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Phytochromes are ubiquitous photoreceptor proteins that undergo a significant refold-
ing of secondary structure in response to initial photoisomerization of the chromophoric
group. This process is important for the signal transduction through the protein and
thus its regulatory function in different organisms. Here, we employ two-dimensional
infrared absorption (2D-IR) spectroscopy, an ultrafast spectroscopic technique that is
sensitive to vibrational couplings, to study the photoreaction of bacterial phytochrome
Agpl. By calculating difference spectra with respect to the photoactivation, we are able to
isolate sharp difference cross-peaks that report on local changes in vibrational couplings
between different sites of the chromophore and the protein. These results indicate inter
alia that a dipole coupling between the chromophore and the so-called tongue region
plays a role in stabilizing the protein in the light-activated state.
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Phytochromes are photoreceptive proteins with variable domain architecture (1) that
many different organisms, such as plants (2), fungi (3), cyanobacteria (4), and bacteria
(5) use to sense light. All phytochromes bind open-chain tetrapyrrole chromophores, like
biliverdin Xe (BV) (mainly in bacterial variants) (6), and convert between two “parent”
states with distinct absorption spectra. Bacterial phytochromes (Bphs) are of specific
interest within this diverse class of proteins, because they can be easily expressed, purified,
modified, and used in biotechnological applications such as optogenetics or fluorescence
microscopy (7, 8).

Bphs act as light-driven enzymes in bacterial two-component signaling, e.g., light-
activated histidine kinases (9), phosphatases (10), or cyclases (11). They photoswitch
between a red-absorbing (Pr) and a far-red absorbing (Pfr) state, thereby regulating the
according C-terminal catalytic domain, which is typically located several nanometers away
from the chromophore. Due to this large distance, the light regulation of enzymatic
activity involves an intricate mechanism: an initial light-triggered Z/E isomerization of
BV causes refolding of a nearby secondary structure element (the “tongue” region, Fig. 1),
resulting in functional tertiary structure rearrangements of the catalytic domain (8).
The light-induced transition of the tongue is a rather dramatic structural change as it
comprises the repositioning of all involved amino acids and the breaking and formation
of tens of hydrogen bonds. Due to its magnitude, it is often viewed as the critical step in
intramolecular signal amplification (12).

Over the last decades, many analytic techniques such as X-ray crystallography (13, 14),
NMR spectroscopy (15), cryo-electron microscopy (16), time-resolved X-ray solution
scattering (12, 17), and molecular dynamics simulations (18) have been used to probe
the molecular details of this complex reaction cascade. On top of that, vibrational
spectroscopies (resonance Raman [RR] and infrared absorption [IR]) had a strong
contribution to the current understanding of the phytochrome photoreactions due to
their high intrinsic time resolution, sensitivity to subtle changes in molecular geometries,
and applicability to solution samples at physiological temperatures (19-23). IR difference
spectroscopy was mainly employed in the amide I region, where the frequency changes
of C = C and C = O stretching modes of the chromophore (24) can be followed in the
same spectral window as the backbone amide I modes, which report, e.g., on the tongue
transition between S-hairpin and @-helical states (19, 25, 26).

Since the different contributions in this information-rich region overlap strongly and
partly cancel each other, clear assignments and quantitative measurements are unfortu-
nately seriously aggravated in IR difference spectroscopy. Here, we attempt to partially
overcome this problem by spreading the spectrum out into two dimensions using two-
dimensional infrared absorption (2D-IR) difference spectroscopy. Two-dimensional IR
is an advanced femtosecond IR-pump/IR-probe technique with a frequency-resolved
pump axis that provides additional observables such as 2D lineshape and cross-peaks
that are inaccessible by linear spectroscopy (27, 28). Furthermore, 2D-IR spectroscopy is,
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Fig. 1. The red/far-red photochemistry of canonical Bphs. (Left) Detailed
view of the crystal structure of Agp1 in the Pr state (Protein Data Bank
[PDB] code 5HSQ), with the BV chromophore in the 75Z configuration and
the tongue region as a hairpin fold. (Right) The crystal structure of the
Pfr-stabilized phytochrome Agp2 can be used as a model for Agp1 in the Pfr
state (PDB code 6G1Y). In Pfr, BV adopts the 75E configuration and the tongue
forms a helix. Inset shows vis absorption spectra of Agp1 in Pr and Pfr.

in contrast to linear techniques, sensitive to vibrational couplings.
Due to these advantages, 2D-IR offers a direct way to study the
connectivity between different functional groups in phytochromes
via cross-peaks as a function of the photocycle and thus reveals
insights into the molecular mechanism of the signal transduction
in solution with high time resolution.

We selected the canonical bacterial phytochrome Agpl from
Agrobacterium fabrum (9, 29) as a model system, because this spe-
cific Bph has been studied extensively with X-ray crystallography
and linear vibrational spectroscopy, providing a solid reference for
the 2D measurements (20, 23, 30, 31). Since no crystal structure
of Agpl in the Pfr state is available, the crystal structure of the Pfr-
stabilized phytochrome Agp?2 is used as a model for the Pfr state of
Agp1 throughout this article (32). Within that frame, we find that
the 2D-IR measurements provide a large amount of interesting
information such as changes in lineshapes and cross-peaks that
allow us to dissect the IR spectrum and propose a model for the
kinetic stabilization of the Pfr state.

Results

2D-IR Spectroscopy in the Pfr and Pr States. To sct the stage,
absolute 2D-IR spectra of Agpl were measured in the Pr and Pfr

states by illuminating the sample inside the spectrometer. While
the Pr state can be populated with this procedure essentially pure,
the Pfr spectrum can contain a residual Pr contribution (compare
ultraviolet-visible [UV-vis] spectra in Fig. 1). We estimated it to be
<20% by performing an iterative subtraction procedure on the
vis absorption spectra Pfrpyre = Pfregp — S+ Pregp, varying s
until negative bands appear as a clear sign of oversubstraction. In
contrast to most other 2D-IR studies in the amide I region, the
data presented here were taken in HoO buffer solution (not D2 O).
This was possible due to the very high solubility of the protein
and resulting high concentration of the sample (ca. 10 mM) and
further demonstrates that the sensitivity of 2D-IR has advanced
over the last years to the point where it is feasible now to perform
experiments on protein samples in H2O. The choice to stay with
H5O ensures that in a large and complex protein like Agp1 all
buried protic residues are protonated instead of producing a mixed
protonation/deuteration pattern due to a partial inaccessibility for
D20 exchange, alleviating the assignment of vibrational bands.

In the absolute 2D-IR spectra of Agpl, four local maxima are
detected on the main diagonal between 1,600 and 1,730 cm™!
(Fig. 2, roman numerals). Peaks I to III can be observed in 2D-IR
spectra of most proteins and assigned to the dominant amide
I modes of different secondary structure elements of the entire
protein. Specifically, peak I (ca. 1,630 cm™!) corresponds to the
so-called B-sheet a— vibration, II (1,660 cm™!) to a-helices, and
ITI (1,685 cm ™) to the B-sheet a+ mode. This assignment is based
on reference spectra from pure B-sheet proteins like concanavalin
A or a-helical proteins like myoglobin, which display these bands
(27, 33). Furthermore, the B-sheet a— and a+ vibrations are
coupled, giving rise to cross-peaks I/III that can be observed in
B-sheet proteins in the form of a “Z” shape (Fig. 2, dotted line).
In the case of Agp1, the dominant diagonal a-helix signal overlaps
strongly with these cross-peaks, leading to a complex shape similar
to that of other proteins with mixed secondary structure like
ubiquitin (27). Furthermore, a water background from the HOH
bending mode (34) is overlapping at with the amide I signals at
1,660 cm™, as evidenced by a more homogeneous lineshape of
this band. Since the 2D-IR response scales quadratically with the
extinction coeflicient ¢, the signal of the amide I band, whose
extinction coeflicient is larger, is enhanced relative to that of the
water background. Consequently, the signal sizes of both are in the
same order of magnitude, despite the much higher concentration
of water.

Diagonal peak IV is found outside the amide I region and is
assigned to the C = O stretching mode of the BV ring D carbonyl
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Fig. 2. The 2D-IR spectroscopy of Agp1 in the amide | region. (A) The 2D-IR spectrum in the Pr state. (B) The 2D-IR spectrum in the Pfr state. Diagonal and
off-diagonal signals marked with roman numerals are discussed in detail in the main text. (C and D) Detailed view of the COp region in the absolute Pfr and Pr

spectra, with nodal line slope indicated as thick black line.

20of 6 https://doi.org/10.1073/pnas.2206400119

pnas.org


https://doi.org/10.1073/pnas.2206400119

(see also Fig. 1 for nomenclature, COp at 1,711 cm™! in Pr), in
agreement with the literature, while CO 4 is expected at higher
frequencies (23, 24, 31). Since peak IV does not overlap with
other bands, the absolute 2D lineshape can be analyzed directly
in both photostates (Fig. 2 C and D). COp thus acts as a local
vibrational probe inside the protein environment and reports on
the changes of its immediate surroundings, such as hydrogen bond
dynamics (35). First, CO p is downshifted in Pfr by about 2 cm™!
in good agreement with previously published linear IR data (36,
37). Additionally, this mode is significantly weaker in Pr compared
to Pfr. The round lineshape and nearly horizontal nodal line (thick
black line in Fig. 2 C and D) in Pfr indicate that this functional
group senses an ensemble of slightly different microenvironments
that interchange at a rate equal to or faster than the t2 delay of
200 fs (homogeneous broadening). In contrast, the steeper nodal
line and weaker peak signal in Pr indicate that COp is found
in a more heterogeneous environment with longer interchange
dynamics >200 fs. However, the actual downshift and the changes
in intensity and nodal line slope might be even stronger than we
report here due to a residual Pr contribution in our spectra.

Furthermore, the 2D-IR spectra reveal broad cross-peaks be-
tween CO p and the amide I region (labeled II/IV in Fig. 2B), in-
dicating vibrational coupling between COp and amide I in both
states. Although these broad cross-peaks in the absolute spectra
cannot be assigned to specific interactions with secondary struc-
ture elements, they are direct markers for protein—chromophore
interactions. The subtle differences between Pr and Pfr in the
amide [ region are hard to analyze in the absolute spectra due
to the overwhelming static amide I signal and water background.
To enhance the spectral changes and simultaneously subtract
out the background and the residual Pr contributions to the
Pfr spectrum, the Pfr-minus-Pr difference 2D-IR spectrum was
calculated.

Difference 2D-IR Spectroscopy. Fig. 3 shows the difference
2D-IR spectrum compared with the linear IR difference spectrum
(Fig. 3, 7op) and the resonance Raman (RR) spectra of Pfr and
Pr (Fig. 3, Middle). The difference spectrum was obtained by
subtracting the Pr spectrum from Pfr in a 1:1 ratio without any
scaling or the like. The linear data were taken from a previous
publication (37). The RR spectra allow for an assignment of
vibrational modes that originate from BV, while the linear
IR difference spectra selectively probe changes in vibrational
frequencies between the Pfr and Pr states for both BV and protein.
The dominant features on the diagonal coincide with both linear
data as follows:

I) A large signal with negative sign at 1,635 cm™ s mainly at-
tributed to the loss of B-sheet a— mode due to the refolding of
the tongue region, which corresponds to the largest signal in
the Fourier-transform infrared (FTIR) difference spectrum.

I) A large positive signal is detected at 1,660 cm™' due to
folding of the tongue region into an @-helix in Pfr.

III) The B-sheet a+ mode is weak and consequently the difference
upon refolding of the tongue is small. No clear difference
signal is visible for this mode in either of the spectra, which
is possibly also obscured by neighboring signals.

IV) The change of the COp lineshape upon photoconversion
produces a difference pattern that closely resembles the ab-
solute Pfr lineshape, with a small negative Pr contribution at
higher frequencies. Since the COp is part of the conjugated
system, this mode is also weakly detected in the RR spectra.

The assignment of the dominant FTIR signals that correspond to

the diagonal difference bands is based on a large body of literature
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(23, 25, 26, 37, 38). In these studies, it was shown that signals
from other, less-defined, structural changes overlap with these
signals that are typically smaller by a factor of 2 to 10X than
the helix refolding contribution. A closer look at the off-diagonal
region reveals weak difference cross-peaks that connect the major

features on the diagonal, e.g., I/III or II/IV.

Difference Cross-Peaks. The plot in Fig. 3 reveals a complex
pattern of small cross-peaks, which reports on changes of vibra-
tional couplings upon photoconversion. Another possible origin
is a change in transition dipole strength, which would alter the
magnitude of a cross-peak and would therefore also produce a
difference signal. Contributions from different parts of the protein
are marked in purple (BV), orange (B-sheet), and green (e-helix)

and discussed as follows:
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Fig. 3. (Top) Linear IR difference spectrum of Agp1. (Middle) RR spectra of
Agp1 in the Pr and Pfr states. Data for Middle are taken from a previous
publication (37). (Bottom) Pfr-minus-Pr difference 2D-IR spectrum. Roman
numerals are discussed in detail in the main text, and signals originating from
the B-hairpin are highlighted in orange, those from the @-helix in green, and
those from BV modes in purple.
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IV/V) A pair of positive cross-peaks that connects COp with a
diagonal feature (V) outside the amide I region around
1,600 cm ™ is detected. This signal coincides precisely with
the position of the dominant C = C stretching peak in
the Pfr RR spectrum, indicating intramolecular vibrational
coupling between the COp and C = C modes in Pfr.
While this positive cross-peak is quite strong, a negative
counterpart would be expected at 1,711/1,626 cm™! due
to Pr C = C and COp bleach at this frequency. Such a
feature is barely visible, probably due to the broadened and
therefore weaker CO p band in Pr.

I/IIT) Cross-peaks with a negative sign are found at the position
where the coupling between the B-sheet a— and a+ modes
is expected and therefore assigned to the loss of S-sheet
content due to tongue refolding. However, diagonal peak I
also contains a contribution from the BV C = C stretching
signal at 1,626 cm™!, the strongest signal in the Pr RR
spectrum. In contrast to peak I, cross-peak I/11I likely does
not contain contributions from the C = C stretching mode
and solely originates from the S-sheet, because there are no
BV modes around 1,690 cm™ that could couple to the
C = C and cause an off-diagonal feature at this position
(dotted orange circle). Another option would be a highly
localized protein mode at this position that couples with
the C = C stretching only in Pr, which also appears
unlikely.

II/IV) A positive cross-peak is observed between COp and the
a-helix signal, indicating that COp couples stronger
specifically to helix amide I modes in Pfr. In contrast
to the broad feature in the absolute spectrum that extends
over the entire amide I region, the difference cross-peak
is quite sharp and localized at the a-helix position.
While the increased dipole strength of COp increases
the magnitude of the diagonal COp band and all related
cross-peaks, the relative sharpness and localization of this
peak at 1,660 cm™! indicate that it truly originates from
a coupling with an a@-helical element in Pfr, in contrast
to the broad cross-peaks in the absolute spectra in both
states.

Discussion

Two-Dimensional Lineshapes and Cross-Peaks. The oscillator
strength of the amide I modes of regular secondary structure
motifs such as @-helices and S-sheets concentrates into a smaller
number of normal modes, in which the C = O groups oscillate
in phase, resulting in an increase in transition dipole strength
by a factor of more than 2x (39). Together with the quadratic
dependence of the 2D-IR signal, this results in narrower 2D-IR
spectra compared to linear IR spectra for these secondary structure
motifs. In Agp1, this narrowing of the amide I band signiﬁcantly
reduces the overlap with bands in adjacent regions and thus allows
one to investigate the absolute COp lineshape in Pr and Pfr
directly, which is not possible in linear IR experiments. Generally
speaking, the amide I narrowing makes it possible to study all
other vibrational modes with frequencies >1,700 cm™! in this
way. In photoreceptors, especially the C = O stretchings of proto-
nated carboxylic sidechains that appear in bathy phytochromes
(40), retinal proteins (41), cryptochromes (42), or photoactive
yellow protein (43) are functionally relevant and therefore of high
interest. The 2D-IR spectroscopy at low temperatures (44) or
transient 2D-IR spectroscopy (45, 46) could potentially reveal
dynamic changes in the lineshape as these photoreceptors progress
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through their functional cycles. Here, these modes would act
as local probes for the changing dynamics of their environment
during the photocycle.

Furthermore, the 2D-IR difference technique spreads the con-
gested linear spectra out into two dimensions, which is helpful for
distinguishing between contributions of overlapping bands. For
example, cross-peak I/III exclusively serves as a marker for the
B-sheet loss, in contrast to diagonal feature I that overlaps with
the C = C stretching vibration. Altogether, three systems of cross-
peaks were observed in the difference 2D-IR spectrum that appear
at consistent positions above and below the main diagonal. These
three systems report on different types of coupling. Cross-peak
IV/V originates from two localized and adjacent chromophore
modes, which are very likely mechanically coupled to each other.
Cross-peak I/III originates from two modes that are likely de-
localized over the entire length of the tongue hairpin structure
(47). Cross-peak II/1V is particularly interesting because here, a
localized mode from the chromophore couples to a delocalized
@-helix mode of the protein. Mechanical coupling through bonds
appears unlikely because the COp group is ca. 20 bonds away
from the closest amino acid, a cysteine residue that is covalently
linked to BV pyrrole ring A (30, 48). Therefore, the most probable
explanation for this cross-peak is an increased dipole coupling
through space with the a-helical tongue region in the Pfr state.

Helix Stabilization in Pfr. The increased dipole coupling that
leads to cross-peak II/IV can be rationalized by looking at the
crystal structure of the Pfr-stabilized phytochrome Agp2, which
we use as a model for the Pfr state in Agpl (Fig. 4) (32). The
strength of dipole coupling depends on the distance and angles
between the individual dipoles, and COp is in close proximity

Fig. 4. Model for dipole stabilization of the 75E configuration of BV and the
helical structure of the tongue region in the Pfr state. The alignment of the
C = O dipoles results in increased vibrational coupling.
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to the tongue in Pfr. All peptide CO groups in @-helices point in
one direction, and thus their individual dipoles add up and couple
strongly between each other. In the case of Agp2, 11 peptide
groups (amino acids PRO459 to THR469) contribute to the
overall helix backbone dipole. The distance of CO p to the closest
CO group of that helix (PRO459) is only 5.4 A in Pfr (Fig. 4),
while ring D and the tongue region do not interact directly in Pr
(compare Fig. 1).

Studies of a truncated Agp1 variant lacking the tongue region
showed that Pfr is not stabilized properly (23, 49), as indicated by
a strongly broadened vis absorption and accelerated dark reversion
to Pr. Similar results were found for other bacterial phytochromes,
indicating that this a general effect in canonical Bphs (37, 50).
Therefore, we propose that the interaction between the tongue
helix and COp we detect here in the form of a cross-peak might
play a role in stabilizing the position of pyrrole ring D in Pfr and
thus contributes to the kinetic stabilization of Pfr on timescales be-
tween minutes and days. The timescale of dark reversion is a highly
variable parameter in different phytochromes and important for
fine-tuning of the amount of active state in photostationairy
equilibrium and therefore the biological function. Here, it is
important to recall that it is the transition dipole coupling that
gives rise to cross-peaks in a 2D-IR spectrum, while it is dipole
interactions that may electrostatically stabilize a structure. The
amide I mode is in essence the vibration of a diatomic molecule,
i.e., the polar C = O group of the protein backbone, in which case
the transition dipole is directly related to the dipole. The idea of
dipole stabilization is further supported by the homogeneous 2D
lineshape of COp in Pfr, which indicates a well-defined single
structure in this state.

The other way around, one might also speculate that isomer-
ization and repositioning of COp could act as a driving force for
the refolding of the tongue into the helical configuration. It has
for example been shown that coupling of an external electronic
dipole to a peptide can function in this way and trigger the folding
of a random coil into a helix (51). However, in this example,
the electronic dipole was much larger than in COp. On the
other hand, that study considered an isolated peptide that did
not interact with the rest of a larger protein. We estimated the
dipolar interaction energy between COp and the helix back-
bone carbonyls by extracting the coordinates of all relevant C
= O groups from the Agp2 Pfr crystal structure (Fig. 4) and
assuming charges of 0.5 e and —0.5 e for the C and O atoms,
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respectively. This model calculation yielded a high interaction
energy with the first C = O group of ca. 2 kJ/mol, while the 10th
C = O group contributes only with an energy of 50 J/mol due
to the strong distance dependence. The entire helix adds up to
ca. 3.8 kJ/mol or 1.5 kg T. It is clear that many strongly
competing forces are responsible for the structure of a protein, and
energies on this order of magnitude might have large net effects.
Opverall, we suggest that the observation of the dipolar interaction
is related to the evident mutual stabilization of these two sites and
the corresponding cross-peak might be used as a marker for the
interaction between them in future studies.

Methods

Agp1 (PAS-GAF-PHY) samples were prepared according to published protocols
in a Tris buffer containing 50 mM Tris-Cl, 5 mM EDTA, and 300 mM NaCl and
adjusted with HCl and NaOH to pH 7.8 (48). The 2D-IR spectra were collected with
a setup based on a 100-kHz Yb-fiber laser, mid-IR optical parametric amplifier
(OPA), and a pulse shaper as described before in detail (35, 46). Here, the 2D-
IR spectra were collected in the rotating frame with a reference frequency of
1,450 cm™1, while the step size for scanning the t; delay was 40 fs, and the
t, delay was 200 fs for all measurements. During data collection, the sample
was illuminated inside the setup with two different light sources to photoswitch
between the Prand Pfr states. Here, a red LED (LIU630A; Thorlabs) was used to
populate the Pfr state, while a far-red diode laser (L785P25) was used for Pr. The
individual absolute spectra of each state were collected for 30 min, corresponding
to an averaging of 10 individual 2D-IR spectra. This process for Pr and Pfr was
repeated 10 times and the average of all data was used for analysis. UV-vis ab-
sorption spectra were recorded before and after the 2D-IR measurements, and no
signs of photodegradation were found in these spectra or in 2D-IR specrtra at dif-
ferent time points during the accumulation. All measurements were performed
in agueous (H,0) buffer solution, and the pathlength of the sample cell was
5 wm. The concentration of the sample was 10 mM, determined by measuring
the optical density at 280 nm in the same cell used for the 2D-IR measurements

and using an extinction coefficient of £5g9 = 78,505 mol~" - cm~" (from Protein
Data Bank) to calculate the concentration.

Data Availability. The data that support the findings of this study have been
deposited in Zenodo under DOI 10.5281/zen0d0.6757659 (52).
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