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Near-infrared fluorescent proteins (NIR FPs) engineered from bacterial phytochromes and their mutants
with different location of Cys residues, which able to bind a biliverdin chromophore, or without these Cys
residues were studied using intrinsic tryptophan fluorescence, NIR fluorescence and circular dichroism. It
was shown that a covalent binding of the biliverdin chromophore to a Cys residue via thioether group
substantially stabilizes the spatial structure of NIR FPs. The stability of the protein structure and the

chromophore association strength strongly depends on the location of Cys residues and decreases in the
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following order: a protein with Cys residues in both domains, a protein with Cys in PAS domains, and a
protein with Cys in GAF domains. NIR FPs without Cys residues capable to covalently attach biliverdin
have the lowest stability, comparable to NIR FP apoforms.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The fluorescence technique gave new opportunities for funda-
mental research in cell and molecular biology, including moni-
toring of cellular processes with high-resolution in the real-time
[1,2]. The engineering and continuous improvement of protein-
derived fluorescent markers has greatly contributed to the devel-
opment of fluorescence microscopy [3,4]. Fluorescent proteins (FPs)
developed from bacterial phytochromes (BphPs), which utilize a
biliverdin IXe. [5] (BV) as a chromophore group, have the most long-
wavelength absorption and fluorescence spectra among existing
fluorescent markers falling into the near-infrared (NIR) spectral
region where the biological tissues are the most transparent
[6—12].
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The strategy to generate NIR FPs from bacterial phytochromes
was based on deleting of PHY and effector domains living only PAS
and GAF domains, which are minimally required for binding of
biliverdin (BV) chromophore [4,7,13]. Further blocking photo-
conversion and excited-state photon transfer, the competitive
excited-state deactivation pathways, was achieved by amino acid
substitutions in the chromophore vicinity [11]. Recently it was
showed that substitutions of distant from the chromophore amino
acids in PAS-GAF of RpBphP2 photoreceptor from Rhodop-
seudomonas palustris, may improve fluorescence by favoring the
fluorescent state of the chromophore and additionally increasing
its quantum yield [14]. It was proposed that these substitutions
make the chromophore environment more rigid [14].

The spectral properties of NIR FPs are strictly dependent on the
location of Cys residue to which BV chromophore is covalently
bound. Red-shifted NIR FPs preserve the conserved for natural
BphPs Cys residue (Cys15, here and throughout the text the amino
acid numbering is given according to the alignment in Fig. S1) in the
N-terminal extension of the PAS domain [15,16]. It was shown that
in engineered NIR FP, called BphP1-FP, and its variants BV can also
bind via a Cys residue introduced into a conservative —SPXH- motif
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of the GAF domain (Cys256), resulting in two BV adducts with
different chromophore m-conjugated systems and 30—35 nm blue
shift of both absorbance and fluorescence [17]. The ability of NIR
FPs to bind BV via Cys residue in GAF domain was used for engi-
neering the smallest NIR FPs based only on GAF domain of RpBphP1
photoreceptor from Rhodopseudomonas palustris, termed GAF-FP
[18]. The GAF-FP apparently lacks figure-of-eight knot [19], a
characteristic feature of bacterial photoreceptor, as knot-forming
loop in the GAF domain was deleted during protein evolution to
prevent protein aggregation. The figure-of-eight in BphPs was
proposed to fix the N-terminal region with Cys15 for chromophore
binding, to stabilize the interface between PAS and GAF domains
and to tighten the chromophore-binding pocket preventing energy
loss during potoconversion [20,21].

In the study of dimeric NIR FPs, called iRFPs, and their mutants
with Cys residues in either PAS (Cys15) or GAF domains (Cys256),
with Cys residues in both GAF and PAS domains, and lacking the Cys
residues it was revealed that BV binding to Cys256 in dimeric NIR
FPs is affected by inter-monomer and inter-domain allosteric ef-
fects [22]. In dimeric iRFP variants without Cys15, a covalent
binding of BV to Cys256 in one monomer allosterically inhibits the
covalent binding of BV to another monomer whereas the presence
of Cys15 allosterically promotes BV binding to Cys256 in both
monomers.

Here we proceed the analysis of covalent and non-covalent
binding of BV with NIR FPs on their structure and stability. To this
aim we studied the guanidine hydrochloride (GdnHCl)-induced
unfolding and refolding of mutant variants of four NIR FPs from
different sources with Cys residues in either PAS (Cys15) or GAF
domains (Cys256), with Cys residues in both GAF and PAS domains,
and lacking the Cys residues (Fig. 1). The list of NIR FPs includes
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iRFP713 and iRFP682 engineered from Rhodopseudomonas palustris
RpBphP2 [9,23], iRFP670 engineered from Rhodopseudomonas pal-
ustris RpBphP6 [23] and BphP1-FP developed from phytochrome
RpBphP1 from Rhodopseudomonas palustris [17].

2. Materials and methods
2.1. Plasmids, mutagenesis, protein expression and purification

The BphP1-FP, iRFP713, iRFP670 and iRFP682 genes were
amplified and cloned into a pBAD/His-B vector (Invitrogen) using
Bglll and EcoRlI sites. The cysteine mutants of NIR FPs were obtained
by site-directed mutagenesis using a QuickChange Mutagenesis Kit
(Stratagene).

The NIR FPs and its variants with polyhistidine tags on the N-
termini were expressed in LMG194 host cells (Invitrogen) con-
taining a pWA23h plasmid encoding heme oxygenase under the
rhamnose promoter [23]. To initiate protein expression, bacterial
cells were grown in RM medium supplemented with ampicillin,
kanamycin and 0.02% rhamnose for 5 h at 37 °C. Then 0.002%
arabinose was added and cell culture was incubated for additional
12 h at 37 °C followed by 24 h at 18 °C. Proteins were purified using
Ni-NTA agarose (Qiagen). The Ni-NTA elution buffer contained no
imidazole and 100 mM EDTA. The elution buffer was substituted
with PBS buffer using PD-10 desalting columns (GE Healthcare).
The final purification was performed with ion-exchange chroma-
tography using a MonoQ column (GE Healthcare). The apoforms of
iRFP713/C15S, BphPI-FP/C15S/C256], iRFP682/C15S/C256], iRFP670/
C15S/C2561 were expressed in LMG194 cells. The overnight
LMG194 culture was centrifuged, resuspended in RM medium
supplemented with ampicillin, and grown for 2—3 h at 37 °C; then

NIR FPs with Cys15 in PAS domains:
iRFP713,
iRFP682/C256S,
iRFP670/C256S,
BphP1-FP/C2561.

NIR FPs without Cys15 and Cys256:
iRFP713/C15S,
iRFP682/C15S/C2568,
iRFP670/C15S/C256S,
BphP1-FP/C15S/C256l.

NIR FPs with Cys256 in GAF domains:
iRFP713/C15S/V256C,
iRFP682/C15S,
iRFP670/C15S,

BphP1-FP/C15S.

NIR FPs with both Cys15 and Cys256:
iRFP713/V256C,
iRFP682,
iRFP670,
BphP1-FP.

Fig. 1. The schematic representation of studied NIR FP variants. The NIR FPs are grouped according to the location of key Cys residues. The residues Cys15 and Cys256 are
indicated. BV bound covalently to Cys15 of NIR FP and bound non-covalently are spectrally identical and shown as ovals. BV bound covalently to Cys256 of NIR FP has blue-shifted
absorption and fluorescence compared to two previous BV adducts and it is shown as diamonds. The variants of NIR FPs belonging to different groups are listed.
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0.002% arabinose was added to induce protein synthesis. The sub-
sequent steps of expression and purification of protein in apoform
were the same as for proteins in holoform.

The purity of the proteins was analyzed by SDS/PAGE using 12%
polyacrylamide gels [24]. The protein was concentrated and stored
in 20 mM Tris/HCl buffer, pH 8.0. The absorbance of the protein
samples did not exceed 0.2, and the measurements were performed
in 20 mM Tris/HCl buffer, pH 8.0, containing 1 mM tris(2-
carboxyethyl)phosphine (TCEP).

2.2. Spectral characterization of purified proteins

Absorption spectra were recorded using a U-3900H spectro-
photometer (Hitachi). The experiments were performed in 101.016-
QS microcells (5 x 5 mm, Hellma) with path length of 5 mm at
room temperature. The fluorescence experiments were conducted
using a Cary Eclipse spectrofluorometer with FLR cells
(10 x 10 x 4 mm; Agilent Technologies, Australia) with path length
of 10 mm.

Tryptophan fluorescence in the protein was excited at the long-
wave absorption spectrum edge (Aex = 297 nm), wherein the
tyrosine residue contribution to the bulk protein fluorescence is
negligible. The fluorescence spectra position and form were char-
acterized using the parameter A=I3,0/I3g5, wherein I359 and I3g5 are
the fluorescence intensities at the emission wavelengths 320 and
365 nm, respectively [25,26]. The values for parameter A and the
fluorescence spectrum were corrected for instrument sensitivity.
The tryptophan fluorescence anisotropy was calculated using the
equation:

r= (1 - i) /(1 +261),

wherein I}/ and I} are the vertical and horizontal fluorescence in-
tensity components upon excitement by vertically polarized light. G
is the relationship between the fluorescence intensity vertical and
horizontal components upon excitement by horizontally polarized
light (G = I /1), \em = 365 nm [27].

2.3. Analysis of 3D protein structure

The X-ray data of the CBD (chromophore-binding domain
composed of PAS and GAF domains [28]) of bacterial phytochrome
RpBphP2 (4E04.ent file) [29] and BphP1-FP/C20S (4XTQ.ent file, the
amino acid numbering is given according to the crystallographic
data) [17] deposited in the PDB [30] were used as the input data for
the analysis of the microenvironment peculiarities of the trypto-
phan residues localized in the structure of studied NIR FPs. The
analysis was performed as previously described [31—34].

The efficiency of non-radiative energy transfer from tryptophan
residues to BV chromophore was calculated from the equation [35]:

W=

with
k2 = (cos § — 3 cos B4 cos fp)>

where Rg is critical Forster distance, at which the probability of
energy transfer is 50%, R is the distance between the geometric
centers of Trp indole rings (donors) and BV tetrapyrrole (acceptor),
and k? is the factor of mutual orientation of donor and acceptor
[36], 8 is the angle between the directions of the emission oscillator
of donor and absorption oscillator of acceptor; 4 and fp are the

angles between the transition dipoles and the vector connecting
the geometric centers of donor and acceptor.

The values of R and k? were evaluated based on crystallographic
data for RpBphP2 and BphP1-FP/C20S. The 'L, oscillator, respon-
sible for the tryptophan emission, was considered to make an angle
of 60° with that of the C3-Cy bond [37,38]. The direction of the S4
oscillator responsible for the Soret absorption band of BV (near-UV
absorption) was taken according to [39]. The value of Ry was
determined according to the equation [35,40]:

1/6
Ro = 9,79-103 (kzn*“ng]) e

with
J= / Fo(Dea(A)i4da,
0

where ¢p is the donor quantum yield, n is the refraction index of the
medium between donor and acceptor, J is a spectral overlap be-
tween e4(1), the molar extinction coefficient of the acceptor, and
Fp(A), the normalized to area fluorescence spectrum of the donor.
The values of ¢p, k* and n was accepted to be 0.1 [41], 2/3 (random
orientation, [41]) and 1.6 [42], respectively.

2.4. Equilibrium microdialysis

Equilibrium microdialysis was performed using a Harvard
Apparatus/Amika (Holliston) device, which consists of two cham-
bers (500 pl each) separated by a membrane (MWCO 10,000) that is
impermeable to particles larger than 10,000 Da. Equilibrium
microdialysis involves the allocation of two interacting agents, a
ligand and its receptor, in two chambers (#2 and #1, respectively)
divided by a membrane that will allow the ligand to pass but is
impermeable to the receptor. In our experiment, NIR FP solution
was placed in chamber #1, and the BV solution was placed in
chamber # 2. The protein and BV were dissolved in 20 mM Tris-HCI
buffer, pH 8.6, for the microdialysis experiment. The NIR FP con-
centration was 8—10 pM, and the BV concentration varied from 10
to 50 uM. BV hydrochloride (Frontier Scientific) was used without
further purification. The BV concentration was determined by an
extinction coefficient of e376 = 45500 M~! cm~! [43]. The micro-
dialysis device was left on a rocker for 5 days at 4 °C to allow the
equilibration of the free BV concentration in both chambers [44].
After equilibration, the free BV concentration (Cs) in both chambers
was equal, while the total BV concentration in chamber #1 was
greater than that in chamber #2, due to the concentration of the
bound chromophore (Cp), which was determined using the
following equation: C,=Co—2Cy, where (y is the initial BV concen-
tration in chamber #2. These data are presented as Scatchard plot
and binding parameters determined according to the equation:

G _ Gy
<C7p) /Cf = nKb — Kpr,

wherein n and K, are the number of binding sites and binding
constant.

2.5. Protein unfolding-refolding assay

The protein unfolding (and refolding) was initiated by mixing
50 ul of the native protein (or pre-denatured protein for 8 h in
4—4.5 M GdnHCl) with 500 pl of a buffer solution containing the
desired concentration of GdnHCl (Nacalai Tesque). The
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concentration of the stock GdnHCI solution was determined by the
refraction coefficient. The dependences of the chromophore
absorbance, fluorescence, parameter A, ellipticity at 222 nm and
light scattering on the GdnHCIl concentration for NIR FPs and its
variants were recorded at 23 °C after protein incubation in a so-
lution of an appropriate denaturant concentration at 23°C for 24 h.
Further increases in the equilibration time did not result in
noticeable changes in the detected characteristics.

The recorded fluorescence intensity was corrected for the total
optical density of the solution (Dy). The corrected fluorescence
intensity was defined as I/W, where W = (1-105 P)/Ds. For details
on the correction and normalization, please refer to [45,46]. These
studies showed that I/W = Dq, where D and q are the absorption
and quantum yield of the fluorophore, respectively. Only the cor-
rected fluorescence intensity can be used to evaluate the fraction of
molecules that are in different structural states.

2.6. Circular dichroism measurements

The circular dichroism (CD) spectra were obtained using a Jasco-
810 spectropolarimeter (Jasco). The far-UV CD spectra were recor-
ded in a 1 mm path length cell from 190 to 260 nm, with a step size
of 0.1 nm. The near-UV CD spectra were recorded in a 10 mm path
length cell from 320 nm to 250 nm, with a step size of 0.1 nm. The
visible CD spectra were scanned from 800 to 320 nm, with a step
size of 0.1 nm, using a 10 mm path length cell. Three scans were
averaged for all of the spectra. The CD spectra of the buffer solutions
were recorded and subtracted from the protein spectra.

2.7. Fitting of denaturation curves

The equilibrium dependences of the ellipticity at 222 nm on the
GdnHCI concentration were fit using a two-state model [47]:

s SN+ SuKkn_u

1
T Ky g (1)
B _AG%—U + meu[D}
Kn_y = exp( RT ) (2)
Kn_y =Fy/Fn = (1 - Fn)/Fn, (3)
taking into account
Sn = an + by[D], (4)
Sy = ay + by(D], (5)

where S is the ellipticity at 222 nm at the measured GdnHCl con-
centration; [D] is the guanidine concentration; m is the linear
dependence of AGy.y on the denaturant concentration; AG&U is
the free energy of unfolding at 0 M denaturant; Fy and Fy are the
fractions of native and unfolded molecules, respectively; and Sy and
Sy are the signal of the native and unfolded states, respectively; ay,
by, ay and by are constants. Fitting was performed using a nonlinear
regression with Sigma Plot.

3. Results and discussion

3.1. Structure of NIR FPs and their variants with different location of
Cys residues

The structural characteristics of NIR FPs in holoforms (i.e. in
complex with its BV chromophore) were tested by circular

dichroism (Fig. 2) and intrinsic UV-fluorescence (Fig. 3). The
intrinsic UV-fluorescence of NIR FPs in apoforms (without BV
chromophore) was tested to analyze the contribution of separate
Trp residues.

3.1.1. Structural characteristics of NIR FPs studied by circular
dichroism

The far-UV CD spectra of studied NIR FPs were typical of proteins
with mixed o/p secondary structure. The far-CD spectra of mutant
variants of iRFP713, iRFP682 and iRFP670 exhibited high similarity
in the range of 200—250 nm. A slight decrease of a-helical content
was observed in the NIR FP variants without Cys15 and Cys256 as
manifested by less pronounced magnitude of their CD signal in the
range of 185—200 nm. Analysis of the far-UV CD spectrum of NIR
FPs using the Provencher's algorithm [48] revealed that the content
of a-helices and B-sheets was 18% and 30% for iRFP713, and 16% and
29% for iRFP713/C15S. The far-UV CD spectra of BphP1-FP variants
were obviously different from those of iRFP713. The content of o-
helices and B-sheets in BphP1-FP variants was estimated at 13 and
37%. These data disagrees with the results of the X-ray analysis of
CBD domain of RpBphP2 [29], the ancestor of iRFP713 and iRFP682,
and BphP1-FP/C20S (the amino acid numbering is as in 4XTQ.ent
file) [17], showing about 29—30% and 25% of a-helices and B-sheets,
respectively. The analysis indicated to the diverse secondary
structure of BphP1-FP mutant variants compared to the other NIR
FPs studied here.

The pronounced CD spectra in the near-UV of NIR FP variants
with Cys residues in either PAS or GAF domains, and with both Cys
residues indicated at quite rigid and asymmetric environment of
aromatic residues in the proteins. The most pronounced near-UV
CD spectra observed for NIR FP variants containing both Cys resi-
dues, Cys15 and Cys256, probably arise from their more compact
structure compared to other studied proteins. The near-UV CD
spectra of NIR FPs without residues Cys15 and Cys256 argued for
looser packing of side chains of amino acids in these proteins. Thus,
the proteins in which biliverdin covalently attached to any of the
Cys residues have, apparently, more compact structure. This sug-
gests that a covalent bond between the chromophore and residue
Cys15 or Cys256 is not only mechanically holds the chromophore,
but also stabilizes the structure of the NIR FPs.

The studied NIR FPs had typical of bacterial phytochromes in the
Pr state the visible CD spectra with a negative band at about 670 or
690 nm and a positive band at about 390 nm, the position of these
bands correspond to the position of the absorption peaks in the
visible region.

3.1.2. Intrinsic fluorescence of NIR FPs in holoforms

NIR FPs, derived from different bacterial phytochromes, varied
in their tryptophan fluorescence spectra markedly (Fig. 3A,
Table S1). At the same time, the spectra of tryptophan fluorescence
of mutant variants of NIR FP coincided to each other. This suggests
that amino acid substitutions did not affect the microenvironment
of tryptophan residues of the protein. NIR FPs, engineered on the
basis of bacterial phytochrome RpBphP1, RpBphP2 and RpBphP6,
have a different number of tryptophan residues: three of them in
iRFP713 and iRFP682, Trp109, Trp281, Trp311; two tryptophan
residues in iRFP670, Trp95 and Trp281; a single tryptophan residue,
Trp281, in BphP1-FP (Fig. S2). The NIR FPs, obtained from different
sources, have similar secondary and tertiary structure, as confirmed
by X-ray diffraction data. Based on this observation we supposed
that the simultaneous analysis of intrinsic UV-fluorescence of these
proteins and the peculiarities of the microenvironment of their
tryptophan residues allow us to assess the contribution of indi-
vidual tryptophan residues to the bulk UV-fluorescence of NIR FPs.

The analysis of the microenvironment of the tryptophan



26 0.V. Stepanenko et al. / Journal of Molecular Structure 1140 (2017) 22—31

Y
© o

Mol.ell., x10°
(deg sm? dmol™)

>» b
S o©

» A N ®)
S © ©& o o

Mol.ell., x10°
(deg sm” dmol™)

N
o O O

Mol.ell., x10®
(deg sm” dmol™)

> & N
S o

¥ ¥
S o o
T T

Mol.ell., x10°
(deg sm? dmol™)
A
o
|

®
o
I

-80 | | | | | |

400 500 600 700 800 260
Wavelength (nm)

280
Wavelength (nm)

15 -
= —— iRFP713/V256C
° 20 —— iRFP713/C15S/V256C
x S —— iRFP713/C15S
3 E 5 iRFP713
£ %o
-5
15 . :
o = —— iRFPB82
° 210 —— iRFP682/C15S
< © iRFP682/C256S
= 5 —— iRFP682/C15S/C256S
2w —— iRFP713
oD
=30
-5
15 L
_ —— iRFPB70
- 10 —— iRFPB70/C15S
o g iRFP670/C256S
<o 5 —— iRFPB70/C15S/C256S
= —— iRFP713
o5 0F
R
=385
| | v12 |
/Jg —— BphP1-FP
° 5 6 —— BphP1-FP/C15S
=g BphP1-FP/C256l
5 5 BphP1-FP/C15S/C256l
= ok iRFP713
2 » oL
[e N e)]
S84r
| ] "_g | | I ] | ] ]
300 320 190 200 210 220 230 240 250

Wavelength (nm)

Fig. 2. Characterization of NIR FPs and their variants with different location of Cys residues by CD in the visible, near-UV and, far-UV regions.

residues of iRFP682 and iRFP713 was performed using X-ray data
for the RpBphP2-CBD. iRFP713 and iRFP682 differ by three
Glu182Val, Thr204Ala, Val256Cys substitutions, none of which is
located in microenvironment of Trp residues (according to the
RpBphP2-CBD structure). Thus we considered the microenviron-
ment of Trp residues in iRFP713 and iRFP682 as similar. The crys-
tallographic data for iRFP670 or it ancestor RpBphP6 is not
available. Nevertheless, we can draw some conclusions based on
the alignment of the amino acid sequences of iRFP670 with the
other proteins.

The analysis of the microenvironment of Trp281, which is pre-
sent in all NIR FPs, showed its similarity in iRFP713/iRFP682 and
BphP1-FP (Fig. S3). Trp281 in iRFP713/iRFP682 and BphP1-FP has
rather polar and rigid microenvironment being composed of side
chains of Arg174 and Glu317, 5 bound water molecules and rings of
Phe175 and Tyr175 (Tables S2 and S3). The microenvironment of
Trp281 in iRFP670 is probably less polar with the only polar residue
of Arg174 (the number of bound water can not be determined from
the sequence alignment) and more rigid with additional two aro-
matic rings of Phe 313 and His317 except for Phe175 and Tyr173. In
the vicinity of Trp281 there are no groups which are considered to
be the most effective quenchers of tryptophan fluorescence such as
disulfide bonds [49]. There is SG atom of Cys154 near indole ring of

Trp281 in iRFP713/iRFP682 and SG atom of Cys150 near indole ring
of Trp281 in BphP1-FP, but these cysteine residues are not involved
in disulfide bonds. The environment of Trp281 in iRFP670 contains
none of cysteine residues. Tryptophan fluorescence in proteins can
be quenched by electron transfer from indole ring to amid groups of
the main chain, this process requires negatively charged groups
near the indole ring and/or positively charged groups near amides
[50,51]. We found no groups able to promote the electron transfer
in the microenvironment of Trp281 in iRFP713/iRFP682 and BphP1-
FP. In contrast, the amide of Trp281 is H-bonded to main chain O
atom of Leu274/11e274 (2.86 A/2.84 A in BphP1-FP/iRFP713), which
negative charge may prevent electron transfer (Fig. S3).

The inner tryptophan residue of iRFP713/iRFP682, Trp109, has a
very dense and hydrophobic microenvironment, which contains
only one molecule of bound water and the single polar residue of
Arg111 (Tables S2 and S4, Fig. S3). The bound water molecule is
likely H-bonded to NE1 atom of the indole ring of Trp109 being
located at a distance of 2.94 A from it. The presence of electro-
negative atom near the indole ring of Trp109 may favor the electron
transfer. Thus Trp109 in iRFP713/iRFP682 can be quenched. The
microenvironment of Trp311, located at dimeric interface of
iRFP713/iRFP682, is formed by side chains of polar amino acids,
GIn145 and GIn312, 5 molecules of bound water and side chain of
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Fig. 3. Intrinsic UV-fluorescence of NIR FPs and their variants with different location of Cys residues. (A) Spectra were normalized to fluorescence at 365 nm. (B) Spectra were
corrected for primary inner filter effect and protein concentration and normalized to the signal of iRFP713 at 365 nm. Fluorescence was excited at 295 nm.

Trp311 of the other monomer (Tables S2 and S4, Fig. S3). No
effective quenchers of fluorescence are present near indole ring of
Trp311 (Tables S2 and S4, Fig. S3). The peculiarities of the micro-
environment of Trp95 in iRFP670 can not be analyzed.

The tryptophan fluorescence intensity of NIR FPs without Cys15
and Cys256 was much larger than that of NIR FPs, with Cys residues
in either PAS or GAF domains, or with both Cys residues, but less
than the intensity of intrinsic fluorescence of NIR FPs in apoforms
(Fig. 3B). Tryptophan fluorescence in the NIR FPs can be quenched
by efficient transfer of excitation energy from tryptophan residues
to BV. Indeed, the emission spectrum of tryptophan residues
significantly overlaps with Soret band in the absorption spectrum
of BV (Fig. S4). Previously, it has been shown that tryptophan res-
idues distant from the heme up to 20 A in heme-containing myo-
globins are effectively quenched by prosthetic group [52]. Our
calculations of Ry gave the value of about 25.5 A. Based on the
relative distances between the geometric centers of Trp indole
rings and BV tetrapyrrole and their mutual orientation the efficient
fluorescence quenching can be expected in the case of Trp109 and
Trp281 (Fig. S2 and Table S5).

In NIR FPs without Cys15 and Cys256 the BV incorporation is
reversible. Thus, the solution of NIR FPs without Cys15 and Cys256
contains protein/BV complex and apoprotein which portions are
determined by the value of dissociation constant. In the experi-
ments on equilibrium microdialysis the binding parameters of BV
with apoforms of NIR FPs were found to be of micromolar range
(Fig. S5). The portion of holoprotein in NIR FPs obtained in cell
medium was estimated to be not less than 96% taking the molar
ratio of BV to apoprotein of 10:1 according to the condition of pro-
tein expression. The molar ratio of BV to apoprotein of 1:1 gives the
portion of holoprotein from 70 to 90%. The presence of the apo-
protein impurities in NIR FPs extracted from cells may increase the
quantum yield of NIR FPs (Fig. 3B). On the other hand, the looser
structure of NIR FPs without residues Cys15 and Cys256 and, hence,
increased distances between the Trp residues and noncovalently
bound chromophore may result in less effective quenching of the
intrinsic fluorescence compared to those proteins with Cys residues
in either PAS or GAF domains, or with both Cys residues. This sug-
gestion is in agreement with near-UV CD data. Apparently, BV co-
valent binding to a cysteine residue stabilizes the structure of NIR FP.
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3.1.3. Intrinsic fluorescence of NIR FPs in apoforms

We compared the spectra of tryptophan fluorescence of the NIR
FPs in apoforms, where the intrinsic fluorescence is not quenched
by the chromophore (Fig. S6, Table S1). It was revealed that the
value of intrinsic fluorescence for apoform of iRFP713/C15S,
iRFP682/S155/C256S and iRFP670/S15S/C256S was similar and
twice as much as that for apoform of BphP1-FP/S15S/C256I. Based
on this, we assumed that bulk UV-fluorescence is determined by
Trp281 and Trp311 in iRFP713/iRFP682 variants, while Trp108 is
quenched (Table 1). Both Trp281 and Trp95 of iRFP670 and the
single Trp281 of BphP1-FP contribute to the protein fluorescence.
All these tryptophan residues, probably including Trp95, have rigid
microenvironment, which results in blue-shifted tryptophan fluo-
rescence, in spite of polar groups in the microenvironment of the
tryptophan residues [32,53]. The most blue-shifted fluorescence of
iRFP670 mutant variants among all NIR FPs can be explained by the
highest hydrophobicity of the microenvironment of Trp281 in
iRFP670. Slightly red-shifted fluorescence of iRFP713/iRFP682
compared to BphP1-FP can arise from the environment of Trp311 as
Trp281 has identical microenvironment in the proteins.

3.2. The unfolding-refolding processes of NIR FPs and their variants
with different location of Cys residues

Previously we showed that the renaturation of iRFP713 was
complicated by the accumulation of partially folded state of protein
and its aggregation [44]. The irreversibility of iRFP713 denaturation
was associated with the covalent binding of BV chromophore. The
figure-of-eight knot was not interfere with protein refolding [44].
We hypothesized that the threading of N-terminal region through
the knot-forming loop of GAF domain may be complicated by BV
covalently bound to Cys15 thus preventing iRFP713 from correct
refolding. To determine how BV localization in the protein structure
might affect reversibility of protein unfolding, we studied the
denaturation-renaturation processes induced by GdnHCI of NIR FPs
with different localization of Cys residues capable of covalent
binding of the chromophore and NIR FPs without these Cys resi-
dues. Fig. 4 summarizes quasi-equilibrium curves of parameter A,
chromophore fluorescence recorded at maximum of visible fluo-
rescence, and the ellipticity at 222 nm as a function of GdnHCl
concentration for iRFP682/C15S, iRFP682/C256S and iRFP682/C15S/
(C256S. Data corresponding to the GdnHCl-induced unfolding and
refolding of iRFP670/C15S, iRFP670/C256S and iRFP670/C15S/
C256S are shown in Figs. S7—S9. Figs. S10—S12 contain data for
BphP1-FP/C15S, BphP1-FP/C256S and BphP1-FP/C15S/C2561.

We did not observe the recovery of recorded characteristics at
renaturation of NIR FPs with covalently attached BV via Cys15 or
Cys256. Similarly to iRFP713, the renaturation of NIR FPs with
covalently attached BV was accompanied by protein aggregation as
tested by the increase of light scattering at denaturant concentra-
tion less than 1.0M for mutant variants of iRFP682 and iRFP670, and
less than 1.5M for mutant variants of BphP1-FP. Current data

Table 1
The contribution of Trp residues to the total near-UV fluorescence of NIR FPs.

demonstrated that the change of BV attachment from PAS domain
to GAF domain did not improve the refolding of BphP-derived NIR
FPs. GdnHCl-induced unfolding of iRFP682/C15S/C256S and
iRFP670/C15S/C256S, which do not contain Cys15 and Cys256 and
are not able to covalent attachment of the chromophore, was
reversible. The structural parameters (ellipticity at 222 nm and
parameter A) and chromophore characteristics (visible absorption
and fluorescence) of iRFP682/C15S/C256S and iRFP670/C15S/C256S
measured at the refolding experiment at decreasing of GdnHCI
concentration achieved those of native protein transferred in the
same GdnHCl concentration. These data proved the recovery of
protein structure including the chromophore-binding pocket in
GAF domain. Thus the covalently bound chromophore hindered the
refolding of NIR FPs, probably by emerging of non-native contacts
of BV with protein.

In contrast to iRFP682/C15S/C256S and iRFP670/C15S/C256S,
unfolding of BphP1-FP/C15S/C2561 was irreversible and compli-
cated by pronounced aggregation of protein molecules. We suppose
that BphP1-FP/C15S/C256] is monomeric as BphP-FP/S20S was
crystallized in monomeric form according to X-ray data [17].
Probably, inter-monomer contacts in dimeric iRFP682/C15S/C256S
and iRFP670/C15S/C256S can stabilize the proteins in native state
during refolding while inter-molecular contacts in monomeric
BphP1-FP/C155/C2561 can stimulate protein aggregation and
inhibit its renaturation.

3.3. The stability of NIR FPs and their variants with different
location of Cys residues

The effect of the localization of cysteine residues in PAS and GAF
domains on the stability and the chromophore binding of studied
proteins was analyzed (Fig. 5). NIR FPs were ranged according to the
decrease in the stability of their structure and the strength of the
chromophore binding as following: NIR FPs with Cys15 and
Cys256 > NIR FPs with Cys15 in PAS domains > NIR FPs with Cys256
in GAF domains > NIR FPs without Cys15 and Cys256 = NIR FPs in
apoform.

Our previous studies of dimeric NIR FPs revealed that the
interaction of BV with these proteins was highly affected by inter-
monomer and interdomain allosterical effects [22]. Allosterical in-
fluence of one monomer to the other in dimeric NIR FPs, with Cys
residues in GAF domains only, leads to the covalent binding of BV
with Cys256 in one monomer and non-covalent binding of BV in
other monomer. The suppression of covalent binding of BV in the
second monomer was observed for iRFP682/C256S also [22]. The
presence of non-covalently bound BV in iRFP682/S256S is implicit
for protein in buffered solution, but it makes obvious after addition
to the protein even small amount of GdnHCI. Sequential dissocia-
tion of non-covalently bound chromophore at small GdnHCI con-
centrations and covalently bound to Cys15 chromophore at modest
GdnHCI concentrations is reflected at the dependences of fluores-
cence and absorbance, measured at the maximum of visible

iRFP713/iRFP682 variants

BphP1-FP variants

iRFP670 variants

The maximum of total fluorescence (nm) 333 330
Fluorescence of Trp95°

Fluorescence of Trp108*
Fluorescence of Trp281

Quenched
Blue-shifted

(The Trp has identical environment in both

proteins)

Fluorescence of Trp311* Slightly red-shifted

328

I Not assigned

The most blue-shifted
(The Trp has the most hydrophobic environment among studied NIR FPs)

2 The cell filled with grey if NIR FP and its variants do not contain the Trp residue.
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article.)

absorption band (Fig. 4 and Fig. S13). The dimeric NIR FPs, with Cys
residues in both PAS and GAF domains, were able to bind BV
covalently in both monomers [22]. This was explained by alloster-
ical influence of the structural changes induced by Cys15 in PAS
domain to the structure of GAF domains. Data presented in current
study confirmed that NIR FPs with Cys residues in PAS and GAF
domains indeed had the most compact and stable structure. Higher
stability of NIR FP variants with Cys15 in the PAS domains
compared to NIR FP variants with Cys256 in the GAF domains may
also be caused by structural changes introduced by Cys15. The
structure of NIR FP variants with Cys15 in the PAS domains may be
additionally fastened by the threading of BV-containing N-terminal
part of the protein through the knot. The importance of the knot for
interaction with BV is indicated by tolerance of iRFP713 to a circular
permutation mainly at N-terminal tail of PAS domain and at un-
structured loop between PAS and GAF domains, but not at knot-
forming loop of GAF-domain [54].

In the case of iRFP670 variants, the mutant form containing
residues Cys15 and Cys256, possessed the highest stability similarly
to corresponding mutant forms of the other NIR FPs. The other
mutant variants of iRFP670 had substantially lower stability com-
parable to that of apoprotein. Remarkably, the stability of iRFP670
exceeded the stability of all other NIR FPs with Cys15 and Cys256,
the chromophore dissociation in iRFP670 occurred at higher
denaturant concentration (Fig. S13). At the same time, the dena-
turation of iRFP670, and of BphP1-FP, was less cooperative then the
transition of iRFP682 and iRFP713 variants with Cys15 and Cys256.
Contrary, iRFP670/C256S, bearing Cys15 in PAS domains, showed
the lower stability and weaker chromophore association among
NIR FPs with Cys15 in PAS domains (Fig. S13). NIR FPs with Cys256
in GAF domains had closer stability but the strength of the chro-
mophore association was maximal for BphP1-FP/C15S (Fig. S13)

compared to other NIR FPs with Cys256 in GAF domains. Similar
behavior was observed for NIR FPs without Cys15 and Cys256. In
spite of close stability of their structure, NIR FPs without Cys15 and
Cys256 differed in the strength of the chromophore association
with the protein. The chromophore was more tightly bound with
BphP1-FP/C15S/C2561 and more weakly with iRFP670/C15S/C256S
(Fig. S13). These findings suggest the difference of the chromophore
interaction with protein microenvironment in mutant forms
iRFP670, BphP1-FP and iRFP682/iRFP713.

4. Conclusion

We studied the structural and spectral characteristics of NIR FPs,
engineered from different bacterial phytochromes. The experi-
ments on unfolding and refolding of NIR FPs, with a different
location of cysteine residues capable of covalent BV binding,
revealed that the change of the position of covalent attachment of
the chromophore in NIR FPs did not recover their refolding. Inter-
molecular contacts were important for refolding of dimeric NIR FPs.
NIR FPs with the chromophore incorporated into the GAF domain
but unbound covalently had the less compact and stable protein
structure. The formation of covalent bond between the chromo-
phore and residue Cys15 or Cys256 stabilizes the structure of the
NIR FPs to different extent. The higher stabilization of protein in the
case of biliverdin attachment to Cys15 is probably determined by a
figure-of-eight knot. Indeed, passing of N-terminal region through
the knot with subsequent covalent bonding of this path and BV in
the pocket of the GAF domain can make something like a pin. NIR
FPs with both residues Cys15 and Cys256 exhibited the highest
stability among all NIR FPs, despite the covalent linkage of the
chromophore to the Cys256 in these proteins [22]. We believe that
significant impact on the stability of NIR FPs with both residues
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Cys15 and Cys256 is provided by the structural changes introduced
by cysteine in PAS domains.
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