteins) as mentioned in the previous chapter have been revealed by the
analysis of known structures.!'®

A more general procedure is to analyze the experimental data using
quantum-chemical predictions introduced in Chapter 2.!'%!1112 Those are able to
assign signals to appropriate vibrations and provide other stereochemical information.
The absolute configuration or conformation is established by comparison of signs and
relative intensities of bands in the measured and calculated VOA spectrum.!!?

Simulations of vibrational spectra are generally more reliable than those for
electronic ones, because the calculations involve molecules in their ground electronic
states. However, interpretation of VOA spectra of even small molecules by
computations can be still complicated. The molecules are often very flexible
(not stabilized by intramolecular non-covalent bonding) and their interaction with the
solvent has a profound effect on the vibrational modes. Molecular flexibility can
modify Raman/ROA and IR/VCD spectral intensities, band positions and,
in an extreme case, the signs of ROA/VCD bands. In general, flexibility makes the
VOA signal weaker and causes a large inhomogeneous broadening of the spectral
bands. It has been shown that ROA spectra of rigid molecules show sharper bands and

more ROA features than of flexible molecules.''*
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2. Molecular spectroscopic properties

Calculations have become an indispensable part of spectroscopic research. Simulated
spectra can be used to confirm structural parameters, understand the vibrational nature
of observed bands and give precious information on conformational dynamics.
Methods of quantum chemistry are used in this thesis as well as molecular dynamics

simulations with empirical force fields.

2.1. Methods for simulations of the spectra

2.1.1. Basics of quantum chemistry
Molecular systems are described by the Schrédinger equation (SE)''?
P

lh% = vy, (2.1)

where A is the reduced Planck constant, ) = ¥(r, R, t) is the wave function for
electrons and nuclei depedent on their positions 7, R and time ¢, H is molecular

Hamiltonian. For the time-independent Hamiltonian, SE can be transformed to

Y = Ey, (2.2)

where E is the energy. The Hamiltonian

—

H=T,+T,+V(r,R), (2.3)
consists of the nuclear kinetic energy operator

hZ
T,=- E —E vi, 2.4
A A

the electronic kinetic energy operator

R h?
T, = — Z V2, (2.5)
i

2m,

and the potential
2

. e? Z,Zy  e? Z, e 1
7 (r,R) = ZZ - ZZ—+ ZZ— (2.6)
41e — £ Ry 4mey — & Ty 4Ameg ~ Tij
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which is determined by the nucleus-nucleus (distances R,p) and the electron-electron
(distances 73;) repulsion terms and the electrostatic attraction between electrons and
nuclei (distances 1y4;). Indexes 4, B indicate nuclei and i, j specify electrons, M, and
Z, are nuclear masses and atomic numbers, m, is the electron mass and e is the
electron charge, €, is the permittivity of the vacuum. The nuclear repulsion term, the
first one in eq. 2.6, can be calculated most easily because it does not depend on
coordinates of electrons.

The Born-Oppenheimer approximation (B—O) is considered necessary in
quantum chemistry in order to practically solve the SE for a molecule. The B-O wave

function is assumed as a product of the electronic and nuclear parts

Y@, R) = Y. (r, R) D, (R). (2.7)

The electronic wave function 1, implicitly depends not only on the positions
of electrons 7, but also on the positions of nuclei R. The B-O approximation is based
on the fact that atomic nuclei are much heavier (>1800 times) than electrons.
Therefore, the electrons are moving faster in the field of “fixed” nuclei. SE can be
separated into two:
one for electrons:

Hope(r,R) = [T, + V (r, O) | (. R) = e(R)y(T,R)  (2.8)

and one for nuclei:
(Tn + e(R)) @, (R) = E®, (R). (2.9)

Thus in the B—O approximation, the nuclei move on the multidimensional
“potential energy surface” (PES) e(R) that is parametrically dependent on the
coordinates of atomic nuclei R. In the SE for nuclei (eq. 2.9), e(R) obtained by solving
the electronic problem (eq. 2.8) serves as an effective potential. Many special

mathematical routines and approximations are needed to solve the SE equation.

2.1.2. Ab-initio methods

The SE for electrons (eq. 2.8) can not be solved analytically for most multi-electron
systems. Approximate solutions were proposed.'!® The Hartree-Fock (HF) method is
the simplest reasonable approach that enables to calculate the molecular energy as

a function of nuclear positions. The N-electron wave function ¥(r, R) is assumed
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in the form of antisymmetrized product of orthonormal one-electron spin orbitals,

called the Slater determinant

1
Ye({x;}) = W

x1(x1) -+ xn(x1)
: g : , (2.10)

1 Gew) - (e

where y(x;) is the spin-orbital of i-th electron defined as a product of a molecular
orbital ¥y(r;) (MO) and a spin function o(s;); x; is a generalized coordinate which
includes a spatial (r;) and spin (s;) coordinate.

Spin orbitals of the electronic ground state are found by applying the variational
principle to minimize the energy E[yHF] = (YHF|H|HF) and the condition of
orthonormality of spin orbitals (¥ |yHF) = 1. The HF approach leads to the set of
N equations for N electrons. Simpler one-particle HF spin-orbitals F are found
together with orbital energies £/F

2 82

N
A h Zy IS
P = =5V = e e+ 2 = Rt = 7w, @
a b =1

2m, 41e

where the Fock operator fHF consists of the electron kinetic energy term, the
one-electron nuclear potential and two-electron Coulomb and exchange operators | f
and I?]

The HF method can be characterized as a one-electron approximation for
solving the general SE (eq. 2.8), since each electron is subjected to the mean field
created by all other electrons. These equations are solved numerically by an expansion

of the MOs into a set of k atomic orbitals ¢, (AO) centered on atoms,

K
Y(ry) = Z Cip Pu i=1,..,N, N<K, (2.12)
u=1
where Cy; are expansion coefficients. This leads to the Roothan equations'!’
K K
Z E,.Cy = eiZ SvuCiy i=1,..,N, v=1,..,K, (2.13)

where F,,, = (¢V|f|q§#) is the Fock matrix and S,,, = (q,'>v|¢ﬂ) is the overlap matrix.

The HF solution is obtained iteratively using the self-consistent field (SCF) approach.
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The usual form of AOs is based on real combinations of electron orbitals
derived for hydrogen-like atoms, which are characterized by three quantum numbers
n, I, m and formed by a product of angular part (spherical harmonic Y;,,) and radial
part R, (r) = P, (r) exp(—a,r), where P,;(r) is the Laguerre polynomial and the
exponential function describes Slater-type atomic orbitals (STOs). However, most
quantum chemistry packages exploit Gaussian-type orbitals (GTOs) given by a linear
combination of several Gaussian functions Y, ¢, exp(—a,r?) instead of STOs.
The accuracy of the expansion in eq. 2.12 and consequently the HF method can be
systematically improved by increasing the size and quality of the used basis set.

The Pople basis set 6-31G is assumed as a starting point. Each electron in the
first shell is described by a contraction of 6 primitive Gaussian functions and each
valence shell is split into the inner and outer part, expanded into three and one primitive
Gaussian function, respectively. We usually used the 6-311++G** basis set!''® with one
more primitive Gaussian function for valence orbitals and extended by the polarization
and diffuse functions as the most advanced and still computationally feasible basis set.
Polarization functions (marked by *) give electrons the ability to respond to an electric
field. The hydrogen and helium basis sets are enhanced by p basis functions and basis
sets of first row atoms by d basis functions. The diffuse functions are important for
anions and weakly bound complexes involving hydrogen bonding or cation-molecule
interactions. A basis set with diffuse functions on heavy atoms and hydrogens is
indicated by ++.

The applicability of the HF approach for quantitative predictions is limited due

to the lack of the correlation energy

E© = E — E"F, (2.14)

where E is the exact Schrodinger ground-state energy and the HF ground-state energy

EHF is obtained as
N 1 N N
T = Z el + Ez Z( PN = Ki|wfF). (2.15)

The HF approach serves as a starting point for more sophisticated correlated
ab-initio methods such as Moller-Plesset perturbation theory (MP),!!® configurational

interaction (CI) and coupled clusters theory (CC).!'¢:!120

23



In the MP approach, the system Hamiltonian is splitted into a part H® of

known exact solution (the HF reference) and a small perturbation AW
H=H0O9 4+ w. (2.16)
We suppose that the energy and wave functions depend on the parameter A as
E=EO® 4 AF® 4 22E@+ (2.17)
W) = [p©@) + Ap®) + 22[p@)+ ., (2.18)

where E© is the energy of the unperturbed system and 1 is its wave function. The
higher energy terms that improve the HF energy are obtained from the

time-independent SE (eq. 2.2), eq. 2.17 and eq. 2.18 as

1 0) |55 0
B = (0 |W]us), (2.19)
||, @\[*
E@ _ Z |<w” |W|lpm >| (2.20)
n (0) o - '
nEm En _Em

Depending on the order of the correction, the MP methods are named as MPx. Usually,
the MP2 method represents an efficient tool for obtaining correlation energy, geometry
or molecular properties.

The CI method uses for the wave function more variously configured Slater
determinants. A limited number of occupied spin orbitals y; is replaced by virtual

orbitals Y% to form single, double, etc., excited determinants )(fjl,’f The full CI

includes infinite expansion and infinite basis set. Usually, the limited CI is used.

The coupled clusters method, especially its variant assuming only single,
double and partially triple excitations of the reference wave function, CCSD(T), is
considered as a computational method providing almost experimental accuracy for
molecular properties.

While the time needed to calculate HF energies is O(N %), the computational
requirements grow rapidly with the increasing level of approximation. The MP2 scales
as O(N®) and often gives results similar to the CCSD scaling as O(N®). The full CI
even exhibits an exponential scaling O(e"). The correlated ab-initio methods are

therefore not often applicable to larger molecules.
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2.1.3. Density functional theory

The density functional theory (DFT)!2!!22 represents an alternative to wave function-
based ab-initio methods. DFT is currently the dominant quantum-chemical approach
for spectroscopy of large molecules as it provides reasonably accurate calculations of
geometry, force fields and intensities. The computational costs is usually comparable
to the HF method (O(N?)- O(N*)). However, the quality of results achieved by DFT is
often much better than HF and corresponds to about MP2.

The idea of describing many-electron systems with one electron density

p(r) = Nf..jIlp(rl,rz..rN)lZdrz..drN (2.21)

depending only on three spatial coordinates instead of electronic wave function

4

Y. (1, R), originates in the works of Thomas,'?® Fermi,'** and Dirac'® from late

1920s. The electron density satisfies following conditions:

[ p(r)dr = N, where N is the number of electrons,

p(r) = 0.

In molecules p(r) exponentially decays for r — oo. (2.22)

The accurate DFT theory applicable to molecular systems was developed in
1960s by Hohenberg, Kohn and Sham.!?%!1?” The electron density p(r) is according to
the Hohenberg—Kohn theorem uniquely related to the one-electron potential v(r).
It can be determined according to the second Hohenberg—Kohn theorem by the

variation of energy in the ground state

8Eg(p) _

2.23
5p (2.23)
The exact form of the ground state energy Ej (p (r)) is unknown. Kohn and

Sham proposed a reference system of non-interacting electrons, which generates the
same density as the system of interacting particles, and formulated Kohn—Sham

equations in a similar way as HF equations (eq. 2.11)

2

st¢Ks _|_ h
l

5 VZ 4+ v (1) [PF° = PP, (2.24)
me
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Kohn—Sham equations correspond to a system of electrons moving in

an effective potential

Vopp (1) = flp( ™t v(r) + vy (1), (2.25)

4me,

where the exchange-correlation functional is obtained as

8p
As the v,rr depends on the orbitals through the density, these equations need

Vxc(r) = (2.26)

to be solved by the SCF approach. A large number of empirically developed DFT
functionals have been proposed.*’ In the simplest case, the Ey is a function of p(r)

(local spin density approximation),'?’

or eventually of density derivatives (e.g. Vp(1);
generalized gradient approximation, GGA). A commonly used GGA functional is
BPWO1, which combines the exchange energy functional of Becke!'?® and the
correlation energy functional of Perdew and Wang.'?’

The performance of GGA functionals may be improved by including the HF
exchange into Eyc. Such hybrid functionals are B3PW91 and B3LYP.!** The B3LYP
functional contains three empirical parameters and consists of the HF exchange energy,
the Becke exchange contribution'?® and the LYP correlation named after its authors,
Lee, Yang and Parr. 13! It is uniquely universal and it has been applied probably in all
major fields of computational chemistry, providing acceptable results in most of the
cases.

The construction of the DFT functionals is not straightforward and there is no
systematic way how to improve them. They are usually “benchmarked” on a set of
molecules to optimize selected parameters, e.g., the total electronic energy,
thermodynamic quantities, electric dipole polarizability or NMR shielding. Therefore,
DFT functionals need to be carefully tested.

Older semi-local or hybrid functionals are not able to describe long-range
dispersion interactions.'3? Their inclusion is extremely important for a correct
description of many biomolecular systems. Grimme therefore proposed an empirical

correction to DFT functionals'??

CAB

B = =50 D Swpi S (Ras), (2.27)

A#B n=6,8..
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where CAB denote the averaged (isotropic) n-order dispersion coefficient for the atom
pair 4B in the R,z distance. Global (functional dependent) scaling factors s,, are used
for particular functional.'** The damping function faamp determines the short-range
behavior of the dispersion correction and several expressions have been
suggested.!*>!13¢ Such an approach with n = 6 and 8 is referred to as DFT-D3 in
Gaussian09, rev.D'*7 and Gaussian16.>! The addition of the dispersion forces to
common DFT functionals significantly enhances their performance for systems with
larger aromatic residues'®® in particular and also for cyclic dipeptides with tryptophan
or tyrosin (publications [IV], [III'] and [IV']) as it provides a better description of
weak interactions.

In addition to DFT, there also exists its time-dependent variant, TD-DFT.!3%140
It enables calculations of excited electronic states and can be used for modeling of UV
and ECD spectra. The system is described by modified Kohn-Sham equations. The

time dependence of electronic density is considered, i.e. electron density p(r,t) is

a function of three space coordinates and time.

2.1.4. Harmonic approximation and anharmonic corrections
2.1.4.1 Nuclear motion and definition of normal modes

The starting point for prediction of molecular vibrational properties is usually the
harmonic approximation. It enables to split the multidimensional SE for nuclei
(eq. 2.9) into a set of independent one-dimensional problems with an analytic solution.
A molecule with N nuclei (with 3N nuclear coordinates) in the lowest point on the

potential energy surface (ground state, £,(R)) is considered. The Taylor expansion of

£4(R) around the equilibrium nuclear positions R Ois

de. (R
e, (R) = £,(R%) + ZZ a‘zgéj ARW

ZZZ 0 (R) AR, ARy g + - (2.28)
"2 0AR; ,0AR g SRR T '

J,K=1 «a =R0

where the first term is a constant and can be eliminated by the appropriate choice of

the zero energy level. Since R is at the minimum of the PES, the first derivatives in
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the second term are equal to zero as well. The second derivatives in the third term are

non-zero. They are also called the force field or force constants (Hessian matrix, FF)

F = M (2.29)
KB = 9AR; 0AR g '

and define the harmonic nuclear motion. With X; = R; ,, where a marks three
Cartesian coordinates of every R, the SE for nuclei (eq. 2.9) can be rewritten as

2 2

3N

~ 1 h= 0

Hyip®,(R) = —|Fix AX; AXy — ———| P, (R) = E,®,(R). 2.
vib g( ) j;lzljk j k MjaAijl g( ) g g( ) ( 30)

This equation can be solved by a linear transformation of the Cartesian

displacement coordinates into normal mode coordinates Q; given by

3N 3N
0= Y st i = 3 st @3
j=1 j=1

where §;; is called S-matrix. It satisfies the condition S'S = 1 (the unit matrix). The
transformed force field is diagonalized S'FS = A, where Ais a diagonal matrix
containing squares of the normal mode frequencies w; (A;; = wi25ij). Then the
resultant vibrational Hamiltonian does not contain any coupling between the normal
mode coordinates. The splitting of the 3N-dimensional SE for nuclei leads to one-

dimensional SEs

h* 9% 1
—76—Q2 + Ewlelzl cDg(Qi) = Eq)g(Qi) (2.32)

where i = 1 .. 3N. The vibrational wave function is a product of 3N individual wave

functions
3N
o,(®) = [ @5 (0) (2:33)
i=1

In fact, for nonlinear molecules, six from the total of 3N eigenvalues w; are
equal to zero, or, due to errors in electronic calculations, close to zero. These modes

correspond to translational and rotational motions.
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The solution of eq. 2.32 is equal to that of the linear harmonic oscillator (HO)
1
Ein = (5+n:) ho, (2.34)

D (©) = AngHy (e, (235)

where n; = 0,1 ... is the quantum number of the normal mode coordinate Q;,
§ = w/hQ;, Ay is anormalization constant and H,, are normalized Hermite

polynomials.'*! The accuracy of vibrational frequencies and normal modes within the

harmonic approximation is determined by the accuracy of computations of the FF.

2.1.4.2 Anharmonic corrections

The harmonic approximation is useful but often overestimates the frequencies
(especially the hydrogen stretching vibrations). The harmonic oscillator potential with
a parabolic shape of the potential well differs from the real one (Fig. 2.1).!*> While the
energy levels of the harmonic oscillator potential are evenly spaced by /Zw, the real
spacing decreases as the energy approaches to the dissociation limit. To get a more
correct potential, higher-order terms of the Taylor expansion (eq. 2.28) may be
included. The vibrational SE (eq. 2.9) is not separable then and evaluation of

anharmonic energies is computationally very demanding.

5 %101
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Fig. 2. 1: Left: comparison of the harmonic and exact (CCSD/cc-pVTZ scan) potential

of the symmetric C-H stretching vibration of formaldehyde. Right: semidiagonal

143

quartic terms Vj;x'* are added in the detail of the energy minimum. Redrawn from '#!.
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1

Various computational schemes,'*! including vibrational self-consistent field

(VSCF),!#4143:146 yibrational configuration interaction (VCI),'"*"1*8149 many-body

) 150,151 52
9

perturbation theory (PT contact transformation,'”? and vibrational coupled
cluster method,'>® can be used. Some of them are analogical to the electronic
approaches discussed in Chapter 2.1.2. Two of these procedures (PT and limited VCI)
implemented within the S4 program!>* were used in project [II] (Chapter 5.2). The
anharmonic analysis via the PT and limited resonance approach is from 2017 available

within the Gaussian16/ program for IR, Raman, VCD and ROA spectra.’”

2.2. Computational implementation

Calculations of spectra consist of several steps (Fig. 2.2). Firstly, a suitable geometry
and the right absolute configuration are chosen (usually the X-ray or NMR structure).
Molecular flexibility should be taken into account and many conformers averaged. The
searching over the conformational space can be done in several ways, described in
Chapter 2.2.1. The proper involvement of the solvent (especially strongly polar
solvents generating hydrogen bonds, e.g. water) into calculations is discussed in

Chapter 2.2.2.

‘ Initial geometry estimation |
l « from X-ray, NMR

—*{ Choice of the computational level ‘

J = functional and basis set, solvation (2.2.2)
Conformer selection

+ systematic PES search / MD, WHAM (2.2.1)

A\ 4

—»‘ Spectral simulation ‘ ‘ Geometry Optimization ]

in internal coordinates
constrained optimization in normal modes

Tuning of [Fre encies
computational qu
parameters » harmonic or anharmonic approximation (2.1.4)

Intensities | ROA (2.2.3), VCD and ECD (2.2.4)

—| Comparison with Experiment] (2.2.5)

Fig. 2. 2: Typical steps required for calculations of chiroptical spectra.
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The calculations of chiroptical spectra are implemented into many computer
programs (e.g. Gaussian,*"!>® Dalton,*> ADF* and CADPAC?*). In equilibrium,
the gradient de;(R)/0AR, , is zero and the Hessian (eq. 2.29) has all eigenvalues
positive. Vibrational simulations are done for the optimized molecular geometry and
involve calculations of vibrational frequencies and spectral intensities. The frequency
estimation is very computer memory and time consuming.

Derivatives of the energy needed for spectroscopic properties can be obtained
by numerical differentiation, but an analytical scheme is usually preferred since it
provides reliable results with a well-defined accuracy.””” Theoretical aspects of
calculations of ROA, VCD and ECD spectra are mentioned in Chapters 2.2.3 and 2.2 4.
The choice of a functional and basis set is also discussed. The transfer of molecular
properties tensors (CCTN)!*%!% from smaller model molecules can be applied for
larger molecules.'®*161:162 Finally, the calculated spectra are compared with the

measured ones and analyzed (Chapter 2.2.5).

2.2.1. Conformational search

Finding suitable geometry is always the first step in calculations of any molecular
property. Most molecules are flexible and can exist in several conformations, which
can have very different chiroptical properties. The total ROA spectrum is a weighted

sum over individual conformers.''*

2.2.1.1. Potential energy surface searching

The most energetically favored conformers can be identified by the PES scan, which
is constructed in relevant molecular coordinates, such as dihedral angles. The
“scanned” coordinates (usually in equidistant increments) are held constant during the
molecular optimization at each PES point, while others can relax. The PES scan is
a powerful tool especially for studies of small molecules with only a few relevant
coordinates (used in publication [III], Chapter 5.3).

Contributions of individual conformers to the final spectrum are obtained using

their Boltzmann weights, e.g. based on sum of the electronic and zero point energy.
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Spectral curve §; for j-th conformer with relative energy AE; is multiplied by the

Boltzmann factor

AEJ'
e kT
Bj = —=5, (2.36)
Zje_ kT

where £ is the Boltzmann constant and 7 is temperature.

Nowadays plenty of programs exist (Spartan,'®> Conflex,'** Hyperchem!¢?)
that generate possible conformations via automated rotation of the atoms/groups
around single bonds and optimize their energies using molecular mechanics force
fields. For molecules containing rings, the conformational flexibility arises not only
from rotation around single bonds but also from puckering of rings. The number of

possible conformations grows rapidly for larger molecules and molecular dynamics

simulations (MD) represent an efficient way of identifying the relevant conformations.

2.2.1.2. Molecular dynamics simulations

The MD method can be used not only to explore the molecular conformations,'® but
it can provide many solute-solvent configurations (snapshots). The simple averaging
of “snapshots’ spectra is usually applied as the energy of conformers is reflected in
their relative fractions. The molecule is allowed to explore all energetically favorable
conformations in a sufficiently long MD simulation.

In MD simulations,'®’ the system evolves in time according to the Newton

equations of motions

¥ = ﬁ,i =1..N, (2.37)
i
where the forces f; acting on the atoms can be derived from an empirical

potential U(r) (Fig. 2.3)

aUu(r)
fi = — ar' , (238)
L
U= Eintra + Einter_ (239)
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The intramolecular (bonding) terms are the harmonic bond potential (the
equilibrium distance is dg;), harmonic bond angle potential around the equilibrium

angle a;, out of plane deviations and torsion angles contributions

Eintra — Z k; (d, — dol)z + z kg (a; — “01)2 + Z koopl Slz

bonds,l angles,l oop,l
+ Z [A1;cos(tq) + Ayc0s(2T1) + Agcos(3t4)]. (2.40)
torsions,l

The intermolecular (non-bonding) interactions include electrostatic, dispersion and

repulsion terms (e.g., Lennard-Jones potential)

N N
pinter — Z 1 a4, Z se () (o) (2.41)
Ate Ty; Y\ 7y ri) | '

i,j=1,i<j U g j=ti<j ]

The parameters (ki, Kai, Koopis Ay, €ij, 0i5) are optimized to reproduce target
properties such as the enthalpy of solvation, the enthalpy of vaporization, dipole
moment, spectroscopic data or electronic structure calculations. The set of these
constants is also called the force field, similarly as the Hessian.

The equations of motion (eq. 2.37) can be solved numerically. The most
common integration algorithm is the Verlet method.'® The initial velocities and
accelerations are set randomly according to the Maxwell-Boltzmann statistics for

desired temperature.

Figure 2.3: Intramolecular and intermolecular energy contributions described by

molecular mechanics. Adapted from ',
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Classical MD simulations may be employed to study systems containing
thousands of atoms in times up to hundreads of nanoseconds, while computationally
more demanding ab-initio MD is limited to much smaller systems and shorter times.
Periodic boundary conditions (PBC) are applied in order to remove surface effects for
a description of a condensed phase. The systems are usually studied at constant
temperature and volume or pressure constrained by additional algorithms, i.e. using
the NVT or NpT ensembles.

When converged results cannot be obtained in a limited simulation time, so
called free energy methods can be applied. They enable better sampling of the
molecular PES. The umbrella sampling method, in which the reaction coordinate is
restrained with a biasing potential V;(¢), usually in the harmonic form, was used in
publication [IV] (Chapter 5.4) to obtain the profile of free energy along the reaction

coordinate &

F(&) = —kgTInP? (&) — V(&) + A, (2.42)

where kg is the Boltzmann constant, T is temperature and P?(§) are the biased
probability distributions, A is a constant.

The protocol consists of a series of simulations sampling different areas of the
reaction coordinate or PES. From each simulation window, biased probability

distributions are obtained as

[ 8[E'(R) — £lePle®+viE®)]gR

by
P’ (&) = fe‘ﬁ[s(R)+Vi(f(R))]dR ’

(2.43)

where €(R) is the energy of the system. The weighted histogram analysis method
(WHAM)'7%17! is used to calculate the unbiased probability distribution P¥ (&) from

a weighted average of unbiased probability distributions Pi” (&) over all windows
n n
PLO) = ) n@PAE, ) pi©=1 (2.44)
i=1 i=1

The weights p; (&) are determined in order to minimize a statistical error made

on the unbiased distribution as

Nie—ﬁ[Vi(f)—Ai]

pi(§) = (2.45)

Y1 Nie_ﬁ[vf(f)_‘qf]’
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where A; corresponds to an additional free energy coming from the bias potential

V;(§¢) and satisfies the relation

e BAi = f PH (&) e PVilD), (2.46)

The equations 2.44 - 2.46 are solved in an iterative way. An overlap between the
neighboring biased probability distributions is required for the determination of these

weights.

2.2.2. Solvent models

Chiroptical spectra reflect not only the molecular structure and conformation but also
the dynamics and interactions with the solvent.!”> An incomplete account of the solvent
effects can cause large errors in simulated spectra and in the subsequent analysis of the
experiment.!”>** When experimental data are obtained for samples in solution, the
influence of the solvent on chiroptical properties can originate from different solvent—
mediated processes, including dielectric effect, hydrogen bonding and aggregation of
the solute molecules (e.g. dimer formation). The solvent can be implicitly treated in
quantum-chemical computations as a continuous medium, or some solvent molecules
can be added into computations “explicitly”.

Models of implicit solvatation are usually successful in case of weakly
interacting solute—solvent systems, such as carbon tetrachloride (CCls) or

)174

dichloromethane solutions. The conductor-like screening model (COSMO)' " is based

on the assumption that the solvent may be represented by a conductor. The polarizable

continuum model (PCM)!"

represents the solvent by a polarizable medium
characterized mainly by its dielectric constant. The cavity for the solute is formed by
spheres centered on each atom and the surface of the cavity is divided into small
regions (called tesserae) on which charges induced by the solute are evaluated. The
conductor-like PCM (CPCM),'7%!'"7 an implementation of COSMO in the PCM
framework, is used in all projects discussed in this thesis.

Polar solvents, such as DMSO or water, generate hydrogen bonds and strongly
interact with the amide groups or polar side chains, which affects the solute’s
conformation, charge distribution and vibrational modes. Additionally, for some

low-frequency modes, it is difficult to separate the solvent and solute spectral signal.!”®
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The use of a hybrid model (explicit solvent molecules for the first solvation shell and
polarizable continuum model for the remaining part of the solvent) seems to be the
best approach to simulate the solvent effects on the VOA spectrum.!”-!8%18! Electronic
spectra are even more problematic since solvent orbitals may participate in solute
electronic transitions.!®? Such methods are computationally more demanding as many
clusters need to be considered.

The clusters can be obtained ad hoc or generated from MD simulations
(Chapter 2.2.1.2).!83 As they can be far from energy minima on the PES, their direct
use for simulations of vibrational spectra would lead to a very large number of
imaginary frequencies and unphysical artifacts in the simulated spectra. Therefore, the
geometry optimization should be carried out prior to calculation of vibrational
frequencies. The clusters can be treated in the layered quantum mechanics/molecular
mechanics (QM/MM)!#+185 approach, where the solute molecule is described by QM,
explicit solvent molecules create the MM part, and the whole system can be enclosed
in a CPCM cavity.

Another possibility is the normal mode optimization (NMO) technique, which
was introduced to vibrational spectroscopy by Bout and Keiderling in 2002.!86-137 The
NMO provides better numerical stability than the optimization in conventional
redundant internal coordinates,!'®® especially for weakly bonded molecular complexes
with noncovalent interactions such as solvent—solute clusters. Spectroscopically
important coordinates (stretching and bending) are allowed to relax without
unnecessary geometry deformation, while low-frequency modes (mostly torsional and
solvent molecules movement) are constrained. The dynamical information obtained

for the clusters from MD is not lost (publication [I]).

2.2.3. Raman optical activity — theoretical aspects

Molecular theory of ROA was introduced by Prof. Barron with Prof. Atkins
(University of Oxford, UK)'® and further developed with Prof. Buckingham
(University of Cambridge, UK).*! The following text represents just a short summary.
Throughout this chapter Greek indices label Cartesian coordinates, Latin indices are
used to number particles (nuclei, electrons), the Einstein summation convention is
assumed for the Greek indices, §4p is the Kronecker delta, and €4p,, is the Levi-Civita

symbol.
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In a “semiclassical® approach, the electromagnetic radiation is described
classically, while molecules interacting with this radiation are described quantum
mechanically. The oscillating electromagnetic field of the incident laser beam induces
oscillating electric and magnetic multipoles in the molecules that are sources of the
scattered light. Whereas the induced electric dipole is sufficient for the description of
the Raman scattering, for ROA it is necessary to go beyond the dipole approximation
and include also the magnetic dipole and electric quadrupole. These induced moments
are defined as

electric dipole

1 aBﬁ 1
U = aaﬁEB + 56 apB ot + 3Aa ﬁyVﬁE +.. (247)
magnetic dipole
1 .
electric quadrupole
9[;), = Aa,ﬁyEa' (249)

where a,p is the electric-dipole—electric-dipole polarizability, G'aﬁ is the electric-
dipole-magnetic-dipole polarizability, A, g, is the electric-dipole—electric-quadrupole

polarizability, and o is the angular frequency of the incident laser beam.
Quantum-mechanical expressions for these three polarizability tensors can be
found from the time-dependent perturbation theory of the second order in the
far-from-resonance approximation,* assuming that the photon energy of the incident
laser beam is far from any molecular transition energy. Then the transition

polarizability tensors needed for computations of Raman/ROA spectra are*

=2 jen 7 " Re((nlaqli)i|ig|n)), (2.50)
Gop = — h; pr — Im((nlaa i) ), (2.51)
Aappy = hE — Re((nla 1|0y ), (252)
j£n
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where n, j and n' denote initial, excited and terminal state of a molecule,
®,, = @; —®, is the angular frequency difference, f,, M, and Qaﬁ are operators of

electric dipole, magnetic dipole and electric quadrupole moments defined as

« = i€ T, (2.53
P €;
a = z Z_Tniea/?y TigPiy, (2.54)
i
.1 ,
Qup =75 )€ (3riatis = 178ap) (2.55)
i

where a particle i has the position vector r;, charge e;, mass m; and momentum p;.

The Placzek’s approximation'®® may be employed for the evaluation of the
polarizability tensors a, G' and 4 for fundamental vibrational transitions (from the |0)
to the first excited state of p-th normal mode |1,)). The nuclear displacements are
expressed in the normal mode coordinates Q; (eq. 2.31). The quantities necessary for

the determination of Raman and ROA intensity are

af = %(aaagf) 0 <aaa5f ) O (2.56)
=35, o), -Gal Gl ) e
oGl = > (aaagj‘) O (2%’?) 0 (2.58)

s =35 (5e)| (52| -Gres) (G| | e
pa) =5[], G | e

where Q;is the normal mode of the i-th vibration. All derivatives are taken at the

molecular equilibrium position, indicated by the subscript 0.
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The Raman and ROA intensity terms'®! can be expressed from these invariants

as

IRAM = I(R) + I(L) = 4K[D,a? + D,B(a)?], (2.61)

[ROA — [(R) — I(L) = % [DsaG' + DyB(G')*+DsB(A)*],  (2.62)

where the coefficients D;_sdepend on both the scattering geometry and used
modulation scheme.!*>!1%3

The same result is obtained for the ICP and SCP scheme in the backscattering
geometry,
IR 24[B(G")* +1/36(4)?]
[RAM c[45a% + 78 (a)?] '

A(180°) = (2.63)

so these measurements are equivalent.

Relative Raman and ROA spectral S(w) profiles are obtained by convoluting
the calculated intensities I*M (eq. 2.61) and IR9* (eq. 2.62) with Lorentzian bands
with the bandwidth A and multiplying by a temperature-correction factor for

T =298 K, so that the spectrum from each mode i can be represented as

s =1[1-ew (-2 LS9 4] @en

where £ is the Boltzmann constant, @ is the frequency of the incident laser beam and
w; 1s the vibrational frequency. Since absolute Raman and ROA intensities are usually
not measured experimentally, the computed spectra are adjusted by one scaling factor.

Calculations of the ®ap) G'aﬁ and A tensor derivatives needed in

apy
eq. 2.56 - 2.60 are very demanding as these are third-order energy derivatives.'** The

first ROA spectrum calculated ab-initio (methylthiirane, HF, 6-31G* basis set)
appeared in 1989!°>1% in the static limit of the iG’(w) tensor.'”” The implementation

of ROA calculations within DFT via the response theory,'*® leading to a large
improvement in accuracy, was done by Ruud in 2002'*? (methyloxirane, a.-pinene and
trans-pinane using the B3LYP functional with the 6-31G,?% 6-31G** and (aug)-cc-
pVDZ2°1:202 basis sets).

Originally, the tensors derivatives were obtained by expensive numerical
differentiation using Cartesian displacements of the nuclei, followed by transformation

to the normal coordinates according to eq. 2.31.!%° Fully analytical implementation
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appeared relatively recently. The early protocol, originated in 2007,2° used
an analytical time-dependent HF alghoritm for calculations of the derivatives of the

G('ZB tensor. An analytical derivative “two-step” procedure (n + 1 algorithm) was

described by Ruud and Thorvaldsen!** and implemented into the Gaussian09 by
Cheeseman and coworkers.?** Frequency dependent ROA and Raman tensors are
computed using magnetic field dependent basis functions (gauge-including atomic
orbitals GIAOs, also called London atomic orbitals).22% The GIAOs orbitals are
obtained by multiplying each atomic basis function by a magnetic field-dependent

phase factor

B514° (1) = exp [ =iz 4; 7] ¢ (), (2.65)

where the vector potential A; = B X R;/2 is located at nucleus A. The introduction
of GIAOs solved the problem that theoretical calculations were origin dependent

(because of the G', 5 tensor) in finite basis sets.”’’

Addition of diffuse functions into calculations of ROA spectra can significantly

208209 a5 the electrons far from nuclei considerably affect

improve predicted spectra
molecular vibrations. The Pople double-{ basis set 6-311++G** can be considered as
a convenient choice.!'® More accurate results (at much higher cost) can be achieved
with the aug-cc-pVTZ?°!2? basis set. Minimalistic basis set rDPS?!?is the 3-21++G
basis set with a semidiffuse p function (exponent 0.2) on hydrogen atoms. It provides
ROA intensity differences close to those obtained using the larger diffuse augmented
triple- basis set aug-cc-pVDZ. It is recommended for calculations of larger
molecules.?!! In addition, the ROA tensor invariants can be computed in the “two-step”
procedure at a different level of theory than the geometry optimization and force field
calculations. The combination of aug(sp)-cc-pVDZ for the ROA tensor invariant and
cc-pVTZ for the force field calculations was suggested for intermediate sized system
and the rDPS//6-31G* combination for large systems.>!

The performance of DFT functionals was also tested.?!'*!3 The B3LYP
functional is widely used in recent computational ROA studies as it provides a well-
balanced model between accuracy and cost. Also the B3PW91 functional performs
well as shown by Danécek et al.>!* in a study where the alanine and proline Raman
and ROA spectra simulated with 25 different DFT functionals are compared to the

experiment, to explore limits of the harmonic approach.
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2.2.4. Circular dichroism — theoretical aspects

Both electronic and vibrational circular dichroism spectroscopy (Fig. 1.3) obeys the
same basic relations. The theoretical description of CD includes subtraction of the
transitions probabilities induced by LCP and RCP radiation. The interaction
Hamiltonian describes electromagnetic perturbation of a molecule exposed to uniform

electric and magnetic fields (E and B, respectively)
H™ = —i-E — - B + higher orders, (2.66)

where [and m are operators of the electric and magnetic dipole moments of the
molecule defined in eq. 2.53 and eq. 2.54, respectively.

The Rosenfeld relation’!> was derived in 1928 for isotropic samples. It
determines the relation between the structure of a molecule and its interaction with CP
radiation. The rotatory strength for a transition between molecular states n and j is

defined as

Rjn = Im[(n| 2] j). (j1mIn)] (2:67)

where (n|]j)) is the electric and (j|7i|n) is the magnetic dipole transition moment.
The scalar product in eq. 2.67 can be either positive or negative, depending on the
relative orientation of the transition moments. The rotatory strength R is related to the

CD intensity Ae (eq. 1.5)

Ae(A)
R = kg fcnbanagTd’L (2.63)
where
3In10c%gyh
= — = —54
R 2N, 7.659x 10

in SI units. ¢ is the speed of light, &, is the permittivity of vacuum, # is the reduced
Planck constant and Ny, is Avogadro's number. '®

The dipole strength of the j—n transition is defined as
Dj, = Re((nlilj). (jli|n)), (2.69)

and 1s always positive. It is related to the integral (area) of an absorption band

e(d) 3In10cegyh
D = kDf ——dA; kp =——=1.022x107%. (2.70)
ABSband A nNA
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For VCD, which refers to molecules in their well-defined electronic ground
states, the transition moments in eq. 2.67 and eq. 2.69 involve vibrational wave
functions instead of electronic ones. The evaluation of the vibrational rotatory strength
was found to be less straightforward than for the electronic rotatory strength, since the
electronic contribution to the magnetic dipole moment vanishes for a vibrational
transition in the B—O approximation. Rigorous theoretical calculations of the VCD
spectra of chiral molecules become feasible after development of the magnetic field
perturbation (MFP)*!'¢ formalism by Prof. Stephens (University of Southern California,
USA) and its first analytical implementation in CADPAC by Amos.?!” An alternate
method is based on the vibronic coupling theory?'® and similarly as MFP describes
perturbation of the ground electronic state wave function by a magnetic field. The
electronic part of the magnetic moment is obtained as the first-order correction to the
B-O wavefunction.

When the electronic part of the transition dipole moment is expressed in normal

modes coordinates and expanded into Taylor series

1 0%u,
G+ EZZ <m>0 QiQj+-+, (271)

the atomic polar tensor (APT) can be defined as

= (5)

where the partial derivative is taken in the equilibrium geometry 0.

%)

0

te(Q1--Qum) = pe(0) + Z(

(2.72)

)
0

The magnetic transition dipole moment can also be expanded in Taylor series

with respect to nuclear momenta and the atomic axial tensor (AAT) is obtained as

om
M* = ( e) ) 2.73
l apl o ( )

where the partial derivative according to the momentum p; instead of the normal mode
coordinate Q; is also taken in the equilibrium geometry 0 and zero velocity.
Then the vibrational rotatory strength (eq. 2.67) of a fundamental transition of

the i-th normal mode can be obtained as
R; = R2Im[P; . M; |, (2.74)
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where Pig = X3 X Pjﬁ Srais Mip = X2 2 Méﬁ Sia,i- The matrix S,,; transforms
normal mode coordinates Q; into Cartesian coordinates, A is the nucleus number, and o
and f are Cartesian coordinates. The AAT tensor generally depends on the choice of
coordinate system origin, which brings another difficulty to practical calculations of
VCD intensities.?!® This has been solved by implementing the gauge-independent
atomic orbitals (GIAOs, eq. 2.65).22° Current VCD calculations usually involve the
MFP formalism, DFT with hybrid functionals like B3LYP or B3PW91 and a GIAO
basis set at the minimal level of 6-31G*.

For ECD, the same relations for the rotatory strength and the dipole strength
are obtained as for VCD (eq. 2.67 and eq. 2.69), but ECD requires rather extensive
computations of excited electronic states. First calculations of rotatory strengths based
on the general linear response formalism appeared in 1995.22! TD-DFT
implementations for ECD and also ORD have been presented by a number of
groups,??>%23:224225 The TD-DFT equations lead to diagonalization of large matrices,
usually solved by the Davidson iterative schemes. The B3LYP functional was found
to be reliable also for ECD computations. Another option is CAM-B3LYP functional,
adapted for asymptotic behavior of the wave function. Larger basis sets than for VCD

are usually needed, e. g. 6-31++G** provides satisfactory results.

2.2.5. Comparison of calculated and experimental spectra

Visual comparison of the simulated and experimental spectra is by far the most
frequent approach, especially for smaller molecules with spectra composed of a few
well-resolved bands. However, for larger molecules with many conformers, or
molecules with multiple stereocenters, accurate visual judgement of the agreement
may be difficult. VCD and ROA and sometimes also ECD spectra contain several
overlapping spectral bands. Therefore correlations between observed and simulated
spectral bands can be biased by personal judgments.

Quite often, the band positions in the calculated and experimental spectra do
not match. Errors appearing in the harmonic calculations are largely systematic.
Different scaling factors for vibrational frequencies obtained at different quantum-
chemical models have been proposed. The method may be remarkably successful.”®

The frequency scaling factors do not modify normal mode compositions or vibrational
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intensities much. However, they enter in the thermodynamic quantities that depend on
vibrational frequencies.

Sometimes, a linear transformation of the vibrational frequencies

w =aw+b (2.75)

is applied to maximize the normalized overlap S¢,**° between calculated f(w") and

experimental spectra g(w)**"*?

[ f@)g(w)dw
g = .
\/ffz(w‘)da)fgz(a))dw

Sy (2.76)

Srg can be adapted as a measure of similarity of the experimental and computed
spectra. For identical spectra, the spectral overlap integral is equal to 1. For spectra
with positive values only (UV, IR, Raman), the overlap integral approaches 0 when the
spectra are different. For spectra with positive and negative bands (ECD, VCD and
ROA), the overlap can be either positive or negative (the overlap Sy, is equal to 1,
when the spectra are opposite). Overlaps over regions, in which the calculated

and measured VOA spectra have the same sign, can be defined as

[, oo f @) g(@)dw

\/ [ goo f2(@)dw [, g% (@)dw

++ _
ng -

and

[, o f@)g(@)dw

Srg = .
\/ff’g<0f2(a)‘)dw ff’g<0 g% ()dw

(2.77)

)229

The enantiomeric similarity index (ESI)~ provides a discrimination between

a chiral molecule and its enantiomer and can be defined as

A=|Zry— 27, (2.78)
) 2 7 T
where 2, = o ro— is a single similarity index
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—+c=t pt—ct—
O] ng +o ng
Ot +pt-

and Xr, = is a single similarity index for the opposite

enantiomer. The weight factors ®**,®~~, ®~* and ®*~ are the sums of the measured

and calculated VOA intensity of a given sign

ot = ff>0f(a)‘)dw + |fg<0g(a))da) , etc. (2.79)

ESI is limited to the interval of O to 1 and a high ESI value indicates a better
agreement with the experimentally measured spectrum. The dimensionless anisotropy
ratio g (eq. 1.6) or CID (A, eq. 1.2) can be used with advantage for the similarity,
instead of individually VCD and IR (or ROA and Raman) spectra.?*°

In IR and VCD spectra, integrated band areas determine the calculated dipole
(eq. 2.70) and rotational strength (eq. 2.68), respectively.??° But the bands have to be
resolved one by one. Overlapping bands can lead to uncertainties.

A decomposition of experimental into simulated spectra of individual

conformers can provide conformer populations,?!->3

Sexp(w) = Z c; Si(w), (2.80)

l

where ¢; = 0 and );; ¢; = 1. The coefficients c; are obtained by minimizing of the

difference function
max N 2
0= f;)min AW [Sexp(@) = i ¢; Si(w))]’, (2.81)

e.g. by scanning the (cyc,..c,) coeficient spacewithin the used spectral range
(Wmin» Wmax)- Unlike usual minimization methods (Lagrange multipliers, singular
value decomposition), the direct scanning allows to satisfy the conditions imposed on
ciin eq. 2.80 without any additional penalty functions. The smoothness of the

coeficient space and uniqueness of the solution can be estimated easily.?*’
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3. Objectives of the thesis

Effects influencing the accuracy of VOA spectra computed by DFT were investigated
in this work. We concentrated on small molecules enabling precise calculations in four

separate projects:

L

A combined explicit/implicit solvation model, in which a “cluster” (a few solvent
molecules around the solute) is embedded in a polarizable continuum, appears
indispensable for an adequate description of vibrational frequencies of molecules with
polar groups. Raman and ROA spectra are often significantly improved.'®?
We investigated the normal mode geometry optimization method!®® applicable for
a partial optimization of such clusters. A suitable frequency limit providing realistic

vibrational band broadening was found (Chapter 5.1).

1L
Most organic compounds provide vibrational spectra in the C-H stretching region
(~2500-3400 cm™), which is well-separated from other molecular vibrations. The C-H

73234 and also to

stretching vibrations are sensitive to molecular stereochemisty,
intermolecular interactions,?*> because molecular surface is mostly formed by C-H
groups. So far, the C-H stretching signal is only rarely used for structural studies due
to multiple difficulties in experiment and modelling.!>!: 214 236238 ROA and VCD
spectra are often weak and prone to artifacts in this region (A ~5 x 107, i.e. close to
the measurement limit). The extension of the ROA measurements up to 3500 cm™!
became possible due to rather recent innovation of the home-built ROA instrument
at Institute of Physics of Charles University.>’

The interpretation of spectra is complicated by the anharmonicity of the
potential energy surface of the C-H stretching motion and overlapping of many C-H
vibrational bands due to similar strength of different C-H groups in a molecule. The
error of the harmonic C-H stretching frequencies from experimental values can reach
up to 150 cm™'.23%237 Therefore, we explored how current computational methods are

able to simulate the VOA spectra in the C-H stretching region and estimated the

benefits of the anharmonic corrections for terpene molecules (Chapter 5.2).
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1.

The tryptophan residue in chiral matrices often exhibits a large optical activity and
provides valuable information about the peptide structure. We were interested in the
interaction of the tryptophan residue with the backbone and other side chain parts of
cyclic dipeptides, as such effects are crucial for developing of ROA and ECD
spectroscopic responses. We wanted to demonstrate the role of the dispersion forces
and different organic solvents for conformer equilibria and dynamics. The structural
information could be obtained, when chiroptical spectroscopies were supported by the

theoretical modelling (Chapter 5.3).

Iv.

The lanthanide-tagged proteins and peptides are increasingly used for investigating
structure, function and dynamics of proteins and other biomolecules.’® However, the
actual lanthanide-peptide interaction and its effect on lanthanide spectroscopic
properties are not fully understood. The europium (Eu) binding to proteins is believed
to be enhanced by the presence of histidine (His), but the strength of the interaction
significantly varies across different systems (length of peptides, pH and position of
His residue in a peptide sequence). Therefore we studied the [Eu(DPA);]~ complex
interacting with a series of histidine-containing peptides. CPL spectra were measured
by arelatively new ,,ROA/CPL*“ methodology.’’ We rationalized the data by
calculations of the binding strength with the aid of MD simulations (Chapter 5.4).
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4. Computational and experimental methods

This chapter provides detailed description of DFT and MD computations (Chapter
4.1), model systems (Chapter 4.2), used chiroptical instruments (ROA, VCD and ECD)

and the measurements (Chapter 4.3).

4.1. Computational methods

The Gaussian09 program'>® was used for DFT calculations. The B3LYP!*? functional
and 6-311++G** basis set was often employed as it was found to provide a reasonable
agreement with experiment. Harmonic IR, VCD, Raman and ROA intensities were
usually computed at the same level of theory as optimized structures. Excitation
frequency of 532 nm was used for backscattered Raman and ROA dynamic
polarizabilities. The effect of solvent was included in all calculations by the implicit
solvation model CPCM. Final vibrational and electronic spectral profiles were
simulated at 298 K using the Lorentzian bands with the bandwidth 4 ~10 cm™!
(eq. 2.64) and Gaussian bands of 15 nm bandwidth (for ECD) as default. The dipole
and rotational strengths for ECD spectra in publication [III] were calculated by the
TD-DFT method. MD simulations in publications [III] and [IV] were performed by

the Amber program package.>**4!

4.1.1. Normal mode geometry optimization method

The lactamide (Fig. 4.1) was chosen in project [I] as a small, flexible and strongly
hydrated compound to investigate the role of the aqueous environment on the Raman

and ROA spektra.
O
HsC
O

OH

Fig. 4.1: (S)-lactamide studied in publication [I].
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100 clusters containing (S)-lactamide and 3-9 hydrogen-bonded waters from
the first hydration shell (closer than 3.6 A to a lactamide atom) were selected as
snapshots from a 48 ps Car-Parrinello MD (CPMD)?*? simulation that provided results
superior to classical MD.!® The NMO method introduced in Chapter 2.2.2 and
implemented as the Fortran program QGRAD?* interfaced to Gaussian, was used for
the partial optimization of these cluster geometries.

The NMO method is based on the harmonic approximation in the vicinity of
an energy minimum (chapter 2.1.4.1). The normal modes coordinates Q; are obtained
from Cartesian displacement coordinations AX; via a linear transformation determined
by the S-matrix (eq. 2.31). The NMO algorithm consists of the following steps. Firstly,
the initial force field F® (eq. 2.29) is estimated and the S-matrix is obtained. Then the

Cartesian gradient ggi) is calculated. In the case that the previous step is available,

Hessian F is updated using the Broyden-Fletcher-Goldfarb-Shann formula?*4-24’

(4.1)

- t . . . t . .
D) _ ) _ <Ag(1) Ag(l) (F(l) cdX® )dx(l) .F(l))

dXx® .Ag(i) dX® - FO . dx®

where Cartesian  displacements dX® = X® — x(=1  and the gradient
differences Ag®W) = ggi) - ggi_l). The actual optimization is performed in normal
modes, using the rational function optimization updating.?*3-2>> New normal mode
displacements are

Aii + /Afl + 4(9(1))2

where Ais a diagonal matrix (A;; = w?s; ;) containing the second derivatives of

dQ(i+1) = _ (4.2)

energy at optimization point i. The updated Cartesian coordinates may be obtained as

XD = xO _ §dQ@U*D . The new Cartesian gradient ggi“) is computed then and
the optimization procedure is repeated until convergence.

This scheme enables a full optimization of the system. In the restricted NMO
adapted in this work, modes with frequencies w; € (Wyin, Wmayx) are kept constant
(dQ; = 0). A lower limit w,,;,= 300i cm™ (imaginary, often treated as negative in
computer codes) was introduced to allow a relaxation of large imaginary frequencies

occasionally exhibited by some CPMD geometries. Seven values of w4, (10, 20, 50,
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100, 200, 300 and 600 cm™) were applied. In addition, raw non-optimized CPMD
snapshots corresponding to infinite w,y,,, were studied.

Raman and ROA spectra were calculated and the water signal (corresponding
polarizability derivatives) was deleted for the 8x100= 800 optimized and raw
geometries. Smoother spectra were generated by summing the 100 cluster signals and
performing a convolution (eq. 2.64) with Lorentzian bands 2 cm™ wide, which were
much narrower than the inhomogeneous broadening. All computations were
performed at the B3LYP/6-311++G** level of theory, using the CPCM model to
simulate the effect of the more distant waters, not explicitly included in the

computations.

4.1.2. Harmonic and anharmonic calculations for terpenes

In publication [II], the Raman, ROA, IR and VCD spectra of a-pinene, fenchone and
camphor (Fig. 4.2) were calculated within the harmonic approximation in order to
investigate various factors that can influence the quality of the computed force fields.
Various DFT functionals (B2PLYP, B3LYP,"*° BPW91, B3PW91,>> CAM-B3LYP,>*
dispersion-corrected variants'*> 2> B3LYP-D, B3PW91-D), HF, MP2!"® and hybrid
electronic approaches (mPW2PLYP?*® and mPW2PLYP-D) were tested for
(1R)-(-)-fenchone. Different basis sets (6-31G, D95, 6-31G*, TZV, 6-31+G*,
6-31G**, D95** TZVP, 6-31++G**, DI95S++** 6-311++G**, cc-pVTZ and
aug-cc-pVTZ) were also tested.

_ CHs HsC_ CHs
HsC CHs
HsC CHs HiC
(1R)-(=)-fenchone HsC
(1,3,3-trimethylbicyclo[2.2.1]heptan-2-one) O
(1R)-(+)-camphor

(2.6,6-trimethylbicyclo[3.1.1]hept-2-ene) (1,7.7-trimethylbicyclo [2.2.1]heptan-2-one)

(1R)-(+)-a-pinene

Fig. 4.2: Studied molecules of terpenes: (1R)-(+)- a-pinene, (1R)-(-)-fenchone and
(1R)-(+)-camphor.

The solvent influence was estimated for (1R)-(+)-camphor at the
B3LYP/6-311++G** level. Nine different solvents of a broad scale of relative

dielectric constants &, were used in the CPCM dielectric model.>*® The experimental
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conditions were mimicked by & = 2.23 (camphor solution in CCly), & = 2.69 (neat
a-pinene, using Gaussian parameters for pentanoic acid) and .= 12.51 (neat fenchone,
using Gaussian parameters for 1-hexanol).

In order to add anharmonic corrections to vibrational energies and spectral
intensities, a limited Taylor expansion (up to the fourth order) of the vibrational

potential was used, where the anharmonic part was given as

LU L
W(Q1..Qu) = gzzz CijrQ; Q;Qx +ﬁzzzzdijkl Q; Q;QrQ, (4.3)

i=1 j=1k=1 i=1 j=1k=1i=1

All cubic c;j and semidiagonal quartic constants d;;;; were obtained by
atwo-step numerical differentiation of the second energy derivatives. The
differentiation was performed in dimensionless**’ normal mode coordinates g; with
astep of Aq; = AQ;x1000/w;, where AQ; = 0.05 atomic units, and the harmonic
frequency o; is in cm™'. The variable step size prevents too small displacements for the
lowest-frequency modes.?*8

The mPW2PLYP/CPCM/6-311++G** method was used for the force field,
which allows for both the harmonic and anharmonic force field term calculations
in a reasonable time in a consistent way. As computations of the ROA intensity tensors
are not implemented within mPW2PLYP, they were calculated at the DFT
B3LYP/6-311++G**/CPCM level. Previous experience suggests that the error
associated with such simplification would be very small.!?* 19210

The second order vibrational perturbation theory (PT2) and limited vibrational
configuration interaction (LVCI) schemes were used.!>! The PT2 treats cubic and
quartic terms in eq. 4.3 as a perturbation with respect to the harmonic solution (these
terms are small in terms of their influence on the energies of interest). The harmonic

vibrational energy for each state n, E,,, is corrected by adding a first-order term
1
ET(l ) = Wan (4.4)

(cf. electronic variant in eq. 2.19) and by a second-order term, inspired by an electronic

correction (eq. 2.20)

E® = z A (4.5)

m+n
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where 4,,, = (Em —-E, + J(Em —-E)?+ 4Wmn2) /2, (4.6)

and the ,,+* sign holds for E,, > E,, the ,,- sign for E,, < E,,, and W,,,, = (n|W|m).
This form was proposed to avoid numerical unstability due to random degeneracies.>*

Similarly, the PT2 wave function was considered as

V= Vn— ) AmaWik 47

where ,,1s the unperturbed state.

The spectral properties (electric dipole moment u for IR, and a,, G, A tensors
for Raman and ROA intensities) were also considered to be dependent on the
coordinates to the second order (eq. 2.71). For VCD, the dependence of the magnetic

dipole moment on the coordinates and momenta I1; was also used
1
m =m, +ZALL- I; +§Z Az (;Q; + Q;11;), (4.8)
i ij

where A, ; is the axial tensor. The derivatives with respect to momenta, A, ;;, could be
treated within the MFP theory in the same way.

In the LVCI, the vibrational wave function was expressed as a linear
combination of harmonic oscilator wave functions , @, = ¢ Cfg Yy. Several criteria

were employed to limit the number of HO basis functions: !¢

1. the lowest-frequency normal modes (e.g. 1..36) were not excited,

2. only states (f) obliging Wp, > CllEn - Ef| were included, where c; is
an interaction parameter, and # is a ground or fundamental state,

3. a second set of HO basis functions (f°) obliging Wr s > C2|Ef‘ - Ef| was
added, interacting with the already chosen basis,

4. Hamiltonian elements with too energy-separated states |Hl- j| < 10"4|Ei - Ej|
were excluded as well.

The parameters were tested (Fig. 5.9) and set by default to 31 or 36 fixed
modes, ¢; =0.002, ¢, = 0.1, which led to a high, but still affordable calculation time
(~10° CPU hours). States with a maximum of five excitations were considered,
because the FF was expanded up to the quartic terms. The coefficients Cf and
associated energies E, were obtained from the Hamiltonian matrix by the Mitin’s

version?®! of the Davidson?®? diagonalization procedure. Our implementation'>! within
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the S4 program'>* allowed a fast diagonalization of a very large vibrational
Hamiltonian matrix (~10° basis states) and a consistent spectra generation
in a “double-anharmonic” approximation, where the energy and intensity tensor
derivatives were evaluated up to the fourth and second order, respectively. Details

about the diagonalization algorithm can be found in publication [II].

4.1.3. Cyclic dipeptides with tryptophan

In publication [III], the lowest-energy conformations of selected cyclic dipeptides with
tryptophan (Fig. 4.3) were obtained by geometry optimization at the
B3LYP/CPCM/6-311++G** level as default. For some tests, the aug-cc-pVTZ basis
set and MP2,!'" mPW2PLYP,>>> B3PW91,%? and BPW91!?® methods were used. The
CPCM solvent model'”> was used with acetonitrile (AcCN, & = 36), chloroform
(CHCls, &:=4.7), 2,2,2-trifluoroethanol (TFE, &= 27), methanol (CH30H, &= 33) and
dimethylsulfoxid (DMSO, &= 47) parameters. The solvent variations, however, had
only a minor effect on the resultant spectra and relative conformer energies (see Fig. S1
in publication [III]). Only the ¢, value for DMSO was used with both the normal
B3LYP and dispersion-corrected B3LYP-D'3>293265 functional for calculations of
other molecules.

A two-dimensional scan was performed for c-(L-Ala-L-Ala) to construct the
PES of the inner ring. Torsion angles ¢ and y (Fig. 4.3) were scanned in range
from -50° to 50° with a step of 5°. For the other dipeptides only a relaxed 1D scan
along the gp-angle was performed because of the relatively simple ,,single-valley* PES

that resulted from the scan (Fig. 5.10).

R peptide
H c-(L-Trp-Gly)
-CH3 c-(L-Trp-L- Ala)
CH,CH(CHs)2 c-IL-Trp-L-Leu)
-(CH2)3CH3 ¢-(L-Trp-L-nLeu)
q : -
- : c-(L-Trp-L-Trp)

Figure 4.3: Cyclic dipeptides c-(L-Trp-X), where X=Gly, L-Ala, L-Leu, L-nLeu,
L-Trp and L-Pro, with characteristic torsional angles. Adapted from publication [III].
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The tryptophan side chain conformation was investigated for c-(L-Trp-L-Trp)
by a scan along torsion angles y1and y», from -180° to 165° with 15° increments, other
coordinates were allowed to relax. This revealed four minima; the angle yi favors
values around -60° and 60°, and y» prefers -90° and 90° (Fig. 4.4, left).

Based on these scans, c-(L-Trp-Gly), c-(L-Trp-L-Ala), c-(L-Trp-L-Trp),
c-(L-Trp-L-Leu) and c-(L-Trp-L-Pro) dipeptide geometries were generated with
starting values y1 of about -60°, 60° and 180°, y>~ -90° and 90° (these conformations
are depicted in Fig. 4.4) together with two possible ring conformations, ¢ ~ -25° and
25°. The conformation of the second side chain in c-(L-Trp-L-Trp), c-(L-Trp-L-Leu)
and c-(L-Trp-L-Pro) was also investigated systematically: for Leu, the yi ’ and y»’

torsion angles were set at -60°, 60° or 180°, similarly we used the S and N

178, 264-266

conformations of the proline five-member ring.
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Figure 4.4: Left: 2D potential energy scan of c-(L-Trp-L-Trp) as a function of two
torsion angles (1, y2; see Fig. 4.3), calculated at the B3LYP/CPCM/6-311G** level.
Right: Conformational classes (A-F) of the tryptophan-containing dipeptides. The
canonical angles (y1, y2) are A (-60°, 90°), B (-60°, -90°), C (60°, 90°), D (60°, -90°),
E (180°, 90°) and F (180°, -90°).

MD simulations with the Amber10 program package**! using the Amber99
force field were done for c-(L-Trp-L-Trp) and c-(L-Trp-L-Pro) in water, CH30H,
DMSO and CHCIs. Force fields for DMSO and CHCI; were obtained from the
extended Amber database (http://www.pharmacy.manchester.ac.uk/bryce/amber).

Missing force field parameters for the cyclic dipeptide ring were derived from
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a HF/6-31G* calculation by the Gaussian09 program,'*® using the “POP=MK”
keyword. The solute molecule was surrounded by solvent molecules up to the distance
8-14 A. A four-step equilibration®®’ was carried out, followed by a 50 ns (100 ns for
c-(L-Trp-L-Trp) in water) production run, using NpT ensembles and 1 fs integration
time. Snapshots were taken each 5 ps and the relative conformer populations were
found as dependent on the angles y1 and 2. The population error was estimated as

20% from three independent MD runs for c-(L-Trp-L-Trp).

4.1.4. Interaction of the [Eu(DPA)3| complex with histidine-peptides

The interaction of seven histidine-containing peptides (Fig. 4.5) with the [Eu(DPA);]*
complex in aqueous solutions was investigated using the Amber14?*" program
package. Initial [Eu(DPA);]? complex geometries were obtained using the Gaussian09
program'*® adapting the B3LYP/6-311++G**/CPCM (MWB28 pseudopotential and
basis set for Eu).

To model mild acidic conditions (pH ~ 4, corresponding to most experiments),
the histidine aromatic ring and the amine group were protonated (-NH3"), and the
carboxyl group was deprotonated (-COO"). For lower pH (< 2) the carboxyl group
(-COOH) was protonated as well. For His-(Gly), neutral and basic forms were
investigated as zwitterionic and deprotonated peptides. For other peptides only
structures corresponding to acidic conditions (pH < 2 and pH ~ 4, with peptide’s
charges of +2 and +1, respectively) were investigated.

The peptides were inserted into a cubic (30 A)® box containing 880 water
molecules and one [Eu(DPA);]* ion in the A or A conformation, initially separated
from the peptide by ~ 12 A. MD simulations were run for NV'T ensembles using 1 fs
integration step, temperature of 300 K, GAFF?®® (DPA ligands), Amber14SB>% (His
and Gly) and TIP3P627° (water) force fields. After an equilibration (1 ns), constrained
MD simulations were run for 8 ns. A harmonic penalty function (restraint constant of
4 kcal-A2:mol!) was put on the distance » between Eu of the complex and C* of His,
which was changed from 12 to 9 A in 1 A increments and from 9to 4 A in 0.5 A
increments. The potential of the mean force F(r) was calculated from individual
distance distributions using the weighted histogram analysis method (WHAM)?"1-272
and the Amber14 scripts. The complex formation profiles thus could be correlated with

the CPL intensity.

55


https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Carboxyl
https://en.wikipedia.org/wiki/Carboxyl

a

A
_ —3-
- o MNH
(] (]
o N=\
Q M
+ ﬂr\u— Hall \/U\ I/I\/N”

HaM \-)Lr\ . 3 N =

¥ H

Gly-His Gly-His-Glv

Hh'

i AL ﬁﬁﬁ

e

Gly.Gly-His NH

Q
-
+ a + o - + u H
Hah H3M o HsM N\_)L -
: H 3 H ": o
M - N N 'E
'_
o (=]
o o
S W NS

His-Gly-Gly e (2w Colv el
W M ¥\t \\x‘_-—l\H His-Gly-Gly-Gly

Figure 4.5: Structure of the [Eu(DPA);]*" complex and investigated model peptides.

Effective relative binding strengths (s) were evaluated as equilibrium ratios of
the numbers of bonded ((Ng, » <10 A) and free (Ng, » >10 A) Eu complexes for each

simulation as

(4.9)

4.2. Studied compounds

The samples from publications [I] (Fig. 4.1) and [II] (Fig. 4.2) were purchased from
Sigma-Aldrich. All commercial reagents were of high purity or analytical grade and
were used without further refinement. Lactamide was dissolved in deionized water,
a-pinene and fenchone were used neat and camphor was dissolved in CCly solution to
0.2 M concentration.

The cyclic dipeptides with tryptophan for project [III] (Fig. 4.3) were
synthetized at IOCB by dr. Jaroslav Sebestik and Martin Safaiik as described in
publication [III]. A relatively wide range of solvents had to be used for the
experimental ECD, VCD, ROA and NMR spectroscopy due to limited solubilities of
the various cyclic dipeptides (Table 1 in publication [III]).
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Short peptides with histidine (His-Gly, His-Gly-Gly, His-Gly-Gly-Gly,
Gly-His, Gly-His-Gly, His-His and Gly-Gly-His; Fig. 4.5), which were studied
in publication [IV], were synthetized by the Fmoc/tBu strategy on 2-chlorotrityl resin
at IOCB by Eva Brichtovd, Nikola Vrskova and dr. Jaroslav Sebestik. The
Naz[Eu(DPA);] (DPA = dipicolinate = 2,6-pyridinedicarboxylate) complex was
obtained by a reaction of europium(III) carbonate and pyridine-2,6-dicarboxylic acid

(1:3 molar ratio) in water.

4.3. Experimental methods

The measurements were performed at different locations on various instruments (two

ROA, three VCD and one ECD) as described in following chapters.

4.3.1. ROA experiment

Measurements of Raman and ROA backscattering spectra for projects [I], [III] and
[TV] were performed on a commercial ROA spectrometer ChiralRAMAN-2X™
(BioTools, Inc., USA),>** located at IOCB. It is based on the SCP backscattering
scheme described in Chapter 1.2.1. It uses 2 W diode-pumped solid state laser
operating at 532 nm (OPUS 532). It covers the spectral range of —10 — 2430 cm™!. The
replacement of the originally implemented notch filter (SuperNotch-Plus™, Kaiser
Optical Systems, Inc.) to edge filter (532-nm RazorEdge, LP03-532RE-25, Semrock,
Inc.) enabled blocking Rayleigh line more efficiently and allowed measurements down
to ~100 cm™!. The spectral resolution of the spectrometer is ~7 cm™!. Raman spectra of
toluene (eventually neon lamp) were used for wavenumber scale calibration.

Raman and ROA spectra of lactamide in aqueous solution for publication [I]
were measured with the accumulation time 12 h, laser power at the laser head 360 mW
and concentration 100 mg/ml.'%?

Raman and ROA spectra of both enantiomers of c-(Trp-Trp) and c-(Trp-Gly)
in DMSO (concentrations were 50-100 mg/ml) were analyzed in publication [IIT]. The
total acquisition time was about 20 h for each sample. The laser power was set to
50-100 mW, and power at the sample was 30-60 mW. Higher powers would cause
a faster degradation of the samples. Residual fluorescence was quenched by leaving
the sample in the laser beam for a few hours. ROA spectra from two or three

independent measurements were averaged.
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In publication [IV], the SCP ROA spectrometer was used to detect the total
luminescence (TL) and CPL spectra (Chapter 1.2.3). Raman and ROA spectra
(dominated by Eu TL and CPL) were acquired by dr. Tao Wu and Eva Brichtova for
complexes of [Eu(DPA)s]? (concentration 4mM) with His-containing peptides
(Fig. 4.4, concentrations 20 mM or 440 mM for titrations). The accumulation times
were one (for solutions at pH = 4), eight (pH = 7) and twelve (pH=10) hours. The laser
power at the sample was 150—400 mW. pH was adjusted by 0.1 M HC1 or NaOH. In the
presented spectra the intensities were normalized to the 1650 cm™ band, and a broad
fluorescence background coming from sample impurities was substracted from the
Raman signal.

ROA spectra of a-pinene, fenchone and 0.2 M camphor in CCls solution
covering the whole region of fundamental molecular vibrations (~100-3400 cm™)?*’
were measured by dr. Vaclav Profant on the home-built ROA instrument at Institute of
Physics of Charles University in Prague®’*!*? for publication [II]. This instrument
follows the original ICP backscattering concept of ROA instrumentation as it was
suggested by Prof. Barron's group in Glasgow, UK.’ Polarization of the incident beam
is modulated between RCP and LCP states using electro-optic modulator consisting of
a longitudinal Pockels cell with a potassium dideuterium phosphate crystal. The
excitation source is an argon laser (Coherent, Innova 305, 514.5 nm). The elastic
Rayleigh scattering is suppressed by high efficient notch filter. A fast stigmatic
spectrograph HoloSpec HS-1/1.4 (Kaiser Optical Systems) is used.

The extension of spectral region to higher wavenumbers was allowed by
a combination of three interchangeable holographic transmission gratings:
HSG-514.5-LF (-250-2370 cm™), HSG-532-LF (580-3070 cm™") and HSG-514.5-HF
(2270-4510 cm™) and an independent intensity correction using a fluorescence
standard (National Institute of Standards and Technology, USA).?” Spectral resolution
of the spectrometer combining the gratings with the used CCD array (nitrogen-cooled
CCD detector from Roper Scientific contains 1340 x 100 pixels) was nearly uniform
(~7 em™). A neon-lamp standard was used for the calibration of wavenumber scale.
The total acquisition time was about 20 h for each sample and grating, the laser power
was set to 500 mW. Raw ROA spectra were processed by Fourier filtration to suppress
quasiperiodic high-frequency CCD signal. The measurement of both enantiomers was

particularly important for the C-H stretching signal, where the CID ratio A ~5 x 107,
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All measurements were performed in low-volume quartz cells with
antireflectively coated windows (Starna Scientific Ltd; ~60 ul, 4 x 3 mm) at room
temperature (293 K). For Raman spectra, the solvent signal was subtracted and the

baseline was slightly straightened by a polynomial fit (using the sc95 program?’#). For

ROA spectra, the noise level was reduced (by v2) by measuring and averaging both
enantiomers [ROA=(L-D)/2]. An occasional minor baseline arrangement was done.
The experimental spectra were corrected for the instrument response, i.e. the relative

intensity correction.®’

4.3.2. VCD experiment

VCD measurements of terpenes in publication [II] were performed by Prof. Marie
Urbanovéa and Pavlina Novotna at the Institute of Chemical Technology in Prague with
two FT spectrometers designed for different spectral regions.

Measurements in the mid-IR region (800-1800 cm™') were performed by
a commercial FTIR IFS 66/S spectrometer equipped with a PMA 37 VCD/IRRAS
module (Bruker, Germany). The setup included BaF; polarizer, ZnSe PEM (Hinds
Instruments, Inc.), HgCdTe (MCT) detector (InfraRed Associates, Inc.) and a lock-in
amplifier SR830 (Stanford Research Systems, Inc.). The measurement of C-H
stretching vibrations (2000-3800 cm™) was provided by the Tensor 27 FTIR
spectrometer equipped with VCD/IRRAS module PMA 50 (Bruker, Germany). The
instrument is equipped with BaF» polarizer, ZnSe PEM (Hinds Instruments, Inc.),
LN-InSb detector D4143/6 (InfraRed Associates, Inc.) and a lock-in amplifier SR830
(Stanford Research Systems, Inc.).

The samples were placed in a demountable cell (A145, Bruker, Germany)
composed of KBr or CaF, windows separated by a 6, 50, or 100 mm Teflon spacer
with a spectral resolution of 4 or 8 cm™!, and averages of 6 - 16 blocks of 3686 scans
were used. The experimental conditions for all compounds and spectral ranges are
summarized in Table S1 in publication [II].

For project [III], VCD spectra of the D- and L- forms of c-(Trp-Gly), c-(Trp-
Trp) and c-(Trp-Pro) in DMSO and eventually AcCN were measured at Department of
Chemistry at University of Illinois at Chicago, USA. A homemade dispersive VCD
instrument was used.?’>?’® It consists of a 0.3 m monochromator (Acton Research,

SpectraPro 23001), Carbon-Rod source (a high black-body temperature ~2500 K) and
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a narrow band liquid-nitrogen-cooled MCT detector (Infrared Assoc.). The
corresponding IR spectra were recorded on the same samples using a Vertex 80 FTIR
(Bruker) spectrometer. Samples were prepared by dissolving the peptides in DMSO or
AcCN to a concentration of about 10 mg/ml, and placing them into a cell composed of
two CaF> windows separated by a 100 mm spacer. Spectra were obtained as averages
of 6 scans.

In both publications, the VCD spectra are presented as the difference
of enantiomers [(L-D)/2]. Similarly, IR spectra are presented as their sum [(L+D)/2]

with the IR baseline corrected by subtraction of the solvent.

4.3.3. ECD experiment

ECD spectra of cyclic dipeptides for publication [III] were measured using a Jasco
J-810 spectropolarimeter located at Department of Chemistry at University of Illinois
at Chicago, USA. This spectropolarimeter, operating in the interval 163-900 nm, is
a hybrid instrument consisting of a variable wavelength polarimeter and absorption
spectrophotometer. Samples were measured in 0.1 cm path length quartz cells, using
concentrations of about 0.2 M in AcCN or TFE. c-(Trp-Gly) was not sufficiently
soluble under these conditions. Each spectrum was obtained as an average of 6 scans
taken with a band pass of 1 nm and scanning speed of 50 nm'min’'. The concentration
was determined by the Trp UV absorption in order to express the experimental spectra

in Ae (L'mol-cm™).
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5. Results and discussion

5.1. Normal mode geometry optimization and vibrational

broadening

Raw cluster geometries (based on MD simulations) provided too wide vibrational
bands and unrealistic geometry dispersion of the higher-frequency motions.'®* This
may be primarily caused by the coupling of vibrational modes and anharmonic force
field terms as we have shown in publication [I] on a simplified two-dimensional
model. However, the clusters could not be optimized completely, to avoid collapse to
an energy minimum.

Therefore, the normal mode optimization method,'® which is controlled by
a sole parameter, the maximal harmonic normal mode frequency (W4 ), Was used to
obtain a more realistic vibrational band broadening for clusters of (S)-lactamide with
a few water molecules. This parameter has been used on an empirical basis so far. In
this work, the choice of w,,,, Was rationalized by its effect on resulting bandwidths.

Raman and ROA spectra simulated with different w;,,, are compared in
Fig. 5.1. Raw non-optimized clusters are unusable for a detailed assignment of the
lactamide bands as they overestimate the broadening and provide quite unrealistic
spectral shapes. The partial optimization of cluster geometries lead to a radical
improvement. For w4, = 600 cm™ the bands are still too broad, and no improvement
is apparent in the region below 600 cm™. Most of the Raman and ROA intensity
features are well developed for w,,q, =200 cm™, and the bandwidths are realistic
within the entire wavenumber region. For wy,g, =20 cm™ individual bands can be
recognized as well, but most bandwidths become too narrow if compared to the
experiment.

The experimental bandwidths for three non-overlapping Raman bands with
central frequencies at 528, 813 and 920 cm™ were compared to the theoretical
bandwidths, which were obtained from the simulated spectra by fitting with Lorentzian
bands (Fig. 5.2). An optimal w,,,, can be estimated at least approximately from the
crossing of the simulated bandwidth curve with the experimental line, ranging from

Wimax ~200 cm™ (for the 528 cm™! band) to ~500 cm™ (813 cm™ band).
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Figure 5.1: Comparison of backscattered Raman (left, /z + /1) and ROA (right, Iz - I1)
spectra of (S)-lactamide dissolved in water (bottom) with an average of 100 spectra
calculated for CPMD clusters, which were partially optimized with different values of

Wmax- Adapted from publication [I].
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Figure 5.2: Simulated (S)-lactamide Raman bandwidths (Aw) as calculated for seven
values of w,,q, for the bending (528 cm™), NH, wagging (813 cm™) and C-C/C-O
stretching (920 cm™!) vibrational modes. Experimental bandwidths are indicated by the

horizontal lines. Adapted from publication [I].
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The changes of molecular coordinates occurring during the NMO with different
values of w4, Were also monitored (Fig. 5.3). The OH rotation is associated with the
shallowest potential, and thus remains fixed for most of w,,,4,. The rotation is released
for wa, < 100 cm’!, when the change increases steeply. The w angle responds more
gradually, but it is starting to change already for w,,q, <300 cm™. The CHj rotation
exhibits the most developed sigmoidal "melting" pattern with a transition frequency at

about 250 cm™!.
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Figure 5.3: The average absolute changes of three (S)-lactamide torsional angles
during the optimization, as obtained from 100 CPMD clusters for seven values of
Wmax- The angles yon = Z(C-0COH), w= Z(NCCC) and ycu3 = Z(CCCH) are

indicated in the randomly chosen snapshot. Adapted from publication [I].

We thus suggested that the empirical procedure of partial NMO provides
an efficient means of modeling vibrational properties of molecules in solutions.
An optimal w,, 4, value is within 200...300 cm™. The spectral profiles (Fig. 5.1)
change very slowly with w;,,,; thus in a wide interval around the optimal value

the spectra can be simulated realistically enough to allow for the normal mode
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assignment and estimation of most of the solvent inhomogeneous normal mode
broadening.

In order to average the signal however, a relatively large number of MD
geometries needs to be considered. A parallel variable selection of MD clusters was
proposed by Kessler et al. in 2013.%”7 The mass, charge, or atomic density MD
distributions were used as a secondary variable to preselect the most probable cluster
geometries used for averaging of solute spectral properties. About 10 times fewer
clusters of (S)-lactamide with waters were needed to provide the same accuracy as the
plain averaging. Since then, the partial NMO was applied in our group to clusters of
aminoacids,?’® Ala-Ala dimer®*® and monosaccharides in water,®” and also for clusters
of benzene with methane.?’” The threshold was set to the upper suggested limit
(Wmax = 300 cm™), because the CPU time needed for the partial NMO increases with

the lowering of w,qx-
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5.2.  VOA spectra in the C-H stretching region

In publication [II], the ability of several harmonic and anharmonic computational
approaches to describe strongly anharmonic vibrations in the C-H stretching region
(2500-3400 cm™) was studied for three terpene molecules (camphor, fenchone and
o-pinene; Fig. 4.1). Four spectroscopic methods (Raman, ROA, IR and VCD) were
examined to avoid accidental agreement/disagreement between measured and
calculated spectra.

Firstly, we explored how the harmonic aproximation is able to describe C-H
stretching vibrations. The solvent dependence was tested for camphor (Fig. 5.4).
Increasing the solvent polarity mostly causes downshift of the lower-frequency modes.
Positions of the C-H bands change in both directions, occasionally also their ordering
is changed. The spectral intensities are even more dependent on the solvent variations
than frequencies, for all the Raman, ROA, IR and VCD spectral types.

The 6-311++G** basis set was chosen as default as it provided similar results
as the more computationally demanding ones, e.g. aug-cc-pVTZ (for a detailed

analysis made for fenchone see Fig. 5 in publication [II]).
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Figure 5.4: Solvent dependence of the calculated (B3LYP/6-311++G**/CPCM)
(1R)-(+)-camphor Raman, ROA, IR and VCD spectra. Adapted from publication [II].
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The computational reliability for frequencies was tested for fenchone. Errors
of C-H stretching frequencies calculated at 14 electronic computational levels were
compared to the experiment (Fig. 5.5). Although the harmonic approaches (1-12)
approximately reproduce the experimental spectral patterns, they overestimate the C-H
stretching frequencies.”” 2% The average frequency error ((v) — (Veyp)) is ~260 cm’!
for the HF method and ~70-160 cm™ for different DFT functionals with a negligible
influence of a dispersion correction. This large deviation from experiment could be
improved only by the PT2 and LVCI anharmonic corrections (13-14, included at the
mPW2PLYP level) giving the average errors 35 and 5cm’, respectively. The
remaining frequency error of the LVCI computation is most probably given by the
limited Taylor expansion of the potential and errors of the electronic quantum-

chemical and LVCI approaches.
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Figure 5.5: Average harmonic (HF...BPWO1, 1-12) and anharmonic (PT2 and LVCI,
for the mPW2PLYP force field, 13-14) frequency errors for fenchone compared to the
experiment. Adapted from publication [II].

The behavior of the harmonic, PT2 and LVCI computational method is
documented in Fig. 5.6 for a-pinene, which is the smallest of the three studied
molecules. The harmonic spectra are close to the experiment at the lower-frequency
region (1350-1770 cm™). This region comprising of mostly the C-H bending modes is
traditionally considered as harmonic. Still, it significantly benefites from the
anharmonic computations. For example, mode number 24 is shifted from the harmonic
position at 1492 cm™ to 1418 cm™, which is closer to the experiment (1434 cm™).
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Only the C=C stretching band (mode number 17) is rather indifferent to anharmonicity
corrections.

In the C-H stretching region, reasonable vibrational frequencies were obtained
within PT2, but with significant errors in ROA and VCD intensities. It has been shown
previously that the PT2 may not be sufficient to treat all anharmonicities, especially

for the VOA, and should be replaced by the more universal VCI.?*
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Figure 5.6: ROA, VCD, Raman and IR spectra of (1R)-(+)-o-pinene calculated at the
(A) harmonic, (B) PT2 and (C) LVCI (36 modes fixed, ¢; = 0.002, c2 = 0.1, 749398
HO states) approximation levels, and (D) experiment, in a low (1350-1770 cm™) and
C-H stretching (2700-3200 cm™') frequency regions. Redrawn from publication [II]

with an added normalization of Raman and ROA spectral intensities.>’
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The limited VCI computation'>! with a limited coupling between the lower-
and higher-frequency motions (provided by a parameter c,) was the most consistent
with experiment, both in frequencies and intensity profiles. The LVCI Raman and IR
spectra became narrower and dominated by the central signal (mode number 11, ~2922
cm! for Raman) in comparison with the harmonic and PT2 profiles. Most simulated
and experimental bands could be linked to each other (Table 5.1 for an assignment).

For ROA spectra of a-pinene, the relatively strong negative signal observed
at 2885 cm! and the positive band measured at 2922 cm™! are calculated by LVCI
at approximately same positions. Around 2951 cm™!, however, the negative ROA
signal (associated with the mode number 6) calculated by the LVCI is not observed in
the experiment. For VCD, the behavior of the LVCI simulation is similar as for ROA,
with the largest discrepancy around 2935 cm™!, where a negative measured signal does

not correspond to a positive LVCI signal (mode number 8).

Table 5.1: Calculated (mPW2PLYP/6-311++G**/CPCM level) C-H stretching normal

modes for a-pinene. “ Adapted from publication [II].

mode 1 2 3 4 5 6 7 8
wavenumber (cm™) | 3175 3162 3156 3140 3132 3109 3102 3096
, : : lip
assignment 1* 3ip I 3 3 opl 3 3ip3 3op3 )
lip2
mode 9 10 11 12 13 14 15 16
wavenumber (cm™) | 3090 3087 3078 3056 3051 3045 3040 3030
lopl [lop 2* ip
assignment ) B 3ip3 Bop3 3
ip2 2 1

@1 = C-H stretching, I = asymmetric CH> stretching, 2 = symmetric CHa stretching,
3 = asymmetric CHj3 stretching, 3 = symmetric CHj3 stretching, ip = in phase, op = out

of phase, * = proximate to double bond

68



In spite of structural similarity of camphor and fenchone, their experimental
spectra, VCD and ROA in particular, are rather different in the C-H stretching region
(Fig. 5.7). For example, the ROA spectrum for camphor is much simpler than for
fenchone, which is nicely reproduced by the LVCI computation. For fenchone, a better
agreement between the simulation and experiment is apparent for the IR and VCD
spectra than for Raman and ROA spectra. The most visible discrepancies are the shape
of the Raman signal, calculated sharper than observed, and the ROA band around
2989 cm’!, where an experimental negative sign is reproduced by LVCI as a weak
splitted signal only. For camphor, the agreement is quite good for all four types of
spectra.

VCD and IR LVCI intensities approximately (up to 30% difference) resemble
the experimental magnitudes for all molecules. For Raman and ROA intensities, which
were not measured as absolute values, integral intensities of experimental and
calculated LVCI Raman spectra were normalized to unity within the interval
1200-1500 cm™'. The intensity of the harmonic and PT2 spectrum was adjusted to
maintain the original integral intensity ratio of the calculated spectra. Same
normalization factors were used for the corresponding ROA spectra.’’” While LVCI
Raman intensities are overestimated about 30%, ROA LVCI intensities are ~2—4 times
higher than integral intensities of experimental spectra in all cases.

The performance of the LVCI method was tested for a-pinene. The freezing of
the lower-frequency vibrations was necessary to reduce the number of the HO states.
It is based on the assumption of a limited coupling between the higher- and lower-
frequency modes (Fig. 5.8). While the C-H stretching modes (last 16 modes in the
graphs) exhibit exceptionally large diagonal and off-diagonal anharmonic constants,
the coupling of the C-H stretching to the lower-frequency modes is significantly

smaller, so they stay relatively isolated from other vibrations.
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Figure 5.7: Overlaps of the calculated (LVCI with parameters ¢ = 0.002, c2=0.1) and

experimental ROA, Raman, VCD and IR spectra in the C-H stretching region for
(1R)-(-)-fenchone (36 modes fixed, 1 086 008 HO states) and (1R)-(+)-camphor
(31 modes blocked, 1 906 884 HO states). Redrawn from publication [II] with

normalized Raman and ROA spectral intensities.?’
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Figure 5.8: Anharmonic coupling (@) between harmonic vibrational modes (for
a-pinene, camphor and fenchone), defined for the modes i and j on the x and y axes,
as the average of cubic and quartic constants containing these modes (in absolute
value, mPW2PLYP//B3LYP/6-311++G**/CPCM calculation, e.g. |ciii, [cij, |diijl, etc.).
Adapted from publication [II].

The number of the HO states is dependent not only on the number of blocked
vibrations but also on values of coupling parameters c¢; and ¢z (Fig. 5.9). The Raman
and ROA spectra of a-pinene indicate a good stability and convergence of the
transition vibrational frequencies. We started with a one-step selection (with ¢ = o),
where just states interacting with the C-H fundamental vibrations are selected. Even
for a relatively weak coupling (c¢1 = 0.0002) the resultant spectral shape is not very
realistic, with a large dispersion of the C-H stretching frequencies. The frequencies are
also too high. The two-step HO basis set selection, which adds a second set of states
interacting with the first one (provided by c2 parameter), appears as a more reliable
and accurate method. The simulated frequencies and spectral shapes are significantly
more realistic, albeit at the expense of the computer memory and time required for
much higher number of included HO states.

To summarize, the LVCI method appears as the best simulation method for
treating anharmonicities so far, over performing the harmonic and PT2 approaches.
The anharmonic corrections improved the experimental-to-calculated relation. We got
a correct frequency shift for the C-H stretching vibrations, but not the fine mode
splitting. Further development of the LVCI methodology is still needed for ROA and
VCD, while a good accuracy was already achieved for Raman and IR spectra. The
lower-frequency region (1350-1770 cm™) also significantly benefits from the

anharmonic computations. The results also showed that C-H stretching vibrations are
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sensitive to the solvent and that empirical dispersion models provide a negligible

effect.
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Figure 5.9: Raman and ROA LVCI spectra for (1R)-(+)-a-pinene calculated with
different parameters ci, c2, and a number of blocked vibrations. Bottom: the
experimental spectra. Redrawn from publiccation [II] with an added normalization of

Raman and ROA spectral intensities.>’
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5.3. Tryptophan optical activity

The tryptophan residue plays an important role in peptide conformational studies,
especially in those using chiroptical and fluorescence spectroscopic techniques.?8!-2%?
Tryptophan often exhibits a large optical activity, which interferes with other signals.
The contribution of tryptophan to ECD, VCD, ROA and NMR spectra was analyzed
in cyclic dipeptides c-(Trp-X), where X = Gly, Ala, Trp, Leu, nLeu and Pro (Fig. 4.3)
in publication [III]. The results were interpreted with the aid of DFT computations and
enabled us to better understand the chiral spectral response of Trp residue in larger
proteins and to characterize the link between the spectra and molecular structure.
Model cyclic dipeptides were selected as a first step to more complex
biomolecular systems as they are more rigid and allow precise computations. Their
nature causes rich solvent-solute interactions. The cyclic dipeptides are also known as
2,5-diketopiperazines (DKPs). They have attracted considerable interest because of

their potential use in many pharmacological applications, e.g. as antibacterial,?®?

284,285 1287

antitumor, anticancer,”®® and antiviral®®” agents. The heterocyclic ring of DKPs
can be identified in a variety of biologically active natural products.?®® Molecular
recognition and thermodynamic properties of DKP derivatives are expected to be
useful for understanding the protein folding.?%’

We were interested in the interaction of Trp residue with the backbone and other
side chains of peptides. Such effects are crucial for developing the OA spectroscopic
response. A systematic conformational scan was carried out. The conformation of the
DKP ring in c-(L-Ala-L-Ala) was predicted to be non-planar, with a shallow potential
(Fig. 5.10). The ring is quite flexible at 300 K (k7~0.6 kcal/mol), allowing for large
deviations of the y and ¢ angles. Two possible puckerings should be taken into account
(,,boat-up* and ,,boat-down‘‘) in computations.

We found that the side chains are important for the structure stabilization, and
induce non-planarity of the DKP ring (Fig. 5.11 for c-(L-Trp-Gly) and Fig. S2 in
publication [III] for other dipeptides). Trp side chains do not move freely but largely
oscillate around preferred conformations, which can be categorized according to the
values of torsional angles y1 and y»>. While the extended conformations A and B with

x1~-60° (where Trp indole side chain points out from the DKP ring according to

Fig. 4.4, right) provide two energy minima (¢~ -30 and 30°), the folded conformations
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C and D with y1~ 60° (where the Trp indole is above/below the ring) strongly prefer

the boat-down ring conformation.
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Figure 5.10: Top: calculated 2D potential energy surface for the DKP ring in
c-(L-Ala-L-Ala) (¢ and vy; B3LYP/6-311++G**/CPCM(DMSO)). Bottom:
corresponding 1D energy scan along the torsion angle ¢ (B3LYP/CPCM(DMSO) with

two basis sets). Redrawn from publication [II1].
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Figure 5.11: Dependence of the relative electronic energies on the torsion angle ¢ for
six conformations (A-F) of c-(L-Trp-Gly) defined in Fig. 4.4, calculated at the

B3LYP(left) or B3LYP-D(right) /6-311++G**/CPCM(DMSO) levels. Adapted from
publication [IIT].

74



The energy differences between the two conformations of the DKP ring are
notably increased by inclusion of the dispersion correction (eq. 2.27). Such ,,DFT-D”
calculations provide a better description of attractive long-range van der Waals
interactions than uncorrected DFT method and significantly change conformer
equilibria.'?+138

Also the preferred conformation of the Trp side chain is strongly affected by
the dispersion correction (Fig. 5.12 for c-(L-Trp-L-Trp)).
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Figure 5.12: Geometries and Boltzmann weights of the most populated conformers of
the c-(L-Trp-L-Trp) peptide (Tables 2 and 3 in publication [III] for details). The
B3LYP/6-311++G**/CPCM(DMSO) level was used for computations without (DFT,
top) and with (DFT-D, at the bottom) correcting for the dispersion interactions.
Conformational classes (A-F) of the Trp side chain according to the values of y1 and

2 angles are defined in Fig. 4.4.
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The DFT method alone predicts the extended conformers to be the most stable,
with a minor but not negligible population of the partially folded ones. The DFT-D
approach almost exclusively favors the partially (T-shaped) and completely folded
structures, separated from the extended ones by a wide energy margin. The folded
structures are favored due to a better description of the Cu-H: -7 intermolecular
interaction between the indole group and the DKP ring. The DFT-D results are more
consistent with the prevailing T-shaped folded (DA) conformation found in the
c-(L-Trp-L-Trp) crystal. The DKP ring was predicted to be almost planar by X-ray
crystalography.?®® Interestingly, even the c-(L-Trp-Gly) was predicted to be entirely
folded by the DFT-D approach, although Gly does not possess any significant
polarizable components beyond the DKP ring.

To verify the conformational preferences in real samples, chiroptical spectra
(ECD, VCD and ROA) measured for several cyclic dipeptides with tryptophan were
compared with spectra obtained by DFT and DFT-D calculations. The geometries and
spectra of individual conformers are quite similar (Fig. 5.13). The resultant spectrum
is thus mostly influenced by the weighting scheme dependent on the relative conformer
energies. Spectral contributions of individual conformers are given by their Boltzmann

weights (eq. 2.39).
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Figure 5.13: Comparison of calculated ECD, VCD and ROA spectra
(B3LYP/6-311++G**/CPCM(DMSO)) and geometries (DFT and DFT-D) of the DA
conformer of the c-(L-Trp-L-Trp) peptide.
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The ECD spectra of c-(Trp-X) dipeptides are dominated by the Trp
contributions (n-7* transitions), even for DKPs with only one Trp. It was suggested
that Trp is not interacting significantly with the aliphatic side chain as c-(L-Trp-L-Ala)
and c-(L-Trp-L-nLeu) provided almost identical ECD spectra (Fig. 4 in publication
[11]). The strongest ECD signal was obtained for c-(L-Trp-L-Trp) with a strong
exciton coupling of the Trp residues,?! indicating a stable folded conformation. As can
be seen in Fig. 5.14, the averaging of the conformers has a major impact on the
resultant averaged curve and consequently the DFT and DFT-D methods clearly
provide very different ECD spectra. The experimental ECD features are better

reproduced by the DFT-D computations.
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Figure 5.14: Calculated (B3LYP/6-311++G**/CPCM(DMSO), DFT and DFT-D
geometries) and experimental ECD spectra of the c-(L-Trp-L-Trp) peptide. Boltzmann

weights of different conformers are given in Fig. 5.12. Redrawn from publication [III].
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The computed ROA and VCD spectra (Fig. 5.15 and Fig. 5.16) of the most
stable conformers show a stronger conformational dependence than Raman and IR
spectra. The conformer averaging is needed to obtain realistic spectral shapes and
intensities. VCD is dominated by the amide modes, well separated from minor Trp
contributions (Fig. 5.15). However, the relative flatness of the ring makes the VCD
weak and subject to artifacts (g ~ 107 is above but close to our reliable measurement
limit). The c-(L-Trp-L-Trp) molecule might have a positive couplet shape (+/-, from
lower to higher frequency) in amide I region (C=O stretching) and a negative signal
arising from CH, motions and amide bands (1430-1530 cm™) as reproduced correctly
by both DFT and DFT-D approaches. The DFT approach overestimates the negative

intensities around 1439 cm’!.
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Figure 5.15: Calculated (B3LYP/6-311++G**/CPCM(DMSO)) and experimental
VCD spectra of the c-(L-Trp-L-Trp) peptide for DFT and DFT-D geometries.
Boltzmann weights of different conformers are in Fig. 5.12. Redrawn from publication
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The observed Raman spectrum is dominated by the Trp modes and the
strongest features are reproduced by both the DFT and DFT-D computations
(Fig. 5.16). ROA spectra are more sensitive to the Trp side chain conformation, but
experimental problems with limited solubility, instability of the samples in the (green)
laser light,?°? and artifacts associated with the overlap with strong vibrational bands of
organic solvents complicated the analysis. In particular, the C=C five-member Trp ring
stretching band (experimentally at ~1545-1560 cm™") appears useful as a unique local
probe of the y» angle, which is otherwise difficult to monitor by other methods.!'??
A negative ROA band is associated with conformations with y>~ -90° and a positive
ROA band corresponds to y» ~ +90°. For c-(L-Trp-L-Trp), the prevalence of the
T-shaped folded conformers with alternate (+90°, -90°) y» values causes partial
cancelation and the resultant negative signal is smaller, which can be seen both in the
DFT-D and experimental ROA spectra, but not in the DFT average spectrum. For the
C-H bending mode at 1350 cm™! (amide III), the predominantly positive experimental
ROA signal is better reproduced by the DFT-D model. Also the experimental
+-+- pattern within 1100-1250 cm™ seems to be better reproduced by DFT-D.
A negative ROA signal at 920-942 cm’! is present in both calculations and corresponds
to the experimental signal. Also below 900 cm™! both computations mostly reproduced
the experimental pattern.

Our study confirmed the advantage of a combination of several spectroscopic
techniques. Different spectral types reacted differently on the dispersion correction.
Most spectral features were improved when the dispersion was included, which
corresponds to similar findings in the past.?**!3"-” The extended conformation favored
by DFT provided poor agreement with the experiment. However, there are also
indications that simple adding the dispersion correction to the dielectric solvent model
may be an oversimplification. Comparison with experiment suggests that the stability
of folded conformers is overestimated for the DFT-D model.

The DFT-D method provided almost the same conformer distribution as the
MP2 theory but with a significantly lower computational cost.?**?*> Also the
mPW2PLYP method provided results very similar to DFT-D but it favored more
populations of the extended conformers (in total 20%; Table S1 in publication [III]).

A limited accuracy of the DFT-D model in non-aqueous solvents was further

supported by the NMR data and the MD conformer ratios lying between the DFT and
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DFT-D results. For example, NMR indicated a very flattened boat form of the DKP
ring (¢ =9-12°, Table 5.2), except for c-(L-Trp-L-Pro), for which an opposite pucker
(@=-37°) was determined. The NMR results agree better with the MD and uncorrected
DFT values than with DFT-D. Only for c-(L-Trp-L-Trp), the experimental values are
between the DFT and DFT-D results. It seems that DFT-D model overestimates the
deformation of the DKP ring.

The spectra and conformer ratios predicted by the CPCM model for solvents
of different polarities are almost identical. Only for CHCI3 the amide I band has
a slightly higher frequency (Fig. S1 in publication [III]). However, NMR and MD
simulations indicated different conformer ratios for different solvents. The NMR data
(J(*H-PH) coupling constants) revealed a significant preference for the folded
conformer (with y1 ~ 60°) for c-(L-Trp-Gly) and c-(L-Trp-L-Leu) dissolved in
DMSO-ds and CDsOD. This finding agrees with the DFT-D results. Extended
conformers are strongly preferred in CDCI3 by all dipeptides. The Trp conformation
in c-(L-Trp-L-Trp) could not be determined from NMR data because of the symmetry
and fast conformer exchange. MD simulations also indicated that more compact forms
are favored in polar solvents (H,O, DMSO and CH30OH) and extended forms prevail
(90 %) in case of the low-polarity CHCls environment. The NMR spectroscopy and
MD simulations are therefore able to reveal finer solvent effects, stemming from the
solvent-solute dispersion interactions and hydrogen bonding, which could be only

partly included within the DFT/CPCM model.

Table 5.2: Values of ¢-angle (°) determining the DKP ring conformation in DMSO
derived from NMR, MD and Boltzmann averaged values from DFT and DFT-D
computations (B3LYP/6-311++G**/CPCM(DMSO0)). Adapted from publication [III].

c-(L-Trp-Gly) c-(L-Trp-Leu) c-(L-Trp-L-Pro) c-(L-Trp-L-Trp)
Trp Gly Trp Leu Trp Trp
ONMR 9 12 9 12 -37 12
©ump - - - - -14 11
©prr 7 5 16 18 -37 5
©pFT—D 36 30 20 16 24 16

9 obtained from the experimental J(NH,*H) coupling according to 2%
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Other two studies conducted in collaboration with the University of Tromsg
(publication [III'] and [IV']) also demonstrated that the reliability of the spectral
interpretation depends on the correct description of the molecular conformation, which
is strongly affected by intramolecular interactions. The DFT-D approach was found to
be imperative for accurate modelling of the conformer equilibria. Experimental ROA
and VCD spectra well correlated with theoretical B3LYP-D spectra for all the absolute
configurations (RS, SR, SS and RR) of c-(Arg-Trp) in publication [III'] and protonated
c-(Arg-Tyr(OMe) in publication [IV'].

Our results are in agreement with the later work of dr. Merten et al,?®” in which
conformational changes of cyclic tetrapeptides induced by DMSO-ds, CD3;CN and
CDCI; solvents were studied by VCD. They found that solute—solvent interactions
influence the relative population of the conformers and completely change energetic
preference and the resultant spectra. Instead of the analysis of the VCD spectra based
on energetic differences, they focused on similarities between the experimental and
calculated spectral patterns. They concluded that the “explicit” solvation should be
considered to account for shifts in conformational distributions and also changes in
single-conformer spectra.?”®

To summarize, the chiroptical spectroscopies supported by theoretical
calculations provided useful insight into the conformation of the Trp side chain. It was
difficult to balance the dispersion with the solvent and dynamical aspects. Considering

the importance of accurate conformer energies, it is not clear that the quality of

currently used MD force fields is high enough.
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5.4. Circularly polarized luminiscence of the europium (III)

complex

The interaction of a series of histidine-containing peptides with the racemic
[Eu(DPA);]? complex was monitored in publication [IV] by CPL, in order to
understand the binding mode and the role of the main peptide chain. The DPA complex
itself exists in two chiral forms (traditionally referred to as “A” and “A”), which are
normally present in equal amounts. Perturbation of the A = A equilibrium in
a presence of chiral component has been suggested as the primary mechanism of
chirality induction.

The complexity of the lanthanide complex-peptide interactions nowadays does
not allow accurate theoretical calculations due to the necessity to involve
non-Born-Oppenheimer phenomena, induced optical activity, open-shell systems and
relativity. We have tried to rationalize the measured data by calculations of the binding
strength correlated with the CPL intensity.

The effect of the peptide length was studied for His-(Gly), peptides, where
n=1,2 and 3 (Fig. 5.17). Addition of the peptides to the Na3;[Eu(DPA)3] complex led
to a ~30% [for His-(Gly)s] up to 70% (for His-Gly) decrease of the TL compared to
the pure complex. The strongest signals both in the Do — "F; (~1900 cm™) and
D1 = 'F2 (~850 cm™) regions belongs to the longest His-(Gly)s peptide, while for
His-Gly the CPL is rather weak around 1900 cm™ and hidden in noise at 850 cm™.
His-(Gly). provides weaker °Dy — "F; bands with nearly opposite signs. Although the
CPL shapes for His-(Gly), and His-(Gly)s are not exact “mirror images”, as a first
approximation we can interpret the results as perturbation of the A — A complex
enantiomeric equilibrium by the chiral peptide matrices.??*-3%

The stabilization energies of all complexes are rather low (~2-3 kcal/mol)
according to the free energy profiles (Fig. 5.17, right). From the relative binding
strengths (s, eq. 4.9) of His-Gly and His-(Gly)> no favoring of the A or A enantiomer
within computational accuracy is apparent (Fig. 5.18). For His-(Gly)s at pH ~ 4,
however, the A binding seems to be more energetically convenient than for A. The
simulations have confirmed the stronger binding observed for His-(Gly)s. The chirality
CPL inversion observed for His-(Gly)»/His-(Gly): was not unambiguously supported

by theory, nevertheless we can see that the A and A His-(Gly), forms are predicted to

83



have about the same probability for pH ~ 4, and the A form is preferred at higher pH.
The inversion thus can be at least partially explained by a residual presence of the
neutral species in the sample. Inspection of geometries obtained close to the energy
minima suggested a significant role of the His charge and perhaps a n-m interaction of
the His ring with the DPA ligands. In some MD snapshots the interaction of the Gly
residues with the complex was apparent as well, which is consistent with relatively
high CPL observed for the longest His-(Gly)s peptide.

The dependence of the TL and CPL spectra on pH was studied for His-(Gly):
(Fig. 5.19). The TL is about constant for pH ~ 7 and 10, and dropping by 30-60% for
pH ~ 4. The predominantly positive charge of the peptides at pH ~4 favors the
interaction with the complex and the CPL intensity decreases with increasing pH,

which is supported by the MD computations (Fig. 5.18).
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Fig. 5.17: Left: Experimental TL and CPL [Eu(DPA);]*" (4 mM) spectra when chelated
with His-(Gly)a (n =1, 2 and 3; 20 mM, pH = 4). Right: Coresponding calculated free
energy profiles for the A and A forms of [Eu(DPA);]” complex as dependent on the

Eu and “C of His distance. Redrawn from publication [IV].
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values of pH. Redrawn from publication [IV].
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Fig. 5.19: Left: Experimental TL and CPL spectra, mixtures of [Eu(DPA);]* (4 mM)
with His-Gly-Gly (20 mM) at three different pH values. Right: Calculated free energy
dependent on Eu-his distance for His-Gly-Gly in complex with A and A forms of
[Eu(DPA)3]* at four different pH values. Redrawn from publication [IV].

The influence of the histidine position in the peptide chain on CPL spectra was
investigated for Gly-His, Gly-His-Gly, Gly-Gly-His and His-His peptides (Fig. 5.20).
The TL intensity decreases gradually for His-Gly-Gly, Gly-His-Gly and Gly-Gly-His.
The His residue in the middle (Gly-His-Gly) and at the C-terminus (Gly-Gly-His)
induces a weaker CPL signal with nearly opposite sign for the Do — ’F transitions
compared to His-(Gly),. Most probably the His-(Gly), stabilizes the different

enantiomer of the complex (A).
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Fig. 5.20: Left: Experimental TL and CPL [Eu(DPA);]*" (4 mM) spectra when chelated
with Gly-His, Gly-His-Gly, Gly-Gly-His and His-His (20 mM, pH = 4). Right:
Coresponding calculated free energy profiles as dependent on the Eu and *C of His

distance for A and A forms of [Eu(DPA)3]” complex. Redrawn from publication [IV].

We can speculate that in His-(Gly), the NH3" charge strengthens the binding
potency of His, while in Gly-His-Gly and Gly-Gly-His the C-terminal COO" group
weakens it. Most probably other factors, such as dissociation equilibria and van der
Waals interactions, also contribute to the electrostatic effects. Free energy profiles
provide quite broad and shallow energy “well”, so the “binding” is very weak and the
resultant associate may not have a rigid geometry. %> The strongest binding is suggested
for His-His (Fig. 5.20) in agreement with experiment. As the preference of the A / A
form of [Eu(DPA)3] complex probably correlates with the CPL sign, the theoretical
prediction for Gly-Gly-His is therefore not consistent with the experimental

observations. Thus the simulations at the present protocol do not seem to be reliable
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enough to be used for chirality determination. Nevertheless, they well explain many
aspects of the binding, some general trends, and at least suggest that the quite attractive
idea of determination of the complex absolute configuration through combination of
the theory and experiment is possible.

To summarize, the data indicate a relatively weak binding of the His residue to
the [Eu(DPA);]? complex, with a strong participation of other peptide parts. Longer
peptides, low pH and His residue close to the N-peptide terminus favors the binding.
The magnitude of the CPL intensity roughly correlates with the MD simulations. The
sensitivity of the lanthanide binding to the peptide structure, the large luminescence
and optical activity make the technique suitable for probing peptide and protein

secondary and tertiary structure.
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Conclusions

Our results confirmed that vibrational optical activity and CPL are very sensitive to
the molecular structure. In theoretical modelling, special attention should be paid to
molecular flexibility and proper conformational averaging, modelling of different
solvents and inclusion of vibrational anharmonicities.

The first project focused on solvent models. The normal mode optimization
method was applied to an ensemble of clusters of lactamide with a few explicit water
molecules. The broadening of the simulated vibrational bands could be efficiently
controlled by the normal mode optimization constraint. The most realistic theoretical
spectra were obtained for the cutoff frequency wy,q, ~200-300 cm™’. This procedure
can be rationalized to a large extend by the quantum properties of the vibrations, and
provides an efficient means of modeling vibrational properties of molecules in
solutions.

The second project was dedicated to VOA spectra of several rigid molecules in
the C-H stretching region. The harmonic approach approximately reproduced the
experimental spectral patterns. However, more accurate spectral patterns were
obtained with the anharmonic corrections implemented via the LVCI formalism.
A limited interaction between the C-H stretching and lower-frequency modes was
assumed. Many HO states could be included owing to an efficient implementation of
the diagonalization procedure. We found that the calculations beyond the harmonic
limit also improved the lower-frequency vibrations (e.g., around 1400 cm™). In the
future, we want to extend the computational procedures to hydrated biomolecules, e.g.
to estimate the effects of the solvation, conformation and the anharmonic corrections
in a consistent way.

In the third project, we studied the role of the dispersion forces for conformer
equilibria and dynamics of tryptophan in cyclic dipeptides. The calculations provided
a good basis for interpretation of the data obtained from several spectroscopic
techniques (ROA, ECD, VCD and NMR). Stable conformers yielded about the same
spectra within the DFT and DFT-D approach, but a dispersion DFT correction
energetically favored compact folded forms. The dispersion-corrected computations
provided spectra closer to the experiment, but till with a limited accuracy, especially

for non-aqueous solvents. Most probably, the stability of the folded conformers was
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overestimated as also indicated by the NMR data and MD simulations. The 1554 cm!
ROA signal appeared useful as a unique local probe of the y» angle.

The last project was dedicated to lanthanide complexes with histidine-
containing peptides. The CPL spectra sensitively reacted on the position of histidine
in the peptide chain, which could be rationalized by MD simulations. The interaction
of the complex with the peptides was predicted to be rather weak and site-unspecific.
Nevertheless, resultant CPL patterns were still quite characteristic for individual
peptides. This is promising for future design of similar “smart” probes for chemical
imaging of peptides and proteins and other bio-molecular structures. CPL itself was
measured using the relatively new “ROA/CPL” methodology, enabling to obtain weak
CPL signals immeasurable otherwise.

Quantum-chemical simulations became an integral part of experimental
vibrational spectroscopy. This thesis focused on improving the accuracy of the
simulations by including anharmonic, solvent, molecular flexibility and dynamics and
other finer effects into computations. Accurate interpretation of vibrational spectra
(spectral frequencies, intensities and actual band shapes) based on a combination of
experimental and theoretical approaches lead to a deeper understanding of molecular
structure, dynamics and interactions that govern the peptide and protein spectral

features and other physical properties.
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ABSTRACT: Vibrational properties of solutions are frequently simulated with
clusters of a solute and a few solvent molecules obtained during molecular
dynamics (MD) simulations. The raw cluster geometries, however, often provide
unrealistic vibrational band broadening, for both ab initio and empirical force fields.
In this work, partial optimization in normal-mode coordinates is used on empirical
basis to reduce the broadening. The origin of the error is discussed on a simplified
two-dimensional system, which indicates that the problem is caused by the
anharmonic MD potential, mode coupling, and neglect of quantum effects. Then
the procedure of partial geometry optimization on Raman and Raman optical

mat optimized

experiment

400 1200

wiem")

activity (ROA) spectra is applied and analyzed for the solvated lactamide molecule. Comparison to experiment demonstrates that
the normal-mode partial optimization technique with a suitable frequency limit can significantly reduce the broadening error. For
lactamide, experimental and simulated vibrational bandwidths are compared; the most realistic theoretical spectra are obtained for
partially optimized clusters with the vibrational wavenumber cutoff of about 200 cm™".

B INTRODUCTION

Computations of solution properties with clusters containing
explicit solvent molecules became popular because of the super-
ior results to vacuum or simpler polarizable continuum models
(PCM),' ™ availability of accurate molecular dynamics (MD)
force fields;” feasible ab initio dynamical schemes,®~® and the steady
increase of computer power. For example, we found that the explicit
solvent model is needed to accurately simulate NMR parameters of
solvated molecules,* and polarized continuum models (PCM) are
often inadequate to describe hydrogen bonding or temperature
effects on the vibrational properties of the peptide amide group.'®"

In vibrational spectroscopy, a combination of quantum and
molecular dynamics methods is often needed in larger cluster
computations to calculate realistic band shapes. In particular,
polar molecules, such as peptide models, exhibit large inhomo-
geneous band broadening, for example in IR,*>13 vCD,* or two-
dimensional'*'® (2D) spectroscopic techniques. The band-shape
modeling lends the peptide vibrational spectroscopy an enhanced
structural sensitivity. This mostly originates from vibrational
coupling among the individual amide chromophores, resulting
in delocalized modes, which can give rise to complex, asymmetric
band shapes.'”'® For example, ff-sheet peptide conformations
exhibit different IR band shape of the carbonyl stretching mode
than a-helices. The solvent has also a dramatic effect on the
amide and other vibrational frequencies.'”*” In the vibrational
optical activity tecl'lnicpms,21 the structural sensitivity enhance-
ment is mostly achieved through the spectral sign pattern.”>?
Nevertheless, for the case of flexible and polar molecule with
many overlapping transitions, the band-shape modeling with
explicit solvent is also necessary.”*

< ACS Publications © 2011 American Chemical Sodety

336

118

The instantaneous normal-mode approximation investigated
in the present study provides a convenient way to compute the
vibrational frequencies and intensities for the condensed phase
at the harmonic level.*® Second energy derivatives and the
harmonic vibrations are estimated with MD snapshot geom-
etries. While such approach is a useful approximation for some
liquids,*** in a recent study”® we observed unrealistic inhomo-
geneous broadening of simulated Raman and Raman optical
activity (ROA) bands when raw clusters were used to simulate
two hydrated molecules, lactamide and 2-aminopropan-1-ol
The problem persisted both for dassical MD or Car—Parrinello
molecular dynamics (CPMD)® snapshots.

For completeness, we should also mention the time-depen-
dent approaches of band-shape generation, frequently used to
model vibrational linear or 2D spectra.">*? These are based on
the semidassical line-shape theory, and the line width is controlled
through a phenomenological decay function®*' In a static
averaging approximation, for example, the absorption profile is
calculated from individual MD snapshots and the resultant
electrostatic potentials.** This typically leads to too broad bands,
which can be improved by many ttsch.nin:p.ues,a2 discussion of
which goes beyond the scope of this work.

But also in the instantaneous normal-mode approximation,
most coordinates are too dispersed if compared to quantum-
mechanical uncertainty, as the MD duster geometries are based
on classical mechanics. We therefore propose to efficiently
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reduce the consequent spectral broad ening by a partial optimiza-
tion of the duster geometnes 28 In particular, the normal-
mode optimization algonthm seems to be very suitable for this
purpose, as it was found particularly robust for clusters,*
numerically stable, and it does not require manual definition of
the coordinates. For larger molecules, for example, we used it to
fix the desired conformations of peptides® and large DNA™
molecules, whereas the normal mode's degrees of freedom im-
‘portant for the spectrum could be relaxed.

For the clusters investigated in the present study, the extent of
the partial optimization is crucial for realistic results. The geom-
etry of MD clusters cannot be optimized completely to avoid
collapse to an energy minimum, implying a loss of the structural
information obtained by the dynamics. In the normal-mode
partial optimization, this can be controlled by a sole parameter,
the maximal harmonic normal-mode frequency (@), below
which the normal modes are fixed. By fixing the shallow modes,
such motions as molecular translations and rotations are re-
stricced. However, the limit has been used on an ad hoc basis
so far. In particular, neither the relation of @, to the resulting
bandwidths nor the effect on molecular coordinates has been
established. To rationalize the choice of this parameter, in this
study we perform Raman spectral simulation based on 100 snap-
shots of lactamide in a box of water molecules obtained pre-
viously by a CPMD simulation,”® and monitor the resultant
inhomogeneous broadening. The coordinate changes occurring
during the partial optimization were monitored, and the simu-
lated bandwidths were compared to experimental Raman spectra.

To better understand the origin of the broadening in the
instantaneous normal-mode approximation, we also constructed
2 model two-dimensional system, where the classical MD results
could be compared to benchmark vibrational configuration inter-
action (VCI) computation. As shown below, already the model
2D Hamiltonian exhibits band broadening; this is primarily
caused by the anharmonic character of the potential and coupling
of the vibrational modes. However, the results on the lactamide
also document that the error can be efficiently reduced by the
partial optimization, and that this empirical procedure can be
at least partially justified by physical arguments. In particular,
the low-frequency vibrations (solvent translations, torsions, etc.)
that are temperature-excited are treated classically, using the MD
coordinate dispersion, whereas higher-energy vibrations (bending
and stretching modes) need to be fully optimized.

it is

B METHODS

A Model of the Anharmonic Coupling. To obtain a deeper
insight into the role of anharmonicities in MD potential and
spectra calcaulated within the instantaneous normal-mode ap-
proximation, we considered a two-dimensional model syste:n
with a potential V= (wlfl)ql + (a);/l)q; + (dun/?A)ql '-h f
where & denote the dimensionless normal-mode coordinates®
and cm ™' are used as energy units. The harmonic parameters were
inspired by a B3LYP38/6 31G** computation™ of a hydrogen—
bonded water duner, with the frequencies @, = 28 cm ™ Yand

@,y = 3712 an™ correspondmg to a water wagging and OH
stretching mode, respectively. By choice we wanted to mimic a
coupling of low (@ < kT, where kT is the Boltzmann quantum)
and high (@ > kT) frequency modes The quartic anharmonic
constant was set to d; ;5 = 448 cm ™', The constant was chosen
rather arbitrarily; nevertheless, its magnitude corresponds to
usual anharmonic coupling constants in molecules.*®
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To mimic the MD procedure, the classical instantaneous
spectra were simulated for 90 x 90 coordinates equidistantly
chosen onthe 2D g, X g, potential energy surface, within g, = —
and gu. = 2. At each point an effective MD frequency of
the second mode was calculated as a second derivative of the
potential, @, = ﬁlV/qul. The resulting spectral band was
weighted bythe corresponding Boltzmann factor for 50 and 300K.
An arbitrary dipole strength was introduced, constant within the
coordinate space. Individual transitions were summed and con-
voluted with Lorentzian band 10 cm ™" wide (full widths at half-
height, fwhh) to smooth the resultant curve.

For the same system, quantum transition frequencies were
obtained by vibrational configuration interaction (VCI)*! done
in the harmonic oscillator basis involving 51 states, and the
spectrum was generated similarly as for the classical case using
Boltzmann weighting of the initial states. For the first and second
normal mode, 10 and 5 times excited states were included,
respectively. The S4 program™ was used for the VCI computa-
tion. A constant intensity of the |00) — |01) transition was
assumed, similarly as for the MD model; i.e., the intensity anhar-
monicities (second dipole derivatives) were neglected.

Normal-Mode Optimization. In the vicinity of an energy
minimum, we can introduce a molecular harmonic vibrational
Hamiltonian given in a matrix form by‘w

(1)

where M is diagonal matrix of atomic masses m;, Ax is the vector
of atomic displacements with respect to the equilibrium posi-
tions, Ax;= % — &, superscript ' denotes transpose matrices, and
f is the Cartesian force field. Convemently, mass-weighted coor-
dinates are introduced as X; = (m,) 2Ax, so that f; = (m,avnj)'l'f2 i
and H="/,(X’X + X'FX). Finally, the normal-mode coordinates Q,

are typically introduced by
X =sQ (2)

where the transformation matrix satisfies s's = 1, s’Fs = A ; 1is the
unit matrix, and A is a diagonal matrix (A,J w; (3,) containing
squares of the normal-mode frequencies @;. The Hamlltoman
then becomes a sum of harmonic oscillators:

1
= 7 (A'MAY + Ax'FAx)

(3)

Equation 3 is usually used to obtain vibrational molecular
energies. However, using the linear transformation between the
Cartesian displacements and the normal mode coordinates

1
Axy = ¥ —

=X m
we can use the Q; coordinates during the optimization in place
of the more usual internal redundant*** or Cartesian coordi-
nates. In the QGRAD*® program interfaced to Gaussian, ™ initial
Cartesian force field can be estimated on a lower level, and
it is continuously updated by the “BGFS™**~* formula from
Cartesian gradients

f(i+ ) _ f(i) _ (
where Ag and dx are gradient and coordinate increments
between the steps i and i + 1.

H=3 Q" +02Q)

Qs = Y SuQ (4)

(F9) dx) ' dxf ')
dxtfldx

Ag'Ag
' Ag

(s)
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The actual optimization is performed in normal modes, using
the RFO™ % updating. New normal-mode displacements are

23(11'

Aa + A + 4(g0)

so that updated Cartesian coordinates may be obtained as 0 =
x - SdQ_(“'U. Further details can be found in the previous
works.3*3 Note that this scheme also enables a full optimization
ofthe system. In the restricted normal-mode optimization adopted
in this work, some modes (with @; € (W W pax)) are kept con-
stant (dQ; =0).

Lactamide Raman and ROA Spectra. The geometry CPMD
snapshots were selected randomly from a 48 ps simulation

erformed previously.*® From the snapshots, clusters containing
(S)-lactamide and 3—9 hydrogen-bonded waters closer than
3.6 A to a lactamide atom were selected. This approximation well
included the effect of the first hydration shell on the vibrational
properties of lactamide; more distant water molecules did not
influence the signal significantly. All computations were per-
formed at the B3LYP/6-311++G**/CPCM level of theory, using
the continuum model to simulate the effect of the more distant
waters, not explicitly included in the computations. The con-
strained normal-mode optimization was repeated for seven
values of .., 10, 20, 50, 100, 200, 300, and 600 cm ™. In addi-
tion, we also studied the raw nonoptimized CPMD snapshots
corresponding to infinite @y, To fix large imaginary frequen-
cies occasionally exhibited by some CPMD geometries, a lower
limit @y, = —300 cm ™~ was introduced and kept constant.

For the 8 x 100 = 800 optimized and raw geometries, Raman
backscattered line intensities®® were calculated by Gaussian, and
the water signal (corresponding polarizability derivatives) was
deleted. Smoother spectra were generated by summing the 100
cluster signals and performing a convolution (e.g., ref 56, eq 3)
with Lorentzian bands 2 cm ™" wide, which were much nar-
rower than the inhomogeneous broadening.

For selected lactamide vibrational bands (528, 813, and
920 cm ™ "), theoretical bandwidths (fwhh) were obtained from
the simulated spectra by fitting with Lorentzian bands. The bands
were chosen at frequencies where overlap of multiple vibrational
transitions was minimal, and the fitting with the symmetric
function was reasonable. By comparing whole spectral shapes,
we deduce that their broadening reflects behavior of the spectral
signals within the entire range of frequencies. For the fitting, we
used an iterative procedure, comparing integral mean quadratic
deviations of spectral intensities with the ideal Lorentzian profile.

dQ(i+ 1) . _

(6)

H RESULTS AND DISCUSSION

Two-Dimensional Model. The simpler 2D model Hamiltonian
well documents the limits of the instantaneous normal-mode
approximation used in MD. In Figure 1, absorption spectra are
simulated for the two-dimensional model using the classical and
quantum approach. We can already see some common errors
introduced by the classical approximation. First, the quantum
theory provides a few transitions only, whereas the dlassical ap-
proach generates a continuous spectrum (approximated by the
high line density corresponding to the coordinate grid). This is
apparent namely for the lower temperature (50 K, upper part of
Figure 1), where even the lowest energy vibration (with the fre-
quency ;) predominantly remains in the ground state, and VCI
provides one transition only. For 300 K (lower part of Figure 1)
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Figure 2. Model 2D potential (bottom, V = (w1/2)q;" + (w2/2)g:" +
(d, ,n,f24)q,2q22, approximate accessible energy at 300 K is indi-
cated by kT), effective harmonic frequency of the second mode
w,' = 8°V/8g," and Boltzmann probability p for 300 K as dependent
on 4 (top).
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Figure 3. Lactamide solution backscattered Raman (left, I + I") and ROA (right, I — I") spectra simulated with the partially optimized CPMD
clusters. The @, cutoffs and the experimental spectrum in H, O with positions of principal peaks are indicated.

more quantum transitions appear; the system starts to exhibit the
classical distribution of vibrational frequencies.

The MD spectral shape in Figure 1 can be easily understood
on the basis of the potential analyzed in Figure 2. We see that
the “molecule” can explore a relatively large part of the potential
energy surface, limited approximately by the Boltzmann kT
limit. Consequently, different harmonic frequencies equal to
the potential second derivatives are obtained for the higher-
frequency mode (g,). For our coupling term, the effective MD
frequencies are limited by the lowerlimit for g, =0, ie., @, = w,.
However, in the adiabatic quantum model, for fiw, > kT, only
one transition frequency (for 50 K, Figure 1) or a transition with
limited number of satellite bands (300 K, Figure 1) is possible.

Another quantum effect, the shift of the maximal frequency, is
quite small (1 cm™", Figure 1), and can be neglected in this case.
However, it can be quite large in real molecules,” and except for
a partial diagonal correction it cannot be simulated within the
instantaneous normal-mode and harmonic schemes. Finally,
even for the higher temperature of 300 K the classical bandwidth
based on the MD /instantaneous normal-mode approach is still
larger than those obtained by the more rigorous VCI calculation.

The example potential was chosen to be simple to enable the
benchmark VCI computation. For real systems, we can expect
that other anharmonic contributions not included in the simpli-
fied 2D Hamiltonian, such as diagonal and cubic terms,”” would
lead to a more complicated behavior. The 2D model is thus not
able to fully explain the MD broadening effects in large clusters;
nevertheless, it convincingly indicates that anharmonic coupling
terms in the vibrational Hamiltonian cause significant differences
between the quantum (VCI) and classical (MD) results.

Solvated Lactamide. Also in the lactamide spectra direct
exploitation of MD geometries leads to overestimation of the
broadening and quite unrealistic spectral shapes. The spectra
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simulated from the raw snapshots, the optimized snapshots with
e Of 600, 200, and 20 cm ™Y, and the experimental®® spectra
measured in aqueous solution are compared in Figure 3 (left,
Raman; right, Raman optical activity, ROA). Clearly, the results
for raw nonoptimized clusters (top in Figure 3) are unusable for a
detailed assignment of the lactamide bands. Similarly as for the
model system (Figure 1), the raw MD instantaneous normal-
mode approach overestimates the anharmonic force field terms
and causes too wide dispersion of the harmonic frequencies.

On the other hand, the partial optimization of cluster geom-
etries leads to a radical improvement. For @, = 600 cm ™! many
of the experimental intensity features for wavenumbers above
800 an™ " arereproduced (Figure 3). However, the bands aresstill
too broad, and no improvement is apparent below 600 cm™'.
The Raman band at ~528 cm™' became even broader for
e = 600 cm ™! than for the nonoptimized case, which can be
explained by the coupling of the complicated 528 cm™ ! vibra-
tions with higher-frequency modes. For g, = 200 em ™!
(Figure 3), most of the Raman and ROA intensity features are
well developed, and the bandwidths are realistic within the entire
wavenumber region. For @,,,,, =20cm ™" individual bands can be
recognized as well, but most bandwidths become too narrow
if compared to the experiment. w,,,, = 10 an”! (not shown)
provided virtually the same spectra as @, =20 an~ . Note that
simulations in vacuum or a continuum solvent model would
provide line spectra only, without any information about the
broadening.

The optimizations with too low @, ,, become less economic in
terms of the required computer time. Note that the normal-mode
coordinates, similar to Cartesian coordinates, are in general not
suitable for complete molecular optimizations as they do not
follow the covalent bond network.* Thus, whereas the opti-
mization of 100 clusters (without the frequency calculation)

chedai.org/10.1021/jp208785a . Phys. Chem. B 2012, 116, 336-342
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Figure 4. Average absolute changes of three (§)-lactamide torsional
angles during the optimization, as obtained for seven values of w,, .. The
averages were obtained from 100 CPMD clusters; the angles yopn =
Z(C—oCOH), = £(NCCC), and ycys = £ (CCCH) are indicated
in the randomly chosen snapshot.

required 28 days of CPU time (3 GHz, Intel 5160) for the
600 cm ™' limit, 89 and 212 days were needed for 200 and
20 cm™, respectively. We also attempted a full optimization of
the clusters, which provided results very close to those obtained
with the lowest @y, limits (10 and 20 cm™"). However, many
clusters could not be fully optimized because of a lack conver-
gence of the optimization algorithm. The full geometries also do
not reflect well the desired dynamical geometry distribution at
300 K; therefore, we do not include these results in the analysis.

The effect of the optimization limit on the relaxation of
molecular coordinates is documented in Figure 4. Here, average
changes of the oy, 1, and }cps torsional angles are plotted for
seven (., values. The OH rotation is associated with the
shallowest potential, and thus remains fixed for most of the optl
mization models. The rotation is released for @, < 100 cm™ ",
when the change increases steeply. The 1 angle responds more
gradually, and it is starting to change already for ., < 300 em L
The CHj; rotation exhibits the most developed sigmoidal me]t—
ing” pattern with a transition frequency at about 250 cm™
This value also well corre:gonds to the harmonic normal-mode
frequency of this motion.

A detailed coordinate dispersion is documented on the 1 and
%on angles in Figure 5. For 10 randomly selected dusters the
optimized torsional angles were extracted for each value of (0,4,
During the optimization, the original broad distribution of
3 (within ~105°—150° for the selected clusters) becomes

v (deg)

Xy (deg)

0 200 400 600  not
® max (cm1) optimized

Figure 5. Dependence of the optimized (S§)-lactamide 4 and yomu
angles on @, in 10 randomly chosen clusters.

Aw (em1)

500 600

0 100 200 300 400
Gnay (cm™)

Figure 6. Simulated lactamide Raman bandwidths (Aw) as calculated
for different (. for the bending (528 cm '), NH, wagging
(813em ™), and C—C/C— O stretching (920 cm ™) vibrational modes.
Experimental widths®® are indicated by the horizontal lines.

narrower, adopting values mostly within ~102°—130° for @, <
200 cm ™. This reflects the intrinsic molecular potential driving
motion of this angle. On the other hand, for ¥ oy the dispersion
(~200°— 270° for nonoptimized clusters, and 210°—290° for

Wmae = 20 cm ") does not change much during the optimiza-
tions. This can be explained by the stabilizing effect of the
surrounding water molecules that make hydrogen bonds to the
OH group. The water positions do not change even for low
values of @y, ..
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The computed bandwidths for three nonoverlapping peaks
with central frequencies at 528, 813, and 920 cm ™" are plotted in
Figure 6 as obtained with the seven values of @ y,,. The experi-
mental widths, indicated by the horizontal lines, were lowered by
3 cm™" to account for the instrument broadening. We consider
this value to be a lower limit of the correction because of the
instrument low-resolution setup optimized for ROA measure-
ment, and the crude CCD detection of the wavenumbers where 1
pixel corresponds to about 3 em L

The comparison is also hampered by the experimental noise
and transition overlap. Typically, each simulated band contains
not only the dominant transition but also satellites. Nevertheless,
in Figure 6, we can see that an optimal @, can be estimated at
least approximately from the crossing of the simulated bandwidth
curve with the experimental line, ranging from @,y,, ~ 200 an”!
(for the 528 cam ! band) to ~500 cm ! (813 em™! band). A
similar analysis of the ROA spectra and the direct Raman and
ROA spectral comparison in Figure 3 suggest that an optimal
ey value is close to the lower limit of the interval, within
200—300 am ™", curiously, this range comprises the Boltzmann
temperature quantum (kT ~ 208 cm " at 300 K).

‘We think that a relation of the limit to kT is quite obvious for
the reasons discussed above, although the actual empirical value
found here may be a coincidence. Unfortunately, comparison with
rigorous results, such as the VCI computation for the dimer, cannot
be presently done for larger dusters to determine the relation more
closely. On the other hand, the spectral profiles (cf. Figure 3) change
very slowly with @, thus in a wide interval around the optimal
value the spectra can be simulated realistically enough to allow for
the normal-mode assignment and estimation of most of the solvent
inhomogeneous normal-mode broadening,

W CONCLUSIONS

The raw duster simulations based on classical and ab initio
molecular dynamics provide too wide vibrational bands and
unrealistic geometry dispersion of the higher-frequency motions.
On the two-dimensional model, we could show that this may be
primarily caused by the coupling of vibrational modes and
anharmonic force field terms. Geometries and, consequently,

the effective harmonic normal-mode frequendies vary too much
in the molecular dynamics trajectories. For the lactamide, we

showed that the broadening of the vibrational bands simulated
for an ensemble of clusters can be efficiently controlled by the
normal mode optimization constraint. The resultant spectra
exhibit not only better bandwidths but also relative intensities
if com to the experiment. The only empirical parameter, the
cutoff of the vibrational frequencies in the constrained optimiza-
tion, could be obtained by comparison of selected peaks in the
experimental and simulated spectra. The empirical procedure of
partial optimization could be to a large extent rationalized by the
quantum properties of the vibrations, and provides an efficient
means of modeling vibrational properties of molecules in solutions.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: bour@uochb.cas.cz.

B ACKNOWLEDGMENT

The study was performed with support from the Academy of
Sciences, Grant Agency of the Czech Republic (P208/11/0105),

ELY

123

the Grant Agency of Charles University (126310), the MSMT
(LH11033), and Norwegian Supercomputing Program (Notur).
‘We thank Prof. Kenneth Ruud for the discussion on this topic.

B REFERENCES

(1) Tomasi,].; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105,2999.

(2) Mennucci, B; Martinez, . M. . Phys. Chem. B 2008, 109, 9818.

(3) Bout, P,; Michalik, D; Kapitin, J. | Chem. Phys. 2008, 122,
144501.

(4) Dratinsky, M; Kaminsky, J; Bout, P. | Phys Chem. B 2009,
113, 14698.

(5) Kamiya, N.; Watanabe, Y. §; Ono, S;; Higo, ]. Chem. Phys. Lett.
2005, 401, 312.

(6) Car, R; Parrinello, M. Phys. Rev. Lett. 1985, 55, 2471.

(7) Lippert, G; Hutter, .; Parrinello, M. Mol. Phys 1997, 92, 477.

(8) Grimme, S.; Antony, |.; Ehlich, S; Krieg, H. J. Chem. Phys. 2010,
132, 154104.

(9) Dratinsky, M.; Bout, P. | Chem. Theory Comput. 2010, 6, 288.

(10) Bouf, P; Keiderling T. A. J. Chem. Phys 2003, 119, 11253.

(11) Kaminsky, J.; Bouf, P.; Kubelka, ]. J. Phys Chem. A 2011,
115, 30.

(12) Yang, S.; Cho, M. J. Chem. Phys. 2005, 123, 134503.

(13) Grahnen, J. A; Amunson, K. E;; Kubelka, J. J. Phys. Chem. B
2010, 114, 13011

(14) Choi, J. H; Kim, J. S; Cho, M. |. Chem. Phys. 2005, 122,
174903.

(15) Choi,]. H; Cheon, S.; Lee, H;; Cho, M. Phys. Chem. Chem. Phys.
2008, 10, 3839,

(16) Jeon, J; Cho, M. New. |. Phys. 2010, 12, 065001.

(17) Miyazawa, T; Blout, E. R. J. Am. Chem. Soc. 1961, 83, 712.

(18) Krimm, S.; Bandekar, J. Adv. Protein Chem. 1986, 38, 181.

(19) Torii, H,; Tatsumi, T.; Tasumi, M. J. Raman Spectrosc. 1998,
29, 537.

(20) Kubelka, ].; Keiderling, T. A.J. Phys. Chem. A 2001, 105, 10922.

(21) Barron, L. D. Molecular Light Scattering and Optical Activity;
Cambridge University Press: Cambridge, UK, 2004.

(22) Haesler, J.; Schindelhols, L; Riguet, E.; Bochet, C. G; Hug, W.
Nature 2007, 446, 526.

(23) Polavarapu, P. L. Angew. Chem., Int. Ed. 2002, 41, 4544.

(24) Cheeseman, . R; Shaik, M. S; Popelier, P. L. A,; Blanch, E. W.
J. Am. Chem. Soc. 2011, 133, 4991.

(25) Keyes, T. J. Phys. Chem. A 1997, 101, 2921,

(26) Ahlborn, H; Space, B; Moore, P. B. J. Chem. Phys. 2000,
112, 8083.

(27) Bout, P. Chem. Phys. Lett. 2002, 365, 82.

(28) Hopmann, K. H; Ruud, K; Pecul, M.; Kudelski, A ; Draginsky,
M.; Bouf, P. | Phys. Chem. B 2011, 115, 4128.

(29) Kwac, K; Lee, K. K; Han, J.; Oh, K L; Cho, M. | Chem. Phys.
2008, 128, 105106.

(30) Gorbunov, R. D.; Nguyen, P. H; Kobus, M; Stock, G. J. Chem.
Phys. 2007, 126, 054509,

(31) Choi,].H.; Lee, H,; Lee, K. K; Hahn, S.; Cho, M. J. Chem. Phys.
2007, 126, 045102,

(32) Joutsuka, T.; Ando, K. | Chem. Phys. 2011, 134, 204511.

(33) Bouf, P; Keiderling, T. A. J. Chem. Phys 2002, 117, 4126.

(34) Bouf, P. Collect. Czech. Chem. Commun. 2008, 70, 1315.

(35) Yamamoto, S.; Watarai, H; Bouf, P. ChemPhysChem 2011,
12,1509,

(36) Andrushchenko, V.; Bouf, P. J. Phys. Chem. A 2007, 111,9714.

(37) Papousek, D.; Aliev, M. R. Molecular Vibrational/Rotational
Spectra; Academia: Prague, 1982,

(38) Becke, A D. J. Chem. Phys. 1993, 98, 5648.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A; Cheeseman, J. R,; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A; Nakatsuji, H.; Caricato, M,; Li, X.; Hratchian, H. P;
Izmaylov, A.F,; Bloino, ].; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara,
M.; Toyota, K; Fukuda, R; Hasegawa, J; Ishida, M,; Nakajima, T;

oo arg/10.1021/jp208785a |1. Phys. Chem. B 2012, 116, 336-342



The Journal of Physical Chemistry B

Honda, Y; Kitao, O.; Nakai, H; Vreven, T.; Montgomery, J,, ]. A;
Peralta, ]. E,; Ogliaro, F.; Bearpark, M.; Heyd, J.].; Brothers, E.; Kudin,
K. N,; Staroverov, V. N,; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A ; Burant, ]. C;; Iyengar, S. §.; Tomasi, ].; Cossi, M,; Rega, N.;
Millam, J. M,; Klene, M,; Knox, J. E,; Cross, J. B.; Bakken, V,; Adamo, C;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E,; Yazyev, O.; Austin, A. J.;
Cammi, R;; Pomelli, C.; Ochterski, J. W.; Martin, R. L; Morokuma, K.;
Zakrzewski, V. G,; Voth, G, A,; Salvador, P.; Dannenberg, ].].; Dapprich,
$.; Daniels, A. D.; Farkas, O.; Foresman, ]. B; Ortiz, J. V.; Cioslowski, ] ;
Fox, D.]. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford, CT,
2009,

(40) Barone, V. J. Phys. Chem. A 2004, 108, 4146.

(41) Danécek, P.; Bout, P. J. Comput. Chem. 2007, 28, 1617.

(42) Bouf, P. 54, program for anhammonic vibrational properties;
Academy of Sciences: Prague, 2010,

(43) Peng, C.; Ayala, P. Y,; Schlegel, H. B; J, F. M. . Comput. Chem.
1996, 17, 49.

(44) Pulay, P; Fogarasi, G. . Chem. Phys. 1992, 96, 2856.

(45) Bout, P. Qgrad; Academy of Sciences, Prague: Prague, 2006.

(46) Broyden, C. G. . Inst. Math. Appl. 1970, 6, 76.

(47) Fletcher, R. Comput. ]. 1970, 13, 317.

(48) Goldfarb, D. Math. Comput. 1970, 24, 23.

(49) Shanno, D. F. Math. Comput. 1970, 24, 647.

(50) Schlegel, H. B. Geometry optimization on potential enery
surfaces. In Modern electronic structure theory; Yarkony, D. R, Ed; World
Scientific: Singapore, 1995; p 459.

(51) Banerjee, A; Adams, N; Simons, ].; Shepard, R. || Phys. Chem.
1985, 89, 52.

(52) Simons, J.; Nichols, . Int. J. Quantum Chem., Quantum Chem.
Symp. 1990, 24, 263.

(53) Baker, J.; Hehre, W. J. J. Comput. Chem. 1991, 12, 606.

(54) Baker, J. J. Comput. Chem. 1993, 14, 1085.

(55) Polavarapu, P. L. Vibrational spectra: principles and applications
with emphasis on optical activity; Elsevier: Amsterdam, 1998; Vol. 85.

(56) BudgSinsky, M.; Danétek, P; Bednirovi, L; Kapitin, J;
Baumruk, V.; Bout, P. J. Phys. Chem. A 2008, 112, 8633.

(57) Danécek, P.; Kapitin, ].; Baumruk, V.; Bedndrovd, L; Kopecky,
V., Jr; Bout, P. J. Chem. Phys. 2007, 126, 224513,

342

124

ddai.arg/10.1021/jp208785a . Phys. Chem. B 2012, 116, 336-342



A2. Publication [II]

Hudecova, J.; Profant, V.; Novotna, P.; Baumruk, V.; Urbanova, M.; Bouf, P., CH

Stretching Region: Computational Modeling of Vibrational Optical Activity. J. Chem.
Theory Comput. 2013, 9, 3096—3108

125



l‘ I ‘ Journal of Chemical Theory and Computation

pubs.acsorg/ICTC

CH Stretching Region: Computational Modeling of Vibrational

Optical Activity

Jana Hudecovﬁ,+'§ Viclav Profant,* Pavlina Novotn:i,;r Vladimir Bau.trlruk,+ Marie Urb:lnov:i,;r

and Petr Boui**

TFaculty of Mathematics and Physics, Institute of Physics, Charles University, Ke Karlovu 5, 12116, Prague 2, Czech Republic
1]:)el:ia.l'tment of Physics and Measurements and Department of Analytical Chemistry, Institute of Chemical Technology, Technicka 5,

16628 Prague, Czech Republic

SInstitute of Organic Chemistry and Biochemistry, Academy of Sciences, Flemingovo namésti 2, 16610 Prague, Czech Republic

© Supporting Information

ABSTRACT: Most organic compounds provide vibrational spectra
within the CH stretching region, yet the signal is difficult to
interpret because of multiple difficulties in experiment and
modeling. To better understand various factors involved, the ability
of several harmonic and anharmonic computational approaches to
describe these vibrations was explored for a-pinene, fenchone, and
camphor as test compounds. Raman, Raman optical activity (ROA),
infrared absorption (IR), and vibrational circular dichroism (VCD)
spectra were measured and compared to quantum chemical
computations. Surprisingly, the harmonic vibrational approach
reasonably well reproduced the measured spectral patterns,

induding the vibrational optical activity (VOA). The CH stretching,
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however, appeared to be more sensitive to the basis set and solvent variations than lower-frequency vibrations. For a higher
acauracy in frequendes and spectral shapes, anharmonic corrections were necessary. Accurate harmonic and anharmonic force
fields were obtained with the mPW2PLYP double-hybrid functional. A limited vibrational configuration interaction (LVCI)
where the CH stretching motion was decoupled from other vibrations provided the best simulated spectra. A balanced harmonic
oscillator basis set had to be used, containing also states indirectly interacting with fundamental vibrations. A simpler second-
order perturbational approach (PT2) appeared less useful. The modeling provided unprecedented agreement with experimental
vibrational frequencies; spectral shapes were reproduced less faithfully. The possibility of ab initio interpretation of the CH

spectral region for relatively large molecules further broadens the

application span of vibrational spectroscopy.

B INTRODUCTION

The CH stretching region is traditionally considered as arange of
wavenumbers approximately within 2500—3400 cm™' compris-
ing mostly fundamental transitions ofthe CH valence vibrational
motions. Unlke NH, OH or SH stretching vibrations also
present in this interval, CH stretching bands are not prone to
broadening by hydrogen bonding. Because of the high relative
strength of the CH bond and small hydrogen mass, fundamental
CH stretching energies are well-separated from other molecular
vibrations and can be easily identified in the spectra They
provide rich information not only about molecular stereo-
chemistry'? but also about intermolecular interaction® as the
hydrogen atoms form large parts of molecular surfaces. For a
deuterated system containing the CD bonds (vibrating lower
than CH, around 2200 cm™) even a solute—solvent chirality
induction was observed lately.“Near—inﬁ'ared vibrational circular
dichroism was proposed for online monitoring of a chemical
reaction.”

On the other hand, the bond strengths of different CH groups
in a molecule are quite similar, which causes overlapping of

< ACS Publications  ©2013 American Chemical Society 3096

vibrational bands, and makes the interpretation difficult.
Measurements in the CH stretching region are often connected
with unusual spectrometer setups. For example, although
particularly useful stereochemical information can be obtained
from the vibrational optical activity (VOA),°® the CH
stretching signal may be weak and prone to artifacts.” !

The potential energy surface governing the hydrogen
stretching motion is strongly anharmonic. CH bonds and the
coupling terms between them cannot be simply described by
quadratic force constants. This often prevents reliable simulation
and consequent interpretation of experimental data.'”">”'* In
the past, for example, simpler models or empirical rules were
proposed for VOA simulations in this region.g’w Some spectral
shapes could be reasonably well modeled at the harmonic level,
which, however, led to huge frequency errors.'**° Obviously, the
lower-frequency (around 1400 cm™") vibrations also profit from
an eventual anharmonic correction.® So far, in spite of
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considerable progress in computational mc*ﬂ"u:n:[cilogy,15’21_2‘4

simulations of the CH stretching properties are in general
considered to be unreliable.

A significant progress was achieved lately by incorporating the
solvent environment to the density functional theorz' (DFT
simulations of vibrational circular dichroism (VCD ).>***”° Even
then the anharmonic corrections, although helpful for energﬁles,
did not lead to a general improvement in spectral shapes.
mixed message about the performance of the harmonic
approximation has thus been obtained in the past. As shown
below, some of the confusion can be explained by the stability of
the harmonic pattern even when hundreds of thousands of
harmonic oscillator (HO) states are allowed to interact within
the anharmonic scheme. As shown below, however, these states
have to be chosen in a balanced way. This study also suggests that
the perturbational approach (PT2) used pl’C\"lDlJSl}’ maynot be
sufficient to treat the anharmonicities, especially for the
vibrational optical activity, and should be replaced by the more
universal vibrational configuration interaction.

In the first part of this paper, we systematically investigate
various factors influencing the quality of both the harmonic and
anharmonic computed force fields with respect to the CH
stretching behavior. It tums out, for example, that the CH
stretching motion is very sensitive to the choice of the basis set
and electronic computational level used. Unlike in previous
studies, the “complete set” of IR, Raman, Raman optical activity
(ROA), and VCD is simulated and compared to experiment to
avoid accidental agreement/disagreement of the spectra In
particular, the vibrational optical activity (VCD, ROA) is very
sensitive to variations of computational parameters,”” structure,
and molecular force field. For ROA, high-quality experimental
spectra in the CH stretching region could be measured, owing to
a spectrometer expansion by three grating systems, correction of
the intensities against a fluorescence standard, and a careful
baseline subtraction. Original VCD spectra were acquired as well,
on a spectrometer dedicated to this region.

For the anharmonic computations, we obtained the best
results using the limited vibrational configuration method
(LVCI) and a limited coupling between the lower- and higher-
frequency motions. A faster degeneracy-corrected second order
perturbation (PT2)'® method lead to improvement in
frequencies only, without credible intensity reproduction. The
LVCI procedure and the limited couEthg have been suggested in
many variants previously.'**"**** Our implementation**’
alows for a fast diagonalization of a very large vibrational
Hamiltonian matrix (~10° of HO basis states) and a consistent
spectra generation in a “double-anharmonic” approximation
where the energy and intensity tensor derivatives are evaluated
up to the fourth and second order, respectively.

It is also important to note that the agreement between the
computation and experiment would not be possible without the
latest availability of the double-hybrid density functionals®
combining the MP2*' method with DFT.** For relatively large
molecules, we are thus getting so far the most balanced
converged simulated spectral shapes that considerably improve
the harmonic procedure if compared to experiment. Obviously,
some discrepancies remain, and we see this study as a step toward

full understanding of the molecular vibrational behavior.

B METHODS

Spectra Measurement. Raman and ROA incident circular
polarized light (ICP) spectra of neat a-pinene, neat fenchone,
and 02 M CCl, solution camphor were acquired on a
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spectrometer” built at the Charles University, Prague. It is
based on the 514.5 nm laser excitation wavelength. Owing to
three interchangeable gratings and intensity correction using a
fluorescence standard (National Institute of Standards and
Technology, USA), a wide wavenumber range (~50 ... 3400
cm™') became accessible. The laser power was set to 500 mW,
the total acquisition time was about 20 h for each sample and
grating, and the measurements were performed using low-
volume quartz cells with antireflectively coated windows. Raw
ROA spectra were filtered by Fourier transform to suppress
quasiperiodic high-frequency CCD signal. For camphor, the
solvent (CCl,) signal was subtracted. For Raman spectra, the
empty cell signal was subtracted and the baseline was slightly
straightened by a polynomial fit. ROA artifacts were eliminated
by measuring and averaging both enantiomers without further
correction. The measurement of both enantiomers was
particularly important for the CH stretching signal, where the
circular intensity difference®™ (CID) ratio of the ROA and
Raman signals is as small as ~5 X 107, Spectra of the (1R)-
(+)-a-pinene, (1R)-(—)-fenchone, and (1R)-(+)-camphor
enantiomers (Figure 1) are presented.

HsC. CHy
b
HaC CHgy
HsC CH; HsC ) HiC pe)
a-pinene fenchone camphor

Figure 1. Studied molecules: (1R)-(+)-a-pinene (2,6,6-
trimethylbicyclo[3.1.1 Jhept-2-ene), (1R)-(—)-fenchone (1,3,3-
trimethylbicyclo[2.2.1]heptan-2-one), and (1R)-(+)-camphor (1,7,7-
trimethylbicyclo [2.2.1]heptan-2-one ).

VCD and IR spectra were measured on a FTIR IFS 66/S
spectrometer equipped with a PMA 37 VCD/IRRAS module
(Bruker, Germany). The samples were placed in a demountable
cell (A145, Bruker, Germany) composed of KBr and CaF,
windows separated by a 6, 50, or 100 ym Teflon spacer with a
spectral resolution of 4 or 8 em ™!, and averages of 6—16 blocks of
3686 scans were used. The spectra were corrected for the
baseline and artifacts as for ROA. The experimental conditions
for all compounds and spectral ranges are summarized in
Supporting Information Table S1.

Electronic and Harmonic Vibrational Computations. a-
Pinene, fenchone, and camphor geometries were optunlzed by
energy minimization using the Gaussian09 program.*® The
Raman, ROA, IR, and VCD spectra were calculated at the same
level within the harmonic approximation also by Gaussian.
Various quantum chemical models and functionals (HF, MP2,*!
B2PLYP, B3LYP, BPW91, B3PW91,*® CAM-B3LYP,*’
mPW2PLYP,* and dispersion-corrected®”*® mPW2PLYP
“mPW2PLYP-D") and basis sets (6-31G, D95, 6-31G*, TZV, 6-
31+G*, 6-31G**, D95**, TZVP, 6-31++G**, DIS++**, 6-
311++G** cc-pVTZ, and aug-cc-pVTZ) were combined in
order to investigate the behavior of the CH stretching vibrations.
Computation of the ROA intensity tensors is not implemented
within mPW2PLYP; thus they were calculated at the DFT
B3LYP/6-311++G**/COSMO level Previous experience sug-
gests that the error associated with such simplification would be
very small !

The molecular environment was accounted for by the
COSMO™ dielectric model. For a deeper insight, nine different
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solvents of a broad scale of relative dielectric constants (&, given
in parentheses, see also Supporting Information Table 52) were
used for camphor (vacuum (1), argon (1.43), carbon
tetrachloride (2.23), chloroform (4.71), dichloromethane
(8.93), 2-hexanone (14.14), methanol (32.61), water (78.36),
and formamide (108.94)). The experimental conditions were
mimicked by e, 2.23 (camphor solution in carbon
tetrachloride), &, = 2.69 (neat a-pinene, using Gaussian
parameters for pentanoic acid), and £, = 12.51 (neat fenchone,
using Gaussian parameters for I-hexanol). A spherical polar-
ization factor®® defined as 4 = (g, — 1)/(2e, + 1) was
conveniently used as the principal solvent characteristic, as
many spectroscopic properties are approximately linear in #. All
theoretical spectral profiles were generated by a convolution of
calculated intensities with a Lorentzian function 10 cm™" wide
(full width at half-maximum). Incident circular polarized (ICP)
Raman and ROA spectral profiles were adjusted by a Boltzmann
factor™ to 298 K and exgressed as intensity sums (I® + I,
Raman) and differences (I — I, ROA) for the right- and lefi-
drcular polarized lights. Note that in experiment absolute Raman
and ROA intensities are not measured; therefore, the computed
and experimental intensities were scaled to have similar
magnitudes. The IR absorption (&) and VCD (Ae) spectra are
expressed in the standard units of L-cm™"mol . No scaling was
applied to computed frequendes.

Anharmonic Corrections. We used a limited Taylor
expansion of the vibrational potential, where the anharmonic
part is given by

W(Q, - Q)

i M M

Z E ; Cr'jch .-Q;QL-
i=1 k=1
J‘M M M M

E 2 E 2 dr'jin'QjQJ-QkQ]

=1 j=1 k=1 I=1

1
64=I
1
+_
24

(m

where Q, are the normal mode coordinates, Cit and di'” are the
cubic and quartic constants. All cubic and semidiagonal (“iijk”,
etc.) quartic constants were obtained by two-step differentiation
of the second energy derivatives. The differentiation was
performed in dimensionless*® normal mode coordinates Qs
with a step of Ag; = AQ; X 1000/m, where AQ; = 0.05 atomic
units, and the harmonic frequency @, is in inverse centimeters.
The variable step size prevents too small displacements for the
lowest-frequency modes.*

The PT2 and LVCI schemes were used for anharmonic
corrections to vibrational energies and spectral intensities.
Within PT2, the harmonic vibrational energy for each state n,
E, is corrected byEi” =W, and by a second-order term,

ESZ) = Z Anm

mn

2)

where A, = [E,, — E,, + ((E,, — E,.)* + 4W,,2)"/?]/2, the plus
sign holds for E, > E, and minus sign for E, < E,, and W,,, = (nl
Wim) Similarly, the PT2 wave function was considered as y,, = 7,
= X oen A s Wi "W, W, is the unperturbed state.

The spectral properties were considered to be dependent on
the coordinates to second order as

1
P=R+ 3 RQ+ Y RBQQ, )
i i (3
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where P is the electric dipole moment (for IR) or the
polarizabilities (@, G, A, for Raman and ROA intensities). For
VCD, we also used the dependence of the magnetic dipole

moment on the coordinates and momenta [T,

1
m =g + z AL+ E z Al,jj(anf + an.')
i i (4)

Ay, is the axial tensor. Note that within the magnetic field
perturbation theory, the magnetic derivatives can be treated in
the same way as for the coordinate derivatives, ie. within the
Bom—Oppenheimer appmximation.ﬂ

Transitional PT2 dipole moments and polarizabilities
were obtained as (i'IPI0")/(N:Np)"/* (for a transition wj — /),
with renormalization factors N; = 1+ X l(ilWIj)PE; 7, Ey=E; —
E.
J-].n. LVCI, vibrational wave function was expanded to the HO
wave functions, ®, = EJC}.W_.I" As in previous studies, ¥
criteria. were employed to limit the number of HO basis
functions. The lowest-frequency normal modes (e.g., up to mode
number 36) were not excited, and only states (f) obliging W, >
¢ lE, — E;| were included, where ¢, is an interaction parameter
and nis a ground or fandamental state. A second set of HO basis
functions (f') was added based on coefficient c,, interacting with
the already chosen basis (‘L’t{rf > olEr — Eﬂ) Hamiltonian
elements with too energy-separated states (H—Lﬂ < 107*E, — Ejl)
were excuded as well

Up to five-times excited wave functions were used, and the
coefficients Cf and associated energies E, were obtained from the
Hamiltonian matrix by Mitin’s version”” of the Davidson™
diagonalization procedure. Previously, a Fourier transform (FT')
based procedure for large matrix diagonalization was also
proposed for generation of anharmonic molecular spectra.”” In
this study, we prefer the Davidson approach because it provides
exact eigenstates without the need to calibrate the FT
convergence,m and allows us to include anharmonic (second-
order) derivatives of the intensity tensors.

Diagonalization Algorithm. For LVCI, the large Hamil-
tonian diagonalization is of central importance for the spectra
generation. We provide a brief description of the algorithm:

(1) Select the HO states {,} based on the restrictions above
and calculate elements of the vibrational Hamiltonian Hy.
Save indices and values for the large elements only.

Load them in memory (e.g, in an array a, for each row i

34,48

several

(2)
recorded in @, .. @, keep a number of these elements
n, starting index m,, and the column index in an array j).
To solve the eigenvalue problem, H-c*=E,c* setA=0and
M = M, = 10. Set d to a unit vector and E; = 0.
Increment A by 1. For 4> 1,setd =Y}, w/X;and E;= z,.
Set ¢! = d and E; = Ez Orthogonalize ¢! to vectors
{¢“},21_1-1 and normalize so that Ic'l = 1.

Construct “gradient vectors™” {x),}),:,_‘“ asx; = ¢ or X =
Hx — Epxp, (for J > 1), orthonormalize each against
the previous gradient vectors {x}.,_;_, and eigenvectors
{c"}uz1 s If x| < tolerance, record Fland ¢; ifalso E* <
Eypn (Eypy ~ 2400 cm ™ for E!' ~ —800 an ™), go to 4; else,
stop. Typically, tolerance ~ 1.

Search for a new eigenvector 4 as a combination of the

(3)

(#)
(s)

(6)

(7)

gradient vectors, o= E),"il wX;: Construct A = x,Hx;
and solve the reduced dimension (M x M) eigenproblem
Awh =z wh
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Figure 2. Solvent dependence of the calculated (B3LYP/6-31144G**/COSMO) (1R)-(+)-camphor Raman, ROA, IR, and VCD spectra.

(8) Check if the subspace is not redundant: for K =4 ... M, if |
w*l < 107" reduce M by 1 (if still larger than 3). But if w"|

> 107" and M < M,,, increase M by L.
(9) Set E; =1z, (lowest eigenvalue) and d= Y}, wjx;. Go to 5.
The restriction to the large H; elements (steps 1 and 2)
provided significant memory saving enabling real time
computation without a data swapping on the disk. For the
dimension of 1 086008 used in the camphor computation, for
example, from the total of 589 707 231 036 elements, 561 913
420 (~0.05%) were selected, requiring about 6.7 GB of memory
only. The possibility to keep the Hamiltonian and eigenvectors in
memory enables efficient parallelization of the code. As another
enhancement, only large eigenvector elements (ICH > 107*) were
kept in memory, which had a negligible effect on the precision
but significantly reduced the computational time needed for the
multiple vector orthonormalization procedures (steps 5 and 6).

Bl RESULTS AND DISCUSSION

Experimental Spectra. The experimental spectra (Figure
S1) of a-pinene, fenchone, and camphor are consistent with
previous data*'%***'"* The VOA measurements in the high-
frequency CH stretching region required special care to
minimize artifacts. In particular, the measurement of ROA was
difficult because of the low ROA/Raman circular intensity
difference (ratio of ROA and Raman intensities, CID)** which is
given by the relatively large Raman signal of the C—H stretching
modes. An example of the artifact removal is shown for a-pinene
in Figure S2. The problems of the artifacts in ROA measurement
are discussed in detail in ref 56. Currently, both enantiomers have
to be available for acquiring reliable ROA spectra in the CH
stretching region, some of which could also be verified by
comparison with previous measurements.”

Solvent Dependence of Spectral Intensities. The
dependence of the spectra on the solvent environment in the
computations has often been neglected in the past, which can
lead to very poor agreement to experiment. For example, only
about 25% of average spectral VCD intensities could be
reproduced by vacuum computation on terpenes. > It is generally
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believed that the interaction of the aliphatic CH group with a
solvent is limited; this is, however, not true in terms of the
absolute spectral intensities. We choose camphor for the solvent
testing as this molecule is normally in a solid state and it is usually
dissolved for VOA measurement.

As can be seen in Figure 2, although stretching frequencies do
not significantly change under solvent variations, the intensities
vary for all the Raman, ROA, IR, and VCD spectral types in the
CH region at least to the same extent as for other vibrations.
Already the argon environment causes a notable (~10—20%)
increase of the intensities. The increase approximately saturates
for solvents more polar than 2-hexanone, where the calculated
Raman/ROA and IR/VCD intensities are respectively about four
and two times larger than in vacuum. Relative CID ratios for
different vibrational bands are also varying with solvent polarity.
On average, however, CID magnitudes remain rather constant
throughout the entire spectral region. The fact that the
magnitudes of the Raman and ROA spectra, for example, react
to the environment in the same way thus contributed to previous
successes of the vacuum-based VOA modeli.ng.‘w’:-'ﬂ

The dependence of integral Raman and IR intensities on the
solvent polarity plotted in Figure 3 (upper two panels) reveals
that the CH stretching vibration are significantly more influenced
than the rest, except for the carbonyl stretching, In Figure 3
(bottom), we also compare the dependencies of the isotropic
electric dipole polarizability (&), dipole moment, and the
magnetic (G") and quadrupole (A) polarizabilities™ on the
polarization factor #. As expected, the dependencies are about
linear. The G’ tensor is the least and A is the most sensitive to the
polarity. Therefore, the similar increase in magnitudes of the
Raman (dependent on derivatives of @) and ROA (dependent on
a, G', and A derivatives) intensities with the polarity appears
rather accidental, given by the balance of the G’ and A
contributions.

Similar intensity changes as for CH stretching occur in the
lower-frequency region below 1900 cm™', where they are
additionally accompanied by notable changes of vibrational
frequencies (Figure 3; individual transition frequencies are

dx.doiog/10.1021/ct400285n 1 1. Chem. Theory Comput. 2013, 9, 30963108
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Figure 3. Dependence of calculated integral Raman and IR (IR)-
(+)-camphor spectral intensities, dipole moment, and isotropic
polarizabilities on the solvent polarization factor, relative to vacuum.
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extracted in Supporting Information Figure $3). The C=0
stretching band (~1770 cm™!) exhibits the largest shifts, about
50 am™" for the entire range of solvents. As discussed before,”” ™
even larger shifts can occur experimentally because of the
inadequacy of the continuum models for the carbonyl group
forming hydrogen bonds. Whereas the increasing solvent
polarity causes mostly downshift of the lower-frequency
modes, the CH band positions can change both up- and
downward, occasionally changing their ordering,

The relative band intensities are rather conserved under the
environment variation. For camphor the ROA CH stretching
region spectra were the most sensitive to the solvent variation as
the change in solvent polarity causes sign flip for a band around
3070 cm™'. For VCD, the signs do not change, but band
positions and relative intensities do.

Frequencies, Functionals, and Basis Sets. Comparison of
the harmmonic frequendes obtained with different methods
provides indication of their computational reliability. The Raman
and ROA fenchone spectra and the error of average harmonic
CH stretching frequencies calculated at 12 approximation levels
are summarized in Figure 4. Clearly all the electronic methods
significantly overestimate the CH stretching frequencies if
compared to experiment, HF being the extreme case with an
error of 260 ¢cm™'. On the other hand, compared to
mPW2PLYP* as the most advanced and accurate approach, all
the DFT methods provide the harmonic frequencies too low,
obviously still with a large deviation (70—160 cm™) from
experiment. This can only be improved by the PT2 and LVCI
anharmonic corrections, included at the mPW2PLYP level,
giving the average errors as 35 and 5 cm™, respectively.

Interestingly, the empirical dispersion correction,”™®> de-

signed to treat longer-range dispersion interactions inadequately
described by some older DFT appl'ch:u:l'les,{"4 had an ambiguous
effect on the spectra In comparson with the uncorrected
computations, it made slightly worse the lowest (<~1200 cm™")
and improved the higher-frequency region. The influence of the
dispersion in the CH region is rather negligible (Figure 4).

More importantly, the performance of the harmonic level is
much better for spectral shapes than for frequencies. As apparent
from Figure 4, various functionals give similar intensity profiles,
including the vibrational optical activity. Prindpal spectral
features can thus be approximately modeled within the harmonic
approach also for the CH stretching, As discussed previously, this
approach can be combined, for example, with empirical scaling of
the frequencies.*>*

The basis set convergence of the ROA and Raman spectra in
the CH stretching and lower-frequency regions is analyzed in
Figure 5. The normalized spectral overlap error comprises
deviations of frequendes and intensities. Apparently, for the
Raman and IR spectra, the convergence is reasonably smooth
both for the CH and lower-frequency vibrations. The ROA and
VCD spectra in the CH region (blue records in the panels) do
not improve much with increasing basis set size before the 6-
311++G** basis set is used. This indicates that the simulated
VOA CH stretching spectra might be more sensitive not only to
the proper inclusion of the solvent environment (see above), but
also to the basis set. The split-valence triple-¢ 6-311++G** basis
set brings an improvement mostly to the valence electrons
determining vibrational frequencies; sole ROA intensities, for
example, would be sufficiently desaribed by the D95++%* basis
and similar sets including the diffuse functions.*™***”

From a practical point of view, usage of basis sets larger than 6-
311++G** thus appears unnecessary, as this is assodated with a
sharp increase of computational time. From Figure 5, we also see
that for approximate computations a proper choice of the basis
set can lead to significant time savings, because smaller basis sets
sometime provide better results than larger ones. For
convenience, we list the computational times needed for ROA
spectra computation with different basis sets in Supporting
Information Table S3.

For the following anharmonic modeling, we use the
mPW2PLYP/6-311++G**/COSMO method for force field,
which allows for both the harmonic and anharmonic force field
term calculations in a reasonable time in a consistent way. Note
that the B3LYP/6-311++G**/COSMO level is used for the
intensities.

Comparison of the Anharmonic Approaches for a-
Pinene. a@-Pinene is the smallest of the three models and
permissible for extended vibrational tests. The behavior of the
harmonic, PT2, and LVCI computational method used for the
spectral simulations is documented in Figure 6. All the Raman,
ROA, IR, and VCD spectra are shown within 1350—1770 and
2700—3200 cm ™, to capture the differences between the low-
frequency and CH stretching regions. The indicated normal
mode numbers correspond to Table 1. For LVCI, the normal
mode number was assigned according to the dominant expansion
coefficients.

The harmonic computation provides the CH stretching
frequencies too high. Although the simulated harmonic spectral
profiles are close to experiment, a band-to-band comparison at
this level can be done only in the lower-frequency region. The
PT2 computation corrects most of the frequency error.

dx.doiorg10.1021/ct400285n | ). Chem. Theary Comput. 2013, 9, 3096-3108
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To our surprise, the 1350—1770 am™" region ako significantly
benefited from the anharmonic computations. This wavenumber
range comprises mostly the C—H bending modes, and is
traditionally considered as harmonic. For example, mode
number 24, shifted from the harmonic position at 1492 to
1418 an™!, is then only somewhat lower than experiment (1434
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cm™"). The C=C stretching band (mode number 17) is rather
indifferent to anharmonicity corrections. Its position calculated
too high if compared to experiment can be attributed most
probably to an error of the mPW2PLYP/6-311++G** /COSMO
force field. Possibly, also higher-order terms, not included in the
potential (1) may play a role. Additionally, the LVCI
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indicated mode numbers correspond to Table 1.

computational method has been primarily optimized for the CH
stretching region. In particular, the HO states potentially
important for the C=C vibration could not be included in the
Hamiltonian because of the size limits.

In the C—H stretching region the PT2 computation is still
inadequate to reproduce the observed spectral shapes, although it
improves the harmonic Raman and IR spectral shapes. The mode
ordering is mostly conserved within PT2.

The LVCI computation is the most consistent with exper-
ment, providing both reasonable frequencies and intensity
profiles. This is visible namely for the Raman and IR spectra,
where most simulated and experimental bands can be assigned
also in the CH stretching region. In comparison with the
harmonic profiles, the LVCI spectra become narrower and
dominated by the central signal (vibration number 11, ~2922
am™' for Raman). For ROA and VCD the intensity errors are
more apparent than for IR and Raman scattering, This is given in
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general by the higher sensitivity of the polarized spectroscopies
to molecular vibrations, i.e. to the eigenvectors of the LVCI
Hamiltonian. Nevertheless, the simulation allows one to
understand the underlying vibrational patterns. For ROA, for
example (see also Figure 7, top, for detailed overlap of the
simulation and experiment), the relatively strong negative signal
observed at 2885 cm™' is readily reproduced by LVCI at
approximately the same position (with a strong participation of
the fundamental mode number 12; note, however, that beyond
the harmonic approximation the concept of vibrational normal
modes becomes irrelevant). Similarly, the positive experimental
band at 2922 cm™" is reproduced by LVCI, with a participation of
the normal mode 11. Around 2951 cm™, however, the negative
LVCI ROA signal associated with the mode number 16 is
overestimated by the computation.

For VCD, the behavior of the LVCI simulation is similar as for
ROA, with the largest discrepancy around 2935 cm™', where a
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Table 1. Calculated (mPW2PLYP/6-311++G**/COSMO) CH Stretching Normal Modes®

mode a-pineng fenchone camphor
1 3750 3150 dipBip3ip 3158 3
2 3162 3ipll 3148 3ipBopdip 3141 Bip
3 3156 3 3140 ip@ipBop3ipd 3136 BipBipl
4 3140 Jopl 3135 op@ipBop3ipd 3135 3
5 3132 3 3132 Jop 3op 3133 3
[ 3109 Jipd 3131 330p3 3130 BopBinE
7 3102 3opd 3130 3.30p3opll 3123 3ip3
H] 3096 liplip2 3130 Jop 3118 l,iopl
9 3090 3 3118 lip2, 3116 Jop3
10 3087 loplip2 3115 I.Eop 313 LBopl
11 3078 lop 2 3000 2ip2ip2opl 3000 lop2ip2ip2
12 3056 ¥ 3082 2op2ip2 3088 2ip2op2
13 3051 ip ll 3073 2op2 3080 2op2
14 3045 op 3062 ip‘ 3063 ip@ip 'l
15 3040 3039 op 3060 ip @ op
16 3030 2*ipl 3058 3056 ap
? i - CH stretehi
2 - symmetric CH; stretching
3 - @eﬁic CH; stretching
ip in phase
op out of phase
» proximate to double bond
=)
., 0.00 1 2
= =
.
=
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Figure 7. (top) Calculated (LVCI) and experimental VCD, IR, Raman, and ROA (1R)-(+ )-az-pinene spectra in the CH stretching region. (bottom)

Calculated spectra with and without contribution of the second intensity tensor derivatives.

negative signal is measured, but a positive one (mode number 8) LVCI some principal intensity profiles are conserved if compared
is simulated. Overall, however, the convergence of the LVCI to the harmonic limit. This suggests that the anharmonic
method to the experiment is quite apparent for all the spectral interactions/potential shape only rarely causes changes in the

types. The simulation also justifies the above comparison of the mode ordering (e.g, via Fermi resonances). Instead, the CH
harmonic ROA and VCD pattemns to experiments, as even under stretching vibrations, for example, interact with a pool of other
3103 dxdoiong/10.1021/ct400285n | L. Chem. Theory Comput. 2013, 9, 3096-3108
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molecular vibrations, which causes an approximately uniform
shift of the frequencies. There is a remaining frequency error of
about 5—10 cm ™' ofthe LVCI computation, most probably given
by the limited Taylor expansion of the potential, error of the
electronic quantum-chemical approach, and approximation in
the vibrational LVCI approach.

For IR and VCD the magnitude of the measured and
computed intensities is directly comparable. For the absorption
(Figure 6, left, bottom) all the computational models provide
peak heights (for the bandwidth of 10 cm™") comparable with the
experiment; the accuracy seems worse for the CH stretching
region (where the calculated intensities are by about 30%
overestimated) than below 1800 am™". The anharmonic PT2 and
LVCI anharmonic corrections do not seem to significantly
change the harmonic integral IR intensities. The VCD intensities
obtained with different models (Figure 6, right, bottom) vary
more and a detailed gualitative comparison is problematic. On
average, the harmonic VCD intensities appear underestimated
(by ~50%) if compared to experiment, which is significantly
repaired by the anharmonic corrections.

The spectra simulated with and without the second derivatives
of the intensity tensors (transitional electric and ma%‘netic dipole
moment, and the &, G’, and A polarizabilities,” Figure 7,
bottom) are very similar. Rather surprisingly, for the VOA
intensities (VCD, ROA) generally considered very sensitive to
computational parameters the contribution of the second
derivatives is relatively smaller than for the IR and Raman
spectra. Finally, we see that the second derivative contributions
can both increase (IR) and decrease (Raman) the integral
intensities. They mostly improve the agreement of the
simulations with the experiment, and their computation requires
relatively small computational effort in comparison with the
energy derivatives.

Anharmonic Coupling Between Normal Modes and
Convergence of the LVCI Results. The freezing of the lower-
frequency vibrations is necessary to reduce the number of the
HO states. Similar mode separation appeared useful, for example,
in the modeling of the tryptophan chromophorc.f’s It is based on
the assumption of a limited coupling between the higher- and
lower-frequency modes. At least partially, it can be justified on
the basis of the anharmonic coupling defined as an average of the
dimensionless cubic and quartic constants containing two modes
i and j (legl + legl + legl + ldgd + ..). Indeed (Supporting
Information Figure S4), the CH stretching modes (last 16 modes
in the graphs) exhibit exceptionally large diagonal and off
diagonal anharmonic constants and are thus relatively isolated
from other vibrations. The coupling of the CH stretching to the
lower-frequency modes is significantly smaller, and even smaller
is the diagonal and off-diagonal coupling within the modes with
frequency below 2000 cm™ . The coupling increases again for the
very-low energy (<300 an”!, not shown) modes, such as the
methyl torsions, where, however, the limited Taylor expansion of
the potential (eq 1) is not applicable.

LVCI computations with a variable number of the HO states
(with various coupling parameters ¢, and ¢, and number of
blocked vibrations, e.g. Supporting Information Figure §5 with
the Raman and ROA spectra of (1R)-(+)-a-pinene) indicate a
good stability and convergence of the transition vibrational
frequencies; however, the intensities are very sensitive and
require a relatively large number of states to be induded,
especially for the one-step selection with ¢, = 0. This makes the
computations extremely computer memory and time demand-
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On the other hand, the two-step HO basis set selection
appears as a more reliable and accurate method. The role of the
second parameter for the simulated Raman spectra of a-pinene is
documented in Figure 8. If just states interacting with the CH

direct coupling
B
C-H a
003
G
L I I I e s T 0.00
balanced coupling
. f—
— -
e = L 003
Et---_
‘L. T T T T T T 0.00
experiment
- 0.03
T T T 0.00
1600 2000 2400 2800 3200

Wavenumber (cm™')

Figure 8, Raman spectra of a-pinene calculated by the LVCI method
with one (¢, =0.002, ¢, = 00) and two (¢, = 0.002, ¢, = 0.1) step selection
of the HO basis states and the experiment. The first method causes an
unrealistic spread of state energies, whereas the second one provides
more balanced coupling and spectra of the states of interest (CH
stretching).

fundamental vibrations are selected, even for a relatively weak
coupling (¢, = 0.002), the resultant spectral shape is not very
realistic, with a large dispersion of the CH stretching frequendes.
The frequencies are also too high. This can be prevented by
including the second set of states interacting with the first one,
for ¢; = 0.1. Then the simulated frequencies and spectral shapes
are significantly more realistic, albeit at the expense of the
computer resources required (14986 vs 749 398 states
included). This approach leads to a more reliable convergence,
where spectral intensities are less sensitive to the number of
states included (see also Supporting Information Figures S5 and
S$6) than in the one step LVCI state selection.

On the basis of the perturbation formalism,*” one may expect
that adding a third set of states interacting with the two would
further improve the data. This is not possible to explore for our
systems (the total number of the states would be enormous) and
implementation limited to 5-times excited states. On the other
hand, from the large value of ¢; (0.1) we see that a significant
improvement was already achieved by including the largest
interactions, suggesting that further changes would bring minor
effects only, with respect to all sources of errors. The possibility
to vary the ¢, and ¢ coeffidents arbitrarily makes the three-stage
state selection obsolete as well.
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Figure 9. (1R)-(—)-Fenchone Raman, ROA, IR, and VCD spectra calculated at the (A) harmonic, (B) PT2, and (C) LVCI approximations {36 modes
fived, ¢, = 0.002, ¢, = 0.1, 1 086 008 HO states) and (D) experiment in low {1350—1850 cm™) and CH (2700—3200 cm™") frequency regions. The

indicated mode numbers correspond to Table 1.

Fenchone and Camphor Spectra. The behavior of the
other two molecules with respect to the spectral modeling of the
CH stretching vibrations is similar to @-pinene (Figures 9 and 10,
detailed overlaps between the calculation and experiment are
plotted in Supporting Information Figure S7). The computations
were slightly more demanding than for a-pinene because of the
presence of the carbonyl group. For fenchone (Figure 9), the
most visible discrepancies between the LVCI simulation and
experiment are the shape of the Raman CH stretching signal,
predicted to be sharper than observed, and the ROA band around
2989 cm™', the experimental negative sign of which is
reproduced as a weak split signal only. At the level of visual
comparison, a better agreement between the simulation and
experiment is apparent for the IR and VCD spectra that for
Raman/ROA.

For camphor (Figure 10), the intensity of the highest-
frequency negative ROA signal at 2974 am™ is underestimated

3105

as well. In spite of structural similarity of camphor and fenchone,
their spectra, in particular VCD and ROA, are rather different.
For example, camphor ROA is much simpler than for fenchone,
which is well reproduced by the LVCI computation, but not by
the lower-level harmonic and PT2 approaches. For fenchone, the
relative Raman and IR intensities of the C=0 stretching band
are smaller than for camphor, which is reproduced by all the
computations.

The computational times can well be estimated for the
electronic problem, where the harmonic force field is the most
demanding part (for example, 188 h for camphor and the
mPW2PLYP/6-311++G**/COSMO computation if recalcu-
lated to one E7330 240 GHz processor). Both the PT2 and
LVCI methods need the same anharmonic force constants
present in eq 1, which requires the time for the harmonic force
field to be multiplied twice by the number of modes (resulting to
the total of about 1175 CPU days in this case). Computational
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indicated mode numbers correspond to Table 1.

times needed for the P'T2 and LVCI vibrational procedures vary
significantly. In our implementation, the PT2 correction took
about 1 min and the LVCI camphor computation (Figure 10)
took about 6 days.

In the spirit of the previous study of Cappelli et al focused on
the PT2 method,”® we consider the possibility of reliable LVCI
computations as a next step in reproduction of the CH stretching
signal in organic molecules. This is dearly desirable as the
harmonic approaches do not capture important spectral features
and the link between the spectral shapes and structures. Apart of
the dimensionality of the problem, many obstacles remain to be
solved in the future, such as the role of the lowest-energy
vibrations (e.g., methyl torsions), potentially requiring an explicit
quantum state temperature averaging and extension of the
limited Taylor expansion-based anharmonic approach.
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B CONCLUSIONS

We acquired high-quality ROA spectra of three terpene
molecules, and by comparing the four spectral types with
computations, we could assess performance of the computational
approaches for detailed CH stretching modeling. Contrary to
general belief, we found that the CH stretching spectral
intensities are very dependent on the solvent environment and
are also slightly more sensitive to the basis set choice than the
lower-frequency vibrations.

For the simulation beyond the harmonic limit, a limited
interaction between the CH stretching and lower-frequency
modes was assumed. This could be partially justified by analysis
of the anharmonic intermode coupling. Owing to an efficient
implementation of the diagonalization procedure, the limited
vibrational configuration interaction provided converged spectral
patterns very well reproducing the experimental frequencies and
intensities. In spite of occasional problems namely for the
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vibrational optical activity spectral features, the LVCI scheme
appears as the best simulation method so far, over performing the
harmonic and second-order perturbational approaches. The
computations in part justify previous modeling efforts based on
the harmonic limit, as the most distinct spectral features survive
adlso beyond the harmonic approximation. A future accuracy
improvement is desirable; nevertheless the results clearly indicate
that the LVCI simulation of the vibrational optical activity
beyond the harmonic limit are possible and bring precious
information about molecular structure and the spectroscopic
response.
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The CH Stretching Region: Computational Modeling of Vibrational Optical Activity

Jana Hudecova, Vaclav Profant, Pavlina Novotna, Vladimir Baumruk,

Marie Urbanova, and Petr Bour

Table S1. Experimental conditions used for the IR and VCD measurement
Table 52, Relative permittivity and polarization factor of the solvents used in calculations.

Table S3. Computational times for different basis sets,

Figure S1. The experimental spectra.

Figure S2. ROA artifact removal.

Figure S3. Calculated frequency shifts as dependent on the polarization factor.
Figure S4. Anharmonic coupling between harmonic vibrational modes.
Figure S5. LVCI dependence on the number of HO states. a-pinene.

Figure S6. LVCI dependence on the number of HO states. camphor.

Figure 57. Overlaps between experiment and computation, fenchone and camphor.

139



Table S1. Experimental conditions used for the IR and VCD measurement?

region (cm™) solvent cell resolution (cm™) c (M) I (m)
fenchone 2000 - 3800 neat CaF, 8 6.24 6
1600 - 1800 neat KBr 4 6.24 6
850 - 1600 neat KBr 4 6.24 50
camphor 2000 - 3800 CCly CaF; 8 0.6 50
1600 - 1800 CCl, KBr 4 0.13 50
825 - 1600 CCly KBr 4 0.6 100
t-pinene 2700 - 3100 CH,Cl; CaF, 4 1.45 6
800 - 1800 neat KBr 4 6.30 50

“ concentration (c), spacer width (I).

[ ]

Table 52, Relative permittivity and the polarization factor of the solvents used in calculations.

Solvent & (&-1)/(2& + 1)
vacuum 1.00 0.000
argon 1.43 0.111
carbon tetrachloride 2.23 0.225
chloroform 4.71 0.356
dichloromethane 8.93 0.420
2-hexanone 14.14 0.449
methanol 32.61 0.477
water 78.36 0.490
formamide 108.54 0.4593
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Table S3. Approximate computational times for different basis sets, fenchone B3LYP ROA

(frequencies and tensors) Gaussian 09 computation. ~ 3GHz epu.

# basis set t (h)

1 6-31G 0.6

2 D95 0.8

3 6-31G* 1.6

4 TZV 22 100

5 6-31+G* 23 _

6 6-31G** 3.1 £

7 Do5** 3.3 2

§ TZVP 5.8 2107

9 6-31++GH* 6.4 =

10 DO5++#* 7.1

11 6-311++G** 10.2 14

12 ce-pVTZ 50.7 T T T T T r T
13 aug-cc-pVIZ 410.8 200 400 600 800

Number of basis functions
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(1R)-(+)-camphor:
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Figure S1. All measured spectra, 1.e. Raman scattering. ROA. IR and VCD of (1R)-{+)-ci-pinene.
(1R)-(-)-fenchone, and (1R)-(+)-camphor (from the top). For camphor. the CCly solvent bands are
displayed in green and the Raman and ROA spectra are not reliable in these regions. In some

spectral region factors by which the intensity was multiplied are indicated. IR and VCD

experimental conditions are summarized in Table S1.
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Three Types of Induced Tryptophan Optical Activity
Compared in Model Dipeptides: Theory and Experiment

Jana Hudecova,*®® Jan Hornicek,” Milos Budésinsky,® Jaroslav Sebestik,” Martin Safafik,!
Ge Zhang, Timothy A. Keiderling,” and Petr Bour*?!

The tryptophan (Trp) aromatic residue in chiral matrices often
exhibits a large optical activity and thus provides valuable
structural information. However, it can also obscure spectral
contributions from other peptide parts. To better understand
the induced chirality, electronic drcular dichroism (ECD), vibra-
tional circular dichroism (VCD), and Raman optical activity
(ROA) spectra of Trp-containing cyclic dipeptides c{Trp-X)
(where X=Gly, Ala, Trp, Leu, nLeu, and Pro) are analyzed on
the basis of experimental spectra and density functional theory
(DFT) computations. The results provide valuable insight into
the molecular conformational and spectroscopic behavior of
Trp. Whereas the ECD is dominated by Trp a-ni* transitions,
VCD is dominated by the amide modes, well separated from
minor Trp contributions. The ROA signal is the most complex.

1. Introduction

The tryptophan (Trp) residue plays an important role in pep-
tide conformational studies, espedally those using chiral and
fluorescence spectroscopic techniques."® The aromatic chro-
mophore has an easily detectable spectral response. This is
both convenient and a problem, as electronic circular dichro-
ism (ECD) arising from Trp can interfere with that due to the
peptide backbone and bias secondary structure analyses, while
its fluorescence overlaps that of other aromatics. Coupling be-
tween Trp and other aromatic residues leads to a particularly
large ECD that can be used for tertiary structure analyses.”™™

Trp also has distinctive vibrational spectral properties™' Its
bands can be selectively enhanced in Raman spectra” and
used for surface-enhanced studies.™ Although the aromatic
side chain in Trp is planar, strong Raman optical activity (ROA)
features have been identified in some peptides and confirmed
theoretically as being due to the chiral orientation of the adja-
cent covalent link.™

The Trp residue has many biological functions, including par-
ticipation in ion transfer™ and providing a signal or anchor for
pores formed from transmembrane helices, which often termi-
nate in Trp. Quinacrine drugs were suggested to interact with
tryptophans."” Often, short secondary structures containing
these residues are stabilized by a hydrophobic collapse."®

In this work, a series of small Trp-containing cyclic dipepti-
des was synthesized and subjected to spectroscopic and com-
putational studies, in order to understand the side-chain role
in the ECD, vibrational circular dichroism (VCD), and ROA spec-
tra, and to monitor the Trp conformational properties in solu-
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However, an ROA marker band at 1554 cm™' indicates the local
¥ angle value in this residue, in accordance with previous the-
oretical predictions. The spectra and computations also indi-
cate that the peptide ring is nonplanar, with a shallow poten-
tial so that the nonplanarity is primarily induced by the side
chains. Dispersion-corrected DFT calculations provide better re-
sults than plain DFT, but comparison with experiment suggests
that they overestimate the stability of the folded conformers.
Molecular dynamics simulations and NMR results also confirm
a limited accuracy of the dispersion-DFT model in nonaqueous
solvents. Combination of chiral spectroscopies with theoretical
analysis thus significantly enhances the information that can
be obtained from the induced chirality of the Trp aromatic resi-
due.

tion. The cyclic dipeptides (sometimes called 2,5-diketopipera-
zines, DKPs, after the central six-membered ring) are favored
for model studies"**" as they are more rigid than linear pep-
tides and are reasonably small, thereby facilitating the use of
more accurate computations.

In particular, we were interested in the interaction of the Trp
residue with the backbone and other side-chain parts of pep-
tides, as such effects are crucial for developing ROA and ECD
spectroscopic responses. As shown below, they provide com-
plementary, but not identical, information about the structure
to that obtained with NMR spectroscopy, which can be often
reconciled only with complex theoretical modeling of molecu-
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lar behavior. For symmetric molecules, such as the cyclic di-
peptide c-(L-Trp-L-Trp), NMR spectroscopy cannot discriminate
among the conformational variants of individual side chains,
thus making the optical techniques, in particular ROA, in prin-
ciple more suitable in this case.

However, the ROA spectral features are not necessarily local,
and the side-chain contributions are mostly overlapped with
the backbone signal.***! Only some ROA bands can be associ-
ated with local molecular parts. Fortunately, for Trp, such
a band exists at 1554 cm~, and its conformational depend-
ence on the y, side-chain dihedral angle can be reliably inter-
preted with computations."? For ECD, the Trp-Trp exciton cou-
pling is generally believed to indicate a fixed and close mutual
position. This was only partially confirmed by our modeling, as
a large signal was observed in mono-Trp peptides (e.g. c-(Trp-
Ala)) as well.

Peptide structural studies through chiral spectroscopies
profit from the improved reliability and performance of the
computational tools. The ECD spectra, for example, can be
nowadays routinely simulated using time-dependent density
functional theory (TDDFT)***! for fairly large molecules, in-
cluding the aromatic residues in peptides.™ "

Also, information about local molecular structure in the vi-
brational optical activity spectra can be fully grasped only
when supported by the simulations.*”* For VCD theory, the
most important milestones were perhaps the development of
the magnetic field perturbation theory of Stephens,”*" and
its implementation within the gauge-independent atomic orbi-
tals (GIAOs)“" and the DFT methodology.*?

Similarly to VCD, the GIAOs should be used for ROA™" Al-
though implemented within DFT,*" ROA calculations have for
a long time been hampered by the necessity to compute de-
rivatives of some tensors numerically. This obstacle was lifted
only recently by implementation of fully analytical schemes in
publicly available programs.?

Our study also confirms the advantage of analysis of data
from a combination of several spectroscopic techniques to
characterize molecular behavior."*? Especially, the vibrational
methods provide new insight into details of peptide secondary
structure.™™ However, the spectral interpretations and com-
putations are still challenging, in particular for the proper rep-
resentation of solvent involvement, conformational averaging,
and balance of dispersion force,***"

As indicated in previous studies the dispersion should be
added to most DFT biomolecular studies.”*® This is true also
for the Trp-containing dipeptides, although the benefit of the
correction within a simplified solvent model may be limited.

Experimental Section

Synthesis: The synthesis started from M-protected (benzyloxycar-
bonyl, Z, and fluorenylmethoxycarbonyl, Fmoc) and C-protected
(hydrochlorides of corresponding methyl esters) amino acids ob-
tained from Merck, Czech Republic. Linear dipeptide precursors
were prepared from Z-.-Trp-OH or Fmoc-p-Trp-OH and HCIH-X-
OMe peptides (X =Gly, Ala, Trp, Leu, nLeu, and Pro) using standard
BOP activation™ with 3 equiv diisopropylethylamine. Cyclic dipep-

ChemPhysChem 2012, 13, 2748- 2760
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tides c-(L-Trp-L-X) were obtained from Z-.-Trp-X-OMe, whereas c-
(o-Trp-p-X) compounds were prepared from Fmoc-o-Trp-o-X-OMe,
since different blocking groups were available for .- and o-Trp. The
peptides were purified by column chromatography (Merck silica
gel 60, CHCl;/MeOH 25:1 or 10:1). Cyclization of the v series was
achieved by 5 h of hydrogenolysis®™ on Pd sponge in MeOH with
continual heating to 50°C for 15-40 h. The Pd sponge was re-
moved by filtration and washed with MeOH, acetonitrile (AcCN) or
DMSO depending on the product solubility. The solvent was
evaporated, and the product was crystallized several times from
MeOH.

The cyclic o series peptides were obtained in two steps. First, the
Fmoc group was removed using 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU)/EtSH/ACCN (2:20:78) mixture™ for 1 h, which was followed
by extraction of the amine form between 1% HCl and diethyl
ether. The aqueous solutions were adjusted to pH 8 with saturated
NaHCO.. Free amine was taken to EtOAc. After drying with Na,S0O,
and evaporation of the solvent, the residue was heated in MeOH
for 24-72 h. The precipitated cyclic form was filtered off and recrys-
tallized from MeOH. In cases of low conversion, the remaining
amino component was removed with Dowex-50 in MeOH.

Because of limited solubilities of the various cyclic dipeptides, a rel-
atively wide range of solvents had to be used for the experimental
NMR spectroscopy, ECD, VCD, and ROA, as summarized in Table 1.

Table 1. Overview of solvents used for the experimental spectra.
Compound NMR ECD IRVCD Rarman/
ROA
(-Trp-Gly) [DJDMSO, CDOD, - DMSO DMSO
cdl,
(o-Trp-Gly) - - DMSO  DMSO
(1-Trp-1-Ala) - TFE, - -
AcCN
(i Trp-iTrp)  [DJDMSO, CD,0D  AcCN  DMSO,  DMSO,
AcCN CH,OH
e(o-Trp-o-Trp) - AcCN DMSO, DMSO
AcCN
(-Trp-1-Leu) [DJDMSO, CDOD - - CH,OH
e(-Trp-rnleu) - TFE, - -
AcCN
{1-Trp-1-Pro) [DJDMSO, CD.OD AcCN DMSO, -
AcCN
(o-Trp-o-Pro) - AcCN DMS0, DM50
AcCN

NMR Spectroscopy: 'H and ""C NMR spectra of c-{-Trp-Gly), c-(1-
Trp-u-Trp), c-(L-Trp-L-Leu), and c-(-Trp-1-Pro) were measured on
a Bruker Avancell NMR spectrometer ('H at 600.13 and "C at
150.9 MHz) equipped with a 5 mm cryo-probe. The spectra of all
cydic dipeptides were measured at 300 K in DMSO, CD,0D, and
CDd, For structural assignment of proton and carbon signals
(using natural C occurrence), a combination of homo- and hetero-
nuclear 2D NMR spectra (HH-COSY, H,C-HSQC and H,C-HMBC) was
used. The NOE contacts were determined from 2D H,H-ROESY
spectra (mixing time 300 ms).

ECD Spectra: Electronic CD spectra for c(L-Trp-L-Ala), c-(L-Trp-L-
Trp), c(o-Trp-o-Trp), c(L-Trp-1-nLeu), c-(L-Trp-1-Pro), and c(p-Trp-
p-Pro) samples were measured using a Jasco J-810 spectropolarim-
eter. Samples were studied in 0.1 cm path length quartz cells,

2749
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using concentrations of about 0.2 mgmL~" in AcCN or 2,2,2-tri-
fluoroethanol (TFE). c-(Trp-Gly) was not sufficiently soluble under
these conditions. Each spectrum was obtained as an average of six
scans taken with a band pass of 1nm and scanning speed of
50 nmmin~'. The experimental spectra are expressed in Ae
(Lmol™"em™"); for this purpose the concentration was determined
by the Trp UV absorption.

VCD Spectra: VCD spectra of the o and L forms of c-(Trp-Gly), c-
(Trp-Trp), and c-(Trp-Pro) were measured using a homemade dis-
persive instrument separately described in detail”™ The corre-
sponding IR spectra were recorded on the same samples using
a Vertex 80 FTIR (Bruker) spectrometer.

Samples were prepared by dissolving the peptides in DMSO or
AcCN (not shown), to a concentration of about 10 mgmL‘W, and
placing the solutions in a sealed cell composed of two CaF; win-
dows separated by a 100pm
spacer. Spectra were obtained as

J. Hudecovd, P. Bour et al.

urable; the spectra are then presented as the difference (L—p)/2,
as for VCD.

DFT Geometries: Lowest-energy conformations of selected dipepti-
des (Tables 2 and 3) were obtained by geometry optimization with
the Gaussian program,®*! mostly using the B3LYP'™ functionals and
6-3114++G** basis set. For some tests, the aug-cc-pVTZ standard
basis sets, MP2,%! MPW2PLYP*"* B3PW91,""! and BPW91'*! meth-
ods were used as specified below (Table $1, Supporting Informa-
tion). The conductor-like polarizable continuum model (CPCM)'®!
was used with AcCN (relative permittivity, £, =36), CHCl; (¢,=4.7),
TFE (g,=27), CH;OH (g=33), and DMSO (g,=47) parameters for
computations on the c-{t-Trp-L-Trp) molecule. The solvent varia-
tions, however, had only a minor effect on the resultant spectra
and relative conformer energies, as documented in Figure 51 in
the Supporting Information. For calculations of other molecules

the average of six scans and were | Table 2. Selected geometry parameters ¥ relative energies,™ and Boltzmann weights®! of the most populated
comected by subtraction of an conformers, ¥ cakulated at the B3LYP/6-311 ++G*/CPCM(DMSO) level.
identically obtained spectum of _
the solvent. Most VCD signals were Conformation®! Ll X2 ¢ v AE d
in general quite weak and compa- eATrp-Gly)
rable in intensity to the instrumen- A —61 103 23 —16 0 35
tal artifact signals developed with | A’ —60 106 25 7 0.1 32
this high-refractive-index solvent. |8 —59 —87 22 —16 0.7 1
The VCD spectra are therefore pre- o & —92 28 —13 0.7 11
2 C a3 89 25 —17 0.9 8
sented as the difference of enan- ATrp-Ala)
tiomers, or (L—bD)/2. Slmlla-rlyg IR A 60 103 18 _12 0 30
spectra are presented as their sum, In 60 106 _og 19 01 32
or (L+D)/2. B —59 —87 18 -13 0.7 1
i B —57 —-83 —-25 15 1.1 6
ROA and Raman Spectra: All cyclic D 6 _go 17 12 1.1 6
dipeptides were dissolved in C 63 ap 14 _g 1.1 6
DMSO or methanol to concentra- c{Trp-Leu)
tions of 50-150mgmL ", and the | A3 Trp —61 103 15 -n 0 45
spectra were measured with Leu —63 172 16 -1
a backscattering SCP BioTools p- | B3 —58 —88 18 —13 0.7 13
Chiral Raman-2X instrument —63 172 18 —14
equipped with an Opus diode- A8 _?;7 ;23 ;2 _;? 08 9
pumped solid-state laser operating | 6 o 16 i . ;
51,621 .
at 532 nm. The laser power 62 174 14 10
was set to 50-100 mW, and power 3 64 an 13 _g 1.2 6
at the sample was 30-60 mW. 63 173 16 -1n
Higher powers would cause {Trp-Trp)
a faster degradation of the sam- | AA Trp 1 —61 102 16 -10 0 25
ples. Residual fluorescence was Trp2 —61 102 16 -10
quenched by leaving the sample AR —59 105 -19 1 0.1 22
. —60 105 —-19 12
in the laser beam for a few hours
AB 61 103 16 -1 0.7 15
before measurement. The total ac- _sa a8 15 _10
quisition time was about 20 h for B _60 105 12 6 1 10
each sample. For most samples, _sg _g84 10 5
ROA spectra from two or three in- AD —60 103 16 10 0.0 1
dependent measurements were 62 —90 17 -1
averaged. Solvent bands were sub- | c{Trp-Pro)” P 8,)
tracted from the Raman spectra, AS (3024, 38.2) —60 108 -37 31 0 64
and minor baseline comections i; 5322973:81?! _:g ]‘ﬁ; _3? ;.; : . :;
were made. In'the case of strong B (3003, 381) 62 T3y 30 3 15 5
solvent scattering, affected wave- | ;g (3039, 382) 54 80 —35 30 1.9 3
number regions were deleted from
the spectra. In this work we ana- [a]l Torsion angles y,, .. ¢, and 1, in degrees, defined in Figure 1, for 1L enantiomers for DFT structures. [b] AE,
lyzed only the ROA of c-(Trp-Trp) in keal mal . [c] Induding degeneracy; in %. [d] Conformers with relative energy AE <2 keal mol ' are spedified.
and c{Trp-Gly), where both enan- [e] Notation of peptide conformation is specified in Figure 2. [f] Type of proline puckering: 5 or N defined by
. . phase P and amplitude &,
tiomers were available and meas-
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Table 3. Selected metry parameters, relative energies, and Boltzmann weights of the most populated con- nates were allowed to relax. This
. 1) I I Py
formers, calculated st the BAYP-D/6311 HGwcpcgrDhson level ’ Pore revealed four minima; the angle 7,
favors values around —60° and
Conformation P ¥ & Y AE 7 60°, and i, prefers —90° and 90°.
c(Trp-Gly) Based on these scans, c-(L-Trp-Gly),
D 60 —90 37 -2 0 76 c-(L-Trp-1-Ala), c-(L-Trp-L-Leu), c-(1-
c 61 87 33 -3 0.7 B Trp--Trp), and c-{-Trp-.-Pro) di-
i[:)—fTrp—AIaJ & _o0 24 _15 o . peptide geometries were generat-
c 63 94 2 1 01 3 ed with starting values ¥, of about
{Trp-Leu) —60, 60, and 180° ¥, ~—90 and
D3 T 64 —a3 23 18 0 64 90° (these conformations are de-
Leu —50 —175 13 -9 picted in Figure 2) together with
c3 65 91 18 -1 08 17 two possible ring conformations,
—55 178 20 —13 ¢a2—25" and 25° and optimized
ce LL 98 20 -9 13 3 by energy minimization (with
—176 34 26 - B3LYP or B3LYP-D and CPCM-
b2 - e 2 . 16 * | oMsoye-311++6%. For cii-
(Trp-Trp) Trp-1-Trp), c-(L-Trp-1-Leu), and c-(1-
AD _s8 103 17 _g 0 5 Trp-L-Pro), the conformation of the
64 —go 23 13 second side chain was also investi-
BD —64 —90 10 -1 08 19| oated systematically; for Leu, the
66 —81 23 —12 i and ¥, torsion angles were set
BC —59 —96 n -7 17 4 at —60°, 60° or 180" for beginning
72 102 13 —4 the optimization; similady, we
o 67 92 -2 10 13 4 used the S and N conforma-
. 2: ‘?;3 :;3 ? ' N tion 5'7"'7‘” of the proline five-mem-
56 —96 ~16 12 bered ring.
AC .5_,457 ;23 :: ::E 18 3 Generation of the Spectra: Har-
{Trp-Pro) POy monic IR, VCD, Raman, and ROA
D (4.0, 39.7) 62 _ay 2 18 o 86 intensities were computed with
C (326.8 41.9) 65 88 21 —12 1.4 8 the Gaussian programs at the
- same level of theory as for opti-
[&] Symbols same as in Table 2. mized structures. The B3LYP func-

only the DMSO &, value (or CHCI; value for checking of conformer
preference) was used with both the normal and dispersion-correct-
ed (B3LYP-D)****"" B3LYP functional.

A two-dimensional scan was performed for c-(L-Ala-L-Ala) to inves-
tigate the inner ring potential energy surface (PES). Torsion angles
¢ and 1 (Figure 1, Table 4) were scanned in the range from —50°

Figure 1. Characteristic coordinates of the c-(-Trp-X), X=Gly, t-Ala, -Leu, -
nLeu, -Trp, and c-{L-Trp-L-Pro) cyclic dipeptides.

to + 507 with a step of 57 at the B3LYP/CPCM(DMSO)/6-311 ++G**
level. Because of the relatively simple single-valley PES that result-
ed from the 2D scan, for the other dipeptides we performed a re-
laxed 1D scan along the ¢ angle only.

For c-(L-Trp-.-Trp) at the B3LYP/6-311G** level, the Trp side-chain
conformation was investigated by a scan along torsion angles y,
and y, from —180" to + 165" with 15 increments; other coordi-

ChemPhysChem 2012, 13, 2748 - 2760
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tional with a medium-sized basis

Table 4. R on gyclic dipeptides.

R peptide
—H c-{L-Trp-Gly)
—CH, -(L-Trp-L-Ala)
—CH,CH(CH,), c{L-Trp-L-Leu)
—{CH.)sCH, (L-Trp-L-nLeu)
—CH,
W, {L-Trp-L-Trp)
M
H

set has been found very convenient for analogous spectral simula-
tions in many previous studies™ ¥ An excitation frequency of
532 nm was used for backscattered Raman and ROA dynamic (fre-
quency-dependent) polarizabilities. Relative Raman and ROA spec-
tral S{w) shapes were obtained by convoluting the calculated in-
tensities (/) with Lorentzian bands A=8 em™' wide, and multiply-
ing by a temperature-correction factor for T=298 K, so that the
spectrum from each mode i can be represented as [Eqg. (1)]:

so-[-en(- B THEE T o
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Figure 2. Conformational classes (A-F) of the Trp-containing dipeptides (see
also Table 2 for conformer energies). The canonical angles (y,, x. Figure 1)
are A(—60, 90°), B(—60, —907), (60, 90°), D(60, —907), E(180, 907), and F(180,
—907).

where k is the Boltzmann constant and w, the vibrational frequen-
cy. Similardy, for VCD (S(w)= Ae) and IR spectroscopy (S(wm)=z)
[Eq. (2)]:

s =022 (252 ] @

where S{w) is in units of mol~'Lcm™', J is the rotational/dipole

strength in debyes®, and c= 108 for IR and 435 for VCD. Contribu-
tions of individual conformers were averaged using Boltzmann
weights based on the sum of electronic and zero-point energies
(ZPEs).

ECD spectra were generated from the dipole and rotational
strengths calculated with Gaussian programs using the TDDFT
method (B3LYP or B3LYP-D/CPCM(DMS0)/6-311++G**), and con-
voluted with Gaussian bands 15 nm wide. Surprisingly, the CAM-
B3LYP'™ functional, sometimes claimed to be superior to B3LYP for
ECD,®™™ performed much worse for our system, and was thus not
used.

Molecular Dynamics: An altemate solvent model was explored for
c-{L-Trp-L-Trp) and c-(1-Trp-1-Pro), by running molecular dynamics
(MD) simulations with the Amber10 program package™’ and using
the Amber99 force field. Missing force-field parameters in the
cyclic dipeptide ring were derived from a Hartree-Fock (HF)/6-
31G* calculation with Gaussian, using the "POP =MK" keyword.
DMSO and chloroform force fields were obtained from the extend-
ed Amber database (http://www.phamacy.manchesteracuk/bryce/
amber). The solute molecule was surrounded by solvent molecules
(DMSO, methanol, chloroform, or water) up to a distance of 8-
14 A A fourstep equilibration™ was camied out, followed by
a 50 ns (100 ns for c-(L-Trp-L-Trp) in water) production run, using
NpT ensembles and 1 fs integration time. Snapshots were taken
each 5 ps and divided into three groups for ¢-(L-Trp-L-Trp) (folded:
CC, CD, and DD; partially folded: AC, AD, BC, BD, CE, CF, DE, and
DF; and extended: AA, AB, AE, AF, BB, BE, BF, EE, EF, and FF), and
into two groups for c-(L-Trp-L-Pro) (folded: C, D; and extended: A,
B, E, F; see Figure 2), according to the values of the ¥, and ¥, Trp
angles. The relative conformer populations were normalized to
100%. From three independent MD runs for c-(L-Trp-.-Trp) the
population error thus obtained was estimated as 20 %.
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2. Results and Discussion

Dipeptide Ring Geometry

It is known that the cyclic dipeptidic unit is normally quite flex-
ible, and its conformation is very dependent on the amino
acid side-chain type and interactions.* For example, c-(L-Ala-
L-Ala) in a crystal is puckered, whereas c-(L-Ala-p-Ala) is nearly
flat.®" The peptide ring in the c-(L-Trp-L-Trp) crystal structure is
also flat!®! This is in agreement with the computed one- and
two-dimensional PESs for c-(L-Ala-L-Ala), displayed in Figure 3.

AE | keal mol-!
. 0.00
025
] 050
g - .75
K —1.00
125
= —1.50
—1.75
- 200
] -20 o 20 40
o / degrees
1.5 T T T T T
T —e— 63114405 i
go omes BUG-CC-PVTEZ "
g 05
4
0.0 T T T ¥ T
-0 20 ] 20 40
¢/ degrees
Figure 3. Top: calculated 2D (¢, 3, BILYP/CPCM(DMSO)/6-311 +—+ G**) PES

for the inner ring in c-{-Ala-L-Ala). Bottom: the corresponding 1D energy
scan along the torsion angle ¢ [B3LYP/CPCM(DMSO)].

Clearly, the potential is shallow, and at 300 K (kT==0.6 kcal
mol~") the ring is quite flexible, thus allowing for large devia-
tions of the 1 and ¢ angles. The other principal angles in the
dipeptide ring (y' and ¢’} adopt similar values to 3 and ¢
during the ring deformation. Minor variations were caused by
the 6-311 4+ G** and aug-cc-pVTZ basis set change (Figure 3,
bottom). The flat ring-deformation potential is undoubtedly
caused by a partial conjugation of the amide-bond m-electron-
ic systems and strongly anharmonic out-of-plane amide defor-
mation energy, as observed, for example, for the N-methylace-
tamide (NMA) molecule.™

Other peptides (c-(Gly-Gly), c-(L-Ala-L-Ala), c-(L-Ala-Gly), and
c-(L-Leu-Gly)) showed a similar dependence (other 1D surfaces
are shown in Figure S2, Supporting Information), although
a closer look reveals finer differences between the dipeptides.
Unlike c-(L-Ala-L-Ala), c-(Gly-Gly) exhibits two minima with the
same energy, which reflects the symmetry of the molecule. The
L-Leu enforces a stronger preference for the global minimum.
The relative energies are notably changed by switching on the
dispersion correction (bottom of Figure 52); if included, for ex-
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ample, the difference in the two minima of c-(L-Ala-L-Ala) in-
creases by ~0.4kcalmol™ and the dipeptide ring becomes
more twisted.

For c-(L-Trp-Gly), the relative energy differences between the
two dipeptide ring conformers (g2 —40 and 40°) also strongly
depend on the conformation of the side chains, as document-
ed in Figure 53 in the Supporting Information. For some con-
formers (C and D, Figure 2), the ¢»az —40" minimum is missing;
for A and B this minimum is very shallow.

Conformations of the Dipeptides

In Tables 2 and 3 we list the lowest-energy conformers (AE<
2 kealmol™") for the ¢-(L-Trp-Gly), ¢-(L-Trp-L-Ala), ¢-(-Trp-L-Leu),
c-(L-Trp--Trp), and c-{L-Trp-.-Pro) dipeptides as obtained by
a systematic conformer search. The B3LYP/CPCM(DMSO)/6-
311 44+ G* approximation level was used with (DFT-D} and
without (DFT) correcting for the dispersion interactions.

The conformers can be approximately categorized according
to the values of ¥, and y, as “extended” (marked as A, B, E F),
where the Trp indole side ring points out from the dipeptide
ring, or “folded” (marked as C, D), where the Trp indole is
above/below the ring, potentially stabilized by interaction with
the other amino acid side chain (Figure 2).

Rather contradictory conformational analysis results are ob-
tained with the DFT and DFT-D approaches (Tables 2 and 3),
using the CPCM solvent model with DM5O parameters. When
DMSO was replaced by chloroform in the model, only minor
changes in conformer populations appeared (mostly less than
+5%). Typically, the DFT method alone predicts that the ex-
tended conformers are most stable, with a minor but not neg-
ligible population (= 20%) of the folded ones. DFT-D almost
exclusively favors the folded structures, separated from the ex-
tended ones by a wide energy margin. Interestingly, even the
c-(L-Trp-Gly) is predicted to be entirely folded by DFT-D, al-
though Gly does not possess any significant polarizable com-
ponent beyond the DKP ring. The results are nevertheless con-
sistent with previous studies, which clearly document the large
effect of including the dispersion correction, and the signifi-
cant energy changes computed with this force, 535455707

For c-(L-Trp-Gly), Boltzmann populations obtained at other
approximation levels (including B3LYP, BPW91, B3PW91, MP2,
MPW2PLYP) are summarized in TableS1 in the Supporting In-
formation. The uncorrected DFT results (B3LYF, BPWO91,
B3PW91) are very similar, and favor all the extended conform-
ers A and A" Likewise, the dispersion correction always
switches the equilibrium to the folded structures C and D. The
MP2 theory provides almost the same conformer distribution
as the DFT-D methods. The MPW2PLYP results are also very
similar to those from DFT-D; yet we see that some population
of the A, A’, B, and B' conformers (in total 20%) is allowed by
the MPW2PLYP method, unlike for MP2 and DFT-D (< 19%). This
reflects the well-known fact that the plain MP2 correction
tends to overestimate the dispersion correction if compared to
HF or older DFT formulations.”*"%!
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NMR Results

NMR spectra allow for the use of more variable experimental
conditions, in particular different kinds of solvents. In most
cases NMR spectroscopy can monitor the conformation of
a cyclic dipeptide, and verify theoretical structural predic-
tions B4 % The analysis of the JINH, “H) vicinal couplings and
the resultant ¢ angles in [DJDMSO are summarized in Table 5.

Table 5. Experimental JINH, “H) coupling constants [Hz] in DMSO, the
inner-ring ¢ angle [7] in DM50, MD-averaged ¢ values (for c{L-Trp-.-Trp))
in DMS0, and Boltzmann-averaged ¢ values from DFT and DFT-D compu-
tations (B3LYP/CPCM(DMSO)/6-311 ++ G**).

(-Trp-Gly) c{-Trp-leu)  o{e-TrpcPro)  c(e=Trp-1-Trp)
Trp Gly Trp Leu Trp Trp

J 26 29;09 26 29 =08 29

L 12 9 12 —37 12

dwo - - - - —14 1

e 7 5 16 18 —37 5

boro 36 30 20 16 24 16

[a] Obtained from the coupling according to ref. [100], with coeffidents
A=T70,B=-1.1,C=0.55.

Table 5 also includes averaged ¢ values from the MD run ¢y,
(for c-{L-Trp-L-Trp) and <(L-Trp-L-Pro)) and Boltzmann-weighted
DFT and DFT-D (B3LYP/CPCM(DMSO)/6-311 ++G™) results.
Except for c-(L-Trp-L-Pro), NMR data indicate a very flattened
boat form of the dipeptide ring (p=9-12"). This agrees better
with the uncorrected DFT and MD values than with DFT-D, but
for c-(L-Trp-L-Trp), the experimental values lie between the DFT
and DFT-D results. For ¢-(L-Trp-L-Pro) an opposite pucker (=
—377) was determined by NMR spectroscopy than for the
other dipeptides, in agreement with a previous observation for
a similar c-(L-Phe-L-Pro) compound (—49 159 This value is also
nicely reproduced by DFT (¢»=—37"), but again not as well by
DFT-D (Boltzmann average, ¢=24").

The amino acid side-chain conformation can be deduced
from the J(*H, PH) and NOE (NH, PH) values. The coupling con-
stants and resultant approximate populations of the y, rotam-
ers are listed in Table 6; the solvents included [DJDMSO,
CD,0D, and CDCl, (see also Table 1). Note that two f-protons
(referred to as R and 5) provide individual NMR signals. The
NMR data thus indicate a significant preference for the folded
rotamer (where ¢==60") in c-(.-Trp-Gly) and c-(L-Trp-L-Leu). In
the case of c-(L-Trp-L-Leu) this leads to strong shielding of the
Leu “H (339 and 357 ppm) and *H protons (0.62 and
—0.05 ppm in DMSO, and 0.66 and —0.20 ppm in CD,0D) due
to a ring current effect of Trp. Folded conformers also prevail
in c{L-Trp-.-Pro), but only at about half the population, 46—
529%; in CDCl, extended conformers are strongly preferred.
These facts are somewhat inconsistent with the dipeptide ring
analysis, in that they agree more with the DFT-D results than
with DFT. Nevertheless, they can be explained by the overesti-
mation of the effects of dispersion in the DFT-D method. In
particular, the Trp residue is mostly folded, as predicted by
DFT-D, but it does not deform the inner ring so much. This is
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Table 6. Experimental J°H, °H) coupling constants [Hz] and y;-rotamer populations # [98].%
c-(L-Trp-Gly) c-(L-Trp-L-Leu) c-(L-Trp-L-Pro) c-[L-Trp-L-Trp)
Trp Trp Leu Trp Trp
H R s R s R s R s R 5
J, DMSO 47 4.6 4 4.8 9.4 4.7 4.7 58 43 6.6
J, CD,0D 38 4.6 36 4.6 10 4.3 =5 =z 39 7.4
J, by - - 39 8 10.2 37 38 109 37 8
AB EF D AB EF D AB EF cD AB EF cD
%1 —60 180 60  —60 180 0 —60 180 0 —60 180 60 —60 180 60
7, DMSO [%8] 21 17 62 10 23 a7 75 17 8 20 34 46 15 43 42
% CD0D [6] 11 16 73 5 21 74 83 12 5 23 2 52 1 53 36
17, CDCI, [e] - - - 1 a0 29 B4 6 10 10 90 ] 9 a0 3
[a] According to ref. [101], A°H, PH)=5.86-186cos(t) +3.81os(27) +0.37sin(r), where T = 4 (*H, C, C, "H).

also consistent with the prevailing conformation in the c-(L-
Trp-L-Trp) crystal, for example, where a T-shaped folded confor-
mation was found (indicated as AD in Tables 2 and 3), but the
inner ring is almost planar®' The NMR data for the Trp confor-
mation in c-(L-Trp-L-Trp) are not usable for reliable prediction;
because of the symmetry, the Trp residues are not resolved by
NMR spectroscopy and are subject to fast conformer ex-
change.

The ¥, Trp angle can in principle be derived from the ob-
served NOE values. However, our measured data indicate
strong NOE contacts of Trp R-"H with both HN protons, thus
implying a fast flipping around the *C—*C bond, which pre-
vents a reliable prediction.

Molecular Dynamics

The MD simulations with explicit solvent provide an alternative
to the DFT-D/CPCM model. In spite of the large error of the
populations (= 20%, see the Experimental Section), the MD re-
sults (Table 7) clearly indicate a more complicated picture.

Table 7. Conformer populations [%] for {u-Trp-1-Trp) and c(L-Trp-1-Pro)
obtained by MD/Amber10 simulations in different solvents.
-(L-Trp-1-Trp) Po pulation®!
extended partially folded folded
water 1 92 7
DMSO 45 55 0
CH.OH 7 a3 0
CHCI, 90 10 ]
c-(L-Trp-1-Pro) Population
extended conformation folded
¥ —60° 1807 60"
A B E F C D
water 14 21 4 2 30 28
DMS0 8 8 8 3 45 28
CH.OH 26 15 1 1 23 34
CHCI, 41 45 0 0 1 3
[a] Folded conformers: CC, €D, and DD; partially folded: AC, AD, BC, BD,
CE, CF, DE, and DF; and extended conformers: AA, AB, AE, AF, BB, BE, BF,
EE, EF, and FF (see Figure 2).
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Unlike with DFT-D/CPCM (Table 3), for c-(L-Trp-L-Trp) the ex-
tended structures may be additionally present in MD. In the
low-polarity CHCl; environment the extended forms prevail
(90%). On the other hand, more polar solvents (DMSO, H.0,
MeOH) strongly favor more compact forms, in agreement with
the hydrophobic collapse known for some Trp-containing pep-
tides. In water (first line in Table 7) even the fully stacked paral-
lel L-Trp-L-Trp folded conformers appear (7 %), but the edge-
on-face L-Trp-L-Trp interaction is still more probable (92%), as
commonly found in the Trp-containing peptides and pro-
teins_lw,gww]

The MD-predicted preferences of the Trp side-chain position
for c(L-Trp-.-Pro) are in agreement with the NMR results
(Table 6), also favoring extended conformers in CHCl,. For c-(L-
Trp-L-Trp) the results cannot be compared to NMR data be-
cause of molecular symmetry. The behavior in CH;OH is very
similar to that in water according to MD, that is, the ratio of
extended and folded conformers is close to 50:50. In DMSO
the folded conformers slightly prevail in MD (73:27); in NMR
the ratio was 46:54. Thus, we see that the MD simulations
reveal finer solvent effects than DFT-D/CPCM, which had
almost the same conformer ratios for all solvents, although the
MD results are limited by the force field inaccuracy.

ECD Spectra

The experimental spectra of c-(L-Trp-L-Ala), c-(L-Trp-L-Trp), c-(L-
Trp-L-nLeu), and c(L-Trp-L-Pro) in AcCN are plotted in Figure 4.
Due to interfering absorbance of DMSO in the UV region, it
was necessary to employ different solvents for ECD than for
the vibrational spectra (VCD and ROA). The ECD spectra for
these molecules have the unique characteristic that they are
dominated almost completely by the Trp contributions, even
for DKPs with only one Trp residue. The differences between
the ECD in AcCN and TFE (mostly =25 nm shift, but preserving
the general shape, Figure 54, Supporting Information) were rel-
atively minor, and less than the differences between the vari-
ous molecules. Such solvent effects would be difficult to
model*!

The c-(L-Trp-L-Pro) is the outlier, which corresponds to a dis-
tortion of the peptide ring and consequently the interaction of
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Figure 4. Experimental ECD spectra of ¢{L-Trp-L-Ala), ¢(1-Trp-1-Trp), c-{t-Trp-
L-nleu), and o(L-Trp-1-Pro), all measured in AcCN. For analogous TFE results,
see Figure 54 in the Supporting Information.

the Trp with the rest of the molecule caused by the constraints
due to the Pro pyrrole ring. The near identical ECD for c(L-Trp-
L-Ala) and c(L-Trp-L-Leu) suggests that the Trp is not interact-
ing significantly with the aliphatic side chain, at least in these
solvents. The much larger ECD seen for c-(L-Trp-L-Trp) in AcCN
than for the other peptides (Figure 4) suggests a strong exci-
ton coupling of the Trp residues,"" and thus indicates a signifi-
cant contribution from a stable interacting or folded conforma-
tion. This is further confirmed by the negative ECD at 290 nm,
which is not seen for the other dipeptides.

The main features of the ECD spectra are reproduced for c-
(L-Trp-L-Ala), c-(L-Trp-L-Trp), and c-(L-Trp-L-Pro) by the B3LYP/
CPCM(DMS0)/6-311 44 G** computations (Figure 5). The aver-
aging of contributions from thermally populated conformers
had a minor influence on the total absorption, but had a major
impact on the resultant averaged ECD, and consequently the
DFT and DFT-D methods clearly provide very different ECD

e-(L-Trp-L-Trp)
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spectra (Figure 5). Individual conformer ECD (e.g. conformer C
of c(L-Trp-L-Ala) calculated with and without the dispersion,
see Figure 5) are quite similar; thus, the resultant spectrum is
mostly influenced by the weighting scheme dependent on the
relative conformer energies (Tables 2 and 3).

For all molecules, it is clear that the conformer averaging is
needed to obtain realistic spectral shapes and absolute intensi-
ties. It is also apparent that the balance of populated conform-
ers changes the predicted ECD band shape by shifting the
spectral band overlap, thus making the relative energetics
more critical than the spectral prediction for each conformer.

IR and VCD Spectra

The experimental VCD and IR spectra of c-(L-Trp-Gly), c{L-Trp-
L-Trp), and c-(L-Trp-L-Pro) in DMSO are compared in Figure 6.
We also measured spectra in other solvents, but in AcCN the c-
(Trp-Trp) and c-(Trp-Pro) developed added bands which may
be indicative of aggregation at IR concentrations. Such data
are not presented. The amidel (C=0 stretching, 1600-
1700 em™") IR spectrum has a relatively sharp band at 1670-
80 cm™" for c-(L-Trp-Gly) and ¢(L-Trp-L-Trp), but the c-(L-Trp-L-
Pro) exhibits a broadening due to the Trp-Pro link being a terti-
ary amide with a lower amide | frequency"**! The main VCD
signal is very weak and predominantly negative in the amide |
region. It has some contributions from other underlying
modes, which arise from the aromatic Trp side chain. The c-(L-
Trp-L-Trp) molecule might have a positive couplet shape (4 /—,
from lower to higher frequency), but this is not clear in the ex-
periment due to a baseline distortion.

The c{L-Trp-L-Pro) VCD is surprisingly weak, considering the
expected distortion of its peptide ring, with the amide | VCD
being above but near to our measurement limits. (Most spec-

c-(L-Trp-L-Pro)

c-(L-Trp-L-Ala)

[EX:]

DFT average

Az Lomol ' em?

A R T o4

216,

184, L N n

180 200 220 240 260 280 300 180 200 220

240 2680 280 00 180 200 220 240 260 280 300

wavelength / nm

Figure 5. Calculated (B3LYP/CPCM(DMS0)/6-311 ++G**, DFT, and DFT-D geometries) and experimental ECD spectra of c-{.-Trp-1-Ala), o(-Trp-1-Trp), and c-(1-
Trp-L-Pro). Relative abundances (Boltzmann weights) of different conformers are given in Tables 2 and 3.
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Figure 6. Calculated (BILYP/CPCM{DMS0)/6-311 ++G**, DFT, and DFT-D) and experimental VCD and IR spectra of ¢-(.-Trp-Gly), c-{-Trp--Trp), and c~(-Trp-1-

Pro) in DMSO. Experimental intensities are only approximate due to concentration error. Relative abundances (Boltzmann weights) of different conformers are

given in Tables 2 and 3.

tra are measured with A==0.5 for the amide I, so Ae/e of 107
is above but close to our reliable measurement limit) Such
weak VCD spectra are subject to distortion through absorption
artifacts, so that we limited our experimental VCD measure-
ments to those samples for which we have both p,0 and LL
isomers. In addition to amide |, there is a significant VCD signal
arising from CH, motions and amidell bands (1430-
1530 em™'), although this region is broader and more complex
resulting in the IR and VCD patterns being less characteristic
and not easily separable into local modes.*!

The spectral simulations (Figure 6) reproduce many of the
observed dependencies, with the IR and VCD predictions
being very good aside from small frequency shifts as are ex-
pected for DFT. For example, in ¢(-Trp-Gly) the amide | VCD
computed with the DFT calculation is predominantly negative.
While many of the individual conformers have couplet amidel
shapes, the negative lobes tend to dominate and, when
weighted by population, prove to be the larger contributions.
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The positive signal at 1652 cm™ predicted by DFT might
correspond to the very weak experimental feature at
1630 cm™~". DFT-D provides a conservative couplet for amidel,
in both C and D conformers, which does not reflect experi-
ment, For the region 1400-1550 cm™" (combination of CH, and
amide Il modes), on the other hand, neither method is in good
agreement, but several conformers give rise to a positive band
higher in frequency than a negative band, which is seen exper-
imentally. After averaging, the DFT-D VCD curve is perhaps in
better agreement with the experimental amide Il than the DFT.
The overlap and mixing of amide Il (C-N-H deformation) and
CH, modes is difficult to reproduce correctly by computations,
as we have also found in previous model calculations.””

For c{L-Trp-L-Trp) both DFT and DFT-D approaches provide
the basic VCD pattern correctly (mostly negative amide | and
a negative amide Il region), although the calculated dispersion
of the negative intensities around 1439 cm™ is too large. In c-
(L-Trp-L-Pro) the amidel VCD is predominantly negative and

ChemPhysChem 2012, 13, 2748- 2760
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broader than in ¢-(L-Trp-Gly) and ¢-{L-Trp-L-Trp), which is repro-
duced by the DFT calculations but not by the DFT-D results.

ROA Spectra

The ROA measurements were often hampered by the sample
fluorescence (Table 1) and known instability of the Trp com-
pounds in the (green) laser light*¥ The best experimental
Raman and ROA spectra were obtained for 150 mgmL™" (c-{L-
Trp-L-Trp) and c-(o-Trp-o-Trp)) and 50 mgmL~" (c-(L-Trp-Gly)
and c-(p-Trp-Gly)) solutions in DMSO.

In Figure 7 the ROA and Raman spectra are shown, together
with the corresponding DFT and DFT-D computations. The
computations reproduce the strongest features in the ob-

-{L-Trp-Gly)

0.50
0.25
.00
0,25

0.5

("= 110"

=

caEvPHYscHEM ARTICLES

served Raman spectrum well. Both compounds have very simi-
lar Raman intensity patterns, which are dominated by the Trp
modes (see the assignment in Table 8). Similar domination of
the spectra by aromatic residues was observed previously for
a model peptide.”” The ROA spectra are more complex, but
many observed features can be explained by the calculation.
For example, the C=C five-membered Trp ring stretching band
(experimentally at =z 1554 cm™') exhibits a negative ROA signal.
This is, however, provided only by the dispersion model. On
the other hand, DFT-D overestimates the relative intensity.

As discussed before,"! although coming from the nonchiral
chromophore, the ROA for this vibration is extremely sensitive
to the Trp side-chain conformation, that is, the ¥, angle. In par-
ticular, a negative ROA band is associated with conformations
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Figure 7. Calculated (B3LYP/CPCM(DMS0)/6-311 ++G**, DFT, and DFT-D geometries) and experimental ROA (l.—1) and Raman (l,+1.) spectra of ¢-(w-Trp-Gly)
and c-(1-Trp-1-Trp) in DMSO. The intensity of the experimental spectra s relative, only the ratio ROA/Raman is meaningful.
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Table 8. Assignment of the most intense Raman bands.®

-(Trp- (Trp- (Trp- Vibrations

Gly) Gly) Trp)

DFT-D®! Exp. Exp.

1704 1684 1678 A, out of phase

1695 1684 1678 A, in phase

1652 1620 1622 v(C=0), v(C=N) Trp

1607 1577 1580 v(C=C), vIC=N) Trp

1578 1547 1552 »(C=C), Trp 5-membered ring

1449 amide |l

1377 1361 1362 amide Il

1357 1340 1343 v(C=0), Trp

1312 1303 1306 Trp, 5-membered ring breathing

1271 1264 1259 v(C=C), phenyl ring in Trp

1241 1241 v(C=N) Trp, A(CH)

1202 1199 1192 A{CH), aliphatic

1118 1128 128 v(C—N) in amides

1019 =1020 v(C=C), phenyl ring in Trp

982 955 »(C—C) in amides, 4(CH)

B85 881 879 v(C=C), vIC=N) Trp

767 764 761 v(C=0), v(C=N) Trp

564 576 572 v(C=C), v(C=N) Trp, out of plane
amide NH

528 550 543 dipeptide ring deformation

[a] Frequencies in em . [b] B3LYP-D/CPCM{DMSO)/6-311 ++ G** level.

with ¥,72—90", which is in agreement with the prevalent con-
former population of this isomer predicted for c-(L-Trp-Gly)
(Table 3). For c-(L-Trp-.-Trp) the prevalence of the T-shaped
folded conformers with alternate (+90°, —907) yx, values
causes partial cancelation and the resultant negative signal is
smaller, which can be seen in both the theoretical and experi-
mental ROA spectra.

Around 1350 cm™ (CH bending, amide Ill) the predominant-
ly positive experimental ROA signal is better reproduced by
DFT-D for c-(L-Trp--Trp), but by DFT for c-(L-Trp-Gly). Within
1100-1250 cm™" the experimental “+ — 4+ —" pattern seems to
be better reproduced by DFT-D for both peptides. A negative
ROA signal at 920-942 cm™ is present in both experiments
and all calculations. Below 900 cm™', the differences in the
spectra provided by DFT and DFT-D are minor; nevertheless,
both computations mostly reproduced the sign pattern ob-
served experimentally. The large experimental positive ROA in-
tensity at 576 and 569 cm™' for ¢-(L-Trp-Gly) and c-(L-Trp-L-
Trp), respectively, is not fully reproduced by the computation,
which can be explained by an anharmonic character of the NH
out-of-plane deformation.”

DFT versus DFT-D

To summarize the role of the dispersion at the spectral simula-
tions, we can conclude that adding the physically correct van
der Waals interaction significantly changes conformer equili-
bria. Most spectral features were improved when the disper-
sion was included, in line with similar investigations in the
past.****! However, there are also indications that only adding
the correction to the dielectric solvent model may be an over-
simplification. This is supported by the NMR data and the MD
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conformer ratios lying between DFT and DFT-D. Different spec-
tral types (e.g. ECD, VCD, and ROA) also reacted differently in
the dispersion correction; for VCD, for example, DFT-D provid-
ed bands that were too narrow due to the limited number of
folded conformers. To better balance these complex disper-
sion, flexibility, and solvent effects remains a challenge for the
future.

3. Conclusions

We have systematically compared the ECD, VCD, and ROA
spectra of Trp-containing cyclic dipeptides. The results enable
us to better understand the chiral spectral response of this res-
idue in larger proteins and to characterize the link between
the spectra and molecular structure. The Trp chromophore, al-
though not intrinsically chiral if isolated from the backbone,
dominated in the ECD and ROA dipeptide spectra. Especially
surprising was the large Trp ECD signal of c-{L-Trp-L-Ala), as
this molecule contains only one Trp residue without an exciton
coupling between identical oscillators. Only for VCD can the in-
terference between the side- and main-chain signals be avoid-
ed. However, the relative flatness of the ring makes the VCD
weak and subject to artifacts.

The DFT computations provided a reliable basis for spectral
interpretation. Dipeptide theoretical PESs, however, were
strongly influenced by the presence or absence of the disper-
sion correction. Stable conformers yielded about the same
spectra with DFT and DFT-D, but the dispersion energetically
favored the compact folded forms. In general, the corrected
computations also provided better spectra. Nevertheless, sev-
eral indications appeared pointing to an overestimation of the
dispersion effect within the CPCM solvent model. This was also
confirmed by the NMR data and MD simulations, which re-
vealed finer solvent effects, stemming from the solvent-solute
dispersion and hydrogen bonding, that could be only partially
included within DFT.

The chiral spectroscopies, at least in principle, eliminate the
problems associated with measurements of symmetric mole-
cules in solutions and unstable conformers by NMR spectrosco-
py. However, some experiments were hampered by limited sol-
ubility and instability of the dipeptides with Trp, and artifacts
associated with the overlap with solvent vibrational bands. The
ROA spectra appeared to be the most sensitive to the Trp
side-chain conformation. Specific Trp marker bands could be
found within the entire spectral region. In particular, the
1554 cm™' ROA signal appeared useful as a unique local probe
of the ¥, angle, which is also otherwise difficult to monitor by
other methods. Overall, we can conclude that the chiral spec-
troscopies provide very detailed information about the peptide
structure, which must be, however, supported by theoretical
modeling.
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Three Types of Induced Tryptophan Optical Activity
Compared in Model Dipeptides: Theory and Experiment
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Table S1. Boltzmann weights (%) of the most populated conformers of ¢-(L-Trp-Gly) based on electronic
energies calculated with different functionals. for the CPCM(DMSO) solvent model. The A-F
conformers are defined in Figure 2 in the main text.

A A B B C D E F
B3LYP/6-311++G** 35 32 11 0 7 11 1 3
BPWO91/6-311++G** 39 34 11 0 5 7 1 3
B3PWO1/6-311++G** 31 32 9 6 8 11 1 2
B3LYP-D/6-311++G** ! 0 0 0 23 76 0 0
BPWO91-D/6-311++G** 1 1 1 0 22 75 0 0
B3PWO1-D/6-311++G** 0 0 0 0 21 79 0 0
MP2/6-31++G** 0 0 0 0 33 7 0 0
MPW2PLYP/G-31++G** 7 7 4 2 29 50 0 1
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Figure S1. Raman. ROA, TR and VCD spectra computed (B3LYP/CPCM/6-311++G**) for different
solvents (some of them are indistinguishable at this scale) for two conformations of c-(L-Trp-L-Trp):
extended (AA. up in each panel) conformation and folded conformation (AD, down). see Table 2.
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six conformations of ¢-(L-Trp-Gly) defined in Figure 3. Table 2 and 3.
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Binding of Lanthanide Complexes to Histidine-Containing
Peptides Probed by Raman Optical Activity Spectroscopy
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Abstract: Lanthanide complexes are used as convenient
spectroscopic probes for many biomolecules. Their binding
to proteins is believed to be enhanced by the presence of
histidine, but the strength of the interaction significantly
varies across different systems. To understand the role of
peptide length and sequence, short histidine-containing
peptides have been synthesized (His-Gly, His-Gly-Gly, His-Gly-
Gly-Gly, Gly-His, Gly-His-Gly, His-His, and Gly-Gly-His) and cir-
cularly polarized luminescence (CPL) induced at the
[Eu(dpa);'~ complex has been measured by means of a
Raman optical activity (ROA) spectrometer. The obtained

data indicate relatively weak binding of the histidine residue\
to the complex, with a strong participation of other parts of
the peptide. Longer peptides, low pH, and a histidine resi-
due close to the N-peptide terminus favor the binding. The
binding strengths are approximately proportional to the CPL
intensity and roughly correlate with predictions based on
molecular dynamics (MD) simulations. The specificity of lan-
thanide binding to the peptide structure and its intense lu-
minescence and high optical activity make the ROA/CPL
technique suitable for probing secondary and tertiary struc-
tures of peptides and proteins.

J

Introduction

Luminescent labels of living cell components attract attention
because of many applications in analytical biochemistry and
imaging."!" Many of them are based on europium and other
lanthanides as these metals exhibit extremely rich lumines-
cence spectra, which are very dependent on the environ-
ment."®¥ Circularly polarized luminescence (CPL), that is, differ-
ent emission of left- and right-circularly polarized light, is even
more sensitive to the probed structure than the total lumines-
cence (TL) alone.”!

Lanthanide compounds are thus used to label protein mole-
cules to study their structure, function, and dynamics.”! Quite
often, however, the actual mode of the lanthanide-protein
binding is not known, or the interaction is not sufficiently spe-
cific. Combinations of lanthanide tags and proteins have there-
fore been investigated by X-ray crystallography, fluorescence
spectroscopy, and NMR spectrometry.”” Lanthanide CPL can
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also be used in this context, whereby the chirality in the lan-
thanide radiation is induced by the environment.

In the present study, we focus on interaction with the histi-
dine residue, which is believed to exhibit exceptional affinity
towards heavy metals. Raman optical activity (ROA) spectrosco-
py has been used to detect TL and CPL. ROA is normally ex-
ploited to measure differences in Raman scattering of right-
and left-circularly polarized light caused by vibrational transi-
tions.” Because the luminescence bands of europium are as
narrow as the vibrational bands and appear within the opera-
tional range of ROA spectrometers, CPL can be measured as
well. In addition, the strong laser radiation source makes it
possible to observe quite weak signals, which would be unde-
tectable on more common CPL spectrometers.”’ For example,
the strongest Eu" signal that can be measured on our ROA
spectrometer is attributable to the D, —F, transition”=* and
appears as a (“false”) Raman band shifted by around 1700-
2100 cm™' from the 532 nm laser excitation.

Recently, we showed that CPL spectra of the complex
[Eu(dpa),]’~ offer highly specific insight into the amino acid
content of aqueous solutions.” Similar CPL induction has also
been observed for a larger protein.™ Histidine residues gave
rise to a particularly strong signal, most probably because of
ion pairing, m-n stacking, and electrostatic interactions be-
tween the histidine side chain and the dpa ligand. The dpa
complex itself exists in two chiral forms (traditionally referred
to as “A" and “A"), which are normally present in equal
amounts. Perturbation of the A=A equilibrium in the pres-
ence of a chiral component has been suggested as the primary
mechanism of chirality induction, although the presence of
more than two spectral components indicates other contribu-

© 2018 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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tions as well. Other mechanisms of chiral CPL discrimination
may include selective luminescence quenching or enhance-
ment, especially for weakly bound complexes."”

To better understand the binding mode and the role therein
of the main peptide chain, we have synthesized a series of
seven histidine-containing model peptides (Figure 1). As a
result, we have identified some general trends that provide in-
sight into the interactions between the peptides and the lan-
thanide probe, which can be at least partially rationalized by
molecular dynamics (MD) simulations. In particular, we have
correlated the CPL intensity with the binding strength, and
have investigated factors affecting the chirality recognition
and induction.
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Figure 1. Structures of the [Eu(dpa).] complex and the investigated model
peptides.

Results and Discussion

Effect of peptide length for His-(Gly), (n=1, 2, 3)

The TL and CPL spectra obtained for this series of peptides
when mixed with Na;[Eu(dpa),] solution at pH 4 are plotted in
Figure 2. They are dominated by the strong Eu*™°D,—"F, lumi-
nescence band”*'" at around 1900 cm™. A weaker signal at
around 850cm™" can be ascribed to the °D,—F, transition™
and is only visible in the differential (CPL) spectrum. On the
other hand, invisible in CPL, a TL signal is apparent at the ex-
tremity of the spectrometer operational range, close to
2450 cm™', attributable to the *D,—’F, transition. The center
band frequencies are summarized in Table 1. Vibrational
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Figure 2. TL and CPL spectra of [Eu(dpa)]® (4 mm) chelated with His{Gly),
(n=1,2,and 3, 20 mm, pH 4).

Table 1. Assignment of observed europium luminescence bands in solu-
tions of [Eu(dpa),)*" and His-(Gly),, Raman shifts from the 532 nm laser
frequency (4, in cm ), and corresponding wavelengths (4, in nm).
Transition [Eu(dpal]®  with His-Gly  with His-(Gly). with His-(Gly).
I A o A o A ] A
“D,—'F,  =2450 615 =2450 615 =2450 615 2400 610
2263 605
*Dg—"F, 1976 594 218 600
1864 591 1999 595 1982 595
1976 594 1976 594 1976 594
1950 594 1966 594
1885 59 1887 591
1866 591 1866 591 1866 591
1816 589 1848 590
*D,—F, BB7 558 884 558
846 557 B43 557

Raman and ROA intensities are much weaker than the lumines-
cence and almost undetectable under these conditions.
Addition of the peptides leads to a decrease of around 30-
70% in the total luminescence compared to that of the pure
Na,[Eu(dpa),] complex. For CPL, the differences are even more
dramatic. Only the His-Gly CPL is rather weak at around
1900 cm™" and hidden in noise at 850 cm™'. Note that this may
mean that the interaction with the complex is weak and/or
does not lead to chiral discrimination. His-(Gly), provides a
much stronger negative CPL band at 1982cm™’, a weaker one
at 1848 cm~', and a very weak signal at around 850cm™'.
Judging from the CPL intensities, the interaction with the com-
plex is strongest for the longest His-(Gly),; peptide, providing

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the strongest signal in both the *D,—'F, and *D,—F, regions.
However, the *D,—’F, bands have nearly opposite sign com-
pared to those of His-(Gly).. Although the CPL shapes for His-
(Gly), and His-(Gly), are not exact “mirror images”, as a first ap-
proximation we may interpret the results in terms of perturba-
tion of the A=A complex enantiomeric equilibrium by the
chiral peptide matrices."” For His-(Gly), the absolute CPL in-
tensity is greater than that for His-(Gly),, as is the ratio of the
polarized and total luminescences (CID=5.0x10"" at
1976 cm™"). CD values for other systems at selected wavenum-
bers are listed in Table 2.

Table 2. CID (CPL/TL) ratios for the bands at 1976 and 1864cm ' (Dy—
F,) of [Euldpa).}' -peptide complexes.
Peptide D

1976 cm 1864 cm
His-Gly —9.1x10°* 23x10°*
His{Gly)s —41x10° —12x10°°
His{Gly), 501072 32x10°?
Gly-His 1.6x10° 76x10*
Gly-His-Gly 27%10°* 13%10°
Gly-Gly-His 22x10°% 88x10°*
HisHis 63x10°% 38%10°°

Note that, using the ROA terminology, we measure the ratio
as the circular intensity difference, CID=(l,—I)/(l + 1), where I;
and [, are the intensities of the right and left circularly polar-
ized light, respectively. In CPL spectroscopy, the dissymmetry
factor is often used instead, g =2(L —L)(_ + k), that is, D=
—g/2.

To summarize, the longer peptide binds the europium com-
plex much better than the shorter ones, that is, parts other
than the histidine residues are also important for the binding,
and the chirality discrimination and induction is determined by
the peptide as a whole, not only by the L-histidine moiety.

Position of the histidine in the peptide chain: Gly-His, Gly-
His-Gly, Gly-Gly-His, and His-His

Interestingly, few prominent spectral differences are apparent
within this series of peptides (Figure 3). As before, the total lu-
minescence of the complex is partially quenched, but only
one-sign CPL in the region 1700-2000 cm™ appears upon
mixing with the peptides. Nevertheless, the spectra do exhibit
significant differences, allowing discrimination between differ-
ent peptide species. His-His clearly provides the strongest CPL
signal and a large CID (6.3x 1077, Table 2), which confirms the
importance of the histidine residue for binding. The other
three peptides of this series provide rather weak CPL, although
with comparable CID ratios (CIDs as functions of the wavenum-
ber over a broader range are plotted in Figure S1).

Compared to His-{Gly), from the previous series, placing the
histidine residue in the middle (Gly-His-Gly} or at the C-termi-
nus (Gly-Gly-His) induces the opposite CPL sign for the *D,—
’F, signal. The latter two peptides most probably stabilize the
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Figure 3. TL and CPL spectra of [Eu(dpa).)* (4 mm) chelated with Gly-His,
Gly-His-Gly, Gly-Gly-His, and His-His (each 20 mwm, pH 4).

opposite enantiomer of the complex, but the binding
strengths, as judged from the absolute CID ratios, are weaker.
As for the CPL, in the sequence His-Gly-Gly, Gly-His-Gly, and
Gly-Gly-His, the total luminescence intensity gradually decreas-
es. We can speculate that in His-(Gly), the NH,™ charge
strengthens the binding potency of histidine, whereas in Gly-
His-Gly and Gly-Gly-His the C-terminal COO~ group weakens it.
This concept is seemingly not applicable for the His-Gly and
Gly-His pairs, both providing weak CPL, although this may be
caused by a strong, but not chirality-sensitive interaction.
Other factors, such as dissociation equilibria and van der Waals
interactions, are also likely to contribute to the electrostatic ef-
fects. One also has to realize that “binding” is in all cases very
weak and the resultant assembly may not have a rigid geome-
try*® Strong complexation of europium with a product of
fixed geometry would have led to much larger CID values than
those observed in the present study, up to the order of one®

CPL of the *D,—'F, transition (around 850 cm™) is consis-
tent with the results for the main *D,—'F, bands in that the
sign pattern does not change in the second series of peptides,
and the “—/+" couplet shape (if viewed from lower to higher
wavenumbers) always accompanies the positive °D,—'F,
signal.

pH dependence of the spectra

As has been previously shown for individual amino acids, the
predominantly positive charge of the peptides at pH 4 favors
the interaction with the complex."® Indeed, the TL and CPL
spectra induced by His-Gly, His-(Gly),, and His-(Gly), at three
pH values (4, 7, and 10), as plotted in Figure 52, document
that the interaction is significantly weakened at higher pH.

© 2018 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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More detailed inspection reveals further differences, which
may allow better understanding of the interaction with the
complex. The CPL intensity of His-Gly, which is already weak at
pH 4, further decreases to about 20% (at 1885 cm™) at pH 7,
and changes sign at pH 10. This confirms that the electrostatic
interaction itself is not solely responsible for the chirality in-
duction. For the (relatively) strong binders His-(Gly), and His-
(Gly),, the situation is simpler in that the CPL more or less van-
ishes at higher pH. Moreover, at the two higher pH values, no
CPL is observed for the °D,—F, (>2200cm™) and °D,—F,
(=850 cm™) transitions. The total luminescence remaining
about constant at pH7 and 10, but decreasing by about 30-
60% at pH4, is more consistently observed within the three
peptides than the CPL.

We verified that, under the experimental conditions em-
ployed (pH>4), the luminescence of the pure [Eu(dpa)]®~
complex does not change. However, slight dissociation may
still occur at around pH 4, which could also contribute to
the observed changes, such as the decrease in TL at low pH
(Figure 52).

Titration curves

So far, spectra obtained at 5:1 peptide/complex ratios have
been reported, around which signals are maximized. TL and
CPL intensities obtained for different ratios of the complex and
His-(Gly), and His-His peptides, as plotted in Figure 53, confirm
that the interaction is rather weak, because the titrations cause
only gradual changes in the spectra. As an alternative view,
maximum Raman, ROA, and CID intensities at 1976 cm™" are
plotted in Figure 4. It can be seen that the spectral intensities
do not stabilize at higher peptide concentrations, that is to
say, the dependences differ from “classical” two-system titra-
tion curves. Instead, the Raman intensities almost exponential-
ly wanish with increasing peptide concentrations, while the
ROA/CID values exhibit maxima at optimal peptide-complex

.
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Figure 4. Dependences of the maximal Raman, ROA, and CID signals (at
1976 cm ") on the peptide/complex molar ratio.
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ratios of around 4-7. One may speculate that more peptide
molecules become bonded to the complex; however, the
actual cause of the concentration dependence will likely be
quite complicated, including luminescence quenching by the
peptide™® and possible binding and decomposition of the
complex by peptide impurities (mostly trifluoroacetic acid from
the synthesis) at very high peptide concentrations.

Theoretical analysis

In spite of the complexity of the lanthanide complex-peptide
interactions, molecular dynamics simulation can provide at
least a qualitative understanding of the observed data. Calcu-
lated dependences of the free energy on the [Eu(dpa),]'~-
His(Gly), distance (between Eu and “C of His) are plotted in
Figure 5. Free-energy profiles for the other peptides at other

His-Gly

b lo = ma

E (kcal mal™)

r(A)

Figure 5. Dependence of the calculated free energy on the Eu-His-(Gly),
peptide distance corresponding to pH=4, and example of an energy-mini-
mized structure for His-{Gly),.

pH values were fairly similar (Figures 54 and S5). The stabiliza-
tion energies are rather low (ca. 2 kcalmol™"), corresponding to
the experimental observations, in particular the nonspecific ti-
tration curves discussed above. For His-Gly and His{Gly),, no
favoring of the A or A enantiomer within computational accu-
racy is apparent. For His-(Gly), however, the A binding seems
to be more energetically favorable than that of the A form.
Thus, the simulation does not readily reproduce the chirality
inversion observed for His-(Gly), and His-(Gly);, but does cor-
roborate the stronger binding observed for His-{Gly),.

In all cases, however, the energy “well” is quite broad and
shallow. Inspection of geometries obtained close to the energy
minima (such as the structure in Figure 5) suggests a signifi-
cant role of the histidine charge and perhaps a ni-t interaction
of the histidine ring with the ligand of the complex. In some
MD snapshots, interaction of the glycine residues with the
complex is also apparent, which is consistent with the relative-
ly high CPL observed for the longest His-(Gly), peptide.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Binding strengths, as defined on the basis of the MD simula-
tions, are compared for more peptides and pH values in
Figure 6. The environmental pH (2, 4, 7, and 10) was simulated
by different charges on the peptides (4+2, +1, 0, and —1, re-

His-Gly His-Gly-Gly

30

His~(Gly)g
A

A

2+ 1+ 2+ 1+ 0 1- 2+ 1+
charge

[GIy-Gly-His| Gly-His | His-His

Gly-His-Gly 2

=

el

A

20

A A
24 1+ 1+ 1+
charga

Figure 6. Calculated binding strengths of the peptides s, obtained as the
ratio (Ny/N;) of bonded and free complex molecules in the simulation box.

spectively). At around pH 4 (charge -+ 1), for example, the com-
putation predicts strong binding for His{Gly); and His-His,
nicely corroborating the data in Figures 2 and 3. In addition,
the A form of the complex is most stabilized, which again is
most probably reflected in the same CPL sign.

As noted above, the CPL chirality inversion observed for His-
(Gly), and His-(Gly), is not unambiguously supported theoreti-
cally; nevertheless, it can be seen that at pH4 the A and A
forms of His<{Gly), are predicted to be adopted with about the
same probability, whereas at higher pH the A form is pre-
ferred. The inversion can thus be at least partially explained by
a residual presence of the neutral species in the sample. How-
ever, the theoretical preference for the A enantiomer of Gly-
Gly-His is inconsistent with the observations. Thus, the simula-
tions at the present level do not seem to be sufficiently relia-
ble to be applied for chirality determination. Nevertheless,
they adequately explain many aspects of the binding, includ-
ing some general trends, and at least suggest that the quite at-
tractive idea of determination of the absolute configuration of
a complex through a combination of theory and experiment is
possible.
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Conclusions

We have synthesized a series of histidine-containing peptides
and have monitored their interactions with a racemic Eu" com-
plex through circularly polarized luminescence measurements.
The results show that both the length of the peptides and the
histidine position therein profoundly affect the binding modes.
The acquired data could be very well rationalized by molecular
dynamics simulations, although these were not suffidently ac-
curate to unambiguously provide the absolute configurations
of the preferred complex forms. The data and simulation indi-
cate that the interaction of the complex with the peptides is
rather weak and non-site-specific in terms of interaction ener-
gies and product geometries, although the resultant lumines-
cence and CPL patterns are still quite characteristic for individ-
ual peptides. This is promising for future design of similar
“smart” probes of peptide, protein, and other biomolecular
structures.

Experimental Section

Synthesis: Na,[Eu(dpa);] (dpa=dipicolinate = 2,6-pyridinedicarbox-
ylate; Figure 1) was obtained by the reaction of europium(lll) car-
bonate and pyridine-2,6-dicarboxylic acid (1:3 molar ratio) in water;
pH 7 was adjusted with 1m sodium carbonate solution.” The pep-
tides were synthesized by the Fmocd/tBu strategy on 2-chlorotrityl
resin. The volume to mass ratio of the agent solution to the 2-
chlorotrityl resin was 10mLg~". The synthesized peptides were
then deaved with a 20% solution of 22 2-trfluoroethanol in
CH.CI,; the trityl group protecting the histidine side chain was
cleaved with a mixture of TFA, tiisopropylsilane (TIS), and water
(9.5:25:2.5, v/v). The volatiles were then removed by evaporation,
and the residual solid was dissolved in water. Insoluble by-products
were removed by filtration. Water was evaporated and the peptide
products were recovered by a combination of vacuum evaporation
and lyophilization. The products were characterized by TLC on
silica-gel-coated aluminum plates, whereby the compounds were
visualized by ninhydrin spraying. 'H and '“C NMR spectra were
measured at ambient temperature from solutions in 5 mm diame-
ter NMR tubes (see the Supporting Information for further details).
CPL measurement: Back-scattering Raman and scattered circular
polarization (SCP) ROA spectra (dominated by Eu TL and CPL) were
acquired on a BioTools ROA spectrometer operating with laser exci-
tation at 532 nm and a resolution of 7 cm™'. For the lanthanide
CPL measurement, the laser power at the sample was 150-
400 mW, and accumulation times were 1 h (for solutions at pH 4),
8h (pH7), or 12 h (pH10). pH was adjusted with 0.1m HCl or
NaOH. Concentrations were 20 mm for peptides and 4 mm for the
[Eu(dpa),] “complex. In the presented spectra, the intensities were
nomalized to the 1650 cm™ band, and a broad luminescence
background attributable to sample impurities was subtracted from
the Raman signal.

Computations: The initial geometry of the [Eu(dpa),]”” complex
was obtained using the Gaussian 09 program,"” adopting the
B3LYP functional and the 6-31G(d,p) basis set (MWB28 pseudopo-
tential and basis set for Eu). By titration, we found that the
Ma;,[Eu(dpa),] CPL spectra do not change within the interval pH 4-
12. We therefore suppose that the charge (—3) of the complex is
not changed in our experiments. The solvent was modeled by the
conductor-like polarizable continuum solvent model (CPCM)."™

© 2018 Wiley-V'CH Verlag GmbH & Co. KGaA, Weinheim

174



\9,'* ChemPubSoc
byrthod Europe

The interactions of all seven peptides (Figure 1) with the A and A
forms of the complex in aqueous solution were investigated using
Amber 149 MD software. To model mild acidic conditions (pH==4,
comesponding to most experiments), the histidine aromatic ring
and the amine group were protonated (-NH;") and the carboxyl
group was deprotonated (-COO7). For lower pH (< 2), the carboxyl
group (-COOH) was also protonated, and for His-(Gly), the neutral
and basic forms were considered as zwitterionic and deprotonated
peptides. For the other peptides, only structures comesponding to
acidic conditions (pH<2 and pH =24, with peptide charges of +2
and + 1, respectively) were investigated. The peptides were insert-
ed into a cubic (30 A)® box containing 880 water molecules and
one [Eu(dpa),]*~ ion, initially separated from the peptide by about
12 A. Separate simulations were performed for the A and A forms
of the complex. MD simulations were run for NVT ensembles using
a 1fs integration step, a temperature of 300 K, and GAFF'" (dpa li-
gands), Amber 145B"® (His and Gly), or TIP3P6"'¥ (water) force
fields.

After an equilibration (1 ns), constrained MD simulations were run
for 8 ns. A harmonic penalty function (restraint constant of 4 kca-
I1A~?mol™") was applied to the distance (r) between the europium
atom of the complex and C* of histidine; the distance was
changed from 12 to 9 A in 1 A increments and from 9 and 4 A in
0.5 A increments. From individual distance distibutions, the poten-
tial of the mean force F(r) was calculated by the weighted histo-
gram analysis method (WHAM)?? using the Amber 14 scripts.

The simulations indicated rather weak peptide-complex associates
with flexible geometries. Therefore, to better evaluate effective
relative binding strengths (s), equilibrium ratios of the numbers
of bonded (N, r<10A) and free (N, r>10A) europium
complexes for each box were calculated as
s = Ng/Nr = [,° exp(—F /kT)rdr/ [} exp(—F/kT)dr.
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Discerning Eu complex-peptide inter-
actions: Circularly polarized lumines-
cence of an achiral europium complex,
as induced by seven model histidine-
containing peptides, has been detected
by Raman optical activity spectrometry
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Structural characterization of prepared peptides

Chemical shifts (é/ppm) relative to residual HDO in the D>O solvent are reported. The structure
elucidation was aided by various 2D spectra (1H.1H-COSY: 1H.13C-HSQC: 1H.13C-HMBC).
High resolution MS spectra (HRMS) recorded on an LTQ Orbitrap XL using electrospray
ionization (ESI). Individual peptides were analyzed by HPLC system Agilent 1200 with Poroshell
120 SB-C18 2.7 pm. 3.0 x 50 mm column. flow rate 1 mL/min. and diode array detection using
gradient 5-5-100% of ACN in 0.05% aqueous TFA within 0-1-21 min.: however. the peptides were
not retained due to very high positive charge and high polarity. Nevertheless, no hydrophobic
impurity was detected. Thus, the peptide purity was assessed using TLC with ninhydrin staining.

H-His-Gly-OH 'H NMR (400 MHz. D20) & 8.70 (s, 1H, H2imidazole). 7.47 (5, 1H, H4imidazole).
4.37 (1, 1H, CHogss). 4.09 (d, 1H, CHPmis), 3.97 (d. 1H, CH Pms), 3.44 (m, 2H. -CH2gry). HRMS
(ESI) (m/z) [M+H]" calculated for CgHi303Ns: 213.09822; found: 213.09827. Rf (CHCls: MeOH:
NH3 (aq) 2:2:1. v/v) 0.54. Rf (EtOH: H20: NH3 (aq) 90:8:2, v/v) 0.38. Amino acid analysis: Gly
0.98 (1). His 1.00 (1).

H-His-Gly-Gly-OH TH NMR (400 MHz, D20) 3 8.71 (s, 1H, H2imidazole). 7-47 (5, 1H. Hdimidazole).
4.39 (t, 1H. CHos). 4.13 (d. 1H. CHpmis), 4.03 (., 1H. CH Pris). 3.93 (. 2H, -CH2Giy). 3.44 (m.
2H. -CH2gy2). HRMS (ESI) (w/z) [M+H] calculated for CioHisO4Ns: 270.11968: found:
270.11976. Rf (CHCls: MeOH: NHs (aq) 2:2:1, v/v) 0.47. Rf (EtOH: H,O: NHj (aq) 90:8:2, v/v)
0.22. Amino acid analysis: Gly 1.78 (2). His 1.00 (1).

H-His-Gly-Gly-Gly-OH 'H NMR (400 MHz, D20) & 8.71 (s, 1H, H2imidazole), 7.47 (s, 1H,
H4imidazote). 4.39 (t. 1H. CHomis). 4.04 (m. 6H. CHPmist CH’ Prist -CH261y+ -CH2aiy2). 3.45 (d. 2H. -
CH2gpy3). HRMS (ESI) (m1/z) [M+H]™ calculated for C1oH1905Ns: 327.14114: found: 327.14121.
Rf (CHCls: MeOH: NH3 (aq) 2:2:1. v/v) 0.40. Rf (EtOH: H20: NHs (aq) 90:8:2, v/v) 0.18. Amino
acid analysis: Gly 2.63 (3). His 1.00 (1).

H-Gly-His-Gly-OH 'H NMR (400 MHz, D20) § 8.63 (s, 1H. H2imidazole). 7.34 (s. 1. H4imidazolc).
4.00 (m. 2H. -CH2gy). 3.85 (m. 2H. -CH2qyy2). 3.31 (dd. 1H, CHPmis). 3.22 (dd, 1H. CH Pmis). 3.01
(s. 1H. NH). 2.85 (s. 1H. NH). CHomis hidden by solvent. HRMS (ESI) (m/z) [M+H]" calculated
for C1oH1403N5: 252.10912: found: 252.10903. Rf (CHCl3: MeOH: NH;3 (aq) 2:2:1. v/v) 0.55. Rf
(EtOH: H2O: NH3 (aq) 90:8:2, v/v) 0.35. Amino acid analysis: Gly 2.34 (2). His 1.00 (1)

H-Gly-Gly-His-OH 'H NMR (400 MHz. D20) 6 8.59 (5. 1H. H2imidazole). 7-29 (5. 1H. Hdimidazole).
3.97 (s. 1H. NH). 3.85 (m. 2H, -CH2ay). 3.33 (dd. 1H. CHpPms). 3.20 (dd. 1H. CH Pris). HRMS
(ESI) (m/z) [M+H]" calculated for C10H403Ns: 252.10912: found: 252.10898. Rf (CHCls: MeOH:
NHs (aq) 2:2:1. v/v) 0.51. Rf (EtOH: H>O: NH;3 (aq) 90:8:2, v/v) 0.24. Amino acid analysis: Gly
2.15(2). His 1.00 (1).
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H-Gly-His-OH 'H NMR (400 MHz. D20) & 858 (s. 1H. H2imidazole). 7.28 (5. 1H. Heimidazole).
3.82 (q. 2H. -CH2gyy). 3.31 (dd, 1H, CHpPmis). 3.20 (dd. 1H, CH’Pais). CHoms hidden by solvent.
HRMS (ESI) (n/z) [M+H]" calculated for CeH1102N4: 195.08765: found: 195.08774. Rf (CHCls:
MeOH: NHs (aq) 2:2:1. v/v) 0.53. Rf (EtOH: H>O: NH; (aq) 90:8:2, v/v) 0.37. Amino acid analysis:
Gly 0.85 (1), His 1.00 (1).

H-His-His-OH IH NMR (400 MHz. D>0) 8 8.60 (5. 1H. H2imidazote). 8.53 (5. 1H. H 2imidazolc).
7.34 (s, 1H. H4imidazole). 7.23 (5. 1H, H'4imidazote). 4.25 (t. 1H. CHoms). 3.25 (m. 4H. CHPmist
CH’Pms). CH oms hidden by solvent. HRMS (ESI) (m/z) [M+H]™ calculated for C12H;s02Ng:
275.12510; found: 275.12513. Rf (CHCl3: MeOH: NH;3 (aq) 2:2:1. v/v) 0.56. Rf (EtOH: H>O: NH3
(aq) 90:8:2, v/v) 0.23.
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