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ABSTRACT: Phytochromes constitute a class of photo-
receptors that can be photoconverted between two stable
states. The tetrapyrrole chromophore absorbs in the red
spectral region and displays fluorescence maxima above 700
nm, albeit with low quantum yields. Because this wavelength
region is particularly advantageous for fluorescence-based deep
tissue imaging, there is a strong interest to engineer
phytochrome variants with increased fluorescence yields.
Such targeted design efforts would substantially benefit from
a deeper understanding of those structural parameters that
control the photophysical properties of the protein-bound chromophore. Here we have employed resonance Raman (RR)
spectroscopy and molecular dynamics simulations for elucidating the chromophore structural changes in a fluorescence-
optimized mutant (iRFP) derived from the PAS-GAF domain of the bacteriophytochrome RpBphP2 from Rhodopseudomas
palustris. Both methods consistently reveal the structural consequences of the amino acid substitutions in the vicinity of the
biliverdin chromophore that may account for lowering the propability of nonradiative excited state decays. First, compared to the
wild-type protein, the tilt angle of the terminal ring D with respect to ring C is increased in iRFP, accompanied by the loss of
hydrogen bond interactions of the ring D carbonyl function and the reduction of the number of water molecules in that part of
the chromophore pocket. Second, the overall flexibility of the chromophore is significantly reduced, particularly in the region of
rings D and A, thereby reducing the conformational heterogeneity of the methine bridge between rings A and B and the ring A
carbonyl group, as concluded from the RR spectra of the wild-type proteins.

The technological developments in fluorescence micros-
copy in the past years have prompted substantial efforts

for exploiting these methods in biology.1−3 Using chemically
attached fluorescent dyes, it is possible to monitor specific
target biomolecules with a high sensitivity down to the single-
molecule level and a spatial resolution beyond the diffraction
limit. The chemical modification of biomolecules is, however,
only of limited applicability for probing cellular processes. As an
alternative for in vivo studies, genetically encoded fluorescent
proteins or cofactor-protein complexes are used as optical
markers by generating fusion constructs with the proteins of
interest.1,4−7 Widely used genetically encoded fluorescence
markers are the green-fluorescent protein (GFP), originally
isolated from the marine jellyfish Aequorea victoria and its
engineered spectral variants, as well as its homologues from
other species, which today cover nearly the whole visible
spectrum.1−3 A substantial drawback of these GFP-derived
fluorescent labels is the restriction of the “working” range to the
visible spectral region, where they compete with the absorption
and emission properties of various natural pigments. Moreover,
the significant overlap between their excitation and emission
spectra limits the possibilities for spectral demultiplexing in
order to discriminate the spatial distribution or the interaction
patterns of a larger number of fluorophore-tagged target

molecules. Although in the blue spectral range, problems arise
from significant overlap with cellular autofluorescence, the red
region suffers from the limited number of available fluorescent
proteins, which additionally exhibit limited brightness or
photostability.3 Thus, there is still a high demand for additional
and improved red and far-red fluorophores to expand the
toolkit of fluorescence microscopy and to take benefits from the
superior signal-to-noise ratio in this spectral range. To fulfill
these necessities, it is highly desirable to utilize photoreceptors
absorbing and emitting in the near-infrared optical window.
Biliproteins such as phytochromes fulfill these spectral

requirements because the tetrapyrrole cofactor absorbs between
660 and 700 nm and fluorescence maxima are above 700 nm.8

Phytochromes act as photoswitches between two (meta)stable
states that are denoted as Pr and Pfr, according to the red and
far-red absorption maxima of the chromophore. Photoinduced
interconversion between these parent states is linked to the
activation or deactivation of a catalytic module, frequently a
histidine kinase.
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However, natural phytochromes have an intrinsically low
fluorescence quantum yield of usually less than 2%.9 As a
consequence, significant efforts have been made to genetically
engineer variants of bacterial phytochromes, carrying a
covalently bound biliverdin (BV) cofactor, to improve the
fluorescence properties by increasing the quantum yield, raising
the extinction coefficient, and shifting the fluorescence
maximum further to the near-infrared. First successful examples
have been generated on the basis of the chromophore binding
domain (CBD) of bacteriophytochromes.4−6 The IFP1.4
variant of DrBphP from Deinococcus radiodurans showed an
increase of the fluorescence yield from 1.9 to about 7%,5 and
similar or even higher yields of ca. 6% and 11% were obtained
for constructs engineered from the Rhodopseudomas palustris
bacteriophytochrome RpBphP2 and RpBphP6, respectively.4,6

Although these values are still by far inferior to those of GFP
variants, the spectral properties are likely to improve by further
genetic optimization. In addition, these far-red chromophores
enable novel means of noninvasive deep-tissue monitoring by
rapidly emerging photoacoustic tomography or imaging
techniques.5,10

It is therefore of particular interest to analyze those structural
parameters that control the fluorescence quantum yield and the
energies of electronic absorption and fluorescence of BV in
phytochromes. In this respect, the recent crystallographic
analysis of fluorescing CBD variants of DrBphP constitutes an
important basis for correlating photophysical properties of the
cofactor with structural changes at the chromophore binding
site induced by amino acid substitutions.9 Additional
information on the excited-state reactions can be derived
from ultrafast spectroscopy, as recently shown for mutants of
RpBphP2 and RpBph3.11−14

In this work, we have employed resonance Raman (RR)
spectroscopy, combined with molecular dynamics (MD)
simulations, to analyze the ground state conformation of the
cofactor and its intermolecular interactions within the
chromophore binding pocket. Here, we have used these
techniques to identify structural changes of the BV
chromophore in the fluorescence-optimized mutant iRFP,
which was recently used for deep-tissue imaging in mice.4

The mutant is derived from the two-domain PAS-GAF
fragment of RpBphP2 (termed PG-P2 herein), lacking the
PHY domain that is required for the proper phototransforma-
tion between the parent states Pr and Pfr and, thus, for its
natural biological function.

■ MATERIALS AND METHODS
Cloning Strategy. For the expression of holophytochrome,

we constructed three plasmids bearing the coding sequence for
different apo-phytochromes and one plasmid with a heme
oxygenase for in-cell biliverdin synthesis. The amino acid
sequence of RpBphP215 was adopted from Uniprot Q6N5G3
and the iRFP sequence from Filonov et al.10 cDNAs for
RpBphP2 amino acids 1−501 (PAS-GAF-PHY, termed PGP-
P2 herein) and iRFP (316 AS) were generated by commercial
gene synthesis (GeneArt, Life Technologies) using the
GeneOptimizer algorithm to optimize codon usage for
expression in mammalian cells (sequences available on
request).16 To obtain the PAS-GAF fragment of RpBphP2
(amino acids 1−316; termed PG-P2 herein), an appropriate
stop codon was introduced into the RpBphP2 1−501 cDNA.
The cDNAs were excised by BamHI and NotI and ligated in
frame into a modified pQE81L-Amp vector (Qiagen) carrying

an ampicillin resistance gene and harboring an engineered NotI
restriction site. This resulted in protein sequences with an N-
terminal 6xHis tag (N-terminal sequence MRGSHHHHHH-
TDPAT) preceding the start methionine of the iRFP, PG-P2,
and PGP-P2 sequences.
The cDNA of the human heme oxygenase type 2 (hHox2)

was amplified from the IMAGE consortium clone
IMAGE:2821444 by PCR, using primers harboring SphI and
KphI restriction sites. The PCR fragment was restricted with
SphI and KpnI and ligated in frame into the similarly cut
pQE81L-Kan vector, which carries a kanamycin resistance gene.
The complete open reading frame of hHox2 cDNA sequence
was verified by sequencing (Eurofins MWG Operon). To avoid
copurification of hHox2 in Ni2+-sepharose column chromatog-
raphy, the N-terminal 6xHis tag was deleted afterward, using
the QuikChange mutagenesis kit (Stratagene). Deletion was
verified by sequencing (Eurofins MWG Operon).
In order to accomplish biliverdin cofactor insertion into

phytochromes already upon protein expression in E. coli,
NEBturbo cells (New England Biolabs) were transformed with
a 1:1 mixture of pQE81L-Kan plasmid with hHox2 and one of
the pQE81L-Amp plasmids with iRFP, PG-P2, or PGP-P2
sequences. The transformed cells were grown overnight at 37
°C on LB-agar selection plates containing 50 μg/mL kanamycin
and 50 μg/mL ampicillin.

Expression and Purification. For protein expression, 3 ×
400 mL of LB-medium with kanamycin and ampicillin were
inoculated from a preculture to 0.1 optical density (OD) and
grown at 37 °C in an orbital shaker (200 rpm) to an OD of 0.6.
After induction with 500 μM IPTG cells were grown for 24 h at
37 °C (iRFP and wild-type PG-P2) or at 20 °C for 48 h (wild-
type PGP-P2). Cells were harvested by centrifugation, yielding
deeply blue-green-colored pellets, indicating formation and
integration of the intact BV cofactor into the bacteriophyto-
chrome variants. Cell pellets were resuspended in phosphate
buffer and lysed by two passages through a French press
(18000 psi). After removal of the cell debris by centrifugation
(24000g, 4 °C), the clarified supernatant was purified on Ni2+-
Sepharose columns (GE-Healthcare) according to the
manufacturers̀ manual (20 mM imidazole was supplemented
to the supernatant as recommended). Purest fractions (SAR ≥
1) were pooled and dialyzed against 50 mM Tris−HCl, 300
mM NaCl, 5 mM EDTA (pH 7.8).
For comparison, we have studied the bacteriophytochrome

Agp1 from Agrobacterium tumefaciens. For this purpose, we have
used a PAS-GAF-PHY variant in which the first nine N-
terminal residues were deleted and three amino acids on the
protein surface were substituted (F289A, M295A, and R296S).
These modifications prevent dimerization but do not affect the
optical properties or the photoinduced reaction cycle. This
protein variant, denoted as Agp1, was expressed and purified as
described previously.17

Buffer solutions used for the RR experiments included 50
mM Tris−HCl, 300 mM NaCl, 5 mM ethylendiaminetetra-
acetic acid in H2O (D2O) at pH (pD) of 7.8. Protein samples
were concentrated via Microcon filters up to a value
corresponding to an optical density of ca. 40 at 280 nm (ca.
10 mg/mL).

Spectroscopic Measurements. RR measurements were
performed using a Bruker Fourier-transform Raman spectrom-
eter RFS 100/S with 1064 nm excitation (Nd:YAG cw laser,
line width 1 cm−1) equipped with a nitrogen-cooled cryostat
from Resultec (Linkam). The spectra were measured at −140
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or +10 °C with a laser power at the sample of 780 mW. In
order to identify potential laser-induced damage of the
phytochrome samples, spectra before and after a series of
measurements were compared. In no case were changes
between these control spectra determined. For each spectrum,
the accumulation time was 1 h. Protein and buffer Raman
bands were subtracted on the basis of a Raman spectrum of
apo-phytochrome (Supporting Information, Figure S1). The
pure spectra were further analyzed by a band fitting procedure
assuming Lorentzian band shapes. H/D exchange involved 5
washing steps with D2O or H2O buffer solution (30 min
centrifugation at 10000g per step).
Stationary fluorescence spectra were measured with 670 nm

excitation in a temperature range from +10 to −140 °C.
Further details are given in the Supporting Information.
Molecular Dynamics Simulations. The classical atomistic

MD simulations on two monomeric model structures of the
PAS-GAF fragment of RpBphP2, namely, the wild-type (WT)
protein PG-P2 (PG-P2 model) and the fluorescent mutant
iRFP described above (iRFP model), were performed with the
NAMD2.7 software.18,19 The CHARMM27 force field20 was
employed to describe the apoprotein, and the force field
parameters for the BV chromophore were extracted from
Kaminski et al.21 The starting geometry for the PG-P2 model
was taken from the crystallographic structure (PDB entry:
4e04). Because this structure corresponds to a mutated form of
PG-P2,22 the PG-P2 model was generated by back-mutation of
the crystal structure to the original sequence. For this, the
Asn105 insertion was deleted and the following amino acids
substitutions were attained: P98R, D99K, G100D, E101A,
R102G, A103F, F104 V, R127A, Y128E, S135R, V136T,
R137N, R237 V, E296D and V297G. Furthermore, the
expression tag comprising residues 320 to 327 present in the
crystal structure was removed. The iRFP model was
constructed by mutating the PG-P2 model at 13 different
sites: S13L, A92T, V104I, V114I, E161K, Y193K, F198Y,
D202T, I203V, Y258F, A283 V, K288T and N290Y. The two
structural models were protonated according to pH 7.0 using
the PSFGEN-VMD plugin.23 On the basis of the visual
inspection of the corresponding environments, all histidine
residues were protonated at the ε-nitrogen except for His285,
which was modeled with a proton at the δ-nitrogen. The net
charges of the proteins yield −13 and −10 e for the PG-P2 and
the iRFP model, respectively. In order to remove bad contacts
that may be present in the initial structural models due to
mutations and deletion of amino acids, 5000 steps of energy
minimization were performed using the conjugated gradient
algorithm on the modified regions of each model in vacuum
keeping the rest of the protein fixed. Both structural models
were then solvated in cuboid boxes of TIP3P water molecules24

with approximate dimensions of. 78 × 87 × 112 Å3 (23829 and
23822 water molecules for WT and iRFP models, respectively).
In addition, the net charges of the proteins were compensated
for by inserting chloride and sodium ions randomly at 25 mM
ionic strength. Ionization of the models was carried out using
the AUTOIONIZE plugin of VMD.23 The MD simulations
were run under periodic boundary conditions with extended
electrostatics using the Particle Mesh Ewald Summation25 with
a cutoff distance of 12 Å for the van der Waals interactions and
short-ranged electrostatics. The SHAKE algorithm26 was
applied to constrain all bond lengths between heavy atoms
and hydrogen atoms assuring, in this way, a simulation step of 2
fs. The energies of the solvated systems were initially minimized

with the conjugated gradient integrator using decreasing
harmonic constraints on the protein backbone and on the BV
cofactor (from 25 to 5 kcal/(mol Å2)). After 60 ps heating
using Langevin dynamics with decreasing position restraints on
the heavy atoms of the protein cofactor (from 5 to 2.5 kcal/
(mol Å2)), the entire system was equilibrated for another 60 ps.
During the equilibration run, the harmonic constraints on the
protein were gradually released until all atoms were allowed to
move freely. Finally the dynamics of the two model systems
were simulated for 100 ns at 300 K in an NPT ensemble under
constant atmospheric pressure and temperature using the
Langevin Piston method.27 Convergence of the trajectories was
checked in terms of energetics and root mean square deviations
(rmsd) of the protein and the chromophore from the initial
structural models. The statistical analysis of the structural
properties during the last 40 ns of the MD trajectories was
performed with the VMD software.23

■ RESULTS
The iRFP mutant was generated from the D202H variant of the
PAS-GAF domain of P2 by random mutagenesis, leading to 13
substitutions compared to the wild-type protein PG-P2. Among
them, five substitutions (Y193K, F198Y, D202T, I203V, and
Y258F) are located in the chromophore binding pocket (Figure
1). These substitutions are likely to be of primary importance

for the photophysical properties. For example, the replacement
of the highly conserved D202 has been shown to impair
photoisomerisation of the chromophore.28 In fact, iRFP was
found to be locked in the Pr state (data not shown). Thus, the
comparison with the spectra of the wild-type proteins of
RpBphP2 and Agp1 discussed in the following only refers to
the Pr state.

Resonance Raman Spectroscopy. The overall vibrational
band pattern of iRFP does not differ significantly from those of
the Pr state of PG-P2 and PGP-P2 proteins and other
prototypical BV-binding phytochromes (Figure S3, Supporting

Figure 1. The chromophore binding pocket of (A) wild-type PG-P2
and (B) iRFP, as obtained by 100-ns MD simulations (see text for
further details), and (C) the structural formula of the BV
chromophore.
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Information). Thus, there are no indications for deviations
from the overall ZZZssa chromophore geometry as determined
for the Pr state of various phytochromes.29−31 Also, as in the Pr
state of all prototypical phytochromes, the cofactor is in the
cationic form with all four pyrrole nitrogens carrying a proton.
A closer inspection of the spectra, however, reveals spectral
differences in three regions as will now be discussed in more
detail.
Figure 2 shows the spectral region from 1500 to 1700 cm−1,

which is dominated by modes involving the CC stretching

coordinates of the methine bridges, ring D, and its vinyl
substituent (see Figure 1 for ring numbering). Furthermore, the
NH in-plane bending (NH ip) mode of the rings B and C
gives rise to the band at 1573 cm−1 (iRFP), which is a
characteristic marker for the protonated state of the cofactor.
This band disappears upon H/D exchange and the correspond-
ing counterpart, the N-D ip mode, is observed at 1079 cm−1

(Supporting Information, Figure S3).
We refer to previous vibrational analyses of the cofactor in

phytochromes, carried out with experimental and theoretical
methods, to disentangle the spectrally crowded region between
1590 and 1660 cm−1.32−36 Accordingly, the most intense band
is due to a mode dominated by the CC stretching coordinate
of the CD methine bridge. As minor contributions of the
NH ip coordinate are involved, this mode undergoes a small
downshift (5−8 cm−1) upon H/D exchange. Thus, this mode is
assigned to the 1621 cm−1 band in iRFP (1614 cm−1 in D2O).
The adjacent, nearly equally intense but H/D insensitive band
is then ascribed to a CC stretching mode of ring D although
calculations predict only a low intensity.35 Presumably, also the
CD stretching coordinate that is responsible for high RR
activity contributes substantially to the mode at 1628 cm−1.
Frequency and intensity of the band at 1656 cm−1 and its 6
cm−1 downshift in D2O are consistent with the assignment to
the AB stretching mode. The corresponding BC stretching
mode, which is only weakly Raman-active, is expected at much
lower frequencies and, thus, is assigned to the weak shoulder at
1595 cm−1.
Compared to iRFP, the spectra of the “non-fluorescing”

phytochrome variants display two distinct differences. First, the
ring D CC stretching (at 1628 cm−1 of iRFP) appears at
lower frequencies in PG-P2 and PGP-P2, whereas the CD

stretching remains largely unchanged, as it can be clearly seen
in the spectra measured from the proteins in D2O (Figure 2,
Supporting Information, Figure S5). In Agp1, the intensity ratio
of the two bands is reversed, implying that the contribution of
the CD stretching coordinate to the higher frequency mode
is even larger than in the case of the P2 protein variants.
Second, the AB stretching mode (at 1656 cm−1 in iRFP) is
observed with a significantly reduced intensity and at a
frequency lower by 5−7 cm−1 in PG-P2, PGP-P2, and Agp1.
For these proteins, an additional nearby band at ca. 1640 cm−1

becomes detectable, which might originate from the CC
stretching of the ring D vinyl substituent. However, this mode
is predicted to be essentially Raman-inactive such that, as an
alternative assignment, both bands may be ascribed to AB
stretching modes originating from two conformers of the
tetrapyrrole as previously suggested for Agp1.37 A band fitting
analysis suggests that this 1640 cm−1 band is also present in
iRFP albeit with a much lower relative intensity with respect to
the 1650 cm−1 band than in PG-P2, PGP-P2, and Agp1
(Supporting Information, Figure S4).
In the region between 600 and 900 cm−1 the most

remarkable changes refer to the prominent 814 cm−1 band of
iRFP (Figure 3). The frequency is higher by 4, 8, and 11 cm−1

compared to the PG-P2, PGP-P2, and Agp1 proteins,
respectively. This band was assigned to the hydrogen-out-of-
plane (HOOP) mode of ring D as confirmed by isotopic
labeling and theoretical calculations.33,35 As a characteristic
feature of phytochromes, this band is usually observed with
relatively high RR intensity and its frequency has been shown
to be correlated with the torsional angle of the CD methine
bridge.35

Temperature-Dependent Spectral Changes. The RR
spectra of iRFP and PG-P2 show only a weak temperature
dependence. Upon increasing the temperature from −140 °C
to +10 °C, many bands display a slight broadening, in some
cases accompanied by small frequency shifts that usually,
however, do not exceed 3 cm−1 (Supporting Information,
Figures S6−S8). Specifically, there is no indication for a
redistribution of band intensities for those bands in the methine
bridge stretching region that have been suggested to represent
conformational substates. This is also true for the HOOP mode

Figure 2. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the CC stretching region, measured with 1064-nm
excitation at −140 °C. Spectra obtained from samples in H2O (pH
7.8) and D2O (pD 7.8) are shown on the left (black) and right panel
(red), respectively.

Figure 3. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the HOOP region, measured with 1064 nm excitation at −140
°C. Spectra were obtained from samples in H2O (pH 7.8).
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at ca. 800 cm−1 that in the Pfr state of prototypical
phytochromes was found to be the most sensitive marker for
a temperature-dependent conformational equilibrium.35 Most
remarkably, the 814 cm−1 band of iRFP, which already displays
a large bandwidth at low temperature (18 cm−1), is not further
broadened at room temperature and also the symmetric band
shape remains unchanged. This is quite in contrast to the
substantial broadening of the 810 cm−1 band of PG-P2 from 10
cm−1 (−140 °C) to 14 cm−1 (+10 °C) ((Figure 4).

In the region of the torsional and deformation modes
between 650 and 680 cm−1, all proteins show a similar behavior
(Supporting Information, Figure S8). Here, the slight frequency
shifts and band broadening are accompanied by distinct
changes of the relative intensities in the room temperature
spectra, reflecting a higher mobility of the chromophores in the
binding pocket at room temperature.
Also the temperature-dependence of the fluorescence is very

similar for iRFP and PG-P2. Upon decreasing the temperature
from +10 to −140 °C, the fluorescence intensity, measured
with 670 nm excitation, increases by up to an order of
magnitude in both cases (Supporting Information, Figure S10).
Taking into account that this factor refers to the uncorrected
intensities (i.e., refractive index change and higher amplitude of
the scattered light due to the formation of ice microcrystals
during freezing), the intrinsic temperature-dependent increase
of the fluorescence yield is lower.
The RR spectrum of Agp1 displays more pronounced

temperature-dependent changes in the HOOP region (Sup-
porting Information, Figure S8) becauseunlike with iRFP
and PG-P2the intensity ratio of the two bands at 788 and
803 cm−1 varies quite substantially with the temperature
(Figure 4). It might be that these two bands correspond to C
D methine bridge HOOP modes of two conformers such that
the intensity changes reflect a temperature-dependent con-
formational equilibrium in analogy to the Pfr state of Agp1.35

Carbonyl Stretching Modes. An important marker for
protein-tetrapyrrole interactions are the two CO stretching
modes of ring A and D in the region between 1680 and 1740
cm−1. Because in prototypical BV-binding phytochromes, the

carbonyl function of ring A is, unlike ring D, not linked to the
conjugated π-electron system of the tetrapyrrole (Figure 1), the
ring A CO stretching mode appears at higher frequencies.38

For the same reason, the RR intensity of this mode is much
lower than that of the ring D CO stretching such that only
this latter mode can readily be identified in the low-temperature
RR spectra of all proteins in H2O (Figure 5). This mode is

observed at very similar positions (1713−1716 cm−1) for all
“non-fluorescing” protein variants but at a distinctly higher
frequency (1720 cm−1) for iRFP. In the case of PG-P2 (PGP-
P2), the weak shoulder at ca. 1730 cm−1 is attributed to the ring
A CO stretching, whereas this mode can hardly be detected
in Agp1 and iRFP. Upon raising the temperature to +10 °C, the
bands of the ring D CO stretching mode broaden for all
proteins, accompanied by small frequency downshifts as
observed for other tetrapyrrole modes (vide supra). As a
consequence, the weak CO stretching of ring A becomes also
visible in the spectrum of iRFP at ca. 1730 cm−1 (Supporting
Information, Figure S9). This mode remains essentially Raman-
inactive in Agp1, but it can be detected at the same position in
the IR “Pr−minus−Pfr” difference spectrum. Note that the IR
difference spectra for PG-P2 and PGP-P2 (not shown) also
support the assignments of the CO stretching, in agreement
with the previously published data by Toh et al.12

The frequencies of the CO stretching modes depend on
the (hydrogen bond) interactions of the carbonyl function with
its immediate environment and on the coupling of the CO
stretching and NH ip coordinates. This coupling, which may
vary with structural perturbations of the respective pyrrole ring,
is also the origin for the distinct H/D sensitivity of these
modes. In fact, in D2O, both modes shift down to lower
frequencies but, most remarkably, the altered normal mode
composition leads, in general, to a relative intensity increase of
the ring A CO stretching mode (Figure 5). Thus, it is even
possible to identify two band components of this mode at ca.
1711−1714 cm−1 and ca. 1720 cm−1, albeit with different
relative intensities for the four proteins. In PG-P2, both
components display comparable intensities whereas in iRFP the
higher frequency component is much weaker. The downshift of

Figure 4. RR spectra of iRFP, PG-P2, and the Pr state of Agp1
measured with 1064 nm excitation. The black and blue traces refer to
the measurements at −140 °C and +10 °C, respectively. Black labels
refer to the peak positions at −140 °C. The blue numbers in
parentheses indicate the shift of the peaks at +10 °C. Intensities are
normalized to the strongest band in each spectrum.

Figure 5. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the CO stretching region measured with 1064 nm
excitation at −140 °C. Spectra obtained from samples in H2O (pH
7.8) and D2O (pD 7.8) are shown on the left (black) and right panel
(red), respectively.
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the ring D CO stretching is essentially the same (11−12
cm−1) in all four proteins.
Molecular Dynamics Simulations. The stability of the

structural models for the wild-type PG-P2 protein and the iRFP
mutant was initially checked by analyzing the evolution in time
of the root mean square deviation (rmsd) of all carbon α atoms
of the protein and of all heavy atoms belonging to the biliverdin
chromophore (Figure 6). A plateau is reached within the first

20 ns, with a mean rmsd value of 2.7 Å and 2.4 Å for the PG-
P2- and the iRFP-models, respectively. The rmsd of the
chromophore atoms, however, converge only after 60 ns MD
simulation reaching a mean value of 1.0 Å for both models. For
this reason, the statistical analysis of the MD trajectories was
restricted to the last 40 ns because in this time span, we can
assume that the protein and the chromophore reached a
thermodynamic equilibrium.
The structural differences between PG-P2 wild-type protein

and the iRFP mutant and their dynamic properties were
analyzed by following the time evolution of selected structural
parameters, such as the tilt angles between pyrrole rings and the
bond and torsional angles of the BV methine bridges, and by
computing their statistical distribution. In addition, the root
mean square fluctuations (rmsf) of selected atoms of the BV
chromophore were calculated in order to estimate and quantify
the mobility of the chromophore atoms in the binding pockets
of the two structural models.
The frequency distribution (counts) of the three tilt angles

between adjacent pyrrole rings is shown in the Supporting
Information (Figure S11), and the mean values and
corresponding standard deviations are listed in Table 1. In
the case of the rings B and C, there is no difference between the
tilt angles computed for the PG-P2 and iRFP models, indicating
that mutations of the chromophore binding pocket do not
significantly alter the orientation of the two inner rings with
respect to each other. This is, however, not the case for rings A
and B and rings C and D. Although the AB tilt angle
decreases from 24° in the PG-P2 model to 21° in the iRFP
model, the CD tilt angle increases by ca. 8°. For both tilt
angles, the standard deviations predicted for the PG-P2
structure are slightly higher (1°) than those computed for the
mutant, reflecting a slightly restricted flexibility of the outer
rings of the tetrapyrrole chromophore in the iRFP model (vide
infra). The analysis of the torsional angles at the methine
bridges (Supporting Information, Figure S12) shows that the

changes of the tilt angles between the pyrrole rings are mainly
due to twists of the CC single bond at the corresponding
methine bridge. Although there is no variation of the BC tilt
angle upon mutation, the torsional angles at the BC methine
bridge differ significantly between the two protein models. In
particular, the mean values for the N(B)C(9)C(10)
C(11) and C(9)C(10)C(11)N(C) torsional angles of
the PG-P2 model, which are higher than those predicted for
iRFP, point to a stronger distortion of the BC methine
bridge in the wild-type protein. Other important structural
parameters, which may strongly influence the spectroscopic
pattern in the fingerprint region, are the bond angles and the
CC bond lengths at the tetrapyrrole methine bridges. The
statistical distribution of the bond angles during the last 40 ns
are plotted in Figure S13 (Supporting Information). In average,
there is a decrease of the C(4)C(5)C(6) bond angle in
the iRFP mutant compared to the wild-type protein together
with a slight shortening of the C(4)C(5) bond and the
elongation of the C(5)C(6) bonds, reflecting a weakening of
the π-electron conjugation at the AB methine bridge. Such
changes in the electron density of the AB bridge should shift
the vibrational frequency of the CC stretching mode to
higher values, as it is in fact observed in the experimental RR
spectra (Figure 2). In a similar way, the slightly elongated C
C bond at the CD methine bridge of iRFP may explain the 3
cm−1 downshift of the CD stretching frequency compared to
the wild-type protein.
The rmsf values computed for the backbone atoms of the BV

chromophore of the PG-P2 and iRFP models over the last 40
ns of the MD simulation are larger for the PG-P2 model
compared to those of the iRFP mutant, especially in the regions

Figure 6. Evolution of the root mean square deviation (rmsd) for the
Cα atoms (top) and the heavy atoms of the BV chromophore
(bottom) of PG-P2 during the 100 ns MD simulation. Black and red
traces refer to the PG-P2 and iRFP model, respectively.

Table 1. Selected Structural Parameters of the BV
Chromophore in the PG-P2 and iRFP Models.a

WT iRFP

Bond Lengths
C(4)C(5) 1.3654 (0.03) 1.3647 (0.03)
C(5)C(6) 1.4262 (0.03) 1.4229 (0.03)
C(9)C(10) 1.3802 (0.03) 1.3782 (0.03)
C(10)C(11) 1.3767 (0.03) 1.3780 (0.03)
C(14)C(15) 1.4254 (0.03) 1.4267 (0.03)
C(15)C(16) 1.3651 (0.03) 1.3681 (0.03)

Bond Angles
C(4)C(5)C(6) 20.5 (7.7) 16.6 (6.3)
C(9)C(10)C(11) −5.1 (5.8) −6.8 (6.5)
C(14)C(15)C(16) −106.8 (13.5) −111.8 (9.6)

Dihedral Angles
N(A)(C4)C(5)C(6) 15.8 (6.9) 15.0 (7.4)
(C4)C(5)C(6)N(B) 9.2 (8.3) 5.5 (7.8)
N(B)C(9)C(10)C(11) 7.1 (8.5) −3.0 (8.6)
C(9)C(10)C(11)N(C) −13.3 (8.6) −5.5 (9.5)
N(C)C(14)C(15)C(16) −125.5 (10.3) −137.1 (8.3)
C(14)C(15)C(16)N(D) 14.5 (9.4) 17.0 (9.3)

Tilt Angles
AB 24.0 (7.5) 21.0 (6.5)
BC 11.3 (5.0) 10.7 (4.9)
CD 116.8 (8.2) 124.2 (7.1)
aMean values and corresponding standard deviations (in brackets)
were computed for the last 40 ns of the MD trajectory. Bond lengths
are given in Å and angles in degrees. Coordinates are defined
according to inset of Figure 6.
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corresponding to ring A (atoms 1−4) and ring D (atoms 16−
21) (Figure 7).

■ DISCUSSION
Structural Changes in the iRFP Variant Protein. The

analysis of the RR spectra together with the results of the MD
simulations indicate that the structural changes brought about
by the amino acid substitutions in iRFP primarily refer to the
CD and AB methine bridges as well as to the respective
terminal rings A and D including their carbonyl functions.
The most sensitive spectral marker for structural changes at

the CD methine bridge is the HOOP mode at ca. 800 cm−1.
Its frequency is inversely correlated with the C(14)C(15)
C(16)N(D) dihedral angle as previously determined for the
Pfr state of the BV-binding PaBphP.35 The significant frequency
upshift of this mode in iRFP (800 cm−1) compared to the other
protein variants indicates an increase of this angle, consistent
with the MD simulations that predict a slightly increased tilt
angle of ring D with respect to ring C. This structural
perturbation is attributed to two factors. First, the Y193K and
F198Y substitutions cause structural changes in chromophore
binding pocket that primarily involve the immediate environ-
ment of ring D, thereby affecting the CD methine bridge
geometry (Supporting Information, Figure S14). In this way,
the side chain of Tyr198 comes in close contact to ring D which
also provides an explanation for the unusually broad and
temperature-independent bandwidth of the CD methine
bridge HOOP mode. The spatial proximity of the aromatic ring
of Tyr198 to the CD methine bridge and the small energy
difference between the HOOP mode at 814 cm−1 of the
chromophore and the tyrosine ring breathing mode39 at ca. 830
cm−1 may allow for vibrational energy transfer from the
chromophore to Tyr198 which is reflected by the broadening of
the HOOP mode. A similar mechanism was shown to account
for the band broadening of the CN stretching mode of the
retinal chromophore in bacteriorhodopsin.40 Second, the
substitution of Tyr258 by a phenylalanine leads to a more
hydrophobic environment of ring D in the iRFP mutant. Here,
the structural model for iRFP shows a highly perturbed
hydrogen bond network around the carbonyl group at ring D
(Supporting Information, Figure S16). According to the
statistics, the number of water molecules close (within a 5 Å
distance, see Table 2) to the carbonyl group is reduced by one

in the mutant. Moreover, the CO(D) does not form any
hydrogen bond neither with the protein nor with water in the
iRFP structure (Table 1). The lack of any hydrogen bond
interactions of the ring D carbonyl function thus well explains
the upshift of the CO stretching mode in iRFP compared to
PG-P2.
Additional structural changes refer to ring A and the AB

methine bridge. The spectra of the WT proteins PG-P2 and
PGP-P2 and Agp1 display two bands attributable to the ring A
CO stretching modes, corresponding to two substates of
slightly different structures or environmental interactions of the
carbonyl group. It is therefore tempting to relate these two
substates with a structural heterogeneity at the AB methine
bridge that may be derived from the 1640/1650 cm−1 band pair
(vide supra). As judged from the spectra both in the CO and
the AB stretching region, such a structural heterogeneity is
much less pronounced for iRFP than for PG-P2(PGP-P2). This
conclusion is again consistent with findings from the MD
simulations, which indicate a more rigid fixation of the
chromophore within the protein. This is reflected by the
much lower rmsf values for the carbon atom positions of the
chromophore in the mutant compared to the wild-type protein.
Specifically, for ring A and ring D, these values are lowered by
ca. 30% in the mutant.
For the fluorescence-optimized iRFP and the “non-

fluorescent” PG-P2, the temperature-dependent variations in
the RR spectra are largely restricted to minor frequency shifts
and the expected effects on the band widths. Furthermore, the
fluorescence intensity increases by the same factor for both
proteins upon temperature lowering from +10 to −140 °C.
These findings can be understood in terms of a reduced
mobility of the chromophore in the binding pocket at low
temperature. However, there are no indications for temper-
ature-dependent changes of the structural heterogeneity
implying that the distribution among the various substates is
largely the same at ambient temperature and −140 °C.
Nevertheless, the RR and fluorescence spectroscopic data are
consistent with the view that the substates constituting the
chromophore heterogeneity differ with respect to the photo-
physical properties, specifically fluorescence and photochemical
quantum yields.

Structural Parameters Controlling the Fluorescence
Properties. To increase the fluorescence quantum yield, the
competing processes (that is, photoisomerisation and internal
conversion of the excited state) must be slowed down. The
main factors that influence the interplay of the various excited
state processes have been recently discussed by Auldridge et al.9

Figure 7. Root mean square fluctuations (rmsf) of heavy atoms in the
BV chromophore. Inset: Structural formula of BV indicating the heavy
atoms considered for the rmsf plot in blue.

Table 2. Statistics of Single and Double Hydrogen Bond
Interactions between Carbonyl Groups of BV and the
Environment in the PG-P2 and iRFP Models during the
Production Run of the MD Simulations (60 ns−100 ns)a

CO (A) CO (D)

WT iRFP WT iRFP

number of H-bond events no interaction 158 195 166 392
single 212 181 230 8
double 30 14 4 0

occupancy 58% 49% 59% 2%
minimum H-bond donoracceptor
distance (Å)

2.75 2.77 2.76 2.69

aHydrogen bonds are defined by considering a donoracceptor
distance <3.0 Å and an angle cutoff of 20°.
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Photoisomerisation is readily impaired by substituting the
highly conserved Asp202 by any other amino acid. This is
primarily attributed to the lack of a carboxyl side chain at a
proper position for stabilizing the (distorted) ZZEssa
configuration in the excited state via interaction with the ring
D NH group. The second effect of a substitution at this
position is the reorganization of the local hydrogen bond
network, which may perturb an important thermal deactivation
channel via excited state proton transfer of the cofactor to a
nearby water molecule or the carbonyl function of the amino
acid at position 202.11 A distortion of the hydrogen bond
interactions, specifically of the ring A carbonyl, has been
demonstrated by the crystallographic analysis of the fluorescing
CBD variant D207H of DrBphP. Although comparable changes
in the hydrogen bond interactions cannot be derived from the
present theoretical analysis, a perturbation of the decay channel
via excited state proton transfer cannot be ruled out for
iRFP12,14 because the RR spectra do in fact indicate structural
changes of the AB methine bridge and the ring A carbonyl.
However, as a main conclusion of this work, we suggest that the
increased rigidity of the chromophore in particular at the
terminal rings A and D disfavors internal conversion as an
energy dissipation pathway. A more rigid embedment of the
chromophore into the protein matrix would also stabilize the
ZZZssa configuration and thus the Pr state, which is assumed to
be the third factor relevant for increasing the fluorescence
quantum yield. Here, the substitution of the tyrosine residue at
position 258 by a phenylalanine, which also hinders photo-
isomerisation,14 may play an important role by strengthening
the hydrophobic interactions with ring D and providing a
tighter packing of this part of the chromophore.
The previous crystallographic study on fluorescent CBD

variants of DrBphP has demonstrated that the effects of single
amino acid substitutions on the structure of the chromophore
pocket and the photophysical properties are not just additive
such that the consequences of multiple substitutions can hardly
be predicted.9 As an alternative to the time-consuming
determination of the crystal structure, RR spectroscopy
represents a rapid approach for correlating specific structural
parameters with the fluorescent properties of the chromophore
even though more systematic studies are required. Such studies
may not necessarily be restricted to establish relationships
between specific RR marker bands and the fluorescence yield.
Moreover, the structural basis of other photophysical properties
that are important for potential applications of phytochromes
as fluorescence labels, such as the energy of the absorption and
fluorescence maxima, is as well reflected by the RR spectra as
recently shown for a cyanobacteriochrome.41 In this way, RR
spectroscopy may become an important tool for the rational
design and evolution of phytochrome-based fluorescence
markers.
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