Vibrational Spectroscopic Approaches in Phytochrome
Research

Subjects: Chemistry, Analytical
Contributor: Peter Hildebrandt

Phytochromes are biological photoswitches that translate light into physiological functions. Spectroscopic techniques are
essential tools for molecular research into these photoreceptors.

Keywords: Raman ; IR ; spectroscopy ; phytochrome

| 1. Introduction

Phytochromes constitute a class of sensory photoreceptors that utilize light as a source of information to trigger a
physiological response WRIEI4 They harbor a linear methine-bridged tetrapyrrole as the chromophoric unit, which, upon
light absorption, undergoes a double bond isomerization around the methine bridge between rings C and D Bl The
primary photoprocess is followed by thermal relaxations that eventually lead to functionally relevant structural changes in
the protein for conversion between the parent states. These states are the red-absorbing Pr and the far-red absorbing Pfr
state, which represent the physiologically inactive and active forms.

While phytochromes were initially thought to exist exclusively in plants, representatives of this photoreceptor family were
later also found in bacteria and fungi 1. Regardless of the origin, all phytochromes display the same general photo-
induced reaction pattern but differ with respect to the domain composition and the type of tetrapyrrole and its binding site.
Phytochromes include a tetrapyrrole-binding photosensor module composed of PAS (period/ARNT/single-minded), GAF
(cGMP phosphodiesterase/adenylate cyclase/FhlA), and PHY (phytochrome-specific) domains, as well as an output
module with an enzymatic domain, which is frequently a histidine kinase. Plant and cyanobacterial phytochromes carry a
phytochromobilin (P®B) or phycocyanobilin (PCB), respectively, both with the Cys binding site in the GAF domain.
Bacterial and fungal phytochromes harbor biliverdin (BV) attached to a Cys in the PAS domain Bl In most of the
phytochromes (prototypical phytochromes), Pr is the thermodynamically stable parent state, which is also thermally
recovered (dark reversion) after photo-conversion to Pfr. Only in some bacterial phytochromes are the relative
thermodynamic stabilities of the parent states reversed, and Pfr is the stable dark state (bathy phytochromes) [,

Related to phytochromes are a class of cyanobacterial photoreceptors lacking the PHY domain EllZ. These
cyanobacteriochromes (CBCR) carry a PCB chromophore, covalently attached to a Cys in the GAF domain, and also
represent photoswitches between two parent states. However, these states can show absorption maxima in the entire
visible spectral range from the red to the violet region (&,

The first vibrational spectroscopic experiments on phytochromes were published in the late 1980s, although dedicated
Raman and IR spectroscopic approaches were successfully applied to other photoreceptors much earlier RILLLI2] Ope
of the obstacles that made the vibrational spectroscopy of phytochromes an enormous challenge was the tedious isolation
and purification of the protein from plants, which was, until the late 1990s, the only source for the relatively large amounts
of sample needed for the experiments. Furthermore, the purified phytochrome was by far not as stable as the classical
benchmark photoreceptor bacteriorhodopsin (BR) 2], and thus specifically adapted vibrational spectroscopic approaches
were required.

| 2. IR Spectroscopic Techniques

IR absorption spectroscopy provides information about the secondary structure of proteins 14!, which, in view of its large
size, was not a particularly instructive method for phytochromes 3. Thus, IR spectroscopy is mainly carried out as
reaction-induced difference spectroscopy, comparing the spectra measured after irradiation with the reference spectra
obtained in the dark REIANL8] These difference spectra exclusively display those vibrational bands of both the
chromophore and the protein that undergo changes upon the reaction. Although the difference spectra between the parent



states are obtained at ambient temperature, the spectral changes associated with intermediate states are measured at
temperatures at which the desired state is trapped 18,

Time-resolved IR spectroscopy, like rapid-scan and step-scan spectroscopy, requires long signal accumulation times and
large amounts of sample 2021 These techniques were developed on the basis of experiments with BR, which
undergoes a photocycle within less than 100 ms 2229, Thys, within less than a second, in BR, the original photoreceptor
state is recovered as a prerequisite for repetitive probing (fresh sample condition). In phytochromes, thermal recovery
(dark reversion) takes much longer B, which leads to unacceptably long measuring times. Hence, the only solution is the
photo-induced recovery of the initial state, implying a demanding three-beam pump-probe-pump setup [22. Such
experiments have been successfully carried out with phytochromes covering a time range from microseconds to seconds
(22123] probing faster events requires a different approach based on transient absorption techniques, which allow
monitoring the evolution of the IR-active vibrational bands over femtoseconds and above and can cover a wide dynamic
range [241[25](26]127][28][29)[30] The experiments are based on narrow IR probe pulses, and their wavelength may be tuned
over a spectral region of several hundreds of wavenumbers. In the case of monitoring localized modes, such as the C=0
stretching of the chromophore, polarization-dependent measurements may even provide information about the time-
dependent orientational changes of the group 2231, For all time-resolved IR spectroscopic techniques, a good signal-to-
noise ratio is a prerequisite for a reliable spectra interpretation. In this respect, noise-reduction approaches are of
particular importance, as shown, for instance, by Kibel et al. 22, who developed a generally applicable method on the
basis of the time-resolved spectra of phytochromes.

Recently, two-dimensional IR spectroscopy was applied to phytochromes 3l This technique is capable of identifying the
coupling between different spectral changes and, thus, adds an additional type of information to the analysis of the
structural and reaction dynamics of the photoreceptor.

| 3. Raman Spectroscopic Techniques

Raman spectroscopy is an important tool to selectively probe the vibrational spectrum of a chromophore upon excitation
in resonance with its electronic transition (RR spectroscopy) 243, |n the case of phytochromes, RR spectroscopy faces
the problem of fluorescence, which can obscure the RR signals, as well as uncontrolled photo-conversions. Fodor et al.
were the first to present a solution by using excitation lines in the near-infrared (NIR) at 792 or 752 nm, which is shifted
from the fluorescence maximum but yet sufficiently close to the first electronic transition of the tetrapyrrole chromophore
(670=750 nm) to achieve good resonance enhancement 28371 Using a classical Raman spectrometer, these experiments
suffered a bit from the low signal detection sensitivity in this spectral region. An alternative, which meanwhile has been
widely applied to phytochromes, is the Fourier transform (FT) Raman spectroscopic technique, which offers the
advantages of a high optical throughput and excellent frequency stability B8IBEAAEL] |t js restricted to 1064-nm excitation,
however, this still provides sufficient resonance enhancement of the chromophore bands such that the protein Raman
bands are efficiently discriminated 24,

An interesting approach to eliminate fluorescence is shifted-excitation Raman difference spectroscopy (SERDS), in which
two spectra are measured with slightly different excitation lines that are in resonance with the electronic transition of the
chromophore ¥2. The resultant difference spectrum cancels the fluorescence but yields a rather noisy spectrum with
positive and negative Raman difference bands. These signals were simulated assuming Lorentzian band profiles and,
thus, allow for calculating the absolute RR spectrum. A comparison with the spectra obtained under pre-resonance
conditions demonstrated not only the reliability of SERDS but also the close similarity of the RR spectra with rigorous and
pre-resonance enhancement [39142],

The various RR spectroscopic approaches described above exploited the resonance enhancement associated with the
lowest electronic transition in the red spectral region. Only a few studies have used excitation lines that were in resonance
with the second transition at ca. 360—-400 nm, although the fluorescence quantum vyield is distinctly lower [431(24145]
However, the high excitation energy might favor undesired side reactions.

Further techniques that circumvent fluorescence include coherent anti-Stokes (resonance) Raman spectroscopy (CARS)
and surface-enhanced resonance Raman spectroscopy (SERRS). CARS probes the vibrational spectrum at the higher
energy (anti-Stokes) side of the excitation line and, thus, does not interfere with fluorescence, but it is technically quite
demanding 48], SERRS can be applied when the target molecules are immobilized on nanostructured plasmonic metals
like Ag or Au ¥7M8 Thys, the RR scattering is enhanced by several orders of magnitude due to the coupling of the
surface plasmons with the radiation field. In addition, due to a manifold of decay channels for the excitation energy in the
metal, fluorescence is efficiently quenched. Serious drawbacks, however, include adsorption-induced and photo-induced



degradation of the immobilized proteins. In fact, the first results by CARS and SERRS were not very promising 49I01[51]
such that both approaches were not employed anymore in further studies.

In contrast, femtosecond (fs)-stimulated Raman scattering (FSRS), which, like CARS, requires a highly complex
experimental setup, is a technique with strong future potential 22531541 |n FSRS, a picosecond (ps) probe pulse that
controls the spectral resolution is combined with a spectrally broad fs pump pulse governing the time resolution to
generate a stimulated Raman spectrum. When studying a protein-bound chromophore, the probe pulse is tuned in
resonance with its electronic transition. Then, FSRS selectively probes the chromophore, and due to the coherent
character of the stimulated Raman scattering, fluorescence interference can easily be avoided. As the most intriguing
advantage, however, the transform limit can be overcome. Thus, it is possible to probe ultrafast processes upon the
temporal correlation of the FSRS pulses with an additional fs photolysis pulse that initiates the reaction of interest 521,

The RR techniques described so far were designed to establish resonance conditions with the electronic transition of the
tetrapyrrole chromophore. Qualitatively different information can be obtained when the excitation line is shifted to the UV
spectral region in resonance with the electronic transitions of the aromatic amino acid residues of the protein B2, UV-RR
spectroscopy probes the intramolecular interactions of Trp and Tyr, but its application of phytochrome suffers from the
large number of these amino acids, which makes the interpretation of possible changes very difficult 28157,

In contrast to IR spectroscopy, which is restricted to the (frozen) solutions of phytochromes, RR spectroscopy can also be
applied to phytochrome crystals. Such experiments were carried out with low-energy NIR excitation (1064 nm) to avoid
photodestruction B8IBAEA Thys, it was possible to obtain vibrational spectra from the state of the phytochrome sample for
which a crystallographic analysis yielded a three-dimensional (3D) structural model. This is particularly advantageous
when the Raman spectra of the chromophore are evaluated by quantum-mechanical/molecular mechanics (QM/MM)
calculations that are based on the crystal structure (vide infra) 22,

| 4. Spectra Interpretation

In addition to experimental obstacles, the interpretation of the vibrational spectra represents an enormous challenge. IR
difference spectra are typically dominated by signals of the amide | and Il modes of the protein and the localized C=0
stretching modes of the tetrapyrrole substituents. In some cases, the distinction between protein and chromophore bands
was not unambiguous a priori but could be clarified by isotopic labeling (162631 13¢._|apeling of the apoprotein of the
bathy phytochrome Agp2 from Agrobacterium fabrum and its reconstitution with unlabeled BV chromophore allowed for
the identification of unusual protonated propionic C=0 stretching by ruling out the alternative assignment to a carboxyl
amino acid side chain 63, Agp2—like other bathy phytochromes—also allowed for the sequential H/D exchange of the
pyrrole N-H groups [, Thus, the C=0 stretching modes of rings A and D could be distinguished due to coupling with the
N-H co-ordinates of the same rings €3], thereby confirming earlier assignments based on the selective 180-labelling of the
ring A C=0 group €11,

The greatest problem, however, was initially the vibrational assignment of the RR spectra. Until the first crystal structure
determination of a phytochrome 84l information about the structure of chromophore was rather vague. Extraction
experiments suggested a ZZZ and ZZE configuration for chromophore in Pr and Pfr, respectively 621, No direct evidence
for the conformation of a methine bridge was available, such that the starting point of a normal mode of analysis, i.e., the
molecular geometry, was poorly defined. Thus, one could not build upon the successful empirical normal mode analyses
of cyclic tetrapyrroles, i.e., porphyrins [E8IE71(68]

Instead, emphasis was laid on a spectral comparison using model compounds (e.g., biliverdin dimethyl ester and related
tetrapyrrole derivatives) or tetrapyrrole-binding proteins of a known structure and isotopically labeled tetrapyrroles (PCB
and derivatives) assembled with apo-phytochromes [B2I[58I(661(67](68169)[70)(71[72][Z3][74](7SI(76]7 7)[78)[79BOIBLIB2] However, due

to the high conformational flexibility of linear methine-bridged tetrapyrroles, the model compounds could hardly mimic the

specific structures of the chromophores in phytochromes stabilized by interactions with surrounding amino acids. Thus,
the main benefit of studying the model compound was to use it for testing and training molecules for developing

theoretical approaches to calculate vibrational spectra, from semi-empirical to quantum chemical methods [B7)[39][7)[72][73]
[74][75][81][83][84][85][86][87][(88] )

Among them, density functional theory (DFT) calculations were the best compromise between computational costs and
accuracy. When applying the appropriate scaling procedures, the frequency error could be reduced to less than +15 cm™
[831(89]  Nevertheless, the inevitable drawbacks were the specific van der Waals and electrostatic interactions with the
protein, which affect the structural and electronic properties of the chromophore in a way that could not be mimicked by



calculation of the molecule in vacuo. This problem was eventually solved with the development of QM/MM techniques,
specifically when combined with molecular dynamics (MDs) simulations [A[B1I92] Here, the segment of interest, i.e., the
chromophore and possibly nearby amino acids, are treated quantum mechanically, whereas, for the remainder of the
protein, an empirical force field is used. QM/MM requires a reliable 3D structure as the starting point and was successfully
applied to tetrapyrrole-binding proteins and eventually to phytochromes first by the Mroginski group 22193124](95]

A good reproduction of the RR spectra by the QM/MM calculations can serve as a criterion for the quality of the 3D
structure model, not only as far as the chromophore itself is concerned but also with respect to the protonation pattern of
the amino acids adjacent to the chromophore 28], which is not accessible by protein crystallography. The spectroscopic-
theoretical characterization of a reference state, typically one of the parent states, may then constitute the starting point
for the analyses of those states for which, due to the lack of experimentally determined structures, only tentative 3D
models are suggested. Here, the comparison between the calculated and experimental RR spectra then guides the
refinement of the model. In addition, with an increasing set of data, for instance, derived from snapshots of an MD
simulation, structure—spectra relationships can be obtained that allow for estimating the geometrical parameters of
tetrapyrrole, even without extensive calculations [9s][97],

References

1. Borthwick, H.A. Phytochrome Action and Its Time Displays. Am. Nat. 1964, 98, 347-355.

2. Briggs, W.R.; Rice, H.V. Phytochrome: Chemical and Physical Properties and Mechanism of Action. Annu. Rev. Plant
Physiol. 1972, 23, 293-334.

3. Rockwell, N.C.; Su, Y.-S.; Lagarias, J.C. Phytochrome Structure and Signaling Mechanisms. Annu. Rev. Plant Biol.
2006, 57, 837-858.

4. Wang, H. Phytochrome Signaling: Time to Tighten up the Loose Ends. Mol. Plant 2015, 8, 540-551.

5. Karniol, B.; Vierstra, R.D. The Pair of Bacteriophytochromes from Agrobacterium Tumefaciens Are Histidine Kinases
with Opposing Photobiological Properties. Proc. Natl. Acad. Sci. USA 2003, 100, 2807—-2812.

6. Ikeuchi, M.; Ishizuka, T. Cyanobacteriochromes: A New Superfamily of Tetrapyrrole-Binding Photoreceptors in
Cyanobacteria. Photochem. Photobiol. Sci. 2008, 7, 1159-1167.

7. Rockwell, N.C.; Moreno, M.V.; Martin, S.S.; Lagarias, J.C. Protein—-Chromophore Interactions Controlling
Photoisomerization in Red/Green Cyanobacteriochromes. Photochem. Photobiol. Sci. 2022, 21, 471-491.

8. Fushimi, K.; Narikawa, R. Cyanobacteriochromes: Photoreceptors Covering the Entire UV-to-Visible Spectrum. Curr.
Opin. Struct. Biol. 2019, 57, 39-46.

9. Stockburger, M.; Klusmann, W.; Gattermann, H.; Massig, G.; Peters, R. Photochemical Cycle of Bacteriorhodopsin
Studied by Resonance Raman Spectroscopy. Biochemistry 1979, 18, 4886—4900.

10. Braiman, M.; Mathies, R. Resonance Raman Evidence for an All-Trans to 13-Cis Isomerization in the Proton-Pumping
Cycle of Bacteriorhodopsin. Biochemistry 1980, 19, 5421-5428.

11. Siebert, F.; Mantele, W.; Kreutz, W. Evidence for the Protonation of Two Internal Carboxylic Groups during the
Photocycle of Bacteriorhodopsin. Investigation of Kinetic Infrared Spectroscopy. FEBS Lett. 1982, 141, 82-87.

12. Bagley, K.; Dollinger, G.; Eisenstein, L.; Singh, A.K.; Zimanyi, L. Fourier Transform Infrared Difference Spectroscopy of
Bacteriorhodopsin and Its Photoproducts. Proc. Natl. Acad. Sci. USA 1982, 79, 4972-4976.

13. Oesterhelt, D.; Stoeckenius, W. Rhodopsin-like Protein from the Purple Membrane of Halobacterium Halobium. Nat.
New Biol. 1971, 233, 149-152.

14. Edlung, P.; Takala, H.; Claesson, E.; Henry, L.; Dods, R.; Jehtivuori, H.; Panman, M.; Pande, K.; White, T.; Nakane, T,;
et al. The Room Temperature Crystal Structure of a Bacterial Phytochrome Determined by Serial Femtosecond
Crystallography. Sci. Rep. 2016, 6, 35279.

15. Siihnel, J.; Hermann, G.; Dornberger, U.; Fritzsche, H. Computer Analysis of Phytochrome Sequences and
Reevaluation of the Phytochrome Secondary Structure by Fourier Transform Infrared Spectroscopy. Biochim. Biophys.
Acta Protein Struct. Mol. Enzymol. 1997, 1340, 253-267.

16. Foerstendorf, H.; Lamparter, T.; Hughes, J.; Géartner, W.; Siebert, F. The Photoreactions of Recombinant Phytochrome
from the Cyanobacterium Synechocystis: A Low-Temperature UV-Vis and FT-IR Spectroscopic Study. Photochem.
Photobiol. 2000, 71, 655-661.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Sakai, J.; Morita, E.H.; Hayashi, H.; Furuya, M.; Tasumi, M. Infrared Studies of the Phototransformation of
Phytochrome. Chem. Lett. 1990, 19, 1925-1926.

Foerstendorf, H.; Mummert, E.; Schéafer, E.; Scheer, H.; Siebert, F. Fourier-Transform Infrared Spectroscopy of
Phytochrome: Difference Spectra of the Intermediates of the Photoreactions. Biochemistry 1996, 35, 10793-10799.

Uhmann, W.; Becker, A.; Taran, C.; Siebert, F. Time-Resolved FT-IR Absorption Spectroscopy Using a Step-Scan
Interferometer. Appl. Spectrosc. 1991, 45, 390-397.

Gerwert, K. Molecular Reaction Mechanisms of Proteins as Monitored by Time-Resolved FTIR Spectroscopy. Curr.
Opin. Struct. Biol. 1993, 3, 769-773.

Ritter, E.; Puskar, L.; Bartl, F.J.; Aziz, E.F.; Hegemann, P.; Schade, U. Time-Resolved Infrared Spectroscopic
Techniques as Applied to Channelrhodopsin. Front. Mol. Biosci. 2015, 2, 38.

Piwowarski, P.; Ritter, E.; Hofmann, K.-P.; Hildebrandt, P.; von Stetten, D.; Scheerer, P.; Michael, N.; Lamparter, T.;
Bartl, F. Light-Induced Activation of Bacterial Phytochrome Agpl Monitored by Static and Time-Resolved FTIR
Spectroscopy. ChemPhysChem 2010, 11, 1207-1214.

Kottke, T.; Xie, A.; Larsen, D.S.; Hoff, W.D. Photoreceptors Take Charge: Emerging Principles for Light Sensing. Annu.
Rev. Biophys. 2018, 47, 291-313.

Hauck, A.F.E.; Hardman, S.J.O.; Kutta, R.J.; Greetham, G.M.; Heyes, D.J.; Scrutton, N.S. The Photoinitiated Reaction
Pathway of Full-Length Cyanobacteriochrome TIr0924 Monitored over 12 Orders of Magnitude. J. Biol. Chem. 2014,
289, 17747-17757.

Hardman, S.J.0.; Heyes, D.J.; Sazanovich, I.V.; Scrutton, N.S. Photocycle of Cyanobacteriochrome TePixJ.
Biochemistry 2020, 59, 2909-2915.

Van Thor, J.J.; Ronayne, K.L.; Towrie, M. Formation of the Early Photoproduct Lumi-R of Cyanobacterial Phytochrome
Cphl Observed by Ultrafast Mid-Infrared Spectroscopy. J. Am. Chem. Soc. 2007, 129, 126-132.

Schumann, C.; GroR3, R.; Michael, N.; Lamparter, T.; Diller, R. Sub-Picosecond Mid-Infrared Spectroscopy of
Phytochrome Agpl from Agrobacterium Tumefaciens. ChemPhysChem 2007, 8, 1657-1663.

Toh, K.C.; Stojkovi¢, E.A.; Rupenyan, A.B.; Van Stokkum, I.H.M.; Salumbides, M.; Groot, M.L.; Moffat, K.; Kennis,
J.T.M. Primary Reactions of Bacteriophytochrome Observed with Ultrafast Mid-Infrared Spectroscopy. J. Phys. Chem. A
2011, 115, 3778-3786.

Yang, Y.; Linke, M.; Von Haimberger, T.; Hahn, J.; Matute, R.; Gonzalez, L.; Schmieder, P.; Heyne, K. Real-Time
Tracking of Phytochrome’s Orientational Changes during Pr Photoisomerization. J. Am. Chem. Soc. 2012, 134, 1408-
1411.

Kibel, J.; Chenchiliyan, M.; Ooi, S.A.; Gustavsson, E.; Isaksson, L.; Kuznetsova, V.; Ihalainen, J.A.; Westenhoff, S.;
Maj, M. Transient IR Spectroscopy ldentifies Key Interactions and Unravels New Intermediates in the Photocycle of a
Bacterial Phytochrome. Phys. Chem. Chem. Phys. 2020, 22, 9195-9203.

Yang, VY.; Stensitzki, T.; Sauthof, L.; Schmidt, A.; Piwowarski, P.; Velazquez Escobar, F.; Michael, N.; Nguyen, A.D.;
Szczepek, M.; Brunig, F.N.; et al. Ultrafast Proton-Coupled Isomerization in the Phototransformation of Phytochrome.
Nat. Chem. 2022, 14, 823-830.

Kibel, J.; Westenhoff, S.; Maj, M. Giving Voice to the Weak: Application of Active Noise Reduction in Transient Infrared
Spectroscopy. Chem. Phys. Lett. 2021, 783, 139059.

Buhrke, D.; Michael, N.; Hamm, P. Vibrational Couplings between Protein and Cofactor in Bacterial Phytochrome Agp1l
Revealed by 2D-IR Spectroscopy. Proc. Natl. Acad. Sci. USA 2022, 119, e2206400119.

Buhrke, D.; Hildebrandt, P. Probing Structure and Reaction Dynamics of Proteins Using Time-Resolved Resonance
Raman Spectroscopy. Chem. Rev. 2020, 120, 3577-3630.

Strekas, T.C.; Spiro, T.G. Hemoglobin: Resonance Raman Spectra. Biochim. Biophys. Acta 1972, 263, 830—833.

Fodor, S.P.A,; Lagarias, J.C.; Mathies, R.A. Resonance Raman Spectra of the Pr-Form of Phytochrome. Photochem.
Photobiol. 1988, 48, 129-136.

Fodor, S.P.A.; Lagarias, J.C.; Mathies, R.A. Resonance Raman Analysis of the Pr and Pfr Forms of Phytochrome.
Biochemistry 1990, 29, 11141-11146.

Hildebrandt, P.; Lindemann, P.; Heibel, G.; Braslavsky, S.E.; Schaffner, K.; Hoffmann, A.; Schrader, B. Fourier
Transform Resonance Raman Spectroscopy of Phytochrome. Biochemistry 1992, 31, 7957-7962.

Kneip, C.; Hildebrandt, P.; Schlamann, W.; Braslavsky, S.E.; Mark, F.; Schaffner, K. Protonation State and Structural
Changes of the Tetrapyrrole Chromophore during the Pr — Pfr Phototransformation of Phytochrome: A Resonance
Raman Spectroscopic Study. Biochemistry 1999, 38, 15185-15192.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

Borucki, B.; von Stetten, D.; Seibeck, S.; Lamparter, T.; Michael, N.; Mroginski, M.A.; Otto, H.; Murgida, D.H.; Heyn,
M.P.; Hildebrandt, P. Light-Induced Proton Release of Phytochrome Is Coupled to the Transient Deprotonation of the
Tetrapyrrole Chromophore. J. Biol. Chem. 2005, 280, 34358-34364.

Kraskov, A.; Nguyen, A.D.; Goerling, J.; Buhrke, D.; Velazquez Escobar, F.; Fernandez Lopez, M.; Michael, N.; Sauthof,
L.; Schmidt, A.; Piwowarski, P.; et al. Intramolecular Proton Transfer Controls Protein Structural Changes in
Phytochrome. Biochemistry 2020, 59, 1023-1037.

Andel, F.; Lagarias, J.C.; Mathias, R.A. Resonance Raman Analysis of Chromophore Structure in the Lumi-R
Photoproduct of Phytochrome. Biochemistry 1996, 35, 15997-16008.

Tokutomi, S.; Mizutani, Y.; Anni, H.; Kitagawa, T. Resonance Raman Spectra of Large Pea Phytochrome at Ambient
Temperature. Difference in Chromophore Protonation between Red- and Far Red-Absorbing Forms. FEBS Lett. 1990,
269, 341-344.

Mizutani, Y.; Kitagawa, T.; Tokutomi, S.; Aoyagi, K.; Horitsu, K. Resonance Raman Study on Intact Pea Phytochrome
and Its Model Compounds: Evidence for Proton Migration during the Phototransformation. Biochemistry 1991, 30,
10693-10700.

Mizutani, Y.; Tokutomi, S.; Kitagawa, T. Resonance Raman Spectra of the Intermediates in Phototransformation of
Large Phytochrome: Deprotonation of the Chromophore in the Bleached Intermediate. Biochemistry 1994, 33, 153—
158.

Schneider, S.; Jager, W.; Prenzel, C.J.; Brehm, G.; Sai, P.S.M.; Scheer, H.; Lottspeich, F. Photophysics of
Phycoerythrocyanins from the Cyanobacterium Westiellopsis Prolifica Studied by Time-Resolved Fluorescence and
Coherent Anti-Stokes Raman Scattering Spectroscopy. J. Photochem. Photobiol. B Biol. 1994, 26, 75-85.

Cotton, T.M.; Kim, J.; Chumanov, G.D. Application of Surface-Enhanced Raman Spectroscopy to Biological Systems. J.
Raman Spectrosc. 1991, 22, 729-742.

Murgida, D.H.; Hildebrandt, P. Disentangling Interfacial Redox Processes of Proteins by SERR Spectroscopy. Chem.
Soc. Rev. 2008, 37, 937-945.

Hermann, G.; Muller, E.; Werncke, W.; Pfeiffer, M.; Kim, M.-B.; Lau, A. A Resonance CARS Study of Phytochrome in Its
Red Absorbing Form. Biochem. Physiol. Pflanz. 1990, 186, 135-143.

Farrens, D.L.; Holt, R.E.; Rospendowski, B.N.; Song, P.S.; Cotton, T.M. Surface-Enhanced Resonance Raman
Scattering Spectroscopy Applied to Phytochrome and Its Model Compounds. 2. Phytochrome and Phycocyanin
Chromophores. J. Am. Chem. Soc. 1989, 111, 9162-9169.

Rospendowski, B.N.; Farrens, D.L.; Cotton, T.M.; Song, P.S. Surface Enhanced Resonance Raman Scattering
(SERRS) as a Probe of the Structural Differences between the Pr and Pfr Forms of Phytochrome. FEBS Lett. 1989,
258, 1-4.

Frontiera, R.R.; Mathies, R.A. Femtosecond Stimulated Raman Spectroscopy. Laser Photon. Rev. 2010, 5, 102-113.

Dasgupta, J.; Frontiera, R.R.; Taylor, K.C.; Lagarias, J.C.; Mathies, R.A. Ultrafast Excited-State Isomerization in
Phytochrome Revealed by Femtosecond Stimulated Raman Spectroscopy. Proc. Natl. Acad. Sci. USA 2009, 106,
1784-1789.

Spillane, K.M.; Dasgupta, J.; Mathies, R.A. Conformational Homogeneity and Excited-State Isomerization Dynamics of
the Bilin Chromophore in Phytochrome Cph1 from Resonance Raman Intensities. Biophys. J. 2012, 102, 709-717.

Kitagawa, T. Investigation of Higher Order Structures of Proteins by Ultraviolet Resonance Raman Spectroscopy.
Progr. Biophys. Molec. Biol. 1992, 58, 1-18.

Toyama, A.; Nakazawa, M.; Manabe, K.; Takeuchi, H.; Harada, |. Ultraviolet Resonance Raman Spectra of
Phytochrome: A Comparison of the Environments of Tryptophan Side Chains between Red Light-Absorbing and Far-
Red Light-Absorbing Forms. Photochem. Photobiol. 1993, 57, 391-395.

Mizutani, Y.; Kaminaka, S.; Kitagawa, T.; Tokutomi, S. Ultraviolet Resonance Raman Spectra of Pea Intact, Large, and
Small Phytochromes: Differences in Molecular Topography of the Red- and Far-Red-Absorbing Forms. Biochemistry
1993, 32, 6916—-6922.

von Stetten, D.; Gunther, M.; Scheerer, P.; Murgida, D.H.; Mroginski, M.A.; KrauB3, N.; Lamparter, T.; Zhang, J.;
Anstrom, D.M.; Vierstra, R.D.; et al. Chromophore Heterogeneity and Photoconversion in Phytochrome Crystals and
Solution Studied by Resonance Raman Spectroscopy. Angew. Chemie Int. Ed. 2008, 47, 4753-4755.

Mroginski, M.A.; von Stetten, D.; Velazquez Escobar, F.; Strauss, H.M.; Kaminski, S.; Scheerer, P.; Glinther, M.;
Murgida, D.H.; Schmieder, P.; Bongards, C.; et al. Chromophore Structure of Cyanobacterial Phytochrome Cphl in the
Pr State: Reconciling Structural and Spectroscopic Data by QM/MM Calculations. Biophys. J. 2009, 96, 4153-4163.



60.

61.

62

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Schmidt, A.; Sauthof, L.; Szczepek, M.; Lopez, M.F.; Velazquez Escobar, F.; Qureshi, B.M.; Michael, N.; Buhrke, D.;
Stevens, T.; Kwiatkowski, D.; et al. Structural Snapshot of a Bacterial Phytochrome in Its Functional Intermediate State.
Nat. Commun. 2018, 9, 4912.

Foerstendorf, H.; Benda, C.; Gartner, W.; Storf, M.; Scheer, H.; Siebert, F. FTIR Studies of Phytochrome
Photoreactions Reveal the C=0 Bands of the Chromophore: Consequences for Its Protonation States, Conformation,
and Protein Interaction. Biochemistry 2001, 40, 14952—-14959.

. Van Thor, J.J.; Fisher, N.; Rich, P.R. Assignments of the Pfr—Pr FTIR Difference Spectrum of Cyanobacterial

Phytochrome Cph1 Using15N And13C Isotopically Labeled Phycocyanobilin Chromophore. J. Phys. Chem. B 2005,
109, 20597-20604.

Velazquez Escobar, F.; Piwowarski, P.; Salewski, J.; Michael, N.; Fernandez Lopez, M.; Rupp, A.; Qureshi, M.B.;
Scheerer, P.; Bartl, F.; Frankenberg-Dinkel, N.; et al. A Protonation-Coupled Feedback Mechanism Controls the
Signalling Process in Bathy Phytochromes. Nat. Chem. 2015, 7, 423-430.

Wagner, J.R.; Brunzelle, J.S.; Forest, K.T.; Vierstra, R.D. A Light-Sensing Knot Revealed by the Structure of the
Chromophore-Binding Domain of Phytochrome. Nature 2005, 438, 325-331.

Rudiger, W.; Thiimmler, F.; Cmiel, E.; Schneider, S. Chromophore Structure of the Physiologically Active Form (Pfr) of
Phytochrome. Proc. Natl. Acad. Sci. USA 1983, 80, 6244-6248.

Kitagawa, T.; Ozaki, Y. Infrared and Raman Spectra of Metalloporphyrins. In Metal Complexes with Tetrapyrrole
Ligands I; Springer: Berlin/Heidelberg, Germany, 2006; pp. 71-114.

Li, X.Y.; Czernuszewicz, R.S.; Kincaid, J.R.; Su, Y.O.; Spiro, T.G. Consistent Porphyrin Force Field. 1. Normal-Mode
Analysis for Nickel Porphine and Nickel Tetraphenylporphine from Resonance Raman and Infrared Spectra and Isotope
Shifts. J. Phys. Chem. 1990, 94, 31-47.

Li, X.-Y.; Czernuszewicz, R.S.; Kincaid, J.R.; Stein, P.; Spiro, T.G. Consistent Porphyrin Force Field. 2. Nickel
Octaethylporphyrin Skeletal and Substituent Mode Assignments from 15N, Meso-D4, and Methylene-D16 Raman and
Infrared Isotope Shifts. J. Phys. Chem. 1990, 94, 47-61.

Margulies, L.; Stockburger, M. Spectroscopic Studies on Model Compounds of the Phytochrome Chromophore.
Protonation and Deprotonation of Biliverdin Dimethyl Ester. J. Am. Chem. Soc. 1979, 101, 743-744.

Mroginski, M.A.; Németh, K.; Magdé, |.; Muller, M.; Robben, U.; Della Védova, C.; Hildebrandt, P.; Mark, F. Calculation
of the Vibrational Spectra of Linear Tetrapyrroles. 2. Resonance Raman Spectra of Hexamethylpyrromethene
Monomers. J. Phys. Chem. B 2000, 104, 10885-10899.

Kneip, C.; Parbel, A.; Foerstendorf, H.; Scheer, H.; Siebert, F.; Hildebrandt, P. Fourier Transform Near-Infrared
Resonance Raman Spectroscopic Study of the Alpha-Subunit of Phycoerythrocyanin and Phycocyanin from the
Cyanobacterium Mastigocladus Laminosus. J. Raman Spectrosc. 1998, 29, 939-944.

Andel, F.; Murphy, J.T.; Haas, J.A.; McDowell, M.T.; Van Der Hoef, |.; Lugtenburg, J.; Lagarias, J.C.; Mathies, R.A.
Probing the Photoreaction Mechanism of Phytochrome through Analysis of Resonance Raman Vibrational Spectra of
Recombinant Analogues. Biochemistry 2000, 39, 2667—-2676.

Mroginski, M.A.; Kneip, C.; Hildebrandt, P.; Mark, F. Excited State Geometry Calculations and the Resonance Raman
Spectrum of Hexamethylpyrromethene. J. Mol. Struct. 2003, 661-662, 611-624.

Mroginski, M.A.; Németh, K.; Bauschlicher, T.; Klotzbiicher, W.; Goddard, R.; Heinemann, O.; Hildebrandt, P.; Mark, F.
Calculation of Vibrational Spectra of Linear Tetrapyrroles. 3. Hydrogen-Bonded Hexamethylpyrromethene Dimers. J.
Phys. Chem. A 2005, 109, 2139-2150.

Mroginski, M.A.; Murgida, D.H.; Hildebrandt, P. Calculation of Vibrational Spectra of Linear Tetrapyrroles. 4. Methine
Bridge C-H Out-of-Plane Modes. J. Phys. Chem. A 2006, 110, 10564-10574.

Hildebrandt, P.; Siebert, F.; Schwinté, P.; Gartner, W.; Murgida, D.H.; Mroginski, M.A.; Sharda, S.; von Stetten, D. The
Chromophore Structures of the Pr States in Plant and Bacterial Phytochromes. Biophys. J. 2007, 93, 2410-2417.

Velazquez Escobar, F.; von Stetten, D.; Glnther-Lutkens, M.; Keidel, A.; Michael, N.; Lamparter, T.; Essen, L.-O.;
Hughes, J.; Géartner, W.; von Stetten, D.; et al. Conformational Heterogeneity of the Pfr Chromophore in Plant and
Cyanobacterial Phytochromes. Front. Mol. Biosci. 2015, 2, 37.

Margulies, L.; Toporowicz, M. Resonance Raman Study of Model Compounds of the Phytochrome Chromophore. 2.
Biliverdin Dimethyl Ester. J. Am. Chem. Soc. 1984, 106, 7331-7336.

Holt, R.E.; Farrens, D.L.; Song, P.S.; Cotton, T.M. Surface-enhanced resonance Raman scattering (SERRS)
spectroscopy applied to phytochrome and its model compounds. I. Biliverdin photoisomers. J. Am. Chem. Soc. 1989,
111, 9156-9162.



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.
93.

94.

95.

96.

97.

Sawatzki, J.; Fischer, R.; Scheer, H.; Siebert, F. Fourier-Transform Raman Spectroscopy Applied to Photobiological
Systems. Proc. Natl. Acad. Sci. USA 1990, 87, 5903-5906.

Smit, K.; Matysik, J.; Hildebrandt, P.; Mark, F. Vibrational Analysis of Biliverdin Dimethyl Ester. J. Phys. Chem. 1993,
97, 11887-11900.

Matysik, J.; Hildebrandt, P.; Smit, K.; Korkin, A.; Mark, F.; Gartner, W.; Braslavsky, S.E.; Schaffner, K.; Schrader, B.
Vibrational Analysis of Biliverdin IXa Dimethyl Ester Conformers. J. Mol. Struct. 1995, 348, 225-228.

Matysik, J.; Hildebrandt, P.; Smit, K.; Mark, F.; Gartner, W.; Braslavsky, S.E.; Schaffner, K.; Schrader, B. Raman
Spectroscopic Analysis of Isomers of Biliverdin Dimethyl Ester. J. Pharm. Biomed. Anal. 1997, 15, 1319-1324.

Knipp, B.; Kneip, K.; Matysik, J.; Gartner, W.; Hildebrandt, P.; Braslavsky, S.E.; Schaffner, K. Regioselective
Deuteration and Resonance Raman Spectroscopic Characterization of Biliverdin and Phycocyanobilin. Chem. A Eur. J.
1997, 3, 363-367.

Magdod, I.; Németh, K.; Mark, F.; Hildebrandt, P.; Schaffner, K. Calculation of Vibrational Spectra of Linear Tetrapyrroles.
1. Global Sets of Scaling Factors for Force Fields Derived by Ab Initio and Density Functional Theory Methods. J. Phys.
Chem. A 1999, 103, 289-303.

Mroginski, M.A.; Murgida, D.H.; Von Stetten, D.; Kneip, C.; Mark, F.; Hildebrandt, P. Determination of the Chromophore
Structures in the Photoinduced Reaction Cycle of Phytochrome. J. Am. Chem. Soc. 2004, 126, 16734-16735.

Mroginski, M.A.; Murgida, D.H.; Hildebrandt, P. The Chromophore Structural Changes during the Photocycle of
Phytochrome: A Combined Resonance Raman and Quantum Chemical Approach. Acc. Chem. Res. 2007, 40, 258—
266.

Kneip, C.; Hildebrandt, P.; Németh, K.; Mark, F.; Schaffner, K. Interpretation of the Resonance Raman Spectra of
Linear Tetrapyrroles Based on DFT Calculations. Chem. Phys. Lett. 1999, 311, 479-484.

Mroginski, M.A.; von Stetten, D.; Kaminski, S.; Escobar, F.V.; Michael, N.; Daminelli-Widany, G.; Hildebrandt, P.
Elucidating Photoinduced Structural Changes in Phytochromes by the Combined Application of Resonance Raman
Spectroscopy and Theoretical Methods. J. Mol. Struct. 2011, 99, 15-25.

Eichinger, M.; Tavan, P.; Hutter, J.; Parrinello, M. A Hybrid Method for Solutes in Complex Solvents: Density Functional
Theory Combined with Empirical Force Fields. J. Chem. Phys. 1999, 110, 10452—-10467.

. Cui, Q.; Karplus, M. Molecular Properties from Combined QM/MM Methods. |. Analytical Second Derivative and

Vibrational Calculations. J. Chem. Phys. 2000, 112, 1133-1149.
Senn, H.M.; Thiel, W. QM/MM Methods for Biological Systems. Top. Curr. Chem. 2007, 268, 173-290.

Mroginski, M.A.; Mark, F.; Thiel, W.; Hildebrandt, P. Quantum Mechanics/Molecular Mechanics Calculation of the
Raman Spectra of the Phycocyanobilin Chromophore in a-C-Phycocyanin. Biophys. J. 2007, 93, 1885-1894.

Mroginski, M.A.; Kaminski, S.; Hildebrandt, P. Raman Spectra of the Phycoviolobilin Cofactor in Phycoerythrocyanin
Calculated by QM/MM Methods. ChemPhysChem 2010, 11, 1265-1274.

Salewski, J.; Escobar, F.V.; Kaminski, S.; Von Stetten, D.; Keidel, A.; Rippers, Y.; Michael, N.; Scheerer, P.; Piwowarski,
P.; Bartl, F; et al. Structure of the Biliverdin Cofactor in the Pfr State of Bathy and Prototypical Phytochromes. J. Biol.
Chem. 2013, 288, 16800-16814.

Takiden, A.; Velazquez-Escobar, F.; Dragelj, J.; Woelke, A.L.; Knapp, E.-W.; Piwowarski, P.; Bartl, F.; Hildebrandt, P.;
Mroginski, M.A. Structural and Vibrational Characterization of the Chromophore Binding Site of Bacterial Phytochrome
Agpl. Photochem. Photobiol. 2017, 93, 713-723.

Mroginski, M.A.; Kaminski, S.; Von Stetten, D.; Ringsdorf, S.; Gartner, W.; Essen, L.O.; Hildebrandt, P. Structure of the
Chromophore Binding Pocket in the Pr State of Plant Phytochrome PhyA. J. Phys. Chem. B 2011, 115, 1220-1231.

Retrieved from https://encyclopedia.pub/entry/history/show/104606



