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Abstract Cyanobacteriochromes (CBCRs) are cyanobacterial photoreceptors distantly
related to phytochromes. All CBCRs examined to date utilize a conserved Cys residue to
form a covalent thioether linkage to the bilin chromophore. In the insert-Cys CBCR
subfamily, a second conserved Cys can covalently link to the bilin C10 methine bridge,
allowing detection of near-UV to blue light. The best understood insert-Cys CBCR is the
violet/orange CBCR NpF216493 from Nostoc punctiforme, which has a stable second
linkage in the violet-absorbing dark state. Photoconversion of NpF216493 leads to
elimination of the second linkage and formation of an orange-absorbing photoproduct.
We recently reported NMR chemical shift assignments for the orange-absorbing
photoproduct state of NpF216493. We here present equivalent information for its violet-
absorbing dark state. In both photostates, NpF2164g3 is monomeric in solution and
regions containing the two conserved Cys residues essential for photoconversion are
structurally disordered. In contrast to blue light receptors such as phototropin,
NpF2164g3 is less structurally ordered in the dark state than in the photoproduct. The
insert-Cys insertion loop and C-terminal helix exhibit light-dependent structural changes.
Moreover, a motif containing an Asp residue also found in other CBCRs and in
phytochromes adopts a random-coil structure in the dark state but a stable a-helix
structure in the photoproduct. NMR analysis of the chromophore is consistent with a less
ordered dark state, with A-ring resonances only resolved in the photoproduct. The C10
atom of the bilin chromophore exhibits a drastic change in chemical shift upon
photoconversion, changing from 34.5 ppm (methylene) in the dark state to 115 ppm
(methine) in the light-activated state. Our results provide structural insight into the two-
Cys photocycle of NpF2164g3 and the structurally diverse mechanisms used for light

perception by the larger phytochrome superfamily.
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Graphical abstract
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We report secondary structure assignments for the cyanobacteriochrome NpF2164g3 in
the violet-absorbing dark-adapted state. Comparison with our previous work on the
orange-absorbing photoproduct elucidates structural changes occurring upon

photoconversion.
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Introduction

Phytochromes are photosensory proteins utilizing covalently attached linear tetrapyrrole
(bilin) chromophores. In cyanobacterial phytochromes such as Cphi,' the incorporated
bilin is phycocyanobilin (PCB), which is covalently attached to a conserved Cys residue
at the N-terminal end of a conserved a-helix in a bilin-binding GAF domain.?® The
phytochrome superfamily also includes distantly related cyanobacterial photoreceptors
called cyanobacteriochromes (CBCRs).>*! There are several known CBCR subfamilies.*
12 In both phytochromes and CBCRs, light absorption triggers photoisomerization about
the 15,16-bilin double bond via a conical intersection.'®® Primary photoisomerization of
the dark-adapted state is followed by a series of reactions on the electronic ground-state
surface to generate a photoproduct state which can either revert to the dark state
thermally or via light absorption.’ 2 %2 Thus, phytochromes and CBCRs typically
adopt two stable photostates with spectrally and biochemically distinct properties. The
dark-stable state most frequently harbors a 15Z bilin chromophore, which is the product
of the bilin biosynthesis pathway in the cell.** Canonical phytochromes have red-

1

absorbing 15Z dark states and far-red-absorbing 15E photoproduct states,** whereas

CBCRs have more spectrally diverse photocycles.® 19 20,3132

The recent determination of crystal structures for red/green and DXCF CBCRs?" %

confirmed that these CBCR subfamilies share a bilin-binding GAF fold similar to that of
phytochrome (Fig. 1A). Both CBCR subfamilies retain the Cys residue found in Cphl
and the helix on which it resides. In DXCF CBCRs, a second conserved Cys forms a
covalent linkage to the bilin to allow detection of violet or blue light.'? > #2333 gy ch
two-Cys photocycles have independently evolved multiple times.* Like DXCF CBCRs,
the insert-Cys CBCR subfamily exhibits two-Cys photocycles; however, insert-Cys
CBCRs use a structurally distinct second Cys residue.*? In DXCF CBCRs, the second
Cys is part of an Asp-Xaa-Cys-Phe motif that also includes a much more broadly
conserved Asp residue.’® ** % The DXCF CBCRs are thus defined by the presence of a
Cys residue in this Asp-motif. In contrast, insert-Cys CBCRs have an Asp-motif closely

related to that found in red/green CBCRs,? and the second Cys is located in a large,
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variable insertion loop.*? There is currently no structural information available for insert-

Cys CBCRs at atomic resolution.

Here, we focus on NpF2164g3 as a model system for structure/function studies on insert-
Cys CBCRs. NpF21649g3 is one of several CBCR domains arranged in tandem in a
putative phototaxis protein encoded by the NpF2164 locus in Nostoc punctiforme.** % In
NpF2164g3, the two conserved Cys residues are Cys546 and Cysb591 and the two
photostates are a violet-absorbing 15Z dark state and a 15E orange-absorbing
photoproduct.*? Cys591 is broadly conserved in CBCRs and phytochromes and is
covalently attached to the chromophore in both photostates (Fig. 2). The insert Cys
(Cys546) has been shown to be attached to the bilin C10 atom in the NpF2164g3 dark
state by site-directed mutagenesis and biochemical studies including cleavage with
hydrogen peroxide,'? as summarized in Fig. 2. Photoconversion leads to elimination of
the thioether linkage at C10, lengthening the bilin conjugated system. This produces the
large red shift of the chromophore in the 15E photoproduct state and permits reaction of
Cys546 with iodoacetamide (IAM), which prevents regeneration of the violet state.*
Biological signaling is thought to arise via propagation of structural changes to adjacent
domains, but atomic resolution structures of NpF2164g3 in both states are needed to
elucidate such changes. As a first step toward this goal, we recently reported backbone
chemical shifts and secondary structure assignments for the orange-absorbing
photoproduct state of NpF2164g3.° We now report detailed NMR resonance
assignments for its violet-absorbing dark state, which we show to be less ordered than the
photoproduct. NMR spectral analyses of the attached bilin chromophore are also
consistent with this interpretation. NpF216493 is similar to the red/far-red phytochrome
Cph1, which also has a more ordered chromophore-binding pocket in the photoproduct
state;*” however, NpF2164g3 is much less ordered than phytochromes in both
photostates. NpF2164g3 also provides an interesting counterpoint to blue light sensors
such as phototropins and photoactive yellow protein (PYP), in which light excitation

leads to loss of ordered structure.® %
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Results

NpF2164g3 is a monomer in solution. Compared to our previous characterization of the
NpF2164g3 photoproduct state,*® we found the signal-to-noise ratio was lower for the
dark state and many peaks were broadened. One possible explanation would be a change
from dimeric to monomeric NpF216493 upon photoproduct formation. The molar mass
of NpF216493 in solution was therefore determined by measuring its molecular diffusion
using NMR spectroscopy. A summary of *°N NMR relaxation and heteronuclear NOE
data for NpF2164g3 are presented in Fig. 3 (photoproduct, 3A-C; dark state, 3D and E).
The average N longitudinal relaxation rate constant (R;) and >N transverse relaxation
rate constant (R,) from residues in structured regions were calculated as R; = 0.92 +0.04
st and R, = 23 +1 s for the light-activated state. For dark-state NpF2164g3, the average
R; was 0.89 +0.06 s and average R, was 29 +2 s™*. Assuming isotropic tumbling of
NpF2164g3, the overall rotational correlation time was obtained from R/R; ratios of all
residues within 1 standard deviation of the average value.”® Thus, the average rotational
correlation time was calculated to be 16 +1 ns (photoproduct) and 18 +2 ns (dark state) at
300 K, consistent with NpF2164g3 as a protein monomer in solution. NMR pulsed-field
gradient diffusion studies*! estimated a translational diffusion coefficient D of 8.5 x 10"
m?/s for both dark and light-activated states. This D value is consistent with a molar mass
of approximately 25 kDa, in good agreement with a calculated mass of 26 kDa for the
NpF2164g3 monomer. The monomeric state of NpF2164g3 in solution differs from the
oligomeric structures observed for phytochromes but is consistent with the monomeric
behavior of the DXCF CBCR TePixJ in solution.*" %

Secondary structure and conformational flexibility of the NpF2164g3 dark state.
Figure S1 presents the HSQC spectrum of °N-labeled NpF2164g3 dark state to illustrate
representative protein backbone resonance assignments. NMR assignments were based
on 3D heteronuclear NMR experiments performed on “*C/*°N-labeled NpF2164g3
(residues 463-664 of the full-length NpF2164 protein).** Approximately 75% of non-
proline residues exhibited strong backbone amide resonances with uniform intensities,
indicative of a stably folded protein structure for these residues. A total of 69% of
backbone resonances (*HN, N, *Ca, *CB, and *CO) could be assigned (Figs. S1 and
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4). The chemical shift assignments (*H, °N, *3C) of dark-state NpF2164g3 have been
deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under accession number
19629. Most of the unassigned resonances (residues 525-554, 589-599, and 654-660)
exhibit weak NMR intensities with very broad linewidths, suggesting these residues are

conformationally dynamic (see below).

We used chemical shift index* to assign protein secondary structure for dark-state
NpF2164g3 (Figs. 1B and 4). The dark-state secondary structure is similar to that
determined for the light-activated state.*® However, there are three regions of the protein
that exhibit light-dependent changes in secondary structure (Fig. 4): (1) the third helix in
the light-activated state (residues 559-565) is a random coil in the dark state; (2) a large
part of the 2" Cys insert loop that resolved as random coil in the light-activated state is
exchange broadened in the dark state (residues 530-554); (3) the C-terminal half of the
fifth helix (residues 652-660) is stably helical in the light-activated state, but exchange
broadened in the dark state. Using numbering based on the closest known CBCR
structure, AnPixJ,?
are al: 470-476; a.2: 481-495; B1: 499-505; B2: 513-519; B4: 575-582; B5: 603-609; B6:

618-624; obA: 632-644; and abB: 645-653. In all phytochrome and CBCR structures
21, 23,

the secondary structure elements assigned for dark-state NpF216493

reported to date, the conserved CBCR Cys is located at the N-terminal end of a helix.
% That helix is unstable or absent in NpF2164g3 (Fig. 1): in the photoproduct, the
equivalent region adopts a random coil structure (residues 596-598), whereas these
residues exhibited exchange broadened backbone resonances in the dark state and could
not be assigned (residues 591-598; Fig. 4). The characteristic insertion loop of insert-Cys
CBCRs (residues 523-559) exhibited a random coil chemical shift index for residues 528-
529 and 555-559. Most of the insertion loop, i.e. residues 530-554, possessed exchange
broadened backbone resonances, perhaps reflecting formation of metastable structure in
this region. The remaining unassigned residues (490-492, 498-511, 525, and 577: Fig. 4)

were not clearly resolved due to spectral overlap with other residues.

Surprisingly, the regions around both Cys546 and Cys591 are not associated with stable
secondary structure in either photostate; however, important light-dependent structural

differences in these regions can still be found. The behavior of these two regions is
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correlated, as expected: the bilin atoms attached to Cys546 and Cys591 in the dark state
(C3* and C10: Fig. 2) are only 7.5-8.3 A apart in CBCR crystal structures.”> ? Fewer
residues immediately adjacent to these two Cys residues remain unassigned for the light-
activated state (residues 540-546 and 590-595) than for the dark state (530-554 and 590-
598). Near the first Cys (Cys591), residues 596-598 are unassigned in the dark state yet
exhibit well-defined random-coil peaks in the light-activated state. Similarly, residues in
the insert-Cys insertion loop exhibited sharp, random-coil NMR peaks in the
photoproduct state® but had very weak NMR intensities with >10-fold broader
linewidths in the dark state. A chemical exchange process such as metastable secondary
structure fluctuating on the millisecond timescale could cause this dark-state line
broadening. The insert-Cys insertion loop therefore is not folded into a stable secondary
structure in the dark state, despite the conformational constraint imposed upon this region
by formation of the second linkage to the bilin. Elimination of the second linkage upon
photoconversion removes this conformational constraint and allows large parts of the
insertion loop to adopt the more flexible random coil observed in the light-activated
state.®® Thus, the characteristic insert-Cys insertion loop of NpF2164g3 is
conformationally heterogeneous (millisecond dynamics) in the dark state while more

flexible (nanosecond-picosecond dynamics) in the light-activated state.

Analysis of >N NMR relaxation parameters provides further support for light-dependent
dynamics in the insert-Cys loop. The N relaxation rate constants (R; and R,) and
heteronuclear NOE values for each assigned residue provide information about protein
backbone dynamics in each photostate (Fig. 3). The NpF2164g3 residues in regions of
regular secondary structure have relatively rigid backbone conformations, as indicated by
large heteronuclear NOEs (>0.75) and R, values > 21 s (Figs. 3 and 4). NpF2164g3
residues in random coil loop regions have considerable backbone flexibility, as indicated
by relatively small heteronuclear NOEs (<0.65) and R, values < 20 s™. Most striking is
the highly flexible backbone in the 2" Cys insert loop region for light-activated
NpF2164g3 (Fig. 3), as demonstrated by small heteronuclear NOEs (< 0.4), large R;
values (>1 s, and small R values (<17 s™). By contrast, in dark-state NpF2164g3 (Fig.
3), most of the 2" Cys insert loop (residues 530-544) was not assigned due to exchange

broadening, indicating that this region is fluctuating on the millisecond timescale of
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chemical shift values. The change in timescale of fluctuations likely reflects formation of
the second linkage to the bilin, which would provide an additional constraint on the

motions of this loop.

Our analysis of secondary structure in dark-state NpF2164g3 revealed an additional
structural change occurring upon photoconversion: residues 559-565 adopt a random coil
conformation in the dark state but fold into an a-helix (a3) in the light-activated state.
This a-helix mirrors a short helical region (residues 92-98) in the crystal structure of the
red-absorbing AnPixJ dark state (Figs. 1B and 4). Indeed, residues 559-565 exhibit
highly flexible backbone dynamics in the dark state (Fig. 3), as demonstrated by their
small R; values (<15 s™) and large R; values (>1.2 s™). This is not observed for the same
region in the NpF2164g3 photoproduct state, in which these residues instead form a
stable o-helix.*® This region includes Asp560 (Fig. 4, green), the conserved Asp-motif
residue equivalent to those interacting with the bilin chromophore in several
phytochrome and CBCR structures.® % 2 The corresponding residues in the dark-state
AnPixJ crystal structure also form a stable o-helix,?® with its Asp side-chain closest to the
bilin A- and C-ring nitrogens and also contacting the B-ring nitrogen. The AnPixJ
chromophore is sandwiched between this helix and the helix containing the conserved
Cys residue attached to the A-ring (equivalent to Cys591 in NpF2164g3). Both of these
helices are absent in the NpF216493 dark state.

Light-induced structural changes in the NpF2164g3 bilin chromophore. Our analysis
of NpF216493 secondary structure implicated a less-ordered bilin in the dark state than in
the photoproduct. To explore this hypothesis, we extended our solution NMR studies to
NpF2164g3 samples containing isotopically labeled bilin chromophore. We first assessed
protonation of the bilin chromophore by examining two samples: one containing N
protein and natural abundance bilin (>99% **N), and another containing both >N protein
and N bilin. Suppression of bilin signals with **N allowed unambiguous assignment of
bilin NH moieties in two-dimensional *N-'H HSQC NMR spectra by comparing the two
samples (Fig. 5). In the dark state, nucleophilic addition of Cys546 to the bilin C10 atom
produces a ring system that has four NH moieties but lacks a positive charge. Four NH

crosspeaks would be present for such a neutral, fully protonated ring system. Elimination
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of the second linkage would initially yield a protonated cationic ring system (Fig. 2) that
could subsequently undergo deprotonation, as has been observed for some phytochromes
and CBCRs.* * Thus, either three or four NH crosspeaks might be expected for the
light-activated state.

The HSQC spectrum of light-activated NpF2164 exhibited four resonances that are
suppressed by *N-labeled chromophore (Fig. 5B). Therefore, all four bilin nitrogen
atoms are protonated in the orange-absorbing state, a result also consistent with the
properties of denatured CBCRs at low pH.* The HSQC spectrum of dark-state NpF2164
exhibited only three resonances suppressed by *N-labeled chromophore (Fig. 5A, red).
The integrated NMR intensity of the bilin resonance at 9.25 ppm (**N: 145 ppm) is larger
than that of the other two pyrrole resonances at 7.5 and 11.5 ppm (*°N: 143 and 134 ppm,
respectively). Therefore, the peak at 9.25 ppm could represent two pyrrole resonances
that are spectrally overlapped. However, it is also possible that the A-ring is sufficiently
disordered such that its NH resonance is not detected due to proton exchange broadening.
The latter interpretation is more consistent with changes in NpF2164g3 secondary

structure upon photoconversion, as discussed above.

To gain more information about chromophore structure in NpF2164g3, we used 5-*C
aminolevulinic acid (5-**C ALA) to label specific positions in the chromophore. ALA is
the first committed precursor for synthesis of heme, which is converted to the
NpF2164g3 chromophore PCB for these studies using an engineered E. coli strain.*> With
incorporation of 5-1*C ALA, a subset of carbon atoms in PCB are labeled: C4, C5, C9,
C10, C11, C15, and C19 (Fig. 2). This labeling approach requires growth of E. coli in
minimal media to ensure efficient incorporation of 5-*C ALA, which has proven
successful for the DXCF CBCR TePixJ.* We found that chromophore incorporation in
this system was poor for NpF216493. Poor chromophore incorporation led to low signal-
to-noise ratio (S/N) for the chromophore due to low concentrations of holoprotein and
large amounts of apoprotein, precluding acquisition of two-dimensional **C-'H spectra.
Proton-decoupled one-dimensional *3C spectra (Fig. 6) and **C-'H INEPT spectra (Fig.
S2) were successfully obtained for both photostates. **C-*H INEPT spectra only detect

resonances for *C atoms attached to hydrogen, identifying the bridge atoms C5, C10, and

10
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C15. Combining the INEPT spectra with the one-dimensional **C chemical shifts and C—
C splitting patterns allowed assignment of all labeled carbons with the exception of C9
and C11, which could not be reliably distinguished from each other because of their very
similar chemical environments and because both are adjacent to the C10 atom. The

resulting assignments are reported in Table 1.

The largest light-induced spectral change was observed for the *3C resonance assigned to
the C10 position. In the dark-state, the C10 resonance exhibited a **C chemical shift of
34.5 ppm (Fig. 6B), consistent with a methylene carbon. In the light-activated state, the
C10 resonance exhibited a 3C chemical shift of 116 ppm (Fig. 6A), indicative of a
methine carbon. The change in C10 chemical shift is much larger than any other such
change in the labeled carbons (Table 1), providing direct spectroscopic support for
elimination of the second linkage in the 15E light-activated state. This result corroborates

previous site-directed mutagenesis and biochemical studies.?

Photoconversion of NpF2164g3 resulted in changes for **C resonances assigned to other
carbons as well (Fig. 6 and Table 1). C15 and C19 were both shifted upfield in the light-
activated state relative to the dark state, as has been reported for red/far-red
phytochromes.*® C9 and C11 were not resolved from each other. Two resonances were
assigned to these atoms in the light-activated state, but only one was resolved above
natural abundance signals in the dark state (Fig. 6 and Table 1). Similarly, C4 was clearly
resolved in the light-activated state but was not resolved in the dark state. These results
are consistent with conformationally flexible bilin A- and B-rings in the dark state.
Further support for this hypothesis comes from the C5 resonance. C5 exhibited a well-
resolved doublet in the photoproduct state but a broader, weak peak in the dark state (Fig.
6). Taken together, our *C and **N chromophore studies resolve resonances from all four
rings in the light-activated state but fail to resolve the A-ring unambiguously in the dark
state. These results are consistent with the protein NMR spectra implicating the dark state

structure to be poorly ordered in the vicinity of the A- and B-rings.
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Discussion

In this study, we present NMR chemical shift assignments of the NpF2164g3 dark state
and detailed spectral analysis of the bilin chromophore. On the basis of our NMR
assignments, the overall secondary structure of the dark state is similar to that of the
photoproduct, except that helices (a3 and a5b) in the photoproduct becomes random coil
in the dark state and residues in the 2" Cys insert loop region are exchange broadened in
the dark state (Fig. 4). We interpret the NMR results to indicate that the NpF2164g3 dark
state may exhibit multiple partially folded configurations fluctuating on the chemical
shift timescale (milliseconds), with a stably folded central § sheet. Neither Cys residue
attached to the NpF2164g3 chromophore in the dark state is in a stably folded structural
element, so we propose that the bilin A- and B-rings exhibit conformational flexibility in
the dark state. This is also consistent with the exchange broadened dark-state resonance
for the C4 atom and with the poorly resolved dark-state resonance for the C5 atom (Fig. 6
and Table 1). Elimination of the second Cys—bilin linkage upon photoconversion leads to
faster dynamics about the two Cys residues in the photoproduct. The Asp-motif also folds
into a stable helix in the photoproduct, implicating a more ordered Asp560 sidechain and
hence a more ordered bilin B-ring. Thus, we propose that the dark state provides a ‘half
pocket’ for the bilin chromophore, with only the C- and D-rings surrounded by stable
protein structure. Photoconversion would then provide a more ordered protein structure
that also envelops the B-ring. This interpretation of NpF2164g3 structure contrasts with
structural changes observed upon photoconversion in other sensors for violet and blue
light. In phototropin, photoconversion leads to helix unfolding in the light-activated state,
whereas in the CBCR TePixJ the helical structure of the Asp-motif is present in the dark

state but lost in the photoproduct.? %33

Light-dependent protein conformational changes in NpF216493. NMR chemical shift
assignments of protein resonances for dark-state (Fig. S1) and photoproduct®
NpF2164g3 were used to calculate the light-induced chemical shift difference (CSD) for
each residue. CSD was calculated as [(Hn® — HyY)? + (°NP —*NY)?1¥? where HyP and
15ND 15NL

are amide *H and N chemical shifts in the dark state, and Hy' and are amide

'H and N chemical shifts in the photoproduct state.*® The CSD for each residue is

12
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plotted in Fig. 7. The largest CSD values are observed for residues 555-575, comprising
the end of the 2" Cys insert loop and the adjacent region forming o3 in the photoproduct.
As discussed above, the light-dependent folding of a3 explains why these residues have
such large CSD values. Four residues immediately upstream from a3 (residues 555-559)
also exhibit large light-dependent spectral changes. Residues 555-575 therefore undergo

light-dependent structural changes.

We speculate that the remaining 2™ Cys insert loop residues (529-555) also undergo
light-dependent structural changes, because many of these residues show striking light-
dependent linewidths. Unfortunately, broad NMR resonances for residues 530-554
prevent definitive NMR assignments of this region in the dark state. Broad NMR
resonances were also observed in the dark state for residues 590-598, flanking the 1% Cys
attachment site, and for residues 652-660 near the C-terminus. Covalent attachment of the
bilin to both Cys546 and Cys591 thus appears to trigger structural heterogeneity and/or
conformational dynamics of the dark-state at these sites. Moderate CSD values were also
seen for residues 515-520 in B2, suggesting that B2 is structurally coupled to the light-
dependent structural changes in the adjacent 2™ Cys insert loop (Fig. 1B). The remaining
assigned NMR resonances are found mainly in regions of stable secondary structure
throughout the protein (Fig. 4). These residues exhibit relatively small CSD values,
suggesting that these residues do not undergo major changes upon light activation.
Therefore, the largest CSD values are attributable to residues in the vicinity of the two

Cys residues and to those in the C-terminal half of a5B in the photoproduct state.

Like helix a3, helix o5B is only stable in the light-activated state. Based on the AnPixJ
crystal structure,? the residues comprising 5B are expected to be > 20A distant from the
three other regions exhibiting substantial structural changes upon photoconversion (a3
and the loops surrounding Cys546 and Cys591). Like al and a2, o5 is one of three
‘back-side helices” on the opposite side of the central GAF [ sheet from the
chromophore. Such a change in distant secondary structure is well-established in flavin-
based blue light sensors such as phototropin.®® Indeed, light-induced unfolding of the Jo

helix is implicated in phototropin signaling to downstream effectors C-terminal to the

13
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photosensor.*” Phototropin is thus reversed relative to NpF2164g3, in which a5B is
distant from the chromophore, but undergoes light-induced folding rather than unfolding.
A similar extension of the a5 helix upon photoconversion is observed in TePixJ, even
though light-dependent structural changes at a3 are reversed in this protein relative to
NpF2164g3.%°

Possible implications for conserved CBCR signaling mechanisms. An unanswered
question in phytochrome research is how structural changes in the vicinity of the
chromophore are transmitted to the biologically active signaling ‘output’ domains.” > & ®
%" Recent studies have centered on models involving transmission of signal via a
conserved ‘tongue’ in the phytochrome PHY domain immediately C-terminal to the
chromophore binding GAF domain or models involving changes in the interface between
the two molecules of a dimeric phytochrome photosensor., in turn changing the properties
of a dimeric output domain.> ® ® “¢ CBCRs do not possess PHY domains, so signal
propagation via a tongue cannot take place. The CBCR TePixJ is monomeric in solution
even at high concentrations, so its dimerization affinity must be low.*® In this work, we
find that NpF216493 is also monomeric. It thus seems that at least a subset of CBCRs are
not dimeric, implying that signal propagation in such CBCRs must differ from that in
phytochromes. However, CBCR output domains usually belong to protein families such
as histidine kinases or GGDEF domains,*® which must dimerize to function. We therefore
sought to develop a hypothetical yet testable model that might explain how a monomeric
CBCR domain could influence the properties of a potentially dimeric output domain. As
a first step, we compared changes in secondary structure upon photoconversion in the two
CBCRs for which solution structures are available, * TePixJ and NpF2164g3 (Fig. 1). At
this level of resolution, the change upon photoconversion that is conserved in these two

proteins is an extension of the C-terminal o5 helix in the photoproduct state.

We therefore speculate that the light-dependent folding and unfolding of the a5B helix
could be a signaling mechanism shared by NpF2164g3 and TePixJ. It is known that the
back-side helices provide a dimerization interface for phytochrome photosensors.*® Even
though NpF216493 is monomeric as an isolated CBCR domain, it is one of several
CBCR domains in tandem within the full-length NpF2164 protein.** ?° Folding and

14

Page 14 of 31



Page 15 of 31

Photochemical & Photobiological Sciences

unfolding of o5B could influence the dimerization affinity of adjacent domains, for
example by producing a continuous helix with ol in NpF2164g4. In the general case,
subtle structural changes could be passed to a C-terminal signaling ‘output’ domain down
a chain of tandem CBCR domains, an arrangement commonly found in cyanobacteria.*’
In this model, shown conceptually for a two-domain tandem sensor in Fig. 8, changes in
activity of the output domain would be modulated by photoconversion of intrinsically
monomeric CBCRs because the folding and unfolding of a5 would potentiate formation
or disruption of output-domain dimers. This model provides a possible explanation for
the function of tandem CBCR sensors and may also explain why the output domains for
such proteins are typically located at the C-terminus.*® It also is consistent with
modulation of signaling activity by tandem CBCR sensors in the few cases reported to

date. %% 5!

Conclusions. These NMR studies on the insert-Cys CBCR NpF2164g3 elucidate light-
dependent structural changes in both the protein and bilin. NMR relaxation analysis
demonstrates that NpF2164g3 is a protein monomer in solution, in contrast to the dimeric
crystal structures observed for bacterial phytochromes.?” NMR spectra of NpF2164g3
containing a *>N-labeled bilin indicate that all four pyrrole nitrogen atoms are protonated
in both the dark-adapted and light-activated photostates. Light-dependent NMR spectral
changes assigned to the bilin C10 atom fully corroborate the predicted covalent
attachment of Cys546 to the bilin.®® NMR assignments of protein backbone resonances
indicate an overall similar protein secondary structure for the dark state and light-
activated state. However, an additional a-helix (residues 559-565) is only formed after
photoconversion to the light-activated state. While exchange broadened in the dark state,
the characteristic insertion loop region of the insert-Cys CBCRs (residues 528-558) forms
a highly flexible random coil in the light-activated state. The C-terminal half of o5b
(residues 652-660) adopts a stable helical conformation in the NpF2164g3 photoproduct
state, which becomes exchange broadened in the dark-state. Overall, the dark state is less
folded than the photoproduct state, with no evidence for a well-ordered pocket binding

the chromophore A-ring in the dark state. One helix found in all other CBCR and
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phytochrome structures to date is absent in NpF216493 in both photostates. These studies

thus implicate unanticipated structural diversity in the phytochrome superfamily.
Experimental

Expression and Purification of NpF2164g3. The protein sample in this study consists
of 201 native residues with an N-terminal His-tag (MGSSHHHHHHSSGLVPRGSHM).
Expression and purification of NpF216493 used co-production of PCB in E. coli grown
in commercial N- or >N/*3C-labeled rich media (BioExpress, Cambridge Isotopes),
followed by purification on Ni-NTA resin with elution using an imidazole gradient.®
Peak fractions were pooled for overnight dialysis into 10 mM sodium phosphate (pH 7.4)
supplemented with 1 mM EDTA to remove residual metal ions followed by final
overnight dialysis into 10 mM sodium phosphate (pH 7.4). NMR samples of dark-state
NpF2164g3 were prepared by concentrating the peak fractions to a final protein
concentration of 0.7 mM; D,0O was then added to 7% (v/v). NMR samples of the light-
activated state were generated by illuminating the sample with a 405 nm class Illa laser
pointer (LightVision Technologies) to photoequilibrium, with the orange-absorbing state
present at 85%.%° The reverse reaction was triggered using a 75W xenon source passed
through a water filter and a 600+20 nm bandpass intereference filter as described.™
Subsequent manipulations were performed in darkness. For NMR characterization of the
orange state, 1.2 mM deuterated tris-carboxyethyl phosphine (Cambridge Isotopes) was

added to suppress oxidation of the insert-Cys cysteine.

Preparation of NpF2164g3 with differentially labeled bilin. For specific labeling of
bilin, expression was performed in M9 minimal media containing >N ammonium
chloride and supplemented with ALA, followed by purification as described above. For
partial **C labeling of the bilin chromophore, 5-*C ALA (Sigma) was added to a final
concentration of approximately 100 uM.*® For suppression of *°N incorporation, natural
abundance ALA (Sigma) was added to a final concentration of approximately 1 mM,
which was empirically determined to suppress the four bilin NH crosspeaks in the HSQC

spectrum of the photoproduct state.

16

Page 16 of 31



Page 17 of 31

Photochemical & Photobiological Sciences

NMR spectroscopy. NMR experiments were conducted using a Bruker Advance 600
MHz spectrometer equipped with a triple resonance cryogenic probe. All experiments
were performed in darkness, with spectral acquisition at 303 K. Backbone chemical shift
assignments were obtained using *H,">N-HSQC, HNCA, HNCO, HNCACB, HNCACO,
CBCACONH, HBHACONH, H,N-HSQC-TOCSY (mixing time of 60 ms), and
'H,"*N-NOESY-HSQC (mixing time of 120 ms) spectra.> NMR data were processed
using the NMRPipe software package®® and analyzed using SPARKY

(www.cgl.ucsf.edu/home/sparky).

>N NMR Relaxation Measurements. *°N Ry, R,, and [*H]-""N NOE experiments were
performed on NpF2164g3 at 30°C using standard pulse sequences described previously.>*
Longitudinal magnetization decay was recorded using seven different delay times: 0.01,
0.05, 0.15, 0.2, 0.3, 0.4, and 0.8 s. Transverse magnetization decay was recorded with
eight different delays: 0.0, 0.016, 0.032, 0.048, 0.064, 0.08, 0.096, and 0.112 s. To check
sample stability, transverse magnetization decay at 0.032 s was verified to be unchanged
before and after each set of measurements. A recycle delay of 1.5 s was employed in
measurements of both °N R; and R, experiments. Steady-state ['H]-"°N NOE values
were obtained by recording two sets of spectra in the presence and absence of a 3 s
proton saturation period. The NOE experiments were repeated three times to calculate
average and standard deviation of the NOE values. The overall rotational correlation time

for backbone amide motion was determined using the protocol described previously.>
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Table 1: *C Resonances in NpF2164g3®

Atom dc (15Z dark state, ppm) d¢ (15E photoproduct, ppm)
C4 N/R 150 (d)
C5 95.5 (m) 92 (d)

c9° 125.5? (d) 127 (d) or 128 (d)

C10 34.5 (m) 116 (m)

c11P 125.5? (d) 127 (d) or 128 (d)
C15 100.5 (s) 98 (s)
C19 172 (s) 171 (s)

a. Assignments made based on chemical shift value, C-C splitting pattern, and **C-'H

INEPT spectra as discussed in the text. N/R, not resolved. All chemical shift values are

reported relative to TMS standard. Splitting patterns are reported as s, singlet; d, doublet;

m, broad multiplet.

b. In the 15Z state, only one resonance was clearly resolved in the C9/C11 region,

designated with a ‘?” character. In the 15E state, two resonances were observed. It was

not possible to assign these peaks to C9 or C11 unambiguously for either photostate.
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TePixJ (152P,)

A
DXCF Cys

NpF2164g3 (792P,)

B l *
insert Cys insert Cys

Fig. 1 Changes in CBCR secondary structure upon photoconversion. (A) Topology
diagrams for the DXCF CBCR TePixJ?"" * % based on solution structures of the blue-
absorbing dark state (left) and green-absorbing photoproduct (right).® (B) Topology
diagrams for the insert-Cys CBCR NpF216493 as violet-absorbing dark state (left, this
work) and orange-absorbing photoproduct® (right). For NpF2164g3, the insert-Cys
CBCR insertion loop (blue) is highlighted. For both proteins, critical Cys residues (red)
are highlighted, regions not resolved in NMR secondary structure determination are
dashed, and the a4 helix containing the Cys covalently linked to the bilin A-ring (Cys591
in NpF2164g3) is shaded grey where present.
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Fig. 2 The violet/orange photocycle of NpF2164g3. Bilin chromophore structures are
shown on the left, absorption spectra are shown on the right, and experimental
perturbations of the photocycle are highlighted in blue. IAM, iodoacetamide. The C18
sidechain varies with bilin (phycocyanobilin or PCB, R=Et; phytochromobilin or P®B,
R=Vn). A 15Z red-absorbing state (top) is observed experimentally upon mutation of
Cys546 or upon treatment of the ***Py, dark state with hydrogen peroxide. In wild-type
NpF2164g3, the **P, dark state is formed (middle). In the *?Py state, Cys546 is
covalently attached to the bilin C10 atom. This splits the conjugated system of the bilin
chromophore in two. The system formed by the C- and D-rings exhibits a red-shift with

P®B, while that formed by the A- and B-rings does not.? Photoisomerization of the
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15,16-double bond leads to elimination of the second linkage, restoring conjugation

across the C10 methine bridge in the ™FP,

state (bottom). Carbons, rings, and the
configuration of the 15,16-double bond are indicated. Filled circles indicate carbon atoms
labeled by bilin biosynthesis using 5-*C ALA. Grey, purple, and orange indicate

conjugated systems absorbing at 322, 397, and 588 nm, respectively.'?
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Fig. 3 ®N NMR relaxation data and protein backbone dynamics for individual
photostates of NpF2164g3. (A) Light-activated state of NpF2164g3: **N longitudinal
relaxation rate constant, Ry (top panel), °N transverse relaxation rate constant, R,
(middle panel), heteronuclear NOE (bottom panel) plotted as a function of residue
number. (B) Dark-state of NpF216493: R; (top panel) and R, (bottom panel) are plotted

as a function of residue number.
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Fig. 4 Secondary structure of NpF2164g3. Secondary structural elements were derived
from analysis of chemical shift index*? and sequential NOE patterns. The chemical shift
index sign (+, - or 0) is indicated underneath each residue. Residues in the insert-Cys
insertion loop are colored blue. The two cysteine residues (Cys546 and Cys591) linked to
the dark-state chromophore are colored red. The Asp-motif residue Asp560 is colored
green. Unassigned residues are marked by an asterisk. Residues in the grey box are
helical in AnPixJ (Fig. 2). Regions that are exchange broadened in the dark state are

highlighted yellow. Regions of variable secondary structure are color-coded.
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Fig. 5 Two-dimensional *>N-'H HSQC NMR spectra of NpF2164g3 (pyrrole region). (A)
NMR spectrum of *°N-labeled NpF2164g3 in the dark-adapted state containing a **N-
labeled bilin chromophore (black) overlaid onto that containing a *°N-labeled bilin
chromophore (red). (B) NMR spectrum of light-activated NpF2164g3 containing a **N-
labeled bilin chromophore (black) overlaid onto that containing a **N-labeled bilin
chromophore (red). The non-pyrrole resonances (black at >N ~ 132 ppm) are due to
tryptophan indole side-chain resonances from the *>N-labeled protein. Pyrrole resonances

are shown in red.
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Fig. 6 3C NMR spectra of NpF2164g3 with attached bilin chromophore containing *C
labeling (at C4, C5, C9, C10, C11, C15, and C19) in the dark-adapted state (A), light-

activated state (B), and dark-minus-light difference spectrum (C).
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Fig. 7 Light-dependent structural changes in NpF216493 plotted as a function of residue
number. Chemical shift differences between residues in the dark-state and light-activated

states (CSD as defined in the text) are plotted.
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Fig. 8 Hypothetical progressive dimerization model for function of CBCRs in tandem.
We consider a simplified CBCR photosensor, comprising an N-terminal violet/orange
CBCR, a red/green CBCR, and a C-terminal output domain that requires dimerization for
function. When both proteins are in the dark state (top left), the C-terminal o5 helix of
each CBCR domain is unstable and the photoreceptor is largely monomeric.
Photoconversion of the N-terminal CBCR domain by violet light (top right) results in
formation of a stable helix connecting the two CBCR domains. Photoconversion of the C-
terminal CBCR domain by red light (bottom left) results in formation of a stable helix
connecting the red/green CBCR domain to the output domain. Photoconversion of both
CBCR domains (bottom right) provides two stable helices and allows maximal formation

of the stable, biologically active output-domain dimer. V, violet; R, red.
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