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Phytochromes, found in plants, fungi, and bacteria, exploit light as a source of information to control
physiological processes via photoswitching between two states of different physiological activity, i.e. a
red-absorbing Pr and a far-red-absorbing Pfr state. Depending on the relative stability in the dark,
bacterial phytochromes are divided into prototypical and bathy phytochromes, where the stable state is Pr
and Pfr, respectively. In this work we studied representatives of these groups (prototypical Agpl and bathy
Agp2 from Agrobacterium fabrum) together with the bathy-like phytochrome XccBphP from Xanthomonas
campestris by resonance Raman and IR difference spectroscopy. In all three phytochromes, the photo-
induced conversions display the same mechanistic pattern as reflected by the chromophore structures in
the various intermediate states. We also observed in each case the secondary structure transition of the
tongue, which is presumably crucial for the function of phytochrome. The three phytochromes differ in
details of the chromophore conformation in the various intermediates and the energetic barrier of their
respective decay reactions. The specific protein environment in the chromophore pocket, which is most
likely the origin for these small differences, also controls the proton transfer processes concomitant to the
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photoconversions. These proton translocations, which are tightly coupled to the structural transition of the
tongue, presumably proceed via the same mechanism along the Pr — Pfr conversion whereas the reverse
Pfr — Pr photoconversion includes different proton transfer pathways. Finally, classification of phytochromes
in prototypical and bathy (or bathy-like) phytochromes is discussed in terms of molecular structure and
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rsc.li/pccp mechanistic properties.

The interconversion between Pr and Pfr is not exclusively
light-induced. There is also a thermal reaction pathway (dark

Introduction

Phytochromes control a variety of physiological processes in
plants and prokaryotes.' > These photoreceptors are composed
of a photosensory core module (PCM) carrying a tetrapyrrole
chromophore, and an output module that is activated or
deactivated via light-induced structural changes in the
PCM.*” Thus, phytochromes act as photoswitches with two
parent states, the red-absorbing Pr and the far-red absorbing
Pfr state in which the chromophore adopts a ZZZssa and ZZEssa
configuration, respectively (Fig. 1)."

@ Technische Universitit Berlin, Institut fiir Chemie, Sekr. PC14, StrafSe des 17. Juni
135, D-10623 Berlin, Germany. E-mail: hildebrandt@chem.tu-berlin.de

b Leloir Institute Foundation, IIBBA-CONICET, Av. Patricias Argentinas 435
(C1405BWE), Buenos Aires, Argentina

¢ Charité - Universitdtsmedizin Berlin, corporate member of Freie Universitdt Berlin
and Humboldt-Universitdt zu Berlin, Institute of Medical Physics and Biophysics,
Group Protein X-ray Crystallography and Signal Transduction, Charitéplatz 1, D-
10117 Berlin, Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2¢cp00020b

This journal is © the Owner Societies 2022

reversion) that leads to the respective parent state.® > The ratio
of the reaction rates from Pfr — Pr and from Pr — Pfr define
the thermal equilibrium between the parent states, which in
plant phytochromes and prototypical bacteriophytochromes is
entirely on the Pr side."® Only in a sub-group of bacterial
phytochromes, the so-called bathy phytochromes, the order of
stability is reversed such that Pfr is the stable dark state.>"’
Although the various phytochromes differ with respect to
the chemical constitution of the chromophore, the module
composition, and - comparing plant and prokaryotic phyto-
chromes - the type of functionally relevant protein structural
changes, they share a common general reaction scheme of the
PCM."'® The photoinduced structural changes start with a Z/E
photoisomerization of the methine bridge between rings C and
D (Fig. 1) that is followed by thermal relaxations of the
chromophore structure and its immediate environment, an
intramolecular proton translocation, and finally the secondary
structure change of a peptide segment (tongue) in the PHY
domain."® This seems to be a general mechanistic pattern in all
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Fig. 1 (A) The general reaction scheme of phytochromes includes photo-
chemical reactions (red arrows, hv), photoinduced thermal relaxation steps
(black arrows), and pure thermal reactions (black dotted arrows).8 ™ States
with ZZZssa and ZZEssa chromophore configurations (shown in B) are
highlighted in (light-)orange and (light-)violet, respectively. The thermal
transitions between the parent states Pr and Pfr (vertical arrows) define
which of these states is the stable dark state, i.e. Pr in prototypical and
Pfr in bathy phytochromes. (B) Structural formulas of the biliverdin chro-
mophore in the ZZZssa (left) and ZZEssa (right) include a color code
to illustrate the localization of important vibrational modes. The chromo-
phore is attached to a Cys via ring A either in an exocyclic (Agp2) or
endocyclic configuration (Agp1).**>

phytochrome PCMs, regardless of the type of the tetrapyrrole
chromophore, which is a phytochromobilin (P®B), phycocya-
nobilin (PCB), and a biliverdin (BV) in plant, cyanobacterial,
and bacterial phytochromes, respectively.'* However, photo-
transformation pathways between the parent states may involve
different proton transfer reactions. In prototypical phyto-
chromes, Pr — Pfr phototransformation includes a proton
transfer from the ring B or C N-H group of the chromophore
to the solution phase during the formation of Meta-Re.>***
Reprotonation takes place with the decay of Meta-Rc, concomi-
tant to the structural transition of the tongue. In bathy phyto-
chromes, the reverse phototransformation from Pfr to Pr is
associated with the proton transfer from the propionic side
chain of ring C (propC) of BV to His278 (numbering refers to
Agp2 from Agrobacterium fabrum) during the Meta-F to Pr
transition, coupled to the restructuring of the tongue.**”>*
However, the mechanisms of the respective reverse reactions
of bathy and prototypical phytochromes are not known.

In this work, we have carried out a comparative spectroscopic
analysis of the Pr — Pfr and Pfr — Pr phototransformation
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pathways of three bacterial phytochromes. We employed reso-
nance Raman (RR) spectroscopy to probe the chromophore
structure in the various states of the photocycle.”>° We have
chosen the Fourier-transform Raman technique which due to the
near-infrared excitation (1064 nm) avoids unwanted photo-
chemistry and fluorescence but still provides a sufficiently strong
pre-resonance enhancement of the chromophore bands due to
the energetic proximity with the first electronic transition.>**° RR
spectroscopy was complemented by IR difference spectroscopy to
determine protein and chromophore structural changes during
the photoconversion.*’> The photoreceptors that were studied
include representatives of prototypical and bathy phytochromes
from A. fabrum, i.e. Agp1 and Agp2, respectively, and the bacterial
phytochrome XccBphP from the plant pathogen Xanthomonas
campestris pv. Campestris.>® XccBphP, which regulates the infec-
tion of cruciferous plants,’”*® was previously characterized as a
bathy-like phytochrome since its dark reversion to Pfr is complete
in the PCM alone but reaches “only” ca. 85% for the full-length
protein.>® Here, we determined common and distinct structural
characteristics that are in part related to specific mechanistic
properties. It was found that all phytochromes show the same
Pr — Pfr photoconversion mechanism with the same proton
transfer processes, whereas there are differences in the proton
transfer pathways associated with the Pfr — Pr route in bathy
phytochromes (Agp2) on the one hand and prototypical (Agp1)
and the bathy-like phytochrome (XccBphP) on the other hand.

Materials and methods

Agp1 and Agp2 were expressed and purified as full-length and
PCM variants as described previously.®'®> XccBphP was gener-
ated as full-length protein according to the previously pub-
lished procedure.’ For vibrational spectroscopic experiments,
the buffered solution of the purified protein was concentrated
up to an optical density at 750 nm of ca. 40 using an Amicon
centrifugal filter (MWCO 30 K, 15800 g, 4 °C). H/D exchange
was achieved by the same procedure but using a buffered
solution in D,O (pD 7.8). For the IR absorption measurements,
the sample was incubated overnight in D,O buffer, followed by
another concentration/dilution cycle.'® UV-vis absorption spec-
tra in the Pr and Pfr state and the dark reversion kinetics were
identical to those reported previously.'®'>2*3¢

Resonance Raman spectroscopy

RR measurements were performed using a Bruker Fourier-
transform Raman spectrometer RFS 100/S with 1064 nm excita-
tion (Nd-YAG cw laser, line width 1 cm™'), equipped with a
nitrogen-cooled cryostat from Resultec (Linkam). All spectra of
the samples in frozen solution were recorded at ca. —190 °C
with a laser power at the sample of 640 mW and an accumula-
tion time of typically one hour. In order to identify potential
laser-induced damage of the phytochrome samples, RR spectra
before and after a series of measurements were compared. In
no case changes between these control spectra were deter-
mined. Protein and buffer Raman bands were subtracted on
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the basis of a Raman spectrum of apo-phytochrome. To gen-
erate the Pfr and Pr states, the sample was illuminated at
ambient temperature for up to two minutes by a LED of 660
and 785 nm, respectively, followed by rapid cooling to ca.
—190 °C to block thermal back reactions. This was particularly
important for accumulating the Pr state of Agp2 due to the fast
thermal Pr — Pfr back reaction at ambient temperature. Never-
theless, spectral contributions from Pfr could not be completely
avoided. Intermediates of the respective photoconversion
routes were then accumulated by irradiation of Pr (with
660 nm) or Pfr (with 785 nm) for two to five minutes at an
irradiation temperature that was sufficiently low to block the
decay of the desired intermediate. After photoconversion, the
sample was cooled to —190 °C for the Raman measurement.
Residual contributions from the unphotolysed state or
unwanted decay products were removed by spectra subtraction
using the OPUS software (Bruker). A more detailed description
is given elsewhere.’

IR spectroscopy

IR spectroscopic measurements were carried out in the trans-
mission mode at 20 °C using a Bruker Tensor 27 or IFS66v/s
FTIR spectrometer.”® Spectra were recorded with 200 single
scans and a spectral resolution of 2 cm™" and the double-sided
acquisition mode. The Pr — Pfr conversion was achieved by
continuous sample illumination with built-in diode arrays
(780 and 670 nm). Difference spectra were obtained by subtrac-
tion of the initial state spectrum from the illuminated state
spectrum.**

Results

We studied the RR and IR difference spectra of Agpl, Agp2,
and XccBphP. Vibrational assignments based on isotopic label-
ling and theoretical calculations were discussed in detail
previously.”?*>*%%*> These results as well as the data pre-
sented in this work allowed for a consistent band assignment
in most cases. Here, we focused on those vibrational modes
that provide information about specific structural properties
and changes. These are particularly the modes in the region
between 1500 and 1700 cm™ ", involving the stretching coordi-
nates of the methine bridges (¢f Fig. 1). Further spectroscopic
data are presented in the ESI.{ The spectra were obtained from
the full-length proteins unless noted otherwise. In general,
differences between the full-length and PCM version mainly
refer to the kinetics of the thermal conversion as discussed in
detail previously.""**

The Pfr state

The RR spectra of the Pfr state display the characteristic band
pattern that is dominated by two strong bands originating from
the C-D methine bridge, the C—C stretching (C-D) at ca. 1600
and the hydrogen-out-of-plane (HOOP) mode at ca. 810 cm™"
(Fig. 2 and Fig. S1, ESI{)."® A careful inspection, however,
reveals some important differences. Agpl and XccBphP show
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a distinct shoulder at the high wavenumber side which is due
to the A-B stretching mode with a small contribution from a
mode including the C—=C stretching of ring D and its vinyl
substituent (ring D mode). More precisely, in Agp1 - as in all
other prototypical phytochromes studied so far - there are two
A-B stretching components which reflect a temperature-
dependent equilibrium between two Pfr sub-states differing
with respect to conformational details of the A-B methine
bridge.*>** In Agp2, the A-B and ring D stretching modes are
very weak and similar in frequency to the dominant C-D
stretching such that they can only be identified by selective
H/D substitution (Fig. S2, ESIT).** The heterogeneity of Agp1
also includes the C-D methine bridge, indicated by the low-
frequency shoulder of the 809 cm ™' HOOP mode,*® whereas in
both XccBphP and Agp2 this band displays a largely symmetric
lineshape. Also, the relatively weak bands of Agp1 at 853 and
842 cm ™' represent a characteristic feature of the structurally
heterogeneous Pfr state. These two bands, found in all proto-
typical phytochromes, may be assigned to the N-H out-of-plane
mode of rings A and B.*® They are not observed in Agp2 and
other bathy phytochromes,’® whereas in XccBphP only the
lower frequency component at 842 cm ' is detected with
considerable intensity.

The most striking spectral property of the Pfr states of
classical bathy phytochromes such as Agp2, PaBphP (Pseudo-
monas aeruginosa), and RpBphP6 (Rhodopseudomas palustris),
which clearly distinguishes them from prototypical phyto-
chromes, refers to the strongly retarded H/D exchange at
ring D (Fig. S2, ESIT).>>** Also in XccBphP, H/D exchange of
all pyrrole ring N-H groups is only possible after a complete
photocycle whereas in the Pfr state exchange of the ring D N-H
group is drastically decelerated, presumably due to the strong
interactions with the side chain of Asp199.*>** The second
characteristic feature of bathy phytochromes is the protonated

" 1600 C-D
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1711

1712
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Fig. 2 RR spectra of the Pfr states of Agpl, XccBphP, and Agp2 (PCM) in
the region of the torsional and HOOP modes and the C=C stretching
region (left panel) and the C=O0 stretching region (right panel). The color
code of the peak labels refers to Fig. 1, reflecting the localization of the
modes to specific parts of the tetrapyrrole. The assignment of these
modes is listed in Table 1.

Phys. Chem. Chem. Phys., 2022, 24,11967-11978 | 11969


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp00020b

Open Access Article. Published on 04 May 2022. Downloaded on 4/1/2026 10:04:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

propC in Pfr, indicated by a band at 1750 cm ™" due to the
propC C=O0 stretching (Fig. 2).>>** The proton is released
during the Meta-F — Pr transition (vide infra). A band at ca.
1750 cm ™' is missing in both XccBphP and Agp1 (Fig. 2). Also,
the ring D C—=O0 stretching is at similar positions in XccBphP
(1712 em™") and Agp1 (1711 cm™') but distinctly upshifted
compared to Agp2 (1696 cm ™) (vide infra).

Intermediates of the Pfr — Pr conversion

Lumi-F is the primary photoproduct of Pfr that can be cryo-
genically trapped.>* The trapping range of Lumi-F is between
—140 and —120 °C for all three phytochromes. This intermedi-
ate is expected to exhibit a distorted ZZZssa chromophore
structure. As a consequence, normal mode compositions and
frequencies are altered compared to the more relaxed chromo-
phore geometries of Pfr or Pr, specifically as far as the modes
are concerned that are localized at the isomerization site. For
the relaxed ZZEssa configuration, the prominent C-D stretch-
ing at ca. 1600 cm™* is predicted to be accompanied by a mode
above 1630 cm™* and with low intensity, that is localized in ring
D and its vinyl substituent.® As shown by selective deuteration
experiments for Agp2 and XccBphP, in Lumi-F the two modes
mix such that they both include similar potential energy dis-
tributions and thus display comparable relative intensities
(Fig. S2-S4, ESIf). Furthermore, both modes are closely spaced
in frequency and distinctly upshifted compared to the C-D
stretching mode of Pfr. Albeit not directly proven due to the
lack of selective isotopic labelling, this scenario seems to hold
also for the Lumi-F state of Agp1. As a consequence, the weakly
Raman-active B-C stretching mode that undergoes only a small

XccBphP
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upshift upon Pfr - Lumi-F transition becomes now detectable
at the low frequency side of the C-D stretching mode in all
three phytochromes (Fig. 3). In Agp2 and XccBphP, the fre-
quency upshifts of the A-B stretching modes are comparable or
smaller than those of the respective C-D modes such that they
are obscured by the bands of the latter modes in Lumi-F.
Conversely, the A-B stretching modes are clearly detectable in
the Lumi-F state of Agp1 due to the ca. 30 cm™ " upshift for both
conformers. In Agp1, the structural heterogeneity is also reflected
by the ring B/C N-H ip in-phase (RR-active) and out-of-phase (IR-
active) modes.>***** The RR-active mode is usually observed at ca.
1550 and 1570 cm™ " in Pfr and Pr, respectively. In Lumi-F of Agp1,
two bands are observed with one of them largely unchanged
compared to Pfr (1551 cm™") whereas the other one is observed at
a distinctly higher frequency (1569 cm ™).

The subsequent thermal relaxation products Meta-F are
stable in a wide temperature range between —120 and —30 °C
in all three phytochromes. Here, the methine bridge stretching
modes are distinctly upshifted by ca. 10 em ™ (compared to
Lumi-F) to the same or similar positions observed in the final
product Pr (Fig. 3 and Fig. S5, S6, ESIt). Thus, also in XccBphP
and Agp2, the A-B stretching modes are now clearly detectable.
These relatively large shifts reflect the conformational relaxa-
tions of the chromophore in the binding pocket. As a result, a
relaxed tetrapyrrole structure is stabilized that presumably does
not differ significantly from that in Pr. One of the few char-
acteristic spectral differences between Meta-F and Pr is the N-H
ip of rings B and C which is found at ca. 1550 and 1570 cm ™" in
Pfr and Pr, respectively.”* In Meta-F it is observed at ca. 1560 cm ™
in Agp1 and XccBphP but at 1553 cm ™" in Agp2 (Fig. 3). Obviously,

c-D
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Fig. 3 RR spectra of the states of the Pfr — Pr photoconversion of Agpl (left), XccBphP (middle), and Agp2 (right) in the C—C stretching region. The gray
spectrum in the right panel (bottom) represents the pure keto tautomer of Pr of Agp2, obtained after subtracting the enol contribution.?? The color code
of the peak labels refers to Fig. 1, reflecting the localization of the modes to specific parts of the tetrapyrrole. The assignments of these modes are listed in

Table 1.
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the hydrogen bonding interactions of the ring B and C N-H
group, that control the frequency of this mode,** are still similar
to those of Pfr.

The main structural difference between the Pr states of the
three phytochromes is the presence of an enol tautomer in
Agp2.”” Although a keto-enol tautomerism is most likely opera-
tive also for the dark reversion mechanism of all phyto-
chromes,*® only Agp2 displays an appreciable contribution of
the enol tautomer that is even slightly higher in the full-length
protein than in the PCM module (Fig. 3 and Fig. S6, ESIt).

Intermediates of the Pr — Pfr conversion

The photoinduced back reaction of Pr to Pfr is initiated by the
Z — E isomerization of the C-D methine bridge. For proto-
typical phytochromes, including Agp1, the first intermediate
Lumi-R was studied in detail previously.” The chromophore
exhibits a highly distorted C-D methine bridge as indicated by
the large 30 cm™ ' downshift of the C-D stretching mode and
the considerable RR activity of the HOOP modes (Fig. 4 and
Fig. S7, ESI{). Also the geometry of the A-B methine bridge is
altered, mirrored by the 20 cm™" downshift of the A-B stretch-
ing mode. In Agpl, Lumi-R could be cryo-trapped in a wide
temperature range from —140 to —80 °C,’ whereas in Agp2 this
intermediate was only stable until —120 °C. The shifts of the
C—C stretching modes and the ring B/C N-H ip mode in Lumi-
R of Agp2 were largely similar as in Agp1. The thermal decay of
Lumi-R led to Meta-Ra which was stable up to —40 and —60 °C
in Agp1 and Agp2, respectively.® Most surprisingly, the Meta-Ra

XccBphP
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state displays a RR spectrum very similar to that of Pr (Fig. 4
and Fig. S8, ESIf) in both Agpl and Agp2. Only the C-D
stretching mode is observed at a lower frequency than in Pr
and in general the bands in the C=C stretching region appear
to be broader. In contrast, Meta-Ra of Agp2 shows a C-D
stretching mode at 1605 cm ™" that is even lower in frequency
than that of Lumi-R (1609 cm ™ ') and already close to that of Pfr
(1600 cm™).

XccBphP displays a different behavior than Agp1l and Agp2
since the first intermediate that could be trapped required
temperatures as high as —100 °C. Moreover, the spectrum of
this intermediate is very similar to that of the Meta-Ra state of
Agpl. Most likely, the thermal barrier for the transition from
Lumi-R to Meta-Ra is very low in XccBphP such that an
accumulation of Lumi-R is impaired.

A unique mechanistic property of the Pr — Pfr transforma-
tion of prototypical phytochromes is the transient deprotona-
tion of ring B/C.>"*®*"” The deprotonated tetrapyrrole gives rise
to a low extinction coefficient of the first electronic transition
and thus leads to only weak resonance enhancement of the
Raman bands upon excitation with 1064 nm. The RR spectrum
of Meta-Rc is, therefore, the only spectrum, which includes
notable contributions from Raman bands of the protein matrix
(Fig. 5 and Fig. S9, ESI¥).

The RR spectrum of the deprotonated tetrapyrrole chromo-
phore lacks the N-H ip bending of rings B and C. In protonated
species, this mode gives rise to a band between 1550 and
1575 cm™ ' that shifts down to 1050-1070 cm™' upon H/D

Agp2
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Fig. 4 RR spectra of the states of the Pr — Pfr photoconversion of Agpl (left), XccBphP (middle), and Agp2 (right) in the C—C stretching region. The
color code of the peak labels refers to Fig. 1, reflecting the localization of the modes to specific parts of the tetrapyrrole. The assignment of these modes

is listed in Table 1. “P” denotes bands originating from the apoprotein.
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Fig. 5 RR spectra of the Meta-Rc states of Agpl, XccBphP, and Agp2 in
the C=C stretching region. The black and orange traces correspond to the
spectra measured in H,O and D,0O, respectively. The assignments of the
modes are listed in Table 1. “P" indicates Raman bands of the protein.

exchange. Furthermore, the C—C stretching region of depro-
tonated tetrapyrroles is characterized by two strong bands
between 1580 and 1615 cm ', separated by ca. 10-20 cm ™"
and displaying only small H/D isotopic shifts."**! These criteria
also hold for the intermediates of Agp2 and XccBphP trapped at
—50 and —20 °C, respectively, and thus at similar temperatures
as in Agpl (—30 °C). Hence, we conclude that also Agp2 and
XccBphP form a Meta-Re intermediate with a deprotonated
chromophore. The removal of a proton from one of the pyrrole
nitrogens substantially alters the composition of the normal
modes.*??724:40742:48-51 pyrthermore, the vibrational band pat-
tern appears to be similar for most of the tetrapyrroles and
their various isomers.*®! Therefore, we assume that the
differences in terms of relative intensities, frequencies, and
H/D isotopic shifts in the spectra of the three Meta-Rc states
reflect different protonation patterns.®’ In this respect, the
prominent bands in the C—=C stretching region from 1580 to
1650 cm ™' are particularly sensitive spectral markers. As shown
for PCB, the frequency of the most intense band is predicted to
be lower by ca. 15 ecm™ ' if ring C instead of ring B is
deprotonated.®® Furthermore, in the ring-C deprotonated tau-
tomer this band is accompanied by a second band at higher
frequency and similar intensity whereas its counterpart in the
ring-B deprotonated tautomer displays a much weaker inten-
sity. Assuming that these patterns also hold for BV (vide supra),
we conclude that in the Meta-Rc state of Agp2 ring C should be
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preferentially protonated, whereas in XccBphP and presumably
also in Agp1 the proton is expected to reside mainly on ring B.

Protein structural changes

Protein structural changes were probed by IR difference
spectroscopy (Fig. 6). In the region of the amide I bands
(1620-1680 cm™ "), which are diagnostic of the secondary
structure of proteins, we note qualitatively the same changes
in all three proteins. These changes can be largely attributed to
restructuring of the tongue segment from a coil/a-helix in Pfr,
reflected by the negative signal at ca. 1655 cm ™", to a B-hairpin/
B-sheet structure in Pr, as indicated by two bands at ca. 1630
and 1640 cm ™. The assignment of these bands to the second-
ary structure transition of the tongue has been discussed in
detail previously.'"'>?2>433>2 Note that the subtraction proce-
dure may overemphasize subtle structural differences of the
peptide segments in the Pr (or Pfr) states of the three phyto-
chromes. As a consequence, the difference signals may exhibit
slightly different positions and amplitudes although they
reflect the same gross structural changes.

Chromophore-protein interactions with the carbonyl groups of
rings A and D

The region of the C—=O stretching modes, however, displays
quite remarkable differences between the three phytochromes.
We have therefore compared this region with the RR spectra of
Pr and Pfr which offer the advantage of providing absolute
signals although the signal-to-noise (S/N) ratio is relatively low.
Furthermore, the RR spectra allows distinguishing between
signals from the C—0O stretching of the chromophore and the
protein as the latter are not resonance enhanced. In this way,
we have previously analyzed in detail the C=O stretching
modes of Agp1, taking into account also calculated and further
experimental data of isotopically labelled compounds.'****?
Thus, two C=0O0 stretching modes of ring D were identified in
both Pfr and Pr that differ with respect to the extent of
hydrogen bonding interactions (Fig. 6B-D). This finding is
related to the structural heterogeneity of ring D that is also
reflected by the two C-D methine bridge HOOP modes (see
Fig. 2). In contrast, only one ring A C=0 stretching mode was
found at 1726 and 1730 cm ™" in Pfr and Pr, respectively. Also
for Agp2 an assignment of the C—0O stretching modes has been
suggested previously but without considering RR spectra,*” now
shown in Fig. 6D. The RR data confirm the previous assign-
ments with one exception. The positive band at 1733 cm™" (Pr)
was previously attributed to the C—=O stretching of a yet not
identified protonated Asp or Glu.>* In view of the observation of
this band in the RR spectra it must be largely due to a
chromophore mode, although an additional contribution from
an Asp or Glu cannot be ruled out rigorously. Hence, the band
at 1733 cm ' is assigned to the ring A C—=O stretching in
analogy to Agpl. Its counterpart in Pfr is observed at a very
similar frequency (1730 cm ™). The close proximity of these two
bands accounts for the lack of a pronounced signal in the IR
difference spectrum. A second band at 1718 cm ™' (1697 cm ™)
in Pr (Pfr) has been unambiguously assigned to a C—O
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Fig. 6 (A) IR difference spectra “Pr minus Pfr" of Agpl, XccBphP, and

Agp2, obtained at 20 °C. The positive and negative peaks refer to peaks
from the Pr and Pfr state, respectively. The yellow- and violet-shaded
signals highlight the amide | bands due to the a-helical and B-sheet
segments. The region of the C=0 stretching modes of the chromophore
and amino acid side chains is further compared with the RR spectra of Pr
(orange traces) and Pfr (magenta traces) in B, C, and D. The blue and red
peak labels correspond to the C—=0O stretching modes of the pyrrole rings
D and A, respectively.

stretching of ring A as well,>* implying that in Agp2 ring A
displays a significant heterogeneity in terms of hydrogen
bonding interactions. For the corresponding ring D mode,
the present RR and IR results consistently reveal only one mode
for Pr and Pfr at ca. 1711 and 1695 cm ', in line with the
previous analysis.>” In terms of the C=O stretching modes of
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rings A and D, XccBphP is more closely related to Agp1 rather
than to Agp2, since it displays as well bands of two C=O
stretching modes of ring D and one C—=O stretching of ring A
both in Pr and Pfr at positions similar to the corresponding
modes in Agp1. In addition to the carbonyl stretching modes of
ring A and D, we note the band at 1750 cm™ " in Pfr of Agp2.
This band is not observed in Pr implying a deprotonation of
propC with the formation of Pr. No band close to this position
was found for Agp1 and XccBphP, neither in Pfr nor in Pr.

Discussion

We presented a spectroscopic analysis of the structural changes
of three phytochromes during their phototransformation. The
results are now discussed in terms of common and distinct
structural and mechanistic properties that have specific func-
tional impact (Table 2).

Structural differences in the parent states

We start the discussion with Agp1 and Agp2 as representatives
of bathy and prototypical phytochromes. First, in Agpl we
identified a considerable structural heterogeneity, which is
reflected by the C-D methine bridge HOOP modes. In addition,
we also noted two bands due to ring D C—=O0 stretching modes,
implying that there are at least two sub-states differing with
respect to subtle structural details of ring D and the adjacent
methine bridge, i.e. the isomerization site. In contrast, there is
no indication for any structural heterogeneity of the isomeriza-
tion site (ring D) in Agp2.

Agp2 shows an unusually slow H/D exchange at ring D that
requires several days to be completed at ambient temperature,
in contrast to the instantaneous exchange at the other
rings.”>** Presumably, the slow exchange kinetics reflects the
strong electrostatic binding of the carboxylate side chain of
Asp196 (Agp2) with the ring D N-H group that keeps it in the
position of the ZZEssa configuration of Pfr. Hence, the slow H/D
exchange at ring D corresponds to a slow thermal Pfr — Pr
conversion. In fact, such a slow H/D exchange was not observed
for phytochromes exhibiting a measurable thermal Pfr — Pr
conversion such as Agp1 (Table 2).

In general, thermal reversion between the parent states
requires the transient formation of an enol tautomer of the
BV as postulated by Lagarias and Rapoport,’® and recently
confirmed by identification of an enol tautomer in the Pr state
of Agp2.>> However, the reactivity of the enol tautomer depends
on the electron density distribution in the C-D methine bridge
which in turn is controlled by the hydrogen bonding and
electrostatic environment of ring D.>> Thus, not in each case,
the relative enol contribution is proportional to the rate of
thermal double bond isomerization.?*”> Nevertheless, so far
the Pr state of Agp2 is the only state for which an enol form has
been detected spectroscopically. This keto-enol tautomerism
together with the ring D structural heterogeneity and the
stability of the Asp196-ring D salt bridge in the Pfr state are
key structural parameters that control the kinetics of the
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thermal reactions between Pr and Pfr. In each phytochrome,
reaction routes in both directions exist due to the principle of
microscopic reversibility. The ratio of the corresponding rate
constants, i.e., the equilibrium constant of the parent states in
the dark, thus reflects how specific structural parameters lower
or raise the energy barriers in either direction (Table 2). In this
way, it can readily be rationalized that Pr and Pfr are the most
stable states in Agp1l and Agp2, respectively. XccBphP displays
structural properties of both representatives (Table 2). In this
sense, its classification as a bathy-like phytochrome is some-
what arbitrary. Therefore, it is not surprising that in XccBphP
both parent states coexist in the dark, albeit with a preference
for the Pfr state specifically in the full-length protein. This
preference can be altered by modifying one of these critical
structural parameters listed in Table 2. For instance, replacing
Asp199 by a non-polar amino acid (Ala) prevents formation of
Pfr whereas Asn and Gln, ie. amino acids with hydrogen
bonding capacity, shift the thermal equilibrium towards
Pr,>*°® due to the lack of the Pfr-stabilizing salt bridge with
the ring D N-H group. Also, substitutions in the tongue region
may affect the relative stabilization of Pr and Pfr. In the
XccBphP variants W478A and S474E, the Pr/Pfr equilibrium is
shifted towards the Pr state, presumably due to the destabiliza-
tion of the Pfr state either by removing the n-n interactions
between His194 and Trp478 in W478A or by repulsive effects of
Glu474 with Asp199 in S474E.>°

Whereas the structural heterogeneity of ring D may lower
the barrier for the thermal isomerization of the chromophore, a
structure-function relationship is not immediately evident for
the structural heterogeneity of the A-B methine bridge in all
three phytochromes and the ring A carbonyl group in Agp2,
evidenced by the twofold appearance of the respective A-B and
C=0 stretching modes (Table 1). This heterogeneity is not
restricted to the parent states which may reflect parallel photo-
conversion pathways.’

Reaction sequences of the phototransformations

To analyze the photoinduced processes of the three phyto-
chromes by RR spectroscopy, we varied the trapping tempera-
ture from —160 °C to room temperature. The RR spectra
obtained in this way were disentangled to yield a minimum
number of different component spectra that allows for a
satisfactory simulation of the experimental data.’ Thus, one
selects those intermediates that differ with respect to structural
and electronic properties of the chromophore. This criterion
also holds for detection with UV-vis spectroscopy, on the basis
of which the present reaction scheme was derived nearly forty
years ago.”” In fact, the RR results for all three phytochromes
studied in this work can be rationalized in terms of this
sequence of intermediates, which is also an appropriate
description for the photoinduced processes at ambient
temperature.®*® "% However, each of these intermediates may
comprise several conformational sub-states, in analogy to the
concept introduced by Frauenfelder and coworkers.® These
sub-states differ in small structural details, and their thermal
decays are associated with low energy barriers of different
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heights depending on the specific protein environment.
Accordingly, cryogenic trapping may cause the accumulation
of different (sub-)states in the various phytochromes which in
turn may account for small differences between the conjugate
spectra. For instance, the Meta-F spectra (Fig. 3) display the
N-H ip mode of rings B and C at 1560 (Agp1), 1563 (XccBphP),
and 1553 cm ™' (Agp2). These differences may reflect the
reorganization of the hydrogen-bonding network that seems
to occur in discrete steps (sub-states) during the lifetime of
Meta-F.">?** In the same way, one could rationalize other small
spectral differences in the Meta-F state (e.g, the position of the
C-D stretching mode) as well as in other intermediates. One
particularly striking example for the role of the energy land-
scape is the fact that it was not possible to identify a Lumi-R
intermediate of XccBphP. Evidently, the energy barrier for its
decay to Meta-Ra is too low to accumulate a sufficiently high
contribution of a Lumi-R at any temperature.’ Furthermore,
specific sub-states may evade detection also because of a low
spectral distinctness with respect to other states. For instance,
temperature-dependent X-ray crystallography of the bathy phy-
tochrome PaBphP (P. aeruginosa) identified stepwise chromo-
phore structural changes in Lumi-F-like intermediate, starting
at the isomerization site (rotation of the C-D methine bridge)
and followed by structural alterations also of the B-C and A-B
methine bridges to form a “late” Lumi-F state.®® The latter two
structural changes are difficult to detect due to the intrinsically
weak RR activity of the corresponding stretching modes and
their overlap with the dominant C-D stretching. Thus, in Agp2
only one Lumi-F state could be identified by RR spectroscopy.
Altogether, we therefore conclude that all three phytochromes
run through the same Pr — Pfr and Pfr — Pr photoconversion
routes including the same intermediate states with very similar
structural properties. There is only one notable exception,
which refers to the protonation state of propC during the
Pfr — Pr photoconversion (vide infra).

Proton transfer reactions during the photoconversions

In all three phytochromes studied here we have identified
proton transfer steps that are associated with the phototrans-
formations (Table 2). Most remarkable is the Pr — Pfr conver-
sion which in Agpl was found to be coupled with the
deprotonation of a N-H group of the chromophore (ring B or
ring C) in the Meta-Rc state, followed by the transient transfer
of a proton to solution phase.>""*'"*” Re-uptake of a proton and
re-protonation of the tetrapyrrole occurs with the decay of
Meta-Rc and the formation of Pfr. Interestingly, a Meta-Rc with
a deprotonated chromophore was also identified in Agp2 and
XccBphP. Only the location of the deprotonation site in Meta-
Re, i.e. ring B or ring C, is different and presumably depends on
the local electrostatics. These findings suggest that the proton
transfer processes associated with the formation and decay of
Meta-Rc are a general mechanistic property of all phyto-
chromes. In fact, a transient proton release and re-uptake by
the protein was also observed in cyanobacterial Cphl from
Synechocystis 6803,”>*' and a Meta-Re-type intermediate has
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Table 1 Characteristic modes in the various states of Agpl, XccBphP, and Agp2?
Protonated chromophore states

Species Mode Pfr Lumi-F Meta-F Pr Lumi-R Meta-Ra
Agpl A-B 1620, 1611 1650, 1639 1646 1649, 1639 1621, 1629 1647
XccBphP 1607 nd 1649 1649 nd 1648, 1637
Agp2 nd 1608 1649 1649, 1642 1621 1637
Agp1l C-D 1600 1620 1627 1627 1596 1621
XccBphP 1594 1617 1624 1622 nd 1621
Agp2 1600 1608 1619 1622 1609 1605
Agp1 Ring D nd 1625 nd nd 1598 nd
XccBphP nd 1617 nd nd nd nd
Agp2 nd 1622 nd nd nd nd
Agpl B-C nd 1600 1596 1600 nd 1593
XccBphP nd 1585 1585 1600 nd 1593
Agp2 1578 1583 1585 nd 1582 1586
Agpl C=0A 1726 1730
XccBphP 1722 1734
Agp2 1697, 1730 1718, 1733
Agp1l C=O0D 1684, 1710 1695, 1716
XccBphP 1687, 1712 1687, 1706
Agp2 1695 1711
Agp1l N-H ip 1551 1569, 1551 1560 1571 1564 1570
XccBphP 1550 1551 1563 1571 nd 1565
Agp2 1549 1552 1553 1571 1549 1565

Meta-Rc

Ring B deprotonated Ring C deprotonated
Agp1 Ring B 1591
XccBphP 1583
Agp2 1597
Agpl Ring C 1602
XccBphP 1602
Agp2 1615

% Mode frequencies are expressed by cm™*

; modes of the protonated tetrapyrrole: A-B, B-C, and C-D: stretching modes of the respective methine

bridges; ring D, C—=C stretching mode of ring D and its vinyl substituent; N-H ip, in-plane bending mode of the N-H groups of rings B and C; C—=0
A and C—=0 D, C=O0 stretching modes of the ring A and D. Modes of the deprotonated chromophore: ring B, C=C stretching localized in ring and
the adjacent (B-C) methine bridge; ring C, C—C stretching localized in ring and the adjacent (C-D) methine bridge. The assignments are discussed

in the text; nd = not detected.

Table 2 Structural properties and their functional impact in bathy and prototypical phytochromes

Observed in
No. Structural parameter Functional impact Agp2 XccBphP Agp1l
1 Ring D/C-D heterogeneity Favors thermal Pfr — Pr transition No Yes Yes
2 Slow H/D exchange ring D Disfavors thermal Pfr — Pr transition Yes* Yes No
3 Enol/keto equilibrium in Pr Favors thermal Pr — Pfr transition Yes® No No
4 Ring A/A-B heterogeneity ? Yes Yes Yes
5 Protonated propC in Pfr and deprotonation in Pr Mechanism of tongue restructuring Yes No No
6 deprotonated BV in Meta-Rc and reprotonation in Pfr Mechanism of tongue restructuring Yes Yes Yes

¢ Assuming that H/D exchange rate at ring D (half time ca. 450 h) corresponds to the rate-limiting step of the Pfr — Pr conversion in Agp2,>* the
combination with the spectroscopically determined half time for the Pr — Pfr conversion of ca. 30 s>* yields a [Pfr]/[Pr] equilibrium constant of ca.

5 x 10%

been detected in eukaryotic and prokaryotic phytochromes
studied so far.>"

The situation is different for the Pfr — Pr conversion.
This reaction sequence does not involve an intermediate with
a deprotonated chromophore. However, in Agp2 proton trans-
fer from the propC to His278 occurs,>*** which appears to
be a unique feature of bathy phytochromes.>* The only excep-
tion may be the myxobacterial phytochrome SaBphP2 from
Stigmatella aurantiaca which also displays a protonated and

This journal is © the Owner Societies 2022

deprotonated propC in Pfr and Pr, respectively.’® In contrast,
no proton transfer steps were identified in the Pfr — Pr
photoconversion of XccBphP and Agp1 as well as in any other
prototypical phytochrome.

Interestingly, all proton transfer steps in both photoconver-
sion routes occur prior to or concomitant with the secondary
structure transition of the tongue during the transition from
Meta-Rc — Pfr and Meta-F — Pr, which already suggests a
coupling between both types of processes. In fact, for Agp2 and
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genetically engineered variants it has been shown that the a-
helix/B-sheet transformation of the tongue is required for the
proton transfer from propC to His278.>* The displacement of
the proton is associated with a significant change of the local
electric field, which in turn was proposed to be functional for
the secondary structure transition.'>>* Since this mechanistic
pattern seems to hold in general, a proton transfer might also
take place with the decay of Meta-F in Agpl and XccBphP
although it was not visible in the present IR and RR spectro-
scopic experiments.

Conclusions

Agp1, Agp2, and XccBphP are considered as representatives of
specific classes of phytochromes, i.e. prototypical, bathy, and
bathy-like phytochromes. Nevertheless, the present RR and IR
spectroscopic analysis together with previous spectroscopic
and structural data demonstrate that in each case photoswitch-
ing follows essentially the same reaction sequence of states as
inferred from the properties of the chromophore. Furthermore,
all three phytochromes undergo restructuring of the tongue as
the putative functionally crucial change of the photosensor
structure. Differences between the three phytochromes can be
grouped into two categories: first, the specific protein environ-
ment controls details of the chromophore structure and affects
the barrier for the thermal decay reactions of the individual
intermediate states; second, proton transfer processes that are
tightly coupled to the structural transitions of the tongue proceed
presumably via the same mechanism along the Pr — Pfr conver-
sion route whereas the reverse Pfr — Pr photoconversion includes
different pathways. These mechanistic differences, however, do
not coincide with classification of phytochromes in prototypical
and bathy (or bathy-like) phytochromes. Here, the distinction
criterion is essentially the ratio between the thermal conversion
rate between Pr and Pfr, which - as shown in this work - can be
traced back to molecular structure parameters stabilizing or
destabilizing the Pr or Pfr state.
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