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Abstract

The terahertz gap lies between the infrared and millimeter regions of the electromagnetic spectrum. Terahertz (THz) waves, or T-rays, bridge
the gap between electronics and photonics, have novel properties and interact uniquely with many materials. Various rotational, vibrational and
translational modes of molecules are within the THz range (0.1-10 THz). Since these modes are unique to a particular molecule it is possible to
obtain a ‘THz fingerprint’ allowing for the identification of chemical substances. Astronomers and chemists have already utilised the THz region to
characterise and identify small organic molecules. Terahertz spectroscopy allows not only for exploration of molecular structures but also for
molecular dynamics. One difficulty in performing THz spectroscopy is that the data can be noisy and thus difficult to interpret. An a priori
knowledge of the expected THz spectra allows improved experiments to be performed. Ab initio molecular orbital theory is a helpful tool in
providing a great deal of information about intermolecular structure, interactions and dynamics. Recently, we have begun to investigate whether
THz is a useful part of the spectrum for studying the photoisomerization of the retinal chromophore by using molecular modelling and vibrational
mode calculations. The vibrational character of very low frequency modes can provide insight into molecular dynamics since they potentially relate
to the torsional coordinates relevant to the actual isomerization itself. To date, very few studies on the retinal molecule and its isomers based on THz
technology have been carried out. Initial experiments using THz Time-Domain Spectroscopy (THz-TDS) have shown that it is possible to
distinguish between the different isomeric forms of retinal, indicating that the THz modality may be useful for studying very low frequencies and
associated mechanics. In order to motivate further THz experiments on retinal, this paper reviews: (i) the status of the retinal chromophore, (ii) the
work in the area uptil now, and (iii) the background of THz spectroscopy—furthermore we review and perform ab initio calculations for all-trans
and 9-cis retinal in the THz regime.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Vibrational spectroscopy has long been used to detect
vibrational marker modes, which allow for the identification of
unknown substances [1,2]. It also provides insight into
structural dynamics, for example, intramolecular hydrogen
transfer, biomolecular proton transfer, and cis—trans isomer-
ization in retinal proteins [3]. Such dynamics, which are
elementary steps in chemistry typically take place on
femtosecond to picosecond timescales [4]. Since the develop-
ment of short-pulsed laser systems, ultrafast chemistry has been
studied mainly using time-resolved electronic spectroscopy.
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The disadvantage of probing electronic transitions is the
overlapping of relatively featureless transient electronic bands
of stimulated emission and contributions of excited state
absorption [5]. On the other hand, structural resolving
techniques such as time-resolved X-ray [6], X-ray spectroscopy
[7], and electron diffraction [8] are technologically demanding.
Recent developments in ultrafast laser technology have enabled
the efficient generation of tunable femtosecond laser pulses
from the UV through to the very far-infrared regions of the
electromagnetic spectrum [9,10].

However, different spectroscopic information may be
obtained from different regions of the electromagnetic spectrum.
Infrared spectroscopy provides information about individual
bond lengths and angles of various molecules, whereas various
rotational, vibrational and translational modes of molecules are
located within the far-infrared region. The terahertz (or T-ray)
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Fig. 1. The electromagnetic spectrum. A representation of the electromagnetic spectrum, showing the ‘Terahertz (THz) gap’ between the well-developed fields of

millimeter waves (mm-waves) and the infrared. The T-ray band lies between

frequency range (0.1-10 THz or 3-333 cm ™' in wavenumbers),
which straddles the mm-wave and very far IR bands (see Fig. 1),
can provide direct information about intermolecular or phonon
modes, for example those characterising a crystalline structure
[11]. These modes are often unique to a particular molecule,
allowing for the identification of unknown chemical substances
through a spectral ‘terahertz fingerprint’ [12]. Terahertz tech-
niques, complement Raman and IR spectroscopy, having similar
instrumentation, sample preparation, and analysis methods.

Terahertz can provide solutions to a number of difficulties
that are encountered with Raman spectroscopy techniques. For
instance, due to the proximity of the visible excitation line, low
frequency modes are difficult to assess in Raman. Further,
because Raman spectroscopy involves high powered laser
irradiation it can induce phase changes and initiate photo-
chemical reactions. Such problems occur in the study of
polymorphs and isomers where discrimination is required in,
for example, finished pharmaceutical products. Being able to
accurately differentiate between various isomeric and poly-
morphic structures is essential for a number of applications in
biomedicine and pharmaceuticals as well as for security
applications. For example, Taday et al. [13,14] have shown that
it is possible to differentiate between the different isomers that
are present in paracetamol (2-acetamidophenol, 3-acetamido-
phenol and 4-acetomidophenol) by comparing their THz
spectra. Such applications are further supported by the fact that
plastic and polyethylene packaging is transparent to THz. This
allows for better environmental control of samples and also for
the direct inspection of packaged materials for quality control
monitoring as THz spectroscopy can be applied, for example,
while tablets are in blister packets. Thus THz can be used to
monitor changes that are related to time, pressure, and
temperature without influencing the phase or chemically
changing the pharmaceutical. Terahertz also does not generate
fluorescence, which can be a problem for Raman spectroscopy
[15].

In near-infrared (NIR) spectroscopy the situation becomes
more complex because the measured spectra consist of many
combination and overtone bands of the fundamental mid-
infrared (MIR) vibrations, making analysis difficult.

0.1 and 10 THz.

Terahertz exhibits a number of further advantages. Sampling
times are less than 200 ms, and are speeding up as the technology
advances, which opens up possibilities for high-throughput
applications such as fast DNA sensing for microarrays.

The vibrational character of very low frequency modes can
provide new insight into molecular mechanics since they
potentially relate to the torsional coordinates relevant to the
actual isomerization. Most molecules have dense and
distinctive absorption spectra at THz frequencies, which has
led to much interest in THz spectroscopy [11,16—18]. Using
THz transmission or reflection spectroscopy, samples ranging
from gases to solids can be completely characterised at THz
frequencies. The density of molecular twisting and bending
modes in the THz band provides a wealth of information about
the composition and state of the samples [19,20].

Pulsed THz techniques are based on ultrafast lasers, where the
femtosecond regime allows for the possibility of studying
molecular dynamics. The ability of THz to follow dynamical
changes at the molecular level has caught the attention of many
researchers. For example Upadhya et al. [21] used a time-
resolved broadband (100 GHz-12 THz) THz spectroscopy
system to study the far-infrared vibrational modes of crystalline
saccharides, and to understand the dynamics of both inter- and
intramolecular interactions. We have begun to explore the
potential of THz for distinguishing between various isomeric
forms of a molecule, studying conformational changes in
proteins and other biomolecules. A knowledge of the protein
dynamics is widely useful to researchers in areas from molecular
simulation in HIV research [22], optical memory devices [23]
and artificial vision [24,25] through to novel technologies such as
nano-mechanical switches [26]. In particular we are exploring
the various isomers of retinal. A great deal is already known
about retinal’s isomers and its related proteins [27,28,30,31].
Currently, very few THz studies of retinal have been carried out.
The work of Walther et al. [32] has shown that it is possible to
identify the different isomeric structures of retinal using THz
spectroscopic data. This result indicates that it is worth carrying
out further studies in order to look at these lower frequencies
more comprehensively and also shows that THz is a useful
regime for our ultimate aim of studying retinal dynamics.
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One difficulty in performing THz spectroscopy is that the data
can be noisy at the limits of the dynamic range and thus difficult
to interpret. An a priori knowledge of the expected THz spectra
allows improved experimentation. Molecular modelling, espe-
cially ab initio molecular orbital theory in combination with
quantum mechanics and molecular mechanics (QM/MM), has
recently become a useful tool in the support of spectroscopic data
as well as in gaining information about intermolecular structure,
interactions and dynamics [33-36]. Modelling allows for the
visualization and study of the conformation and structure of a
molecule, the study of mechanisms of reactions, and comparison
of molecules with each other. Modelling the cis—trans
isomerization of the retinal molecule can potentially provide
information about the structure of intermediates as well as
vibrational frequencies and dynamics. We use ab initio molecular
orbital calculations to find frequencies in the THz range and to
assign their vibrational modes.

The aim of this present work is to determine through ab
initio calculations the frequencies and corresponding modes in
the THz frequency range of 0.1-6 THz of the all-trans and cis
isomers of retinal. In order to motivate and meet this aim the
paper is structured in the following way. Section 2 provides a
brief overview of the retinal chromophore and its proteins. Due
to space considerations we have limited ourselves to the
chromophore itself and not studies of the associated proteins,
bacteriorhodopsin and rhodopsin, except in a few cases of
particular interest. This is followed by Section 3, which gives an
up to date overview of experimental approaches ranging from
early crystallographic studies through to recent Raman studies.
In limiting ourselves we have placed an emphasis on studies of
the structure of the various isomers and intermediates involved
in the isomerization process. Because our main interest lies in
the application of THz spectroscopy this section also provides
background information on THz techniques. Section 4 then
gives an introduction to different molecular modelling
techniques and an overview of relevant modelling approaches
of retinal. After this we present our own ab initio calculations of
two different retinal isomers in Section 5 and compare them
with existing data from both modelling and experiment. We
find these results to be compatible with the existing IR [33], ab
initio [34], and THz data [32] and they motivate the need to
carry out spectroscopy at these lower frequencies.

2. The retinal chromophore

Visual pigments, which are found in both vertebrates and
invertebrates, are members of a protein class called “G-protein
coupled receptor proteins.” In vertebrates, rhodopsin, also
known as visual purple, is a photoreceptor protein bound to its
chromophore, i.e. retinal. In the vertebrate retina, rhodopsin is
responsible for the primary events in the detection of light
[37,38]. It catalyses the only light sensitive step in vision and is
found, for example, in the rod cells of the vertebrate visual
system [27].

Halophilic archea, such as Halobacterium halobium or
Halobacterium salinarum contain four different retinal
proteins; the light-driven ion pumps bacteriorhodopsin (proton

pump) and halorhodopsin (chloride pump) [39,40] as well as
the phototactic receptors sensory rhodopsin I and sensory
rhodopsin II [41,42]. Bacteriorhodopsin is a photosynthetic
pigment similar to rhodopsin and is found in the purple
membrane of halophilic bacteria [43]. It has photoreactions
similar to those observed in rhodopsin and functions as an
energy transducer or proton pump [44,45].

All of these pigments such as rhodopsin and related
bacteriorhodopsin have in common that they all comprise seven
transmembrane helices and are composed of a retinylpolyene
chromophore bound to a parent opsin protein [27]. Although
the majority of (vertebrate) visual pigments employ a
protonated Schiff base formed with a lysine residue, the UV-
sensitive pigments appear to be unprotonated [28]. The retinal
chromophores occur in different isomeric forms depending on
the physical function of the protein. In rhodopsin (for
vertebrates), 11-cis retinal is covalently bound to opsin and
the photoisomerized all-trans form is eventually released,
which then must be reconverted to 11-cis retinal. However, in
certain invertebrates, such as insects however, the active form
of rhodopsin, metarhodopsin, is thermally stable and is thus
photoisomerized back to 11-cis retinal [29].

Bacteriorhodopsin, halorhodopsin and the two sensory
rhodopsins contain the all-frans isomer of retinal that is
photoisomerized to 13-cis is retinal [37,38]. The light-driven
pumps bacteriorhodopsin and halorhodopsin use the energy
stored in the 13-cis is form of retinal to drive ion transport
across the membrane. The transition between photointermedi-
ates can be correlated with the transfer of ions within the
transmembrane pore. In sensory rhodopsin I and II, the 13-cis
form of retinal signals the activated state, which is forwarded
along the signal transduction cascade by specifically associated
transducer proteins. The fact that it is all-zrans retinal in some
cases and 11- or 13-cis in others can be explained by looking at
the physical function of the different proteins. Such physio-
logical processes differ significantly amongst the various
proteins, for example, in the case of rhodopsin in the vertebrate
visual system it is neuron transduction and in bacteriorhodopsin
it is the cross membrane proton pump. Visual chromophores,
for example, in rhodopsin, are sensitive to an extremely wide
spectrum of light, where different rhodopsins display distinct
absorption maxima, for example ~ 500 nm for rhodopsin (in
humans) and ~ 568 nm for bacteriorhodopsin, which are
thought to be determined by interactions between the residues
in the transmembrane segments and the chromophore [46].
Also, the 11-cis form gives the chromophore the ability to adopt
an infinite number of conformations along its conjugated
polyene chain [47]. The ability for such fine tuning is
unnecessary for the pigments of H. halobium.

The first step in the transduction process is the isomerization
of retinal. In bacteriorhodopsin this initiates a series of events
that includes the release of the Schiff base proton to the outside
of the cell, its reprotonation from the cytoplasmic side and the
ultimate return of the protein and retinal to their starting states.
The resulting transmembrane proton gradient drives other
cellular functions, while the whole transduction process takes
around 10 ms. The changes in retinal and the protein are
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reflected in spectral changes due to the formation and decay of
intermediates K605, L55(), M41(), N560, and 0640[48,49]. In each
of these, the retinal is in a transition state between the cis and
the frans form. The combination of structural, spectroscopic
and biochemical analysis have allowed for the determination of
the likely path of the proton as it traverses the membrane [50-
52].

Visual transduction in rhodopsin is initiated by photons,
which lead to the isomerization of 11-cis retinal to all-frans
retinal. This conformational change distorts the protein to a
high-energy form, called bathorhodopsin [27]. Subsequently, a
series of rapid thermal transitions occur, in which the protein
again alters shape, and within a few milliseconds adopts a form
called metarhodopsin II, which can activate the phototransduc-
tion cascade. Eventually, the high chromophore/protein
distortion energy results in the thermal relaxation of the
protein conformation, which finally leads to the expulsion of
retinal from opsin as its all-trans isomer [47].

During the photocycle, changes occur to the retinal
chromophore as well as to the entire protein. Changes in the
retinal binding pocket cause structural modification of the
retinal molecule. The cis—trans isomerization is the fastest
known biological photochemical reaction (~ 200 fs) [53,54].
Vibrational coherence of the isomerization may be responsible
for the speed of this reaction. The initial excited state dynamics
along the C;;=C|, torsion may direct the correct distortion of
the chromophore. Indeed, studies with chromophores, which
lack intramolecular steric interactions, isomerize on a slower
time scale (400-600 fs) and produce a smaller quantum yield
[55]. Vibrational coherence has previously been observed in the
reactant state of the photosynthetic reaction centre of bacteria
prior to ultrafast electron transfer [55]. This has led to a series of
experimental studies of the role of vibrational coherence in
chemical and biological reactions, which since then has been
observed in various biologically important molecules [56,57].

3. Experimental approaches

Having briefly reviewed the retinal chromophore, we now
review various spectroscopic techniques in the context of
retinal research. Section 3.1 briefly overviews X-ray techniques
and Section 3.2 reviews infrared techniques, thereby placing
into context the new THz methods described in Section 3.3.

Researchers have long been interested in the mechanism of
the photocycle and hence the retinal molecule. Electron
microscopy and X-ray crystallography have provided a great
deal of information about structure and dynamics of retinal. One
approach to studying the nature of structural changes is to use
conditions that prolong the life of the structural intermediates,
such as lower temperature, adding in additives, and the use of
genetically altered variants of the protein. Spectroscopic studies
have characterised vibrational modes and are useful in predicting
possible structures of intermediates as well as providing
information about molecular mechanics. Different information
can be gained about a molecule depending on which part of the
spectrum is being explored. The region that has long been of most
interest for chemical analysis is the mid-infrared region (4000—

400 cm™ "), which corresponds to changes in vibrational energies
within molecules. However, information about dynamics is
contained within the far-infrared part of the spectrum and beyond
(40010 cm™ 1), especially below 200 cm ™. It is rarely possible
to identify an unknown compound using IR spectroscopy alone.
Being able to interpret the terahertz spectrum of a molecule and
assign its low frequency vibrational modes would allow for more
precise identification. Terahertz spectroscopy is a potentially
useful modality for explaining intermediates and dynamics.
Ultrafast changes in absorption spectra can be seen with pump—
probe experiments using a THz pulse duration of less than a
picosecond.

3.1. Crystallography

The first structural analysis of bacteriorhodopsin was carried
out using electron microscopic imaging [58]. An atomic model
was determined [59] that has since been confirmed by a number
of studies [60-62]. Studies using electron and X-ray crystal-
lographic techniques have provided a plethora of models for the
structure of bacteriorhodopsin: for example, see Subramian
et al. [63] for an excellent review including a table of results.
The X-ray data is at a typically higher resolution and the data of
Luecke et al. [64] is likely to be the most accurate.

Studies on the retinal chromophore in rhodopsin include
Okada et al. [65], who used a new 2.2 A crystal structure to
provide details of the chromophore binding site including the
configuration about the C¢—C5 single bond of the 11-cis-retinal
Schiff base. They also revealed a significant negative pre-twist
of the C;;—C;, double bond.

3.2. Infrared and Raman spectroscopy

Bacteriorhodopsin (bR), halorhodopsin (hR) and sensory
rhodopsin (sR) I and II have similar atomic masses (-~
26,000 Da) and photocycles but their physiological roles are
very different. Rhodopsin is difficult to work with since it is not
photostable. Bacteriorhodopsin on the other hand can withstand
a larger photon flux. This is why a great deal more is known
about the chromophore and its intermediate structures for
bacteriorhodopsin [66—69] and halorhodpsin [70-73] compared
to rhodopsin [28,74]. Very little is known about sensory
rhodopsin I [75].

To observe and analyse the ultrafast isomerization process of
bacteriorhodopsin, early picosecond optical studies [76] were
used, which suggested that a primary photoproduct “K”
occurred in 11 ps. In 1978, Ippen et al. [77] measured the
formation of the photoproduct within 1 ps. Later it was shown
that a redshifted precursor to the intermediate K, called J, forms
in approximately 500 fs and relaxes to K on a 3 ps time scale
[78-80]. A further species I460 has been observed and assigned
to the excited state intermediate to J [78]. In 1988, Mathies et al.
[69] used femtosecond spectroscopy, which achieved time
resolutions of 6 fs. Hence, they were able to probe the coherent
vibrational motion of retinal after photoexcitation, which
allowed them to observe the time course of the double-bond
isomerization in bacteriorhodopsin. Doig et al. [81] used the
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same method to show the existence of further intermediates that
occur during the transduction of bacteriorhodopsin, i.e. Jgs.
They established that there may also be a I4¢9. There is some
controversy over Jgs and Iug0 in terms of their structure.
Modelling may provide insight although one needs to consider
not just the retinal molecule itself, but also the influence of the
binding pocket. This has a significant affect on the ultrafast
response timescale and has been described before [64].

In 1991, Schoenlein et al. [53] first reported femtosecond
absorption spectra of bovine rhodopsin and concluded that the
formation of the photoproduct was completed in only 200 fs.
The idea of an extremely fast isomerization also matched with
the results of Peteanu et al. [82]. The results were interpreted in
terms of rapid deformation around the C;;=Cj, double bond
occurring as fast as vibrational motions of the chromophore.
Coherent isomerization of rhodopsin was first reviewed in 1994
[83] and later confirmed by various studies [84,85]. It was
concluded that the vibrationally coherent cis—trans isomeriza-
tion can lead to the high reaction quantum yield of rhodopsin.
The yield of the rhodopsin chromophore (a protonated Schiff
base of 11-cis retinal) in solution (~ 0.15) [86,87] is much
smaller than that in protein bound form (0.67) [88], indicating
that the isomerization of the rhodopsin chromophore is much
enhanced in the protein environment of rhodopsin.

Initial studies on sensory rhodopsin I using Raman
spectroscopy [75] obtained vibrational spectra of the native
membrane bound form of sRsg; and used these data to
determine the structure of its retinal prosthetic group. The
similar frequencies and intensities of the skeletal fingerprint
modes in sRsg7, bacteriorhodopsin (bRseg), and halorhodopsin
(hRs7g) demonstrate that the retinal chromophore has an all-
trans configuration bound to the protein by a protonated Schiff
base linkage, which is weakly hydrogen bonded with its
protein. This suggests that the red shift in the absorption
maximum compared to bR and hR is likely due to a reduction in

Beam

electrostatic interaction between the protonated Schiff base and
its protein counterion.

Preresonance Raman difference spectra for isolated all-trans
retinal compared to the protein bound isomer were obtained by
Senak et al. [89] in 1996. They used a CCl, solution as a diluent,
complexed with cellular retinol-binding protein (CRBPI). The
spectra indicated that retinal has a slightly more planar
conformation within the binding pocket of CRBPI than in
solution. Vibrational modes in the fingerprint region (1000-
1400 Cmfl), which were affected by the binding CRBPI, were
observed and compared with early results from studies
undertaken in 1971 [90-92]. In 1997 Lin et al. [36] carried
out low-frequency Raman spectroscopy of 11-cis retinal in
rhodopsin and bathorodopsin, the trans primary photoproduct
that showed a relatively strong Raman response. These revealed
that the photoexcited chromophore undergoes rapid nuclear
motion along torsional coordinates, which may be involved in
the 200 fs isomerization about the C;;=C;, bond.

3.3. Ultrafast THz spectroscopy

Ultrafast THz generation and detection uses the ultra-
broadband nature of femtosecond (fs) optical laser pulses to
reach the THz region of the spectrum. Pulsed T-ray radiation
consists of ultrashort pulses, with a bandwidth spanning the
range from approximately 0.1 to 10 THz (3-333 cm™ ),
covering the THz Gap. The femtosecond laser pulses are fired
at a photoconductor or a crystal, and thereby generate THz
electromagnetic transients that can be detected [93]. Through a
beam splitter and a synchroniser, the laser pulses are forced to
strike the THz generator and detector with a known phase
coherence. A time-dependent waveform proportional to the
THz field amplitude and containing the frequency response of
the sample can then be produced by scanning the time delay and
sampling the signals on the detector (Fig. 2).

Femtosecond : Probe
pulses spllrltt.er beam Q%
LASER C)
Pump
beam
s Parabolic
mirrors
l -
—— g — THz
6%), | detector
THz l cco
Delay stage emitter Camera
Electro- u
Optic
Crystal Sample

Fig. 2. Illustration of a transmission THz-TDS system. The ultrafast laser beam is split into pump and probe beams. The pump beam is incident on the THz emitter to
generate THz pulses and the THz pulses are collimated and focused on the target using parabolic mirrors. After transmission through the target the THz pulse is
collimated and refocused on the THz detector. The optical probe beam is used to gate the detector and measure the instantaneous THz electric field. A delay stage is
used to offset the pump and probe beams and allow the THz temporal profile to be iteratively sampled. However, note that the CCD camera is only necessary for fast
imaging, and use of a single photodetector is an alternative. Whilst this example shows a THz system in transmission mode, it should be noted that reflective mode
measurements are also well established. Figure adapted from Nature Materials [94].
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The two main applications in which THz techniques are
involved are THz spectroscopy and THz imaging. THz Time-
Domain Spectroscopy (THz-TDS) and related THz technol-
ogies, especially THz wave (T-ray) imaging modalities provide
spectroscopic information, such as functional imaging [95] and
has the potential to impact on an almost limitless number of
interdisciplinary fields including communications [96], ima-
ging [97-99], medical diagnosis [100], health monitoring
[101], environmental control [102], and chemical [20] and
biological identification [94,103,104]. T-rays do not subject
biological tissue to harmful ionizing radiation, because they
maintain low-photon energy (~4 meV at 1 THz) [105], in
comparison to typical X-ray photon energy that is in the order
of keV. In addition to imaging, THz systems can also provide
spectroscopic information such as unique rotational, vibrational
and translational responses of materials and therefore enable
molecular fingerprinting with T-rays [95].The potential of THz
spectroscopy has been realized for a variety of applications. A
number of researchers have measured the THz spectra of
various substances of interest in security and defence [106],
medical research [107], and molecular science [108,109].

Walther et al. [32] have used THz time domain spectroscopy
to measure the FIR spectra of three isomers of retinal: all-trans,
13-cis and 9-cis. Their observations show that there are distinct
differences between the low frequency vibrational spectra of
the three isomers. Also by comparing the three isomers they
were able to deduce the approximate localization of the
different vibrational modes within a molecule. However, they
only measured the spectra between 0.3 and 3 THz and therefore
only observed a small number of vibrational modes. A broader
view of the THz spectrum of these isomers, for example
between 0.1 and 6 THz, would give better insight into the
molecular dynamics and would further enable localization of
the modes within the molecules.

4. Ab initio molecular modelling

Having reviewed various experimental spectroscopic tech-
niques, we have motivated the context for THz spectroscopy.
Our aim is now to briefly overview the molecular modelling
techniques that will be applied to retinal in Section 5 along with
a brief overview of past molecular modelling approaches
applied to retinal.

Modelling techniques allow any chemical species to be
studied in detail. For example, in our case, calculations can be
performed on the reactive intermediates that are difficult to
investigate experimentally. Information can be gained about the
reactive transition structures and excited states—sometimes it
is only possible to obtain this information by calculation.
Complete sets of data can be obtained and calculations can be
carried out on structures artificially constrained to allow
individual interactions to be assessed. There is a wide range of
molecular modelling and quantum chemistry software avail-
able and different researchers have made use of different
techniques depending on their research goals.

The ab initio approach to chemistry is that the Schrodinger
equation leads to the direct quantitative prediction of chemical

phenomena using only Planck’s constant, the speed of light and
the masses and charges of electrons and nuclei. Of course very
few problems are tractable and so approximate mathematical
models of the Schrodinger equation for which the solutions may
exist are used. There are two distinctly different approaches to
approximating solutions of Schrodinger’s equation. The first is
to solve the problem at the highest level of theory. This is only
possible for very small systems such as the hydrogen molecule.
The second approach is to solve a theoretical model for which a
number of characteristics must hold true: the model should be
unique, well defined, continuous, unbiased, and relative errors
should increase in proportion to the size of the molecule. It
should also yield a total energy that is an upper bound to that
which would result from an exact solution of the full
Schrodinger equation. Such a model should also be imple-
mentable on a computer with minimal computational effort.
The most commonly used models of this class are those which
are based on molecular orbital theory: the approximate
treatment of electron distribution and motions, which uses
one-electron functions or orbitals to approximate the full wave
equation. A many-electron wavefunction is constructed from
the molecular orbitals in the form of a determinant. Such
models have been validated through systematic comparison
with experimental data. Individual molecular orbitals are
expressed as linear combinations of a finite set of one-electron
functions known as basis functions. The choice of basis set
determines the level of accuracy and depends on two
components: (a) the size of the basis set and (b) the treatment
of electron correlation. In general the choice of basis set will
always be a compromise.

Typical engines used for ab initio calculations are Gamess
[110] and Gaussian [111,112]. Here, ab initio calculations
themselves can be divided into quantum mechanics and
molecular mechanics/dynamics. In general, quantum methods
are slow but potentially very accurate, and require huge
memory and CPU resources, which limit their application to
relatively small molecules. On the other hand they provide full
simulations of all the properties and fine behaviour of the
molecules. For bigger molecules, methods with a reasonable
accuracy requiring less computation time are needed.
Molecular mechanics and molecular dynamics (MM/MD)
methods treat atoms as spheres with charge, and bonds as
springs. They do not consider independent subatomic particles,
and as such are more limited in their utility.

Such calculations begin with specifying the bond lengths
and angles. Often information about symmetry can greatly
reduce the time required for integral evaluation. Programs such
as Gaussian and Gamess have incorporated many standard basis
sets although non-standard sets can be specified in detail for
each atom if required. First, integrals are calculated and a guess
at the wavefunction made. Execution proceeds into a
programmed loop where the self-consistent field (SCF)
equations are solved for the total energy and wavefunction.
First derivatives of the energy with respect to the displacements
in the nuclear coordinates are evaluated. If the wavefunction
(gradient of the energy) is below some preset limit then the
originally specified geometry represents within some limit a
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stationary point on the potential energy surface. The
optimization procedure then terminates. Otherwise the original
geometry is varied and a new calculation of integrals, SCF and
energy gradient follows.

Once the correct molecular geometry is obtained, other
calculations such as the vibrational frequencies, IR and Raman
spectra, excitation energies and related properties of excited
states may be calculated. A number of other more advanced
quantum mechanical methods have been used recently
[33,36,114]. Examples include multiconfiguration self-consis-
tent field theories, density functional theory and the consistent
force-field method. We have chosen to use ab initio techniques,
in the first instance, which are well documented, easy to use and
widely available.

4.1. Modelling of retinal

In 1997, Gervasio et al. [33] published the first report on ab
initio calculations on low frequency modes of a retinal isomer.
The infrared and Raman spectra of all-frans-retinal were
obtained at room temperature and at 15 K. Aside from these
experiments, ab initio calculations of vibrational frequencies
based on density functional theory were carried out.
Frequencies between 17 and 334 cm™' were recorded.
Frequencies and normal modes were also calculated using
the density functional approach B3-LYP. This showed that
many of the vibrational modes are located on the ring or chain
fragment of molecule and that the chain torsational modes are
of primary interest for the photoisomerization process.

Lin et al. [36] used QCFF/PI (Quantum Mechanical
Extension of the Consistent Force-Field Method) for the
calculation of mode frequencies of rhodopsin, isorhodopsin,
bathorhodopsin and two different protonated Schiff bases. The
consistent force-field method belongs to the group of methods
called molecular mechanics where the potential energy of a
molecule, a molecular complex or a crystal is calculated as a
sum of inter-atomic potentials, whose parameters are ideally
obtained by optimization on experimental structural and
spectroscopic data for the pure substances. Subsequent to
these calculations the resulting frequencies were compared
with relative Raman intensities and excited-state displacements
and the good agreement of those enabled approximate location
of the vibrational modes. However, no frequencies under
90 cm ' were calculated or measured.

More recently, Morari and Bogdan [35] used ab initio and
vibrational self-consistent field (VSCF) computations to
investigate the vibrational normal coordinates of the protonated
Schiff base (PSB) of 11-cis retinal. These studies focused on the
normal coordinates modes that involve the central C= C bond,
which plays a significant role in the isomerization process. The
calculations were performed at the Restricted Hartree-Fock
(RHF) level with Pople’s N-31G split valence basis set. Light
atom polarization functions were also used (RHF/6-31G*).
Anharmonicity correction were taken into account by using the
correlation-corrected vibrational SCF (VSCF) method. Vibra-
tional frequencies of 270, 328 and 998 cm ™' were reported with
relatively large corrections. It was found that those vibrational

bands contribute significantly to the rotation around the angles
most important in promoting the isomerization process.

Quantum mechanics and molecular mechanics methods
(QM/MM) can also be used to analyse the influence of the
protein environment on the photoisomerization process.
Roehrig et al. [115] suggested with the help of hybrid QM/
MM simulations that the photoreaction in rhodopsin is limited
to a single pathway, which is essentially determined by steric
constraints. It was also confirmed that the protein binding
pocket selects and accelerates the isomerization exclusively
around the C;;=C;, bond via preformation of a twisted
structure, that this all-frans isomerization produces a highly
strained chromophore, and that the photon energy in bath-
orhodopsin is stored in internal strain of the reprotonated Schiff
base (RPSB) and in steric interaction energy within the protein.
The conclusion of these studies was that the initial step of vision
can be viewed as the compression of a molecular spring and that
the highly specific alteration of the protein environment is a
result of its strain release.

In 2005, Blomgren and Larsson [114] investigated the
influence of two different QM/MM methods on the calculated
frequencies. The reason for this was that variants of the Hartree-
Fock SCF procedure are all single determinant solutions. Other
approaches include the MCSCF multiconfiguration SCF. This
procedure consists of using many (more than one) Slater
determinants. One implementation is the CASSCEF, the complete
active space SCF. Blomgren and Larsson [114] investigated the
ground state of the retinal molecule and while doing so compared
the results of two different QM/MM methods. It was found that
density functional theory (DFT) and complete active space
multiconfiguration SCF (CASSCF) produce different results for
bond length alternation in a model system of retinal. It is also
stated that the two methods deal with the steric constraint
imposed by the protein by producing different values of the twist
angles in the carbon chain. These differences in results were
found to be related to the positively charged nitrogen of the Schiff
base, which leads to different p-bond orders produced by the two
methods. For an uncharged model the two methods were proven
to agree rather well. Basis sets 6-31G (without polarization
functions) and 6-31G* (with light atom polarization functions)
were used in these calculations.

5. THz modelling of retinal

In this section we now apply the techniques reviewed in
Section 4 in order to obtain predicted vibrational frequencies of
all-trans and 9-cis retinal in the THz region.

The calculations of the structure and vibrational frequencies
of all-frans and 9-cis retinal were carried out with ab initio
methods using the GAMESS-UK electronic structure package
[110] and the visualization programs Molden [113] and
GaussView [111,112]. The calculations included optimization
of the molecular structures initially using the minimal basis set
STO-3G (Slater-Type Orbital), later Pople’s split valence basis
set 6-31G** with light and heavy atom polarization functions.
A low gradient convergence tolerance was used, which was
increased with each optimization step. The frequency calcula-
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Fig. 3. The all-trans retinal isomer visualized in Molden [113], optimized with
Gamess [110].

Fig. 4. The 9-cis retinal isomer visualized in Molden [113], optimized with
Gamess [110].

tions were carried out by calculating the Hessian using the same
basis set and tolerance as in the last optimization. The modelled
and optimised structures of all-trans and 9-cis retinal are shown
in Figs. 3 and 4.

The calculated vibrational spectra of all-frans and 9-cis
retinal in the range from 0.1 to 6 THz (3—200 cm_l) are shown

x107°

——& all- frans retinal :
g | = 9-cisretinal R e mm——————
—— all- trans retinal Ref.[32] .

Relative intensity (a.u.)

i

100 150
Wavenumber (cm‘1)

250

Fig. 5. The calculated THz spectra of all-trans and 9-cis retinal in comparison
to each other and to experimental data [33]. The spectra cover the region of
approximately 0.1-6 THz (~ 3-200 cm™'). The intensities are shown in
arbitrary units, where the highest intensity of the full spectrum of each molecule
was equated with 1.0 and all other frequencies were normalised to this value.
The reference experimental data is included only in consideration of the
frequency modes, not their absolute intensities as only relative values were
provided by the previous study.

in Fig. 5. An assignment of the locations of the vibrational
modes and a further comparison with two references [32,33] is
shown in Tables 1 and 2. It should be noted that the description
of the vibrational modes is simplified and based on the normal
mode representation in Molden [113]. In Table 2, we have not
assigned our calculated band at 60.09 cm™'to Walter et al.’s
experimental value of 53.9 cm™': Walter et al. modelled their
experimental data in the spectral region 40-75 cm™ 'using a
standard expression for the Lorentzian oscillators. In order to
reproduce the progression of their experimental data curves
they needed to add three extra modes into the model centered at
62.1,65.9 and 74.5 cm™". Their additional mode at 62.1 cm™"'

Table 1
Calculated low frequency vibrational modes (wavenumbers in cm™") of all-trans retinal compared to experimental results
Ref. [33] Ref. [32] This work Assignment
- - 15.59 Ring, chain torsion
- - 33.27 Ring, chain, bending in plane
- - 34.16 Ring, chain out of plane
46 47 48.31 Chain torsion, first double bond
53 54 - -
_ 61 _ —
64 66 64.39 Ring bending
68 69 - -
89 90 84.42 Chain bending
109 - 107.75 Ring, chain bending, in plane
- - 111.74 Ring methyl group torsion, chain methyl group bending
130 - 132.46 Ring methyl group torsion
152 - 149.31 Ring methyl group torsion, chain H-C= O bending
163 - 164.31 Ring, chain (both) methyl group torsion, H- C= O bending
172 - 173.55 Chain (terminal) methyl group torsion
184 - 182.60 Ring, chain (middle) methyl group torsion
194 - 196.61 Ring, chain (both) methyl group torsion
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Table 2
Calculated low frequency vibrational modes (wavenumbers in cm™") of 9-cis
retinal compared to experimental results

Ref. [32] This work Assignment
- 13.62 Ring, chain torsion
- 24.40 Ring, chain bending, out of plane
43.5 30.41 Ring, chain bending in plane
53.9 - -
- 60.09 Ring bending
- 67.22 Ring, chain bending
- 90.58 Chain (both) methyl groups bending
- 103.93 Ring, chain bending, in plane
- 116.27 Ring methyl group torsion, chain
(both) methyl group bending
- 132.29 Ring methyl group torsion
- 142.44 Ring methyl group torsion
- 162.33 Ring, chain (terminal) methyl group
torsion, H-C= O bending
- 174.36 Chain (terminal) methyl group and
terminal chain torsion
- 193.97 Ring, chain (terminal) methyl groups torsion

is much closer to our calculated mode at 60.09 cm ™' than there
experimental mode at 53.9 cm™ .

The frequency lines in Fig. 5 show that there is good
agreement between our calculated vibrational modes and
previous experimental data. They also show that there are
significant differences in the THz spectra of all-trans and 9-cis
retinal in frequency shifts as well as in relative intensities. For
example, 9-cis retinal shows a peak at 24.40 cm ™' that was
assigned to a bending of the chain out of the plane and all-trans
retinal does not. Also, all-frans retinal has a peak at
48.31 cm™!, which represents a torsion around the first double
bond of the chain that is missing in the spectrum of 9-cis retinal.
Furthermore, the intensities of the different peaks common in
both spectra show significant differences.

6. Conclusion

This paper has shown that much research has been carried
out on the retinal molecule and its proteins. There is a large
amount of infrared data available, but only few studies of the
far-infrared region, the THz Gap, are known. Through ab initio
modelling we have found THz frequencies for two isomers of
retinal: all-frans retinal and 9-cis retinal. Previous data in this
low frequency range (0.1-10 THz) is scarce. Our data fits well
with the existing data and has allowed us to carry out a
simplified assignment of the vibrational modes. Our results also
show that in this frequency range there are significant
differences in the spectra of the all-frans and 9-cis isomers,
which suggest proceeding with experimentation at these lower
frequencies as well as further modelling of 11-cis and 13-cis
retinal. From frequency versus intensity plots of our data it
would be interesting to explore differences between the spectra
of these isomers in the 1040 cm ™' range experimentally.

There are a number of open questions, of significance to
biologists, for future work that motivate the present work. The
retinal chromophore exists in a number of different states and
future experiments of interest are to determine if T-rays can

distinguish the following states: (i) 11-cis retinal (unbound, or
loosely bound to a chaperone protein), (ii) rhodopsin, with 11-
cis retinal covalently bound by a protonated Schiff base (SB),
(iii) various short-lived intermediates, with all-frans retinal and
protonated SB, (iv) metarhodopsin II, with all-trans retinal and
unprotonated SB, (v) metarhodopsin III, with all-trans retinal
and a reprotonated SB, (vi) all-frans retinal (unbound, or
loosely bound to a chaperone protein), (vii) all-frans retinol
(unbound, or loosely bound to a chaperone protein), (viii)
chromophore bound to a phospholipid, and (ix) another
complete cycle in the retinal pigment epithelium, which
isomerizes the all-frans retinal back to the 11-cis form. Such
studies will use both modelling and experimentation. It is only
from a combination of structural, spectral and biochemical
studies that a complete picture of the structure and dynamics of
biologically important molecules can be determined.
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