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ABSTRACT

Phytochromes are ubiquitous photoreceptors found in plants, eukaryotic algae, bacteria, and fungi.
Particularly, when bacteriophytochrome is irradiated with light, a Z-fo-E (photo)isomerization takes
place in the biliverdin chromophore as part of the Pr to Pfr conversion. This photoisomerization is
concomitant with a bathochromic shift in the Q-band. Based on experimental evidence we studied a
possible keto-enol tautomerization of BV, as an alternative reaction channel after its
photoisomerization. In this contribution, the non-catalyzed and water-assisted reaction pathways for
the lactam-lactim interconversion through consecutive keto-enol tautomerization of a model BV
species were studied deeply. It was found that in the absence of water molecules the proton transfer
reaction is unable to take place at normal conditions, due to large activation energies and the

endothermic formation of lactim-derivatives prevents its occurrence. However, when a water
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molecule assists the process by catalyzing the proton transfer reaction, the activation free energy
lowers considerably. The drastic lowering in the activation energy for the keto-enol tautomerism is
due to the stabilization of the water moiety through hydrogen bonds along the reaction coordinate.
The absorption spectra were computed for all tautomers. It was found that the UV-Visible absorption
bands are in reasonable agreement with the experimental data. Our results suggest that although the
keto-enol equilibrium is likely favoring the lactam tautomer, the equilibrium could eventually be
shifted in favor of the lactim, as it has been reported to occur in the dark reversion mechanism of

bathy phytochromes.

INTRODUCTION
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Phytochromes are biological photoswitches in which a tetrapyrrole structure acts as the
chromophore, switching between the physiologically inactive and active forms, namely the Pr and Pfr
forms, respectively. These photoreceptors can be found in different life entities, encompassing
eukaryotic algae, flowering plants, and cyanobacteria.’~'°. These systems are biologically interesting
since they can absorb and emit light in the near-infrared region, opening new developments in

photochemical applications, even in biological environments due to their non-toxic character.

Albeit there are many types of phytochromes, the so-called canonical phytochromes exhibit a
three-domain arrangement (PAS-GAF-PHY). Furthermore, the chromophore can vary from
biliverdin (BV), phytochromobilin (P®B), phycocyanobilin (PCB), to phycoviolobilin (PVB). The BV
chromophore is shown in Fig. 1(a). Particularly, phytochromes that use BV show a conserved Cys N-
terminal in the PAS domain, in contrast with the ones that utilize PCB or P®B which have a
conserved Cys in the GAF domain'?>~"%, Relevant to this study is the fact that water molecules are
found in the chromophore binding pocket, forming a network of hydrogen bonds, able to exchange
water molecules with the exterior of the chromophore pocket, as shown in Fig. 1(b). The BV
chromophore is generally found in nonoxygenic bacteria (also known as bacteriophytochromes or
BphPs), the P®B chromophore can be found in flowering plants, whereas the PCB chromophore is
usually found in phytochromes of cyanobacteria (e.g., Cph1). In the present work, we studied the BV

chromophore in the Pfr form of BphP. In UV-Vis spectra, this BV chromophore absorbs at around

700nm and 755 nm, in the Pr and Pfr forms, respectively16.
<Figure 1>

<Figure 2>

These kinds of photoreceptors are known for showing a great photochromicity. In Fig.2, a
general photophysical cycle in bacteriophytochromes is shown. The red-absorbing parental form, Pr,
is converted upon excitation into the far-red-absorbing photoproduct (Pfr) through the formation of a
metastable intermediate Lumi-R (Fig. 2). It is worth noting that in plant phytochromes the
photoactivated state corresponds to Pfr, while for the bacterial ones it can vary from Pfr (prototypical

phytochromes) to Pr (bathy phytochromes)!”. This conversion takes place through photo-
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isomerization of the tetrapyrrole chromophore at the C15=C16 double bond between ring C and ring
D, which produces a bathochromic shift in the absorbance spectrum (see Fig. 1(c)). Particularly, we
are interested in prototypical phytochromes, in which the photoisomerization converts the 157
conformer into a 715E photoproduct. After photoisomerization, it is believed that noticeable
conformational changes in the chromophore pocket take place, together with the reorganization of a
network made of water molecules connecting the inner and outer space. Some studies suggest that
the Z-to-E isomerization takes place in the Pr* state within a few picoseconds'®2'. In addition, back
conversion of the signaling Pfr state can be converted into the dark state Pr with intermediate
formation of a meta-stable Lumi-F intermediate (see diagram in Fig. 2). For further details in the
photochemical cycle in phytochromes, the reader is referred to a recent review 22, and references

therein.

In bathy phytochromes, it has been found that in the photoactive (Pr) state of the
chromophore in Agp2, proton migrations can take place. Although it has been suggested using pH-
dependent changes that proton-transfer reactions occur between the chromophore and the protein??,
this reaction can take place intrachromophore?*. VVelazquez et al. propose that a proton transfer from
the ring C nitrogen to carbonyl oxygen in ring D can occur, giving place to a keto-enol equilibrium,

with the prevalence of the enol form at high pH?2*.

<Figure 3>

Given the experimental evidence of enol form in the photoproduct, we explore the potential
energy surface (PES) for the keto-enol tautomerism of the Pfr state of biliverdin (BV). In the present
theoretical study, the focus is centered on the possible keto-enol tautomerization in both rings A and
D of BV in the Pfr state. For BV, a model structure was considered without the external propionic
groups, see Fig. 1(c). By inspection of Fig. 3, the keto-enol tautomerism could take place in
either/both pyrrole ring A or/and pyrrole ring D to convert the lactam ring into a lactim. If we consider
that a collection of keto-enol isomerization reactions could take place thermally in the photoinduced

Pfr state, we can consider a set of tautomers as shown in Fig. 3. In Fig. 3, the different models of BV
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in bacteriophytochrome are shown: di-lactam (DITAM), lactim on ring A (TIM-A), lactim on ring D
(TIM-D) and finally di-lactim (DITIM).

In this study, we use quantum mechanical models to look for the possible formation of keto-
enol tautomerisms in the signaling Pfr state. With that in mind, we look for the structural basis that
could help to explain the bathochromic shift suffered by phytochrome upon interconversion from the
Pr to the Pfr form.
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MATERIALS AND METHODS

Computational Details. The lactam-lactim isomerization of the model system of BV was studied using
density functional theory (DFT). Optimization of minima and transition states were carried out using
the well-tested M06-2X functional?>—2’ together with the aug-cc-pVDZ basis set?®. The nature of all
minima and transition states were confirmed through frequency calculations. All transition states
were connected with the respective reactants and products through the intrinsic reaction coordinate
(IRC) methodology?®-3'. To get reliable gas-phase energies, single-point calculations at the DLPNO-
CCSD(T)/cc-pVTZ?8:32-35 on the gas phase geometries obtained at the M06-2X/aug-cc-pVDZ level of
theory were performed. On the other hand, Gibbs free energies were computed using the quasi-rotor
harmonic oscillator to treat low-frequency modes as reported by Grimme36. The aqueous and protein
environments were accounted for using the polarizable continuum model (PCM)3’, with a dielectric
constant of € = 4.03841, For discussion purposes, energies in simulated protein environments were

taken into account.

Rendering of structures and isosurfaces were done in Chemcraft*?, CylView*® , and PyMol**. To
reveal noncovalent interactions (NClIs), the NClIplot program of Johnson and co-workers was
used*®46. However, for a quantitative rationale of NCls of relevant structures, symmetry-adapted
perturbation theory (SAPT)*” was employed. Quantification of charge transfer effects was computed
using the SAPT-CT approach*-%1, All SAPT computations were performed at the SAPTO0/cc-pVDZ
level of theory in Psi4%2. Specifically, DF-SAPT0%3-%5 employing the cc-pVDZ-ri basis set was used

for speeding up the computations. The SAPT interaction energy (AE;.) is composed as:
AEint = AEelst + AECT + AEdisp + AEexch + AEpoI + AEind. (1)

The terms AEgs, AEct, AEgisp, AEexeh, AEpq, and AEjg correspond to electrostatic, charge-transfer,
dispersion, exchange, polarization, and induction energies. It should be noted that the polarization

term is estimated from the induction and charge transfer term through AE,q = AE,o + AEcr.

We carried out an analysis based on the activation-strain model®®, also known as the
distortion/interaction model, but using the precise SAPT methodology for obtaining the interaction

energies, and the reliable coupled-cluster energies computed with DLPNO-CCSD(T) for activation
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energies. Therefore, the activation energies (AE*) can be understood as composed by an interaction

term (AE ;) between the fragments, and a distortion term (AEJ;s;) as follows:
AE* = AEf + AEfig (2)

Time-dependent density functional theory (TD-DFT) calculations were performed on the
stationary points on the potential energy surface (DITAM, TIM-A, TIM-D, and DITAM) to study the
potential bathochromic shift of these different species. The B3LYP and CAM-B3LYP exchange-

correlation functional was used together with the 6-31+G(d) Pople basis set’”:%8. On one hand, we
performed geometry optimizations with the PCM module using € = 4.0 to model the protein
environment. Absorption spectra were obtained by computing 15 singlet excited states. On the other
hand, the bilin chromophore has been extracted from the crystal structure of Deinococcus
radiodurans phytochrome in the near-complete far-red light-absorbing Pfr state reported by Vierstra
and coworkers (PDB: 5C5K)'6. Having the tetrapyrrole backbone hydrogens were added and relaxed
in the geometry optimization but leaving the backbone frozen. For the enolic forms, oxygen was also
relaxed during geometry optimization. This approach, often called static approach, has been
successfully applied in the study of phytochromes, which provides a snapshot of the conformational

space of the protein3859.62

RESULTS AND DISCUSSIONS

Paths Keto-Enol Tautomerization of the Bilin Chromophore: Non-Catalyzed and Water-

Assisted Reaction Paths

In this section, the potential energy surface for the isomerization from DITAM to DITIM is
studied. The isomerization of DITAM takes place under two consecutive proton transfer reactions
from the N—H bond to the carbonyl moiety in pyrrole rings A and D (see Fig. 3). Transition state
structures are collected in Fig. 4 with selected geometrical parameters. Transition state structures
are characterized by a four-membered ring with the proton migrating from the nitrogen to the oxygen
atom (see Fig. 4). At the TS structure, there is a noticeable contraction of the NCO angle to allow a
feasible proton migration. On average the contraction of the NCO angle is quite similar in both rings

with 14.4 and 15.7 degrees, at ring A and ring D, respectively.
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Energetics for the enolization reaction of DITIM was obtained and shown in Fig. 3. For gas-
phase energies, high-level coupled-cluster energies were computed. Activation energies AE;
(i=1-—4) are reported in Table | together with Gibbs free energies in protein environments (see
Computational Procedure section for details). The respective energy profile for the successive keto-

enol tautomerization simulating the chromophore pocket is reported in Fig. 5(a).

First, DITAM can undergo two different keto-enol tautomerizations: in ring A or in ring D to
form either TIM-A or TIM-D, respectively (Fig. 3). Activation energies in the gas phase for the
formation of TIM-A and TIM-D were found to be AE{= 45.9 and AE§= 53.7 kcal mol, respectively.
Moreover, reaction energies for the formation of TIM-A and TIM-D amount to 2.0 and 12.1 kcal mol,
respectively. Therefore, the proton transfer in ring A is both kinetically and thermodynamically
favored when comparing with ring D, but difficult to take place in normal protein conditions due to the
height of the energy barrier. On the other hand, TIM-A and TIM-D can undergo a second proton
transfer in ring D and ring A, with activation energies of AEf= 45.0 and AE§= 52.5 kcal mol,

respectively (gas phase).

Gibbs free energy changes for the isomerization mechanism of DITAM were also studied in
the protein environment, simulated through the PCM formalism. For comparison, energies were also
computed in water (see Supporting Information). Although there is a clear difference in the dielectric
constant of water (¢ = 78.35D) and the protein (¢ = 4.00D), it does not have a tremendous effect on
the obtained Gibbs free energies as previously reported by Matute et al.3®. On average, the

differences in Gibbs free energies in water and protein environments are near to just 1 kcal mol-'.
<Figure 4>
<Table 1>

It is clear from Table 1 a noticeable decrease in the activation energy in protein environments
when compared with the gas phase energies. The energy profile for the isomerization pathway is
shown in Fig. 5(a). The activation energy for the proton transfer reactions in ring A and ring D of
DITAM were found to be 38.9 and 45.7 kcal mol, also evidencing an exothermic formation of TIM-A
(2.2 kcal mol') and TIM-D (11.3 kcal mol'). On the other hand, AG§ and AG§ energies are 40.5 and

47.1 kcal mol'. From the results, it can be concluded that the lactam-lactim isomerization in ring A
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and ring D in DITAM is highly unfavored to take place in ambient reaction conditions. The lowered
thermodynamic stability of both TIM-A and TIM-D compared to DITAM makes the process even more
unlikely to take place. It is worth mentioning that the formation of TIM-D is kinetically and
thermodynamically less favored that formation of TIM-A. The gain in thermodynamic stability of TIM-
A may be triggered by the formation of the enol product, promoting a lowering of the strain energy
caused by the three pyrrole N-H bonds in rings A, B, and C. It is observed since, in DITAM, the three
hydrogens are pointing out of the plane while in TIM-A they are almost aligned with the respective
pyrrole ring. In contrast, in the formation of TIM-D, the N—H bonds in rings A, B, and C are unaltered.
A second proton-transfer reaction in TIM-A or TIM-D can produce a full enolic structure (DITIM),
which was found to be even more unlikely to take place regarding larger activation energies than a
first isomerization reaction and lowered thermodynamic stabilization. In summary, in the absence of
water molecules, possible keto-enol tautomerism is thought not to be possible with the equilibrium
highly displaced to the formation of the keto form. With these results, we confirm that intra-pyrrole
keto-enol equilibrium is not possible in protein conditions, albeit IR studies have suggested the
preponderance of the enolic form at high pH but through deprotonation of ring C?*. To study the
feasibility of the keto-enol tautomerization in normal protein conditions, we consider the presence of

water molecules.

It is well known that water molecules can access the chromophore pocket of phytochromes
(see Fig. 1(b) and Fig. 7(a)). Feliks et al. studied the mobility of water molecules in the chromophore
binding domain of the Deinococcus radiodurans bacteriophytochrome by molecular dynamic
simulations® (PCB: 209C). The authors found that water molecules in the chromophore pocket can
be exchanged by water molecules from the solvent. Interestingly, it was found that the region
comprehended among the pyrrole rings was always occupied by at least one water molecule, which
is connected to the outer solvent molecules employing a network of multiple hydrogen bonds®® (see
Fig. 7(a) for reference). In Fig. 7(a) we show the crystal structure of a bilin chromophore found in
Deinococcus radiodurans in the Pfr form'®. The crystal structure reveals a water molecule stabilized
through hydrogen bonds at the center of ring A, B, and C. Further inspection of nearby residues of
ring D we noticed that the —.COOH and —OH groups of D207 and S468 are pointing in the direction of
the N—H bond at ring D. This finding could explain a possible stabilizing interaction of the residues
with a water molecule to carry out an assisted keto-enol tautomerism. This evidence prompted us to

study the possibility of a water-catalyzed keto-enol tautomerization to get a possible structural
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interpretation of the bathochromic shift of the Q-band in the Pr to Pfr conversion. To study the
possibility of a catalyzed keto-enol equilibrium, the water-assisted isomerization was considered
using an explicit water molecule in the computations. The respective reaction profile is shown in Fig.
5(b). Activation Gibbs free energies can be found at the bottom part of Table 1. Transition state

structures for the water-catalyzed reactions are shown in Fig. 6.

<Figure 5>

Particularly, water-assisted reactions are characterized by 6-membered transition state
structures, in contrast with the more strained 4-membered TS in the non-catalyzed reaction path.
This difference in the strain energy to reach the respective transition state is one of the fundamental
reasons for the decrease in energy barriers. In presence of one water molecule activation free

energies decrease up to ~30 kcal mol! (for AGJ). The formation of a reactant complex between
DITAM and H,O gives rise to either DITAM(A) or DITAM(D), with the equilibrium displaced to the

formation of DITAM(A) with a AG® = —1.5 kcal mol' over DITAM(D), AG® = 3.6 kcal mol-'. It is worth
noting, that the energies reported above may be lowered by the interaction of the surrounding amino
acids. Activations free energy for the first catalyzed keto-enol tautomerization was found to be 12.9
and 20.3 kcal mol" at pyrrole ring A and D, respectively. From the results, we can see that the
competing keto-enol tautomerization can easily take place in ring A to form TIM-A over ring D
because of a higher energy barrier. This is a quite remarkable result since due to the low energy
barrier for the formation of TIM-A, its formation cannot be discarded. The second energy barrier for
the transformation of the species into the full enolic form, DITIM, is 13.1 and 17.3 through wTS3 and
wTS84, respectively. It is worth noting from the energy profile that the keto-enol equilibrium is thought
to be more displaced to the keto form, but regarding the low energy barrier towards TIM-A, the

formation of the enol product is highly feasible.
<Figure 6>

<Figure 7>
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To analyze the nature of the energy barrier in terms of distortion energy of the reactants (BV isomer
and H,0O) and the interaction energy to reach the TS structure, we employed a distortion-interaction
based model using the well-defined SAPT energies (see Computational Details section for details).
The activation (AE*) distortion (AEj;) and interaction (AE;) energies are plotted in Fig. 6. It was
observed that for the water-catalyzed proton transfer reactions in ring A, they present a more
pronounced stabilizing interaction component (-=70.5 and —-67.2 kcal mol' for wTS1 and wTS3),
being it less stabilizing for the proton transfer in ring D (-54.2 and -52.2 kcal mol.; for wTS2 and
wTS4). However, when the keto-enol tautomerization takes place in ring D, the lowering of the
activation energies is due to lower distortion energy when compared to ring A. Further explorations of
the distortion energy component gave us some interesting insights into the source (chromophore or
water) of this term. We found for the keto-enol tautomerism in ring A, the water molecule is
responsible for near 69% of AEj;s; while only 31% is due to distortions in the BV chromophore. On
the other hand, when the catalyzed proton transfer reaction occurs in ring D, the source of the
distortion component is inverted, with 77% of the distortion coming from the chromophore and just
23% from the water molecule. Inspection of the reaction paths up to the respective TSs revealed that
the greater distortion component coming from the water molecule (in-ring A) is due to the movement
of the water from out of the plane (considering the pyrrole units) towards it, to carry out the catalysis.
The water molecule is highly stabilized out-of-plane through hydrogen bonds (HBs). On the contrary,
when the reactions take place in ring D, in the absence of HBs, the water molecule is already on the
plane to carry out the assisted proton-transfer reaction. Therefore, we think that the movement and
distortion of H,O trigger the movement of the network of water molecules in the chromophore pocket

imposing possible conformational changes in the protein.

It is worth noting that although lower activation energies are obtained compared to the non-
catalyzed path, the formation of enol derivatives is still non-spontaneous, but likely to take place in
ring A, and probably easy at high pH?*. Therefore, we conclude that the reaction would take place
under kinetic control. Moreover, the main reason for the increased stabilization of the keto forms is

due to the formation of stronger HBs.

Regarding barrier heights of the proper keto-enol tautomerizations, the process is very hard

to take place, albeit most likely to take place assisted by a water molecule. However, tunneling
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governed proton transfer reactions can easily take place as reported by P. Léwdin in the 60s to
explain mutations in DNA®. To reveal the possible action of tunneling effects on the keto-enol
tautomerization in BV, the tunneling crossover temperature (7,) introduced by Fermann and
Auerbach® was employed (see Supporting Information for further details and discussion).
Interpretation of the T, index is straightforward: temperatures below 7, indicates the boundary in
which tunneling effects operate. Interestingly, the T, for both non-catalyzed and catalyzed reactions is

above 400K, which indicates that tunneling effect may govern the formation of the enolic derivatives.

Albeit less-strained TS structures decrease considerably the energy barrier for the
tautomerism, we found that when the proton transfer reaction takes place in ring A (WTS1 and
wTS3), enhanced stabilization is gained through multiple HBs. However, due to the chemical
environment at the vicinity of ring D, no further stabilization is gained at the TS through the formation
of HBs with the pyrrole hydrogens with water. This last finding is supported by an inspection of the
non-covalent interaction (NCI) index shown in Fig. 7. wTS1 and wTS2 pathways are shown in Fig. 7
for comparing purposes, and because these are the two more likely paths to take place. The NCI
index reveals three HBs with different strengths for DITAM(A) (blue-ish isosurfaces) and two HBs for
DITAM(D). Furthermore, attractive London
dispersion forces can be also observed, characterized predominantly by CH--CH-type interactions
along with the structures (greenish isosurfaces, see Supporting Information for full NCI images).
From Fig. 7(b), the NCI isosurfaces reveal that the further stabilization at the TS structure is due to

an HB formed by the N-H bond in ring C and the O-H moiety in the water molecule, with an

OH---HN(ring C) distance of 1.799 A

To quantitatively reveal noncovalent interactions in the two most possible keto-enol
tautomerizations, symmetry-adapted perturbation theory (SAPT) components were computed along
the reaction coordinate to reveal the change of the different energy components for the water-
assisted keto-enol tautomerism taking place in ring A and D (see Fig. 8). The DITIM(A) species is
higher stabilized (-15.0 kcal mol! with a SAPT interaction energy of —24.6 kcal mol-') than DITIM(D)
(3.6 kcal mol' with a SAPT interaction energy of —12.8 kcal mol') due to the extra stabilization
through the formation of three strong HBs over two HBs in the latter structure. From the SAPT
results, it was found that the electrostatic component predominates (followed by the induction and
dispersion components) in the interaction between DITAM and H,O, —29.6 kcal mol! and -15.9 kcal

mol' for the isomerization in ring A and ring D, respectively. Interestingly, charge transfer,
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dispersion, and polarization components are quite steady at the onset of the reaction. However, all

energy components become more stabilizing as reaching the TS structure.

In summary, from the energetic results and taking into account the evidence from the different
analyses we can conclude that a possible keto-enol tautomerization can take place mainly involving
the formation of TIM-A. This is supported by a low activation energy of 12.9 kcal mol', and with
pronounced stabilization of the enol form through HBs. Furthermore, since a water molecule is
always present in the crystal structure (see Fig. 7 (a)) of the chromophore, our computations suggest
that the prominent formation of TIM-A, over all other tautomers, cannot be ignored. Finally, the
results suggest that after the 75Z to 15E photoisomerization reaction of BV takes place possible
water-catalyzed keto-enol tautomerizations can take place with the prominent formation of the TIM-A

isomer (over all other isomers) should be considered as a potential form in the Pfr state of BV.

<Figure 8>

Absorption Spectra of Keto/Enol Tautomers

To study the photophysical properties of the different tautomers of the BV chromophore, TD-
DFT computations were performed. The absorption spectra of phytochromes are recognized by
showing two intense bands. A low-energy band namely Q-band is more intense than a second high-
energy band called Soret band (B-band). The Q-band has an absorption peak in the visible region
(660-700 nm) while the Soret band is found in the near-UV region (380-420 nm) of the
electromagnetic spectrum in the Pr form®'. A recent study has shown the crystallographic structure of
bacteriophytopchrome in the Pfr state'®. The authors found the A, for the Q-band at 754 nm. To
simulate the absorption spectra, we have used a static model based on the crystal structure of bilin
(see Computational Details Section), and by optimizing the geometry of all tautomers to the minimum
energy conformation. The simulated absorption spectra using the static model is shown in Fig. 9.
Excited states, wavelength, oscillator strengths, and description of the bands for the two main bands

are found in Table 2.
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The Q-band arises predominantly from an allowed HOMO to LUMO electronic transition to
yield the S, state in most cases. From inspection of the HOMO and LUMO isosurfaces shown in Fig.
10, it can be noticed that this band is predominantly composed of n— =* transitions with n— =* and
n—n* also contributing but in a minor extent. Although experimentally the Q- band shows a shoulder
it is not exposed in the simulated spectrum most likely due to the lack of vibronic coupling in the

computation of excitations.
<Figure 9>
<Table 2>

According to the TD-DFT calculations on the BV in the Pfr form of the canonical
phytochrome, the keto-enol tautomerism slightly affects the shift of the Q-band when the vertical
excitation was calculated from optimized geometries. Moreover, when the optimized geometries are
used, the Ana is not in good agreement with one reported experimentally for DITAM but remains
close to the one computed using the crystal structure. Nonetheless, the results were different when
the calculations were performed directly on the crystallographic geometry, assuming that such a
structure should be a reasonably good snapshot along the conformational space of the protein. In
this case, the DITAM gives a vertical excitation of ca. 730 nm, which is in excellent agreement with
the experimental value. On the other hand, TIM-A and DITIM were red-shifted in around 15 nm when
compared with DITAM. Noteworthy, this approach was also successfully implemented in our
previous studies on the bilin chromophore for both cyanobacterial phytochrome Cph1 and plant
phytochrome, with excellent agreement between the calculated and experimental absorption
spectra®®, A similar static model to calculate these UV-Vis spectra for BV in bacteriophytochrome
was recently reported by Mennucci and co-workers®?, who also compared the static model with a
dynamic model (i.e., with snapshots taken from molecular dynamics simulations), although they
concluded that the dynamic model does not significantly affect the absorption spectra since the
chromophore seems to be very stable in its binding pocket and no major fluctuations were detected
for the H-bond network between the bilin, the surrounding residues, and the water molecules. This is
the main reason why the analysis is based on the absorption spectra form the crystallographic
structures. Absorption spectra were also computed using the long-range corrected CAM-B3LYP
using the same basis set. The A, for DITAM, 666 nm, was found to be blue-shifted with respect to

the one obtained with the B3LYP functional, and off from the experimental value by 88 nm. However,
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it is capable to reproduce the red-shift of the enolic tautomers: 751, 725, and 755 nm for TIM-A, TIM-
D, and DITIM.

Experimentally, the Q-band suffers a red-shift in the transition from the Pr to the Pfr state.
Based on the results of the previous section, we found that it is highly possible that water-catalyzed
keto-enol tautomerization can take place in ring A with low activation energy (12.9 kcal mol~') being
able to yield a keto-enol equilibrium. Interestingly, it was found from the TD-DFT results that TIM-A
produces a considerable bathochromic shift (ca 15 nm), which can contribute to the experimentally
observed shift of the Q-band in the Pfr form. Although TIM-D produces an ipsochromic shift, its
formation together with the DITIM conformer is thought to be less probable. Even though, the CAM-
B3LYP results show a red-shift for all the enolic tautomers, that would reinforce the idea of the
formation of keto-enol tautomerisms in the Pfr form of BV. Moreover, we tested the effect on the Q-
band when the explicit (crystallopgraphic) water molecule is included in the computations. Both
B3LYP and CAM-B3LYP functionals showed the practically the same A,.x whether the water
molecule is included or not in the computations. Although the water molecule is interacting with the

chromophore, the HOMO and LUMO are delocalized only over the pyrrolic structure.

Our analysis and results suggest that after the Pr—Pfr isomerization, possible water-
catalyzed proton transfer reactions can take place in ring A that could help in the redshift of the Q-
band in bacteriophytochromes. Overall, our results suggest that the keto-enol tautomerism of
biliverdin in bacteriophytochrome is energetically viable and with UV-Visible absorption bands in
reasonable agreement with the experimental data. This keto-enol equilibrium is likely favoring the
lactam tautomer, although such equilibrium could eventually be shifted in favor of the lactim tautomer
(TIM-A). It is worth to mention that the lactim tautomer has been reported to appear in the dark
reversion mechanism of bathy phytochromes. Hence, the present work should be certainly useful to

advance the mechanistic understanding of phytochromes in nonoxygenic bacteria.

<Figure 10>
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CONCLUSIONS

Based on the experimental evidence of the presence of water molecules in the chromophore
pocket of phytochromes, the possibility of keto-enol tautomerisms was studied in biliverdin. This
study is supported by the evidence of the presence of keto-enol equilibrium through deprotonation of
the N-H group in ring C. Particularly, we studied the intramolecular occurrence of keto-enol
tautomerism through the adjacent pyrrole N-H group to the carbonyl moiety in both ring A and ring
D, without deprotonation of the tetrapyrrole backbone. The results suggest that this isomerization is
not possible in the absence of a water molecule due to high activation energies toward the formation
of the enol tautomer. However, the water catalyzed process is very likely to take place in ring A with
an activation Gibbs free energy of ~12.9 kcal mol-'. The drastic lowering in the activation energy for
the keto-enol tautomerism is due to the stabilization of the water moiety through hydrogen bonds

along the reaction coordinate.

Our results suggest that the keto-enol tautomerism of biliverdin in bacteriophytochrome is
energetically viable to take place. This evidence is supported by UV-Visible absorption bands in
reasonable agreement with the experimental data. Although the keto-enol equilibrium is likely
favoring the lactam tautomer, the equilibrium could eventually be shifted in favor of the TIM-A as it
has been reported to occur in the dark reversion mechanism of bathy phytochromes. We believe that
the present work will be useful to advance in the mechanistic understanding of phytochromes in

nonoxygenic bacteria.
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end of the article:

Figure S1. Energy profile in water and protein environments for the non-catalyzed keto-enol
tautomerization.

Figure S2. Noncovanlent interaction (NCI) index for wTS1 and wTS2 reaction path. Letters A and D
within parenthesis indicate the position of the water molecule in ring-A and ring-D, respectively.
Table S1. Zero-point corrected activation energies (DU?%), vibrational frequency of the reactive mode
(v#), and tunneling crossover temperatures (T,) for the non-catalyzed and water catalyzed keto enol
reactions.

Figure S3. SAPT profile together with NCI isosurfaces for wTS1 and wTS2 reaction paths.

Figure S4. Energy gap together with densities of the HOMO and LUMO orbitals. Energiess are given
ineV.

Figure S5. Absorption spectra for the optimized structures at the B3LYP/6-31+G(d) level of theory
Table S2. Absorption maximum Imax, oscillator strength, and monoexcitations for the Q-band for for
DITAM and w-DITAM from the crystal extructure stracted from PDB: 6SAW (ldiomarina species
A28L (IsPadC))

Figure $6. HOMO and LUMO isosurfaces for DITAM and w-DITAM from the crystal extructure
stracted from PDB: 6SAW (ldiomarina species A28L (IsPadC))
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Figure Captions

Figure 1. (a) BV chromophore, (b) structure of BV in Pr form from the crystal structure of

bacteriophytochrome'!, and (c) Photoisomerization of model BV between the 15Z to 15E conformers. Red

spheres in (b) represent crystallographic water molecules.
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Figure 2. Diagram for the photochemical cycle for prototypical phytochromes. Spatial orientation of the
C15=C16 bond is shown in brackets.

Figure 3. Model structures under consideration for consecutive keto-enol tautomerizations of BV. Gas phase

Gibbs free energies of activation are reported in in Table 1.

Figure 4. Transition state structures for all possible proton transfer reactions. Bond distances and angles are

reported in A and degrees, respectively.

Figure 5. Gibbs free energy profile for the isomerization of DITAM in protein environments (a) non-catalyzed
reaction and (b) water catalyzed reaction. letter “A” and “D” within parenthesis indicate position of the water

molecule, either in ring A or ring D, respectively.

Figure 6. Water-assisted transition state structures for the different isomers. Bar plot shows activation,
distortion and interaction energies (in gas phase). All energies are reported in kcal mol-1. Bond distances and

angles are reported in A and degrees, respectively.

Figure 7. (a) Crystal structure of BV in the Pfr form of in Deinococcus radiodurans phytochrome'® (b) Non-
covalent interaction (NCI) index for the keto-enol tautomerism of DITAM in ring A, DITAM(A), and ring D,
DITAM(D).

Figure 8. Symmetry-adapted perturbation theory (SAPT) computations for the keto-enol tautomerization of
DITAM in ring A (solid line) and ring D (dotted line). Energy component are showed in color-code. Sub-indices
abbreviations elst, CT, disp, exch, pol, int, and ind stand for electrostatics, charge-transfer, dispersion,

exchange, polarization, interaction (or SAPT energy), and induction.

Figure 9. Simulated absorption spectrum for isomers derived from the crystal structure (DITAM, TIM-A, TIM-D,

DITIM). Absorption maximum Anax for Q- and Soret-bands are shown.

Figure 10. HOMO and LUMO isosurfaces for all stationary points. Letters H and L stand for HOMO and LUMO.
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Table 1. Gas phase electronic energies and Gibbs free energies for the isomerization of DITAM.
Coupled-cluster energies were computed at the DLPNO-CCSD(T)/cc-pVTZ level of theory. All energies
are reported in kcal mol™

uncatalyzed reaction path

Environment AG.* AG,* AG5t AG,
gas phase?® 45.9 53.7 45.0 52.5
protein (¢=4.00) 38.9 457 40.5 47.1
water-assisted path
Environment AG,* AG,* AGS* AGSH
gas phase® 18.8 21.1 18.6 21.4
protein (e=4.00) 12.9 20.3 13.1 17.3

b electronic energies only
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Table 2. Absorption maximum Anmax, Oscillator strength, and monoexcitations for the Q-band for all
tautomers computed by optimizing the structure (opt) and using the backbone of the crystal structure (see

Computational Details Section).

Excited Monoexcitations and Cl
System state Amax (nm) (ExineV)  f(au) coefficients

DITAM (crystal) S 735 (1.69) 0.916 HOMO—LUMO (0.71)
DITAM (opt) S 662 (1.87) 1.205 HOMO—LUMO (0.71)
TIM-A (crystal) S 751 (1.65) 0.861 HOMO—LUMO (0.71)
TIM-A (opt) S 658 (1.89) 1.164 HOMO—LUMO (0.71)
TIM-D (crystal) S, 728 (1.73) 0.738 HOMO—LUMO (0.60)
TIM-D (opt) S 640 (1.94) 1.189 HOMO—LUMO (0.71)
DITIM (crystal) S 757 (1.64) 0.820 HOMO—LUMO (0.71)
DITIM (opt) S 645 (1.92) 1.111 HOMO—LUMO (0.71)
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