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ABSTRACT: Cyanobacteriochromes (CBCRs) are cyanobac-
terial photosensory proteins distantly related to phytochromes.
Like phytochromes, CBCRs reversibly photoconvert between
a dark-stable state and a photoproduct via photoisomerization
of the 15,16-double bond of their linear tetrapyrrole (bilin)
chromophores. CBCRs provide cyanobacteria with complete
coverage of the visible spectrum and near-ultraviolet region.
One CBCR subfamily, the canonical red/green CBCRs
typified by AnPixJg2 and NpR6012g4, can function as sensors
of light color or intensity because of their great variation in
photoproduct stability. The mechanistic basis for detection of green light by the photoproduct state in this subfamily has proven
to be a challenging research topic, with competing hydration and trapped-twist models proposed. Here, we use 13C-edited and
15N-edited 1H−1H NOESY solution nuclear magnetic resonance spectroscopy to probe changes in chromophore configuration
and protein−chromophore interactions in the NpR6012g4 photocycle. Our results confirm a C15-Z,anti configuration for the
red-absorbing dark state and reveal a C15-E,anti configuration for the green-absorbing photoproduct. The photoactive
chromophore D-ring is located in a hydrophobic environment in the photoproduct, surrounded by both aliphatic and aromatic
residues. Characterization of variant proteins demonstrates that no aliphatic residue is essential for photoproduct tuning. Taken
together, our results support the trapped-twist model over the hydration model for the red/green photocycle of NpR6012g4.

Photosynthetic organisms use photosensory proteins to
optimize their metabolism in response to a wide range of

photobiological cues. In addition to changes in light intensity
during the diurnal cycle, such cues can also include the ambient
color and transient changes in intensity caused by shading of a
terrestrial organism or vertical mixing of a marine alga.1−5 In
cyanobacteria, changes in ambient color can give rise to changes
in the light-harvesting phycobilisome antennae via processes
such as CCA (complementary chromatic acclimation to green
or red light) and FaRLiP (far-red-light photoacclimation).6,7

Such processes are thought to be controlled by photoreceptors
belonging to the phytochrome superfamily.6−9 These cyano-
bacterial photosensors include not only red/far-red phyto-
chromes related to those of land plants, fungi, other bacteria,
and eukaryotic algae10−13 but also distantly related cyanobac-
teriochrome (CBCR) photoreceptors.14 FaRLiP is thought to
be regulated by the red/far-red phytochrome RfpA, whereas
CCA is regulated by the CBCRs CcaS or RcaE, depending on
the species.6−9 CBCRs also regulate phototaxis and biofilm
formation in cyanobacteria,15−21 and these photoreceptors
provide complete coverage of the visible spectrum and the
near-ultraviolet region.14,22−25 CBCRs can also function as
broadband sensors of light intensity.25

This spectral diversity makes phytochromes and CBCRs a
tempting target for application in synthetic photobiology.26−28

Because CBCRs exhibit such great diversity of photocycles,
they hold the promise of allowing a researcher to quickly
change the color sensitivity of a synthetic circuit or replace a
color sensor with an intensity sensor. However, there remain
several roadblocks for such applications. For example, general
strategies for constructing CBCR-based synthetic systems are
still being developed. There is also not a general approach for
changing the color sensitivity of such systems, either by
swapping the CBCR or by changing the color sensitivity of a
given CBCR domain.29 Advances on such problems require an
improved understanding of the mechanisms these proteins use
to detect given colors of light, to propagate the signal of light
absorption within the CBCR, and to transduce that signal to
the cell.
There are at least six CBCR subfamilies reported to

date.8,14,22,30−33 CBCRs and phytochromes both utilize
covalently attached linear tetrapyrrole (bilin) chromophores
to photoconvert between two photostates with distinct spectral
properties.10,11,34,35 Such proteins can thus sense the ratio
between two spectral bands. Like phytochrome photocycles,
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CBCR photocycles are driven by photoisomerization of the
15,16-double bond of the bilin chromophore between 15Z and
15E configurations.22,24,36−42 However, CBCRs require only a
single, isolated domain of ∼170 amino acids for autocatalytic
chromophore assembly and full, reversible photoconversion.14

Known CBCRs typically bind phycocyanobilin (PCB) as a
chromophore precursor. The initially produced CBCR
holoprotein exhibits a dark-stable state having a 15Z bilin,
with photoconversion yielding a photoproduct having a 15E
bilin. Exceptional CBCRs can incorporate biliverdin as a
chromophore precursor but exhibit the same pattern of
photoisomerization.43 Covalent protonated PCB adducts
intrinsically absorb red and orange light in the 15Z and 15E
configurations, respectively,44 so CBCRs have evolved several
tuning mechanisms for generating spectral diversity. For
example, red/green CBCRs such as AnPixJg2,30,41,45,46

Slr1393g3,47,48 and NpR6012g425,49−52 exhibit a red-absorbing
15Z dark state and a green-absorbing 15E photoproduct
(Figure 1A). The PCB chromophore is blue-shifted relative to
the free chromophore in the photoproduct state of these
CBCRs,25,44,52 and this blue-shifting is proposed to arise due to
trapping of the photoproduct chromophore in a twisted,
sterically hindered geometry (Figure 1B).52,53 Other models for

this blue shift have also been proposed.25,46 In particular, a
recent study applying resonance Raman spectroscopy and
molecular dynamics simulations to AnPixJg2 proposed that
photoproduct tuning arose due to movement of a conserved
“lid Trp” residue, followed by extensive solvation of the
photoproduct.46

Work on spectral tuning of CBCRs has successfully
e l u c i d a t e d c h a n g e s i n c h r om o p h o r e s t r u c -
ture.22−25,31,32,36,39,41,44−46,54,55 In some cases, specific amino
acids have been identified as being essential for a given tuning
mechanism or photocycle.22−24,31,33,36,44,48,52 However, little is
known about how protein−chromophore interactions change
during photoconversion. Structural information for both
photostates is available for only the blue/green CBCR TePixJ
from Thermosynechococcus elongatus,40−42 a member of the
DXCF subfamily.10,24,36 Secondary structure information is
available for both photostates of the violet/orange CBCR
NpF2164g3 from Nostoc punctiforme,55,56 belonging to the
inset-Cys subfamily.22 Comparison of the NpF2164g3 secon-
dary structure with that of TePixJ led to a proposed model for
signal propagation.55 Much less is known about other CBCR
subfamilies, with only a crystal structure for AnPixJg2 in the
dark state reported to date.41 More information must be
obtained if conserved signaling mechanisms are to be identified.
NpR6012g4 provides an attractive system for expanding our

understanding of CBCR structure and function. It can be
obtained in high yield, and it is known to exhibit exceptionally
high quantum yields for primary photoisomerization compared
to those of other phytochromes and CBCRs.49−51,57,58

Extensive site-directed mutagenesis of this protein has
identified residues that are important for spectral tuning of
both photostates, including a conserved Phe residue
(Phe634).52 We have recently used a series of isotopically
labeled NpR6012g4 samples (Figure 1C and Table S1 of the
Supporting Information) to generate complete assignments of
the C, H, and N atoms of the PCB chromophore in both
photostates of NpR6012g4 (Tables S2 and S3 of the
Supporting Information) using solution NMR spectroscopy.59

This work established that the chromophore is protonated in
both photostates, a result consistent with the trapped-twist
model for photoproduct tuning. It also lays the groundwork for
the study of protein−chromophore interactions and protein
dynamics in NpR6012g4 using solution NMR techniques,
ultimately leading to the determination of solution structures at
atomic resolution.
Here, we have applied 1H−1H nuclear Overhauser effect

spectroscopy (NOESY) to these isotopically labeled
NpR6012g4 samples to examine chromophore configuration
and protein−chromophore interactions. These studies confirm
the C15-Z,anti configuration for the dark-state chromophore
predicted by the AnPixJg2 crystal structure41 and establish a
C15-E,anti configuration for the photoproduct (Figure 1B).
The photoproduct D-ring makes extensive close contacts with
the protein in the photoproduct state, including contacts from
the 18-ethyl group and the D-ring NH moiety to aliphatic and
aromatic residues. Analysis of additional variant proteins
containing single substitutions at aliphatic residues demon-
strated that these residues are not essential for photoproduct
tuning. Our studies support the trapped-twist model for
photoproduct tuning and provide information that will
ultimately lead to the determination of solution structures for
NpR6012g4.

Figure 1. Trapped-twist red/green photocycle of NpR6012g4. (A)
Absorption spectra of NpR6012g4 in the 15Z red-absorbing dark state
(blue trace) and the 15E green-absorbing photoproduct (orange
trace). (B) Structure of the phycocyanobilin (PCB) chromophore of
NpR6012g4 in the proposed trapped-twist photocycle. (C) PCB
numbering scheme for the dark state. Partial labeling patterns used in
this study are indicated.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00438
Biochemistry 2015, 54, 3772−3783

3773

http://dx.doi.org/10.1021/acs.biochem.5b00438


■ MATERIALS AND METHODS

Preparation of NpR6012g4. Expression, purification, and
photoconversion of isotopically labeled NpR6012g4 have been
described previously.59 Variant proteins were constructed by
site-directed mutagenesis using the QuikChange mutagenesis
system (Stratagene) and the previously described NpR6012g4
intein−CBD fusion construct.51,52 NpR6012g4 variants were
recombinantly expressed in Escherichia coli engineered for
coproduction of PCB60 and were purified as previously
described.33,51,52 Purified variant proteins were characterized
using absorbance spectroscopy and acid denaturation as-
says.25,52,61,62 Photoconversion was triggered by illumination
from above with a 75 W xenon source passed through a water
filter and then through bandpass filters.61 Bandpass filters used
for triggering photochemistry were 650 nm (center) and 40 nm
width (fwhm), 580 and 40 nm, 550 and 70 nm, and 500 and 25
nm. Purified protein was analyzed by SDS−PAGE using
standard procedures and apparatus (Bio-Rad) followed by
semidry transfer to PVDF membranes, staining with amido
black for visualizing total protein, and zinc blotting63 to confirm
the presence of covalently bound bilin (Figure S1 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,55,56 with spectral acquisition at 298 K.
NMR data were processed using the NMRPipe software
package64 and analyzed using SPARKY (www.cgl.ucsf.edu/
home/sparky).

1H−13C and 1H−15N Correlation Spectroscopy. Bilin
proton resonances attached to 13C were selectively detected by
isotope-edited correlation NMR experiments with WATER-
GATE solvent suppression.65 The experimental parameters
used for conventional 1H−13C and 1H−15N correlation NMR
experiments have been described previously: 13C(F2-edited)
NOESY-HSQC,66 13C(F2-edited and F3-filtered) NOESY-
HSQC,67 15N-edited NOESY-HSQC,68 and 13C(F1-
edited)/15N(F3-filtered) NOESY-HSQC.66,67 The NOE mix-
ing time in all 13C/15N-edited NOESY-HSQC experiments was
120 ms.

■ RESULTS

NOESY Analysis of the NpR6012g4 Dark State. We
have previously determined complete assignments for the C, H,
and N atoms of the NpR6012g4 chromophore in both
photostates,59 using a series of isotopically labeled samples
(Tables S1−S3 of the Supporting Information). These
assignments and samples allow the use of NOESY spectroscopy
to probe the local environment of individual bilin H atoms
using 13C- or 15N-edited 1H−1H NOESY spectroscopy.
Intrachromophore interactions between bilin protons could
be identified using the known chemical shifts of those protons
(Table S3 of the Supporting Information) in combination with
established edited and edited/filtered NOESY techniques.66,67

We began with partially labeled samples (Figure 1C). These
samples would potentially allow us to detect protons near H3
[C4-ALA labeling (Table S1 of the Supporting Information)],
the three methine bridges (C5-ALA), and the four NH protons
(15N-ALA). For characterization of the 15Z dark state, the C5-
ALA sample was exchanged into D2O to avoid overlap of the
water signal (4.8 ppm) with that of H15 (4.3 ppm). In the 15Z
dark state, H3 exhibited NOESY cross-peaks to other A-ring

protons (Figure 2A), to H5, and to protein resonances (Tables
1 and 2). H5 exhibited strong NOESY cross-peaks to H32 and

H71 (Figure 2B), consistent with a C5-Z,syn configuration of
the A- and B-rings (see Discussion). For H10, only cross-peaks
to the bilin propionate side chains could be detected, whereas
H15 exhibited robust cross-peaks both to H171 and to several
protein resonances (Figure 2B). The C-ring NH moiety
exhibited a single cross-peak to an aliphatic protein proton
(Figure 2C). NHD exhibited cross-peaks to protein and/or
water resonances and to H131 on the C-ring (Figure 2C). The
proximity of H131 and NHD is consistent with a C15-Z,anti
configuration in the dark state (see Discussion).
We next performed two-dimensional (2D) 13C-edited

1H−1H and 13C-edited/13C-filtered 1H−1H NOESY experi-
ments on the globally labeled sample (Figure 3A). The
combination of edited and edited/filtered spectra provided

Figure 2. Assignment of 1H−1H NOESY contacts in partially labeled
NpR6012g4 samples. (A) NpR6012g4 labeled with C4-ALA in the
dark state. (B) NpR6012g4 labeled with C5-ALA in the dark state. (C)
NpR6012g4 labeled with 15N-ALA in the dark state. (D) NpR6012g4
labeled with C4-ALA in the photoproduct state. (E) NpR6012g4
labeled with C5-ALA in the photoproduct state. (F) NpR6012g4
labeled with C5-ALA in the photoproduct state, in D2O. The circled
resonance in panel E matches the chemical shift of NHD and is lost
upon D2O exchange. (G) NpR6012g4 labeled with 15N-ALA in the
photoproduct state. Two-dimensional 15N-edited NOESY-HSQC
spectra used 15N and 1H (F1 and F2) carrier frequencies of 140 and
4.70 ppm and acquisition times of 25 (F1) and 200 ms (F2),
respectively. Two-dimensional 13C-edited NOESY-HSQC spectra
used 13C and 1H (F1 and F2) carrier frequencies of 100 and 4.70
ppm and acquisition times of 25 (F1) and 200 ms (F2), respectively.
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information about potential cases in which protein−chromo-
phore interactions and intrachromophore interactions over-
lapped. We used this information and the known C and H
assignments (Tables S2 and S3 of the Supporting Information)
to interpret the three-dimensional 13C-edited 1H−1H NOESY
spectra of the dark state (Figure 4). Extensive interactions were
observed among the A-ring protons (H2, H21, H3, H31, and
H32). H21 also exhibited weak cross-peaks potentially matching
the chemical shifts of H5 and NHA, but reciprocal contacts
could not be detected; therefore, these interactions are not
confirmed. Reciprocal cross-peaks were observed among H31,
H2, and H21, but cross-peaks between H31 and H5 were not
observed (Figures 2 and 4). These results are consistent with
the stereochemistry of the covalent protein−chromophore
linkage at C31 observed in the AnPixJg2 crystal structure.41

Reciprocal cross-peaks from H32 and H71 to H5 were observed.
H71 and H131 also exhibited cross-peaks to the propionate side
chains, but the only cross-peaks observed from those side
chains were cross-peaks between the nonequivalent H82

protons. Extensive protein−chromophore interactions were
observed for H21, H32, H71, and H131. H131 also exhibited a
reciprocal cross-peak to the D-ring NH. Multiple protein cross-

peaks were detected for all D-ring side-chain protons (H171,
H182, and the nonequivalent H181 protons). These protons
also exhibited cross-peaks to each other. H171 exhibited a
reciprocal cross-peak to H15, consistent with the C15-Z,anti
configuration observed in the crystal structure of the related
red/green CBCR AnPixJg2 in the dark state (see Discussion).41

NOESY Analysis of the NpR6012g4 Photoproduct. We
next analyzed NOESY spectra for the NpR6012g4 photo-
product, beginning with partially labeled samples (Figure 2D−
G and Figure S2 of the Supporting Information). H3 again
exhibited cross-peaks to the other A-ring protons (Figure 2D).
The cross-peak to H2 was partially overlapped by the diagonal
signal from H3, but it was confirmed using a 13C-edited/filtered
1H−1H NOESY spectrum (Figure S2A of the Supporting
Information). Prior to D2O exchange, no cross-peaks could be
detected for the H5 and H10 methine protons (Figure 2E).
Several cross-peaks to H15 were observed, including a
downfield cross-peak matching the known chemical shift of
the NHD proton [9.9 ppm (Table S3 of the Supporting
Information)]. Protein N atoms were labeled with 15N in this
sample (Table S1 of the Supporting Information), permitting
further characterization of this resonance. The cross-peak at 9.9

Table 1. Intrachromophore NOESY Contacts in NpR6012g4

froma H2 H21 H3 H31 H32 NHA H5 H71 8-12b H131 H15 H171 H181a H181b H182 NHD

H2 Z,E Z,E Z Z,E
H21 Z,E Z,E Z,E Z,E Z? Z,E
H3 Z,E Z,E Z Z,E Z,E Z
H31 Z Z Z Z
H32 Z,E Z,E Z,E Z,E Z Z
NHA

H5 E E Z,E Z,E
H71 Z,? Z Z,E prop?
8-12b prop
H131 prop E Z
H15 E Z,E E
H171 E Z,E Z,? ?,E Z,E
H181a Z,? Z,E Z,E
H181b E Z,E Z,E
H182 Z,E Z,E Z,E
NHD Z E

aThe left-hand column contains the atom on the diagonal of the NOESY strip; “Z” and “E” refer to NOESY cross-peaks in the dark-state and
photoproduct spectra, respectively. Ambiguous assignments indicated with a question mark cannot be resolved because of similar 13C shifts. b8-12
includes contacts to and from both propionates and H10; contacts to propionates are indicated by “prop” and are not reported in more detail.

Table 2. Chromophore−Protein Contacts in the NpR6012g4 Dark State

atom NOESY cross-peak (ppm)

H21 −0.8 0.3 0.8 0.95 1.2 2.2 2.4 3.9 4.4 4.8 5.8 7.0 7.3 10 12.2
H2 0.3 4.4
H32 0.3 0.6 0.95 3.9 4.2 4.4 4.8
H3 1.3 2.2 3.8
H5 3.8
H71 1.3 3.9 4.2 4.8 6.6
NHC −0.2 0.5 2.1 7.1
H131 0.7 1.0 1.6 4.8 6.8 7.3 8.9
H15 0.4 2.0 2.7 7.0
NHD −0.2 0.6 6.9
H171 1.1 3.2 7.2 8.6
H181a 7.2
H181b 7.2 9.3
H182 1.6 2.4 4.7 5.6 6.5 7.2 8.7 9.3
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ppm was not suppressed in a 13C-edited/15N-filtered 1H−1H
NOESY spectrum (Figure S2B of the Supporting Information)
and was not observed in a 15N-edited 1H−1H NOESY
spectrum (Figure S2C of the Supporting Information), ruling
out a protein NH proton. This cross-peak was lost on D2O
exchange (Figure 2F), ruling out a downfield CH proton.
Moreover, a cross-peak from NHD [9.9 ppm (Table S3 of the
Supporting Information)] to H15 was observed (Figure 2G).
Taken together, these results implicate the 9.9 ppm cross-peak
from H15 as the NHD proton and reveal reciprocal NOESY
cross-peaks between H15 and NHD in the NpR6012g4
photoproduct. The proximity of H15 and NHD is consistent
with a C15-E,anti configuration in the photoproduct (see
Discussion).
We extended these results with 2D 13C-edited/filtered and

three-dimensional (3D) 13C-edited 1H−1H NOESY experi-
ments on the globally labeled photoproduct (Figures 3B and
5). A NOESY strip corresponding to the H31 proton was not
detected. Cross-peaks to H31 were detected from H21 and H32,
as in the dark state, but also from H5 (Figure 2F). The other A-
ring protons exhibited cross-peaks to each other. H3 and H71

both exhibited cross-peaks to H5 (Figure 5), and reciprocal
peaks were observed in the sample labeled with C5-ALA
(Figure 2F). Extensive protein−chromophore cross-peaks were
observed for H21 and H32 (Figure 5). H131 and H171 exhibit

reciprocal cross-peaks in the photoproduct state, with H171 also
exhibiting cross-peaks to the protons of the C18-ethyl side
chain (Table 1). Extensive protein cross-peaks are seen for
H131, H171, the 18-ethyl protons, and the D-ring NH proton
(Figures 2G and 5 and Table 3). The proximity of H131 and
H171 is once again consistent with a C15-E,anti configuration
in the photoproduct (see Discussion).

Spectral Tuning of the NpR6012g4 Photoproduct Is
Dominated by Aromatic Residues. NOESY cross-peaks to
D-ring protons were detected for both aromatic and aliphatic
protons [chemical shifts of ∼6−8 ppm and −2 to 3.5 ppm,
respectively (Figure 5)]. Aromatic cross-peaks were expected
for the dark state, given the proximity of Phe and Tyr residues
to the bilin D-ring in the AnPixJ crystal structure.41 Conserved
Phe residues are essential for photoproduct tuning of red/green
CBCRs,33,52 consistent with the proximity of aromatic protons
to the chromophore D-ring in the photoproduct. However,
aliphatic residues have not been shown to be important for
spectral tuning of the NpR6012g4 photoproduct.52 We
therefore used the AnPixJ crystal structure41 to locate bulky
aliphatic residues whose side chains were within 6 Å of the bilin
D-ring (Figure 6). Five such residues were identified,
corresponding to Leu660, Leu692, Val697, Ile702, and
Leu714 in NpR6012g4. Variant proteins containing substitu-
tions for Leu660 have been previously reported and do not
exhibit effects on photoproduct tuning.33,52 We also considered
the possibility of a rearrangement on the α face of the bilin ring
system (following the convention of refs 31, 61, and 69),
consistent with the α-facial disposition of the chromophore D-
ring in red/green CBCRs and with the variable effects of
substitutions for His688.25,51,52 These observations implicated
Ile689 and Ile691 as other potentially relevant residues. We
therefore constructed six variant proteins containing single
substitutions (I689A, I691A, L692A, V697A, I702A, and L714F).
These variant proteins exhibited only slight effects on the

peak absorption of either photostate (Figure 7 and Table 4).
The characteristic red-shifted photoproduct absorption ob-
served upon mutagenesis of Phe634 [F634V variant (Table 4)]52

was not observed in any of these NpR6012g4 variants. Modest
photoproduct red shifts were observed for I689A and L714F
NpR6012g4 (Figure 7A,B). Slight photoproduct blue shifts
were seen for I691A, L692A, and I702A variant NpR6012g4
proteins (Figure 7C−E and Table 4). The photoproduct
spectrum of V697A NpR6012g4 was equivalent to that of wild-
type NpR6012g4 (Figure 7F and Table 4). All of the observed
photoproduct absorption maxima for these NpR6012g4
variants were within the observed range of photoproduct
absorption maxima for wild-type red/green CBCRs (Figure 7,
dashed lines, ref 25). We conclude that these aliphatic residues
are not critical determinants for photoproduct tuning in
NpR6012g4. Multiple substitutions at these positions could
yet reveal a role in photoproduct tuning for the ensemble of
aliphatic residues, and these residues could also be more
important in other red/green CBCRs. By contrast, substitution
of a smaller residue (Ala or Val) for Phe634 or its equivalent in
the red/green CBCR NpR5113g2 resulted in significant
photoproduct red shifts such that the photoproduct absorption
maxima fall out of the observed “wild-type” range,52 emphasiz-
ing the essential role for this residue in photoproduct tuning.

■ DISCUSSION
We have examined the red/green CBCR NpR6012g4 using
NOESY spectroscopy. Our previous assignment of chromo-

Figure 3. Characterization of NpR6012g4 using 13C-edited 1H−1H
NOESY. 13C-edited (red/pink) and 13C-edited, 13C-filtered (blue/
green) 1H−1H NOESY spectra are overlaid for the (A) dark state and
(B) photoproduct. Both two-dimensional 13C-edited NOESY-HSQC
spectra and 13C-edited/15N,13C(F2-filtered) NOESY-HSQC spectra
were acquired with 15N, 13C, and 1H (F1 and F2) carrier frequencies of
140, 40, and 4.70 ppm, respectively. The two-dimensional acquisition
times were 25 (F1) and 200 ms (F2).
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phore C, H, and N atoms59 allows us to probe the environment
of individual bilin protons, detecting both bilin−bilin and
protein−bilin interactions. Both aliphatic and aromatic residues
are found to be proximal to the D-ring in the photoproduct
state, but aliphatic residues are not essential for photoproduct
tuning. These studies provide constraints that define changes in
chromophore configuration upon photoconversion and yield
new information about protein−chromophore interactions
during the red/green photocycle.
Chromophore Configuration in the NpR6012g4

Photocycle. The detected bilin−bilin H−H cross-peaks

allow us to determine the configuration of the C5 and C15
chromophore methine bridges (Figure 8). Several interactions
across these bridges are observed in both photostates (Figures
4and 5, red labels), and changes in these interactions also
provide a direct demonstration of the chromophore geometry
in the photoproduct. Across the C5 methine bridge, cross-peaks
are observed from H3 to H5 and from H71 to H5 in both
photostates (Figure 9). There are also cross-peaks from H71 to
H3 and from H5 to H32 and H71 in both photostates,
supporting the C5-Z,syn configuration for both photostates
(Figure 8).
However, there are changes upon photoconversion in the

observed cross-peaks at the A-ring. A reciprocal cross-peak
between H71 and H32 is seen in the dark state but is absent in
the photoproduct. There is also evidence of movement of the
H31 proton, which exhibits cross-peaks from H2 and H3 only
in the dark state. In the photoproduct state, H31 exhibits a
cross-peak from H5 not observed in the dark state (Figure 9).
These observations are consistent with rotation of the covalent
linkage at C31 relative to the bilin A-ring about the C3−C31
bond, with concomitant rotation of the C32 methyl group and
H31. The stereochemistry of the covalent linkage can also be
inferred from the absence of an H5−H31 cross-peak and the
presence of H2−H31 and H21−H31 cross-peaks in the dark
state. These cross-peaks are consistent with the observed
disposition of the reactive Cys residue and the C3 side chain in
the AnPixJg2 crystal structure.41

The observed bilin−bilin NOESY cross-peaks across the C15
methine bridge provide direct evidence of photoisomerization
of the 15,16-double bond of the bilin chromophore (Figure 10)
and for a C15-E,anti chromophore configuration in the
photoproduct (Figure 8B). Reciprocal H131−NHD and H15−
H171 cross-peaks are seen in the 15Z dark state. These results
are consistent with the C15-Z,anti configuration also seen in
AnPixJg241 (Figure 8A). In the photoproduct, reciprocal H15−
NHD and H131−H171 cross-peaks are observed. These
interactions are consistent with a C15-E,anti configuration

Figure 4. Characterization of the dark state using three-dimensional 13C-edited 1H−1H NOESY. Strips are shown for the indicated PCB protons,
with intrachromophore contacts indicated. Red highlights indicate contacts useful in assigning the configuration of the C5 and C15 methine bridges.
The 13C (F2) and

1H (F1 and F3) carrier frequencies were 40 and 4.70 ppm, respectively. The three-dimensional acquisition times were 25 (F1), 10
(F2), and 200 ms (F3). Propionate side-chain peaks (prop) are not individually designated.

Figure 5. Characterization of the photoproduct using 3D 13C-edited
1H−1H NOESY. Strips are shown for the indicated PCB protons, with
intrachromophore contacts indicated. Spectral parameters and labeling
are identical to those of Figure 4.
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(Figure 8B) rather than a C15-E,syn configuration. Interest-
ingly, an H15−H131 cross-peak is observed in the photo-
product as well (Figure 10). This may arise due to twisting of
the C15 methine bridge, as predicted by the trapped-twist
model (Figure 1B). C15-E,anti geometries exhibit considerable
twisting of the formal 14,15-single bond.59 Moreover, ab initio
calculations of such geometries show better agreement than
with the experimental peak absorption of 15E NpR6012g4 than
do equivalent calculations on C15-E,syn geometries.59 We
therefore assign the chromophore configuration in the
NpR6012g4 photoproduct as twisted C15-E,anti, consistent
with the original proposal of Narikawa, Ikeuchi, and
colleagues.30 Such a twisted C15-E,anti geometry is also
sufficient to explain the characteristic photoproduct blue shift
of NpR6012g4 and related CBCRs,59 and our data do not
provide unambiguous evidence of rotation about the other
methine bridges. We therefore favor the minimal interpretation
that the photoproduct chromophore adopts a C5-Z,syn C10-
Z,syn C15-E,anti configuration in NpR6012g4.
Changing Protein−Chromophore Interactions in the

NpR6012g4 Photocycle. The NOESY spectra also contain
bilin−protein cross-peaks. Although we cannot yet identify the
protein protons involved, their chemical shifts nevertheless
provide information about the types of residues involved.70 For
example, side-chain C−H protons from aliphatic residues
typically exhibit upfield chemical shifts of ≤3.5 ppm, whereas

those from aromatic residues are typically downfield at 6−8
ppm. Thus, H32 exhibits probable cross-peaks to aliphatic
protons in the dark state that are lost in the photoproduct, with
the photoproduct H32 instead exhibiting cross-peaks to
aromatic protons (Figure 9). Multiple protein−chromophore
cross-peaks are lost at H2 and H21 upon photoproduct
formation. Although this could be viewed as being caused by A-
ring rotation, it is also consistent with movement of the A-ring
and surrounding protein residues relative to each other. The
latter hypothesis is supported by a similar loss of protein−
chromophore cross-peaks on the B-ring at H71 and by
retention of H5−H32 and H5−H71 cross-peaks upon photo-
conversion (Figure 8). The net loss of protein−chromophore
interactions at the A- and B-rings in the photoproduct state
would also seem to be inconsistent with trapping of a twisted
A-ring configuration in this state.
Rotation about C10 is also consistent with the net loss of

protein−chromophore interactions at the A- and B-rings and
retention of configuration at C5. However, it is energetically
disfavored relative to rotations about C5 and C15 in bilins with
unsaturated C10 bridges.71 Such a rotation would also require
large-scale rearrangement of the surrounding protein, because
the A-ring is covalently attached to the protein at C31 and the
D-ring is more sterically crowded in red/green CBCRs than in
phytochromes.41,52 Moreover, such a rotation would be
expected to have pronounced effects on the peak absorption
of the chromophore. This study demonstrates formation of a
C15-E,anti geometry in the photoproduct (see above), and
such geometries are sufficient to explain the observed peak
absorption without additional rotations.59 We therefore
conclude that movements about the C10 methine bridge are
likely to be minor. The observed changes in protein−
chromophore cross-peaks at the A- and B-rings thus would
reflect movement of the chromophore relative to the
surrounding protein (as in the flip-and-rotate model for
phytochrome photoconversion)38,72 and/or rotation of the
covalent linkage at C31 relative to the chromophore A-ring.
Extensive changes in protein−chromophore cross-peaks are

seen for the C- and D-rings (Figure 10). These include
examples in which cross-peaks may be shifting upon photo-
conversion and examples in which cross-peaks appear or
disappear upon photoconversion (Figure 10, magenta boxes).
All three patterns can be seen for H182: peaks at 4−8 ppm
could be shifting, but cross-peaks seen in the dark state at 8−10
ppm are lost upon photoconversion and peaks at −2 to 0 ppm
appear upon photoconversion. Remarkably, several protein−

Table 3. Chromophore−Protein Contacts in the NpR6012g4 Photoproduct

atom NOESY cross-peak (ppm)

H21 0.8 1.5 1.7 1.9 2.3 4.3 4.8
H2 2.3
H32 1.9 2.3 3.9 4.2 4.8 7.3 7.9 8.7
H3 4.3
H5 4.2
H71 1.2 4.8
H131 0.3 0.7 2.2 6.8
H15 2.2 3.0 4.8
NHD 0.9 1.5 2.2 6.7 7.1 8.6
H171 0.8 4.8 6.2 6.8
H181a −0.6 0.8 3.9 6.8 7.1
H181b −0.9 −0.6 0.9 6.8 7.1
H182 −0.9 −0.6 0.8 1.2 3.0 3.9 4.5 6.0 6.8 7.1 7.6

Figure 6. Identification of candidate aliphatic residues. The AnPixJg2
dark-state crystal structure (Protein Data Bank entry 3W2Z)41 is
shown. All Leu, Ile, Val, and Met residues within 6 Å of the
chromophore D-ring or H15 are shown in ball-and-stick representa-
tion and labeled. Leu95, Leu127, Ile132, Ile137, and Leu149
correspond to Leu660, Leu692, Val697, Ile702, and Leu714 in
NpR6012g4, respectively. This figure was prepared using VMD.73
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chromophore cross-peaks are observed for the D-ring NH
proton. The detection of extensive NOESY cross-peaks for the
photoproduct D-ring protons (Figure 10) is not consistent with
a disordered, solvated chromophore binding pocket, because
these protons should be in fast exchange in such an
environment. Such rapidly exchanging protons would not be
amenable to NOESY analysis, here performed with a mixing
time of 120 ms. We readily observed both aliphatic and
aromatic cross-peaks for NHD, indicating that this moiety is in a
hydrophobic environment with slow exchange. Aliphatic

interactions are also seen for H15 and for the 18-ethyl side
chain. Thus, the chromophore D-ring resides in a hydrophobic,
slowly exchanging environment generated by both aliphatic and
aromatic amino acids.
The proximity of the photoproduct D-ring to aromatic

protons is not surprising, because Phe634 is essential for
photoproduct tuning in NpR6012g4.52 The equivalent Phe
residue is also essential for proper photoproduct tuning in
another red/green CBCR, NpR5113g2.52 The proximity of
aliphatic amino acids to the D-ring raised the possibility that
such residues might also be essential for photoproduct tuning.
However, none of the six aliphatic residues tested were essential
for the formation of the green-absorbing photoproduct (Figure

Figure 7. Characterization of variant NpR6012g4 proteins. (A) I689A
NpR6012g4 is shown in the 15Z (blue) and 15E (orange) photostates.
(B) L714F NpR6012g4 is shown in the color scheme of panel A. (C)
I691A NpR6012g4 is shown in the color scheme of panel A. (D) L692A
NpR6012g4 is shown in the color scheme of panel A. (E) I702A
NpR6012g4 is shown in the color scheme of panel A. Vertical dashed
lines indicate the observed range of photoproduct peak wavelengths
for wild-type red/green CBCRs from N. punctiforme (528−556 nm),25
and arrowheads indicate the wild-type peak wavelength for
NpR6012g4 (Table 4).

Table 4. Characterization of NpR6012g4 Variant Proteinsa

NpR6012g4 variant 15Z λmax (nm) 15E λmax (nm) native SAR

none (wild-type)b 650 542 0.98
F634V

b 650 576 0.68
I689A 652 544 1.17
I691A 650 536 1.05
L692A 650 538 0.48
V697A 652 542 0.83
I702A 654 538 0.99
L714F 652 556 0.51

aSAR (specific absorbance ratio) was calculated as (peak red band
absorption)/(peak 280 nm absorption). All peak wavelengths are
derived from absorption spectra unless otherwise noted. bValue from
ref 52.

Figure 8. Changing bilin−bilin contacts in the NpR6012g4 photo-
cycle. Intrachromophore contacts observed in 13C-edited and 15N-
edited 1H−1H NOESY spectra are shown for the (A) dark state and
(B) photoproduct. Reciprocally observed contacts are colored blue,
whereas contacts observed in only one direction and contacts that are
ambiguous because of spectral overlap are colored gray.
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7 and Table 4). In the absence of an atomic-resolution
photoproduct structure, we cannot rule out rearrangement of
the D-ring pocket such that some unknown residue becomes
much closer to the chromophore in the photoproduct than it is
in the dark state. However, Phe634 is essential for photo-
product tuning in NpR6012g4,52 and the equivalent residue
closely packs with the 18-ethyl side chain of PCB in the crystal
structure of the AnPixJg2 dark state.41 These observations

implicate little to no movement of this residue upon
photoconversion. Thus, at least part of the D-ring pocket
does not seem to undergo dramatic restructuring. Our work
supports the trapped-twist model for the red/green photocycle
by demonstrating a hydrophobic, crowded environment for the
photoproduct D-ring. The NMR NOESY assignments in this
study (Tables 2 and 3) provide preliminary protein−
chromophore data that will aid in the ultimate determination

Figure 9. Changes in 1H−1H NOESY cross-peaks for A- and B-ring H atoms upon photoconversion. Strips are shown for individual PCB protons in
the 15Z (blue) and 15E (orange) photostates. Bilin−bilin cross-peaks are indicated. Protein−chromophore interactions that appear or disappear
upon photoconversion are highlighted (magenta boxes). Spectral parameters are identical to those given in Figure 2 (H15) or Figure 4 (all others).

Figure 10. Changes in 1H−1H NOESY cross-peaks for C- and D-ring H atoms upon photoconversion. Strips are shown for individual PCB protons
in the 15Z (blue) and 15E (orange) photostates. Bilin−bilin cross-peaks are indicated; boxed bilin−bilin contacts appear in only one photostate and
were used to assign configuration of the C15 methine bridge. Protein−chromophore interactions that appear or disappear upon photoconversion are
highlighted (magenta boxes). Spectral parameters are identical to those given in Figure 2 (H15) or Figure 4 (all others). H15 spectra are shown after
D2O exchange; the position of the NHD cross-peak lost upon D2O exchange is indicated.
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of atomic-resolution solution structures for both photostates of
NpR6012g4.
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