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. Fluorescent proteins (FPs) engineered from bacterial phytochromes attract attention as probes for in

. vivoimaging due to their near-infrared (NIR) spectra and use of available in mammalian cells biliverdin

© (BV) as chromophore. We studied spectral properties of the iRFP670, iRFP682 and iRFP713 proteins and

. their mutants having Cys residues able to bind BV either in both PAS (Cys15) and GAF (Cys256) domains,

© in one of these domains, or without these Cys residues. We show that the absorption and fluorescence

. spectra and the chromophore binding depend on the location of the Cys residues. Compared with NIR
FPs in which BV covalently binds to Cys15 or those that incorporate BV noncovalently, the proteins with

. BV covalently bound to Cys256 have blue-shifted spectra and higher quantum yield. In dimeric NIR FPs

. without Cys15, the covalent binding of BV to Cys256 in one monomer allosterically inhibits the covalent

binding of BV to the other monomer, whereas the presence of Cys15 allosterically promotes BV binding

. to Cys256 in both monomers. The NIR FPs with both Cys residues have the narrowest blue-shifted

. spectra and the highest quantum yield. Our analysis resulted in the iRFP713/Val256Cys protein with the

. highest brightness in mammalian cells among available NIR FPs.

. The development of near-infrared (NIR) fluorescent proteins (FPs) from bacterial phytochromes (BphPs) has
. substantially progressed recently because of the great need for genetically encoded NIR probes to noninvasively
. study metabolic processes deep within the tissue of mammals'2 Compared with visible light, NIR light has the
. advantages of more deeply penetrating mammalian tissues and resulting in less light scattering. The probes that
* have been recently developed from BphPs include permanently fluorescent NIR FPs*~7, photoactivatable NIR FPs®
- and NIR reporters of protein-protein interactions®*.

BphPs consist of a photosensory core module and an output effector module, which is typically a histidine
© kinase'"'2, The photosensory module is formed by PAS (Per-ARNT-Sim repeats), GAF (cGMP phosphodiesterase/
. adenylate cyclase/FhlA transcriptional activator), and PHY (phytochrome-specific) domains. For light absorption
. BphPs covalently incorporate a heme-derived linear tetrapyrrole, biliverdin IXa (BV), as a chromophore!®. The
: chromophore binding occurs via a thioether bond formed between pyrrole ring A of BV and a conserved Cys resi-
. duelocated in the N-terminal extension of the PAS domain'*'>. In contrast to BphPs, plant and cyanobacterial phy-
. tochromes covalently bind other bilin chromophores called phytochromobilin (P®B) and phycocyanobilin (PCB),
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respectively; these chromophores have less extended conjugated electron systems!'®!’. The plant and cyanobacterial
phytochrome P®B and PCB both covalently bind to a conserved Cys residue located in their GAF domain!®'°.

BphPs exist in two stable states that absorb at 680-710 nm (the Pr state or red-absorbing state) and 740-760 nm
(the Pfr state or far red-absorbing state). The ground Pr state (or Pfr state) may be converted into the Pfr state
(or Pr state) upon illumination with red (or far-red) light, respectively. Engineering of BphPs into permanently
fluorescent NIR FPs requires stabilization of the Pr state of the BV chromophore, destabilization of its Pfr state,
and disruption of the hydrogen bond network between BV and its microenvironment"*?. These conditions are
achieved by the deletion of the PHY and effector domains and by the introduction of amino acid substitutions
into the immediate environment of the chromophore. This strategy was employed to develop several permanently
fluorescent NIR FPs from the PAS-GAF domains of Deinococcus radiodurans DrBphP*-¢ and five multicolor iRFP
proteins from Rhodopseudomonas palustris RpBphP2 and RpBphP6*”. Unlike DrBphP-based NIR FPs, the series of
iRFP proteins efficiently incorporated the endogenous BV chromophore, which is abundant in mammalian tissues.

More interestingly, iRFP670, which is engineered from RpBphP6, and iRFP682, which is engineered from
RpBphP2, exhibited ~30-35 nm blue-shifted absorbance and fluorescence, which is unusual for other BphP-derived
NIR FPs. An analysis of the amino acid sequence of iRFP670 and iRFP682 showed an additional Cys residue in
the GAF domain. This Cys is not present in other NIR FPs proteins or in any BphPs, all of which only contain the
common BV-binding Cys in the PAS domain. Our analysis of the RpBphP2 crystal structure?! showed that this
Cysislocalized in the BV-binding pocket of the GAF domain in the conserved SPXH amino acid motif of BphPs,
in which the X residue was replaced with Cys256 (here and below the amino acid numbering is in accordance with
the alignment in Supplementary Fig. 1). This residue is located at a position analogous to that of the conserved Cys
residue in the GAF domain of plant and cyanobacterial phytochromes!??2. We speculated that this Cys residue
in iRFP670 and iRFP682 might be involved in BV binding and might result in the unusual spectral blue shift of
these proteins.

In this paper, to characterize iRFP670 and iRFP682 in more detail, we generated a range of mutants with Cys
residues in either the PAS or GAF domains and mutants lacking the Cys residues. We generated similar mutants of
iRFP713, which were engineered in a manner similar to that for iRFP682 from RpBphP2. In addition, for iRFP713,
we substituted the amino acid at the 204 position in the conserved PXSDIP region. As known, the substitution of
the conserved Asp204 of wild-type BphPs disrupts the Pr to Pfr photoconversion; moreover, this substitution is
necessary to stabilize the Pr state in NIR FPs?. The spectral characteristics of the iRFP670, iRFP682 and iRFP713
mutants were evaluated in buffer and with denaturing reagent. Analysis of the data revealed an allosteric effect
in the dimeric structure of iRFP variants on the binding of BV to Cys residues in the second monomer. We also
showed that the iRFP713 mutant with Cys residues in both the PAS and GAF domains exhibits the highest molec-
ular brightness and quantum yield among all BphP-derived FPs. Moreover, the effective brightness of this mutant
in mammalian cells was 50% higher than that of iRFP682 and iRFP713 and 30% higher than the second brightest
BphP-derived FP, iRFP670. Due to the blue spectral shift, this new bright NIR FP was used for two-color imaging
in live mammalian cells.

Results and Discussion

BV binding to iRFP713, iRFP682, iRFP670 and their mutants. The dimeric NIR FPs iRFP682 and
iRFP670 exhibit blue-shifted (~30-45nm) absorbance and fluorescence spectra compared with those of the
dimeric NIR FP iRFP713 (Table 1). The distinctive feature of iRFP682 and iRFP670 is the presence of Cys256
in the GAF domain in addition to the canonical for BphPs Cys15 in the PAS domain of each protein monomer
(Supplementary Fig. 1). To identify the origin of the substantial difference in the spectral characteristics of these
NIR FPs, we made the following mutants of iRFP713, iRFP682 and iRFP670: with Cys15 residue only in the
PAS domain (iRFP670/C256S, iRFP682/C256S and iRFP713), with Cys256 residue only in the GAF domain
(iRFP670/C15S, iRFP682/C15S and iRFP713/C15S/V256C), with Cys residues in both the PAS and GAF domains
(iRFP670, iRFP682 and iRFP713/V256C), and without the Cys residues (iRFP670/C15S/C256S, iRFP682/C15S/
C256S and iRFP713/C15S). After expression in E.coli, all these NIR FP variants were colored, suggesting that all
of them efficiently incorporated the BV chromophore. We then applied a zinc staining assay to study the nature
of the BV incorporation.

As expected, the NIR FP variants with the BphP-conserved Cys15 residue in the PAS domain were able to
covalently bind BV as detected with zinc staining (Supplementary Fig. 2). Moreover, the zinc staining indicated
that BV was also covalently bound to NIR FP variants with Cys256 residue in the GAF domain. This result was
not surprising because although the Cys15 and Cys256 residues are located far from each other in the polypep-
tide, these two residues are spatially located near the reactive C3% atom of the A ring of BV in the pocket of the
GAF domain. Furthermore, Cys256 is known to be the conserved chromophore binding residue in cyanobacte-
riochromes'>?2. The NIR FP variants containing both Cys15 and Cys256 were detected by zinc staining, whereas
the NIR FP variants without these Cys residues were not. Interestingly, while both the coomassie blue and the
zinc staining show single bands for the NIR FP variants containing Cys residues either in the PAS or in the GAF
domain, the variants containing both Cys15 and Cys256 (iRFP670, iRFP682 and iRFP713/V256C) exhibit two
close bands (Supplementary Fig. 2). The reason for this band splitting is not clear. The gel filtration of the NIR FP
variants with two Cys residues showed the single elution peaks (Supplementary Fig. 3) that confirmed the absence
of impurities in these protein samples.

Characteristics of NIR FPs with different Cys contents and location. We next examined the absorp-
tion and emission spectra of the iRFP713, iRFP682 and iRFP670 variants with different locations and numbers
of Cys residues (Supplementary Fig. 4). The spectral properties were not specific to NIR FPs but depended on
the presence and location of the Cys residues in their PAS and/or GAF domains. We divided the NIR FPs into
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iRFP713 692 66 713 38 98,000 6.3 100 4.5 100
iRFP713/T204A 696 59 720 39 86,000 5.1 71 n.d. n.d.
I Cysl5in PAS
iRFP682/C256S 694 77 713 42 89,500 3.2 46 49 88
iRFP670/C256S 675 82 702 48 92,900 5.7 86 43 103
iRFP713/C15S 685 80 710 42 68,000 5.5 61 n.d. n.d.
11 no both Cys iRFP682/C155/C256S 689 83 712 42 45,400 22 16 5.5 0.4
iRFP670/C15S/C256S 671 81 699 48 76,300 4.6 57 5.3 0.3
iRFP713/C15S/V256C 665 97 676 67 66,000 7.2 77 n.d. n.d.
iRFP713/C15S/V256C/T204A 659 106 681 57 51,000 6.2 51 n.d. n.d.
111 Cys256 in GAF
iRFP682/C15S 659 111 683 60 53,800 5.0 44 5.0 27
iRFP670/C15S 641 103 669 69 85,400 10.3 143 4.7 34
Cys15in PAS iRFP713/V256C 662 66 680 46 94,000 14.5 221 45 150
v and Cys256 in iRFP682 663 69 682 42 90,000 11.1 162 4.5 105
GAF iRFP670 644 78 670 42 110,000 12.2 217 4.0 119

Table 1. The spectral and biochemical properties of the iRFP670, iRFP682, iRFP713 proteins and their
variants with different location of the Cys residues. *“Molecular brightness is a product of extinction coefficient
and fluorescence emission quantum yield. "Determined as a mean NIR fluorescence intensity of HeLa cells

with no supply of exogenous BV after normalization to a mean fluorescence intensity of co-transfected EGFP.
FWHM, full width at half maximum of spectrum. n.d., not determined.

(b) no Cys (c) Cysin GAF (d) Cys in PAS and GAF
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Figure 1. Spectral properties of iRFP713, iRFP682 and iRFP670 variants. Absorbance (top row) and
fluorescence emission (bottom row) spectra of the iRFP713, iRFP682 and iRFP670 variants with the Cys residue
either (a) in the PAS domain or (c) in the GAF domain, (b) without Cys15 and Cys256, or (d) with the Cys
residues in both the PAS and GAF domains. Fluorescence emission was excited at 600 nm.

four groups based on their spectral properties (Table 1, Figs 1 and 2): NIR FP variants having Cys residue only in
PAS domain (Cysl15) (group I), variants without Cys residues suitable for the covalent binding of BV (group II),
variants with Cys residue only in the GAF domain (Cys256) (group III), and variants containing both Cys15 and
Cys256 in the PAS and GAF domains (group IV).

The mutant variants of the studied proteins bearing Cys residue only in the PAS domain (iRFP713, iRFP713/
T204A, iRFP682/C256S and iRFP670/C256S) had the most red-shifted absorption and fluorescence (Fig. 1(a),
Table 1(group I)). The absorption and fluorescence spectra of variants containing no Cys residues capable of
BV binding (iRFP713/C15S, iRFP682/C15S/C256S and iRFP670/C15S/C256S) were similar to the spectra of
the proteins with the Cys residue only in the PAS domain. iRFP713/C15S and iRFP670/C15S/C256S had the
slightly blue-shifted absorption and fluorescence spectra with respect to their counterparts from group I (Fig. 1(b),
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Figure 2. Proposed allosteric model for BV interaction with monomers in dimeric NIR FPs. In NIR FPs
with Cys residue only in the PAS domain, either binding of BV to Cys15 occurs in both monomers of the
dimeric protein (as in iRFP713 and iRFP670/C256S) (Ia) or BV binding in one monomer of the dimeric protein
prevents the covalent binding of BV to Cysl5 in the other monomer (as in iRFP682/C256S) (Ib). (IT) No
covalent BV binding occurs in NIR FPs without Cys residues in the PAS and GAF domains. (III) In NIR FPs
with Cys residue only in the GAF domain, binding of BV to Cys256 in one monomer of the dimeric protein
prevents the covalent binding of BV to Cys256 in the other monomer. (IV) In NIR FPs with Cys residues in both
the PAS and GAF domains, Cys15 promotes the covalent binding of BV to Cys256 in both monomers.

Table 1(group II)), whereas iRFP682/C15S/C256S had the slightly blue-shifted absorption spectrum and the flu-
orescence spectrum that is almost identical to that of iRFP682/C256S (Fig. 1(b), Table 1(group II)). These data
suggest that both the covalently bound and the noncovalently incorporated BV molecules contribute to the spectral
characteristics of NIR FPs (Fig. 1(a,b)). The w-electron system of a BV molecule incorporated into the protein
pocket might be highly similar to that of BV covalently linked to Cys15, although comparison of the fluorescence
quantum yields of these proteins indicated a difference in the mobility of the covalently and the noncovalently
bound BVs. BV incorporated in the GAF pocket can likely adopt two conformations (see below), and the covalent
binding likely immobilizes one of these isoforms.

Within the NIR FP groups I and II (Table 1), the lowest fluorescence quantum yield is exhibited by the iRFP682
mutants (iIRFP682/C256S and iRFP682/C15S/C256). A previous study showed that BV was incorporated into
iRFP713 at a molar ratio of 1:1%, suggesting that the BV binding to one iRFP713 monomer did not interfere with
the BV binding to the other monomer. Therefore, the observed iRFP682/C256S and iRFP682/C15S/C256 char-
acteristics may indicate that the covalent binding of BV to the first monomer allosterically affects the ability of
the second monomer to bind BV. This assumption was confirmed in the GdnHCl-induced protein denaturation
experiments below.

AIINIR FP variants containing Cys256, regardless of whether they do (iRFP713/V256C, iRFP682 and iRFP670)
or do not (iRFP713/C15S/V256C, iRFP713/C15S/V256C/T204A, iRFP682/C15S and iRFP670/C15S) have Cys15
in the PAS domain, showed substantially blue-shifted absorption and fluorescence (Fig. 1(c,d), Table 1(groups III,
IV)). Thus, the spectra of these variants are mainly determined by BV covalently bound to Cys256 in the GAF
domain. The blue-shift of the chromophore covalently bound to Cys256 may be caused by a change in the degree
of the w-electron conjugation relative to that for the BV covalently linked to canonical Cys15.

It would be natural to assume that NIR FPs carrying only Cys256 in the GAF domain would have narrower
absorption and fluorescence spectra compared to those of the proteins having both the Cys15 and Cys256 residues.
In the latter case, one could expect the formation of both chromophore adducts: one characterized by blue-shifted
and another by red-shifted spectra, because two putative BV binding sites are present. This scenario eventually could
lead to a broadening of the spectra of NIR FP variants with both Cys256 and Cys15. However, the experimental
data show the opposite effect.

The NIR FP variants with Cys256 only in the GAF domain exhibit the obvious red-shifted shoulders in their
absorption and fluorescence spectra (Fig. 1(c,d), Supplementary Fig. 4). As a result, the NIR FP variants with
Cys256 only (Table 1(groups III)) have the broadened absorption and fluorescence spectra with a large full width
at half maximum (FWHM). In contrast, the NIR FP variants with the Cys residues in both domains have the nar-
row blue-shifted absorption and fluorescence spectra (Table 1(group IV)). These findings indicate that the NIR
FP variants with the Cys residue in the GAF domain contain another form of the chromophore, in addition to the
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blue-shifted chromophore covalently bound to Cys256. The other chromophore has the red-shifted absorption and
fluorescence. The NIR FP variants with the Cys residues in the PAS and GAF domains contain only the chromo-
phore form covalently bound to Cys256. Thus, even when both Cys15 and Cys256 are available, BV preferentially
binds to Cys256. Because covalent binding of BV to a Cys residue is an irreversible process, the preferred binding
of BV to Cys256 in the NIR FP variants with the Cys residues in both PAS and GAF domains is likely determined
by binding kinetics: the rate of the BV binding to Cys256 significantly exceeds the rate of the BV binding to Cys15.

The spectral data of studied NIR FPs can be explained as follows: the covalent binding of BV to Cys256 in one
monomer of dimeric NIR FPs bearing only the Cys256 residue allosterically inhibits the BV binding to Cys256
of the other monomer. As a result, the second monomer of these proteins holds a BV molecule that is chemically
unbound to any Cys residue; this BV exhibits red-shifted absorption and fluorescence (Fig. 1(b)). This proposed
model of the allosteric BV interaction with dimeric NIR FPs is presented in Fig. 2.

Protein stability of NIR FPs and their Cys mutants. The allosteric model of the BV interaction with
dimeric NIR FPs (Fig. 2) was further confirmed by measuring the spectral characteristics of iRFP713, iRFP682
and iRFP670 variants in the presence of a denaturing agent, GAnHCI. The spectral characteristics of the variants
were compared to the values of the Fy parameter at different GdnHCI concentrations (see Methods).

BV was the most weakly associated with NIR FP variants having no Cys residues capable of covalent BV binding
(iRFP713/C15S, iRFP682/C15S/C256S and iRFP670/C155/C256S) (Figs 3(b), 4(b), 5(b) and 2(panel II)). In these
variants, the chromophore dissociated even at minimal GAnHCI concentrations where the native protein structure
was still preserved (Figs 3(b), 4(b) and 5(b)). These variants had the lowest quantum yields and the highest pKa
values among all studied NIR FPs (Table 1). Remarkably, the stability of the structure of these proteins was com-
parable to that of the apoforms (Supplementary Fig. 7, Supplementary Table 1). In other words, the noncovalent
incorporation of BV into the pocket of the GAF domain did not stabilize the protein structure.

In variants of iRFP713 that contain the Cys15 residue only in the PAS domain (iRFP713, iRFP713/T204A),
both monomers presumably attach to the chromophore covalently (Fig. 2(panel Ia)); these variants possessed a
much more stable structure: the chromophore release occurred concomitantly with the protein structure disrup-
tion (Fig. 3(a), Supplementary Fig. 6(a), Supplementary Table 1). The covalent binding of the chromophore in
the iRFP670 variant containing the Cys15 residue only in the PAS domain (iRFP670/C256S) also contributed to
the strength of the protein-BV interaction, but BV molecules left the chromophore pocket of the GAF domain
at lower GdnHCI concentrations than the concentrations for protein denaturation (Fig. 5(a)). At the same time,
iRFP670/C15S and iRFP670/C256S had similar stability of the protein structure, which was comparable to that of
the iRFP670 apoform (Fig. 5(a), Supplementary Fig. 7, Supplementary Table 1). This finding meant that a cova-
lent bond between any Cys residue and BV did not stabilize the protein and could indicate a weaker BV-protein
interaction in the iRFP670 variants than in the iRFP713 and iRFP682 variants.

A specific behavior of iRFP682/C256S, which only has Cys residue in the PAS domain similarly to iRFP713 and
iRFP670/C2568, is notable. The dependences of absorbance, measured at the maximum and at the long-wavelength
edge of the spectrum during GdnHCl-induced unfolding of iRFP682/C256S, differed substantially, suggesting that
this variant contained two chromophore species. The first chromophore species was readily dissociated from the
GAF pocket of iRFP682/C256S at GAnHClI concentrations less than 1 M, similar to the findings for NIR FP variants
that had no Cys residues capable of BV binding. The second chromophore species was released from the GAF
pocket of iRFP682/C256S only during disruption of the protein structure (Fig. 4(a)). From these observations, we
assumed that the first chromophore species corresponds to the noncovalently incorporated BV (Fig. 2(panel Ib)).
The presence of a noncovalently incorporated chromophore in iRFP682/C2568S also explains the lower quantum
yield of this protein compared to that of the iRFP670 and iRFP713 variants with Cys residue in the PAS domain
(Table 1).

The iRFP713 and iRFP682 variants that contain Cys residue in the GAF domain covalently bind to a single
BV molecule through Cys256 in one monomer, and the second BV is noncovalently incorporated in a pocket of
the other monomer (Fig. 2(panel III)). The absorbance at the long-wavelength edge of the spectrum decreased
at as low GdnHCI concentration (<1 M), as in the case of NIR FP variants containing no Cys residues capable of
BV binding (Figs 3(c) and 4(c), Supplementary Fig. 6(b)). The dependences of the absorbance measured at the
maximum and at the long-wavelength edge of the spectrum during GdnHCl-induced unfolding of iRFP670/C15S
were effectively the same, likely because of the diverse BV-protein interactions in the iRFP670 variants compared
to the iRFP713 and iRFP682 variants.

Dimeric NIR FPs bearing Cys15 and Cys256 in the PAS and GAF domains, which covalently bind BV molecules
via Cys256 in both monomers (Fig. 2(panel IV)), had increased protein stability compared to protein variants with
Cys15 in the PAS domain (Figs 3(d), 4(d) and 5(d), Supplementary Fig. 7, Supplementary Table 1). This effect
was more pronounced for iRFP670. For iRFP713/V256C and iRFP682, the introduction of the Cys256 residue in
the GAF domain in addition to the Cys15 residue in the PAS domain slightly stabilized the proteins. Possibly, the
NIR FPs bearing Cys15 and Cys256 in the PAS and GAF domains bind BV more strongly, resulting in a higher
fluorescence quantum yield and molecular brightness (Table 1). Importantly, the highest quantum yield of 14.5%
and the highest molecular brightness among the currently available BphP-derived NIR FPs? was observed for the
iRFP713/V256C variant (Table 1).

We next analyzed the effect of substitutions at position 204 on the spectral characteristics of iRFP713 variants
having Cys residues only in either the PAS or GAF domains. The Ala substitution of Thr204 in iRFP713, which is
near the chromophore, only caused a slight red-shift in the absorption and fluorescence (Fig. 1(a), Table 1). This
result was in contrast to the introduction of the Cys residue at position 256, which is farther from the chromo-
phore, resulting in a spectral shift of ~30 nm. In the iRFP713 variants that only have the Cys256 residue in the GAF
domain, the residue at position 204 affected the ratio of the blue-shifted species that is covalently bound to Cys256
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Figure 3. Change in the visible absorption of iRFP713 variants in the presence of GdnHCI. The absorption
spectra of mutant proteins at different denaturant concentrations are presented in the left panels. The numbers
on the curves indicate the denaturant concentration of the protein samples. Colored vertical dashed lines show
the wavelengths selected for further analysis. In the right panels, the dependences of the optical densities at

640 and 690 nm, or those at 600, 660 and 690 nm, on the GdnHCI concentration are shown. These data were
normalized to the absorption at the corresponding wavelength of the iRFP713 variant in buffered solution
(n=3; error bars are s.e.m.). The stability of the protein structure against GdnHCl-induced unfolding is shown
as the dependences of the fraction of native molecules Fy on the GAnHCI concentration (gray symbols). Fyy was
calculated on the basis of the ellipticity at 222 nm.

relative to the red-shifted noncovalently incorporated chromophore species (Fig. 1(c)). NIR FPs containing Thr204
had more pronounced absorption and fluorescence of the red-shifted noncovalently incorporated chromophore
compared to the proteins containing Ala204.

Structure of chromophore covalently bound to Cys256. The spectral data and the zinc staining indi-
cated that BphP-derived NIR FPs are capable of covalent binding of BV chromophore via both Cysl15 in the PAS
domain and Cys256 in the GAF domain. According to X-ray data of the PAS-GAF domains of RpBphP2 bacterial
phytochrome®', which was used as a template for engineering iRFP682 and iRFP713, the C3 atom of ring A of BV
and the C3! and C3? atoms of the side chain of ring A are located at distances of 3.9, 3.0 and 1.6 A, respectively,
from the thioether bond-forming sulfur atom SG of Cys15%. The crystal structure indicates that BV is associated
with Cys15 through a covalent bond between the SG atom of the Cys residue and C3?, which is the closest BV
atom to SG. We also determined the BV-Cys256 distance, assuming that the SG atom of Cys256 will have the
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Figure 4. Change in the visible absorption of iRFP682 variants in the presence of GdAnHCI. The absorption
spectra of mutant proteins at different denaturant concentrations are presented in the left panels. The numbers
on the curves indicate the denaturant concentration of the protein samples. Colored vertical dashed lines show
the wavelengths selected for further analysis. In the right panels, the dependences of the optical densities at
640 and 690 nm, or those at 600, 660 and 690 nm, on the GdnHCI concentration are shown. These data were
normalized to the absorption at the corresponding wavelength of the iRFP682 variant in buffered solution
(n= 3; error bars are s.e.m.). The stability of the protein structure against GdnHCl-induced unfolding is shown
as the dependences of the fraction of native molecules Fy on GdnHCI concentration (gray symbols). Fy was
calculated on the basis of ellipticity at 222 nm.

same localization as the CG1 (the most proximal to BV) atom of Val256 in RpBphP2 (Supplementary Fig. 5(a)).
This analysis showed that ring A of BV is the closest to the residue at position 256. The distances between the SG
atom of Cys256 and the C3, C3' and C3? atoms of the chromophore are 3.6, 3.4 and 4.6 A, respectively. Thus, the
SG atom of Cys256 might covalently bind to one of the most proximal to SG atoms of BV, C3* or C3".

A previous study showed that in the cyanobacterial phytochrome Cphl, the formation of the covalent bond
between its chromophore and Cys259 is preceded by the chromophore entering the GAF domain pocket?. We
propose that the same mechanism is valid for BphPs. Our experimental data showing that NIR FP variants without
Cysl15 and Cys256 residues are able to form fluorescent complexes with BV confirm this scheme of BV association.
The w-electron system of free BV (Supplementary Fig. 5(b)) is not identical to the system of BV covalently bound
via Cys15 (Supplementary Fig. 5(c)), but the degrees of mt-electron conjugation in both cases are almost the same.
Thus, the variants containing no Cys residues capable of BV binding and the proteins that only have Cys residue
in the PAS domain have similar spectral characteristics and are spectrally shifted by no more than 4-7 nm.
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Figure 5. Change in the visible absorption of iRFP670 variants in the presence of GdnHCI. The absorption
spectra of mutant proteins at different denaturant concentrations are presented in the left panels. The numbers
on the curves indicate the denaturant concentration of the protein samples. Colored vertical dashed lines show
the wavelengths selected for further analysis. In the right panels, the dependences of optical densities at 620 and
675 nm, or those at 590, 645 and 675 nm, on the GdnHCI concentration are shown. The data were normalized
to the absorption at the corresponding wavelength of the iRFP670 variant in buffered solution (n = 3; error

bars are s.e.m.). The stability of the protein structure against GdnHCl-induced unfolding is shown as the
dependences of the fraction of native molecules Fy on GdnHCI concentration (gray symbols). Fyy was calculated
on the basis of ellipticity at 222 nm.

We suppose that the BV that has entered the GAF domain pocket has some conformational flexibility.
Fluctuations of the side chain of BV ring A may bring it near the side chains of residues at positions 15 and 256.
In the NIR FP variants containing both Cys15 and Cys256 residues, a covalent bond between Cys256 and BV is
preferentially formed, possibly because the product of this reaction is kinetically favored compared to the BV
adduct bound to SG of Cys15. The substantial blue shift of the absorption and fluorescence of BV that is covalently
bound to Cys256 confirms that the chemical structure of this BV adduct is different from that of BV covalently
bound to Cys15. For the former, the degree of the m-electron conjugation in the chromophore system is decreased.
We suppose that this decrease could be achieved by moving the position of the double bond from ring A out of
the w-conjugated system of the BV chromophore (Supplementary Fig. 5(d, e)) while maintain the total number
of double bonds in the BV adduct. A similar mechanism of tetrapyrrole chromophores isomerization has been
proposed for several cyanobacteriochromes?-?. The proposed structures of the BV adducts covalently bound to
Cys256 was recently confirmed by the X-ray analysis of a monomeric BphP1-FP/C20S NIR FP engineered from
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RpBphP1 of Rhodopseudomonas palustris, which has the Cys residue in the GAF domain®. It was shown that in
the BphP1-FP/C20S the BV binding to Cys256 can occur either via its C3? atom or via its C3' atom, thus, resulting
in two BV adduct chromophores.

NIR FP brightness and two-color imaging in mammalian cells. The biophysical parameters of
iRFP670, iRFP682 and iRFP713 variants differed; thus, we were curious about their properties in mammalian
cells. We cloned all iRFP variants into a mammalian expression vector and transiently transfected HeLa cells.
Flow cytometry analysis showed that the iRFP670/C256S- and iRFP682/C256S-expressing cells had the highest
effective (i.e., cellular) brightness among the mutants; these values were respectively 86% and 84% compared to
the parental iRFP670 and iRFP682 and 103% and 88% compared to the control iRFP713 (Table 1, Supplementary
Fig. 8). Despite having higher quantum yields than iRFP670/C256S and iRFP682/C256S, the iRFP670/C15S- and
iRFP682/C15S-expressing cells were 3-fold dimmer. Almost no NIR fluorescence was detected for cells express-
ing iRFP670/C15S/C256S and iRFP682/C15S/C256S (Table 1, Supplementary Fig. 8).

The iRFP713/V256C variant exhibits the highest quantum yield and molecular brightness among available
BphP-based NIR FPs*? (Table 1); thus, we were curious about its properties in mammalian cells. Flow cytometry
analysis (Fig. 6(a,b)) showed that the effective brightness of iRFP713/V256C-expressing cells was 150% compared
to iRFP682- and iRFP713-expressing cells, which had brightnesses of 105% and 100%, respectively (Fig. 6(c)).
The difference in brightness between iRFP682 and iRFP713/V256C cells was also observed by epifluorescence
microscopy: the cells expressing iRFP713/V256C appeared brighter than iRFP682 cells for equal exposure times
(Fig. 6(d)).

We next tested whether we could spectrally distinguish iRFP713/V256C, iRFP682 and iRFP713 variants
in mammalian cells. We first performed flow cytometry of HeLa cells using a single excitation laser (640 nm)
and two emission channels, far-red (670/30 nm) and NIR (710/20nm) (Fig. 6(b)). As expected, the iRFP713/
V256C-expressing cells were barely separable from iRFP682 cells due to the high spectral similarity (Table 1).
In contrast, the iRFP713/V256C cells were easily distinguishable from the iRFP713-expressing cells (Fig. 6(b)).

We next performed imaging of the cells cytoplasmically expressing either iRFP713/V256C or iRFP713 using
two filter sets. In the co-cultured cells iRFP713/V256C fluorescence was observed primarily in the far-red filter
set (ex. 605/40 nm, em. 667/30 nm), whereas iRFP713 fluorescence was mainly detectable in the NIR filter set
(ex. 682/12nm, em. 721/42nm) (Fig. 6(e)). We further co-expressed iRFP713/V256C and iRFP713 in the same
cells. For that we fused iRFP713/V256C to a mitochondrial targeting signal and iRFP713 to a nuclear localization
sequence. Again, the fusion proteins targeted to different cellular compartments were easily spectrally distinguish-
able (Fig. 6(f)). These experiments demonstrated that original iRFP713 and its bright blue-shifted iRFP713/V256C
mutant can be used for two-color live cell imaging.

Summary

We have characterized the BV interaction with dimeric BphP-derived NIR FPs. Our data show that the covalent
binding of the BV chromophore in one monomer of a dimeric NIR FP bearing Cys residues either in the GAF
domains only or in the PAS domains only may allosterically affect the interaction of BV with the other monomer.
The substitution near the chromophore (e.g., at position 204) may further contribute to this effect. The presence of
Cysl5 in the PAS domains, in addition to Cys256 in the GAF domains, helps to overcome the allosteric inhibition
and promotes the covalent binding of BV to Cys256 in both monomers. Therefore, the NIR FP variants with the
Cys residues in both domains exhibit the narrow blue-shifted spectra as well as the highest fluorescence quantum
yield and the highest molecular brightness. Moreover, the iRFP713/V256C protein with two Cys residues designed
in this paper has the highest effective brightness when expressed in mammalian cells and should become the probe
of choice for two-color NIR fluorescence imaging.

Methods

Plasmids, mutagenesis, protein expression and purification. The iRFP670, iRFP682 and iRFP713
genes were amplified and cloned into a pBAD/His-B vector (Invitrogen) using Bg/II and EcoRlI sites. The iRFP670/
C15S, iRFP670/C256S and iRFP670/C15S/C256S, iRFP682/C15S, iRFP682/C256S and iRFP682/C15S/C256S,
iRFP713/T204A, iRFP713/C15S, iRFP713/C155/V256C, iRFP713/V256C and iRFP713/C15S/V256C/T204A
variants were obtained by site-directed mutagenesis using a QuickChange Mutagenesis Kit (Stratagene).

The iRFP670, iRFP682, iRFP713 proteins and their variants with polyhistidine tags on the N-termini were
expressed in LMG194 host cells (Invitrogen) containing a pWA23h plasmid encoding heme oxygenase under the
rhamnose promoter®. To initiate protein expression, bacterial cells were grown in RM medium supplemented with
ampicillin, kanamycin and 0.02% rhamnose for 5h 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 substi-
tuted with PBS buffer using PD-10 desalting columns (GE Healthcare). The final purification was performed with
ion-exchange chromatography using a MonoQ column (GE Healthcare).

Spectral and biochemical characterization of purified proteins.  Absorption spectra were recorded
using a U-3900H spectrophotometer (Hitachi). The experiments were performed in 101.016-QS microcells
(5 x 5mm; Hellma) with path length of 5mm at room temperature. The fluorescence experiments were con-
ducted using a Cary Eclipse spectrofluorometer with FLR cells (10 x 10 x 4 mm; Agilent Technologies) with path
length of 10 mm.

The extinction coeflicient was calculated from a comparison of the absorbance values at the main peak with the
absorbance value at the smaller peak at ~390 nm, assuming the latter had extinction coefficient of free BV of 39,900
M~!cm™. To determine quantum yield, we compared the fluorescence signal of a purified protein to that of an
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Figure 6. Brightness and two-color detection of mammalian cells expressing iRFP682, iRFP713 and
iRFP713/V256C variants. (a) HeLa cells were co-transfected with one of the iRFP variants and EGFP as the
transfection efficiency control and were analyzed in a NIR channel (x axis: excitation at 640 nm and emission at
670/30nm) and green channel (y axis: excitation at 488 nm and emission at 530/30 nm) using flow cytometry.
(b) HeLa cells transiently expressing one of the iRFP variants were analyzed using a flow cytometer with a

640 nm laser and the combination of 670/30 nm (y axis) and 710/20 nm (x axis) emission filters. For each cell
type, 50,000 events were analyzed. (c) The NIR fluorescence of HeLa cells was normalized to the EGFP intensity
and to the excitation and emission spectra of each iRFP variant. The normalized fluorescence intensity of the
cells expressing iRFP713 was assumed to be 100%. (d) Representative images of HeLa cells transfected with
iRFP682 (top) and iRFP713/V256C (bottom) are shown. The 605/40 nm excitation and 667/30 nm emission
filters were used. Equal exposure times were used for all cells. Scale bar, 10 pm. (e) Two-color imaging of co-
cultured live HeLa cells cytoplasmically expressing either iRFP713/V256C (green pseudocolor) or iRFP713 (red
pseudocolor). Scale bar, 25 pm. (f) Two-color imaging of live HeLa cells co-transfected with iRFP713/V256C
(green psedocolor) fused to a mitochondrial targeting signal (Mito) and iRFP713 (red pseudocolor) fused to

a nuclear localization signal (NLS). Scale bar, 10 um. In (e, f) each cell was imaged in the 605/40 nm excitation
and 667/30 nm emission channel (presented in green pseudocolor), and in the 682/12 nm excitation and
725/50 nm emission channel (presented in red pseudocolor). The respective overlay images are shown on the
right. No external BV was added to any cells presented in this Figure.

equally absorbing Nile blue dye. The pH titrations were done using a series of buffers consisting of 100 mM sodium
acetate, 300 mM NaCl for pH 2.5-5.0 and 100 mM NaH,PO,, 300 mM NaCl for pH 4.5-9.0 at room temperature.
For chromophore binding assay purified samples were separated by SDS/PAGE in presence of 1 mM ZnCl, and
analyzed for zinc-induced fluorescence and then stained with Coomassie Blue.

Gel filtration of NIR FPs were performed on a Superose 12PC 3.2/30 column (GE Healthcare) using an
AKTApurifier system (GE Healthcare). The samples of NIR FPs were prepared in buffer consisting of 50 mM
NaH,PO, and 150 mM NaCl at pH 8.0. 10 pl of each protein sample of 0.5 mg/ml was loaded on the column
equilibrated with the same buffer. The protein chromatography standards (GE Healthcare) were used to evaluate
a protein molecular weight.

Analysis of protein 3D structure. The X-ray data of the PAS-GAF domains of the bacterial phytochrome
RpBphP2 (4E04.ent file?!) deposited in PDB?* was used to analyze the distances between the chromophore and
cysteine residues in the iRFP proteins.
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Protein unfolding assay. The protein unfolding was initiated by mixing 50 pul of the native protein with
500 pl of a buffer solution containing the desired concentration of GdnHCI (Nacalai Tesque). The concentration
of the stock GdnHCl solution was determined by the refraction coefficient. The dependences of the chromophore
absorbance, fluorescence and ellipticity at 222 nm on the GdnHCI concentration for the iRFP670, iRFP682 and
iRFP713 variants were recorded at 23 °C after protein incubation in a solution of an appropriate denaturant con-
centration 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 — 10~ ") /D.. For details on the correction and nor-
malization, please refer to**?!. These studies showed that I/ W =2 Dgq, where D and g are the absorption and quan-
tum yield of the fluorophore, respectively. Only the corrected fluorescence intensity can be used to evaluate the
fraction of molecules that are in different structural states.

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

Fitting of denaturation curves. The equilibrium dependences of the ellipticity at 222 nm on the GdnHCl
concentration were fit using a two-state model:
_ Snt SuKyy

- )

1+ Ky y (1)

—AGy y + my_ylD]
)

Ky_y = exp

RT (2)
Ky y=Fy/Fy = (1 = Fy)/Fy, (3)
taking into account
Sy = ay + by[D], (4)
SU =ay + bU[D]» (5)

where S is the ellipticity at 222 nm at the measured GdnHCI concentration; [D] is the guanidine concentration; m
is the linear dependence of A Gy.;; on the denaturant concentration; AGy_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 S, 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.

Expression in mammalian cells. To construct mammalian expression plasmids, piRFP670, piRFP682,
piRFP670/C15S, piRFP670/C256S, piRFP670/C15S/C256S, piRFP682/C15S, piRFP682/C256S, piRFP682/C15S/
C256S, piRFP713 and piRFP713/V256C the respective genes were PCR-amplified as Agel-NotI fragments and
swapped with a gene encoding EGFP in the pEGFP-N1 plasmid (Clontech). To generate the pNLS-iRFP713 and
pMito-iRFP713/V256C plasmids, the Agel-NotI fragments containing the iRFP713 and iRFP713/V256C genes
were swapped with an ECFP gene in the pNLS-ECFP and pMito-ECFP plasmids (Clontech), respectively.

HeLa cells were grown in DMEM medium supplemented with 10% FBS, 0.5% penicillin-streptomycin and 2 mM
glutamine (Life Technologies/Invitrogen). For fluorescence microscopy, cells were cultured in 35 mm glass-bottom
Petri dishes with no. 1 coverglass (MatTek). Plasmid transfections were performed using an Effectene reagent
(Qiagen).

Flow cytometry. Flow cytometry analysis was performed using a BD LSRII flow cytometer. To detect
HeLa cells co-transfected with EGFP and NIR FP, a 488 nm Ar gas laser line, a 640 nm solid-state laser and the
530/40nm, 670/30 nm and 710/20 nm emission filters were used. To quantify cell fluorescence, the mean fluores-
cence intensity of the double-positive population in the NIR channel was divided by the mean fluorescence inten-
sity of the same population in the green channel, thus normalizing the NIR signal to the transfection efficiency.

Discrimination of three types of HeLa cells co-expressing EGFP with iRFP670, iRFP713 and iRFP713/V256C
was performed using a BD LSRII flow cytometer with a 488 nm laser and a 530/30 nm emission filter, as well as with
a 640 nm laser and the 670/30 nm and 710/20 nm emission filters. For each cell type, 50,000 events were analyzed
under the same conditions in a single experiment. The obtained dot plots were superimposed.

Fluorescence microscopy. Epifluorescence microscopy of live HeLa cells was performed 48 h after the
transfection. HeLa cells were imaged using an Olympus IX81 inverted epifluorescence microscope equipped with
2200 W Me-Ha arc lamp (Lumen220Pro, standardly equipped with a 780 nm cold mirror; Prior), the 40 x 1.2
NA oil and 100 x 1.4 NA oil immersion objective lens (UPlanSApo, Olympus), and two filter sets (605/40 nm
excitation and 667/30 nm emission, and 682/12 nm excitation and 725/50 nm emission) (Chroma). SlideBook
v.4.1 software (Intelligent Imaging Innovations) was used to operate the microscope.
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