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The photoactive yellow protein (PYP) from phototrophic bacterium Halorhodospira halopiiila is a small water-
soluble photoreceptor protein, and it has been an attractive model for studying protein structures and dynamics.
Recently PYP gained further attention as the structural prototype for the PAS and LOV domains of a large class of
receptor proteins. This protein has the 4-hydroxycinnamyl chromophore, which is covalently linked to Cys69
through a thiolester bond. In a dark state (PYP, ), the chromophore is stabilized in the trans configuration as a
phenolate anion. The phenolate oxygen of the chromophore forms hydrogen bonds with the hydroxyl group of Tyrd2
and the protonated carboxyl group of Glud6 (Figure 1A). In addition, the carbonyl oxygen of the chromophore forms
a hydrogen bond with the amide group of Cys69. Photoexcitation of PYP triggers a photocycle that involves at least
two intermediate states denoted as PYP and PYP,, (Figure 2). A long-lived blue-shifted PYP,  intermediate is the
putative signaling state of this photoreceptor protein (Figure 1B). Upon lowering the pH below 3, PYP, s
(Figure 2). H. halophila displays negative phototaxis to

reversibly converted into a stable bleached state, PYP

blue light and PYP has been proposed to function as a photosensor in this response.
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Resonance Raman (RR) spectroscopy is a powerful method to study the proteins functions at an atomic level
because it detects the vibrational frequencies and the Raman intensities of the reactive protein groups with high
sensitivity in a real time. RR spectroscopy requires the excitation within an electronic absorption band and results in
large increase of scattering. The intensity enhancement associated with the resonance phenomenon introduces the
possibility of selectively observing the vibrational spectrum of a single chromophore in a system containing many

components (e.g., a biological system).

The main purpose of my study is to understand at the atomic level how a protein and the chromophore interact to
sense light, undergo defined conformational changes, and send a biological signal. In the present studies, I have used

resonance Raman spectroscopy in combination with site-directed mutagenesis to understand the following:

(1) Spectral Tuning of Photoactive Yellow Protein

Previous studies have shown that either removal of a hydrogen bond with Tyr42 or addition of chaotropes such as
thiocyanate produces a blue shifted species called an intermediate wavelength form, in which the absorption
maximum ranges from 355 to 393 nm. In order to determine the origin, the protonation state of the chromophore is
key information. Resonance Raman spectroscopy is ideally suited for this purpose, because several Raman bands are
sensitive to the protonation state of the chromophore.

PYP samples were excited with either the 406.7 nm line from a krypton ion laser or the 325.0 nm line from a
helium-cadmium laser at a 90° angle relative to the axis of the collection optics to record the RR spectra. 1 have
performed resonance Raman investigations of WT PYP and Tyrd2 — Ala, Tyrd2 -> Phe, Glud6 — Gln. and Thr50
— Val mutants in the presence and absence of potassium thiocyanate to elucidate the structure of the intermediate
wavelength form. The RR spectra of WT and PYP mutants have shown that the chromophore of the intermediate
wavelength form is protonated. This finding indicates that the protonation of the chromophore is responsible for a
blue-shift in the absorption maximum from 446 to 355-393 nm. 1 have also shown that the WT PYP contains a

minor component whose chromophore is protonated even at neutral pH.

The DFT calculations support the idea that the chromophore-protein hydrogen bond is important for controlling
the protonation state of the chromophore. where removal of the hydrogen bond between the phenolic oxygen and
Tyrd2 increases ApK by a 3-6 pH unit. Another noteworthy result of the DFT calculations is that the hydrogen bond
at the carbonyl oxygen contributes little to the stabilization of the deprotonated chromophore in PYP. Furthermore,
the DFT calculations demonstrate that the surrounding dielectric constant significantly affects the protonation state of

the chromophore. | have also examined the effect of Y42A mutation on the structure of the chromophore in the
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PYP , where the weak interactions between Tyr42 and the chromophore in PYP, are suggested.

(2) Protein Structures of Photoactive Yellow Protein

The three-dimensional structure of PYP, has been determined at (very) high resolution, providing important
information on the structural change in the PYP protein to study photosensory signaling at the atomic level. The
crystallographic structure of PYP, revealed that the structural changes are limited to a small region in the vicinity of
the chromophore. For example, the phenolate oxygen of the chromophore becomes protonated, while Glu46
becomes deprotonated. In addition, the hydrogen bonding network among the chromophore, Tyrd2, and Glu46 is
broken in PYP (Figure 1B). In contrast, various spectroscopic studies in solution showed global structural changes.
For instance, the structural analysis of PYP, by multinuclear, multidimensional NMR indicated a link between

formation of the signaling state and protein unfolding in PYP.

In the present study I have used ultraviolet resonance Raman (UVRR) spectroscopy to obtain site specific
information about the structural changes occurred upon the formation of PYP, for the first time. The UVRR

spectroscopy is used to probe the protein structure by monitoring both the Trp and Tyr residues.

PYP samples were excited with 220-240 nm lines from OPO laser at a 90° angle relative to the axis of the
collection optics to record the RR spectra. [ have performed all the measurement with a low laser power to avoid the
saturation and/or photochemical transformation. In addition, I performed most of the UVRR experiments in the

presence of sodium perchlorate as an internal standard, which showed no significant effect on the spectra.

The UVRR spectra provide information on the conformation, the hydrogen bonding, and the environmental
hydrophobicity of Trp (W) and Tyr (Y) residues. For example, the Trp W17 and W7 vibrations are marker bands for
the hydrogen bonding interaction and the hydrophobicity of Trp, respectively. In the PYP, . these vibration modes
have indicated that the indoly nitrogen of the Trpl19 is moderately hydrogen bonded to an accepror in a hydrophobic
environment. In addition, the Y8b and Y9a can be used as marker bands for the Tyr hydrogen bonding interaction.
These bands have shown that some Tyr residues form a donor hydrogen bond to an acceptor. Moreover. the Raman
excitation profiles of the Trp W16 and the Tyr Y3a are red shifted for WT PYP _ from those of the Trp and Tyr in
aqueous solution, respectively. This red shift is consistent with the hydrogen bonding interactions and the
environmental hydrophobicity of PYP . Furthermore, I have compared the REP of the Trp W16 and Tyr Y8a
vibration modes in PYP and PYP,. Except for a slight difference in the intensities, the effects are similar for the
PYP_ and PYP  states of the protein.

Upon the formation of PYP, , the UVRR spectra have shown large structural changes. For example. the reduction
of the Trp W18, W16, W7, and W3 intensities during PYP,_— PYP_ process has indicated that the Trp119 becomes
solvent exposed (hydrophilic) in PYP, . In addition. the intensities changes of the Y9a, Y7a, and Y8a have shown
that the part of the Tyr residues become solvent exposed (hydrophilic) upon the formation of PYP . Another
evidence for the solvent exposure of the Trpl19 and some Tyr residues is obtained by comparison with the UVRR

spectra of the PYP_  state, in which the protein is unfolded.

Mulark

The UVRR spectra of WT PYP have shown that the Tyr Y9a and Y8a are upshifted upon the formation of PYP,.

The upshift of those vibration frequencies suggests decreasing hydrogen bond donation or increasing hydrogen bond
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acceptance during PYP, — PYP, process. The decreasing of the hydrogen bond donation of the Tyr residues in

PYP is consistent with our resonance Raman result of the PYP Y42A , where very weak interactions between

M7

Tyr42 and the chromophore in PYP, are suggested.

In order to examine the contribution of the Tyr42 to the observed structural changes during PYP, —PYP
process, I have used TS50V mutant in which the hydrogen bond between the OH group of Tyrd2 and Thr50 side chain
is removed. The vibration modes of Tyr42 are perturbed by the mutation and the UVRR spectra of the TS50V mutant
have indicated the environment of Tyr42 is altered during the PYP,_ —PYP . In addition, the hydrogen bond

between the OH group of Tyr42 and side-chain oxygen of Thrb0 is preserved during the PYP, — PYP_ process.

[Summary]

(1) RR investigations have shown that the chromophore in the intermediate wavelength form is protonated.

(2) Both the low dielectric constant in the vicinity of the chromophore and the hydrogen bonds at the phenolic
oxygen are key factors that lower the chromophore pK in PYP, .

(3) Very weak interactions between Tyrd2 and the chromophore in PYP, were suggested.

(4) The UVRR investigations have shown that theTrpl19 and part of Tyr residues become hydrophilic (solvent
exposed) upon the formation of PYP, .

(5) By use of the TS50V mutant it was indicated that Tyr42 undergoes environmental changes in PYP, .

(6) The hydrogen bond between Tyr42 and Thr50 was preserved during the PYP  — PYP, process.
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