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ABSTRACT: Cyanobacteriochromes (CBCRs) are cyanobacte-
rial photoreceptors distantly related to phytochromes. Both
CBCRs and phytochromes use photoisomerization of a linear

tetrapyrrole (bilin) chromophore to photoconvert between

states with distinct spectral and biochemical properties, the dark

two

state and the photoproduct. The isolated CBCR domain
NpR6012g4 from Nostoc punctiforme is a well-characterized
member of the canonical red/green CBCR subfamily, photo-
sensory domains that can function as sensors for light color or
intensity to regulate phototactic responses of filamentous
cyanobacteria. Such red/green CBCRs utilize conserved Phe residues to tune the photoproduct for green light absorption,
but conflicting interpretations of the photoproduct chromophore structure have been proposed. In the hydration model, the
proposed photoproduct state is extensively solvated, with a loosely bound, conformationally flexible chromophore. In the
trapped-twist model, the photoproduct chromophore is sterically constrained by hydrophobic amino acids, including the known
Phe residues. Here, we have characterized chromophore structure in NpR6012g4 using solution nuclear magnetic resonance
spectroscopy and a series of labeled chromophores. Four NH resonances are assigned for both the red-absorbing dark state and
the green-absorbing photoproduct. Moreover, observed 3C chemical shifts are in good agreement with those obtained for
protonated rather than deprotonated bilins in ab initio calculations. Our results demonstrate that NpR6012g4 has a protonated,
cationic bilin 7 system in both photostates, consistent with a photoproduct structure in which the chromophore is not extensively

hydrated.

hotosynthetic organisms often optimize their light-harvest-

ing systems in response to changes in ambient light or
other metabolic challenges. As an example, most cyanobacteria
use phycobilisomes for light harvesting. These large protein
complexes use linear tetrapyrrole (bilin) chromophores derived
from the oxidative breakdown of heme to harvest light and to
transfer it to the photosynthetic reaction centers."* Iron
depletion can lead to replacement of bilin-based light harvesting
with alternative chlorophyll-based systems,>™> reducing the
demand for heme under such conditions. Many cyanobacteria
can change the bilin composition of the phycobilisome in
response to the color of the ambient light, a process known as
complementary chromatic acclimation (CCA).% More recently,
cyanobacteria have been shown to exhibit a similar response to
permit growth in far-red light.” This FaRLiP response involves
complete restructuring of photosynthetic reaction centers, with
synthesis of red-shifted Chl d and f as well as induction of red-
shifted phycobiliproteins. Cyanobacteria can also use the color
of ambient light to regulate the transition between motile and
sessile lifestyles® and to exhibit both positive and negative
phototaxis, moving toward photosynthetically active blue and
red light and away from dangerous UV light.”~"'°
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Such flexible, diverse photobiology relies on the function of
an extensive array of photoreceptors interfaced with signal
transduction pathways that integrate photosensory information
for photobiological outputs. Cyanobacteria make extensive use
of the phytochrome superfamily of photoreceptors,® 772
which utilize covalently attached bilin chromophores similar to
those of phycobiliproteins.”’~>* Canonical phytochromes
reversibly photoconvert between red- and far-red-absorbing
photostates (P, and Py, respectively) via photoisomerization of
the 15,16-double bond of the bilin chromophore.”>**~*
Phytochrome photoreceptors are found in fungi, cyanobacteria,
nonoxygenic photosynthetic bacteria, nonphotosynthetic bac-
teria, and eukaryotic algae in addition to those found in land
plants that were first described more than 50 years ago.'®**73¢

Cyanobacteria also contain cyanobacteriochromes (CBCRs),
a family of photoreceptors distantly related to phytochromes.>”
Like cyanobacterial phytochromes, CBCRs use phycocyanobi-
lin (PCB) as a chromophore precursor, with covalent linkage
occurring autocatalytically between the C3' atom of PCB and a
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conserved Cys residue (Figure S1 of the Supporting
Information). CBCRs are frequently found as modular
components in larger signaling molecules associated with a
variety of signaling outputs and can occur in tandem with
phytochromes or with other CBCRs.”> CBCRs are known to
regulate CCA, phototaxis, and the transition between
planktonic and sessile lifestyles.%~ '
cyanobacterial genome may contain more than 20 genes
containing CBCR sensors,*® so it seems plausible that CBCRs
may regulate other aspects of cyanobacterial metabolism that
have not yet been recognized.

There is an ever-expanding list of recognized CBCR
subfamilies."”*”~* CBCRs exhibit a great variety of photo-
cycles spanning the visible spectrum and the near-ultraviolet
range,””*"** but these photocycles all exploit the same
primary photoisomerization between 15Z and 1SE config-
urations of the bilin chromophore.*”*"*~° For PCB, these
configurations intrinsically absorb red and orange light,
respectively (Figure 1A);*" therefore, CBCR spectral diversity
is generated via several tuning mechanisms. At least two CBCR
lineages, the NpR3784 group and the canonical red/green
CBCRs, exhibit red/green photocycles (Figure 1B).****°* The
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Figure 1. Red/green photocycle of NpR6012g4. (A) Absorption
spectra are shown for denatured NpR6012g4 in the 15Z dark state
(blue) and 1SE photoproduct (orange), using acidic guanidinium
chloride. (B) Absorption spectra are shown for native NpR6012g4 in
the 1SZ dark state (blue) and 1SE photoproduct (orange). (C)
Trapped-twist model for the red/green photocycle.

2582

red/green photocycles of both subfamilies are very similar
despite their independent evolutionarg histories and their use
of different residues in spectral tuning.”®* In such photocycles,
a red-absorbing 15Z dark state ('*“P,) interconverts with a
green-absorbing 15E photoproduct (***P,). The green-absorb-
ing photoproduct is thus blue-shifted by the CBCR relative to
the intrinsic orange absorption of 15E PCB. Regeneration of
152p_can be driven by green light or can occur spontaneously in
a process known as dark reversion. Little is yet known about
dark reversion rates in the NpR3784 lineage of red/green
CBCRs, but dark reversion varies over several orders of
magnitude in canonical red/green CBCRs such as NpR6012g4
and NpF2164g6.>> This wide range of dark reversion rates
allows the canonical red/green CBCRs to function either as
color sensors or as broadband sensors of light intensity.

The crystal structure of the red-absorbing dark state of the
canonical red/green CBCR AnPixJg2*’ is the only structural
information available for this CBCR subfamily. The structural
basis for the photoproduct blue shift of red/green CBCRs thus
remains uncertain. Resonance Raman spectroscopy on
AnPixJg2 provided support for a protonated, cationic bilin
ring system in the photoproduct.®® This result is not consistent
with a protochromic photocycle analogous to those seen in
green/red CBCRs regulating CCA (Figure S2A of the
Supporting Information).>’ However, AnPixJg2 and other
red/green CBCRs are known to be heterogeneous.43’52_58 It
is thus possible that this heterogeneity could confound
interpretation of the vibrational spectra. A detailed analysis of
the resonance Raman studies in combination with molecular
dynamics simulations led to the proposal that the photoproduct
of AnPixJg2 is extensively solvated because of movement of a
conserved “lid” Trp residue (Figure S2B of the Supporting
Information).>®> However, the lid Trp is not essential for the
red/green photocycle of NpR6012g4 and is absent in
NpRS5113g2, which exhibits a normal red/green photo-
cycle.*>* Moreover, the proposed solvation of the photo-
product by multiple water molecules able to exchange with bulk
solvent is inconsistent with a protonated chromophore, given
an intrinsic pK, of 5.8 for the bilin ring system of the denatured
NpR6012%4 photoproduct.>" The original characterization of
AnPixJg2” led to the proposal that the chromophore was
trapped in a twisted configuration in the photoproduct state
(Figure 1C), as is seen for the photoactive biliprotein a-
phycoerythrocyanin.>® This trapped-twist hypothesis has
received recent support with the demonstration that conserved
Phe residues are specifically required for photoproduct tuning
in both NpR6012g4 and NpR5113g2.*

Thus, there are three competing models for photoproduct
tuning in red/green CBCRs (Figure 1C and Figure S2 of the
Supporting Information): a protochromic model, a solvation
model with a flexible pocket for the bilin D-ring and a
chromophore exposed to bulk solvent, and a trapped-twist
model with a rigid, hydrophobic pocket for the D-ring. These
models make different predictions about the protonation state
and charge of the bilin 7 system. The protochromic model
explicitly predicts a deprotonated, neutral bilin 7 system in the
photoproduct (Figure S2A of the Supporting Information).
The pK, of the bilin-conjugated system of NpR6012g4 is ~5.8
under denaturing conditions.>’ A solvated chromophore-
binding pocket should have a similar value, because the effects
of specific protein residues would be reduced in such a
conformationally flexible, extensively hydrated environment.
Red/green CBCRs are typically characterized at pH 7—
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8,39,43,52-57,60—62 .
8.5.3%3943,52757, One would thus expect formation of a

deprotonated, neutral bilin 7 system in the photoproduct under
the solvation model (Figure S2B of the Supporting
Information). By contrast, the trapped-twist model postulates
a rigid photoproduct pocket in which spectral tuning is
determined by planar, hydrophobic Phe residues.*’ In this
hydrophobic environment, the bilin ring system would be
excluded from proton acceptors and hence would remain in the
protonated, cationic state (Figure 1C).

Here, we characterize the red/green photocycle of the
isolated CBCR domain NpR6012g4 using solution NMR
spectroscopy. Our studies exploit a series of samples
recombinantly expressed in Escherichia coli grown in the
presence of isotopically labeled 5-aminolevulinic acid (ALA),
the committed precursor for tetrapyrrole synthesis and hence
for labeling the bilin chromophore. By varying the label in ALA,
we obtained NpR6012g4 samples with distinct PCB labeling
patterns (Figure S1 and Table S1 of the Supporting
Information). We then used solution NMR spectroscopy to
obtain complete assignments for the NpR6012g4 chromophore
in both photostates that were corroborated by ab initio
calculations. Our results clearly demonstrate a protonated
chromophore ring system in both NpR6012g4 photostates,
supporting the trapped-twist model for photoproduct tuning.

B MATERIALS AND METHODS

Expression and Purification of NpR6012g4.
NpR6012g4 was expressed using the previously described
intein-chitin-binding domain construct®>*® in BL21-AI cells
(Invitrogen) grown in M9 minimal medium supplemented with
ALA to a final concentration of approximately 100 uM.
[5-3C]ALA and [U-"*C,'*N]JALA were from Sigma. ["'NJALA
was from Medical Isotopes. [2-'*C]Indole, ["*NJindole, and
[4-BC]ALA were from Cambridge Isotope Laboratories. For
some expressions, ammonium chloride labeled with SN
(Cambridge) was used for the M9 medium. Frozen cell pellets
were lysed in a microfluidizer, followed by ultracentrifugation
and loading onto a chitin column as previously described. After
the sample had bound to the chitin column and overnight
incubation with dithiothreitol at 4 °C for elution, peak fractions
were pooled for overnight dialysis against 10 mM sodium
phosphate and 1 mM EDTA (pH 7.4) followed by overnight
dialysis into 10 mM sodium phosphate (pH 7.4). NMR
samples were then prepared by concentrating to a final protein
concentration of approximately 0.4 mM, followed by addition
of D,O to a concentration of 7% (v/v). The level of
contaminating apoprotein was very low: this procedure yielded
purified protein with specific absorbance ratio (SAR) values of
1.2—1.5, in excess of the previously reported value of 0.9.5

Preparation of Dark-Adapted and Light-Adapted
NpR6012g4. The dark-state NpR6012g4 sample for NMR
experiments was prepared by illuminating a 0.5 mL sample in
an NMR tube with 532 nm laser excitation at 5 mW for S min.
The green-absorbing photoproduct was generated by illuminat-
ing the sample for 10 min with 632.8 nm laser excitation at 2
mW. The rate constant for dark reversion was estimated to be
0.08 h™" at 298 K. The percentage of dark reversion during the
longest NMR experiment (24 h) was <25% as judged by
measuring the relative NMR intensity of a resolved upfield
proton resonance at —0.4 ppm (characteristic of the photo-
product) before and after each multidimensional NMR
experiment (Figure S3B of the Supporting Information,
asterisk). The overall sample quality and efficiency of ALA
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incorporation were also confirmed by '"H—"*N HSQC spec-
troscopy (Figure S3C—E of the Supporting Information).

NMR Spectroscopy. All NMR experiments were per-
formed using a Bruker 600 MHz Avance III spectrometer
equipped with a triple-resonance cryogenic TCI probe and
pulsed field gradients,*>** with spectral acquisition at 298 K.
NMR data were processed using the NMRPipe software
package® and analyzed using SPARKY (www.cglucsf.edu/
home/sparky). One-dimensional (1D) *C NMR spectra (with
"H decoupling by WALTZ-16 applied during the acquisition)
were acquired with 2048 scans, a recycle delay of 2 s, and an
acquisition time of 1.1 s to permit resolution of 0.01 ppm at a
spectral sweep width of 200 ppm. The *C carrier frequency
was 100 ppm.

'H-"N Correlation Spectroscopy. Pyrrole NH NMR
resonances from '“N-labeled bilin chromophore attached to
unlabeled NpR6012g4 protein were detected using 'H—'"N
HSQC® with WATERGATE solvent suppression.® The NOE
mixing time was 120 ms. Bilin '°N correlations with adjacent
BC carbonyl resonances (at C1 and C19) were detected by
HNCO,67 and bilin >N correlations with adjacent aromatic B¢C
resonances were detected by a modified version of HNCA
(dubbed HNC,,) in which the C carrier frequency was
adjusted to 130 ppm (instead of 54 ppm used in HNCA)®
with a ""N—C,, rephasing time of 12.5 ms. Two-dimensional
"N—'H long-range HMQC (LR-HMQC) experiments used a
dephasing delay of 45 ms with the GARP sequence for
decoupling of *N. The sample labeled with [S-*C]ALA also
carried a "N label on the protein (using growth in
['*N]ammonium chloride). The carrier frequencies and
spectral acquisition times for each experiment are indicated in
the figure legends.

'H-"3C Correlation Spectroscopy. Bilin proton reso-
nances attached to '*C were selectively detected by isotope-
edited "H—"*C correlation NMR experiments on various "*C-
labeled bilin chromophores attached to unlabeled NpR6012g4
protein. The experimental parameters used for conventional
"H-"C correlation NMR experiments have been described
previously: 'H—"C HMQC®® and HMBC.® The NOE mixing
time in all *C/**N-edited NOESY-HSQC experiments was 120
ms.

Ab Initio Calculations. Initial geometries were constructed
in several different configurations using MacMolPlt.”® To
permit a rapid survey of different conditions, these geometries
were optimized at the AMI level in GAMESS.”' B3LYP/6-
31G* NMR deshielding calculations and BLYP/6-31G* TD-
DFT calculations on the resulting geometries were performed
in Gaussian03.”” TD-DFT calculations for the protonated A-a;
D-a; C5-Z,syn C10-Z,syn C1S-Z,anti geometry mimicking the
15Z red-absorbing dark state have been described previously;”*
geometry optimization and TD-DFT calculations for deproto-
nated tautomers followed the published procedure. Results
from C deshielding calculations are reported relative to the
calculated value for TMS.

B RESULTS

Overall Assignment Strategy. We sought to examine
chromophore structure in NpR6012g4 using solution NMR
spectroscopy. Our strategy relied on use of the committed
chromophore precursor ALA with different isotopic labeling
patterns (Figure S1 and Table S1 of the Supporting
Information) to generate specific chromophore labeling
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patterns with good enrichment over natural abundance protein
signals. To confirm efficient ALA incorporation, we compared
two-dimensional (2D) 'H—""N HSQC of NpR6012g4 purified
after expression in cells grown in "*N-labeled medium without
ALA or with [CS-®*CJALA (Table S1 of the Supporting
Information). The [CS-"*C]ALA contained natural abundance
nitrogen, so its incorporation into the chromophore would
suppress incorporation of the *N-labeled chromophore arising
due to endogenous ALA synthesis. One-dimensional 'H spectra
and 2D 'H—""N HSQC spectra of the C5 sample were both
consistent with a folded protein (Figure S3A—C of the
Supporting Information). The suppression of bilin NH peaks
in 2D 'H—"N HSQC spectra (Figure S3D,E of the Supporting
Information) confirmed that this labeling scheme yielded
efficient incorporation of exogenous ALA into the purified
holoprotein, estimated to be >90% using this method. These
experiments thus validated the approach, allowing us to employ
different labeling patterns (Figure S1 of the Supporting
Information) and pulse sequences (Figure S4 of the Supporting
Information) in an overall strategy leading to complete
assignment of the PCB chromophore (Figure S5 of the
Supporting Information).

Partial Assignment Using Selective '3C Labeling with
[C5-"3CJALA. Utilization of [C5-*CJALA during biosynthesis
of the PCB chromophore causes incorporation of BC at C4,
CS, C9—Cl11, C1S, and C19 (Figure S1 of the Supporting
Information). The one-dimensional, proton-decoupled *C
NMR spectrum revealed several clear peaks for the red-
absorbing dark state, along with natural abundance protein
peaks having chemical shifts of <50 ppm (Figure 2A). The
singlet peak detected downfield at 174 ppm was assigned to the
carbonyl C19 atom based on the labeling pattern (Figure S1 of
the Supporting Information), consistent with similar chemical
shift values for C19 in other bilin-based photoreceptors.>**”7*
Three peaks were detected within the expected range for bilin
methines: a doublet at 89 ppm, a singlet at 95 ppm, and a
triplet at 114 ppm. CS is adjacent to labeled C4 and unlabeled
C6 atoms in this labeling scheme; on the other hand, CI1S is
not adjacent to labeled atoms and C10 is adjacent to two
labeled atoms (C9 and C11). We therefore used the C—C
splitting pattern to assign CS to 89 ppm, C10 to 114 ppm, and
C15 to 95 ppm (Table 1). The remaining unassigned bilin
peaks are a doublet at 148 ppm with a ] coupling of 81 Hz and
a pair of doublets at approximately 128 and 130 ppm, both
having J coupling of 75 Hz. The ] coupling of the peak at 148
ppm (81 Hz) matches that of CS, allowing assignment of the
148 ppm peak to C4 (Table 1). The J couplings (75 Hz) of the
two doublets centered at 128 and 130 ppm both match the J
splitting of C10 and therefore arise from C9 and C11.

We next assigned bilin H atoms for the red-absorbing dark
state. We initially performed 2D C—"H HMQC experiments
(Figure 3A) to detect the methine protons (Figure S4 of the
Supporting Information). Despite the presence of natural
abundance signals from the protein, each methine C was
associated with a single cross-peak. We assigned 'H chemical
shifts of 5.8, 6.5, and 43 ppm to HS, HI0, and HIS,
respectively (Table 1). We then used *C—'H HMBC to
resolve additional bilin H atoms two or three bonds away from
the labeled C atoms (Figure S4 of the Supporting Information).
Given the [CS-CJALA labeling pattern, such H atoms are
attached to C2, C3, C3', C8', C12', and C18' (Figure S1 of the
Supporting Information). Again, natural abundance signals
predominated (Figure 4A), with only a single weak cross-peak
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Figure 2. One-dimensional '*C spectra of selectively labeled
NpR6012g4. (A) NpR6012g4 labeled with [CS-"*CJALA is shown
in the red-absorbing 15Z dark state. (B) NpR6012g4 labeled with
[C5-BCJALA is shown in the green-absorbing 15E photoproduct. (C)
NpR6012g4 labeled with [C4-"*C]ALA is shown in the red-absorbing
15Z dark state. (D) NpR6012g4 labeled with [C4-"*C]ALA is shown
in the green-absorbing 1SE photoproduct. (E) NpR6012g4 with
globally labeled chromophore is shown in the red-absorbing 15Z dark
state. (F) NpR6012g4 with globally labeled chromophore is shown in
the green-absorbing 1SE photoproduct. The *C carrier frequency was
100 ppm, and the acquisition time was 1.1 s.

matching a known bilin chemical shift. This peak matches C4
[148 ppm (Table 1)], with the proton at approximately 3.5
ppm. This chemical shift value is consistent with a tertiary H
atom, as expected for a two-bond coupling to H3 or a three-
bond coupling to H2 or H3'.

The 1D “C NMR spectrum of the photoproduct labeled
with [CS-CJALA again revealed clear peaks for the green-
absorbing 1SE photoproduct of NpR6012g4 (Figure 2B).
Using the same logical process as for the 15Z dark state, we
assigned peaks at 148, 94, 118.5, 97, and 171.3 ppm to C4, CS,
C10, C15, and C19, respectively (Table 1). C9 and C11 were
again identified as a pair of peaks at 128.5 and 129 ppm.
HMQC spectroscopy allowed us to assign HS, H10, and H15
to 5.5, 7.2, and 6.2 ppm, respectively (Figure 3B). The HMBC
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Table 1. 'H, *C, and "*N Chemical Shifts of the NpR6012g4
Chromophore”

15Z & 15Z 6 15E & 15E 6

position  (**C, ppm) ('H, ppm) (°C, ppm) ('H, ppm)

Cl 183.3 - 183.6 -

Cc2 40.5 2.6 36.4 2.6

Cc2! 12.9 1.4 16.9 1.1

C3 559 3.5 51.1 2.7

c3! 43.5 3.1 43 3.3

C3? 25 1.8 10.6 0.9

C4 148 - 148 -

C5 89 5.8 94 5.5

c6 1472 - 150.9 -

Cc7 1282 - 127.5 -

Cc7t 9 2.1 8.5 1.6

C8 146.5 - 146.7 -

cs! 213 2.1; 2.8 22.8 1.5; 2.6

Cg? 41 2.1; 2.7 37.8 2.0; 2.2

cs? 181.7 - 181.3 -

C9 130 - 129 -

C10 114 6.5 118.5 7.2

Cl1 1283 - 128.5 -

Cl12 142.1 - 144.3 -

c12! 24.6 2.8; 3.0 21.1 24; 3.8

C12? 40 2.0; 2.6 383 22;2.8

C123 1812 - 181.5 -

C13 1272 - 125.3 -

Cc13! 10.4 1.84 7.5 1.2

Cl4 1463 - 146.2 -

Cl15 95 43 97 62

C16 1452 - 145.5 -

C17 137.9 - 139.9 -

c17! 6.7 -0.3 11.6 1.7

C18 134.3 - 139.3 -

c18! 17.2 a, 0.8; b, 2.05 16.6 a, 1.8; b, 2.0

c18? 13 0.3 11.5 0.4

C19 174 - 171.3 -

15Z 6 152 6 15E 6 1SE &

positon  (**N, ppm) ('H, ppm) ("N, ppm) ('H, ppm)

NH, 155 11.1 149.8 9.3

NHj 148 12.7 163.9 13

NHc 154 10.9 158.5 11.9

NH,, 138 11.35 131.5 9.9

“Aromatic ring carbons lack attached H atoms. Two proton
resonances were observed for all methylene carbons. At C18!, the
two protons exhibited slightly different NOESY cross-peaks and are
therefore designated H18', and H18",.

experiment again gave a single cross-peak to C4 from a proton
having a chemical shift of 2.7 ppm (Figure 4B). This value
again seemed to be consistent with H3, H2, or H3".

Partial Assignment Using Selective 3C Labeling with
[C4-*C]JALA. We next examined NpR6012g4 prepared after
labeling with [C4-13C]ALA, which labels C1, C3, C6, C8, C12,
C14, C16, and C18 (Figure S1 of the Supporting Information).
In this case, no two "*C atoms are adjacent, so C—C splitting
could not be used in the assignment process. The 1D *C
spectrum of the red-absorbing dark state showed a clear singlet
at 183.3 ppm and another at 55.9 ppm (Figure 2C). The
downfield peak occurs in the carbonyl region and hence was
assigned to Cl, whereas the upfield peak at 55.9 ppm is
consistent with a tertiary aliphatic carbon and was assigned to

C3 (Table 1). The six remaining labeled C atoms should all fall
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Figure 3. 'H-"C HMQC spectra of NpR6012g4 labeled with
[C5-"*C]ALA or [C4-">C]ALA. (A and B) NpR6012g4 was labeled
with [CS-C]JALA. (C and D) NpR6012g4 was labeled with
[C4-BC]ALA. (A and C) Dark-state spectra are shown, with methine
bridge cross-peaks indicated. (B and D) Photoproduct spectra are
shown. The *C (F1) and 'H (F2) carrier frequencies were 80 and
4.70 ppm, respectively. The acquisition times were 10.6 ms (F1) and
228 ms (F2).

in the aromatic region of the spectrum, which contained four
well-resolved peaks at 134.3, 142.1, 145.3, and 147.2 ppm.
There was also a pair of overlapping peaks at 146.3 and 146.5
ppm. Thus, this region of the spectrum contained the expected
number of signals for this labeling pattern. The HMQC
spectrum for this sample in the dark state revealed a single
cross-peak to a "*C chemical shift of ~56 ppm (Figure 3C),
confirming this peak as C3. The resulting value of 3.5 ppm for
H3 was in agreement with the observed HMBC cross-peak
from C4 in the dark state for the previous sample (Figure 4A).

The HMBC spectrum for this sample in the 15Z photostate
(Figure 4A) revealed a three-bond cross-peak from C3 to 5.8
ppm, consistent with the known chemical shift of HS, and a
second cross-peak from C3 to 1.4 ppm. The latter peak is not a
good match for the expected chemical shift of a tertiary proton
such as H2 or H3!, but C3 could also exhibit three-bond
couplings to the methyl protons at H2' and H3? (Figure S1 of
the Supporting Information). There was also a cross-peak from
Cl1 to a proton at 1.4 ppm; were this cross-peak to arise from
the same proton as the cross-peak to C3, the most likely
candidate would be H2!. However, these data alone did not
permit unambiguous assignment of this resonance, because
these cross-peaks could also arise from separate C1—C2—C2'—
H2' and C3—C3'-C3?—H3” resonances with similar chemical
shifts for H2! and H3% The HMBC spectrum also contained
several cross-peaks from the labeled aromatic carbons to
protons with chemical shift values in the range of 0—2.5 ppm,
providing information about linkages between aromatic ring
carbons and side-chain atoms (see below).

The 1D "C spectrum of the [C4-CJALA sample in the
photoproduct state (Figure 2D) again exhibited a carbonyl peak
(183.6 ppm, C1) and a tertiary aliphatic peak (51.1 ppm, C3).
Moreover, in this photostate, the aromatic region contained six
cleanly resolved singlet peaks at 139.3, 144.3, 145.6, 146.3,
147.0, and 151.0 ppm, consistent with the set of C6, C8, C12,
C14, C16, and C18 (Figure S1 of the Supporting Information).
The HMQC spectrum gave a clear C3—H3 cross-peak (Figure
3D), yielding a chemical shift of 2.7 ppm for H3. This value is
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ms (F1) and 228 ms (F2).

in good agreement with the proton observed to correlate with
C4 in the 1SE HMBC spectrum of the [CS-"*CJALA sample
(Figure 4B). We did not observe a C3—C4—CS—HS cross-peak
in the 1SE HMBC spectrum for the [C4-*C]JALA sample
(Figure 4B). However, both C1 and C3 showed cross-peaks to
a proton at 2.6 ppm and another at 1.1 ppm, implicating a
chemical shift of 2.6 ppm for the tertiary H2 and a chemical
shift of 1.1 ppm for H2'. We again observed multiple cross-
peaks in the aromatic region, including a single apparent cross-
peak to H1S at approximately 145 ppm. Taken together, these
experiments give chemical shift assignments for C1, C3—CS,
C10, C15, and C19, along with a pair of values for C9 and C11
and a set for C6, C8, C12, C14, C16, and C18.

NpR6012g4 Contains Four Bilin NH Moieties in Both
Photostates. We next characterized a sample in which bilin
was labeled with ['*NJALA (Figure S1 of the Supporting
Information). In this experiment, Trp residues in NpR6012g4
were selectively labeled at the Cd1 position via addition of
[2-Clindole (Cambridge Isotopes) to the M9 expression
medium (Table S1 of the Supporting Information).” Although
Trp signals were detected in 'H—"C HMQC spectra (Figure
S6A,B of the Supporting Information), these signals were not
well-resolved and will be the subject of a future communication.
The "H—""N HSQC spectrum for the red-absorbing dark state
revealed four clear N—H cross-peaks (Figure SA), consistent
with a protonated bilin ring system (Figure 1A) and with
previous NMR studies of the phytochrome P, state.”” Each
bilin nitrogen atom is three bonds away from a methine proton,
a situation equivalent to N1 and Hel in His residues. We
therefore used long-range HMQC (LR-HMQC) to correlate
bilin N atoms to the known methine H atoms (Figure S4 of the
Supporting Information). The dark-state LR-HQMC spectrum
(Figure SB) showed a pair of cross-peaks to HS. The simplest
interpretation of this observation would be to assign N, and Ny
as the pair of N chemical shifts at 148.2 and 155.5 ppm,
respectively, implying assignment of H, and Hj as the pair of
'H chemical shifts at 12.7 and 11.1 ppm, respectively. The
other two resonances would therefore be assigned to NH¢ and
NHp. However, NpR6012g4 is known to be heterogene-
ous, %57 5o it was also possible that these LR-HMQC
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Figure 5. Characterization of bilin NH moieties in the red-absorbing
NpR6012g4 dark state. (A) 'H—""N HSQC spectrum of NpR6012g4
labeled with [“NJALA. (B) 'H-"N LR-HMQC spectrum of the
same sample. (C) HNCO spectrum of the *C and "N globally
labeled chromophore sample. (D) HNC, spectrum of the same
sample. Folded peaks are indicated in parentheses. For both HSQC
and LR-HMQC, N (F1) and 'H (F2) carrier frequencies were 140
and 4.70 ppm, respectively. The acquisition times were 14 ms (F1)
and 200 ms (F2). For HNCO and HNC,,, N, *C (F1), and 'H (F2)
carrier frequencies were 140, 130 (176 for HNCO), and 4.70 ppm,
respectively. Two-dimensional acquisition times were 20 ms (F1) and
200 ms (F2).
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resonances instead represented two chemical shifts for a single
NH moiety.

To resolve this ambiguity, we noted that the A- and D-ring
NH moieties are adjacent to carbonyls (Figure 1A) and hence
should be accessible to pulse sequences such as HNCO® were
the bilin to be labeled on both *C and "*N (Figure S4 of the
Supporting Information). Partially labeled samples had already
provided information about all carbons adjacent to the NH
moieties (Figure S1 of the Supporting Information), thereby
permitting assignment of NH moieties prior to complete
assignment of PCB C atoms. We therefore prepared an
NpR6012g4 sample with global labeling of chromophore *C
and "N atoms, along with labeling of all Trp side chains with
"N (Table S1 of the Supporting Information). One-dimen-
sional '*C spectra of this sample (Figure 2E,F) revealed both
the expected resonances and additional ones. Signals from Trp
Nel atoms were again congested (Figure S6C,D of the
Supporting Information). In the HNCO spectrum of this
sample (Figure SC), we observed a cross-peak between a *C
atom at 174.2 ppm [C19 (Table 1)] and an NH proton at
11.33 ppm, identifying the NH resonance at 138/11.35 ppm as
NHp. We also observed a cross-peak between a '*C atom at
183.4 ppm [C1 (Table 1)] and an NH proton at 11.1 ppm,
identifying the NH resonance at 155.5/11.1 ppm as NH,. No
cross-peak was observed between C1 and the NH proton at
12.7 ppm, consistent with the possible assignment of NHj to
148/12.7 ppm based on LR-HMQC.

We next performed an HNC,, experiment (Figure S4 of the
Supporting Information) to observe correlations between NH
protons and adjacent aromatic carbons at C4, C6, C9, Cl1,
Cl4, and C16 (Figure S1 of the Supporting Information). In
this experiment, we observed two cross-peaks for three of the
four NH protons detected in the "H—""N HSQC spectrum of
the red-absorbing dark state (Figure SD). H, (11.1 ppm)
showed an aliased cross-peak to C1 and a cross-peak to C4,
validating the experiment. Hp (11.35 ppm) showed an aliased
cross-peak to C19 and an additional cross-peak at 145.2 ppm,
matching one of the aromatic resonances observed upon
labeling with [C4-"*C]ALA (see above). We therefore assigned
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this resonance to C16 (Table 1). The upfield NH proton (10.9
ppm) showed cross-peaks to 146.3 and 128.3 ppm. The cross-
peak at 146.3 ppm matched an aromatic resonance observed
upon labeling with [C4-"*C]ALA and not yet assigned (C6, C8,
C12, C14, or C18). That at 128.3 ppm matches an aromatic
resonance observed upon labeling with [CS-"*C]ALA and not
yet assigned (C9 or C11). These cross-peaks could therefore
arise from the B-ring (C6 and C9, adjacent to NHg) or from
the C-ring (C11 and C14, adjacent to NH). However, the NH
proton at 10.9 ppm lacked a cross-peak to HS in the LR-
HMQC spectrum (Figure SB), whereas the fourth resonance
observed in the "H—""N HSQC spectrum (12.7 ppm, furthest
downfield) did show a cross-peak to HS. The NH proton at
12.7 ppm also exhibited a weak 'H—"*C cross-peak at 147.2
ppm in the HNC,, spectrum (Figure SD), a resonance observed
in the [C4-C]JALA sample. This cross-peak cannot be
assigned as an alternate population of NH,, because NH, is
adjacent to a single aromatic carbon that is labeled by
[C5-*C]ALA rather than by [C4-"*C]ALA (Figure S1 of the
Supporting Information). A '"H—"C cross-peak at 147.2 ppm
was not seen in the [C5-*C]ALA sample (see above), which
has labeled C4 and C9 atoms. Therefore, this cross-peak
correlates NHj (12.7 ppm) to C6 (147.2 ppm), and the upfield
cross-peaks at 10.9 ppm correlate C11 (128.3 ppm) and C14
(146.3 ppm) to NH, (10.9 ppm). These analyses thus resolved
all four bilin NH moieties for the dark state and allowed
assignment of C6, C11, C14, and C16 (Table 1).

The photoproduct 'H—"N HSQC spectrum also exhibited
four N—H cross-peaks (Figure 6A), with peaks at 131.5/9.9
and 158.5/11.9 ppm being notably more intense than those at
149.8/9.3 and 163.9/13.0 ppm. The LR-HMQC spectrum of
the photoproduct state again contained only two cross-peaks, in
this case to H1S (Figure 6B). This observation implicates the
two strong HSQC cross-peaks as NH¢ and NHp and the
weaker peaks as NH, and NHj. However, the known
heterogeneity of the photoproduct state®>” again implies
alternate interpretations. The photoproduct HNCO spectrum
for the globally labeled sample revealed a clear cross-peak
between C19 and the NH, proton (Figure 6C), assigning NHy,
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respectively. The constant-time evolution period was 13.3 ms. The two-dimensional acquisition times were 48 ms (F1) and 228 ms (F2).

to 131.5/9.9 ppm (Table 1). An HNC,, experiment on this
sample (Figure 6D) revealed a robust aromatic cross-peak
(145.5 ppm) to the NHy, proton that matched a resonance
observed in the [C4-">C]ALA sample (145.6 ppm), permitting
assignment of C16 (Table 1). The strong 'H—""N HSQC
signal implicated as the NH proton by LR-HMQC exhibited a
single cross-peak to a '*C resonance at 146.2 ppm in HNC,,
(Figure 6D), again matching a '*C resonance observed in the
[C4-*C]JALA sample (146.3 ppm). Unlike the NHy, proton,
this NH proton did not exhibit a folded cross-peak to C19,
consistent with assignment of NH¢ to 158.5/11.9 ppm and
allowing assignment of C14 (Table 1). A third, much weaker
cross-peak observed in HNC,, matched the known chemical
shift of C4 (Figure 6D), providing a provisional assignment for
NH, (149.8/9.3 ppm). This assignment was confirmed by a
two-dimensional carbon-detected CON spectrum (Figure S4 of
the Supporting Information) that revealed a single “N—'C
cross-peak at the expected position for N,—C1 (Figure 6E).
Therefore, we were able to observe three of the four NH
moieties in HNCO and HNC,, experiments. The fourth NH
moiety was observed only in the photoproduct "H—"*N HSQC
spectrum (Figure 6A), in which the intensity of this resonance
was comparable to that of the NH, cross-peak. The simplest
interpretation of these results is that the chromophore is
protonated in both photostates, consistent with resonance
Raman studies of AnPix]gZ.53 We thus assigned the fourth
HSQC cross-peak to NHy (163.9/13.0 ppm) rather than to a
second population of one of the other three NH moieties
(Table 1). Further support for this interpretation was obtained
by complete assignment of the chromophore '*C atoms and
comparison of the results with ab initio calculations (see
Discussion).

Complete Chromophore Assignments for the
NpR6012g4 Dark State. We next undertook experiments
to complete C and H assignments for the bilin chromophore
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using the strategy shown in Figure S5 of the Supporting
Information. We began with detailed analysis of the 'H-
decoupled *C NMR spectrum of the globally labeled sample in
the red-absorbing dark state (Figure S7A—C of the Supporting
Information). In the carbonyl region (Figure S7A of the
Supporting Information), the previously assigned C1 and C19
carbonyls now appear as doublets due to C—C splitting from
the adjacent C2 and C18 atoms (Figure S1 of the Supporting
Information). Two additional doublets are seen at 181—182
ppm. These are assigned to the carbonyl carbons from the
propionate side chains. In the aromatic region (Figure S7B of
the Supporting Information), overlapping signals occur at 125—
130 and 145—150 ppm, along with multiplets at 134 and 142
ppm. Resonances at 134 and 142 ppm were previously
observed in the [C4-'>CJALA sample and were not assigned
to C6, C14, or C16 (see above), implicating these resonances
as part of an unresolved set of C8, C12, and C18. A peak at 138
ppm, not observed in previous samples (Figure S7B of the
Supporting Information), must therefore correspond to the
previously unlabeled C7, C13, and/or C17 atoms. The aliphatic
region (Figure S7C of the Supporting Information) is more
congested, with natural abundance signals from the protein
along with signals from the bilin A-ring and the various side
chains (Figure S1 of the Supporting Information). Notably, we
observed three well-resolved doublets upfield, at 6—11 ppm
(Figure S7C of the Supporting Information, asterisk). These
resonances were critical in linking aliphatic side chains to
aromatic ring carbons (see below).

We next examined 'H—'*C HMQC and constant-time
'"H-"C HSQC (ct-HSQC) spectra of the globally labeled
sample in the dark state (Figure S4 of the Supporting
Information). Comparison of the HMQC spectrum with
those of CS-"*C and C4-"*C samples (Figure 3C,D) permitted
identification of candidate C—H cross-peaks for some of the
aliphatic C atoms detected in the 1D spectrum (Figure S8A of
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Figure 8. *C—"*C COSY and “C—">C TOCSY spectra of the red-absorbing NpR6012g4 dark state. (A) *C—"3C COSY spectrum, with peak
assignments indicated. No diagonal quantum filter was used to increase sensitivity, resulting in phased quadruplet peaks. Detailed views of carbonyl—
aliphatic and aromatic—aliphatic cross-peaks are presented in Figure S9A,B of the Supporting Information. The *C (F1 and F2) and 'H carrier
frequencies were 100 and 4.70 ppm, respectively. The two-dimensional acquisition times were 10 ms (F1) and 200 ms (F2). (B) Aromatic region of
the 3C—">C TOCSY spectrum, with peak assignments indicated. Detailed views are shown in Figure S9 of the Supporting Information. (C) Region
of the *C—"*C TOCSY spectrum matching tertiary carbons, with peak assignments indicated. The *C TOCSY spin-locking time was 15 ms. The
BBC (F1 and F2) and 'H carrier frequencies were 100 and 4.70 ppm, respectively. The two-dimensional acquisition times were 10 ms (F1) and 200
ms (F2). Both *C—"*C COSY and *C—"*C TOCSY spectra were acquired with 128 scans and a recycle delay of 1.5 s.

the Supporting Information). However, congestion and natural
abundance signals precluded assignments based on this
spectrum. The ct-HSQC spectrum proved to be more
informative (Figure 7A). The three upfield C atoms identified
in the 1D spectrum (Figure S7C of the Supporting
Information) matched robust negative peaks at 6.7, 9.0, and
10.4 ppm. These peaks thus were good candidates for the C7',
C13', or C17' methyl groups, because methyl “C atoms
attached to aromatic "*C atoms give rise to negative ct-HSQC
peaks. Three robust positive peaks were also observed in the
dark-state ct-HSQC spectrum. These peaks were good
candidates for the C2!, C3? and C18* methyl groups, because
methyl carbons attached to aliphatic '>C atoms give rise to
positive ct-HSQC peaks. At several other *C chemical shifts,
we also detected much weaker pairs of cross-peaks; these peaks
were assigned to nonequivalent methylene protons in the
propionate and 18-Et side chains (see below).

We next employed carbon-detected methods to assign all
bilin ring carbon atoms, as these atoms do not have attached H
atoms. A 3C—"3C COSY spectrum (Figure 8A) revealed both
several expected cross-peaks (C3—C4, C4—CS, etc.) and others
that permitted additional assignments. We observed three
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cross-peaks between carbonyl and aliphatic carbons (Figure
S9A of the Supporting Information). One of these matched the
known chemical shift of C1 (Table 1), permitting assignment
of C2 to 40.5 ppm. The other two were partially overlapped
and matched the chemical shifts of the propionate carbonyl
carbons at 181—182 ppm (Figure S7A of the Supporting
Information), yielding chemical shifts for a C82/C12* pair. We
also observed a cross-peak between C19 (174 ppm) and an
aromatic carbon at 1343 ppm (Figure 8A), matching a
previously unassigned member of the set of C8, C12, and C18
(134.3 ppm) and hence permitting assignment of C18 (Table
1). The C7', C13, and C17"' methyl groups each exhibited a
cross-peak to an aromatic carbon (Figure S9B of the
Supporting Information), implicating a set of C7, C13, and
C17 of C chemical shifts. We also observed additional cross-
peaks between aromatic and aliphatic carbons (Figure S9B of
the Supporting Information). One of these matched C18,
permitting assignment of C18' [17.2 ppm (Table 1)]. The ct-
HSQC spectrum for dark-state NpR6012g4 (Figure 7A)
exhibited two weak cross-peaks to C18' at 0.8 and 2.0 ppm
with the expected phase, permitting assignment of two
nonequivalent H18' protons (Table 1). The other two COSY
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Figure 9. Mapping aliphatic resonances in the red-absorbing NpR6012g4 dark state using HCCH-TOCSY. (A—E) Strips matching aliphatic A-ring
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dimensional acquisition times were 25 ms (F1), 10 ms (F2), and 200 ms (F3).

cross-peaks in this region matched C8 and CI12, permitting
assignment of a C8'/C12' pair. Possible cross-peaks between
aliphatic carbons were present, but these were close to the
diagonal and hence were not well resolved. At this point, the
remaining unresolved ring carbons were the pair of C8 and C12
and the set of C7, C13, and C17.

We further characterized the dark state using C—'°C
TOCSY (Figure 8B,C). The aromatic region of the TOCSY
spectrum contained many expected resonances and also
contained potentially ambiguous, overlapped resonances
(Figure 8B). Two members of the set of C7, C13, and C17
exhibited chemical shifts close to that of C11. C14 and C16
were close to each other and to one member of the pair of C8
and C12. To progress further, it was thus necessary to locate
TOCSY cross-peaks that would be unambiguous. One member
of the set of C7, C13, and C17 exhibited cross-peaks to C16
and C18 (Figure S9C of the Supporting Information),
permitting assignment of C17 and C17' (Table 1). Weak
cross-peaks were also observed between the methine CS and
C15 atoms and the other members of the set of C7, C13, and
C17 (Figure S9D of the Supporting Information), permitting
assignment of C7, C7', C13, and C13' (Table 1). The ct-
HSQC spectrum then permitted assignment of H7! H13!, and
H17' (Figure 7A and Table 1). C8 and C12 remained to be
assigned, and the observed TOCSY cross-peaks from these
carbons were ambiguous because of the similar chemical shifts
of C7, C11, and C13 (Table 1). However, the HMBC spectrum
of the [C4-C]ALA sample in the 15Z dark state contained
several cross-peaks in the aromatic region (Figure 44, asterisk).
Importantly, one of those cross-peaks could now be assigned as
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a three-bond correlation from C14 to the H13' methyl protons
[C14—C13—C13'-H13" (Figure S9E of the Supporting
Information)]. A second HMBC cross-peak to the same
proton permitted assignment of C12 at 142.1 ppm, implying
the assignment of C8 at 146.5 ppm (Table 1). Consistent with
this, the C12—C9 cross-peak in the TOCSY spectrum was
notably weaker than the C8—C9 cross-peak and C12—C11/
C13 cross-peaks (Figure S9F of the Supporting Information).

Despite having been acquired with a spin-lock pulse set to
100 ppm for resonance with the bilin 7z system, the *C—"C
TOCSY spectrum also contained signals from the aliphatic
tertiary carbons of the A-ring (Figure 8C). Cross-peaks were
observed between C3 and C2 (55.9 and 40.5 ppm, respectively)
as well as between C3 and another C atom having a chemical
shift of 43.5 ppm, which is assigned to C3'. The carbon-
detected COSY and TOCSY spectra thus permit a “walk”
around the bilin ring system, despite the spectral overlap of
several carbons. Starting with the known CI1, the COSY
spectrum reveals a cross-peak to C2. The TOCSY spectrum
contains cross-peaks from C2 to C3 and from C3 to C3},
whereas the COSY spectrum contains a cross-peak from C3 to
C4. Strong cross-peaks from C4 to CS and from C5 to C6 are
seen in both spectra, and the TOCSY spectrum contains
overlapping cross-peaks from C6 to C7 and from C7 to C8 as
well as a well-resolved cross-peak from C8 to C9. The COSY
spectrum also connects C7 to C7' and C8 to C8', and the
TOCSY spectrum connects C9 to C10, C10 to C11, C11 to
C12, and C12 to C13. The COSY spectrum has cross-peaks
from CI2 to C12' and C13 to C13', and the TOCSY C13—
Cl14 cross-peak is overlapped with the C7—C8 cross-peak.
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Figure 10. 3C—">C COSY and *C—"C TOCSY spectra of the green-absorbing NpR6012g4 photoproduct. (A) *C—"3C COSY spectrum, with
peak assignments indicated. No diagonal quantum filter was used to increase sensitivity. Detailed views of carbonyl—aliphatic and aromatic—aliphatic
cross-peaks are presented in Figure S11 of the Supporting Information. (B) Aromatic region of the *C—"3C TOCSY spectrum, with peak
assignments indicated. Detailed views are shown in Figure S11 of the Supporting Information. (C) Region of the *C—*C TOCSY spectrum
matching tertiary carbons, with peak assignments indicated. Spectral parameters were identical to those of Figure 8.

C14—C1S and C15—Cl16 cross-peaks can be seen in both
spectra, and the TOCSY spectrum also connects C16 to C17
and C17 to C18. The COSY spectrum contains C17—C17",
C18-C18’, and C18—C19 cross-peaks, confirming assignment
of the ring system (Figure SS of the Supporting Information).

Remaining carbons to be assigned were thus the A-ring
methyl groups at C2' and C3? the C18* methyl group, and the
propionate side chains. Good candidates for two of the three
methyl groups had already been identified by ct-HSQC (Figure
7A), and the known chemical shift of C3' derived from the
BC-C TOCSY experiment permitted identification of a
candidate C—H cross-peak for this atom in the 'H—'°C
HMQC spectrum (Figure S8A of the Supporting Information).
For the propionates, *C—"3C COSY spectroscopy had
identified C8, C8', C12, and C12' (Figure 8A). The same
spectrum also contained two cross-peaks from propionate
carbonyl C atoms to f-methylene groups, and the ct-HSQC
spectrum provided chemical shifts for the attached protons
(Figure 7A). However, we had no information to connect C8'
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to C8 or C12' to C12* (Figure S10 of the Supporting
Information). It was thus possible that we were detecting two
configurations for a single propionate side chain rather than the
expected pair of side chains, in keeping with the known
photochemical heterogeneity of NpR6012g4.>>%+~%7

We therefore acquired three-dimensional HCCH-TOCSY
spectra (Figure 9 and Figure S4 of the Supporting
Information). This experiment readily permitted assignment
of the remaining A-ring resonances. The slice corresponding to
C3 exhibited the expected diagonal peak at 3.45 ppm (Figure
9A) and four robust cross-peaks at 3.1, 2.6, 1.8, and 1.4 ppm.
The cross-peak at 2.6 ppm is in agreement with the known
chemical shift of H2, and that at 3.1 ppm matched the
candidate assignment for H3' derived from *C—"*C TOCSY
and 'H-"C HMQC data (Figure S8 of the Supporting
Information and Table 1). By reference to the ct-HSQC
spectrum, this gave values of 12.9/1.4 and 25/1.8 ppm for the
2" and 3* methyl groups (Table 1), consistent with C1—H2'
and C3—H2'! HMBC cross-peaks seen in the [C4-*CJALA
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sample (Figure 4A). Slices matching C2 and C3' (Figure 9B,C)
each gave both the expected diagonal peak and four robust
cross-peaks matching the expected resonances. Slices matching
C3* and C2' (Figure 9D,E) again exhibited the expected
pattern, but resonances between H3* and H2' protons were
notably weaker than other cross-peaks. A-Ring assignments
were thus complete (Table 1).

HCCH-TOCSY data also permitted assignment of the 18-
ethyl side chain. *C—'3C COSY spectroscopy provided
assignment of C18', allowing assignment of nonequivalent
H18' methylene protons in the ct-HSQC spectrum at 17.2/0.8
and 17.2/2.05 ppm (Figure 7A and Table 1). The ct-HSQC
spectrum and assignment of the A-ring also implicated C18%/
H18? as the cross-peak at 13/0.3 ppm (Figure 7A). HCCH-
TOCSY slices corresponding to C18' and C18> completely
corroborated these assignments: the slice matching C18'
exhibited two cross-peaks from protons at 0.8 and 2.1 ppm
to a single proton at 0.3 ppm, and the slice matching C18>
exhibited two cross-peaks from a single proton at 0.3 ppm to
protons at 0.8 and 2.1 ppm (Figure 9D,F).

The *C—"C COSY experiment had provided cross-peaks
between C8 and C8', C12 and CI2!, and between the -
methylene and y-carbonyl atoms of the two propionate side
chains (Figure 8A and Figure S10 of the Supporting
Information). The ct-HSQC experiment provided assignments
for nonequivalent H8' and H12' protons (Table 1), along with
assignments for the nonequivalent protons of each -methylene
group. Chemical shifts for several of these protons were quite
similar, as were the chemical shifts of C8% C122 and C2 (Table
1). HCCH-TOCSY data provided the missing connections
between C8' and C8> and between C12' and C12* (Figure S10
of the Supporting Information). The slice matching C12'
exhibited the expected diagonal peaks at 2.8 and 3.0 ppm
(Figure 9E). These peaks exhibited cross-peaks to each other
and to protons at 2.0 and 2.6 ppm. The mirror resonances from
C12? were also present in the C2 slice (Figure 9C), completing
assignment of the C12-propionate side chain. We were not able
to identify a slice corresponding to C8%. However, a slice
corresponding to C8' exhibited the expected diagonal peaks at
2.1 and 2.8 ppm (Figure 9G). Each of these peaks exhibited a
cross-peak to the other and a cross-peak to a proton at 2.7 ppm,
consistent with the values that would be yielded for these atoms
by process of elimination from the 12-propionate (Figure S10
of the Supporting Information). The C8' slice thus confirmed
connections between two independent propionate side chains
at C8 and Cl2, completing assignment of the PCB
chromophore of NpR6012g4 in the red-absorbing dark state
(Table 1).

Complete Chromophore Assignments for the
NpR6012g4 Photoproduct. We employed a similar strategy
for complete assignment of the photoproduct state (Figure SS
of the Supporting Information). The one-dimensional *C
spectrum of the photoproduct was again congested (Figure
S7D—F of the Supporting Information). The two propionate
carbonyl carbons were not resolved from each other (Figure
S7D of the Supporting Information), but an aromatic
resonance at 125.3 ppm (Figure S7E of the Supporting
Information) could be assigned to one or more of C7, C13, or
C17 based on data from the partial labeling studies (Figure 2).
The aliphatic region exhibited two upfield doublets (Figure S7F
of the Supporting Information). The 'H—"*C HMQC spectrum
was congested (Figure S8B of the Supporting Information),
with the photoproduct c¢t-HSQC spectrum permitting identi-
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fication of candidate side-chain resonances again including
nonequivalent methylene protons (Figure 7B). C6, C8, C12,
and C18 remained an unresolved set, as did C7, C13, and C17,
and C9 and CI11.

The *C—"C COSY experiment yielded additional informa-
tion (Figure 10A and Figure S11A—C of the Supporting
Information). In addition to expected resonances (e.g, C3—
C4), we observed C1—C2, C5—C6, C19—C18, and C18—C18!
cross-peaks. These resonances permitted assignment of C2, C6,
C18, and C18' to 36.4, 150.9, 139.3, and 16.6 ppm, respectively
(Table 1). Possible additional cross-peaks close to the diagonal
implicated assignment of C7 at 127.5 ppm. Three robust cross-
peaks connected ring carbons to methyl groups, but peaks
linking ring carbons to propionate side chains were much
weaker (Figure S11AB of the Supporting Information). The
overlapped propionate y-carbonyl signals were associated with a
complex cross-peak, implicating possible chemical shifts for the
y-carbonyl carbons by reference to the ct-HSQC spectrum
(Figure 7B and Figure S11C of the Supporting Information).
The C8 and CI12 pair and C9 and C11 pair remained to be
resolved, as did the set of C7, C13, and C17, and connections
between ring carbons and side chains were less complete for
the photoproduct than for the dark state.

A carbon-detected *C—"*C TOCSY experiment permitted
further progress (Figure 10B). Assignments were again
complicated by overlapped resonances, but a different set of
overlaps appeared for the photoproduct: one member of the set
of C7, C13, and C17 is overlapped with the pair of C9 and C11,
whereas another is overlapped with C18. The pair of C8 and
C12 had chemical shifts between those of Cl4 and Cl6.
Working from the known C5 methine bridge confirmed the
assignment of C6 and that of C7 at 127.5 ppm, validating a
tentative C6—C7 cross-peak in the COSY spectrum (Figure
10A and Figure S11D of the Supporting Information). The
remaining pair of C13 and C17 both exhibited cross-peaks to
C15, as expected; however, only the well-resolved resonance at
125.3 ppm also exhibited a cross-peak to C14 (Figure S11E of
the Supporting Information). This resonance was assigned to
C13, implying assignment of C17 to 139.9 ppm. The apparent
absence of C17—Cl18 cross-peaks is thus explained by the
similar chemical shift values of these two atoms [139.3 and
139.9 ppm (Table 1)]. C13 also exhibited a cross-peak to one
member of the pair of C9 and C11. C6 exhibited cross-peaks to
CS, C7, and C8, yielding assignment of C8 as the downfield
member of the pair of C8 and C12 (Figure SI1F of the
Supporting Information). Cross-peaks from C7, C9, and C11
were overlapped (Figure S11G of the Supporting Information),
but the C6—C7, C8—C7, C8—C9, and C13—Cl11 cross-peaks
were consistent with C11 as the upfield member of the pair of
C9 and C11 and C9 as the downfield member (Table 1). These
results thus provided direct assignments for C7—C9, C11, C13,
and C17, leading to assignment of C7', C13', C17, and their
attached methyl protons by reference to the ct-HSQC and
BBC—13C COSY spectra (Table 1).

C13—CI12 cross-peaks were absent in *C—"3C COSY and
BC—-C TOCSY spectra, with the only C12 cross-peaks being
to C10 and to the overlapped region containing C7, C9, and
C11. Given the known photochemical heterogeneity of the
NpR6012g4 photoproduct state,>>>” we could not rule out the
possibility that the C12 resonance identified by process of
elimination instead represented an alternate chemical shift for
C8, which could also give TOCSY cross-peaks to C7, C9, and
C10. We therefore performed a '*C—"3C NOESY experiment.
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Figure 11. Mapping A-ring and D-ring aliphatic resonances in the green-absorbing NpR6012g4 photoproduct using HCCH-TOCSY. (A—E) Strips
matching aliphatic A-ring protons. The slice at 13.9 ppm (E) exhibited strips corresponding to both C2' and C18'. (F) Reciprocal strip from the
H18? proton. Spectral parameters for HCCH-TOCSY were identical to those of Figure 9.

The resulting carbon-detected NOESY spectrum exhibited a
clear C13—C12 cross-peak at the expected location (Figure
S11H of the Supporting Information), completing assignment
of the ring carbons (Table 1 and Figure SS of the Supporting
Information). Providing an independent validation of this
process, cross-peaks previously observed from the set of C6,
C8, C12, Cl14, C16, and C18 in a photoproduct HMBC
spectrum on a partially labeled sample partially labeled could
now be assigned as three-bond correlations from C6 and C8 to
the H7' methyl protons (Figure SI1I of the Supporting
Information).

The C—"3C TOCSY spectrum also contained cross-peaks
between the tertiary carbons of the A-ring, confirming the
tentative assignment for C3' (Figure 10C) and permitting a
walk around the bilin using the carbon-detected COSY,
TOCSY, and NOESY spectra. The "H-"C HMQC spectrum
thus permitted tentative assignment of H3' (Figure S8B of the
Supporting Information). We then used a 3D HCCH-TOCSY
experiment to complete assignment of the A-ring (Figure 11).
Slices matching C2, C3, and C3! exhibited a consistent pattern
of cross-peaks that confirmed the chemical shifts of H2 and H3'
(Figure 11A—C). These slices also provided tentative values for
H3” and H2' based on the intensity of cross-peaks in the C2
and C3' slices: a proton at 0.9 ppm exhibited a strong cross-
peak to H3' but a weak cross-peak to H2, whereas a proton at
1.1 ppm instead exhibited a strong cross-peak to H2 but a weak
cross-peak to H3'. Assignment of H2' at 1.1 ppm also was
consistent with HMBC cross-peaks from C1 and C3 in the
[C4-*C]ALA sample (Figure 4B). The "*C atoms associated
with the H3? and H2' protons were identified by the ct-HSQC
experiment (Figure 7B). HCCH-TOCSY slices matching those
carbons confirmed assignment of the C2' and C3” methyl
groups, because each group exhibited TOCSY cross-peaks to
only two neighboring carbons in the expected pattern (Figure
11D,E). The 18-ethyl group was also well-resolved in the
HCCH-TOCSY data (Figure 11E,F and Table 1).

Therefore, only the 8- and 12-propionate side chains
remained to be assigned for the photoproduct (Figure SS of
the Supporting Information). The HCCH-TOCSY data
contained cross-peaks consistent with only one propionate
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side chain, connecting one a-methylene (C8' or C12') to a f3-
methylene (C8” or C12?) (Figure 12A,B). We were concerned
that the ct-HSQC cross-peaks assigned as a second propionate
could instead reflect an alternate propionate conformation. We
therefore performed a 3D HCCH-COSY experiment. The
expected resonances for the A-ring and D-ring were observed
(Figure S12 of the Supporting Information), consistent with
assignments obtained by HCCH-TOCSY and ct-HSQC. The
propionate detected by HCCH-TOCSY was again detected in
the HCCH-COSY spectrum (Figure 12C,D); however, the
downfield slice matching the A-methylene also contained
signals from a second propionate side chain, matching the ct-
HSQC spectrum (Figures 7B and 12D). We were therefore
able to identify the mirror slice for the second propionate
(Figure 12E). These results thus connected the a-methylene
and f-methylene groups of two propionate side chains (Figure
S10 of the Supporting Information, green).

Further progress was complicated by the weak C8—C8' and
C12—C12' cross-peaks observed in the *C—"*C COSY
spectrum and by the overlapped resonances of the two y-
carbonyl atoms. However, the known chemical shifts of the -
methylene carbons permitted connection of the f-methylene
and y-carbonyl carbons (Figure S11C of the Supporting
Information). To connect the known C8 and C12 atoms to
the a-methylene carbons, we noted that only four combinations
were possible, permitting interpretation of the weak C8—C8'
and CI12—CI2' signals and completing assignment of the
photoproduct state (Figure S11A,B of the Supporting
Information).

Confirmation of the Photoproduct Protonation State
Using ab Initio Calculations. These assignments were
internally consistent, but we did not resolve unambiguous
resonances from the B-ring NH moiety in the photoproduct
state (see above). This could arise due to deprotonation of the
B-ring nitrogen, as predicted by the protochromic model and
implied by the solvation model (Figure S2 of the Supporting
Information). The fourth HSQC cross-peak would then arise
because of an alternate tautomer, for example with a
deprotonated C-ring. Deprotonated bilin nitrogen atoms
typically exhibit chemical shifts of >200 ppm with low
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Figure 12. Mapping green-absorbing photoproduct propionate side
chains using HCCH-TOCSY and HCCH-COSY. (A-D) Strips
matching the 12-propionate were detected in HCCH-TOCSY and
HCCH-COSY. (D) The HCCH-COSY slice containing strips from
the H12* protons also exhibited strips from H8* protons. (E) HCCH-
COSY slice containing H8' strips. Spectral parameters for HCCH-
TOCSY were identical to those of Figure 9. For HCCH-COSY, the
BC (F2) and 'H (F1 and F3) carrier frequencies were 40 and 4.70
ppm, respectively. The three-dimensional acquisition times were 25 ms
(F1), 10 ms (F2), and 200 ms (F3).

sensitivity,””’® and we were not able to detect "N directly.

However, such deprotonated tautomers formally change both
the charge and the electronic structure of the bilin 7 system, so
we reasoned that they would have effects on carbon chemical
shifts and on nitrogen chemical shifts. We therefore considered
the applicability of ab initio deshielding calculations to
calculating such changes. We first used a model compound
replacing the propionate side chains with methyl groups and
lacking the thioether linkage at C3' (Figure SI3A of the
Supporting Information). As a test of this approach, we
compared B3LYP/6-31G* deshielding values to experimental
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values previously reported for cyanobacterial phytochrome
Cphl in the 15Z P, state (Figure 13A).>>*” Agreement was
surprisingly good for carbon atoms, validating the approach.
Agreement between these calculated values and assignments for
dark-state NpR6012g4 was also good (Figure 13A).

We next considered possible photoproduct geometries for
NpR6012g4. Chemical denaturation studies have established a
1SE conﬁ§uration for the green-absorbing photoproduct
state,*”>>>° but this assay does not provide information about
the configuration of the formal 5,6- and 14,15-single bonds. We
therefore used TD-DFT calculations to estimate the absorption
properties of C15-E,syn and CI1S-E,anti geometries of the
model compound (Figure S13B,C of the Supporting
Information). The CI1S-E,anti configuration gave values in
better agreement with experiment (Table 2). Interestingly, this
geometry also exhibited a considerable twist of the 14,15-bond
(Table S2 of the Supporting Information), making it possible
that this geometry mimics a trapped-twist geometry in the
actual photoproduct. The twisted 14,15-bond in this model
compound arose because of a steric clash between the C13' and
C17" methyl groups, because it was not seen in a gedanken
geometry in which those moieties were replaced by hydrogen
atoms (Figure S13D and Table S2 of the Supporting
Information). This gedanken geometry also exhibited a red-
shifted vertical excitation energy (Table 2), further implicating
a connection between a twisted 14,15-bond and a blue-shifted,
green-absorbing 1SE chromophore.

We therefore selected the C15-E,anti configuration as a
starting point for testing the effects of bilin protonation on
carbon chemical shifts. As a control, deprotonated neutral
tautomers in the C15-Z,anti configuration exhibited blue shifts
relative to the protonated cationic C15-Z,anti model compound
(Table 2). These blue shifts were also consistent with the
known peak absorption of denatured covalent PCB adducts at
neutral pH.>"”> We therefore used the C1S-Eanti model
compound to prepare B- and C-deprotonated tautomers, and
all three models were used for B3LYP/6-31G* deshielding and
BLYP/6-31G* TD-DFT calculations. Effects of deprotonation
on vertical excitation energy in these twisted geometries were
surprisingly variable (Table 2): the B-deprotonated neutral
tautomer is blue-shifted relative to the protonated model
compound (480 nm vs 520 nm), whereas the C-deprotonated
neutral tautomer is red-shifted (561 nm). Such an effect was
not observed for deprotonated neutral tautomers in the C15-
E,syn configuration (Table 2). These results suggest that a mix
of the two neutral C15-E,anti tautomers could give rise to an
absorption spectrum having peak absorption similar to that of
the protonated photoproduct. If this proves to be true,
interpretation of the structure of 1SE bilins based on
absorbance spectroscopy would be complicated by such factors.

However, the same complication did not apply to calculated
chemical shift values (Table 3). Importantly, deprotonation at
either position produced large changes at C9 and C11 relative
to the protonated cationic model compound, along with smaller
changes across the ring system. In the B-deprotonated neutral
tautomer, C9 is downfield at 139 ppm, with C11 at 119 ppm.
The situation is reversed in the C-deprotonated neutral
tautomer, with C11 and C9 at 138 and 118 ppm, respectively.
By contrast, C9 and C11 have very similar chemical shifts in the
protonated cationic model (121 and 119 ppm, respectively)
and experimentally [129 and 128.5 ppm, respectively (Table
1)]. The experimental values for C9 and C11 could reflect the
presence of two neutral tautomers in fast exchange, such that
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Figure 13. Comparison of experimental and calculated "*C chemical shifts. (A) Calculated chemical shifts for the C15-Z,anti configuration (Figure
S13A of the Supporting Information) were plotted vs experimentally observed shifts for the bilin chromophores of Cphl in the P, state (navy blue,
values from ref 27) and NpR6012g4 in the red-absorbing 15Z dark state (red, this study). Data were fit by linear regression (Cphl, r* = 0.995;
NpR6012g4, 1* = 0.993; n = 26). The nonphysical 8- and 12-side chains and C3' atom (Figure S13 of the Supporting Information) were omitted
from the analysis. (B) Experimentally observed chemical shifts for the NpR6012g4 photoproduct chromophore were fit to calculated chemical shifts
for the C15-E,anti configuration (Figure S13C of the Supporting Information) with the ring system protonated (blue, * = 0.99), with the B-ring
nitrogen deprotonated (brick red, r* = 0.98), and with the C-ring nitrogen deprotonated (dusty rose, r* = 0.98). (C) Experimental chemical shifts are
plotted for aromatic carbons of the B- and C-rings (C6—C9 and C11—C14) vs calculated values for protonated (blue, * = 0.95) and B-deprotonated
(brick red, 7* = 0.24) model compounds in the C15-E,anti configuration. (D) Experimental chemical shifts are plotted for aromatic carbons of the B-
and C-rings (C6—C9 and C11—-C14) vs calculated values for protonated (blue, r* = 0.95) and C-deprotonated (dusty rose, r* = 0.13) model
compounds in the C15-E,anti configuration.

Table 2. Calculated Absorption Properties for NpR6012g4 Table 3. Calculated *C Chemical Shifts for the NpR6012g4
Chromophore Models® Photoproduct”
C15 13,17-side Eoere A atom  protonated 6 B-deprotonated 6 C-deprotonated 6 observed &
configuration chains protonation (nm) (nm) c1 1676 167.1 165.7 183.6
Z,anti methyl protonated 631 =21 C2 39.6 39.8 403 36.4
Z,anti methyl B-deprotonated 587 —65 cal 149 15.8 15.9 16.9
Z,anti methyl C-deprotonated 596 =56 C3 483 46.4 453 51.1
Esyn methyl protonated 627 85 Cc3? 136 135 134 10.6
Esyn methyl B-deprotonated 576 34 Cc4 147.8 137.5 133.1 148.0
Esyn methyl C-deprotonated 602 60 Cs 80.2 85.9 81.7 94
Eanti methyl protonated 520 =22 c6 142.9 154.1 1242 150.9
E,anti methyl B-deprotonated 480 —62 c7 121.0 121.6 1114 127.5
E,anti methyl C-deprotonated 561 19 c7! 6.1 79 70 8.5
Esyn proton protonated 618 76 cs 1385 1297 1215 1467
Eanti proton protonated 589 47 C9 121 139.1 118.1 129.0
“For 15Z configurations, TD-DFT calculations were performed as C10 101.3 100.0 102.4 118.5
described previously.73 For 1SE configurations, TD-DFT calculations Cl1 118.5 119.3 138.1 1285
were performed on AMI geometries as described in Materials and C12 1358 1184 1303 1443

Methods. Peak photoproduct absorption of NpR6012g4>* was used as

. C13 122.1 111.2 1222 1253
a reference to calculate A as observed minus calculated. The known c1al 69 73 8.5 75
variation of canonical red/green CBCRs in peak photoproduct ) ’ ’ ’
. . 52 . . Cl4 141.7 122.6 156.5 146.2
absorption is 528—S556 nm,”” with the atypical DXCF CBCR
NpR5113g1 exhibiting a more blue-shifted photoproduct still after in C15 749 86.1 932 970
vitro assembly with PCB (516 nm). Clé 137.3 1345 130.0 145.5
C17 125.5 129.1 129.9 139.9
c17' 9.9 8.9 118 116
we are seeing an average of the two. However, such fast cis 1302 1252 124.5 139.3
exchange would also produce an averaged value for the two NH cis' 173 169 169 16.6
moieties, at odds with the four observed resonances in the c1s? 107 11 1.1 115
'"H-"N HSQC spectrum. Moreover, the overall fit of c19 1557 1562 156.0 1713
calculated '*C chemical shifts to individually assigned
experimental values is markedly superior for the protonated “All § "3C values are reported in parts per million. Deshielding
cationic model (Figure 13B), an effect particularly noticeable calculations were performed on AMI1 geometries as described in

for carbons in the B- and C-rings (Figure 13C,D). The Materials and Methods.
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deviation between calculated and experimental values for the
protonated cationic model (Table 3) is described well by a
linear fit (Figure 13B—D), suggesting intrinsic limitations of the
gas-phase calculation. By contrast, deviations for deprotonated
neutral models have larger, less systematic errors (Figure
13C,D). Thus, both 'H-""N and '*C NMR spectroscopy
implicate a protonated cationic chromophore 7 system in the
NpR6012g4 photoproduct state.

B DISCUSSION

We have obtained complete assignments for all C, H, and N
atoms in the PCB chromophore of NpR6012g4 in both
photostates. This work sheds new light on bilin structure and
protein—chromophore interactions in the abundant red/green
CBCR subfamily. Our experiments also extend recently
developed carbon-detected NMR techniques from protein
backbone assignments to the study of photoprotein chromo-
phores. Despite the known heterogeneity of
NpR6012g4,°*3*™%7 we detect no heterogeneity in the
chromophore itself. It is of course possible that minor
populations are present at a level that is too low for detection
or are poorly detected due to dynamic exchange. Indeed, the
methylene resonances at C18' and in the propionate side
chains give rise to much weaker signals in the ct-HSQC spectra
than do the side-chain methyl groups. An approximately 3-fold
reduction would be expected in this situation, by simple
comparison of three equivalent methyl protons to one
nonequivalent methylene proton. However, the observed
difference was much larger than expected (>20-fold). The
much lower NMR peak heights for the propionate resonances
are likely due to exchange broadening, which could arise from
conformational flexibility of these side chains. However,
conformational exchange of the surrounding protein could
also influence peak intensities. Heterogeneity of the surround-
ing protein matrix could affect the absorption spectrum and
quantum yield, as well, so our homogeneous assignments are
not inconsistent with heterogeneous primary photochemistry.
Our data provide good evidence of a protonated cationic
bilin ring system in both photostates. This conclusion is not
surprising for the dark state, because the spectrally and
structurally similar red-absorbing state of phytochrome is also
protonated.*>?”*767880 1 the photoproduct state, we were
able to observe four bilin NH moieties in HSQC spectra
(Figure 6A and Figure S3D of the Supporting Information).
HNCO/HNC,, experiments provide unambiguous assignments
for three of the four. A process of elimination would imply that
the fourth cross-peak corresponds to the protonated NHy
moiety, but other interpretations are possible. We therefore
compared the observed "*C chemical shifts of the bilin 7 system
to values obtained by ab initio calculation. Supporting our
interpretation, this comparison does not favor a deprotonated
neutral bilin ring system. Therefore, two independent lines of
evidence support a protonated cationic bilin ring system in the
photoproduct state of NpR6012g4. A protonated photoproduct
chromophore population was previously observed in AnPixJg2
by resonance Raman spectroscopy 2.>> The demonstration of
such a photoproduct in NpR6012g4 using solution NMR
spectroscopy suggests a conserved mechanism for canonical
red/green CBCRs. However, AnPixJg2 and NpR6012g4 are
closely related. It will thus be interesting to evaluate other
members of this subfamily lacking the conserved “lid Trp”
residue***** as well as members of the second CBCR
subfamily with red/green photocycles, the NpR3784 group.®®
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Our studies do not support the presence of a loosely ordered,
extensively solvated photoproduct in NpR6012g4. Were a
disordered pocket to allow exposure of the chromophore to
bulk solvent, one would expect that the bilin ring system would
have a pK, similar to that under denaturing conditions.
Therefore, the known value of this pK, for denatured
NpR6012g4 [5.8 (from ref S1)] would be comparable to the
value in such a pocket, implying deprotonation of the bilin 7
system in such an environment. The presence of a protonated
cationic photoproduct in both AnPixJg2** and NpR6012g4
(this study) therefore implies the presence of a well-ordered
photoproduct structure without bulk solvation. This inter-
pretation is also consistent with characterization of primary
photoisomerization of the NpR6012g4 photoproduct using
ultrafast pump—probe spectroscopy.”> On an ultrafast time
scale, two subpopulations of the NpR6012g4 photoproduct
were inferred because of excitation wavelength dependence of
the ground-state bleach and stimulated emission bands. The
presence of two subpopulations with such distinct behavior
implies discrete structurally distinct photoproduct subpopula-
tions that remain distinct after initial excitation, whereas a
solvated pocket should instead behave as a single, broad
continuum.

This study does not define a chromophore geometry for
either state in NpR6012g4. The 15Z dark state is spectrally
similar to AnPixJg2 and Cphl, both known to adopt the CS5-
Zsyn C10-Zsyn Cl15-Z,anti geometry.*”®® This spectral
similarity implicates a similar chromophore structure in
NpR6012g4. An equivalent analogy is not available for the
15E photoproduct. TD-DFT calculations on model compounds
show that a C1S5-E,anti geometry provides better agreement
with experiment than a C15-E,syn geometry (Table 2). The
C15-E,anti geometry also has an intrinsically twisted config-
uration because of the steric clash between the C13- and C17-
methyl moieties in this configuration (Table S2 of the
Supporting Information), consistent with the trapped-twist
model for photoproduct tuning (Figure 1A).

We also found that deprotonation of the twisted C15-E,anti
geometry to yield neutral bilin 7 systems does not lead to
predictable results in TD-DFT calculations, in contrast to the
effect of deprotonation on the more planar C15-E,syn geometry
(Table 2 and Table S2 of the Supporting Information).
Deprotonation of the more twisted C15-E,anti geometry is
predicted to yield either a blue shift or a red shift, depending on
the deprotonated neutral tautomer. It therefore seems plausible
that a mix of the two neutral tautomers could result in a green-
absorbing envelope having a peak wavelength similar to that of
the protonated, twisted bilin. Presumably, such a case would
have a broader photoproduct absorption band because of the
two tautomers, but spectral broadening would not be a reliable
indicator of chromophore structure. It may prove that red/
green CBCR photoproducts will not exhibit conserved
protonation states. Such a structural difference could perhaps
play a role in tuning other properties of the CBCR, such as
quantum yield and/or dark reversion rate.

Our data provide information about structural changes in the
NpR6012g4 chromophore-binding pocket upon photoconver-
sion, with changes occurring in C, H, and N atoms. Unlike
carbon chemical shifts, hydrogen and nitrogen chemical shifts
were not reproduced well by ab initio calculations (Figure S14
of the Supporting Information). This is not surprising for bilin
NH moieties, which are hydrogen bonded in available
phytochrome and CBCR structures®***73%%078¢ and hence
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are not described well by gas-phase models. We observe good
agreement between calculation and experiment for carbon
chemical shifts except at C3' and at the propionate side chains,
which are not accurately described by the model compounds
used in calculations (Figure S13 of the Supporting
Information) and hence were omitted from fitting. This good
overall agreement indicates that chemical shifts for bilin carbon
atoms are largely determined by the conjugated system and
configuration of the bilin itself rather than by surrounding
protein—chromophore interactions. Hydrogen chemical shifts
are apparently more sensitive to the surrounding environment,
so they must be interpreted with caution. For example,
chemical shift changes of >0.5 ppm are observed upon
photoconversion for H3 and H3* in NpR6012g4 (Table 1).
Changes of >4 ppm are also seen for C2, C2', and C3, with a
strikingly large change at C3% Such changes could be
interpreted as arising due to movement of the A-ring relative
to the rest of the chromophore, which is seen in TePix].**>°
However, other interpretations are possible. For example, the
A-ring adopts an a-facial disposition in the AnPix] dark state,
but a S-facial disposition in the TePix] photoproduct.*’ The
Cys residue covalently attached to the C3 side chain also
rotates, placing the sulfur atom of the thioether in a different
position relative to the A-ring. The absence of this sulfur results
in poor agreement of calculated and experimental chemical
shifts at C3!, so its movement in the actual protein could
produce changes in chemical shifts of A-ring atoms. Such
rotation of the thioether linkage could also occur without
rotation of the A-ring due to in-plane rotation of the
chromophore upon photoconversion (the rotate step of the
flip-and-rotate model).* Similarly, the downfield change in
chemical shift at H10 could arise through changes in its local
environment, consistent with a larger downfield shift at HI12%.
We therefore view detailed attempts to interpret the observed
chemical shift changes as premature.

Our results do permit comparison between NpR6012g4 and
the cyanobacterial phytochrome Cphl, for which complete
carbon assignments are also available for the PCB chromophore
in both photostates.”>*” Overall, *C chemical shifts are very
similar for the two proteins in their respective red-absorbing
15Z dark states (Figure SISA,B of the Supporting Informa-
tion). Surprisingly, the '*C chemical shifts for the two
photoproduct states are also very similar (Figure SISC,D of
the Supporting Information), despite their distinct absorption
properties. To compare chemical shift changes upon photo-
conversion for these two proteins, we calculated (8,5, — &;55)*/
815z for each C atom in the 7z system (Figure 14). This
unsigned measure was used to focus on the magnitude of
change compared to the dark-state chemical shift. Strikingly,
changes in Cphl are largely localized to the vicinity of the C15
methine bridge and the bilin D-ring, whereas the largest
changes in the NpR6012g4-conjugated system occur at CS,
C10, and C18. It is tempting to interpret changes at CS and
C10 in terms of ring rotation, particularly given the apparent
insensitivity of bilin ring carbons to their surrounding
environment. However, other interpretations exist. In the
trapped-twist model, the D-ring is proposed to be deconjugated
to produce the photoproduct blue shift. Such deconjugation
would change the bond orders of the rest of the conjugated
system, which would be expected to produce changes in
chemical shifts. Chromophore movement within the pocket
would also produce changes in the sterically favored
configurations adopted by the bilin chromophore, for instance
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Figure 14. Changes in chemical shift upon photoconversion for
NpR6012g4 and Cphl. Changes in chemical shift were calculated as
(8157 — 6155)*/ 815, for NpR6012g4 (green) and Cphl (brick red).>>*
Values for the 7 system are shown, starting with C4 (far left) and
ending with C18 (far right). Rings and methine bridges are indicated.

in the allowed values for the dihedral angles of the formal 5,6-
and 14,15-single bonds. The observed changes are not
consistent with more drastic changes in chromophore structure.
For example, formation of a second protein—chromophore
linkage produces much greater changes in chemical shift.®

Interpretation of the surprising similarity between carbon
chemical shifts of the NpR6012g4 and Cphl photoproducts is
not straightforward. The known C15-E,anti configuration of the
Cphl P, state® implicates some degree of steric clash between
the C13- and C17-methyl groups, as is seen in our gas-phase
geometries. It is possible that phytochromes have some means
of alleviating this steric clash that is not used by CBCRs, such as
an in-plane stretch of the C14—C15—C16 bond angle. Such a
motion could effectively extend the length of the conjugated
system by stretching the bilin chromophore, leading to the
characteristic photoproduct red shift of phytochromes. Were
such a motion to be stabilized by structural changes in the
conserved “tongue” supplied by the phytochrome PHY
domain,*”®*® it would not be seen in CBCRs. In addition to
providing new information about chromophore structure in
NpR6012g4, our studies thus highlight the importance of
protein—chromophore interactions around the photoactive D-
ring in producing the far-red-absorbing photoproduct of
phytochrome.
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ALA, 6S-aminolevulinic acid; CBCR, cyanobacteriochrome;
CBD, chitin-binding domain; CCA, complementary chromatic
acclimation; COSY, correlation spectroscopy; ct-HSQC,
constant-time HSQC; EDTA, ethylenediaminetetraacetic acid;
FaRLiP, far-red light photoacclimation; HCCH-COSY, pro-
ton—carbon—carbon—proton COSY; HCCH-TOCSY, pro-
ton—carbon—carbon—proton TOCSY; HMBC, heteronuclear
multiple-bond correlation; HMQC, heteronuclear multiple-
quantum coherence; HNCA, proton—nitrogen—Ca; HNC,,
proton—nitrogen—aromatic carbon; HNCO, proton—nitro-
gen—carbonyl carbon; HSQC, heteronuclear single-quantum
coherence; LR-HMQC, long-range HMQC; NMR, nuclear
magnetic resonance; NOE, nuclear Overhauser effect; NOESY,
NOE spectroscopy; PCB, phycocyanobilin; P,, red-absorbing
15Z dark state of phytochrome; P, far-red-absorbing 1SE
photoproduct state of phytochrome; SAR, specific absorbance
ratio; TD-DFT, time-dependent density functional theory;
TMS, tetramethylsilane; TOCSY, total correlation spectrosco-
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