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Abstract
Cyanobacteriochromes (CBCRs) are phytochrome-related photosensory proteins that play an essential role in regulating 
phototaxis, chromatic acclimation, and cell aggregation in cyanobacteria. Here, we apply solid-state NMR spectroscopy to 
the red/green GAF2 domain of the CBCR AnPixJ assembled in vitro with a uniformly 13C- and 15N-labeled bilin chromo-
phore, tracking changes in electronic structure, geometry, and structural heterogeneity of the chromophore as well as intimate 
contacts between the chromophore and protein residues in the photocycle. Our data confirm that the bilin ring D is strongly 
twisted with respect to the B–C plane in both dark and photoproduct states. We also identify a greater structural heterogeneity 
of the bilin chromophore in the photoproduct than in the dark state. In addition, the binding pocket is more hydrated in the 
photoproduct. Observation of interfacial 1H contacts of the photoproduct chromophore, together with quantum mechanics/
molecular mechanics (QM/MM)-based structural models for this photoproduct, clearly suggests the presence of a biproto-
nated (cationic) imidazolium side-chain for a conserved histidine residue (322) at a distance of ~2.7 Å, generalizing the recent 
theoretical findings that explicitly link the structural heterogeneity of the dark-state chromophore to the protonation of this 
specific residue. Moreover, we examine pH effects on this in vitro assembled holoprotein, showing a substantially altered 
electronic structure and protonation of the photoproduct chromophore even with a small pH drop from 7.8 to 7.2. Our studies 
provide further information regarding the light- and pH-induced changes of the chromophore and the rearrangements of the 
hydrogen-bonding and electrostatic interaction network around it. Possible correlations between structural heterogeneity of 
the chromophore, protonation of the histidine residue nearby, and hydration of the pocket in both photostates are discussed.

Keywords Photosensor · Solid-state NMR · Structural modeling · Bilin chromophore · Protonation state · Protein–
chromophore interaction

1 Introduction

Cyanobacteriochromes (CBCRs), only known from cyano-
bacteria to date, represent a subgroup in the superfamily 
of phytochrome photosensors [1–3]. CBCRs share with the 
phytochromes the capability to covalently bind a bilin as 
chromophore in a GAF (cGMP phosphodiesterase/adenylate 
cyclase/FhlA) domain, and they also follow the common 
photochemistry, e.g., undergoing a light-induced isomeriza-
tion around the 15,16-double bond between rings C and D 
(Z ↔ E) of the bilin (see Fig. 1 and refs. [4–8]). However, 
in contrast to canonical phytochromes that request a PAS 
(Period/Arnt/Single-minded)–GAF–PHY (phytochrome-
specific) tridomain arrangement in order to maintain the 
spectral and kinetic properties [9–11], CBCRs are capable 
of utilizing only a single bilin-binding GAF domain for full 
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photoconversion [12–16]. With the covalent attachment of 
bilins having different lengths of the π-conjugation sys-
tems, CBCRs exhibit diverse absorption maxima ranging 
from the near-ultraviolet to the near-infrared for their dark 
states and from blue to red for photoproducts [13–21]. Their 
compact size and the ability to sense various wavelengths 
and intensities have made CBCR–GAF domains targets for 
in-depth structural investigations employing protein crystal-
lization [4–6, 16, 22, 23] as well as extensive theoretical, 
spectroscopic, and mechanistic studies [24–33], in particular 
through the use of both solution [7, 12, 34–36] and solid-
state magic-angle spinning (MAS) NMR [8, 37–39]. These 
studies provided a wealth of structural information that has 
stimulated the discussion which parameters regulate the 
diverse spectral shifts in CBCRs between the dark state and 
photoproduct. Moreover, this photochromicity can arrive at 
more than 100 nm in certain species, e.g., red/green-switch-
ing CBCRs represented by AnPixJ from Anabaena 7210 [5, 
15] as the focus of this study (Fig. 1A). Four color-tuning 
mechanisms have been proposed so far for CBCR–GAF 
domains including bilin variation [14–18] and deprotonation 
[14, 22], adduct formation by a second Cys [4, 5, 40–42], 
and twisting of the bilin ring D [7, 15, 24, 43]. Among these, 
the ‘D-ring control’ model appears most favorable for the 
red/green CBCR subgroup proposing that the bilin is more 
twisted in the photoproduct (green-absorbing, Pg) than in the 
dark state (red-absorbing, Pr) with substantial loss of D-ring 
conjugation, therefore causing a blue shift in the absorption 
[7, 24, 26, 34, 44, 45].

As members of the red/green CBCR–GAF domains, 
AnPixJg2 (λmax = 648 nm and 542 nm for Pr and Pg, respec-
tively) together with two other orthologs, Slr1393 GAF3 
domain of Synechocystis 6803 (Slr1393g3, λmax = 649 nm 
and 535 nm; ref. [6]) and NpR6012 GAF4 domain of Nostoc 
punctiforme (NpR6012g4, λmax = 650 nm and 542 nm; ref. 
[7]) are the best-studied representatives so far. These sequen-
tially similar photosensors show nearly congruent crystal 
structures of their respective Pr states, in particularly of 
the binding pocket (Fig. 1A). However, they show different 
dark-reversion kinetics from the photoproducts, and more 
prominently, the in vitro phycocyanobilin (PCB) assembly 
of holoproteins produce distinct effects on the bilin protona-
tion and absorption maximum of the photoproduct. Specifi-
cally, the in vitro PCB-assembled holo-AnPixJg2 exhibits 
at pH 7.8 a deprotonated photoproduct with a minor λmax 
shift (548 nm, in vitro vs 542 nm, in vivo; ref. [37]). For 
Slr1393g3, irrespective of the in vivo and in vitro prepara-
tions, the photoproduct bilin remains protonated in the pH 
range from 6.0 to 9.0. However, an astonishing red-shift of 
55 nm was detected for the photoproduct (orange-absorbing) 
of this CBCR comparing the in vitro assembled protein to its 
native Pg form (590 nm vs 535 nm; ref. [6]). Taken together, 
these results demonstrate that a highly precise bilin assembly 
is essential for the isolated CBCR domains to be properly 
functional, but how the assembly-related structural pertur-
bations in the bilin-binding pocket respond to a pH change 
(e.g., within the physiologically relevant pH range) is not 
yet clear.

Fig. 1  Pr dark-state structure and absorption properties of AnPixJg2. 
A Ribbon diagram of the AnPixJg2 Pr structure (PDB code 3W2Z, 
yellow) superimposed on the structures of two other representa-
tives from this CBCR subclass, Slr1393g3 (PDB code 5DFX, green) 
and NpR6012g4 (PDB code 6BHN, blue) in their respective Pr 
dark states. The PCB chromophore and its thioether linkage to the 
conserved Cys residue of the protein are shown as sticks using the 
same color-coding scheme as for the ribbons. B Close-up view of 
the chromophore pocket in AnPixJg2. Key hydrogen-bond contacts 
between the chromophore and its binding pocket are indicated by 

green dashed lines, water molecules in the cavity as red spheres. Two 
conserved Phe residues, F268 and F329 proposed to be important 
for the Pg photoproduct formation are shown in sphere, and the two 
His residues, H293 and H322 flanking the B–C plane, shown differ-
ent protonation states in the photoproduct are shaded. C Tetrapyrrole 
rings A–D are shaded in purple, pink, orange, and green, respectively, 
and the representative chromophore carbon and nitrogen atoms are 
labeled for reference. D UV-vis spectra of AnPixJg2 in the Pr (red) 
and Pg (green) photostates
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CBCRs naturally contain heterogeneous mixtures of pop-
ulations (for both the chromophore and nearby residues) that 
are structurally, photochemically, and spectrally distinguish-
able [7, 8, 25, 27–31, 37, 38, 46]. Inherent links between 
the structural variations and photochemical/spectral hetero-
geneity in the red/green CBCR subfamily caught speed by 
the growing number of high-resolution crystal and solution 
NMR structures in various photostates [5–7]. Indeed, on the 
basis of solution structures of NpR6012g4 in both Pr and Pg 
photostates, Ames and coworkers have correlated the minor-
ity population of a highly conserved Asp residue (D657) to 
the photochemically impotent orange-absorbing population 
observed in its Pr state [7]. Our recent combined experimen-
tal and theoretical studies on AnPixJg2 and Slr1393g3 dem-
onstrated that loss of a hydrogen bond between a conserved 
Tyr residue (e.g., 302 in AnPixJg2, Fig. 1B) and the structur-
ally heterogeneous C-ring propionate side-chain causes the 
occurrence of an additional far-red-absorbing (Pfr) popula-
tion in both Pr dark states [46]. Through molecular dynamics 
(MD) simulations of AnPixJg2 in the Pr dark state, Schapiro 
and coworkers further proposed that the appearance of the 
cationic imidazolium form of the conserved H322 (Fig. 1B) 
induces structural heterogeneity of the chromophore [25], 
thereby providing clues for understanding the molecular 
origin of the dark-state heterogeneity.

Here we performed a series of MAS NMR experiments 
with the in vitro u-[13C,15N]-PCB-assembled holo-AnPixJg2 
in both Pr dark state and Pg photoproduct (Fig. 1C, D) to 
further our mechanistic understanding of red/green CBCR 
photocycle. In addition to identifying geometrical changes 
of the bilin associated with photoconversion, the complete 
and unambiguous 1H, 13C, and 15N assignments of the PCB 
atoms provide clear evidence for a structurally heterogene-
ous bilin in both photostates, in particular for the Pg bilin 
which manifests itself as the mixture of a vast number of 
conformational states. We also investigated protein–chromo-
phore interactions in the Pg photoproduct aiming to a 
detailed description of protonation dynamics and charge 
distribution associated with the residues in the proximity 
of the chromophore. Both tentative 1H assignment for the 
surrounding protein and our quantum mechanics/molecular 
mechanics (QM/MM)-optimized structural model for the 
photoproduct suggest the presence of a cationic imidazo-
lium side-chain for H322 in this photostate, thus general-
izing the recent MD results that dealt solely with the effect 
of the protonation state of this residue on the structural het-
erogeneity of the AnPixJg2 PCB in the Pr dark state [25]. 
We further examined pH effects on this in vitro assembled 
protein. Analysis of the chemical shift changes associated 
with a 0.6-unit pH drop (7.8 → 7.2) demonstrated a sub-
stantially altered electronic structure of the photoproduct 
bilin chromophore, and more strikingly, a fully protonated 

(cationic) bilin π system in both photostates instead of the 
deprotonated (neutral) photoproduct bilin that is present at 
pH 7.8 [37].

2  Methods

2.1  Sample preparation

2.1.1  Protein preparation for MAS NMR

Cells transformed with the plasmid pET28a_AnPixJg2 [15] 
were kindly provided by Dr. R. Narikawa (Tokyo Metro-
politan University, Japan). Protein expression was induced 
by addition of isopropyl-β-d-1-thiogalactopyranoside 
(IPTG, final concentration 0.8  mM) at  OD600 = 0.8 for 
16 h at 16℃. The cell pellets were resuspended in ice-cold 
50 mM Tris–HCl (pH 7.2), 0.2 M NaCl buffer and disrupted 
ultrasonically (0℃, pulse on: 1 s, pulse off: 2 s, total dura-
tion time of 24 min; Nanjing Safer Biotech, China). The 
lysate was then clarified by centrifugation at 28,000 rpm 
for 60 min (fixed angle rotor Ti60 by Beckman-Coulter, 
Krefeld, Germany) at 4℃, and u-[13C,15N]-PCB (500 nmol, 
i.e., ~311.7 μg) was added to the supernatant at 20℃ in 
darkness. The labeled PCB chromophore was prepared as 
described [8]. Autoassembly was controlled by UV–vis 
spectroscopy and was complete within 30 min. The sam-
ples were then purified via  Ni2+-affinity chromatography on 
chelating Sepharose (GE Healthcare), holoproteins being 
eluted with 50 mM Tris–HCl (pH 8.0), 0.5 M imidazole. 
Subsequently, imidazole was removed by dialysis against 
50 mM Tris–HCl (pH 7.2), 0.2 M NaCl. The holoprotein 
solutions were concentrated using Amicon filters (Ultra Cen-
trifugation Filters, MWCO 10 kDa) to 100 μL at 4℃ by cen-
trifugation at 4500 rpm. Prior to the NMR measurement, the 
protein was loaded into a ~1.4 mm diameter glass capillary 
using a 100 μL Hamilton syringe and irradiated with either 
530 nm or 650 nm light for 2 min from an array of LEDs 
to prepare the Pr and Pg at near 100% occupancy [8, 37]. 
Approximately 3.0 mg and 2.5 mg of AnPixJg2 holoproteins 
as Pr dark state and Pg photoproduct were used in the study. 
The samples were then transferred into 4-mm  ZrO2 MAS 
rotors and snap-frozen in liquid  N2 for subsequent NMR 
measurements. No additional illumination was applied to 
the samples during the data acquisition.

2.1.2  Protein UV–vis spectroscopic analyses

Diluted aliquots of all samples were investigated by UV 
spectrophotometer (Shimadzu 1900i, Duisburg, Germany). 
Full photoconversions were ensured by irradiation with 530 
nm and 650 nm light for 2 min (Fig. 1D). Reversibility of 
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photochemistry was confirmed via 530 → 650 → 530 nm 
irradiation cycles conducted at 20℃.

2.2  MAS NMR data collection

All MAS NMR data reported in this work were obtained on 
a Bruker AVANCE-III 400 MHz WB spectrometer (9.4T, 
Rheinstetten, Germany) equipped with a 4-mm double-reso-
nance MAS probe at −25 ± 0.2℃ (readout temperature). The 
sample rotor was inserted into the precooled MAS stator 
and spun at 500–700 Hz upon freezing. The MAS rate of 
8 kHz in 13C–13C dipolar correlation (DARR) experiments 
and 8.176 kHz in conventional 1H–13C and 1H–15N hetero-
nuclear correlation (HETCOR) and 1H–13C medium- and 
long-distance HETCOR (MELODI–HETCOR) experi-
ments was maintained ±3 Hz with a pneumatic control unit. 
Optimized 1H, 13C, and 15N π/2 pulse lengths were 2.5, 4.1, 
and 4.7 µs, respectively. CP was optimized to satisfy n = ±1 
Hartmann–Hahn conditions with 1H power ramped 70–100% 
and a spin-lock field of 74.7 and 32.4 kHz for 13C and 15N, 
respectively. Swept-frequency two-pulse phase modulation 
heteronuclear decoupling [47] with 100 kHz radio-frequency 
(RF) strength was used during data acquisition. 13C and 15N 
chemical shifts were externally referenced with respect to the 
C(O)O– signal of solid L-tyrosine·HCl at 172.1 ppm and the 
 NH4

+ signal of solid 15NH4NO3 at 23.5 ppm, respectively.
2D DARR experiments were carried out with an opti-

mized mixing time of 50 ms and a CP contact time of 
1.8 ms. The n = +2 rotary-resonance condition was achieved 
with 1H continuous wave irradiation at RF field strength 
of 16 kHz. The spectra were acquired with 114 t1 incre-
ments, accumulating 2016 scans in each indirect slice with 
a relaxation delay time of 2.09 s. Both 1H–13C/15N HET-
COR experiments were carried out with a CP contact time 
of 1 ms. Homonuclear 1H dipolar decoupling was achieved 
with the supercycled phase-modulated Lee–Goldburg 
(PMLG5-S2) scheme [48]. The optimized PMLG5 pulse 
was 1.33 µs with 88.5 kHz r.f. strength. Optimization was 
done by observing the J-splitting in adamantane powder 
by recoding PMLG5-S2-decoupled CP spectra, and fur-
ther fine-optimized by monitoring the splitting between the 
 CH2 protons of solid α-glycine in the indirect dimension 
in 1H{PMLG5-S2}–1H{wPMLG5-S2} homonuclear cor-
relation experiment [49]. The scaling factor of 0.32 was 
experimentally determined [48]. The 2D HETCOR spectra 
were acquired with 48 t1 increments, accumulating between 
3024 and 4480 scans in each indirect slice with a relaxation 
delay time of 2.5 s for recording 1H–13C and 1H–15N correla-
tions, respectively. A 45° shifted squared sine-bell window 
function was applied in the indirect dimension, and further 
zero-filled to 1024 points prior to Fourier transformation. A 
90° shifted squared sine-bell window function was applied 
in the t2 dimension and zero-filled to 4096 data points. For 

1H–13C MELODI–HETCOR experiments on the photoprod-
uct, an LG–CP contact time of 2.1 ms was used allowing for 
selective transfer of the 1H magnetization within the region 
of ~4.0–4.5 Å, as experimentally determined. The spectrum 
was recorded with 60 t1 increments, accumulating 4200 
scans in each indirect slice with a relaxation delay time of 
2.2 s. The t1 data were recorded in an off-resonance manner 
and linear predicted by 32 points using 40 LP coefficients. A 
90° shifted squared sine-bell window function was applied, 
and zero-filled to 2048 points prior to Fourier transforma-
tion. The t2 data were zero-filled to 4096 points and 25 Hz 
line broadening for exponential multiplication.

2.3  Structural modeling

Owing to the lack of a crystal structure for the AnPixJg2 
Pg photoproduct and for the sake of comparability, we took 
equilibrated protein structures of both Pr and Pg photostates 
from the closely-related Slr1393g3 [6]. Our starting points 
for creating the structural models were the last snapshots 
of the DFTB2+D/AMBER MD simulations reported in 
the previous study [24]. These structures were optimized 
via QM/MM by utilizing the ORCA-ChemShell interface 
[50, 51]. For optimizations, a 66-atom QM region including 
only the conjugated system of the chromophore (C4–C19) 
was employed. This region was described with the BLYP 
functional [52, 53] including Grimme dispersion correction 
with Becke-Johnson damping [54, 55] combined with the 
def2-SV(P) basis set [56] and employing the resolution-of-
identity approximation with corresponding auxiliary basis 
[57]. The rest of the protein was described with the AMBER 
force field [58], whereas TIP3P [59] was used for the water 
molecules. In all calculations, a cut-off of 12 Å for electro-
static interactions was applied. The final optimized protein 
models for both photostates are available as PDB files and 
can be provided by the authors on request.

These structures were then taken to calculate excited 
states and absolute shieldings. The vertical excited-state cal-
culations employed the simplified time-dependent density 
functional theory method [60–62] based on ground-state cal-
culations with CAM-B3LYP functional [63] and def2-SV(P) 
basis by utilizing Orca version 4.2.1 [50]. The gauge-includ-
ing atomic orbital (GIAO) method [64] was chosen to obtain 
chemical shieldings. The NMR calculations were realized 
with the Gaussian 16 software suite [65] and employed the 
B3LYP functional [66] with Jensen’s pcSseg-2 basis [67] 
retrieved from the Basis Set Exchange database [68]. To 
obtain reliable results for excited states and absolute shield-
ings, the QM calculations did not only include the chromo-
phore, but also side-chains of nearby amino acids and water 
molecules. The calculations were performed with 310 and 
331 atoms for Pr and Pg, respectively. Both models included 
the identical side-chain atoms and seven additional water 
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molecules were included for Pg. The structures of the active 
sites for both Pr and Pg photostates can also be provided 
by the authors on request. For the NMR-refined structural 
model of the AnPixJg2 photoproduct, H293 from AnPixJg2 
was positioned similarly to Y500 from Slr1393g3, the sub-
sequent refinement of protonation and side-chain geometry 
of this His residue was guided by the NMR-determined 
chromophore interfacial 1H contacts.

3  Results

3.1  NMR spectroscopic analyses

3.1.1  Manifold conformational states of the bilin 
chromophore in both photostates

Our previous MAS NMR study on AnPixJg2 predicted the 
coexistence of at least two conformational subpopulations 
of the PCB chromophore in each photostate deduced from 
the lineshape analysis of the unusually broadened 13C signals 
in the 1D spectra [27]. However, atomic resolution of the 
chromophore subpopulations was not provided due to the 
low amount of protein available and the poor chromophore 
incorporation ratio which precluded observation of well-
resolved spectral lines in a 2D mode [8, 27]. We here report 
unambiguous 1H, 13C, and 15N assignments of the AnPixJg2 
PCB atoms in both Pr dark and Pg photoproduct states using 
an improved sample preparation method (see Sect. 2.1.1), 
thus providing the basis for spectral identification of dif-
ferent chromophore subpopulations. Our assignment strat-
egy relies on a series of 2D homo- and heteronuclear MAS 
NMR dipolar correlation experiments that enabled com-
plete chromophore assignments for the canonical and Cph2 
phytochromes in various photostates [38, 39, 69, 70]. We 
initially performed 13C–13C DARR experiments to assign 
the PCB carbons in both photostates with a mixing time of 
50 ms (Fig. 2A, B for Pr and Pg, respectively). Both DARR 
spectra are dominated by medium- and long-range carbon 
pairs having internuclear C···C distances of ~3.1–3.8 Å; 
these values concur with the crystal structure of AnPixJg2 
in the Pr dark state (PDB code 3W2Z) and in analogy with 
that of Slr1393g3 in the Pg photoproduct (PDB code 5M82). 
A similar detection limit of 3.3–3.6 Å at this mixing time for 
chromophore correlations was defined in the isolated Cph2-
type All2699g1 construct from Nostoc [39].

For the DARR analysis, we selected the spectral region of 
85–115 ppm for bilin methines (C5, C10, and C15, Fig. 1C 
for numbering) as the starting point. For example, the Pr 
correlations appearing at ~90 ppm can be unambiguously 
assigned to C5 by virtue of its distinct high-field 13C chem-
ical shift among those three carbons seen in the form of 
free PCB [71] and also after the binding into the protein 

pockets of other bilin-based photosensors [35, 39, 72]. The 
slice corresponding to C5 (90.3 ppm) showed two corre-
lations at 39.4 and 38.1 ppm (Fig. 2A) that can be solely 
assigned to  C31 by considering their chemical shift values 
and the maximal detection of ~3.8 Å. Using the same logic, 
we attributed the two unassigned correlations in the C5 
slice at 149.7 ppm to C6 and at 54.0 ppm to C3, the latter 
in turn gave an expected correlation with the slice match-
ing  C31 at 38.1 ppm, thereby corroborating these assign-
ments. The complete 13C bilin assignments in both photo-
states were complicated by signal splitting of a subset of 
carbon resonances, indicative of possible conformational 
states retained by the bilin. Taking the known C5 slice at 
90.3 ppm as an example: the correlations from  C31 in the Pr 
state is doubled with two resonances (termed as  C31a and 
 C31b from high- to low-field side) separated by 1.3 ppm, and 
moreover,  C31b (38.1 ppm) further revealed an additional C5 
component  (C5b) at 88.6 ppm via the correlation network 
connecting  C31b–C3a–C5b–C9 (Fig. 2A). Also, the correla-
tion network in the A-ring region revealed a splitting for C3 
(C4 [149.2 ppm]–C3a [54.0 ppm]/C3b [51.1 ppm]) and  C32 
 (C31a [39.4 ppm]–C32a [25.1 ppm]/C32b [23.9 ppm]) as well 
as a doubling for both C2 and  C21  (C2a [37.3 ppm]–C21a 
[18.5 ppm] and  C2b [36.7 ppm]–C21b [16.1 ppm]) and a 
tripling for C1  (C21a–C1a [184.6 ppm]/C1b [183.5 ppm] 
and  C2a–C1c [182.2 ppm]) with a chemical shift separation 
of 2.4 ppm. Although signal doubling is observed for the 
C5-methine carbon with a resonance separation of 1.7 ppm, 
the splitting of its A- and B-ring neighbors C4 and C6 was 
not apparent. Similarly, the correlation network in/around 
the D-ring region showed a single set of chemical shift for 
C14 (146.8 ppm) and C16 (144.4 ppm), while revealing a 
splitting for the C15-methine bridge  (C15a [97.9 ppm]/C15b 
[96.7 ppm]). No such splitting was resolved for the central 
C10-methine carbon (116.0 ppm) bridging rings B and C.

Interestingly, in the Pr dark state, the B-ring propionate 
side-chain carbons  (C81,  C82, and  C83) showed a correlation 
network split for  C81 (C8 [147.7 ppm]–C81a [21.7 ppm]/
C81b [19.8 ppm]–C82 [38.6 ppm]–C83 [182.5 ppm]), while 
for their C-ring counterpart, the signals from all three car-
bons  (C121,  C122, and  C123) are evidently doubled  (C121a 
[24.8 ppm]/C121b [23.9 ppm],  C122a [40.0 ppm]/C122b 
[38.9 ppm], and  C123a [181.9 ppm]/C123b [180.0 ppm]). 
The concurrent 13C splitting of the C-ring propionate reso-
nances adds the second independent line of evidence for the 
heterogeneity and flexibility of this side-chain. Moreover, 
the most pronounced 13C signal splitting of the Pr chromo-
phore in terms of the number of split components of the 
13C resonances and magnitude of their separations occurs at 
C12, the pyrrolic carbon carrying this side-chain, for which 
we identified a quadruple set of chemical shifts via the cor-
relations of  C11a (131.1 ppm)–C12a (147.0 ppm),  C11b 
(129.4 ppm)–C12b (145.5 ppm),  C122b–C12c (143.9 ppm), 
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and  C122a–C12d (142.5 ppm) with a separation of 4.5 ppm 
(Fig. 2A). The former two connecting C11 and C12 also 
revealed a clear doubling for C11 with a smaller separation 
of 1.7 ppm. However, the  C11b–C12b correlation is much 
more intense than that of  C11a–C12a, having a relative inten-
sity of ~5.5:1, as estimated from the integrated peak areas 
of the two structural components. Such signal splittings of 
the pyrrolic carbons in the π system (C4–C19) is also seen 
for C18 and C19 in the ring D: the correlations of C18 with 
 C181 and  C182a  (C18a [135.3 ppm]/C182a [13.9 ppm], and 
 C18b [134.8 ppm]/C181 [17.1 ppm]) revealed a small but 
resolved doubling of the C18 resonances with a separation of 
0.5 ppm, while the two C19 resonances  (C19a [174.1 ppm]/
C182a [17.1 ppm], and  C19b [171.2 ppm]/C182b [13.9 ppm]) 
are separated by 2.9 ppm.

An overall similar strategy was adopted for complete 13C 
assignment of the photoproduct bilin (Fig. 2B). However, 

the DARR spectrum showed more complexity in the cor-
relation network split for most carbon atoms which seems 
to arise from increased conformational flexibility of the 
bilin chromophore in the photoproduct. Unlike the Pr dark 
state, in which the 13C signal splittings mainly occur at the 
carbons in the A-ring region, the C-ring propionate side-
chain, and the C5- and C15-methine bridges, nearly all 13C 
resonances of the photoproduct bilin are at least split up into 
a doubling except for C8 and  C82 locating solely at 149.0 
and 39.0 ppm, respectively (Fig. 2C). More features are as 
follows: (i) 13C doubling is the dominant splitting mode for 
the π-conjugated C4–C19 system (12 out of 16), with the 
exceptions being C4, C13 and C19, for which a tripling was 
resolved with a separation of 3.5, 1.9, and 4.0 ppm, respec-
tively. Among these pyrrolic carbons, the largest separa-
tion was seen for the C5 resonances (5.3 ppm), and also its 
B-ring neighbor C6 showed a large separation of 4.9 ppm. 

Fig. 2  Heterogeneity at bilin carbons in both photostates. A 2D 
13C–13C DARR spectrum of AnPixJg2 holoprotein assembled with 
the u-[13C,15N]-PCB chromophore in the Pr dark state. B DARR 
spectrum of the corresponding Pg photoproduct as in (A). A mixing 
time of 50 ms was employed for 13C homonuclear recoupling. Both 
directly and indirectly bonded carbon pairs of the chromophore (see 
Fig. 1C for numbering) are indicated by arrows and labeled in blue. 

Observed signal splittings of a subset of 13C resonances are indicated 
by superscripts a, b, c, and so on from the high- to low-field side. C 
13C chemical shifts of the PCB carbons in both photostates (see also 
Table S1). Each 13C resonance is represented by a solid stick. Mul-
tiple resonances from a given PCB carbon are colored the same and 
their mean chemical shift values are indicated by solid triangles filled 
using the same color-coding scheme as in Fig. 1C and labeled
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Separations of ≥1.9 ppm are also seen for C9, C15, and C17. 
(ii) The splitting is most significant in the 13C resonances 
in/around A-ring region, analogous to those observed in the 
Pr dark state. A total of 21 split components corresponding 
to eight carbons in this region were detected. More specifi-
cally, like C4, we identified a triple set of chemical shifts 
for C1,  C21, C3, and  C31, with a 13C separation of 1.9, 3.4, 
1.4, and 3.5 ppm, respectively. Moreover, although 13C split-
ting patterns at other A-ring components like C2,  C32, and 
C5 in the photoproduct are retained, their resonances are 
larger separated than those in the dark state (Fig. 2C). (iii) 
Contrary to nearly all bilin carbons showing additional split 
components in the photoproduct, the C12 resonances split up 
into a small doubling instead of the quadrupling identified 
in the dark state with a 3.7-ppm reduction of the resonance 
separation. For the propionate side-chain at C12, however, 
the resonances of  C121 and  C123 were further split into a 
tripling upon photoproduct formation, with their separations 
being at least 0.7 ppm larger than those in the dark state 
(0.9 vs 3.1 ppm for  C121 and 0.9 vs 1.6 ppm for  C123). 
No such complications arise in the B-ring counterpart, for 
which the splitting patterns of C8,  C81, and  C82 remained 
unaffected in the photoproduct, while an additional doubling 
was resolved for  C83  (C83a [182.2 ppm]/C83b [181.1 ppm]). 
(iv) The largest change in the 13C resonance splitting occurs 
at the B-ring methyl group,  C71 which exhibited a single 
DARR correlation network in the dark state (9.6 ppm), but 
split into a quadrupling in the photoproduct at 9.9, 9.3, 8.3, 
and 7.4 ppm. Similar state-related changes were also seen 
at the  C131 and  C171 methyl groups of rings C and D. For 
 C171, although only an additional doubling was resolved in 
the photoproduct, the separation is comparable to that of  C71 
(2.6 vs 2.5 ppm, Fig. 2C).

Following the complete set of 13C assignments of the 
chromophore, we performed 1H–13C correlation experi-
ments to build up intramolecular correlations between 
the bilin NH protons and carbons (with a cutoff distance 
of ~3.2 Å by choosing a contact time of 1.7 ms, ref. [39]), 
permitting straightforward 1H assignment for all four NH 
protons in the dark and photoproduct states. The spectral 
region of 8–15 ppm is characteristic for NH protons, in 
which we identified at least seven 1H slices for each pho-
tostate (Fig. 3A). For instance, in the Pr dark state, the NH 
resonating at 13.0 ppm can be assigned to H22 of ring B 
via the well-resolved correlations with C9 in the same ring 
and the neighboring C10-methine bridge. The NH reso-
nance at 10.7 ppm is present in the slices corresponding 
to C10,  C11a&b, and  C12a–c which can be solely attributed 
to the intramolecular magnetization transfer from H23 of 
ring C, whereas a contribution from H22 is virtually impos-
sible, since the shortest interatomic distance is of 4.4 Å 
between H22 and C12 (extracted from the 3W2Z structure), 
well beyond the ~3.2-Å detection range experimentally 

determined for the intramolecular transfer events. The 
spectrum also revealed the doubly split 1H resonances of 
H21  (H21a [11.1 ppm]/H21b [10.8 ppm]) of ring A via the 
correlations with its neighboring  C1a–c and C4 in the same 
ring, and also the D-ring H24 resonances are evidently tri-
pled  (H24a [12.6 ppm]/H24b [12.2 ppm]/H24c [11.0 ppm]) 
with a large 1H separation of 1.6 ppm (Fig. 3B). The corre-
sponding photoproduct spectrum revealed an increased total 
number of 1H slices. Among these, H22 retained a single 
set of resonance with the 1H chemical shift of 13.2 ppm, 
slightly downfield shifted relative to that of the dark state. 
Besides H22, the resonances of the remaining three NH pro-
tons were clearly split: the H21 and H23 protons each show-
ing one more 1H split component in the photoproduct while 
the H24 resonances splitting up into a small but resolved 
doubling (with the 1H separation of 0.1 ppm) instead of the 
pronounced tripling seen in the dark state (Fig. 3B).

We further extended the experiments by using a short-
range 1H–15N HETCOR experiment to correlate bilin nitro-
gens to the known NH protons via their direct connectivities, 
thereby permitting the complete 15N assignment of all four 
nitrogens in both photostates resonating at 130–165 ppm 
(Fig. 3C). In the dark state, no 15N resonance splittings are 
apparent for N22 and N23 of the rings B and C which are 
located at 148.4 and 155.2 ppm, respectively. However, both 
N21 and N24 of the two outer rings A and D are clearly 
doubled with a 15N separation of 1.1 and 1.6 ppm, respec-
tively (Fig. 3D). In the photoproduct, a tripling with a large 
separation of 2.7 ppm was resolved for N21, and moreo-
ver, the further split also occurs at N23, with the two reso-
nances separated by 2.8 ppm (Fig. 3D). For the other two 
bilin nitrogens, although no such additional 1H split com-
ponents were detected, the 1H separation of N24 doubling 
is 0.5 ppm larger than that for the dark state, and, strikingly, 
the single resonance of N22 is downfield shifted from 147.4 
to 162.0 ppm, representing the largest 15N chemical shift 
change upon photoconversion (ΔδN

light) for the bilin nitro-
gens in AnPixJg2.

3.1.2  Light‑ and pH‑dependent chemical shift changes 
of the bilin chromophore in AnPixJg2

We have obtained complete 1H, 13C, and 15N assignments 
for the PCB atoms of AnPixJg2 in both photostates (sum-
marized in Tables S1–S3) at a pH of 7.2. The state-related 
changes in their chemical shifts upon photoconversion are 
illustrated in Fig. 4A, with the size of the spheres for a given 
PCB atom referring to the difference in mean chemical shift 
between the dark state and photoproduct resonances. We 
also analyzed the pH effect on the bilin in the in vitro assem-
bled AnPixJg2 by comparing current NMR data acquired 
from the sample at pH 7.2 to the values previously reported 
for the same protein at a higher pH of 7.8 [37], although 
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for both photostates there are no detectable changes in the 
absorption spectra with respect to the peak positions and the 
band shapes upon this pH shift (Fig. S1). Instead, an unusual 
temperature effect has been observed for both Slr1393g3 
[32] and NpR6012g4 [7], in which cooling of the sample 
onsets the formation of an orange-absorbing species that 
is distinct from the major Pr dark state. For the in vitro 
assembled AnPixJg2 at pH 7.2, however, we found no indi-
cation for such changes of the 1D 13C MAS NMR spectra 
between −45 and −25℃ (Fig. S2).

Unlike the formation of Pfr photoproduct in canonical 
phytochromes that affects most the pyrrolic carbons in/
around the ring D [5], nearly all AnPixJg2 resonances of the 
π-conjugated C4–C19 system (15 out of 16) show only sub-
tle changes of −1.9 ≤ ΔδC

light ≤ 2.5 ppm upon Pg formation 
at pH 7.2 (Fig. 4A). In particular, the pyrrolic quaternary 
carbons including C6, C9, C11–C13, and C19 appear to be 
only marginally affected with |ΔδC

light|≤ 1.0 ppm. Excep-
tion is C18 of ring D, showing a downfield shift of 4.4 ppm. 
Other prominent ΔδC

light changes of the bilin chromophore 

were found at the ethylidene  C31 and  C32 positions which 
are oppositely shifted by 5.4 (to downfield) and 8.9 ppm 
(to upfield), respectively, and also a 2.8-ppm downfield 
shift was detected for the A-ring methyl side-chain,  C21. 
Although the photo-conversion produced only marginal 13C 
changes at C6 and C9 of ring B (0.3 and 0.9 ppm, respec-
tively), a striking 13.6-ppm 15N downfield shift was found 
for their adjacent pyrrole nitrogen N22. Further prominent 
15N changes occur at N21 and N24 of rings A and D that are 
upfield shifted by 7.5 and 4.4 ppm, respectively, and moreo-
ver, ΔδH

light changes of these two NH groups are of 1.3 and 
1.9 ppm, both are downfield shifted. Intriguingly, although 
the strikingly large ΔδN

light change at N22, its attached pro-
ton (H22) is downfield shifted by only 0.2 ppm.

AnPixJg2 shows a nearly identical photocycle to that of 
NpR6012g4, for which complete 1H, 13C, and 15N assign-
ments for the PCB atoms are available in both photostates 
from solution NMR spectroscopy [34, 35]. Compared to 
NpR6012g4 the photoconversion affects the AnPixJg2 
chromophore in a similar manner in terms of the sign and 

Fig. 3  Heterogeneity at bilin NH moieties in both photostates. A 2D 
1H–13C supercycled PMLG-decoupled dipolar correlation spectra of 
the u-[13C,15N]-PCB-AnPixJg2 in the Pr dark state (red) and Pg pho-
toproduct (green). The characteristic spectral region of δH = 8–15 
ppm is displayed for tracing intramolecular 1HN21–N24–13CPCB correla-
tions. B 1H chemical shifts of the 1HN21–N24 protons for both photo-
states (see also Table S2). C 2D 1H–15N supercycled PMLG-decou-
pled dipolar correlation spectra of the u-[13C,15N]-PCB-AnPixJg2 
in the Pr (red) and Pg (green) states for 1H–15N connectivities of the 

four NH moieties. D 15N chemical shifts of the bilin nitrogens (N21–
N24) for both photostates (see also Table S3). For a subset of bilin 
nitrogens and the protons attached showing multiple sets of chemical 
shifts, their 15N and 1H signals are indicated by superscripts a, b, and 
c from the high- to low-field side. Each resonance is represented by a 
solid stick and labeled with chemical shift. Multiple resonances from 
a given atom are colored the same and their mean chemical shift val-
ues are indicated by solid triangles filled using the same color-coding 
scheme as in Fig. 1C and labeled
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magnitude of ΔδC
light changes (Fig. S3). Conservation of the 

sign of ΔδC
light changes is observed for 11 (out of 16) bilin 

carbons in the π-conjugated C4–C19 system. Three notable 
exceptions include C6 of ring B and C12 and C13 of ring C, 
showing an opposite sign of ΔδC

light upon photoconversion 
with the large ΔδC

light deviations for the two proteins of 4.0, 
3.6, and 2.3 ppm, respectively. Other prominent deviations 
are mostly localized in ring A: the signs of ΔδC

light changes 
at C1, C2, and  C31 are inverted, with the deviations between 
the two proteins of 1.4, 5.1, and 5.9 ppm, respectively, and at 
the ethylidene  C32 position, although the sign is conserved, 
the photoproduct resonance in AnPixJg2 is 5.5 ppm less 
shifted (upfield) than that of NpR6012g4. By contrast, the 
two ΔδC

light changing patterns in the region including C14 of 
ring C, C15-methine bridge as well as the entire bilin ring D 

are surprisingly similar. The sign of the pattern is the same 
for both CBCR proteins and the largest ΔδC

light deviation in 
this region amounts to only 1.9 ppm, as seen for C14 and 
 C171. Moreover, the ΔδC

light deviations of the rest of carbons 
are of ≤1.2 ppm (Fig. S3). Similar to NpR6012g4, the largest 
ΔδC

light changes in the AnPixJg2-conjugated system occur 
at C10 and C18, although an overall decrease in magnitude 
at both positions is detected (2.0 and 0.6 ppm for C10 and 
C18, respectively). There is also a good agreement between 
the bilins of the two proteins for the strikingly large ΔδC

light 
changes of the ethylene side-chain, again implying the move-
ment of the A-ring linkage (to the rest of the ring) during 
photoconversion in both proteins. For the bilin NH moieties, 
the ΔδN,H

light changes in the two proteins are quantitatively 
similar with a largest deviation seen at ring A but amounted 
to only 2.3 ppm for N21 and 0.5 ppm for H21. Moreover, 
although the ΔδN

light change is particularly noticeable for 
N22 of ring B in both cases (>13 ppm, Fig. S3), a small 
deviation of 1.3 ppm was detected in the two proteins at 
this position.

The bilin 13C and 15N chemical shift changes associated 
with the 0.6-unit pH drop (ΔδpH) are illustrated in Fig. 4B, 
C for the Pr dark state and Pg photoproduct, respectively 
(see also Tables S1–S3). Overall, 15N chemical shifts of 
all four bilin nitrogens in the respective Pr dark states are 
hardly altered by the pH shift (2.2 ≤|ΔδN

pH|≤ 2.7  ppm, 
Fig. 4B), whereas the 13C resonances of 12 (out of 16) 
bilin carbons across the conjugated system are downfield 
shifted with large ΔδC

pH changes (≥3.1 ppm) occurring at 
the C5-methine bridge, C7–C9, and C18. For the periph-
eral bilin side-chain carbon atoms, changes of ≥ 2.4 ppm 
are seen for  C82 and  C121 of the two propionates as well 
as the D-ring methyl  C171, with a particularly large ΔδC

pH 
change of 12.1 ppm at the ethylidene  C31 position (Fig. 4B). 
Surprisingly, this small pH drop produced much more pro-
nounced ΔδpH changes for most bilin carbon and nitrogen 
atoms of the two Pg photoproducts (Fig. 4C), despite their 
identical absorption properties (λmax = 542 nm, see Fig. S1). 
In particular, upon the pH shift from 7.8 to 7.2, the B-ring 
N22 resonance shifts dramatically by 38.9 ppm toward the 
upfield region which distinctly narrows the δN dispersion 
of the 15N resonances from 55.6 to 31.5 ppm (calculated as 
δN22 − δN24). The narrow dispersion of the four bilin nitro-
gens, together with the 1H and 15N photoproduct data of the 
bilin NH moieties (Fig. 3C) provides clear evidence that 
AnPixJg2 has a protonated cationic bilin ring system at pH 
7.2 instead of the deprotonated one found at pH 7.8 [37]. 
Intriguingly, the large ΔδC

pH changes associated with the 
reprotonation at the B-ring nitrogen are not confined at the 
adjacent carbons like C6 (3.6 ppm) and C9 (2.8 ppm), but 
spread over the entire bilin molecule. Specifically, almost 
all bilin carbons (15 out of 16) in the conjugation system 
show ΔδC

pH changes ≥ 2.8 ppm, among which prominent 

Fig. 4  Light- and pH-induced changes in 13C, 15N, and 1H chemi-
cal shifts of the PCB chromophore in AnPixJg2. A Chemical shift 
changes associated with the photoconversion at pH 7.2 are repre-
sented as red and blue circles for down- and upfield shifts as Pg 
photoproduct, respectively. B Corresponding changes of the Pr 
chromophore upon tuning down the sample pH from 7.8 to 7.2. C 
Corresponding changes of the Pg chromophore as in (B). Red and 
blue circles represent for down- and upfield shifts at pH 7.2 (B and C)
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changes ≥ 5.4 ppm were seen for C5, C8, C13, C16, and 
C17 (Fig. 4C). Moreover, most 13C resonances of these pyr-
rolic carbons move downfield (as represented by red circles), 
implying a decrease of electron density at pH 7.2, in particu-
lar for ring C. By contrast, most carbons at the periphery of 
the bilin are oppositely upshifted, e.g., the A-ring ethylidene 
side-chain  (C31 and  C32), the C-ring methyl  (C131), and 
the D-ring methyl and ethyl side-chains  (C171,  C181 and 
 C182), where the largest changes occur at the ethylidene 
 C31 and  C32 positions for 8.6 and 6.1 ppm, respectively. 
No such consistent changing pattern occurs with any of the 
propionate side-chains, and additionally, we observed a sig-
nificant downshift of 7.2 ppm for the carboxylate moiety 
at the C-ring propionate  (C123), most likely arising from 
the strongly altered hydrogen-bonding interactions with the 
protein environment.

3.1.3  Characterization of protonation states of H322 
and H293 in the photoproduct pocket

As for plant and Cph1-like phytochromes [70, 72], we 
identified the binding site protein–chromophore inter-
actions in the photoproduct state of AnPixJg2 using 
1H–13C MELODI–HETCOR experiments which allow the 
13C-labeled bilin carbons to probe the nearby residues (and 
also structural water molecules) located within a sphere up 
to ~4.5 Å (1Hresi.–13CPCB). The tentative 1H assignments 
of the protein surrounding were guided by the photoprod-
uct structural data of Slr1393g3 (PDB code 5M82) and 
NpR6012g4 (PDB code 6BHO) and performed as described 
[70]. For instance, the highly conserved H322-homologous 

residue in Slr1393g3 (H529) forms strong hydrogen-bonding 
interactions with the C-ring carboxylate moiety  (C123) via 
its imidazole ring at Nε2 (two O···N distances of 2.7 and 
3.5 Å) in the photoproduct. The 5M82 model also reveals 
one more imidazole proton, Hε1 at a distance of ~3.9 Å 
to  C123, well within the detection range. Indeed, in the 
MELODI–HETCOR slices corresponding to  C123 (182.9, 
182.1, and 181.3 ppm), both interfacial transfer events from 
the H322 imidazole are present within the 1H spectral region 
of 7–14 ppm (Fig. 5A). This consistency justifies the use of 
5M82 model as the template for 1H assignment of H322 in 
AnPixJg2, whereas no H322 1H correlations with the B-ring 
carboxylate moiety  (C83) were detected (Fig. 5A). Such a 
situation is not consistent with the NpR6012g4 6BHO 
model, in which the H322-homologous residue (H688) is 
hydrogen-bonded to the B-ring carboxylate [7].

As the buildup rate of a C–H correlation relies primarily 
on the shortest possible distance for interfacial magnetiza-
tion transfer, we therefore assigned the stronger 1H signal at 
13.0 ppm provisionally to Hε2 as hydrogen bonding to the 
 C123-carboxylate. The same proton also correlates with C6 
of ring B (151.5 and 147.2 ppm) and  C171 of ring D (11.6 
and 9.0 ppm). Considering the maximal detection range 
of ~4.5 Å, Hε2 is the only candidate in the imidazole ring 
that allows magnetization transfer from both carbons (the 
interatomic distances of 4.3 and 4.5 Å for H322-Hε2···C6 
and Hε2···C171, respectively), thus corroborating the assign-
ment. The other 1H signal at 8.6 ppm in the slices corre-
sponding to  C123b and  C123c was assigned to Hε1 of the 
imidazole. However, the correlation from this proton to 
 C123a is not resolved, implying structural flexibility of the 

Fig. 5  Protonation states of the two His residues flanking the B–C 
plane in the Pg photoproduct. A The 2D 1H–13C MELODI–HET-
COR data of AnPixJg2 in its photoproduct. The spectral region is 
shown for recognition of H293 and H322 in the binding pocket via 
their interfacial contacts with the PCB carbons. 13C resonances are 
indicated by vertical lines and the PCB 1H contacts originating from 

H293 and H322 are labeled in brown and teal, respectively. B NMR-
refined QM/MM-optimized model of AnPixJg2 photoproduct carried 
out with a cationic H322 protonated at both the ε- and δ-positions and 
a neutral ε-protonated H293. The associated hydrogen-bonding inter-
actions with the chromophore are indicated by yellow dashed lines 
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C-ring propionate. This assignment can be confirmed via the 
correlations with a number of carbons in/around the B-ring 
region including  C5a&b,  C7a&b, C8,  C81a&b,  C82,  C9a&b, and 
 C10a&b (Fig. 5A). The distance constraints involving Hε1 
are consistent with the proximity of Hε1 to ring B as seen in 
the Slr1393g3 5M82 model. In addition to Hε1, 1H signal 
resonating at 11.6 ppm could be assigned to Hδ1 of H322 by 
virtue of its strong correlations with the B-ring carbons, in 
particular for  C5a,  C6a,  C7b, and  C71b–d. All these correlated 
C–H pairs are predicted to be <4.0 Å based on the 5M82 
model. We also assigned the remaining imidazole 1H signal 
at 7.7 ppm to Hδ2 which is observed to correlate with  C6a&b 
and  C11b, the H322-Hδ2···C11b pair, however, is predicted 
to be 4.9 Å apart. This could arise from the structural differ-
ence between AnPixJg2 and Slr1393g3, e.g., a positional/
rotational shift of the H322 imidazole ring relative to the 
B–C plane. Overall, the data do not support the coexistence 
of neutral ε- and δ-protonated tautomers of this His resi-
due, but suggest a cationic imidazolium moiety protonated 
at both nitrogens. Were two tautomeric states to coexist, one 
would expect at least one more set of 1H imidazole signals 
from Hδ2 and Hε1 in the region below 10 ppm. Potential 
hydrogen-bonding interactions involving the cationic H322 
and the PCB chromophore in the photoproduct pocket are 
illustrated in Fig. 5B. This NMR-refined structural model is 
built on the basis of the QM/MM-optimized structure for the 
solvated Slr1393g3 photoproduct.

In the 1H spectral region above 10 ppm, the 13C slices 
matching C8 and  C81a also exhibit the correlation to a proton 
resonating 12.0 ppm (Fig. 5A). With insights from available 
structural data of red/green CBCRs [5–7], this 1H signal 
can only be associated with the imidazole Hδ1/Hε2 protons 
of another His residue, H293, on the opposite β-face of the 
B–C plane (Figs. 1A and 5B). The His residue is conserved 
in NpR6012g4, but replaced by a Tyr residue in Slr1393g3 
(Y500). We therefore used the NpR6012g4 6BHO photo-
product NMR structure to aid in 1H assignment of the H293 
imidazole Hδ1/Hε2 protons. The H293-homologous residue 
in NpR6012g4 (H659) was found to be neutral and place its 
imidazole side-chain in proximity to the B-ring carbons such 
as C8,  C81, and C9 as well as the C10-methine bridge. For 
instance, nine out of 10 lowest-energy photoproduct mod-
els show the Nδ1 atom sitting within the ~4.5-Å detection 
range of C10 with an average interatomic distance of 3.3 Å. 
Similarly, Nδ1 is also close to C9 with an average distance of 
3.5 Å. By contrast, the Nε2 atom on the other side of imida-
zole is predominantly located at >4.5 Å away from C9 (9/10) 
and C10 (7/10), thus the intermolecular transfer from Hε2 to 
C9 or C10 is unlikely. The apparent absence of 1H signal at 
12.0 ppm in the 13C slices matching these two carbons indi-
cates that the imidazole of H293 in AnPixJg2 is not proto-
nated at its Nδ1-nitrogen, but most likely at the Nε2 position. 
Moreover, the NpR6012g4 photoproduct structural models 

are also compatible with the H293-Hε2···C8/C81a contacts, 
for example in the latter case, seven of the 10 models show-
ing the contact within 4.5 Å. The AnPixJg2 photoproduct 
model (Fig. 5B) also accounts for the possible magnetization 
transfers from Hε1 of this imidazole to  C71, C8, and  C81 
(Hε1···C71 representing the longest intramolecular distance 
of ~3.8 Å), and indeed, the four slices matching  C71a&c, C8, 
and  C81b exhibited the expected 1H correlation of Hε1 at 
8.1 ppm (Fig. 5A). Intriguingly, the Hε1···C71 contact is 
inconsistent with the distance restraints extracted from the 
NpR6012g4 structural models (8/10) which show an intera-
tomic distance >4.6 Å, as such beyond the detection range. 
It is thus clear that H293 carries a neutral ε2-protonated 
imidazole, however, the protonation state of its backbone 
amino group is not yet known. In the  C1a slice (38.1 ppm), 
there is a moderately strong correlation at δH of 9.3 ppm 
(Fig.  5A), however, the side-chains of nearby residues 
(within the detection range) showing no such signals in this 
1H shift region, but instead indicating the backbone amino 
protons  (HN) of H293 with the corresponding C···H distance 
of ~4.1 Å. The observed 1H chemical shift is consistent with 
that of the  NH3

+ group in a neutral backbone of histidine 
[73]. Were this 1H resonance to originate from the depro-
tonated  NH2 group in an anionic backbone, the amino 1H 
chemical shift would be most likely 1–2 ppm upfield shifted.

3.1.4  Identification of structural water molecules 
around photoproduct chromophore

The 1H chemical shift range of 3.0–6.0 ppm in the cor-
relation spectrum (Fig. 6A) is mainly associated with the 
Hα of all detected residues (within a sphere up to ~4.5-Å), 
the Hβ protons of Thr and Ser, the side-chain hydroxyl 
protons of Thr and Tyr, the ring Hζ protons of Phe, and 
moreover, the structural water molecules in the photo-
product pocket. Overall, at least six 1H signals located 
at 4.5–5.2 ppm can be attributed to the magnetization 
transfer from water protons (Wat1–Wat6). The 1H chemi-
cal shifts of these water molecules are in accordance with 
previously reported data of 4.7 ppm for the neutral pyr-
role water in the canonical Cph1 phytochrome [69]. We 
used a similar strategy for identification of the water mol-
ecules based on their respective interactions with the bilin 
carbons. As an example, each of the MELODI–HETCOR 
slices matching  C14a&b,  C15a, and  C16a exhibited a 1H 
signal at 4.5 ppm (Fig. 6A), however, in both Slr1393g3 
5M82 and NpR6012g4 6BHO photoproduct models, these 
three carbons show no common residual 1H partners 
locating within the 4.5-Å detection range. Specifically, 
the central aspartate in Slr1393g3 places its Hβ proton at 
a distance of 4.3 Å to C15, but the proton is too far away 
to interact with C14 and C16 (at distances of 4.8 and 
5.3 Å, respectively). Similarly, the Hζ proton of the ‘β2 
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Phe’ (F268) locates roughly within the detection range of 
C16 (4.6 Å), but it is much too distant to be detected by 
C14 and C15 (at distances of 5.4 and 6.0 Å, respectively). 
We therefore attributed the 1H signal at 4.5 ppm to a water 
molecule in the pocket (denoted as ‘Wat6’). Indeed, in the 
photoproduct structure for Slr1393g3, a number of water 
molecules, e.g., Wat816, Wat817, Wat827, and Wat863 
were found to be in close contact with the C14–C16 
segment. Among them, Wat817 is of particular interest 
because it is roughly equidistant (3.9–4.0 Å) from all 
three carbons, well within the detection range. As shown 
in Fig. 6A for AnPixJg2, the integrated intensity ratio 
of the four contacts involving Wat6 with  C14a&b,  C15a, 
and  C16a is ~1.1:1:1.2:1, in harmony with the distance 
restraints extracted from the Slr1393g3 5M82 model, thus 
implying a similar spatial disposition of Wat6 relative to 
the bilin C14–C16 segment of the AnPixJg2 photoprod-
uct (Fig. 6B). It is of course possible that other locations 
are present because of a limited number of unambiguous 
distance restraints available from the MELODI–HET-
COR spectrum. We also determined the possible loca-
tions of all other water molecules nearby the chromophore 
(Wat1–Wat5). Unlike Wat6 that is completely buried in 
the protein interior and tightly bound to the central aspar-
tate, Wat1, proximal to  C71 and  C81 at the periphery of 
the bilin, would not be sealed off from the solvent. The 
local electronic environment for Wat1 may thus be less 
shielded relative to Wat6, consistent with the 1H reso-
nance of Wat1 being downfield displaced by 0.7 ppm 
(Fig. 6A).

3.2  Spectroscopic properties of the simulated 
protein structures

The extent of conjugation in the PCB chromophore has been 
found to be decisive for its lowest-energy absorption band 
[24]. To assess in how far the chromophore structures of 
both photostates are representative, we calculated absorp-
tion spectra for the QM/MM-optimized models of Slr1393g3 
using two QM regions: (i) QM106, including the chromo-
phore and the side-chains of D498, C528, and H529 as used 
in our previous studies [24, 26], and (ii) QM310/331 for 
Pr dark and Pg photoproduct states, respectively, including 
more side-chains of nearby residues and water molecules. 
As shown in Fig. S4, the simulated absorption of a given 
photostate for both QM regions does not strongly depend 
on this choice. In particular, the Q band of the photoproduct 
is nearly unchanged in intensity and position, whereas this 
absorption is slightly shifted to higher energies for the dark 
state when using a larger QM region. Overall, the simulated 
absorption in this region is in good agreement with experi-
mental data. Therefore, the conjugation of the chromophore 
in the derived models appears to be representative for both 
photostates.

To further assess the structural models, we determined 
the absolute chemical shieldings of the pyrrole nitrogens 
which are sensitive to the chromophore geometry [74]. To 
compare our NMR calculations with the experimental data, 
we employed linear regression of the calculated absolute 
shieldings versus the experimental chemical shifts [75, 76]. 
As shown in Fig. S5, we obtained significant linear correla-
tion with squared correlation coefficients of 0.88 and 0.82 
for Pr and Pg, respectively (Table S4). Moreover, the slopes 
of the fits do not deviate much from the ideal value of −1. 
Using the equation from linear regression, we obtained 
chemical shifts from the computed absolute shieldings. 

Fig. 6  Pg formation allowing hydration of the chromophore-binding 
pocket in AnPixJg2. A The 2D 1H–13C MELODI–HETCOR data 
of AnPixJg2 in its photoproduct. The 1H spectral region 3–6 ppm is 
shown for recognition of structural water molecules in the binding 
pocket via their interfacial contacts with the PCB carbons. 13C reso-
nances are indicated by vertical lines and 1H resonances of multiple 
water molecules (Wat1–Wat6) are indicated by horizontal lines and 

labeled in blue. B In the Pr 3W2Z structure, three water molecules 
are detected in the pocket, however, entry of additional water mole-
cules into the binding pocket of the Pg photoproduct is observed with 
at least six water molecules around the positions indicated by aster-
isks in red. The interfacial 1HWat–13CPCB contacts (as resolved in A) 
are indicated by yellow dashed line 
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Besides the value for the A-ring nitrogen atom, all calculated 
15N chemical shift values deviate by <5 ppm from the exper-
imental ones. Therefore, the QM/MM-optimized models of 
both Slr1393g3 photostates also appear in this regard to be 
a reasonable approximation for both AnPixJg2 photostates 
underscoring the similarity between the two proteins.

4  Discussion

4.1  The bilin ring D being strongly twisted 
in both photostates

In AnPixJg2, major ΔδC
light changes occur at the A-ring 

ethylidene linkage to the protein (e.g.,  C31 and  C32, see 
Fig. 4A), implying a mechanical distortion of the bilin ring 
A upon photoproduct formation. Indeed, paired Pr/Pg crystal 
structures of Slr1393g3 show that the ring A is predomi-
nantly in coplanar conformation with the B–C plane in the 
Pr dark state, but with a substantial torsion with respect to 
the ring B by ~69°1 in the Pg photoproduct [6]. Such effects 
associated with ring A as well as its linkage to the protein 
would arise due to reframing of surrounding protein matrix 
as a direct consequence of the D-ring photoflip rather than 
autonomous movement of the bilin ring A. The strain and/
or torsion of the A–B methine bridge is expected not to 
exert a strong influence on the absorbance properties of 
red/green CBCRs as the C–D methine bridge, as shown in 
a recent theoretical study of Slr1393g3 [24]. The ΔδC

light 
changes seen here for the bilin–protein linkage seem to be 
widespread in the phytochrome family, albeit quantitatively 
larger than changes at these atoms in the case of canonical 
and Cph2-like phytochromes (Fig. S3 and ref. [77]). These 
results suggest that the covalent linkage might play a role in 
the molecular mechanisms of post light-absorption events 
that have not been fully elucidated.

The ΔδC
light changes associated with the rings C and D 

seen in this study are clearly distinct from those in canoni-
cal phytochromes. For example, C14 and C16 of the C–D 
methine bridge in both AnPixJg2 and NpR6012g4 show a 
ΔδC change <2.4 ppm, much smaller than those of Cph1, 
in which prominent changes of >5.4 ppm for C14 and most 
D-ring pyrrolic carbons were found (Fig. S3). Although the 
ΔδC

light at the C–D bridge are difficult to reconcile with those 
characteristic of the D-ring photoflip in Cph1, the appear-
ance of the C13–C171 DARR contact in the Pg photoproduct 
(Fig. 2B) and the dramatic ΔδH

light change of −1.9 ppm of 

the D-ring NH proton (H24, Fig. 4A), showed conclusively 
that the same occurs in AnPixJg2 upon photoconversion. By 
considering the maximal detection of ~3.8 Å, this Pg-spe-
cific carbon pair can be observed as only the bilin adopts a 
twisted C15-E,anti-geometry. Such a situation is indeed seen 
in our Pg structural model which predicts a torsional angle 
of 125° for the C–D bridge (τC–D). We also noted a large tor-
sion of ring D in the corresponding Pr state as revealed by 
the 3W2Z structure (49°) and QM/MM calculations (44°). 
In agreement with the AnPixJg2 models, the solution NMR 
ensembles of NpR6012g4 indicate an averaged torsion of the 
ring D by 47° and 122° in the 6BHN Pr and 6BHO Pg struc-
tures. Such a strongly twisted D-ring geometry in both pho-
tostates may interpret the mild ΔδC

light changes at C14 and 
C16 with a C15-Z/E isomerization upon light absorption. 
Previous ab initio calculations have demonstrated that δC 
for bilin pyrrolic carbons are largely dependent on the con-
jugated π-electron system and the overall geometry and pro-
tonation of the bilin but less sensitive to surrounding protein 
matrix [35]. According to the semiempirical Hückel method, 
the bilin conjugation is roughly in proportion to cosine 
squared of the angle between the π-electron axes. In the 
case of AnPixJg2, the τC–D varies from 44° over 90° to 125° 
in association with the D-ring photoflip which would not 
largely modify its conjugation with the rest of the π-electron 
system, thus rationalizing all observed ΔδC

light changes of 
AnPixJg2. For Cph1, the 2VEA structure indicates a shal-
lower τC–D of 30° in its Pr dark state which would permit 
the ring D to be fully conjugated (i.e., <40°), whereas the 
structural models for the Pfr photoproduct imply ~125°–135° 
[70]. Such a twisted D-ring geometry in the photoproduct 
would only retain weak conjugation across the C–D methine 
bridge, and the loss of the D-ring conjugation in the photo-
product would thereby localize to some extent the ΔδC

light 
changes to this region and ring D (Fig. S3).

Our AnPixJg2 Pg structural model provides support for 
the pivotal role of the bilin D-ring twist in tuning the photo-
product absorption of the red/green CBCR subfamily [24]. 
As predicted, the ring D in AnPixJg2 photoproduct is twisted 
(τC–D of 125°) to a similar extent to that of NpR6012g4 
(122°), consistent with the fact that the absorption properties 
of both Pg photoproducts are essentially the same (e.g., both 
λmax ~ 542 nm). Additionally, in Slr1393g3 and NpR6012g4, 
several residues which are prone to have a direct impact 
on the D-ring twist have been identified by mutagenesis, 
e.g., the removal of the bulky phenyl ring of the ‘β2 Phe’ (a 
Phe → Leu mutation) resulting in an extended D-ring conju-
gation in the photoproduct relative to the wild-type (WT), in 
good agreement with the much less blue-shifted photoprod-
uct absorption (Δ ~ 50 nm) seen in these mutants [44, 79]. 
D531T and N532Y of Slr1393g3 also produced a less blue-
shifted photoproduct absorption as compared to the WT (of 
18 nm and 11 nm, respectively). However, according to the 

1 The A–B methine bridge torsional angle (τA–B) represents the sum 
of the deviations of the dihedral angles (ψ) from the ideal planar 
geometry, that is, τA–B = ψ(N21–C4=C5–C6) + ψ(C4=C5–C6–N22), and 0° for Z 
and 180° for E, respectively (as in ref. 78).
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crystal structures of both photostates [6] these two residues 
would neither be in close proximity of the ring D (>8.0 Å) 
nor involved in forming a hydrogen-bonding network with 
this ring. The possible shortcoming of the ‘D-ring control’ 
model to predict the effect of these two mutations might 
underscore the significance of some environmental factors 
which would also contribute specifically to the fine-tuning of 
photoproduct absorption. For example, the variation in the 
polarity of the bilin-binding pocket due to the influx of water 
molecules after the geometrical changes of the bilin [33], 
and rearrangement of the hydrogen-bonding network around 
the bilin [8, 37] might also be involved. The former effect 
was given greater attention in the CBCR–GAF domains, 
as the inspection of crystal structures of red/green CBCRs 
reveals that the bilin-binding cleft is exposed to the solvent, 
potentially allowing more readily access of water molecules 
[5–7]. Moreover, the bilin chromophore in the CBCR–GAF 
domains shows a much larger conformational flexibility 
within the pocket than that of canonical phytochromes, as 
has been proven by NMR spectroscopy, e.g., the presence 
of multiple conformations for both the chromophore and the 
key residues in its proximity [7, 8, 27], giving the impact of 
the solvent access in CBCRs much greater relevance (see 
below).

4.2  The structural heterogeneity of Pr bilin 
and a stretched‑to‑bent conformational 
switching of the C‑ring propionate 
in association with the D‑ring photoflip

Our NMR analysis also revealed the structural flexibility of 
the bilin chromophore in both photostates, as manifested in 
the resolved multiple 1H, 13C, and 15N signals for a large set 
of bilin atoms (Figs. 2C and 3B,D). It is evident that, in the 
Pr dark state, signal splittings of the bilin atoms are largely 
localized at the A-ring region and the C-ring propionate 
side-chain. It is well known that the extra flexibility of these 
two bilin regions is not the intrinsic property of AnPixJg2 
or other related red/green CBCRs, but widespread in both 
canonical and Cph2-like phytochromes in their respective Pr 
dark states [70, 72, 77]. For phytochromes, the N-terminal 
extension (NTE), together with the tip of the tongue-like 
hairpin protruding from the PHY domain forms a hydropho-
bic wall around rings A and B, thus shielded from solvent 
access. The local dynamics of the ring A seems to be influ-
enced critically by interactions with the protein residues in 
these two regions [9]. Whereas recent MELODI–HETCOR 
data for oat phyA3 showed at least 16 1H NTE–A-ring con-
tacts in Pfr, no such interactions detected in Pr [70]. The 
most plausible interpretation is that the Pr chromophore, 
in particularly for the ring A is not compact with the NTE 
region, thus to be only loosely constrained in the binding 
pocket. However, as the isolated GAF-domain pocket of 

AnPixJg2 is open to the solvent (Fig. 1A), the loss of elec-
trostatic and hydrogen-bonding interactions with the pocket 
(from the hydrophobic side of ring A) would further release 
the dynamic constraints imposed on the bilin, thus leading 
to a broader distribution of bilin conformational states rela-
tive to the canonical phytochromes. Unlike predicted by the 
AnPixJg2 Pr structure (Fig. 1A), our previous MD simula-
tions on the same construct revealed that the bilin ring A 
forms no hydrogen-bonding with the protein residues but is 
stabilized mainly by its interaction with a ‘persistent’ water 
molecule in the α-face of the bilin which in turn hydrogen-
bonds to the central W289 [27]. Moreover, the indole ring 
of this Trp residue and its homolog in NpR6012g4 (W655, 
ref. [7]) were found to adopt multiple dramatically differ-
ent orientations which would nevertheless suffice to further 
increase the local structural plasticity of protein environment 
around the ring A, consistent with the large number of sub-
conformations specifically detected at this region (Tables 
S1–S3).

The Pr chromophores in red/green CBCRs and canoni-
cal phytochromes share another common feature in dynam-
ics for the propionate side-chains: the B-ring one is pretty 
rigid, but the C-ring counterpart is more flexible and het-
erogeneous [7, 27, 46, 72]. The latter side-chain is known 
to be centrally involved in formation of the Cph1 and oat 
phyA3 bilin conformers distinguished by hydrogen-bonding 
networks and charge distribution patterns within the bind-
ing pocket [70, 72]. Moreover, the greater flexibility of the 
C-ring side-chain is seen in the 10 lowest-energy NMR 
ensembles for the Pr dark state of NpR6012g4 which inter-
converts radically between a stretched (7/10) and bent (3/10) 
conformation and participates in different hydrogen-bonds 
with adjacent protein residues [7]. Similar conformational 
flexibility can be also expected for AnPixJg2, in which we 
identified two long-range DARR correlations of the C-ring 
propionate carboxylate group  (C123a) with C11 and C13 
(Fig. 2A) at a C···C distance of >4.6 Å (extracted from the 
3W2Z structure). The appearance of these two correlations 
does not imply that the maximal detection range (~3.8 Å) is 
underestimated, but it may arise due to downward bending of 
the C-ring propionate pointing toward the pyrrole rings that 
would cause a reduction of the corresponding interatomic 
distances, thus becoming detectable in DARR. Our recent 
spectroscopic and theoretical results for the AnPixJg2-
Y302F mutant revealed the key role of this Tyr residue in 
stabilizing the stretched conformation of the C-ring propion-
ate, and moreover, the removal of the hydrogen-bond from 
Y302-Oη to  C123-O leads to the occurrence of an unusual 
687-nm-absorbing population in the Pr dark state which is 
photochemically impotent [46]. In the photoproduct, the 
DARR spectrum revealed one more split component for 
 C123 (Fig. 2B), however, the 13C separation of the three 
resonances is 0.3 ppm narrower than that of the Pr state 
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(Table S1). This result is not consistent with the coexistence 
of stretched and bent conformations of the C-ring propionate 
analogous to those seen in the Pr state. Indeed, a uniformly 
bent conformation is favorable in the Pg photoproduct, not-
ing that a set of DARR correlations implying populations 
with  C123 pointing downward to interact with e.g., C10, 
C11, and C13, is clearly resolved (Fig. 2B). The Pg popula-
tion involving  C123c most likely corresponds to the bend 
conformation in the Pr state  (C123a), since in both cases 
their correlations with C11 and C13 are observed. By con-
trast, the stretched form involving  C123a in the Pr state is not 
maintained upon photoproduct formation but further splits 
into two subpopulations with most likely bent conformation. 
This stretched-to-bent transformation of the C-ring propion-
ate was also clear from the paired Pr/Pg crystal structures of 
Slr1393g3 [6] and the Pr/Pfr structural models of oat phyA3 
[70]. Although the need for this process after primary photo-
isomerization is not yet clear, the MD-simulated structures 
of AnPixJg2-Y302F revealed a significantly decreased pla-
narity of ring D in association with the C-ring propionate 
bending [46]. We thus envision that the downward bent pro-
pionate, together with the conserved ‘β2 Phe’ and ‘helix Phe’ 
(F268 and F329, Fig. 1B) forms a steric blockade to finely 
tune the D-ring geometry of the 15E photoproduct. Despite 
of an instrumental role in achieving geometric stabilization 
of the ring D, bending of the C-ring propionate has little 
or no impact on its facial disposition. As discussed above, 
the Pfr bilin of Cph1 exhibits a similar D-ring twist (τC–D 
of 125°–135°), however, the ring is predicted to be β-facial 
[70], opposite to AnPixJg2 (as in Fig. 5B) and related red/
green CBCRs [6, 7].

4.3  A further structurally heterogeneous 
bilin chromophore with increased solvent 
accessibility for the photoproduct

Unlike Pr, nearly all 1H, 13C, and 15N resonances of the Pg 
bilin chromophore are at least doubly split with the excep-
tions being only C8,  C82, and the NH moiety associated with 
the ring B (Figs. 2C and 3B, D), implicating that the bilin as 
a whole in the photoproduct is remarkably flexible. The most 
prominent increase in conformational flexibility of the bilin 
associated with photoconversion was detected for the D-ring 
atoms, as these atoms exhibit an almost uniform increase in 
the number of split components with larger resonance sepa-
rations (Tables S1–S3). These results could be interpreted as 
arising from the radical side-chain movement of the ‘lid’ Trp 
residue (W289 in AnPixJg2), as implied by the Slr1393g3 
[6] and NpR6012g4 [7] structures which further opens the 
Pg photoproduct pocket from the D-ring side, thus weaken-
ing hydrophobic packing contacts for the bilin, in particu-
larly for ring D. The presence/absence of the C17/C171–C13 
DARR contacts in the photoproduct is a sensitive parameter 

of the D-ring geometry (Fig. 2B): for one population at C13 
 (C13c) both contacts are clearly resolved (with  C17b and 
 C171a), however, none such contacts are present involving 
the other population of these two D-ring carbons (such as 
with  C17a and  C171b) which could arise due to large con-
formational flexibility of this bilin ring in the photoproduct, 
such as a further D-ring twist or a change of its disposition 
from α- to β-face of the B–C plane. The latter interpretation 
is also consistent with our recent MD simulations on the 
WT and Y302 mutant of AnPixJg2 in their respective Pr 
dark states [27, 46]. Such state-related flexibility increase 
associated with the Pg bilin was also evident in the results 
from the ultrafast spectroscopic studies of other related red/
green CBCRs, as implied by inhomogeneous broadening 
of the transient absorption of the back-reaction from Pg 
to Pr [80, 81]. NMR studies with an isolated GAF-domain 
fragment from the cyanobacterium Synechococcus OS-B’ 
(SyB.Cph2[GAF]) revealed that most bilin resonances 
showed considerable broadening in the Pfr photoproduct, 
implicating increased flexibility relative to the Pr dark state 
[77, 82]. By contrast, a wealth of NMR data on the Pr/Pfr 
photoconversion in the tripartite photosensory module of 
canonical phytochromes showed a concerted sharpening 
of the resonances in Pfr relative to Pr for the entire bilin, 
the whole binding pocket, and even the regions deeply into 
the PHY domain [72, 83, 84]. Such a collective flexibility 
change implies a ‘soft-to-hard’ mesoscopic phase transition 
that is of functional relevance [83, 84]. Taken together, these 
results indicate the importance of a compact binding pocket 
in stabilizing the GAF-bound bilin chromophore, with in 
particular the PHY domain being relevant for fixation of 
the bilin conformation [69, 84]. Intriguingly, although there 
is a large distinction between the red/green CBCRs and 
canonical phytochromes in conformational heterogeneity 
of the bilin chromophore in the photoproducts, the numbers 
of conformers populated in their Pr states are comparable 
irrespective of intactness of binding pocket.

The 3W2Z structure of AnPixJg2 implies partial solvent 
access to the Pr chromophore and three strategically-placed 
water molecules around it (Fig. 6B). The MD simulation 
on this protein additionally highlighted an intruded water 
molecule persistent in the center of the Pr pocket for ~1 μs 
[27]. By contrast, our interfacial 1H contacts of the Pg 
chromophore revealed at least six water molecules within a 
4.5-Å sphere in the pocket (Fig. 6A), consistent with the Pg 
QM/MM model reported here (Fig. 6B). The data provide 
good evidence of inclusion of additional water molecules 
for the Pg photoproduct that might be associated with the 
radical side-chain rearrangement of the ‘lid’ Trp upon pho-
toconversion, as implied by the paired Pr/Pg structures of 
Slr1393g3 [6] and NpR6012g4 [7]. In the MELODI–HET-
COR spectrum (maximal detection range of ~4.5 Å), no 1H 
contacts involving the side-chain of this Trp are detected for 
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the PCB carbons in the photoproduct. That is in line with 
both structures that show the corresponding long-range het-
eronuclear pairs at least 5.8 Å apart. The hydration model 
was postulated to explain the photoproduct blue shift of the 
red/green CBCRs by the increased solvation of the binding 
pocket, in which a loosely bound and structurally flexible 
chromophore is embedded [33]. However, the formation of 
red-shifted Pfr photoproduct in the case of oat phyA3 also 
allows entry of additional water molecules into the binding 
pocket [70], therefore ruling out the one-to-one correlation 
between photoproduct spectral tuning and pocket solvation. 
Moreover, the results obtained for oat phyA3 also demon-
strated an inverse correlation between pocket solvation and 
rigidity of the photoproduct as seen in red/green CBCRs 
like AnPixJg2 (see above) and Slr1393g3 [6, 81]. So far, 
little is known about the actual role of the solvation process 
and its dynamics in CBCRs. However, recent femtosecond-
resolved spectroscopic data and site-directed mutagenesis 
presented by Zhong and coworkers showed for a unique red/
green CBCR from Leptolyngbya JSC-1 that the excited Pg-
state isomerization dynamics is tightly coupled to the local 
protein solvation dynamics and moreover, a loosely ordered 
binding pocket results in faster solvation relaxations and sub-
sequent isomerization [85].

4.4  The photoproduct chromophore sandwiched 
between cationic H322 and ε‑protonated 
neutral H293

In this context, it is of great interest to refer to a recent MD 
investigation of the effect of the imidazole protonation state 
of H322 on the conformation of AnPixJg2 in the Pr dark 
state [25]. These authors characterized the cationic form 
(biprotonation) of this conserved His residue responsible 
for structural heterogeneity in the Pr dark state and found the 
neutral form that coincides with the homogeneous chromo-
phore structure. The finding of the role of this His residue 
in formation of the Pr heterogeneity is in accord with ear-
lier experimental and theoretical studies for phytochromes. 
Taking Cph1 as an example [72], interfacial 1Hresi.–13CPCB 
correlation spectroscopy revealed at least two coexisting 
Pr populations which differ in their hydrogen-bonding net-
works around the chromophore, in particular with respect to 
the imidazole protonation state and tautomeric structure of 
H260 (homologous to H322 in AnPixJg2). This His residue 
has also been found to control the conformational equilib-
rium of different Pr substates by switching its side-chain 
protonation state, e.g., between neutral and cationic forms 
[86]. However, it remains speculative whether the corre-
lation between the histidine protonation and the chromo-
phore heterogeneity also holds for the photoproduct. Our 
1H interfacial correlation data (Fig. 5A) provide unequivo-
cal evidence for the biprotonated imidazolium of H322 in 

the photoproduct pocket of AnPixJg2 (Fig. 5B) with respect 
to distinct conformations in the Pg chromophore (Figs. 2C 
and 3B, D). This observation, together with the fact that a 
neutral imidazole of H260 is present in the Pfr photoproduct 
of Cph1 with a structurally homogenous chromophore [72], 
suggests that this correlation may be generalized to various 
photoproducts in both CBCRs and phytochromes.

This histidine residue is perfectly conserved in bilipro-
teins and adopts very similar imidazole side-chain posi-
tions relative to the chromophore (as in Fig. 5B). Specifi-
cally, as seen from available crystal structures [4–7, 9–11], 
the side-chain is placed in close contact with the inner 
rings B and C (usually <3.5 Å), thus providing steric pack-
ing constraints on the B–C plane from its α-face. Despite 
this close proximity, the NMR-refined QM/MM structural 
models for AnPixJg2 reported in this study suggest that 
there will be no hydrogen-bonding interaction involving 
the His side-chain and the NH moieties of rings B and 
C in both photostates (Fig. 5B). It could arise from the 
absence of pyrrole water which, in phytochromes, serves 
as a hydrogen-bond bridge between the His residue and 
both of the inner ring nitrogens. Instead, the side-chain of 
H322 in the Pr state, irrespective of the protonation state, 
is bridged via a water molecule  (Wat301 as in Fig. 1B) to 
the D-ring nitrogen [25]. By contrast,  C123 interacts in the 
Pg photoproduct directly with the biprotonated imidazo-
lium of H322 at Hε2 (Fig. 5A), and accordingly, our NMR-
refined QM/MM model based on the Pg state of Slr1393g3 
predicts a  C123-O···H322-Nε2 distance of ~2.7 Å, con-
sistent with a hydrogen bond (Fig. 5B). The formation 
of such a hydrogen bond in Pg is facilitated by the posi-
tional shift of the inner rings and the downward bending 
of the C-ring propionate upon photoconversion. Similarly, 
the protonated Nδ1 swaps its hydrogen-bonding partner 
from the B-ring carboxylate in Pr to a water molecule in 
Pg, as implied by the structural model. Instead of H322, 
H293 on the opposite bilin β-face plays the role to stabilize 
the B-ring carboxylate in the photoproduct, where only 
the interfacial correlations involving Hε2 were detected 
(Fig. 5A). The protonated Nε2 atom of this neutral τ tau-
tomer would thus serve as the hydrogen-bond donor to 
a water molecule (equivalent to ‘Wat2’ as in Fig. 6B) 
which is further connected to the B-ring carboxylate and 
thence to the side-chain of R301, as seen in the equivalent 
Pg structure of Slr1393g3 [6]. The formation of a strong 
hydrogen-bond (salt bridge) with the guanidinium group 
which is invariably positively charged under all physiolog-
ical conditions presumably provides a rigidifying effect 
on the anionic B-ring propionate. This could thus very 
well explain, at least in part our finding that the conforma-
tional flexibility of the B-ring propionate remains nearly 
unaffected upon photoproduct formation even though the 
rest of the bilin becomes less constrained. The increased 
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flexibility of the C-ring propionate, for example, would 
be associated with the state-related rupture of the biden-
tate salt-bridge interaction with R301 [6]. Although the 
C-ring propionate in the photoproduct is neutralized by 
the cationic imidazolium of H322 at a distance <3.5 Å 
(Fig. 5B), the resulting hydrogen bonding is essentially 
weakened which could be attributed to the delocalized 
positive charge creating a less significant ionic or Cou-
lombic component [87].

The bilin ring B is laterally clamped between the aro-
matic side-chains of H322 from its α-face and H293 on 
the opposite β-face with the center-to-center distance of 
3.5 and 2.9 Å, respectively (Fig. 5B). Given their differ-
ent protonation and charged states, it is reasonable to infer 
that these two histidines experience different microenvi-
ronments immediately around the ring B, and their pKa 
values would adjust accordingly. For H322, the pKa value 
of the side-chain would be at least 1.5 units higher relative 
to the buffer pH value of 7.2, e.g., >8.7 so that it can exist 
at pH 7.2 predominately in its biprotonated form (with a 
proportion of >97%). Unlike H322, H293 mostly carries a 
neutral ε-protonated imidazole at pH 7.2 which is favored 
in case assuming that H293 possesses a pKa lowered by 
1.5 units to ~5.7 (Fig. 5B), in total 3.0 units below that of 
H322. As a result, the β-facial microenvironment would 
enhance the solvent interactions with the ring B. However, 
the imidazole side-chain of H293 is placed at only 2.9 Å 
apart from the B-ring plane which may provide a tight 
steric packing from the β-face. Further B-ring stabilization 
from the same face is achieved through hydrogen-bonding 
interactions with the acidic side-chain of highly conserved 
D291 (see Fig. 1B). By contrast, the microenvironment 
of the opposite α-face is more hydrophobic which would 
result in a poor solvent accessibility of the ring B, however 
according to the Pg structural model, a water molecule 
(‘Wat3’ in Fig. 6B) is found in proximity (2.8 Å). This 
could arise due to the side-chain arrangement of H322 
which is placed 0.6 Å more distant from the B-ring plane 
relative to that of the β-facial H293, thereby loosening the 
steric packing of the α-face. Indeed, the close juxtaposi-
tion of two positively charged constituents (H322 and the 
bilin rings B and C) seems unfavorable. Moreover, the 
B-ring nitrogen atom shows no direct or water-mediated 
hydrogen-bonding interactions with nearby polar resi-
dues on the same facial side which presumably leads to 
a weaker confinement of the ring B. Such differences in 
hydrophobicity, hydrogen-bonding interactions and pack-
ing constraints on the two facial sides of the ring B would 
cause a small-amplitude inter-planar tilt between the two 
inner rings arising due to the local movement around the 
C10-methine bridge that naturally explains the apparent 
flexibility of the bilin B-ring pyrrolic carbons in the pho-
toproduct (Fig. 2C).

4.5  A 0.6‑unit pH drop substantially altering 
protonation and electronic structure 
of the in vitro assembled chromophore 
in the photoproduct

Another salient result from this study is the finding that 
the Pg chromophore of the in vitro assembled AnPixJg2 
becomes protonated at pH 7.2 (Fig. 3C) instead of a deproto-
nated form at pH 7.8 [37]. More strikingly, their absorption 
spectra are hardly altered by the change in bilin protonation 
with respect to the band shapes and λmax of ~542 nm (see 
also Fig. S1). These results fully support the notion that bilin 
protonation is not the fundamental parameter controlling the 
shift of electronic transition of the bilin chromophore in the 
red/green CBCR subfamily [37]. Unlike the Pg photoprod-
uct, the Pr dark state harbors a fully protonated (cationic) 
bilin chromophore at both pH values. Despite the Pr bilin 
retains its protonation upon the decrease of the pH from 7.8 
to 7.2, the electronic structure of the π-conjugated system, 
the overall geometry, and its interactions with the binding 
pocket are largely modified, as evidenced by the prominent 
ΔδC

pH changes of the bilin carbons, particularly at  C31, C5, 
C7–C9, and  C121 (Fig. 4B). The observed change at the 
ethylidene  C31 position (ΔδC

pH = 12.1 ppm) is not consist-
ent with a cleavage of the thioether linkage with the Cys, 
during which much more drastic δC changes at the ethyl-
idene side-chain would be expected [71]. The occurrence of 
a stereochemical conversion of  C31 carbon (R ↔ S) during 
the pH drop can also be ruled out since it would require 
the cleavage and reformation of the thioether bond [38]. 
Such a ΔδC

pH change at  C31 (shift upfield at pH 7.2) could 
be interpreted as arising from stretching of the S–C bond 
from its covalent length which has been known to be sus-
ceptible to its environment. Indeed, structures of the Pr state 
of the in vivo and the in vitro assembled Slr1393g3 (PDB 
codes 5DFX and 5DFY, respectively) are nearly identical 
(0.13 Å rmsd over 158 Cα atoms), but showing a S–C bond 
stretching by ~0.2 Å with the bilin assembled in vitro [6]. In 
our case, the bond stretching might be due to a movement 
of the bilin ring A relative to the rest of the molecule, or 
due to the partial positive charge held by the S atom that 
results from exposure to a more acidic medium upon the 
pH drop. The former scenario seems unlikely because no 
ΔδC

pH changes >2.0 ppm are seen for other A-ring carbons 
(Table S1). Regarding the latter aspect, the solution at pH 
7.2 with a higher concentration of  H+ ions (four-fold) would 
facilitate the attraction to the lone-pair electrons on the S 
atom which would consequently gain a partial positive 
charge. The increased electronegativity of this S atom would 
cause an electron withdrawal from the bonding C atom of 
the thioester linkage. At pH 7.2, we also identified collective 
13C downfield shifts of the pyrrolic quaternary carbons of 
bilin rings B–C (with the exception being C14) as well as 



464 Photochemical & Photobiological Sciences (2022) 21:447–469

1 3

the C5- and C15-methine bridge carbons (Fig. 4B). Such a 
global effect induced by pH on the π-system electronic struc-
ture is unlikely to arise through the local modification of the 
bilin interaction with specific protein residues but attributed 
to packing effects between the bilin and its binding pocket. 
More specifically, the downfield shift (stronger deshielding) 
seen for this region can result from a denser packing of the 
bilin due to proximity of larger amount of  H+ ions in a more 
acidic environment. This interpretation is supported by the 
large ΔδC

pH changes of ≥3.3 ppm at C5 and C7–C9 of ring B 
that are all solvent-exposed (Fig. 1A). By contrast, the ring 
C is less accessible to the solvent and all pyrrolic carbons 
of the ring showed a downfield shift of ≤2.5 ppm (Fig. 4B). 
Moving further into the pocket, this effect vanishes for the 
D-ring carbons in which only C18 moves downfield. Moreo-
ver, the dramatic downfield shift at  C121 (ΔδC

pH = 5.3 ppm) 
might be accounted for by a stretched/bent conformational 
transformation of the C-ring propionate analogous to that 
seen in association with the Pg formation, in which  C121 
shows the most prominent change among the side-chain car-
bons (Fig. 4A). This result indicates that the conformation 
(and flexibility) of the C-ring propionate is not only state-
related, but also pH-regulated.

Like Pr (Fig. 4B), the pH drop leads to the prevalence of 
downfield shifts (red circles) for most atoms in the bilin B–C 
region of the Pg photoproduct (Fig. 4C), indicating an over-
all decrease in electron density of this region. Despite the 
similarity, however, a global increase in ΔδC

pH magnitude 
was seen in the Pg state, in particular for C12–C14 of ring C 
which are at least 3.0 ppm more downfield shifted relative to 
those in Pr (Table S1). These ‘extra’ pH-induced shifts in the 
Pg state cannot be explained solely by a loosely ordered and 
solvated photoproduct pocket as we observed, but the effects 
of B-ring protonation on δC of certain pyrrolic carbons must 
be taken into account. In Pr, both C6 and C9 atoms adjacent 
to the B-ring nitrogen undergo a downfield shift, however, 
the sign of ΔδC

pH changes is reversed in the photoproduct 
(Fig. 4C) to be consistent with the modification induced by 
the B-ring protonation at N22 occurring during the PCB 
assembly into the Cph1 pocket [71]. Besides C6, C9, and 
C12–C14, the ΔδC

pH change at C16 of ring D can be also 
directly related to the protonation of N22 which is shifted 
downfield by 8.8 ppm upon the 0.6-unit pH drop, compara-
ble to that resulting from the assembly of PCB into Cph1 
(11.4 ppm, ref. [71]). This overall agreement implies that 
the pH-induced ΔδC

pH changes for these pyrrolic carbons 
in the photoproduct are largely determined by the B-ring 
protonation rather than by packing of the bilin with nearby 
protein residues which is predominantly responsible for the 
bilin ΔδC

pH changes in Pr. Moreover, the ΔδC
pH changes of 

the D-ring carbons (e.g., C16) associated with the B-ring 
protonation support the existence of at least weak D-ring 
conjugation of the Pg bilin in red/green CBCRs [24].

Interpretation of the 13.8-ppm ΔδN
pH change at N24 of 

ring D is not straightforward. The isotropic chemical shift 
of N24 is not ‘sensitive’ to the protonation of N22 which 
for example upon assembly of PCB in Cph1 (as Pr) moves 
downfield only by 0.6 ppm [71]. In the absence of the 15N 
chemical shift anisotropy (CSA) principal values of this bilin 
nitrogen, we cannot rule out the changes on its local elec-
tronic structure and intermolecular interactions [73, 88]. In 
general, CSA principal values provide more complete infor-
mation than isotropic shifts on these aspects. Taking the pyr-
role as an example, the two principal components tangential 
and radial to the ring (δT and δR) are sensitive for probing 
intermolecular interactions such as intermolecular interac-
tions associated with hydrogen bonding and to changes in 
the hybridization of the nitrogen atom, while the remain-
ing component perpendicular to the ring (δP) is dominated 
by lone-pair transition of the nitrogen [88]. Although we 
cannot conclude with certainty which of the factors is the 
cause of the large ΔδN

pH change at N24 upon the pH drop 
to 7.2 (Fig. 4C), it is reasonable to assume that the proxim-
ity of  H+ ions to the D-ring nitrogen in the photoproduct 
would lead to a prominent nitrogen lone-pair hybridization 
change (represented by δP), thus dominating the observed 
isotropic ΔδN

pH change. This working hypothesis is based 
on an increased solvent accessibility of the D-ring pocket in 
the Pg state due to the drastic change of the protein surface 
upon photoconversion of Pr to Pg, as implied by both the 
paired Pr/Pg structures of Slr1393g3 [6] and our AnPixJg2 
structural models.

The pH-induced protonation process of the in vitro Pg 
photoproduct is probably due to the reversal of misfolded 
protein structure which may alter the hydrogen-bonding net-
works around the chromophore and/or the rotational/confor-
mational arrangement of certain nearby protein residue(s) 
as compared to the native form. These changes may exert a 
stabilizing effect on the chromophore as reported here. We 
also noted that the pH drop to 6.0 causes a substantial desta-
bilization of the in vitro photoproduct, however, the native 
form of the protein retains stability at pH 5.0 (Fig. S6). It has 
been known that multiple factors are capable of modulating 
the protein stability such as hydrophobic and electrostatic 
interactions, and moreover, the signature of the latter is its 
pH-dependence [89]. Although a number of mutational and 
structural analyses are available for AnPixJg2 [5, 15, 25, 27, 
33] and other related red/green CBCRs [6, 7, 44, 79], we 
cannot pinpoint the regions or specific residues as the cause 
for this in vitro photoproduct destabilization. Moreover, it 
has been proposed that, e.g., at pH 7.8 the central D291, 
whose side-chain is within the hydrogen-bonding distance 
to the B-ring nitrogen, acts as the acceptor of the released 
proton from the bilin [37]. At pH 7.2, however, no 1H con-
tacts of the bilin in the MELODI–HETCOR spectrum could 
be attributed to the proton of its side-chain carboxyl moiety 
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(Fig. 5A). Were this proton to exist, one would expect a 1H 
slice in the downfield region of 7–9 ppm due to the interac-
tions with nearby pyrrolic carbons (i.e., within 4.5 Å). This 
observation implicates a pKa of ~ 7.2–7.8 for the side-chain 
of D291. Moreover, in absence of the MELODI–HETCOR 
data of the in vitro photoproduct at pH 7.8, we cannot rule 
out the presence of a hydronium ion  (H3O+) due to charge 
rearrangement between D291 and the structural water mol-
ecules nearby. It has also to be noted that the current data 
do not allow us to assess the conformational heterogeneity 
of D291 which was discussed for the homologous residue in 
the NpR6012g4 Pr dark state [7].

5  Conclusion

To conclude, in in vitro assembled AnPixJg2, our results are 
consistent with the ring D being highly twisted relative to 
the B–C plane in both Pr and Pg photostates in particular for 
the Pg bilin which support the essential role for the D-ring 
twist in photoproduct tuning of red/green CBCRs [24]. Our 
results also demonstrate a downward bending of the C-ring 
propionate upon Pg formation which presents additional 
steric hindrance to promote a further twisted D-ring geom-
etry. We observe a heterogeneous bilin in both photostates 
of AnPixJg2, however, unlike the Pr heterogeneity localized 
selectively in the A-ring region and C-ring propionate, the 
Pg bilin as a whole is remarkably heterogeneous. We ascribe 
this prominent increase in structural flexibility of the Pg bilin 
to a loosely ordered and more solvated photoproduct pocket, 
as evident from both MELODI–HETCOR spectrum and 
QM/MM structural models (Fig. 6). Observation of inter-
facial 1H contacts of the Pg bilin also reveals that the two 
His residues, clamping the ring B from the opposite facial 
sides, have different protonation states (H322, biprotonated 
imidazolium; and H293, ε-protonated imidazole; Fig. 5). 
Differences in the pKa values (~3.0 units) and hydrophobic-
ity between the two bilin sides imply a special local envi-
ronment of the ring B. Moreover, the presence of a cationic 
imidazolium for H322 in the Pg photoproduct generalizes 
the recent results correlating the structural heterogeneity of 
the Pr dark-state bilin explicitly to the protonation of this His 
residue [25]. The pH effects on this in vitro assembled pro-
tein (7.8 → 7.2) reveal surprisingly that the Pg bilin becomes 
fully protonated upon the 0.6-unit pH drop with only subtle 
changes of the absorption spectrum (Fig. S1). These results 
support our previous notion that the bilin protonation is not 
the largest determinant to control the electronic transitions 
of the chromophore in the red/green CBCRs [37].
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