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Zusammenfassung

In dieser Arbeit wurden schwingungsspektroskopische Methoden (Resonanz-Raman
[RR] und Infrarotabsorption [IR]) fiir die Untersuchung von Phytochromen verwendet.
Phytochrome sind bi-stabile Photorezeptorproteine, die Biline (BV, PCB, P®B) als
Chromophore binden. Diverse pflanzliche, cyanobakterielle und bakterielle Varianten
regulieren biologische Prozesse durch das lichtabhingige Schalten zwischen metasta-
bilen Zustianden, die rotes und fern-rotes Licht absorbieren (Pr und Pfr). Ziel der
Arbeit war die Aufkldrung der Mechanismen photoinduzierter Prozesse in unterschied-
lichen Phytochromen.

Im ersten Teil der Arbeit wurden pflanzliche Phytochrome untersucht. Wie auch in
vielen (cyano-)bakteriellen Varianten sind die Pr- und Pfr-Zustinde pflanzlicher Phy-
tochrome nicht homogen, sondern liegen jeweils als Konformationsgleichgewichte von
Unterzustanden (LIT) vor. Wie in dieser Arbeit gezeigt wurde, wird bei pflanzlichen
Phytochromen die Verteilung zwischen Pfr-I und Pfr-1T u.a. durch die N-terminale Ver-
laingerung und die Bindung von PIF-Proteinen (Phytochrom-Interaktions-Faktoren)
beeinflusst, was wiederum die Lebensdauer des Pfr-Zustands moduliert. Desweit-
eren wurden die Photosensorkonstrukte mit und ohne PHY-Doméne (PAS-GAF-PHY
[PGP| und PAS-GAF [PG]) in Losung und im kristallinen Zustand analysiert. Wah-
rend die jeweiligen Pr-Zustdnde unverdanderte Chromophorstrukturen aufweisen, nimmt
PCB im Photoprodukt der verkiirzten PG-Variante eine Konfiguration an, die dem
Meta-Re Zustand dhnelt.

Die Untersuchungen an cyanobakteriellen Phytochromen im zweiten Teil der Arbeit
konzentrieren sich auf das PCB-bindende Cyanobacteriochrom (CBCR) Slr-GAF3,
welches nach Photoaktivierung ausgehend von Pr in einen metastabilen griin ab-
sorbierenden (Pg) Zustand konvertiert. Die ungewo6hnlichen griinen Absorptionseigen-
schaften wurden an Hand von vier verschiedenen Modellen analysiert, die fiir den
Pg-Zustand vorgeschlagen wurden. FEine plausible Erkldrung fiir die hypsochrome
Verschiebung der Absorptionsbanden ist eine verdrehte Konfiguration der Pyrrolringe
A und D in Kombination mit einer hydratisierten Chromophorbindungstasche. Bei
tiefen Temperaturen wandelt sich Slr-GAF3 in einen orange-absorbierenden (Po) Zus-
tand um. Verschiedene mogliche Mechanismen dieser Umwandlung wurden diskutiert.

Die Arbeiten an bakteriellen Phytochromen (Bphs) im dritten Teil der Disserta-
tion behandeln zum einen die Entschliisselung der thermischen Reaktionsmechanismen
des Photozyklus. Dazu wurde ein Aufbau fiir zeitaufgeloste Messungen entwickelt,
der ein Durchflusssystem mit einem kommerziellen F'T-Raman-Spektrometer kom-
biniert. Besonderheiten des Aufbaus sind die kontinuierliche Anregung in Kombi-
nation mit einem priresonanten NIR-Messlaser und der photochemischen Riickkon-
vertierung der Probe in einem Reservoir. Diese ist notwendig, um den dunkeladap-
tierten Zustand als Startpunkt fiir repetitive Experimente sicherzustellen. Mithilfe
dieser Technik konnte gezeigt werden, dass der Zerfall der Meta-Zustéinde der Bphs
Agpl und Agp2 nicht ausschlieflich zur Bildung des aktiven Zustands, sondern auch in
einer unproduktiven Verzweigungsreaktion zuriick zum jeweiligen dunkeladaptierten
Zustand fiihrt. Bei den Untersuchungen an der Phytochrom-aktivierten di-Guanylyl-
Zyklase [sPadC lassen die IR Spektren auf eine reduzierte Strukturdnderung der PHY-
Doméne schliefsen, welche essentiell fiir die Bildung des aktivierten (Pfr) Zustands ist.
Diese Ergebnisse bestétigen ein Meta/Pfr-Heterodimer-Modell, das auf der Grundlage
zeitaufgeloster UV /Vis-Daten entwickelt wurde.

Im vierten Teil der Arbeit wurde untersucht, welche strukturellen Faktoren das



Verhéltnis der verschiedenen Zerfallsprozesse des elektronisch angeregten Zustands
(Pr*) beeinflussen, um das rationale Design NIR-fluoreszierender Bphs (iRFPs) zu
ermoglichen. Der Pr-Zustand von Bphs umfasst eine Mischung von fluoreszierenden
(Pr-I) und nicht-fluoreszierenden (Pr-II) Unterzustinden, die durch RR Spektroskopie
unterschieden werden kénnen. Die Erzeugung stark fluoreszenter Varianten fiir die
Fluoreszenzmikroskopie erfordert daher die Verschiebung der Konformationsverteilung
in Richtung Pr-1, wie fiir iRFP713 gezeigt wurde. Das Konformationsgleichgewicht
wird durch die Substitution von Aminosduren sowohl in der direkten Umgebung des
Chromophors als auch an entfernten Positionen beeinflusst. Einige iRFP-Varianten
mit sehr hohen Fluoreszenzquantenausbeuten (FQY) enthalten ein zweites Cystein in
der GAF-Doméne, welches ebenfalls eine Thioetherbindung zu BV ausbilden kann.
Hierbei liegen ca. 50% des gesamten Proteinensembles mit zweifach gebundenem BV
vor. In dieser Arbeit wurde anhand von iRFP682 gezeigt, dass die resultierende interne
Querverbindung zu einer starken Erhohung der FQY (16,6%) fithrt. Mithilfe von RR~
Spektroskopie konnte gezeigt werden, dass der Fluoreszenzgewinn, analog zu iRFP713,
auf eine Gleichgewichtsverschiebung zu Pr-I zuriickzufiihren ist.



Abstract

In this work, vibrational spectroscopic methods (resonance Raman [RR] and infrared
absorption [IR]) were used for the investigation of phytochromes. Phytochromes are bi-
stable photoreceptor proteins that bind bilins (BV, PCB, P®B) as chromophores. Var-
ious plant, cyanobacterial, and bacterial variants regulate biological processes through
the light-dependent switching between metastable states that absorb red and far-red
light (Pr and Pfr). The aim of the work was the elucidation of the mechanisms of
photoinduced processes in different phytochromes.

In the first part of the work, plant phytochromes were investigated. As in many
(cyano-)bacterial variants, the Pr and Pfr states of plant phytochromes are not homo-
geneous, but instead exist as conformational equilibria of sub-states (I, IT). As shown in
this work, the distribution between Pfr-I and Pfr-II in plant phytochromes is affected
i.a. by the N-terminal extension and binding of PIF proteins (phytochrome interac-
tion factors), which in turn modulates the lifetime of the Pfr state. Furthermore, the
photosensor constructs with and without the PHY domain (PAS-GAF-PHY [PGP],
PAS-GAF [PG|) were analyzed in solution and in the crystalline state. While the re-
spective Pr states have unaltered chromophore structures, PCB adopts a configuration
similar to the Meta-Rc state in the photoproduct of the truncated PG variant.

The investigations on cyanobacterial phytochromes in the second part of the work
focused on the PCB-binding cyanobacteriochrome (CBCR) Slr-GAF3, which converts
to a metastable green-absorbing (Pg) state after photoactivation of Pr. The unusual
green absorption properties were analyzed on the basis of four different models pro-
posed for the Pg state. A plausible explanation for the hypsochromic shift of the
absorption bands is a twisted configuration of the pyrrole rings A and D in combina-
tion with a hydrated chromophore binding pocket. At low temperatures, Slr-GAF3
converts to an orange-absorbing (Po) state. Various possible mechanisms of this trans-
formation were discussed.

The work on bacterial phytochromes (Bphs) in the third part of the dissertation
comprises the decoding of thermal reaction mechanisms in the photocycle. For this
purpose, a setup for time-resolved measurements was developed, which combines a
flow-through system with a commercial FT-Raman spectrometer. Special features
of the design are the continuous excitation in combination with a pre-resonant NIR
measuring laser and the photochemical back-conversion of the sample in a reservoir.
This is necessary to ensure that the dark-adapted state is the starting point for repet-
itive experiments. Using this technique, it was shown that the decay of the meta-states
of the Bphs Agpl and Agp2 not only leads to the formation of the active state, but
also in an unproductive thermal shunt reaction back to the respective dark-adapted
state. In the studies on the phytochrome-activated di-guanylyl cyclase IsPadC, the
IR spectra suggest a reduced structural change of the PHY domain, which is essential
for the formation of the activated (Pfr) state. These results confirm a Meta/Pfr
heterodimer model, which was developed on the basis of time-resolved UV /vis data

In the fourth part of the thesis, the structural factors that influence the ratio of the
different decay processes of the electronically excited state (Pr *) were investigated in
order to allow the rational design of NIR-fluorescent Bphs (iRFPs). The Pr state of
Bphs comprises a mixture of fluorescent (Pr-I) and non-fluorescent (Pr-IT) substates
that can be distinguished by RR spectroscopy. Therefore, the generation of highly
fluorescent variants for fluorescence microscopy requires the shift of the conformational
distribution towards Pr-I, as shown for iRFP713. The conformational equilibrium



is affected by the substitution of amino acids both in the direct environment of the
chromophore and at remote positions. Some iRFP variants with very high fluorescence
quantum yields (FQY) contain a second cysteine in the GAF domain, which can also
form a thioether bond to BV. Here, about 50% of the total protein ensemble contains
the double-bound BV. It was shown in this work that the resulting internal cross-
linking leads to a strong increase of FQY (16.6%) in iRFP682. RR spectroscopy
indicates that the fluorescence gain, analogous to iIRFP713, is due to an equilibrium
shift towards Pr-I.
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Nomenclature

Generally, bold symbols refer to matrices or vectors, (bra|ket) notation is used for
wave functions, and operators are indicated by circumflexes (o).

1 identity matrix

A; Cartesian displacement amplitude of atom i
A B Albrecht terms

B(v) spectral decomposition of a signal

A Cartesian displacement amplitude vector

[a] s transition moment
a polarizability tensor
D, depth of a potential minimum
0ij Kronecker delta
E energy
E incident electric field
€ molecular extinction coefficient
le), lg) electronic wave functions
f force constant
|f),]2),|r)  vibronic wave functions
m

~~

mass-weighted force constant

Hessian force constant matrix
mass-weighted Hessian force constant matrix
damping rate

Planck constant

reduced Planck constant

reaction enthalpy

intensity of light

running numbers for atoms

running number for normal modes or normal coordinates
equilibrium constant

photochemical conversion rate

eigenvalue of f™

wavelength

reduced mass

electric dipole moment operator

induced dipole moment

atomic or molecular mass

electronic transition dipole moment

atomic mass matrix

transition moment

number of atoms in a molecule/ interferogram points
vibrational quantum number

frequency

vibrational wave function

g?ngNEm:p?w
T2

EZZERIFET >

<

>?
S~

interaction operator

transition probability

laser power

wave function

phase angle

mass-weighted Cartesian displacement coordinate
normal coordinate

mass-weighted Cartesian displacement vector
radius

0

So Q0 T vTD
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8
)

universal gas constant

density of final states

Cartesian components of «
internal coordinate

excited electronic state

reaction entropy

transformation vector for internal coordinate
spatial separation

kinetic energy

time

potential energy

velocity

Cartesian displacement coordinate
Cartesian displacement vector
anharmonicity constant
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1 PHYTOCHROMES

1 Phytochromes

1.1 Motivation

The ability to sense light is an evolutionary advantage for organisms in most ecosys-
tems. It provides the basis for a broad variety of adaptative responses in competitive
environments, such as the efficient regulation of photosynthesis, protection from irra-
diation damage, or even vision. Therefore, different highly specialized photoreceptor
proteins can be found in organisms across all domains of life. All sensory photorecep-
tors convert information about the physical properties of incident light (intensity and
energy) into biochemical signals (e.g. production of second messenger molecules, ion-
gradients across a membrane or phosphorylation of response regulators). The resulting
biochemical signal is further processed on a cellular level to trigger a response in the
respective organism. Thus, the investigation of light-driven processes on a molecular
level contributes to our ability to understand and eventually modify how life senses
and reacts to changes in environmental light conditions.

The biophysical studies in this thesis aimed to investigate the light-driven reactions
in phytochromes, which are a class of biological photoreceptors utilized by plants|29)],
cyanobacteria|106|, bacteria[86] and fungi.|[49] In phytochromes, light is absorbed by a
linear open-chain tetrapyrrole (bilin) cofactor embedded in a photosensory protein do-
main.[105] After absorption of a photon, bilin photoisomerization[249| starts a cascade
of ground-state intramolecular rearrangements that ultimately lead to the activation
of a catalytic output module and biochemical signaling.[162] In this thesis, vibrational
spectroscopy techniques (resonance Raman (RR) and infrared (IR) spectroscopy) were
employed, because these structure-sensitive methods allow for detailed investigations
of the protein geometry and chemical state in different stages of the photocycle. Hence,
IR and RR spectroscopy can provide crucial information about functional changes in
chromophore and protein structure.[70] In combination with crystallographic, bio-
chemical and theoretical methods, an overall picture of the structure-function rela-
tionships of phytochromes can be obtained. The central objective of this thesis is to
determine key parameters that control the molecular functioning of the photoreceptor
module in various representatives of the phytochrome family. In this way, the present
thesis provides a contribution to the elucidation of structure-dynamics-function rela-
tionships of this class of photoreceptors.

In plants, phytochromes regulate many different processes like germination, (de)-
etiolation or shade avoidance, which are desirable target phenotypes for bioengineering
of crops.[107] A detailed knowledge about the factors that influence phytochrome pho-
toconversion is therefore of high interest. Chapters|[4.I]and [£.2]focus on the interaction
of the P®B chromophore with the N-terminal extension domain and phytochrome in-
teraction factor 3 (PIF3) and the resulting implications for phytochrome action.

While all isoforms of plant phytochrome share a bi-modal photochemistry between
red- and far-red absorbing (Pr and Pfr) states, cyanobacterial variants are much more
diverse in their absorption properties.|165] Here, the absorption bands can be found in
a range from the (ultra)violet to the near infrared wavelengths.[170] The underlying
molecular parameters that are responsible for the spectral tuning of photoreceptor
chromophores are not only crucial for color-vision (in the case of retinal proteins[118])
but are also crucial for expanding the biotechnological toolkit, including phytochromes,
to other wavelength regimes.[190] In this thesis, the unusual green-absorbing Pg state
of a cyanobacteriochrome was investigated and discussed with emphasis on the color-

14



1.1 Motivation

tuning mechanism (chapter [5.1).

The plant pathogen Agrobacterium fabrum is the causal agent of the crown gall
disease in flowering plants.|L08| This disease causes the growth of tumors in crops like
walnuts, grapes or sugar beets and is therefore a major economical concern for the
food industry. The motility and infectivity of Agrobacterium are regulated by two
bacterial phytochromes (Bphs), Agpl and Agp2.[150] Chapter comprises a time-
resolved Raman study of the photocycle reactions in these two systems, aiming at a
deeper understanding of the photoactivation mechanism, which starts the signaling
cascades that ultimately lead to plant infection.

Phytochromes also gained growing attention as tools for biotechnological applica-
tions such as optogenetics or fluorescence microscopy.[32| In optogenetic applications,
a phytochrome photosensory domain is fused to a suitable catalytic output module,
allowing a precise spatial and temporal control of cellular processes not only for funda-
mental research but also medical applications.[129] Some examples for such processes
are cell morphology control|88|, second messenger production|182] or kinase dimer-
ization.[163| The recently discovered natural phytochrome-linked di-guanylyl-cyclase
IsPadC from Idiomarina is capable of red-light activated production of ¢-di-GMP.[61]
This second messenger molecule influences the regulation of diverse signaling path-
ways in a wide variety of bacteria, including biofilm formation, motility, and viru-
lence.|61] The similarities and differences of these novel optogenetic tools to canonical
phytochromes need to be understood to improve their efficiency and specificity. In
chapter [6.2] IsPadC is compared to Agpl with emphasis on the mechanism of the
photoactivation reaction and the photoactivated state.

Marker-based fluorescence microscopy is an important tool for medical imaging
and fundamental research, because the utilization of visible and NIR light is cheaper
and less invasive then many other common techniques.[192| Fluorescence enhanced
phytochromes (iRFPs) can be used as dyes that are required for fluorescence imag-
ing.[196] Among all phytochromes, Bphs are preferential precursors because of their
unique natural fluorescence in the near-infrared region and the natural abundance of
the cofactor (biliverdin) in mammalian cells.|[188] The quality of the images that are
obtained with fluorescence methods depends crucially on the emission intensity of the
dye.|97] Thus, it is desirable to artificially enhance the fluorescence quantum yield in
iRFPs over the competing excited-state decay channels like photochemistry or thermal
relaxation. For a rational design of highly fluorescent iRFPs, the underlying structural
parameters that determine the excited-state decay mechanism must be analyzed and
discussed. This thesis comprises two fundamental studies on the molecular aspects of
iRFP fluorescence enhancement and color-tuning (chapters [7.1] and [7.2)).
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1 PHYTOCHROMES

1.2 Introduction

The phytochrome photoreceptor was first described in 1959 as the “pigment control-
ling photoresponsive development of plants” in turnip seedlings (Brassica rapa).[29)]
Subsequent genetic studies revealed that higher plants de facto encode three different
phytochrome genes (plant PhyA-C) and two additional, PhyD and PhyE, were found
in the case of flowering plants and Brassicaceae, respectively.[187, |34, [126] According
to endosymbiotic theory, photosynthetic cyanobacteria and plant chloroplasts origi-
nate from a common progenitor that performed oxygenic photosynthesis 2.75 billion
years ago.[59] Hence it can readily be understood that phytochromes were not only
present in the common progenitor|37, 116, but can also be found in cyanobacteria.|106],
250, 222 Anaerobic photosynthetic bacteria and marine diatoms also encode for phy-
tochromes, indicating a general relationship between phytochrome photoreception and
photosynthesis regulation.[86} |111} |48| In fact, phytochromes regulate gene expression
for proteins of the photosynthetic apparatus in all these forms of life[56, |42|, as well
as developmental processes and phototaxis.[199] The discovery of phytochromes in
non-photosynthetic organisms like eubacteria|36| and fungi was therefore rather sur-
prising.[49, [16] Here, phytochromes regulate fundamentally different light dependent
processes like phototaxis, biofilm formation|150} [101], or sexual development in the
case of fungi.[16] This large variability in phenotypes together with the wide distri-
bution over most forms of life, except for animals and archaea, enables broad phy-
logenetic studies and thus the development of evolutionary models for a variety of
organisms. |125} |166| 91|

Despite these large variations in organization and function, all phytochromes share
certain general features, defining them as a class of proteins with different sub-classes.
For historical reasons, the definitions were adjusted multiple times over the years to
match new discoveries and are, even today, not consistent in the literature. The fol-
lowing general features define phytochromes:

Phytochromes are proteins that harbour an open chain tetrapyrrole (bilin)
chromophore as a prosthetic group.

However, phytochromes of different origin utilize chemically different chromophores.
Plant phytochromes incorporate phytochromobilin (P®B)[105], bacteria use biliverdin
[Xa (BV)[14] and cyanobacteria phycocyanobilin (PCB) (see fig. for the differ-
ent chemical formulae).[106]

The chromophore binding pocket is formed by a GAF domain.
In all phytochromes, the bilin is embedded in a specific protein environment called
the chromophore binding pocket. The binding pocket is formed by a protein do-

main that adopts a GAF fold (¢cGMP-specific phosphodiesterases, adenylate cyclases,
formate hydrogen lyase transcription activator).|239)
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1.2 Introduction

The bilin chromophore is covalently bound to a cysteine residue by a
thioether linkage.

The chemical attachment proceeds wia a nucleophilic addition of the cysteine thiol
side chain to a chromophore double bond. The reaction does not require further
maturation proteins or chaperones and is therefore termed autolyase-activity of phy-
tochromes.|77] In some cyanobacteriochromes (CBCRs), a second cysteine attaches
to other C=C bonds. This secondary thioether bridge is either permanent or can be
formed and broken during the photocycle reactions.|223]

Phytochromes adopt two distinct meta-stable states that can be intercon-
verted by photochemical and thermal reactions.

In plant phytochromes these states are Pr (red-absorbing parent state) and Pfr (far-
red-absorbing parent state, see fig. for the typical absorption spectra). In pro-
caryots, other states are also observed, and always named according to their character-
istic visible absorption spectra (e.g. Pg for a green-absorbing state, see chapter [5.1)).
A phytochrome sample in predominantly one state (X,Y) can be photochemically con-
verted to the second state (Y,X) by absorption of a photon (hrxy) in resonance with
the electronically excited state (X*Y*) (eqs. 1.2). The two states X and Y are
not only photochemically interconvertible, but also in thermal equilibrium (eq. .
In most cases, the thermal equilibrium is predominantly on one side, and this state is
termed the “dark-adapted state” (an exception is e.g. the bacteriophytochrome (Bph)
from the plant pathogen Xanthomonas campestris).|153] Thus, after photoactivation
of the dark-adapted state, a thermal equilibration can be observed on time scales from
seconds to days (the net reaction is termed “dark relaxation reaction”). The resulting
photochemical and thermal equilibrium can be described by the following equations:

X 2 oxr Ly (1.1)
y Moyt x (1.2)
X =Y (1.3)

The initial photoreaction is a Z/E isomerization at the C/D methine bridge.

The Z/E photoisomerization of a C=C double bond takes place at the Cj5 and Cig
atoms of the chromophore (see fig. and is followed by thermal processes that
ultimately lead to the formation of the final photoproduct. Other reaction mechanisms
for the initial photoreaction were discussed in the literature[105|, including isomeriza-
tion at A/B methine bridge|224], but were discarded in favor of the isomerization at

the C/D bridge.|203]

17



1 PHYTOCHROMES

Nomenclature Like the definitions, the abbreviation nomenclature for different phy-
tochrome variants is inconsistent due to the historical development of the literature.
Usually, the first two letters refer to the initial letters of the organism name, but
the abbreviation can be adjusted to avoid doubling and confusion with other popu-
lar species. An example for this exception are Agpl and 2 from the plant pathogen
Agrobacterium fabrum. The next letters indicate that the protein is a phytochrome,
either “p” or “phy”, but also “Bph” for bacteriophytochromes is commonly used. Most
organisms encode more than one phytochrome, and a last digit is used to define the
isoform. In the case of plant phytochromes, letters (A-E) indicate the isoform, whereas
numbers are used in procaryots. Examples for some different notations that appear in
this thesis:

Agpl = Agrobacterium fabrum phytochrome 1
RpBphP2 = Rhodopseudomonas palustris bacteriophytochrome 2
SbPhyB = Sorghum bicolor phytochrome B

Figure 1.2.1: Chemical formulae of the tetrapyrrole chromophores. A biliverdin IX«a (BV), B phy-
tochromobilin (P®B) and C phycocanobilin (PCB). The three chromophores differ in conjugation
length and saturation of the C32 — C31, C3 — Cs and Cig1 — Cig2 bonds (marked in red).

1.3 Plant Phytochromes

After the discovery of phytochromes in Brassica rapa|29, [30], most subsequent pi-
oneering work on purification and biochemical characterization was focused on rye
(Secale cereale) and oat (Avena sativa) phytochromes. These early studies faced
problems with proteolytic digestion in the endoprotease rich plant extracts, yielding
non-functional protein fragments of variable sizes.[160] Avena sativa phyA (AsPhyA)
was the first phytochrome to be purified intact and functional, when digestion in the
oat extract could be inhibited efficiently with the use of protease inhibitors.[233] 234]
Accordingly, AsPhyA was the first phytochrome to be cloned|66], sequenced|67] and
overexpressed in transgenic tomatoes.|[19] These fundamental developments in protein
expression techniques and the resulting availability of purified protein samples facili-
tated numerous biochemical and biophysical studies, that lead to the state-of-the-art
knowledge about phytochromes.
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Figure 1.3.1: Domain structure of various natural and artificial phytochrome constructs. Functional
phytochromes are structured into a photosensory module (PSM) and a catalytic output module. The
chormophore (see fig. binds to a GAF domain in the PSM. The type of photochemistry is
indicated by the color coding of the GAF domain (e.g. red/dark red for Pr/Pfr). PAS domains are
coded in blue, PHY domains in grey and catalytic output modules in orange. Non-binding GAF
domains, the N-terminal extension (NTE) and the coiled-coil (CC) linker region are colored in white.
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Protein domains All phytochromes are structured in a consecutive set of distinct
protein domains that form the N-terminal photosensory module (PSM) and the C-
terminal output module (see fig. [1.3.1).[79] In plant phytochromes, the PSM is com-
posed of an N-terminal extension (NTE), followed by a PAS (PER/ARNT/SIM), a
GAF and a PHY (phytochrome specific) domain.[129] All three PSM domains have a
homologous fold motif composed of a central 5-stranded antiparallel S-sheet, a single
a-helix on one side and an a-helical bundle on the other side and are beaded along
a a-helical spine (see fig. [1.3.3).[244] The PHY domain possesses a unique structural
feature, called the tongue motif, which folds back to the chromophore binding pocket
in the GAF domain and interacts with the chromophore. In the Pr state, the tongue
adopts a [-sheet/S-hairpin fold,[26] and in Pfr the secondary structure is changed to
an a-helix/coil fold.|244] The output module in plant phytochromes is composed of a
double-PAS motif (termed Quail module)[162] and a histidine kinase related domain
(HK/HKRD).|78] Lower plants like ferns additionally encode for chimera proteins,
where the phytochrome PSM is fused to the phototaxis protein phototropin. This
sub-class of hybrid photoreceptor proteins is called “neochromes”.[129, 78|
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1 PHYTOCHROMES

Figure 1.3.2: Chromophore attachment in different types of natural and artificial phytochromes. A
and B: endo- and exocyclic attachment of BV in Bphs. C: Attachment of PCB and P®B to the GAF
domain in plant and cyanobacterial phytochromes. D-F': different artificial modes of attachment of
BV found in infrared-fluorescent proteins (iRFPs) derived from phytochromes (see chapter for a
detailed discussion of these structures).

Chromophores Plant phytochromes utilize the unique tetrapyrrole phytochromobilin
(P®B) as chromophore, but the cyanobacterial cofactor phycocyanobilin (PCB) can
also be assembled with the apoprotein in vitro (see fig. [1.2.1]).[103] 77, [99] However,
the chromophore is always covalently attached to a conserved cysteine (Cys) in the a-
helix of the GAF domain via a thioether linkage (see fig. C).[105] In the Pr state,
P®B adopts the ZZZssa configuration.|26, 202 This nomenclature refers to the stere-
ochemical configuration of the double (Z/E, German for Zusammen/Entgegen), and
the single bonds (s/a Greek for syn/anti) at the three (A/B, B/C and C/D) methine
bridges of the tetrapyrrole chromophore. In the Pfr state, the ZZE configuration was
reported by NMR for AsPhyA chromopeptides|178], but the exact stereochemical con-
figuration of the methine bridge single bonds remained a matter of debate, until x-ray
crystal structures of the Pfr state were solved. Here the homologous Bph from Pseu-
domonas aeruginosa (PaBph) shows a ZZEssa configuration of BV in the Pfr state,
reflecting the Pfr configuration of P®B in plant phytochromes.[244] The long-used
homology model was recently solidified for plants by NMR studies of AsPhyA.[200]
Resonance Raman (RR) spectroscopy selectively probes the vibrational modes of the
chromophore and thus is a powerful tool to access more detailed stereochemical infor-
mation about the chromophore, always in conjunction with theoretical models.[134]
The Pr and Pfr forms of AsPhyA were analyzed by RR [47] and Fourier-transform
pre-resonance Raman (FTR) spectroscopy.[69] These investigations helped to refine
the details of the chromophore configuration and demonstrated a double configura-
tion within the ZZEssa geometry in Pfr. Here, P®B adopts two spectroscopically
distinguishable sub-states (Pfr-I and Pfr-IT), characterized by subtle changes in the
dihedral angle of the C/D methine bridge.[229] The equilibrium of Pfr-I and II and
its implications are discussed in detail in chapters [4.1] and
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1.3 Plant Phytochromes

Figure 1.3.3: Photosensory module (PSM) crystal structures of the Pr and Pfr state of phy-
tochromes (Deinococcus radiodurans bacteriophytochrome (DrBphP), protein data bank (PDB) en-
tries 400P and 4001).[217] The chromophore (red) is incooperated in th GAF domain (blue). The
PAS and PHY domains are encoded in green and grey, respectively. The tongue motif is highlighted
in orange to emphasize the secondary structure transition between the two parent states.

Lumi state Similar to other biological photoreceptors (e.g. rhodopsins or
the orange carotenoid-binding protein (OCP)[123]), the interconversions of the Pr and
Pfr parent states proceed via a series of intermediates (see fig. [1.3.5). The interme-
diates can be distinguished by different spectroscopic methods, but the nomenclature
traces back to their first identification by cryogenical (cryo-)UV/Vis experiments.|39)
Starting at Pr: After absorption of a photon in resonance with the Q- or Soret band,
the delocalized m-electron system of the chromophore is electronically excited to the S,
state (Soret band excitation to the Sy relaxes rapidly to the Sy state), and the transi-
tion of an electron from a bonding to an antibonding molecular orbital (MO) weakens
the bond order of the Cj5 = Cj bond (see fig. . Thus, the activation energy
required for the Z /E isomerization at this position is lowered significantly and the reac-
tion proceeds within the life time of the excited state.[249] The excited state thermally
decays in the order of picoseconds (ps) to nanoseconds (ns)(ca. 30 ps in the case of
phyA) either to the first ground-state intermediate termed Lumi-R, or back to the Pr
state. The decay of the excited state generally comprises a complex reaction network
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Figure 1.3.4: Room temperature UV /Vis spectra of Sorghum bicolor phytochrome B (SbPhyB)
assembled with PCB in the Pr and in the Pfr states. The pure Pfr spectrum was obtained via
spectral subtraction of residual Pr contributions.

that can only be disentangled by global analysis methods including multi-exponential
fitting procedures.[46, 93, 197, 81| The lifetime of the excited state (Pr*) is also in the
same order of magnitude as fluorescent decay, and thus most phytochromes are, to
some extent, fluorescent from their Pr* (S)) states (see chapter [7.1] for a detailed dis-
cussion of phytochrome fluorescence). The primary photoreaction from Pfr to Lumi-F
is also complex and multiexponential, but by three orders of magnitude faster than
in the case of Pr (femtoseconds (fs) to ps).|93] Accordingly, significant fluorescence
was never observed from the Pfr* state of any phytochrome. The first RR analysis of
AsPhyA Lumi-R was carried out by a combined approach of cryo-trapping and room
temperature flow techniques in conjunction with shifted-excitation Raman difference
spectroscopy (SERDS).[4] The results of this study agree well with a cryo-trapping
FTR analysis|99] and both studies indicate a highly distorted P®B structure within
an non-relaxed (still Pr-like) chromophore binding pocket environment.

22



1.3 Plant Phytochromes

Meta states The Lumi-R state subsequently decays via thermal reactions to further
intermediates termed the Meta states: Meta-Ra, Rb and Re.[39] Meta-Rb is formed
by a photochemical side reaction and was only observed by cryo-UV /Vis experiments
but could not be reproduced by any other analytical method, thus Meta-Rb is possibly
a secondary photoproduct generated only under certain reaction conditions.|39] Later
studies showed that even more intermediates can be resolved on the pathway from
Pr to Pfr, but the most common nomenclature still refers to Meta-Ra and Meta-Rc
for canonical phytochromes.|33] On the complementary side of the photocycle (Pfr to
Pr), only one Meta state, termed Meta-F, was found.[39] The formation and decay of
the Meta states proceed on a time scale of microseconds (us) to fractions of a sec-
ond (s) and comprises rearrangements of the chromophore as well as the surrounding
protein matrix. This specifically includes the refolding of the tongue segment (vide
supra, see fig. [1.3.3).[217, [15] All intermediate transitions in phytochromes are tem-
perature dependent|33|, therefore the photocycle intermediates can be cryo-trapped
by illumination at low temperatures. Intermediate/ parent state mixtures that allow
the isolation of the Meta-Ra and Meta-Rc spectral contributions by subtraction proce-
dures are obtained by illumination at —50°C and —25°C. FTR spectroscopy revealed
transient de- and re-protonation of the P®B chromophore in the reaction sequence.[99]
Protonation and deprotonation steps were also found in cyanobacterial[225] 95| and
bacterial phytochromes|18, 256| by various spectroscopic methods. These reactions
occur in all types of phytochromes and comprise a crucial factor necessary for signal
transduction throughout the protein.|227] A scheme of the photocycle is summarized
in figure[1.3.5 While the photocycle intermediates in phytochromes were initially pro-
posed to decay in a linear sequential way,[39]|, thermal branching reactions for Bphs
were observed in recent spectroscopic studies.[124, 216, 22| A detailed discussion of
one examplary thermal shunt reaction in the Bphs Agpl and Agp?2 is given in chapter
6. 1]

H+
il

Meta-Rb

PpoB ©
ZZEssa

Figure 1.3.5: Photocycle scheme of plant phytochromes. The Pr and Pfr parent states interconvert
either photochemically via a series of intermediates termed the Lumi and Meta states, or thermally
in the dark (dashed arrows). Hereby, the stereochemical configuration of the P®B chromophore is
changed (Z/E isomerisation). In canonical phytochromes, the dark reaction is predominantly on
the side of the Pr state, thus it is termed the “dark-adapted” state. In the Meta-Rc state, P®B is
deprotonated at the pyrrolic nitrogens (the positive charge is lost), the re-uptake of the proton occurs
during the formation of Pfr.
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1 PHYTOCHROMES

Phytochrome signaling The downstream phytochrome signaling process in plants
is quite complex and involves the transient binding of phytochrome interaction fac-
tors (PIEFs), cellular translocation and kinase reactivity.|162| After photoconversion to
the Pfr state, eukaryotic phytochromes relocate from the cytoplasm to the nucleus to
interact with the DNA.|31] A study on PhyA demonstrated that the nuclear local-
ization patterns can be altered via mutagenesis, and thus are highly dependent on
the molecular properties of the photoreceptor itself.[254] In contrast to prokaryotic
variants, plant phytochromes also interact with PIFs, but the reaction mechanism is
under debate. Different phosphorylation reactions, such as phosphorylation of a tyro-
sine (Tyr)|147], or a serine (Ser) residue[127] by PIF3 are discussed. Also the reverse
reaction, phosphorylation of PIF3 by the phytochrome, is under debate.[144, 181} [156]
The output module HKRD is highly homologous to histidine (His) or threonine (Thr)
kinases, which comprise the two-component signaling systems in prokaryotic organ-
isms (see chapters and . The proposed phosphorylation reactions of PTFs might
be mediated in a similar manner by the HKRD domain.[195] Because the photocycle
reactions are temperature dependent (vide supra), recent studies also proposed that
phytochromes can act as thermosensors in planta.|87, 112, 28| The interaction of Ara-
bidopsis thaliana PhyB (AtPhyB) with PIF3 and the implications for the chromophore
geometry are discussed in detail in chapter

Limitations of protein crystallography Although conventional x-ray crystallog-
raphy is a powerful method for the investigation of protein structure, it is restricted
to long-lived conformational states that do not undergo structural rearrangements
during or after the crystallization procedure. Non-equilibrium conditions are mostly
avoided because perturbations of homogeneous single crystals often damage or de-
stroy the samples. An important historical example for this limitation is hemoglobin:
this protein crystallizes readily in the reduced state, but when the crystals bind oxy-
gen, the functional conformational toggle imposes strains on the crystal lattice and
ultimately the protein crystals are damaged.[164] In contrast to chemical activation,
phytochromes undergo light-induced structural rearrangements during the photocycle
reactions, involving the a-helix to S-sheet transition in the tongue region.[217] There-
fore, the dark-adapted state can only be safely crystallized in darkness or under dim
green light conditions. For canonical phytochromes like Agp1[138, 103|, DrBph|239,
240, 27, RpBphP2 and P3|245, 11, [246|, the cyanobacterial Cphl [41] or plant PhyB
[26], the dark adapted Pr-structures were obtained in this manner, whereas the bathy
phytochromes from Pseudomonas aeroguinosa (PaBph) and Agp2 were crystallized
in their dark-adapted Pfr forms.|244] [185] Furthermore, Pfr structures from proto-
typical phytochromes were obtained either by crystal growth under defined periodical
illumination with red light|217] or by introduction of distinct point mutations in the
chromophore binding pocket that stabilize the Pfr state and inhibit thermal dark re-
version to Pr.[24]

However, these approaches only yield static pictures of the parent states and no struc-
tural information about the photocycle intermediates or the molecular mechanism of
their interconversion reactions. Recently developed techniques like room-temperature
serial fs crystallography[38] or temperature scan cryo-crystallography [247] allow the
investigation of the photoreaction and excited-state dynamics and could eventually
even reveal information about the transition to the Lumi state, and possibly the sub-
sequent Meta intermediates.
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A promising approach to obtain structural information about the Meta states is the
illumination of phytochrome crystals. Although illumination bears the risk of crystal
lattice rupture, it was shown with RR spectroscopy for Agpl-M15 (PAS-GAF-PHY)
that photo conversion to the Meta-Rc state can be achieved in crystalline samples.
Here, the lattice restrains apparently restrict refolding of the tongue region and the
photocycle is interrupted at the Meta-Re intermediate.[237] Nevertheless, the poten-
tially fatal lattice strains can be further reduced by the crystallization of artificial
protein variants lacking the typical tongue transition reaction. This can be achieved
in two ways: either by the introduction of amino acid substitutions that uncouple the
chromophore binding pocket reactions from the tongue response|216, [185] or by the
use of PAS-GAF-STOP constructs. Following both approaches, subsequent crystal
illumination may yield photoproducts that serve as models for intermediate stages of
the photocycle. In any case, the application of RR spectroscopy on crystalline sam-
ples is a useful tool for several reasons. First, the RR spectra may serve as a quality
check for the dark-grown crystals: typical protein crystallization conditions can be
quite harsh and therefore x-ray structures are prone to artifacts induced by high salt
concentrations, precipitating agents or extreme pH conditions. However, RR spectra
from the crystals can be readily compared with solution spectra of the same protein to
identify or exclude differences induced by the crystallization conditions.|237] Second,
the RR spectra of the illuminated crystals can be used to assign the photoproduct to
an intermediate state or point out certain conformational differences.[237] Third, RR
spectroscopy gives information about chromophore protonation states which is inac-
cessible by x-ray scattering due to the lack of electron density around protic hydrogen
nuclei (additionally, x-ray radiation damage can lead to deprotonation and thus falsify
the data).[117] Last, the structural information (bond lengths, angles, structural het-
erogenieties) which can be extracted from the analysis of RR spectra in combination
with calculations provides complementary structural information to crystallographic
data.[229]

1.4 Cyanobacterial Phytochromes

The discovery of the cyanobacterial phytochrome Cphl from Synechocystis sp. PCC
6803 brought significant advantages for the basic studies in phytochrome biology. Mil-
ligram (mg) amounts of homogeneous, spectroscopically active Cphl holoprotein were
easily available by heterologous expression of the apoprotein in Escherichia (E.) coli,
subsequent chromatographic purification and in vitro chromophore assembly.[80] Cph1
was therefore often used as a model system for plant phytochromes, albeit some differ-
ences between cyanobacterial and plant systems have to be kept in mind. Primarily,
Cphl lacks the NTE, which interacts with the chromophore in plant phytochromes.
PhyB NTE deletion mutants show altered biophysical properties mainly in the Pfr
state (see chapter [4.1| for a detailed discussion of the chromophore-NTE interactions).
Secondly, Cph1l and other cyanobacterial phytochromes naturally incorporate (PCB)
[77], instead of PPB as a cofactor. Because these two chromophores only differ in
the saturation of the C g1 = C\g2 vinyl (ethyl in the case of PCB) side chain, which
is located in a position remote to the attachment site, both chromophores assemble
with Cphl apo-protein in vitro (see fig. for structural formulae).[106] Similar to
plant phytochromes, the bilin is attached to a conserved Cys residue in a GAF domain
when the holo-protein is formed.|64] A third difference between Cphl and plant phy-
tochromes is the lack of the double-PAS motif (Quail module) in the output module,

25



1 PHYTOCHROMES

and in Cphl the HKRD is directly connected to the PHY domain.[106] While the flex-
ible NTE directly interacts with the chromophore, the Quail module is not in direct
contact with the chromophore and exclusively important for the downstream signaling
process in plant cells. While the signaling mechanism in plants is quite complex (see
chapter , prokaryotic signal transduction proceeds wia two component systems,
consisting of a sensory kinase (the phytochrome) acting on a response regulator.|209|

Cphl Due to the high homology to plant phytochromes|41, |122| and the easy pu-
rification procedure|80], Cphl was extensively used as a model system in diverse bio-
physical studies. In the Pr state, the ZZZssa configuration of PCB was reported first
by NMR|63, 211] and later confirmed by protein x-ray crystallography.[41] Within
the ZZZssa configuration, a homogeneous Pr state was reported for Cphl only by
RR intensity analysis [205, 204], but most spectroscopic studies imply a heteroge-
neous ground state configuration for Cphl.[237, 122, 93| 46, 249] Also, the proton
release and uptake reactions in the photocycle were studied in greater detail with
various spectroscopic techniques.|225] 95| Advanced time-resolved spectroscopic tech-
niques like ultrafast polarized TR[248|, femtosecond stimulated Raman spectroscopy
(FSRS)|[35, [248] and ultrafast UV /Vis absorption[197] allow tracking of the photoiso-
merization reaction in the excited state.

Modular domain structure In contrast to plant phytochromes, the PAS-GAF-
PHY architecture of the PSM is not conserved in all cyanobacterial variants. Hence,
different Cphs can be classified according to their PSM structure and subdivided into
three groups:[5, 133|

e In canonical cyanobacterial pyhtochromes like Cphl, the PSM PAS-GAF-PHY
motif is conserved. |80, [106]

e Cph2-like cyanobacterial phytochromes lack the PAS domain, here the PSM is
only composed of a GAF and a PHY domain.[242, (6]

e In cyanobacteriochromes (CBCRs), the PSM consists only a GAF domain.|172]
174, [168, [169, [139, [141], [173] [51]

Cyanobacteriochromes While the chromophore is always embedded in a GAF do-
main in CBCRs, the surrounding domain structure is highly variable. A common
motif in CBCRs is a multi-GAF repeat architecture, but not necessarily all GAF do-
mains constituting a CBCR PSM bind chromophores or exhibit photoactivity.|168]
The catalytic output module is also variable: some CBCRs carry a HK domain like
Cphl or other domains involved in classical two-component signaling pathways, others
function as cyclases and some completely lack output modules.[174] Although most
CBCRs covalently bind PCB, some are also capable to bind other bilins like phycovio-
lobilin (PVB), bilirubin[165, [167] or biliverdin (BV).[141] This variability in prosthetic
groups with different conjugation lengths results in drastically changed light absorption
properties in CBCRs. While only a minor fraction of the PCB-binding CBCRs ex-
hibit Cphl-like Pr/Pfr photochemistry[167], most display conversion between states of
drastically shifted absorption bands.[165] Additional to the incooperation of PVB and
bilirubin, some CBCRs are also able to form a second covalent Cys linkage at the Cs[85),
223] or Cyp[139] (see fig. [1.2.1]for notation) position, which eventually disrupts the con-
jugated system and leads to a hypsochromic shift in the absorption spectrum.|[84] One
example for this behavior is the CBCR sub-class termed DXCF CBCrs according to a

26



1.4 Cyanobacterial Phytochromes

Q band

648

Pr

protein

280

Soret band

350

300 350 400 450 500 550 600 650 700

wavelength /nm

Figure 1.4.1: Room temperature UV /Vis spectra of Slr-GAF3 in the Pr and in the Pg state. The
pure Pg spectrum was obtained by subtraction of residual Pr contributions.

conserved amino acid sequence (Asp-X-Cys-Phe) in the protein backbone. [172] DXCF
CBCRs bind PCB or PVB and are able to sense blue, violet and near-UV light by the
formation of a secondary Cys adduct at the C;g position.|168] (174, [165] In some cases,
the formation of the second thioether linkage is a reversible step within the photocy-
cle, in others the attachment occurs during chromophore assembly and persists during
the photocycle reactions.[172] While the canonical attachment site at the A ring is
conserved in most CBCRs, some DXCF CBCRs also function without the canonical
Cys.|51] Like retinal proteins, CBCR photochemistry spans the whole visible, near-IR
and near-UV spectral range.[167] These highly specialized and unique properties en-
able CBCRs to regulate phototaxis[140|, chromatic adaptation of the light-harvesting
complexes|92, 72], 73, [52| or the remodeling of the entire photosynthetic apparatus in
cyanobacteria.[53), 52|

Red/green CBCRs Another interesting subgroup of CBCRs incooperates PCB and
exhibits red/green photochemistry without the secondary attachment of Cys residues
to the chromophore. These bimodal photoreceptive proteins can be interconverted
from the dark-adapted Pr state to a meta-stable green-absorbing (Pg) state and wvice
versa by illumination in the corresponding wavelength regions (the UV /Vis absorption
spectrum of Slr-GAF3, a red/green CBCR, is shown in fig. [1.4.1)).[140] Prominent and
well-studied red/green CBCRs without secondary Cys are the phototaxis regulators
AnPixJ from Anabaena sp. PCC7120[140|, composed of four GAF domains and one
MCP domain, or ReaE from Fremyella.[73] While the Pr state of these CBCRs is very
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similar to Cphl or other PCB-binding canonical phytochromes, the hypsochromic
shift in the Pg is fundamentally different from the canonical conversion to the Pfr
form. No attachment to secondary Cys residues was observed for these CBCRs, thus
the unusual absorption properties of PCB in the Pg state can only be understood in
terms of distinct interactions of PCB with the immediate protein environment. Albeit
several different models were proposed|169]|, an unambigous description of the color
tuning mechanism in red/green CBCRs remains elusive. The different models and
implications are discussed in detail in chapter for SIr1393, a CBCR isolated from
Synechocystis sp. PCC6803|243|, which consists of three GAF domains, followed by a
signaling C-terminal histidine kinase domain (see fig. [1.3.1)). The third GAF domain
of SIr1393 (denoted Sl-GAF3) binds PCB via a thioether bridge to the canonical
cysteine residue (Cys 528).

1.5 Bacterial Phytochromes

In contrast to the rich variety of different PSM architectures in CBCRs, bacteriophy-
tochromes (Bphs) share the conserved PAS-GAF-PHY sequence of plant phytochromes
and canonical cyanobacterial phytochromes.[110] Bphs lack the long NTE (ca. 100
amino acids) that is found in plant phytochromes, but a shorter NTE (ca. 20 amino
acids) folds to a unique figure-of-8 knot with the loop that connects the PAS and
the GAF domains.[239] Although the specific function of the knot motif is still un-
known, the short NTE element also comprises the chromophore attaching Cys residue
in Bphs, which utilize biliverdin IXa (BV).[14] [110] Although the chromophore and
attachment are different to plant and cyanobacterial variants (see figs. and
, Bphs also exhibit autolyase reactivity, and the cheap commercial availability
of BV (compared to PCB and P®B) facilitates expression and in vitro assembly of
Bphs in heterologous host systems like E.coli.[108] Like plant phytochromes, Bphs are
generally homodimeric proteins|[149|, but distinct interface mutations can disrupt the
non-covalent interactions at the dimerization sites and lead to artificial monomers.|214]

Signaling Although the PSM motif is conserved among Bphs, the output module
is variable.[56] Like Cphl, most Bphs are histidine kinases (HKs)[235, 90] and com-
prise parts in prokaryotic two-component signaling pathways, but also other naturally
occurring output modules like the diguanylyl cyclase GGDEF domain|61] or a di-
rect attachment of a CheY-homologuous regulator domain (REC) is possible (see fig.
. The downstream regulation process in most Bphs is poorly understood com-
pared to plants and only some case studies investigated the biological functions and
phenotypes. In the photosynthetic purple bacterium Rhodopseudomonas palustris,
the two Bphs RpBphP2 and P3 regulate the synthesis of the light harvesting complex
LH4.]|57]. In non-photosynthetic bacteria, like the plant pathogen Agrobacterium fab-
rum, motility and infectivity are regulated by the Bphs Agpl and Agp2 via expression
of flagella genes.[150, |101] The kinase activity of Agp1 is temperature dependent, with
higher turnover numbers at 25°C and lower turnover at higher temperatures (40°C),
suggesting that Bphs also might act as thermosensors.|148]|
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1.5 Bacterial Phytochromes

Figure 1.5.1: Chromophore binding pocket of the canonical Bph Agpl (pdb entry: 5HSQ) in the
Pr state (left panel) and the bathy phytochrome PaBph (pdb entry: 3C2W) in the Pfr state (right
panel). BV adopts the ZZZssa (Pr state) and ZZEssa configurations (Pfr state), respectively. The
reorientation of conserved amino acids, the covalent attachment to a Cys residue and the pyrrolic
water (wat) molecule are highlighted. Dashed lines indicate hydrogen bonding distances.

Canonical Bphs In most Bphs, the thermal equilibrium reaction in the dark is
predominantly on the side of the Pr state. Due to their high similarity to plant phy-
tochromes or Cphl, these Bphs are termed canonical Bphs. Prominent, well-studied
examples of canonical Bphs are the phytochromes from the extremophile bacterium
Deinococcus radiodurans (DrBph) or Agrobacterim fabrum. The PAS-GAF (PG) con-
struct of DrBph was the first phytochrome fragment to be successfully analyzed by
x-ray crystallography[239, 240], revealing the unique knot motif and providing a ba-
sis for theoretical homology modeling studies. Later also the PAG-GAF-PHY (PGP)
structure was solved (a close up view of the chromophore and surrounding amino
acids in the Pr state is given in fig. ., Crystallographic studies on
Bphs were carried out in conjunction with electron microscopic studies of the Pr-
Pfr activation|27], size-exclusion chromatography (SEC)[213] and small-angle x-ray
scattering (SAXS) analysis[217, [15] 215], to investigate the structural rearrangements
during the photocycle in the solution phase. Additionally, the photoactivation reac-
tion in canonical Bphs was extensively studied by time-resolved and static difference
(diff.) IR spectroscopy|215, 210, (159, 186, 220, 119], electron paramagnetic resonance
(EPR) techniques using spin-labeling (PELDOR)[89, [68], RR spectroscopy|241} (18|
, fluorescence line narrowing spectroscopy (FLN) and UV /Vis techniques.[18]
These studies unraveled a series of events during the Lumi, Meta-Ra and Rc transi-
tions linking the chromophore isomerization to the secondary structure transition of
the tongue and ultimately the activation of the catalytic output module, including
(de)protonation steps similar to Cphl and plant phytochromes. Despite the high sim-
ilarity of the spectroscopic properties and the photocycle to Cphl, the isomerization
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1 PHYTOCHROMES

reaction in DrBph proceeds via a different pathway and yields -facial chirality in the
Pfr, in contrast to the a-facial PCB in the Pfr state of Cphl.[171]

Bathy phytochromes In the Bph from the plant pathogen Xanthomonas campestris
(XcBph), the thermal dark equilibrium reaction is less on the side of the Pr state com-
pared to canonical phys, affording a Pr/Pfr mixture in the dark.[17, [153| In so-called
bathy phytochromes, the thermal dark relaxation is completely reversed, thus defining
Pfr as the dark-adapted state, albeit in vitro BV assembly yields Pr as a meta-stable
initial product.]90] Bathy Bphs are found predominantly in rhizobial soil bacteria like
Agrobactrium fabrum (Agp2) or Rhodopseudomonas palustris (RpBphP6)[177, 90],
but also in the mammalian pathogen Pseudomonas aeruginosa (PaBph). The PaBph
PGP construct was successfully crystallized in the dark-adpated Pfr state[244] and
early intermediates in the light activated reaction sequence could be identified using
temperature-scan x-ray crystallography.|247] A close up view of BV and the surround-
ing amino acids in the Pfr state is given in figure Bathy Bphs share highly ho-
molog sequences, resulting in a conserved chromophore environment in this sub-class
and unique photochemical features among them.[177] Agp2, PaBph and RpBphP6
all share distinct features like a protonated propionic side chain at ring C whitin a
homogeneous Pfr state[227] and all display a characteristic sequential H/D exchange
pattern in their RR and IR spectra.[228, 227] Furthermore, the Pr state of bathy
Bphs comprises a pH-dependent equilibrium of tautomeric keto- and enol-forms at the
ring D carbonyl group.|256, [227] The enolic tautomer is formed by a proton exchange
with a nearby conserved histidine (His) residue and presumably initiates the thermal
dark-relaxation reaction to the Pfr state.[227]

1.6 Biotechnological Applications of Phytochromes

Phytochromes have unique photophysical and biological properties making them promis-
ing precursor proteins for various biotechnological applications.[193] The proteins and
chromophores are not cytotoxic and the required pigment molecules can be supplied
in sufficient amounts in pro- and eukaryotic host systems.|196] Especially Bphs are
advantageous for application in mammalian cells because BV is the first intermediate
product in the cellular heme degradation pathway and therefore ubiquitously avail-
able.|196] If required, it is also possible to synthesize PCB in mammalian cells, thus
the biotechnological phytochrome toolkit also includes the cyanobacterial and plant
variants.[137] While some applications like photoacoustic tomography|104], the pro-
duction of for ZZE-BV in bacteria|109], or biofilm photography|115] are rather exotic,
phytochromes are mostly utilized for popular technologies like optogenetics or fluores-
cence microscopy.
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Optogenetics The control of cellular processes by light (optogenetics) requires the
introduction of a protein construct composed of a photo-switchable component and
a suitable output module to the target system.[130] These requirements are perfectly
met by the PSM and the output module of Bphs. Furthermore, the coiled-coil (CC)
motif that connects the output module with the PSM in Bphs can also be used to
develop general design strategies for artificial protein constructs, e.g. to function-
ally fuse the phytochrome PSM to alternative output modules.[130] Utilizing these
protein chimeras, the synthesis of cyclic-di-guanosine monophosphate (c-di-GMP) in
E.coli|182], the dynamics of mammalian cell morphology[88| or the dimerization of
two receptor tyrosine kinases|163| in mammalian cells can be controlled with red and
near-infrared (NIR) light.

IsPadC Just recently, genome sequencing of the marine bacterium Idiomarina sp.A28L
revealed the existence of naturally occurring phytochrome-activated di-guanylyl cy-
clases (e.g. IsPadC), which are readily suitable for the optogenetic regulation of the
second messenger molecule c-di-GMP.[61] IsPadC was recently crystallized as a Pr ho-
modimer (pdb entry: 5LLW) and as Guanosine-5’-triphosphate (GTP)-bound enzyme-
substrate complex (pdb entry: 5LLX).|61] Hydrogen-deuterium exchange coupled to
mass spectrometry (HDX-MS) experiments led to the conclusion that conformational
dynamics in the functionally relevant state and the relative population of two regis-
ter configurations in the coiled-coil (CC) region tune the cyclase activity.|61, [76] The
register configuration influences the positioning of functionally important residues of
the cyclase domain (the conserved Gly-Gly-Asp-Glu-Phe, or GGDEF, motif) and is
influenced by the secondary structure of the tongue. Furthermore, two mutant pro-
teins carrying amino acid substitutions in the CC-domain, called Regl and Reg2,
exhibit cyclase inhibition or activation independent of light, by stabilizing either one
of the register configurations. IsPadC Reg2 crystallizes in the form of an asymmet-
ric Pfr/Pr heterodimer, indicating that this form might be the functionally relevant
active state of the cyclase.[60] Anyhow, acidic urea denaturation experiments yielded
over 90% ZZEssa (Pfr) chromophore in the light-activated wild-type protein, arguing
against the Pr/Pfr heterodimer as the predominant activated state. Underpinned by
a detailed analysis of the non-isosbestic recovery kinetics in UV /Vis experiments, a
Pfr/Meta-R heterodimer was proposed for the activated state. In order to test this
working hypothesis, IsPadC was characterized by means of RR and difference IR spec-

troscopy (chapter [6.2).

Fluorescence imaging of biological samples Fluorescence imaging comprises a
powerful set of techniques for the investigation of biological samples on scales from
several millimeters (mm) of tissue down to the single-molecule level. To reach this
high spatial resolution beyond the diffraction limit, a donut-shaped pulse of light is
used to create a ring of stimulated emission and inhibit fluorescence processes in the
outer regions of a confocal excitation point, restricting the emission area to a few nm
(stimulated-emission-depletion, STED microscopy).|97, 20] Based on STED, further
sophisticated techniques like photoactivated localization microscopy (PALM)[12]| or
stochastic optical reconstruction microscopy (STORM) [180] were developed, yield-
ing even higher spatial resolutions down to the single-molecule level. However, all
these techniques are fluorescence-based and thus require dye molecules with suitable
fluorescence properties.
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Since the green fluorescent protein (GFP) from the jellyfish Aequorea victoria was first
isolated|194] and biochemically characterized[161], a high number of related dyes with
different photophysical properties was developed to keep up with the rapid microscope
developments.|176] GFP and its spectral variants cover the visible spectrum, allowing
multi-color imaging with fluorescence quantum yields (FQY) of up to 93 %.[55, 58|
Although these multi-color techniques are useful for the parallel imaging of several
analytes in wvivo, it is important to consider that chemical attachment of dyes might
impact structure, dynamics and therefore the biological function. The interaction of
analyte and dye might be complex and therefore the applicability on a mechanistic
molecular level is limited.

In contrast to high-resolution techniques, the development of fluorescence imaging
through thick layers of biological tissues (e.g. mammalian skin) is of high interest
for medical applications. To penetrate biological tissue efficiently, the fluorescence
excitation and emission wavelengths need to be in the “near-infrared (NIR) transpar-
ent window” between 650 and 900 nm.[189] NIR radiation is advantageous compared
to visible light because the competing absorption and fluorescence of natural pig-
ments, mostly heme proteins, is low in this region. Further red-shifted IR radiation
(> 900nm), is mainly absorbed by water and therefore also not suitable for deep tissue
imaging.[189] The major advantages of medical in vivo studies with NIR light (e.g. in
living mice) are good targeting, low invasivity and low instrument costs compared to
X-ray or tomographic imaging methods like magnetic resonance tomography (MRT)
and positron-emission tomography (PET).|32]

The superior signal-to-noise (S/N) ratio in the NIR region makes the development, im-
provement and understanding of bright and stable NIR dyes highly desirable scientific
objectives. Despite their high FQY in the visible region, far-red shifted GFP homo-
logues lack brightness and photostability and therefore need to be further improved
by bioengineering methods to meet the requirements for deep tissue studies.[128], |189),
212| An alternative approach to the development of far-red shifted GFP homologues
is the utilization of bioengineered biliproteins derived from phytochromes.|157, |32, 188]

iRFPs The natural FQY of phytochromes in the NIR transparent window is in the
order of about 1 % and can be enhanced by mutagenesis to yield bright and pho-
tostable NIR-fluorescent protein variants for applications in mammalian tissue.|157,
32] In the cyanobacterial phytochrome Cphl, the exchange of one single amino acid
(Y167H) leads to a strong increase in PCB fluorescence (FQY higher than 10 %)[45].
Strong fluorescence (FQY=18 %) was also reported for a PCB-binding allophycocyanin
derivate termed “small ultra red fluorescent protein” (smURFP).[175] In general, the
synthesis of PCB in mammalian cells is possible but requires the introduction of a
PCB:ferredoxin oxidoreductase to the host cell to catalyze the reduction of BV to
PCB.[137] This step is not required if Bphs are used as precursors, because these
proteins incorporate the ubiquitous BV (vide supra) without the requirement for any
further chemical modification.
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This major advantage led to the development of several NIR-fluorescent proteins de-
rived from Bphs. The proteins were developed in different research institutions around
the world by a combined approach of domain truncation, random mutagenesis steps
and rational directed-site mutagenesis. Figure depicts a complete scheme of the
design strategy and introduction to the mammalian host system (e.g. a mouse).
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Figure 1.6.1: Fluorescence imaging with iRFPs. 1 in a first step, iRFPs are generated from
Bph precursors by truncation (either PAS-GAF or GAF only), random mutagenesis and directed
mutagenesis steps. Promising variants are screened for high fluorescence in vitro. The iRFP gene
is introduced into a viral genome (2) and the mammalian host system (e.g. mouse liver cells) are
transfected (3). After expression of the apo-iRFP by the host system (4), the protein autocatalytically
attaches BV (5), and the fluorescent holo-iRFP is obtained. 6: Fluorescence can be detected from
the target cells of the host system in vivo.

e The IFP series derived from DrBph in the Shu Lab (University of California, San
Francisco), including IFP1.0-1.4[196], IFP 2.0 [251] and iBlueberry, which bears
second Cys in a monomeric variant.[252]

e The Wisconsin-phytochrome series derived from DrBph in the Forest Lab (Uni-
versity of Wisconsin, Madison), including Wi-Phy[8] and Wi-Phy 2.0.|114]

e The iRFP series derived from various different Bphs in the Verkhusha Lab (Ein-
stein College, New York), including the auto-fluorescent variants iRFPXXX (XXX
denotes the wavelength of the fluorescence emission maximum)[44, 190], the
photo-activatable PAIRFP proteins[158|, a GAF-only iRFP[179]| and the monomeric
group of mIRFPs.|191]

Furthermore, the rapid development of these proteins motivated further studies to
understand the origin and mechanism of fluorescence enhancement.[221, [219, |113]
184l 113, 206, [207, 208, 192, [255] (74, (154, |232, 23] Two fundamental studies on the
structural parameters that control the fluorescence in iRFPs are part of this thesis

(chapters [7.1] and [7.2)).[21]
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2 Theoretical Background: Vibrational Spectroscopy

The term vibrational spectroscopy refers to analytical techniques that probe the in-
teraction of matter with incident electromagnetic radiation by exploration of lattice
or molecular vibrations. The two most common experimental techniques, infrared
(IR) absorption and Raman scattering, rely on two different physical processes: the
absorption and the inelastic scattering of photons, respectively (see fig. . Over
the past centuries, these processes were described on various levels of theory, ranging
from the classical treatment (microscopic Maxwell equations)|7] to a relativistic, time-
dependent, quantum mechanical treatment of both matter and photons (the theory
of quantum electrodynamics, QED).[43| Both of these theoretical approaches include
major drawbacks: the classical treatment confines electromagnetic fields and oscillat-
ing dipoles but fails to account for the quantization of vibrational energy and therefore
cannot explain any of the observables in vibrational spectroscopy.|7] The complexity
of the QED approach, on the other hand scales exponentially with system size and is
therefore restricted to either very small or very symmetric model systems in theoreti-
cal physics.[43] Hence, both approaches are not feasible to explain vibrational spectra
of biomolecules. An appropriate combination of different levels of theory is neces-
sary to obtain meaningful semi-classical models. The most common models treat the
molecules quantum mechanically within the Born-Oppenheimer approximation, while
the electromagnetic radiation is expressed as a field perturbing the electronic structure
(pertubation theory).[70, [120} 2, /1]

The three basic observables in vibrational spectroscopy that require theoretical de-
scription are: the frequency v of a molecular vibration, the intensity of the corre-
sponding transition I, and the line shape that describes the variation of I in the
frequency domain I(v).

2.1 Frequencies of Molecular Vibrations

Despite the mechanistic differences of IR absorption and Raman scattering, both tech-
niques probe a re-population of vibrational energy levels of an analyte caused by the
interaction with light. In IR spectroscopy, absorption of an IR photon hv;g by the
sample leads to the transition from an initial vibrational level |v;) to a final state
|vp) within the electronic ground state Sp. Raman scattering of a photon (hvggman)
is a concerted two-photon process that also leads to an excitation (Stokes scattering)
or de-excitation (anti-Stokes scattering) of a vibrational energy level (see fig. [2.1.1)).
Anyhow, the structure and distribution of the vibrational levels is independent of
the technique and solely relies on the chemical properties of the analyte, thus the
theoretical treatment of both methods initially requires a profound understanding of
vibrational energy levels.
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Figure 2.1.1: Jablonski diagram of different vibrational absorption and scattering processes. Left
panel: absorption of IR photons (hvrg) excites vibrational levels of the electronic ground state Sp.
Middle: Raman scattering of photons (hvgeman) is a concerted two-photon process. If the photon
energy is in resonance with an excited electronic state (S,), the scattering intensity is enhanced
(resonance Raman effect, see chapter . The RR process is depicted in red. Right panel: incident
radiation can either excite (black line) or de-excite (gray) a vibrational state. The energy of the
scattered photon is equal to the difference (Stokes scattering) or the sum (anti-Stokes scattering) of
the incident photon energy hiyy and the vibrational energy difference v4.

Normal modes All molecules oscillate in characteristic patterns that contain valu-
able information about their chemical structure and interactions with the molecular
environment. A useful theoretical description for the complex vibrational patterns of
molecules are so-called vibrational normal modes.|[70] A normal mode k of an oscillator
is defined as a pattern of motion in which all parts (atoms) of the oscillator (molecule)
move sinusoidally with the same frequency f and with a fixed phase relation.[7] A
nonlinear molecule consisting of NV atoms has 3N degrees of motional freedom, 3N —6
of which correspond to vibrational motion. The remaining six degrees of freedom
convey the dimensions of rotational and translational motion. Every vibrational mo-
tion within the 3N — 6 vibrational degrees of freedom can be represented by a linear
combination of the 3N — 6 normal modes.|7| Although normal modes are per defini-
tion concerted oscillations of all atoms within the molecule, the relative displacement
amplitudes for the individual atoms vary over several orders of magnitude.|70| Hence
some vibrational modes are delocalized with significant participation of many atoms
(e.g. the C=C stretching vibrations in long conjugated systems like carotenoids|[96]),
while other modes are in good approximation localized to smaller groups of atoms.
Localized modes are often named according to the functional group and the corre-
sponding motion (e.g. C=O stretching of a single keto group). The frequencies of
these normal modes are governed by the masses of the displaced atoms and the forces
between them. Consider for example a diatomic molecule o — g with only one vibra-
tional degree of freedom, namely the stretching of the bond. Assuming the harmonic
motion of two point masses connected by a spring, the frequency of the vibration can
be described classically by Hooke,s law:

p=—. L (2.1)
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Here, f is the stretching force constant, u is the reduced mass, which is related to the
atomic masses m, and mg by

Malllp (2.2)

o= Ma + Mg

In this minimal model, the force constant f and atomic masses m; depend on
the composition and configuration, i.e. the bonding and non-bonding interactions of
the atoms with each other and the environment. Hence, vibrational spectroscopic
techniques that excite and probe the vibration provide very accurate information on

molecular structure (such as bond lengths or angles in complex molecules).|[7|

The harmonic approximation Equation[2.1]is an approximation based on a parabolic
potential curve

1
Viara = 3 fAz?, (2.3)

where Ax denotes the symmetric displacement of the masses along the x-axis from
the equilibrium position. The Schrédinger equation for the motion of m, and mg with
‘/para 1s

h* d*v

— ———+ Vs U = EV 24

2” dﬂfz + p ( )

with the reduced Planck constant i = h/27 and the vibrational wave function W.

The energies E, of the permitted vibrational energy levels |v) are obtained as solutions

of eqn. [2.4}
] £\
E,=(n,+=)h|= . 2.
(=3)n () =

At high vibrational excitations (high values of the vibrational quantum number n, ),
the parabolic approximation is poor because it does not accuratly represent spread of
the vibrational wavefunction and also does not include a dissociation limit. The motion
then becomes anharmonic and the force is no longer proportional to the displacement
Ax. One approach to take the anharmonicity of an oscillation into account is to use
a Morse potential instead of the parabolic:

Viorse = De(1 - e—aAa:)Q’ (26)

where D, is the depth of the potential minimum and

()" o
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Solution of the Schrédinger eqn. with respect to Vijorse vields an according set of
energy levels:

1 f 1/2 1\ /2 f 1/2
Eu,Morse = (ny + 5) h (;) - (ny + 5) xeh (/—L) R (28)

with the anharmonicty constat x.:

a’h
Te = e (2.9)
Although the harmonic approximation is inaccurate at high vibrational excita-
tions, is widely used for in silico calculations of molecular vibrational frequencies.
The approximation is useful, because the resulting error for the energies of fundamen-
tal |vp) — |v1) transitions that dominate IR and Raman spectra at room or cryogenic
temperatures is small.

Normal Mode Analysis Normal mode frequencies of complex systems like a tetrapyr-
role molecule can be calculated in silico by normal mode analysis (NMA). Within the
harmonic approximation, the NMA formalism follows three fundamental steps|70]: (1)
A three-dimensional expression for the energy is derived. (2) The classical equations
of motion are set up accordingly. (3) Frequencies and atomic displacement are calcu-
lated from the eigenvalue equation of a force constant matrix. The NMA formalism
is commonly expressed in mass-weighted Cartesian coordinates ¢; for the individual
atoms ¢ :

The ¢; of all atoms within the molecule can be written in matrix notation as vector

q that is calculated from the (diagonal) matrix m containing atomic masses m; and
the vector x containing atomic positions x;,

q = vmx. (2.11)

(1) The expression for the kinetic energy T is derived from ¢; or q,

1N 1
T== 2= -q'¢ 2.12
Q;q Sa'a, (2.12)

where dots above variables indicate time derivatives and ¢ the trace of the matrix
q. It is convenient to expand the potential energy V of a molecule within a local
energy minimum in a Taylor series around the minimum position:

3N 3N
oV 1 o’V
= E — i+ = E iqi + ... 2.1
v i (8%)0% T3 (aqz’aq)o%qj i (213)

4,j=1

Vh refers to the potential energy at equilibrium, which can be omitted because only
changes of V' caused by displacements of the individual atoms contribute to the NMA.
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Also infinitesimal changes in ¢; (second term) do not cause a change in V when the
molecule is in equilibrium, thus this term is also zero. For small displacements g;
within the harmonic approximation, higher order terms can be neglected, such that

eqn. yields

1 7 ov
vt = 0 = ~qfq, 2.14
Z(aqzaq) G Z a1 q q (2.14)

1]1 z]l

where f/7 are the mass-weighted force constants (second partial derivatives of V'
with respect to the coordinates ¢; and ¢;, in matrix notation the (Hessian) force con-
stant matrix f). Note the resemblance with eqn. [2.3]for a diatomic molecule.

(2) The Lagrangian formalism

it (%) * (%) =0 (2.15)

allows the derivation of the 3N Newtonian equations of motion in the form of second
order coupled linear homogeneous differential equations,

G + Z mg = (2.16)

The general solution for the Coordmate 1 of the vibrational mode k£ with the fre-
quency v = /A /27, the amplitude A;; and the phase angle 1, is given by

= Ajpcos(\/ Mt + Vix)- (2.17)
Inserting the solution of eqn back into eqn. yields
3N
Z( i = 0ij k) Ai, = 0. (2.18)
i=1

With the Kronecker delta d;;, which equals unity if i — j and zero in all other cases,
eqn. [2.1§ can be rewritten

3N
— A A+ Ay = 0. (2.19)
i=1
Eqn corresponds to 3N linear equations for Ajk, that can be rewritten in
matrix notation as

(f™ — X\ 1)A, = 0. (2.20)

Here, the mass-weighted Hessian matrix f™ contains the mass-weighted force-
constants f/', 1 denotes the identity matrix and A is a vector containing the Cartesian
displacement amplitudes A;,. Expression is an eigenvalue equation that defines
eigenvalues )\, for each eigenvector A of the matrix f™.
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(3) The vibrational frequency v = y/A,/27 and amplitudes of atomic displacement
A;, for the normal mode k£ can be determined according to the general approach
for eigenvalue problems. 3N — 6 non-zero eigenvalues A\, can be obtained from the
determinant of the secular equation

£ — A 1] = 0. (2.21)

By inserting the eigenvalues \; into eqn. [2.20] the eigenvectors Ay, which describe
atomic displacement amplitudes of the vibrational modes, are otained. Thus, experi-
mental frequencies v can be assigned to individual normal modes k and the included
Cartesian atom displacements x;. Unfortunately, the description of molecular mo-
tions in Cartesian coordinates is not very descriptive. A representation of the atomic
displacements in internal coordinates S; (such as bond lengths and angles) is more
instructive and can be obtained via coordinate transformation from the Cartesian
coordinates x,,:

N
Si =" SmXn, (2.22)
n=1
where s;, are adequate transformation vectors that maximize S;.

2.2 Intensities and Selection Rules

For a typical protein like phytochrome with ca. 500 amino acids (aa) with an average
number of 15 atoms per aa, a rough estimate yields more than 20 000 normal modes
(3N-6).[10] Although this value is very large, the number of observable modes and thus
the complexity of the vibrational spectrum is naturally reduced by certain quantum
mechanical (QM) and symmetry-derived selection rules to a dimension that is feasible
for analysis and interpretation. Because neither the phytochrome protein, nor the lin-
ear tetrapyrrole are symmetric (point group C in both cases), only the QM derivation
of the signal intensities is discussed and symmetry considerations are omitted.

The intensity I of a any fundamental vibrational mode in a Raman or IR spectrum is
proportional to the probability of the transition Py; from the initial vibrational energy
level |v;) to the final level |vf). Pp; can be generally described according to Fermi,s
golden rule

2T
I x Pfl' = E‘Mfi|2pf7 (223)

where p; is the density of final states. The transition moment My, , which repre-
sents the coupling between |v;) and |vy), can then be written as an integral

My = (vf|Qws). (2.24)

The interaction operator €2 is determined by the interaction mechanism of the
analyte with the electromagnetic radiation. Thus, the probability of vibrational tran-
sitions in IR absorption (one-photon process) and Raman scattering (two-photon pro-

cess) have different Q and consequently different QM selection rules.
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

The intensites of QM allowed transitions depend on the redistribution of electrons
and nuclei with the vibrational transition from |v;) to |v): while large changes in the
elecrial dipole moment [ lead to strong IR bands, large changes of the polarizability
a lead to strong Raman signals.

IR absorption intensities If the energy of incident IR radiation hvrg equals the
energy difference between the vibrational energy levels |v;) and |vy), the resonance
condition

hvig = hv,, — hy,, (2.25)

is fulfilled. Additional to the resonance condition, the transition moment My, (see
eqn. must be non-zero to facilitate the absorption of hv;p and transition from
Vi) to |vy) (see fig. left panel). In absorption processes, M; depends on the
electrical dipole moment operator fi,

N
fty = Znln, (2.26)
n=1

where z, is the effective charge and r,, the Cartesian position vector of each atom
n. Within the harmonic approximation, equation yields

3N—-6

My; = Z o (v |Qr Vi), (2.27)
k=1

where ft,, is is the derivative of the molecular dipole moment with respect to the
normal coordinate ();. For an IR absorption process, two criteria need to be fulfilled:
primarily, £, has to be non-zero, so that the atomic displacements included in normal
mode k must be accompanied by a net change of the molecular dipole moment and
the intensity of the resulting absorption band will scale with g,

aA 2
I ( ”"1’“) . (2.28)

Secondly, (v¢|Qx|vi) needs to be non-zero. Within the harmonic approximation, this
is the case when the vibrational quantum numbers of |v;) and |vy) differ by exactly
one. This selection rule is a consequence of the conservation of angular momentum,
because the spin of the absorbed photon must be compensated by the analyte.
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2.3 Raman Intensities

2.3 Raman Intensities

In contrast to IR absorption, Raman spectroscopy is based on the inelastic scattering
of incident photons hvg.[120] Therefore the energy of an incident photon is not required
to be equal to the energy corresponding to the difference between the two vibrational
states. As shown in figure (right panel), there are two forms of Raman scattering:
Stokes scattering (scattering of a photon with the energy h(vy — 1) ) and anti-Stokes
scattering (scattering of a photon h(vy + 11)). In this thesis only Stokes-scattering is
discussed, where hyy equals the energy difference between the vibrational levels |v;)
and |vy), and the scattered radiation hvg follows the relation

hvy = hv, s — hv,; = hyy — hvg. (2.29)

Experimentally, the accurate measurement of the Raman shift 14 and thus the
spectral resolution depends on the bandwidth of the incident radiation 1. Therefore,
narrow-band excitation is crucial for Raman spectroscopy, mostly laser sources are
employed (laser is an acronym for “light amplification by stimulated emission of radi-
ation 7).

Polarizability theory The most common approach for the theoretical description
of Raman scattering is a semi-classical second-order pertubation theory of molecu-
lar polarizabilty (developed by Placzek). The incident electromagnetic radiation E
perturbs the electronic structure of the molecule and induces a dipole moment g, ,

Ping = E. (2.30)

The oscillating dipole subsequently re-radiates scattered light hvg. Hereby, w4
depends on the polarizability a of the molecule. The molecular polarizability tensor
o with the Cartesian (molecule-fixed) components o, ,

Qgg  Qgy Ol
Qpo = | o 0y (2.31)

Qop Qzy Oy

is unique for each molecule, and the tensor elements represent all molecular prop-
erties that have impact on hrg. Expansion of a into a Taylor series of the normal
coordinates () yields

3N—6

~ [
— o + - + ..., 2.32
azaot ) Q%%)O@k (2.32)

where the o term is responsible for elastic Rayleigh scattering and the first order
term for Raman scattering. The intensity of the scattered radiation [ is proportional

to the square of w,,4
I (p,0)" = (@) (2.33)

Applying the first order terms of equation (2.32) to this expression, the Raman
scattering intensity /g, can be described.
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

Significant Raman intensity is observed for a normal mode k when the molecular
polarizability a changes along its normal coordinate )y,

IRq <(8%k>0 Qk)g. (2.34)

For a transition from an initial vibrational state |i) to a final state |f) , the transition
moment [a]y; is defined as

[y = (il el ). (2.35)
Dispersion theory Applying the Kramers-Heisenberg-Dirac dispersion theory (sec-

ond order pertubation theory [102]), the matrix elements [, ] of the polarizability
tensor can be expressed as

_2m {folr) (rlpo i) (f o |r) (r|ppld)
[polis = h & <(1/T — ;) — v + il + (vy — 1) + o + iFT) ’ (2.36)

for a transition from an initial vibrational state |¢) to a final state | f). The summa-
tion is performed over the vibrational states |v,) of all connecting vibronic states |r) .
The damping rate ', correlates the lifetime of state |r) and its spectral broadness.

2.4 The Resonance Raman Effect

If the excitation frequency 1 equals the frequency corresponding to an electronic
transition |g) — |e) of the analyte, the resonance condition is fulfilled (see fig. [2.1.1]
middle panel). This phenomenon leads to a significant intensity enhancement of cer-
tain vibrational modes that are associated with the electronic transition and is called
the resonance Raman effect.[70, 120]

Albrecht vibronic theory The summation over all other electronic transitions ex-
cept the resonant transitions |r) and the second term in equation (2.36]) can be ne-
glected in the resonant case, thus eqn. [2.36] simplifies to

[vpolir = 2% a ((fo_m Vp‘; >_<715 i?r) . (2.37)

Application of the Born-Oppenheimer approximation allows the separation of the
vibronic wave functions |}, |r) , and |f) into the vibrational wave functions |v;) , |v)
, or |vg) (with eigenfrequencies v; , v, and vy), and the electronic ground and excited
state wave functions, |¢g) and |e), respectively

i) = |g)|vi) (2.38)
) = le)w) (2.39)
1f) = 1g)lvy). (2.40)
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2.4 The Resonance Raman Effect

The transition dipole moments in equation (2.37) can be expressed as

{(Fluplr) = (vrllglpole)vr) = (vi|Mplvr) (2.41)
(rluoli) = (vrl(elualg)lvi) = (valMolvi), (2.42)

with the electronic transition dipole moments

M, = (g|p,le) (2.43)
My = (e|pq]g). (2.44)

This leads to a simplified version of the resonant Raman tensor, where the electronic
transition dipole moments M are effectively separated from the Franck-Condon factors

(vrlvr)

or ((Vf|VT>Mp<VT|Vi>MU) | (2.45)

[polis = h ” (v — ;) — v + i,

The inaccuracy of the Born-Oppenheimer approximation is compensated by ex-
panding the electronic transition dipole moment into a Taylor series of the normal
coordinates ()i, the Herzberg-Teller equation.

3N-6 /o0y
M(Q) =M+ > (—) Qp + ... (2.46)
k=1 8Qk 0
Inserting eqn. into [2.45| one obtains
[apolir =A+ B+ .. (2.47)

Here, A and B are the Albrecht terms:

A= My Mo, 3 ((Vr (vplve) (vr|vi) ) (2.48)

— 1/7;> — Vo—FZ'Fr

Ve

o, sl Qi)
B = Mop (an>UVZe ((Vr _ 1/1-) — +2F7~) +

() )

Ve

(2.49)

The A-term depends on the overlap integrals (v¢|v,) (Franck-Condon factors) and
becomes large for vibrational modes involving coordinates that change upon transition
to the resonant state. In contrast, resonance enhancement through the B-term occurs
when the resonant state couples to another vibronic state,

(v |Qrlvi) # 0 (2.50)
(vl Qrlvr) # 0 (2.51)

Both, the A and B-terms, contribute to the resonance enhancement.|2| (1, 120} 70,
75, 1236)
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

2.5 Fourier-Transform Spectroscopy

Any kind of spectroscopy requires the decomposition of many superimposed plane
waves of different frequencies into spectral components. In dispersive spectrometers,
the scattered (Raman) radiation is decomposed by a grating, and subsequently pro-
jected on a detector element (typically a charge coupled device, CCD camera). An
alternative way to decompose the electromagnetic radiation is Fourier-transform (FT)
spectroscopy, a method which is routinely applied in IR spectroscopy (FTIR). Fourier-
transform Raman spectroscopy (FTR), is less common than FTIR, because it is re-
stricted to NIR excitation (see chapter . In FT spectrometers, the polychromatic
radiation passes an interferometer and an interferogram (intensity I as a function of
mirror position x) is recorded. The interferogram is subsequently Fourier-transformed
by a computer routine to yield the vibrational spectrum in the frequency domain. All
vibrational spectra presented in this thesis were recorded with FT spectrometers (see
figs. [3.5.1] and [3.6.1] for technical details).

Fourier transformation Fourier transformation is a mathematical operation that
connects radiation intensity at a position in space I(x) with its spectral decompositon
in the frequency domain (k-space) B(v)

I(x) = /OO B(v)cos(2mvx)dy (2.52)
B(v) = /_OO I(z)cos(2mvx)dx (2.53)

Generally, the F'T determines the frequency components making up a continuous
waveform. Experimentally, a discrete interferogram consisting of N values for light
intensity as a function of N equidistant mirror displacement points is sampled (I(Ax)).
Thus, a discrete version of the F'T has to be applied in practice,

=

B(kAv) = - I(nAx)exp(i2nnk/N), (2.54)

n

Il
=)

where the continuous variables x, and v are replaced by nAx and kAv, respectively.

Advantages FT spectroscopy has three major practical advantages over dispersive
spectroscopy.

e Fledgett (Multiplex) avantage The Fourier transformation distributes the
total noise over the entire spectral range, while in dispersive spectrometers, the
full noise intensity is recorded at each data point. Thus, the signal-to-noise (S/N)
ratio is higher by a factor of v/N in a spectrum with N resolution elements (N
is defined as the quotient of resolution and spectral range) measured with a FT
spectrometer compared to the corresponding spectrum obtained with a dispersive
spectrometer. |70} [236]

e Jaquinot (Throughput) avantage Dispersive spectrometers require a mono-
chromator with a slit, which largely reduces the light throughput. Because FT
spectrometers do not require the dispersion of radiation, these instruments can
operate with large apertures and circular beam profiles, and consequently have a
higher throughput.[70} 236]
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2.5 Fourier-Transform Spectroscopy

e Connes (Calibration) avantage The interferogram produced by an internal
Helium-Neon (HeNe) laser allows precise detection of the mirror position at all
times. The wavenumbers are therefore accurately defined with respect to the
HeNe zero-crossings and do not require further calibration.[70} [236]

On the other hand, the F'T technique also bears drawbacks compared to the dispersive
methods which have to be kept in mind when working with this method.

e FT Parameters The discrete FT (eqn. only approximates the continous
FT, and can therefore lead to spectral artifacts, such as the picket-fence effect,
aliasing and leakage. To overcome this drawback, additional corrections are in-
troduced into the computational procedure, such as spectral apodisation or zero-

filling.[65]

e Resolution While the spectral resolution of dispersive techniques depends on
the grating, the optical pathlength and the resolution of the detector, in FT
spectroscopy the accurate control of the mirror position and movement are cru-
cial. To ensure interference, the mirrors and the beam splitter must be precisely
adjusted such that the deviations from the ideal arrangement are considerably
smaller than the shortest wavelength of the desired spectrum. Thus, FT methods
are only practical in the IR region, where short wavelengths are on the pum length
scales, but not for shorter, visible wavelengths.|70} 65|

e Temporal resolution In contrast to dispersive techniques, where the acquisition
time for one spectrum is arbitrarily small, the minimal acquisition time of one
FT-spectrum is equal to the time of one interferogram scan. In the conventinal
operation modus, one single interferogram is obtained within a few ms (rapid scan
technique). One approach to overcome this limitation is the step scan technique,
where the position of the mirrors is moved in discrete steps. Here, the process
that is monitored in a time-resoved manner needs to be triggered at each fixed
position and the time-resolved change of the interferogram at this mirror position
is recorded.[70]
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

2.6 Time-Resolved Vibrational Spectroscopy

In contrast to many other analytical techniques like mass spectrometry, x-ray scat-
tering or atomic force microscopy, vibrational spectroscopy can operate at moderate
temperatures in the condensed phase and is generally non-destructive. Thus, IR and
Raman spectroscopy are employed to investigate not only the structure of samples in
physiological buffer solutions, cells or tissues, but also the reaction dynamics within
these environments. In order to probe the dynamics of a reaction, a trigger event
that starts the reaction needs to be syncronized with the subsequent detection of a
time-resolved signal.[70)]

Trigger Chemical reactions proceeding via the electronic ground state can be trig-
gered either by a swift readjustment of the environmental conditions that change the
chemical equilibrium (temperature or pressure jump) or by a temporal defined addi-
tion of a reactant. After this initial perturbation of the equilibrium, the relaxation
can be monitored by a variety of techniques, e.g. vibrational spectroscopy. Other
reactions require the electronically excited state, these can be triggered by absorption
of a photon (see fig. , left panel). One example for an excited-state reaction is the
Z/E isomerization in phytochromes (see also chapter . Compared to other trigger
mechanisms, photochemical triggering is advantageous beacuse modern light sources
permit an unequaled spatial and temporal control of the trigger pulse.[253| These tech-
niques are widely applied in both, RR and IR spectroscopy. In Raman spectroscopy,
the development of femtosecond-pulsed Ti:sapphire laser systems in the visible region
facilitated the investigation of ultrafast events such as the Z/E isomerisation of the
phytochrome cofactor by femtosecond stimulated Raman spectroscopy (FSRS).[35] In
IR spectroscopy, the development of tunable IR quantum cascade laser (QCL) sys-
tems extended the time resolution beyond the ns-time regime of step scan FTIR (see
chapter . Ultrafast QCL-IR techniques were applied to the investigation of the
primary events in the phytochrome photocycle.[248, |249|

Flow-cell system The most instructive way to obtain information about a time-
resolved process is to apply a temporally defined sequence of pump and probe light
pulses. However, time resolution can also be achieved by a spatial separation of the
pump and the probe events. Hereby, the flowing sample solution with the velocity
v first passes the pump laser spot and then the spatially separated (As) probe laser
spot. Herby, contiuous-wave (cw) lasers are employed. The delay time At between
the pump and the probe events can be calculated accordingly,

_As

v

At (2.55)

A schematic representation of such an experimental setup for RR spectroscopy is given
in figure (adapted from |70]).
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Figure 2.6.1: Pump-probe flow system for time-resolved RR spectroscopy with cw-laser excitation.
The flowing sample (velocity v) passes the pump laser spot and subsequently (after moving over a
distance As in the time At) the probe laser spot. The scattered radiation from the probe event is
collected by collimation optics and focused into a Raman spectrometer.

According to eqn. the maximum time resolution or minimum delay time At,,;,

of such a set-up can be achieved with maximum flow rate and when the distance

between the pump and the probe laser spots As is minimal. Both laser spots cannot

be infinitely focused, but have a certain radius r (r, for the probe laser and rp for the

pump laser). Assuming a Gauss beam profile for both, r is defined as the distance

from the center where the intensity is I(r) = Iy/e. Then the minimum delay time is
Ty +Tp

At pin = . (2.56)

v

Another important parameter in the cw pump-probe flow system is the photochem-
ical conversion rate of the sample in the pump laser spot Atly p, which is the product
of the photochemical rate constant [y p at the pump wavelength Ap and the residence
time of the sample in the pump laser spot

2r
Atp ==L, (2.57)
v
To obtain minimum residual contributions of the initial state in the resulting spec-
trum, it is desirable to achive maximum photoconversion during the residence time in
the pump laser spot. The maximum photochemical conversion rate Atly p

E(Ap)PpAp

2

’ (2.58)

Atplo’p X

depends on the molecular extinction coefficient of the sample ¢(Ap) at the pump

laser wavelength Ap and the pump laser power Pp. On the other hand, At,ly, needs

to be minimalized in the probe laser (p) spot to minimalize the perturbation of the
system by the measurement.
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

2.7 Application of Vibrational Spectroscopy to Phytochrome Samples

When static and time-resolved vibrational spectroscopy techniques are applied to phy-
tochromes or other types of photoreceptors, the experimental procedures have to be
adapted according to the photochemical properties of these molecules.

IR difference spectroscopy According to the IR selection rules (see chapter [2.2)),
normal modes which include a large change of the molecular dipole moment lead to
strong IR absorption bands. In most proteins, this refers to normal modes which are
dominated by C=O stretching coordinates of the protein backbone, termed amide I
(ca. 1650 cm™) and amide IT (ca. 1530 cm™) vibrations.[10] Especially the position
and shape of the amide I band is sensitive to the protein fold, and the band envelope
can be analyzed to obtain information about the secondary structure composition of
the protein.|70, 10] In phytochromes, the C=0 stretching of the carbonyl groups at
rings A and D of the bilin contribute to this region, but the relative intensity compared
to the amide I signal is small because the chromophore only comprises two oscillators
of this type, while the number of C—=0O groups that contribute to amide I equals the
number of amino acids. To obtain information about structural changes during the the
photocycle reactions, the IR spectra of two states of interest are compared. Therefore,
absorbance (ABS) spectra before (1) and after illumination (2) are calculated from
the transmitted intensity (I), where

h
Typical changes in a photoreceptor absorbance spectrum (AABS) caused by such
a procedure are small relative to the absolute absorbance ABS (in the order of
AABS/ABS =~ 1/1000), and therefore ABS; and ABS; seem very similar when
compared directily.[70] To overcome this obstacle, IR difference spectra are calculated
from the ABS spectra

]Rdiff = ABSQ — ABS1 (260)

Thus, in the the I Rg;r¢ spectrum, negative features refer to the bleach of a signal
originating from (1) and positive features attribute to (2).

RR spectroscopy Two broad bands are generally observed in the UV /visible ab-
sorption spectra of phytochromes, termed the Soret (300-450 nm) and the Q-band
(550-800 nm), corresponding to electronic excitations (see fig. for an exemplary
absorption spectrum of SbPhyB). Thus, phytochromes are good candidates for RR
spectroscopic measurements. Here, the RR effect can be used to enhance the chro-
mophore bands over non-resonant protein bands, allowing the directed investigation
of the chromophore structure. However, Q-band RR spectroscopy of phytochromes is
experimentally challenging, because resonant irradiation does not only facilitate RR
scattering, but also the absorption of hvyy,v,s and excitation of the S, state (fig.

left panel).
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2.7 Application of Vibrational Spectroscopy to Phytochrome Samples

If the photon is absorbed instead of scattered, two competing processes aggravate RR
spectroscopy of a defined state:

energy

/ a.u.

Fluorescence The main problem of QQ-band RR spectroscopy arises from the
fluorescent decay of the S, state (fig. second panel). Phytochromes are
fluorescent in the Pr state (see chapters and , and the flourescence back-
ground is in most cases stronger then the RR signal by several orders of magni-
tude.[70] This problem can be overcome by shifted-excitation Raman difference
spectroscopy (SERDS).[4] The interference of fluorescence can be also minimized
by Soret-band excitation, because fluorescence occurs predominantly from the
lowest excited state (Q-band) after fast relaxation from the higher (Soret) levels
(Kasha,s rule).[70] Thus, the spectral overlap of fluorescence and the RR signals
is negligible for Soret-band excitation.|236, |40]

Photochemistry Additionally, the S,, state can also photochemically react to
the Lumi* state via crossing of a conical intersection (fig. right panel).
Consequently, the state of interest (Pr or Pfr) is depopulated and thus the RR
signal will decrease. Additionally, other intermediate or parent states will be
populated and appear in the spectrum, thus no pure spectrum can be obtained.
Usually, cryogenic conditions are applied to prevent photochemical interconver-
sion, because the Lumi-state formation exhibits a thermal barrier.[4] Hence pure
Pr and Pfr spectra can be obtained at —140°C and —195°C, respectively (see

chapter [1.3)).[40]

Sn Sl
fast IC product
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thermal . .
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Figure 2.7.1: Jablonski diagram of excited-state processes in phytochromes. After absorption of a
resonant photon hvyy v, the vibrational levels of the electronically excited state S, are populated
according to the Franck-Condon principle. After fast internal conversion (IC) to the vibrational
ground state of S,,, the further decay to Sy proceeds either under emission of a fluorescence photon
hVfiuorescence OF thermally without the emission of radiation (middle panels). A competing process
is a photochemical reaction in the excited state (right panel) via conical intersection crossing. In
phytochromes, this corresponds to the Z/E isomerisation reaction, yielding the Lumi* state.
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2 THEORETICAL BACKGROUND: VIBRATIONAL SPECTROSCOPY

Pre-resonant excitation An alternative approach is the excitation with a laser that
is not directly in resonance, but close to a resonant transition (pre-resonant).[69] There
is no sharp borderline between non-resonance Raman and RR scattering. When the
frequency dependence of the Raman intensity Iz, under strict non-resonant conditions
and the intensity provided by the A-term enhancement mechanism Igzg are compared,
an expression for the frequency dependent resonance enhancement Igr/Ig.(vr) can
be obtained|1} 70|

Inr (o — vi)*(vg + viy)
IRq (7/12% B V3>2
Here, vg is the excitation frequency, vy the frequency of the electronic transition
and vy the frequency of the normal mode of interest. Igrr/Ir.(vr) decays when the
difference v% — 12 is large, thus low enhancement is still observed when the resonance
condition is not strictly fulfilled (2-3 orders of magnitude, compared to 5-6 orders of
magnitude under strictly resonant conditions).

(2.61)

FT-Raman spectroscopy A common experimental solution is to use the 1064 nm
line of a neodymium-doped yttrium aluminum garnet (Nd:YAG) solid state laser.
While the 1064 nm laser does not induce fluorescence or unwanted photochemical
processes, this wavelength still is in (pre-)resonance with the first electronic transi-
tion (Q-band) of the bilin chromophores. The resonance enhancement of the bilin
Raman bands is sufficient for an effective discrimination from the (non-resonant) Ra-
man bands of the much larger apoprotein, so that almost exclusively Raman signals
of the chromophore are observed in the spectra.[69] Thus, these spectra are termed
as RR spectra in the following. Furthermore, the NIR wavelength of the Raman laser
permits the use of the FT technique (see chapter and all Raman spectra that are
presented in this thesis were acquired with an FT-Raman spectrometer (see chapter
for a detailed description of the experimental set-up).

RR spectral regions Relevant vibrational bands of the bilin chromophores appear
in the region between 400 and 1800 cm™. However, not all parts of this spectral range
are equally informative. Different regions allow conclusions with respect to different
aspects of the chromophore geometry and chemical structure (protonation state).[236]

e 1500-1800 cm™ The marker region is particularly important because the po-
sition and intensity of the C=C stretching modes between 1590 and 1640 cm™
carries information about the geometry of the methine bridges.[69] Furthermore,
the the protonation state (cationic vs. neutral form of the tetrapyrrole) is re-
flected by the existence or absence of N-H in-plane (NH i.p.) bending modes of
rings B and C between 1550 and 1590 cm™. This mode is strongly H/D sensitive,
and the corresponding N-D peak is found between 1050 and 1080 cm™.[99] The
N-H i.p. modes of the rings A and D couple with the C=C stretching coordinates
in these rings and the adjacent methine bridges, thus these modes are also H/D
sensitive.

The C=0 stretching vibrations of the ring A and D carbonyl groups are found at
higher frequencies (1680 - 1740 cm™) with considerably lower intensity then the
C=C stretching modes. These modes are very sensitive to the chemical environ-
ment of the carbonyl groups and are also found in the respective IR difference
spectra.[40]
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e 1000-1500 cm™ This region includes in-plane modes of the tetrapyrrole carbon-
skeleton and the ring substituents. The underlying modes include a large number
of different internal coordinates and it is therefore difficult to extract structural
information from this spectral region.[236] The identification and comparison of
RR bands can be further complicated in some cases due to the interference of
Raman bands from the apoprotein (mostly amide IIT).|236| |40] The symmetric
ring breathing mode of phenylalanine (Phe) is found at 1004 cm™. The intensity
of this band is a reliable reference to determine the relative RR scattering cross
section of the chromophore of parent states or intermediates.[40]

e 600-1000 cm™ This spectral region includes torsional and out-of-plane (OOP)
modes that are sensitive towards subtle changes in the methine bridge conforma-
tions. Especially in the Pfr state, the most prominent feature is the hydrogen-out-
of-plane (HOOP) mode of the C/D methine bridge which shows an inverse corre-
lation with the C}5 = Ci¢ torsional angle.|[183] Additionally, modes involving the
propionate side chains and S-C stretching modes contribute to this region.|236,
40|

Time resolved RR spectroscopy The transitions between the photocycle states in
phytochromes occurs on time scales from femtoseconds (photon absorption and pop-
ulation of the excited state) to hours or even days (thermal relaxation of the parent
states in plant phytochromes). Obviously, it is hardly possible to cover 15 orders of
magnitude in time with one single experimental set-up. Thus it is necessary to design
time-resolved methods that are suitable for the investigation of specific time windows
of interest. While ultrafast IR and Raman techniques are suitable to investigate the
primary events in the excited and Lumi states|248], [35], they fail at longer time scales,
and do not acess the later photocycle intermediates such as the Meta states. How-
ever, the dynamic interconversion of the Meta states is of interest for the molecular
mechanism of signal transduction throughout the protein.|216} [22] One fundamental
problem with time-resolved studies of phytochromes is the bi-stability in the Pr and
Pfr states and the slow thermal relaxation of the parent states (seconds to days). Most
time-resolved techniques suffer from a low S/N ratio which can only be overcome by
repeated signal accumulation. Hence, the samples are excited multiple times, and in
phytochromes this leads to an unwanted accumulation of meta-stable states during the
measurements. If the waiting time between two repeated measurements is adjusted
to match the thermal relaxation and to ensure fresh sample conditions, the calculated
duration of an experiment is not feasible (days) and additionally sample degradation
becomes a major problem.|22] Thus, pulse-based time resolved RR or IR techniques
that are applied routinely to other photoreceptors like retinal proteins[143, 70| can
not be readily transferred to phytochromes. Another approach is the application of
a flow-cell system with a sample reservoir as described in chapter (see fig. .
Here, the fresh sample conditions are ensured by photochemical back-conversion in
the reservoir. Such a set-up was developed and applied to the two Bphs Agpl and
Agp2 in this thesis (chapter and technical details are given in the supplementary

section [9.3).
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3 MATERIALS AND METHODS

3 Materials and Methods

3.1 Phytochrome Samples

All purified phytochrome samples were kindly provided by co-workers from the Friedrich
and Hildebrandt groups and by collaborators from other research institutes. An
overview of all investigated phytochrome variants is given in table IRFP con-
structs are listed seperately in table [3.2]

Protein Organism Cofactor Domains
Agpl Agrobacterium fabrum BV PAS-GAF-PHY-HK (FL)
BV PAS-GAF-PHY (PGP)
BV PAS-GAF (PG)
Agp2 Agrobacterium fabrum BV PAS-GAF-PHY (PGP)
RpBphP2  Rhodopseudomonas palustris BV PAS-GAF (PG)
AtPhyB Arabidopsis thaliana PCB NTE-PAS-GAF-PHY (PSM)
PCB PAS-GAF-PHY (ANTE)
SbPhyB Sorghum bicolor PCB PAS-GAF-PHY (PGP)
PCB PAS-GAF (PG)
IsPadC Idiomarina sp.A28L BV PAS-GAF-PHY-DGC (FL)
BV PAS-GAF (PG)
Slr1393 Synechocystis sp.PCC6803 PCB GAF3 (GAF3)

Table 3.1: List of investigated phytochrome samples. Organism, respective tetrapyrrole cofactor
and different available truncation constructs are listed for each protein. The nomenclature that is
used throughout the thesis for specific constructs is given in brackets.

Agpl Samples of the prototypical Agrobacterium fabrum phytochrome 1 (Agpl) were
kindly provided by Norbert Michael from the Hildebrandt group (TU Berlin). Molec-
ular cloning, heterologous over-expression in F. coli, purification via Ni-NTA affinity
chromatography and in-vitro chromophore (BV) assembly were performed as described
elsewhere.[110] Three different protein constructs were investigated:

e Agpl FL, the full length protein contains the photosensory module (PAS-GAF-
PHY) and the catalytic output module, a histidine kinase (HK) domain. The
protein contains 754 amino acids (87 kDa) and forms dimers in solution. In the
literature, this construct is sometimes termed Agpl-M1 (mutant 1).[159]

e Agpl PGP refers to the PAS-GAF-PHY construct, containing only the photo-
sensory module (PSM). This deletion mutant contains 504 amino acids (56 kDa)
and forms dimers in solution. In the literature, this construct is sometimes termed
Agpl-M15.{159]

e Agpl PG refers to the PAS-GAF construct. This deletion mutant contains
313 amino acids (33 kDa). In the literature, this construct is sometimes termed
Agpl-M20.[159]
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3.1 Phytochrome Samples

Agp2 PGP Samples of the bathy Agrobacterium fabrum phytochrome 2 (Agp2) were
also kindly provided by Norbert Michael (TU Berlin). Molecular cloning, heterolo-
gous over-expression in E. coli, purification via Ni-NTA affinity chromatography and
in-vitro chromophore (BV) assembly were performed similar to Agpl.[110] Ounly the
PAS-GAF-PHY construct, a truncated protein lacking the natural response regulator
module (Rec), was investigated (507 amino acids, 57 kDa). In the literature, this
construct is sometimes termed Agp2-M2.[256]

RpBphP2 Rhodopseudomonas palustris bacteriophytochrome 2 (RpBphP2, short:P2)
samples were provided by Dr. Neslihan Tavraz, Luisa Sauthof, Nico Herder, Svea
Wilkening and Mario Willoweit from the Friedrich group (TU Berlin). Molecular
cloning, heterologous over-expression in E. coli and purification via Ni-NTA affinity
chromatography were performed as desribed elsewhere.[232, 23] The PAS-GAF con-
struct (316 amino acids, 37 kDa) and the following mutant proteins were investigated:

e D202T, Y258F, D202T 1203V, D202T/Y258F, D202T/1203V /Y258F (sce chap-
ter
e D202H, D202N, Y258F /D202N (see chapter

SIlr-GAF3 Samples of the red/green Cyanobacteriochrome Slr1393 from Synechocys-
tis sp.PCC6803(243| were kindly provided by Svea Wilkening from the Friedrich group
(TU Berlin). The cloning and purification procedure is given in the supplemen-
tary section . The SIr1393 full-length protein contains 577 aa (GenBank entry
BAM50929.1). Only the third GAF domain (160 aa from 417 to 577) is capable to
bind PCB and exhibits the characteristic red/green photochemistry. The spectral
properties of Slr-1393 are unchanged when the other protein domains are cleaved and
GAF3 is investigated seperately.[243] Therefore, only this domain, denoted Slr-GAF3
in the following, was used for all experiments in this thesis.

AtPhyB Arabidopsis thaliana phytochrome B (AtPhyB) and phytochrome interaction
factor 3 (PIF3) were kindly provided by Dr. Silke von Horsten and Christine Kup-
schus from the group of Prof. Dr. Lars-Oliver Essen (Philipps-Universitdt Marburg).
Heterologous protein expression in F. coli and purification were performed according
to previous studies.|76, 62| Although P®B is the natural chromophore for plant phy-
tochromes, co-expression with PCB (fig. yields a photoactive holo-protein.|[76]
Two protein constructs were investigated: the PSM (651 aa, 72.6 kDa) and a protein
varaint lacking the N-terminal extension domain (ANTE), which is equivalent to the
PGP variant of SbPhyB. The NTE comprises the first 90 aa of the sequence, hence
the resulting SbPhyB ANTE construct has a remaining sequence length of 561 aa
(63.5 kDa).

SbPhyB Samples of Sorghum bicolor phytochrome B (SbPhyB) were kindly provided
by Dr. Soshichiro Nagano from the group of Prof. Dr. Jon Hughes (Justus-Liebig-
Universitéat Gieken). The PGP construct is analogous to the AtphyB (ANTE) dicussed
in section the notaion was changed in chapter to emphasize the difference to
the PG construct. The expression and purifiucation conditions are analogous for the
PGP and PG variants and given in chapter [4.1][231] SbPhyB PGP and PG contain
542 and 338 aa, respectively (60.4 and 38.8 kDa).
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3 MATERIALS AND METHODS

IsPadC Idiomarina sp. A28L phytochrome-activated di-guanylyl cyclase (IsPadC)[61]
samples were kindly provided by Geoffrey Gourinchas from the group of Prof. Dr.
Andreas Winkler (TU Graz). Two different protein variants were investigated, the FL
(683 amino acids, 78 kDa) and a PG truncation construct (containing the first 312
aa of FL, 36 kDa). The protein expression and purification conditions are described
elsewhere. |61]

3.2 IRFP Samples

All samples of infrared fluorescent proteins (iIRFPs) derived from phytochromes were
provided by Dr. Neslihan Tavraz, Luisa Sauthof, Nico Herder, Svea Wilkening and
Mario Willoweit from the Friedrich group (TU Berlin). DNA for the variants iRFP682
SC, iRFP682 CS, iRFP670 SC, iRFP670 CS, iRFP702, iRFP713 and iRFP720 were
kindly provided by Prof. Dr. Vladislav V. Verkhusha and Dr. Daria Shcherbakova
(Einstein College, New York). Further molecular cloning, heterologous over-expression
in E. coli and purification via Ni-NTA affinity chromatography were performed as

desribed in chapters [7.1] and [7.2}[23]

Construct Derived from AA exchange Nomenclature Chapter
iRFP713  RpBphP2 iRFP
T202D iRFP T202D
F258Y iRFP F258Y
T202D /F258Y iRFP T202D/F258Y
T202D/ V2031 iRFP T202D/V203I
T202D/V2031/F258Y iRFP T202D/V2031/F258Y
iRFP682  RpBphP2 iRFP682 CC 72
2495 iRFP682 CS
C15S iRFP682 SC
C155/C249S iRFP682 SS
iRFP720  RpBphP2 iRFP720 9.5
iRFP670  RpBphP6 iRFP670 CC 9.5
2448 iRFP670 CS o
C10S iRFP670 SC
C10S/C244S iRFP670 SS
iRFP702  RpBphP6 iRFP702 9.5

Table 3.2: List of investigated iRFP constructs. The native Bphs used as templates for for iRFP
design and available mutant proteins with the corresponding nomenclature are listed. IRFP720, 702
and 670, including the Cys/Ser exchange mutants are not discussed in the main part of the thesis,
spectroscopic data is included in the supplementary section

All iRFPs were derived from native phytochromes by truncation of the output module
and the PHY domain, yielding PAS-GAF constructs (see fig. [1.3.1). Additionally,
multiple amino acid residues are substituted, resulting in proteins with strongly altered
photophysical properties.
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3.3 Sample Handling

The aligned protein sequences of all investigated iRFPs and their natural origins are
given in the supplementary section The investigated proteins can be organized in
three different categories as follows:

e Binding pocket mutant proteins derived from iRFP713. Here amino acids in the
chromophore binding pocket were selectively exchanged to probe the influence on
the chromophore structure and fluorescence properties (see chapter [7.1)).

e Cys/Ser exchange mutant proteins derived from iRFP682. Here the amino acids
cysteine and serine were selectively interchanged to probe the effect on the chro-
mophore attachment, geometry and fluorescence quantum yield (see chapter .

e Further proteins: the UV/Vis and RR spectra of iRFP670 and its variants,
iRFP702 and iRFP720 are given in the supplementary section

3.3 Sample Handling

After expression and purification, all samples were flash frozen in liquid N, and fur-
ther stored at —80°C. All buffers were stored at 4°C. During preparation steps like
centrifugation or buffer exchange, the samples were kept at 4°C. All sample prepa-
ration steps and spectroscopic measurements were performed under dim green light
illumination (room illumination with light-emitting diodes (LEDs) of defined wave-
length A4 = 515-530 nm and half-width broadness AX = 20 nm) to avoid unwanted
photochemical processes.

Buffers Except for IsPadC, all phytochrome and iRFP samples were prepared in Tris
buffer containing 50 mM TrisCl, 5 mM EDTA and 300 mM NaCl, adjusted with HCI
and NaOH to pH=7.8. D,0 buffer was prepared with the use of 99.95% D50 (Deutero
GmbH). In D,O buffer, the corresponding pD=7.8 was adjusted with DCI according
to equation to an apparent pH of 7.4.

pD =pH,,, — 0.4 (3.1)

Accurate determination of the final pH(pD) was performed with a pH meter (Denver
Instruments, Model 225). To stay consistent with previous (H/D exchange-mass spec-
trometry and kinetic) studies|61], [sPadC samples were prepared by Geoffrey Gourin-
chas in a buffer containing 10 mM HEPES, 500 mM NaCl and 2 mM MgCl, (pH=7.0),
or the appropriate D,O buffer.

Centrifugation To optimize the signal-to-noise (S/N) ratio in the RR and IR exper-
iments, the protein concentration was often increased by spinning in millipore filters
(Amicon, 10 or 30 kDa depending on protein size) at about 1000 g for 30 to 60 min-
utes (Eppendorf centrifuge 5424 R). For some experiments the concentration had to
be decreased by dilution in buffer, and all concentration adjustments were performed
immediately prior to the measurements.
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The final protein concentration was determined via UV /VIS measurements by analyz-
ing the protein absorption at the protein peak (280 nm, absorption of aromatic amino
acids) and the Q-band maximum (650-750 nm), depending on the molecular properties
of the analyte and the planned experiment. For the time-resolved RR measurements
the concentration was limited by viscosity and the degradation in the tubing and flow
cell and was adjusted to an OD=10 at the Q-band absorption maximum corresponding
to a concentration of 7 mg/mL for the Agpl and Agp2 PGP constructs (see section
. For the static cryo-RR and IR experiments, the concentration was up to 10x
higher, depending on the size and solubility of the investigated protein. For the inter-
action experiments of AtPhyB with PIF3, the concentrations were considerably lower,
and were calculated from the complex dissociation constant Kp (see chapter .

H/D exchange When exposed to Dy;O buffer, the chromophore pyrrolic protons
exchange within minutes (or faster) with deuterons, except for bathy phytochrome
samples, which exhibit a sequential H/D exchange behaviour.[228| Preparation of a
sample in DO buffer included three washing steps with 20x excess buffer in the same
centrifugal filter units that were also used for the sample concentration procedure.
Typically 20 uL sample were centrifugated three rounds with 400 pL buffer solution.
H,O buffer exchange for samples that were prepared in different buffer (e.g. GAF3
was prepared in PBS buffer and later exchanged to Tris HoO buffer) proceeded in
the same manner. The protein backbone protons generally exchange at slower time
scales|227, 40|, thus the procedure was adjusted for IR sample preparation. Here, two
rounds of washing were preceded by overnight storage in 20x excess amount of buffer,
and the last round of centrifugation followed on the next day. All D;O RR spectra
shown in this thesis were recorded immediately after the last step of the re-buffering
procedure.

Sample illumination All phytochrome samples are to some extent photoactive.
Static photoproduct spectra were generated by illumination of the samples with a
variety of different light sources, always according to the absorption properties. The
light source and length of the illumination period always depended on the sample and
were specifically adjusted to achieve maximal photo conversion. If the photo conver-
sion was incomplete (visible residual contributions of dark-adapted state signals in the
spectrum), another illumination period was added, until no differences were observed.
All red /far-red samples were interconverted with LEDs and laser diodes with emission
maxima at 660 nm, 750 nm, 780 nm (LEDs and LED arrays), or 685 nm and 785 nm
(laser diodes). Typical illumination times were around 2 minutes (LEDs) or 10 sec-
onds (laser diodes). The red/green photoreceptor Slr1393 GAF3 was interconverted
with a green LED array (530 nm) and the same red-light sources described before.
The spectral halfwidth of the light sources was typically 20 nm (LEDs) or 1 nm (laser
diodes).
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3.4 UV /Vis and Fluorescence Spectroscopy

UV /Vis Absorption The room-temperature absorption measurements were per-
formed using either a Cary 50Bio- or a Cary 1E Varian spectrophotometer (Agilent
Technologies) operated with the corresponding Agilent-Cary software package. Pro-
tein solutions were measured in UV quartz cuvettes with total volumina of 500 ul
and an optical pathlength of 1 cm (Blaubrand QS 1.000). Samples were diluted in the
according buffer to an ODqgy < 1, corresponding to a protein concentration of 1-2 M.
In case of Sle-GAF3 cryo absorption measurements (chapter , a Na-cooled cryostat
(Oxford instruments) under protective Argon atmosphere was placed in the Cary 1E
spectrometer. For these measurements, disposable polymethylmethacrylate (PMMA)
semi-micro cuvettes with an optical pathlength of 1 cm were used (BRAND). Appro-
priate A\* baselines were subtracted from some UV /vis spectra to correct the baseline
for the effects of scattering in dense samples.

Fluorescence Spectroscopy Static fluorescence measurements for the determina-
tion of fluorescence quantum yields and spectra were performed with a Fluoromax
2 spectrophotometer (Horiba Scientific), and the according software. Parameters of
individual experiments are specified in the according sections and [7.2)).

3.5 FT-Raman Setup

FTR Setup All RR spectra were recorded with a fourier transform (FT)-Raman
spectrometer RES100/S (Bruker GmbH) equipped with an cw diode-pumped Nd:YAG
laser (DPY 301 110.50 EM, Coherent) at 1064 nm with a line width of < 1 ¢cm™. Scat-
tered light was collected in an 180 ° angle orientation of incident light (back-scattering
geometry). Contribution of elastically scattered laser light (Rayleigh scattering) was
mainly eliminated with a notch filter module between the interferometer and the de-
tector. The remaining inelastically scattered radiation (Stokes Raman scattering) was
detected with a liquid Ny cooled germanium element. The RFS 100/S spectrometer is
equipped with a Rocksolid interferometer with rocking corner mirrors. Further tech-
nical details are shown in a schematic drawing of the spectrometer (fig. .

Cryo-trap protocol The experimental FT-RR protocol and setup were adapted from
previous works[40, 236|, and were established mostly by Prof. Dr. Peter Hildebrandt,
Dr. David von Stetten and Dr. Francisco Velazquez Escobar. Specific details of
non-standard experiments are indicated in the respective results section. For each
measurement, about 6.5 ul of protein solution were used. The selected measurement
temperatures (—140°C or —190°C) prevent any undesired thermal conversion during
RR spectra accumulation (see sections and [2.7). The laser power was set to
800 mW by the spectrometer software (OPUS) and was measured 690 mW at the
sample (determined with a COHERENT FieldMax-IT power meter with PM100-19C
sensor). To monitor possible laser induced damages, samples were measured several
times and over long time periods. Despite the strong laser power, no changes in the
spectra could be detected, even after a series of spectra. The spectral resolution of the
spectrometer was set to 4 cm™. For a single spectrum, generally 2000 interferometer
scans were averaged prior to the Fourier transformation.
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Figure 3.5.1: Schematic drawing of the Bruker RFS/100S FTR spectrometer. 1064 nm NIR laser
light was focused on a sample in a Linkam cryostat (or on a capillary in the case of time-resolved
measurements, see chapter for details). The scattered NIR radiation was focused by a lens,
passes the interferometer and the Rayleigh filter module and was detected by a liquid nitrogen cooled
germanium element. The recorded interferogram was processed by a PC to yield the RR spectrum.

TR-FTR setup To obtain time-resolved (TR)-RR spectra, the RFS100/S spectrom-
eter was equipped with a sample flow cell and a spatially adjustable cw-pump laser.
The time resolution (max. 8 ms) was adjusted by flow speed, laser spot size and the
spatial distance between pump and probe laser spots. After the pump-probe process,
the sample was photochemically converted back to the dark state to achieve fresh
sample conditions. Although protein concentration in the TR experiments was lower
by a factor of 10, all other parameters (laser power and FT-parameters) were similar
to the cryo-trap experiments. A detailed description of the development and the final
setup parameters is given in chapter (9.3
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3.6 FT-IR Setup
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Figure 3.6.1: Schematic drawing of the Bruker Tensor27 FTIR spectrometer. Here, the mid-IR
radiation emitted by a globar passed the interferometer unit before transmission through the sample,
which was placed in a CaFy sandwich cell. The transmitted IR radiation was focused by a mirror
and detected by a liquid nitrogen cooled MCT detector. The interferogram is processed by a PC to
obtain an IR absorbance spectrum.

Difference-IR setup All IR spectra were recorded in a TENSOR 27 FTIR spectrom-
eter (Bruker). A schematic drawing of the spectrometer is given in figure[3.6.1] All IR
measurements given in this work were performed at room temperature in transmission
mode: polychromatic infrared radiation emitted by a globar was focused on the sample
after passing through a Rocksolid interferometer. The IR signal was recorded with a
liquid Ny cooled MCT detector. The following protocol for photo-induced difference-
IR measurements was developed and established by Dr. Francisco Velalzquez Escobar,
Prof. Dr. Friedrich Siebert and Lars Paasche and is described elsewhere in more de-
tail.[40] 2 uL of protein sample (preparation identical to RR) were deposited on a CaFy
window with a 2 ym deepening and the sample film was sealed with a plain CaFy win-
dow. To avoid sample dehydration, additional isolation of the sample was provided by
a thin layer of silicone grease between both windows around the sample. The CaF,
sandwich cell was placed in a suitable window holder. Unlike the FTR conditions,
sample photo conversion was achieved by light exposure during data accumulation
and automatically executed and processed via an OPUS macro script developed by
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Dr. Francisco Velalzquez Escobar and Lars Paasche.[40] After a stabilization period
of 3 h (monitored by continuous acquisition of IR spectra), a series of 5 spectra (each
200 scans) was recorded per illumination period. After a short period of dark relax-
ation (200 scans or 88 seconds), the illumination wavelength was changed and a second
series of 5 spectra was recorded, to investigate wether the photoswitching process is
reversible. The whole experiment was repeated twice to ensure reproducibility.

Data treatment Analysis and treatment of RR and IR data was performed using
the OPUS software (Bruker) and the Origin software package (Origin labs).[151] Prior
to the Fourier transformation, bad interferogram scans were automatically discrimi-
nated, a zero filling was added to the interferogram and an apodization function was
multiplied. In the case of RR experiments, a trigonal apodization function and a zero
filling factor of 2 were used. IR spectra were apodized with a Blackman-Harris 3-Term
function and the zero filling factor was set to 4. For RR spectra, the background and
baseline effects were corrected manually with a polynomial function. Spectra were cut
to the region of 400-2000 cm™ and normalized to the peak with the highest intensity.
For IR spectra, atmospheric compensation was performed for each spectrum using the
OPUS software package. Subsequently, the difference spectra were calculated using
the absorption spectrum prior to irradiation as reference and subtracting it from the
irradiated absorption spectrum (see section . Subsequent background correction
of the IR difference spectrum was performed manually using a linear background in
the region of 1000-2000 cm™.

3.7 Figure Notation

All figures containing vibrational or electronic spectra were generated using the Ori-
gin[151] software package. Further graphical modifications were included with the
Inkscape software package (Inkscape project).|82]

e Black color indicates that this spectrum was recorded in H,O buffer.
e Red color indicates that this spectrum was recorded in D,O buffer.

e Blue spectrum indicates that an additional reagent was added to the solution,
e.g. phytochrome interaction factor 3 (PIF3, see chapter or imidazole (see
chapter |9.2)).

e Gray spectrum indicates the measurement of apoprotein or other non-resonant
samples (e.g. buffer or PIF3).

Notation for the vibrational mode composition in each spectrum is shortened as fol-
lows:

e A, B, C or D refers to modes localized in the corresponding pyrrole ring,
e A,B, B,C or C,D indicates C=C stretching modes of the methine bridges,
e i.p. terms all in-plane vibrational modes,

e OOP denotes the general description for out-of-plane bending vibrations

HOOP indicates solely OOP vibrations involving C-H groups of the methine
bridges.
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The following section comprises three spectroscopic studies of plant phytochrome B
from the dicotyledon Arabidopis thaliana (AtPhyB) and the monocotyledon Sorghum
bicolor (SbPhyB). The three studies investigated different parameters that fine-tune
the structure of the bilin chromophore (P®B and PCB) in the Pr and Pfr states
and the interconversion between them. Here, special emphasis is laid on factors that
influence the conformational equilibrium in the Pfr state (Pfr-I and Pfr-II) and the
implications on the dark-relaxation reaction.

Chapter contains a publication that focuses on the influence of the N-terminal
extension domain (NTE) on the structure of PCB and P®B in AtPhyB and SbPhyB.
This study aimed to explore whether and how the presence or absence of the NTE
influences the chromophore structure in the Pfr and Pr states. Here, RR spectra of
full-length PSM constructs and NTE-deletion mutants were comparatively analyzed.
These considerations are logically continued in a second study (chapter , where
the influence of the transiently binding phytochrome interaction factor 3 (PIF3) on
PCB-AtPhyB are investigated. The structural changes of PCB that are caused by
PIF-binding are compared to the findings from the NTE-deletion study with a focus
on the same RR spectral marker bands.

In a third part, the role of the PHY-domain for the photoproduct formation in PCB-
SbPhyB is investigated (chapter. Here, vibrational spectra of the PAS-GAF-PHY
(PGP) and PAS-GAF (PG) variants are analyzed in solution and in protein crystals.
The RR and IR spectra of the PG photoproduct are compared to the Pfr and Meta-Rc
states of the PGP construct, and the photoactivation in crystallo is discussed.
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4.1 Structural Communication of Plant PhyB with the N-terminal Ex-
tension

This research was originally published in FEBS letters:

F. Velazquez Escobar, D. Buhrke, M. Fernandez Loépez, S. M. Shenkutie, S. von
Horsten, L. O. Essen, J. Hughes, and P. Hildebrandt. Structural communication
between the chromophore-binding pocket and the N-terminal extension in plant phy-
tochrome phyB. in: FEBS Letters Volume 591.Issue 9 (2017), pp. 1258-1265. DO
10.1002/1873-3468.12642

e Francisco Velazquez Escobar, David Buhrke and Maria Fernandez Lopez per-
formed RR experiments.

e Sintayehu Manaye Shenkutie and Silke von Horsten prepared the samples.

e Peter Hildebrandt, Lars-Oliver Essen and Jon Hughes concieved and supervised
the study and wrote the manuscript.

e All the authors discussed the results and commented on the manuscript.

© Reprinted with permission of John Wiley and Sons publishing (license number
4427081118525).
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The N-terminal extension (NTE) of plant phytochromes has been suggested
to play a functional role in signaling photoinduced structural changes. Here,
we use resonance Raman spectroscopy to study the effect of the NTE on the
chromophore structure of B-type phytochromes from two evolutionarily dis-
tant plants. NTE deletion seems to have no effect on the chromophore in the
inactive Pr state, but alters the torsion of the C-D ring methine bridge and
the surrounding hydrogen bonding network in the physiologically active Pfr
state. These changes are accompanied by a shift of the conformational equi-
librium between two Pfr substates, which might affect the thermal isomeriza-
tion rate of the C-D double bond and, thus, account for the effect of the
NTE on the dark reversion kinetics.

Keywords: chromophore  structure; ~ N-terminal  extension;
phytochrome; resonance Raman spectroscopy

plant

Light-dependent development in plants is regulated
principally by phytochromes, a family of photorecep-
tors harboring the tetrapyrrole phytochromobilin
(P®B) as the light-absorbing chromophore [1-3]
(Fig. 1). A photoinduced reaction cascade, starting
with a double bond isomerization of the cofactor,
leads to the conversion of the red-adsorbing Pr state
to the far-red absorbing Pfr state which is the physio-
logically active form. Important insight into the molec-
ular processes of the photosensor module (PSM) has
been obtained from bacterial and cyanobacterial repre-
sentatives of this photoreceptor family [1-3]. However,
despite similar reaction steps and structural changes in

Abbreviations

the chromophore-binding pocket, the signaling process
by which the PSM transduces its structural changes to
the cell is quite different in prokaryotic and plant phy-
tochromes [4-6]. In particular, although most prokary-
otic phytochromes are light-repressed histidine protein
kinases signaling from the C-terminal transmitter mod-
ule, plant phytochromes are active in the Pfr state, sig-
naling from the PSM directly. The domain structure of
plant phytochromes is also more complex, with an
additional PAS-PAS module separating the PSM and
the transmitter-like module. Moreover, although
prokaryotic phytochromes carry an N-terminal exten-
sion (NTE) of only about 20 residues, in plant

A-B/C-D, C=C stretching of the AB/CD methine bridge; ARR, Arabidopsis response regulator; GAF, cGMP phosphodiesterase/adenylyl
cyclase/FhIA; HDX, H/D exchange with mass spectrometry; HOOP, hydrogen-out-of-plane; N-H ip, N-H in-plane bending; NTE, N-terminal
extension; PAS, Per/Arnt/Sim; PCB, phycocyanobilin; phyA/B, phytochrome A/B; PHY, phytochrome-specific; PIF, phytochrome interaction
factor; Pr/Pfr, red/far-red absorbing form of phytochrome; PSM, photosensory module; P®B, phytochromobilin; RR, resonance Raman.
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Fig. 1. (A) Domain organization of phyB; P®B denotes the chromophore binding site (adapted from ref. 8), (B) NTEs in Sb-phyB and At-phyB
('P’ refers to putative phosphorylation sites and the black boxes mark conserved regions), (C) structure of the bilin chromophores P®B
(R = vinyl) and PCB (R = ethyl) in the ZZEssa configuration of the Pfr state.

phytochromes this is much larger, comprising ca. 110
and 70-75 residues in B- and other types, respectively
(Fig. 1). In phyB, the NTE is likely to interact with
the PSM since it affects the dark reversion from the
Pfr to the Pr state [7]. Furthermore, recent H/D
exchange probed by mass spectrometry (HDX) pro-
vided evidence for Pr/Pfr-dependent differences [8]. In
Arabidopsis, the NTE is bound by the response regula-
tor-like protein ARR4 which also thereby regulates the
rate of reversion [9,10]. Furthermore, it contains phos-
phorylation sites that affect the spectral characteristics
as well as the binding of the phytochrome interaction
factor 3 (PIF3) [11,12]. 3D structural information
about the NTE and its interaction with the PSM are
not yet available. Despite its limited resolution, the
recently determined PSM crystal structure for Ara-
bidopsis phyB in the Pr state [7] reveals far-reaching
similarities in particular to Cphl from the cyanobac-
terium Synechocystis 6803 [13] on account of their sim-
ilar protein-chromophore linkage. However,
crystallized variants of phyB and Cphl are devoid of
any structural information for NTE.

The present work focuses on the role of the NTE in
phyB using resonance Raman (RR) spectroscopy, a
method that selectively probes the structure of the
chromophore and its interactions with the molecular
environment [14-16]. By comparing phyB from evolu-
tionarily distant plants, the dicotyledon Arabidopsis
thaliana (AtphyB) and the monocotyledon Sorghum
bicolor (SbphyB) and their deletion variants lacking
the NTE (4rtANTE, ShANTE) with phytochrome A3
from Avena sativa (AsphyA), we provide insight into
structural details of the chromophore-binding pocket

of plant phytochromes and the impact of the NTE on
the photoinduced formation of the functional Pfr
state.

Materials and methods

Protein expression and purification

AtphyB with and without the NTE was expressed, purified,
and assembled with PCB as described previously [8]. The
photosensory module ShphyB with or without the NTE
was produced from pCDFDuet-based constructs together
with POB or PCB in Escherichia coli to form the holopro-
tein in vivo following procedures similar to those estab-
lished for prokaryotic phytochromes [17,18]. Both
recombinant phytochromes carried a C-terminal Hisg-tag
for Ni-affinity purification, followed by size-exclusion chro-
matography to give a chromophore/protein absorbance
ratio of ca. 1.4 and 1.15 for the variants with and without
the NTE, respectively (Fig. S1). In the case of the PCB
adducts, close similarities are apparent between the equiva-
lent PSM constructs from Sorghum and Arabidopsis with
and without the NTE. In the case of ShphyB, the native
P®OB adduct showed the expected bathochromic shifts in
the red and far-red peaks of Pr and Pfr concomitant with
the « electron system extending into the D-ring side chain.

Resonance Raman spectroscopy

Samples were concentrated in aqueous TS50 buffer (50 mm
Tris-Cl, 300 mm NaCl, 5 mm EDTA, pH = 7.8). Pr-to-Pfr
(Pfr-to-Pr) conversion was achieved by continuous (2 min,
LED) light exposure at 670 nm (Pr) or 750 nm (Pfr) at
20 °C. RR measurements of phyB phytochrome were
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performed with an RFS-100 FT-Raman spectrometer (Bru-
ker Optics, Ettlingen, Germany), equipped with an
1064 nm Nd-YAG laser (670 mW) and a Linkam (Resul-
tec, Illerkirchberg, Germany) cryostat. Measurements were
performed at —140 °C. Each spectrum is based on 1000-
2000 single interferometer scans, corresponding to accumu-
lation times between 30-60 min per spectrum. All spectra
processing was performed using the OPUS suite. Further
experimental details are given elsewhere [14-16].

Results

The RR spectra of the Pr and Pfr parent states of
POB and PCB adducts of Avena (oat) phyA3
(AsphyA) have been analyzed in detail previously
[15,16] and now serve as a reference for the compar-
ison with the corresponding data for phyB with and

F. Veldzquez Escobar et al.

without the larger NTE. Here, we focus on three spec-
tral regions characteristic of the specific structural
parameters of the chromophore and its interactions
with the immediate molecular environment. In the
region between 1520 and 1680 cm ™', the spectra of the
Pr state are dominated by three peaks originating from
the N-H in-plane bending of rings B and C (N-H ip),
and the C=C stretching modes of the CD and 4B
methine bridges (Fig. 2A; see Fig. 1C for ring nota-
tion). In As-phyA, these modes are found at 1575
(N-H ip), 1626 (C-D), and 1646 cm™"! (4-B), reflecting
the ZZZssa geometry of the fully protonated P®B
chromophore (Fig. 1) [15]. Between 750 and 850, the
spectra display less intense bands including the C-H
out-of-plane deformation coordinates (HOOP). In
AsphyA, the most pronounced band at 802 cm™' is a
HOOP mode of the CD methine bridge and is

HOOP 1626 A-B
C-D C-DJ\| 1646 C =0(D)
802 N-H ip 1712
A 795 : As-phyA = O(A)
\/\/ k\/\ A P(I)B \/:1/729
154 Sb-phyB \\/
B Sb-ANTE
A PoB N M~
1643
788 1709
_ 1727
loo Sb-phyB
Cc Sb-ANTE
NI WA\
Vaad 1635
1650
\ 1703
1573 At-phyB 1723
At-ANTE
D so7 J PCB
fJ L 1637
Fig. 2. Resonance Raman spectra of the
79 1708 Pr state of (A) As-phyA and (B) Sb-phyB
801 1576 As-phyA including the P®B chromophore, and (C)
E PCB 1731 Sb-phyB, (D) AtphyB, and (E) As-phyA
including the PCB chromophore. The red
f/ traces in (B), (C), and (D) refer to the
T T T i ¥ § ’ ’ variants lacking the NTE segments
750 800 850 1550 16010 1650 Rel17\/\(32venurr11t::|(’)/cm'1 (ANTE). The spectra in (A) and (E) have

Rel. wavenumber/cm™

been published earlier [15].
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accompanied by a shoulder at 795 cm™'. Finally, the

carbonyl stretching modes of the terminal pyrrole rings
give rise to weak RR bands at 1712 and 1729 cm ™.
On the basis of previous IR studies [19], these bands
are readily assigned to the C=O stretching of ring D
and A, respectively.

The Pr state of phyB

The spectra of the P®B adducts of ShphyB and
AsphyA (Fig. 2B) are nearly identical, indicating that
even structural details of the chromophore and its
interactions with the protein environment agree well.
For AsphyA, structural models revealed very similar
chromophore geometries for POB and PCB, implying
that the different substitution at ring D (vinyl vs. ethyl)
does not perturb the interactions with the protein
[15,16,20]. Thus, the differences in the RR spectra
between the AsphyA adducts can mainly be attributed
to the intrinsic effect of the side chain difference on the
cofactor modes, including the frequency upshift of the
C-D (1626-1637 cm™ ") and A4-B (1646 to ca.
1650 cm ") stretching modes in the PCB adduct due to
the reduced length of the delocalized m-electron system
that is also reflected by the UV-vis absorption spectra
(Fig. S1). The notable differences between the PCB
adducts of ShphyB and AsphyA (Fig. 2C, E) are, there-
fore, quite surprising. In ShphyB, a distinctly larger
upshift of the C-D stretching to 1643 cm™! is observed,
such that the putatively invariant 4-B stretching mode
(ca. 1650 cm™ ") is largely obscured. This finding points
to a structural change at the CD methine bridge leading
to a decrease in the N(C)-C-C-C(D) dihedral angle,
according to previous theoretical analyses [14,15]. Most
likely, this distortion originates from the specific struc-
ture of the chromophore-binding pocket in ShphyB in
the vicinity of ring D, which stabilizes a similar POB
structure to that in 4sphyA but, unlike in the latter,
small geometrical adjustments are necessary to accom-
modate PCB. Subtle structural alterations compared to
AsphyA seem to occur also in ArphyB (Fig. 2D). Here,
however, the C-D stretching remains unchanged,
whereas the 6-cm™! upshift of the CD HOOP mode
compared to AsphyA may be taken as a small decrease
in the C(C)-C-C-N(D) dihedral angle. Thus, we con-
clude that the chromophore structure differs only in
small details between oat phyA and the two phyB
orthologs. These small differences also include the
hydrogen bonding network as reflected by minor differ-
ences between the C=O stretching frequencies of the
rings A and D. In the Pr state, the RR spectra show no
significant differences between the ShphyB and AtPhyB
variants with regard to the presence of an NTE.

N-terminal extension in plant phytochrome phyB

The Pfr state of phyB

Both the Pr and the Pfr state of AsphyA display a
structural heterogeneity in the chromophore binding
site [16,21], but RR spectroscopy only distinguishes a
temperature-dependent equilibrium between substates
in the case of Pfr (Pfr-I, Pfr-II) [16]. Each of these Pfr
substates adopts a protonated ZZEssa chromophore
structure. However, the torsion between the rings C
and D probably differs by ca. 10° as implied by two
bands originating from the HOOP mode, separated by
16 and 8 cm™! in the PO®B and PCB adducts, respec-
tively (Figs 3A and 4A). The intensity ratio of these
bands can be taken as a measure for the relative pop-
ulations of the substates. This conformational hetero-
geneity is also reflected in the region between 1600
and 1620 cm™!, albeit less clearly visible due to the
superposition of four components, that is, for each
conformer a strongly RR-active C=C stretching mode
of the CD methine bridge at lower frequency and a
C=C stretching mode of ring D a higher frequency,
which exhibits weaker RR intensity [16]. Based on iso-
topic labeling and temperature-dependent measure-
ments, it could be shown that Pfr-I is associated with
the low-frequency HOOP mode and the high-fre-
quency C-D stretching component, whereas the high-
frequency HOOP and low-frequency C-D stretching
originate from Pfr-II. This interpretation may also be
extended to the ShphyB and ArphyB variants includ-
ing the NTE, which show a similar HOOP mode ratio
and only small adduct-related frequency differences
(Figs 3 and 4). Also, the other marker bands between
1500 and 1800 cm ™' are similar within the experimen-
tal accuracy, and the most pronounced frequency
shifts refers to the ring D C=0O stretching, which is
lowered by 7 cm™! in the PCB adducts of the phyB
PSM.

The effect of the NTE on the chromophore-
binding pocket

Unlike Pr, the deletion of the NTE segment has a
remarkable effect on the RR spectra of Pfr. For the
PCB adducts, we note a downshift of the high-fre-
quency HOOP component from 816 cm™' in ShphyB
(ArphyB: 814 cm ™' in) to 811 cm™', accompanied by a
reversal of the intensity ratio between the low and
high-frequency components, which reflects an increase
in the Pfr-I/Pfr-Il population ratio (Fig. 3B-E).
Accordingly, this shift of the conformational equilib-
rium is accompanied by a growth of the high-fre-
quency C-D stretching component (vide supra), which
can in fact account for the intensity increase in the

FEBS Letters 591 (2017) 1258-1265 © 2017 Federation of European Biochemical Societies 1261



N-terminal extension in plant phytochrome phyB

F. Veldzquez Escobar et al.

C=0(D)
1712
C = O(A)
1748
1705
1745

f

1710

)

1705

5

1710

o

1748

1752

1714
Fig. 3. Resonance Raman spectra of the
Pfr state of phytochrome adducts

including the PCB chromophore. (A) As-
phyA, (B) Sb-phyB, (C) Sb-ANTE, (D) At

1755

30681I{|OOP C-D1607 .
C-D NHip [l1621
BC 1637 .
847 1556 \ A‘;ggA
A ) A
1605
816 ©
o
804 -
/%6 \J \ Sb-phyB
-pny
E/\// \,\/ \ PCB
811
803
J \\g by \\ Sb-ANTE
PCB
— 1607
814
804
/\J 1556 \ At-phyB
D /) \__| FPcB
a0 1608
811
J\q 1654 \ At-ANTE
E
pJ \_| PcB
801
809
1552 1642 | Cph1A2
F PCB
N N
750 800 850 1550 1600 1650

Rel. wavenumber/ cm™

1618-cm ™! shoulder. Concomitant to the redistribution
among the substate population, we note a small down-
shift of the N-H ip mode from 1556 to 1554 cm™',
indicating an alteration of the hydrogen bond interac-
tions in the chromophore pocket [22]. The same inter-
pretation may hold for the 5-cm™! upshift of the C=0O
stretching of ring D from 1705 to 1710 cm ™. Interest-
ingly, upon deletion of the NTE, the RR spectra
become very similar to that of the PSM of cyanobacte-
rial phytochrome CphlA2, including the distribution
among the conformational substates (Figs 3F and 4D)
[16,23]. In contrast, such far-reaching similarities with
CphlA2 do not exist for the RR spectra of the Pr
state, neither for phyA nor for phyB [15,22,23].

For the POB adducts the effect of NTE deletion is
smaller than for the PCB adducts, but with respect

1262

1700
Rel. wavenumber/ cm™

phyB, (E) A=ANTE, and (F) Cph1A2. The
spectra in (A) and (F) have been published
earlier [16].

1750
1

to the changes in the substate populations the same
tendency can be derived from intensity redistribution
of the composite peak of the two HOOP modes
(Fig. 4B, C).

Discussion

The present results demonstrate a state-dependent
interaction between the chromophore and the NTE in
phyB. This interaction is similar for phyB from
A. thaliana and S. bicolor, suggesting that it represents
a general characteristic of phyB. The impact of these
interactions on the chromophore-binding pocket is
small and only observed in the Pfr state. It comprises
a perturbation of the hydrogen bonding network and
the CD portion of the chromophore, reflected by a
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have been published earlier [16].

shift in the conformational Pfr-I/Pfr-II equilibrium.
Both effects, which most likely constitute the molecu-
lar basis for the hypsochromic shift of the electronic
absorption in NTE deletion variants (Fig. S1) [7.,8],
are presumably linked although no conclusions can be
drawn about possible cause-effect relationships
between them. The NTE undergoes structural changes
upon Pr — Pfr photoconversion as demonstrated by
recent HDX experiments [8]. These studies identified
several regions within the NTE that display a slower
exchange in Pfr (compared to Pr), indicating a restruc-
turing of the NTE.

One region close to the AB rings of the chro-
mophore that displays changes in the HDX rates links
the C terminus of the NTE with the start of the PAS
domain (Y104-1108). However, the altered dynamics
of this region does not affect the geometry at the AB
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rings of the chromophore upon Pr — Pfr transition,
consistent with the RR data. All other regions in the
NTE with HDX rates altered by photoconversion
probably lack direct contact with the chromophore
itself [8]. This implies that only indirect interactions
are able to explain the observed effect of the NTE on
the structural changes of the bilin chromophore. Our
packing model for the NTE/PSM interactions sug-
gested that in the Pfr state a stretch with comparably
slow intrinsic HDX rates (P28-Q36) may interact with
the Bl strand of the GAF domain and its adjacent
loop [8] (Fig. 5). A prominent part of this strand is
Y276, which forms crucial interactions with the chro-
mophore and which upon mutation to histidine forms
a strongly fluorescent, Pfr-mimicking signaling state in
darkness [24]. Interactions between the BIGAF strand
and the NTE could hence affect the CD ring
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At-phyB
PHY N

PAS
GAF

Tongue region

Fig. 5. Structure of At-phyB (PDB code:
40UR); the PAS, GAF, and PHY domains
are depicted in red, orange and green,
respectively. The chromophore,
phytochromobilin (P®B), is colored in cyan.
The inlet enlarges the chromophore
binding site. The B1 strand of the GAF
domain is highlighted in blue and the
N-terminal extension (NTE) in gray
spheres.

surroundings and account for the RR spectroscopic
differences between the wild-type and NTE deletion
variants. A second candidate for an indirect interac-
tion site for the NTE is the tongue region of the PHY
domain (Fig. 5), which is thought to undergo major
structural changes next to the chromophore upon pho-
toconversion. Overall, it appears that indirect interac-
tions of the CD ring surroundings with the NTE
suffice to affect the chromophore geometry and
thereby its photochemistry.

The conformational coupling of the NTE segment
and the chromophore-binding pocket are probably of
functional importance. It has been shown previously
that dark reversion kinetics of phyB is substantially
accelerated upon removal of the NTE segment [7].
This may in fact be related to the structural differences
compared to the complete PSM, reflected by the shift
of the conformational equilibrium between the sub-
states Pfr-I/Pfr-1I which mainly differ by CD methine
bridge torsion and the hydrogen bond network around
the chromophore. This conformational heterogeneity
has only been observed for cyanobacterial and proto-
typical bacteriophytochromes that, like plant phy-
tochromes, thermally revert to the Pr state. In
contrast, bathy bacteriophytochromes exhibit a highly
homogeneous chromophore structure in the Pfr state
that does not decay to the Pr state [14]. It was, there-
fore, concluded that thermal CD methine bridge iso-
merization, which is presumably the rate-limiting step
for dark reversion, runs via one of the Pfr substates.
In phyB, NTE deletion increases the population of the
substate associated with a larger C(14)-C(15)-C(16)-N
(D) dihedral angle [14], which might lower the energy
barrier for the rotation around the C(15)-C(16) bond
as one important parameter promoting £ — Z isomer-
ization. Also, the changes of the hydrogen bond inter-
actions induced by NTE deletion might contribute to
the acceleration of the dark reversion via favoring the
transient formation of the enol form of the chro-
mophore as the essential mechanistic step of thermal
double bond isomerization [25].
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4.2 Interaction of Arabidopsis thaliana Phytochrome B with the Phy-
tochrome Interaction Factor 3

The phytochrome signaling process in plants is complex and poorly understood. Af-
ter photoconversion to the Pfr state, plant phytochromes translocate from the cyto-
plasm into the nucleus and transiently bind so-called phytochrome interaction factors
(PIFs).|162, 31] The molecular mechanism and location of PIF binding and eventual
chemical reactions with the phytochrome, such as (de)phosphorylation reactions, are
still controversial in the literature and not known in detail. In case of PhyB and PIF3,
phosphorylation of a tyrosine (Tyr) [147] or serine (Ser) [127, 144] residue of PIF3
by the PhyB was proposed, but also the reverse reaction, dephosphorylation of PIF
by phytochromes, was observed.[181} [156] To disentangle these contradicting results,
molecular investigations of the active complex (denoted PhyPIF in the following) are
necessary. In vitro studies of the molecular interaction serve as models and therefore
eventually contribute to a more profound understanding of phytochrome signaling
pathways in planta.

PhyPIF complex formation Arabidopsis thaliana phytochrome B (AtPhyB) in-
teracts with PIF3 and transiently forms the PhyPIF complex in the Pfr state. The
complex formation reaction (eqn. was investigated by means of analytical mi-
croscale thermophoresis (MST), and the equilibrium constant in the Pfr state was
determined (Kp=6.8 uM) for the reaction in TES-S-buffer. No interaction was found
in the Pr state with this analytical technique.|62] To probe the effects of PIF3 binding
on the chromophore (PCB) configuration, RR spectra were recorded for PIF3 and
mixtures of PIF3 with AtPhyB in the Pr and Pfr states (see fig. . The initial
concentration of PIF3 and AtPhyB (denoted Phy for simplicity in the following) was
adjusted accordingly. The complex formation reaction

Phy + PIF = PhyPIF (4.1)

is reversible, and the dissociation constant Kp is defined as

[Phy][PLF]

Kp=+—2 "4
P [PhyPIF)

(4.2)

To analyze the interaction of PIF3 and AtPhyB with RR spectroscopy, a high
portion of PhyPIF relative to unbound [Phy| must be obtained at sufficiently high
concentrations. At least a 10:1 ratio of is needed

[PhyPIF)]
—— = 10. 4.3
[Phy 4
Inserting eqn. into eqn. yields
Kp = 0.1[PIF] = 0.1([PIF], — [PhyPIF]). (4.4)
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Additionally, a high concentration of [PhyPIF| is required to obtain RR spectra of
reasonable quality

[PhyPIF) =10"*M. (4.5)

Within the boundrary condition [4.5] eqn. can be rewritten

[PIF)o =10 Kp + [PhyPIF] = 1.7-107*M, (4.6)

by inserting eqn. , one obtains the initial concentration [Phy]o

[Phy] = 0.1 - [PhyPIF]) =10"°M (4.7)
[Phylo = [Phy] + [PhyPIF] = 1.1-10"*M (4.8)

Sample preparation The samples of PhyB and PIF3 both had an initial concen-
tration of 40 uM. For one RR sample, 55 pul. AtPhyB and 85 uL PIF3 were mixed,
illuminated with a 660 nm LED to generate the complex and subsequently concen-
trated in a 10 kDa cutoff Amicon centrifugal filter unit to a final amount of 20 uL
to obtain the initial concentrations [Phy|y and [PIF], (see eqns. and [£.8). Ra-
man signals originating from PIF3 are not pre-resonance enhanced and therefore weak
compared to the enhanced PCB bands. Nevertheless, under the present experimental
conditions with PIF3 excess (ca. 1.5x) and a low concentration of AtPhyB (relative
to the conditions used for the pure AtPhyB spectra in chapter , the intensity of
strong PIF3 bands (e.g. amide TIT at 1464 cm™) is in the order of magnitude of the
PCB bands or even higher (see fig. [£.2.1)).

To investigate the potential influence of PIF3 on the structure of PCB in the PhyPIF
complex, the PIF contribution was subtracted from the mixture (see fig. [£.2.2). Al
though PIF3 bands are not detected after the subtraction procedure, they substantially
contribute to the spectral underground and thus lead to more overall noise and spectral
artifacts (marked with asterisks (*)) in the subtracted spectra. Therefore, only the
strongest PCB bands in the marker region (1500-1700 cm™) and in the HOOP region
(600-900 cm™) are discussed, where even small changes in frequencies or intensities
can be discriminated unambiguously (see figs. [4.2.3| and |4.2.4] for expanded views of
the marker and the HOOP regions). The C=C stretching and HOOP signals in these
spectral regions are sensitive to chromophore geometry and protonation state. When
PIF is added, the overall mode composition and shape of the Pr and Pfr spectra re-
mains unchanged, indicating that PCB persists in the respective ZZZssa and ZZEssa
configurations with a fully protonated (cationic) PCB chromophore. Yet, small but
reproducible differences are observed in the Pfr and Pr spectra upon PIF3 addition.
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Figure 4.2.1: The Raman spectra of PIF3 and AtPhyB/PIF3 mixtures. The gray spectrum shows
pure PIF3 ([PIF3] = 10~*M). The lower blue spectrum is directly obtained after addition of AtPhyB
to PIF3 in the dark, and represents a spectral superposition of PIF3 and AtPhyB in the Pr form. The
topmost blue spectrum is obtained after illumination of the mixture with red light (660 nm LED).
Here the shifted C=C stretching signals and the appearance of the HOOP mode are indicative for
the Pfr form.
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Figure 4.2.2: Full range RR spectra of AtPhyB with and without PIF3 (subtracted). The gray spec-
trum shows pure PIF3 (scaled down for comparison). The black and blue spectra show AtPhyB in
the Pr and Pfr state without and with the addition of PIF3, respectively. PIF3 contribution was
subtracted to obtain the blue spectra. Possible subtraction artifacts are marked with asterisks (*).
In the HOOP and marker regions (highlighted in yellow), PCB bands can be detected unambigously

(see figs. and [4.2.3).
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PhyPIF formation in the Pfr state The Pfr-PIF3 complexes were generated by two
different approaches in order to exclude diffusion rate limiting effects on the PhyPIF
adduct formation reaction (see eqn. in the highly concentrated Raman sample.
In a first approach, the unconcentrated AtPhyB sample was illuminated with red light
(660 nm LED) before mixing with PIF3 and subsequent concentration. In the second
approach, the mixed and concentrated sample was illuminated in a last step. Both
approaches led to similar spectral changes, indicating that reaction [4.1]is not diffusion-
limited under the present conditions.

In Avena sativa phytochrome A, the heterogeneous Pfr state comprises an equilibrium
of two distinct chromophore configurations (denoted Pfr-1 and Pfr-II) characterized by
a differences in the C,D methine bridge torsional angle of about 10°.[229] This equilib-
rium is also observed in PhyB regardless of the assembled chromophore (PCB or the
native P®B) or whether the construct comprises the NTE. The relative contribution
of the two sub-states shifts in the NTE deletion mutants (ANTFE).|231] Both species
can be readily detected in RR spectra because different modes are influenced by the
conformation of ring D. This applies to the most prominent band in the marker region,
the C=C stretching mode doublet at 1607 and 1618 cm™ (see fig. , and also to
the C,D hydrogen-out-of-plane (HOOP) doublet at 804 and 818 cm™ (see fig. [1.2.4).
Hereby, the low-frequency HOOP mode and the high-frequency C,D stretching com-
ponent were assigned to Pfr-1, whereas the high- frequency HOOP and low-frequency
C,D stretching originate from Pfr-IT (see also chapter [4.1).[229, [231] Upon addition
of PIF3, A small upshift (+1 ¢cm™) of the band at 1607 cm™ and a relative intensity
loss in the 1618 cm™ mode are observed. The second effect can be attributed to a
shift of the conformational equilibrium from Pfr-T towards Pfr-I1. This interpretation is
underpinned by the HOOP region, where a concomitant intensity redistribution from
the low-frequency mode (804 ¢cm™, marker for Pfr-I) to the higher frequency mode
(818 cmt, marker for Pfr-II) is observed. Additionally, both C,D HOOP bands shift
up by 3 and 4 em™, and a small upshift (2 cm™ from 1556 to 1558 cm™) in B,C N-H
i.p. bending mode is observed, indicating further minor structural adjustments in the
chromophore binding pocket upon PIF3 interaction.

Interestingly, the mode composition indicating the Pfr conformational equilibration, is
also influenced by NTE deletion. The effect of PIF addition is exactly reversed: NTE
deletion shifts the conformational equilibrium more towards Pfr-I, while PIF3 adduct
formation favors Pfr-11.|231] Remarkably, NTE deletion was found to accelerate the
Pfr to Pr dark reversion reaction|26], while the process is slowed down when PIF3 is
added to the sample.[62] Both findings can be rationalized within the two-states model,
and it can be concluded that Pfr-I has a faster dark reversion kinetics compared to
Pfr-11.
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Figure 4.2.3: RR spectra of AtPhyB with PIF3 in the marker region (detail of fig. 4.2.2). The
overlaid black and blue spectra show AtPhyB in the Pr and Pfr state without and with the addition

of PIF3, respectively. Top: Pfr state. Bottom: Pr state.
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Figure 4.2.4: RR spectra of AtphyB with PIF3 in the HOOP region (detail of fig. 4.2.2). The
overlaid black and blue spectra show AtPhyB in the Pr and Pfr state without and with the addition
of PIF3, respectively. Top: Pfr state. Bottom: Pr state.

7



4 RESULTS: PLANT PHYTOCHROMES

Possible interaction in the Pr state In the Pr state, no PhyPIF complex for-
mation was observed in the MST experiments and no equilibrium constant could be
determined.[62] Additionally, deletion of the NTE had no effect on the Pr state RR
spectra.|231| Therefore it is rather surprising, that spectral changes are also detected
in the Pr marker and HOOP regions upon PIF addition.

In contrast to Pfr, the C=C stretching doublet in the Pr marker region is not as-
signed to two distinct bilin conformations. Here, the doublet originates from two dif-
ferent normal modes with major contribution from the C,D methine bridge (1635 cm™)
and the A,B methine bridge (1646 cm™) C=C stretching vibrations.[136] The latter
mode is detected in the Pfr only as a small shoulder at 1640 cm™, while in Pr the
relative intensity is higher. The C,D C—C stretching mode shifts up to 1641 cm™ upon
PIF addition, indicating that the torsional angle of ring D is affected. This effect is
also reflected in the HOOP region where small upshifts of all bands (in the order of
4 cm™) are observed. These results indicate that a PhyPIF complex is also formed in
the Pr state under the present experimental (RR) conditions.

PIF3 can also bind in the Pr state of Avena sativa PhyA, and the differential binding is
strongly buffer-dependent.[195| Taking the far-reaching similarities of PhyA and PhyB
into account, these findings probably also hold for AtPhyB.[231] The different buffer
conditions and concentrations are most likely the reason for PhyPIF complex forma-
tion in the RR experiments, but not in MST. In the RR experiments, the samples
are concentrated by up to 100-fold higher than in UV /Vis absorption (vide supra),
corresponding to viscous suspensions rather than real solutions. Thus, a weakened
specific ion efficacy and different diffusion rates, may influence the rate and equilibria
of chemical reactions like the PhyPIF adduct formation (eqn. . Regarding the
fundamentally different situation in a molecular crowded environment in living plant
cells from the in vitro MST or the RR experimental conditions, no conclusions can be
drawn at this point whether PIF3 forms transient complexes with AtPhyB in the Pr
state n vivo.
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4.3 The PAS-GAS Construct of Sorghum bicolor Phytochrome B

This chapter focusses on the spectroscopic characterization of plant phytochrome B
from the monocotyledon Sorghum bicolor (SbPhyB), in particular the truncated PAS-
GAF (PG) protein variant assembled with PCB. The PGP construct is identical with
the PSM without the N-terminal extension (which is denoted SbPbyB ANTE in chap-
ter , the nomenclature was changed in this chapter to stay consistent with the
nomenclature for unpublished results throughout the thesis. Recently, SbPhyB PG
was successfully crystallized in the Pr state, and a promising high-resolution x-ray
structure was solved (1.4 A resolution, unpublished results, private communication
with Dr. Soshichiro Nagano and Prof. Dr. Jon Hughes). A cartoon representation of
the overall protein fold and a figure of the electron density distribution within the chro-
mophore binding pocket were kindly provided by Dr. Soshichiro Nagano (fig. .
Upon red-light illumination in solution, the PG protein construct forms a long-lived
photoproduct and thus is a good candidate to obtain a crystal structure of a light-
activated state. To investigate whether this photoproduct can be used as a model
for a photocycle intermediate of the PGP construct, UV /Vis, RR and IR difference
spectroscopy were employed.

Figure 4.3.1: SbPhyB PG crystal structure. The left panel shows an overall picture of the protein
fold with the two monomeric subunits represented in different shades of green. The right panel depicts
a close-up view of the PCB chromophore (cyan) and the side-chains of the surrounding amino acids
(green). Electron density cutoff is represented by a black mesh. This figure was kindly provided by
Dr. Sochichiro Nagano.
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Figure 4.3.2: UV /Vis absorption and difference spectra of the SbPhyB PG (bottom) and PGP
constructs (top). The absorption spectra of the Pfr and Meta states were generated by spectral

subtraction of residual Pr contributions. For the original, unsubtracted spectra, see supplementary
fig. Pr-minus-Pfr (for PGP) and Pr-minus-Meta (for PG, bottom). Difference spectra are
indicated by dashed lines.
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UV /Vis spectroscopy In agreement with previously published results[231], the Pr
and Pfr spectra of the PGP construct exhibit Q-band absorption maxima at 645 and
705 nm, respectively (see fig. . However, complete photoactivation was achieved
neither in the PGP nor PG constructs. Hence, the pure photoproduct spectra were
obtained wia subtraction of residual Pr contributions (for unsubtracted spectra, see
supplementary fig. . In the PG variant, the Pr Q-band maximum is shifted
down by 7 nm upon PHY domain deletion, indicating only minor changes in the dark-
adapted state. The PG photoproduct spectrum displays a broad and unstructured
low-intensity Q-band. Similar spectra were observed for the Meta-Rc state of Avena
sativa phyA or the Bph Agpl.]39, (18] Concomitantly, the Soret band features a smaller
upshift from 356 to 376 nm and no characteristic broadening like in PGP Pfr, accom-
panied by an upshift to 405 nm. These shifts can be detected with higher accuracy
in the Pr-minus-Pfr and Pr-minus-Meta difference spectra (dashed lines in fig. [£.3.2).
Despite the truncation of the output module and the NTE, a Pfr state is formed in the
PGP construct (albeit with changed sub-populations of Pfr-I and Pfr-I1, see chapter

7).

The shape and intensity of the Q-band of the PG construct photoproduct differ signif-
icantly from the typical Pfr spectrum. Taking the similarity to Meta-Rc into account,
all photoproduct spectra (UV/Vis, RR and IR) of PG are denoted “Meta” in the
following. The use of this notation is not intended to assign the photoproduct to
a specific state in the PGP photocycle and solely expresses the observation that no
characteristic Pfr is formed. In Agpl, the low intensity Q-Band was associated with
chromophore deprotonation in the Meta-Rc state[18], but in the cyanobacteriochrome
AnPixJg2, only small changes UV /Vis absorption spectra have been observed despite
of chromophore deprotonation.[201] Anyhow, the de- and re-protonation reactions of
the bilin during the photocycle reactions probably play a crucial part in the signal
transduction through the protein (see chapter . Because the structure and in-
tensity of the Q-band are not conclusive for the chromophore protonation pattern,
application of RR spectroscopy is useful because this technique can assess the proto-
nation state directly by probing of the corresponding N-H vibrations.

Solution RR spectroscopy The following discussion is restricted on the RR sig-
nals characteristic for the structure of the PCB chromophore. These are found in the

marker (see fig. [4.3.3), HOOP (see fig. [4.3.5) and C=O regions (see fig. 4.3.4). The

full range RR spectra are given in the supplementary figure [9.1.2
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Figure 4.3.3: SbPhyB RR spectra in the marker region. Spectra were recorded in H,O and
D50 buffer. From bottom to top: The Pr spectra of the PGP and PG variants in the Pr form
and the photoproduct (Meta) of the PG variant. The PGP Meta-Rc spectrum of PGP was generated
according to published cryo-trap conditions.[99] Topmost panel: the PGP Pfr spectrum.
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Figure 4.3.4: SbPhyB RR spectra in the CO region. Spectra were recorded in H,O and D, O buffer.
Only spectra of the Pr forms (bottom: PGP, middle: PG) and the PGP Pfr are shown. In the Meta
forms of PG and PGP, the C=0 stretching bands are not detected due to a poor S/N ratio in the
spectra and are therefore omitted in this figure.
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Pr In the Pr state, the PG construct appears identical to PGP in all spectral regions
consistent with the published RR data (see chapter [£.1)).[231] The C=C stretching
band positions at 1605 cm™ and 1642 cm™ and the N-H i.p. bending at 1575 cm™ as
well as their corresponding isotopic shifts when measured in D,O buffer are indicative
of a protonated (cationic) PCB chromophore in the ZZZssa configuration.|135] Only
a small downshift in the CO region from 1709 cm™ to 1706 ¢cm™ construct can be
noted in the PG construct. The C=0 stretching bands of ring A and D are extremely
sensitive to even small changes of the carbonyl oxygen atoms (e.g. by the coordinat-
ing water molecules or the surrounding protein) and therefore often hard to predict
by frequency calculations even on the QM /MM level.[135, 183] The lower-frequency
band was assigned to the carbonyl stretching of ring D by isotopic labeling IR exper-
iments in Cphl.[226] The mode appears as a strong negative signal in the IR spectra
at 1701 cm™ (PGP) and 1702 cm™ (PG, see fig. [4.3.6). The apparent frequency in
the difference IR spectra deviates from the RR data because the signal is obscured
by the contiguous positive signals. The corresponding Pfr signal for ring D C=0
stretching (1721 ecm™(+)) is weak and broad in the PG construct compared to PGP
(1711 ecm™'(+)) and does not exceed the noise level in RR (therefore not plotted in
fig. . This results in a stronger bias of the adjacent (-) signals in the IR spectra
and therefore the band appears to be more downshifted in PGP when compared to
the RR signals. Because the C=0 stretching bands are well separated in the RR, the
band positions are less biased and therefore probably more accurate, although the CO
modes have intrinsically weak RR activity. Additionally, the experimental conditions
are different in RR and IR experiments, thus a temperature effect on the band posi-
tions cannot be ruled out (see chapter [3| for the experimental conditions).

Pfr In the Pfr state, the PGP construct displays the characteristic RR spectrum
composed of two protonated ZZEssa configurated PCB species with slight conforma-
tional differences at the C,D methine bridge (Pfr-I and Pfr-II) The Pfr spectrum of
SbPhyB PGP is discussed in detail in chapter [4.1], thus another discussion is omitted
at this point.[231] To analyze the PG photoproduct spectrum, it will be compared not
only to the PGP Pfr but also to the Meta-Rc RR spectrum of PGP.
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Figure 4.3.5: SbPhyB RR spectra in the HOOP region. Spectra were recorded in HyO and
D20 buffer. From bottom to top: The Pr spectra of the PGP and PG variants in the Pr form,
followed by the photo product of the PG variant (denoted Meta). The PGP Meta-Rc spectrum of
PGP was generated according to published cryo-trap conditions.[99] Topmost panel: the PGP Pfr
spectrum.
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The Meta-Rc state The Meta-Rc photoproduct was generated according to the ex-
perimental conditions and subtraction procedure published for the phytochromobilin
(P®B) adduct of Avena sativa PhyA (AsPhyA).[99] Generally, the photochemical
quantum yield for the Pr to Meta reactions and the scattering cross section of the
Meta-chromophore itself are quite low compared to Pfr, resulting in a low signal-to-
noise (S/N) ratio and significant apo-protein contribution in the Meta RR spectra. In
these cases, the sharp band at 1004 cm™, corresponding to the phenylalanine (Phe)
breathing mode of the protein can be used as a marker to assess apo-protein contribu-
tion to the Meta spectra and estimate the resonance enhancement factor. Aditionally,
the spectral subtraction procedure is quite complex and includes several free parame-
ters like tentative subtraction factors and is therefore prone to systematic errors and
spectral artifacts.[40, 236, |98] The Meta-Rc of the PCB adduct of AsPhyA is a good
example for these obstacles, and yields spectra with poor S/N ratio and broad, het-
erogeneous features in all spectral regions.|236, 98| Similar difficulties were faced for
the Meta-Rc of SbPhyB PGP and discussed briefly in the following.

The most prominent band in the Meta-Rc marker region of SbPhyB PGP is composed
of two major features at 1619 cm™ and 1648 cm™, with corresponding downshifts
in D,O buffer by 4 cm™, indicating that both signals originate from normal modes
including mainly C=C stretching character of the methine bridges (see fig. [1.3.3).
These two peaks are found in a variety of Meta-Rc spectra from different PCB bind-
ing phytochromes.|236] While the lower frequency band (1619 ¢m™) is in reasonable
agreement with a ZZEssa C/D methine bridge stretching mode (like in the Pfr state),
the intense peak at 1648 cm™ is not easy to rationalize. At least three different origins
for spectral contributions to this band have to be taken into account:

e A contribution from the protein amide I band (see diff. IR spectra in fig.
is expected in this region. However, the protein backbone contributions to the
Meta-Rc spectrum can be estimated from the intensity of the 1004 cm™ Phe
breathing mode (full range RR spectra given in supplements fig. and are
quite low in this case.

e Some contribution can originate from the A,B C=C stretching mode, which is
also seen as shoulder in Pfr and the PG Meta at similar frequencies, albeit with
much lower intensities. In principle, this band could have a much higher relative
intensity in the Meta-Rc state compared to the parent states and thus be a major
contribution to this feature.

e A third possibility is that the band partly originates from an incomplete sub-
traction of another, Pr-like, state. If this is the case, other spectral artifacts are
expected at positions close to prominent Pr bands.

Indeed, bands are found at 1580 cm™ and 800 cm™, closely resembling the Pr N-H i.p.
bending and HOOP bands. Furthermore, the relative intensity distribution between
these three bands resembles the Pr or a Pr-like state, thus it is very likely that a large
contribution to this feature by caused by incomplete spectral subtraction.
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Difficulties of spectral subtraction When parent-state contributions are sub-
tracted to obtain spectra of intermediate states, the procedure implicitly requires that
the spectra of the parent states do not change during the experimental procedure.
In the case of Meta-Rc cryo-trapping in SbPhyB PGP, the Pr spectrum is therefore
required to be identical before and after a temperature change by +90 K, red light
illumination and another temperature change by -90 K, in order to be subsequently re-
moved completely by spectral subtraction. Unfortunately, the Pr state of PCB binding
phytochromes is generally not homogeneous and the heterogenieties can be detected
via spectroscopic methods.[93] 94| If two or more distinguishable Pr sub-states have
different photochemical reaction coordinates and therefore different rate constants,
the prerequisite of an identical Pr RR spectrum before and after illumination is not
met. The overall Pr spectrum, a superposition of the sub-states, will change in favour
of the Pr sub-state with the slower reaction rate, because this state reacts less and
therefore contributes more to the spectrum. The overall composition of the Pr spec-
trum will therefore be affected by the experimental procedure, even if the difference in
reaction rates is small. This argumentation is further validated by the D,O spectra:
here the artifacts are less intense relative to the signals that are tentatively assigned
to real Meta-Rc bands. Both peak doublets, at 1615/1644 ¢cm™ and 819/800 c¢m™!
have a changed intensity distribution in favour of the presumably real bands (1615
and 819 em™). The changed ratio in DyO can be rationalized as a kinetic isotope
effect in the reaction rates of the Pr sub-states to Meta. In fact, a kinetic isotope
effect can be anitcipated because this reaction involves a deprotonation event which
should be accellerated in D;,0.[99] With the assignment of the 1580 ¢cm™ band to a
spectral artifact and no corresponding band in the region of 1555 cm™, the Meta-Rc
chromophore is most likely in a deprotonated form like in Agpl or other prototypical
phytochromes.|18]|

PG photoproduct Taking these considerations into account, the Meta spectrum
of the PG construct can be compared to the PGP variants Pfr spectrum and the real
peaks in the Meta-Rc spectrum. The PG Meta is protonated at all four pyrrole rings as
indicated by the characteristic B,C N-H i.p band at 1556 cm™ and in a Pfr-like ZZEssa
configuration (C,D C=C stretching band at 1611 cm™'). These two features, as well
as the low-intensity A;B C=C stretching high-frequency shoulder (ca. 1640 ¢cm™) in
the marker region resemble the Pfr state of PGP quite well, including the according
isotopic downshifts when measured in D,O. The C,D HOOP region, however, does
not display the characteristic intense doublet at 801 and 811 cm™ indicative for the
Pfr-1/Pfr-II equilibrium (see fig. [4.3.5). In contrast, a broad and upshifted feature,
similar to the Meta-Rc spectrum is detected at 819 cm™. The C,D HOOP frequency
exhibits a sensitive negative correlation with the C(14)-C(15)-C(16)-N(D) dihedral
angle and is therefore a marker band for the chromophore configuration at the C,D
methine bridge.|183]

The C=0 bands are detected neither in the Meta-Rc nor in the PG Meta RR spec-
tra, probably because they are broad and not intense, but are clearly detected in the
IR difference spectrum at 1721 em™ (+)(vide supra). Taken together, the RR data
implies that PCB adopts a ZZEssa configuration in-between Meta-Rc and Pfr in the
PG photoproduct and is protonated.
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Figure 4.3.6: IR difference spectra of SbPhyB PG (bottom) and PGP (top). Spectra were recorded
in HoO and DO buffer. Negative (-) bands originate from a bleach of singals corresponding to the
dark-adapted state (Pr), while positive features originate from the photoproduct (Pfr for PGP or
Meta for PG).
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IR difference spectroscopy Additional to the C=0 stretching signals, the IR differ-
ence spectra display more interesting features that can be used to assign the state of
the PG photoproduct (see fig. [£.3.6). The B,C C=C stretching vibration is IR active
and detected as a strong difference signal at the same position (1578(+)/1603 cm™ (-))
in both protein constructs with an isotopic shift of -7 em™ in D,O. This mode is only
sparsely Raman active and forms a small shoulder at 1587 cm™ in the Pfr and 1605 cm™
in the Pr state (see fig. The characteristic isotopic shift of -7 cm™ in the DO
RR spectra is in good agreement with the IR data. The strongest bands in in the
PGP IR difference spectrum are in the amide I region between 1600 and 1650 cm™.
These signals are caused by the secondary structure transition of the PHY domain
tongue motif during the photocycle (see chapter . This transition comprises four
events with overlapping spectral signatures: the loss of the g-sheet and [-hairpin mo-
tives and the concomitant formation of the a-helix and the coil region of the tongue
(personal communication with Prof. Dr. Peter Hildebrandt and Prof. Dr. Friedrich
Siebert, see also chapter . These features overlap additionally with the smaller
amide I difference signals that can also be seen in the PG Meta-minus-Pr difference
spectra, probably originating by smaller structural adjustments in the PAS and GAF
domains. Hence, the band pattern in this region is very complex and hard to interpret
in detail, but the association of the large difference signal 1613(+) /1640 cm™(-) to the
tongue secondary structure transition is reasonable. A possible interpretation of these
results is that the chromophore reprotonation precedes the tongue restructuring. This
conclusion is only valid if the reaction meachinsm of the re-protonation in the PG and
the PGP constructs is the same.

RR on crystal samples As discussed in chapter [I.3] RR spectroscopy is an excellent
tool to validate x-ray crystal structures by comparison of the RR spectra obtained from
samples in solution and crystalline form. All RR spectra from SbPhyB PG crystals
discussed in the following were kindly provided by Anastasia Kraskov and crystalliza-
tion was performed by Dr. Soshichiro Nagano.

The dark spectrum of the crystals resembles the solution Pr spectrum (see fig.
in overall bandshape and position of the peaks very well, e.g. the C,D C=C stretching
peak at 1644 cm™ and B,C N-H i.p. band at 1573 cm™. The crystals were subjected
to illumination with a 660 nm LED array to generate a photoproduct in crystallo.
After the illumination procedure, the spectra displayed distinct differences originat-
ing from two processes. Primary, photoconversion to the Meta product, indicated by
the upcoming C,D C=C stretching marker band at 1607 cm™. Secondly, the rela-
tive contribution of buffer bands is higher in the spectra of the illuminated crystals.
The crystallization buffer contains high amounts of the precipitant polyethyleneglycol
(PEG), leading to Raman signals in the region 800-1500 cm™, that were marked with
asterisks (*) in figure [£.3.7/[100] In the Pr spectrum, the contribution of these PEG
bands is negligibly small and no intensive PEG bands are observed in the spectral
region from 1000 to 1200 cm™.
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Figure 4.3.7: RR spectra of SbPhyB crystals. Bottom: the crystallization buffer (gray spectrum)
contains PEG and thus contributes to the other spectra (PEG bands are marked with asterisks (*)).
From top to bottom: the dark crystal spectrum is essentially identical with the solution spectrum
(dashed line). After illumination (660 nm LED array), the crystals are photoconverted to a certain
extent (middle). Subtraction of the dark crystal spectrum yields the Meta crystal, albeit with large
buffer contributions. The solution Meta spectrum (dashed line) is given as a reference. All crystal
spectra were were kindly provided by Anastasia Kraskov and crystallization was performed by Dr.

Soshichiro Nagano.
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4.3 The PAS-GAS Construct of Sorghum bicolor Phytochrome B

The RR intensity of the Meta crystals is much lower compared to Pr, therefore the
relative contribution of PEG bands to the overall spectrum is magnified when the Pr
sample is photoconverted to Meta. After subtraction of residual Pr from the illumi-
nated crystal spectrum, a superposition of the PEG bands and the Meta spectrum is
obtained. Unfortunately, the PEG bands cannot be further subtracted to yield the
pure Meta spectrum without generating massive spectral artifacts for two reasons:

e The S/N ratio in the buffer spectrum and the PG crystal Meta spectrum is
low and the error multiplies in every step of spectrum manipulation, such as
subtraction.

e The Raman spectrum of PEG is probably changed when PEG interacts with pro-
tein crystals, and thus cannot be subtracted without the generation of subtraction
artifacts such as negative or very sharp bands.

Outlook Nevertheless, these results clearly demonstrate that photoactivation of Sb-
PhyB PG crystals is possible and yields a product with a chromophore geometry
comparable to the Meta of PG in solution. Hence, to obtain an activated crystal
structure that can be used to model the Meta-Rc state of plant phytochromes, ex-
perimental conditions need to be further optimized. First, the illumination conditions
(light intensity, wavelength and sample temperature) can be further optimized to ob-
tain a higher amount of photoconverted molecules per crystal. From the RR spectra
in figure photoconversion of about 50% can be estimated, judging by the en-
largement of the PEG bands in the spectral region 1000-1200 ¢cm™. Furthermore, it
could be advantageous to investigate the spectral artifacts in Meta-Rc more system-
atically and to find an efficient way to subtract the PEG contribution from the Meta
RR spectrum of the PG crystals.
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5 Results: Cyanobacterial Phytochromes

The studies on cyanobacteriochromes (CBCRs) focused on the PCB-binding GAF-
protoreceptor Slr1393 from Synechocystis sp. PCC6803. In the following chapter, RR
and cryo-UV /Vis spectroscopy were employed to investigate the structural parameters
that govern the unsual red/green photochemistry.

5.1 The Cyanobacteriochrome Slr-GAF3

The third GAF domain of the CBCR SIr1393 from Synechocystis sp. PCC6803 (Slr-
GAF3) and the well characterized second GAF domain of AnPixJ from Anabaena
sp. PCC7120 (AnPixJg2) are highly homologous.[140} 50} 230, 201] Photoactive An-
PixJg2 holoprotein can be purified in two different ways: PCB can either be assembled
in vivo by introduction of a PCB-producing protein apparatus into the heterologous
host system FE.coli, or in wvitro, by adding PCB to a purified apoprotein solution. In
AnPixJg2, these two different purification procedures lead to significant differences
in the RR and NMR, spectra of the resulting holoprotein. This effect was attributed
to partial protein misfolding due to the artificial buffer environment in the in vitro
procedure and misfold-induced deprotonation of the chromophore.[201] To avoid the
error of potential misfolding in Slr-GAF3, the preparation for this thesis followed the
in vivo protocol (see supplementary section for details) and all AnPixJg2 spectra
that are shown for comparison were also collected from in vivo assembled samples. At
room temperature (20°C), Slr-GAF3 displays the typical red-green photochemistry
with Q-band absorption maxima at 684 nm in the Pr and 530 nm in the Pg state
(fig. for Q band, see introductory fig. for the full range UV /Vis absorption
spectra).

The Pr state In the red-absorbing state, the PCB chromophore in Slr-GAF3 adopts
the typical ZZZssa configuration, and the RR spectra in the marker region are nearly
identical to AnPixJg2 Pr (fig. full spectral range is given in the supplements
fig. , except for a small downshift (-3 em™) and broadening of the B,C N-H
i.p. bending peak, indicating that the coordination sphere of pyrrolic nitrogens is
slightly changed. In the case of AnPixJg2, the N-H i.p. band at this position together
with complementing results from magic-angle spinning nuclear magnetic resonance
(MAS-NMR) experiments led to the conclusion that Pr-PCB is protonated at all four
pyrrolic nitrogens and therefore bears a net charge of +1 within the conjugated m-
electron system.|201] In contrast to prototypical phytochromes, the pyrrolic protons
in AnPixJg2 are not coordinating a conserved water molecule (termed “pyrrole wa-
ter”) but instead directly interact with the conserved Asp residue (also conserved in
canonical phytochromes in the PASDIP motif, see fig. [L.5.1), that presumably also
acts as a counterion for the positive charge.|142| Aside from this, the Pr in Slr-GAF3
and AnPixJg2 closely resembles the Pr state of PCB binding plant phytochromes like
PhyA-PCB [230] or PhyB-PBC (see chapters - [4.3)), albeit with a larger torsional
angle of ring D with respect to the chromophore plane (61°), that is reflected in the
RR spectra by a downshift of the C,D HOOP mode by 9 cm™.[230]
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Figure 5.1.1: UV/Vis spectra of Slr-GAF3. Bottom: the Pr spectrum of Slr-GAF3 measured
at room temperature (293 K) changes when the sample is frozen in the dark (77 K) to an orange
absorbing state, denoted Po. Top: the Pg state changes during freezing in a similar manner, the
resulting Pg’ has a red-shifted absorption maximum.
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Figure 5.1.2: Temperature dependent RR spectra of Slr-GAF3 in the marker region. Spectra were
recorded in HoO and D50 buffer. From bottom to top: the Pr spectrum of Slr-GAF3 at 293 K
changes when it is frozen in the dark (77 K). The Pg state is also changed during freezing to the Pg’
state at 77 K (top).
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Figure 5.1.3: RR spectra of Slr-GAF3 and AnPixJg2 in the marker region. Bottom: the Pr spectra
of AnPixJg2 and Slr-GAF3. Top: Pg spectra of AnPixJg2 and Slr-GAF3. Spectra were recorded in
H,0 and D50 buffer. Slr-GAF3 spectra were recorded at 293 K, AnPixJg2 spectra were recorded at
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The Po state Unlike AnPixJg2 or any other phytochrome, the typical spectral prop-
erties of the Pr state of SIr-GAF3 are not preserved when the sample is frozen. Instead,
the Q-band absorption maximum shifts down by 40 nm to 608 nm and the Pr maximum
at 648 nm is merely observed as a small shoulder (see fig. . The freezing-induced
state is further denoted as Po (orange-absorbing), and reverses slowly (minutes) to Pr
when thawed again. Some possibilities for the formation of the Po are discussed in
the following:

Photoreaction Although the sample is kept in darkness under the best possible con-
ditions during the freezing procedure, small amounts of light from the instruments
or surroundings can never be completely excluded. Other samples treated under the
same conditions do not photoconvert, therefore this contribution is probably negligi-
ble. Additionally, the photochemical quantum yield of Slr-GAF3 is naturally quite
low (0.08), and instead, the protein is strongly fluorescent in the Pr state.[198, 155]
Hence, a photochemical reaction mechanism wvia the excited state is probably not the
pathway for the Pr-to-Po conversion.

Acid-base reaction The cryogenic UV /Vis measurements were performed in the phos-
phate buffered saline (PBS) elution buffer, which is prone to significant acidification
when cooled down.[152, 71| Although the spectral properties of red/green CBCRs are
pH-dependent in general 73|, the highly homologous AnPixJg2 preserves the Pr un-
der acidic conditions.|201| Furthermore, the RR spectra were recorded in Tris buffer
(see chapter for the exact buffer conditions), which does not exhibit a strong pH-
drop like PBS during freezing. Still, significant changes are also seen upon freezing
in the RR spectra (marker region in fig. for full spectral range see supplements
fig. . Albeit a pH-drop-induced acid-base reaction could be the reason for the
changes in the UV /Vis spectra, it cannot explain the temperature effect in the RR
spectra and is therefore excluded as a reason for the transition to the Po state.

Thermal reaction A third possible explanation for the state transition is that the
Pr and Po states are in a temperature dependent thermal equilibrium

Pr = Po. (5.1)

The temperature dependent equilibrium constant K is defined as:

K=12 (5.2)

At 20°C, the equilibrium must be strongly on the Pr side, whereas the equilibrium is
shifted towards Po at lower temperatures. The temperature dependence of the thermal
equilibrium constant K is derived from the van’t Hoff-equation and is governed by the
reaction enthalpy AH? and entropy AS® of the reaction

~AH"1 ASO
Ik = —— + —- (5.3)

If a thermal equilibrium is the reason for the observed reaction, it is possible to estimate
the order of magnitude of the thermodynamic quantities of the reaction.
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5.1 The Cyanobacteriochrome Slr-GAF3

Suppose that at room temperature (T = 293 K), the equilibrium is strongly on the
Prside (K = 0.25). If the equilibrium is shifted predominantly to the Po side (K = 4,
judged from the Q-band intensity ratio at cryogenic temperatures, see fig. at
T =77 K, the order of magnitude for AH® and AS® can be estimated from eqn.

AH® ~ 2.4 kJ/mol, AS° =19 J/mol K. (5.4)

These estimated quantities are reasonably small for an intermolecular rearrangement
reaction and therefore it can be concluded that the thermal pathway is, at this point,
the best possible explanation for reaction The small thermodynamic quantities
(AH® and ASY) of the equilibrium reaction indicate that the chromophore structure
deviates on a small scale and thus an isomerization reaction can be excluded. The
differences in the absorption spectra of Pr and Po are probably due to a changed elec-
trostatic chromophore environment in the Po state. However, a thermal reaction of
Pr is not observed in AnPixJg2 upon freezing, despite the high similarity of the two
proteins.

The high similarity of the RR and UV /Vis spectra of AnPixJg2 and Slr-GAF3 im-
plies that the geometry and therefore the thermodynamic properties, such as AH°
and AS?, should not deviate largely in these two systems. According to this model,
the different freezing behavior of the two systems must originate from a significantly
lowered activation energy barrier for reaction in Slr-GAF3 compared to AnPixJg2.
A detailed ivestigation of the freezing behaviour and an accurate determination of
AHY and AS° with an van,t Hoff plot is an interesting goal for the future. Then,
temperature-dependent kinetic UV /Vis experiments of the light-induced back-reaction
from Po to Pr can be used to determine the activation energy with an Arrhenius plot.
Furthermore, a specific interaction of PCB in the Pg state of Slr-GAF3 with molec-
ular imidazole was observed in the RR spectra. A detailed discussion is given in the
supplements section

The Pg state In line with the findings for AnPixJg2, the RR spectra of Slr-GAF3
show a characteristic N-H i.p. bending peak in both the Pg (1578 cm™) and the Pr
state, indicating that PCB carries protons on all four pyrrole rings in both parent
states at the given conditions (see fig. [5.1.3).[230] This assignment is further con-
firmed by the results from D,O buffer exchange and subsequent disappearance of this
band in both parent states. Due to vibrational uncoupling from the vanished N-H i.p.
mode, the C=C stretching bands in the marker region display an isotopic downshift
(from 1637 ¢cm™ to 1627 em™ in Pr, and from 1648 cm™ to 1636 cm™ in Pg). The
broad, unstructured feature at 1677 cm™ was assigned to a normal mode that mainly
includes C=C stretching character from the A B methine bridge in AnPixJg2, and
the bandshape was traced back to a double-conformation in the Pg state.[230] In Slr-
GAF3, this band is downshifted to 1669 cm™, thus only detected as a shoulder of the
broad peak at 1648 cm™. This band is broadened compared to AnPixJg2, indicating
that Pg is also heterogeneous in Slr-GAF3, but the heterogeneity is not only localized
at the A,B methine bridge but instead affects also the conformation of ring D.
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The first event of the photochemical conversion from Pr to the green state is a Z/E
isomerization of the ring D methine bridge, similar to the photoreaction of canonical
phytochromes. The ZZEssa configuration in the Pg state was predicted by different
spectroscopic methods|230, 73} [198] and on the basis of acidic urea denaturing exper-
iments|140] for different red/green CBCRs. While in canonical phytochromes ZZEssa
is characteristic for the far-red absorbing (Pfr) state|183|, the hypsochromic shift of
the absorption maximum despite the similar chromophore photochemistry can only be
rationalized by distinct interactions of PCB with the protein surroundings that differ
from canonical phytochromes.

To understand the molecular basis of color tuning in CBCRs generally, and in par-
ticular the nature of the Pg in AnPixJg2 and Slr-GAF3, the well-developed theory
of color tuning in retinal proteins can be adapted for biliproteins.[146] Three factors
contribute to the color of retinal binding proteins:

e distortion of the chromophore enforced by the protein binding pocket

e interaction of the chromophore with the counterion that balances its positive
charge

e interaction of the chromophore with polar amino acids and water molecules con-
stituting the protein binding pocket

All three factors apply to CBCRs, with one additional factor that was not found in reti-
nal binding proteins: For the blue/green CBCR TePixJ (from Thermosynechococcus
elongatus), the strong hypsochromic shift was explained by a second thioether forma-
tion to the chromophore and a resulting disruption of the conjugation.|85, [223] 25|
However, the formation of a second thioether was not reported for red/green CBCRs.
For AnPixJg2, the reduction of the A B methine bridge (affording phycoviolobilin
(PVB)) by any mechanism was excluded on the basis of the fundamentally different
Pg state RR spectra of TePixJ and AnPixJ.[223, [230]. Thus, this mechanism can be
safely ruled out also for Slr-GAF3.

Four additional models that aim to explain the electronic properties of the Pg state
in red/green CBCRs in accordance with the retinal theory were proposed and are
discussed in the following paragraphs.[169, [201]

e deprotonation of the chromophore

e hydration of the chromophore binding pocket
e trapped-twist of ring D

e geometrical distortion of ring A

Deprotonation In retinal binding proteins, deprotonation of the chromophore usually
results in a blue-shift in the absorption maximum. This behavior can be explained via
a strong stabilization of the deprotonated excited state compared to a weaker stabi-
lization of the electronic ground state, and thus a reduction of the energy difference
between the highest occupied and lowest unoccupied molecular orbitals (HOMO and
LUMO, respectively).[118] [146] This mechanism can be excluded for Sl--GAF3 for
two reasons. Primary, RR spectroscopy shows that PCB is protonated also in the
green state, and the positive charge is probably stabilized by an Asp residue acting
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as a counterion (vide supra). Additionally, in vitro assembled AnPixJg2 preserves its
absorption characteristics despite a pH-induced protonation state change of PCB in
the green state.[201] The deprotonation of PCB is also possible in Slr-GAF3 when it is
subjected to high concentrations of the base imidazole (see the results of the imidazole
titration experiments in supplementary section , but unlikely the reason for the
hypsochromic shift of the absorption maximum in Pg.

Hydration In AnPixJg2, the hypsochromic absorption shift conicides with water entry
into the chromophore binding pocket and resulting hydration of the PCB environment.
The binding pocket is gated by a conserved tryptophane (Trp) residue, which is also
conserved in GAF3 (W496). In a classical molecular mechanics Pg state model, the
hydrophobic sidechain of the Trp lid opens up and the hydrated PCB environment
creates a changed electrostatic situation.|230] However, a change to a more polar chro-
mophore environment would stabilize a charged (protonated) PCB more strongly than
an uncharged, deprotonated PCB. Because the hypsochromic shift in AnPixJg2 is in-
dependent of the protonation state, the hydration fails to explain the hypsochromic
shift.[201]

Pr state

) 9

90°

Figure 5.1.4: Crystal structure of Slr-GAF3 PCB chromophore in the Pr (in vivo assembled chro-
mophore, PDB entry: 5DFX) and the photoproduct (presumably resembling the Pg state, PDB
entry: 5M82) states. A conserved Asp residue coordinating the pyrrolic nitrogens and the tilted
A-ring in the Pg structure are highlighted with red circles. Hyrogen bonding distances are indicated
by black lines.

Trapped-twist In the trapped-twist model, changes in protein-chromophore interac-
tions after initial photoisomerization trap a twisted PCB species, in which the bilin D
ring cannot relax into full conjugation. [169| Here, the trapping of ring D is mediated
by hydrophobic 7-stacking interactions of the pyrrole ring with conserved phenylalanin
(Phe) residues, which are also found in Slr-GAF3.[173] Unfortunately, the trapped-
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twist model contradicts the RR results for AnpixJg2 and Slr-GAF3, because a different
frequency for the C,D HOOP band would be expected.[201]

Distortion of ring A Albeit a full reduction of PCB to PVB was excluded earlier in this
section (vide infra), a strong distortion of the chromophore at the A,B methine bridge
can also lead to a reduced effective length of the conjugated m-electron system and
therefore to similar hypsochromic absorption properties. Accordingly, spectroscopic
experiments with locked 5Za chromophores show that this artificial isomerization of
ring A affords a blue-shift in the Q-band absorption maximum in Bphs.[83| Further-
more, a crystal structure of a photoproduct state of Slr-GAF3 was deposited in the
protein data bank (PDB entry: 5M82), and exhibits a strongly tilted ring A config-
uration, stabilized by the conserved Asp residue (see fig. [5.1.4). Unfortunately, the
experimental conditions for this crystal structure are not published, thus a more de-
tailed discussion regarding the geometry is aggravated at this point.

In view of the strong conflicts of the other models, the changed geometry at the ring A
might be the reason for green color, probably combined with the trapped twist of ring
D. If a distortion of ring A is taken into account, the PCB normal mode composition
is affected and the conflicts of the trapped-twist model with the RR results vanish. If
both pyrrole rings A and D are in a trapped-twist configuration, this could account
for the systematic upshifts of all C=C stretching frequencies in the marker region, due
to an enhanced vibrational uncoupling of these normal modes. Here the strong tilting
of the A and D rings out of plane reduces the effective conjugation length and the
vibrations of the corresponding C=C double bonds are less coupled to the rings B and
C, therefore the frequencies of all modes are higher.

The Pg, state Like the Pr, the Pg Q-band absorption maximum is also changed
in frozen samples (from 530 nm to 543 nm, see fig. [5.1.1), albeit the effect is less
pronounced. The product is therefore termed Pg,. In line with the previous argu-
mentation regarding the Po state transition, the explanation for this reaction is most
likely another thermal equilibrium with a meta-stable state.
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The following section comprises two studies of the bacterial phytochromes Agpl and
Agp?2 from Agrobacterium fabrum and IsPadC, a bacterial phytochrome-activated di-
guanylyl cyclase from Idiomarina. Both studies aim to correlate the structural changes
of the chromophore during the photocycle reactions with the respective functional ac-
tivation of the proteins.

Chapter encloses a publication about the design of a time-resolved pre-resonance
FT-Raman set-up for the investigation of the Meta-state decay pathways in Agpl and
Agp2. In these two proteins, the formation of the active state (Pfr in Agpl and Pr
in Agp2) from the Meta-precursor is the crucial last step in the reaction cascades and
occurs on a ms time scale. The structural changes of the chromophore can be moni-
tored with the novel set-up and provide insight into the mechanism of the functional
activation.

The PSM domain of IsPadC is connected to a GGDEF di-guanylyl-cyclase as a cat-
alytic output module instead of the typical histidine kinase or related protein domain
(HKRD). Thus, IsPadC produces the bacterial second-messenger c-di-GMP when trig-
gered by red light, whereas far-red light inhibits cyclase activity. The full-length
protein and a PAS-GAF truncation construct were investigated with RR and IR spec-
troscopy to yield insight into the structural parameters that govern the activation of
the cyclase module (chapter [6.2)).
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6.1 Time-Resolved FT-Raman Spectroscopy of Bacteriophytochromes Agpl
and Agp2

This research was originally published in ChemPhysChem:

D. Buhrke, U. Kuhlmann, N. Michael, and P. Hildebrandt. The Photoconversion of
Phytochrome Includes an Unproductive Shunt Reaction Pathway. In: ChemPhysChem
Volume 19.Issue 5 (2018). DOIL: 10.1002/cphc.201701311

e David Buhrke performed RR experiments.
e Norbert Michael prepared the protein samples.

e David Buhrke and Uwe Kuhlmann designed and assembled the set-up for time
resolved RR experiments.

e Peter Hildebrandt and David Buhrke designed the project, analysed the data
and wrote the manuscript.

e All the authors discussed the results and commented on the manuscript.

(© Reprinted with permission of John Wiley and Sons publishing (license number
4427080904253).
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The Photoconversion of Phytochrome Includes an
Unproductive Shunt Reaction Pathway

David Buhrke, Uwe Kuhlmann, Norbert Michael, and Peter Hildebrandt*®

Phytochromes are modular bimodal photoswitches that con-
trol gene expression for morphogenetic processes in plants.
These functions are triggered by photoinduced conversions
between the inactive and active states of the photosensory
module, denoted as Pr and Pfr, respectively. In the present
time-resolved resonance Raman spectroscopic study of bacteri-
al representatives of this photoreceptor family, we demon-
strate that these phototransformations do not represent linear
processes but include a branching reaction back to the initial
state, prior to (de)activation of the output module. Thus, only
a fraction of the photoreceptors undergoing the phototrans-
formations can initiate the downstream signaling process, con-
sistent with phytochrome’s function as a sensor for more dura-
ble changes of light conditions.

Phytochromes are ubiquitous photoreceptors that use light as
a trigger to initiate biological processes." Although originally
considered as typical plant photoreceptors, phytochromes
were meanwhile also discovered in (cyano)bacteria, fungi, and
algae. Common to all phytochromes is a sensor domain (PAS-
GAF-PHY) harbouring a tetrapyrrole chromophore that under-
goes photo-induced interconversions between a red-absorbing
(Pr) and a far-red absorbing (Pfr) state (Figure 1). These photo-
conversions occur on comparable time scales and include simi-
lar intermediates in plant and bacterial phytochromes despite
different chromophores and binding sites. The underlying mo-
lecular events start with the photoisomerisation of the C-D me-
thine bridge double bond to afford the Lumi intermediates
with the chromophore in a highly tensed geometry, followed
by thermal relaxation of the chromophore and the immediate
protein environment, leading to the formation of the Meta in-
termediates on the microsecond time scale. The subsequent
decay to the final product of the Pr—Pfr (Pfr—Pr) photocon-
version involves proton translocation steps in the chromo-
phore pocket and a a-helix (Pfr) and [-sheet (Pr) transition in
the tongue region of the PHY domain, thought to be function-
al for (de)activating the downstream signaling chain.*-”

The current state of knowledge on the mechanism and dy-
namics of the photoconversion results from numerous spectro-
scopic studies, which can be grouped into two categories.
Time-resolved investigations at ambient temperature were pre-
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Figure 1. Schematic representation of the photoinduced reaction sequences
of phytochromes.""® The first step refers to the double bond photoisomeri-
zation of the ZZZssa (top inset) and ZZEssa configuration (bottom inset) in
Pr and Pfr, respectively (the C-D methine bridge and ring D are highlighted
in red). The final step includes a secondary structure change between f3-
sheet (Pr, Meta-R) and a-helix (Pfr, Meta-F). Thermal Pfr—Pr and Pr—Pfr re-
actions of prototypical and bathy phytochromes are indicated by bold
arrows.

dominantly based on transient UV/Vis absorption spectroscopy
which, however, provided only limited structural information
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about the species involved.®® Significantly more insight into
the molecular structure changes was derived from low temper-
ature resonance Raman (RR) spectroscopy which in turn did
allow for analyzing the dynamics of the processes.”'*'? As a
consequence, the results from time-resolved and low-tempera-
ture studies are partly difficult to correlate.

The present work aimed at overcoming these drawbacks by
employing, for the first time, time-resolved continuous-wave
(cw) pump-probe RR spectroscopy to study the late events of
the photoinduced reaction cascades of phytochromes. The
setup is based on a flow system (time resolution: 10-700 ms)
but, in contrast to previous approaches,"*" a pre-resonant
probe wavelength (1064 nm) was used that did not induce
photochemical processes (Supplementary Note 1). The studies
focused on the photosensor modules of two biliverdin IXo
(BV)-binding  bacteriophytochromes  from  Agrobacterium
fabrum, Agp1 and Agp2."®'” These phytochromes are repre-
sentatives of the classes of prototypical (Agp1) and bathy phy-
tochromes (Agp2) in which Pr and Pfr are the stable dark
states, respectively. In both phytochromes, a histidine kinase
serves as the output module that is (de)activated via the sec-
ondary structure change of the tongue in the last step of the
photoconversion (Figure 1). It is shown that in both phyto-
chromes, the Meta intermediates represent a branching point
in the respective reaction sequence: these states may either
decay to the final photoconversion products or revert directly
to the initial dark state via a thermal route that circumvents
the functional structural transition.

The decay reactions of the Meta intermediates are the target
processes of the present study. Previous flash photolysis ex-
periments have shown that they occur on the long millisecond
time scale,">"® which is within the time resolution of the pres-
ent set-up (vide supra). In Agp1, similar to other prototypical
phytochromes, the Pr — Pfr photoconversion runs via the in-
termediate Meta-Rc that is formed with a time constant of ca.
3 ms whereas its decay to the final product was reported to
take place with a time constant of ca. 300 ms.'? The subse-
quently formed Pfr thermally reverts to the initial Pr state
within minutes. Therefore, the sample was irradiated with far-
red light after the probe event to accelerate recovery of the Pr
state (Supplementary Note 1; Figure S1).

Earlier cryo-trap RR studies revealed that Meta-Rc includes a
deprotonated chromophore in which a proton of the ring B or
C nitrogen is removed.""'? As a consequence the resultant
neutral BV exhibits a significantly reduced oscillator strength of
the first electronic transition, corresponding to a weak reso-
nance enhancement of the Raman spectrum at 1064 nm exci-
tation (Supplementary Note 3). In fact, the pump-probe spec-
tra that were measured with the shortest possible time-resolu-
tion (10-20 ms) predominantly display the depletion of the ini-
tial Pr state as indicated by the negative signal at 1623 cm™,
whereas the concomitantly formed Meta-Rc cannot be detect-
ed (Figure 2, top). With increasing delay time we did not only
observe the expected formation of the Pfr state as shown by
the intensity increase at 1600 cm™', but also the unprecedent-
ed recovery of the initial Pr state on the millisecond time scale,
reflected by the decrease of the negative difference signal at
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Figure 2. Time-resolved RR spectroscopic measurements of the photoin-
duced conversion (top) of Pr of Agp1 and (bottom) of Pfr of Agp2. RR spec-
tra were measured at ambient temperature with 1064 nm excitation at vari-
ous pump-probe delay times and presented as difference spectra with re-
spect to the probe-only spectrum. Absolute spectra are shown in the Sup-
plementary Information (Figures S3, S4). The sum of all probe-only spectra is
shown as grey solid line (top: Pr, bottom: Pfr). The dotted grey lines repre-
sent the spectra of (top) Pfr of Agp1, obtained in separate experiments, and
(bottom) Meta-F of Agp2, measured at —190°C, after cryogenic trapping at
—30°C”

1623 cm~". This reaction, which is much faster than the Pfr—Pr
dark reversion,'®' cannot be attributed to a secondary photo-
reaction of Meta-Rc back to Pr (Supplementary Note 1). Thus,
we conclude that there are two thermal decay channels of
Meta-Rc leading to Pfr and Pr. For an approximate quantitative
analysis of the spectral changes, we have plotted the differ-
ence signals at 1600 cm™' (Pfr) and 1623 cm™' (Pr) as a function
of the delay time (Figure 3A and B). Exponential fits to this
data afford a time constants of 56 ms for the formation of Pr.
A similar value, albeit associated with a larger error, is obtained
for the Pfr formation. Since the RR bands of Meta-Rc, albeit
weak (vide supra), overlap with both the 1600 and 1623 cm™'
bands, the true relaxation times are presumably slightly longer

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A, B) Analysis of the intensities of the difference signals of (A) Pfr
and (B) Pr, determined from the time-resolved RR spectra (Figure 2, top) as a
function of the delay time for the Pr—Pfr photoconversion of Agp1. The red
lines in A and B represent fits of mono-exponential functions to the experi-
mental data affording time constants of 56 and 67 ms for Pfr and Pr forma-
tion, respectively. C, D) Analysis of the intensities of the difference signals of
(C) Pfr and (D) Meta-F, determined from the time-resolved RR spectra
(Figure 2 bottom) as a function of the delay time for the Pfr—Pr photocon-
version of Agp2. The red line in C represents the fit of a bi-exponential func-
tion to the experimental data affording a time constant of 30 ms for the fast
phase of Pfr recovery. The red line in D shows the mirror image of the same
fit function.

and shorter for Pfr and Pr formation, respectively. Despite
these uncertainties, we estimate a branching ratio of ca. 50%.
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The rate of Pfr formation determined in this work is faster by a
factor of ca. 6 compared to the data derived from previous
flash photolysis and rapid scan IR experiments.'>' This dis-
crepancy possibly roots in the different types of spectral sig-
nals that are monitored by the two techniques, that is, elec-
tronic transitions of the chromophore and IR-active vibrational
modes of the chromophore and the protein. Thus it may be
that the main structural properties of the Pfr chromophore as
reflected by the characteristic RR bands at 1600 cm™' (C=C
stretching of the C-D methine bridge) and 1548 cm™' (N-H in-
plane bending of rings B and 0),*” are established within ca.
60 ms. However, further structural adjustments of the chromo-
phore and its immediate environment due to hydrogen bond
changes of the ring D C=0 and ring C propionate as probed
by IR spectroscopy may occur with some delay,”" and eventu-
ally lead to the characteristic UV-vis absorption monitored by
flash photolysis."”? We also like to remind that these kinetic
studies tacitly assumed a single decay route of Meta-Rc al-
though first indications for a more complex reaction pattern of
Meta-Rc have been noted."?

As for Agp1, flash photolysis experiments on the bathy phy-
tochrome Agp2 showed that the formation of the Meta-F in-
termediate is too fast (7.5 ms) to be detected with the present
setup."® Thus, the early time-resolved RR spectra, shown as
difference spectra in Figure 2 (bottom), reveal a large negative
signal at 1600 cm™' corresponding to the prominent Pfr peak.
Also in this case, the resonance enhancement for the inter-
mediate is lower than for Pfr, but still the strongest RR band of
Meta-F can be detected as a weak positive shoulder at ca.
1618 cm™ "

Again, we note the recovery of the initial Pfr state with in-
creasing delay time, accompanied by the decay of the Meta-F
intermediate. Already the visual inspection of the difference
spectra indicates an initial rapid decrease of the negative Pfr
signal (ca. 30% within ca. 150 ms), followed by a distinctly
slower recovery phase that is not completed within the time
range of the present experiments. Accordingly, only for the ini-
tial fast phase a time constant (ca. 30 ms) can be obtained
from a bi-exponential fit (Figure 3 C and D). Interestingly, a sat-
isfactory description of the distinctly weaker Meta-F signals
can be achieved by the same fit function albeit with opposite
sign. The much slower intensity changes at delay times greater
than ca. 130 ms seem to follow a nearly linear behavior up to
the longest delay time of the time-resolved experiments
(600 ms), where only ca. 50% of the total photoconverted Pfr
is recovered. This suggests that the slow recovery phase results
from a more complex mechanism including reaction steps
with time constants in the range of seconds. We therefore at-
tribute this process to the reaction sequence Meta-F — Pr —
Pfr, which is consistent with previous time-dependent UV-vis
absorption spectroscopic experiments (Supplementary note
2).7'8 Thus, we conclude that, like Meta-Rc of Agp1, Meta-F of
Agp2 exhibits two decay channels leading either directly or via
Pr to the initial Pfr state.

In this context, we would like to refer to a recent study on
bacterial phytochrome from Stigmatella aurantiaca.’” The au-
thors found a thermal Lumi-R—Pr back reaction. The distorted
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C-D methine bridge geometry of the primary photoproduct
(between a Z and E configuration) could account for the short
time constant (ca. 100 ns) of the reaction. In the present case,
however, the back reaction starts from a structurally relaxed
chromophore (Meta states). It thus requires a higher energy
barrier for isomerization corresponding to a much slower time
constant of the reaction.

Phytochromes exert their biological functions by switching
between the physiologically inactive and active states. In addi-
tion to the photoinduced conversions, there is a thermal path-
way between the parent states. Except for a phytochrome
from Xanthomonas campestris for which these transformations
proceed in both directions to a detectable extent,” thermal
Pr/Pfr conversions are essentially unidirectional such that the
Pr and Pfr state are the stable (“dark”) states in prototypical
and bathy phytochromes, respectively (Figure 1). In this work,
however, we provided evidence for an additional thermal re-
covery route of the dark state via the Meta intermediate which
competes with the final step of the respective photoconver-
sion (Figure 4). Branching of the reaction sequence at the
stage of Meta-Rc/Meta-F is directly related to the physiological
functions of phytochomes. The conversion of Meta-Rc (Meta-F)
to Pfr (Pr) is associated with the p-sheet to a-helix (a-helix to
B-sheet) transition of the tongue segment that in turn is postu-
lated to (de)activate the histidine kinase output module in
Agp1 (Agp2). The two decay pathways of the Meta intermedi-
ates, therefore, imply that only a fraction, that is, 50-70%, of
the photoconverted phytochromes can induce the (de)activa-
tion of the output module. For Agp1, the quantum yield for
the photochemical isomerization Pr—Lumi-R was determined
to be 9.4%,%¥ such that at best just 5% of the absorbed pho-
tons may lead to a functional response of the photoreceptor.
Essentially the same estimate holds for Agp2 assuming that
the photochemical quantum yield (Pfr—Lumi-F) is similar as
for Agp1 (ca. 8%).”” Such a low efficiency for utilizing ab-
sorbed photons is likely to be a common property of all proto-
typical phytochromes taking into account the far-reaching sim-

50%
Pr Meta-R

[ functional response |

bathy _.e=**"""""thermal =Shuag
** i ‘e
. dark reaction Q|
0,
Pr 70% | Meta-F

I functiona response I *, l o*
* 30% P
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Figure 4. Branched reaction pathways of the photoinduced transformations
in prototypical (Pr—Pfr; top) and bathy phytochromes (Pfr—Pr; bottom).
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ilarities in structure and reaction dynamics of the photosensor
module. Specifically, it may also hold for plant phytochromes
although here the primary event for triggering downstream
signaling is the activation of bound phytochrome interaction
factors (PIF proteins).”® However, also this activation is associ-
ated with the formation of Pfr and would not occur for that
fraction of photoconverted proteins that runs through the un-
productive shunt pathway back to Pr. On the first sight, this
“waste” of photons might be surprising since other sensory
photoreceptors like the visual pigment rhodopsin or the pho-
totaxis receptor sensory rhodopsin Il exhibit photochemical
quantum yields of 0.5 or larger.””*® These photoreceptors are
optimized for efficient light-signal conversion and transduction,
which must ensure an immediate physiological response. In-
stead, the biological functions of plant phytochromes and, as
far as they are known also of (cyano)bacterial phytochromes,
refer to the (de)activation of gene expression.”” These energy
demanding processes should, therefore, follow more durable
changes in the environmental light conditions rather than
single-photon sensitivity of the signaling cascade.
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6 RESULTS: BACTERIAL PHYTOCHROMES

6.2 The Phytochrome-Activated di-Guanylyl Cyclase from Idiomarina

The full length (FL) and the PAS-GAF (PG) constructs of Idiomarina sp.A28L
phytochrome-activated di-guanylyl cyclase (IsPadC) were investigated with RR and
difference IR spectroscopy. The FL construct of this unusual phytochrome includes
the PAS, GAF, PHY, coiled coil (CC) domains as a PSM, linked to a diguanylyl-
cyclase (GGDEF) domain that acts as an output module (see fig. [1.3.1). For both
[sPadC constructs, UV /Vis spectroscopy yielded two clearly distinguishable states,
and pure Pr and Pfr (Meta-like in the case of PG) spectra were obtained by spectral
subtraction. The spectra are compared to the corresponding constructs of the canon-
ical Bph histidine kinase Agpl, Agpl-FL and Agpl-PG. The unsubtracted and pure
(subtracted) UV /Vis spectra of all four protein constructs in the respective states are
given in the supplements (see figs. 9.4.1) and [9.4.2).

Pr state In the Pr state, the IsPadC FL and PG constructs exhibit nearly iden-
tical RR spectra (marker region in fig. [6.2.1] the full spectral range and HOOP region
are given in supplementary figs. (9.4.3[ and [9.4.5). In HyO buffer, the bandshape in
the C=C stretching region is very similar to Agpl FL (except for small downshifts
of the A\B and C,D C=C stretching modes by ca. 5 cm™), and indicate the typical
ZZ7Zssa configuration of the BV cofactor and an overall geometry resembling Agpl.
Furthermore, the position of the N-H i.p. bending mode at 1567 cm™ attributes to
a protonated, cationic BV. For Agpl, the vibrational mode assignment was recently
validated by isotopic labeling experiments complemented by state-of-the-art QM /MM
calculations.[218| The position and DyO exchange behavior of the C=C stretching
bands in the Pr of canonical phytochromes is discussed in detail for iRFPs in chap-
ter [7.1}[23] In H,O, two fundamental normal modes involving mainly C=C stretching
character at ring D and the C,D methine bridge are found as one heterogeneous broad-
enend peak with maximum at 1627 cm™. The broadening is less pronounced in the
IsPadC constructs than in Agpl, but a heterogeneous low-energy flank is clearly vis-
ible. After buffer exchange to D;O, the C=C stretching modes localized at the C,D
methine brigde and inside ring D downshift (-6 cm™') and pronounced heterogeneous
broadening is observed, albeit the two bands are not as well separated as in Agp1 (1623
and 1613 cm™). In the A,B C=C stretching region, two bands (1640 and 1605 ¢cm™
for Agpl) were assigned to two different conformers at the A;B methine bridge.|23].
The low-frequency component (around 1640 cm™) originates from conformer I and
the high-frequency component was assigned to conformer II (around 1650 cm™). The
two bands are also detected in IsPadC, albeit with a different relative intensity ratio,
reflecting a change in the relative population of the two sub-states. In IsPadC, the
conformational equilibrium is shifted slightly in favor of conformer I. Additionally,
both A,B C=C stretching modes are downshifted to lower frequencies compared to
Agpl, indicating slightly different tilt angles of ring A in both conformers (-2 and
-5 em™).
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6.2 The Phytochrome-Activated di-Guanylyl Cyclase from Idiomarina
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Figure 6.2.1: IsPadC and Agpl RR spectra in the marker region in the Pr state. From bottom to
top: Agpl FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in H,O and D,O buffer.
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6.2 The Phytochrome-Activated di-Guanylyl Cyclase from Idiomarina

Photoactivated state While the RR spectra of Pr states of PG, PGP, and FL con-
structs Bphs are usually very similar or even identical, the photoproduct spectra in
the PG constructs of most canonical phytochromes differ substantially from the Pfr
state.[236, 40] The PG constructs lack the stabilizing interaction of the tongue and
therefore rather convert to a Meta-Re (like) state after photoactivation (see chapter
for a detailed discussion of the SbPhyB PG construct). In most prototypical phy-
tochromes, the Meta-Rc is characterized by a deprotonated chromophore, where one
N-H proton at the rings B and C is removed.[236} 40| Thus, the oscillator strength of
the Meta-Rc chromophore is reduced, leading to weak Q-Band absorption (see sup-
plementary fig. or the UV/Vis absorption spectra of Agpl PG or fig. for
SbPhyB PG). Interestingly, this is not the case for IsPadC PG. Here, the UV /Vis
spectrum of the photoproduct does not display the characteristic reduced Q-band in-
tensity, and this effect is pronounced when the UV /Vis difference spectra of the four

constructs are compared (see fig. [9.4.2)).

PG photoproduct Concomitant to the reduced oscillator strength in Meta-Rec, the
RR spectra are only weakly resonance enhanced compared to the parent states, this
results in a high intensity of apo-protein modes such as the Phe-breathing mode at
1004 cm™. Due to the deprotonation, the vibrational band pattern of Meta-Rc differs
to those of protonated chromophores, particularly that of Pfr. The first difference is
obviously the lack of the characteristic N-H i.p. band at ca. 1550 cm™. The resulting
tautomeric forms of BV carry the remaining proton either at the B or C ring, and
this leads to a doubling of all other normal modes which involve the respective N-H
vibrations and thus very broad and unstructured RR spectra. During the formation
of Meta-Rc in Agpl and Cphl, a proton is transferred to the protein surface, and the
re-uptake and chromophore re-protonation takes place with the decay of the Meta-
Re intermediate to Pfr.[225] (18] This transition also involves the secondary structure
change of the tongue.[159, |218] However, the temporal sequence of the chromophore
re-protonation and the tongue secondary structure change remains elusive.

However, in IsPadC PG, the Meta-like photoproduct is clearly protonated (N-H i.p.
band at 1552 cm™), and the structure of the chromophore is already similar to the Pfr
chromophore, as indicated by the C/D C=C stretching at 1605 cm™ with an isotopic
shift of -8 ecm™ in D,O buffer. Agpl PG displays similar features, albeit with sig-
nificantly broadened bands, probably originating from a heterogeneous chromophore
environment. Assuming similar mechanistic patterns in prototypical phytochromes
like Agpl and IsPadC, a possible interpretation would be that the re-uptake of the
proton by the chromophore precedes the tongue restructuring reaction. If the proton
transfer is a functional toggle for the tongue structural change, the mechanism might
be based on a transient protonation of a critical residue in the tongue. This interpre-
tation is consistent with recent, unpublished cryo-trap and time-resolved IR results
(personal communications with Zaneta Nogacz, Dr. Patrick Piwowarski and Prof. Dr.
Franz Bartl from Charité Berlin).
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Figure 6.2.3: IsPadC and Agpl RR spectra in the HOOP region in the (Pfr and Meta) states.
From bottom to top: Agpl FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in H,O
and DO buffer.
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Figure 6.2.4: IsPadC and Agpl RR spectra in the CO region in the Pr state. From bottom to top:
Agpl FL, IsPadC FL, IsPadC PG (lines are faded because of high noise level) and Agpl PG. Spectra
were recorded in HoO and D>O buffer.
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The Pfr/Meta heterodimer According to UV /Vis spectroscopic experiments, the
photoproduct of the FL protein is a heterodimer, consisting of one subunit in a Meta-
R-like state and the other in the Pfr state.|60] Consequently, the spectrum of the FL
photoproduct should represent a superposition of the Meta-R and Pfr RR spectra.
The respective spectral contribution of Meta-R may be low due to the lower resonance
enhancement conditions (vide supra). Under the assumption that the photoproduct
spectrum of the PG construct constitutes a sufficient model for the Meta-Rc state in
the FL protein, this hypothesis can be tested via a spectral subtraction procedure.
In fact, the RR spectrum of the PG photoproduct can be partially subtracted (with
a subtraction factor up to 0.2) from the FL photoproduct spectrum without intro-
ducing spectral artifacts such as negative or very sharp bands. The influence of the
subtraction procedure on the FL photoproduct spectrum is negligible because the re-
sulting spectra are essentially the same except for small shifts or intensity variations
(< 2 em, data not shown).

An interesting feature in the photoproduct spectrum of IsPadC FL is the broad and
upshifted C/D HOOP band (see fig. [6.2.3)). In canonical Bphs like Agp1, this high in-
tensity band is found at 809 cm™ with a characteristic double-band feature originating
from a Pfr-1/Pfr-1I conformational equilibrium at the C/D methine bridge (discussed
in detail for plant PhyB in the chapters and [1.2). In IsPadC FL, this band is
upshifted to 824 cm™, which resembles the band position in the Meta-Rc state or
in the PG constructs. Interestingly, the position and relative intensity of the C/D
HOOP band is very similar to the dark-adapted state of bathy phytochrome PG con-
structs (e.g. RpBphP6 PG).|228] From the proposed Meta/Pfr heterodimer model,
one would assume to observe a mixture of two HOOP bands, where one is located at
lower frequencies with higher intensity (like characteristic 809 cm™ for Agpl Pfr) with
a high-frequency (824 ¢cm™), shoulder of low intensity. The position of the HOOP
band correlates with the N(C)-C-C-C(D) dihedral angle, and thus with the tilt of ring
D relative to the chromophore plane formed by the rings B and C.[183]

Accordingly, the IsPadC FL “Pfr” photoproduct also resembles a Meta-like config-
uration at the C/D methine bridge rather than a typical Pfr. This might be due to a
reduced interaction of the chromophore with the tongue motif, which is necessary in
IsPadC to uncouple the two transitions and allow the formation of the Meta-Re/Pfr
heterodimer. A (partial) uncoupling of these two structural transitions, which is also
observed in the IsPadC Reg2 crystal structure (see chapter , was described for
Agpl and Agp2 (see chapter [6.1)[22] and a single-point mutant of DrBph.[216] In
order to correlate the structural changes of the chromophore with the events in the
tongue motif, difference IR spectroscopy was employed.

IR spectroscopy In the region between 1600-1750 cm™ the IR spectra of phy-
tochromes are dominated by modes that include substantial C=O stretching char-
acter. The bands originating from C=O0O stretching of the chromophores carbonyl
groups (above 1700 ¢cm™) were assigned to the rings A and D on the basis if isotopic
labeling experiments for Cph1|226| and agree well with previously published results for
Agpl.[159] Due to the low polarizability of these highly polar functional groups, the
corresponding C=0 stretching modes are only sparsely Raman active and therefore
the signal intensity is relatively low. The C=O stretching bands are only detected
unambigously when the sample quality and concentration are high, and often exceed
the noise level only by a factor of 2-10.
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Figure 6.2.5: IsPadC and Agpl difference IR spectra. Negative (-) bands originate from the Pr state
bleach while positive bands (+) correspond to a gain of signals from to Meta or Pfr photoproducts.
From bottom to top: Agpl FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in H,O
and D> O buffer.
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Although the C=0 stretching bands are unambiguously detected in Agpl PG and FL
in both parent states (see figs. 6.2.4] and [9.4.6)), the quality of the IsPadC samples
permits a safe detection only in the Pr state RR spectrum of the FL construct at
1713 and 1724 cm™ (see fig. . The high polarity of the C=0O double bond is
accompanied strong IR absorption and the corresponding C=0O streching bands can be
detected in the difference IR spectra of all four constructs (see fig. [6.2.5)). As discussed
in chapter the band positions in the IR diff. spectra are unfortunately obscured
by overlapping adjacent bands. Both IsPadC constructs are very similar with a strong
negative signal at 1709 cm™ (1706 cm™ in the case of PG), originating from the bleach
of the ring D C=0 Pr signal (at 1713 em™ for IspadC FL in the RR spectra). This is
complemented by a weak positive signal at 1720 cm™, resembling the position of the
Pfr C=O0 stretching band of ring D in Agpl PG (also see RR spectra fig. [6.2.4)). This
observation is in agreement with the interpretation of the HOOP band that points to
a Meta-like configuration of ring D in both IsPadC photoproducts. In contrast, the
Pfr state of Agpl FL displays a much stronger positive signal at a lower frequency
(1708 cm™ (+) in the diff. IR, fig. and 1709 cm™ in the RR, fig. [9.4.6). The
Pr bleach signal of the ring A carbonyl stretching at higher frequencies (1724 ¢cm™ in
IsPadC FL) overlaps strongly with the (+) signal and thus cancels out, leading to a
reduced intensity and obscured band position (1737 cm™ for Agpl PG and 1741 cm™
for IsPadC PQG). In the region between 1620 and 1660 cm™, C=0 stretching vibrations
of the protein backbone, termed amide I bands, are observed. The position, intensity
and bandwidth of the amide I signal mainly depends on the secondary structure of the
protein backbone.[70] This leads to a strong difference signal when the tongue region
undergoes the transition from a-helix to [-sheet (strong negative signal for Agpl at
1636/1644 cm™, fig. . The interpretation of phytochrome IR difference spectra
is complicated, because the bands for the structural elements of the tongue in the
Pfr and Pr states strongly overlap with opposite site. For the Pfr configuration, two
broad bands at ca. (i) 1625 and (ii) 1655 cm™ are expected, corresponding to the loop-
coil and the a-helical regions of the tongue, respectively. For Pr, the corresponding
bands are expected at ca. (iii) 1630 cm™, corresponding to the formation of a S-sheet
and (iv) 1640 cm™ for the S-hairpin motif. In addition, Pr (of both PG constructs)
includes a band at ca. 1645 cm™ (-) which does not seem to be related to the tongue.
Regarding the complete tongue transition, the contributions of the overlapping bands
i-iv must partially cancel each other due to the opposite signs in the difference spectra
(Unpublished results, personal communication with Prof. Dr. Peter Hildebrandt and
Prof. Dr. Friedrich Siebert). However, in IsPadC FL, the resulting negative amide
I band is present, but smaller (about half the intensity) than in Agpl FL, which is
consistent with the Meta/Pfr heterodimer hypothesis.
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tochromes (iRFPs)

The following section comprises two publications about the relationship between the
chromophore structure and the fluorescence properties of near-infrared fluorescent pro-
teins derived from phytochromes (iRFPs). A common method to enhance the fluo-
rescence quantum yield in these proteins is the random introduction of amino acid
substitution (e.g. error prone PCR) followed by a screening for highly fluorescent can-
didates.

In chapter [7.I] a mutagenesis study of the bacterial phytochrome RpBphP2 from
Rhodopseudomonas palustris and the related fluorescence-enhanced protein iRFP713
aims to unravel the contribution of different amino acids exchanges to the overall
fluorescence enhancement. Here, a combined approach of fluorescence and RR spec-
troscopy was employed to rationalize how the different substitutions change the struc-
ture of the chromophore and influence the fluorescence properties. The presented
results are supported by theoretical modeling and time- and wavelength-correlated
single photon counting (TWCSPC).

Chapter is a logical continuation of chapter [7.I] Here, another iRFP with an
unusual double-attachment of the biliverdin chromophore (iRFP682) is investigated
with RR and fluorescence spectroscopy. This study aims to correlate the structural
changes of the chromophore that are caused by the second covalent attachment with
the fluorescence properties. For this purpose, iRFP682 was purified with a novel pro-
tocol and compared to several cysteine/serine exchange variants with different modes
of chromophore attachment.
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7 RESULTS: INFRARED FLUORESCENT PROTEINS DERIVED FROM PHYTOCHROMES
(IRFPS)

7.1

Mutagenesis Study on iRFP713

This research was originally published in Scientific Reports:

D. Buhrke, F. Velazquez Escobar, L. Sauthof, S. Wilkening, N. Herder, N. N. Tavraz,
M. Willoweit, A. Keidel, T. Utesch, M. Mroginski, F. Schmitt, P. Hildebrandt, and
T. Friedrich. The role of local and remote amino acid substitutions for optimizing
fluorescence in bacteriophytochromes : A case study on iRFP. in: Sciientific Reports
6.Article number: 28444 (2016). DOI: 10.1038/srep28444

David Buhrke performed RR, UV-Vis absorption and static fluorescence mea-
surements and RR data analysis.

Francisco Velazquez Escobar and Anke Keidel supervised RR measurements.
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Tavraz.
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Franz-Josef Schmitt and Thomas Friedrich performed TWCSPC data analysis.

Tillmann Utesch, Francisco Velazquez Escobar, Maria-Andrea Mroginski and Pe-
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The role of local and remote
amino acid substitutions for
~optimizing fluorescence in
v bacteriophytochromes: A case
et study on iRFP

David Buhrke, Francisco Velazquez Escobar, Luisa Sauthof, Svea Wilkening, Nico Herder,
Neslihan N. Tavraz, Mario Willoweit, Anke Keidel, Tillmann Utesch, Maria-Andrea Mroginski,
Franz-Josef Schmitt, Peter Hildebrandt & Thomas Friedrich

Bacteriophytochromes are promising tools for tissue microscopy and imaging due to their fluorescence
in the near-infrared region. These applications require optimization of the originally low fluorescence
quantum yields via genetic engineering. Factors that favour fluorescence over other non-radiative
excited state decay channels are yet poorly understood. In this work we employed resonance Raman

. and fluorescence spectroscopy to analyse the consequences of multiple amino acid substitutions on

. fluorescence of the iRFP713 benchmark protein. Two groups of mutations distinguishing iRFP from its

. precursor, the PAS-GAF domain of the bacteriophytochrome P2 from Rhodopseudomonas palustris,
have qualitatively different effects on the biliverdin cofactor, which exists in a fluorescent (state 1) and
a non-fluorescent conformer (state 1). Substitution of three critical amino acids in the chromophore
binding pocket increases the intrinsic fluorescence quantum yield of state Il from 1.7 to 5.0% due to
slight structural changes of the tetrapyrrole chromophore. Whereas these changes are accompanied
by an enrichment of state Il from ~40 to ~50%, a major shift to ~88% is achieved by remote amino acid
substitutions. Additionally, an increase of the intrinsic fluorescence quantum yield of this conformer
by ~34% is achieved. The present results have important implications for future design strategies of
biofluorophores.

The development of fluorescence microscopy has opened novel possibilities for monitoring biochemical processes
in cellular systems'~>. The availability of genetically encoded fluorescent proteins including photoswitchable vari-
ants provided new insights into the organization of living cells on the nanoscale by super-resolution fluorescence
microscopy®~. These techniques have a strong impact on fundamental research and are important diagnostic
tools in medical science. In particular for high resolution imaging genetically encoded rather than synthetic flu-
orescence markers are preferred, because they can be expressed directly in the target cell and fused to the desired
protein.
Fluorescent proteins emitting in the red or near-infrared spectral region gain increasing importance because
they ensure a high penetration depth in tissues. Genetic engineering of the green fluorescent protein (GFP)'* and
. its homologues from other species afforded numerous variants with emission maxima covering nearly the entire
. visible spectrum?. However, red-emitting biofluorophores suffer from limited photostability and low brightness!!.
. Bacterial phytochromes may overcome these drawbacks, since the tetrapyrrole cofactor exhibits a strong elec-
tronic transition between 660 and 700 nm. Furthermore, biliverdin (BV) is ubiquitous in mammalian cells as
an intermediate of the heme degradation pathway. Due to their function as sensory photoreceptors, bacterio-
phytochromes exhibit only a low fluorescence quantum yield (@4, ~1%) but instead undergo a photoisomerisa-
tion upon electronic excitation. However, the approach to raise @4 by blocking the photocycle is not necessarily

Technische Universitat Berlin, Institut fir Chemie, Sekr. PC14, Stra@e des 17. Juni 135, D-10623 Berlin, Germany.
Correspondence and requests for materials should be addressed to P.H. (email: hildebrandt@chem.tu-berlin.de) or
T.F. (email: friedrich@chem.tu-berlin.de)
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Figure 1. Top, structure of the chromophore binding pocket of P2PG (left) and iRFP (right), indicating the
amino acid variations between both variants. The structural models'® were derived from the crystal structure
of the chromophore binding domain of RpBphP2 obtained by homologue-directed mutagenesis, which was
termed RpBphP2-CBD* #. Bottom, schematic presentation of the step-wise amino acid substitutions starting
from P2PG WT (route A) and from iRFP (route B).

straightforward, since the photochemical conversion for BV-binding phytochromes of less than 10%? is still low
compared to the non-radiative excited-state decay pathways. Nevertheless, a bacteriophytochrome variant with
strongly reduced photochemical quantum yield, that is for instance achieved by substituting the highly conserved
Asp-202 (amino acid [AA] numbering refers to Rhodopseudomonas palustris bacteriophytochrome photore-
ceptor 2, RpBphP2)'3, served as a starting point for the development of bacteriophytochromes with improved
fluorescence by using evolutionary mutagenesis. Promising results were obtained by genetic engineering of the
chromophore-binding domain of RpBphP2, which produced an efficient phytofluor denoted iRFP713'>!* (termed
iRFP for brevity herein). This variant differs from the truncated wild-type (WT) protein RpBphP2 (including only
the GAF and PAS domains, termed P2PG in the following) by a total of 13 mutations. These substitutions resulted
ina ®g 0f 5.9% compared to 0.7% for P2PG. Meanwhile, similar engineering strategies, also based on other bacte-
riophytochromes, have afforded variants with further improved fluorescence properties'*~', and the application
as sensitive fluorescence probes for in vivo imaging has been demonstrated for some variants including iRFP'""7.

In parallel, attempts have been made to elucidate the structural basis for the altered photophysical properties
in fluorescent bacteriophytochromes. Crystallographic and spectroscopic studies have consistently shown that an
increased rigidity of the chromophore embedment in the protein matrix is one of the key parameters that favours
fluorescence as the decay route of the electronically excited state!>!1¢18-21,

In this work, we continued our spectroscopic studies on iRFP'® to specifically analyze the contributions of
individual AA substitutions on the ground- and excited-state properties of the BV cofactor. We focused on three
highly conserved AAs in the chromophore-binding pocket (CBP), Asp202, Ile203, and Tyr258, which in iRFP
are replaced by Thr, Val, and Phe, respectively. Mutagenesis followed two main routes via stepwise substitutions
(route A) in the truncated WT P2PG and (route B) the corresponding back substitutions in iRFP (Fig. 1). The
variants along route A include single, double (with two out of three possible combinations), and triple mutations.
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A-Bstr. (cm™) Intensity ratio A-B

absorption | fluorescence photo- ring D str. str., conformer II/
protein variant (nm) (nm) Dy (%) activity (em™!) conformer I ‘ conformer II | conformer I (R=I,/I})
P2-PG variants derived from P2-PG WT (route A)
WT P2-PG 707 712 0.7 yes 1625 1651 1641 0.64
D202T 707 717 14 yes 1628 1655 1644 0.78
Y258F 706 717 1.9 very weak 1627 1656 1644 111
D202T/1203V 704 716 1.3 yes 1628 1655 1644 0.82
D202T/Y258F 707 719 2.2 very weak 1628 1655 1646 0.99
D202T/1203V/Y258F 701 715 2.5 no 1629 1655 1646 1.01
P2-PG variants derived from iRFP (route B)
iRFP 692 708 59 no 1629 1656 1642 7.20
T202D 697 714 34 no 1627 1654 1642 3.81
F258Y 693 710 3.6 no 1628 1654 1642 7.22
T202D/V2031 702 716 3.0 no 1627 1655 1642 2.64
T202D/F258Y 697 710 2.8 no 1627 1652 1642 na.
T202D/V2031/F258Y 699 712 1.5 yes 1627 1652 1642 7.38

Table 1. Absorption and fluorescence maxima, and fluorescence quantum yields of various P2-PG
variants. The variants (route A and B) are defined in Fig. 1. Absorption and fluorescence maxima were taken
from Supplementary Figs S1 and S2 (Supporting Information); the fluorescence quantum yields (®y in %) were
determined experimentally (see materials and methods). The stretching mode frequencies of the A-B methine
bridge and of ring D as well as the intensity ratio R (intensity of the high [conformer II] vs. the low frequency
component [conformer I] of the A-B mode) were determined from second derivatives of the RR spectra in
Figs 5 and 6 (left panels). For the iRFP-T202D/F258Y variant, the error in the intensity determination was

too large due to a close overlap of the respective bands (Fig. 5, left) and a very low intensity of the conformer I
component (thus denoted as “n.a” = not applicable).

Each of the variants obtained by the corresponding back substitutions along route B also included the addi-
tional 10 substitutions of iRFP that are more remote from the CBP. The objective was to correlate chromophore
structural changes determined by resonance Raman (RR) spectroscopy with the properties of the static and
time-resolved fluorescence of the individual variants. The results demonstrate the coexistence of a fluorescent
and a non-fluorescent conformer. The intrinsic fluorescence quantum yields for the former and its relative pop-
ulation are affected by both, the AA substitutions in the CBP and the remote mutations, albeit in a qualitatively
different manner. The findings have implications for optimizing strategies towards generating highly fluorescent
bacteriophytochromes.

Results

Absorption and Fluorescence Properties. In general, the electronic absorption spectra of the Pr state
of all investigated P2PG and iRFP variants show very similar characteristics of the Q and Soret bands (see
Supplementary Fig. S1), with variations in the Q band absorption maxima from 707 to 692 nm (Table 1). Among
the P2PG-derived variants, mutations D202T and Y258F and their combination in D202T/Y258F had only a
small impact on the absorption maximum, whereas the double D202T/1203V and triple D202T/1203V/Y258F
mutation displayed a blue-shift by 3 and 6 nm, respectively. In a similar way, iRFP-T202D and others from route B
including mutant V2031, showed markedly red-shifted absorption maxima compared to iRFP (Table 1).

The @y values of all investigated mutants were between those of native P2PG (0.7%) and iRFP (5.9%) (Tables 1
and 2, Supplementary Fig. S2). Interestingly, an increased @ seems to be accompanied with a blue-shift in the
Q-band absorption maximum and an increasing Stokes shift (Table 1, Supplementary Figs S1 and S2).

None of the variants studied in this work can undergo a phototransformation to the Pfr state, but some are
arrested at the Meta-R state as typically observed for phytochrome variants with substitutions of highly conserved
AAs close to the chromophore?>?, Since the Qband transition of the Meta-R state exhibits reduced oscillator
strength and its maximum nearly coincides with that of the parent state (Supplementary Fig. S1), IR differ-
ence spectroscopy is more reliable to detect even low photoconversion than UV-Vis absorption spectroscopy
(Supplementary Fig. S5). Except for the triple mutant P2PG-D202T/I203V/Y258F, all variants generated from
P2PG via route A are capable to undergo photoisomerisation to a small extent (Table 1, Supplementary Fig. S1).
This observation suggests that the triple mutation D202T/1203V/Y258F represents a minimal set to completely
inhibit photoconversion of P2PG, although @ is still relatively low. The reverse mutations starting from iRFP
along route B represent a mirror image of this tendency, since the triple substitution T202D/V2031/F258Y in the
CBP of iRFP is sufficient to recover photoactivity, irrespective of the 10 remote substitutions. However, blocking
photoconversion alone is insufficient to optimize @y, since the 10 remote substitutions still exhibit a profound
effect: Compared to the P2PG triple mutant D202T/1203V/Y258F, ®; increases ~2.4-fold upon introduction of
the additional 10 remote substitutions in iRFP. Conversely, the iRFP triple mutant T202D/V2031/F258Y, which
comprises only the 10 remote substitutions, still has a more than 2-fold larger ®4 than P2PG.
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Intrinsic fluorescence
Variants without remote substitutions Variants with remote substitutions quantum yields ®;;
Route A variants B (%) R Route B variants g R P,,(A) (%) | Pu(B) (%)
P2-PG 0.7 0.64 T202D/V2031/F258Y 1.5 | 7.38 1.7 1.7
D202T 14 0.78 — — — 3.2 —
Y258F 1.9 111 T202D/V2031 3.0 | 2.64 3.6 4.1
D202T/1203V 1.3 0.82 F258Y 3.6 | 7.72 2.9 4.1
D202T/Y258F 2.2 0.99 — — — 4.4 —
D202T/1203V/Y258F 25 1.01 iRFP 59| 720 5.0 6.7
— — — T202D 34 | 381 — 4.3
— — — T202D/F258Y 28 | na. — —

Table 2. Intrinsic fluorescence quantum yields of conformer II. The intrinsic fluorescence quantum yields
&, were evaluated according to eq. (4) using the experimentally observed fluorescence quantum yields ®; and
the intensity ratio R (see Table 1), taken to be equal to the population ratio of the conformers II and I. ®;,(A)
and ®;,(B) refer to values determined for the variants of route A and B, given in the same row of the table. For
the iRFP-T202D/F258Y variant, the error in the intensity determination was too large due to a close overlap
of the respective bands (Fig. 5, left) and a very low intensity of the conformer I component (thus denoted as
“n.a” =not applicable).

Fluorescence dynamics. The fluorescence decays of all variants could consistently be approximated by
three exponential decay components with distinct spectral dependence of the resulting decay-associated spectra
(DAS, Fig. 2). The longest fluorescence lifetime was found to decrease along mutational route B from 910 ps in
iRFP (Fig. 2a) to 440 ps in iRFP-T202D/V2031/F258Y (Fig. 2f). In addition, a short fluorescence decay time exists,
which shortens from 350 ps in iRFP to 180 ps in iRFP-T202D/V203I/F258Y. A third component with ~100 ps
present in iRFP and all route B samples without significant variations, exhibits a negative amplitude for iRFP and
iRFP-F258Y in the whole spectral range (Fig. 2a,b, black curves). Such exclusively negative components in DAS
are assigned to fluorescence rise effects in time?*, representing population processes of excited states that occur
in the 100 ps time regime. Since this value is close to the resolution limit of the employed TWCSPC setup, this
component might be even faster than 100 ps.

Considering that decay and rise components have similar spectral characteristics, iRFP exhibits a rather
homogenous excited state (Fig. 2a) with two decay components that possibly carry (phonon) sidebands at 715
and 725 nm. Such biexponential excited-state relaxations are typical for pigment-protein-complexes and do not
necessarily indicate different chromophore configurations®. However, the iRFP-F258Y mutant already shows a
heterogeneous spectral distribution of both decay components with reduced lifetimes (Fig. 2b). This feature indi-
cates a substructure of the ground- and/or excited-state potential surface that is, in the simplest case, described
by a double-well potential**. However, since the 90 ps component does not exhibit a transition from positive to
negative amplitude (vide infra), it cannot be attributed to a transition between two states within the lifetime of
the excited state. The two spectrally distinguishable decay components might simply represent two non-coupled
excited-state subpopulations.

DAS heterogeneity is even more pronounced in iRFP-T202D and iRFP-T202D/V203I (Fig. 2¢,e). Here, the
fastest component (130 ps) exhibits a transition from positive values (up to about 700 nm) to negative values
above 710 nm representing a novel feature not observed in iRFP and iRFP-F258Y: During the excited-state life-
time, a red-shifted emitting state is populated at the expense of a blue-shifted one. This biphasic behaviour sug-
gests an interconversion of two chromophore configurations in the excited state. The subsequent fluorescence
decay occurs with 290 ps (705 nm), and 680 ps (715 nm) (Fig. 2¢). In iRFP-T202D/F258Y (Fig. 2d), the DAS
heterogeneity is reduced compared to iRFP-T202D, although the emission spectrum of its longest decay com-
ponent shows a more profound shoulder at 740 nm compared to iRFP. Notably, the biphasic nature of the 70 ps
component is absent suggesting that the effects of both mutations on the DAS partially neutralize each other.

A further dissection into several spectrally distinguishable states is observed in the triple mutant iRFP-T202D/
V2031/F258Y, still carrying all remote substitutions of iRFP. Besides a remarkable acceleration of all fluorescence
decay components, which accounts for the small @y, the DAS of this mutant distinguishes at least four spectral
bands at ~695, ~705, ~715 and ~730 nm (Fig. 2f), indicating radiative decays from four distinct excited states or
chromophore configurations. The pronounced biphasic nature of the 100 ps component indicates strong coupling
and interconversion between the electronic states at 695nm and at 715 nm, followed by a ~440 ps decay. Thus,
already single back-substitutions in the CBP of iRFP entail substantial excited-state heterogeneity, which gradu-
ally increases with the number of mutations.

Notably, the DAS of iRFP-T202D/V2031/F258Y is similar to that of the parental P2PG (Fig. 2g), which also
exhibits a biphasic component (180 ps) and two further decay components (280 ps and 690 ps). Among them,
the faster one dominates in amplitude, in line with the lowest @ of P2PG. In total, four spectral features at 710,
730, 750, and 780 nm can be discriminated for P2PG. In contrast, the double mutant P2PG-D202T/F258Y, which
only carries two CBP substitutions, already shows rather homogenous DAS (Fig. 2h), essentially similar to iRFP,
despite the fact that the mutant still shows photoconversion. Figure 3a summarizes the average lifetimes and
Fig. 3b compares the fast and slow fluorescence decay time constants of the constructs from Fig. 2.
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Figure 2. Decay associated spectra (DAS) and fluorescence lifetimes of iRFP, P2PG and selected mutants
from route A and B. (a-h) The DAS were obtained from global fitting of the wavelength-resolved fluorescence
decays recorded at 10 K with a sum of three exponentials. The relative amplitudes of the individual decay
components (ultrafast: black; fast: blue; slow: red) from these fits are depicted for each wavelength channel, with
time constants as given in the insets. The black, blue and red curves are included to guide the eye. Superimposed
to the DAS are the corresponding fluorescence emission spectra (magenta) of the protein variants measured at
room temperature.
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Figure 3. Average fluorescence lifetimes (a) and overview about the lifetimes (b) of the fast (black columns)
and slow (red columns) component for each construct from Fig. 2a-h.

Resonance Raman Spectroscopy. All phytochrome variants studied in this work were in the Pr state
as reflected by the characteristic vibrational band pattern of the chromophore in the ZZZssa configuration (see
Supplementary Information). For a detailed vibrational assignment we therefore refer to previous analyses®>2.
In this work we focus on the identification of selected modes that correlate with specific structural parameters
of the tetrapyrrole. Between 1565 and 1580 cm™, the protonation marker band of the Pr state is observed®”. It
is due to the in-phase N-H in-plane bending (N-H ip) of the ring B and C N-H groups and thus indicates that
all pyrrole nitrogen atoms carry a proton and rings B and C share a positive charge (Figs 4 and 5). In P2PG and
iRFP, this band is observed between 1571 and 1575cm™}, and it shifts down to 1075 and 1079 cm™! in D,0'8,
indicating a cationic (protonated) chromophore in each case. The same conclusion can be drawn for all P2PG or
iRFP variants. Small frequency variations observed for the N-H ip indicate minor changes of the hydrogen bond
interactions of the ring B and C N-H groups®.

The most intense peak in the Pr state of all variants is observed around 1620 cm ™" (Figs 4 and 5, left). It is actu-
ally composed of two overlapping bands, which are more clearly discriminated in the second-derivatives (grey
traces in Figs 4 and 5). The underlying modes include mainly the C=C stretching coordinates of the C-D methine
bridge (C-D stretching) and of ring D and its vinyl substituent, albeit with different relative contributions. Since
the C-D stretching couples with the N-H ip of rings C and D, the main character of the two modes can be distin-
guished on the basis of the H/D isotopic shifts (Figs 4 and 5). In all cases, the frequency downshifts of the band
components at 1620 and 1627 cm ™ is about 7 and 2 cm ™!, respectively. Thus, the lower and higher frequency
components may be considered as C-D stretching and ring D C=C stretching modes, respectively.

The corresponding C=C stretching mode of the A-B methine bridge (A-B stretching) is observed between
1640 and 1660 cm ™. In the Pr state of many BV-binding phytochromes including P2PG, this mode is split into
two components, corresponding to two conformational sub-states. We denote the states represented by the
low- and high-frequency component as state I and II, respectively. For P2PG these bands are found at 1641 and
1651 cm ™! (Fig. 4, left). Due to the coupling of the A-B stretching with the N-H ip coordinates of rings A and B,
these modes shift down by ~10 cm™" upon D,0 exchange. Thus, only one of these modes can be safely detected in
the RR spectra measured in D,O (i.e., 1641 cm™'; Fig. 4, right), whereas the lower-frequency component overlaps
with the (largely H/D-insensitve) C=C stretching mode of ring D.

Among the modes in the region between 1550 and 1670 cm ™!, the A-B stretching and the ring D C=C stretch-
ing display the most notable differences between P2PG and iRFP. First, the two A-B stretching modes are of nearly
equal intensity in P2PG, but the intensity of the high frequency component strongly increases in iRFP along with
a frequency upshift from 1651 to 1656 cm ™. Inspection of the protein variants of route A (Fig. 4) indicates that
the single substitution of either Asp202 or Tyr258 (D202T, Y258F) already causes this frequency upshift while
the intensity ratio I;/I; (=R; Table 1) of the two A-B stretching modes varies only slightly by the individual AA
replacements in the CBP. However, the 10 remote substitutions that afford the iRFP variant cause a major inten-
sity redistribution of the two bands. The latter effect appears to be independent of the CBP substitutions since all
variants from route B, each involving the 10 remote substitutions, display very high I;/I; intensity ratios of the
two A-B stretching modes (Fig. 5). Note that the low-frequency component at 1641 cm ™! in P2PG also shifts up to
higher frequencies upon substitutions in the CBP (1646 cm ™' in P2PG-D202T/1203V/Y258F) but the additional
remote substitutions revert this shift and keep the band position at 1642 cm™! (Figs 4 and 5; Table 1).

Also for the ring D C=C stretching, the frequency upshift from P2PG (1625cm ') to iRFP (1629 cm ™) is
already complete in P2PG-D202T/1203V/Y258E, but not fully reversed in P2PG-D202T/1203V/Y258F. Further
spectral data reflecting mutation-induced structural changes of the chromophore including the C-D methine
bridges are provided in the Supporting Information (Supplementary Figs S3 and S4).

Discussion

Phytochrome variants that display enhanced fluorescence quantum yield include two groups of AA substitutions.
The first group refers to positions in the immediate environment of the chromophore (CBP substitutions). These
are specifically D202, 1203, and Y258 which all have contacts with the BV cofactor or with the surrounding
H-bond network. In P2PG, substitutions at these positions account for a @ increase from 0.7 to 2.5%. The further
increase to 5.9% is only achieved by including a second group of 10 substitutions remote from the CBP.
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Figure 4. RR spectra of the P2PG variants obtained via route A (from bottom to top), compared to the
spectra of P2PG WT and iRFP. The spectra, measured from the proteins in H,O (left) and D,O (right), display
the region of the C=C stretching modes. Grey traces represent the second derivatives of the spectra.

The impact of substituting D202 and Y258 on the structure of the chromophore pocket has been recently
analysed for the Pr state of the chromophore-binding domain CBD-DR" of the Deinococcus radiodurans bacteri-
ophytochrome (AA numbering refers to P2PG). Crystal structures revealed a perturbation of the hydrogen bond
network in the chromophore pocket, particularly affecting the interactions with the ring A carbonyl. This was
suggested to impair excited-state proton transfer that competes with the radiative excited-state decay. As an addi-
tional factor responsible for the about 2-fold increased fluorescence in the D202H and Y258F single and D202H/
Y258F double mutants, the E configuration at the C-D methine bridge was proposed to be destabilized, corre-
sponding to a decrease of the photochemical quantum yield. Indeed, the structural changes of the chromophore
refer to the A-B and C-D methine bridges. Specifically, the mutations cause an increase of the dihedral angle
C(4)-C(5)-C(6)-N(B) from 6.7° (WT CBD-DR) to 10.4° and 14.0° in the D202H and D202H/Y258F mutants,
respectively'®. The dihedral angle C(14)-C(15)-C(16)-N(D) of the C-D methine bridge displays the opposite ten-
dency as it decreases from 35.8° to 0.5° and 12.6° in the D202H and D202H/Y258F mutants, respectively. This
geometric change corresponds to a substantial decrease of the tilt angle of ring D with respect to ring C by ~15°.

In view of the far-reaching structural similarities between CBD-DR and P2PG, one may expect similar
mutation-induced structural changes also for P2PG, although in the latter case the ring D tilt angle is already
rather low in the WT protein®. In fact, the vibrational modes localized at the A-B methine bridge and in ring D
respond to substitutions of D202 and Y258. Note that the correlation with the structural changes in the CBD-DR
mutants are justified since control experiments with the D202H mutant of P2PG display the same tendency in
the RR spectra as threonine substitution at this position studied in this work (Supplementary Fig. S6). The single
mutants P2PG-D202T and -Y258F as well as P2PG-D202T/Y258F show essentially the same frequency upshifts
of these modes compared to P2PG (Table 1), and the additional 1203V substitution in the triple mutant causes
only a further 1-cm™! shift of the ring D mode. These findings may be rationalized in terms of an increased
C(4)-C(5)-C(6)-N(B) dihedral angle at the A-B methine bridge and a reduced tilt angle of ring D. This conclu-
sion is also consistent with the concomitant increase of the frequency of the C-D HOOP mode (Supplementary
Figs S3 and S4) that has been shown to exhibit a negative correlation with the C(14)-C(15)-C(16)-N(D) dihedral
angle®, thereby indicating a reduced torsion of the C-D methine bridge upon mutations in the CBP, particularly
of either D202 or Y258. These chromophore structural changes as revealed by the RR spectra account for an
increase of @4 from 0.7% (P2PG) to 2.5% (P2PG-D202T/1203V/Y258F) (Supplementary Fig. S7), in line with the

SCIENTIFIC REPORTS | 6:28444 | DOI: 10.1038/srep28444 7



www.nature.com/scientificreports/

1613 1623
HZO 1620 1:625 1641 DZO

1571

5

1641

P2-PG

T202D
V203I
F258Y y(

T202D
F258Y

F258Y

T202D
V203l

T202D

iRFP

1550 1600 1650 1550 1600 1650
Aviem™ Aviem™

Figure 5. RR spectra of the P2PG variants obtained via route B (from bottom to top), compared with the
spectra of P2PG WT and iRFP. The spectra, measured from the proteins in H,O (left) and D,O (right), display
the region of the C=C stretching modes. Grey traces represent the second derivatives of the spectra.

previously proposed mechanisms for promoting radiative excited state decay'>'*?!. A decrease of the tilt angle as
indicated by the frequency upshift of the ring D and the HOOP mode stabilizes the Z vs. the E configuration of
the C-D methine bridge (vide supra), consistent with a complete inhibition of photoisomersiation in the P2PG
triple mutant which displays the highest ring D stretching frequency. This remarkably critical and as yet unrecog-
nized influence of the rather conservative [203V mutation on photoconversion is reflected by the mutants from
route B, since introduction of mutation V2031 into iRFP-T202D/F258Y marks the transition between constructs
that do or do not undergo photoconversion. Also, the concomitantly increased torsion of the A-B methine bridge
may contribute to the stabilization of Z configuration of the chromophore, but - according to the crystallo-
graphic analyses'>!® - it has an additional effect on the H-bond network in the CBP involving the ring A carbonyl.
However, the latter mode is rather weak in RR and, as far as the technique was applicable, also in the IR difference
spectra precluding further analyses of mutation-induced effects (Supplementary Fig. S5).

In addition to the three CBP substitutions, 10 remote replacements account for a further increase of @4 from 2.5
to 5.9% (Table 1), which is not correlated with frequency shifts of the stretching modes (Supplementary Fig. S7).
Instead, we note major intensity redistributions between the two conjugate A-B stretching modes such that the
high-frequency component (conformer II) clearly dominates in the spectrum of iRFP, corresponding to a dis-
tinct decrease of the structural heterogeneity. The mole fractions of the two conformer states I and IT (x; and x;;)
can be approximated from the ratio R=1I,/I, of the relative intensities I; and Ij; of the low- and high-frequency
component of the A-B stretching mode, yielding R/(1+ R) for the mole fraction x;; of conformer II, which, e.g.,
rises from 50% (P2P2-D202T/1203V/Y258F) to 88% in iRFP. We therefore conclude that the remote substitutions
primarily affect structural packing of the protein, which strongly favours conformer IL

The simplest explanation of the present results is based on a distribution between two conformers (I, II),
which solely differ by their fluorescence quantum yields ®; and ®;;, in analogy to a previous proposal for cyano-
bacterial phytochromes®'. Then, the experimentally determined fluorescence quantum yield ®; is given by

Qg =x,P; + xy Py (1)

Again, x; and x;; are the mole fractions of the two conformer states as noted above. Assuming identical Raman
cross sections for the conjugate A-B stretching modes, eq. (1) can be rewritten to
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relative population of conformer II according to eq. (2). The red line represents a linear fit of eq. (2) to the
experimental data (except for iRFP-F258Y and iRFP-T202D/V203I/F258Y). The blue curve describes a second
order polynomial fit to the data to illustrate the deviation from the linear behavior.
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The values for R were evaluated from the second derivatives in Figs 4 and 5 (left, grey traces; Table 1) to obtain
aplot of @4(1 + R) vs. R (Fig. 6).

In fact, except for the iRFP triple mutant and the iRFP-F258Y mutant of route B (red points in Fig. 6), the data
are correlated and indicate that @ increases with increasing population of conformer II. However, in contrast to
the simple expectation from eq. (2), the data follow a parabolic (blue line) rather than a linear function (red line),
and a linear fit would afford a physically meaningless negative intercept. These deviations from linear behaviour
can be rationalized since eq. (2) assumes that (i) the fluorescence quantum yields of each conformer remain
unchanged in the individual protein variants, and (ii) the variations of the experimentally determined @ solely
depend on the relative populations of the two conformers. However, the increase of @, from 0.7% (P2PG) to 2.5%
in the P2PG triple mutant (route A) can only partly be attributed to a slightly larger population of the “fluores-
cent” conformer II (~50% vs. ~40% in P2PG). Instead, the CBP substitutions perturb the chromophore structure,
as reflected by the changes of the A-B and ring D stretching modes, and thus affect the fluorescence properties
including the fluorescence quantum yields. Additional evidence for this conclusion is derived from the DAS.

Unlike RR spectroscopy, which samples all conformers in the ground state, time-resolved fluorescence
spectroscopy monitors radiative processes occurring within the lifetime of the chromophore’s excited state.
Accordingly, the DAS spectra predominantly reflect the excited-state processes of the (fluorescent) conformer
I, while those of the non-fluorescent conformer I remain largely invisible. Consequently, the substantial
excited-state heterogeneity reflected by the DAS of P2PG does not primarily mirror the ground-state hetero-
geneity of this protein with the comparable populations of the states IT (~40%) and I (~60%). Instead, the DAS
reveal a variety of possible dissipative decay processes for conformer II. This excited-state heterogeneity is already
largely removed by mutation of the two most important residues in the CBP (D202T/Y258F), while the con-
former ratio (45%/55%) remains nearly unchanged. Thus, the concomitant increase of ®; by ~2 is mainly a
consequence of the structural changes of conformer II, as discussed above. Following this interpretation, one can
readily rationalize that iRFP is endowed with a spectrally homogenous fluorescence emission whereas the triple
mutant iRFP-T202D/V2031/F258Y, which has the essential CBP residues of P2PG in place and comprises only
the 10 remote mutations, shows a heterogeneous DAS closely resembling P2PG, in line with both having the same
CBP residues. The @, value of 1.5% for the triple mutant is clearly higher than that of P2PG of (0.7%), which is
attributed to the distinctly higher population of the fluorescent conformer II. This can be quantitatively verified
by combining eq. (2) for P2PG (superscript “A”) and the triple mutant (superscript “B”) to afford ®;; according to

1+ RY — @51+ R%)
RY—RP o 3)

Thus, one obtains ®;;=1.7% and, with eq. (2), ;= 0.06%, which confirms the notion of a fluorescent con-
former IT and a non-fluorescent conformer I.

We now assume that ®;2 0 holds for all variants. Even if the CBP substitutions caused an increase of the
intrinsic fluorescence quantum yields of both conformers by a similar factor, ®; would remain distinctly smaller
than 1%, such that the contribution of conformer I to the experimentally determined fluorescence quantum yield
can be neglected. Then eq. (2) simplifies to

R (4)
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such that the intrinsic fluorescence quantum yields of conformer II can be evaluated for each mutant (Table 2).

The stepwise substitution of the three CBP residues reveal the expected steady increase of @, with the strong-
est increase (from 1.7% to 3.2% or 3.6%, respectively) for the single substitutions of D202 and Y258 (Table 2),
in line with the most pronounced changes in the DAS and RR spectra. A further increase (to 4.4%) is noted for
the P2PG-D202T/Y258F double mutant, although the contributions by the individual substitutions do not act
simply additive. In concert with D202T, the 1203V substitution has no effect on ®;, but contributes to the further
increase of ®;; (to 5%) in the triple mutant P2PG-D202T/1203V/Y258F.

We now compare the variants which only differ by the remote substitutions (Table 2, shaded grey). Except
for P2PG and the triple mutant of route B, all other variant pairs reveal an increase of ®;; induced by the remote
substitutions, particularly pronounced (~34%) for the pair P2PG-D202T/1203V/Y258F and iRFP. These results
show that the remote substitutions exert a dual function: a shift of the conformational distribution towards
the fluorescent conformer II and a further increase of ®;;. The latter effect is not reflected by distinct differ-
ences in the respective RR spectra and may be due to a more rigid fixation of conformer II within the protein
which is likely to reduce non-radiative excited-state decays'. It is interesting to note that the latter effect is not
observed for the conjugate pair P2PG and iRFP-T202D/V2031/F258Y. This may be related to the fact that the
fluorescence-optimized iRFP was obtained by random mutagenesis starting from the D202H mutant instead of
the WT P2PG!L.

Conclusions

The present spectroscopic analysis revealed that the chromophore of P2PG-derived variants exists in fluores-
cent and non-fluorescent conformational states, probably a common feature of the Pr form of prototypical phy-
tochromes'?. Generating highly fluorescent phytofluors thus requires shifting the conformational distribution
towards the fluorescent conformer and optimizing its structure to raise the probability for radiative excited-state
decay. This increase of the intrinsic fluorescence quantum yield primarily involves structural changes at the C-D
and A-B methine bridges, induced by AA substitutions in the CBP. These structural changes reduce and eventu-
ally block photoconversion and might also abolish excited-state proton transfer as a competing decay channel'>!°.
Whereas such structural changes in CBP and their consequences on the excited-state processes may become
predictable on the basis of crystallographic, spectroscopic, and theoretical analyses, this will be more difficult
for remote substitutions, which in P2PG primarily enrich the population of the fluorescent conformer, but also
further increase its intrinsic fluorescence quantum yield, presumably via enhancing the rigidity of the chromo-
phore packing, which lowers the yield for internal conversion. Since the effects particularly of critical remote
substitutions are difficult to predict on the atomic level due to the limitations of current computational resources,
the complexity of the optimization problem will, for quite some time, need to rely on combinatorial engineering,
rather than rational design approaches.

Materials and Methods

Site directed mutagenesis, protein expression and purification. The cDNA templates used in
this study were either the plasmid pQE81L containing the cDNA of the RpBphP2 PAS-GAF domains, which
was obtained by artificial gene synthesis upon codon optimization for mammalian cells (GeneArt, Regensburg,
Germany), or the plasmid pQE81L containing the iRFP cDNA, as described!®. Mutagenesis was performed
using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, USA) according to manufactur-
er’s instructions, which resulted in the following constructs: P2PG-Y258E, P2PG-D202T, P2PG-D202T/Y258F,
P2PG-D202T/1203V, P2PG-D202T/1203V/Y258F (for mutational route A, see Fig. 1), and iRFP-T202D, iRFP-
F258Y, iRFP-T202D/V2031, iRFP-T202D/F258Y iRFP-T202D/V2031/F258Y (for mutational route B, see Fig. 1).
Oligonucleotides were obtained from MWG Eurofins Operon (Ebersberg, Germany) and cDNAs of all constructs
were verified by sequencing (MWG Eurofins Operon). The various iRFP and P2PG construct plasmids were
co-transformed in NEBturbo cells with the previously described pQE81L-Kan plasmid bearing the gene for the
human heme oxygenase type 2 (hHOX2)'®. The cells were grown overnight at 37 °C on LB-Agar plates con-
taining 100 pg/mL ampicillin and 50 pg/mL kanamycin. The more recently mutated clones (iIRFP-T202D/F258Y,
P2PG-D202T/1203V, P2PG-D202T/1203V/Y258F) were transformed in DH5 alpha cells with the gene for the
hHOX2 stably integrated in the genome using the method described by Kuhlman and Cox*. Transformed cells
were grown overnight at 37 °C on LB-Agar plates containing 100 pg/mL ampicillin. Details of the protein expres-
sion and purification protocol are given elsewhere!®. According to the SAR values, holoprotein assembly was
comparable in the variants of both mutational routes (P2PG and iRFP). Purified proteins were frozen in liquid
nitrogen and stored at —80 °C. For spectroscopic measurements, phytochrome samples were prepared in H,0
or D,0 (99.95%, Deutero GmbH) Tris buffer (50 mM Tris/Cl, 5mM EDTA, and 300 mM NaCl). The pH (pD)
was adjusted to pH=7.8 (pD ="7.8) using a 3M HCI (DCI, 99% in D,0, Sigma-Aldrich, Deisenhofen, Germany)
pH electrode. Final protein concentrations were ca. 500 M for RR and IR experiments, but distinctly lower for
fluorescence measurements (vide infra).

Vibrational spectroscopy. RR spectroscopic measurements were carried out as described previously using
a Fourier-transform (FT) Raman spectrometer with 1064-nm excitation'®. All RR spectra shown in this work
were measured at —140 °C. Difference IR spectroscopy measurements of photochemically active P2PG and iRFP
derivatives were performed at ambient temperature using an IFS28 spectrometer (Bruker) equipped with a liquid
nitrogen-cooled MCT detector. Approximately 2-4 uL of protein solution were placed in a 3 pm cavity between
two thin CaF, windows (d =20 mm) and sealed with silicone grease. Forward (reverse) conversion from the dark
adapted state (photoproduct) was achieved by irradiation with a 660 nm (780 nm) LED array.
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Absorption and static fluorescence spectroscopy. All measurements were performed at room temper-
ature under protective green light (502 nm). Protein samples were prepared in Tris buffer and measured in dis-
posable cuvettes (10 mm path length). UV/VIS measurements were performed immediately prior to fluorescence
measurements with a Cary 1E Varian spectrophotometer (Agilent Technologies). In the case of photochemically
active variants, the presence of only the parent Pr state was ensured by LED irradiation at 780 nm. Fluorescence
measurements were performed using a Fluoromax 2 spectrometer (Horiba Scientific). Excitation was set to 20 nm
blue-shifted from the Q band maximum of the absorption spectra (690-700 nm; see Supplementary Fig. SI1).
The fluorescence signal was collected, starting from 5 nm above excitation up to 900 nm, and corrected accord-
ing to the number of absorbed photons (absorbance at the excitation wavelength), using the molar extinction
coeflicient of iRFP (85,000 M~ cm™!)!® as a reference. Standard solutions of the reference dyes Atto 680 in H,0
(Attotech) and Nile Blue (Sigma Aldrich) in ethanol (g =0.3/0.27) were used to determine the iRFP quantum
yield (g =0.059). Subsequently, iRFP was then used as a reference for determining the fluorescence quantum
yields of the other phytochrome variants.

Time- and wavelength-correlated single photon counting (TWCSPC). Measurements were per-
formed with the setup as described®. Cooling of the measurement cuvette down to 10 K was performed using a
metal alloy cuvette holder connected to a home-built variable-temperature cryostat (10-300 K, CTI-Cryogenics
8001/8300) equipped with a thermocouple directly connected to the cooling head for temperature control. In
the case of photochemically active variants, in particular P2PG WT, the presence of only the parental Pr state
was ensured by continuous LED irradiation at 780 nm during freezing. For TWCSPC, a Hamamatsu R5900
16-channel multi-anode photomultiplier tube (PML-16C, Becker & Hickl, Berlin, Germany) was employed
and signals were registered with a SPC-130 (Becker&Hickl) measurement card. A polychromator with a 1200
grooves/mm grating ensured a spectral bandwith of 6.25 nm per channel. A 632 nm pulsed laser diode (BHL-635,
Becker&Hickl, Berlin) was used for excitation. The time- and wavelength-resolved fluorescence spectra were
analysed by global fits using three exponentials for all decay curves measured in one spectrum affording common
values of lifetimes 7; (linked parameters) for all decay curves and wavelength-dependent pre-exponential factors
a;(A) (non-linked parameters), thus yielding the decay-associated spectra (DAS) of the individual decay compo-
nents. The quality of the fit was judged by the value of x> and by the degree of randomness of residuals to check
for the absence of any correlation of the deviations in a certain time interval (for further details, see Supporting
Information).
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 Phytochromes are red/far-red light sensing photoreceptors employing linear tetrapyrroles as
. chromophores, which are covalently bound to a cysteine (Cys) residue in the chromophore-binding
: domain (CBD, composed of a PAS and a GAF domain). Recently, near-infrared (NIR) fluorescent proteins
. (FPs) engineered from bacterial phytochromes binding biliverdin IXcx (BV), such as the iRFP series, have
: become invaluable probes for multicolor fluorescence microscopy and in vivo imaging. However, all
© current NIR FPs suffer from relatively low brightness. Here, by combining biochemical, spectroscopic
. and resonance Raman (RR) assays, we purified and characterized an iRFP variant that contains a
BV chromophore simultaneously bound to two cysteines. This protein with the unusual double-Cys
. attached BV showed the highest fluorescence quantum yield (FQY) of 16.6% reported for NIR FPs,
: whereas the initial iRFP appeared to be a mixture of species with a mean FQY of 11.1%. The purified
. protein was also characterized with 1.3-fold higher extinction coefficient that together with FQY
. resulted in almost two-fold brighter fluorescence than the original iRFP as isolated. This work shows
. that the high FQY of iRFPs with two cysteines is a direct consequence of the double attachment. The
. PAS-Cys, GAF-Cys and double-Cys attachment each entails distinct configurational constraints of the
: BV adduct, which can be identified by distinct RR spectroscopic features, i.e. the marker band including
. the C=C stretching coordinate of the ring A-B methine bridge, which was previously identified as being
. characteristic for rigid chromophore embedment and high FQY. Our findings can be used to rationally
© engineer iRFP variants with enhanced FQYs.

. Phytochromes constitute a class of bimodal photoreceptor proteins, which incorporate linear tetrapyrrole
. cofactors for red light sensing in plants, fungi, cyanobacteria and non-photosynthetic bacteria'. Bacterial phy-
¢ tochromes that incorporate biliverdin IXa (BV) have been extensively used for engineering of fluorescent pro-
. teins (FPs)**°. The two advantages of these FPs, their near-infrared (NIR) spectra and the presence of the BV
. chromophore in mammalian tissue, made them useful probes for non-invasive whole-body imaging and multi-
: color fluorescence microscopy”®. However, all current NIR FPs suffer from relatively low molecular brightness
. with the fluorescence quantum yield (FQY) varying from 6-14%. Recent studies found that chromophore attach-
: ment in the brightest of engineered NIR FPs differs from the canonical BV binding found in wild-type bacterial
. phytochromes®'’.

In all phytochromes, an open-chain linear tetrapyrrole chromophore is covalently conjugated to a cysteine (Cys)
. residue in the chromophore-binding domain (CBD) via a thioether bridge in an autocatalytic process termed autolyase
© activity'?. Although this fundamental reaction is conserved in all known phytochromes, the chromophore and the
. attachment site are different in bacterial and plant variants. In the case of bacterial phytochromes (BphPs), biliverdin
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Figure 1. Possible modes of chromophore attachment. Free BV (A) can be covalently attached to the conserved
PAS-Cys under retention of the endocyclic DB (B1*) or exocyclic DB rearrangement (B2'?), as found in the
crystal structures of various BphPs. Attachment to the GAF-Cys results in blue-shifted absorption properties
and the remaining DB is not conjugated to the aromatic system, accordingly. Hence, attachment to the GAF
domain either results in configuration (C2)° like in eukaryotic phytochromes'” (albeit with a non-conjugated
DB) or, possibly also in the configuration (C1), as found in miRFP670"". Upon further reaction, only the
structures (B2 and C2) can lead to the reported structure of the double-attached species (D), while (B1,C1)
represent dead ends in the reaction sequence.

IXa (BV) is attached to a conserved Cys residue upstream of the PAS domain (denoted PAS-Cys in the following)"?,
whereas in cyanobacterial and plant phytochromes the corresponding phycocyanobilin (PCB) or phytochromobilin
(P®B) cofactors are linked to a Cys in the GAF domain'. Ring A of PCB and P®B contains one exocyclic double bond
(DB) at the ethylidene substituent, but no endocyclic DB, and an unambiguous mode of attachment to the GAF-Cys is
found in the cyanobacterial phytochromes Cph1'*, Cph2!° and in plant phytochrome B'. In contrast, ring A of free BV
contains an endocyclic DB and a second DB in the vinyl group (Fig. 1, structure A). Consequently, the configuration
of the remaining DB in BV after attachment to bacterial phytochromes can vary. In the bacterial phytochrome Agp1'%,
preservation of the endocyclic ring A DB was observed (Fig. 1, structure B1), but investigation of the highly homolo-
gous DrBphP revealed an exocyclic DB rearrangement (Fig. 1, structure B2)". Another way of chromophore binding
was found in engineered proteins derived from bacterial phytochromes. The first evidence that chromophore binding
is possible to the Cys in the GAF domain of BphPs was detected for a Cys exchange mutant of DrBphP that covalently
binds PCB via attachment to a GAF-Cys'. Later, covalent binding of BV chromophore to the Cys residue in the GAF
domain was discovered in blue-shifted near-infrared fluorescent proteins’. The resulting chromophore structures are
shown in Fig. 1 (structures C1 and C2). In these structures, the DB between the C3' and C3* atoms is out of conjugation
with the rest of the m-electron system, which results in a spectral blue shift in NIR fluorescent proteins containing a Cys
in the GAF domain.

Recently, the crystal structure of miRFP670%, an engineered version of the CBD fragment of Rhodopseudomonas
palustris phytochrome P1 (RpBphP1), was determined!". This protein contains two Cys residues in spatial proximity
to the vinyl group of the BV ring A (Fig. 2A), one located in the PAS and the other in the GAF domain at homologous
positions to the conserved Cys for BphPs, and eukaryotic phytochromes, respectively. The crystallographic data for
miRFP670 revealed a novel BV binding mode to a BphP. In addition to a single covalent attachment to the GAF-Cys
(Fig. 1, structure C1), a novel double attachment to both Cys residues was observed (Fig. 1, structure D). Attachment to
asecondary Cys residue also occurs naturally in diverse cyanobacteriochromes, but in these cases, the secondary Cys is
also located at different positions in the GAF domain and adds to the A-B or B-C methine bridges®-*.

These findings motivated the present study to determine the binding pattern of BV in iRFP682, another iRFP
containing two Cys residues, which was derived from the CBD of RpBphP2*. The crystal structure of the proto-
typical phytochrome precursor RpBphP2 is known?, and a structural model of the Cys positions in relation to the
embedded BV chromophore is shown in Fig. 2A.

Results and Discussion

Mutagenesis and protein biochemistry. Starting from the original construct (denoted iRFP682(CC)
in the following) with the Cys residues C15 in the PAS and C249 in the GAF domain (Fig. 2A), we exchanged,
first, either of the two cysteines, and second, both cysteines simultaneously for serine, which is non-reactive in
chromophore attachment. In this way, the serine exchange variants in the PAS domain (iRFP682(SC)), the GAF
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Figure 2. Double-Cys chromophore attachment in iRFP682. (A) The positions of the PAS- and GAF-Cys
(C15, C249) residues (exchanged for Ser in mutants) relative to the chromophore in the investigated protein
constructs. The presented homology model was derived from the iRFP713 homology model?’. (B) Scheme
showing denatured iRFP variant proteins with covalently attached BV. Double attachment results in a
covalently linked loop that withstands denaturation and leads to migration of the protein with apparently
lower molecular weight. (C) Purification of iRFP682(CC). All protein variants containing only one Cys residue
ran as a single band in SDS-PAGE at an apparent molecular mass of 37 kDa. iRFP682(CC) displays a second
band characteristic for iRFPs with double-Cys motif'® at an apparently lower mass, which was assigned to a
double attached BV species'!. This protein species was purified by treatment with GdnHCl and size-exclusion
chromatography (Supplementary Fig. S2).

domain (iRFP682(CS)) and the all-serine variant (iRFP682(SS)) were obtained. Except for iRFP682(SS), all pro-
tein variants bound BV covalently, as confirmed by Zn** fluorescence (Supplementary Fig. S1) performed in-gel
after SDS-PAGE, and a characteristic double-band feature was observed only for iRFP682(CC). Previous obser-
vation of this motif for iRFP682!° was assigned to a compact cross-linked protein species as a result of double Cys
attachment. The resulting topological loop in the protein prevents complete denaturation during SDS treatment,
and the protein migrates at a lower apparent mass during electrophoresis. These findings were confirmed by bio-
chemical methods and are in line with corresponding crystallographic data for miRFP670, indicating a mixture
of a GAF-only and a double attached species'!.

Purification of the double attached species. The two distinct protein species of iRFP682(CC) were not
separable by various conventional methods (ion-exchange chromatography, IEC; hydrophobic interaction chro-
matography, HIC; and size-exclusion chromatography, SEC) due to their identical protein surfaces and, therefore,
identical biophysical properties in chromatography experiments. However, iRFP682(CC) showed a spectroscop-
ically heterogeneous denaturation behavior when subjected to high guanidinium hydrochloride (GdnHCI) con-
centrations. A previous study showed that spectroscopically distinguishable subspecies of iRFP682(CC) denature
at different concentrations of GdnHCI. Before the possibility of double-Cys attachment was considered, this
behaviour was originally assigned to an allosteric effect caused by dimer-interaction'’. However, we reasoned
that a double-Cys attached and, therefore, cross-linked protein might be more stable under denaturing condi-
tions than the corresponding singly attached variant and could eventually cause this heterogeniety. To confirm
that the two species observed in the gel are in fact the reason for the heterogeneous denaturation behaviour, a
partially denatured sample (incubation in 2.8 M GdnHCl for 24 h, for detailed protocol on GdnHCl treatment, see
Supplementary Fig. S2) was subjected to SEC. After this treatment, a purified sample of a highly enriched double
attached species with only minor residual contribution of a singly attached fraction (the densitometric ratio of the
gel bands was 4:1) was identified by SDS-PAGE analysis (Fig. 2C, denoted as iRFP682(CC) purified).

UV/Vis spectroscopy. iRFP682(CS) displays an absorption pattern in the Q-band (max. 674nm) and the
Soret band region (max. at 383 nm) with the characteristic structure and spectral position of BV-binding BphPs
in the Pr state (Fig. 3). Compared to iRFP682(CS), the Q-band maximum in the cysteine-deficient variant iRF-
P682(SS) is red-shifted (691 nm) towards the absorbance maximum of the free BV, which would also be in line
with the increased conjugation length (by one DB) of the free chromophore, and the sample contained consider-
able amounts of apoprotein, indicated by the high relative intensity in the region of protein absorption (280 nm)
due to less effective chromophore assembly without covalent attachment. In contrast, iRFP682(SC) shows a
blue-shifted absorption maximum of the Q-band (665 nm). Furthermore, the shape of the Q-band is altered in
iRFP682(SC) and iRFP682(CC) as isolated, and a shoulder at 690 nm emerges. After GndHCI purification, the
shoulder is no longer detected, and iRFP682(CC) displays a homogeneous absorption pattern like P®B bound to
a GAF domain Cys in plant phytochromes (see e.g.'”). However, in case of iRFP682(CC) the BV chromophore is
linked to two Cys residues that should result in a more rigid chromophore embedment.

Fluorescence spectroscopy. In line with the absorption properties, the fluorescence emission maxima of
iRFP682(SS) and (CS) variants are red-shifted (max. 706 and 696 nm), and the intensities are low compared to
the other variants. In contrast, iRFP682(SC) and iRFP682(CC) as isolated and purified show the characteristic
high-intensity fluorescence peak (max. 682nm), albeit with different amplitudes. Notably, after the purification
procedure, the relative fluorescence intensity of iRFP682(CC) is strongly increased. By integration of the fluores-
cence signals and extrapolation from the known FQYs of the other variants (CS: 3.2%, SS: 2.2%, CS: 5.0%, CC
(as isolated): 11.1%'°), we estimated an FQY of 16.6% for the purified iRFP682(CC) with double-Cys attachment
of the chromophore (Table 1, and Fig. S$3). This is the highest FQY reported for the NIR FPs engineered from
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Figure 3. Absorption (black lines) and fluorescence (blue dotted lines) spectra of iRFP682 variants and the
purified double attached species. The absorption spectra were normalized at 640 nm (red dotted line), which
corresponds the fluorescence excitation chosen for all protein samples. Relative fluorescence intensities were
normalized according to the number of absorbed photons at 640 nm.

iRFP682(SS) 691 706 54400 (22) 13
iRFP682(CS) 674 696 87400 (3.2) 30
iRFP682(SC) 665 682 57400 (5.0 31
iRFP682(CC) as isolated | 665 682 84400 (11.1)° 100
iREP682(CC) purified 665 682 112200 16.6° 199

Table 1. Properties of the studied iRFP682 protein species. *“Molecular extinction coeflicients were calculated
from the ratio of the Soret and Q-band intensity according previous studies®. PParameters in parentheses refer
to the original publication'’. “The fluorescence quantum yield (FQY) of purified iRFP682(CC) was calculated
according to Supplementary Fig. S3. ‘Molecular brightness is the product of extinction coefficient and FQY.

BphPs so far®. This variant also has 1.3-fold increased extinction coefficient. Together, this resulted in almost
two-fold increase in molecular brightness.

Resonance Raman spectroscopy. We restrict the discussion to the spectral region comprising the
resonance Raman (RR) bands, which are characteristic of specific structural properties of the chromophore
(Fig. 4, for full spectral range, see Supplementary Fig. S4). The protonation state of BV is indicated by the band
at 1572/1575 cm~. This band originates from the in-phase in-plane bending of the ring B and C N-H groups
and, upon H/D exchange, shifts to the spectral region around 1070 cm™". The band is observed in all variants,
indicating that none of the amino acid substitutions affects the normal and fully protonated state of the cofac-
tor. The other bands in this region are assigned to modes mainly including the C=C stretching coordinates of
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Figure 4. Resonance Raman (RR) spectra of the investigated iRFP constructs in the marker region from 1450 to 1750
cm ™. Left panel: spectra recorded in H,O buffer, right panel: D,O buffer. The characteristic modes corresponding

to the C=C and C=0 stretching modes as well as the (ring B,C) N-H in-plane bending mode are labeled. Band
assignment was performed according to previous studies®?°. For full spectra, see Supplementary Fig. S4.

the methine bridges, as well as the C=0 stretching of rings A and D (1720 cm ™). The weak H/D sensitivity
of these modes results from the admixture of N-H in-plane bending coordinates of the adjacent pyrrole rings.
The corresponding mode of the A-B methine bridge (A-B stretching) remains unchanged by the substitutions
and is observed in the spectral region between 1650 cm ™! and 1656 cm™' and downshifts to the region between
1646 cm™" and 1649 cm ™! in D,0O buffer. A similar position and H/D effect was observed for the near-infrared
fluorescent RpBphP2-derived iRFP713 protein studied previously?. The latter study reported that the A-B
stretching mode at a frequency above 1650 cm™! is indicative of a strongly fluorescent conformer, in contrast
to the weakly fluorescent species with an A-B stretching mode between 1640 and 1645 cm™'. The purified
iRFP682(CC) shows the most upshifted mode at 1656 cm™!, indicating that the fluorescence is enhanced by
a conformational change at the A-B methine bridge. This should result from the strongest stabilization of the
ring A attached to two Cys.

In the spectral region between 1615 cm ™! and 1630 cm ™!, two closely spaced modes are observed, involv-
ing the C=C stretching coordinates of the C-D methine bridge (C-D stretching) and of ring D in the low- and
high-frequency component, respectively. The lower frequency mode at 1619 cm™" in iRFP682(CS) also includes
small admixtures (about 7%,?) of the N-H in-plane bending coordinates of rings C and D. Consequently, removal
of these latter contributions upon H/D exchange causes a considerable downshift of this mode (C-D stretching)
by 6 cm™!, in contrast to the nearly invariant high-frequency mode (ring D C=C stretching) such that the fre-
quency separation between both modes increases. Unlike the ring D C=C stretching, the frequency of the C-D
stretching mode displays considerable variations among the various species studied here. The lowest frequency
at 1619 cm ™! is observed for iRFP682(CS) and (SS), whereas for all GAF-Cys containing variants, this mode is
upshifted by nearly 10 cm ™! such that it coincides with the ring D C=C stretching. Therefore, for these iRFP var-
iants, both modes are only separated in the spectra of the samples in D,0.
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The proposed binding pattern for the double attachment (Fig. 1, structure D) lacks the endo- and exo-
cyclic double bonds!'!. Since the stretching mode of the exocyclic DB, predicted to be above 1650 cm™, is
Raman-inactive?, the RR spectrum for the double-Cys attachment is expected to be very similar to that of the
GAF-Cys-bound chromophore. In fact, the main peak in the C-D stretching region of iRFP682(CC) is observed
at the same position as for the iRFP682(SC) variants at 1629 cm™'. However, no separated ring D C=C stretching
peak is observed in iRFP682(CC) before or after purification, thus, single PAS-Cys attachment can be excluded
for the double cysteine variant. This interpretation is supported by the UV/Vis spectra, because there is no indi-
cation of a 674-nm absorbance peak in the spectrum of the purified iRFP682(CC). The iRFP682(CC) “as iso-
lated” spectrum comprises, in fact, a spectral superposition of iRFP682(SC) and the purified CC variant. The
RR and the fluorescence spectra of iRFP682 “as isolated” can be reproduced as the sum of 45% double- and 55%
GAF-only attached species (Supplementary Fig. S5).

Conclusions

In this study, we report the purification and characterization of a bacteriophytochrome-derived fluorescent pro-
tein species containing an unusual double-Cys-attached chromophore for the first time. To isolate this variant,
we applied a new purification protocol that takes advantage of the higher stability of the double-attached spe-
cies against denaturants. Though this study was performed on the near-infrared fluorescent protein iRFP682
derived from RpBphP2*, our findings are applicable to other near-infrared fluorescent proteins that contain two
chromophore-binding Cys residues in the PAS and the GAF domains, as the double-Cys-attached chromophores
were detected in several proteins engineered from different BphPs!®!!. UV/Vis absorption and fluorescence spec-
tra or RR spectroscopic signatures, which are characteristic for distinct chromophore configurations, are iden-
tified. Importantly, the purified double-Cys-attached species is characterized by a FQY of 16.6%, the highest
FQY reported for BphP-derived NIR FPs so far. Thus, together with the also increased extinction coefficient, the
purified protein containing BV bound to two Cys simultaneously showed two-fold increased molecular bright-
ness than the sample before purification (Table 1).

To improve brightness of future engineered iRFPs, the ratio of single- to double-Cys attachment needs to
be shifted towards higher yield of double-attached chromophore. Assuming that the chemical reactions lead-
ing to covalent chromophore attachment are irreversible, this is a kinetic problem of two competing reaction
pathways leading from free BV to either species C1 or D (Fig. 1). In iRFP682, the reaction kinetics of the two
pathways are similar, resulting in an about 50:50 ratio of C1 and D. To increase the amount of species D, either
the reaction A — D in Fig. 1 needs to be accelerated or A — C1 slowed down. These changes in reactivity could
be accomplished by changing the electrostatic environment of the attachment site by further amino acid substi-
tutions. Additionally, highly fluorescent chromophore states are characterized by a high RR signature band in the
region around 1650 cm ™!, which is characteristic for the ring A-B methine bridge C=C stretching coordinate and
indicates rigid chromophore embedment, as concluded earlier**. This rigidity is most likely responsible for the
exceptionally high FQY of BphP-derived NIR FPs containing two Cys residues. Analysis of the described spec-
troscopic features and denaturation behavior combined with rational mutagenesis of amino acids surrounding
the two chromophore-binding Cys residues in the PAS and in the GAF domains should facilitate engineering of
brighter NIR FPs.

Materials and Methods

Site directed mutagenesis, protein expression and purification. The cDNAs of the various iRFP
constructs were subcloned into the pBAD plasmid vector (arabinose-inducible) and transformed into LMG194
E. coli cells (Thermo Fisher Scientific, Waltham, MA) that already harbored a plasmid carrying the cDNA of a
heme oxygenase under the control of a rhamnose-inducible promoter, as described'’. Site-directed mutagene-
sis was performed using the QuikChange II Site-directed mutagenesis kit (Agilent, Santa Clara, CA) according
to manufacturer’s instructions. Oligonucleotides for mutagenesis were purchased from Eurofins MWG Operon
(Ebersberg, Germany). All cDNAs were confirmed by sequencing (Eurofins MWG Operon). Protein expression
in LMG194 E. coli cells and metal chelate affinity purification of the proteins was performed according to previ-
ously published procedures'**?’. Analytical size-exclusion chromatography (SEC) used a Superdex 200 Increase
10/300 column (GE Healthcare Europe, Freiburg, Germany) according to manufacturer’s procedures.

In-gel Zn?* fluorescence.  Protein samples were loaded at a concentration of 0.3 mg/ml (determined from
the absorption at 280 nm calculated by ProtParam, https://web.expasy.org/protparam/) on a SDS gel and sepa-
rated by electrophoresis prior to Zn** fluorescence. In-gel staining of biliverdin IXa bound to iRFP constructs was
carried out as described?®. The different fluorescence intensities of the samples treated with Zn?* (Supplementary
Fig. S1) are due to apoprotein contribution and incomplete chromophore assembly'’. Densitometric analysis of
protein bands in gel images was carried out with Image].

Spectroscopy. All measurements were performed under protective green light (502 nm). UV/VIS measure-
ments were performed with a Cary E4 spectrophotometer (Agilent, Santa Clara, CA). Fluorescence measurements
were performed using a Fluoromax 2 spectrometer (Horiba, Kyoto, Japan). Determination of the fluorescence
quantum yield (FQY) was performed as described in the Supplementary Fig. S3. The excitation wavelength was set
to 640 nm and the fluorescence signal was collected between 650 nm and 800 nm, and corrected according to the
number of absorbed photons (absorbance at 640 nm). RR spectroscopic measurements were carried as described
previously using a Fourier-transform (FT) Raman spectrometer with 1064-nm excitation?. All RR spectra shown
in this work were measured at —140°C, all UV/Vis and fluorescence spectra at room temperature (20 °C).
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8 CONCLUSIONS

8 Conclusions

Within the scope of this thesis, phytochromes from plants, cyanobacteria, bacteria,
and bioengineered phytochrome derivates (iRFPs) were investigated with UV /Vis ab-
sorption, fluorescence emission, time-resolved and static pre-resonance Raman and
IR difference spectroscopy. In some cases, this combined spectroscopic approach was
complemented by biochemical and theoretical studies conducted by co-workers or co-
operation partners from other research institutions. All presented studies aimed to
contribute to an expansion of the basic knowledge about phytochromes and iRFPs
on a molecular level. The important conclusions and implications that were derived
based on the experimental results are highlighted in the following.

The conformational equilibrium in the Pfr state of plant phytochromes
The Pfr state in plant phytochromes comprises a conformational equilibrium of two
sub-states, Pfr-I and Pfr-II, that differ with respect to their conformation at the C/D
methine bridge and are distinguishable by RR spectroscopy.|183] The population ra-
tio of Pfr-I and Pfr-II depends on multiple factors such as the chemical structure of
the bilin chromophore (P®B or PCB), but also the plant species: PhyB from the
dicotyledon Arabidopis thaliana and the monocotyledon Sorghum bicolor differ with
respect to the Pfr-I/II ratio. Indirect factors also contribute to the population of the
sub-states: the Pfr equilibrium is changed in NTE-deletion mutants of both SbPhyB
and AtPhyB, while the chromophore structure in the Pr state is not affected by the
truncation. Hence, there must be some type of interaction between the NTE and
the chromophore in the Pfr state, which changes the Pfr-1/Pfr-IT equilibrium. Addi-
tionally, NTE truncation accelerates the Pfr-to-Pr dark reversion.|26] This opposing
effect can be rationalized when different thermal reversion rates for Pfr-1 and Pfr-11
are considered. The interaction of SbPhyB with PIF3 has also an impact on the ratio
between Pfr-I and Pfr-II in samples that were assembled with PCB. But in contrast
to NTE-deletion, the effect is reversed: while NTE deletion shifts the equilibrium in
favor of Pfr-I, interaction with PIF3 facilitates Pfr-II. Furthermore, the addition of
PIF3 to SbPhyB samples decelerates the dark-reversion reaction.[62] This underpins
the hypothesis that the dark-reversion depends on the ratio of Pfr-I to Pfr-IT and it
can be concluded that Pfr-I relaxes faster in darkness to Pr then Pfr-II.

Interestingly, a molecular interaction of PIF3 with the PCB chromophore of Sb-
PhyB was also observed in the Pr state by RR experiments, which seems to contradict
the MST results, because here no binding was observed in the Pr state. The dif-
ferent results obtained by the two techniques are probably due to the differences in
sample concentration in the RR and MST experiments. The experimental validation
or disproof of this working hypothesis is a desirable goal for the future. Biophysical
investigations of the interactions of phytochromes with other PIF isoforms also pose
an interesting objective in order to find common motifs or differences.

Characterization of SbPhyB PG PAS-GAF-PHY or PAS-GAF phytochrome vari-
ants are widely used in biochemical, spectroscopic and crystallographic studies because
these truncated protein constructs can be concentrated to higher optical densities and
protein crystals diffract with higher intensity and up to higher resolutions. However,
the use of shortened constructs as models for the FL protein bears the risk to misinter-
pret experimental results and thus draw wrong or artificial mechanistic conclusions. A
comparative RR and IR spectroscopic characterization of SbPhyB PG and PGP was
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applied to assess the similarities and differences that arise from the domain truncation
and crystallization procedure. The RR spectra of the Pr state in the PGP and PG
constructs in solution and the PG crystal are nearly identical, suggesting that there
are no crystallization or truncation artifacts that impact the chromophore binding
pocket in the PG crystal.

The PG photoproduct exhibits a broad Q-band of low intensity in the UV /Vis spec-
trum, indicating substantial differences to Pfr. RR spectroscopy in solution implies
that PCB adopts a geometric configuration similar to the Meta-Rc state of the PGP
variant, but the chromophore is protonated at all four pyrrole rings like in Pfr. RR
spectroscopy also showed that it is possible to generate the protonated Meta photo-
product in crystallo by illumination of the PG crystals. Thus, x-ray crystallography of
illuminated SbPhyB PG crystals might yield a structure that can be used as a model
for the Meta-Rc state in plant phytochromes. These results can also be compared
with PGP crystals, once they are available.

Temperature effects in Slr-GAF3 The dark-adapted state of the PCB-binding
CBCR Slr-GAF3 comprises the typical features of a canonical Pr state, but pho-
toactivation yields a meta-stable green absorbing (Pg) photoproduct. In contrast to
DXCF CBCRs, the hypsochromic shift in Slr-GAF3 is not due to the addition of a
secondary Cys residue that disrupts the conjugated m-electron-system. The initial
photochemical reaction is a Z/E isomerization like in canonical phytochromes, and
thus the unusual green absorption properties must originate from distinct molecular
interactions of PCB with its molecular environment. UV /Vis and RR spectroscopic
data of Slr-GAF3 and the homologous AnPixJg2 were compared and analyzed based
on four different models that were proposed for the Pg state.[169] The most likely
explanation for the hypsochromic shift is a twisted configuration of the pyrrole rings
A and D in combination with a hydrated chromophore binding pocket. In the future,
a theoretical modeling on the QM /MM of this state is desirable to facilitate the in-
terpretation of the RR and IR spectra. This approach would become feasible on the
basis of a Pg X-ray crystal structure.

Unlike AnPixJg2, Slr-GAF3 does not preserve its UV /Vis and RR spectroscopic
properties upon decreasing temperature. Instead, the Pr state converts to an orange-
absorbing (Po) state and Pg displays a red shifted absorption spectrum (Pg,) when
subjected to cryogenic temperatures. The mechanism of these conversions was dis-
cussed, and a thermal reaction is the most likely candidate. To understand the exact
nature of the Po state and the thermodynamic properties of its formation, further
experimental work is necessary. A series of temperature-dependent UV /Vis or Raman
measurements allows the exact determination of the reaction enthalpy and entropy
with a van,t Hoff plot. Furthermore, the activation energy of the transition can be
determined when the kinetics of thermal relaxation to Pr after light-activation are
monitored at different temperatures.

Development of a time-resolved pre-resonance Raman set-up Ultrafast (FSRS)
Raman studies have contributed substantially to the understanding of the initial pho-
toreaction in phytochromes.|35] However, this technique cannot access longer time
scales and is therefore not suitable for the investigation of the later photocycle in-
termediates, such as the Meta states. A novel time-resolved set-up was developed
that combines a flow cell system with a commercial FT-Raman spectrometer. The
set-up includes continuous-wave pump and probe lasers, pre-resonant NIR excitation
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and photochemical back-conversion of the sample in a reservoir to ensure fresh sample
conditions for each experiment. The Meta state decay of the canonical Bph Agpl
and the bathy Bph Agp2 in the ms time regime were investigated. The spectroscopic
results imply that the photocycle reactions in both systems do not represent linear
processes but instead include branching reactions from Meta-Rc and Meta-F back to
the initial states (Pr or Pfr, respectively). Thus, only a fraction of the light-activated
photoreceptors in an ensemble converts to the signaling state, while another fraction
converts back to the dark-adapted state via the shunt reaction pathway. This thresh-
old mechanism is consistent with the biological function of phytochromes as sensors
for durable changes of light conditions. Interesting objectives for future research in-
clude the modeling of time-resolved UV /Vis and IR data with a model that includes
the possibility of thermal shunt reactions. It is also desirable to investigate whether
this reaction only applies to the investigated PGP constructs, or also to full length
proteins and other phytochrome variants.

Characterization of phytochrome activated cyclase IsPadC Bioengineered and
natural phytochrome chimera constructs with variable catalytic output modules can be
used for optogenetic applications, such as second-messenger regulation.|182] One vari-
ant, the phytochrome-activated di-guanylyl cyclase IsPadC, was recently crystallized
and UV /Vis spectroscopic experiments implied a Pfr/Meta-Rc mixture in the light-
activated heterodimer.[60, 61] To test this hypothesis, a complementary approach of
RR and IR difference spectroscopy was used to access the state of the BV chromophore
and the protein after the phototransformation. While the Pr state of the IsPadC is
very similar to the canonical Bph Agpl, the FL photoproduct displays a higher sim-
ilarity to the IsPadC and Agpl PG constructs, which can be used as models for the
Meta state. The heterodimer hypothesis is also underpinned by the IR results, which
show a reduced intensity of the characteristic amide I difference signal. This band
is commonly associated with the secondary structure change of the tongue motif and
thus the transition from Meta-R to Pfr.

Fluorescence quantum yield of IRFPs The Pr state of RpBphP2 PG and de-
rived variants comprises a mixture of fluorescent (conformer I) and non-fluorescent
(conformer II) sub-states. Generating variants with high FQY that can be used for
fluorescence microscopy thus requires the shift of the conformational distribution to-
wards conformer IT and optimizing its structure to raise the probability for radiative
excited state decay. The two conformers I and II differ in the dihedral angles at the
C,D and A,B methine bridges which can be monitored by RR spectroscopy by the
frequency of the corresponding C—=C stretching vibrations. The structural differences
of conformer I reduce and eventually block photoconversion and might also abolish
a proton transfer reaction which is a competing excited-state decay channel. In the
fluorescence optimized variants iRFP713 and iRFP682, amino acid substitutions shift
the conformational equilibrium towards conformer I and thus enhance the fluores-
cence quantum yield. Hereby, randomly introduced substitution of amino acids in
the chromophore binding pocket and at remote positions in the protein backbone act
together in a non-additive way, thus a rational design of fluorescence enhanced iRFPs
is aggravated.

142



Chromophore attachment in iRFPs Some iRFP variants with very high FQY in-
clude an artificial secondary Cys residue in the GAF domain. One variant, miRFP682,
was successfully crystallized and a novel double-attachment motif was described where
the A ring vinyl group of BV is covalently bound to both, the canonical and the sec-
ond Cys.[9] This motif represents ca 50 % of the protein ensemble and in the other
50 %, BV is attached to the GAF-Cys. These two fractions are readily detected in the
SDS page Gel analysis because the double attachment leads to an internal crosslink-
ing and thus this fraction of proteins unfold less and move through the gel with a
lower apparent mass.|9] This enhanced durability against denaturation agents was
used for the development of a novel purification protocol. The 50/50 mixture that is
obtained when the double-Cys variant is assembled with BV in vitro was subjected
24 h to high concentrations (2.8 M) of GANHCI. After a subsequent SEC run, SDS
page gel analysis revealed the prevalence of the double-attached species while most
of the GAF-only-attached fraction was removed. The proteins before and after the
purification procedure were analyzed by UV /Vis, fluorescence and RR spectroscopy
and compared to different Cys/Ser exchange mutant proteins. The purified double-
attached species has the highest FQY (16.6 %) that was ever reported for an iRFP.
RR spectroscopy revealed that the gain in fluorescence is accompanied by a high fre-
quency of the A|B C=C stretching mode which is a marker band of conformer I (vide
supra). The double attachment of BV stabilizes conformer I and thus enhances the
FQY wvia the mechanism that was described for iRFP713.|23] These findings bear
major consequences for the development of rational design strategies for highly fluo-
rescent iRFPs: the 16.6 % represent a desirable benchmark value which can be reached
by an improvement of the autolyase reaction selectivity towards the double-attached
product.
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Fig. S1. Absorption spectra of Sh-phyB
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Fig. S1. Absorption spectra of Sh-phyB and Sb-ANTE assembled with P®B and PCB.
The black and red traces refer to the spectra obtained after irradiation with far-red and red
light, respectively. The corresponding absorption spectra of At-phyB and At-ANTE are

reported in ref. 8 (Supporting Information).
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Figure 9.1.1: From bottom to top: Unsubtracted UV /Vis spectra of AtPhyB FL, SbPhyB PG and
SbPhyB PGP in their dark (Pr) and photo-activated states (Pfr in the case of FL and Meta for the
SbPhyB PG construct).
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Figure 9.1.2: Full range RR spectra of SbPhyB. From bottom to top: the Pr states of the PGP and
PG constructs, followed by the room-temperature photoproduct of PG (Meta). This photoproduct
can be compared to the cryo-trapped Meta-Rc intermediate and the Pfr spectrum of the PGP variant.
Spectra were recorded in HoO and D,Obuffer.
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9.2 Supplements: Cyanobacterial Phytochromes

Protein expression and purification The cDNA constructs used in this study com-
prised a plasmid harboring the ¢cDNA for Slr-GAF3 (pJOE5751 Rhamnose promotor,
Ampicillin resistance), and another one carrying the cDNAs of human heme oxyge-
nase type 2 (hHox2) and the PCB:ferredoxin oxidoreductase PcyA from Anabaena
sp. PCC7120 (both subcloned into the two MCS regions of the pRSFDuet plasmid,
which carries a T7 promotor and kanamycin resistance). Sl-GAF3 ¢cDNA was syn-
thesized by artificial gene synthesis (GeneArt, Regensburg, Germany) based on the
PDB amino acid sequence (amino acids 417 to 577 of GenBank entry BAM50929.1,
plus N-terminal 6xHis tag) with codon usage optimized for expression in human cell
lines (¢cDNA sequence available on request). Both plasmids were co-transformed in
Rosetta(DE3) pLysS cells (Chloramphenicole resistance). Cell cultures were grown in
TB medium, harvested and resuspended in PBS buffer. The cells were lysed in three
cycles of freeze/thaw in dry ice and hot water. After removal of the cell debris by
centrifugation (20000g,4 °C), the clarified supernatant was purified on a Talon Co®"
affinity column (GE Healthcare) and eluted with buffer containing 1x PBS, 300 mM
NaCl and 300 mM imidazole. Purest fractions were pooled and concentrated (3 kDa
Macrosep protein filter). In a last step, the concentrated protein solution was desalted
(Sephadex column) and eluted with 1x PBS buffer.

Interaction with imidazole The spectral changes upon imidazole addition are pro-
nounced in the Po state, comprising a downshift of the marker band by 23 cm™ accom-
panied by a vanishing of the B,C N-H in plane bending mode at 1585 cm™ (fig. ,
implying a deprotonation of PCB upon interaction with the base. In the Pg’ state,
only a small shift of the marker band (- 3 em™), changes in band width and relative
intensities are observed (data not shown). To further characterize the interaction of
PCB with imidazole, a RR titration experiment was performed. First, the amount
of GAF3 in the highly concentrated solution for the RR experiment was calculated
using the specific absorption properties of the protein at 280 nm. The Expasy prot-
parameter tool calculates a specific absorption Absagonm (1 g/1)=1.6 and a molecular
weight of M=22100 g/mol from the sequence of Slr-GAF3.[54] The UV /Vis absorption
spectrum at 100x dilution was measured (Cary E4 Spectrometer, Varian). A value
of Absagonm=0.4 was obtained, corresponding to a concentration of 0.4 mg/ml in the
diluted, and of 40 mg/ml in the undiluted (RR) sample, respectively. This yields a
molar concentration for Sle-GAF3 of ¢010r = ¢/M = 1.8umol/ml. 3 uL of the sample
solution were diluted 1:1 in Tris-Cl Buffer (pH=7.8), and used for the RR experiment,
corresponding to 5.4 nmol of Slr-GAF3. The concentration of imidazole in the stan-
dard solution was adjusted to 4 nmol/pul, (elution buffer/Tris-Cl buffer 1:75) and then
added to the Slr-GAF3 sample in 1 yL steps. This leads to a dilution of the sample,
and for comparability the resulting spectra were normalized to the phenylalanine ring-
breathing mode at 1004 cm™. Since this mode originates from the protein backbone
possible changes of the PCB scattering cross-section upon imidazole interaction are
taken into account by the normalization procedure.

The interaction with imidazole is specific for Slr-GAF3 and could neither be observed
in AnPixJg2, nor in the canonical phytochrome Agpl PGP (fig. . The effect is
also reversible with the buffer exchange method described in the materials and meth-
ods (see chapter [3.3)). Since imidazole is a base and red/green CBCRs were described
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to be protochromic|73|, the UV /Vis and RR spectra of Slr-GAF3 as well as the imi-
dazole effect were investigated for potential pH-dependence. UV /Vis and RR spectra
in the Pr and Pg state with and without imidazole addition were recorded in TrisCl
buffer at pH values of 6 and 9. The RR spectra of Agpl PGP and AnpixJg2 in Tris Cl
Buffer (pH=7.8) were measured according to the standard conditions described in the
materials and methods (see Chapter. Agpl and AnpixJ do not show any imidazole
dependence at 10-fold imidazole excess in the parent states (see fig. .

PH-dependence The imidazole effect was tested in Po and Pg’ in Tris-Cl buffer
at pH=6 and pH=9 (see fig. . Without imidazole, the Pr spectrum remains
unchanged at pH=6 (compared to pH=7.8), Pg shows neglectable differences (marker
band -2 cm™). The interaction pattern with imidazole is the same in both parent states
as at pH=7.8. A change to pH—6 has no effect on the sample. Without imidazole, no
pH effect in Pr or Pg are observed at pH=9, the protein and chromophore environment
are in a stable configuration in a range from pH=6 to pH=9. With imidazole, large
deviations over the whole spectral range are observed in the Pr as well as in the Pg
state. At pH=9, the imidazole interaction is altered. imidazole has a pKa=7 for the
first protonation and Tris buffer is adjusted to a pH=7.8, so at pH=7.8 as well as
at pH=9, histidine and imidazole are single protonated, in contrast to pH=6, where
significantly more double protonated His/imidazole should be present. These contra-
dictions point to a distinct molecular interaction of PCB with imidazole, instead of a
general pH-effect.
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Figure 9.2.1: Full range RR spectra of Slr-GAF3 and AnpixJG2 in the Pr (bottom) and the Pg
states (top). Spectra were recorded in H;O and D, Obuffer.
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Figure 9.2.2: RR spectra of AnpixJ (Pr and Pg states, top) and Agpl (Pr and Pfr states, bottom)
with and without 10x imidazole excess. Black traces refer to samples without imidazole, blue spectra
were recorded after addition of 10x imidazole excess to the solution.
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Figure 9.2.3: RR spectra of Slr-GAF3 with 10x imidazole excess at pH=9 (Pg and Pr, top) and
pH=6 (Pg and Pr, bottom). Black traces refer to samples without imidazole, blue spectra were
recorded after addition of 10x imidazole excess to the solution.
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Figure 9.2.4: Full range temperature dependent RR spectra of Slr-GAF3. Spectra were recorded
in HoO and D,Obuffer. From bottom to top: the Pr spectrum of Slr-GAF3 at 293 K changes when
it is frozen in the dark (77 K). The product is assigned to the Po state that is also observed in the
UV /Vis spectra at low temperatures (see chapter . The Pg state is also changed during freezing
in a similar manner, and is converted to the Pg’ state at 77 K (top).
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Figure 9.2.5: RR spectra of Slr-GAF3 titration with imidazole. The color code refers to different
excess amounts of imidazole solution added to the RR sample and is given in the inset figure legend.
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Figure 9.2.6: Difference IR spectra of Slr-GAF3 (bottom) and SbPhyB PG (top). Spectra were
recorded in HyO and D>Obuffer.
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Supplementary note 1: Experimental Part

The photosensor (PAS-GAF-PHY) modules of Agpl and Agp2 were expressed and purified as
described previously.™ For RR experiments, the protein solutions (buffered to pH 7.8 by Tris-HCI) were
concentrated to yield a final concentration of ca. 0.7 mg/mL. A 15 mL conical vessel including the
concentrated protein solution (ca. 0.7 mg/mL; ca. 10 mL) was placed in a light-sealed thermostable
(20 °C) water bath. To slow down sample degradation, the sample reservoir was kept under inert N,
atmosphere. However, degradation mainly due to shear forces generated by pumping the solution
through the capillary could not be completely avoided. After a series of measurements, a pellet of
degraded protein sample was usually found at the tip of the conical vessel. (Figure S1). Glass capillary
micropipettes (Brand Blaubrand intraMark 200 pL) with an inner diameter of 1.6 mm and an outer
diameter of 2 mm were used for applying the pump-probe (c1 in Figure S1) sequence as well as for
photoinduced regeneration to the initial state (c2 in Figure S1). The flow of the sample was controlled
by a peristaltic pump equipped with an easy-load 3 pump head (Masterflex L/S precision pump system,
Cole Parmer/Novodirect). Since significant degradation of the sample was noted for higher pump
frequencies (vpump > 20 rpm), vpump = 6 rpm and vpump = 20 rpm defined the accessible range of flow
rates from 0.1 to 0.03 mm/ms in the capillary.

The spectra were measured with a FT Raman spectrometer RFS 100/S (Bruker) that was slightly
modified for the time-resolved set-up. A 1064 nm Nd:YAG continuous wave (cw) Raman laser (line
width 1 cm™, laser spot size dyone = 1 mm) was directed through an optical fiber and a prism (m0) onto
the capillary (c1) (Figure S1). The scattered radiation was collected in a 180° back-scattering geometry.
The cw pump laser beam (dyump =1 mm) was focused onto the capillary in 90° with respect to the probe
laser beam. The spot size was adjusted for uniform illumination of the sample in the capillary to
achieve maximum photoconversion. The laser spot position was spatially adjustable up to 20 mm
relative to the probe beam. This configuration provides the range of time-resolution with 10 - 200 ms
for vpump = 20 rpm, and 33 - 670 ms for 6 rpm. To induce the photochemical reaction cascade, a
wavelength close to the absorption maximum of the first electronic transition of Agpl and Agp2 was
chosen. In the case of the Pfr state of Agp2, a solid state laser with output at 785 nm was used
(CrystalLaser), providing an unfocussed spot size of dpymp = 1 mm and a power of 65 mW. For
photoconversion of the Pr state of Agpl, the 20 mW output of a 685 nm laser diode (Thorlabs,
HL6750MG) was focused onto the capillary with an aspheric lens (LT110P) collimation optics to
achieve a spot size of 1 mm in diameter. With dyump = dorove = 1 mm, the closest possible distance of
the two laser spot centers is 1mm, i. e., when the two laser spots touch each other. At this small spatial
separation, the entrance optics of the spectrometer also collects scattered light from the pump laser
hitting the capillary, resulting in an increased noise level in the spectra. Thus, a 785 nm edge filter
(Semrock 785 nm razor edge ultra steep long-pass edge filter, cut-off wavelength around 790 nm) was
attached to a lever in the spectrometer to remove unwanted stray light (Figure S1 and Figure S2). The
lever allows access to the filter from outside of the spectrometer.

The photosensor module of Agp2 undergoes a fast dark reversion from Pr to Pfr with a time
constant of ca. 5 s that is distinctly shorter than the residence time in the reservoir. Thus, no
additional photoinduced recovery of the initial state was required to achieve fresh-sample conditions.
Agpl displays a much slower dark relaxation kinetics® and, therefore, Pr regeneration had to be
accelerated via photoinduced conversion of Pfr, using the 785 nm laser (65 mW) to illuminate the
sample downstream of the probe laser focus (c2 in Figure S1). For Agp2, each pump-probe spectrum
was averaged over 500 scans. Between the measurements of two pump-probe spectra, a probe-only
spectrum of 100 scans was recorded as a reference for the respective difference spectrum and to
check if fresh-sample conditions were established. Because of the slower reversion kinetics, each
single pump-probe spectrum of Agpl consisted of only 30 scans. To improve the signal-to-noise ratio,
for each delay time eight spectra were co-added corresponding to a total of 240 scans. Between the
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acquisitions of two pump-probe spectra, a probe-only spectrum of 100 scans was measured that
served as a reference to generate the time-resolved difference spectra (“pump-probe” minus “probe
only”), and as a control for checking “fresh sample” conditions. The RR spectra of the initial states
shown in Figure 2 represent the sum of all probe-only RR spectra of the corresponding series of
measurements. To avoid systematic errors (e.g. from sample degradation) the sequence of spectra
acquisition at specific delay times was randomized for both proteins. Pump-probe and probe-only
spectra were measured with 670 mW of the 1064 nm probe laser.

The flow speed was varied in the accessible range between 10 — 670 ms for both systems,
resulting in different residence times of the sample in the pump beam. Longer residual times in the
pump laser spot did not speed up the kinetics of the branching reactions, thus ruling out the possibility
of a secondary photoreaction. The background spectrum (2000 scans) of the glass capillary (cl in
Figure S1) filled with buffer solution (cf. Figure S2) was subtracted from each RR spectrum, using the
OPUS software package (Bruker). “Pump-probe” minus “probe-only” difference spectra were
generated with the Origin software package (Origin labs).

Figure S1
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Figure S1. Experimental set-up for the time-resolved RR measurements viewed from the top (A) and from the
side (B). Mirrors and capillaries are denoted by “m” and “c”, respectively. The 785-nm edge filter (f) is placed in
front of the aperture (a), where the collected light beam has a small diameter, and is attached to a lever, enabling
positioning of the filter into and out of the light pathway from outside the spectrometer.



WILEY-VCH

Figure S2
with filter
pump laser off l

T
- with filter
3 i
g Y, without filter
=
)
<
L | without filter
£

|

T 1 T -
0 5.000 10.000 15.000 20.000 25.000 600 800 1.000 1.200 1.400 1.600 1.800 2.000
interferogram points/# ——s Av/cm" —_—

Figure S2. Effect of the 785 nm edge filter on the signal-to-noise ratio. Interferograms and the corresponding
Raman spectra (average of 100 scans), taking from capillary including the buffer solution, are shown on the left
and right panel, respectively. Right panel: Spectra in the presence of the pump beam are shown in red, the
reference spectrum (probe only) is shown in black for comparison.

Supplementary note 2: Interpretation of the slow Pfr recovery kinetics in Agp2

The slow phase of the Pfr recovery in Agp2 (Figure 3) can assigned to the reaction sequence Meta-F
— Pr — Pfr. For the first step, flash photolysis experiments have revealed a time constant of ca. 500
ms." This time constant most likely refers to formation of the “normal” keto form of the chromophore
that shows an RR spectrum that is nearly indistinguishable from that of Meta-F,”” such that reaction
step Meta-F — Pr cannot be directly monitored by time-resolved RR spectroscopy. This reaction step
includes the secondary structure change and can only be monitored by IR spectroscopy.® Thus, the
time-dependent evolution of the 1618 cm™ actually reflects the superposition of formation and decay of
the keto-form of Pr and the decay of Meta-F. The keto-form of Pr is involved in an equilibrium with the
corresponding enol tautomer (70% at pH 7.8), which exhibits very low RR cross sections at 1064 nm
excitation,’ and thus cannot be detected in the time-resolved RR spectra. The enol form of Pr then
constitutes the starting point for the dark reversion of to Pfr for which a time constant of ca. 5 s was
determined.?* These individual reaction steps may in fact account for the complex kinetics of the slow
Pfr recovery.
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Supplementary note 3: Quality of the RR spectra

The RR spectroscopic analysis of phytochromes suffers from the fact that phytochrome states with
protonated chromophores exhibit a distinctly more intense RR spectrum than those with deprotonated
chromophores. This is due to the different Raman cross sections of the prominent bands. Using the
1004 cm™ of Phe as an internal standard one may estimate that the cross section of the strongest RR
band of Meta-R (C-D methine bridge stretching) is at least 6 times smaller than that of Pr or Pfr upon
excitation in (pre)resonance with the first electronic transition (here 1064 nm). Thus, one can calculate
that an improvement of the time-resolved RR spectra of Agpl (Fig. S3) up to a level that allows for the
identification of Meta-Rc would require ca. 50 further series of measurements corresponding to a
minimum of 350 mg of the protein. This amount of sample by far exceeds the current capacities of our
protein production.

Using excitation lines in resonance with the second electronic transition causes a slight improvement of
the relative intensities of the RR spectrum of Meta-Rc compared to Pr. However, in that case (unlike to
1064 nm excitation) the Raman probe beam is not photo-“innocent” but causes photoconversion of the
sample in the probe beam. For a reliable kinetic analysis, photolysis in the probe beam must be
minimized which in turn is only possible with (i) high flow rates of the sample and (ii) a low photon flux
of the Raman probe beam (for details see [5]). High flow rates do not only per se require a larger
amount of protein for each experiment. It also facilitates protein denaturation due to the higher shear
forces at the exit of the optical capillaries. These drawbacks and the restriction to a low photon flux of
the probe beam further increase the necessary accumulation time such that, altogether, the advantage
of using lower protein concentrations is not only destroyed but turned into the opposite. Thus, we have
discarded this experimental option. For similar reasons, red excitation (in rigorous resonance with the
Q-band) was also not an acceptable option. Here, also the interference by the fluorescence impairs the
measurement of the RR spectra.

Thus, the best results were finally obtained with 1064-nm excitation since the probe beam does not
induce any photoreactions of the parent states or the intermediates. Here the disadvantage is the use
of high concentrations (due to the low overall resonance enhancement), however, the sample
demands in these experiments were much more modest compared to the other options with rigorous
resonance enhancement. Nevertheless, also in this case, the sample demand is the limiting factor as
we have described above.
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Figure S3. Time-resolved RR spectra of the Pr—Pfr phototransformation of Agpl, measured at different delay
times. The corresponding difference spectra are shown in Figure 2.

Figure S4: Time-resolved RR spectra of Agp2
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Figure S4. Time-resolved RR spectra of the Pfr—Pr phototransformation of Agp2, measured at different delay
times. The corresponding difference spectra are shown in Figure 2.
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Figure 9.4.1: From bottom to top: Unsubtracted UV /Vis spectra of Agpl and IsPadC FL, IsPadC
PG and Agpl PG. The Pr spectra are recorded in the dark and the respective Meta and Pfr spectra
were generated via illumination with a 660 nm LED.
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Figure 9.4.2: From bottom to top: Unsubtracted UV /Vis spectra of Agpl and IsPadC FL, IsPadC
PG and Agpl PG. The Pr spectra are recorded in the dark and the respective Meta and Pfr spectra
were generated vig illumination with a 660 nm LED. Remaining Pr contributions (see fig. were
removed by spectral subtraction. Dashed lines indicate Pr-minus-photoproduct difference spectra.
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9.4 Supplements: IsPadC
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Figure 9.4.3: Full range IsPadC and Agpl RR spectra in the Pr state. From bottom to top: Agpl
FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in HoO and D>O buffer.
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Figure 9.4.4: Full range IsPadC RR spectra in the photo activated (Pfr and Meta) state. From
bottom to top: Agpl FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in HoO and
D50 buffer.
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9.4 Supplements: IsPadC
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Figure 9.4.5: IsPadC RR spectra in the HOOP region in the Pr state. From bottom to top: Agpl
FL, IsPadC FL, IsPadC PG and Agpl PG. Spectra were recorded in HoO and D>O buffer.

173



9 SUPPLEMENTARY DATA

Agpl 1713 1721

PG
3?

IsPadC [~ ' ‘
PG

IsPad
FL

1709
1703
Agpl
FL
1680 1700 1720 1740 1760

Raman shift/cm™

Figure 9.4.6: IsPadC RR spectra in the CO region in the photo activated (Pfr and Meta) states.
From bottom to top: Agpl FL, IsPadC FL, IsPadC PG and Agpl PG. IsPadC spectra are faded
beacuse of the high noise level. Spectra were recorded in HoO and D->0O buffer.
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9.5 Supplements: IRFPs

9.5 Supplements: IRFPs

iRFP sequence alignment is given below:

RpP6 1 MPR----- KVDLTSCDREPIHIPGSIQPCGCLLACDAQAVRITRISENAG
iRFP702 1 MAR----- KVDLTSCDREPIHIPGSIQPCGCLLACDAQAVRITRITENAG
iRFP670 1 MAR----- KVDLTSCDREPIHIPGSIQPCGCLLACDAQAVRITRITENAG

RpP2 1 MTEGSVARQPDLSTCDDEPIHIPGAIQPHGLLLALAADMTIVAG-SDNLP

iRFP713 1 MAEGSVAR(QPDLLTCDDEPIHIPGAIQPHGLLLALAADMTIVAG-SDNLP
iRFP720 1 MAEGSVARQPDLLTCDDEPIHIPGAIQPHGLLLALAADMTIVAG-SDNLP
iRFP682 1 MAEGSVAR(QPDLLTCDDEPIHIPGAIQPHGLLLALAADMTIVAG-SDNLP

RpP6 45 AFFGRET-PRVGELLADYFGETEAHALRNALAQSSDPKRPALIFGWRDGL

iRFP702 45 AFFGRET-PRVGELLADYFGETEAHALRNALAQSSDPKRPALIFGWRDGL
iRFP670 45 AFFGRET-PRVGELLADYFGETEAHALRNALAQSSDPKRPALIFGWRDGL
RpP2 49 ELTGLAIGALIGRSAADVFDSETHNRLTIALAEPGAAVGAPIAVGFTMR-

iRFP713 49 ELTGLAIGALIGRSAADVFDSETHNRLTIALAEPGAAVGAPITVGFTMR-
iRFP720 49 ELTGLAIGALIGRSAADVFDSETHNRLTIALAEPGAAVGAPITVGFTMR-
iRFP682 49 ELTGLAIGALIGRSAADVFDSETHNRLTIALAEPGAAVGAPITVGFTMR-

RpP6 94 TGRTFDISLHRHDGTSIVEFEPAAADQADNPLRLTR---QIIARTKELKS

iRFP702 94 TGRTFDISLHRHDGTSIIEFEPAAAEQADNPLRLTR---QITARTKELKS
iRFP670 94 TGRTFDISLHRHDGTSIIEFEPAAAEQADNPLRLTR---QITARTKELKS
RpP2 98 KDAGFVGSWHRHDQLVFLELEPP(QRD-VAEPQAFFRRTNSAIRRLQAAET

iRFP713 98 KDAGFIGSWHRHDQLIFLELEPPQRD-VAEPQAFFRRTNSAIRRLQAAET
iRFP720 98 KDAGFIGSWHRHDQLIFLELEPPQRD-VAEPQAFFRRTNSAIRRLQAAET
iRFP682 98 KDAGFIGSWHRHDQLIFLELEPPQRD-VAEPQAFFRRTNSAIRRLQAAET

RpP6 141 LEEMAARVPRYLQAMLGYHRVMMYRFADDGSGKVIGEAKRSDLESFLGQH

iRFP702 141 LEEMAARVPRYLQAMLGYHRVMLYRFADDGSGKVIGEAKRSDLESFLGQH
iRFP670 141 LEEMAARVPRYLQAMLGYHRVMLYRFADDGSGMVIGEAKRSDLESFLGQH
RpP2 147 LESACAAAAQEVREITGFDRVMIYRFASDFSGEVIAEDRCAEVESYLGLH

iRFP713 147 LESACAAAAQEVRKITGFDRVMIYRFASDFSGEVIAEDRCAEVESKLGLH
iRFP720 147 LESACAAAAQEVRKITGFDRVMIYRFASDFSGSVIAEDRCAEVESKLGLH
iRFP682 147 LESACAAAAQEVRKITGFDRVMIYRFASDFSGVVIAEDRCAEVESKLGLH

RpP6 191 FPASDIPQQARLLYLKNAIRVISDSRGISSRIVPERD-ASGAALDLSFAH

iRFP702 191 FPASLVPQQARLLYLKNAIRVVSDSRGISSRIVPEHD-ASGAALDLSFAH
iRFP670 191 FPASLVPQQARLLYLKNAIRVVSDSRGISSRIVPEHD-ASGAALDLSFAH
RpP2 197 FPASDIPAQARRLYTINPVRIIPDINYRPVPVTPDLNPVTGRPIDLSFAI

iRFP713 197 YPASTVPAQARRLYTINPVRIIPDINYRPVPVTPDLNPVTGRPIDLSFAI
iRFP720 197 YPASFIPAQARRLYTINPVRIIPDINYRPVPVTPDLNPVTGRPIDLSFAI
iRFP682 197 YPASAVPAQARRLYTINPVRIIPDINYRPVPVITPDLNPVTGRPIDLSFAI

RpP6 240 LRSVSPIHLEYLRNMGVSASMSLSIIIDGTLWGLIACHHYEPRAVPMAQR
iRFP702 240 LRSISPIHLEFLRNMGVSASMSLSIIIDGTLWGLIICHHYEPRAVPMAQR
iRFP670 240 LRSISPCHLEFLRNMGVSASMSLSIIIDGTLWGLIICHHYEPRAVPMAQR
RpP2 247 LRSVSPVHLEYMRNIGMHGTMSISILRGERLWGLIACHHRKPNYVDLDGR
iRFP713 247 LRSVSPVHLEFMRNIGMHGTMSISILRGERLWGLIVCHHRTPYYVDLDGR
iRFP720 247 LRSVSPNHLEFMRNIGMHGTMSISILRGERLWGLIVCHHRTPYYVDLDGR
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9 SUPPLEMENTARY DATA

iRFP682 247 LRSVSPCHLEFMRNIGMHGTMSISILRGERLWGLIVCHHRTPYYVDLDGR

RpP6 290 VAAEMFADFFSLHFTAAHHQR-------------———-ommm - 311

iRFP702 290 VAAEMFADFLSLHFTAAHHQR---------------———— o 311
iRFP670 290 VAAEMFADFLSLHFTAAHHQR------------—--————— - 311
iRFP713 297 QACELVAQVLAWQIGVMEE------—— - 316
iRFP720 297 QACELVAQVLAWQIGVMEE-----———---om oo 316
iRFP682 297 QACELVAQVLAWQIGVMEE-----———--oo oo 316
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9.5 Supplements: IRFPs
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Figure 9.5.1: UV/Vis spectra of iRFP702, iRFP720, iRFP670 and Cys/Ser exchange variants of
iRFP670.
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9 SUPPLEMENTARY DATA
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Figure 9.5.2: RR spectra of iRFP 702 and 720 in H,O and D->0O buffer.
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9.5 Supplements: IRFPs
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Figure 9.5.3: RR spectra of iRFP670 and Cys/Ser exchange variants recorded in HoO buffer.
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Figure 9.5.4: RR spectra of iRFP670 and Cys/Ser exchange variants recorded in D2 O buffer.
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1. Nomenclature of chromophore geometry

ZZZssa configuration
ZZEssa configuration

The geometry of the biliverdin chromophore is denoted according to the configuration (Z/E;
Z - “zusammen”, E - “entgegen”) and conformation (s/a; s - syn, a - anti) of the methine
bridges between the pyrrole rings A, B, C, and D. In the Pr ground state, the configuration is
ZZZssa, in the Pfr state ZZEssa. In the protein, the cofactor is covalently attached to a
cysteine via the ethylidene substituent at ring A. The C atoms in rings A—D are numbered for
reference. Photon absorption leads to a photoinduced Z/E isomerization of the
chromophore around the methine bridge between rings C and D. The figure was modified
based on Fig. 1a from (Nieder et al., 2011).

Nieder, J.B., Stojkovic, E.A., Moffat, K., Forest, K.T., Lamparter, T., Bittl, R., and Kennis, J.T. (2011).
Pigment-protein interactions in phytochromes probed by fluorescence line narrowing
spectroscopy. J. Phys. Chem. B 117, 14940-14950.
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2. Fluorescence data analysis

The fluorescence decays were analyzed employing a Levenberg-Marquardt algorithm for the
minimization of the reduced ,” after iterative reconvolution with the instrumental response function
(IRF). The value of x> depends on a parameter set (p,s...., p,) of the chosen continuous fit function

A(t, A, p,,..., p,) for the temporally discrete fluorescence points F( wﬂ)- The function x,is evaluated
in each time t channel (v= 1.4096) after convolution of the determined fit function

A(t, A, p,,..., p,) With the IRF and averaged over all time channels:

, 4096 1 F(t,.A)—Alt,, A, P P, i
(51 4, (Pu P 2) =2 09 ( )F((t /1)p p)]

v

At, 4, p,,.., p,) Was chosen as a triexponential decay function
3
~tlz;
(S2) A= Z;aj (e,
=

with the parameters a;(4) and 7 denoting wavelength-dependent amplitude a; (1) and time
constant r, of the j™ exponential decay component for two components (n = 3). The triexponential

fits of all decay curves measured in one time- and wavelength resolved fluorescence spectrum were
performed as global fits with common values of lifetimes 7 (linked parameters) for all decay curves

and wavelength-dependent pre-exponential factors a; (1) (non-linked parameters). The result of
this analysis is usually plotted as a graph of a;(4) for all wavelength independent lifetimes 7

representing so-called decay associated spectra (DAS) thus revealing the energetic position of
individual decay components.

The quality of the fit was judged by the value of x,” and by the degree of randomness of residuals
(difference between the experimental data points and the fit at each time point t ) to check for the

absence of any correlation of the deviations in a certain time interval. For this judgment, the
autocorrelation function of the residuals was calculated, which was around 1.0 for the whole time
interval. For these calculations, the software of Globals Unlimited® (University of lllinois, Urbana,
USA) was used. It was found that a sufficient quality of the fit could be achieved for fitting with n=3
decay components (y° = 1.05). No significant improvement was obtained with n>3 decay
components.

Buhrke et al. Supplementary Information page 3



2. Absorption spectra and photoconversion

iRFP P2-PG
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Figure S1. Normalized absorption spectra of P2PG, iRFP, and the mutants obtained via route A (right)
and route B (left) showing the typical Soret (around 400 nm) and Q bands (around 700 nm) due to
absorption of the biliverdin chromophore. Spectra measured before and after red-light irradiation
(660 nm LED) are shown in black and right, respectively. Note that the photoactive variants only
undergo a phototransformation to the Meta-R state which, due to the low extent of
photoconversion, is typically reflected only by a decrease of the Q-band absorption. All spectra were
normalized to the protein absorption peak at 280 nm.
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3. Fluorescence spectra
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Figure S2. Fluorescence spectra measured for the various mutants, obtained via route A (left) and
route B (right). For normalization, the fluorescence spectra were corrected according to the number
of absorbed photons at the excitation wavelength according to the recorded UV/Vis absorption
spectra using as a reference the published extinction coefficient of iRFP (85,000 M™ cm™) from ref.
11. Standard solutions of the dyes Atto 680 (Attotech) in H,O and Nile Blue (Sigma Aldrich) in
ethanol (®5 = 0.3/0.27) were used as references to determine the iRFP quantum yield (®5 = 0.059).
Subsequently, iRFP was used as a reference for determining the fluorescence quantum yields of the
other phytochrome variants.

Buhrke et al.

Supplementary Information

page 5



4. RR spectra in the low frequency region

Below 700 cm™ there are three medium intense Raman bands which may be assigned in analogy to
previous vibrational analysis of the BV chromophore in the Pfr state of Agp2 (see manuscript). In
that case, theoretical calculations predicted modes of considerable Raman intensity in this region
that involve torsional and out-of-plane deformation coordinates of rings D, C, and ring B, as well as
the N-H out-of-plane coordinate of ring B. Guided by the predicted Raman intensities and
frequencies, we assign the peak at 673 cm™ (674 cm™) of iRFP (P2-PG) to two closely spaced modes
involving mainly torsional and out-of-plane deformation coordinates of rings C and D (Figure S3).
The 651 cm™ band in the spectrum of iRFP (656 cm™* for P2-PG) displays a small upshift upon H/D
exchange which can be rationalized in terms of the involvement of the N-H out-of-plane coordinates
in H,0 but not in D,0. An even larger contribution of this coordinate is likely to be the origin for the
disappearance of the 659 cm™ band of iRFP (663 cm™ in P2-PG) in D,0, where a new band at
distinctly higher frequencies (690 cm™) is detected instead. We therefore tentatively assign the 659-
cm™ band (iRFP) to a mode of significant N-H out-of-plane character, presumably localized at ring B,
and the 651-cm™ band to a torsional and out-of-plane deformation mode involving ring D (vide
supra).

Inspection of the spectral changes brought about by the substitutions according to route A
and B shows that the upshift of the HOOP mode from 810 cm™ (P2-PG) to 813 cm™ (iRFP) is
produced by the single mutations at either the position 202 (D202T) or 258 (Y258F) (Figure S4). The
latter replacement is also responsible for the intensity increase of the 663 cm™ band whereas the
frequency shift of this band largely depend on the remote amino acid substitutions.

814

651

IRFP

P2-PG

650 700 750 800 850

Av/cm’
Figure S3. RR spectra of P2PG and iRFP in the HOOP region, measured from samples in H,O (black)
and D,O (red).
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Figure S4. RR spectra of the P2-PG variants obtained via route A (left) and route B (right), compared

with the spectra of the wild-type P2-PG and iRFP. The spectra, measured from the proteins in H,0,

display the region of the HOOP modes.
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5. IR difference spectra

Infrared difference spectroscopy

IR difference spectroscopy can be employed only to those variants which undergo a
photoisomerisation (Figure S5). Due to the lack of the PHY domain, the spectra of these variants do
not display any major difference signals in the amide | and amide Il region. However, the C=0
stretching mode of ring D, which in the Pr state of P2PG is observed at 1711 cm™, can clearly be
identified in all photoactive variants, albeit at slightly higher frequencies. The corresponding ring A
C=0 stretching at 1737 cm™ (P2PG) can barely be detected suggesting that the position of this mode
remains largely unchanged upon photoconversion.

T
T202D / V2031 / F258Y
1575

Y258F A ]

Y258F / D202N

15751

D202H

P2PG

1594

. I T T T
1600 1700

wavenumbers / cm”'

Figure S5. IR difference spectra obtained by subtracting the spectrum of the parent Pr state from
that of the photoproduct obtained by 660 nm LED irradiation. Thus, negative and positive bands refer
to the parent state and the photoproduct (usually a Meta-R state), respectively. The signals of the
ring D and A carbonyl functions are observed between 1710 and 1725 cm™ and above 1730 cm™,
respectively. As expected, no major signals are observed in the amide | region.
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6. RR spectra of further mutants
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Figure S6. RR spectra of various mutants derived from P2PG.
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experimentally determined fluorescence quantum yield ®@.
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Figure S1: To investigate whether the chromophore was covalently attached to the respective
apoproteins, SDS-PAGE with subsequent in-gel Zn*" fluorescence assay was performed ' Upper
panel: Coomassie blue staining shows a single band for all protein variants containing one Cys.
iRFP682(CC) displays a second band characteristic for iRFPs with a double-Cys motif. Lower Panel:
Except for the iRFP682(SS) variant, the chromophore is covalently attached to the protein, as
indicated by the characteristic fluorescence of the BV-Zn** complex. In-gel staining of biliverdin IXa
bound to iRFP constructs was carried out as described '. The concentration of the protein samples
loaded on the gel was 0.3 mg/ml (determined from the absorption at 280 nm calculated by

ProtParam).



T T T T T T T T T
—— 0.0 M GdHCI
—— 0.4 M GdHCI
—— 0.8 M GdHCI
1.2 MGdHCI
1.6 M GdHCI
2 M GdHCI
—— 2.4M GdHCI
— 2.8 M GdHCI
—— 3.2 M GdHCI
—— 3.6 M GdHCI

300 350 400 450 500 550 600 850 700

wavelength/nm

= 660nm 0 M GdHCI
*— 600nmM 2.8 M GdnHcl
A— 690nm Difference

rel. Intensity/a.u.
o o
P9

o
[V
L

L L
0.5 1.0 1.5 2.0 25 3.0 35 4.0 550

600 650 700 750

GdnHCI/M wavelength/nm

o
o

Figure S2: The affinity-purified iRFP682(CC) protein was titrated with GdnHCI as described previously?
and the heterogeneous denaturation behavior, affecting contributions of the protein species with
different chromophore attachment differently (i.e. those hypothesized to be due to the single- and
double-attached form, and small fraction of the species with non-covalently bound chromophore
absorbing at 690 mn), was reproduced (upper panel). At 2.8 M GdnHCI, the deviation of the relative
absorption intensities at 660 nm and 690 nm is the largest (lower left panel), indicating that the more
stable double-attached species could be maximally enriched under these conditions, whereas the
least stable form with non-covalently attached chromophore absorbing at 690 nm is denatured
together with less stable single-attached form. Therefore, these conditions were chosen to induce
denaturation of the single-attachment species and size-exclusion chromatography was performed
subsequently in order to isolate the non-denatured (double-attached) species (see Fig. 1 in main
article). The absorption spectra of the iRFP682(CC) “as isolated”, of the sample enriched in double-
attached species after the denaturation purification scheme, and the difference spectrum

(corresponding to the single-attached species lost during purification) is shown in the lower right panel.
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Figure S3: Calculation of the FQY of purified iRFP682(CC) from published data on the basis of FQY
values determined for other protein variants in the literature (see Table 1 for references). The
published FQY values were plotted against the experimentally determined integrated fluorescence
intensities measured in a fluorescence spectrometer at defined protein concentrations (based on
characteristic extinction coefficients). Linear extrapolation to the integrated fluorescence intensity
measured for purified iRFP682(CC) yields an FQY of 16.6%.



iRFP682(CC)
purified

iRFP682(CC)
as isolated

iRFP682(SC)

iRFP682(CS)

iIRFP682(SS)
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Raman shift/cm™ Raman shift/cm™

Figure S4: Full-range resonance Raman spectra of all investigated protein variants. The left panel

shows measurements performed in H,O buffer, the right panel in D,O buffer.
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Figure S5: iRFP682(CC) as isolated is a mixture of species containing double-attached chromophore
and species with chromophore attached to the GAF domain. The RR spectrum of IRFP682(CC) as
isolated (black lines) represents a superposition of the pure double-attached species (red lines) and
the single-attached species iIRFP682(SC) (blue lines). The ratio of the spectral contributions is
0.45:0.55, as represented by the corresponding sum (magenta lines) of the spectra of single- and
double-attached species, which matches the spectra of the “as isolated” species. Left panel: RR
spectra in H,O, middle: in D,O. Right panel: fluorescence spectra according to the same color code.
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Figure S6: Original gel photographs of the Coomassie-stained SDS gel shown in Figure S1 (left
panel), the corresponding in-gel Zn?* staining fluorescence image (middle panel) and of the
Coomassie-stained SDS gel shown in Figure 2C of the main manuscript.
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