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Abstract

Cyanobacteriochrome photoreceptors (CBCRs) ligate linear tetrapyrrole chromophore via its
first (canonical) Cys residue and show reversible photoconversion triggered by light-
dependent Z/E isomerization of the chromophore. Among the huge repertoire of the CBCRs,
DXCF CBCRs contain a second Cys residue within the highly conserved Asp-Xaa-Cys-Phe
(DXCF) motif. In the typical receptors, the second Cys covalently attaches to the 157—
chromophore in the dark state and detaches from the 15E—chromophore in the photoproduct
state, whereas atypical ones that lack reversible ligation activity show red-shifted absorption
in the dark state due to more extended n-conjugated system. Moreover, some DXCF CBCRs
show blue-shifted absorption in the photoproduct state due to the twisted geometry of the
rotating ring. During the process of rational color tuning of a certain DXCF CBCR, we
unexpectedly found that twisted photoproducts of some variant molecules showed dark
reversion to the dark state, which prompted us to hypothesize that the photoproduct is
destabilized by twisted geometry of the rotating ring. In this study, we comprehensively
examined the photoproduct stability of twisted and relaxed molecules derived from the same
CBCR scaffolds under the dark condition. In the DXCF CBCRs lacking reversible ligation
activity, the twisted photoproducts showed faster dark reversion than the relaxed ones,
supporting our hypothesis. By contrast, in the DXCF CBCRs with reversible ligation activity,
the twisted photoproducts showed no detectable photoconversion. Reversible Cys adduct

formation thus results in drastic rearrangement of the protein—chromophore interaction in the

photoproduct state, which would contribute to the previously unknown photoproduct stability.
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Introduction
Cyanobacteriochrome photoreceptors (CBCRs), found only in cyanobacteria, belong to a
photoreceptor superfamily that includes linear tetrapyrrole chromophores (or bilin pigments),
such as phycocyanobilin (PCB) and phycoviolobilin (PVB). The range of light wavelength
absorbed by the CBCRs is determined by the effective length of the n-conjugated system in
the chromophores. This length depends on binding chromophore species and protein—
chromophore interaction.!”> CBCRs are covalently bound to C3' position of the
chromophore via highly conserved “first” (or “canonical”) Cys residue?*2° similar to the
related plant-type phytochromes (Figs. 1A-D and S1A, B).3%32 They show reversible
photoconversion triggered by light-dependent Z/E isomerization of a double bond between
C15-C16 in the chromophore (Figs. 1A-D and S1A, B). A huge repertoire of CBCRs
showing photoreaction in a wide range of wavelength has been identified*3>* and
characterized in detail.?6-2%3

CBCRs are categorized into many subfamilies, with many of them applying “second”
(or “DXCF”) Cys residue in the highly conserved Asp-Xaa-Cys-Phe (DXCF) motif as a
crucial color tuner possessing a dual role, i.e., isomerization activity from PCB to PVB and
reversible ligation activity to the chromophore. Typical molecules such as TePixJg retain the
dual role and show blue/green photocycle (Fig. 1A, B, E and S1A, B).!1:26.28.36 They initially
incorporate PCB as a precursor and then isomerize it to PVB.37 Moreover, the second Cys
covalently attaches to C10 position in the dark state (or ground state) and detaches in the
photoproduct state (or excited state), reversibly altering effective length of the n-conjugated
system between C-to-D (Fig. 1A, E and S1A) and B-to-D (Fig. 1B, E, and S1B) rings that
absorb blue and green light, respectively. Besides, atypical DXCF CBCRs lacking one of the
two roles have been reported;, CBCRs lacking the isomerization activity absorb red-shifted

yellow-to-orange light in the photoproduct state by PCB incorporation (Fig. S2A-i)7-1218.21]
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whereas the other ones lacking the ligation activity absorb green-to-yellow light in the dark
state without m-conjugation cleavage at C10 position (Fig. 1C, E, and S2A-ii).37132438 The
first Cys covalently attaches to the C3! position in any case (Figs. 1A-D and S1A, B). The
lack of the second Cys ligation activity is caused by replacement of Tyr residue with His next
to the first Cys (Fig. S2A-iii).38

In addition, some DXCF CBCRs adopt a unique color tuning mechanism, “trapped-
twist” in which twisted geometry of ring D results in blue-shifted teal light absorption in the
photoproduct state in comparison with those of the typical ones (Fig. 1D, E and Fig. S2A-
iv)>718.2438 This mechanism has been well supported by theoretical and experimental
evidences based on the chromophore chemistry.!® The twisted ring D is held by specific Phe
residue(s) on a B—sheet with or without an a—helix, and replacement of these residues results
in cancellation of the twisted geometry (Figs. 1D, F, and S2A-iv, B).3®3° We have further
reported that not only the twisted photoproduct state but also the twisted dark state contribute
to additional color tuning, for which two residues near the ring D (Tyr/Leu and Thr/Asn
positions) are crucial (Fig. S2A-ii).*?

Taken together, the spectral diversity of the DXCF CBCRs can be explained by
various combinations of four mechanisms: PCB-to-PVB isomerization activity, second Cys
ligation activity, and regulation of the ring D geometry in the dark state and the photoproduct
state (Fig. S2A).38

Recently, we have identified a unique molecule, AM1 1499¢g1, which belongs to the
DXCF subfamily but has lost the second Cys (Fig. S2B).>® By comparing it with related
molecules retaining the second Cys, we have successfully identified residues crucial for each
color tuning mechanism and created seven color-tuned variants with a broad wavelength

range derived from a single CBCR scaffold.3®
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During the engineering process, we unexpectedly found that the “trapped-twist”
photoproduct states of some variant molecules showed dark reversion to the dark state. Dark
reversion kinetics presumably is associated with the stability of ring D of 15E—chromophore
in the photoproduct state. Therefore, it is likely that the twisted ring D is less
thermodynamically stable than the relaxed one. To date, only rare DXCF CBCRs with unique
sequence arrangement have been reported to show dark reversion.>’

In this study, to gain insights into general characteristics of dark reversion of the
DXCF CBCRs, we compared dark reversion kinetics of the relaxed and twisted photoproduct
states derived from the same CBCR scaffolds. We found that the twisted photoproduct states
showed faster dark reversion than the relaxed ones, except for the molecules showing
reversible Cys adduct formation, in which both twisted and relaxed photoproduct states were
stable under the dark condition. Possible mechanisms underlying these phenomena are

discussed in the context of molecular structure.
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Experimental

Bacterial strains and growth media

The Escherichia coli strain Machl TIR (Thermo Fisher Scientific) was used during cloning
of plasmids. The E. coli strain C41 (Cosmo Bio) was used for protein expression through the
pKT271 construct as a PCB synthetic system.%#! Bacterial cells were grown on Lysogeny
Broth (LB) agar medium containing 20 pg mL™! kanamycin with or without 20 pg mL™!
chloramphenicol at 37°C. For protein expression, after the optical density at 600 nm of the
cells reached 0.4-0.8, isopropyl B-D-1-thiogalactopyranoside was added (final concentration,

0.1 mM), and the cells were cultured at 18°C overnight before being harvested.

Bioinformatic analysis.

Multiple sequence alignment and neighbor-joining phylogenetic trees were constructed using
MEGA7 software.*?  Structural information ('3?Pb TePixJg, PDB ID: 4GLQ?%;
I5Epg TePixJg, PDB ID: 3VV428; and 3£Pg Slr1393g3, PDB_ID: 5M822%°) were extracted
from databases and used to compare conformation near the chromophores. Images of

molecular structure were generated by UCSF Chimera software.*3

Plasmid construction for protein expression

The plasmids of AMI1 1499¢g1 (amino acid positions 47-222), AM1 6305g1 (amino acid
positions 33-203), and AMI1 0048gl (amino acid positions 199-366) variants were
constructed from their corresponding parent plasmids, which were constituted by insertion of
their corresponding gene fragments fused with N-terminal His-tag sequence into the pET28a
vector (Novagen).”?® The plasmids of AM1 1499¢g1 S;;5C, S;15C/Y15:L/T150N, S;15C/Hy47Y,
Fo7V/S118C, Fo7V/S118C/Y 15:L/T 59N, and Fo;V/S113C/H147Y, and AM1_6305g1 L;3Y/Ny4T

variants have been constructed in the previous study.’® The plasmids of AM1 6305g1 FgV
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and F;5V/Li5Y/Ni4T, and AM1 0048gl F,4V/FyosL were generated by site-directed
mutagenesis using corresponding parent plasmids. KOD One PCR Master Mix (Toyobo Life
Science) with appropriate nucleotide primer sets (AMI1 _6305gl, forward primer 5'-
GGATGCgtcGTTGCTGAAAAAGTAGTTCCG-3' and reverse primer 5'-
AGCAACgacGCATCCCGTTGTATAGTT-3" for replacement of Phe78 by Val;
AMI1 0048¢gl, forward primer 5'-GGTACCgtcGTCGCCGAATCTGTTGCCCC-3" and
reverse primer 5'-GGCGACgacGGTACCCTCACCGTTATTGTTGAGG3' for replacement
of Phe241 by Val, and forward primer 5'-GAGCGTctcGCCGTCAAAGCAAACATT-3" and
reverse primer 5'-GACGGCgagACGCTCTAGCAAACCGAT-3' for replacement of Phe298
by Leu; each mutation site is shown by small letters) was used for the mutagenesis. Plasmid
sequences were confirmed by DNA sequencing (Eurofins Genomics). The plasmid of

NpR5113g3 (amino acid positions 388—557) has been constituted in the previous study.?®

Protein extraction and purification

All proteins were expressed in the E. coli strain C41 containing pKT271 in 1 L LB. After
expression was induced, the culture broth was centrifuged at 5,000 g for 15 min to collect
cells. The cells were resuspended in the lysis buffer (20 mM HEPES—NaOH pH 7.5, 0.1 M
NaCl and 10% (w/v) glycerol) with 0.5 mM tris(2-carboxyethyl)phosphine. Protein was
purified as described in the previous studies.”3® Purified proteins were dialyzed against the
lysis buffer containing 1 mM dithiothreitol (DTT). Protein concentration was determined by

the Bradford method.

Electrophoresis and fluorescence detection
Purified proteins were diluted in a buffer (60 mM Tris—HCl pH 8.0, 2% (w/v) sodium

dodecyl sulfate (SDS) and 60 mM DTT), denatured at 95°C for 3 min, and electrophoresed at
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room temperature (r.t.) using 12% (w/v) SDS polyacrylamide gels. The electrophoresed gels
were soaked in distilled water for 30 min before fluorescence bands were visualized as

previously described.®?” Gels were then stained with Coomassie Brilliant Blue R-250.

Spectroscopy and dark reversion kinetics
Ultraviolet and visible absorption spectra of the proteins were recorded with a UV-2600
spectrophotometer (SHIMADZU) at r.t. or 30°C using a thermostated cuvette holder. An
Opto-Spectrum Generator (Hamamatsu Photonics, Inc.) was used to generate monochromatic
light of various wavelengths to induce photoconversion: Pb form, 390-420 nm; Pt form, 470—
490 nm; Pg form, 490-580 nm; Py form, 580—640 nm.

For monitoring dark reversion of CBCRs, the absorbance of photoproduct states and
transition process at each maximum absorption of dark states were chronologically measured

in the dark condition. The half-life was calculated from the dark reversion kinetics.

Biochemical characterization of cyanobacteriochromes

For denaturation assays, native AMI1 6305gl FxV and F5sV/L13,Y/Ni4T, and
AM1 0048gl F,41V/FysLL in both the dark state (15Z-isomer) and photoproduct state (15E—
isomer) were diluted fivefold in 8 M acidic urea (pH < 2.0). Their absorption spectra were
recorded at r.t. before and after 3 min of illumination with white light. Assignment of the
chromophore species was conducted by comparing the spectra between native and each

denatured molecule which incorporates PVB.7-3
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Results
Dark reversion of AM1_1499¢g1 variants
In the previous study, we have created the twisted and relaxed molecules derived from the
same AMI1 1499¢g1 scaffold: AMI1 1499¢g1 wild-type (orange/green photocycle),
AM1 1499¢g1 S;5C (yellow/teal photocycle), S115C/Y 151L/T;59N (green/teal photocycle) and
S118C/H147Y (blue/teal photocycle) for the twisted type; AM1 1499g1 Fy;V (orange/yellow
photocycle), AM1 1499¢g1 Fo,V/S;15C (yellow/green photocycle), Fo7V/S113C/Y 15 L/T 59N
(green/green photocycle), and Fo;V/S;1sC/Hi47Y (blue/green photocycle) for the relaxed
type.’® While analyzing spectroscopy of these molecules, we incidentally found that some
variant molecules showed dark reversion, which led us to hypothesize that the twisted ones
are unstable and tend to show dark reversion in comparison with the relaxed ones. To test this
hypothesis, we measured the absorption spectra of the photoproduct states during dark
incubation at 30°C to monitor the dark reversion for 5 hours (Fig. 2 and Table 1). We have
previously reported that the photoproduct state of AMI1 1499¢g1 wild-type showed
thermochromism, which reflects an equilibrium between the twisted state and relaxed state.’®
Therefore, we excluded AM1 1499g1 wild-type and its related AM1 1499g1 Fyo;V from
this analysis.

We found that the twisted photoproduct states of AMI1 1499g1 S;;3C and
AM1 1499¢g1 S;15C/Y 151 L/T 50N showed dark reversion under the condition described above
(at 30°C for 5 hours) (Fig. 2A, C), whereas the relaxed counterparts of
AM1 1499¢g1 Fo¢;V/S 13C and AM1 1499g1 Fy;V/S118C/Y 151L/T59N scarcely showed dark
reversion during the observed time range (Fig. 2B, D). We detected an increased absorption
around 580 and 560 nm for AMI1 1499gl S;;sC and AMI1 1499g1 S;sC/Y 5 L/T 59N,

respectively (Fig. 2A, C). The dark reversion of AMI 1499gl S,;3C (Fig. 2A) was
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remarkably faster than that of AM1 1499g1 S;15C/Y5:L/T150N (Fig. 2C). These results
support our hypothesis that the twisted states are more likely to show dark reversion.

By contrast, both  twisted and relaxed photoproduct states  of
AMI1 1499¢g1 S;1sC/HsY and Fo;V/S;15C/Hi25Y showed no detectable dark reversion
during the observed time range. These results suggest a difference in stability of photoproduct
states between the DXCF CBCRs with and without second Cys ligation activity, although the
second Cys ligation occurs in the dark state instead of the photoproduct state. Although the
absorbance around 415 nm of both molecules slightly increased with time, we could not
detect clear isosbestic points around 360 nm (Fig. 2E, F). Therefore, this slight increase of
absorbance was not due to the dark reversion but rather due to the light scattering caused by

protein aggregation under relatively high temperature of 30°C.

Dark stability of the photoproduct states of the molecules lacking ligation activity of
second Cys

To further investigate the relationship between the ring D geometry and the dark reversion
kinetics, we focused on green/teal-reversible AMI1 6305gl, a close homolog of
AM1 1499¢1, which lacks the ligation activity of the second Cys and forms a subfamily with
blue/teal reversible (NpR1597g1'8 and NpR5113g1!3) and green/teal reversible (FdDpxAg?*)
CBCRs (Fig. S2B). In the previous study, we have constructed a variant molecule,
AMI1 6305g1 L;3,Y/Ni4T, which showed yellow/teal reversible photoconversion®® The
teal-absorbing photoproduct states of these two molecules appeared to be the twisted type.
Thus, we introduced F-gV replacement in these two molecules to cancel the trapped geometry
of ring D, generating the relaxed type of wvariants, AMI1 6305g1 FV and
AM1 6305g1 F75V/L13;,Y/N14T (Fig. S2C-E). Consequently, the photoproduct states of

these two molecules are about 20—-30 nm red shifted in absorbing green light in comparison

10
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with those of the parent molecules (Fig. S2D, E),”-*® confirming that these photoproduct states
adopt the relaxed ring D geometry.

We next examined the dark stability of the photoproduct states of these four
molecules under the same condition as the experiments for AM1 1499g1 variants (i.e.
monitoring for 5 hours at 30°C) (Fig. 3A-D). As expected, the twisted photoproduct states of
the wild-type and AM1 6305g1 L3,Y/N4T showed dark reversion, whereas the relaxed
states of AM1 6305gl F,sV and AMI1 6305g1 F;5V/L13,Y/Ny4T scarcely showed dark
reversion (Fig. 3A-D and Table 1). This observation is notably consistent with that from
AM1 1499¢1, supporting our hypothesis that the twisted ring D is less thermodynamically

stable than the relaxed one.

Dark reversion Kinetics

Dark reversion half-life of the variant molecules was calculated from the slope of absorbance
increase during each transition process in the logarithmic plots to quantitatively estimate the
dark reversion kinetics of the variant proteins showing the detectable dark reversion (Fig. 4
and Table 1). Half-life for AM1 1499g1 S;;3C and S;;3C/Y5;L/T5oN (twisted type) was
599 h+031 and 22.6 h=+1.31, respectively, whereas that for Fo;V/S;15C and
Fo7V/S118C/Y 151L/T59N (relaxed type) was 52.6 h = 3.05 and 53.1 h & 35.8, respectively (Fig.
4A, B and Table 1). Moreover, the half-life for AM1 6305g1 and L;3,Y/Ny4T (twisted type)
was 31.8 h+4.59 and 131.0 h+24.6, respectively, whereas that for F.sV and
F75V/L13,Y/Ni4T (relaxed type) was 85.5 h+ 11.5 and 262.1 h + 85.7, respectively (Fig. 4C,
D and Table 1). Statistical analyses showed that the kinetics of the DXCF CBCRs
incorporating the “twisted” chromophore were significantly more rapid than that of the

DXCF CBCRs incorporating the “relaxed” one (Fig. 4 and Table 1).

11
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Dark stability of the photoproduct states of the molecules with reversible Cys adduct
formation irrespective of ring D configuration

We found that neither AM1 1499g1 S;13C/H;55Y nor Fg¢;V/S;1sC/H25Y showed detectable
dark reversion during the observed time range (Fig. 2E, F), suggesting that second Cys-
adducting capability contributes to the photoproduct stability, whether the photoproduct ring
D is twisted or relaxed. To test this hypothesis, we focused on NpR5113g3, which forms a
subfamily with AM1 1499gl and AMI1 6305gl (Fig. S2B) but showed reversible Cys
adduct formation with blue/teal photocycle (Fig. S3).!8 As expected, similar to
AM1 1499¢g1 S;1sC/H;25Y, the twisted photoproduct state of NpR5113g3 did not show
detectable dark reversion (Fig. 2E and S3).

To test our hypothesis on molecules outside of this subfamily, we focused on another
CBCR, AM1 0048gl. AM1 0048g1 belongs to a subfamily distinct from the AM1 1499¢g1
subfamily (Fig. S2B) while retaining the DXCF Cys residue that shows reversible Cys adduct
formation with blue/teal photocycle similar to NpR5113g3. We monitored its dark reversion
process from the teal-absorbing photoproduct state to the blue-absorbing dark state (Fig. 3E).”
We found that the twisted photoproduct state of AM1 0048g1 did not show detectable dark
reversion, similar to AM1 1499¢g1 S;1sC/H23Y and NpR5113¢g3 (Figs. 2E, 3E, and S3 and
Table 1). Moreover, we constructed a variant protein, AM1 0048g1 F,4,V/F9sL, to cancel
the twisted ring D geometry of the photoproduct state. The photoproduct state of
AM1 0048g1 F,41V/Foosll is 8 nm red shifted in comparison with that of the wild-type
protein (Fig. S2C, F).” As expected, the relaxed photoproduct state of this variant did not

show detectable dark reversion (Fig. 3F and Table 1).

12

Page 12 of 33


https://paperpile.com/c/m5fcrK/MeJcm
https://paperpile.com/c/m5fcrK/CCIsM
https://paperpile.com/c/m5fcrK/CCIsM

Page 13 of 33

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

295

Photochemical & Photobiological Sciences

Discussion
In this study, we investigated the relationship between the photoproduct ring D geometry
(twisted or relaxed) of the PVB chromophore and the dark reversion kinetics of the DXCF
CBCRs. In the DXCF CBCRs without reversible Cys adduct formation, the twisted
photoproduct states, but not the relaxed photoproduct states, showed dark reversion to the
dark states (Figs. 2A—D and 3A-D). These results strongly support our hypothesis that
twisted geometry of the rotating ring D results in instability of the photoproduct state,
promoting dark reversion. By contrast, in the DXCF CBCRs with reversible Cys adduct
formation, neither twisted nor relaxed state showed detectable dark reversion (Figs. 2E, F, 3E,
F, and S3). These results indicate that reversible ligation activity of the second Cys in the
dark state affects the photoproduct stability, although the photoproduct state does not form a
covalent bond with the second Cys. Therefore, positioning of the second Cys residue in the
photoproduct state may vary between the molecules with and without reversible Cys
adducting capability. In fact, it has been reported that the second Cys of TePixJg, a typical
DXCF CBCR with reversible Cys-adduct formation, showed large conformational change
upon photoconversion.?®?8 Particularly, the side chain of the free second Cys in the
photoproduct state faces a direction opposite from the chromophore (Fig. S1A, B). This
movement would result in structural changes of the conserved Asp residue in the DXCF
motif that interacts with the ring D nitrogen. Such dynamic rearrangement of the second Cys
and Asp residues may also occur in the molecules analyzed here, which may contribute to
stabilization of the twisted ring D in the photoproduct state. Structural studies are needed to
address the detailed molecular mechanisms underlying these phenomena.

We have previously found that atypical DXCF CBCRs with unique sequence
arrangement showed dark reversion; cce 4193gl retains the second Cys but not the first

Cys’; AM1 1870g4 has an arranged DXCF motif, in which the Asp residue is swapped with
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the next residue.” Our previous study suggested that the chemical environment near the
DXCF motif affects the 15E—chromophore stability, consistent with the observation in this
study.

It has been reported that some molecules belonging to the extended red/green (XRG)
CBCR subfamily show dark reversion from the green-absorbing photoproduct state to the
red-absorbing dark state, whereas others do not.®?%#* Previous structural and spectral studies
elucidated that the photoproduct state of the XRG CBCRs adopted highly twisted ring D,
which absorbs shorter-wavelength green light despite PCB incorporation (Fig. S1C).2%3 This
twisted ring D is fixed by the two Phe residues on the o—helix and the B—sheet conserved in
many XRG CBCRs (Fig. SIC and S2B). Replacement of these Phe residues with non-
aromatic ones, such as Val and Leu, results in red shift of the photoproduct absorption
compared with their parent molecules.?>* Although dark reversion kinetics of these variant
molecules remains unclear, a trend similar to that observed in this study should be expected.

On the other hand, some atypical XRG CBCRs categorized into insert Cys subfamily
have another second Cys residue within an inserted loop structure, which has a reversible
ligation activity as well as the second Cys of the DXCF CBCRs.!723:3346 Cho et al. have
reported that Mbr3854g4 (UG1) and Mbl3738g2 (UG2) of the insert Cys CBCRs did not
show detectable dark reversion.*6 UG1 and UG2 possess aromatic amino acids on the o—helix
and the f—sheet, whose replacement resulted in red-shift of the photoproduct, indicating that
trapped-twist model is also applicable to this subfamily.6 In summary, the twisted insert Cys
CBCRs with the reversible Cys ligation activity did not show dark reversion, which is
comparable to the twisted DXCF CBCRs with the reversible Cys ligation activity. Lack of
the ligation activity is again suggested to be the driving force of the photoproduct instability.

To date, color tuning by replacing specific Phe residue(s) has been done in the DXCF

CBCRs in the AM1 1499¢g1 subfamily and some XRG CBCRs.333%4 The photoproduct
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states of these variant molecules are red shifted in comparison with those of their parent
molecules due to cancellation of the ring D twist. In this study, we successfully canceled the
trapped-twist of the photoproduct state of two different DXCF CBCR scaffolds,
AMI1 6305g1 and AM1 0048g1 (Fig. S2C-E). As AM1 _0048g1 belongs to a subfamily
distinct from the AM1 1499g1 subfamily (Fig. S2B), our results provide a new approach to
modify sensing light quality of a wide variety of CBCRs, which will improve fine tuning of

the optogenetic and fluorescent templates.620-27,38,44,47-49
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Table 1. Photochemical properties of DXCF CBCRs in twisted vs. relaxed states*.

Photocycle D-ring Dark state Photoproduct Kinetics t-test
state
152, Amax .
Dark /| Photo geometry (nm) 15E, Amax (NM) DR, Half life (h)*2 P value
. 0.3
AM1_1499g1_S,,sC Yellow / Teal Twisted 577 492 6.0
]— < 0.001
AM1_1499g1_F,;V/S445C Yelow / Green Relaxed 577 515 526 * 3.1
1.3
AM1_1499g1_S15C/Y15L/T150N Green / Teal Twisted 559 492 226
]— < 0.05
AM1_1499g1_F;V/S145C/Y15LIT1seN  Green /  Green Relaxed 560 524 53.1 + 35.8
AM1_149991_S1sC/Hq4 Y Blue / Teal Twisted 413 492 n.d.
AM1_1499g1_F4;V/S115C/H147Y Blue /  Green Relaxed 417 513 n.d.
_________________ f______________24f6______
AM1_6305g1_L13,Y/NqsoT Yellow / Teal Twisted 576 491 131.0 #
]— < 0.05
AM1_6305g1_FgV/L13,Y/NygT Yellow / Green Relaxed 576 513 262.1 + 85.7
) 46
AM1_6305g1 Green [/ Teal Twisted 558 492 318
]— < 0.005
AM1_6305g1_FV Green / Green Relaxed 559 523 855 11.5
AM1_0048g1 Blue / Teal Twisted 417 498 n.d.
AM1_00489g1_F41VIF 5L Blue !/ Green Relaxed 421 507 n.d.

The wild-type molecules of these DXCF CBCRs are categorized into the groups 1 or 2 shown
in Fig. S2B.

*These parameters were measured at 30°C.

"Half-life of the dark reversion (DR) was calculated from the slope in the logarithmic plots
shown in Fig. 4. These values are presented as mean + standard deviation (n=3 to 6).
Significant difference between the half-lives of DXCF CBCRs of twisted and relaxed types
was analyzed by Student’s #-test.

An/d means “not determined.”
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Figures

Fig. 1. Stereochemistry of phycoviolobilin (PVB). (A-D) Chemical structures of 157— and
15E-PVB incorporated into DXCF CBCRs. “First” (or “canonical”) Cys covalently binds to
the C3! position of the chromophore, whereas “second” (or “DXCF”) Cys reversibly attaches
to/detaches from C10 position with photoconversion/dark reversion induced by Z/E
isomerization at the C15 position. The attachment of the second Cys residue to 15Z-PVB in
the dark state (or ground state) (A) and the detachment from 15E—PVB of the residue in the
photoproduct state (or excited state) (B) are observed in typical DXCF CBCRs. In some
atypical DXCF CBCRs, red-shifted absorption caused by the n—conjugated system extended
to B-to-D rings in the dark state is observed due to lack of the ligation activity (C). Moreover,
some DXCF CBCRs show blue-shifted absorption caused by the m—conjugated system
restricted to B-to-C rings in the photoproduct state due to the twisted geometry of the D-ring,
called “trapped-twist” mechanism (D). m—conjugated systems are highlighted by
corresponding color of their absorption light. (E) Comparison of absorption spectra between
the typical and atypical DXCF CBCRs shown in Fig. 1A-D (upper: blue light-absorbing
15Z—-dark state (13“Pb) and green light-absorbing 15E—photoproduct state (°£Pg); middle:
green light-absorbing 15Z-dark state (13“Pg); lower: teal light-absorbing 15FE—photoproduct
state (13£Pt)). (F) Positions of specific Phe residues (green) on an o-helix and a B—sheet
(shown in Fig. S2B) of twisted DXCF CBCRs, which contribute to stabilization of a 15E—
chromophore (light gray). These positions are shown using structural information of TePixJg,
a typical DXCF CBCR with 15E-PVB incorporated (PDB_ID: 3VV4)28, Protein structure is

shown by stick and sphere models with the secondary structure shown by the ribbon model.
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Fig. 2. Reversible photoconversion and dark reversion of AM1_1499¢1 variants. (A, C,
E) Dark reversion process of (A) AMI1 1499g1 S;;5C (yellow/teal photocycle), (C)
AMI1 1499¢g1 S,15C/Y 151 L/T 59N (green/teal photocycle) and (E) AM1 _1499g1 S,;3C/Hi47Y
(blue/teal photocycle) with twisted ring D of 15E-PVB (cyan to dark blue). (B, D, F) Dark
reversion process of (B) AMI1 1499g1 Fy;V/S;;3C (yellow/green photocycle), (D)
AM1 1499¢g1 Fo;V/S|138C/Y 15 L/T 50N (green/green photocycle) and (F)
AM1 1499¢g1 Fo¢;V/S|1sC/H147Y (blue/green photocycle) with relaxed ring D of 15E-PVB
(magenta to dark red). The absorption spectra were measured at 30°C and normalized against
each maximum absorption of their dark states (light gray). The transition process from the

photoproduct states to the dark states was monitored at 0, 1, 2, 3, 4, and 5 h in dark condition.
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Fig. 3. Reversible photoconversion and dark reversion of AM1_1499g1 homologs. (A, C,
E) Dark reversion process of (A) AMI1 6305g1 (green/teal photocycle), (C)
AMI1 6305g1 L;5Y/NygT (yellow/teal photocycle) and (E) AMI1 0048gl (blue/teal
photocycle) with twisted ring D of 15E-PVB (cyan to dark blue). (B, D, F) Dark reversion
process of (B) AM1 6305g1 FxV (green/green photocycle), (D)
AM1 6305g1 F75V/L13,Y/NyygT (yellow/green photocycle) and (F)
AM1 0048gl F,41V/Foosl (blue/green photocycle) with relaxed ring D of 15E-PVB
(magenta to dark red). The absorption spectra and transition process were observed under the
same conditions shown in Fig. 2 and normalized against each maximum absorption of their

dark states (light gray).
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Fig. 4. Dark reversion kinetics of DXCF CBCRs in twisted/relaxed types. The logarithm
of normalized difference absorbance (AA(t)/AA(0); AA(t) = transition process — 157—dark
state, AA(0) = 15E—photoproduct state — 15Z—dark state), at each time point (h) was plotted
as mean =+ standard deviation (n =3 to 6). DXCF CBCRs in twisted type (cyan) and relaxed
type (magenta), and significant difference between them analyzed by the Student’s #-test (*P
< 0.05, **P < 0.005, and ***P < 0.001, respectively) are shown in each plot. (A)
AMI1 1499¢g1 S;1sC  and Fy¢;V/S;15C;  (B)  AMI1 _1499¢g1 S;15C/Y5:L/T150N  and
Fo7V/S115C/Y 15:L/T150N; (C) AM1_6305g1 and F75V; (D) AM1 _6305g1 L3, Y/N4T and
F75V/L13,Y/Ny40T. Half-life was calculated from the slope of each plot. The absorbance of the
proteins was measured at the wavelength of each maximum absorption of the dark states

(peak area of their absorption spectra shown in Figs. 2 and 3).
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