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Abstract

Phytochromes (Phy) constitute a family of photosensory receptors, found in plants, bacteria and
fungi. These photoreceptors regulate a variety of processes, ranging from seed germination, for-
mation of leaves and control of flowering time in higher plants to phototaxis and pigmentation in
bacteria. Phys are homodimeric complexes with each polypeptide containing three main domains:
an N-terminal chromophore binding domain (CBD) with photosensing activity, the phytochrome
domain (PHY) which is required for the formation and stability of the physiologically active state,
and the C-terminal domain which is essential for signal transduction processes. Through a unique
interaction between the chromophore, a linear methine-bridged tetrapyrrole (bilin), and the protein
matrix (mainly the CBD and PHY domains), phytochromes can interconvert upon light absorp-
tion between two stable states: a physiologically inactive red-absorbing (Pr) form and an active
far-red-absorbing (Pfr) form.
The underlying molecular events controlling this process are still not fully understood and despite
the numerous studies in this field, the elucidation of the photointerconversion mechanism is still
a matter of debate. In this context, several RR and NMR experimental studies revealed the
existence of two or more stable conformations of the chromophore in each of the parent states. This
structural heterogeneity of the bilin chromophore seems to be an intrinsic property of phytochromes
in general, which were not yet captured by crystallographic techniques. Therefore, identification
and characterization of possible chromophore conformers in the Pr state and their influence on
the photoactivation mechanism remain an open question.
Furthermore, novel results were obtained from three-dimensional structures of a small fragment
of SyB phytochrome from Synechococcus based on NMR measurements in solution, especially
concerning the structural and dynamic properties of the cofactor and adjacent residues in the
binding pocket. These experimental results, however, were, for both parent states, in disagree-
ment with results obtained from crystallographic and spectroscopic measurements of similar phy-
tochrome species, and with some established concepts concerning photoconversion processes in
phytochromes.
In the first part of this work, those questions were addressed from a theoretical point of view,
by analyzing the structural stability and conformational flexibility of bilin cofactors inside the
protein binding pocket of several phytochromes. All-atoms molecular dynamics (MD) simulations
with newly derived molecular mechanics force field parameters for bilin cofactors were used for this
purpose. The developed parameters accurately reproduce various target data, calculated on higher
levels of theory. Furthermore, the derived parameters allow for generating structural properties in
an overall good agreement with most experimental phytochrome structures of the Pr state. For the
wild type of Deinococcus radiodurans bacteriophytochrome, the parameters also revealed a possible
origin of structural heterogeneity at the A-B methine bridge of the chromophore, in agreement with
experimental observations. Evidences for strutural heterogeneity, however, could not be observed
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for any other of the investigated phytochromes, although RR spectroscopic measurements indicate
high structural similarities between different phytochrome systems. Therefore it remains uncertain,
whether simulations on the nanosecond time scale are generally sufficient to identify all possible
forms of structural heterogeneity in the binding pocket of phytochromes.
The structural and dynamic properties of SyB phytochrome from Synechococcus, especially in the
binding pocket, as obtained from recent NMR solution studies in both parent states, could not be
reproduced by molecular simulations with the derived empirical force fields. From a theoretical
point of view, the experimental NMR structures do not represent stable protein conformations in
the binding pocket, in contrast to the investigated crystallographic structures.
Besides NMR and x-ray crystallography, resonance Raman spectroscopy is one of the most valuable
methodologies to extract structural information of cofactors in their native protein environment,
since the spectrum of the cofactor can be selectively obtained under resonance conditions. To
extract structural information as decoded in the Raman spectrum, a proper assignment of the
observed vibrational bands is needed and requires a sound theoretical vibrational analysis. Estab-
lished approaches for vibrational spectra calculations via a standard normal mode analysis (NMA),
however, do not systematically consider the influence of molecular dynamics, which turned out
to be an important aspect in the interpretation of experimental vibrational spectra. Therefore,
as a second project of this work, a methodology for the calculation of vibrational Raman spec-
tra of large systems via a time-correlation function formalism (FTTCF) was implemented into
an efficient semiempirical code (SCC-DFTB). FTTCF, in contrast to a standard normal mode
analysis, systematically incorporates anharmonic motions as well as effects from the fluctuating
environment at finite temperature in the pattern of a vibrational spectrum.
Therefore, FTTCF is principally a more suitable approach for the calculation of vibrational spec-
tra of large floppy molecules in a complex environment, compared to NMA. Test calculations,
performed on various small to medium sized systems in vacuo and in solution, revealed a good
performance compared to more expensive theoretical methods, especially with recently developed
repulsive pair potentials for SCC-DFTB, optimized for vibrational spectra calculations. Further
tests on phytochrome photoreceptors yielded encouragingly good results from the newly derived
SCC-DFTB/FTTCF approach in a QM/MM framework. However, a detailed vibrational analy-
sis also revealed deficiencies of the methodology, at the current stage of development, concerning
relative positions of specific modes in the marker band region of bilin chromophores.



Zusammenfassung

Phytochrome bilden eine Familie von Fotorezeptorproteinen, die vielfältige biologische Prozesse
in Pflanzen, Bakterien und Pilzen steuern. Hierzu gehören beispielsweise das Blühverhalten und
die Keimung in höheren Pflanzen, sowie die Synthese von Pigmenten und die Fototaxis in Bakte-
rien. Phytochrome treten hierbei als homodimere Komplexe auf, welche in drei funktionell unter-
schiedliche Domänen unterteilt werden können. Hierzu zählen die N-terminale Kofaktorbindungs-
domäne (CBD), welche die spektrale Qualität des Lichts bewertet, die Phytochromdomäne, deren
Funktion die Ausbildung und Stabilisierung des durch Licht aktivierten Proteinzustandes ist, sowie
eine C-terminale Domäne, welche Prozesse der weitergehenden Signaltransduktion steuert.
Durch Lichtanregung im roten Spektralbereich können Phytochrome reversibel zwischen zwei sta-
bilen Proteinzuständen hin- und herschalten, dem physiologisch inaktiven Pr und dem aktiven
Pfr-Zustand. Ausgelöst wird diese Fotokonversion durch spezifische und trotz einer Vielzahl wis-
senschaftlicher Studien noch weitgehend unverstandene Wechselwirkungen zwischen dem Kofak-
tor, einem linearen methinverbrückten Tetrapyrrol und der Kofaktorbindungsdomäne. In diesem
Zusammenhang scheint nach neueren spektroskopischen (RR und NMR) Untersuchungen der
Kofaktor in beiden Zuständen (Pr/Pfr) in zwei oder mehreren verschiedenen Konformationen
vorzuliegen. Bei dieser strukturellen Heterogenität handelt es sich vermutlich um eine allgemeine,
intrinsische Eigenschaft von Phytochromen. Zum Verständnis dieses Phänomens auf molekularer
Ebene konnten experimentelle Methoden zur Strukturbestimmung (NMR und Röntgen) bisher
keinen entscheidenden Beitrag leisten.
Darüber hinaus führten neuere NMR-spektroskopische Untersuchen an einem Fragment von SyB
Phytochrom der Spezies Synechococcus zu Schlussfolgerungen im Hinblick auf Struktur und Flexi-
bilität in der Kofaktorbindungstasche, welche im Widerspruch zu Röntgenstrukturen und schwing-
gungsspektroskopischen Daten verwandter Phytochrome stehen und zudem nicht im Einklang mit
gängigen Konzepten über Fotokonversionsprozesse in Phytochromen sind.
Im ersten Teil der vorliegenden Arbeit wurde versucht, diese und ähnliche Fragestellungen zur
Struktur und Dynamik von Kofaktoren in Phytochromen mit Hilfe von Moleküldynamiksimu-
lationen zu beantworten. Die speziell hierfür entwickelten inter- und intramolekularen Kraft-
feldparameter für methinverbrückte Tetrapyrrole reproduzieren mit ausreichender Genauigkeit
Moleküleigenschaften im Vakuum, wie sie mit genaueren theoretischen Methoden ermittelt wur-
den. Darüber hinaus konnten mit Hilfe dieser Parameter strukturellen Eigenschaften der meisten
untersuchten Phytochrome im Pr-Zustand sehr gut reproduziert werden. Für den Wildtyp von
Bakteriophytochrom der Spezies Deinococcus radiodurans konnte außerdem eine mögliche Ursache
für strukturelle Heterogenität gefunden werden, welche im Einklang mit experimentellen spek-
troskopischen Untersuchungen steht. Strukturelle Heterogenitäten konnten jedoch bei keinem der
anderen untersuchten Phytochrome beobachtet werden. Da RR spektroskopische Untersuchungen
jedoch eine grosse strukturelle Ähnlichkeiten unter den verschiedenen Systemen belegen, bleibt

xv



es fraglich, ob Moleküldynamiksimulationen auf der Zeitskala von Nanosekunden im Allgemeinen
ausreichend sind, um sämtliche Formen struktureller Heterogenitäten in der Bindungstasche von
Phytochromen aufzuklären.
Die mittels NMR Spektroskopie ermittelten strukturellen und dynamischen Eigenschaften einer
Phytochromspezies in ihrer Bindungstasche, konnten mit Hilfe von Moleküldynamiksimulationen
für beide stationären Zustände (Pr/Pfr) nicht reproduziert werden. Im Rahmen der verwendeten
Kraftfelder stellten die experimentellen NMR Strukturen keine stabilen Proteinkonformationen
dar, im Gegensatz zu allen untersuchten Kristallstrukturen.
Neben den Röntgen- und Magnetresonanzmethoden, spielt die Resonanz-Ramanspektroskopie eine
wichtige Rolle in der Strukturbestimmung von Kofaktoren in Proteinen, da das Spektrum des
Kofaktors unter Resonanzbedingungen selektiv intensitätsverstärkt gegenüber der Proteinmatrix
gemessen werden kann. Um die in den Spektren codierten strukturellen Informationen zu erhal-
ten, ist eine genaue Zuordnung der Schwingungsbanden zu intramolekularen Bewegungen nötig,
welche nur mit einer computergestützten Schwingungsanalyse möglich ist. Etablierte Methoden
für die Berechnung von Schwingungsspektren, basierend auf der Technik der Normalmodenanal-
yse (NMA), beziehen jedoch nicht auf systematische Weise den Einfluss der Moleküldynamik eines
Systems bei Raumtemperatur in die Berechnung des Spektrums mit ein. Dieser Aspekt hat sich
jedoch bezüglich der Interpretation experimenteller Spektren als unabdingbar erwiesen.
Aus dieser Notwendigkeit heraus, wurde im Ramen dieser Arbeit eine Methode zur Berech-
nung von Ramanspektren großer Moleküle nach dem Formalismus der Zeitkorrelationsfunktion
(FTTCF) in ein bestehendes, effizientes semiempirisches Programm (SCC-DFTB) implementiert.
Im Gegensatz zu einer Normalmodenanalyse ist mit der FTTCF Methode eine Berücksichtigung
anharmonischer Bewegungen des Moleküls, sowie eine systematische Einbeziehung der Dynamik
des zu untersuchenden Moleküls und seiner Umgebung bei Raumtemperatur in die berechneten
Schwingungsspektren möglich.
Damit ist FTTCF die prinzipiell geeignetere Methode zur Spektrenberechnung von großen, flex-
iblen Molekülen in einer komplexen Umgebung. Zahlreiche Testrechnungen an kleinen und mit-
telgroßen Systemen im Vakuum und in Lösung, zeigten gute Ergebnisse im Vergleich zu denen,
die mit aufwendigeren theoretischen Methoden erziehlt wurden. Dies galt insbesondere unter
Einbeziehung neuer empirischer Parameter für SCC-DFTB, speziell entwickelt für die Berech-
nung von Schwingungsfrequenzen. Weitere Tests an Kofaktoren in Phytochromen zeigten gute
Übereinstimmungen mit experimentellen Daten über den gesamten betrachteten Spektralbereich
hinweg. Eine detailliertere Schwingungsanalyse offenbarte jedoch auch Schwächen der Methodik
auf dem derzeitigen Stand, bezüglich der relativen Position bestimmter Schwingungsbanden im
Markerbandenbereich von Tetrapyrrolen.



Part I

Introduction





Chapter 1

Phytochrome photoreceptors

Phytochromes (Phys) constitute a family of red light photosensory receptors, which detect external
light conditions. At first discovered in higher plants [1] they were later also found in bacteria,
algae and fungi [2, 3]. Phytochromes control various physiological processes like seed germination,
flowering time, shade avoidance and the formation of leaves in higher plants, as well as phototaxis
and pigmentation in bacteria.
Through a unique interaction between the polypeptide and an open-chain tetrapyrrol (bilin),
phytochromes reversibly interconvert upon light absorption between two stable states. These are
the physiologicaly inactive red-light absorbing Pr state and the activated far-red-light absorbing
Pfr [4] state.
The characteristic absorption behavior of both forms (Pr/Pfr) in the visible spectral region is
illustrated in figure 1.1 for a plant phytochrome (Phy-A). Here, the absorption maximum of the
protein bound phytochromobilin cofactor (PΦB) in the Pr and Pfr states are 667 and 730 nm [5]
respectively and are therefore significantly red-shifted compared to the absorption of free PΦB
(600 nm) in solution.
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Figure 1.1 UV/VIS absorption
spectrum of both parent states
(Pr/Pfr) of a plant phytochrome
(PhyA-PΦB) measured at room
temperature. The spectra were
provided by Norbert Michael.

In both parent states, all discovered phytochromes exist in a dimeric form, where both homo- and
heterodimerization [6] has been observed.
The formation of the Pfr state in phytochromes is followed by a complex signalling cascade, which
differs for eucaryotic and procaryotic organisms. For plant phytochromes e.g., the light activated
form translocates from the cytoplasm to the nucleus of the cell where it acts as a histidine kinases
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[7, 8]. Specific response regulators in the nucleus, controlling the expression of genes, are activated
by phytochromes through phosphotransfer.

1.1 Protein structure and nomenclature

All phytochromes consist of two distinct functional units, which are the photosensory core, lo-
cated in the N-terminal region of the protein and the regulatory core in the C-terminal region
[9, 10, 11, 12, 13]. Whereas the latter usually contains a histidine kinase (HK) related do-
main, the photosensory core can be further subdivided into three domains, which are named
PAS (PER/ARNT/SIM), GAF (from ”vertebrate cGMP-specific phosphodiesterases”, ”cyanobac-
terial adenylate cyclases”, and ”formate hydrogen lyase transcription activator, FhlA”), and PHY
(”phytochrome”). In plant phytochromes, the photosensory core of the protein is connected to the
regulatory parts via the so called hinge-region whose sensitivity against protease activity prevented
the isolation of the full length protein for long time.
The modulary assembly of several phytochromes concerning their domain structure is illustrated
in figure 1.2. In contrast to bacteriophytochromes, two additional PAS domains can be found in
the regulatory core of plant phytochromes as well as a small additional segment in the N-terminal
region which is supposed to avoid dark reversion processes [14]. In the literature, the PAS-GAF

PAS GAF PHY HK

PAS GAF PHY PAS PAS HK

PAS GAF PHY HK

GAF PHY GAF HK

PAS GAF PHY HK

Cph1

PhyA

SypB

Fph

Dph1

Photosensory Domains Regulatory Domains

Figure 1.2 Domain structure
of several phytochromes in a
schematic representation. Note
that the size of the domains
shown is not true to scale.

entity in the photosensory core is often termed as the chromophore binding domain (CBD).
The first high resolution crystal structure of a CBD became recently available for a bacterio-
phytochrome from Deinococcus radiodurans [15] (Dph1). The protein structure (shown in figure
1.3) contains an interesting topological feature, namely it forms a figure of eight knot. Here, the
N-terminal segment of the PAS domain passes through a loop formed in the GAF domain [15, 16].
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Figure 1.3 Crystallographic structure [15] (PDB code: 2O9C) of the N-terminal photosensory domains (GAF
and PAS) of Deinococcus radiodurans bacteriophytochrome containing a 2(R),3(E)-phytochromobilin (BV(PΦB))
chromophore. In the right picture, several highly conserved amino acid residues (orange) in the GAF domain are
shown.

1.2 Chromophore structure and nomenclature

The prosthetic group of all known phytochromes constitute of linear methine-bridged tetrapyrroles.
The detailed chemical structure of various cofactors utilized in phytochromes is shown in figure
1.4. Whereas plant phytochromes use Phytochromobilin PΦB as the light sensing cofactor, phyco-
cyanobilin (PCB) and biliverdin (BV) are found in phytochromes of bacterial and fungal organisms.
The four pyrrole rings of the cofactor are labeled from A to D starting at the protein binding site
(see figure 1.3). Chemical variations among tetrapyrroles are usually found in the rings A and D,
as shown in figure 1.4). Here, R3 is either a vinyl group, in the case of BV and (PΦB), or an ethyl
group for the PCB cofactor. Concerning BV, two possible mechanisms of binding to the protein
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Figure 1.4 Chemical structure
of a bilin cofactor. Differences
between PCB, PΦB, and BV are
located at the rings A and D,
where R3 can be either a vinyl
group (BV and (PΦB)) or an ethyl
group (PCB). In the right picture,
the constitutions of ring A in the
protein-bound form is shown. For
BV, two binding forms are possi-
ble, which lead to an endo- or exo-
clyclic double bond at ring A, here
named as BV(BV) and BV(PΦB).

matrix are possible. The related differences in the chemical structure are shown in figure 1.4 and
lead to a BV-like or PΦB-like structure at ring A of the protein bound cofactor. The two forms
of BV are termed here as BV(BV) and BV(PΦB).
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In the protein bound form, resonance Raman [17, 18, 19] (RR) and NMR experiments [20, 21, 22]
have shown that all four pyrrolic nitrogens of phytochrome cofactors are protonated in the Pr and
Pfr state. Therefore, a positive charge of 1 e is supposed to be delocalized over the inner pyrrole
rings B and C.
The cofactor’s flexibility is due to the three methine bridges between rings A-B, B-C and C-D.
In each of them, the double bond can be principally found in the two configurational states, Z
(Zusammen) and E (Entgegen). The conformational states of each methine bridge single bond
are termed as s (syn) and a (anti) [23]. As a result, 26 = 64 possible structural states are defined
accordingly to this nomenclature. The high resolution x-ray structure of Deinococcus radiodurans

(see figure 1.3), e.g., revealed a ZZZssa conformation/configuration of the protein bound cofactor
in its Pr state[15].

1.3 The protein binding pocket

As shown in figure 1.3 for Deinococcus radiodurans bacteriophytochrome, the bilin cofactors re-
side deeply buried in the N-terminal GAF domain. In the case of cyanobacterial and plant phy-
tochromes, the cofactor is covalently bound to a conserved cysteine residue in the GAF domain
[4], whereas tetrapyrroles in bacteriophytochromes bind to a cysteine in the upstream PAS domain
[3], as shown in figure 1.3 for Dph1.
The formation of a thioether bond between the ethylidene (PΦB, PCB) or vinyl (BV) side chain at
ring A of the bilin cofactor and the cystein residue is independent of helper proteins. The required
lyase activity is an intrinsic property of all phytochromes [24, 25]. The autocatalytic assembly
of tetrapyrroles into the apo-protein has been shown experimentally by stopped-flow absorption
measurements for Cph1 [26], PhyA and Agp1 [27, 28, 29].
In the right picture of figure 1.3, the BV(PΦB) cofactor is shown in its protein binding pocket,
surrounded by several highly conserved residues in the GAF domain (colored in orange). ASP207
(the numbering of residues is different in other phytochromes as in Dph1), e.g., is part of the so-
called DIP motif (ASP-ILE-PRO) which is absolutely conserved in the phytochrome family and
therefore supposed to play an essential role in protein-cofactor interactions. Interestingly, not the
carboxylic side chain of ASP207 points to the inner pyrrole rings of the cofactor and acts as a
counter ion, but the backbone oxygen does. Another absolutely conserved residue, ARG254, forms
a strong salt bridge to the propionic side chain at ring B of the cofactor. Figure 1.3 also shows
the position of an oxygen atom belonging to a water molecule which is tightly bound through
interactions with inner pyrrole rings (B/C), ASP207 and HIS260. This so-called pyrrole-water is
supposed to participate in an important water network in the protein binding pocket.

1.4 The photocycle

The reaction sequence phytochrome photoreceptors undergo upon light absorption were shown to
be very similar among this protein family, either in eucaryotic (plants) and procaryotic (bacteria,
fungi) organisms [5, 30, 31, 32, 33, 34].
Starting from one of the parent states Pr/Pfr, it is generally accepted that the absorption of a
photon leads to a Z-to-E isomerization process at the C-D methine bridge of the cofactor [35, 36,
5, 37]. These early photoproducts, called Lumi-R for the forward and Lumi-F for the backward
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reaction (see figure 1.5), are formed within a time span of ∼ 50 ps. Subsequent thermal relaxation
processes at the chromophoric site lead to the formation of two meta-stable states (Meta-Ra, Meta-
Rc) for the forward and one (Meta-F) for the backward reaction sequence. A process which takes
ca. 2 ms in the forward direction. Flash photolysis experiments for wild-type Agp1 (Agrobacterium
tumefaciens) account for the release of a proton during the Meta-Ra→Meta-Rc conversion into the
surrounding medium [30]. The non-appearence of such proton release for a Agp1-D197A mutant
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300 ms

50 ps

Figure 1.5 Illustration of the parent and all
known intermediate states phytochrome photore-
ceptors pass through during the Pr ↔ Pfr
conversion.

[30] reflects the importance of the highly conserved DIP motif (see previous section) in the Pr →
Pfr conversion. The last step of the forward reaction sequence, the Meta-Rc → Pfr conversion,
requires significantly longer time than all the previous ones. Besides the re-protonation of the
chromophore, the protein is supposed to undergo significant structural rearrangements during this
final step of the photocycle. Size exclusion chromatography experiments have shown an increased
mobility of the Pfr over the Pr state [13, 38] which support the assumption of substantial different
protein structures in the two parent states.
To reversibly convert between Pr and Pfr, as it was described above, the three domains of the
sensory core (PAS-GAF-PHY) are required by most phytochromes. The lack of regulatory parts,
such as histidine kinase related domains, is usually of no importance for the photoactivity. The
truncation of the PHY domain, however, causes most phytochromes to stuck in meta-like photo-
products, instead of reaching a Pfr state, whereas the formation of a proper Pr state does normally
not require the PHY domain [24, 39, 40, 41, 42, 43, 44]. An exception to this rule is the GAF
only fragment of the cyanobacterial phytochrome (SyB) from Synecococcus, which is supposed to
undergo a Pr → Pfr photoconversion similar to those of other phytochromes [45].
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Chapter 2

Computer simulations of phytochromes:

The motivation

The importance of computational methods for the investigation of biological systems, has drasti-
cally increased over the last decades. The ability of computational simulations to provide detailed
information on structural and dynamic properties of molecular systems at the atomic level, makes
it a valuable tool to uncover structure-function relationships. Furthermore, computer simula-
tions can be helpful for the interpretation of experimental data, which mostly reflect macroscopic
properties of the system, while the underlying microscopic processes often remain uncertain.
For the red light absorbing phytochrome photoreceptors, as introduced in the previous chapter,
numerous experimental studies have been done over the last decades for various members of this
protein family from many different organisms. The ultimate goal of all those studies is to fully
understand all the microscopic processes, which occur during the photocycle. However, most of
the molecular events involved are still not fully understood, and despite the numerous studies in
this field, the elucidation of the photointerconversion mechanism is still a matter of debate.
A recent breakthrough in phytochrome research was the resolution of the three-dimensional struc-
ture of several phytochrome fragments from crystallographic [15, 46, 47] and NMR spectroscopic
[45, 48] studies, which revealed detailed insight to the structure at an atomic level. Such exper-
imentally derived structures are also of utmost importance for theoretical investigations, since
they provide reasonable starting geometries for molecular modelling and simulations. However,
questions about dynamic properties and explicit environmental effect of molecular systems at an
atomic level at room temperature can mostly not be adressed by experimental techniques. Such
information, however, are of particular importance for structure-function relationships in phy-
tochromes, since the highly flexible cofactors undergo conformational and configurational changes
in a complex protein environment. To fully understand these processes, a detailed picture of
the dynamics at the atomic level is a requirement. With a proper empirical force field avail-
able, computational molecular simulations on the nanosecond time scale are known to generally
deliver accurate conformations and dynamic properties of protein systems at room temperature
[49, 50, 51].
Furthermore, classical molecular simulations can provide refined experimental protein structures.
This is of particular importance, since the conditions, necessary for crystallographic measurements,
can induce artifacts in the protein structure (crystall packing effects, pH and ionic strength of
the solvent, low temperature, radiation damage). Especially protein structures derived from a
theoretical modelling (e.g. comparative homology modelling), require a subsequent structural



10 CHAPTER 2. COMPUTER SIMULATIONS OF PHYTOCHROMES: THE MOTIVATION

refinement from molecular simulations on the nanosecond time scale [52].
However, the comparison of computationally derived results with experimental data remains a
requirement to prove the reliability of theoretical methods. Vibrational infrared and Raman
spectroscopy are among the most important experimental techniques used to obtain information of
biomolecules [53]. Concerning the chromophoric site of phytochromes, especially resonance Raman
(RR) spectroscopy at low temperatures [54, 55, 56, 38], as well as NMR spectroscopic [54, 57, 58]
investigations revealed insight into the structure of phytochromes. RR spectroscopy, e.g., is a
valuable tool for the investigation of phytochrome cofactors in their native environment, since the
incident laser light selectively probes the normal modes of vibration of only the tetrapyrrole. For
the decryption of structural information out of experimental RR spectra, however, a sophisticated
theoretical vibrational analysis is needed.
The theoretical treatment of molecular systems, necessary for vibrational spectra calculations,
requires an accurate description of the electronic structure, which is beyond the scope of molecular
mechanics force fields. The quantum chemical description of molecules is, on the other hand,
computationally demanding and does not allow for sufficiently long simulation times to receive
equilibrated protein structures. In addition to this problem, the calculation of vibrational spectra
of bilin model compounds in vacuo, omitting environmental effects, has shown [59, 60] to be
generally insufficient for the prediction of the cofactors conformation/configuration. Therefore, a
large fraction of the entire protein, containing several thousand atoms, has to be considered in the
calculations, for a reliable reproduction of experimental vibrational spectra. A combined quantum
mechanical/molecular mechanical (QM/MM) description is the most common approach to achieve
this task for large biomolecule.
Extensive RR spectroscopic investigations in combination with such QM/MM calculations [61,
62, 59], have already uncovered several important processes in the photocycle of phytochromes.
Furthermore, these calculations have shown that with accurate intra- and intermolecular force
fields, computational vibrational spectroscopy is often able to provide detailed insight to molecular
structures and their interactions with the environment.
Nevertheless, shortcomings of the established standard normal mode analysis [63, 64] (NMA) tech-
nique exist, most probably related to the fact that it does not systematically consider the effect
of molecular dynamics. The NMA technique further depends on the harmonic approximation,
assuming a quadratic harmonic potential at local minima of the energy surface. Effects from an-
harmonic motions of molecules are therefore not included. The necessity of finding minima on the
potential surface, correlated with the harmonic approximation, is one of the major drawbacks of
the NMA approach. Especially for large flexible molecules, like protein cofactors, it becomes a
non trivial task to identify all its equilibrium conformations which are sampled at finite temper-
ature and contribute to an experimental vibrational spectrum. For these reasons, most probably,
experimental RR spectra of several phytochromes could not have been reproduced and interpreted
satisfactorily yet.
These problems can be largely avoided by employing an alternative methodology for vibrational
spectra calculations, which refers to the so called Fourier transform of time-correlation functions
(FTTCF). Within this approach, all of the equilibrium conformations, sampled during a sufficiently
long simulation, contribute to the calculated spectrum. Therefore, computational vibrational spec-
troscopy via an FTTCF approach, denotes a valuable tool for the interpretation of experimental
Raman spectra of phytochromes, and for flexible protein-bound cofactor molecules in general.
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Chapter 3

Theoretical background

3.1 Molecular dynamics simulations

Molecular dynamics simulations generally provide a theoretical tool to calculate dynamic proper-
ties of matter at an atomic level. From such simulations, a trajectory is obtained containg the
positions and velocities of all atoms in the system as a function of time. Because atoms and
molecules obey the laws of quantum mechanics, a molecular dynamics trajectory must be gen-
erated by iteratively solving the time-dependent Schrödinger [65] equation for all electrons and
nuclei, to be exact. The power of current computing machines, however, would restrict such
calculations to systems containing a very small number of atoms, which would make molecular
dynamics simulations a methodology of very limited practical purpose.
In fact, the main fields of theoretical research in which computer simulations play an important
role deal with many particle systems such as liquids [66, 67, 68], periodic solids [69, 70, 71] and
complex biomolecular systems [49, 51, 72]. Since only the latter example is considered in this
work, the discussion will be restricted to methodologies applied to biomolecules and especially to
proteins.

3.1.1 Classical force fields

A realistic treatment of proteins, including the use of explicit water, requires system sizes ranging
from 103 to 106 atoms. The ability to investigate such large systems via molecular dynamics
simulations is based on the assumption of a simplified structure of matter. In the framework of
classical force fields, atoms are actually regarded as partially charged hard spheres which obey the
laws of Newtonian mechanics. The existence of electrons is neglected and bonds between atoms
are considered as mechanic springs.
With these simplifications as a prerequesite, an analytical closed form expression of the potential
energy V (ri, ...rN ) of a molecular system as a function of the positions rN of all the N nuclei can
be established. A typical functional form of so-called classical or molecular mechanics potential
energy expressions contains terms for bonded and non-bonded interactions in an additive manner.

V = Vbonded + Vnon−bonded (3.1)

The bonded interactions can be subdivided in bond stretching, angle bending, bond rotation
(torsion), and out-of-plane movements (improper torsion) as illustrated in figure 3.1. Equations
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3.2 and 3.3 show the functional form of one of the most widely used potential energy expressions
(CHARMM [73]) for computational molecular simulations.

Bonded potential energy terms

X
bonds

Kb (b− b0)2 +
X
angles

Kθ (θ − θ0)2 +
X

torsions

Kχ (1 + cos (nχ− δ)) +
X

improper

Kϕ (ϕ− ϕ0)2 (3.2)

Here, stretching, bending and out-of-plane motions are described by Hooke’s law, whereas for
torsional motions, a periodic function is used. The non-bonded interactions (equation 3.3) are
further separated to account for electrostatic interactions via a Coulomb potential term, as well
as for van-der-Waals interactions, estimated via a Lennard-Jones potential.

Nonbonded potential energy terms
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(3.3)

In the first term of equation 3.3, ε0 denotes the in vacuo dielectric constant. The accuracy of
such a potential energy function strongly depends on all the parameters, such as equilibrium bond
lengths b0, bending force constants Kθ, atomic partial charges qi and Lennard-Jones parameters,
εij/Rmin,ij , for atoms i and j at distance rij . They all must be chosen properly for a specific
molecular system and were usually obtained from quantum-chemical calculations or experiments.
The process of parameter evaluation is usually called force field parameterization and will be
described in detail later on in this work.

The major drawbacks of such potential energy function is their low transferability between different
molecular systems. All the parameters must be usually re-evaluated when dealing with other
molecular system.

3.1.2 Numerical integration of the equations of motion

To generate a molecular dynamics trajectory for a system of N atoms, a couple of 3N second order
differential equations of the following form, based on Newton’s second law, must be iteratively
solved:

d2ri(t)
dt2

= Fi(ri(t))m−1
i , (3.4)

where mi is the mass of atom i. An expression of the force Fi acting on each atom i at a certain
time t can be obtained from the differential of a potential energy function V (ri, ...rN ), as described
in the previous section, with respect to all the coordinates ri of the system.

Fi(ri(t)) =
−∂V (ri, ...rN )

∂ri
(3.5)

Due to the enormous computational effort the integration of equation 3.4 normally requires for
many-body systems, a variety of efficient numerical algorithms have been derived. One of the most
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Figure 3.1 Schematic representation of intra- and in-
termolecular motions in a molecular system (left) and
the progression of the potential energy with respect to
the considered internal coordinate (right). A quadratic
harmonic potential energy expression is used to describe
bond stretching, angle bending, bond rotation (torsion),
and out-of-plane movements (improper torsion) following
Hooke’s law. A Coulomb potential is used to describe
electrostatic interactions and a Lennard-Jones potential
to account for van-der-Waals (dispersion) interactions.
This picture was taken and adapted from [74]

frequently used, also in this work, is the velocity-verlet [75] or so-called leap-frog algorithm:

ri(t+ ∆t) = ri(t) + vi(t)∆t+
∆t2Fi(ri(t))

2mi
(3.6)

vi(t+ ∆t) = vi(t) +
∆t[Fi(ri(t+ ∆t)) + Fi(ri(t))]

2mi
. (3.7)

As prerequisites for the use of such algorithms, initial coordinates ri(t0) and velocities vi(t0) are
needed as well as a properly chosen numerical time step ∆t. For biomolecular systems, an initial
structure is mostly obtained from x-ray or NMR experimental data, or from a homology model of
a known similar structure. Atomic velocities can be assigned either randomly at the starting point
of the simulation or will be taken from a Maxwell-Boltzman distribution at a certain temperature.
The choice of the time step is limitted by the fastest motions in the regarded system, which are in
the case of organic molecules on the order of 10−14s and refer to X−H (X = C,N,O,S) stretching
vibrations. To describe these motions accurately, ∆t must be chosen one order of magnitude
smaller, 10−15s = 1fs. Since a small time step increases the number of integrations necessary to
achieve a certain simulation length, several strategies exist to perform dynamics with frozen X−H
motions. Such constraint dynamics, explained in more detail in one of the following sections, allow
for integration time steps of 2fs.
Given all the necessary values of ri(t0), vi(t0) and an expression for Fi(ri(t0)) at the starting
point, a molecular dynamics integration cyle is roughly described by the following steps:

1. Calculate ri(t+ ∆t) for each atom using equation 3.6

2. Evaluate the force Fi(ri(t+ ∆t)) on each atom via equation 3.5

3. Calculate vi(t+ ∆t) for each atom using equation 3.7
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4. Return to step 1 and repeat.

3.1.3 Boundary conditions

The size of molecular systems, which is on a macroscopic scale of the order of ∼ 1023 (Avogadro’s
number), must be strongly truncated (103 to 106 particles) to be tractable for computational
molecular dynamics simulations. In such size-reduced systems, a much larger fraction of particles
are affected by interactions with the system boundary as it is the case for a system of macro-
scopic dimensions. To minimize these artifacts, conditions must be created in which each particle
experiences forces similar to a situation in the ’bulk’ without increasing the number of particles
beyond the tractable system size. Two different concepts which meet this requirement are briefly
discussed in the following.

Periodic boundary simulations

When using periodic boundary conditions [76] (PBC), the original simulation cell is replicated in
each direction by translation operations in order to yield a periodic system. This methodology
requires a specific shape of the simulation cell. Possible shapes are the cube, the hexagonal prism,
the truncated octahedron, as well as the rhombic and elongated dodecahedron.
The increased system size is in a certain respect not attended by an increased computational cost
because the positions and velocities of the image particles must not be determined by solving the
equations of motion. However, the number of intermolecular interactions needed to be calculated
at each time step rises with the number of particles. As a simple workaround, the calculation of
non-bonded interactions can be truncated beyond a certain distance which is often chosen to meet
the so-called minimum image convention [77]. Following this convention, a cutoff is chosen to a
value so that a certain atom does not interact with itself in the neighboring image cell and sees
generally only one image of each atom in the whole system. This concept is illustrated in figure
3.2. For a rectangular systems, the minimum image convention is fulfilled when the cutoff radius
is less than half the length of the simulation cell. Such truncation methodologies, however, are

1’

1’

1’

1’7’

4’

2’

2

1

4

7
cutoff

Figure 3.2 Illustration of a molecular simulation cell, en-
framed in bold, surrounded by its image cells. When employ-
ing a non-bonded cutoff, intermolecular interactions for a certain
atom are only taken into account for those neighbors within the
cutoff radius. Following the minimum image convention, atom 1
interacts with atom 2, 4 and 7’ but not also with their images, 2’
and 4’, in the image cells as well as not with the images of itself
(atom 1’) in the neighboring cells.

only justified for rapidly (with respect to the distance) decaying interaction potentials. This is
indeed the case for the van-der-Waals potential, which falls off very fast, due to its r−6 dependence
(see equation 3.3) of the dispersion interaction. The electrostatic interactions on the other hand
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have a dominant influence also at long distances, since the coulombic potential falls with r−1.
A distance dependent cutoff is therefore not suitable for electrostatic interactions. Ewald [78]
introduced a methodology to degrade the slowly decaying r−1 term into two fastly decaying terms
which is known as the ewald summation method. In modern computer programs for molecular
dynamics simulations, the Particle Mesh Ewald [79, 80] (PME) method is implemented to calculate
electrostatic interactions in an infinite (PBC conditions) many particle system.

Stochastic boundary conditions and Langevin dynamics

In simulations done under periodic boundary conditions, all solvent molecules are treated explicitly,
which makes the simulation costly. In addition, to avoid artifacts arising from the periodic nature
of the system in combination with the Ewald method, the overall simulation system must be rather
large, i.e. a solute molecule must be surrounded by a large number of water molecules.
As an alternative approach, stochastic boundary [81, 82] simulations consider only a small subset of
the solvent explicitly and incorporate the effect of the remaining water with the use of a boundary
potential:

Fb(ri) =
∫

V−v

F(ri)ρg(ri)dr . (3.8)

Here, all particles i at position ri within a small volume V −v feel an additional force, the boundary
force Fb(ri), arising from the average structure of water in an outer region determined by its radial-
pair-distribution function (RDF) g(ri) (see equation 3.29). Such an approach is favorable, e.g., if
one is only interested in the dynamics in a localized region of a large biomolecular system. Such
region could be a cofactor binding pocket in an enzyme, where chemical reactions take place.
Atoms far away from that region are considered to be less important for the processes of interest
and will be kept fixed (in terms of the solute), or replaced by a boundary potential (in terms of
the solvent) which significantly reduces the systems size and therefore the computational effort.
What most of the stochastic boundary methods share, is a usually spherically shaped system,
partitioned into several regions, in which the molecular system is treated at different levels of
theory. The force additional to the pair interactions, Fadd(ri), on a particle i in such a system
depends on the region where it is located at. Its movements are influenced by several forces:

Fadd(ri) =


Fb(ri), ri 6 rReaction (Reaction region)

Fb(ri)− γivi + Ri(t), rReaction 6 ri 6 rBoundary (Boundary region)

FLb (ri)− γivi + Ri(t), ri > rBoundary (Reservoir region)

. (3.9)

Reaction region All atoms (solvent and solute) are treated explicitly and move under no con-
straints due to Newtownian dynamics (3.4). In addition to the force arising from pair-interactions,
Fi, all atoms feel the boundary force Fb(ri) which replaces the explicit pair-interactions with sol-
vent molecules in the reservoir region.

Boundary region All atoms (solvent and solute) are treated explicitly and move under certain
constraints due to Langevin dynamics [83]. Due to the Langevin equation (3.10), all particles in
this region are effected by two additional forces, compared to Newtonian dynamics. These are a
frictional force γivi, accounting for the drag a particle feels due to the solvent, and a random force
Ri(t), which mimics the effect of collisions the molecules in this region would experience from
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solvent molecules in an outer region.

d2ri(t)
dt2

= Fi(ri(t))m−1
i +m−1

i Ri(t)− γi
dri(t)
dt

. (3.10)

With these additional forces (γivi and Ri(t)), the system temperature can be regulated via the
utilization of the fluctuation-dissipation theorem[84]:∫

〈Ri(t) ·Ri(0)〉dt = 6kBTγi , with 〈Ri(t)〉 = 0 , (3.11)

which turns the boundary region into a heat bath for the entire system.

Reservoir region In all stochastic boundary methods, the solvent water is treated as a dielectric
continuum and no atoms participate in the molecular dynamics. To keep the explicit solvent
molecules inside the inner (reaction + boundary) region, a repulsive force FLb (ri) is used (see
equation 3.9). In the GSBP approach (explained in the next section), certain parts of the solute
can reside as explicit atoms in the reservoir region, fixed at a some position. Older methods like the
spherical solvent boundary potential (SSBP) [85], do not permit the existence of explicilt atoms
in this region.

Generalized solvent boundary potential

The generalized solvent boundary potential [86] (GSBP) method provides a sophisticated stochas-
tic boundary in combination with a cost effective way of calculating electrostatic interactions in
the simulation system.

Its major advantage over conventional solvent boundary methods is that parts of the solute
molecule can reside in the outer (reservoir) region and must therefore not participate in molecular
dynamics, which significantly reduces the computational effort. In addition to that, only a small
part of the protein, surrounding the subsystem of interest, has to be solvated by a sphere of explicit
water, instead of the entire system.

However, the calculation of electrostatic interactions between solute molecules in the inner and
outer region become more difficult, since the outer region partial charges are screened by the
dielectric continuum representing the solvent water. In the GSBP framework, the coulombic
interaction energy Uio between atoms in the inner and outer region is estimated via

Uio =
∑

αεinner

qjφ
o(rj) , (3.12)

where φo is the reaction field potential of inner region atoms, generated by the solvent-screened
solute atoms in the outer region. The partial atomic charges at position rj are denoted as qj . Since
the outer region solute atoms are kept fixed in their positions during the molecular simulation,
φo is a constant which needs to be calculated only once and is afterwards stored on a grid in the
inner region. To account for the interactions in the inner region, its charge density ρ is expressed
in form of a basis set expansion,

ρi(r) =
∑
m

cmbm(r) , (3.13)

where the bm denote spherical basisfunctions and the coefficients cm are given by the following
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expression:
cm =

∑
n

S−1
mnQn . (3.14)

The so-called overlap matrix Smn and the generalized multipole moments Qn are,

Smn =
∫
bm(r)bn(r) dr , (3.15)

and
Qn =

∑
αεinner

qαbn(rα) , (3.16)

respectively. In terms of a multipole expansion, the electrostatic interaction energy Eii between
inner region atoms is:

Eii =
∑
mn

QmMmnQn , (3.17)

where M is the so-called reaction-field matrix:

Mmn =
∫
bm(r)φrf (r, bn(r)) , (3.18)

which, similar to the reaction field potential φo, needs to be computed only once and is stored to
calculate the inner-inner region electrostatics during a molecular simulation.

3.1.4 Simulations in the isothermal/isobaric (NPT) ensemble

The ability to control the pressure and the temperature of a system during a molecular dynamics
simulation is of particular interest, as most of the experimentally derived data, especially for
biomolecular systems, were obtained at 300 K and atmospheric pressure (1 atm).

The temperature T of a many particle system is related to its average kinetic energy Ekin(t) via

Ekin(t) =
N∑
i=1

1
2
miv2

i (t) =
1
2
NAkBT (t) , (3.19)

where kB is the Boltzmann constant and NA Avogadro’s number. The most common way to
control the temperature T (t) is the coupling of the system to an external heat bath [87, 88], which
is kept at the required temperature Tbath. Changes in temperature can be achieved by scaling the
atomic velocities vi(t) at each time step t via a parameter λ:

λ =

√
1 +

∆t
τ

(
Tbath
T (t)

− 1
)

(3.20)

Here, the parameter τ determines the strenght of the coupling between the heat bath and the
system. The rate of temperature change towards the desired temperature at each time step
depends on the temperature difference between the heat bath and the system and is calculated
according to

dT

dt
=
Tbath − T (t)

τ
. (3.21)

The pressure P of a many particle system can be easily obtained from molecular dynamics simu-
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lations via

P =
1
V

NkBT − 1
3

N∑
i=1

N∑
j=i+1

rijfij

 , (3.22)

where fij denotes the forces acting between the atoms i and j at each time step of the simulation.
Similar to the approach for temperature control (equation 3.21), a parameter λ is introduced to
vary the volume V of the simulation cell which effects the system pressure:

λ = 1− κ∆t
τp

(
P (t)
Pbath

)
. (3.23)

Here, the parameter κ denotes the isothermal compressibility, given by

κ = − 1
V

(
∂V

∂P

)
T

. (3.24)

The rate of changes in the pressure of the sytem is, similar to equation 3.21, dependent on the
difference between the actual pressure and the desired one of the ’pressure bath’ Pbath:

dP

dt
=
Pbath − P (t)

τp
. (3.25)

The volume fluctuations, necessary to maintain constant pressure, can also be controlled via the
Langevin equation of motion (equation 3.10). A commonly used technique to efficiently couple
the piston to the heat bath of a system by means of the Langevin methodology (equation 3.11) is
known as the Nose-Hoover thermostat[75].

3.1.5 Constraint/Restraint MD-simulations

For several reasons, it can be of interest to remove certain degrees of freedom from a system
during a molecular dynamics simulation [89, 90]. Generally, such degrees of freedom are related
to intramolecular movements. To constrain, e.g., a stretching motion between two atoms, implies
that the bond length is kept fixed at the desired value throughout the simulation. This kind of
constrain is often employed to speed up molecular simulations, since the integration time step can
be raised from usually 1 to 2 fs once the fastest movements in the system, X−H stretchings, are
inhibited.

If the molecular system of interest contains segments for which no force field parameters for bonded
interactions (see equation 3.2) are available, this part of the system can be kept fixed during the
molecular dynamics by using constraints. The most widely used algorithm to constrain internal
degrees of freedom in molecular systems is SHAKE, developed by Ryckaert, Ciccotti and Berendsen
[89].

Since most of the atoms in a biomolecular system belong to water, special potentials, from which
TIP3P [91] is the most commonly used, where invented for water. Within the TIP3P model, the
solvent is treated as a rigid body, i.e. bond legnth and angles are constraint to certain values.
This removes many bonded pair interaction terms in the potential energy function and increases
the speed of the simulation.

In contrast to a constrain, an internal coordinate can also be restraint, i.e. its value can deviate
from the desired one during the simulation, but an additional force lowers the fluctuations around
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the reference value. Restraints are normally realized via additional terms in the potential energy
function. In the field of biomolecular simulations, e.g., restraints are often used to restrict motions
in backbone atoms of a polypeptide during a periode of heating.

3.1.6 Important observables from MD-simulations

From a time series of atomic coordinates and velocities, provided by molecular dynamics, a variety
of properties can be calculated. Besides the ones already mentioned, the temperature and pressure
of the system, three further important properties shall be dicussed in the following.

Root-mean-square-deviations (RMSD) The RMSD measures the deviation between a certain
molecular structure rj(ti) at a certain time step i and a reference structure r̃j after an optimal
superimposition to avoid contributions to the RMSD from translation and rotation.

RMSD(ti) =

√√√√ 1
N

N∑
j=1

(rj(ti)−r̃j)2 (3.26)

This property is normally used, besides the energy terms, to decide whether a simulation has
reached an equilibrium.

Root-mean-square-fluctuations (RMSF) Similar to the RMSD, the deviation between two struc-
tures is measured. The reference structure, 〈rj〉, however, is the geometric average obtained from
the trajectory.

RMSFj =

√√√√ 1
T

Ti∑
i=1

(rj(ti)−〈rj〉)2 (3.27)

Thus, the RMSF reflects the fluctuation of a specific atom j around its average value during the
simulation time T . Under the assumption of isotropic atomic fluctuations, the calculated RMSF
is related to the Debye-Waller factor [92], Bj , from experimental x-ray measurements via the
following expression [93]:

RMSFj =

√
3Bj
8π2

, (3.28)

However, one should only compare these values (Bj vs. RMSF) in a qualitative manner in order
to determine whether the relative mobilities predicted by the MD simulation for different regions
of the system are in accordance with the experiment.

Radial pair-distribution function (RDF) The RDF measures the probability to find an atom i

at a radial distance rij from atom j, compared to a completely isotropic particle distribution, via

ρAB(r) =
1

NANB

NA∑
i=1

NB∑
i=1

〈δ(|rij | − r)〉 , (3.29)

where 〈...〉 denotes an ensemble average. Therefore, it can be used to analyse the structural
arrangement of a system in terms of its order at near and far distances from a reference point.
In biomolecular simulations, the RDF is often used to monitor the local arrangement of water
molecules in the vicinity of the solute, e.g. a polypeptide.
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3.2 Electronic structure methods

The purpose of modern electronic structure methods is the calculation of ground and excited
state properties of molecular systems within the laws of quantum mechanics. To achieve this aim,
the many electron Schrödinger equation is solved within the limits of the Born-Oppenheimer [94]
approximation.

Electronic structure methods can be divided into ab inito (HF, DFT, MP2) and semiempirical
methods (MNDO, AM1, SCC-DFTB). Here, only two methods, DFT and SCC-DFTB, will be
discussed in more detail, since they were extensively used in the present work. Ab initio methods
were used to generate accurate target data concerning molecular structures and energies, for the
development of empirical force fields for tetrapyrroles. SCC-DFTB was employed for molecular
simulations and polarizability calculations of phytochromes in a QM/MM (explained in one of the
following sections) framework.

3.2.1 Density Functional Theory (DFT)

In contrast to wavefunction based electronic structure methods (HF, MP2, etc.) which explicitly
determine the full N -electron wavefunction ψ(r1, ..., rN ) of a molecular system, DFT methods
only calculate the overall electron density ρ(r). Since ρ(r) only depends on the three cartesian
coordinates, instead of 3N coordinates, as in the case of the wavefunction, DFT methods gener-
ally provide access to molecular electronic properties at a significantly lower computational cost
compared to wavefunction based methods.

Following the work of Hohenberg and Kohn[95], the electronic energy, as well as various other
molecular properties are principally fully determined by the overall electron density ρ(r). There-
fore, the major challenge in density functional theory is to find proper functional expressions to
extract the electronic property of interest from the derived ground state density.

The functional to estimate the electronic ground state energy E[ρ] of a system can be divided into
the following contributions:

E[ρ] = Ekin[ρ] + Eke[ρ] + Eec[ρ] , (3.30)

where Ekin[ρ] denotes the kinetic energy, Eke[ρ] the coulombic interaction and Eec[ρ] the contribu-
tions from exchange and electron correlation effects. The exact form of the functionals in equation
3.30 is only known for Eke[ρ]:

Eke[ρ] =
1
2

∫ ∫
ρ(r1)ρ(r2)
|r1 − r2|

dr1dr2 (3.31)

In the DFT framework, Ekin is approximated by the kinetic energy Es of a non-interacting refer-
ence system with the same density as the real system of N interacting electrons:

Es = −1
2

N∑
i=1

〈ϕi
∣∣∇2

∣∣ ϕi〉 (3.32)

Here, ϕi represents the one-electron wavefunction of the i’th electron, as described in the next
section. The remaining part of the kinetic energy, as well as the exchange-correlation will be
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combined into the term Exc[ρ]. Hence, equation 3.30 can be re-written as

EDFT [ρ] = Es[ρ] + Eke[ρ] + J [ρ] + Exc[ρ] , (3.33)

where J [ρ] represents the exchange energy between electrons with anti-parallel spin.

The approach of Kohn and Sham

The evaluation of the energy functional in equation 3.33 requires the ground state electron density
ρ(r). Kohn and Sham [96] proposed a way to access ρ(r) of a system of i interacting particles via
a linear combination of one-electron wavefunctions (orbitals), ϕi(r), which represent a reference
system of non-interacting particles:

ρ(r) =
N∑
i=1

|ϕi(r)|2 . (3.34)

To determine the ground state energy of a molecular system, the variational principle [97] must
be applied to the energy functional, EDFT [ρ], in equation 3.33. This leads to a set of one electron
Kohn-Sham equations of the following form:

f̂KSϕi(r) = εiϕi(r) , (3.35)

where εi denotes the energy of the orbitals ϕi(r). The form of the ϕi is part of the solution of the
eigenvalue problem 3.35. Because an expression of the orbitals is already required to set up 3.35
, the Kohn-Sham equations must be solved iteratively. f̂KS is the Kohn-Sham-operator, which is
defined in the following way:

f̂KS = −1
2
∇2Veff (r) . (3.36)

The potential Veff (r) must be chosen in a way that the electron density of the real system equals
the one of the non-interacting reference system. Veff (r) is of the following form:

Veff (r) =
Nk∑
k=1

Zk
|r−Rk|

+
∫

ρ(r
′
)

|r− r′ |
dr
′
+ Vxc[ρ(r)] , (3.37)

where the exchange-correlation potential Vxc is given by

Vxc[ρ(r)] =
∂Exc[ρ]

ρ
. (3.38)

For the unknown form of the exchange-correlation energy Exc, a variety of approximate functional
expressions have been proposed. Nowadays, the so-called gradient-corrected functionals [98] (e.g.
BLYP, BP86), together with hybrid functionals [99] (e.g. B3LYP, B3P86) are most commonly
used in the field of DFT. The B3LYP functional, e.g., is of the following functional form:

0.8S + 0.72B88 + 0.2HF + 0.19VWN(III) + 0.81LY P , (3.39)

which denote (from left to right) the Slater-Dirac-exchange term[100, 101], the Becke-exchange
term, the Hartree-Fock-exchange term, the Vosko-Wilk-Nussair correlation [102] and the Lee-
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Yang-Parr correlation[98].

3.2.2 The Self-Consistent Charge Density Functional Tight Binding

formalism (SCC-DFTB)

The SCC-DFTB approach[103] is an approximate quantum chemical method based on density
functional theory. Like semiempirical methods, SCC-DFTB benefits from several approximations
such as avoiding the calculations of one and two-electron integral expressions as well as taking
only valence electrons explicitly into account. Therefore a computational speedup of about three
orders of magnitude compared to DFT is achieved.
The SCC-DFB energy based on a second-order expansion of the DFT energy with respect to
density fluctuations relative to a chosen reference density is given by

E =
∑
iµν

ciµciνH
0
µν +

1
2

∑
A,B

∆qA∆qBγAB + Erep , (3.40)

where ciµ are the coefficients for the minimal basis representation of confined pseudoatomic orbitals
ψi =

∑
µ ciµφµ and H0

µν the Hamilton matrix which depends only on the reference density ρ0:

Ĥ0
µν = −1

2
52 −

∑
k

Zk
|Rk − rk|

+
∫

ρ0(r
′
)

|rk − r
′
k|
dr
′
+ Vxc[ρ0(r)] . (3.41)

The induced charge on each atom A is denoted as ∆qA, γAB is a distance dependent function
describing charge interactions and Erep means a sum of two-centered core potentials. The coeffi-
cients ciµ are determined by solving the Kohn-Sham equations and transforming them into a set
of algebraic equations, ∑

ν

ciν(Hµν − εiSµν) = 0 , (3.42)

with the charge self-consistent Hamiltonian

Hµν = 〈φµ|Ĥ0
µν |φν〉+

1
2
Sµν

∑
C

∆qC(γAC + γBC). (3.43)

The overlap matrix elements Sµν and the H0
µν are calculated using the PBE functional [104] and

tabulated for a dense mesh of interatomic distances.

3.3 Quantum-mechanics/Molecular-mechanics (QM/MM)

methods

In section 3.1, so-called molecular mechanics force fields were introduced, which allow for the
treatment of large chemical systems (up to 106 atoms). At this level of theory, questions related
to, e.g., the conformational states of a marcomolecule can be generally adressed with sufficient
accuracy. The calculation of properties related to the electronic structure of the system (or at least
parts of it), such as charge transfer, electronic excitation, molecular polarizability and chemical
reactions can only be adressed by ab initio or semiempirical electronic structure methods.
To overcome the restriction of the latter methodologies, their applicability to systems not larger
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than 100 atoms, Warshel and Levitt [105] were the first to introduce a hybrid method, the so-called
quantum-mechanics/molecular-mechanics (QM/MM) approach.
Within the QM/MM framework, the entire macromolecule is subdivided into two parts. The first
one, only a small fraction of the overall system, is described at the quantum mechanical level,
while the influence of the remaining larger fraction is considered at the molecular mechanics level.
Such an approach is of particular interest for biomolecular systems, since chemical processes in a
protein active site (QM-part) are generally influenced by surrounding residues and solvent water
(MM-part) which must not be neglected. Within the QM/MM framework, environmental effects
can be taken into consideration in a computationally tracktable manner.
In general, one distiguishes between subtractive and additive schemes to estabish an expression for
the overall energy (Etotal) of such a hybrid system. Since additive schemes are the most frequently
ones used, also in this work, the discussion will be restricted to this QM/MM methodology. The
overall energy for a QM/MM system in the framework of an additive scheme can be written as

Etotal = EQM + EMM + EQM−MM , (3.44)

were EQM and EMM denote the energy of the quantum mechanically and molecular mechanically
treated subsystems, respectively. The crucial aspect in QM/MM systems is the description of the
interaction EQM−MM between the differently treated parts of the macromolecule. The QM part
of the system interacts with the MM subsystem via bonded and non-bonded contributions as

EQM−MM = Eelec.QM−MM + EvdWQM−MM + EbondedQM−MM , (3.45)

where the last term, only appears when QMM and MM parts are connected via a chemical bond.
Nowadays, two different methodologies are employed to covalently couple the two subsystems. The
first one is based on so-called hybrid or frozen orbitals [105, 106, 107, 108] and which establish
a connection between a QM and a MM atom. The second one is based on additional QM atoms
[109, 110], mostly hydrogen, which saturate the valency of the QM subsystem at the crossover
to the MM part. Whereas the link atom denotes an ordinary QM atom in the QM hamiltonian,
it does only partially interact with the MM part, namely via the electrostatic QM/MM coupling
term in equation 3.47. Figure 3.3 illustrates the situation at the boundary of a QM/MM system.

Figure 3.3 Representation of a QM/MM system in the
framework of a link atom approach. The system is parti-
tioned across a covalent bond between the QM and MM
host atoms, respectively.

To keep the two fragments together, the chemical bond between the MM host atom (MMHA)
and the MM host atom (QMHA) is usually established via a harmonic stretching potential (see
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equation 3.3). Concerning the electrostatic interactions in the vicinity of the boundary, a variety of
approaches exist. The most simple one, named single link atom scheme (SLA), excludes coulombic
interactions between the MMHA and the QM subsystem. The methodology used in this work, the
excluded group scheme (EXGR), excludes electrostatic interactions between the entire MM host
group (all atoms covalently bound to the MMHA) and the QM part.

Dispersion interactions EvdWQM−MM between the two subsystems are usually described at the MM
level of theory,i.e. using the Lennard-Jones term in equation 3.3. This requires a proper assignment
of van-der-Waals parameters for all MM and QM atoms of the system.

Today, there exist mainly two different levels of description for the electrostatic interaction between
the QM and MM part. Their characteristics will be described in the following.

Electrostatic embedding scheme The QM subsystem is polarized by the charge distribution of
the surrounding MM atoms. The influence of the MM charges is incorporated by an additional
term in the QM-hamiltonian. Such a scheme can be set up with a standard MM force field (e.g.
CHARMM, AMBER, OPLS, etc.).

Polarized embedding scheme The charge distribution of the QM subsystem, in turn, also induces
polarization in the surrounding MM part. In the framework of a polarized embedding, so-called
polarizable MM force fields are required, i.e. a force field which adjusts the partial charge of each
MM atom depending on the position of the surrounding atoms (QM or MM) at each time step of
a simulation.

Since polarizable MM force fields are still on a developmental level, the electrostatic embedding
is the most frequently used scheme. In principal, QM/MM calculations can be performed via a
connetion of numerous established MM force fields (e.g. CHARMM [111], AMBER [112], OPLS
[113], etc.) with QM codes (e.g. GAUSSIAN [114], TURBOMOLE [115], GAMESS-UK [116],
etc.). Therefore, a variety of implementations exist to interface MM and QM codes. Here, the
characteristics of a specific QM/MM scheme [117], which combines the QM code of SCC-DFTB
with the MM code of CHARMM, as used in this work, will be briefly discussed.

3.3.1 SCC-DFTB in the QM/MM and GSBP-QM/MM framework

Within the SCC-DFTB/CHARMM framework, and in analogy to equation 3.44, the total energy
of the QM/MM sytem is given as

Etotal = 〈Ψ|ĤQM + Ĥ
QM/MM
elec |Ψ〉+ E

QM/MM
vdW + EMM . (3.46)

Here, the first term, 〈...〉, represents the energy of the QM system (equation 3.40) plus the polar-
ization (ĤQM/MM

elec ) due to the MM charge distribution. ĤQM/MM
elec is estimated via the coulombic

interaction between the MM atomic partial charges, QA, and the Mulliken charges, ∆qB , of the
QM atoms:

Ĥ
QM/MM
elec =

∑
AεMM

∑
BεQM

QA∆qB
|RA −RB |

. (3.47)
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Taking the influence of the MM partial charges into consideration, the hamiltonian matrix elements
in the SCC-DFTB framework (see equation 3.43) can be re-written as

Ĥµν = 〈φµ|Ĥ0|φν〉+
1
2
Sµν

∑
BεQM

∆qC(γAC + γBC)+ (3.48)

1
2
Sµν

∑
AεMM

(
QA∆qC
|RC −RA|

+
QA∆qD
|RD −RA|

)
. (3.49)

The implementation and reliable treatment of electrostatics in protein systems via GSBP in a
SCC-DFTB/MM framework has been described in detail by Schaefer and coworkers [118], and
will be summarized here in brief. Following the assumption that all quantum mechanically treated
atoms of the system are located within the inner region (for the definition see sections 3.1.3), the
energy expression in equation 3.46, related to QM/MM interactions can be re-written as:

〈Ψ|Ĥel
QM(i) + Ĥel

QM(o) |Ψ〉+Welec , (3.50)

where Welec denotes the electrostatic solvation free energy of the QM atoms in the presence of
surrounding point charges from the MM atoms. Welec is given in the following form:

Welec =
1
2

∑
mn

QQMm MmnQ
QM
n +

1
2

∑
mn

QQMm MmnQ
MM
n +

∫
φ

(o)
rf (r)ρQM (r)dr , (3.51)

where ρQM (r) denotes the charge density of the QM subsystem. The three terms are the interaction
of the reaction-field Matrix Mmn with the QM atoms (first term), the QM atoms and MM atoms
in the inner region (second term), as well as the interaction of the reaction field φ

(o)
rf for outer

region atoms (last term) with all QM atoms. The usage of link atoms in combination with the
deletion of charges for nearby MM host atoms (see figure 3.3), requires the exclusion of these
MM atoms for QM/MM interactions, according to the SLA or EXGR schemes. To account for
this in the framework of GSBP, QMM

n in the second term of equation 3.51 will be replaced by
(QMM

n −QEXn ). The expressions for QEXn and QQMm in equation 3.51 are given by:

QEXn =
∑
AεEX

qAbn(RA), QQMm =
∑
AεQM

∆qAbm(RA) , (3.52)

with ∆qA being the Mulliken charge of the QM atom A. In the framework of GSBP, the SCC-
DFTB hamiltonian can be re-written as:

ĤGSBP
µν =

1
2
Sµν

∑
BεQM

[ΓCA(RC , RB)+ΓDA(RD,RB)]∆qA+
1
2
Sµν [Ω(RC)+Ω(RD)] µ ε C, ν ε D ,

(3.53)
where Sµν is the overlap matrix of the basis functions µ and ν, located at the atoms C and D.
In equation 3.53, the terms ΓAB(RARB) and Ω(RA) depend in the following way on the reaction
field matrix Mmnbn(RB) and φ

(o)
s (RA):

ΓAB(RA,RB) =
∑
mn

bm(RA)Mmnbn(RB) , (3.54)

Ω(RA) =
∑
mn

bm(RA)Mmn(QMM
n −QEXn ) + φ(o)

s (RA) . (3.55)
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3.4 The time-correlation function formalism (FTTCF)

As first discovered in the 1950’s by Green and Kubo, time-correlation functions can provide access
to various transport and time dependent properties of many body systems. The formalism, as
extensively discussed, e.g., by McQuarrie [119] in the so-called classical limit, shall be introduced
in this section, whereas details on applications used in this work will be given in section 3.5.1.
If we consider a certain time dependent observable A, which is fully determined by the spatial
coordinates p(t), and the momenta q(t) of a many particle system, i.e. A(t) = A(p, q, t), its
so-called time-correlation function is defined as

C(t) = 〈A(t) ·A(0)〉 =
∫

...

∫
A(p, q, t) ·A(p, q, 0) · f(p, q)p dq , (3.56)

where f(p, q) is the equilibrium phase space distribution function and C is the correlation coeffi-
cient of A. Equation 3.56, in particular, is called an auto-correlation function, because it relates
the observable A at a certain time to the same observable at a different time. In an analogous
way (C(t) = 〈A(t) · B(0)〉), a cross-correlation function can be defined, where B is a second ob-
servable. Here, we restrict our discussion to auto-correlation functions. If a certain system is
exposed to a time-dependent perturbation, e.g. an external electric field E(t) = E0 cos(ωt),
an also time-dependent, aproximately linear, response of the observable A occurs, which can be
Fourier analyzed. The respective form of a Fourier transformed (F (ω)) time-correlation function
(FTTCF) can be written as

F (ω) =

∞∫
0

〈A(t) ·A(0)〉eiωt dt . (3.57)

Molecular dynamics simulations, as they provide time series of spatial coordinates p(t) and mo-
menta q(t) of a molecular system, are an excellent tool to obtain observables of the general form:
A(p, q, t). A practical way for a subsequent calculation of the time-correlation of A, is to replace
the integral expression in equation 3.56, due to the discretization of time in the MD simulation,
by the following sum:

C(t) =
1

MN

M∑
j=1

N∑
i=1

Ai(tj) ·Ai(tj + t) . (3.58)

Here, the inner sum runs over the number of atoms N , the outer over the number of time origins
M . If the overall simulation time is, this should be the case, a multiple of the correlation time,
i.e. the time in which the correlation of A with itself, starting from 1, vanishes to 0, multiple (M)
time origins tj can be used to accurately calculate the time-correlation function C(t).

3.5 Vibrational Raman scattering

The vibrational Raman effect [120] is based on an inelastic photon-scattering process, observed
when a molecular system is exposed to an electromagnetic field, mostly monochromatic laser light.
If the interacting photons are not in resonance with an electronic transition of the molecule, the
predominant part of the light is scattered elastically, i.e. no energy transfer with the molecule
appears. This type of scattering, as illustrated in figure 3.4, is known as Rayleigh-scattering.
However, a small fraction of light induces a vibrational transition in the molecule, which either
lowers (Stokes-process) or raises (anti-Stokes-process) the frequency of the scattered photons. With
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the incident light in resonance with an electronic transition (S0 → S1), the so-called resonance-
Raman effect, as shown in terms of a Stokes-process in figure 3.4, can be observed.

Rayleigh Stokes anti-Stokes resonance
Raman

S1

S0
ν s

=
ν 0
−
ν k

ν a
s

=
ν 0

+
ν k

ν 0 ν 0
|i〉

|f〉

|r〉

νk

Figure 3.4 Schematic representation of different scattering processes as explained in the text. The relative
positions of initial (|i〉) and final (|f〉) vibronic states refer to Stokes-Raman-processes.

In this work, only Stokes-Raman processes are considered, therefore further discussions will be
restricted to this type of scattering.

From a quantum mechanical viewpoint, Stokes-Raman-scattering can be descibed in the following
way. A molecular system, initially in the vibronic (vibrational + electronic) ground state |i〉,
experiences a perturbation from monochromatic light of frequency ν0 and is excited to a ’virtual’
state |r〉. Instantaneously, the system returns to the first excited vibrational state |f〉 (final)
of the electronic ground state, whereas the frequency of the inelastically scattered photons is
νs = ν0− νk (see figure 3.4). Here, νk is the energy difference between the vibrational ground and
its first excited state. The variable k denotes the number of internal degrees of freedom, which is
3N -6 for a non-linear molecule containing N atoms.

In the field of Raman spectroscopy, the intensity of inelastically scattered photons is measured, and
the energy difference between the incident and inelastically scattered light, the Raman shift (νs =
ν0 − νk), is given in reciprocal centimerters (cm−1). In terms of organic molecules, fundamental
vibrations νk usually appear in the range of 400 to 4000 cm−1.

An important observable in terms of a theoretical description of the Raman effect is the molecular
polarizability ααα. If a molecular system is exposed to an electromagnetic field E, e.g. visible light,
a charge separation takes place and induces a dipole moment µind in the system, which is related
to E via a second rank tensor, the polarizability ααα:

µµµind = αααE, with ααα =

 αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

 . (3.59)

In a quantum mechanical framework, the Raman differential scattering cross section, which is
proportional to the intensity of the scattered light into a frequency range dω and angle dΩ, is
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given by the following sum-over-states expression[119, 121]:

λ4 d2σ

dωdΩ
=
∑
i

∑
f

ρi|〈f |εsααα · ε0|i〉|2δ(ωfi − ω) . (3.60)

Here, |i〉 and |f〉, as already mentioned, denote the wavefunctions of the initial and final vibronic
states of the system and ρi is the probability for the system to be found in the initial state i. The
direction of the incident and scattered light is given by the vectors ε0 and εs, respectively and
δ denotes the Dirac Delta function. On the left side, λ denotes the wavelength of the scattered
radiation and the absorption frequency ωfi is proportional to the energy levels of the final (Ef )
and initial state (Ei) via ωfi = (Ef − Ei)/}. Following the approach of Kramers und Heisenberg
[122], the Cartesian polarizability tensor, ααα, can be written as

ααα =
1
h

∑
r

(
〈f |µρ| r〉 〈r |µσ| i〉
νri − ν0 + iΓr

+
〈f |µσ| r〉 〈r |µρ| i〉
νri + ν0 + iΓr

)
, (3.61)

where µρ and µσ represent the components of the dipole moment operator in the directions ρ and
σ, respectively. The sum is performed over all vibronic intermediate states |r〉. The frequency of
the incident light is ν0, and Γr denotes a damping factor, whose value depends on the lifetime of
|r〉.

3.5.1 Raman spectra calculations via FTTCF

Equation 3.60, given in the so-called Schrödinger representation, is quite impractical for Raman
spectra calculations, since the sum runs over all initial and final states. Gordon[119, 121, 123]
proposed a methodology to transform this equation into the Heisenberg representation, which
creates a defined relation to classical mechanics and to a time correlation function formalism, as
it will be briefly shown in the following.

As a first step, the Dirac Delta function, δ(ωfi − ω), in equation 3.60 is replaced by its Fourier
representation:

δ(ωfi − ω) =
1

2π

∞∫
−∞

e−i(ωfi−ω)tdt =
1

2π

∞∫
−∞

e−i(
Ef−Ei

} −ω)tdt . (3.62)

Using the following relations for the eigenstates |i〉 and |f〉 in equation 3.60:

e−iEit/~|i〉 = e−iĤt/~|i〉 , (3.63)

〈f |e−iEf t/~i = 〈f |e−iĤt/~ , (3.64)

where Ĥ denotes the hamiltonian of the system, together with the closure relation:∑
f

|f〉〈f | = 1, (3.65)



3.5. VIBRATIONAL RAMAN SCATTERING 31

which avoids the summation over all final vibronic states |f〉, equation 3.60 can be rewritten as

λ4 d2σ

dωdΩ
=

1
2π

∞∫
−∞

〈(ε0 ·ααα(t) · εs)(ε0 ·ααα(0) · εs)〉e−iωtdt . (3.66)

Equation 3.66 denotes an expression for the Raman scattering cross section in the Heisenberg
representation. After several further transformations and the separation of the Cartesian polariz-
ability tensor ααα into isotropic and anisotropic components:

ααα = αααiso +αααaniso , (3.67)

the final equations for Raman spectra calculations in an FTTCF framework are given by

(
λ4 d2σ

dωdΩ

)
iso

=
1

2π

∞∫
−∞

〈1
3
tr[αααiso(t)αααiso(0)]〉e−iωtdt , (3.68)

(
λ4 d2σ

dωdΩ

)
aniso

=
1

2π

∞∫
−∞

〈tr[αααaniso(t)αααaniso(0)]〉e−iωtdt , (3.69)

where tr denotes the trace of a matrix. These are valuable expressions for a practical calculation
of Raman spectra. Basically, only the isotropic and anisotropic polarizability tensors αααiso(t) and
αααaniso(t) as a function of time are needed. The corresponding rotational invariants [123] can be
defined as:

αiso =
1
3

[(αxx + αyy + αzz)] , (3.70)

α2
aniso =

1
3

[(αxx−αyy)2 +(αyy−αzz)2 +(αzz−αxx)2 +(αyy−αzz)2 +6(α2
xy−α2

yz+α2
yz)] . (3.71)

The two invariants measuring the isotropy and anisotropy of the electronic polarizability are
connected to αααiso and αααaniso via

1
3
tr[αααisoαααiso] = αiso , (3.72)

tr[αααanisoαααaniso] = α2
aniso . (3.73)

The isotropic and anisotropic components of the scattering cross sections apply, in particular, to
experimental spectra where the scattered light is measured parallel or perpendicular to the plane
of the polarized incident laser-beam [123](

λ4 d2σ

dωdΩ

)
‖

=
(
λ4 d2σ

dωdΩ

)
iso

+
2
15

(
λ4 d2σ

dωdΩ

)
aniso

, (3.74)

(
λ4 d2σ

dωdΩ

)
⊥

=
1
10

(
λ4 d2σ

dωdΩ

)
aniso

. (3.75)

The ratio of these expressions leads to an important observable in Raman spectroscopy, the depo-
larization ratio ρ,

ρ =

(
λ4 d2σ

dωdΩ

)
⊥(

λ4 d2σ
dωdΩ

)
‖

. (3.76)
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Numerical calculations of the polarizability ααα

The components of ααα (αxx, αyy ...) can be practically evaluated by considering the perturbation
of a molecular system exposed to an external electric field F. The energy of the perturbed system
can be expressed in a Taylor series relative to the field-free energy [124] as

E(F) = E(0) +
∑
i

(
∂E

∂Fi

)
0

Fi +
1
2

∑
i,j

(
∂2E

∂Fi∂Fj

)
0

FiFj ... . (3.77)

Assuming the harmonic approximation, the Taylor expansion is truncated after the second term
which is the response property of interest, the components of the molecular polarizability,

αij = −
(

∂2E

∂Fi∂Fj

)
with i, j = x, y, z . (3.78)

The required second order derivatives of the energy with respect to the electric field components
can be performed numerically using the following expressions [125] for diagonal,

αii =
∂2E

∂F 2
ii

=
1
F 2

(Ei0 − 2E00 + E−i0) +O(F 2) , (3.79)

and off-diagonal components of the polarizability tensor,

αij =
∂2E

∂Fij
=
−1
2F 2

(Ei0 + E−i0 + E0j + E0−j − 2E00 − Eij − E−i−j) +O(F 2) , (3.80)

where O(F 2) denotes the expression for the numerical error [126]. The numerical step size, here
equal to the electric field strength, must be chosen carefully. Too strong applied fields, on the
one hand, may hamper the SCF convergence in electronic structure calculations, while a too weak
perturbation may lead to numerical errors because of small energy differences. A more accurate
differenciation scheme for polarizability calculations was suggested by Magdó [127], by doubling
the electric field strength and evaluating αij again via

αij =
1
3

(
4

∂2E

∂Fi∂Fj
− ∂2E

∂(2Fi)∂(2Fj)

)
. (3.81)

A reduced numerical error (O(F 4) instead of O(F 2)) is obtained using equation (3.81), whereas
the required number of energy evaluations in the presence of an electric field increases from 12 to
24.

Practical aspects of vibrational spectra calculations

Whereas a time step of 1 or 2 fs is usually sufficient to accurately sample the conformational space
of molecules, this value must not be chosen larger than 0.5 fs for vibrational spectra calculations via
the FTTCF methodology. This is because of the need to accurately scan the stretching vibrations
in the system.

The resolution (∆ν) in the vibrational spectra obtained from equations 3.68 and 3.69 is, in accor-
dance to Nyquist’s theorem [128], inversely proportional to the product of the number of simulation
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steps N and the chosen time step ∆T :

∆ν =
1

N ·∆T
(3.82)

To achieve a resolution of 4 cm−1 in the spectrum with an integration timestep of 0.5 fs, e.g.,
16384 simulation steps are required when using a Fast Fourier Transform (FFT) routine. For all
spectra calculated in this work, the Fourier transform of the polarizability autocorrelation was
further processed with a Blackman [75] filter to increase the signal-to-noise ratio.

It is important to mention that the vibrational frequencies from the FTTCF methodology depend
on the integration time step for verlet-type integrators in use. A chosen value of ∆t leads to a
frequency-dependent blue shift (∆ω) in the spectrum according to [129]

∆ω = ω3∆t2/24 . (3.83)

Certain errors concerning spectral intensities arise from classically (Newtonian) derived trajecto-
ries and time-correlation functions, for which Berens and co-workers [123] proposed a quantum
correction factor for Raman spectra,

Qhc =
β~ω

1− exp(−β~ω)
, (3.84)

where β is equal to (kBT )−1, kB denotes the Boltzmann constant, and ω the vibrational frequency.
Following equations (3.68), (3.69) and (3.84), all Raman spectra in this work are finally calculated
as

Iω = Qhc ·
[(
λ4 d2σ

dωdΩ

)
iso

+
(
λ4 d2σ

dωdΩ

)
aniso

]
. (3.85)

3.6 Infrared absorption via FTTCF

Similar to equation 3.60, the infrared absorption (IR) of a molecular system can be quantum
mechanically evaluated to the following expression:

A(ω) =
∑
i

∑
f

ρi|〈f |µ|i〉|2δ(ωfi − ω) , (3.86)

where the electric dipole moment operator µ replaces the polarizability α in equation 3.60. In an
analogous way, as it was already described in section 3.5.1 for Raman spectroscopy, the lineshape
function I(ω) of infrared absorption can be obtained in the framework of the linear response
theory:

I(ω) =
1

2π

∞∫
−∞

〈µ(t) · µ(0)〉e−iωtdt . (3.87)

Here, µ(t) is the fluctuating molecular dipole moment, which can easily be obtained from the
partial atomic charges qi of the system, throughout a molecular simulation, by the following
expression:

µ =
N∑
i=1

qiri , (3.88)
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where ri denotes the distance of atom i to the origin of the coordinate system. Therefore, µ(t)
principally depends on the choice of the coordinate system, which is, however, assumed to have a
negligible influence in the mid-infrared region of the vibrational spectrum. The respective absorp-
tion coefficient A(ω) of the lineshape I(ω) can be written as:

A(ω) =
4π2ω[1− exp(−β~ω)]

3~cn(ω)
· I(ω) , (3.89)

where c is the speed of light and n(ω) denotes the frequency reflective index of the medium. By
applying the intensity correction Qhc as given in equation 3.84 and assuming that n ≈ 1, A(ω),
can be re-written as:

A(ω) = Qhc · I(ω) = ω2I(ω) . (3.90)

3.7 Vibrational mode assignment via FTTCF

Besides the calculation of vibrational spectra itself, as described in the previous section, the
possibility to assign Raman active bands to specific intramolecular motions is of major importance
for an interpretation of the corresponding spectra. Martinez and Gaigeot recently developed a
methodology [130, 131] for such purpose in the framework of the FTTCF formalism. In the
following, the most important aspects shall be summarized.

The time dependent atomic velocities as available from a molecular dynamics trajectory are used
as a key quantity of the methodology. The power spectra of velocity auto-correlation functions
(vibrational density of states) have been used earlier to assign vibrational bands to atomic mo-
tions [132]. However, these power spectra were highly delocalized in frequency space, making
an unambigious band assignment for larger molecules a difficult task. This is illustrated in the
left picture of figure 3.5, where the calculated vibrational IR spectrum (top) of a small organic
molecule (maleimide) in the gas phase is compared to the power spectra (bands colored in red,
green and blue) of certain atomic velocities.
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Figure 3.5 Calculated IR spec-
trum of maleimide (top spectra) in
the gasphase, compared to power
spectra of either atomic velocities
(bottom left picture) and effective
normal modes of vibration (bottom
right picture).
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The methodology of Martinez and Gaigeot provides so called effective normal modes, i.e. linear
combinations of atomic displacements, which were generated in such a way that their corresponding
power spectra are as localized as possible in frequency. This is illustrated in the right picture of
figure 3.5, where the calculated vibrational IR spectrum (top) of maleimide is compared to the
power spectra (bands colored in red, green and blue) of certain effective normal modes of vibration.
To achieve this task, the following generalized eigenvalue equation must be solved,

Z−1K(2) = Z−1K(0)Λ , (3.91)

in which Λ is a diagonal matrix containing the vibrational frequencies. The solution matrix Z
performs the transformation between a set of j initial velocities ζ̇j in either Cartesian or internal
coordinate space into the final set of k effective normal mode velocities q̇k via

q̇k(t) = Z−1ζ̇j(t) . (3.92)

Power spectra P qk generated from these effective normal mode velocities q̇k via

P qk (ω) =

∞∫
−∞

〈q̇k(t) · q̇k(0)〉e−iωtdt , (3.93)

appear as localized bands in frequency (see right picture of figure 3.5). The matrices K(n), neces-
sary to set up equation (3.91) are calculated via

K
(n)
S =

β

2π

∞∫
−∞

|ω|nP ζkl(ω) dω . (3.94)

Here, P ζkl denote the power spectra of all auto and cross-correlation functions from the initial set
of atomic velocities in Cartesian or internal coordinate space,

P ζkl(ω) =

∞∫
−∞

〈ζ̇k(t) · ζ̇l(0)〉e−iωtdt . (3.95)

3.7.1 Molecular vibrations in internal coordinates

Molecular dynamics simulations provide coordinates and velocities of molecular systems usually
in cartesian coordinates. The description of intramolecular motions in this coordinate space is
unituitive, especially for large systems. Therefore, it is common to define a set of internal coor-
dinates, i.e. bond length, bond angles, proper and improper (out-of-plane) torsion angles, which
are more appropriate for the description of molecules through a vibrational analysis, as described
in the previous section.

Atomic diplacements in cartesian coordinates, xi, are connected to those in internal coordinates,
Sj , via the Wilson B matrix [63]:

B =
∂Sj
∂xi

. (3.96)

To obtain velocities of the derived internal coodinates Sj as required for the evaluation of equation
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3.95 in the previous section, the following expression can be used:

Ṡj =
∂Sj
∂xi

ẋi . (3.97)

Internal coordinates are classified as redundant or nonredundant. The definition of a set of non-
redundant coordinates is preferable, since they are pairwise linearly independent and the number
of coordinates is equal to the number of internal degrees of freedom, 3N -6, in the system. In this
work, the methodology derived by Pulay and coworkers [133] was used to define non-redundant
internal coordinates of all investigated systems.
Together with the results of the previous chapter, the matrices K and Z, the contribution of the
internal coordinate j to the potential energy of the i’th normal mode of vibration can be defined
via [134]:

PEDji =
3N−6∑
k

ZijZikK
(2)
kj

λii
, (3.98)



Chapter 4

Building of model systems and Simulation

protocols

4.1 Model systems for phytochrome photoreceptors

In this chapter, the preparation of phytochrome proteins for subsequent MD simulations is de-
scribed. Two different model systems were employed in this work for MD simulations with either
MM and QM/MM force fields, respectively. Both simulation setups will be described separately
in the following.
The model building of small organic molecules, as used for several purposes in this work, can be
easily performed via numerous commercial (e.g. Gaussview) and non-commercial (e.g. Molden)
programs, and will therefore not be considered in the following discussion. Details of simulation
conditions for small test cases will be given individually in the respective section.

4.1.1 Model building for MD simulations with MM force fields

Polypeptide chain

The initial coordinates for proteins investigated in this work were mainly taken from the Protein
Data Bank [135], where a large amount of experimentally determined three-dimensional structures
is available free of charge.
The model building starts with the investigation of the polypeptide chain. If only side chain
atoms were missing, the CHARMM program was used to automatically generate the respective
coordinates. In the case of completely missing amino acid residues, these gaps were filled in the
following way. At first, the primary structure (amino acid sequence) of the protein, which is
usually completely available, was searched through to identify the missing residues. Subsequently,
the PSIPRED [136] program was employed to obtain informations about the probable secondary
structure in these gap regions. To complete the structural models, coordinates from the crystal
structure of the two residues encompassing each gap were fixed during the refinement. For the
gap residues, coordinates of the α-carbon atoms were chosen manually. Positions for all remaining
atoms (including hydrogens) were built using the CHARMM (32b2) [111] software.
Subsequent minimizations using a steepest decent algorithm for 100 steps were performed to
remove bad van-der-Waals contacts. Short MD simulations (5 ps) using the Verlet integrator were
further applied only to the newly built residues for structural equilibration.
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Hydrogen atoms

Due to their small scattering cross section, the positions of hydrogen atoms can usually not be
obtained from an crystallographic measurement. Therefore, an important step in model building
is to add hydrogens to the structure. For this purpose, the HBUILD [137] routine, as implemented
in CHARMM, was used. Concerning charged amino acids, all lysine and arginine residues found in

CH2

O NHN

CH2

HO
NHN

NE2ND1

HSD HSE

NE2ND1
OOH

Figure 4.1 Illustration of two different pro-
tonation states of a histide residue side chain,
denoted as HSE and HSD. For each histidine
in a protein, the protonation of the two ni-
trogens, ND1 and NE2, was chosen upon vi-
sual inspection of the environment in terms of
donor/acceptor groups.

the crystal structure were protonated, whereas aspartate and glutamate residues were considered
to be deprotonated as it is the default option in the CHARMM force field. For histidine residues,
however, several protonation states are suitable, since its pKa value in water solution is close to
7. As illustrated in Figure 4.1, the assignment of protons to the titratable nitrogen atoms of the
histidine side chain, ND1 and NE2, was done upon visual inspection of the environment in terms
of present donors or acceptors.

Solvent water

Only with the use of explicit water, the modelling of hydrogen bonds (h-bonds) is possible. This
type of interaction with a protein is of major importance for its structural stability. In this work,
the TIP3P [91] force field for solvent water was used in all simulations by default.
For the purpose of protein solvation, a pre-equilibrated box of 216 water molecules with an initial
edge length of 18.856 Å was used as the initial structure. This box was replicated in all directions
in space to enclose the solute. All water residues in close contact to non hydrogen atoms of the
protein were subsequently deleted. All the steps mentioned were performed in CHARMM with
additional scripts, supplied by the developers, available at http://www.charmm.org/ubbthreads/.
As shown in 4.2, two different geometries of the simulation cell were used in this work.
Proteins of an overall spherical shape, the ones missing the PHY domain, were solvated in a cubic
box of TIP3P water. In order to account for the elongated shape of proteins including the PHY
domain, a hexagonal box of water was chosen.

Counterions

As pointed out by Ibragimova and co-workers [138], the use of explicit counterions in molecular
dynamics simulations is of particular importance for the stability of protein structures. In addition,
when using the Ewald method for the calculation of electrostatic interactions, a net charge of zero
is required for the system, as it can be achieved by adding ions.
In this work, the protein net charge was neutralized by inserting chloride and sodium counterions
in the following manner: Each charged residue not involved in salt bridges to other amino acids
was individually neutralized by placing a counterion within a 3 Å radius from it, whereas the
remaining ions were placed randomly in the water box.

http://www.charmm.org/ubbthreads/
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Figure 4.2 Illustration of the two different cell geometries (water in red color / sodium and chloride ions in black
and yellow color) used in this work for MD simulations with classical force fields. While a cubic cell (left) was
used for spherically shaped protein systems (in blue color), the hexagonal prism (right) was employed for systems
elongated in a certain direction in space.

4.1.2 Model building for MD simulations with QM/MM force fields

In general, snapshots from MD simulations with MM force fields at equilibrium were taken as initial
structures for further QM/MM calculations. As a first step of re-building the protein for QM/MM

Newtonian region

Langevin region

Boundary region

Inner region

Outer region

18 Å

20 Å

22 Å

QM region

Figure 4.3 Partitioning of a phytochrome protein system for QM/MM calculations with stochastic boundary
conditions via GSBP, as explained in more detail in the text. The left picture illustrates the four regions (QM,
Newtonian, Langevin, boundary and outer) into which the molecular system is subdivided. The size of the QM
region is shown in more detail in 4.4. The right picture shows in a cartoon representation the CBD of a phytochrome
were all atoms inside the sphere belong to the inner region and the remainig major part of the protein to the outer
region. Here, the QM part is colored in green. In the outer region, water is represented by a dielectric constant
and all protein atoms are kept fixed.

calculations, the system was centered at the chromophoric site and all water molecules outside a
spherical shell of 22 Å from it were deleted, as shown in figure 4.3 (right picture). Furthermore, all
counterions were removed from the system, since only a small volume of explicit water remains,
in which additional ions would lead to a high charge density, which should be avoided. As a
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Figure 4.4 Partitioning of a protein into QM and MM parts at the chromophoric site, as examplified for two
different phytochromes, carrying two different bilin cofactors (left: BV(PΦB), right:PCB.). For each phytochrome
system treated in this work, the QM/MM boundary goes across the bond between the α-carbon and β-carbon
atom of the cystein residue to which the chromophore is covalently bound. Therefore, the QM part consists of the
chromophore and the side chain of the cystein residue, linking to the protein.

last structural modification, an additional hydrogen atom was attached to the chromomphore, in
order to act as a link-atom (see Materials and methods) between the QM and the MM subsystem,
examplified in 4.4 for a BV(PΦB) and a PCB chromophore.
In the following, the partitioning of the system into QM and MM parts (illustrated in figure 4.4
and 4.3), as well as all necessary steps to setup a simulation under stochastic boundary conditions
with GSBP, is described in detail. The procedure is in accordance with the one proposed by Im
and co-workers [86].

GSBP setup The calculation of the external static field φo and the reaction field matrix M (see
section 3.1.3) for the system was done using a (121)3 cubic grid with an initial spacing of 1.6 Å
(coarse grid) and focussed to 0.4 Å (fine grid). The size of the inner region was set to 22 Å (4.3)
and the dielectric constants for the outer region were set to 1 in the case of the protein and 80 in
the case of water. Atomic Born radii, as developed by Nina and co-workers [139], were employed
to establish the protein-solvent boundary. The number of basis functions used to express the inner
region charge density was chosen in a way that the difference in the reaction field free energy
obtained from solving the Poisson-Boltzmann equation [77] on the one hand, and from the basis
set expansion on the other hand, was minimal. Therefore, the number of basis functions used,
varied between different protein system from 225 to 289.

Partitioning of the system The inner region of the system was further subdivided into several
layers of each 2 Å in diameter, (as shown in 4.3) which will be named as Newtonian, Langevin
and boundary. Here, the first region includes the QM part. To account for the water exclusion
radius [86], all solvent molecules in the boundary region were deleted.

Restraints Restraining forces were defined for atoms in the different regions of the QM/MM
system. Inside the Newtonian region (inner sphere of 18 Å in diameter), all atoms (QM + MM)
move completely unrestraint according to the Newtonian equations of motion. In the Langevin
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section (from 18 to 20 Å), additional friction and random forces were applied to all atoms (see
section 3.1.3) as a function of their position within the 2 Å layer. A friction coefficient of 50
ps−1 was applied to all oxygen atoms of the solvent water in the Langevin region, as supposed to
be appropriate for H2O [140, 141, 142]. To prevent water molecules from leaving the simulation
region, a harmonic spherical restraint potential (MMFP, as implemented in CHARMM) of 0.5
kcal/molÅ2 was applied to all solvent oxygen atoms.

Non hydrogen protein atoms were exposed to distance dependent constraint forces Fc, based on
crystallographic B-factors via the following relation:

Fc = 4π2kT/B , (4.1)

where kB is the Boltzmann constant and T was set to 300 K. For protein structures obtained from
homology modelling, the B-factors were set to 25 Å2 for all heavy atoms in the system. In the
boundary region (from 20 to 22 Å), all protein atoms were kept fixed in their position, and no
solvent molecules were present in this region.

Electrostatics An extended model for the calculation of electrostatics in the inner region was
used. Interactions beyond a cutoff of 12 Å were approximated by a multipolar expansion includ-
ing dipolar and quadropolar terms. Since the electrostatic interactions between particles across
the inner to outer region boundary are calculated via the external electrostatic field (φo), outer
region partial charges were deleted, in order to avoid double counting the coulomb energy via pair
interactions.

4.2 Protocols for MD simulations of phytochrome

photoreceptors

Principally, a variety of different protocols to perform molecular dynamics simulations are con-
ceivable. While most of them can be broken down into components such as minimization, heating,
equilibration and production, as illustrated by the flow chart in figure 4.5, details of proceed-
ing in each of these parts, however, can vary rather strongly in the literature. For classical MD
simulations performed with NAMD, a protocol in accordance to a tutorial for protein simula-
tions, given by the NAMD developers at http://www.ks.uiuc.edu/Research/namd/tutorial/

NCSA2002/hands-on/ was used and adjusted to the specific needs of phytochromes.

4.2.1 MD simulations with MM force fields

All subsequently described steps (shown in 4.5) were performed with the NAMD [143] program
(version 2.6) in combination with the CHARMM [73] force field.

Electrostatics were calculated via the Particle-Mesh-Ewald method, while for the van der Waals
interactions, a cutoff (12 Å) was used in combination with a switching function, as implemented
in NAMD. Energy minimizations were performed with a conjugate gradient algorithm. In order
to use a 2 fs time step, all bond lengths between heavy atoms and hydrogen have been constrained
to their minimum energy values by applying the SHAKE algorithm.

http://www.ks.uiuc.edu/Research/namd/tutorial/NCSA2002/hands-on/
http://www.ks.uiuc.edu/Research/namd/tutorial/NCSA2002/hands-on/
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Restraint protein equilibration (NPT)

Restraint protein heating (NVT)

Unrestraint protein equilibration (NPT)

Production run (NPT)

Water minimization/equilibration

Restraint protein minimization

Figure 4.5 Sequence of steps, as used in this work, for the generation
of an equilibrated protein system. Details of the individual stages are
given in the text.

1. Water minimization/equilibration The solvent water (not the crystallographic water) was
minimized for 2000 steps to remove bad van-der-Waals contacts in the system. Afterwards, water
was heated up to 300 K during 30 ps of Langevin dynamics for temperature control, while keeping
the volume of the cell fixed (NVT emsemble). This was followed by a 50 ps MD simulation under
constant presure and temperature conditions (NPT ensemble) using a combination of the Langevin
Piston/Nose-Hoover [144, 145] method, as implemented in NAMD, to yield equilibrated solvent
water.

2. Restraint protein minimizations Several energy minimization runs (each 1000 steps) were
performed in which initial harmonic restraints (force constant k = 10− 15 kcal/molÅ2) applied to
the chromophore and all heavy atoms of the protein backbone were gradually released until the
entire system was free. For this purpose a quadratic harmonic constraint potential was used.

3. Restraint protein heating/equilibration The system was heated up to 300 K during 60 ps
using Langevin dynamics (NVT emsemble) with a restraint chromophore and protein backbone
atoms. This step was followed by 100 ps molecular dynamics under NPT conditions. Here,
restraints were stepwise released until the system was totally unrestrained.

4. Unrestraint protein equilibration/production With a totally unrestraint system, the simu-
lation was further proceeded for 50 ps of molecular dynamics under NPT conditions. This step
was followed by a final production run for several nanoseconds (ns) of molecular dynamics using
a reduced Langevin damping factor (varying from 5.0 to 1.0 1 ps−1) in order to more closely
approximate free dynamics (NPT conditions at 300K).
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4.2.2 MD simulations with QM/MM force fields

All steps in the following simulation protocol were performed with a customized version of the
CHARMM (32b2) software in combination with the SCC-DFTB electronic structure method in a
QM/MM framework. In contrast to the previously described MM/MD simulations, the integration
time step was reduced to 0.5 fs, for reasons already explaind in section 3.5.1.
For QM/MM calculations, as mentioned earlier, an already equilibrated system (from classical
MD simulations) was used as the initial structure. However, several subsequent manipulations
were done to the system to prepare it for calculations in a QM/MM framework. Therefore, an
equilibration procedure was applied to the system again, although a less extensive one compared
to the previous section, as it will be discussed in the following.

Minimization/Heating/Equilibration An energy minimization using a steepest decent algorithm
was carried out for the inner region of the system until the energy gradient has fallen below a value
of 0.05 au Subsequently, the system was heated up to 300 K in increments of 10 K by coupling
the Langevin equation to a heat bath. The simulation was continued for 100 ps at constant
temperature, which was sufficient to obtain an equilibrated system.

Production The production run with an overall length of 425 ps was split up into 50 independent
MD simulations, each 8.5 ps long. The length of the simulation was dictated by the required
spectral resolution of 4 cm−1 in the subsequently calculated vibrational spectra.
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Chapter 5

Computational resources and software

Cluster computing (classical MD simulations)

The size of phytochrome protein systems, as treated in this work and suitable for classical MD
simulations in a standard setup (explicit solvent water, Ewald electrostatics, periodic boundary
conditions) is of the order of 105 atoms. The calculation of trajectories for such systems on the
nanosecond time scale, is only feasible with multiprocessor computing machines in combination
with an appropriate software. The NAMD code, as used for classical MD simulations, includes
efficient algorithms for parralel computing.
Molecular dynamics on phytochromes were performed on sgi altix ice 8200 computing machines
(shown in figure 5.1), as they are available at the Norddeutscher Verbund für Hoch- und Höch-
stleistungsrechnen (HLRN), located in Berlin and Hannover. At the HLRN institution, calcu-

Figure 5.1 Picture of an sgi-altix-8200 computing rack (source:
http://heise-online.mobi/news/...) as it is part of the HLRN II
comlexes in Berlin and Hannover. At the current stage of expansion,
approximately 10.000 compute nodes are available on each of the two
complexes.

lations were done in the framework of the Grossprojekt bec00050: Moleküldynamiksimulationen
an Licht- und Spannungsabhängigen Enzymen. Further details of the project can be found at
http://zulassung.hlrn.de/projektuebersicht.html.
Three different architectures are available on the HLRN complexes. Most of the classical MD
simulations were performed on Intel Xeon Harpertown processors, running at 3.0 GHz.

http://heise-online.mobi/news/...
http://zulassung.hlrn.de/projektuebersicht.html
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The following benchmark calculation illustrates the performance of parallel computing on this
architecture, which can be achieved for protein simulations at the HLRN complex in combination
with the NAMD software.
The CBD of Deinococcus radiodurans bacteriophytochrome (PDB code: 2O9C) was used as the
test system. Solvated in a cubic box (edge length: 90 Å) of explicit water, it consists of circa
85.000 atoms. The simulation conditions were equal to the ones described in the previous chapter
for molecular dynamics using MM force fields
MD simulations were performed for 1 ps, equivalent to 500 integration steps with a 2 fs time step
in use. In figure 5.2, the required computing time for the protein simulation is plotted against
the number of processing cores involved (4, 8, 16, 32, 64, 128). Figure 5.2 exemplifies that a
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Figure 5.2 Performance of the
sgi-altix-8200 sytem in molecular
simulation of a protein as a func-
tion of the number of cpu-nodes
involved.

doubling of the number of cores in the lower region has a significant effect on the simulation time.
Increasing the number of processors from 4 to 8, e.g., almost halves the time required to perform
500 simulation steps, since 8 cores need 56 % of the time required by 4. In the upper region,
however, doubling the number of cores from 64 to 128, only leads to a time gain of approximately
20 %. Depending on the concrete size of the different phytochrome systems investigated in this
work, a number between 80 and 120 processing cores where employed for MD simulations on the
nanosecond time scale.

Standard desktop computers (QM/MM MD simulations)

Molecular simulations in a QM/MM framework, as performed in this work via SCC-DFTB, inter-
faced with CHARMM (32b2), were solely performed on standard desktop computers (PC), with
single processing cores in use, including different architectures. Other programs frequently used
in this work on desktop PC’s were Gaussian 03 [114] for quantum chemical calculations and VMD
1.8.6 [146] for the visualization of molecular systems.
The software package for calculating effective normal modes of vibrations via the FTTCF formal-
ism, as described in section 3.7, was kindly provided by Rodolphe Vuilleumier.



Part III

Molecular dynamics simulations with

classical force fields





Chapter 6

Force field parametrization of bilin cofactors

Molecular dynamics simulations with classical force fields, as already discussed in section 3, require
a set of force field parameters, suitable for the molecular system of interest. While these parameters
are available for proteins from a variety of different force fields (CHARMM, AMBER, OPLS,
etc.), this is usually not the case for protein bound cofactor molecules. To make these cofactors
participate in the dynamics of the system, a set of parameters must be developed in addition.
In this chapter, parameters for two different bilin cofactors, BV(PΦB) and PCB, as they were
introduced in chapter 1, were developed for the CHARMM force field and the results were discussed
in detail. A complete list of parameters for both cofactors can be found in the appendix of this
work in a CHARMM stream-file format.

6.1 Development of force field parameters

The evaluation and optimization of new force field parameters for BV(PΦB) and PCB was done
following a well established iterative procedure [73] (shown in figure 6.1) used for the development
of the CHARMM force field. This procedure is based on the reproduction of target data at
a molecular mechanics level. The target data includes structural information, intramolecular
energies (e.g. rotational barriers) and intermolecular interaction energies of model compounds
usually obtained from ab initio calculations [73, 147, 148]. The model compounds are usually
small isolated molecules containing the structural units (bond lengths, bond angles and dihedral
angles) associated with those parameters that are to be optimized. The parametrization strategy
is then to maximize the agreement between the target data and the corresponding molecular
properties of the model compounds computed using the empirical force field.
The use of this parametrization approach guaranties consistency with the available force fields
CHARMM22 [73] and CHARMM27 [149], employed to model phytochrome apoproteins.

6.1.1 Model compounds

The model compounds for a protein-bound chromophore consist of 2(R),3(E)-phytochromobilin
(BV(PΦB)) and 2(S),3(R)-phycocyanobilin (PCB) molecules, respectively, in a ZZZssa conforma-
tion/configuration of the methine bridges as found in the X-ray structures of Dph1 and Cph1. The
propionic side chains were protonated (neutral form) and the linkage of the chromophore to the
protein was saturated via a hydrogen atom. In order to account for electron delocalization effects,
the entire chromophore was used for the optimization of the internal bond-lengths, bond-angles,
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Internal Parameter Optimization

Impropers

Torsions

Angles

Bonds

Nonbonded Parameter Optimization

Partial Atomic Charges

Initial structures of model compounds

I

II

Completed Parameter Optimization

Figure 6.1 Chart flow of the general procedure to ob-
tain bonded and non-bonded parameters for the CHARMM
force field for organic molecules. Initial structures for the
parametrization are usually the complete molecule, as well
as smaller fragments of it. For the procedure used in this
work, two iteration cycles exist, where the inner cycle (I)
starts with a given set of non-bonded parameters and opti-
mizes sequentially various internal parameters. Afterwards,
the procedure returns to the non-bonded parameters (cycle
II) to be re-adjusted. This picture was taken and adapted
from [149].

improper dihedral and non-bonded electrostatic parameters. The names of the cofactors heavy
atoms are shown in figure 6.2 for BV(PΦB). The labeling of PCB differs only slightly at ring A. The
complete list of all atom names, as well as information about the corresponding atom types, refer-
ring to both chromophores, is given in the appendix (CHARMM stream files). Six new atom types
were specifically created for BV(PΦB), and five for PCB, in order to be able to define new torsion
potentials and consequently improve the accordance with the internal properties of the target struc-
ture, as will be shown later. For the evaluation of torsion parameters, the chromophore molecules

Figure 6.2 Molecular Structure and atomic label-
ing for non-hydrogen atoms of the model compound
2(R),3(E)-BV(PΦB). The labeling of PCB differs only
at the linkage to the protein at ring A, and is not shown
here. New atom types are written in bold letters, whereas
C3C belongs to a new type of atom only for BV(PΦB),
not for PCB. Colored ellipsoids denote the fragmentation
scheme for optimization of torsion angle parameters, as
described in the text.

were divided into smaller fragments (see figure 6.2) to reduce the computational costs. The hexam-
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ethylpyrromethene (HMPM) and pentamethyl-pyrrolone (PMPO) molecules were used to model
the torsions at the methine bridges between inner rings B/C and the outer rings A/D, respec-
tively. The torsion parameters at the chromophore-protein linkage site were evaluated using the
amino-sulfanyl-oxo-pyrrolidin-acid (ASOP). For parameters associated with the vinyl (BV(PΦB))
and ethyl (PCB) function, respectively, at ring D, a methylene-vinyl(ethyl)-pyrrolone (MVPO:
nomenclature for BV(PΦB)) molecule was used as a model compound. In this way, all torsion
angle parameters, relevant for the chromophore flexibility, were efficiently determined.

6.1.2 Target Data

The target data for optimizing internal force field parameters such as bond, angle and improper
torsion parameters, was derived from the DFT optimized geometries of the entire chromophores.
The same structure has been used for the evaluation of partial atomic charges. For the generation
of target data in terms of rotational energy profiles, the molecular fragements illustrated in figure
6.2 were employed. All ab initio calculations were performed using either DFT/B3LYP or Hartree
Fock (HF) (for chromophore-water interactions), together with the 6-31G(d) basis set.

6.1.3 Non-bonded parameters

The optimization of non-bonded force field parameters involves electrostatic and van-der-Waals
interactions, as they are defined in the CHARMM force field:

X
non−bonded

qiqj
4πε0rij

+ εij

"„
Rmin,ij

rij

«12

− 2

„
Rmin,ij

rij

«6
#
. (6.1)

The aim is to obtain a set of parameters that is able to reproduce water-solute interaction ener-
gies, where water is described through the TIP3P model. Following MacKerells procedure [73],
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Figure 6.3 Energy surfaces for water-chromophore interactions, as illustrated for a specific h-bond between a
carboxylic group of BV(PΦB) and water-hydrogen. The overall curvature is similar for both Energy surfaces, where
the one in blue color is obtained from DFT/B3LYP calculations and the one in black color from an optimized set
of partial atomic charges for BV(PΦB) for the CHARMM force field.

the partial atomic charges for the entire chromophores were obtained by computing, at a quan-
tum mechanical level, minimum interaction energies and distances between the model compound
and water residues. The calculations were performed using several water molecules BV(PΦB):14,
PCB:12) interactions, located at various sites, as shown in figure 6.5. The cofactor geometries
were previously optimized in vacuo using the hybrid density functional method B3LYP with the
6-31G(d) basis set, whereas the water molecules were built according to the geometry of TIP3P
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water [91]. The minimum interaction distances were estimated through single point energy calcu-
lations of the various cofactor-water complexes at the HF/6-31G(d) level of theory, in accordance
with the established parametrization protocol for CHARMM [73]. These complexes were built by
systematically varying the interaction distances in steps of 0.01 Å. An illustration of a potential
energy surface for the interaction of a water residue and BV(PΦB) is shown in figure 6.3. The two
curves (black: optimized MM parameters/blue: DFT/B3LYP) show a typical distance dependent
behavior, with a high slope at short distances and a lower one at larger distances after passing
through a minimum distance with a corresponding minimum interaction energy.
Interaction energies were estimated by subtracting the sum of the monomer energies from the en-
ergy of the entire complex. Since the chromophore is a charged compound, the target HF/6-31G(d)
interaction energies where not scaled [73]. Initial partial atomic charges were obtained from fitting
the electrostatic potential using the CHELPG [150] method, as implemented in the Gaussian03
program. The partial atomic charges referring to the propionate side chains were not optimized.
These values were taken form the already existing parameters for the heme cofactor [151], without
further adjustments.

Table 6.1 Interaction energies and distances for BV(PΦB)-water complexes evaluated at the ab initio (HF/6-

31G(d)) and empirical levels. Distances are given in Å. Energies are given in kcal/mol and dipole moments in
Debye.

HF/6-31G(d) empirical/CHARMM deviations

Emin (kcal/mol) Rmin (Å) Emin (kcal/mol) Rmin (Å) ∆E ∆R

1 -2.549 3.390 -2.762 3.380 -0.213 -0.01
2 -3.789 3.270 -3.883 3.430 -0.094 0.16
3 -5.418 2.630 -5.386 2.580 0.032 -0.05
4 -6.154 2.600 -6.036 2.550 0.118 -0.05
5 -3.059 3.390 -3.043 3.390 0.016 0.00
6 -3.095 4.090 -4.479 3.400 -1.384 -0.69
7 -2.329 3.330 -2.497 3.330 -0.168 0.00
8 -2.672 3.800 -2.583 3.510 0.082 -0.29
9 -2.909 2.060 -3.887 1.820 -0.980 -0.24
10 -3.692 2.610 -4.298 2.540 -0.610 -0.07
11 -2.450 3.410 -2.597 3.340 -0.147 -0.07
12 -0.739 3.250 -0.977 3.260 -0.238 0.01
13 -5.489 2.510 -5.648 2.360 -0.159 -0.15
14 -4.966 3.200 -5.019 3.140 -0.053 -0.06

average difference energy: 0.307 [kcal/mol]

average difference distance: 0.184 (Å)
Dipole Moment/HF-6-31G(d): tot = 13.370 x = -13.369 y = 0.104 z = -0.162

Dipole Moment/empirical : tot = 14.646 x = -14.556 y = -1.426 z = 0.772

The parametrized partial atomic charges of both cofactor molecules are listed in tables 6.1 and 6.2.
The quality of the optimized partial charges was estimated by reproducing minimum interaction
energies and water-chromophore distances derived at the ab initio level of theory. Distances were
deliberately underestimated in about 0.2 Å compared to the target data, following the established
parametrization procedure. Since an accurate reproduction of both, interaction energies and dis-
tances, was mostly impossible to achieve, a compromise was tried to find for both values, in all
cases. As an additional criterion for the quality of the partial charges, the overall dipole moment
of the chromomphores, as obtained by DFT calculations, shown in figure 6.4 and in tables 6.1 and
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Table 6.2 Interaction energies and distances for PCB-water complexes evaluated at the ab initio (HF/6-31G(d))

and empirical levels. Distances are given in Å. Energies are given in kcal/mol and dipole moments in Debye.

HF/6-31G(d) empirical/CHARMM deviations

Emin (kcal/mol) Rmin (Å) Emin (kcal/mol) Rmin (Å) ∆E ∆R

1 -2.647 3.38 -2.780 3.40 -0.134 -0.02
2 -4.229 4.07 -4.077 4.08 0.152 0.01
3 -6.282 2.63 -5.919 2.54 0.363 -0.09
4 -3.311 3.33 -3.325 3.32 -0.014 -0.01
5 -3.416 3.72 -4.696 3.34 -1.280 -0.38
6 -3.401 3.20 -3.283 3.30 0.118 0.1
7 -2.882 3.55 -2.867 3.48 0.015 -0.07
8 -2.586 2.15 -2.673 1.87 -0.087 -0.28
9 -2.673 3.39 -2.979 3.35 -0.306 -0.04
10 0.369 3.03 0.226 3.27 -0.143 -0.24
11 -7.073 2.25 -7.386 2.15 -0.313 -0.10
12 -5.346 3.09 -5.237 1.99 0.109 -1.10

average difference energy: 0.245 [kcal/mol]

average difference distance: 0.212 (Å)
Dipole Moment/HF-6-31G(d): tot = 7.438 x = 2.874 y = 6.465 z = -2.295

Dipole Moment/empirical : tot = 8.771 x = 5.759 y = 6.152 z = -2.434

Figure 6.4 Illustration of the molecular dipole moments of BV(PΦB) (left) and PCB (right), respectively, calcu-
lated via HF/6-31G(d) using CHELPG [150] (green) and reproduced (blue) with the set of derived atomic partial
charges during the force field parametrization procedure.

6.2, was aimed to be reproduced with the empirical partial atomic charges. In order to account for
the missing explicit inclusion of polarizability in classical force fields, the dipole moment should
be overestimated [73] to a certain extent, compared to the values obtained with QM calculations.
Therefore, in order to be consistent with CHARMM force field parameters for proteins, the partial
charges of the chromophore were adjusted, to obtain an empirical dipole moment ∼10% larger
than the ab initio target values. Empirical- and QM- calculated dipole moments as well as in-
teraction energies and distances for the chromophore molecules are given in tables 6.1 and 6.2.
Lennard-Jones parameters εij and Rij were calculated by means of the Lorentz-Berthelot mixing
rules for the related atoms types, i and j. Since the Lennard-Jones parameters are transferable
between chemically similar atom types, the required parameters for the two chromophores were
just taken from other compounds, mostly heme. Therefore, Lennard-Jones parameters were not
optimized for BV(PΦB) and PCB.
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Figure 6.5 Relative orientations of several water molecules with respect to BV(PΦB) (left) and PCB (right), for
the evaluation of atomic partial charges for the cofators.

6.1.4 Internal parameters

The parametrization of the internal force field parameters of BV(PΦB) and PCB was done it-
eratively, starting from a set of reasonable initial values from already parametrized analoguous
structures. Most of the initial internal parameters (bond, angles, dihedral, improper) and atom
types correspond to the CHARMM parameters previously optimized for the heme molecule [151].
In terms of the parametrization of the CHARMM force field for bonded interactions, as defined in
equation 6.2, the parameters optimized were the equilibrium bond lengths (b0), bond angles (θ0),
improper (ϕ0) and dihedral angles (χ0) as well as harmonic force constant Kϕ, Kχ and periodicity
and phase parameter (n, δ) for the torsions. The harmonic force constants Kb, Kθ, together with
the all parameters of the propionate side chain were kept fixed during the optimization procedure.X

bonds

Kb (b− b0)2 +
X
angles

Kθ (θ − θ0)2 +
X

torsions

Kχ (1 + cos (nχ− δ)) +
X

improper

Kϕ (ϕ− ϕ0)2 . (6.2)

The target data consisted of the DFT optimized geometries of the entire cofactors for the evalua-
tion of bond, angle and improper torsion parameters. Rotational energy profiles of their fragments
were used for the evaluation of torsion parameters. The quantum mechanical geometry optimiza-
tions were carried out under tight convergence criteria to a final gradient of 10−5 au, using the
crystallographic structures of the two cofactors in a ZZZssa geometry as the input. All geometry
optimizations in CHARMM, involving the entire chromophore and smaller fragments, were per-
formed using the adopted basis Newton-Raphson method (ABNR) followed by several steps using
the Newton-Raphson (NRAPH) minimizer.
To ensure a reliable conformational behaviour of the chromophore, ten new harmonic torsion po-
tentials were defined (see the CHARMM stream files in the appenix) in order to describe rotations
at the methine bridges, the linkage to the protein (cysteine) and at the vinyl/ethyl functionalities
at ring D. The corresponding torsional force field parameters were determined by fitting the tor-
sional profiles of the various molecules (figures 6.6 and 6.7), as obtained by quantum mechanical
calculations with the corresponding molecular mechanics potential energy function.
The QM and MM potential energy curves were scanned in steps of 10 degrees by performing
constraint energy minimizations with a RMS force criterion of 10−4 au for the ab initio calculations
and 10−6 au for the corresponding molecular mechanics calculations. In each step, only the
torsional angle in question was kept fixed to a certain value while the rest of the structure was
allowed to relax. Because of the chemical similarity between the outer rings A-B and C-D, one set
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of target data (here the structure of ring C-D was chosen) was sufficient to model the corresponding
methine bridge torsions. Due to electron conjugation at the central methine bridge, the ab initio
potentials for the two bond torsions are practically identical, hence they can be described with
the same set of parameters.

Table 6.3 Average deviations for several internal coordinates (39 bond length, 40 bond angles, 8 torsion angles
and 15 improper torsion angles) between in vacuo minimized structures of BV(PΦB) and PCB without propionate
chains, using optimized MM parameters, compared to QM optimized geometries.

bond length [Å] bond angle [deg] torsion angle [deg] improper torsion angle [deg]

BV(PΦB) 0.009 0.941 3.393 0.665
PCB 0.001 0.905 2.321 0.688

At this point, the iterative procedure for the parameterization of the non-bonded parameters shall
be summarized. At first, partial charges and internal parameters (no torsions) have been derived
for the entire chromophore. These parameters have been transferred to the smaller fragments, to
evaluate torsion parameters which were transferred back to the chromophore to refine the residual
internal parameters and partial charges until self-consistency within all force field parameters for
the chromophore was achieved.
Furthermore, it is important to mention that, for the MM in vacuo calculations, the force field
parameters of the propionic side chains in its neutral form were taken from the acetic acid residue,
included in the CHARMM force field. In the condensed phase, molecular dynamics simulations
with charged propionate side chains were performed using the force field parameters derived for the
heme cofactor. During the parametrization of the dihedral torsions, emphasis was placed on the
accurate reproduction of the local minima, the heights of rotational barriers, as well as the overall
shape of the potential surfaces. Most problematic in this respect were the potentials describing
single bond rotations of the linking fragments to the protein (figure 6.6: G, H / 6.7: N, O), because
of the high conformational flexibility of these structure. Since the torsional parameters have not
been parametrized to predict Z/E isomerization at double bonds, only a certain region of the
potential energy curve around a local minimum was scanned. Within these limited dihedral-angle
intervals, the torsion potentials were very well reproduced, in general.

6.2 Validation of force field parameters

Validation of the final set of all internal and non-bonded parameters, optimized for the two co-
factors, was done by comparing the energy minimized structures of the entire molecules and their
fragments obtained at the QM and MM levels. Energy minimizations of the cofactors were per-
formed starting from the crystal structure. In order to avoid the formation of hydrogen bonds
between the propionate side chains and the bilin backbone during MM minimizations in vacuo,
which may distort the validation of the new force field parameters, the acidic groups were neu-
tralized. Figures 6.8 and 6.9 (bottom) show the resulting MM- and QM- minimized structures
of BV(PΦB) and PCB, respectively, together with the RMS deviations for all heavy atoms after
optimal superimposition. In both cases, for BV(PΦB) and PCB, there is an overall very good
agreement between the MM-optimized and the ab initio structures as indicated by an RMSD be-
low 0.3 Å. The average deviations for 39 bond lengths between QM and MM optimized structures
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Figure 6.6 Potential energy surfaces for partially constraint model compounds of BV(PΦB). The sur-
faces were scanned in steps of 10 degrees. The black curves denote the target data derived using ab initio
methods(DFT/B3LYP/6-31G(d)). Curves in blue and green color result from optimized empirical torsion pa-
rameters. Additional Curves in green color represent either equal torsions in the same fragment (picture E), or the
same torsion in different fragments (picture B). Potential curves were shifted by setting lowest energy conformations
for each curve equal zero.

including all heavy atoms is of the order of 10−3 Å (see table 6.3) which is satisfactory. This is
also true for the 40 monitored bond angles, where small deviations have been observed.
Significantly larger are the average differences for all methine bridge, vinyl/ethyl and link-fragment
torsion angles. This can be explained in terms of a higher sensitivity of the torsional angles towards
all other internal and non-bonded parameters. The average deviation for all 15 defined improper
angles is again satisfactorily small.
In addition to the entire chromophores, the overall structural agreements between the QM and MM
optimized structures of the small model fragments shown in figures 6.8 and 6.9, were evaluated.
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Figure 6.7 Potential energy surfaces for partially constraint model compounds of PCB. The surfaces were scanned
in steps of 10 degrees. The black curves denote the target data derived using ab initio methods (DFT/B3LYP/6-
31G(d)). Curves in blue and green color result from optimized empirical torsion parameters. Additional Curves
in green color represent either equal torsions in the same fragment (picture M), or the same torsion in different
fragments (picture J). Potential curves were shifted by setting lowest energy conformations for each curve equal
zero.

As starting structures for unconstrained energy minimizations, geometries of the fragments in the
vicinity of important conformational local minima of the protein-bound cofactors (ZZZssa) have
been chosen. These unconstrained minimizations were performed using the same conditions as
described above for minimizations of the entire chromophore.
Taking as a reference the equilibrium structure of the cofactors in their Pr state, a trans-like
conformation of the fragments with rings C and D involved was chosen, whereas a cis-like confor-
mation of the fragments involving rings A/B as well as rings B/C. For the fragments describing
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Figure 6.8 Optimized ab initio
(DFT/B3LYP/6-31g(d)) (dark gray)
and empirical (light gray) structures
of the BV(PΦB) chromophore without
propionate chains and the small model
fragments used in the parametrization
procedure. RMS deviations, in Å, are
given for non hydrogen atoms after
optimal superimposition.

the attachment of the cofactors to the protein, a starting geometry was used, where all three con-
sidered torsion angles were near their local minima. Concerning the fragment containing the vinyl
and ethyl functionalities, both cis and trans conformations were taken into account. The resulting
RMS deviations between the optimized QM and MM structures of the small fragments, as shown
in 6.8 and 6.9, are satisfactory, whereas deviations were most pronounced for the linking fragment
of BV(PΦB). This is most probably because of the high flexibility of this model compound, due
to the presence of 3 single bonds attached to each other.
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Figure 6.9 Optimized ab initio
(DFT/B3LYP/6-31g(d)) (dark gray) and
empirical (light gray) structures of the
PCB chromophore without propionate
chains and the small model fragments
used in the parametrization procedure.
RMS deviations, in Å, are given for
non hydrogen atoms after optimal
superimposition.
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Chapter 7

Molecular dynamics simulations with

parametrized chromophores

7.1 Molecular dynamics of the CBD of Deinococcus

radiodurans bacteriophytochrome

In this section, MD simulations of the CBD of Deinococcus radiodurans bacteriophytochrome in
its Pr state have been performed and analyzed in detail. The main purpose of this overall 50 ns
simulation was the investigation of structural and dynamic properties of the chromophore binding
pocket, as well as a further validation of the derived force field parameters for the BV(PΦB)
chromophore. With a fully flexible cofactor, special emphasis was put on the analysis of the
conformational fluctuations of the bilin chromophore inside the protein binding pocket.
Initial coordinates for the protein were taken from the Protein Data Bank (reference: 2O9C /
conformation A / resolution: 1.45 Å). Missing heavy atoms of several residue side chains (ASP4,
ARG70, GLU193, HIS196, ARG310) were added using the CHARMM software. HIS260 and
HIS290 were modelled with a hydrogen at the δ-nitrogen whereas the remaining histidine residues
were protonate based upon visual inspection of the environment, concerning donor/acceptor groups
in the vicinity. The protein was solvated in a cubic box of water with an initial volume of 884736
Å3, equal to 26307 solvent water molecules.

7.1.1 Dynamic Properties of the Protein

In figure 7.1, the RMSD for all heavy atoms of the protein and chromophore were plotted over the
simulation time using the first frame of the simulation as the reference structure (conformations
were stored each 1 ps).
The RMSD during the last 45 ns of the simulation, which was considered to be the production
run, remained stable and were therefore used for the statistical evaluation of the trajectory. The
average of the RMSD for this period of simulation time was 2.4 Å for the entire protein, 1.9 Å
for the protein backbone and 1.3 Å for the chromophore (excluding hydrogen atoms). During the
simulation, the overall shape of the protein is conserved as indicated by the small fluctuations (0.12
Å) of its calculated average radius of gyration of 20.33 Å. The RMSD involving all heavy atoms of
the average protein structure resulting from the MD simulation and the crystal structure of Dph1
is 1.82 Å. The major differences between these two structures were found in the unstructured coil
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Figure 7.1 Root-mean-square deviations (RMSD) for all non-hydrogen protein (blue) and chromophore (black)
atoms as a function of time.

region near the N-terminus (residues 4-11), as well as in the three alpha helices defined by the
residue sequences 58-62, 66-69 and 81-88. Structurally very conserved on the other hand, are the
six beta strands surrounding the chromophore.
In order to analyze the mobility of the protein system, per residue based RMSF were calculated
from the MD simulation, and compared to the experimental B-factors from the crystallographic
measurements. Figure 7.2 shows the experimental and the calculated RMSF, averaged over the
atoms of each individual amino acid.
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The theoretical values are systematically larger than the experimental ones by almost a factor
of two. Therefore one should compare these values in a qualitative manner [152] in order to
determine, whether the relative mobilities predicted by the MD simulation for different regions
of the system are in accordance with the experiment. In fact, the results plotted in figure 7.2
indicate that this is generally the case for Dph1. For the most flexible part in the protein, e.g.,
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a 3-10 helix (residues 130-134), simulation and experiment are in a qualitative good agreement.
However, large deviations in flexibility can be observed for the loop region between two beta-
strands comprising residues 279 to 282 as well as for the loop region between residues 104-108. In
particular, the predicted mobility of residues in the vicinity of the chromophore, such as CYS24,
ASP207, MET259, HIS260, SER272, SER274 and HIS290, agrees very well with the corresponding
B-factors.

7.1.2 Dynamic Properties of the Chromophore

The analyses of the 45 ns production run of the MD trajectory revealed a particularly interesting
behaviour of the chromophore and its interaction with residue HIS260. During the simulation, the
system seems to jump between two states, characterized by the presence (state 1) or absence (state
2) of a water molecule localized between rings B and C, the so called pyrrole water, illustrated in
figure 7.7. In state 1, the pyrrole water is hydrogen bonded to HIS260 and to the NH group at ring
A, as observed in the crystal structure. In state 2, on the other hand, this pyrrole water moves away
from the binding pocket and HIS260 comes closer to ring A, strengthening its interaction with the
chromophore. Each state is therefore characterized by distinct N C (ring A in BV(PΦB)) - ND1
(HIS260) distances as shown in figure 7.3. To evaluate in more detail the structural properties of
the chromophore in each of these states, average structures were calculated over the time intervals
(each 4 ns long), indicated in figure 7.3 with dashed boxes. The results are presented in figure 7.4,
where the average structures for state 1 (left) and for state 2 (right) are superimposed with the
crystallographic structure. For state 1, an overall good agreement concerning the chromophore
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Figure 7.3 Time dependent distance between ring A (N C) of the chromophore and HIS260 (ND1). Dashed
boxes indicate the time interval (each 4 ns), from which average structures (state 1 and state 2, see figure 7.4) were
determined.

and linkage to the protein (RMSD for BV(PΦB) of 0.58 Å) has been observed. The distance
between ring A of the chromophore and HIS260 (5.23 Å) is comparable to the crystal structure
(4.99 Å). The average structure of state 2 reveals, on the other hand, a significant distortions of the
chromophore structure (RMSD for BV(PΦB): 0.92 Å), which mainly involve ring A and ring C.
Unlike the crystal structure, ring A moves out of the plane, formed by the two coplanar inner rings.
The dihedral angles at the A-B methine bridge of the average structures predicted for these two
chromophore states are 13.41◦ (single bond) / 18.44◦ (double bond) in state 1 and 18.48◦ (single
bond) / 17.21◦ (double bond) in state 2. These torsional angles are significantly larger compared
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to those measured in the x-ray structure: 7.55◦ (single bond) / 6.773◦ (double bond). In addition,
from an energetic point of view, the two observed states could not have been distinguished from
each other. The energy plots along the simulation show that the protein and the chromophore
remain stable. This would be in agreement with the fact that at room temperature and during
the 45 ns simulation, both states are almost equally occupied (see figure 7.3). Other regions of
the chromophore are structurally similar for both states, although slight deviations also exist in
the vicinity of ring D.
The conformational flexibility of the chromophore was further investigated by analysing the statis-
tical distribution of all dihedral angles at the methine bridges. Except for the single bond torsion
at the A/B methine bridge, all distributions could be perfectly fitted with a single Gaussian func-
tion with widths oscillating between 8◦ to 10◦. As an example, the statistical distribution of the
dihedral angle at the double bond of the A-B methine bridge was plotted in figure 7.5 (bottom,
left). In this case, a single Gaussian function with a maximum at 18.7◦ and a bandwidth of 14◦ is
sufficient for a satisfactory description of the dihedral angle distribution. The distribution of the
A-B torsion around the single bond, however, displays an asymmetric shape (see figure 7.5 bottom
right), which can only be fitted if at least two Gaussian components are considered. The maxima
of these two components are located at 9.5◦ and 16.2◦ with bandwidths of 12◦ and 9◦, respectively,
which are slightly larger than those required for fitting the angular distribution of the other tor-
sions. Since the band widths of the distribution curves reflect the degree of fluctuation associated
to each torsional angle, one can conclude that the A-B methine bridge is more flexible than the B-C
and C-D methine bridges. This conclusion is in agreement with the experimental x-ray B-factors
for the chromophore which are larger for ring A than for the rest of the BV(PΦB) chromophore. In
addition, these results would also support experimental observations derived from NMR [58] and
resonance Raman spectroscopy [55]. By plotting the N C -ND1(HIS260) distance as a function of

Figure 7.4 Chromophore binding pocket: Crystallographic structure (dark gray) superimposed with average
structures (light gray) resulting from a 4 ns MD simulation of state 1 (left) and state 2 (right). RMSD values for

the heavy atoms of (PΦB) are 0.58 Å (state 1) and 0.92 Å (state 2).

the dihedral angles at the A-B methine bridge (7.5, top left and right), some information could
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be extracted on how these quantities were correlated. The scatterplots for the two dihedral angles
show basically two clusters of points, located at the average N C -ND1 distances characterizing
the protein’s state 1 and state 2 described above. In this respect, the upper cluster corresponds to
state 1 whereas the lower cluster stands for state 2. For the scatterplot associated with the double
bond torsion (7.5 top left), both clusters of points are arranged along a line corresponding to the
maximum of the Gaussian curve, describing the distribution of double-bond dihedral angle at the
A-B methine bridge. This indicates that the fluctuations at the A-B double bond torsions are
practically not affected by the position of the HIS260 residue. The opposite is found for the A-B
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Figure 7.5 Dihedral angle distri-
butions (bottom) for the double
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between rings A and B estimated
over the 45 ns MD simulation. Scat-
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between these dihedral angles and
the N C (ring A)-ND1 (HIS260) dis-
tance distribution.

single-bond torsion. In this case, in the corresponding scatterplot (7.5 top right) the upper cluster
is not only more dispersed than the lower one but it is also shifted to lower angles, suggesting that
the position of the HIS260 influences the average value and fluctuations of the A-B single bond
torsion. More precisely, it can be observed that the torsional angle in state 2 (short distance),
at the A-B methine bridge, is larger than that for state 1 (large distance), indicating that the
displacement of HIS60 towards the chromophore brings ring A out of the plane formed by rings B
and C. In fact, a N-H· · ·N h-bond is built between HIS260 and ring A in BV(PΦB). The presence
of the pyrrole water in the protein-binding pocket (state 1) on the other hand, allows for a larger
flexibility of the A-B methine bridge.

Summarizing, the simulation predict two stable states for the BV(PΦB) chromophore in the bind-
ing pocket characterized by: a) presence/absence of the pyrrole water, b) two distinct interaction
distances between BV(PΦB) and HIS260 and c) the out of plane movement of the BV(PΦB)-ring
A.
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7.1.3 Hydrogen network between the chromophore and the protein pocket

To find out which residues in the vicinity the chromophore play an important role in terms of
hydrogen bonding, average distances between h-bond donor and acceptor between the chromophore
and its surrounding amino acids were estimated. The most important h-bond donor and acceptor
pairs involving the chromophore and the protein (h-bond with donor-acceptor distance in the x-
ray structure or during the MD simulation shorter than 3.4 Å [153]) are illustrated in figure 7.6.
The corresponding average donor-acceptor distances, evaluated over the 45 ns of the trajectory,
are listed in table 7.1 together with the experimental values extracted from the crystallographic
structure for comparison. The agreement between measured distances from the x-ray and the

Figure 7.6 Hydrogen-bonding network between the
BV(PΦB) chromophore and surrounding residues in the
protein binding pocket. Related statistics are given in
tables 7.1 and 7.2.

average values obtained from the MD simulation is in general good, in particular for interactions
1, 2 and 3. For these three interactions, fluctuations of less than 0.25 Å are predicted indicating that
the corresponding h-bonds remain stable during the simulation. These h-bonds formed between
the chromophore and ARG254 and SER257 are very important since they are responsible for
the rigidity of the propionate side chain at ring B. Furthermore, the two h-bond interactions
with the Arginine residue are conserved in other phytochrome species, such as in Cph1 [46] and
in RpBpphP3 [47], and its rigidity may be of relevance for the signal transduction mechanism
between chromophore and protein, taking place during the photoinduced reaction cycle.
The average h-bond donor - acceptor distances for the interactions 5, 6, 7, 9 and 10 are slightly
larger than the experimental ones (∆R 0.5 Å). In addition, most of these interactions (5-9) are
associated with relatively high standard deviations (0.5 - 0.8 Å), reflecting a significant mobility of
the residue side chains involved in the corresponding interaction. This is in particular the case for
the three h-bond interactions involving the propionic side chain at ring C and the neighbouring
SER272, SER274 and HIS260 residues (interactions 5, 6 and 7 respectively), suggesting that this
propionic side chain is looser than the one attached to ring B, and probably less efficient for signal
transduction.
Furthermore, these three interactions become weaker during the simulation, as indicated by the
slight increase of the corresponding donor acceptor distances compared to the x-ray values. Large
fluctuations are predicted for the interactions 7 and 8, involving ring A in BV(PΦB) with HIS260,
which may be related with the structural flexibility in this region and the movement of the pyrrole
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Table 7.1 Distances (Å) between h-bond donors and acceptors participating in the interactions illustrated in
figure 7.6. Average distances and fluctuations (in parentheses) were calculated over 45 ns of the simulation and
compared to the crystallographic structure.

h-bond X-ray MDa ∆R

1 2.85 2.96 (0.42) 0.11
2 2.8 3.00 (0.33) 0.2
3 2.99 2.89 (0.21) -0.1
4 2.67 4.21 (0.71) 1.54
5 2.64 3.31 (0.89) 0.67
6 2.68 3.29 (0.51) 0.48
7 2.8 3.20 (0.28) 0.4
8 4.99 4.49 (0.82) -0.5
9 2.96 3.44 (0.50) 0.48
10 2.77 3.28 (0.33) 0.51

a Average distances and fluctuations (in parentheses) are calculated over the 45 ns of the simulation and compared
to the crystallographic structure.

water. The most pronounced discrepancy between the MD result and the x-ray h-bond donor-
acceptor distance (∆R=1.54 Å), is found for interaction 4 defined between the TYR216 and the
propionic side chain on ring B. The large average distance of 4.21 Å indicates that the h-bond is
broken during the MD simulation. In fact, a closer look at the trajectory shows that for certain
time spans a water molecule (W3 in figure 7.7) places itself between the TYR216 and the carboxylic
group of the propionic side chain at ring B.
Additional information concerning statistics on the formation of h-bonds in the chromophore
binding pocket and their lifetimes is summarised in tables 7.1 and 7.2. The statistical analysis was
performed over the 45 ns MD simulation with a time resolution of 5 ps. The criterion for a h-bond
is due to the distance between hydrogen and the acceptor atom, which should be less or equal than
a 2.4 Å [153]. The stability of h-bonds formed between the protein and the chromophore can be
efficiently described in terms of h-bond occupancy, as the product between average lifetime and
number of events, divided by the temporal length of the MD simulation. The results presented in
table 7.2 show that stable h-bonds are those formed between the ARG254 and SER274 residues
and the oxygen atoms at the propionic side chain bound to ring B, with occupancies higher than
65 %. This salt bridge between the ARG254 and BV(PΦB) seem to be responsible for rigidity of
chromophore’s ring B.
In a similar way, the propionic side chain attached to ring C, forms a stable h-bond with the HIS260
and with the SER274, characterized by long average lifetime of 405 ps and 512 ps, respectively,
and a low number of events. The h-bonds formed between the ASP207 and the NH groups of rings
B and C, on the other hand, do not seem to be very stable. They were continuously broken and
re-formed during the simulation, as indicated by the large number of events, but each time they
are form they only exist for a very short time (lifetime ∼ 10 ps). Thus, the predicted occupancies
are fairly low (36 % and 21 %).

7.1.4 Water network in the chromophore binding pocket

In order to investigate the formation of a water network in the chromophore binding pocket, eight
water molecules were selected, which remained stable in their positions during the production run
within a 5 Å distance from the chromophore. An illustration of the most stable water network is
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given in figure 7.7, showing the geometric average over the last 15 ns of the MD simulation. Among
these water molecules, only W3 is already observed in the x-ray structure; W5, W7 and W8 are
solvent waters which, at an early stage of the simulation, occupy the position of a crystallographic
water. The remaining solvent residues were those, which find a stable position in the vicinity of
the chromophore. As described in the previous section, the dynamic behaviour of this group of
water molecules was analysed by performing a statistical analysis of the h-bonding events involving
the selected waters and calculating the so called h-bond occupancy. The results of the statistical
analysis are listed in tables 7.3 and 7.4. The h-bonds formed between W2 and the ARG254 and

Figure 7.7 Stable water network in the chromophore binding
pocket of Dph1. The structure refers to an average over the
last 15 ns of the simulation. Dotted lines indicate acceptor-
hydrogen distances less or equal than 2.4 Å. Related statistics
are given in tables 7.3 and 7.4.

THR256, were characterized by very stable interactions, where a large number of events (1127 and
1538) with average lifetimes of ca. 25 ps and, consequently, large occupation values (79 % and 84
%) were observed. Similar results are found for the h-bond interactions formed between W6 and
the BV(PΦB)- propionic side chain on ring C and between W7 and the SER272 residue. An also
very important interaction is that between THR224 and W5. This water forms only few -Bonds
with the threonine, but each of them is stable for 1.3 ns. Furthermore, water W8 is denoted as an
important residue by forming a bridge, connecting the chromophore’s ring D with the propionic
side chain attached to ring C. The h-bonds involving W8 and the BV(PΦB) chromophore are very
stable, as indicated by the high occupancy values (75% for the W8- BV(PΦB)(HB) h-bond and
51 % for the W8- BV(PΦB) hydrogen bond). This water bridge reduces the mobility of ring D
in the Pr state. In addition, W3, W5, W6 and W7 establish relatively stable h-bonds with the
two BV(PΦB) propionate side chains. The corresponding h-bond occupancies are larger than 50
%. Although water W4 is not h-bonded neither to the chromophore nor to the apoprotein, its
presence seems to be of fundamental importance for the stability of the entire water network.
This water is located between the propionate side chains and interacts with W3, W2 and W5 with
h-bond occupancies larger than 30 %. These h-bonds are constantly formed and broken during the
entire production run, however the relative positions of these water molecules do not significantly
change. The most stable water-water interaction is that predicted between W1 and W2, with 79
% h-bond occupancy. As shown in figure 7.7, these two water molecules do not directly interact
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Table 7.2 Statistics of h-bond events between the chromophore and surrounding residues with occupancies larger
than 20%. Statistical parameters were evaluated over a 45 ns MD simulation. Concerning the atomic labeling of
the cofactor, see figure 6.2 in section 6.

atom 1 (protein) atom 2 (BV(PΦB)) average lifetime (ps) events occupancy (%)

ASP 207 O H D 11.4 1436 36
ASP 207 O H A 8.8 1016 21
ARG 254 HH11 O2D 60.8 541 73
ARG 254 HH11 O1D 90.9 169 34
ARG 254 HH21 O2D 32.9 930 68
ARG 254 HH21 O1D 26.4 1011 59
SER 257 HN O1D 146.3 201 65
HSE 260 HE2 O1A 405.6 90 81
SER 272 HG1 O2A 24.2 1028 55
SER 274 HG1 O1A 512.1 60 68

Table 7.3 Statistics of h-bond events (with occupancies larger than 20%) between important water molecules
and residues in the vicinity of the BV(PΦB) chromophore. Statistical parameters were evaluated over a 45 ns MD
simulation. Concerning the atomic labeling of the cofactor, see figure 6.2 in section 6.

water atom 2 average lifetime (ps) events occupancy (%)

W1 O VAL 252 O 138.8 292 90
W1 O LEU 223 HN 43 823 79
W2 O ARG 254 HH12 13.6 1301 39
W2 H ARG 254 O 28.9 127 79
W2 H THR 256 OG1 24.6 1538 84
W3 O TYR 216 HH 386.3 93 80
W3 H BV(PΦB) O2D 261.4 117 67
W5 O THR 224 HG1 1302.2 23 67
W5 H BV(PΦB) O2A 49.2 569 62
W6 H BV(PΦB) O1A 22.7 1499 76
W6 H BV(PΦB) CGA 9.5 2350 50
W7 H BV(PΦB) O1A 69.6 496 77
W7 H SER 272 OG 22.2 1273 63
W8 H BV(PΦB) O2A 18.6 1228 51
W8 O BV(PΦB) H B 225.9 150 75

Table 7.4 Statistics of h-bond events between important water molecules surrounding the chromophore.

water water average lifetime (ps) events occupancy (%)

W1 W2 39.1 905 79
W2 W4 6.9 2077 32
W3 W4 93.1 291 60
W4 W5 7.6 1816 31
W5 W6 33 738 54
W7 W8 16.8 1626 61

with the chromophore.
Noticeable is the dynamical behaviour of the crystallographic pyrrole water. This water is located
in the centre of the chromophore cavity forming h-bonds with the NH groups of rings A, B and C.
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Our molecular dynamics simulations show that these h-bonds are not strong enough to trap the
pyrrole water in the cavity for a long time. In particular, we observe that the pyrrole water moves
away from its initial position, and after a while the empty space is filled up with a solvent water.
This process is repeated several times during the 45ns production run. As mentioned in the
previous section, the movement of the pyrrole water out of the chromophore cavity significantly
alters the chromophore structure.
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Appendix: Simulation statistics
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Figure 7.8 Fluctuations of various sys-
tem properties, monitored over the last 10
ns of the MD simulation.

Table 7.5 Statistics of various properties, calculated over the last 10 ns of the MD simulation of Dph1.

property (kcal/mol) average value std. deviation

temperaturea 299.269 0.957196
pressureb 3.5764 96.2995
volumec 822848 1271.33
van der Waals 25914 226.04
electrostatic -300757 341.792
bond 980.426 27.1808
angle 2925.69 41.1433
dihedral 1374.65 20.3204
improper 163.743 8.64803
total -218844 273.973
kinetic 50554.3 161.695
potential -269397 223.29

a Kelvin
b Force/Å2

c Å3
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7.2 Molecular dynamics of mutants of Deinococcus radiodurans

bacteriophytochrome

In the last section, MD simulations of the CBD of Deinococcus radiodurans revealed an interesting
interaction of the chromophore with a highly conserved amino acid residue in close contact, namely
HIS260. This interaction lead to structural heterogeneity of the cofactor at ring A, supported by
RR and NMR spectroscopic studies. To further investigate the significance this residue has on
the chromophor structural stability, as well as on the stability of the entire binding pocket, MD
simulations of three different mutants of Deinococcus radiodurans were performed and will be
analyzed in detail.
The results of the simulations can be (qualitatively) compared to experimental site-directed mu-
tagenisis studies [56], done for Deinococcus bacteriophytochrome. Among others, the replacement
of HIS260 by alanine (H260A), asparagine (H260N) and glutamine (H260Q) in the experimental
work yielded proteins with covalently bound cofactors. For these three mutants, RR measurements
of the Pr states revealed an overall good agreement with spectra obtained from the wild type in the
bilin the marker region (1500-1700 cm−1), indicating that the cofactors conformation/configura-
tion is similar to the one in the native system. Especially for the H260Q mutant, the RR spectral
similarity to the wild type was significant. From molecular simulations, interactions between the
cofactor and the mutant residues will be monitored to probably find similar interactions, at least
for the H260N and H260Q systems.
The three mutant resdiues can be characterized as polar in the case of glutamine (GLN) and
asparagine (ASN) and nonpolar in the case of alanine (ALA), while none of them is charged.
Since ALA carries an unpolar methyl group side chain, no pronounced h-bond interactions can be
formed with surrounding residues or water, in contrast to ASN, GLN and the wild type (HIS).
Therefore, alanine in the H260A mutant is not able to interact with the cofactor in a way as it has
been observed for the wild type. While ALA has only 1 heavy side chain atom, ASN and GLN
have 4 and 5, respectively, making these residue also different from a sterical point of view.
MD simulations (25 ns production run) of each of the three mutants mentioned were performed.
As an initial structure for the mutated systems, the wild type protein at the stage of equilibrated
solvent water was taken. At this point, the protein structure of the mutants were equal to the
crystal structure. From this structure, the histidine side chain atoms were removed and those of
the respective residue were added. Hence, apart from the side chain atoms of residue 260, the
position of all other atoms were identical in the four systems (wild type and mutants) at the
beginning of the molecular dynamics.

7.2.1 Stability of residues in the binding pocket

Similar to the simulation of the wild type, the first 5 ns of the production runs were considered
as part of the equilibration. In figure 7.9, average structures calculated over the last 20 ns of the
simulation for each of the three mutants are shown and compared to the crystallographic structure
(dark gray color), in which HIS260 is already replaced by the respective mutant residues. From a
visual inspection, the point mutation at position 260 does not have a significant influence, neither
on the average structure of the cofactor, nor on those of the surrounding residues. This observation
is also supported by the RMSD of the chromophore between the simulation average and the x-ray
structure. The cofactors RMSD values in the three mutated systems differ only by ∼ 0.2 Å (ALA:
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Figure 7.9 Chromophore binding pocket: The crystallographic structure (dark gray) is superimposed with aver-
age structures (light gray) resulting from 20 ns MD simulations. The mutated residue at position 260 is colored in
blue.

Table 7.6 Per residue averaged root mean square fluctuations of several amino acids in close contact to the
chromophore, as illustrated in figure 7.9.

TYR176 ASP207 ARG254 SER272 HIS290 HIS260X avg.

H260WT 0.64 1.07 0.67 0.51 0.62 0.67 0.70
H260A 0.55 0.85 0.54 0.58 0.55 0.52 0.60
H260N 0.54 0.88 0.46 0.40 0.46 0.46 0.53
H260Q 1.22 0.85 0.66 0.55 0.57 1.18 0.84

0.650/ASN:0.735/ GLN:/0.544) from each other.

The investigation of conformational fluctuations in the binding pocket, however, reveal certain
differences between the regarded systems. In table 7.6, per residue calculated RMSF of amino
acids in close contact to the chromophore are given with respect to their avarage position as
shown in figure 7.9. Except for the H160Q mutant, ASP207 is the most flexible residue for all
those regarded in the vicinity of the cofactor. A possible explanation could be the fact that the
PHY domain is missing in these protein structures, in which a highly conserved arginine residue
forms a salt bridge to ASP207 and therefore stabilizes its position.

The residue with the overall largest flexibility is TYR176 for the H260Q mutant, which has an
RMSF twice as large compared to the other systems. Table 7.6 also shows that the mutated
residue of H260Q itself is more flexible than those in the other systems. This might be related to
its size and the associated sterical hindrance. Similar to the surrounding residues is the cofactor

Figure 7.10 Per atom calculated RMSF from MD simulations, given in Å, for the chromophore in the wild type
of Deinococcus bacteriophytochrome and three single point mutants.

itself influenced in its flexibility by single point mutation at position 260, as shown in figure 7.10.
Here, per atom calculated RMS fluctuation reveal details on the conformational flexibility of the
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cofactor at each of the four rings and the propionate chains. As a matter of fact, the cofactor in
the wild type system is significantly more flexible compared to the one in the mutant systems,
by means of absolute RMS values. Especially in ring A and in the propionate chain at ring B,
atomic fluctuations increase to 1Å and above around their average positions. The cofactors relative
flexibility, however, is quite similar in the wild type system, compared to the one in the mutants.
In all systems, the inner pyrrole rings are the most rigid part of the cofactor, whereas the outer
rings and the propionate chains are subject to larger fluctuations.
In the H260N mutant, the cofactor is the most rigid one (see figure 7.10), which is also true for
its surrounding residues, since their average RMS fluctuation is the lowest for all systems (see last
column in figure 7.6). Such an agreement between the flexibility of the cofactor and surrounding
residues holds for all three mutant systems, but breaks down when taking the wild type into
consideration, where the chromophore is somehow more flexible as the residues by which it is
in close contact. A partial answer to this is the fact that especially ring A is partially involved
in hydrogen interactions with H260 in the wild type, making this part of the chromophore very
flexible, which also might also increase, to a certain extend, the fluctuations in other regions of
the chromophore.
A striking observation in this respect is that neither ASP260, nor GLN260 interact via h-bonds
with ring A of the chromophore in a way, as it has been observed in the wild type (HIS260) system.
As a result, structural heterogeneity (see figure 7.4 in the previous section), in terms of different
subconformations at ring A, was not found for the mutated systems. However, experimental RR
spectra of the wild type and the GLN260 mutant [56] are very similar, indicating also very similar
structural features of the chromophore and the binding pocket.

7.2.2 Stability of the h-bond network

Due to the different sterical and chemical properties of the residues at position 260, they might also
influence the solvent accessibility of the cofactor and its near environment. In order to estimate
the differences in the solvent structure in the chromphore binding pocket between the wild type
and the mutant systems, radial pair-distribution functions (RDF) were calculated for various sites
of residues at the chromophoric site. The RDF were calculated via the coordinate analysis tool,
as implemented in CHARMM 32b2, using the following expression:

gAB(r) =
NAB(r,∆r)
ρBVS(r,∆r)

, (7.1)

where NAB(r,∆r) is the average number of B sites found in a shell of thickness ∆r (chosen to
a value of 0.1 Å), at distance r from the A sites. VS denotes the volume of the shell, calculated
as VS = 4πr2∆r, and ρB is the average number density of B sites in the system, calculated with
CHARMM. The average RDFs shown in the following were calculated over the last 10 ns of the
MD trajectory of each of the systems.

RDF between the chromophore and solvent water

In figure 7.11, the polar sites of the BV(PΦB) chromophore for which RDF were calculated with
respect to solvent oxygen or hydrogen, are shown. Here, the oxygens at the propionic side chains
and hydrogens at the inner pyrrole rings were not treated individually but their average positions
were used to evaluate equation 7.1. In figure 7.12, the solute to solvent RDF for various interactions
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Figure 7.11 Various sites of BV(PΦB), for which radial pair-
distribution functions to solvent water were calculated (see figure
7.12).

between the chromophore and water are plotted for the wild type (H260 WT:black) and the three
mutated systems (H260A: red/H260N: green/H260Q: blue). Among the calculated RDF, the most
pronounced effects of mutation at position 260 can be observed for interactions between water
oxygen and the hydrogen atoms at the four pyrrolic rings (pictures III, IV, V). Here, the first peak
at 2.0-2.3 Å is of much higher intensity for the H260A mutant, compared to the remaining systems.
The intense peaks at these sites indicate a significantly higher ordering of the water molecules in
the first hydration shell for H260A. The small and hydrophobic side chain of alanine in H260A
increases the solvent accessibility of the cofactor and the number of solvent interactions. Very flat
and broad first maxima for H260N and H260Q in picture V show that water is very loosely bound
to the inner pyrrole rings B-C in these systems.
The intensities of the RDFs in the pictures I and III show that the highest water densities among
the four pyrrole rings can be observed at ring A. Interestingly in this respect is the great intensity
difference for the propionate chains at ring B and C. As it is shown in the figure 7.7 in the previous
section, the propionate chain at ring C is involved in many solvent interactions in a stable water
network, which increases the number of ordered water molecules in the first hydration shell. The
lowest water densities can be observed at ring D, especially for interaction number II (figure 7.11).
Here, the first maximum is shifted to ∼ 4 Å.
Concerning long-range order of the solvent water, the interactions I, VI and VII show a similar
behavior. Here, the first sharp peak is followed by a second one of similar shape, at ∼ 3 Å,
indicating a second hydration shell around these atomic sites of the chromophore. In interaction
I for H260A (red curve), even a third peak at larger distances can be identified, indicating an
increased long range order of solvent water at this site.
The interaction of ring A with oxygen water (I) shows that the high short range-order of water for
H260A compared to the remaining systems is followed by a very similar long-range order for all
four systems. An ordered solvent structure at larger distances can also be observed at the pyrrole
rings B-C and D (IV,V) for the H260A mutant. Especially at these sites, RDFs for the other
systems show a broad and flat curvature, indicating a very little ordered solvent structure.

RDF between residues at the chromophore binding site and solvent water

Due to their different chemical properties, also the mutant residues at position 260 interact in a
different way with the surrounding solvent water. Figure 7.13 shows calculated RDFs for several
atomic sites (colored in black and blue) at the side chains of the residues. Here again, the RDF for
equal kind of atoms, i.e. hydrogen in NH/NH2 or CH3, was calculated from an average position of
these atomes. Clearly distinct from the other systems, a very unstructured solvent cage is present
in the vicinity of the methyl group of alanine in the H260A mutant, illustrated by its broad and flat
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RDF (right bottom). Very similar on the other hand is the overall RDF curvature for the three
remaining systems (HIS/ALA/GLN) in the case of residue oxygen/nitrogen to water hydrogen
(blue curves) interactions. Here, a sharp and intense peak at 1.8-2.0 Å is observed in each case,
followed by a less intense one at 3.0-3.2 Å and a broad double band feature at 4.0-6.0 Å. This
analogy indicates a similar structure of the solvent in the vicinity of the atomic sites in the three
systems. Larger deviations in the RDF curvatures exist for the chromophore hydrogen to water
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Figure 7.12 Radial pair-distribution functions (RDF) for various atomic sites of the BV(PΦB) chromophore (see
figure 7.11), interacting with the solvent.

oxygen (black curves) interactions for the different species. For HIS260 for example, a significant
difference exists in the water structure around the two nitrogens in its side chain. Around the
NH side, a first hydration shell does not exist, as denoted by a missing peak at around 2 Å in
the RDF. Therefore, and in contrast to the N site, water molecules do not get in close contact
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with this part of the residue. This suggests a strong salt bridge the NH site of HIS260 forms with
the propionate side chain at ring C of the cofactor (see interaction number 7 in figure 7.6), which
reduces its solvent accessibility. A pronounced peak for the second shell, however, points to the
presence of an ordered water structure at ∼ 3.2 Å from the NH site.
In the case of ASN260 for the H260N system, the first two peaks in the RDF of the NH site
are less separated in distance and more similar in intensity, compared to the peaks of the O site.
Comparing the black and the blue curves of ASN260, regions of low water density, at a certain
distance, for the one atomic site are related to high densities of the other. This effect can be also
observed for GLN260, while the RDFs for the two atomic sites are much more similar to each
other, indicating that the two sites are exposed to a more similar solvent environment as it is
the case for ASN260. While the intensity pattern of the RDFs is comparable between the H260N
and H260WT systems, the bands in the RDF of H260Q are of higher intensity, denoting a denser
packing of water molecules in the vicinity of GLN260.
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Figure 7.13 Radial pair-distribution functions for various atomic sites in residues at position 260 of Deinococcus
bacteriophytochrome, interacting with the solvent.

In addition, the residue ASP207 and its surrounding water structure has been investigated by
calculating an RDF of the residue’s oxygen to water hydrogen interaction for all four systems.
The side chain oxygens were not taken into consideration, since they are pointing to the bulk
water of the system, whereas the backbone is in close contact to the chromophoric site. As shown
in figure 7.14, a first peak appears at ∼ 1.9 Å for all systems, which is equally pronounced for
the wild type and the H260A mutant, while significantly less intense for the remaining species,
indicating only few direct water contacts of ASP207 throughout the simulation. A second single
peak, larger in intensity compared to the first appears at ∼ 3.8 Å for all mutant systems, were
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Figure 7.14 Radial pair-distribution functions
for the backbone oxygen in ASP207, interacting
with the solvent.

a broad double band feature in this region is observed for the wildtype. The peak intensity is
most pronouced for the H260A mutant, since the small side chain of ALA260 increases the solvent
accessibility of ASP 207. A third peak can be identified for all species between ∼ 5.5–5.8 Å,
followed by a small shoulder in the case of H260A and H260Q. Interestingly, the overall RDF
curvature is most similar for H260A and H260Q, although their residues at position 260, close to
ASP207, differ significantly in terms chemical (polar vs. unplolar) and sterical (small vs. large)
properties. This has a surprisingly little affect on the structure of the surrounding water, especially
beyond 5 Å of ASP207.
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Appendix: Simulation statistics

Table 7.7 Statistics of various system properties, averaged over the last 10 ns of the MD simulation of the Dph1
mutant H260A.

property (kcal/mol) average value std. deviation

temperaturea 299.212 1.1021

pressureb -8.76864 93.2751
volumec 822688 1438.35
van der Waals 25882 242.523
electrostatic -300791 348.219
bond 980.326 26.9252
angle 2937.02 39.0901
dihedral 1373.24 21.3306
improper 163.489 8.33314
total -218912 299.194
kinetic 50542.4 186.164
potential -269455 219.519

a Kelvin
b Force/Å2

c Å3

Table 7.8 Statistics of various system properties, averaged over the last 10 ns of the MD simulation of the Dph1
mutant H260N.

property (kcal/mol) average value std. deviation

temperaturea 299.218 1.07308

pressureb 1.37004 93.5471
volumec 822689 1271.1
van der Waals 25906.7 241.698
electrostatic -300754 378.023
bond 978.637 25.4185
angle 2933.75 40.5531
dihedral 1375.55 31.0023
improper 164.962 8.91489
total -218897 312.116
kinetic 50543.4 181.263
potential -269387 247.662

a Kelvin
b Force/Å2

c Å3

Table 7.9 Statistics of various system properties, averaged over the last 10 ns of the MD simulation of the Dph1
mutant H260Q.

property (kcal/mol) average value std. deviation

temperaturea 299.098 1.11017

pressureb 2.83649 94.9355
volumec 822732 1224.47
van der Waals 25892.4 260.017
electrostatic -300744 432.673
bond 979.87 26.0209
angle 2930.55 40.5392
dihedral 1366.12 20.5626
improper 165.349 9.26252
total -218884 326.348
kinetic 50525.1 187.536
potential -269410 283.077

a Kelvin
b Force/Å2

c Å3
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7.3 Molecular dynamics of the complete sensory core of

cyanobacterial phytochrome from Synechocystis

Recently, a three dimensional structure of a complete photosensory module (PAS-GAF-PHY) of
a cyanobacterial phytochrome from Synechocystis was determined by Essen and co-workers [46]
from crystallographic measurements. This system is of approximately twice the size compared to
the PAS-GAF fragment of Dph1 and contains a different cofactor, namely PCB.
In this section, classical MD simulations of the entire photosensory core of Synechocystis phy-
tochrome were performed and analyzed in detail. The aim of this overall 25 ns MD simulation
was to analyze the structural and dynamic properties of the PCB cofactor and the surrounding
binding pocket. To make PCB participate in the molecular dynamics, force field parameters were
employed, as derived in chapter 6. Furthermore, the results were compared to the BV(PΦB) bind-
ing phytochrome of Deinococcus radiodurans. Evidences for structural heterogeneity, as found for
the wild type of Deinococcus, were searched for, as well as influences of the PHY domain on the
stability of the binding pocket in the Pr state.
An initial set of coordinates for the protein, called Cph1 in the following, were obtained from the
PDB data bank (code: 2VEA). Several residues modelled as alanines in the x-ray structure of
Cph1 (A38, A59, A461, A463, A470) were replaced by their analogues from the known primary
sequence (E38, E59, T461, E463, E470). The crystal structure of Cph1 contains residue gaps
corresponding to disordered loop regions (1) Q73–R80, (2) G100–D101, (3) R148–Q150, and (4)
E463–G465. As already discussed in chapter 4, secondary structure prediction algorithms were
used to obtain structural informations concerning these gap regions. Thus, gaps 2 and 4 were
suggested to be unstructured loops, whereas gap 1 was predicted to be composed of a short β-sheet
and an α-helix. However, only the modelled helix remained stable during an energy minimization
procedure. For gap 3, the random coil has been extended, instead of including a helical segment,
as suggested by secondary structure prediction program, since that would have required altering
several of the coordinates determined by crystal structure analysis. In figure 7.15 (left), the
Cph1 protein is shown in a cartoon representation (x-ray: light gray, PCB: blue). The regions
colored in red belong to the residue gaps in the crystal structure, for which a three-dimensional
structure was modeled, based on the information given in the right picture of figure 7.15. Here,
the results from a secondary structure prediction algorithm are displayed for the four gap regions.
Here, the primary sequence is given, together with the most probable secondary structure in this
region. The crystal structure with filled residue gaps was used for subsequent model building and
MD simulations. To be comparable with phytochrome structures obtained from NMR solution
measurements (next chapter), where protonation states of titratable histidine residues could be
experimentally determined, HIS139 and HIS169 (in close contact to PCB) were protonated at the
δ-nitrogen atoms, in analogy also to the structure in Dph1.
In contrast to simulations of Dph1, a hexagonal simulation cell was used for Cph1 (see figure 4.2
in chapter 4) to account for its elongated shape due to the presents of the Phy domain. The box
consists of 58595 solvent water molecules with an initial volume of 1.79x10−6 Å3.

Structural and dynamic properties of the protein

In figure 7.16, the RMS deviations of all non hydrogen atoms of the protein (blue) and the chro-
mophore (black) are shown. Especially for the protein, the RMSD increases progressively during
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Figure 7.15 Illustration of the crystal structure of Cph1 containing four residue gaps. Picture on the left:
Cartoon representation of the protein, containing additional structural information (colored in red), as obtained
from a modelling procedure described in chapter 4. Right picture: Primary sequence of Cph1 from Synechocystis.
Gap regions are enclosed with black boxes. Secondary structure motives, as predicted by the PSIPRED program
are visualized above the one-letter sequence code.

the first 2.5 ns of the production run. Therefore, the first 5 ns of the simulation were considered
to belong to the equilibration phase of the simulation, where no statistics were obtained from.
The radius of gyration of the polypeptide was calculated to a value of 29.97 ± 0.30 Å. The small
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Figure 7.16 Root-mean-square deviations (RMSD) for all non-hydrogen protein (blue) and chromophore (black)
atoms as a function of time.

fluctuations indicate that no significant changes in the overall shape of the protein occured during
the last 20 ns of the simulation.
Per residue calculated RMSF were obtained from the MD trajectory and plotted over the entire
range of the polypeptide, as shown in figure 7.17. Temperature B-factors (see equation 3.28 in
chapter 3), as obtained from x-ray analysis, were used to calculate the experimental RMSF, for a
qualitative comparison.
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Figure 7.17 Per residue averaged root-mean-square fluctuations over all non-hydrogen atoms derived from ex-
perimental B-factors (black) and calculated from the MD simulation (blue). Colored regions denote secondary
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Up to the first 250 residues (top graph), the protein flexibility from the MD simulations is in an
overall good agreement compared to the one from the experiment. In both cases, e.g., the largest
fluctuations occur in the region near residue 80, in a larger loop region. Concerning the second
part of the protein (bottom graph), much more evenly distributed RMS values can be observed
from the simulation, whereas those from the experiment reveal larger fluctuations. In the large
α-helix connecting the GAF to the PHY domain of the protein (residues ∼ 300-345), e.g., the
experimental RMS values are rather small in the middle of the helix and increase significantly
to the edges. The fluctuations obtained from the simulations are in this region are rather small,
indicating a more rigid helical structure at room temperature.
The left picture of figure 7.19 compares the average structure of the polypeptide of Cph1 (white)
with the x-ray structure (dark-gray). A good agreement in the overall protein structure can be
observed, i.e. most secondary structure motives of the initial structure were stable, at least on the
nanosecond time scale. Also the relative orientation of most of the secondary structure motives
retained. The largest deviations between the experimental structure and the average obtained
from the simulation could be observed in the PAS and GAF domains. The segment between
residues 77-88 is significantly tilted in the average structure compared to the experimental one. In
the region between residue 238-246, two small beta sheets can be observed in the x-ray structure,
which turned into a loop segment in the average from the simulation.

Figure 7.18 Per atom based RMSF from MD simula-

tions, given in Å, for the PCB chromophore.
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Structural and dynamic properties of the chromophore

The small RMSD of the chromophore (< 1 Å) shows (see figure 7.16) that its overall structure
deviates only little from the experimentally determined initial structure. In contrast to that,
BV(PΦB) in Deinococcus (see figure 7.1) departs more strongly from its initial structure at the
beginning of the simulation, indicated by RMS values up to 2 Å. The flexibility of the cofactor is

Figure 7.19 Average structures of the protein (left) and the chromophore binding pocket (right) calculated from
the MD simulations (white) and superimposed to the crystallographic structure (dark gray) of Cph1.

illustrated by a color code in figure 7.18. The absolute values in Å, given within the color bar, are
quite similar compared to those of BV(PΦB), although the overall fexibility of PCB is somewhat
larger. As it is the case for BV(PΦB) in the wild type of Deinococcus, The rings B, C and D
denote the more rigid part of the cofactor, whereas the propionate chains and ring A are subject
to larger fluctuations. This flexibility of ring A was, in the case of BV(PΦB) (Dph1/wild type),
accompanied with distance fluctuations of the adjacent histidine (H260) residue, which result in
structural heterogeneity at ring A. A distance plot (not shown) between the cofactors ring A with
HIS260 does not reveal a reversible change of distances. In fact, HIS260 stays outside the h-bond
distance from ring A of PCB during the overall simulation time, with an average NHIS −HringA

distance of ∼ 4.4 Å. Also the single bond dihedral angle in the methine bridge between ring A-B
only fluctuates around a single value (∼ 15 degrees), in contrast to BV(PΦB) wildtype (figure
7.5), were two states exist.
The right picture of figure 7.19 compares the average structure (white) of the protein binding
pocket, as obtained from the simulation, with the one obtained from the x-ray structure (dark
gray). Concerning the PCB cofactor, a very good structural agreement can be observed for the
rings A and B while ring C is almost co-planar to A and B in the average, but more out of plane in
the x-ray structure. Significant deviations exist for the methine bridge conformation/configuration
at ring D. A rather planar geometry is observed here from the x-ray structure (single bond torsion
angle: 19.0 deg/double bond torsion angle 2.3 deg), whereas the simulation average reveals a much
more distorted structure (single bond torsion angle: 45.4 deg/double bond torsion angle 22.3 deg).
This observation is difficult to compare to the situation of BV(PΦB) in Dph1 (wild type), where
larger structural deviations exist (mainly at ring A, also at ring D) between the two stable states
(see figure 7.4). Larger conformational differences can be observed for both propionate chains of
PCB, when comparing the crystallographic structure to the MD average. An observation related
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Figure 7.20 Comparison of PCB-protein interac-
tions in the binding pocket between the x-ray struc-
ture of Cph1 (dark gray) and an average structure
from the MD simulation (white). ARG254 is ex-
changed by ARG222 for interactions with a propi-
onate chain of PCB.

to this phenomenon, is shown in figure 7.20. Here, residue ARG254, which forms a salt bridge to
the propionate chain at ring B in the x-ray structure, is replaced by a neighboring arginine residue
(ARG222) during the MD simulation. Concerning other amino acid residues in close contact to
PCB, especially ASP207, TYR257 and HIS260 remain in a very similar position relative to the
cofactor, during the MD simulation, compared to the x-ray structure. Larger positional deviations
(besides ARG222/254 as just mentioned) can be observed for HIS290, increasing its distance to
ring D of PCB during the MD simulations.

Hydrogen network between the chromophore and surrounding residues

The PCB cofactor is structurally stabilized in the binding pocket via h-bond interactions with
several amino acid residues in close contact. For Cph1, a total of seven h-bonds could be clearly
identified, as illustrated by dotted lines in Figure 7.21. Tables 7.11 and 7.10 show the corresponding
statistics of h-bond events, evaluated over the last 20 ns of the MD trajectory. In table 7.10,
average donor-acceptor distances and fluctuation (in parenthesis) from the MD simulation are
compared to the respective values from the crystallographic structure. Concerning the interactions
of ARG222 with PCB (number 2 and 3) from the simulation, these values were compared with
those of ARG254 from the x-ray structure, because of the positional exchange, illustrated in figure
7.20 (right). For most of the monitored interactions (1,2,3,5,7), the distances observed in the
experimental structure are within the fluctuations obtained from the molecular dynamics and are
therefore in good agreement. The largest deviations (> 1 Å) can be observed for interactions
number 4 and 8, where both, TYR274 and HIS290, depart from the chromophoric side during the
simulation. SER272 (not shown in figure 6), forms a very weak h-bond with the propionic side
chain attached to ring C, which seems to weaken and even to break during the simulation. The
corresponding donor-acceptor distance increase from 3.71 1 Å in the crystal structure, to 4.47 1
Å. A similar effect has been previously predicted for Dph1.
In table 7.11, the stability of h-bonds between residues in the binding pocket and PCB is presented
in terms of their frequency (events) and duration (lifetime) througout the simulation. The largest
occupancies for Cph1 could be observed for the interactions between HIS260 and the propionate
chain at ring C of PCB on the one hand, and those between ARG222 and the propionate chain at
ring B of PCB on the other hand. For these interactions, the highest occupancy values (68 and 77
%) can be observed. The fact that the propionate chains are involved in most of the interactions
listed in table 7.11, is in agreement to the results obtained for Dph1, where the propionates were
also tightly bound to surrounding residues via h-bonds.
Compared to table 7.1, where statistics of BV(PΦB)-protein interactions in Dph1 are shown,
an overall similar stability of h-bonds can be observed. However, in Dph1, a larger number of
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Table 7.10 Distances (Å) between h-bond donors and acceptors participating in the interactions illustrated in fig-
ure 7.21. Average distances and fluctuations (in parentheses) are calculated over the last 20 ns of the simulation and
compared to related values from the crystallographic structure of Cph1. The last entry (X), denotes an important
interaction, in the binding pocket, but stay outside the h-bond distance and is therefore marked seperately.

h-bond x-ray MD ∆R

1 3.06 3.65 (0.64) 0.59
2 2.67a 2.87 (0.30) 0.20
3 3.33b 2.98 (0.42) 0.35
4 2.74 3.96 (0.46) 1.22
5 3.31 3.02 (0.36) 0.29
6 2.72 3.16 (0.34) 0.44
7 3.05 3.27 (0.25) 0.22
8 2.80 3.95 (0.44) 1.15
X 5.36 5.17 (0.33) 0.19

a ARG254 instead of ARG222
b ARG254 instead of ARG222

Figure 7.21 Hydrogen-bonding network between the
PCB chromophore and surrounding residues in the pro-
tein binding pocket. Related statistics are given in tables
7.11 and 7.10.

Table 7.11 Statistics of h-bond events between the chromophore and surrounding residues with occupancies
larger 20%. Statistical parameters were evaluated over 20 ns MD simulation of Cph1. Concerning the atomic
labeling of the cofactor, see figure 6.2 in section 6.

atom 1 (protein) atom 2 (PCB) average lifetime (ps) events occupancy (%)

ASP 207 O H C 28.5 183 26
ASP 207 O H D 58.6 186 54
ARG 222 HE O2D 395.3 30 59
ARG 222 HE O1D 141.6 38 27
ARG 222 HH21 O2D 85.3 133 57
ARG 222 HH21 O1D 140.4 87 68
TYR 257 HN O1D 59.3 84 25
HSE 260 HE2 O2A 38.7 124 24
HSE 260 HE2 O1A 164.9 94 77

cofactor-protein interactions exist, since the residues 272 and 274 play an important role in the
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Dph1 binding pocket, but not in the case of Cph1. As a result, the propionate chains in Dph1 are
more rigid compared to Cph1 and agree better with the respective crystall structure as it is the
case in Cph1 (compare figures 7.19 and 7.4.)

Water network in the PCB binding pocket

The structural stability in the binding pocket is also influenced by water-PCB and water-protein
interactions. From the MD simulation of Cph1, 7 water molecules could identified, which form
stable h-bonds with the cofactor or amino acid residues in the binding pocket. Figure 7.22 shows
an average structure of the binding pocket over the last 15 ns of the MD, containing the spatially
conserved water molecules. Dottet lines indicate donor-acceptor distances within 3.4 Å (h-bond
distance). An overall good agreement to the water network in Dph1 (see figure 7.7) can be observed.
A similar number of water residues is involved (Dph1:8, Cph1:7) together with an also very similar
spatial arrangement of water in the binding pocket. The overall similarity of the water network
is somehow remarkable, since several residues in the binding pocket are not conserved between
Cph1 and Dph1. The largest deviation concerning the two proteins is related to the pyrrole water
(residue number W7 in figure 7.22). Like in Dph1, the propionate chains of the PCB cofactor
in Cph1 play a dominant role in the network, because of the large number of contacts to water
residues. Equal in both proteins, Cph1 and Dph1, is, e.g., the stable position of a water residue

Figure 7.22 Stable water network in the chromophore
binding pocket of Cph1. The structure refers to an av-
erage over the last 15 ns of the simulation. Dotted lines
indicate donor-acceptor distances less or equal than 3.4
Å.

(Cph1:W6, Dph1:W8) forming a bridge between the propionate chain at ring C of the cofactor
and ring D. The stability of this water residue, as it is also shown in the tables 7.12 (Cph1) and
7.3 (Dph1), plays most probably an important role for the structural rigidity of the cofactor at
ring D. In Cph1, the position of water W7 is more stable within the inner rings B/C of the PCB
cofactor, than observed for Dph1. Residue 7, as also denoted by the related statistics (W7) in
table 7.12, remains stable in its position throughout the simulation, whereas in Dph1, the region
between the inner rings is only partially occupied by water, namely in state 1 of the system, not
in state 2 (see figure 7.4). For Cph1, only one conformational state of PCB was found, which is
in accordance with the increased positional stability of water W7 in Cph1.
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Table 7.12 Statistics of h-bond events (with occupancies larger than 20%) between important water molecules
and residues in the binding pocket. Statistical parameters were evaluated from a 20 ns MD simulation of Cph1.
Concerning the atomic labeling of the cofactor, see figure 6.2 in section 6.

water atom 2 average lifetime (ps) events occupancy (%)

W1 O SER 274 HG1 157.7 43 34
W1 H PCB O2D 155.0 36 28
W1 H PCB O1A/O2A 260.4 54 71
W2 O SER 274 HG1 332.3 31 51
W2 H PCB O2A 129.6 76 49
W3 O SER 272 HG1 152.8 94 72
W3 H PCB O1A 192.5 88 85
W4 H PCB O2A 1214.9 17 100
W4 H PCB O2D 1735.9 7 61
W5 H SER 274 OG1 51.4 336 86
W5 O SER 290 HE2 115.5 125 72
W5 H PCB O1A 54.7 220 60
W6 O PCB H B 487.1 34 83
W6 H PCB O1A 39.6 374 74
W7 H HIS 260 ND1 148.1 111 82
W7 O PCB H C 86.5 150 65
W7 O PCB H D 51.9 203 53
W7 O PCB H A 201.3 76 76

Table 7.13 Statistics of h-bond events between important water molecules surrounding the chromophore in Cph1.

water water average lifetime (ps) events occupancy (%)

W5 W6 31.5 339 53
W2 W3 32.9 121 20
W1 W3 188.9 53 50
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Appendix: Simulation statistics

16000 18000 20000 22000 24000
time / ps

potential

kinetic

total

improper

dihedral

angle

bond

electrostatic

van der Waals

volume

pressure

temperature

Figure 7.23 Fluctuations of various
system properties, monitored over the last
10 ns of the MD simulation.

Table 7.14 Statistics of various system properties, monitored over the last 10 ns of the MD simulation of Cph1.

property (kcal/mol) average value std. deviation

temperaturea 299.21 0.70754
pressureb -6.67308 65.3662
volumec 1809860 1964.45
van der Waals 58955.9 379.89
electrostatic -664456 600.229
bond 1622.75 32.0347
angle 4625.6 54.4723
dihedral 2145.46 25.5035
improper 276.961 12.6319
total -486164 447.46
kinetic 110665 261.69
potential -596829 369.676

a Kelvin
b Force/Å2

c Å3
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7.4 Molecular dynamics of the GAF domain of cyanobacterial

phytochrome from Synechococcus in the Pr and Pfr state

Recently, a member of the phytochrome family was found, which is supposed to form a stable
Pr and Pfr state, although it consists of only a small subunit, the GAF domain, of the full
length protein. The three-dimensional structure of this photoreceptor, here called SyB(GAF), was
first discovered by Ulijasz and coworkers [54] from the cyanobacterial organism Synechococcus.
In contrast to other phytochromes, and as a consequence of the missing PAS domain, SyB(GAF)
exists in a monomeric, instead of a homodimeric form and is furthermore remarkably thermostable
[54]. RR and NMR spectroscopic studies revealed an almost typical reversible photoconversion
behavior, as well as a complete protonation of all four pyrrole rings. A significant spectroscopic
difference to other phytochromes, however, exists for the Pfr state of SyB(GAF). The RR marker
band at ∼ 813 cm−1 [54], which can be assigned to C−H out of plane motions, experiences a large
intensity reduction.

The GAF only fragment of SyB is small enough, to enable a determination of its three dimensional
structure by NMR spectroscopy in solution, which has been carried out by Cornilescu and Ulijasz
for the Pr [45] and Pfr [48] state. In contrast to protein structures derived from x-ray measure-
ments, NMR structures usually result from measurements in water solution at room temperature.
Furthermore, crystal-packing effects and possible radiation damage caused by high energy photons
will not be observed from NMR experiments. Therefore, NMR derived structures can be consid-
ered to exibit protein conformations in close agreement to their native structure in the living cell.
In figure 7.24, 20 low energy conformations (PDB code: 2KOI/2KLI) of SyB(GAF) in both parent

Figure 7.24 NMR experimental protein structures of SyB(GAF) in the Pr (left) (PDB code: 2KOI) and Pfr
(right) (PDB code: 2KLI) state. For both parent states, 20 conformations of lowest energy, as obtained from a
single measurement in each case, were superimposed.

states are superimposed on each other. They result from each a single NMR experiment and can
therefore be considered to reflect the conformational flexibility of the protein at room temperature.
In both cases, thermal fluctuations are most pronounced in a large unstructured loop region of
residue number ∼ 105-135. The related chromophore structures, only three are superimposed in
each case for clarity, are illustrated figure 7.25. The fluctuations observed are remarkably large.
Among the 20 PCB conformers for each parent state, strong conformational fluctuations occur,
which even include, e.g., a Z→ E isomerization at the B-C methine bridge. Although experimental
evidences for structural heterogeneity of phytochrome cofactors exist, such conformational varia-
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tions are clearly beyond former expectations concerning the flexibility of phytochrome cofactors
in each of the parent states.

Figure 7.25 Superimposition of the PCB cofacter in its Pr (left) and Pfr (right) state, as obtained from three
low energy NMR structures.

In view of the manifold of chromophore structures, the choice of the initial structure for model
building and subsequent MD simulations is difficult. Due to the immense computational effort
required for MD simulations on the nanosecond timescale, only a refined lowest energy structure
of each parent state, as kindly provided by Andrew Ulijasz, was used for further calculations.
Figure 7.26 shows the superimposition of refined lowest energy conformations of the protein and

Figure 7.26 Superimposition of lowest energy NMR structures for the Pr (white) and Pfr (dark gray) state of
the protein (left) and the PCB cofactor (right).

the cofactor, as observed from the experiments, in both parent states. Here, especially the cofactor
reveals structural details, which are in conflict to those obtained from crystallographic measure-
ments. In all crystal structures, ring A is considered to be almost co-planar to the inner pyrrole
rings in the Pr state, whereas the respective NMR structure reveals a highly distorted, almost
perpendicular conformation at the A-B methine bridge. As a second novel observation from NMR
measurements of SyB(GAF), there are no hints for a Z → E isomerization at the C-D methine
bridge upon Pr → Pfr conversion. This distortion is removed in the NMR model such that the
authors suggest a isomerisation around the A-B methine bridge as the photoinduced step in the Pr
→ Pfr transition. According to these NMR structures, the C-D entity remains largely unchanged
which is in contrast to the crystallographic data [154] and RR spectroscopic [59] results.
From experimental NMR structures of the cyanobacterial phytochrome SyB(GAF), Ulijasz and
co-workers [48] were able to make a detailed proposal concerning the essential molecular events
which occur in the chromophore binding pocket during the photoconversion from Pr → Pfr.
In order to validate the NMR structural models of SyB(GAF) in its Pr and Pfr state from a
computational point of view and to address the conflicts between different experimental studies,
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Figure 7.27 Root-mean-square deviations (RMSD) for all non-hydrogen atoms of the protein (Pr:blue, Pfr:red)
and chromophore (Pr:black, Pfr:green) of SyB(GAF) atoms as a function of the simulation time.

all-atoms molecular dynamics simulations are performed and analyzed in detail. Emphasis was laid
on the structural stability and conformational flexibility of either the protein and the chromophore
binding pocket in both parent states. The results are compared to those already obtained from
simulations of other phytochromes, namely Dph1 and Cph1. While especially the protein size of
Dph1 is comparable to SyB(GAF), Cph1 contains a PCB cofactor, as it is the case in SyB(GAF).
Previous RR studies [54] have shown that although subtle differences exist in the marker band
region (1600-1650 cm−1), an overall good agreement in the spectra of PCB in both proteins,
SyB(GAF) and Cph1 can be observed, making the systems comparable.

Because MD simulations of protein systems are usually restricted to the nanosecond timescale, no
additional information can be provided concerning the process of conversion from Pr → Pfr itself,
which takes a few hundred milliseconds in phytochromes.

For both parent states of SyB(GAF), classical MD simulations of each 25 ns in length with a
parametrized PCB cofactor were performed. The model buliding and simulation protocol were
equal to those decribed for simulations in the previous sections. The only difference refers to the
position of hydrogen atoms in the system. This information is already included in the NMR struc-
tures, unlike to crystallographic structures. The protein structures were solvated in a 90x90x90
Å3 cubic box of TIP3P water.

Results of MD simulations

In figure 7.27, the RMSD of non-hydrogen atoms of the protein and the chromophore are shown
for both parent states of SyB(GAF) throughout 25 ns of simulation. The absolute values for the
peptide chain (red and blue curves) are significantly larger (1.5-2.0 Å) as those observed for the
PCB cofactors (black and green curves), which is qualitatively in agreement with the observations
made for PCB in Cph1.

For both parent states of SyB(GAF), the RMSD of the polypeptide is clearly larger as that of
Deinococcus bacteriophytochrome (see figure 7.1), which is of comparable protein size. This indi-
cates that the experimental NMR structure of SyB(GAF) is more far away from an equilibrium
determined by the employed force field, compared to the experimental x-ray structure of Dph1.
While the RMSD of the cofactor is very similar in both parent states of SyB(GAF), larger devia-
tions were obtained for the protein, where the RMSD of the Pfr state (red curve) is about 0.75 Å
larger compared to the on of the Pr state. For both, Pr and Pfr state, per residue averaged RMSF
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were calculated for the polypeptide, shown in figure 7.29. A comparison between the two curves
reveals very similar flexibility of the residues over almost the entire range. An exception, however,
can be observed in the region between residue 70-83 and 108-112, with deviations between Pr
(black curve) and Pfr (blue curve) of more than 1 Å. The strongest protein movements occur in
the region between residue 105-130, while the fluctuations here are more pronounced for the Pfr
state. The respective residues belong to a large unstructured loop region, as illustrated (red color)
in figure 7.14, which is identical to the protein region in which the largest deviations between the
20 experimental low energy structures can be observed (see figure 7.24).

Figure 7.28 Location of the protein region in which the largest struc-
tural fluctuations occur during the molecular dynamics.

Table 7.15 RMS fluctuations (in Å) of several amino acids in close contact to the PCB cofactor in both parent
states of SyB.

LYS52 TYR54 Phe82 ASP86 ARG101 HIS139 TYR142 SER151 HIS169

Pr 0.67891 0.56135 0.99754 2.3011 0.91702 1.0005 1.1538 0.52414 0.55638
Pfr 0.57929 0.59273 1.5970 1.7060 0.67361 0.57915 1.0220 0.45662 0.52362

In table 7.15, the flexibility measured in RMSF of important amino acids in close contact to the
PCB chromophore are given. While the flexibility of most residues is similar in both parent states,
larger deviations (> 0.5 Å) can be observed for Phe82, ASP86 and HIS139. Among these three
residues, ASP86 is by far the most flexible one, especially in the Pr state.
The conformational fluctuations of the cofactor in the Pr and Pfr state throughout the simulations
is illustrated in figure 7.30. Here, per atom calculated RMSF allow for a spatial analysis of the
flexibility of PCB. The most striking observation is the difference in absolute RMS values, which
is shown by the range of the color bars in the picture. The PCB cofactor in the Pr state is subject
to substantially larger fluctuations compared to Pfr. Also the relative flexibility of PCB in the
two states is different, since the highest flexibility can be observed in rings C and D in Pr, while
rings A and B are most flexible in the Pfr state. With RMS values up to 2.5 Å and above, the
cofactor in the Pr state is also significantly more flexible compared to its close contact residues
(with exception of ASP86) in the binding pocket, as shown in table 7.15. A comparison of the
RMSF of PCB in the Pr state of Cph1 (see figure 7.18), reveals similarities with the Pfr, but not
the Pr state, in SyB(GAF). Both, the absolute RMS values as well as the relative flexibilities are
in agreement between Cph1 (Pr) and SyB(GAF) (Pfr).
To further investigate the structural stability of SyB(GAF) in its two parent states, average struc-
tures were calculated from the simulations and compared to the initial lowest energy structures,
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Figure 7.29 Per residue averaged root-mean-square fluctuations over all non-hydrogen atoms of the Pr (black)
and Pfr (blue) state of SyB(GAF). Colored regions denote secondary structure motives: alpha-helix (dark gray
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Figure 7.30 Visualization of per atom calculated RMSF (in Å) of the PCB cofactor in both parent states Pr
(left) and Pfr (right).

as obtained from NMR measurements. In figure 7.31, the superimposition of the experimental
(dark gray) PCB structures with those obtained from the simulations (white) in the Pr (left) and
Pfr (right) state are shown. For both states, large structural differences can be observed between
theory and experiment. From the simulations, e.g., a more co-planar structure at ring A, with re-
spect to the inner rings, is observed in the Pr state, while the lowest energy NMR structure shows
ring A in an almost 90 degree out of plane conformation. Also the highly distorted methine bridge
between the inner rings (B-C), as observed from the experiment, is more co-planar in the average
structures from the simulations. Concerning ring D, its almost perpendicular conformation with
respect to the inner rings in the NMR structures, evolved into an anti conformation (for syn-anti
nomenclature see section 1.2) throughout the simulation. The disagreement between the NMR
structures of the cofactor and those obtained from the simulations is also obvious from the large
RMSD of the structures in figure 7.31 in the Pr (2.12 Å) and Pfr (1.84 Å) states. These values are
significantly larger compared to those obtained from simulations of Dph1 (0.5-0.9 Å) and Cph1
(0.78 Å). Figure 7.32 shows a segment of the binding pocket, namely the cofactor together with
a short alpha helix (residues 137-146), which are connected via CYS138. The superimposition of
the initial NMR structure (dark gray) and and average from the simulation (white) reveals, for
both parent states, a change of the cofactor’s relative position inside the binding pocket, which
is more pronounced for Pr compared to Pfr. Concerning the Pfr state, significant conformational
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Figure 7.31 Superimposition of NMR (dark gray) and simulation average (white) for the Pr (left) and Pfr (right)
state of the PCB cofactor.

Figure 7.32 Superimposition of NMR (dark gray) and average structures from the simulations (white) of the Pr
(left) and the Pfr (right) state. The shown segment of the protein illustrates the movement of the cofactor in the
binding pocket througout the simulations, relative to the initial structures.

differences compared to the NMR structure can be seen along the cysteine residue which connects
the cofactor to the helix in figure 7.32. As a result of the cofactor movements in the binding pocket,
the only stable protein-cofactor interaction observed in the Pr state, is the one of ARG101 with
the propionate chain of PCB. No other residues are in close contact to the chromophore during the
simulation. Concerning the Pfr state, the only residue in close contact to the cofactor is HIS139,
which forms a stable hydrogen bridge with ring A of the chromophore. This observation is clearly
in conflict with the experimental NMR structures, where HIS139 does the opposite by turning
away from the chromophore in the Pfr state. The small number of chromophore-PCB interactions
which remain throughout the molecular dynamics of SyB(GAF) is also not in agreement with the
results from simulations of Cph1 and Dph1, where a larger number (9-10) of amino acids interact
with the chromophore through hydrogen bonding.

In figure 7.34, the positions of important residues in the binding pocket is presented before (shiny
colored) and after (normal colored) the MD simulation for the Pr (left) and Pfr (right) state. In
each case (Pr/Pfr), the structures were aligned with respect to the cofactor to obtain the positions
of residues relative to those of PCB. The movement of residues is illustrated by black lines. For
clarity, only the cofactor of the initial structure in both parent states is shown in figure 7.35.
Pronounced positional changes relative to the initial structure can be observed for TYR142 in Pfr
and TYR54, HIS169 in Pr, as well as for PHE82 in both states.

Although not clearly visible in figure 7.35, the most striking positional change is the one of ASP86
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Figure 7.33 Superimposition of NMR (dark gray) and average structure from the simulation (white) for Pr (left)
and Pfr (right) state. The shown segment of the protein illustrates the different interactions of ARG101 in the two
parent states.
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Figure 7.34 Time dependent distance plot between ASP86 (backbone oxygen) and ring B (pyrrole hydrogen) of
the chromophore in SyB(GAF) from each three independent MD simulations in the Pr (left) and Pfr (right) state.
The additional red curve in the left picture shows the distance behavior as observed from MD simulations of Cph1.

in the Pr and Pfr state, which moves far away from its initial position in between the inner pyrrole
rings B and C. Furthermore, ASP86 is subject to large fluctuations, as it is shown in table 7.15.
This observation is neither in accordance with NMR solution structures of SyB, nor with results
obtained from molecular dynamics of Cph1 and Dph1. To confirm that this behavior has statistical
significance, three independedent MD simulations (curves in black, blue and green color) of each
2.5 ns in length were performed for both parent states. The results of these simulations are shown
in figure 7.34, in terms of a time dependent distance plot between ASP86 (backbone oxygen) and
ring B (pyrrole hydrogen) of the chromophore for Pr (left) and Pfr (right). For each of the six
MD simulations performed, ASP86 leaves its initial position, which happens, in the case of the Pfr
state, rather suddenly within the first 300 ps of the simulation. Especially in the Pfr state, large
positional fluctuations occur. The effect is less pronounced for the Pr state, but also here, the
initial position between the inner pyrrole rings is not maintained and the ASP86-PCB distance
increases up to 13 Å. For comparison, the red curve in the left picture of figure 7.34 also shows
the time dependent distance changes obtained from a simulation of Cph1 in the Pr state.

It is notable that in the Pr state, already the initial (NMR lowest energy structure) distances
between ASP86 (backbone oxygen) and the three pyrrole rings A/B/C (pyrrole hydrogen) are
beyond the h-bond distance (ASP-ring A: 3.30,ASP-ring B: 4.49,ASP-ring C: 3.77) and therefore
larger compared to the respective distances in the crystallographic structures of Dph1 and Cph1.
In the latter structures, such large movements of ASP86 have not been observed from the molecular
dynamics, as previously shown.

The NMR structures also show an interesting behavior of ARG101, which is a highly conserved
residue in the binding pocket. As known from the crystal structures of Cph1 and Dph1, this
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residue forms a salt bridge with the propionate chain of the cofactors ring B in the Pr state. The
structure of the Pfr state from NMR measurements reveals high moveability of this residue and the
formation of a salt bridge to residue GLN185 in the activated state. Figure 7.33 illustrates the large
movement of ARG101 and shows the distances it overcomes upon photoconversion (dotted lines)
for interacting with the cofactor (2) and GLN185 (1) in the Pr (left picture) and Pfr (right picture)
state, respectively. A superimposition of the NMR structures (dark gray) with the averages from
the simulation (white), confirm the stability of ARG101 in both states throughout the molecular
dynamics. The interaction in the Pfr state has even strengthened during the simulation, since
the donor-acceptor distance between ARG101 and GLN185 decreased from 3.56 Å in the NMR
structure to 2.78 Å in the MD average. The distances of ARG101 to the propionate chains in the
Pr state differ by only 0.07 Å when comparing theory and experiment.

Figure 7.35 Positions of important residues in the binding pocket before (shiny colored) and after (normal
colored) a 25 ns MD simulation for the Pr (left) and Pfr (right) state. Black lines denote the direction of motion
throughout the simulation for each residue.

For Dph1 and Cph1, MD simulations gave evidence for a stable water network in the chromophore
binding pocket. For both systems, a similar number (7-8) of spatially conserved solvent molecules
could be identified. Either in Dph1 and Cph1, the propionate chains, ring D of the chromophore
and several adjacent residues were involved in the formation of these solvent networks. For
SyB(GAF) in the Pr and Pfr state, a comparable water network has not been found, since the
exchange of water molecules in the binding pocket was significantly higher compared to Dph1 and
Cph1. The absence of amino acid residues in a stable close contact to the cofactor throughout the
simulation is most probably the reason for this observation.
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Appendix: Simulation statistics

Table 7.16 Statistics of various system properties, monitored over the last 10 ns of the MD simulation of the Pr
state of SyB(GAF).

property (kcal/mol) average value std. deviation

temperaturea 299.277 1.0698
pressureb 6.50188 107.656
volumec 635003 1119.13
van der Waals 20762.7 223.09
electrostatic -234494 337.208
bond 548.954 20.1706
angle 1658.04 30.1834
dihedral 735.71 18.2174
improper 93.9728 7.09249
total -171866 250.429
kinetic 38828.7 138.798
potential -210695 215.9

a Kelvin
b Force/Å2

c Å3

Table 7.17 Statistics of various system properties, monitored over the last 10 ns of the MD simulation of the Pfr
state of Syp1.

property (kcal/mol) average value std. deviation

temperaturea 299.256 1.23038
pressureb -10.719 96.7646
volumec 634279 1106.65
van der Waals 20699.4 202.193
electrostatic -234194 329.097
bond 550.559 18.1699
angle 1650.62 30.926
dihedral 723.285 14.8165
improper 92.8446 7.0115
total -171695 264.573
kinetic 38783.1 159.456
potential -210478 207.926

a Kelvin
b Force/Å2

c Å3
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Chapter 8

Refined protein structures for vibrational

Raman spectra calculations

In the previous chapter, all-atoms MD simulations of various phytochrome systems were performed
and discussed in detail concerning structural and dynamic properties of the polypeptide and es-
pecially the cofactor. For this purpose, simulations with fully flexible (parametrized) cofactors
on a longer nanosecond time scale (up to 50 ns) were necessary to perform in order to obtain a
sufficient amount of data for a statistical analysis.

Within the framework of this thesis, also classical molecular simulations on several phytochromes
and other bilin binding proteins were performed with the aim of just delivering well-modelled
(explicit solvent water, counter ions, protonation states of residues) and equilibrated (300 K)
protein structures for subsequent vibrational Raman spectra calculations of bilins. With such
protein structures at hand, the aim was a systematic evaluation of the performance of a specific
QM/MM approach for calculating Raman spectra of protein-bound tetrapyrroles. Here, the QM
subsystem only contains the cofactor molecule (described at the DFT/B3LYP/6-31G(d) level of
theory) in all examples shown in this chapter.

For the purpose of generating equilibrated protein structures, the simulation time, and therefore
the computational effort, could be reduced to a fraction (usually 5-6 ns) of the time necessary
for a more detailed statistical analysis of certain properties of a protein. To further speed up
the process and to avoid the time consuming development of an empirical force field for several
large organic molecules, the cofactors were kept fixed, in most cases, during the classical MD
simulations. Nonbonded parameters were taken from chemically similar parametrized cofactors,
without further optimizations.

In the following sections, MD simulations and calculated Raman spectra of three bilin binding
proteins will be presented. The main focus in this chapter will be on analyzing the capabilities
and limitations of the conventional normal mode analysis (NMA) [64] technique, employed for
Raman spectra calculations in a QM/MM framework. Details on the molecular dynamics will be
only briefly discussed here (for more informations see e.g. [155]).

Since this explicit QM/MM approach was not employed by the author of this thesis, further details
on the theoretical approach and the calculation protocol will not be given here; instead the reader
is referred to the literature [127, 156, 155]. All calculated Raman spectra shown in this chapter
were and kindly provided by Maria Andrea Mroginski, wheras all experimental RR spectra were
measured by David von Stetten [60].
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CHAPTER 8. REFINED PROTEIN STRUCTURES FOR RAMAN SPECTRA

CALCULATIONS

8.1 Molecular dynamics and Raman spectra of the

phycoviolobilin cofactor in phycoerythrocyanin from

Mastigocladus laminosus

As a model system for phytochrome photoreceptors, MD simulations and Raman spectra calcu-
lations were performed on phycoerythrocyanin (PEC), an antenna pigment, which is involved in
light harvesting and energy transfer to the reaction center in cyanobacteria and other oxygen-
evolving photosynthetic prokaryotes [157]. PEC is composed of (α β) monomers, representing two
dissimilar polypeptide chains associated as disk-shaped trimers [158]. Each α- and β-chain carries
one or two open-chain tetrapyrroles (bilins) as prosthetic groups, covalently attached to cysteines
via thioether bonds.

8.1.1 Computational details

Molecular simulations were performed on the small α-subunit of PEC, containing a short wave-
length absorbing pigment, a phycoviolobilin (PVB). An initial geometry was taken from the crystal
structure of PEC from Mastigocladus laminosus, obtained at 2.7 Å resolution [158]. The subse-
quent model building of the protein was equal to the ones already described in chapter 4 for
phytochromes. In the case of tritratable histidines residues, HIS258 and HIS290 were protonated
at the δ-nitrogen, whereas HIS140 was protonated at the ε-nitrogen. The protein was solvated
in an hexagonal box of TIP3P water with an initial volume of 7.66x105 Å3 (25062 solvent wa-
ter molecules). The steps performed for the purpose of heating and equilibration of the system
were identical to the ones described in chapter 4. The lack of internal MM parameters for PVB
was circumvented by keeping the cofactor structure fixed during the MD simulations. While van
der Waals parameters for the PVB molecule were taken from the chemically similar BV(PΦB)
compound, partial atomic charges were estimated on a semiempirical QM/MM level, using the
SCCDFTB approach. Finally, the MD simulation of the equilibrated system was further extended
(production run) for 5 ns.

8.1.2 Results of MD and Raman spectra calculations

The RMSD for all heavy atoms between the x-ray structure and an average structure constructed
out of the last 2 ns of the MD simulation yielded a value of 1.8 Å, indicating that the protein
remains stable in water. The superimposed averages from the MD (white color) and the x-ray (dark
gray color) structures are illustrated in figure 8.1. In the picture on the left, a comparison of the
complete protein structures indicate an overall good agreement concerning the tertiary structure
and all secondary structural elements (helices, sheets, loops), which were conserved during the 5
ns simulation. A cutout of the binding pocket in the right picture shows that the positions of close
contact residues, relative to the cofactor (blue color, identical structure from MD and x-ray), were
also largely conserved.

Subsequent to the simulation, twelve snapshots were selected from the trajectory of the production
run, for the purpose of Raman spectra calculations. Prior to this, however, the NMA method
requires a geometry optimization of each of the initial snapshots, because the employment of
NMA is only valid for molecules near a local minimum on the potential energy surface.
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Figure 8.1 Average structures of the
protein (left) and the chromophore bind-
ing pocket (right) calculated from the MD
simulations (white color) and superim-
posed to the crystallographic structure
(dark gray color) of PEC. The structure
of the PVB chromophore (blue color) is
identical in both systems (experiment vs.
theory).
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Figure 8.2 High-frequency region of the Ra-
man spectra calculated from 3 different snap-
shots (top) of the trajectory, from a minimum
energy snapshot (top -1), the experimental RR
spectrum of PEC (top -2) and a sum of twelve
snapshots from the trajectory (bottom).

The Raman spectra of the PVB cofactor in the α subunit of PEC are collected in figure 8.2. The
overall vibrational band pattern of the experimental RR spectrum (top -2) is largely reproduced by
a spectrum obtained from a lowest energy snapshot (QM/MM-min model) of the trajectory. The
three spectra on top of the graph, originating from three different snapshots, however, indicate
that a single structure and its related spectrum is not fully representative for the system at finite
temperature. This becomes especially obvious for the highest intense spectral feature in figure
8.2, which is much broader in the experimental spectrum, compared to the calculated one from
a single structure. A spectrum from a single structure does not reflect the dynamic properties
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of the system, leading to variations in the spectral pattern (see spectra on top) due to variations
in the environment over the time. To include a bandshape in the calculated spectra, each mode
was described by Lorentzian functions using a full width at half maximum (FWHM) of 12 cm−1

. This value represents the average band width of the related experimental RR bands. However,
the shape of the most intense band in the spectrum remains too narrow from the calculations,
compared to the experiments. To incorporate dynamic effects in the vibrational Raman spectrum
of the protein-bound PVB chromophore, the individual spectra related to twelve snapshots were
summed up via the folowing relation:

Rsum =
∑
s

∑
k

Rk
π

1/2Γ
(ω − ωk)2 + (1/2Γ)2

(8.1)

where ωk is the frequency of the kth normal mode obtained from the NMA approach and Rk is
the corresponding Raman intensity computed for this mode. Rsum is denoted by the bold black
curve in the graph at the bottom of figure 8.2. The comparison of Rsum to the calculated spectra
from single structures in figure 8.2 shows that a clear improvement in the overall spectral pattern,
especially above 1500 cm−1, could be achieved.

8.2 Molecular dynamics and Raman spectra of the CBD of

Deinococcus radiodurans bacteriophytochrome

In this section, computations on the bacteriophytochrome of Deinococcus radiodurans (Dph1) were
revisited for the purpose of demonstrating shortcomings in the Raman spectra calculations via the
actual NMA approach. Details on molecular simulations of the chromophore binding domain of
Dph1 were already discussed in the previous chapter. In contrast to the calculations of PEC, the
cofactor in Dph1, BV(PΦB), was fully flexible during the MM MD simulations. Similar to the
procedure described for PEC, several snapshots (10) were extracted out of a 50 ns classical MD
trajectory for the purpose of Raman spectra calculations in the QM/MM framework. The results
are presented in figure 8.3. Similar to the situation observed for PEC, large variations appear in
the pattern of spectra, obtained from different structures of the trajectory, as illustrated by three
exemplarily chosen spectra at the top of figure 8.3. The spectrum in the middle, obtained by
averaging over spectra from 10 snapshots, however, does not denote a substantial improvement
towards the experiment (bottom), especially not in the high frequency region, shown as a cutout
in the right part of figure 8.3. In the average spectrum, as well as in all spectra from the snapshots,
an intense band at the high frequency end of the spectrum (experiment: 1653 cm−1) is missing.
Several further calculations, including extended QM subsystems and fixed chromophore structures,
similar to PEC, did not solve this problem. As a result, no satisfactory reproduction of the Raman
spectra of the BV((PΦB) cofactor in Dph1 could be achieved so far within the present theoretical
approach.
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Figure 8.3 High-frequency region of the Raman spectra calculated for the in vacuo QM-model (top) the QM/MM-
model obtained from a minimum energy snapshot (top -1), the sum of twelve snapshots from the QM/MM model
(top -2), the experimental RR spectra of PEC (bottom).

8.3 Molecular dynamics and Raman spectra of the photo

sensory-core of plant phytochrome A from Avena sativa

In contrast to PEC and Dph1, no crystal structure is available for plant phytochromes, which is
a pre-requisite, however, for the computation of reliable vibrational spectra. The neglection of
environmental effects may lead to wrong interpretations of the experimental data [59], concerning
the conformation/configuration of the cofactor molecules. Therefore, a structural model of plant
Phy-A from Avena sativa in its Pr state was generated via comparative homology modelling
[159, 160, 161] by Lars Oliver Essen. For this purpose, information about the sequence and the
structure of Cph1 from Synechocystis in its Pr state was taken as a template for modelling Phy-
A. The domain size of Phy-A is, therefore, identical to the one of Cph1, including the entire
photosensory core, i.e. the GAF, PAS and the PHY domain. The rather low sequence identity
between the two structures (Cph1 and Phy-A) of only 29 %, however, requires a careful analysis of
the quality of the derived Phy-A structure. The sequence alignment of Phy-A and Cph1 is given
in the appendix.

8.3.1 Validation of the homology model

The RMSD of the carbon α atoms between the Cph1 template and the homology model for Phy-A
(target) is of only 1 Å (excluding gap regions), indicating a strong structural similarity between
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template and target. This structural agreement is also illustrated by a superimposition of the

Figure 8.4 Comparison of Phy-A ho-
mology structure with Cph1 template

entire protein structure (left) and an extraction of the binding pocket (right) in figure 8.4. Here,
the template structure is denoted in dark gray and the target, after modelling, in white color. The
chromophore, colored in blue, was treated as a rigid body and is therefore structurally identical
in the template and in the target. The largest structural variation for residues surrounding the
chromophore is observed for ASP218, showing a different side chain rotamer in the template
compared to the target.

Prior to molecular simulations, the derived homology structure of Phy-A was further analyzed by
ProSA-web [162, 163] and the results were compared those, obtained from its template, Cph1.
In figure 8.5, the results are presented in terms of a potential energy value (z-score / pictures A

Figure 8.5 Analysis of the three-dimensional protein structures of plant Phy-A and Cph1 by ProSA-web. Po-
tential energy value (z-score) for the entire structures of Cph1 (A) and Phy-A (B), illustrated by black dots. Per
residue based potential energy of Cph1 (C) and Phy-A (D).

and B) for the entire protein structures, and also in terms of a per residue based energy value
(pictures C and D). For both systems, template (A) and target (B), the protein z-score (black dot),
as estimated by ProSA, lies within a range (light blue color) which is reasonable for the specific
protein size, indicating that both structures are most probably reasonably folded, compared to
proteins of similar size. Nevertheless, Phy-A is found more closer to the upper edge of this region,
compared to Cph1. Pictures C and D show that also the per-residue based potential energy values
are rather similar between the template (C) and the target (D) structure. An exception is found
for the first ∼ 50 residues, where Cph1 is characterized by an energetically more favorable protein
structrure, compared to Phy-A.
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8.3.2 Computational details

Molecular dynamics simulations of the entire sensory module of plant Phy-A were performed
taking as initial coordinates those derived from the homology model. To end up with the correct
chromophore of wild type Phy-A, namely PΦB, the PCB chromophore in Cph1 was manually
modified into PΦB, by replacing the ethyl group on ring D with a vinyl functionality. The titratable
residues HIS260 and HIS290 were modelled with a hydrogen at the δ-nitrogen-nitrogen. In order
to account for the elongated shape of the protein and to reduce the system size, a hexagonal
box of TIP3P water with an initial volume of 1.79x106 Å3 (58548 solvent water molecules) was
chosen for the solvation of Phy-A. The protocols for subsequent modelling processes, molecular
dynamics simulations and QM/MM calculations were equal to those already discussed in the
previous sections for PEC and Dph1. The equilibration was followed by a production run of 6 ns.

8.3.3 Results of MD and Raman spectra calculations

From the trajectory of the equilibrated protein system, 25 snapshots were taken for subsequent
Raman spectra calculations. In figure 8.6, the results of the calculations (spectra in the middle
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Figure 8.6 High-frequency region of the Ra-
man spectra calculated for the experimental RR
spectra of Phy-A/PCB (top), the sum of twelve
snapshots from the QM/MM model (top -1) and
the minimum energy QM/MM model (bottom).

and at the bottom) are presented and compared to the experimental RR spectrum of Phy-A
(at the bottom). The overall spectral agreement between the computations and the experiment
is comparable to the one obtained for PEC. Also for Phy-A, an improvement in the spectral
pattern compared to the result obtained from a single structure (bottom) could be achieved by
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averaging over 25 snapshots (middle). However, a striking observation was made concerning a
band at 1573 cm−1 (experiment), marked by circles, which is mainly composed of N-H in-plane
bending motions in the inner pyrrole rings B and C. The summation lead to a significant loss
of intensity together with broadening, because of the large frequency variations (up to 34 cm−1)
of this vibrational mode among the spectra from different snapshots. This behavior of the N-H
bending mode is generally observed for phytochromes by calculating average spectra. The N-
H coordinate interacts more strongly with solvent water, compared to hydrophobic parts of the
cofactors, which may lead to stronger variations in the related force constants and vibrational
frequencies. However, a quatum mechanical treatment of the interacting solvent water does not
change the effect of spectral broadening, means, also a high level description of this part of the
system is not able to reproduce the experimental observations.



Chapter 9

Summary and conclusion of Part III

In part III of this thesis, all-atoms MD simulations of several members of the phytochrome family
were performed on the nanosecond time scale and analyzed in detail. Among other questions,
special emphasis was laid on three major topics, namely the quality of newly derived force field
parameters for phytochrome cofactors, the search for origins of structural heterogeneity of the
cofactors, as well as contributions to questions concerning the structural stablility and conforma-
tional flexibility of protein-bound bilins in general, mainly in the red light absorbing (Pr) parent
state.
In the first chapter of this part, the CHARMM force field was successfully extended by develop-
ing parameters for two members (BV(PΦB) and PCB) of the bilin family, which act as cofactor
molecules in phytochrome photoreceptors. The set of developed parameters have shown to accu-
rately reproduce molecular geometries, rotational energy profiles and intermolecular interactions
of the chromophores (in vacuo), as compared to ab initio target data. Furthermore, the pa-
rameters are supposed to be suitable for the description of structural and dynamic properties of
phytochrome cofactors in a complex protein environment, since the derived parameters allow for
a satisfactory reproduction of crystal structures of BV(PΦB) in Dph1 and PCB and Cph1 in their
Pr state. In addition, the flexibility of the cofactors and their interactions with residues in close
contact from the simulations were very similar for Dph1 and Cph1, although both systems are of
different size, and contain different cofactors. This observation from the molecular simulations is
in agreement with experimental RR studies of various phytochromes [60], revealing a very similar
vibrational spectral pattern, especially for the Pr state of phytochromes from different organisms,
containing different bilins.
From simulations of Cph1 and Dph1, stable water networks were observed, very similar for both
systems in the number of water residues involved and their spatial arrangement in the binding
pocket. In this network, the propionate chains of the cofactors were strongly involved, as well
as residues in close contact near the rings C and D of the cofactors, making those parts of the
bilin structure rigid. In addition to the fact that this network obviously serves for the structural
stability of phytochrome cofactors in the binding pocket, it could probably also play an important
role in the transient protonation/deprotonation processes during the photocycle. The structural
information of these water networks, as derived from the simulations, can probably be helpful to
discover proton transfer processes in the binding pocket of phytochromes in future studies. This
question is of particular importance, since the transient deprotonation of the cofactor may initiate
functionally relevant structural changes in the protein during photoconversion [60].
Concerning structural heterogeneity, as observed from RR and NMR spectroscopic studies of
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various phytochromes, a possible origin could be identified only for the wild type of Deinococcus

radiodurans bacteriophytochrome. Here, the cofactor interaction with an adjacent histidine residue
(HIS260) and the so-called pyrrole water lead, reversibly on the nanosecond time scale, to a more
planar and a more distorted structure of its BV(PΦB) chromophore, characterized by distinct
torsional angles at the C-C single bond at the A-B methine bridge. These findings are qualitatively
in agreement with experimental RR and NMR spectroscopic studies. A similar phenomenon has
not been observed from simulations of several HIS260 mutants of Deinococcus, although, especially
in the case of H260Q, an almost identical RR spectrum in the marker band region of BV(PΦB)
can be observed, compared to the wild type.
Simulations of mutated systems of Dph1 have also shown that the flexibility of the cofactor and
its neighboring residues is clearly affected by the mutation at position 260. This is also true for
the solvent structure in the binding pocket, as the chemically and sterically different residues
alter the solvent accessibility at the chromophoric site. However, the resulting average structures
of the chromophore and surrounding amino acids are rather similar in all systems (wild type
and mutants). Therefore, the stability of the binding pocket in the Pr state is, at least on the
nanosecond time scale, not significantly affected by the mutation at position 260, which is in a
qualitative agreement with experimental observations. RR spectra of phytochrome mutants show
a similar band pattern in the marker band regions of the chromophore, indicating that its structure
is only little effected by mutation at this position.
Also in the investigated PCB binding proteins, Cph1 and SyB(GAF) Pr/Pfr, no evidence for
structural heterogeneity of the cofactors was found. However, for the Pfr state of SyB(GAF),
HIS260 formed a very stable h-bond to ring A of the chromophore and was, therefore, stucked
in a state, similar to state 2 in the wild type of Deinococcus radiodurans. It might be possible
that interactions of a polar amino acid at this specific position (260 in the case of Dph1) and
the pyrrole water with the cofactor are indeed responsible for structural heterogeneity of bilins in
phytochromes. The limited simulation time of only several nanoseconds, however, may not be suf-
ficient to observe reversible switchings between two or even more structural states of phytochrome
cofactors in the protein binding pocket.
In chapter 7 of the thesis, classical MD simulations of a cyanobacterial phytochrome (SyB(GAF))
in its two parent states were performed, because recently published NMR structures of SyB(GAF)
in the Pr and Pfr states revealed several novelties concerning the cofactor’s conformation and
flexibility in both parent states, which are in conflict with bilin structures of other phytochromes
as derived from crystallographic measurements. Planar chromophore geometries, as determined
from the crystal structures between rings A, B and C in both parent states, and a Z→ E transition
at the C-D methine bridge upon photoconversion to the Pfr state, were not consistent with the
NMR structural models. From molecular simulations, structural and dynamical properties of
the protein GAF domain were investigated and compared to the experimental results from NMR
measurements in solution.
The 25 ns production runs of the Pr and Pfr states revealed similar protein structures and flex-
ibility, basically in agreement with NMR studies. Furthermore, the protein region in which the
largest fluctuations during the simulation for both parent states occur, was equal to the region
in which largest differences could be observed from a superimposition of 20 experimental lowest
energy NMR structures. However, several discrepancies between the MD and the NMR model
were found for SyB(GAF) in terms of structural and dynamic properties of the chromophore and
adjacent residues in the binding pocket.
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As a matter of fact, the highly distorted low energy PCB geometries from the NMR structures
were not stable from a theoretical (MM force field) point of view, neither in the Pr nor in the
Pfr state. For both parent states, a ZZZssa like conformation/configuration was predicted from
the simulations, with the derived force field parameters in use, being in agreement with crystal
structures of other phytochromes for the Pr state, but in conflict with crystal structural models for
the Pfr state [154]. In addition, the flexibility of PCB, especially in the Pr state, as obtained from
the simulations, was significantly larger compared to cofactor movements in the simulations of
Dph1 and Cph1. The flexibility of PCB in the Pfr state, however, was similar to the one obtained
in Cph1. These fluctuations from the simulations were clearly less pronounced, compared to PCBs
structural differences between the 20 low energy NMR structures. Therefore, the experimentally
observed flexibiliy of PCB in SyB(GAF) could not be reproduced from molecular simulations, at
least on the nanosecond time scale.
From the experimental NMR structures, several amino acid residues in the binding pocket could be
identified, which were supposed to be important for the conversion from Pr→ Pfr in phytochromes.
During the MD simulations, however, most of these residues were not structurally stable, but
experienced notable changes, relative to the cofactor. As a result, PCB was, in both parent states
of SyB(GAF), only very weakly bound to residues in the binding pocket, whereas simulations of
Cph1 and Dph1 have shown a thight cofactor embedment into the binding pocket through stable
hydrogen bonding with adjacent amino acids and solvent water. The most significant movements
in the binding pocket of SyB(GAF) in Pr/Pfr refer to ASP86 and its neighbors in the totally
conserved DIP motiv. Although the disappearence of this protein segment from the vicinity of the
cofactor is in confilict with the results obtained from simulations of Cph1 and Dph1, its statistical
significance has been shown from several independent MD trajectories. As a general conclusion,
Thus, the present study does not support the structural models and the molecular mechanism
of the photoinduced Pr → Pfr conversion recently suggested for Syb(GAF). This observation has
been verified by several independent trajectories for both parent states of SyB(GAF).
In the last chapter (8) of this part, equilibrated protein structures of phytochromes and bilin-
binding systems were provided for subsequent Raman spectra calculations in a QM/MM framework
via the NMA methodology. Potential and shortcomings of the approach for spectra calculations
of cofactors in a protein/solvent environment were discussed. In general, the methodology is able
to provide Raman spectra in an overall good agreement to experimental results for most bilin-
binding proteins. Furthermore, frequencies relative band intensities are generally accurate enough
for an unambigious assignment of vibrational bands to related signals in the experimental spectra.
The results from a theoretical vibrational analysis (via NMA) are also in good agreement with
experimental data obtained from isotopically labeled chromophores. However, the NMA based
methodology revealed some shortcomings, most probably related to the neglection of dynamic
effects for the investigated systems. Vibrational spectra generated from single molecular structures,
do not fully represent the experimental data. Bands in the high frequency region of bilins are
rather broad indicating that the flexibility of bilins can not be captured by NMA technigues from
single structures. The summation of several spectra from an ensemble of structures, however,
may improve in the overall spectral pattern. However, due to costly computations of the Hessian
matrix for spectra calculations via an NMA approach, a very limited number of spectra can be
considered for averaging and it is not entirely obvious which number is generally sufficient for the
system under investigation.
In addition, the summation of spectra lead to artificial broadening of a specific bending motion
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of bilin cofactors, in all phytochrome systems. Furthermore, spectral variations between different
snaphots of the MD trajectory are mostly so pronounced that more subtle structural properties
of the chromophore can often not be extracted from the calculated spectra. Therefore, the major
aim of the computation of Raman spectra via the NMA approach has not been achieved so far.
That is, an unambigious assignment of the concrete conformation/configuration (e.g. ZZZssa) of
bilins from the computations by comparison with experimental Raman spectra.



Part IV

Molecular dynamics simulations with

QM/MM force fields





Chapter 10

Molecular dynamics and vibrational Raman

spectra calculations of test cases

In chapter 8, shortcomings of NMA based methodologies for Raman spectra calculations of cofac-
tors in proteins were discussed. Since these problems are most probably related to an insufficient
description of the dynamics of the system at finite temperature, an alternative method, based on
the Fourier transform of time-correlation functions (FTTCF), was implemented in a semiempirical
code (SCC-DFTB) for vibrational Raman spectra calculations. FTTCF incorporates in a system-
atic manner all sampled conformations from a trajectory of the system at finite temperature into
the spectrum. Based on Fermi’s golden rule [119], linear response theory [119, 121, 123] provides
expressions for a practical calculation of infrared and Raman spectra from dipole and polarizabil-
ity time correlation functions (see section 3.5). Once a time series of one of these properties is
available for a molecular system, the complete infrared or Raman spectrum containing frequency,
intensity and band shape information can be directly obtained.
Numerous studies have already been performed concerning the calculation of infrared and Raman
spectra via FTTCF of rather small chemical system [132, 164, 165, 166, 167, 168, 169, 170, 171, 172,
173, 129, 174, 175]. For many of these studies, the Car-Parinello [176] molecular dynamics approach
was used. A recent breakthrough concerning the predictive power of the FTTCF methodology,
was the ability to analyze the calculated spectra in terms of underlying molecular motions in a
systematic manner [130, 131]. This approach will be used in the following sections, by means of a
Fortran code, kindly provided by Rodolphe Vuilleumier.
To benefit from the advantages of FTTCF for large biomolecular systems, a combination of this
methodology with a computationally efficient electronic structure method is necessary. An estab-
lished approximate quantum chemical method is the Self-Consistent Charge Density Functional
Tight Binding (SCC-DFTB) method, derived by Elstner and co-workers [103]. One of its strengths
is the accurate calculation of molecular geometries, comparable to higher levels of theory [177].
At the same time, SCC-DFTB operates at a considerably reduced computational cost, i.e. about
three orders of magnitude less compared to standard density functional (DFT) methods. Thus, the
treatment of much larger chemical systems as, e.g. biomolecular systems, for which SCC-DFTB
has already shown to provide accurate results compared to higher level methods [178, 179].
Concerning spectroscopic properties, Witek and co-workers have shown that vibrational frequen-
cies [180, 181] as well as Raman intensities [182] of small molecules in vacuo in an NMA framework
can be satisfactorily described by SCC-DFTB. The combination of SCC-DFTB with FTTCF has
also been successfully employed for several simple chemical systems [183, 184, 173] in infrared stud-
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ies. Furthermore, SCC-DFTB has recently been shown to provide accurate vibrational infrared
spectra of molecules in a complex protein environment [185]. Despite these promising infrared
studies using SCC-DFTB in combination with FTTCF, this approach has not been used so far for
the calculation of Raman spectra.

In order to test the performance of the derived SCC-DFTB/FTTCF methodology for Raman
spectra calculations, a set of 10 small organic molecules for in vacuo calculations was chosen as
test cases: water (H2O), butadiene (C4H6), ethanethiol (C2H6S), benzene (C6H6), methylacetate
(C3H6O2), maleimide (C4H3NO2), n-methylacetamide (C3H7NO), pentane (C5H12), trimethy-
lamine (C3H9N) and glycerol (C3O3H8). In addition, the methodology was also tested for a single
L-phenylalanine residue in aqueous solution.

10.0.4 Computational details

In order to generate vibrational Raman spectra for these compounds via the FTTCF formalism,
molecular dynamics simulations were performed using an extended SCC-DFTB program of Elstner
and co-workers interfaced with the CHARMM 32b2 software. The MD simulation protocol is
described as follows for in vacuo simulations. In a first step, an initial geometry optimization was
performed using CHARMM’s Adopted-Basis-Newton-Raphson (ABNR) minimizer until a gradient
threshold of 1 · 10−5 au was reached. The system was further heated and equilibrated by means of
a 12.5 ps MD simulation. Subsequently, these simulations were continued for further 400 ps under
constant temperature conditions (300 K). During this production run, the fluctuating polarizability
tensor elements (αij), needed to generate Raman spectra were collected at each time step.

In the case of phenylalanine, the amino acid in its zwitterionic form (as usual at neutral pH)
was placed in a cubic box of TIP3P water (1485 molecules) of dimensions 35x35x35 Å3. Periodic
boundary conditions were applied and electrostatic interactions beyond a cutoff radius of 12 Å were
neglected by employing an atom based force-shifting function. All calculations were performed in
a QM/MM framework, with phenylalanine as the QM part, as implemented in terms of the SCC-
DFTB /CHARMM interface [117]. After an initial minimization of the complete system for 1000
steps using CHARMMs ABNR minimizer, a subsequent MD simulation for the purpose of heating
and equilibration was performed for 50 ps. For the following production runs (altogether 400 ps)
in the NPT ensemble, the Anderson-Hoover method [186] for constant pressure and temperature,
as implemented in CHARMM, was employed.

An important aspect concerning the interpretation of the calculated spectra is the assignment of
Raman active bands to intramolecular motions. In the framework of NMA, the eigenvectors of
the Hessian matrix, referring to vibrational motions, are calculated by default. Since the in vacuo
SCC-DFTB/FTTCF calculations will be compared to calculations using the NMA approach, the
eigenvectors will be used for a qualitative assignment of bands to internal motions.

The solution spectrum of phenylalanine from SCC-DFTB/FTTCF calculations, however, has been
compared to experimental data. Therefore, effective normal modes, as described in section 3.7,
were evaluated and the potential energy distribution of selected modes were estimated via equation
3.98 in section 3.7. The atomic displacements of phenylalanine were expressed in the internal
coordinate space. For this purpose, a set of 63 non-redundant internal coordinates for the amino
acid were defined from bond length, bond angles, proper and improper (out-of-plane) torsion
angles following the rules of Pulay. [133].



115

10.0.5 Experimental procedure

The vibrational Raman spectrum of L-phenylalanine in water (∼ 0.18 M) was measured at two
temperatures (298 K and 133 K) and pH ∼ 7 using a Bruker RFS 100/S Fourier-transform spec-
trometer. The excitation line was at 1064 nm and the spectrum has been recorded at a resolution
of 4 cm−1. The experimental spectra were kindly provided by David von Stetten.

10.0.6 Numeric stability of calculated polarizabilities

For all 10 model compounds, MD simulations were performed to find appropriate numeric step sizes
(the applied field strength) for the computation of the polarizability tensor components. Magdó
[127] suggested values of about 0.004 au for polarizability calculations of linear tetrapyrroles at
local minima and in the framework of a NMA approach. According to the FTTCF methodology,
however, the computation of polarizabilities are performed on structures extracted out of a MD
trajectory, which are usually not in a local minimum. Therefore, the step sizes 0.0005, 0.001, 0.005,
0.01 and 0.5 au were tested. For most model compounds the effects were negligible, meaning that
the spectra could not be visually distinguished from each other. For glycerol, methylacetate and
maleimide, however, the smallest step size (0.001) leads to slight artificial drifts of the baseline,
while the spectra resulting from the two higher step sizes are almost identical. Raman spectra of
methylacetate and glycerol, calculated using different step sizes, are shown in 10.1. A pronounced
baseline effect together with a decreasing signal-to-noise ratio is clearly visible for the spectrum
obtained using a step size of 0.0005 au. Large step sizes (0.5 au), on the contrary, have rather
small influences on the overall spectral shape.
Whereas these calculations have been performed using a simple numeric differentiation scheme
(equation 3.78), additional tests for all model compounds were done using a more accurate ap-
proach, by employing equation 3.81 (see section 3.5.1). A comparison between the two method-
ologies revealed a visually negligible difference for the resulting spectra. Therefore, to keep the
computational effort low, all simulations in this work have been performed using equation (3.78).

10.0.7 Stability of spectral intensities and normal mode contributions

Concerning the pattern of the calculated vibrational spectra, care must be taken, since a MD
simulation usually covers only a small portion of the phase space. The simulation time is usually
insufficiently small to reach an equal distribution of energy among the normal modes (mode tem-
perature), leading to an erroneous intensity pattern in the spectra as pointed out, e.g., by Hornicek
and co-workers [165]. More efficient than producing one rather long single simulations, is the gener-
ation of multiple shorter independent trajectories, each starting with a set of randomly reassigned
atomic velocities. Averaging over a certain number of spectra generally yields reliable relative
intensities. Figure 10.2 exemplifies for two model compounds (pentane, n-methylacetamide) that
spectra generated from single trajectories (bottom spectra) are by no means representative. The
top spectra, on the other hand, show that in all of the spectral regions changes in intensities
between 50 and 100 averages remain very small, so that convergence in the intensity pattern has
been achieved.
The methodology to assign vibrational bands to internal molecular motions, uses a time series of
atomic velocities as input data. Whereas a velocity trajectory from a single short MD simulation
can be used to generate a set of effective normal modes and a related potential energy distribution
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Figure 10.1 Raman spectra of methylacetate and glyc-
erol in dependence of numeric step sizes for the evaluation
of the polarizability tensor elements. The resulting Raman
spectra for step sizes of 0.005, 0.01 and 0.05 au can hardly
be distinguished and are therefore represented by a single
dotted line.

Figure 10.2 Raman spectra from the SCC-DFTB/FTTCF formalism of two model compounds. The top spectra
illustrate the convergence of the overall spectral shape as the number of single spectra for averaging increases. On
the bottom, three spectra from single independent trajectories are shown to illustrate spectral variations.

(PED) for a molecular system, the stability of the results needs to be checked for the same reasons
as for the band intensities shown in figure 10.2. For this purpose, a set of normal modes and PEDs
were calculated for two model compounds in the gas phase (butadiene, maleimide), from either
three independent single trajectories, as well as for three ensembles (sum of 25 single trajectories) of
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trajectories. For both compounds, the contributions of two internal coordinates to a specific normal
mode was monitored in each case. In figure 10.3, the results are shown for butadiene (top figures)
and maleimide (bottom figures). For both compounds, internal coordinate variations for the chosen
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Figure 10.3 Stability of internal coordinate contributions for specific normal modes of vibration shown for butadi-
ene (top figures) and maleimide (bottom figures). Figures on the left show the variations between three independent
single trajectories, figures on the right the variations between three ensembles of spectra, each from a sum of 25
trajectories.

stretching and bending coordinates up to 40% can be observed, by comparing the results from
three independent trajectories (figures on the left). Internal coordinate contributions are much
more stable on the other hand (less than 5% variation) between three independent ensembles of
trajectories (figures on the right). The results indicate that, an ensemble of trajectories should
generally be considered to receive a stable internal coordinate contribution among the normal
modes of vibration.

10.0.8 Raman spectra of test molecules in the gas phase

Among the 10 model compounds for which in vacuo calculations have been performed, five of
them have been selected for a more detailed discussion. For the remaining model compounds, only
the spectra will be shown. All spectra derived from the time-correlation function formalism, as
implemented in this work (termed SCC-DFTB/FTTCF), result from simulations with a step size
of 0.005 au and from an average of 100 single spectra.
For the purpose of a better visual comparison with the SCC-DFTB/FTTCF results, the line
spectra from the NMA approach have been convoluted using Lorentzian functions with a half-
width of 10 cm−1 and a peak maximum at the position of the calculated vibrational frequencies.
In all vibrational spectra shown, the most intense band was scaled to unity.

Water For the smallest model compound, the resulting spectra in figure 10.4 (top left) show an
excellent agreement when comparing the NMA and FTTCF formalism for the SCC-DFTB method
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Figure 10.4 Vibrational Raman spectra of 4 model compounds from different methodologies (FTTCF vs. NMA)
and different levels of theory (SCC-DFTB vs. DFT) for comparison. Raman active modes of water, for which
depolarization ratios were estimated, are marked.

in terms of vibrational frequencies. Compared to BLYP aug-cc-pVTZ, the highest frequency mode,
i.e. the asymmetric O−H stretching is substantially blue shifted by 244 cm−1, whereas the other
two modes are in a good agreement to SCC-DFTB results. Concerning the relative intensities,
a very good agreement is found between SCC-DFTB/FTTCF and BLYP aug-cc-pVTZ, wheras
SCC-DFTB/NMA shows a distinct different pattern.
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Figure 10.5 Raman spectra of 4 model compounds from different methodologies (FTTCF vs. NMA) and different
levels of theory (SCC-DFTB vs. DFT) for comparison. Raman active modes of benzene for which depolarization
ratios were estimated are marked.

Glycerol Analogous to water, the calculated vibrational frequencies compare well (see figure 10.5
/bottom right) between SCC-DFTB/FTTCF and SCC-DFTB/NMA . This is also true for most
spectral regions when incorporating BLYP aug-cc-pVTZ into the comparison. The largest spectral
shift (∼ 160 cm−1) can be found for the double band feature in the C−H stretching region near
3000 cm−1. A striking feature of the glycerol spectrum from the SCC-DFTB/FTTCF approach
is its broad background. It is the only model compound where intramolecular h-bonds appear
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with a continuous variation of donor-acceptor distances (O−H····O) during the MD simulations,
which is most likely responsible for the observed broadening. In terms of the spectral shape, the
SCC-DFTB/NMA approach is in closer agreement to BLYP aug-cc-pVTZ in the high frequency
region above 3500 cm−1. Here, the O−H stretching vibrations are overestimated in the SCC-
DFTB/FTTCF spectrum. Below 500 cm−1, O−H wagging modes at 249 and 262 cm−1 are
overestimated for the SCC-DFTB/NMA approach.

Figure 10.6 Raman spectra of 2 model compounds from different methodologies (FTTCF vs. NMA) and different
levels of theory (SCC-DFTB vs. DFT) for comparison.

Ethanethiol For the only sulfur compound, a good agreement in band positions is found for all
three compared methodologies in the region between 500-1500 cm−1, as shown in figure 10.5. The
largest deviations comparing SCC-DFTB and DFT occurs for the S−H stretching mode at 2538
cm−1 (SCC-DFTB/NMA), which is blue shifted by 130 cm−1. The intensity pattern, however,
varies strongly between SCC-DFTB/FTTCF and SCC-DFTB/NMA for three distinct modes.
These are the ones at 139, 684 and 3065 cm−1 (mainly referring to S−H wagging S−C stretching
and C−H stretching vibrations), which are over (139 cm−1) and underestimated (684 and 3065
cm−1), respectively, for the SCC-DFTB/NMA approach, compared to the other two method-
ologies. In the high frequency region above 2500 cm−1, the spectral shape of both SCC-DFTB
approaches are not in accordance with results obtained from BLYP aug-cc-pVTZ calculations.

Maleimide While SCC-DFTB/FTTCF shows a good agreement concerning band positions (fig-
ure 10.4) over the whole spectral range compared to SCC-DFTB/NMA and BLYP aug-cc-pVTZ,
its spectral shape is clearly distinct from BLYP aug-cc-pVTZ. Especially the N−H stretching mode
at ∼ 3500 cm−1, just as the region below 1200 cm−1 is overestimated with respect to the most
pronounced band at 1771 cm−1. On the contrary, the SCC-DFTB/NMA compares well concerning
relative intensities to BLYP aug-cc-pVTZ over the entire spectral range.
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N-methylacetamide Both SCC-DFTB approaches deliver a very similar vibrational spectrum
concerning band positions and the overall spectral shape, as illustrated in figure 10.6. The agree-
ment to BLYP aug-cc-pVTZ in terms of band positions is also very good, except in the C−H
stretching region around 3000 cm−1. Overestimated intensities for both SCC-DFTB methods
can be found in the broad spectral feature near 1450 cm−1 mainly belonging to C−H methyl
deformations. In the C−H stretching region, the bands from both SCC-DFTB approaches are
underestimated compared to BLYP aug-cc-pVTZ.

10.0.9 Raman spectra of phenylalanine in solution

In figure 10.7, experimental and calculated Raman spectra of L-phenylalanine in water are shown.
Since the experimental spectrum recorded at room temperature, which should be the one to
compare to the calculations, exhibits an intense background below 750 cm−1, it has been measured
again at ∼ 133 K. The observed background is most likely due to couplings of the solutes vibrations
to the librational motions of water, which are largely suppressed at 133 K. As a result, in the low
temperature spectrum, a better resolution of the solutes vibrations in this region is observed.
Therefore, the following discussion will refer to the spectrum measured at 133 K.
Concerning intensity fluctuations (not shown) arising from the MD simulation, small variations
are found between spectra generated out of 50 and 100 independent trajectories. This is basically
the same observation as for the in vacuo calculations, indicating a sufficient sampling of the solute
in aqueous solution.
The overall spectral pattern obtained from SCC-DFTB/FTTCF calculations on L-phenylalanine
fits the experiment to an extent that makes it possible to qualitatively assign most of the spectral
regions, as illustrated by dashed vertical lines in figure 10.7. Especially the experimental line
shapes are generally well reproduced. However, several regions in the calculated spectrum deviate
significantly in terms of vibrational frequencies and/or relative intensities as compared to the
experiment. These regions are labeled (1-5) in figure 10.7 and will be discussed in more detail.
For the purpose of an assignment of the labeled bands to vibrational motions, effective normal
modes have been calculated for selected bands as shown in 10.8. Here, the colored spectra denote
the normal modes localized in frequency and therefore helpful for an assignment of Raman active
vibrational bands.
In spectral region 1 in figure 10.7, the bands are overestimated by the SCC-DFTB/FTTCF cal-
culations compared to the experiment and blue shifted by ∼ 80 cm−1. From a PED analysis,
these bands are related to C−C−C−H out-of-plane motions of the benzene ring (red colored band
in figure 10.8), as well as C−C backbone stretchings and C−C−C bendings of the benzene ring
(green colored band in figure 10.8).
The intensity of the single band, marked as number 2 in figure 10.7, which can be assigned to the
most prominent one in the experiment is significantly underestimated by the SCC-DFTB/FTTCF
calculations and its vibrational frequency is blue shifted by ∼ 55 cm−1. The related motions are
mainly C−C−C bendings of the benzene ring (blue colored band in figure 10.8).
The relative intensities between the three Raman active bands in region 3 are well reproduced
by the SCC-DFTB/FTTCF calculations. The intensity of this spectral region compared to the
neighboring ones, hovewer, is overestimated and blue shifted by ∼ 90 cm−1. The most prominent
band in the SCC-DFTB/FTTCF spectrum can be assigned to C−−C stretchings and C−C−H
bending motions in the benzene ring (magenta colored band). The second (orange colored) and
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third (black colored) bands are mainly composed of C−C−H bending motions in the benzene ring
as well as backbone C−C and C−N stretchings.
The spectral region number 4 is characterized by a blue shifted (∼ 60 cm−1) broad feature in
the SCC-DFTB/FTTCF calculations. Its intensity is overestimated and the related motions are
C−C−H backbone bendings and C−−O backbone stretching motions (light blue and red colored
bands in figure 10.8).
The highest frequency modes in the spectrum in figure 10.7, corresponding to region 5, are ex-
tremely shifted to higher wavenumbers (∼ 200 cm−1), as compared to the experiment. This double
band feature is dominated by C−−C stretching motions in the benzene ring (yellow and gray col-
ored bands in figure 10.8). This is not surprising, since it is well known for the non-selfconsistent
DFTB method that, for benzene in gas phase, the C−C stretching mode with symmetry E2g is
overestimated by more than 200 cm−1[187]. For the self-consistent scheme, this shortcoming is
not eliminated, as shown for benzene (mode 5 in figure 10.5). For SCC-DFTB this band appears
at 1826 cm−1, whereas for BLYP it is found at 1571 cm−1.

Figure 10.7 Raman spectra of phenylalanine in water
from SCC-DFTB/FTTCF calculations (top) and experi-
mental measurements (bottom) at 298 K (light gray) and
133 K (black), respectively. The top spectrum results from
an average of 100 independent MD simulations. Dashed
lines indicate the qualitative assignment of various spectral
regions of which the numbered ones will be discussed in the
text.

Figure 10.8 Calculated vibrational Raman spectrum of
phenylalanine in solution from SCC-DFTB/FTTCF calcu-
lations, averaged over 100 independent simulations (black).
Colored spectra denote localized effective normal modes re-
ferring to spectral regions numbered in figure 10.7. Rela-
tive intensities of effective normal modes were manually
adjusted for a better illustration.
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10.0.10 SCC-DFTB repulsive potentials for vibrational spectra calculations

The vibrational Raman spectra from SCC-DFTB/FTTCF calculations presented so far in this
work have shown to be in an overall good agreement with higher level theoretical methods and
experimental data. However, vibrational bands referring to C−C stretching and bending mo-
tions in conjugated π-systems (butadiene, benzene, phenylalanine) show large frequency shifts up
to 200 cm−1. Overpolarization effects in conjugated systems, a known problem of SCC-DFTB
[188], are responsible for such errors. To overcome this shortcoming, the improvement of SCC-

Figure 10.9 Calculated Raman spectra of butadiene and benzene in the gas phase. The first two spectra from
the top of the graph result from SCC-DFTB/FTTCF calculations employing different Slater-Koster parameters for
C−C and C−H repulsion. The symbols (triangle, star, circle) illustrate the frequency shift of several vibrational
bands. The two graphs from the bottom show Raman spectra from DFT/NMA calculations, performed with
different combinations of density functionals and basis sets.

DFTB repulsive pair potentials for a better prediction of a variety of molecular properties is in
progress. Malolepsza and coworkers [189] developed a set of pair potentials, which substantially
improve calculated vibrational frequencies for modes where hydrogen and carbon atoms are in-
volved. Furthermore, Gaus and coworkers [190] recently presented a procedure for an automatized
parametrization of repulsive potentials for several molecular properties.

To investigate the effect of parametrized pair potentials on vibrational frequencies, Raman spectra
of benzene and butadiene (since optimized parameters only exist for carbon and hydrogen so far) in
the gas phase were recalculated, with the SCC-DFTB/FTTCF protocol. The results (termed new-
sk (Slater-Koster) parameters) shown in figure 10.9 have been compared to SCC-DFTB/FTTCF
calculations with the standard set of repulsive potentials (top spectra). Vibrational bands signif-
icantly affected by the new parameters in use were marked with symbols (triangle, star, circle).
For benzene, three strongly shifted bands can be observed, as shown in figzre 10.9. The resulting
spectrum is in a much closer agreement to the one from high level density functional methods (first
two spectra from the bottom). This is also true for butadiene. Here, the intense C−−C stretching
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mode (marked with a triangle) is red shifted by approximately 200 cm−1 and compares well with
the results obtained from DFT calculations.

The Raman spectra from SCC-DFTB/FTTCF calculations have been compared with the results of
a variety of DFT methods with different basis sets and density functionals (first two spectra from
the bottom) involved. With the new repulsive pair potentials for carbon and hydrogen atoms
in use, most of the observed Raman active bands, as obtained from the SCC-DFTB/FTTCF
calculations, are in terms of frequency positions and intensities within the range of scattering
observed from different high level DFT methods. Further improvements concerning vibrational
spectra of molecules containing various functional groups can be expected, since the work on
repulsive potentials for other pairs of elements is in progress.

Figure 10.10 Calculated Raman spectra of pheny-
lalanine in water solution. The experimental spec-
trum (bottom) is compared to those calculated via the
SCC-DFTB/FTTCF formalism using standard (top)
and new core potentials (middle) for C−C and C−H.

Newly parametrized C−C and C−H core potentials were also used to re-calculate the Raman
spectrum of phenylalanine in water. As already mentioned, vibrational frequencies, referring to
stretching and bending modes in the benzene ring, are significantly blue shifted, as shown in figure
10.7 for the regions 2,3 and 5. With the new parameters involved, the re-calculated spectrum, as
shown in figure 10.10, is in a very good agreement with the experiment, concerning the frequency
positions in the regions mentioned (marked with triangle and shpere). However, in the lower
frequency range, below 1000 cm−1, the deviations in the spectra calculated with the standard and
new set of core potentials are almost negligable, since localized bending and stretching modes do
not appear in this region.
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10.0.11 Depolarization ratios

Depolarization ratios are important observables in Raman spectroscopy. By means of equations
(3.74) and (3.75) (see section 3.5.1), depolarization ratios for individual vibrational modes are
accessible via the FTTCF formalism and shall be compared here with results obtained from SCC-
DFTB and BLYP aug-cc-pVTZ calculations for polarized laser light, following the NMA approach.
The respective calculations have been performed for the most prominent Raman active modes
(marked in figures 10.4 and 10.5) of water and benzene since they show the most simple spectral
pattern of all tested compounds, making an unambiguous mode assignment straightforward. Due
to the high symmetry of benzene (D6h), several of its Raman active modes are degenerated. Since
they are equal concerning their vibrational frequencies and depolarization ratios, each couple of
degenerated modes were treated as a single band and not counted twice. In the case of water and
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Figure 10.11 Calculated depolarization ratios for the most prominent Raman active modes (marked in 10.4 and
10.5) of water (left) and benzene (right) from three different approaches as indicated in the graphs.

for the symmetric and asymmetric O−H stretching vibrations (mode 2 and 3), the depolarization
ratios from SCC-DFTB/FTTCF are in good agreement with the results obtained from BLYP
aug-cc-pVTZ calculations as illustrated in figure 10.11. Concerning the H−O−H bending vibra-
tion (mode 1), the respective ratio from SCC-DFTB/FTTCF calculations is underestimated by
approximately 25 % in comparison to BLYP aug-cc-pVTZ, whereas SCC-DFTB/NMA perfectly
agrees with BLYP aug-cc-pVTZ for modes number 1 and 3, while mode 2 is overestimated by a
factor of 3.
For benzene, depolarization ratios for all vibrational modes except number 3 are in a very good
agreement comparing SCC-DFTB/NMA with BLYP aug-cc-pVTZ. The skeletal breathing mode
number 3 is overestimated by the SCC-DFTB/NMA method. The SCC-DFTB/FTTCF calcula-
tions on the other hand reveal significantly reduced ratios for modes number 4 and 6, referring to
C−H wagging and C−H stretching vibrations, respectively.

10.0.12 Raman spectra via DFT polarizability calculations

For all previously presented Raman spectra in the framework of the derived SCC-DFTB/FTTCF
method, both, the trajectory as well as the molecular polarizabilities were calculated at the SCC-
DFTB level of theory. While SCC-DFTB is known to yield molecular structures in close agreement
to higher level methods [177], calculated polarizabilities are less accurate compared to high level
methods due to the minimal basis set employed by SCC-DFTB. Therefore, as an alternative to the
SCC-DFTB/FTTCF methodology, the performance of an approach, here called hybrid method,
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was tested, in which the trajectory and the polarizabilities were calculated at different levels
of theory. While the trajectory was still generated at the SCC-DFTB level, subsequent single
point calculations on snapshots of the trajectory were performed using higher level methods to
obtain the molecular polarizabilitiy. This hybrid approach was used to estimate the impact of
the two parameter on the overall spectral pattern, namely the quality and size of the basis set for
polarizability calculations on the one hand, and the amount of phase space sampling on the other
hand.
Within the SCC-DFTB/FTTCF protocol, using ’on-the-fly’ calculations of molecular polarizabil-
ities, it is a computationally feasible task to generate a large ensemble of trajectories to guarantee
for a sufficient phase pace sampling, important for a reliable spectral pattern as already shown
in figure 10.2. This is not true any longer when employing density functional methods, such as
DFT/B3LYP 6-31G(d), for the calculation of polarizabilities. For a butadiene molecule in the
gas phase, the computational effort on a conventional desktop PC to generate a Raman spectrum
out of a single trajectory (8192 simulation steps/0.5 fs time step/8 cm−1 spectral resolution) is
as follows. Within the use of the SCC-DFTB/FTTCF protocol, the concurrent generation of the
trajectory and the polarizabilities takes approximately 3 minutes on a single processing core. For
the polarizability calculations itself, about 135 hours of computing time is needed when employing
DFT/B3LYP 6-31G(d) on a single CPU.
Due to the substantially increased computational cost, DFT/B3LYP 6-31G(d) singlepoint calcu-
lations were necessarily done on snapshots from a smaller ensemble of SCC-DFTB trajectories.
Vibrational Raman spectra, averaged over 10 single spectra, were generated for two chosen model
compounds. Butadiene and maleimide were used as test cases, for which the resulting spectra
are shown in figure 10.12 and compared to a related B3LYP 6-31G(d)/NMA spectrum. Further
on, the spectra derived from B3LYP 6-31G(d) singlepoint calculations of SCC-DFTB/FTTCF
snapshots will be denoted as B3LYP 6-31G(d)/polar.
Concerning butadiene, in the region above 1000 cm−1, the B3LYP 6-31G(d)/polar calculations
provide a spectrum in good agreement to its B3LYP 6-31G(d)/NMA analogue, as shown in the
left picture of figure 10.12. The respective bands mainly refer to C−C and C−H stretching
vibrations. However, the spectral pattern below 1000 cm−1 is not satisfactorily reproduced. Here,
from the B3LYP 6-31G(d)/polar protocol, the intensities of the vibrational bands are strongly
underestimated.
The observations made for butadiene are also valid for maleimide. The most pronounced C−−O
stretching vibration at 1833 cm−1 (B3LYP 6-31G(d)/NMA), as well as the C−H and N−H stretch-
ings in the region above 3000 cm−1 are in a very good agreement compared to the B3YLP 6-
31G(d)/NMA spectrum, wheras the SCC-DFTB/FTTCF calculations (see figure 10.4) show a
very different spectral pattern in this region. The relative intensities below 1500 cm−1 are again
not satisfactory within the B3LYP 6-31G(d)/polar approach compared to the results from NMA
calculations, indicating that a sufficient sampling has not been achieved after an overall simulation
time of 40 ps.
The fact that a 40 ps MD simulation is not necessarily sufficient in terms of the Raman intensity
pattern is also illustrated for pentane in figure 10.2. The spectrum colored in red (40 ps) differs
in the region below 1500 cm−1 significantly from those in green (200 ps) and blue (400 ps).
Nonella and co-workers [175] made a similar observation by comparing infrared spectra from an
FTTCF and NMA approach of p-benzoquinone in aqueous solution. They concluded that the 17.5
ps QM/MM MD simulation, although consuming considerable computational resources, was too
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Figure 10.12 Comparison of vibrational Raman spectra of butadiene and maleimide (each from two different
approaches as explained in the text). The top spectra result from an average of spectra from 10 independent
simulations.

short for the computation of a reliable vibrational spectrum.
Larger spectral deviations in the lower frequency region can also be observed by the comparison of
the B3LYP 6-31G(d)/NMA spectra to their analogues (BLYP aug-cc-pVTZ) in figures 10.4 and
10.5. The spectral pattern in this region is therefore highly sensitive to the level of theory on
the one hand, and, in the FTTCF framework, to the number of independent trajectories used for
spectral averaging on the other hand, as well.
From the test calculations, it can be concluded that a hybrid approach to calculate Raman spectra
via the FTTCF formalism yields results which are not clearly superior to the ones from our SCC-
DFTB/FTTCF protocol, at least not below 1500 cm−1. The generation of spectra via the hybrid
approach is, however, computationally much more demanding and therefore, in contrast to the
SCC-DFTB/FTTCF method, restricted to rather small chemical systems.
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Chapter 11

Molecular dynamics and Raman spectra of

phytochromes

In the present chapter, vibrational Raman spectra calculations for phytochrome photoreceptors
will be performed and analyzed. In the previous chapter, general considerations about the SCC-
DFTB/FTTCF formalism were made and calculations of various test cases in vacuo and in solution
have shown that FTTCF in combination with the semiempirical SCC-DFTB code affords accept-
able Raman spectra, compared to higher level methods. To figure out, whether this approach is still
sufficient for protein bound cofactors in a complex environment, four different phytochrome species
(Dph1, Cph1, PhyA(PCB) and PhyA(PΦB) were taken as test cases. At this early stage of testing
the FTTCF/SCC-DFTB formalism as implemented in this work, calculations were restricted to
the Pr state of phytochromes with a ZZZssa conformation/configuration of the respective bilin
cofactor.
In contrast to the molecular systems treated in the previous chapter, a more complex model
system is required for large proteins in a QM/MM framework. Here, the GSBP (see section 3.1.3)
boundary potential will be used in combination with a multi-layer model system as described in
chapter 4. The molecular polarizabilities, necessary for vibrational Raman spectra calculations,
were obtained from MD simulations in a QM/MM framework as discussed in section 3.3.
The major purpose of the calculations performed in the present chapter, was to study the influence
of several simulation conditions and empirical parameter sets of the employed QM code, on the
accuracy of the derived Raman spectra. The interpretation of the spectra was done via the
calculation of effective normal modes of vibration, as already employed for phenylalanine in the
previous chapter. The validation of the calculated spectra and their proposed underlying molecular
vibrations was possible, since experimentally derived Raman spectra were available for the chosen
phytochrome test cases.
It should be noted that the experimental spectra were recorded under pre-resonance conditions,
necessary to distinguish the vibrational bands of the bilin cofactor from those of the protein matrix,
whereas spectral intensities under off-resonance conditions were obtained from the calculations.
However, for systems of low molecular symmetry, as it is the case for tetrapyrrolic bilins (C1

symmetry), an almost negligable effect concerning relative intensities can be assumed, which makes
the calculated spectra comparable to the experimental ones.
As a further aspect of investigation, the structural and dynamic properties of phytochromes from
the QM/MM calculations were compared to the results obtained from MM simulations and from
experimental structures. Since the QM/MM simulations were only performed on the picosecond
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time scale with a fixed major portion of the protein matrix, investigations of structural and dynamic
properties were restricted to the bilin cofactor and flexible adjacent residues in the binding pocket.

11.1 Important regions in the Raman spectra of phytochromes

Due to an extensive study of phytochrome photoreceptors via experimental RR spectroscopy [60]
including measurements of various isotopically labled bilin cofactors, the spectral range in the
mid-infrared region (400-2000 cm−1) has been qualitatively assigned to intramolecular motions in
tetrapyrroles. Important contributions to the assignment of experimental Raman bands came also
from several studies on theoretical vibrational analysis of bilins (see e.g.[61, 59, 127]).
In figure 11.1, a typical experimental RR spectrum for both parent states of plant Phy-A is shown
in the mid-infrared region. The spectrum is divided into three regions, reflecting different kinds
of intramolecular motions in bilins. The characteristics of these motions were mainly obtained
from a theoretical vibrational analysis [61, 59]. Additional information were extracted from RR
measurements of isotopically labeled bilin cofactors, as for example 13C5-PCB and 13C15-PCB
[191, 192] (for cofactor numbering see figure 1.4 in chapter 1). The characteristics of motions in
each of the three sections in figure 11.1, will be discussed in more detail in the following paragraph.

Section 1 (1500–1700 cm−1) The most intense Raman bands appear in this spectral region,
which is dominated by C=C stretching vibrations in the methine bridges and in the pyr-
role rings between 1590–1640 cm−1. Since C=C stretchings, specially in the three methine
bridges of tetrapyrroles, are highly sensitive to conformational and configurational (see Z-
E/s-a nomenclature in section 1.2) changes in bilins, they are of major importance for the
characterization of the cofactors overall geometry. Significant changes in the RR spectra
between the Pr and Pfr state of phytochromes (see figure 11.1) can be observed in this re-
gions, making it possible to distinguish the parent states mainly from an analysis in this
spectral range. Further imortant informations about the protonation state of tetrapyrroles
are included in this spectral region (1550–1590 cm−1), due to the presence of an intense
band of almost pure N–H (rings B and C) in-plane bending character. This has been verified
by H/D exchange experiments [60]. The fact that only a few internal coordinates usually
contribute to modes observed in this region, makes the extraction of structural information
of bilins relatively straightforward.

Section 2 (1000–1500 cm−1) The second region is dominated by C-C stretchings and in-plane
(IP) modes of the skeleton of bilin cofactors. The underlying molecular motions are composed
of various internal coordinates, such that it is difficult to extract structural information. This
region is also influenced by Raman bands of the protein matrix, e.g. by a bending vibration
in phenylalanine at ∼ 1005 cm−1, which is still of notable intensity in the experimental RR
spectra, recorded under pre-resonance conditions (1064 nm excitation).

Section 3 (600–1000 cm−1) Torsional and out-of-plane (OOP) motions mainly appear in this
low-frequency range of the mid-infrared region, as well as vibrations related to the propionic
chains at rings B and C. The related molecular motions are highly delocalized over the bilin
skeleton and therefore provide very limited structural information. For all phytochrome
species, the Pfr state is characterized by an intense C−H out-of-plane motion around 810
cm−1.
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Figure 11.1 RR spectra of plant PhyA in both parent states, Pr and Pfr. Specific internal motions contribute
to vibrational bands in different regions of a typical phytochrome spectrum (shaded areas), as discussed in detail
in the text. The spectra were obtained from David von Stetten ([60]).

11.2 Experimental RR spectra

Similar to the conditions described in the previous chapter, experimental RR spectra where mea-
sured in aqueous solution at 133 K and pH ∼ 7 using a Bruker RFS 100/S Fourier-transform
spectrometer. The excitation line was at 1064 nm and the spectrum has been recorded at a resolu-
tion of 4 cm−1. All experimental spectra of phytochromes, presented in this chapter, were kindly
provided by David von Stetten. Further details on the RR measurements of phytochromes are
given in [60].

11.3 Test calculations

In the following sections, several simulation conditions were tested to find a suitable overall setup
for QM/MM MD simulations and subsequent vibrational Raman spectra calculations for phy-
tochrome photoreceptors. If not explicitely stated, MD simulations were performed with an inte-
gration step size of 0.5 fs and 16384 steps in length to achieve a resolution of 4 cm−1, comparable
with experimental RR spectra. Spectra were obtained as an average from usually 25-50 inde-
pendent simulations, denoting an overall simulation time of 425 ps for spectra generation. The
EXGR scheme (see section 3.3) for electrostatic interactions across the QM/MM boundary was
used. Concerning Raman spectra, the differentiation scheme in equation 3.78 with an electric field
strength of 0.001 au was employed. For test calculations in this section, both standard and new SK
parameter (for C−C and C−H) sets for SCC-DFTB were used. Further details on the simulation
conditions were already given in chapter 4.

11.3.1 Intensity convergence of Raman spectra

As already discussed in the previous chapter, the intensity pattern of a vibrational Raman spec-
trum, as obtained from a single MD trajectory, calculated via the FTTCF formalism, is not
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representative for the respective molecular system. An unevenly distributed energy among the
normal modes of vibration (mode temperature) caused by a generally unsufficiently short MD
simulation, is responsible for that. The most cost efficient way of tackling this problem is the
calculation of several independent (short) MD simulations, rather than generating a single long
trajectory, followed by calculating an average vibrational spectrum. Calculations on small test
cases in the previous chapter have shown that an average of 50 spectra usually serves for a con-
verged and therefore reliable relative intensity pattern. Due to the large number of internal degrees
of freedom in bilin cofactors (∼ 250), one would expect an increased amount of molecular simu-
lations necessary to equal the kinetic energy (mode temperature) across all modes of vibration.
Interestingly, test simulations for BV(PΦB) in Dph1 using standard SK parameters and PΦB in
PhyA with new SK parameters (figure 11.2), show that a surprisingly small number of spectra
already serves for a stable intensity pattern. For both systems, an average from only 10 spectra
differs only marginally from the ones obtained from 25 and 50, as shown in the top spectra of figure
11.2. Spectra generated from single trajectories, however, are not representative for phytochrome
systems, as illustrated in the spectra at the bottom of figure 11.2.
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Figure 11.2 Stability of relative RR intensities for Dph1/BV(PΦB)/standard SK (left) and PhyA/PΦB/new SK
(right) as a function of the number of single spectra used for averaging.

11.3.2 Accuracy of polarizability calculations

As already discussed in the previous chapter, two different numeric differentiation schemes (see
equations 3.78 and 3.81 in section 3.5.1) have been implemented for polarizability calculations.
Extensive calculations on test molecules in the previous chapter have shown that the more simple
and less time consuming method delivers vibrational Raman spectra in very close agreement to the
more accurate and computationally demanding scheme. Figure 11.3 shows that this is generally
also true for phytochrome photoreceptors. Here, Raman spectra were calculated for two different
systems, Dph1/BV(PΦB)/standard SK (left) and Cph1/PCB/standard SK (right), using in each
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case the simple (red) and the more accurate (black) methodology for numeric differentiation.
For both phytochrome systems, the vibrational pattern, including frequency positions, relative
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Figure 11.3 Comparison of RR spectra of Dph1/BV(PΦB)/standard SK (left) and Cph1/PCB/standard SK
(right), as obtained from a more accurate (black, see equation 3.78) and a more simple (red, see equation 3.81)
numeric scheme for polarizability calculations.

intensities and the shape of the bands are only marginally influenced by the differentiation scheme
employed over the entire frequency range. The only exception is found for a very intense band at
1700 cm−1 for Cph1, for which more significant intensity deviations results between the spectra
obtained from the two differentiation schemes. The underlying molecular motions of this band
are mainly related to C−−C, C−C and C−−N stretchings in the methine bridge between the rings
B-C/C-D and ring A of the PCB cofactor, respectively.
In addition to the differentiation scheme, the numeric step size for the differentiation, which is
equal to the electric field strength in this case, must be chosen appropriately to obtain accurate
molecular polarizabilities. As already shown in the previous chapter for various test molecules (see
figure 10.1), the step size can be crucial for the quality of polarizabilities and an incorrect value
can lead to larger errors in the resulting vibrational Raman spectra. For test molecules in vacuo

and in solution, a relatively wide range of values, from 0.001-0.05 au provided almost identical
Raman spectra. Several test calculations for Dph1 and Phy-A (results not shown) illustrate a
stable pattern in the resulting spectra, obtained from stepsizes between 0.0005-0.0025 au.
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Figure 11.4 Vibrational Raman spectra of Cph1, as obtained from a times series of polarizabilities with numeric
errors (right) and without errors (left).

Listing 11.1 Cutout of the time series of polarizabilities (αxx component) for Cph1/PCB/standard SK from two

different trajectories A and B.

A B
−929.093508450 −920.471403829
−938.418281733 −922.373065495
−947.993684874 −924.880130575
−957.390778440 −928.172711659
−966.045618075 −29441.739862699
−973.671134905 −935.064891299
−979.958548488 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
−984.739496194 −942.274951898
−987.859271141 NaN
−989.299518023 −948.466246595
−989.220574032 −951.144353079
−987.231797448 −953.561832655
−983.739823255 −955.878779255
−978.864482428 −958.083267811
−972.795891459 −960.136979071

However, a stronger dependence on the step size for numeric differentiation could be found for
PCB in Cph1. Here, a stepsize of 0.0025 au lead to numeric errors in the majority of the 50 spectra
used for averaging. An illustration of the errors can be found in the listing 11.1, where each of
the two columns denote a cutout of the time series of the αxx component of the polarizabilities of
PCB in Dph1, as obtained from two different simulations, A and B. Whereas the polarizabilities in
trajectory A moderately fluctuate around a certain value, an abrupt increase of several orders of
magnitude (up to values outside the maximum machine size number: NaN) appears irreproducebly
at several stages of the MD simulation in trajectory B. This type of error is different from the
one observed for the test molecules in vacuo, as shown in figure 10.1, where no abnormally high,
or even NaN values of the polarizability were obtained during the simulation. For phytochromes,
these short sections of erroneous polarizability values are normally encompassed by large sections
of (visibly) normal fluctuations, which makes it difficult to figure out the origin of this problem.
In addition, no abnormal structural features or energy values, neither for the QM nor for the MM
part of the system could be observed for trajectories of type B.
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However, as a result, such errors lead to Raman spectra which contain almost no spectral features
(flat line) as shown in the corresponding picture on the right of figure 11.4. Fortunately, the
intensities for Raman spectra from a single trajectory without such errors is about eight orders
of magnitude larger. Therefore, an average of the two is almost identical to the left spectrum
of figure 11.4. A more detailed analysis revealed that such problems also appear for the other
system, but much more rarely. Further test calculations have shown that the occurrency of NaN
(not a number) warnings decreases with a decreasing numeric step size. For Dph1, these warnings
appeared in 15 of overall 50 trajectories with a step size of 0.001 au in use. With a value of 0.0005
au, no NaN warnings appear. For all calculated spectra of phytochromes, no trajectories with
such errors were used for spectral averaging.

11.3.3 Nonbonded interactions at the QM/MM boundary

The treatment of atomic interactions at the QM/MM boundary of phytochromes requires some
attention due to the presence of the artificial hydrogen link atom. Thus, the boundary might
have some impact on the structural and dynamic properties of the system, at least for the atoms
surrounding the link atom. A thoroughly study of the effect of link atom schemes [193] has shown
that several molecular properties, like deprotonation energies, proton affinities and dipole moments
are significantly sensitive to the electrostatic treatment of the QM/MM boundary.
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Figure 11.5 Comparison of RR spectra of Dph1/BV(PΦB)/new SK (left) and Cph1(PCB)/new SK (right),
as obtained from different treatments (SLA(red) vs. EXGR (black)/see section 3.3) of the QM/MM boundary,
separating the cofactor from the rest of the protein.

Table 11.1 Comparison of average values of three internal coordinates (bond distance in Å, angle and dihe-
dral values in degrees) across the QM/MM boundary from QM/MM MD simulations using two different schemes
(SLA and EXGR) for electrostatic interactions at the boundary. Fluctuations around average values are given in
parenthesis.

internal- Dph1/BV(PΦB) Cph1/PCB

coordinate EXGR SLA ∆ EXGR SLA ∆

Ca-Cb 1.552 (0.034) 1.552 (0.034) 0.000 1.567 (0.0034) 1.565 (0.036) 0.002
Sg-Ca-Cb 114.126 (3.226) 114.412 (3.144) 0.286 114.126 (3.249) 113.341 (3.466) 0.785
C-Sg-Ca-Cb -67.743 (7.069) -68.958 (7.135) 1.215 56.506 (12.724) 61.090 (13.776) 4.584

In the CHARMM program, two different schemes are implemented, SLA and EXGR, both already
explained in section 3.3, which treat electrostatic interactions near the QM and MM host atoms in
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a different manner. To examine the influence that the two different methods have on structural,
dynamic and spectroscopic properties of phytochromes, test calculations were carried out for Dph1
and Cph1. Table 11.1 shows average equilibrium values of three internal coordinates across the
QM/MM boundary, together with their respective fluctuations, for calculations with the SLA and
EXGR scheme. Concerning Dph1, the average values as well as the fluctuation of all the three
internal coordinates are in a very close agreement to each other, emphasising a negligable effect
on structural and dynamic properties at the QM/MM boundary. Although the corresponding
deviations of average values (especially for the monitored dihedral angle) are somewhat larger
for Cph1, these deviations remain small compared to the fluctuations of the respective internal
coordinate.
The influence of the treatment of electrostatics across the QM/MM boundary on the molecular
polarizability of the QM subsystem is almost negligable as shown by the very similar Raman
spectral pattern that is obtained from calculations with both methods (SLA: black curve / EXGR:
red curve) for Cph1 (left) and Dph1 (right), illustrated in figure 11.5.

11.3.4 Size of the QM subsystem

An important aspect of QM/MM calculations in general is the estimation of a suitable size of the
QM sub system. While being computationally more expensive, an extended QM part serves for a
more accurate representation of the environment around a central molecule of interest because of
the inclusion of polarization effects of the chromophore. The following test calculations were done
to estimate the effect of polarization on the structural, dynamic and spectroscopic properties of the
cofactor and adjacent residues in the binding pocket. For this purpose, QM/MM MD simulations
of Dph1/BV(PΦB) (with standard SK parameters) were performed with QM sub systems (QM0-3)
extended by different residues surrounding the chromophore as shown in figure 11.6. Here, QM0

Figure 11.6 Illustration of the 3 extended QM sub systems of Dph1/BV(PΦB). The smallest QM system (not
shown) only consists of the chromophore, and is termed QM0 in the text.

only contains the chromophore as the QM part and is not separately shown in figure 11.6. The two
histidine residues (HIS260/290) in the vicinity of BV(PΦB) were chosen because of there ability to
form salt bridges with the cofactor. Furthermore, two water residues in close contact to the cofactor
were included into the QM subsystem (QM3 in figure 11.6). To quantify the effect on the average
structure of the cofactor and the residues mentioned in dependence of their theoretical treatment
(QM vs. MM), a structural average was calculated for the 4 different systems (QM0-3) over a time
span of 400 ps, including 8000 single structures. As illustrated in figure 11.7 by a superimposition
of the respective average structures for the different systems, only very little structural deviations
can be observed in the binding pocket. Neither the structure of the chromophore nor those of
surrounding residues is notably effected by the size of the QM sub system. This is also confirmed
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by small RMSD of the cofactor in the extended systems of 0.087 Å (QM1), 0.126 Å (QM2)
and 0.096 Å (QM3), with respect to the non-extended system (QM0). To investigate the effect

Figure 11.7 Superimposition of average structures of
BV(PΦB) and adjacent histidine residues of Dph1 from MD
simulations with different sizes of the QM subsystem.

of polarization on the flexibility of the individual residues in the binding pocket, RMSF were
calculated for the 4 systems (QM0-QM3) as shown in table 11.2. Here, values marked in bold
letters denote the quantum mechanical treatment of a certain residue in the related system. The
RMSF shown in the second column referring to the chromophore emphasize minor influences of
the treatment of surrounding residues (QM vs. MM) on the structural flexibility of BV(PΦB),
since the RMSF between the different systems deviate up to 0.024 Å. A very similar situation is
observed for HIS260. Its flexibility throughout the simulation is very similar, comparing a QM
treatment (QM2/3) with a MM treatment (QM0/1). Concerning HIS290, this residue is more

Table 11.2 RMS-fluctuations (in Å) of BV(PΦB) and several adjacent residues (see figure 11.7) in Dph1. The
values are compared for systems with different dimensions of the QM subsystem (QM0-3). RMSF values for residues
which are treated quantum mechanically for the respective system are marked in bold.

BV(PΦB) HIS260 HIS290 Wat1 Wat2

QM0 0.400 0.411 0.314 0.404 0.457
QM1 0.391 0.379 0.349 0.377 0.472
QM2 0.415 0.401 0.317 0.402 0.452
QM3 0.402 0.393 0.324 0.522 0.467

floppy in system QM1, where it is part of the QM subsystem. Furthermore HIS290 is, among all
residues in table 11.2, the most rigid one. The largest deviations in structural flexibility among
the four systems can be found for Wat1 (pyrrole water). This residue is significantly more flexible
in the QM3 system compared to the remaining systems, where it is treated with the TIP3P force
field. Stronger fluctuations of Wat1 in QM3 reflect that weaker hydrogen bonds are formed to
surrounding residues, compared to a MM treatment. The flexibility of Wat2 on the other hand
is not notably influenced by the level of its treatment, as shown by comparable values of RMS-
fluctuations in the last column of table 11.2.
To figure out the effect of polarization on the two histidine residues HIS260 and HIS290 on the
arrangement of water in the binding pocket, radial pair-distribution functions were calculated.
The RDF’s shown in figure 11.8 monitor the structural order of water-hydrogen atoms around the
unprotonated ε-Nitrogen atom of the histidines. As illustrated in figure 11.8, the long range order
of water is not notably influenced by the treatment (QM vs. MM) of the two histidines, since
the overall RDF curvature differs only marginally between the 4 systems (QM0-QM3) above ∼
5 Å. The situation is different, however, for the short range order of water. For HIS260 (top of
figure 11.8), almost identical RDF’s were obtained for the QM0 and the QM1 system, which is not
surprising, since HIS260 is treated via the TIP3P force field, in both cases,. On the other hand,
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Figure 11.8 Radial pair-distribution functions of HIS260 (top) and HIS290 (bottom) in
Dph1/BV(PΦB)/standard SK, as obtained from different dimensions of the QM subsystem (QM0-3). RDF’s were
calculated for the interaction between the unprotonated δ-Nitrogen atom of histidine and water-hydrogen.

the respective residue is treated quantum mechanically in the systems QM2 and QM3. The first
intense peak at ∼ 1.8 Å for QM0/QM1 denotes that a larger number of water molecules is more
tightly bound to a MM treated HIS260 compared to its QM counterpart, where lower intensities,
together with shifted peak maxima (QM2: ∼ 1.9 Å / QM3: ∼ 2.0 Å) result. Basically the same
behavior among the 4 systems can be also observed for the second pronounced peak in the RDF’s of
HIS260 at ∼ 3.2-3.5 Å. These observations coincide with the RMSF values of Wat2 shown in table
11.2, namely that the QM treatment of HIS260 results in a less rigidly ordered water structure in
its vicinity. A much more pronounced effect of polarization on the structure of water, however, is
observed for HIS290 (bottom of figure 11.8). For the QM3 system, where HIS290 is part of the
QM subsystem, the intensity of the first peak in the RDF is significantly lower compared to the
remaining systems with an MM treatment of this amino acid residue. As a result, the probability
of finding water in close contact to HIS290/QM is notably smaller compared to HIS290/MM in
the binding pocket.

The investigation of polarization effects from the environment in the calculated vibrational Raman
spectrum of the chromophore is problematic for the following reason. In the current implemen-
tation of the SCC-DFTB/FTTCF formalism, the polarizability tensor is calculated for the entire
QM part of the system. Whithin the FTTCF framework, calculations on an extended QM system
would result in a Raman spectrum containing contributions of the chromophore and the residues
included in the QM region, which would, of course, increase the number of vibrations. Thus, a
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direct comparison of Raman spectra from systems containing a different number of QM atoms is
problematic. A possible solution could be the generation of the trajectory with the extended QM
system, followed by single point calculations on the snapshots with a smaller QM subsystem in use.
This would, however, require single point calculations on 16384 structures per spectrum, which is
clearly more time consuming compared to the current implementation, where the polarizabilities
are calculated on-the-fly during the simulation. Therefore, the current implementation needs to
be improved in the future, opening the possibility to distinguish between the entire QM system
and a smaller part of it, for which the polarizability is actually calculated and stored.

As a fast solution to the question of how to investigate polarization effects, IR spectra of BV(PΦB)
in Dph1 were calculated. The impact of environmental polarization on the vibrational properties
of the cofactor shoud be principally of the same order in an IR spectrum, compared to a Raman
spectrum. In the current implementation of IR spectra calculations in the FTTCF framework,
the Mulliken charges of the entire QM system are stored throughout a simulation. The way of
constructing the molecular dipole moment via (see also section 3.6):

µ =
N∑
i=1

qiri , (11.1)

makes it possible to calculate the dipole moment for a smaller subsystem by including only the
partial charges of the atoms of interest, here the ones of the chromophore. With the time series of
µ, the IR spectrum can be obtained from the procedure described in section 3.6. All simulation
conditions are equal to the ones for Raman spectra calculations.

In figure 11.9, the calculated IR spectra are shown, in which the black curve in each graph is
identical and refers to the QM0 system for comparison. The red curves denote the spectra of
the chromophore in the presence of additionally quantum mechanically treated residues in close
contact to BV(PΦB). At a first glance, all spectra have an overall very similar shape over the
entire range of the mid-infrared region. Nevertheless changes in frequency positions, intensities
an band shapes can be observed, especially above 1500 cm−1. Since vibrations in this region
are mostly well localized in terms of underlying molecular motions, the further discussion will be
restricted to this region, and in particular to the spectral features, marked as 1,2 and 3 in figure
11.9.

A pronounced deviation in the spectra of the different systems (QM0-QM3), in frequency and
intensity, can be observed for a band at ∼ 1627 cm−1, marked as 1 in figure 11.9. While this
spectral feature is almost identical for QM0 and QM1, a red-shift (∼ 5 cm−1) together with a loss
of intensity is observed for QM2 and QM3. The underlying motions of this band are related to a
C−C−H bending at the A-B methine bridge, as well as to C−−C and C−−N stretchings at ring B.
This part of BV(PΦB) is not in close contact to HIS290, therefore its treatment (QM vs. MM)
has little impact on the band at 1627 cm−1 resulting in an almost identical pattern for QM0 and
QM1. The pyrrole water (Wat1) and HIS260 are, however, in close contact to this region of the
chromophore. Possibly, the QM treatment of these residues (in systems QM2 and QM3) alters the
vibrational properties of the cofactor and the related IR band in the spectrum.

The spectral feature marked as number 2 in figure 11.9, consists of two vibrations at 1684 cm−1

and 1692 cm−1, whereas the first one is mostly (58 % PED) related to C−−O stretchings at ring
D, and the latter to C−−O stretchings at ring A (15 % PED) and C−−C stretchings (15 % PED) at
ring A-B methine bridge. Among the extended QM systems, QM3 is in closest agreement to QM0
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Figure 11.9 IR spectra of
Dph1/BV(PΦB)/standard SK, obtained from
different dimensions of the QM subsystem. In all
graphs, the black spectrum is identical and referes to
the reference system with only the chromophore as
the QM part.

concerning the overall shape of the spectral feature 2. For the remaining systems, QM1 and QM2,
similar shifts in the relative intensity of the two bands are observed. Since the band at 1684 cm−1

is dominated by C−−O stretchings at ring D of the chromophore, and therefore close in distance
to HIS290, the treatment of HIS290 influences its interaction with ring D. Such argumentation,
however, does neither explain the same behavior of this band for the QM2 system nor the change
in intensity of the second band (1692 cm−1) for QM1, since HIS290 is not in close contact to ring
A or the A-B methine bridge.

The most pronounced intensity variations among the different systems appear for spectral feature
3, which is composed of two bands, at 1737 cm−1 and 1751 cm−1, whereas the underlying molecular
vibrations mainly refer, for both bands, to C−−C stretchings (20-30 % PED) of the inner pyrrole
rings B and C. The closest agreement to QM0 for the first band is observed in QM1, and in QM2
concerning the second band. The overall shape of this spectral feature is most similar for the
systems QM1 and QM3, arguing again against the hypothesis that the treatment of residues (here
a water residue and HIS260) mainly influence vibrations, which are localized in adjacent parts of
the chromophore (rings B and C). Probably, deviations (structural and dynamic) in the remaining
large portion of the binding pocket, which occur during the simulations, have a stronger influence
on the spectral pattern of the cofactor than the treatment (QM or MM) of the few residues
considered so far.

To summarize, the investigation of the effect of polarization in the chromophore binding pocket via
an extension of the QM part of the system by several residues in close distance to the chromophore
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does not permit unambigious conclusions. The influence of a quantum mechanical treatment of
adjacent residues at the chromophoric site leads to overall negligible structural deviations compared
to a molecular mechanical description. Concerning the dynamic properties, the RMSF reveal an
overall more ridgid binding pocket for a fully MM description of the protein environment, especially
concerning water residues and their h-bond interactions with amino acid residues. The structural
flexibility of BV(PΦB) itself, however, was not notably influenced by a QM treatment of residues
in its vicinity. The interpretation of deviations in the IR spectra of BV(PΦB) with different
dimensions of the QM subsystem is difficult. Although differences in the marker band region
(1500-1700 cm−1) could be observed, the origin of these deviations could not be unambigiously
assigned to polarization effects from a QM description of residues in close contact to BV(PΦB).
As a result, the current test calculations on Dph1 showed that an extension of the QM subsystem
is not crucial for a proper description of the structural, dynamic and spectroscopic (IR and most
probably also Raman) properties of phytochrome cofactors in the protein binding pocket.

11.4 Normal mode analysis

In the previous chapter, the calculated effective normal modes of vibrations, necessary for a proper
assignment of bands in the Raman spectrum, were plotted for phenylalanine together with the
spectrum (see figure 10.8). The high mode density of tetrapyrroles, however, would make this kind
of illustration look overloaded. Therefore, calculated normal modes were fitted by a single gaussian
function, as shown in figure 11.10. The peak maximum was taken for the vibrational frequency
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Figure 11.10 Illustration of a Gaussian fit (red
curve) of an effective normal mode (black curve).
Peak positions and full-width at half-maximum val-
ues are calculated and used to draw color bars in, e.g.,
figure 11.14.

of the respective mode and the full width at half maximum (FWHM) for the range of influence
of the related mode. This information, frequency and FWHM, were used to determine the center
and dimensions of color bars (see e.g. figure 11.14) denoting the composition of a Raman band.

11.5 Final simulation setup

In the following sections, MD simulations were performed for different phytochrome species. The
conditions were equal to those employed in the test calculations (see section 11.3) and those
described in chapter 4. Polarizabilities were obtained from the differentiation scheme in equation
3.78 with an electric field strength of 0.001 and 0.0005 au, respectively. For all phytochrome
systems, only the chromophore (plus the side chain atoms of the cysteine link-residue, see figure
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4.4 in chapter 4) was treated quantum mechanically, identical to the QM0 system as described in
the previous section. Although no significant difference in structural, dynamic and spectroscopic
properties could be identified, the EXGR scheme for the treatment of electrostatics at the QM/MM
boundary was chosen, rather than the SLA method, since extensive test calculations [193] have
shown that EXGR is generally superior in the prediction of different molecular properties (proton
affinities, deprotonation energies, dipole moments).

11.6 MD and Raman spectra of of Deinococcus radiodurans

bacteriophytochrome

11.6.1 Molecular simulations

In this section, molecular dynamics simulations of Dph1 in a QM/MM framework were performed.
Following the simulation protocol described in the previous section and in chapter 4, two simu-
lations were performed, one with the standard set, and one with a re-parametrized set of core
potentials for C−C and C−H interactions. As it was already discussed in chapter 4, molecular
dynamics for the purpose of heating and equilibration were performed for 100 ps, and statistics
including structural properties and molecular polarizabilities were obtained from the subsequent
production run. In figure 11.11, the time dependent evolution of the total energy, the temperature
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Figure 11.11 Time series of several system properties (temperature in Kelvin, energies in kcal/mol), as obtained
from a QM/MM MD simulation of Dph1. Vertical lines indicate the time span of the equilibration phase of the
simulation.

and the electrostatic interaction energy from a QM/MM MD simulation of Dph1, illustrating of
the behavior of the system, are plotted. The vertical lines in each graph indicate the end of the
equilibration phase, since the monitored system parameters have already reached the plateau re-
gion. These results show that in this specific QM/MM framework, an equilibrated system can be
obtained from a pre-equilibrated MM structure, with an acceptable computational effort (100 ps
MD). In figure 11.12, calculated average structures from these simulations, focussed on the protein
binding pocket, are illustrated. The picture in the middle of figure 11.12, compares the averages
obtained with standard and new SK parameters in use. The standard set of parameters is known
to give more accurate geometries compared to the other set employed [189], whereas the partially
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Figure 11.12 Left: Superimposition of the average structure of Dph1/BV(PΦB) from a QM/MM MD simulation
(SCC-DFTB/MM/new SK) (white color), with the average from a fully MM MD simulation (black color) of the
same system. Middle: Superimposition of average structures obtained from QM/MM MD simulation with standard
(white color) and new SK parameters (black color). Right: Superimposition of the average structure from a
QM/MM MD simulation (SCC-DFTB/MM/new SK) (white color), with the crystallographic structure of Dph1
(PDB code: 2O9C).

re-parametrized set should deliver more accurate vibrational frequencies. By visual inspection,
however, structural deviations can hardly be observed for the chromophore. Also adjacent amino
acid residues are structurally not affected, i.e., re-parametrized SK parameters, employed for the
chromophore, do not notably change average structural properties in the binding pocket. This is
confirmed by a small RMSD value of 0.20 Å for heavy atoms calculated for BV(PΦB), thereby
indicating that the new set of new SK parameters is capable of generating reliable structures of
phytochrome cofactors.
The left picture of figure 11.12 compares the average structure of Dph1 calculated with new SK
parameters using an average of a MM trajectory with optimized empirical force field parameters
of BV(PΦB) (see chapter 6). The result is somehow ambivalent. On the one hand, an overall very
good agreement for the average structure of the chromophore can be observed from two different
levels of theory (semiempirical QM vs. empirical force field), indicating that the set of empirical
parameters developed for BV(PΦB) is able to describe structural properties of the chromophore in
a complex environment. The RMSD of 0.55 Å for BV(PΦB) between the MM and QM average is
very small. On the other hand, the structural deviations of the surrounding amino acid residues are
more significant. This could be an indication for the different treatment of non-bonded interactions
between the chromophore and its surrounding in the MM and QM/MM calculations. Charge
polarization, as it is included in the QM/MM calculation, can not be considered with empirical
force fields.
The picture on the right in figure 11.12 illustrates the agreement between the simulation average
(QM/MM with new SK parameters) and the experimental crystallographic structure of Dph1
(PDB code: 2O9C). Here, basically the same observations are made. The chromophore structure
is in an overall good agrement (RMSD: 0.69 Å), although deviations at the linkage to the protein
exist, while the adjacent residues differ more significantly in terms of their average structure.

11.6.2 Raman spectra

In figure 11.13, the vibrational Raman spectra of BV(PΦB) in Dph1 in the mid-infrared region are
shown. Here, spectra at the top and in the middle refer to calculations in the SCC-DFTB/FTTCF
framework with standard and new SK parameters, respectively. The comparison to the experimen-
tal spectrum at the bottom of figure 11.13 shows that a significant improvement in the spectral
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pattern, especially above 1200 cm−1 can be obtained with new SK parameters for carbon and
hydrogen in use. This effect is clearly visible in Raman spectra, since unpolar C−C and C−H
stretching vibrations are often highly Raman active. In the low frequency region, however, spectral
deviations become small between the two parameter sets. The spectral feature between 600–800
cm−1 (figure 11.13) differs only marginally in terms of the frequencies when comparing the two
calculated spectra. The contribution of C−C and C−H stretching motions are rather small in
this spectral region, in contrast to the marker band region (1500–1700 cm−1). This is why the
re-parametrized core potentials for C−C and C−H repulsion have a less pronounced effect in the
low fequency region. A striking observation in this respect is the intensity pattern in the spectrum
obtained with standard parameters, where the observed bands are generally too low in intensity.
This shortcoming is almost satisfactory removed when employing the new parameters. In addition,
frequencies obtained with standard parameters are strongly blue-shifted, especially in the region
above 1500 cm−1, as already observed for small test cases in the previous chapter. The deviation
for the most intense band between the experiment (1628 cm−1) and the simulation (1783 cm−1

/ standard SK) is about 155 cm−1. With the new parameters, this band appears at 1598 cm−1

and is therefore red shifted by only 30 cm−1, which implies a much better agreement with the
experiment.

11.6.3 Vibrational mode assignment

For an appropriate interpretation of the Raman spectra of phytochromes, effective normal modes
of vibrations for BV(PΦB) were calculated, together with the potential energy distribution for
each normal mode. Therefore, 237 non-redundant internal coordinates were defined for BV(PΦB)
(81 QM atoms without the QM link-atom) following the rules of Pulay [133]. Since only localized
modes are easy to interpret in terms of underlying molecular motions, the analysis was restricted to
stretching and bending vibrations between 1500–1700 cm−1. Furthermore, the analysis was mainly
focussed on internal coordinates at the three methine bridges of the bilin cofactors, since they are
most sensitive to changes in the conformation/configuration of the chromophore. However, the
main contribution of a Raman active mode was not in each case due to one of these stretchings
and bendings at a methine bridge. In figure 11.14, the results from the vibrational mode analysis
of BV(PΦB) are presented in a qualitative manner. In each of the two figures (top: standard
SK / bottom: new SK) the BV(PΦB) chromophore is illustrated, where specific stretching (same
color across two atoms) and bending (same color across three atoms) coordinates are marked with
individual colors. The contributions of the respective coordinates to Raman bands in a certain
spectral range are given at the bottom part of each figure. More detailed information concerning
the frequency and PED of chosen vibrational bands is given in table 11.3. Concerning the C−C−H
bending motion (red color), it must be mentioned that contributions from all three methine bridges
were taken into consideration, not only from the B-C bridge, as illustrated in the picture.

In figure 11.14 and table 11.3, only those internal coordinates were listed with a PED larger 10
%. The comparison of the two pictures in figure 11.14 shows that for calculations with standard
and new SK parameters, the C−−C stretching at the A-B methine bridge (blue color / mode 1 in
table 11.3), among all internal coordinates monitored, appears at the high frequency end of the
marker-band region. With standard parameters, also the C−−C stretching at the linkage (white
color) to the protein appears at the high frequency end, which is not the case when employing the
new parameter set. With the new parameters, C−−N stretchings in the inner pyrrole rings (B-C)
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Figure 11.13 Vibrational Raman spectra of BV(PΦB) in Dph1 as obtained from SCC-DFTB/FTTCF calcula-
tions, with standard (top) and new SK parameters (middle) in use, compared to the experimental RR Spectrum
(bottom).
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Table 11.3 Vibrational mode analysis of BV(PΦB) in Dph1 for the high frequency region as shown in figure
11.14. Modes referring to stretching and bending coordinates as coded in different colors in these figures are listed
in the case of a PED larger 10 %.

SCC-DFTB/standard param. SCC-DFTB/new param.

freq rel. int. mode composition [%] freq rel. int. mode composition [%]

1 1847 weak 56 % C−−C stre 1 1647 weak 17 % C−−C stre
13 % C−−C stre 2 1635 medium 12 % C−−N−H bend

2 1815 medium 31 % C−−C stre 3 1628 medium 11 % C−−N−H bend
18 % C−−C stre 4 1605 strong 34 % C−−C stre
11 % C−−C stre 5 1604 strong 19 % C−C−H bend

3 1806 medium 40 % C−−C stre 18 % C−−C stre
4 1790 strong 18 % C−−C stre 10 % C−−C stre
5 1783 strong 35 % C−−C stre 6 1598 strong 24 % C−C−H bend

26 % C−−C stre 19 % C−−C stre
6 1760 medium 54 % C−−C stre 7 1587 strong 15 % C−C−H bend

12 % C−−C stre 13 % C−−C stre
7 1708 medium 22 % C−−C stre 8 1579 medium 18 % C−C−H bend
8 1701 strong 11 % C−−C stre 17 % C−−C stre
9 1692 strong 11 % C−−C stre 9 1571 weak 22 % C−C−H bend
10 1684 strong 15 % C−−C stre 10 1549 weak 55 % C−−C stre

11 % C−−C stre 11 1493 medium 11 % C−−C stre
11 1627 medium 14 % C−C−H bend
12 1594 weak 29 % C−C−H bend
13 1571 medium 47 % C−C−H bend

contribute mostly to mode 1, with a PED of 26 %, followed by C−−C stretching at the A-B methine
bridge (17 % PED). Qualitatively, the calculations with both parameter sets are in agreement with
RR measurements of Phy-A adducts with isotopically labeled PCB cofactors (13C5-PCB). These
measurements [60] verified a dominant contribution of C−−C stretchings at the A-B methine bridge
to the highest frequency band in the marker band region.

Mode number 2 in table 11.3, refers to a medium intense band (see figure 11.14) in both calculated
Dph1 spectra (with new and standard SK parameters), while the mode composition is completely
different with the different parameter sets. With standard parameters, the C−−C vinyl stretch (dark
gray color) is the dominant motion related to this band, while with new parameters, the C−−N−H
bending (magenta color) is the predominant internal coordinate among the ones monitored. The
largest contribution (with new parameters), however, comes again from C−−N stretchings in the
inner pyrrole rings (28 %). At this point, the vibrational mode assignment is in conflict with
experimental results from RR measurements. H/D exchange experiments [60] clearly indicate
that a C−−N−H bending mode appears at the low frequency side of the highest intense band in
the spectrum of Dph1 (at 1576 cm−1 / spectrum at the bottom of figure 11.13), whereas in the
calculations with new SK parameters, the respective band (modes 2 and 3 in table 11.3) is shifted
to the low frequency side of the most intense band. This is, however, an improvement to the
results obtained with standard parameters,where the first contribution above 10 % for a C−−N−H
bending appears even outside the marker-band region at 1379 cm−1.

With new SK parameters, the most intense spectral feature consists of four underlying vibrational
bands contribute, referring to modes 4-7 in the right part of table 11.3. The internal coordinates,
mostly related to these vibrations, are the vinyl(dark gray color) and the C-D methine bridge
(green color) C−−C stretchings, as well as C−C−H (red color) bending motions. When employing
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the standard SK parameters, 3 internal coordinates (see modes 4 and 5 in the left part of table
11.3), whithin the ones monitored, contribute to the most intense band. The C-D methine bridge
C−−C stretching plays a dominant role (35 %). Here again, RR measurements of Phy-A with
labelled PCB cofactors (13C15-PCB) show a dominant contribution of C−−C stretchings at the
C-D methine bridge for the most intense band. In this respect, the calculated spectra, especially
with standard parameters, agree with the experimental results under the general assumption that
the results for PCB are transferable to BV(PΦB).
Concerning the spectral feature on the lower frequency side of the most intense band, calulations
with both parameter sets give very similar results. Here, the C−−C stretching of ring D of the
chromophore provides the main contribution in both cases as shown by the mode numbers 6 and
10 for standard and new parameters, respectively (11.3).
At lower freqencies (∼ 1965 cm−1), a very intense band is found in the spectrum obtained with
standard SK parameters. Here, the internal coordinates that are involved are the C−C stretchings
at the A-B (black color) and C-D (cyan color) methine bridges, as well as C−−C stretchings at the
B-C (yellow color) bridge. The related modes, 7-10, are illustrated in the left part of table 11.3.
The frequency of the C−−C stretching at the B-C bridge (yellow color) is significantly red-shifted
with new SK parameters employed (mode number 11 / right part of table 11.3). This might be
related to the more pronounced π-conjugation within the inner pyrrole rings, compared to the
outer ones. The new parameters account for overpolarization effects in conjugation systems. The
single bond stretchings at the A-B and C-D methine bridges (black and cyan color) play a minor
role (< 5 % PED) in the spectrum obtained with new parameters in the marker band region.
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Figure 11.14 RR spectrum of BV(PΦB) in Dph1, as calculated with standard (top) and new (bottom) SK
parameters, in the diagnostic marker band region, together with the related normal mode assignment. The colored
bars denote different internal stretching and bending coordinates of BV(PΦB), as illustrated in the picture on top.
Position and dimensions of the color bars were estimated by gaussian fits of the respective effective normal modes
of vibration. Only those internal coordinates with a PED larger 10 % are displayed.
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11.7 MD and Raman spectra of cyanobacterial phytochrome

from Synechocystis

11.7.1 Molecular dynamics simulations

In this section, MD simulations of Cph1 were performed under the same conditions as described
for Dph1. The average structural properties of Cph1 from the calculations with standard and new

Figure 11.15 Left: Superimposition of the average structure of Cph1/PCB from a QM/MM MD simulation
(SCC-DFTB/MM/new SK) (white color), with the average from a fully MM MD simulation (black color) of
the same system. Middle: Superimposition of average structures obtained from QM/MM MD simulation with
standard (white color) and new SK parameters (black color). Right: Superimposition of the average structure
from a QM/MM MD simulation (SCC-DFTB/MM/new SK) (white color), with the crystallographic structure of
Cph1 (PDB code: 2VEA).

SK parameters are illustrated in figure 11.15. Similar to the observations made for Dph1, neither
the structural properties of the PCB cofactor, nor the ones of the surrounding residues are notably
influenced by the SK parameter set in use for the QM part of the system. This is also confirmed
by an RMSD of 0.12 Å for non-hydrogen atoms of PCB. Here again, similar to the results for
Dph1, the SK parameters optimized for vibrational frequencies give structural properties of the
PCB cofactor in very close agreement to the standard set, optimized for molecular geometries.

The picture on the left of figure 11.15 is also in accordance with the observations made for Dph1.
An acceptable agreement of the average structures of PCB obtained with a parametrized empirical
force field on the one hand (black color) and the semiempirical SCC-DFTB force field on the other
hand (white color), confirming the acceptable quality of the MM parameters for PCB. The RMSD
of all heavy atoms of PCB is 0.80 Å. The structural deviations of adjacent amino acid residues is,
however, similar to Dph1. Like in Dph1, starting from an equilibrated MM structure, the binding
pocket undergoes further structural changes during the QM/MM MD simulations.

The picture on the right of figure 11.15 shows a comparison between the QM/MM average (white
color) and the crystallographic structure (black color) of Cph1 (PDB code: 2VEA). Here, the
structural agreement concerning the chromophore is acceptable, reflected by an RMSD of 0.62
Å. This finding indicates that the chromophore structure obtained with the SCC-DFTB force
field is in closer agreement with the experiment compared to PCB treated with a classical force
field. A better agreement is also observed for the average structure of surrounding amino acid
residues. As a result of the QM/MM MD, HIS290 and SER272 are structurally in accordance
with their couterparts in the crystallographic structure, which is not the case for the average from
the classical simulation.
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11.7.2 Raman spectra

Vibrational Raman spectra of PCB in Cph1 are presented in figure 11.16, where the calculated
spectra obtained by SCC-DFTB/FTTCF (top and middle) are compared to experimental data
(bottom). The results obtained from calculations with new and standard parameters differ signif-
cantly from each other in terms of frequency positions and relative intensities. As it was already
observed for Dph1, Raman bands in the marker band region (1500–1700 cm−1) experience a
pronounced red shift of ∼ 150 cm−1 with new SK parameters, which leads to a much better agree-
ment of this spectral region compared to the experimental spectrum. The deviation in frequency
position for the most intense band is ∼ 147 cm−1 when comparing the experiment with SCC-
DFTB/FTTCF/standard SK and only ∼ 36 cm−1 when employing SCC-DFTB/FTTCF/new
SK. Also similar to Dph1, spectral intensities are systematically underestimated with standard
parameters. The intensity pattern of the spectrum obtained with new Sk parameters, on the other
hand, is in a much closer agreement with the experimental spectrum.

11.7.3 Vibrational mode assignment

The marker band region of PCB in Cph1 is, similar to BV(PΦB) in Dph1, with respect to the
internal coordinates under consideration, dominated by C−−C stretching vibrations at the A-B
(blue color) and C-D (green) methine bridges, and by C−−C of ring D. This observation is in
qualitative agreement with RR measurements of isotopically labelled chromophores [60].

Table 11.4 Vibrational mode analysis of PCB in Cph1 for the high frequency region as shown in figure 11.17.
Modes referring to stretching and bending coordinates as coded in different colors in these figures are listed in the
case of a PED larger 10 %.

SCC-DFTB/standard param. SCC-DFTB/new param.

freq rel. int. mode composition [%] freq rel. int. mode composition [%]

1 1826 weak 39 % C−−C stre 1 1655 weak 15 % C−−C stre
2 1814 weak 58 % C−−C stre 2 1599 strong 38 % C−−C stre

11 % C−−C stre 3 1577 medium 62 % C−−C stre
3 1788 strong 38 % C−−C stre 4 1576 medium 34 % C−C−H bend
4 1782 strong 51 % C−−C stre 13 % C−−C stre
5 1724 weak 15 % C−−C stre 5 1569 medium 14 % C−C−H bend
6 1705 medium 13 % C−−C stre 6 1547 weak 20 % C−C−H bend
7 1696 strong 12 % C−−C stre 7 1502 weak 12 % C−C−H bend

11 % C−−C stre
8 1679 medium 12 % C−−C stre

18 % C−−C stre
9 1627 weak 11 % C−−C stre
10 1575 weak 32 % C−C−H bend
11 1557 weak 43 % C−C−H bend

Calculations with both parameter sets, e.g., allow the assignment of the most intense band in the
marker band region to a C−−C stretching mode at the C-D methine bridge (standard SK: 51 %
PED, mode 4 / new SK: 38 % PED, mode 2), which is confirmed by experimental observations. As
for Dph1, the spectral region above 1600 cm−1 is also dominated by C−−N stretching vibrations,
when employing the new parameter set. This is especially true for a shoulder at the high frequency
side of the most intense band in the spectrum, as obtained with new parameters, at ∼ 1630 cm−1

(see picture at the bottom of figure 11.17), which is composed of two vibrations, mainly related
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Figure 11.16 Vibrational Raman spectra of PCB in Cph1 as obtained from the SCC-DFTB/FTTCF with
standard (top) and new SK parameters (middle) in use, compared to the experimental RR Spectrum (bottom).

to C−−N stretchings (each ∼ 40 % PED). In contrast to results obtained with the standard SK
parameter set, where C−C stretchings at the A-B (black color) and C-D (cyan color) methine
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Figure 11.17 RR spectrum of PCB in Cph1, as calculated with standard (top) and new (bottom) SK parameters,
in the diagnostic marker band region, together with the related normal mode assignment. The colored bars denote
different internal stretching and bending coordinates of PCB, as illustrated in the picture on top. Position and
dimensions of the color bars were estimated by gaussian fits of the respective effective normal modes of vibration.
Only those internal coordinates with a PED larger 10 % are displayed.



11.8. MD AND RAMAN SPECTRA OF PLANT PHYTOCHROME A FROM AVENA
SATIVA 153

bridges contribute to an intense Raman band at 1696 cm−1 (mode 7 in the left part of table 11.4),
these internal coordinates play a much less important role for bands in the marker band region
(2-3 % PED), when using the new SK parameters. Concerning the C−C−H bending motions (red
color) in the three methine bridges, their frequency positions are almost the same for both SK
parameter sets in Cph1, similar to Dph1.

11.8 MD and Raman spectra of plant phytochrome A from

Avena sativa

11.8.1 Molecular dynamics simulations

Molecular simulations and calculated Raman spectra of plant phytochrome (Phy-A) with two
different cofactors, PCB and PΦB, will be presented in this section. In contrast to Dph1 and Cph1,
no experimentally derived protein structure of Phy-A exists. The incorporation of environmental
effects is, however, crucial concerning the reliability of calculated vibrational spectra, as already
discussed in chapter 2 Therefore, a model of Phy-A in its Pr state, was build and kindly provided
by Lars Oliver Essen. Details of the model building and the quality of the derived structure were
already given in chapter 8. QM/MM MD simulations were continued using the last snapshot of a

Figure 11.18 Left: Superimposition of the average structure of Phy-A/PΦB from a QM/MM MD simulation
(SCC-DFTB/MM/new SK) (white color), with the average from a fully MM MD simulation (black color) of the
same system. Right: Superimposition of average structures obtained from QM/MM MD simulation with standard
(white color) and new SK parameters (black color).

6 ns simulation, performed with classical force fields (see chapter 8). In figure 11.18, results from
the QM/MM molecular dynamics of Phy-A/PΦB are shown in terms of average structures from
the simulation. The results presented here will be restricted to the PΦB adduct, since structural
properties of PCB in Phy-A do not notably differ from those of Cph1, as already discussed in
the previous section. As shown in the right picture of figure 11.18, the comparison of structural
properties of the residues in the binding pocket yields negligible differences (RMSD of PΦB: 0.10
Å) with the two SK parameter sets employed for SCC-DFTB, as it was already observed for Dph1
and Cph1.
The picture on the left shows the superimposition of the average obtained from a QM/MM MD
simulation (black color) (new SK parmeters) together with the average from the MM MD trajectory
(white color). In contrast to PCB and BV(PΦB), an optimized set of empirical parameters does
not exsist for PΦB. Therefore, the chromophore was kept fixed during the MM MD simulation,
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while parameters for non-bonded interactions were taken from parametrized bilins. Although the
cofactor itself is not structurally equilibrated from the MM MD, the deviation between the two
chromophores (MM vs. QM/MM) is comparable to what has been observed for PCB in Cph1 and
BV(PΦB) in Dph1. The RMSD of non-hydrogen atoms of the cofactor is 0.44 Å. The agreement
between MM and QM/MM derived structures for surrounding residues in the binding pocket is
clearly better for Phy-A/PΦB compared to the other phytochromes, especially compared to the
situation in Cph1 (see left picture in figure 11.15). Since the starting structure for the QM/MM
MD remains partially unequilibrated, in terms of the cofactor, larger structural deviations were
expected also for the entire binding pocket between the initial (MM) structure and an average
from the QM/MM MD.

11.8.2 Raman spectra

In this section, vibrational Raman spectra of Phy-A were calculated and compared to the results
obtained from experimental RR measurements. The results are illustrated in figure 11.19, where
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Figure 11.19 Vibrational Raman spectra of Phy-A containing a PCB (black color) and PΦB (red color) chro-
mophore, respectively, as obtained from the SCC-DFTB/FTTCF with standard (top) and new SK parameters
(middle) in use, compared to the experimental RR Spectrum (bottom).

the spectra of Phy-A containing a PCB and a PΦB chromophore are given in black and red
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color, respectively. In analogy to the calculated spectra of Dph1 and Cph1, the standard set of
SK parameters for SCC-DFTB is not capable of reproducing the overall spectral pattern of the
experimental spectrum in an acceptable manner. Here again, the spectra from PCB and PΦB
are characterized by too weak bands which are, especially above 1500 cm−1, also significantly
blue-shifted compared to the experiment. When employing the new set of SK parameters, the
resulting Raman spectra show an overall good agreement with the experiment, which is true for
both chromophores, PCB and PΦB. Here, the deviations in frequency positions for PΦB in Phy-A
are comparable to those formerly observed for BV(PΦB) in Dph1 and PCB in Cph1, namely ∼
25 cm−1.
For both experimental and calculated Raman spectra, the overall pattern is very similar for both
types of chromophores. A more detailed analysis, however, reveals certain features of the exper-
imental spectra which are not reproduced by the calculations. In the region between 1250 and
1500 cm−1, e.g., large deviations in relative intensities between PCB and PΦB result from the cal-
culations, which are much less pronounced in the experiments. Furthermore, in the marker band
region of the spectrum, enlarged in the picture on the right of figure 11.19, the experimentally
observed frequency shift between PCB and PΦB for the most intense band (∼ 14 cm−1) is not
reproduced by the calculations, neither with new nor with standard SK parameters.

11.8.3 Vibrational mode assignment

The vibrational analysis of Phy-A for PCB and PΦB in this chapter will be restricted to the calcu-
lations with new SK parameters for SCC-DFTB, because for all investigated phytochrome systems
the respective Raman spectra were in a much better agreement to the experiments, compared to
the results obtained with standard parameters.

Table 11.5 Vibrational mode analysis of PCB and PΦB in PhyA for the high frequency region as shown in figures
11.20. Modes referring to stretching and bending coordinates as coded in different colors in these figures are listed
in the case of a PED larger 10 %.

SCC-DFTB/new param. (PCB) SCC-DFTB/new param. (PΦB)

freq rel. int. mode composition [%] freq rel. int. mode composition [%]

1 1652 weak 19 % C−−C stre 1 1652 weak 11 % C−−C stre
2 1639 weak 48 % C−C−H bend 2 1626 medium 14 % C−−N−H bend
3 1631 medium 17 % C−−N−H bend 3 1617 medium 12 % C−−N−H bend
4 1618 medium 17 % C−C−H bend 4 1599 strong 54 % C−−C stre

14 % C−−N−H bend 5 1592 strong 30 % C−−C stre
1 1599 strong 36 % C−−C stre 6 1580 medium 48 % C−C−H bend
5 1583 strong 20 % C−C−H bend 7 1548 medium 19 % C−C−H bend
6 1580 medium 49 % C−−C stre 8 1533 medium 42 % C−−C stre

10 % C−C−H bend 9 1499 weak 17 % C−C−H bend
8 1571 weak 18 % C−C−H bend

15 % C−−C stre

The results of the normal mode analysis for the two cofactors of Phy-A are summarized in figure
11.20 and table 11.5. A good agreement between PCB and PΦB can be observed for mode number
1 (see table 11.5) at the high frequency end of the spectrum. Among the internal coordinates that
were considered, the C−−C stretching of the A-B methine bridge (blue color), provides the main
contribution to this mode. The C−C−H bending (red color) contributes with 48 % PED (for both
chromophores) to the mode at 1639 cm−1 in PCB and at 1580 cm−1 in PΦB. This frequency
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Figure 11.20 RR spectrum of Phy-A/PCB (top) and PhyA/PΦB (bottom), as calculated with new SK param-
eters, in the diagnostic marker band region, together with the related normal mode assignment. The colored bars
denote different internal stretching and bending coordinates of the cofactors, as illustrated in the picture on top.
Position and dimensions of the color bars were estimated by gaussian fits of the respective effective normal modes
of vibration. Only those internal coordinates with a PED larger 10 % are displayed.
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difference is rather surprising, since the bending coordinate is localized in the same region of the
chromophore for both systems, namely in the B-C methine bridge. Furthermore, a structural
analysis also revealed a very similar average C−C−H angle of 113.3 ± 3.5 deg for PΦB and 112.8
± 3.7 deg for PCB throughout the simulation.

Despite the important contribution of the internal coordinates monitored in this spectral region
(above 1600 cm−1), it should be noted that the C−−N stretching vibrations (data not shown)
provides the main contribution, for both chromophores.

Strong similarities concerning the mode composition between PCB and PΦB can be observed for
the most intense band in the marker band region (C−−C stretching at C-D bridge), as well as for
its shoulder at higher frequencies (C−−N−H in-plane bending). Concerning the latter mode, this
assignment is, similar to the observations made for Dph1 (with new SK parameters), in conflict
to experimental results from H/D exchange RR measurements [60], where this bending mode is
unambigiously assigned to a band at the low frequency side of the most intense band. In terms
of the band with the highest intensity, the dominant contribution for PΦB comes from the C−−C
stretching mode at the vinyl functionality, which is not present in PCB.

Larger deviations between PCB and PΦB can be observed for the C−−C stretching mode at ring D
(orange color), which is the dominant internal coordinate for medium intense bands at 1580 (PCB)
and 1533 (PΦB) cm−1. For PΦB, this coordinate is part of a larger conjugated π system due to the
vinyl functionality, missing in PCB. As a rule of thumb, a higher degree of conjugation normally
lowers the discrimination between single and double bond character leading to lower frequencies
in more conjugated systems. This is also supported by the results obtained for BV(PΦB) (vinyl),
where the related band appears at a low frequency (1549 cm−1 /new SK parameters), whereas for
PCB (ethyl) in Cph1, the respective band is blue-shifted to 1577 cm−1 (new SK parameters).

As a further interesting aspect, Raman spectra of PCB (with new SK parameters) in Cph1 and
Phy-A were calculated, allowing for a direct comparison between the spectral properties of this
chromophore in the two different protein systems. As it is illustrated in figure 11.17 (picture at
the bottom) for PCB in Cph1, its overall spectral pattern in the marker band region (above 1500
cm−1) is highly similar to the one of PCB in Phy-A, as shown in figure 11.20 (picture at the top).
Furthermore, the contributions of C−−C stretching modes to the prominent Raman bands at the
methine bridges A-B (blue color) and C-D (green color), as well as at ring D (orange color), are
very much comparable between two protein systems. The C−−N−H bending motions contribute
to the high frequency shoulder of the most intense band (at ∼ 1630 cm−1 / PED between 6-9 %)
in PCB/Cph1, quite similar to the results obtained from the normal mode analysis in PCB/Phy-
A. These similar spectral properties of bilin cofactors in different proteins are supported by the
experimental spectra, which reveal even higher similarities for PCB in the two protein system.

11.9 Raman spectra of partially deuterated chromophores

In the previous chapter, a detailed vibrational analysis of several phytochrome cofactors revealed
a systematic error concerning the position of a vibrational band in the marker band region. The
Raman active C−−N−H bending motion has been assigned to the high frequency side of the most
intense band in the spectrum by the FTTCF based normal mode analysis procedure. RR exper-
imental spectra of deuterated tetrapyrroles, however, confirm the position of the respective band
to the lower frequency side of the most intense band. To confirm the assignment of the normal
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Figure 11.21 Raman spectra of partially (N-D instead of N-H at the pyrrole rings B and C.) deuterated BV(PΦB)
and PΦB in Dph1 and Phy-A, respectively. The experimental Raman spectra of Phy-A were taken from [17]. Spectra
obtained from deuterated chromophores are presented in red color.

mode analysis, QM/MM MD simulations of Dph1/BV(PΦB) and Phy-A/PΦB were performed
with deuterated ring B and C nitrogens. All simulation conditions were equal to previously per-
formed QM/MM calculations of phytochromes. For the exchange of hydrogen by deuterium, the
mass of the specific hydrogen atoms has been increased from 1.00800 au to 2.014100 au [194]. No
changes were applied to the repulsive potentials in the SCC-DFTB code, i.e., the SK parameters
for N−H interactions were also used for the treatment of N−D. Therefore, the electronic structure
of deuterium was assumed to be approximately equal to the one of hydrogen.

The results of calculated Raman spectra are presented at the top of figure 11.21, and compared
to experimental results (spectra at the bottom) taken from [17]. Here, the spectra obtained from
deuterated tetrapyrroles are plotted in red color. The vibrational bands marked with a triangle
were predicted to originate from C−−N−H in-plane bending motions. In terms of the calculations,
for both systems, (left: Dph1/BV(PΦB) / right: Phy-A/PΦB), these bands vanish in the red
colored spectra, whereas additional bands appear (marked with a square) at the low frequency
side of the highest intense band for both systems (Dph1 and Phy-A). These results indicate that
an erraneous mode assignment for the calculated Raman spectra for this specific band can be
excluded. The respective modes including for the C−−N−H bendings in the experimental spectra
(bottom, marked with triangles) also vanish in the spectra obtained from the deuterated species.
As a result, the C−−N−H in-plane bending is unsatisfactorily described in terms of its frequency
position by the SCC-DFTB method with currently available SK parameter sets.

From the theoretical vibrational analysis, C−−N stretching motions were predicted to contribute
to the mode of the highest Raman activity in the marker band region (not shown here). This
band also experiences a slight red shift for both systems from the calculations, which is qualitative
agreement with the experimental spectra. The overall spectral changes in the marker band region
due to deuteration of the chromophore, however, are quite different for both systems (Dph1 and
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Phy-A) above 1500 cm−1. While only subtle changes can be observed for Phy-A/PΦB), which
compares well to the related experimental spectra, a very intense and broad spectral feature
appears in the spectrum of Dph1/BV(PΦB) upon deuteration. These significant spectral changes
in the calculated spectrum of Dph1 are not observed in the experimental RR spectra.
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Chapter 12

Summary and conclusion of Part IV

In this part of the thesis, the SCC-DFTB electronic structure method has been extended for
’on-the-fly’ calculations of molecular polarizabilities via a finite electric field approach to access
vibrational Raman spectra in the framework of the FTTCF formalism. The main motivation was
to benifit from the principle advantages of an FTTCF based approach, which, in contrast to a
standard normal mode analysis (NMA), incorporates anharmonic motions as well as effects from
the fluctuating environment at finite temperature. The shape of the vibrational bands is given
as additional information and the harmonic approximation for the potential energy, necessary to
assume for spectra calculations in the NMA framework, can be avoided.
The derived and implemented SCC-DFTB/FTTCF methodology was initially tested on various
small molecules in vacuo and in solution in the first chapter of this part of the thesis. As important
results form these test calculations, the numerical differentiation step size for the calculation of
polarizabilitiy tensor elements was shown to be crucial, and a value of 0.005 au or larger was
sufficient to avoid obvious numerical errors for the set of tested molecules. Furthermore, the
stability of the simple (3-point-method) and efficient numeric differentiation scheme employed,
has been verified to be sufficient by comparison to a more sophisticated and computationally
demanding methodology.
Vibrational Raman spectra generated via the SCC-DFTB/FTTCF formalism are in a good agree-
ment for a set of 10 model compounds examined in the gas phase and compared to the NMA
approach at the same (SCC-DFTB) and at higher level of theory (BLYP aug-cc-pVTZ). Spe-
cially the consensus of vibrational frequencies for both methodologies (NMA vs. FTTCF) at the
SCC-DFTB level suggests that an integration time step of 0.5 fs is not too coarse and a good
compromise between accuracy and computational effort.
Compared to the results obtained from high level BLYP/aug-cc-pVTZ calculations, the largest
deviations concerning vibrational frequencies using SCC-DFTB were found for C−C stretchings
in conjugated systems as well as C−H stretching modes in general. These errors were shown to
be significantly reduced by employing a set of repulsive pair potentials for SCC-DFTB, optimized
for the calculation of vibrational frequencies for test molecules in vacuo. Re-calculated Raman
spectra with the SCC-DFTB/FTTCF protocol, were found to be in a very good agreement with
high level density functional methods.
With respect to the relative band intensities, none of the two techniques (neither NMA nor
FTTCF) could be identified to be clearly superior in combination with the SCC-DFTB method,
compared to spectra from high level methods. The situation varies rather strongly with test
molecule and the spectral region under consideration.
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Concerning the FTTCF formalism, the quality of the spectral pattern depends strongly on the
number of independent MD trajectories taken into account. For the model compounds tested in
the gas phase, the spectral pattern was shown to adequately converge from an average of ∼ 50
single spectra, taken from a ∼ 200 ps simulation.
Besides the test calculations performed in vacuo, the SCC-DFTB/FTTCF approach was employed
to calculate Raman spectra of L-phenylalanine in solution within a QM/MM framework. The
spectral pattern of phenylalanine from the calculations was in an overall acceptable agreement with
the experiment, particularly concerning the line shapes. Nevertheless, for several spectral regions,
significant deviations concerning the relative band intensities were observed. Furthermore, due to
well known limitations of the SCC-DFTB approach, the C−C stretching modes in the benzene
ring were strongly overestimated as indicated by a shift of ∼ 200 cm−1 to higher wavenumbers as
compared to the experiment. With the use of re-parametrized C−C and C−H repulsive potentials,
significant improvements could be achieved concerning frequencies (above∼ 800 cm−1) and relative
intensities, similar to in vacuo test calculations.
The FTTCF formalism has also shown to reliably predict depolarization ratios, an important
observable in spectroscopy. The results were in an overall good agreement with an NMA based
methodology, although SCC-DFTB/NMA afforded results that were in a better agreement with
ratios obtained from high level BLYP aug-cc-pVTZ calculations.
Furthermore, test calculations were performed to determine, whether an acceptable Raman spec-
trum in the FTTCF framework could be obtained by replacing the SCC-DFTB/FTTCF method
by a hybrid approach. Here, the calculations of molecular polarizabilities on snapshots obtained
from a SCC-DFTB trajectory, were performed on the B3YLP 6-31G(d) level. In fact, the spectra
resulting from insufficiently sampled 40 ps trajectories, did not reproduced NMA calculations in
the frequency range below 1500 cm−1 ia a satisfactory way. The spectral pattern for two test
cases in this region were characterized by a reduced number of intense Raman active bands com-
pared to B3YLP 6-31G(d)/NMA. Most probably, the hybrid approach which incorporates high
level methods for the calculation of polarizabilities is, therefore, not an appropriate alternative to
the newly derived SCC-DFTB/FTTCF method, since the quality of the Raman spectral pattern
depends too strongly on the extent of phase space sampling. More accurate polarizabilities ob-
tained with B3YLP, compared to SCC-DFTB, could not compensate for the effect of insufficient
sampling. With the use of the highly efficient SCC-DFTB method, a sufficiently large ensemble
of trajectories can be generated even for large molecules in solution, whereas the computational
effort needed by a hybrid approach only allows for the generation of single short trajectories, from
which the resulting Raman intensities are not representative.
In the second chapter (11) of this part of the thesis, a detailed analysis of the performance of the
SCC-DFTB/FTTCF methodology for molecular simulations in a QM/MM framework and ”on-
the-fly” Raman spectra calculations have been performed for several phytochrome photoreceptors.
Various simulation conditions were tested and an overall reliable setup has been found, which is
supposed to be a good compromise between computational effort and accuracy for investigating
large biomolecular systems. As it was already shown in chapter 10 for small test molecules, SCC-
DFTB SK paramters, re-parametrized for vibrational spectra calculations, provide Raman spectra
of phytochrome photoreceptors in a significantly better agreement to the experimental data com-
pared to the standard set optimized for geometries. In addition, very similar structural properties
were obtained from the new SK parameters for all investigated phytochromes, in contrast to the
standard set of SK parameters.
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With new SK parameters, vibrational Raman spectra of phytochromes were obtained, which are
in terms of frequencies, relative intensities and the shape of the bands in an overall good agree-
ment to experimental spectra over the entire mid-infrared region. Calculations of a PΦB binding
phytochrome (Phy-A) have also shown that acceptable Raman spectra are obtained when starting
the QM/MM MD from partially unequilibrated MM structures, where the chromophore was kept
fixed due to a lack of force field parameters. The fact that the calculated Raman spectra of PCB in
Phy-A are very similar to those obtained from PCB in Cph1, indicates a well-modelled homology
structure of this member of the phytochrome family.
Therefore, the calculated Raman spectra were helpful in verifying the quality of the three-dimen-
sional structure as derived from a comparative homology modeling, at least of the binding pocket
of plant Phy-A.
A more detailed vibrational analysis revealed a qualitative agreement between the predicted un-
derlying molecular motions (mainly C−−C stretchings) of important Raman active modes in the
marker band region, with the results from RR measurements of isotopically labeled bilin cofactors.
This comparison, however, also revealed systematic errors in calculated band positions, at least,
for the C−−N−H in-plane bending in the marker band region of bilin cofactors. Most probably,
this error can be circumvented in the future with re-parametrized C−N and N−H SK parameters.
Furthermore, improvements of the currently implemented methodology concerning the treatment
of the QM subsystem is necessary. In the present version, the molecular polarizability can only be
calculated for the entire QM system, which is not desirable if the QM part includes more than one
molecule, not covalently bound to each other. In this respect, test calculations of phytochromes
with different dimensions of the QM subsystem did not allow for unambigious conckusions. While
structural and dynamic properties of the chromophores and adjacent residues were only marginally
influenced, more pronounced dependencies on the number of QM atoms were observed for the
arrangement and flexibility of the solvent water in the binding pocket as well as for the pattern of
calculated spectra in the marker band region of the chromophores.
In addition, numerical issues related to the calculation of polarizabilities via finite differences of
the SCC-DFTB energy have to be tackled. Especially for the Cph1 system, the numerical step
size has shown to be crucial for the reliability of the calculated polarizabilities. Such a strong
dependency has not been observed for the other phytochrome systems or the test molecules in
vacuo. However, a range of values were evaluated, in which the extent of numerical errors could
be significantly reduced, at least for the phytochrome systems investigated so far. As a final
solution to this problem, an implementation of the analytical, instead of the numerical calculation
of polarizabilities would be necessary.
As a general conclusion, the SCC-DFTB/FTTCF methodology, as implemented in this work, has
shown to be suitable for the calculation of vibrational Raman spectra of cofactors in a complex
protein environment. With the development of repulsive pair potentials for SCC-DFTB, further
improvements in vibrational spectra calculations can be expected for this theoretical approach.
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Appendix A

Supplementary information

Parameter and Topology information for the BV(PΦB) Chro-
mophore



* Topology and Parameter Stream File for Phytochromobilin
*

read rtf card append
* Topology for cbd
*
31  1
AUTO ANGLE DIHEDRAL
RESI BV          -1.0
GROUp  ! methine bridge
ATOM CAC        CPM     -0.082
ATOM HAC        HA       0.123
GROUP ! RING A
ATOM C1C        C        0.289
ATOM H2C        HA       0.057
ATOM N_C        NR1     -0.555
ATOM H_C        H        0.332
ATOM C4C        CA       0.312
ATOM C3C        CPY1    -0.160
ATOM C2C        CT1      0.315
ATOM O_C          O     -0.445
GROUp
ATOM CHD        CPY3    -0.501
ATOM HHD        HA       0.214
GROUp   ! RING B
ATOM C1D        CPA      0.375
ATOM N_D        NR1     -0.543
ATOM H_D        H        0.306
ATOM C4D        CPA      0.364
ATOM C3D        CPB     -0.091
ATOM C2D        CPB     -0.031
GROUp
ATOM CHA        CPM     -0.111
ATOM HHA        HA       0.319
GROUp   ! RING C
ATOM C1A        CPA      0.119
ATOM N_A        NR1     -0.654
ATOM H_A        H        0.355
ATOM C2A        CPY4    -0.038
ATOM C3A        CPB     -0.155
ATOM C4A        CPA      0.487
GROUP   ! RING D
ATOM C4B        C        0.476
ATOM N_B        NR1     -0.560
ATOM H_B        H        0.425
ATOM C1B        CA       0.452
ATOM C2B        CPY5    -0.115
ATOM C3B        CPY6    -0.091
ATOM O_B        O       -0.407
GROUp
ATOM CHB        CPY2    -0.448
ATOM HHB        HA       0.219
GROUP  ! VINYL
ATOM CAB        CE1     -0.332
ATOM HAB        HE1      0.307
ATOM CBB        CE2     -0.269
ATOM HV1        HE2      0.189
ATOM HV2        HE2      0.153
GROUP ! CH3
ATOM CBC        CT2      0.043
ATOM HL1        HA       0.058
ATOM HL2        HA       0.058
GROUP ! CH3



ATOM CMC        CT3     -0.119
ATOM HE1        HA       0.038
ATOM HE2        HA       0.038
ATOM HE3        HA       0.038
GROUP ! CH3
ATOM CMD        CT3      -0.024
ATOM HD1        HA        0.022
ATOM HD2        HA        0.022
ATOM HD3        HA        0.022
GROUP ! CH3
ATOM CMA        CT3      -0.075
ATOM HA1        HA        0.050
ATOM HA2        HA        0.050
ATOM HA3        HA        0.050
GROUP ! CH3
ATOM CMB        CT3      -0.018
ATOM HB1        HA        0.049
ATOM HB2        HA        0.049
ATOM HB3        HA        0.049
GROUP ! CH2_COO-
ATOM CBD        CT2      -0.28
ATOM HO3        HA        0.09
ATOM HO4        HA        0.09
ATOM CGD        CC        0.62
ATOM O2D        OC       -0.76
ATOM O1D        OC       -0.76
GROUP ! CH2_COO-
ATOM CBA        CT2      -0.28
ATOM HO1        HA        0.09
ATOM HO2        HA        0.09
ATOM CGA        CC        0.62
ATOM O2A        OC       -0.76
ATOM O1A        OC       -0.76
Group ! CH2
ATOM CAA        CT2      -0.18
ATOM HO5        HA        0.09
ATOM HO6        HA        0.09
GROUP ! CH2
ATOM CAD        CT2      -0.18
ATOM HO7        HA        0.09
ATOM HO8        HA        0.09

BOND CHA  HHA  CHA  C1A  CHA  C4D  CGA  O1A
BOND N_A  H_A  N_A  C1A  N_A  C4A  N_B  C4B
BOND C1A  C2A  C2A  C3A  C2A  CAA  C3B  C4B
BOND C3A  C4A  C3A  CMA  C4A  CHB  CMB  HB3
BOND CMA  HA1  CMA  HA2  CMA  HA3  CBB  HV2
BOND CAA  HO5  CAA  HO6  CAA  CBA  CGA  O2A
BOND CBA  HO1  CBA  HO2  CBA  CGA  CMC  HE3
BOND CHB  C1B  N_B  H_B  N_B  C1B  CMC  HE2
BOND C1B  C2B  C2B  C3B  C2B  CMB  CAC  CBC
BOND C4B  O_B  CMB  HB1  CMB  HB2  C3B  CAB
BOND CAB  HAB  CAB  CBB  CBB  HV1  CMD  HD3
BOND N_C  H_C  N_C  C1C  N_C  C4C  CGD  O1D
BOND C1C  C2C  C1C  O_C  C2C  H2C  CGD  O2D
BOND C2C  C3C  C2C  CMC  CMC  HE1
BOND C3C  C4C  C3C  CAC  CAC  HAC
BOND CBC  HL1  CBC  HL2  CHB  HHB
BOND C4C  CHD  CHD  HHD  CHD  C1D
BOND N_D  H_D  N_D  C1D  N_D  C4D
BOND C1D  C2D  C2D  C3D  C3D  C4D
BOND C2D  CMD  CMD  HD1  CMD  HD2
BOND C3D  CAD  CAD  HO7  CAD  HO8



BOND CAD  CBD  CBD  HO3  CBD  HO4

IMPH HHA  C4D  C1A  CHA    C1A  CHA  N_A  C2A   C2A  C1A  C3A  CAA
IMPH C3A  C2A  C4A  CMA    C4A  C3A  N_A  CHB   C2B  N_B  C1B  CHB
IMPH CGA  O1A  O2A  CBA    CHB  C4A  C1B  HHB   C4B  N_B  C3B  O_B
IMPH C2B  C1B  C3B  CMB    C3B  CAB  C4B  C2B   C3C  N_C  C4C  CHD
IMPH CAB  CBB  C3B  HAB    CBB  CAB  HV1  HV2   C3D  C2D  C4D  CAD
IMPH C1C  N_C  C2C  O_C    CHD  C4C  C1D  HHD
IMPH C3C  C2C  C4C  CAC    C3C  CBC  CAC  HAC
IMPH C1D  C2D  N_D  CHD    C2D  C1D  C3D  CMD
IMPH C4D  C3D  N_D  CHA    CGD  O2D  O1D  CBD

DONOR H_C N_C
DONOR H_D N_D
DONOR H_A N_A
DONOR H_B N_B
ACCEPTOR O_C C1C
ACCEPTOR O1D CGD
ACCEPTOR O2D CGD
ACCEPTOR O1A CGA
ACCEPTOR O2A CGA
ACCEPTOR O_B C4B

Patching first NONE last NONE

PRES ABV       0.00000  ! patch to link BV to a cysteine residue
ATOM N    NH1    -0.47   !
ATOM HN   H       0.31   !   HB1          HB1
ATOM CA   CT1     0.07   !    |            |
ATOM HA   HB      0.09   !  -CB--SG       HAC
GROUP                    !    |   \      /
ATOM CB   CT2    -0.10  !    HB2   CBC--CAC
ATOM HB1  HA      0.09  !          /\    \\
ATOM HB2  HA      0.09  !      HL1 HL2  C3C--C4C
ATOM SG   SE     -0.08  !                   /
GROUP                   !                  C2C
ATOM C    C       0.51  !                   \
ATOM O    O      -0.51  !
DELETE ATOM 1HG1
BOND  2CBC 1SG
ANGLE 1CB  1SG  2CBC     1SG  2CBC 2CAC
ANGLE 2HL1 2CBC 1SG      2HL2 2CBC 1SG

DIHE 1CB  1SG  2CBC 2CAC   1HB1 1CB  1SG  2CBC   1HB2 1CB 1SG 2CBC
DIHE 1SG  2CBC 2CAC 2C3C   1SG  2CBC 2CAC 2HAC
DIHE 1CB  1SG  2CBC 2HL1   1CB  1SG  2CBC 2HL2

 end
 read para card append
* additional parameters for Phytochromobilin
*

BONDS
!
!V(bond) = Kb(b - b0)**2
!
!Kb: kcal/mole/A**2
!b0: A
!
!atom type Kb          b0
!



NR1  CPA     377.200     1.3817
NR1    C     260.000     1.4190
CT2  CPM     230.000     1.4830
NR1  CA      377.200     1.4117
SE    CT2    198.000     1.8180
CPY1   CA    305.000     1.4772
CT1  CPY1    230.000     1.4907
CPM  CPY1    360.000     1.3266
CPY2  CA     360.000     1.3800
HA   CPY2    367.600     1.0902
CPY2  CPA    360.000     1.4455
CPY3  CA     360.000     1.3676
HA   CPY3    367.600     1.0900
CPY3  CPA    360.000     1.4225
CPY4  CPA    299.800     1.4052
CPY4  CPB    340.700     1.4018
CT2  CPY4    230.000     1.4946
CPY5   CA    305.000     1.4620
CT3  CPY5    230.000     1.4850
CPY6  C      250.000     1.4711
CPY6  CE1    450.000     1.4290
CPY6 CPY5    305.000     1.3470

ANGLES
!
!V(angle) = Ktheta(Theta - Theta0)**2
!
!V(Urey-Bradley) = Kub(S - S0)**2
!
!Ktheta: kcal/mole/rad**2
!Theta0: degrees
!Kub: kcal/mole/A**2 (Urey-Bradley)
!S0: A
!
!atom types     Ktheta    Theta0   Kub     S0

NR1   CPA  CPB   122.00   110.000
CPA   NR1  CPA   139.30   116.300
H     NR1  CPA   30.000    125.50   20.00   2.15000
CPM  CPA  NR1    88.000   131.800
NR1  C    O      80.000   118.000
C   NR1  H       34.000   123.000
NR1   C   CT1    20.000   112.500
HA   CT2  CPM    49.300   107.500
HA   CPM  CT2    34.500    110.10   22.53   2.17900
C   NR1  CA      50.000   133.500
H   NR1  CA      30.000    125.50   20.00   2.15000
CT2  SE   CT2    34.000    95.000
SE  CT2  CPM     58.000   112.500
SE   CT2  CT1    58.000   112.500
SE   CT2  HA     38.000   111.000
HA   CPM  CPY1   12.700   117.440
CT2  CPM   CPY1  45.800   117.490
NR1  CA  CPY1    122.00   115.000
CT1  CPY1   CPM   45.80   116.600
CT1  CPY1   CA    45.80   128.000
CPY1  CT1  C      52.00   113.700
HA   CT1  CPY1    49.30   107.500
CT3  CT1  CPY1    51.80   107.500
CPM  CPY1   CA    61.60   124.100
CPY2  CPA  NR1    88.00   112.390



CPY2  CPA  CPB    61.60   124.070
CPY2  CA  NR1     88.00   129.000
CA  CPY2  CPA     94.20   127.000
HA   CPY2  CPA    12.70   117.440
HA   CPY2  CA     12.70   117.440
CPY3  CA  NR1     88.00   124.390
CPY1  CA   CPY3   61.60   127.570
CA  CPY3  CPA     94.20   122.800
HA   CPY3  CPA    12.70   117.440
CPY3  CPA  NR1    88.00   124.390
CPY3  CPA  CPB    61.60   125.070
HA   CPY3  CA     12.70   117.440
CPM  CPA  CPY4    61.60   132.500
NR1  CPA  CPY4   122.00   111.540
CPB  CPY4  CPA    30.80   136.010
CT2  CPY4  CPB    65.00   126.750
CPY4  CPB  CPA    30.80   145.010
CT3  CPB  CPY4    65.00   126.750
CT2  CT2  CPY4    70.00   114.700
HA   CT2  CPY4    50.00   109.500
CT2  CPY4  CPA    65.00   126.740
NR1   CA   CPY5  122.00   112.400
CPY5  CA   CPY2   61.60   124.970
CT3  CPY5   CA    45.80   115.900
HA   CT3  CPY5    49.30   107.500
NR1  C    CPY6    20.00   109.500
CPY6   C    O     80.00   118.000
CT3  CPY5   CPY6  45.80   122.300
C   CPY6  CPY5    52.00   116.000
C  CPY6  CE1      70.00   114.490
CPY5 CPY6 CE1     70.00   126.740
HE1  CE1  CPY6    50.00   120.000
CE2   CE1   CPY6  40.00   117.600
CA    CPY5  CPY6  40.00   116.500

DIHEDRALS
!
!V(dihedral) = Kchi(1 + cos(n(chi) - delta))
!
!Kchi: kcal/mole
!n: multiplicity
!delta: degrees
!
!atom types             Kchi    n   delta
!

H    NR1  CPA  CPB       1.0000  2   180.00
H    NR1  CPA  CPM       1.0000  2   180.00
CPM  CPA  NR1  CPA      14.0000  2   180.00
CPA  NR1  CPA  CPB      14.0000  2   180.00
NR1  C   CT1  HA         0.1900  3     0.00
O    C    CT1  HA        0.0000  3   180.00
NR1   C   CT1  CT3       0.0000  1     0.00
H    NR1  C    CT1       2.5000  2   180.00
HA   CT2  CPM   HA       0.1600  3   100.00
H    NR1  C    O         2.5000  2   180.00
CA   NR1  C    O         2.7500  2   180.00
CA   NR1  C   CT1        2.7500  2   180.00
HA   CT3  CT1  C         0.0000  6     0.00
CPA  CPB  CPB  CT2      14.0000  2   180.00
CPA  CPB  CPB  CT3      14.0000  2   180.00
SE   CT2  CPM  CA        0.0000  6     0.00



CT1  CT2  SE   CT2       0.2400  1   180.00
HA   CT2  SE   CT2       0.2800  3     0.00
SE   CT2  CPM  HA        0.0100  3     0.00
HS   SE   CT2  CPM       0.2700  3     0.00
NR1  CA   CPY1   CPM     3.0000  2   180.00
CPM   CPY1  CT1  C       3.0000  3     0.00
HA   CT1  CPY1  CPM      0.0400  3     0.00
CT3  CT1   CPY1   CPM    3.1000  2   180.00
HA   CPM   CPY1   CT1    1.2000  2   180.00
C    NR1  CA  CPY1       0.0000  2     0.00
CA   CPY1  CT1  C        0.0400  3     0.00
HA   CT1  CPY1  CA       0.0400  3     0.00
NR1  C    CT1  CPY1      0.0000  1     0.00
NR1  CA   CPY1   CT1     0.1900  3     0.00
H    NR1  CA   CPY1      1.0000  2   180.00
CT3  CT1   CPY1   CA     3.1000  2   180.00
HA   CT2  CPM CPY1       0.0000  3     0.00
O    C    CT1  CPY1      1.4000  1   180.00
CT2  CPM   CPY1   CT1    3.1000  2   180.00
CT1  CPY1   CA   CPM     3.1000  2   180.00
HA   CPM  CPY1 CA        0.0000  2     0.00
HA   CPM   CA  CPY1      0.0000  2     0.00
CPY2  CPA  NR1  CPA     14.0000  2   180.00
NR1  CPA CPY2  HA        1.9000  2   180.00
H    NR1  CPA  CPY2      0.0000  2   180.00
CPB  CPA  CPY2 HA        0.0000  2   180.00
CPA  CPY2 CA   NR1       3.0000  2   180.00
C    NR1  CA  CPY2       0.0000  2     0.00
NR1  CA   CPY2 HA        0.0000  2     0.00
H    NR1  CA  CPY2       1.0000  2   180.00
NR1  CPA  CPY2 CA        0.0000  2   180.00
CPY3  CPA  NR1  CPA      14.000  2   180.00
NR1  CPA CPY3  HA        0.1900  3     0.00
H    NR1  CPA  CPY3      1.0000  2   180.00
CPB  CPA  CPY3 HA        0.0000  2     0.00
CPA  CPY3 CA   NR1       3.0000  2   180.00
C    NR1  CA  CPY3       0.0000  2     0.00
NR1  CA   CPY3 HA        0.0000  2     0.00
H    NR1  CA  CPY3       1.0000  2   180.00
NR1  CPA  CPY3 CA        3.0000  2   180.00
CPM   CPY1   CA   CPY3   3.1000  2   180.00
CPY1  CA  CPY3  HA       3.1000  2   180.00
CT1  CPY1   CA   CPY3    3.1000  2   180.00
CPM  CPA  CPY4 CPB       0.0000  2     0.00
CPM  CPA  CPY4 CT2       0.0000  2     0.00
CPA  CPY4 CPB  CT3       0.0000  2   180.00
CPA  CPY4 CT2  CT2       0.0000  6     0.00
CPA  CPY4 CT2  HA        0.0000  6     0.00
NR1  CPA  CPY4 CPB       0.0000  2     0.00
NR1  CPA  CPY4 CT2       0.0000  2     0.00
H    NR1  CPA  CPY4      0.0000  2     0.00
CPY4 CPA  NR1  CPA      14.0000  2   180.00
CPB  CPY4 CT2  CT2       0.0000  6     0.00
CPB  CPY4 CT2  HA        0.0000  6     0.00
CPA  CPY4 CPB  CPA      14.0000  2   180.00
CPA  CPB  CPY4 CT2       1.0000  2   180.00
CT3  CPB  CPY4 CT2       0.0000  2   180.00
C    NR1  CA  CPY5       0.0000  2     0.00
CA   CPY5 CT3  HA        0.0000  3     0.00
CPY5  CA  CPY2 HA        0.0000  2     0.00
CPY2 CA   CPY5 CT3       3.1000  2   180.00
NR1  CA  CPY5  CT3       3.0000  2   180.00
H    NR1  CA   CPY5      1.0000  2   180.00



CE1  CA   CPY5   CA      3.1000  2   180.00
CA   CPY5  CPY6  C       0.0400  3     0.00
CT3  CPY5  CPY6  C      14.0000  3     0.00
C    CPY6 CE1  HE1       0.0000  2   180.00
C    CPY6 CE1  CE2       1.0000  2   180.00
NR1  C    CPY6 CPY5      0.0000  1     0.00
NR1  C    CPY6  CE1      0.0000  1     0.00
NR1  CA  CPY5  CPY6      3.0000  2   180.00
H    NR1  C    CPY6      2.5000  2   180.00
CA   NR1  C   CPY6      14.0000  2   180.00
CE1  CPY6   CPY5   CA    3.1000  2   180.00
O    C    CPY6  CPY5     0.4000  1   180.00
CPY5 CPY6 CE1  HE1       1.0000  2   180.00
CPY6 CPY5 CA   CPY2      1.1000  2   180.00
CPY6 CPY5 CT3  HA        0.0000  3     0.00
CPY6 CE1  CE2  HE2       5.2000  2   180.00 
O    C    CPY6   CE1     1.4000  1     0.00
CE1  CPY6 CPY5 CT3       3.1000  2   180.00

! multiple terms for dihedral optimization

! VINYL

  CPY5 CPY6 CE1 CE2      0.90   1      0.00
  CPY5 CPY6 CE1 CE2      2.35   2    180.00
  CPY5 CPY6 CE1 CE2      0.50   3      0.00

! DB pyrrol-pyrrolinone ring A-B

  CPY1 CA CPY3 CPA       1.9    1       0.0
  CPY1 CA CPY3 CPA       6.4    2     178.0
  CPY1 CA CPY3 CPA       1.8    3     160.0

! EB pyrrol-pyrrolinone ring A-B

  CA CPY3 CPA CPB        1.2    3      62.0
  CA CPY3 CPA CPB        4.4    2     162.0
  CA CPY3 CPA CPB        2.5    1     252.0

! pyrrol-pyrrol 1

  CPY4 CPA CPM CPA       9.2    2     183.0
  CPY4 CPA CPM CPA       4.5    1       2.0
  CPY4 CPA CPM CPA       2.2    3     190.0

! pyrrol-pyrrol 2 

  CPB CPA CPM CPA        8.9    2     184.0
  CPB CPA CPM CPA        1.5    1       0.0
  CPB CPA CPM CPA        1.9    3     196.0

! DB pyrrol-pyrrolinone ring C-D

  CPA CPY2 CA CPY5      11.8    1       0.0
  CPA CPY2 CA CPY5       3.0    2     190.0



! EB pyrrol-pyrrolinone ring C-D

  CPB CPA CPY2 CA        2.0    3       0.0
  CPB CPA CPY2 CA        4.4    2     138.0
  CPB CPA CPY2 CA        2.1    1     243.0

! linking fragment

  CT2  SE   CT2  CPM     0.7    3     10.00
  CT2  SE   CT2  CPM     1.1    1     88.00
  SE   CT2  CPM  CPY1    1.4    2     45.00
  CT2  CPM  CPY1  CA     2.4    2    180.00
  CT2  CPM  CPY1  CA    16.4    1      4.00

IMPROPER
!
!V(improper) = Kpsi(psi - psi0)**2
!
!Kpsi: kcal/mole/rad**2
!psi0: degrees
!note that the second column of numbers (0) is ignored
!
!atom types           Kpsi                   psi0
!
CPA  CPB  NR1  CPM   200.0000         0       0.0000
HE2  HE2  CE1  CE2     3.0000         0       0.0000
CD   OB   OH1  CT2    96.0000         0       0.0000
CPB  CPB  CPA  CT2    90.0000         0       0.0000
CPB  CPA  CPB  CT2    90.0000         0       0.0000
CPY1  CT1  CA  CPM     0.0000         0       0.0000
CPY1  CT2  CPM  HA    29.4000         0      180.000
CPA  CPB  NR1  CPY2  140.0000         0       0.0000
CPY2  CPA  CA  HA     29.4000         0       0.0000
CPA  CPB  NR1  CPY3   145.000         0       0.0000
HA   CPA  CA  CPY3    29.4000         0       0.0000
CPY1 NR1  CA   CPY3  140.0000         0       180.00
CPA  CPM  NR1  CPY4   61.0000         0       0.0000
CPY4 CPA  CPB  CT2    64.0000         0       0.0000
CPB  CPY4 CPA  CT3    90.0000         0       0.0000
CPY5  NR1  CA   CPY2   7.0000         0      180.000
CPY5   C    CA   CE1  90.0000         0      180.000
CPY5  X   X   CT3      0.0000         0       0.0000
CPY6   CE1  C  CPY5  180.0000         0       0.0000
HE1  X  X  CE1         3.0000         0       0.0000

NONBONDED nbxmod  5 atom cdiel shift vatom vdistance vswitch -
cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 e14fac 1.0 wmin 1.5
                !adm jr., 5/08/91, suggested cutoff scheme

!V(Lennard-Jones) = Eps,i,j[(Rmin,i,j/ri,j)**12 - 2(Rmin,i,j/ri,j)**6]
!
!epsilon: kcal/mole, Eps,i,j = sqrt(eps,i * eps,j)
!Rmin/2: A, Rmin,i,j = Rmin/2,i + Rmin/2,j
!
!atom  ignored    epsilon      Rmin/2   ignored   eps,1-4       Rmin/2,1-4
!

CPY1     0.000000  -0.070000     1.992400



CPY2     0.000000  -0.090000     1.800000
CPY3     0.000000  -0.090000     1.800000
CPY4     0.000000  -0.090000     1.800000
CPY5     0.000000  -0.070000     1.992400
CPY6     0.000000  -0.070000     1.992400

end

return



Parameter and Topology information for the PCB Chro-
mophore



* Topology and Parameter Stream File for Phycocyanobilin
*

read rtf card append 
* Topology for cbd
*
31  1
AUTO ANGLE DIHEDRAL
RESI PCB        -1.0
GROUp  ! methine bridge
ATOM CAC        CT1     -0.159
ATOM HAC        HA       0.080
GROUP ! RING A
ATOM C1C        C        0.289
ATOM H2C        HA       0.057
ATOM N_C        NR1     -0.500
ATOM H_C        H        0.302
ATOM C4C        CA       0.237
ATOM C3C        CT1      0.017
ATOM H3C        HA       0.144
ATOM C2C        CT1      0.365
ATOM O_C          O     -0.495
GROUp
ATOM CHD        CPY3    -0.501
ATOM HHD        HA       0.214
GROUp   ! RING B
ATOM C1D        CPA      0.375
ATOM N_D        NR1     -0.543
ATOM H_D        H        0.306
ATOM C4D        CPA      0.364
ATOM C3D        CPB     -0.041
ATOM C2D        CPB     -0.161
GROUp
ATOM CHA        CPM     -0.111
ATOM HHA        HA       0.319
GROUp   ! RING C
ATOM C1A        CPA      0.169
ATOM N_A        NR1     -0.654
ATOM H_A        H        0.355
ATOM C2A        CPY4    -0.038
ATOM C3A        CPB     -0.175
ATOM C4A        CPA      0.437
GROUP   ! RING D
ATOM C4B        C        0.306
ATOM N_B        NR1     -0.560
ATOM H_B        H        0.375
ATOM C1B        CA       0.452
ATOM C2B        CPY5    -0.370
ATOM C3B        CPY6     0.320
ATOM O_B        O       -0.337
GROUp
ATOM CHB        CPY2    -0.448
ATOM HHB        HA       0.219
GROUP  ! ETHYL
ATOM CAB        CT2     -0.180
ATOM HAB        HA       0.090
ATOM HBB        HA       0.090
ATOM CBB        CT3     -0.270
ATOM HV1        HA       0.090
ATOM HV2        HA       0.090
ATOM HV3        HA       0.090
GROUP ! CH3
ATOM CBC        CT3     -0.160



ATOM HL1        HA       0.090
ATOM HL2        HA       0.090
ATOM HL3        HA       0.090
GROUP ! CH3
ATOM CMC        CT3     -0.179
ATOM HE1        HA       0.038
ATOM HE2        HA       0.038
ATOM HE3        HA       0.038
GROUP ! CH3
ATOM CMD        CT3       0.056
ATOM HD1        HA        0.022
ATOM HD2        HA        0.022
ATOM HD3        HA        0.022
GROUP ! CH3
ATOM CMA        CT3      -0.103
ATOM HA1        HA        0.066
ATOM HA2        HA        0.066
ATOM HA3        HA        0.066
GROUP ! CH3
ATOM CMB        CT3      -0.018
ATOM HB1        HA        0.049
ATOM HB2        HA        0.049
ATOM HB3        HA        0.049
GROUP ! CH2_COO-
ATOM CBD CT2      -0.28
ATOM HO3 HA        0.09
ATOM HO4 HA        0.09
ATOM CGD CC        0.62
ATOM O2D OC       -0.76
ATOM O1D OC       -0.76
GROUP ! CH2_COO-
ATOM CBA CT2      -0.28
ATOM HO1 HA        0.09
ATOM HO2 HA        0.09
ATOM CGA CC        0.62
ATOM O2A OC       -0.76
ATOM O1A OC       -0.76
Group ! CH2
ATOM CAA CT2      -0.18
ATOM HO5 HA        0.09
ATOM HO6 HA        0.09
GROUP ! CH2
ATOM CAD CT2      -0.18
ATOM HO7 HA        0.09
ATOM HO8 HA        0.09

BOND CHA  HHA   CHA  C1A  CHA  C4D  CAB  HBB
BOND N_A  H_A   N_A  C1A  N_A  C4A  CBC  HL3
BOND C1A  C2A   C2A  C3A  C2A  CAA  C3C  H3C
BOND C3A  C4A   C3A  CMA  C4A  CHB  CHB  HHB
BOND CMA  HA1   CMA  HA2  CMA  HA3  CBB  HV3
BOND CAA  HO5   CAA  HO6  CAA  CBA  CGA  O2A
BOND CBA  HO1   CBA  HO2  CBA  CGA  CGA  O1A
BOND CHB  C1B   N_B  H_B  N_B  C1B  N_B  C4B
BOND C1B  C2B   C2B  C3B  C2B  CMB  C3B  C4B
BOND C4B  O_B   CMB  HB1  CMB  HB2  CMB  HB3
BOND CAB  HAB   CAB  CBB  CBB  HV1  CBB  HV2
BOND N_C  H_C   N_C  C1C  N_C  C4C  C3B  CAB
BOND C1C  C2C   C1C  O_C  C2C  H2C  CMC  HE3
BOND C2C  C3C   C2C  CMC  CMC  HE1  CMC  HE2
BOND C3C  C4C   C3C  CAC  CAC  HAC  CMD  HD3
BOND CBC  HL1   CBC  HL2  CAC  CBC  CBD  CGD
BOND C4C  CHD   CHD  HHD  CHD  C1D  CGD  O1D



BOND N_D  H_D   N_D  C1D  N_D  C4D  CGD  O2D
BOND C1D  C2D   C2D  C3D  C3D  C4D
BOND C2D  CMD   CMD  HD1  CMD  HD2
BOND C3D  CAD   CAD  HO7  CAD  HO8
BOND CAD  CBD   CBD  HO3  CBD  HO4

IMPH HHA  C4D  C1A  CHA   C1A  CHA  N_A  C2A   C2A  C1A  C3A  CAA
IMPH C3A  C2A  C4A  CMA   C4A  C3A  N_A  CHB   C2B  N_B  C1B  CHB
IMPH CGA  O1A  O2A  CBA   CHB  C4A  C1B  HHB   C4B  N_B  C3B  O_B
IMPH C2B  C1B  C3B  CMB   C3B  CAB  C4B  C2B
IMPH C3C  N_C  C4C  CHD   C3D  C2D  C4D  CAD
IMPH C1C  N_C  C2C  O_C   CHD  C4C  C1D  HHD
IMPH C1D  C2D  N_D  CHD   C2D  C1D  C3D  CMD
IMPH C4D  C3D  N_D  CHA   CGD  O2D  O1D  CBD

DONOR H_C N_C
DONOR H_D N_D
DONOR H_A N_A
DONOR H_B N_B
ACCEPTOR O_C C1C
ACCEPTOR O1D CGD
ACCEPTOR O2D CGD
ACCEPTOR O1A CGA
ACCEPTOR O2A CGA
ACCEPTOR O_B C4B

Patching first NONE last NONE

PRES APC       0.00000   ! patch to link PCB to a cysteine residue
ATOM N    NH1    -0.47   !
ATOM HN   H       0.31   !      HB2  HB1
ATOM CA   CT1     0.07   !        \ /
ATOM HA   HB      0.09   !        CB--SG   HAC
GROUP                    !             \  /
ATOM CB   CT2    -0.10  !    HL3--CBC--CAC
ATOM HB1  HA      0.09  !        /  \     \
ATOM HB2  HA      0.09  !      HL1 HL2    C3C--C4C
ATOM SG   SE     -0.08  !                   /
GROUP                   !                  C2C
ATOM C    C       0.51  !                   \
ATOM O    O      -0.51  !
DELETE ATOM 1HG1
BOND  2CAC 1SG
ANGLE 1CB  1SG  2CAC  1SG  2CAC 2CBC   2HAC  2CAC  2C3C
ANGLE 2HAC 2CAC 1SG   2C3C 2CAC 1SG

DIHE 1CB  1SG  2CAC 2CBC  1HB1 1CB  1SG  2CAC  1HB2 1CB 1SG 2CAC
DIHE 1SG  2CAC 2C3C 2C4C  1SG  2CAC 2CBC 2HL1
DIHE 1CB  1SG  2CAC 2HAC  1SG  2CAC 2CBC 2HL2

 end
 read para card append
* additional parameters
*

BONDS
!
!V(bond) = Kb(b - b0)**2
!
!Kb: kcal/mole/A**2
!b0: A
!



!atom type Kb          b0
!

SE    CT1   198.000     1.8180
CT1  CA    230.000     1.5160
NR1  CPA   377.200     1.4000
NR1    C   260.000     1.4360
NR1  CA   377.200     1.4000

! new atom types (CPY2)

CPY2  CA    360.000     1.3850
HA   CPY2   367.600     1.0902
CPY2  CPA   360.000     1.4485

! new atom types (CPY3)

CPY3  CA   360.000     1.3626
HA   CPY3   367.600     1.0900
CPY3  CPA   360.000     1.4265

! new atom types (CPY4)

CPY4  CPA   299.800     1.4012
CPY4  CPB   340.700     1.4058
CT2  CPY4   230.000     1.4887

! new atom types (CPY5)

CPY5   CA    305.000     1.4750
CT3  CPY5    230.000     1.4850

! new atom types (CPY6)

CPY6  C       250.000     1.4711
CPY6   CPY5    305.000     1.3370
CT2  CPY6    230.000     1.4750

ANGLES
!
!V(angle) = Ktheta(Theta - Theta0)**2
!
!V(Urey-Bradley) = Kub(S - S0)**2
!
!Ktheta: kcal/mole/rad**2
!Theta0: degrees
!Kub: kcal/mole/A**2 (Urey-Bradley)
!S0: A



!
!atom types     Ktheta    Theta0   Kub     S0
!

SE   CT2  CT1    58.000   112.5000
CT2  SE    CT1    34.000    95.0000
SE   CT1  CT3    58.000   114.5000
SE   CT1  HA     46.100   111.3000
SE   CT1  CT1   58.000   112.5000
HA     CT1    CA  33.000    109.50   30.00   2.16300
NR1   CPA  CPB   122.00  110.000
CPA   NR1  CPA   139.300   116.300
H     NR1  CPA   30.000    125.50   20.00   2.15000
CPM  CPA  NR1    88.000   133.500
NR1  C    O      80.000   117.000
C   NR1  H       34.000   123.0000
NR1   C   CT1    20.000   112.5000
C   NR1  CA     50.000   133.500
H   NR1  CA   30.000    125.50   20.00   2.15000
NR1   CA   CT1    45.800   124.0000
CT2   CT1  CA     51.800   107.5000
CT1  CT1  CA      51.800   107.5000

! new atom types (CPY2)

CPY2  CPA  NR1    88.000   114.390
CPY2  CPA  CPB    61.600   124.070
CPY2  CA  NR1     88.000   129.000
CA  CPY2  CPA     94.200   128.000
HA   CPY2  CPA    12.700   117.440
HA   CPY2  CA     12.700   117.440

! new atom types (CPY3)

CPY3  CA  NR1      88.000   124.3900
CA  CPY3  CPA    94.200   122.800
HA   CPY3  CPA    12.700   117.4400
CPY3  CPA  NR1    88.000   124.3900
CPY3  CPA  CPB    61.600   125.0700
HA   CPY3  CA    12.700   117.4400
CT1  CA  CPY3    45.800   125.0000

! new atom types (CPY4)

CPM  CPA  CPY4    61.600   139.000
NR1  CPA  CPY4   122.000   111.5400
CPB  CPY4  CPA    30.800   133.0100
CT2  CPY4  CPB    65.000   126.7500
CPY4  CPB  CPA    30.800   145.0100
CT3  CPB  CPY4    65.000   126.7500
CT2  CT2  CPY4    70.000   114.700
HA   CT2  CPY4    50.000   109.5000
CT2  CPY4  CPA    65.000   126.7400

! new atom types (CPY5)

NR1   CA   CPY5    122.00  112.4000



CPY5  CA   CPY2    61.600   124.9700
CT3  CPY5   CA     45.800   115.900
HA   CT3  CPY5     49.300   107.5000

! new atom types (CPY6)

NR1  C    CPY6     20.000   112.5000
CPY6   C    O      80.000   118.0000
CT3  CPY5   CPY6   45.800   122.3000
C   CPY6  CPY5      52.000   112.0000
CA    CPY5  CPY6      40.000    116.500
C   CPY6   CT2      52.000   108.0000
CPY5  CPY6  CT2     45.800   122.3000
CPY6  CT2   CT3     51.800   107.5000
HA   CT2  CPY6     49.300   107.5000

DIHEDRALS
!
!V(dihedral) = Kchi(1 + cos(n(chi) - delta))
!
!Kchi: kcal/mole
!n: multiplicity
!delta: degrees
!
!atom types             Kchi    n   delta
!

HA   CT2  SE    CT1      0.2800  3     0.00
HA   CT1  SE    CT2      0.2800  3     0.00
H    NR1  CPA  CPB     1.0000  2   180.00
H    NR1  CPA  CPM     1.0000  2   180.00
CPM  CPA  NR1  CPA     14.0000  2   180.00
CPA  NR1  CPA  CPB      14.0000  2  180.00
NR1  C   CT1  HA       0.1900  3     0.00
O    C    CT1  HA       0.0000  3   180.00
NR1   C   CT1  CT3      0.0000  1     0.00
H    NR1  C    CT1      2.5000  2   180.00
H    NR1  C    O        2.5000  2   180.00
CA   NR1  C    O      2.7500  2   180.00
CA   NR1  C   CT1      2.7500  2   180.00
NR1    C    CT1  CT1       0.0000  1      0.00
CT1  CT1  CA   NR1         0.1900  3     0.00
C  CT1  CT1   CA          35.00  2    180.00
C    NR1  CA   CT1       1.8000  1     0.00
NR1  CA   CT1  HA        0.1900  3     0.00
H    NR1  CA   CT1       2.5000  2   180.00
NR1  CA   CT1  CT2      0.1900  3     0.00
CT2  CT1  CA   CPY3       0.2300  2   180.00
CPA  CPB  CPB  CPA   14.0000  2   180.00
CPA  CPB  CPB  CT3   14.0000  2   180.00

! NEW ATOM TYPES (CPY2)

CPY2  CPA  NR1  CPA    14.0000  2   180.00
NR1  CPA CPY2  HA       1.9000  2     180.00
H    NR1  CPA  CPY2     0.0000  2   180.00
CPB  CPA  CPY2 HA       0.0000  2     180.00
CPA  CPY2 CA   NR1      3.0000  2   180.00
C    NR1  CA  CPY2        0.0000  2     0.00
NR1  CA   CPY2 HA         0.0000  2     0.00



H    NR1  CA  CPY2     1.0000  2   180.00
NR1  CPA  CPY2 CA         0.0000  2   180.00

! NEW ATOM TYPES (CPY3)

CPY3  CPA  NR1  CPA     14.0000  2   180.00
NR1  CPA CPY3  HA       0.1900  3     0.00
H    NR1  CPA  CPY3     1.0000  2   180.00
CPB  CPA  CPY3 HA       0.0000  2     0.00
CPA  CPY3 CA   NR1      3.0000  2   180.00
C    NR1  CA  CPY3        0.0000  2     0.00 
NR1  CA   CPY3 HA         0.0000  2     0.00
H    NR1  CA  CPY3     1.0000  2   180.00
NR1  CPA  CPY3 CA         3.0000  2   180.00
CT1  CA   CPY3 HA        4.2000  2   180.00
HA   CT1  CA   CPY3      3.1000  2   180.00
CT1  CT1  CA   CPY3      0.2300  2   180.00

! NEW ATOM TYPES (CPY4)

CPM  CPA  CPY4 CPB       0.0000    2     0.00
CPM  CPA  CPY4 CT2       0.0000    2     0.00
CPA  CPY4 CPB  CT3       0.0000    2     180.00
CPA  CPY4 CT2  CT2       0.0000    6     0.00
CPA  CPY4 CT2  HA        0.0000    6     0.00
NR1  CPA  CPY4 CPB       0.0000    2     0.00
NR1  CPA  CPY4 CT2       0.0000    2     0.00
H    NR1  CPA  CPY4      0.0000    2     0.00
CPY4 CPA  NR1  CPA       14.0000    2    180.00
CPB  CPY4 CT2  CT2        0.0000  6     0.00
CPB  CPY4 CT2  HA        0.0000  6     0.00
CPA  CPY4 CPB  CPA       14.0000    2    180.00
CPA  CPB  CPY4 CT2       1.0000    2     180.00
CT3  CPB  CPY4 CT2       0.0000    2    180.00

! NEW ATOM TYPES (CPY5)

C    NR1  CA  CPY5        0.0000  2     0.00
CA   CPY5 CT3  HA     0.0000  3     0.00
CPY5  CA  CPY2 HA     0.0000  2     0.00
CPY2 CA   CPY5 CT3        3.1000  2   180.00
NR1  CA  CPY5  CT3      3.0000  2   180.00
H    NR1  CA   CPY5     1.0000  2   180.00

! NEW ATOM TYPES (CPY6)

CA   CPY5  CPY6  C        0.0400  3     0.00
CT3  CPY5  CPY6  C        14.0000  2     180.00
NR1  C    CPY6 CPY5       0.0000  1     0.00
NR1  CA  CPY5  CPY6      3.0000  2   180.00
H    NR1  C    CPY6      2.5000  2   180.00
CA   NR1  C   CPY6      14.0000  2   180.00
O    C    CPY6  CPY5      0.4000  1   180.00
CPY6 CPY5 CA   CPY2       1.1000  2   180.00
CPY6 CPY5 CT3  HA     0.0000  3     0.00
HA   CT2  CPY6  C        0.0000  3     0.00
C    CPY6 CT2  CT3       0.0400  3     0.00
NR1  C    CPY6 CT2       0.0000  1     0.00
CA   CPY5 CPY6 CT2       3.1000  2   180.00
CPY5 CPY6 CT2  HA        0.0000  3     0.00
O   C   CPY6  CT2        1.4000  1     0.00
CT2  CPY6  CPY5  CT3     3.1000  2   180.00



! multiple terms for surface optimization !

! ETHYL-TORSION

  CPY5 CPY6 CT2  CT3      0.30   1      0.00
  CPY5 CPY6 CT2  CT3      0.12   2    180.00
  CPY5 CPY6 CT2  CT3      0.25   4      0.00

! DB pyrrol-pyrrolinone ring A-B

  CT1 CA CPY3 CPA      5.1  1         0.0
  CT1 CA CPY3 CPA      2.1  2       180.0

! EB pyrrol-pyrrolinone ring A-B

  CA CPY3 CPA CPB      0.3  3        60.0
  CA CPY3 CPA CPB      2.7  2       170.0

! pyrrol-pyrrol 1

  CPY4 CPA CPM CPA       9.0  2    183.0
  CPY4 CPA CPM CPA       3.0  1      3.5
  CPY4 CPA CPM CPA       2.0  3    189.0

! pyrrol-pyrrol 2

  CPB CPA CPM CPA       8.5  2    184.0
  CPB CPA CPM CPA       2.0  1      0.0
  CPB CPA CPM CPA       1.9  3    196.0

! DB pyrrol-pyrrolinone

  CPA CPY2 CA CPY5         9.5  1         0.0
  CPA CPY2 CA CPY5         3.5  2       185.0

! EB pyrrol-pyrrolinone

  CPB CPA CPY2 CA          1.9  3         0.0
  CPB CPA CPY2 CA          4.2  2       140.0
  CPB CPA CPY2 CA          2.1  1       243.0

! linking fragment

CT2  SE  CT1  CT3      4.000   1   180.00
CT2  SE  CT1  CT3      1.100   2   150.00
CT2  SE  CT1  CT3      1.000   3     0.00
CT2  SE  CT1  CT3      1.100   8     0.00
SE  CT1  CT1  CA       0.50   3      0.00
SE  CT1  CT1  CA       2.00   2    265.00

IMPROPER
!
!V(improper) = Kpsi(psi - psi0)**2



!
!Kpsi: kcal/mole/rad**2
!psi0: degrees
!note that the second column of numbers (0) is ignored
!
!atom types           Kpsi                   psi0
!
CPA  CPB  NR1  CPM   200.0000         0      0.0000
CD   OH1   OB  CT2    96.0000         0      0.0000
CD   OB   OH1  CT2    96.0000         0      0.0000
C    NR1  CT1  O    145.0000         0      0.0000

! NEW ATOM TYPES (CPY2)

CPA  CPB  NR1  CPY2   140.00        0     0.0000
CPY2  CPA  CA  HA      29.40        0     0.0000

! NEW ATOM TYPES (CPY3)

CPA  CPB  NR1  CPY3    200.00          0      0.0000
HA   CPA  CA  CPY3      29.40          0      0.0000
CT1  NR1  CA   CPY3    200.00          0     180.000

! NEW ATOM TYPES (CPY4)

CPA  CPM  NR1  CPY4     5.0000         0      0.0000
CPY4 CPA  CPB  CT2      25.000         0      0.0000

! NEW ATOM TYPES (CPY5)

CPY5  NR1  CA   CPY2       5.000         0      180.0000
CPY5  X    X    CT3        0.000         0        0.0000

! NEW ATOM TYPES (CPY6)

CPY6  CT2  C  CPY5      125.0000         0       0.0000

NONBONDED nbxmod  5 atom cdiel shift vatom vdistance vswitch -
cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 e14fac 1.0 wmin 1.5
                !adm jr., 5/08/91, suggested cutoff scheme
!
!V(Lennard-Jones) = Eps,i,j[(Rmin,i,j/ri,j)**12 - 2(Rmin,i,j/ri,j)**6]
!
!epsilon: kcal/mole, Eps,i,j = sqrt(eps,i * eps,j)
!Rmin/2: A, Rmin,i,j = Rmin/2,i + Rmin/2,j
!
!atom  ignored    epsilon      Rmin/2   ignored   eps,1-4       Rmin/2,1-4
!

CPY2     0.000000  -0.090000     1.800000
CPY3     0.000000  -0.090000     1.800000
CPY4     0.000000  -0.090000     1.800000
CPY5     0.000000  -0.070000     1.992400
CPY6     0.000000  -0.070000     1.992400

end

return



Sequence alignment for Phy-A and Cph1

α 310 β β α

^o^o^o^o^o^o^o^o^o^o^ ◦◦◦ I I ^o^o^o^o^
10. 20. 30. 40. 50.

Phy-A VENQPPRSDKVTTTYLHHIQKGKLIQPFGCLLALDEKTFKVIAYSENASELLTMA 55
Cph1 TVQLSDQSLRQLETLAIHTAH..LIQPHGLVVVLQAPDLTISQISANCTGILGRS 53

α β

^o^o^o^ I
60. 70. 80. 90. 100. 110.

Phy-A SHAVPSVGEHPVLGIGTDIRSLFTAPSASALQKALGFGDVSLLNPILVHCRTSAK 110
Cph1 PA..................DLLGRTLGEVFDSFLTAGQISSLNPSKLWARVMDF 90

β β α α

I I ^o^o^o^o^o^o^ ^o^
120. 130. 140. 150. 160.

Phy-A PFYAIIHRVTGSIIIDFEPVKPYEVPMTAAGALQSYKLAAKAITRLQSLPSGSME 165
Cph1 VIFDGVFHRNSDGLLVCELEPAYTS........DNLPFLGFYHMANAALNRLNLR 137

α β β β 310

^o^o^o^o^o^o^o^o^o^o^o^o^ I I I ◦◦◦
170. 180. 190. 200. 210. 220.

Phy-A RLCDTMVQEVFELTGYDRVMAYKFHEDDHGEVVSEVTKPGLEPYLGLHYPATDIP 220
Cph1 DFYDVIVEEVRRMTGFDRVMLYRFDENNHGDVIAEDKRDDMEPYLGLHYPESDIP 192

α β β β α

^o^o^o^o^o^o^o^ I I I ^o^o^o^o^
230. 240. 250. 260. 270.

Phy-A QAARFLFMKNKVRMIVDCNAKHAR...VLQDEKLSFDLTLCGSTLRAPHSCHLQY 272
Cph1 QPARRLFIHNPIRVIPDV.YGVAVPLTPAVNPSTNRAVDLTESILRSAYHCHLTY 246

α β β α

^o^o^ I I ^o^
280. 290. 300. 310. 320.

Phy-A MANMDSIASLVMAVVVNEEDGEGDAPDATTQPQKRKRLWGLVVCHNTTPRFVPFP 327
Cph1 LKNMGVGASLTISLIKD..................GHLWGLIACHHQTPKVIPFE 283

α α

^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^ ^o^o^o^o^o^
330. 340. 350. 360. 370. 380.

Phy-A LRYACEFLAQVFAIHVNKEVELDNQMVEKNILRTQTLLCDMLMRD..APLGIVSQ 380
Cph1 LRKACEFFGRVVFSNISAQEDTETFDYRVQLAEHEAVLLDKMTTAADFVEGLTNH 338

α β β α β

^o^o^o^o^o^ I I ^o^o^o^o^o^o^o^o^o^o^o^o^ I
390. 400. 410. 420. 430.

Phy-A SPNIMDLVKCDGAALLYKDKIWKLGTTPSEFHLQEIASWLCEYHMDSTGLSTDSL 435
Cph1 PDRLLGLTGSQGAAICFGEKLILVGETPDEKAVQYLLQWLENREVQ..DVFFTSS 391

α 310 β β β β β

^o^o^ ◦◦◦◦◦◦ I I I I I
440. 450. 460. 470. 480. 490.

Phy-A HDAGFPRALSLGDSVCGMAAVRISSKDMIFWFRSHTAGEVRWGGAKHDPDDRDDA 490
Cph1 LSQIYPDAVNFKSVASGLLAIPIARHNFLLWFRPEVLQTVNWGGDPNHAYEAAQA 446

β β α

I I ^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^o^
500. 510. 520. 530.

Phy-A RRMHPRSSFKAFLEVVKTRSLPWKDYEMDAIHSLQLILRNAFKDSET. 537
Cph1 IALHPRQSFDLWKEIVRLQSLPWQSVEIQSALALKKAIVNLILRQAEE 494

X non conserved

X similar

X conserved

X all match
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