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Combined Mutagenesis and Kinetics Characterization of
the Bilin-Binding GAF Domain of the Protein SIr1393 from
the Cyanobacterium Synechocystis PCC6803
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The gene slr1393 from Synechocystis sp. PCC6803 encodes
a protein composed of three GAF domains, a PAS domain, and
a histidine kinase domain. GAF3 is the sole domain able to
bind phycocyanobilin (PCB) as chromophore and to accom-
plish photochemistry: switching between a red-absorbing pa-
rental and a green-absorbing photoproduct state (4,,,,=649
and 536 nm, respectively). Conversions in both directions were
followed by time-resolved absorption spectroscopy with the
separately expressed GAF3 domain of Slr1393. Global fit analy-
sis of the recorded absorbance changes yielded three lifetimes
(3.2 ps, 390 ps, and 1.5 ms) for the red-to-green conversion,
and 1.2 ps, 340 pys, and 1 ms for the green-to-red conversion.
In addition to the wild-type (WT) protein, 24 mutated proteins
were studied spectroscopically. The design of these site-direct-
ed mutations was based on sequence alignments with related
proteins and by employing the crystal structure of AnPixJg2
(PDB ID: 3W2Z), a SIr1393 orthologous from Anabaena sp.

Introduction

Bilin-binding photochromic proteins were for long time synon-
ymous with “classical” phytochromes, initially identified in
plants where they act as master regulators of plant photomor-
phogenesis."” The cyanobacterial orthologues also show the
phytochrome-characteristic photochromic behavior (4,,,, =650
and 710 nm for the red-absorbing (Pr) and far-red-absorbing
(Pfr) forms, respectively), except for a blue shift (~10 nm)
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PCC7120. The structure of AnPixJg2 was also used as template
for model building, thus confirming the strong structural simi-
larity between the proteins, and for identifying amino acids to
target for mutagenesis. Only amino acids in close proximity to
the chromophore were exchanged, as these were considered
likely to have an impact on the spectral and dynamic proper-
ties. Three groups of mutants were found: some showed ab-
sorption features similar to the WT protein, a second group
showed modified absorbance properties, and the third group
had lost the ability to bind the chromophore. The most unex-
pected result was obtained for the exchange at residue 532
(N532Y). In vivo assembly yielded a red-absorbing, WT-like pro-
tein. Irradiation, however, not only converted it into the green-
absorbing form, but also produced a 660 nm, further-red-shift-
ed absorbance band. This photoproduct was fully reversible to
the parental form upon green light irradiation.

due to the presence of phycocyanobilin (PCB) rather than
the plant-specific phytochromobilin (P®B) chromophore
(Scheme 1). Phytochrome-like proteins employing biliverdin
IXa as the chromophore (bacteriophytochromes) have also
been identified, followed by the finding of chromoproteins
that are generated in a red-absorbing parental state, yet in the
Pfr-typical E-configuration of the chromophore, these undergo
hypsochromic shift to the moderately stable Z-configuration of
the chromophore (for a comprehensive overview see ref. [2]).
All these chromoproteins have a three-domain architecture,
PAS-GAF-(PHY)," that is necessary for the spectral properties.*”
All phytochrome variants studied so far (including the one
investigated here, which bears a cyanobacteriochrome (CBCR)
GAF domain; see next paragraph) carry the chromophore in
a protonated form; whereas three pyrrolic nitrogen atoms in
bilins carry a proton at neutral pH, the fourth is usually unpro-
tonated. Incorporation into a phytochrome protein pocket

! PAS: period circadian protein, Ah receptor nuclear translocator protein, and
single-minded protein domain; GAF: cGMP phosphodiesterase, adenylyl cy-
clase and FhIA protein domain; PHY: phytochrome-characteristic protein
domain.
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Scheme 1. Structural formulae of chromophores of canonical phytochromes
and of (R?) CBCR GAF proteins in the protein-bound state. R' =vinyl (phyto-
chromobilin) or R*=ethyl (phycocyanobilin). Attachment of these chromo-
phores is always at the 3'-position of the A-ring ethylidene group. The chro-
mophores adopt the Z,Z,Z;s,s,a configuration in the parental state. The pho-
tochemical reaction (photoisomerization of the double bond between rings
C and D) is indicated.

causes the addition of a proton to this formerly unprotonated
pyrrole ring, thereby yielding a positively charged conjugated
pyrrolic system (irrespective of the dissociation of both the
propionic side chains that do not contribute to the conjugated
system). Protonation of the protein-embedded chromophore
has been unambiguously demonstrated by resonance Raman
and solid-state "N NMR spectroscopy.”*

A wide variation in the spectral properties of bilin photore-
ceptors has emerged in recent years, as a result of the identifi-
cation of novel, phytochrome-like proteins, thus extending the
well-characterized red-far-red photochromicity into virtually all
spectral regions. CBCRs can be considered as “oligo-GAF”
domain proteins.® In fact, Cph2 from Synechocystis sp.
PCC6803 might be considered the first identified phytochrome
with a tandem array of GAF domains; some of its photochemi-
cal, fluorescence, and physiological properties have recently
been reported.” These CBCR GAF proteins are capable of auto-
catalytically binding the chromophore by employing a single
GAF domain.®! These properties result in a broad variation of
photochemical properties and, because of their relatively small
size and their interesting fluorescence properties,”” make them
valuable tags for intracellular studies.

CBCR GAF domains show an unexpectedly wide variation in
absorbance maximum, (virtually the entire spectral range from
near UV to the far red). A major subgroup among these CBCR
GAF proteins are those generated biosynthetically in a red-ab-
sorbing form that can be photoconverted into a green-absorb-
ing photoproduct. The best-characterized GAF domain from
this group is that of AnPixJg2 from the cyanobacterium Ana-
baena sp. PCC7120 (1,,.,,=648 nm and 543 nm for Pr and Pg
(green-absorbing) forms, respectively),® for which a three-di-
mensional structure”” and micro- to millisecond time-resolved
absorption spectroscopy have been determined." Further-
more, ultrafast measurements (pico- to nanosecond range)
have been performed with an AnPixJ orthologue, the GAF4
domain of NpR6012 from Nostoc punctiforme; this revealed
unexpectedly complex dynamics, probably due to ground- or
excited-state heterogeneity.'*'¥
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SIr1393 from the cyanobacterium Synechocystis sp. PCC6803
(another AnPixJ orthologue) is likewise composed of three GAF
domains, of which only one (GAF3) is capable of covalently
binding a PCB chromophore.™ Just as for AnPixJg2, SIr1393-
g3 exhibits red/green photochemistry and carries a histidine
kinase domain in its C-terminal region for signaling. The high
degree of structural similarity was confirmed by a model of
SLR1393-g3, when using the structure of AnPixJ as the tem-
plate (Figure 1). Sequence comparison between the proteins

_/

s1r1393g3 —LONIFRATSDEVRHLLSCDRVLVYRFNPDWSGEFIHESVAQMWE
AnPixJg2 NIDKIFQTTTQEIRQLLKCDRVAVYRFNPDWSGEFVAESVGSGWV
-::**::*::*:*:**:**** ************: ***.. *
s1r1393g3 PLKDLONNFPLWQDTYLQENEGGRYRNHESLAVGDVETAGFTDCH
AnPixJg2 KLVGPDIKT-VWEDTHLQETQGGRYRHQESFVVNDIYEAGHEFSCH
* 2 : H :*:**:***‘:*****::**:.*.*: **. .**
511139393 LDNLRRFEIRAFLTVPVFVGEQLWGLLGAYQNGAPRHWQAREIHL
AnPixJg2 LEILEQFEIKAYIIVPVFAAEKLWGLLAAYQONSGTREWVEWESSF
*: *.:***:*:: ****::*:*****.****...*.* *
511139393 LHQIANQLGVAVYQAQLLARFQ
AnPixJg2 LTQVGLQFGIAISHAEYLEQTR

Keke chkekeke ke Kk o

Figure 1. Top, overlay of AnPixJg2 structure (green, PDB ID: 3W2Z) and
model structure of SLR1393-g3 (blue). Bottom, sequence alignment of
SIr1393-g3 and AnPixJg2. * fully conserved, : semi-conserved, . functionally
similar.

revealed high overall similarity, with most of the functionally
important amino acids conserved; however, the sequence
alignment also identified at strategic positions a number of
amino acids that differ between these proteins.

As mentioned above, the micro- to millisecond time-re-
solved spectroscopy performed on AnPixJ' is the sole study
on the conversion of dynamics in CBCR GAF domains. Here
we report measurements of the red/green conversion of the
orthologue SIr1393-g3 in both directions, in a laser-induced
time-resolved experiment aimed at identifying intermediate
species in these photochemical processes. In order to deter-
mine with greater precision amino acids regulating the red/
green conversion process, we performed a more detailed se-
quence alignment by including other CBCR GAF domains: 24
amino acid differences were identified for SIr1393 in close
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proximity to the chromophore compared with the other GAF
domains in the alignment.

Results

Design of site-directed mutations, and protein structural
and biochemical properties

GAF3 from Synechocystis SIr1393 (SIr1393-g3) comprises amino
acids L441 to Q596 of the full-length protein. Cysteine 528 has
been identified as the sole bilin-binding position."” The struc-
tural overlay of SIr1393-g3 and AnPixJG2 (Figure 1) shows vir-
tually complete homology. The selection of amino acids for
site-directed mutagenesis was based either solely on sequence
alignment (Figure 1, Figure S1 in the Supporting Information;
substitutions V463Q, Y464H, N511K, A516K, A516C, E521Y,
D5271, and H529Y), or on sequence alignment combined with
identification of putative 3D position (L462S, W483M, W496l,
T499V, R508N, Y509P, F525A, D527H, D531T, N532Y, R535N,
F536M, Y559H, W567E, and E571A). The 3D structure of An-
PixJG2 was used, and only amino acids in close proximity to
the chromophore were selected for mutation (Figure 2).

Figure 2. Amino acids of SIr1393-g3 selected for mutagenesis (structure
based on that of AnPixJg2).

Wild-type (WT) and mutated SIr1393-g3 proteins were as-
sembled in vivo with PCB by a two-plasmid protocol that
makes use of the autocatalytic lyase activity of CBCR GAF do-
mains:"¥ one plasmid encodes the apoprotein and a cotrans-
formed plasmid encodes two enzymes, a heme oxygenase and
a phycocyanobilin:ferredoxin oxidoreductase that produces
PCB (for details see ref. [14]). All proteins were His-tagged and
purified by immobilized metal ion chromatography (IMAC).
This procedure, however, purifies both holo- and apoproteins,
as assembly of this GAF domain in vivo (i.e., during expression)
yields only 30% in the chromophore-loaded form. As an addi-
tional purification step, anion exchange chromatography was
performed to separate apo- from holoprotein. Routinely, GAF

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

domains with at least 70% chromophore loading were ob-
tained and used for further studies.

WT-GAF3 of SIr1393 (assembled in vivo) showed an absorb-
ance maximum at 649 nm for the parental state; the photo-
product absorbed at 536 nm (Figure 3A and B; the values for
AnPixJ are 648 nm and 543 nm, respectively). The mutated
proteins could be classified, according to their absorbance
properties, into three groups (Table 1): 1) absorbance peaks
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Figure 3. Steady state absorbance spectra of SIr1393-g3 assembled in vivo.
A) Red-to-green conversion, B) Green-to-red (back) conversion, C) Stability of
the Pg state, recorded over 18 h at 20°C. LEDs (530 nm, 670 nm) were used
for irradiation (duration as indicated).
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Table 1. Steady state spectroscopic data of wild-type and mutated
SIr1393 GAF3 from Synechocystis sp. PCC6803.

Absorption A, [nm]  Fluorescence A,,., [nm]

15E 152 15E, (D5) 15Z, (D)
Proteins obtained from in vivo assembly
WT 538 648 615 (0,03) 670 (0,06)
L4625 533 649 591 (0.076) 667 (0.031)
W496! 539 623 620 (0.025) 653 (0.063)
R508N 580 649.5 617 (0.021) 667 (0.06)
D531T 553 647 21 (0.029) 668 (0.054)
N532Y 546 651 624 (0.027) 673 (0.045)
660
Y559H 553 636 620 (0.014) 658 (0.034)

For both parental and photoproduct states, exchanges at V463Q, Y464H,
R465E, W483M, T499V, A516C, A516K, E521Y, D527H, D5271, R535N,
F536M, E571A show the same absorbance maxima as wild-type.?!

Proteins obtained from in vitro assembly

WT 585 649 645 (0.03) 670 (0.052)
Y509P 580 636 660 (0.012) 662 (0.036)
F525A 580 645 647 (0.028) 668 (0.041)
W567E®! 580 - 636 (0.025) -

[a] Fluorescence emission maxima for these mutations were around
672 nm for the red-absorbing state (15Z) and around 615 nm for the
green-absorbing state (15E). Fluorescence quantum yields for most muta-
tions were less than for the WT protein, except for A516K (0.07 for 15Z
form), E521Y (0.064 (15Z)), and R465E (0.065 (152)). Extinction coefficients
for these mutations were smaller or equal to that of the WT protein
except E521Y (e=10x10*m~'cm™). [b] This mutation caused loss of pho-
toconvertibility.

comparable to WT, 2) significantly shifted absorbance maxima
(either red- or green-absorbing form), and 3) loss of in vivo
chromophore binding ability. Some of these unloaded proteins
could be furnished with PCB by in vitro assembly (see Table 1).

Steady state spectroscopy and photochemical conversions

The parental, red-absorbing form of SIr1393-g3 (A,,..=649 nm)
could be converted completely into its green-absorbing photo-
product (4,,,,=536 nm) with an isosbestic point at 580 nm.
This photoproduct was remarkably thermally stable (Fig-
ure 3C): after 18 h, only 6.5% reconverted into the parental
(649 nm) form in the dark at 20°C. Mutants with absorbance
maxima nearly identical to that of WT protein were V463Q
(650, 539), Y464H (650, 539), R465E (650, 539), W483M (649,
542), TA99V (648, 539), A516C (650, 539), A516K (650, 539),
E521Y (650, 539), D527H (649, 534), D5271 (650, 539), R535N
(649, 538), F536M (645, 537), and E571A (648, 535) (absorbance
maxima [nm] in brackets for red-, green-absorbing forms, re-
spectively; see also Table 1). Because of the similarity to the
WT protein, none of these proteins was subjected to time-
resolved measurement, but their fluorescence properties were
determined (Table 1).

Similarly, proteins that did not assemble in vivo (or only to
a minute amount) were not investigated further in greater
detail. This group comprised Y509P, N511K, F525A, H529Y, and
W567E; Y509P and F525A showed very small absorbances in
the expected spectral range (Table 1) but no photoconversion
could be achieved, and W567E showed virtually no absorbance

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

around 650 nm. Interestingly, three apoproteins of this group
could be assembled in vitro. Addition of PCB to Y509P apo-
protein yielded a photoconvertible protein with maxima at 636
and 579 nm. The green-absorbing photoproduct, however,
showed a broad, unstructured absorbance band. Similar be-
havior was found for F525A: it also could be assembled in
vitro to yield a photoactive protein with an absorbance for the
parental form at 645 nm. Also, this mutation led to a photo-
product with an absorbance maximum at 580 nm. Upon in
vitro assembly, W567E (the third in this group) yielded only
a broad, unstructured absorbance band (4,,,, ~580 nm), but no
photochemical activity could be detected. It should be men-
tioned in this context that photoproducts with broad unstruc-
tured absorbance bands around 580 nm (R508N upon in vivo
assembly, Y509P and W567E in vitro) were also obtained for
the WT protein, if expressed as apoprotein and furnished in
vitro with PCB. For a protein obtained as such, the WT apopro-
tein yields a parental form with an absorbance maximum
(650 nm) identical to that of the in vivo assembled protein,
however, irradiation yields a 585 nm form (Figure 4), which
could be converted into the 650 nm red-absorbing form.

A)
20} Pr — Po 649nm T f;s RL
} 1\ +5s RL
L, 279nm o +5s RL
2 | +5s RL
B ! +5s RL
15 | +58 RL
: +10s RL
! +10s RL
A , +30s RL
1.0
0.5
0.0 )
300 400 500 600 700 800
A/nm
B)
5- _
35
44 30
|25
3
F 2 F
24 15
10
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5
0 E ‘\ T T T T T T - 0
550 600 650 700 750 800

A/nm

Figure 4. Photoconversion and fluorescence properties of Slr1393-g3 assem-
bled in vitro. A) Steady-state absorbance changes for conversion of the red-
to the orange-absorbing form of the photoproduct (Po). B) Fluorescence
emission spectra for the in vitro assembled GAF3 domain of SIr1393, for pa-
rental and photoproduct state (-----); the corresponding spectra of the in
vivo assembled (WT) protein are shown for comparison (—).
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The most interesting mutations were those that caused
a spectral shift for the parental or photoproduct state (or for
both). This group comprised mutations L462S (649, 533 nm,
red-, green-absorbing forms, respectively), W496l (623, 539),
R508N (649, 600; photoproduct absorbance band very broad
and unstructured), D531T (647, 553), and Y559H (636, 553). The
most interesting mutation in this group was N532Y: upon red
light irradiation (LED at 670 nm) a parental peak at 651 nm
converted into a species with 546 nm absorbance maximum,
but concomitantly formed an even further red shifted absorb-
ance band (peak 660 nm; Figure 5). LED irradiation (530 nm) of
the short wavelength part of this photoproduct fully reformed
the parental red-absorbing state. In contrast, irradiation of the
long wavelength absorbance of the photoproduct (A.,=
700 nm) led to very little change to the parental state.

Some of the mutated proteins from this group were mini-
mally loaded with chromophore (L462S, 1.5% relative to WT;
W496l, 5%; Y559H, 1%). These proteins were not studied fur-
ther, other than for their fluorescence properties.

Fluorescence spectroscopy

The fluorescence of WT-SIr1393-g3 was reported recently.*'

This protein fluoresces in both states (red and green; Figure 4),
yet with different quantum yields (4.,,=670 and 615 nm, ®@;=
0.06 and 0.03, respectively). For all mutations, the fluorescence
yields were equal to or smaller than for the WT protein. Some
small shifts (a few nanometers) in the emission maxima were
detected. The largest changes in fluorescence emission were
for proteins that showed a shifted absorbance maximum for
the photoproduct around 580 nm (instead of 539 nm): in vitro
assembled WT protein (4,,.,,=590 nm, A.,=645 nm; Figure 4;
cf. in vivo assembled WT: A,,,=538 nm, A,,,=615 nm), F525A
(Anax =580 nm, A.,,=647 nm), and W567E (A, ~570 nm, i.,=
636 nm).

Laser-induced, time-resolved absorbance changes for WT
SIr1393-g3

Currently, there is only one report of time-resolved absorbance
changes in the micro- to millisecond time range performed
with AnPixJg2." As SIr1393-g3 is orthologous yet shows (for
both red- and green-absorbing states) outstanding thermal
stability in the dark (see above), it should be well suited for
laser flash photolysis. Excitation of the red-absorbing form initi-
ated three conversion processes, indicative of the transient
formation of two intermediates. Global fit analysis of these
absorbance changes yielded lifetimes of 3.2 ps, 390 ps, and
1.5ms (Figure 6). In lifetime-associated difference spectra
(LADS) negative amplitudes indicate the formation of inter-
mediates, and positive amplitudes reflect their decay. The
3.2 us component shows the formation of an intermediate
with a (difference) absorbance maximum at around 630-
640 nm. This intermediate decays (390 ps) into an intermediate
with an absorbance maximum at around 590 nm (close to the
isosbestic point). This conversion shows very shallow absorb-
ance differences, apparently a result of partial overlap of the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Steady-state photoconversion of N532Y mutant of SIr1393-g3.

A) Conversion of the red-absorbing parental state into the photoproduct
(spectrum with the highest absorbance at 660 nm is the dark-adapted pa-
rental state). Irradiation wavelength is 670 nm. Conversion is shown after 10,
20, 30, 40, 50, 60, and 120 s of irradiation. Arrows indicate the absorbance
changes. B) Reconversion of the photoproduct into the parental state by ir-
radiation with 530 nm light. Spectrum with lowest absorbance at 650 nm
corresponds to 120 s irradiation curve in the upper panel. Spectra are
shown after irradiation for 10, 20, 30, 40, 50, 60, 120, and 180 s. Dotted
curve (spectrum with highest absorbance at 650 nm) shows the dark-adapt-
ed parental state before irradiation (t=0). C) Re-conversion of the photo-
product into the parental state by irradiation at 700 nm. Spectrum with
lowest absorbance at 650 nm corresponds to parental state irradiation for
120 s (final trace in the upper most panel). Note that here irradiation was
performed over 70 min (10+ 30+ 30).
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Figure 6. LADS of SIr1393. A) Conversion of the parental state into the green-absorbing photoproduct. 4.,,=650 nm. Fit and residuals are shown for B) 540
and C) 640 nm, respectively. D) Conversion of the photoproduct into the parental state by 540 nm irradiation. Fit and residuals are shown for E) 530 and

F) 650 nm, respectively.

intermediates’ difference spectra and a low transient concen-
tration of this intermediate. The final conversion (lifetime
1.5 ms) with an intense positive amplitude around 600 nm and
a negative lobe around 530 nm indicates decay of the 590 nm
intermediate and formation of the final green-absorbing pho-
toproduct (4,,,, =530 nm).

The photochemistry of the green-absorbing form (excitation
at 540 nm) also displayed three lifetimes (1.2 ps, 340 ps, and
1.03 ms), corresponding to the formation and decay of two in-
termediates. The 1.2 us process shows the decay of the start-
ing state (positive amplitude of LADS) and the formation of an
intermediate with A,,.,,=600 nm. This lifetime of 340 ps shows
very little absorbance change and might be simply a con-
sequence of conformational rearrangement with only small ef-
fects on the absorbance properties of this intermediate. The
major process (formation of the 650 nm red-absorbing form)
takes place 1.03 ms.

The finding that both conversion processes are dominated
by only one intermediate (on this timescale) is yet more evi-
dent from the simple difference spectra taken at selected time
points (Figure 7). Interestingly, both conversions show isosbes-
tic points at 565 nm for the red-to-green conversion and ap-
proximately 605 nm for the green-to-red conversion, thus indi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cating that formation of these intermediates is much faster
than the conversion into the final product, thereby keeping
formation and decay of the intermediates well separated and
yielding the isosbestic points.

Time-resolved absorbance spectroscopy of the in vitro
assembled wild-type proteins and of selected mutants

Conversion kinetics for the in vitro assembled protein and for
mutations that showed absorbance properties that differed
from those of the WT were followed at selected wavelengths.
These experiments were performed at wavelengths at which
maximum absorbance changes were expected, for example,
the wavelength of maximum bleaching of the parental state or
of maximum formation of the photoproduct. At these wave-
lengths, the absorbance changes were compared to those at
the corresponding wavelengths of the WT protein assembled
in vivo (Figure 8, Table 2).

The WT protein assembled in vitro showed an absorbance at
648 nm, which is identical to that for the protein assembled in
vivo. The photoproduct, however, was less hypsochromically
shifted (absorbance ~590 nm). Formation of the photoproduct
(excitation at 650 nm) was followed at 500, 520, 540, and
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Figure 7. Left: difference spectra for conversion of the in vivo assembled WT protein;
top: conversion of red- into green-absorbing form; time points for difference spectra
and excitation wavelength are: @: 5 us, ¢: 50 ps, m: 500 s, A: 4 ms. Bottom: green-to-red
conversion; time points are: @: 2 us, ¢: 230 ps, m: 1.5 ms, A: 18 ms. Right: wavelengths
most indicative for the conversions selected; top: red-to-green conversion, bottom:
green-to-red conversion. Arrows identify the y-axis for the respective wavelength.

560 nm. Two dominant lifetimes (~30 us and ~2 ms)
were obtained from these single-wavelength fits; the
corresponding lifetimes for the WT protein assem-
bled in vivo (fitted for the same wavelengths kinetics)
were 300 ps and 1.5 ms. Back-conversion of the pho-
toproduct into the parental red-absorbing state (exci-
tation at 540 nm, detection at 650 nm) for the in
vitro assembled protein occurred with two lifetimes
(~13 us and 1.3-1.5ms); the corresponding values
for the WT protein with these excitation and detec-
tion wavelengths were approximately 0.9 us and
1.1 ms.

The red-to-green conversion of mutant D531T (ab-
sorbance maxima of 648 and 554 nm for Pr and Pg,
respectively) took place with a single lifetime
(~ 1.1 ms); re-formation of the parental red-absorbing
state occurred with two lifetimes (~1.7 us and 1 ms).
Mutation R508N showed a red-absorbing parental
state at A,,,=650 nm, but irradiation generated
a very broad, unstructured absorbance peak (A=
590-600 nm) with significant overlapping with the
region of the parental state. Formation of the photo-
product (~330 ps) was faster than for the WT protein.
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Figure 8. Selected kinetics for mutations R508N, D531T, and N532Y; single-wavelength recordings are shown together with (below) residuals after fitting with

the lifetimes in Table 2. Figure shows conversion of parental into photoproduct state, and photoproduct into parental state conversions (below). Excitation/
detection wavelengths [nm]: R508N, 670/540, 530/650; D531T, 650/520, 540/650; N532Y, 650/540, 525/650.
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Table 2. Intermediate lifetimes from laser flash photolysis for wild-type in
vivo assembled SIr1393 and selected mutations (red-to-green and green-
to-red conversion).

7, [us] 7, [us] 73 [ms]
WT (in vivo assembly)
parental-to-photoproduct®® 3.2 390 1.5
photoproduct-to-parental®® 1.2 340 1.03
WT (in vitro assembly)
650/520"! 20 (26) - (300) 24(1.5)
540/650" 1(1.3) 24 (360) 1.5 (1)
R508N
670/540"! 7.4 (26) 470 (300) 4.55 (1.5)
530/650"! -(1.3) 113 (360) 0.45 (1)
D531T
650/520"! 14 (26) 260 (300) 0.8 (1.5)
540/650"! 1.9 (1.3) 355 (360) 0.94 (1)
N532Y
650/540"! 7.5 (26) 390 (300) - (1.5)
650/710®4 25 (=) 470 (-) -()
525/650"! 73 (1.3) - (360) 2. (1)

[a] From global fit. [b] Wavelength for excitation/detection; for each mu-
tation forward and (following line) backward reactions are given. Values
in brackets refer to the lifetimes of the in vivo assembled WT protein,
measured at the same wavelength, determined from single wavelength
fit. [c] The in vivo assembled WT protein did not show detectable absorb-
ance changes.

Re-formation of the parental state from the photoproduct
(~310 ps) was also found to be faster than for the WT protein.
Mutant N532Y formed the green-absorbing photoproduct with
shorter kinetics than those observed for the WT protein. Biex-
ponential fit yielded lifetimes of 1.5-2 pus and approximately
400 ps. As this mutation gave rise also to a long-wavelength
absorbance of the photoproduct, absorbance changes were
also detected at 710 nm; at this wavelength, lifetimes similar
to that of the green-absorbing lobe were again detected, thus
indicating that this absorbance is, in fact, part of the photo-
product. The re-conversion into the parent state was also
fitted biexponentially: approximately 1 us and approximately
60 ps. For this mutant, both the forward and reverse conver-
sions were faster than for the WT protein.

Discussion

GAF domains from CBCR photoreceptors have expanded the
range of photochemical processes of bilin-binding chromopro-
teins to an unexpected extent. Not only do these proteins ac-
complish photochromic photoisomerization reactions with just
isolated GAF domains, they also perform chemical reactions
not found for canonical phytochromes, by isomerizing the co-
valently bound phycocyanobilin into phycoviolobilin or biliru-
bin-type chromophores."*?? Red/green switching proteins
comprise a large subclass of identified proteins with GAF do-
mains.” Despite their potential as tools in microscopy,” rela-
tively few functional studies have been performed with CBCR
GAF domains. The GAF3 domain from SIr1393 (Synechocystis
sp. PCC6803) shows 49% sequence identity to AnPixJ and
shares most of the significant amino acids. Unlike AnPixJ,
which slowly reverts thermally from the photoproduct to the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

parental state,® SIr1393-g3 is essentially thermally stable in its

green-absorbing photoproduct state. Thus, its great photo-
chromic shift (~110 nm) allows full conversion from the paren-
tal into the photoproduct state and is optimal for time-re-
solved spectroscopy (usually several laser flash experiments
have to be accumulated in order to improve signal-to-noise
ratio).

The lifetimes for both red-to-green and green-to-red conver-
sions indicate a relatively simple photochemistry of CBCR GAF
domains, with only two intermediates in each direction. One
has to keep in mind, however, that ultrafast measurements in
the picosecond range performed with NpR6012 have identified
very short-lived, red-shifted intermediates as direct products of
the photoisomerization process. The relatively simple conver-
sions observed in isolated GAF domains from CBCRs differ
from the photochemistry of canonical phytochromes, which
show more complex formation of Pr and Pfr states.’>?! Yet, in
the photochemistry of both canonical phytochromes and
these phytochrome-like proteins the initial step is formation of
a red-shifted intermediate, thus reflecting the increase in dis-
tance between the protonated, positively charged chromo-
phore and its counterion."**?¢ Such a bathochromic primary
intermediate (indicating an increase in positive charge on the
double-bond system of the chromophore) is common across
protonated photoactive chromophores and has long been ob-
served (e.g., in retinal proteins).?’%

The overall simpler photoconversion process in these isolat-
ed CBCR GAF domains (relative to canonical phytochromes)
might be attributable to the much smaller protein size, which
allows following more readily the constraints of chromophore
isomerisation. However, one has to keep in mind that so far
only isolated GAF domains have been studied; full-length pro-
teins might exhibit more complex, but definitely longer-lasting,
conversion reactions.

Proteins carrying mutations that cause shifts in absorbance
maxima (from those of the WT protein) of only few nanome-
ters showed similar conversions between both states, in terms
of absorbance maxima of the intermediates as well as comput-
ed lifetimes. The in vitro assembled protein, however, exhibited
a less hypsochromically shifted photoproduct state (A=
590 nm) and slightly slower conversion kinetics than for the
WT protein; this probably indicates somewhat different folding
of the polypeptide chain. Interestingly, the parental state was
not influenced by the assembly (in vivo or in vitro). Specifically,
one might assume that the photoisomerization of the PCB
chromophore generates a “more-or-less” positively charged
chromophore, affected by small conformational differences de-
pending on amino acids in the surrounding pocket, as has sim-
ilarly been recently proposed for AnPix).”® Mutant R508N
showed a very broad, unstructured absorbance band for the
photoproduct state, and apparently followed a clearly different
photochemical pathway, as both reactions (forward and back-
ward) were faster than for the WT protein.

Overall, the kinetic and steady-state data for the isolated
CBCR GAF3 domain of SIr1393 presented here identify these
proteins as novel and notably different to canonical phyto-
chromes. In addition, the different behaviors observed for in
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vivo and in vitro assembly were unexpected and indicate very
subtle interactions between the chromophore and the protein,
as well as between different regions of the polypeptide chain.
Thus, the presence of the chromophore during polypeptide
synthesis is essential for three-dimensional folding to guaran-
tee a properly functioning protein. The mutations at several
positions close to the chromophore demonstrate the impor-
tant role of the amino acids in the binding pocket for the ab-
sorbance and kinetic properties of these proteins.

Experimental Section

Genes and proteins: Cloning of slr1393 gaf3 has been described
formerly." Mutations V463Q, Y464H, N511K, A516K, A516C, E521Y,
D5271, and H529Y were introduced by using a MutanBEST muta-
tion kit (TaKaRa, Otsu, Japan). Mutated genes encoding exchanges
L462S, W483M, W496l, T499V, R508N, Y509P, F525A, D527H, D531T,
N532Y, R535N, F536M, Y559H, W567E, and E571A were purchased
from Genscript (http://www.genscript.com/). The positions for mu-
tagenesis were identified from an alignment (ClustalW) with se-
quences of AnPixJ and TePixJ (see the Supporting Information).
The three-dimensional model of SIr1393-g3 was constructed from
AnPixJ as the template (PDB ID: 3W2Z) by using Modeller (version
9.11, http:// http://salilab.org/modeller//).

For in vivo chromophore assembly, WT and mutated SIr1393-g3
proteins were expressed by following a two-plasmid transforma-
tion/expression protocol." All recombinant proteins carried an N-
terminal His-tag for IMAC. After elution from the Ni-affinity column,
imidazole was removed by dialysis against Tris buffer (50 mm,
pH 7.2) containing NaCl (50 mm) and EDTA (5 mm). Protein was
then loaded onto a HiPrep DEAE FF 16/10 ion-exchange column
(GE Healthcare) to remove most of the unloaded apoprotein, by
making use of different isoelectric points for apo- and holoprotein.
The proteins were eluted in a linear gradient of NaCl (50 mm to
1 M) in dialysis Tris buffer. Purified protein was concentrated for
further studies, and the purity was confirmed by PAGE (4-12% Bis-
Tris Novex NUPAGE Gel, Life Technologies).

Steady-state spectroscopy: Steady-state absorbance and fluores-
cence spectra were recorded at 20°C with a UV-2401 spectropho-
tometer (Shimadzu) and a Cary Eclipse Fluorescence Spectropho-
tometer (Varian); for determination of fluorescence yields, values of
0.03 (Pg), 0.06 (Pr), reported for the WT protein were used as refer-
ence.” The stability at 20°C of each state (red- or green-absorbing)
was followed over time by a kinetics-recording program supplied
with the spectrophotometer at selected wavelengths. Photocon-
version between the red- and the green-absorbing states was per-
formed by exhaustive irradiation from LEDs of the appropriate
wavelengths (530 nm, 670 nm; Roithner LaserTechnik, Vienna, Aus-
tria).

Laser-induced time-resolved absorbance spectroscopy: The third
harmonic of a Nd:YAG laser (InnoLas) was used to drive an OPO
(GWU, built into the InnolLas cage), thus allowing excitation from
approximately 410 nm to the near infrared. The intensity of the
laser pulse (~10 ns) ensured a linear range of absorbance changes
to avoid photochemical artifacts (<10 mJ per pulse). Transient
absorbance changes were measured by a home-built detection
system. Excitation and detection light were perpendicular (i.e.,
a crossed-beam arrangement). The sample was placed between
two matched monochromators: slave, f/3.4 (Applied Photophysics,
Leatherhead, UK); master, f/4.2 (Photon Technology, Edison, NJ). A
continuous wave (cw) 75 W Xenon lamp (Amko) was used. Absorb-
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ance changes ((20+ 1) °C) were detected with a R3896 photomulti-
plier (Hamamatsu, Hamamatsu City, Japan); data were recorded on
a TDS 744A oscilloscope (Tektronix). After each laser pulse, the
samples were returned to their initial absorbance by cw irradiation
from a halogen projector lamp with appropriate filters, or from an
LED of matched wavelength (530 nm, 90-120 mW; 670 nm,
60 mW). Independent control experiments demonstrated that the
back-irradiation time (530 nm, 5s; 670 nm, 8s) was sufficient to
revert any photoproduct generated by the laser flash. LEDs were
approximately 4 cm from the sample cuvette.

The concentrations of samples of SIr1393-g3 were adjusted to A=
0.3-0.5 at their absorbance maxima; control absorbance spectra
(taken before and after one set of experiments) showed no absorb-
ance change, which would be indicative or protein denaturation or
photochemical side reactions. Samples were excited at 650 nm
(red-to-green state conversion) or at 540 nm (reverse process). Ab-
sorbance changes were monitored for 17 wavelengths in 10 nm
steps (510- 670 nm). Around the isosbestic point (580 nm), absorb-
ance changes were also followed at 575 nm and 585 nm; in addi-
tion, absorbance at 480 nm, 690 nm, and 700 nm was detected to
identify changes far from the steady-state maxima. The kinetics
were recorded in three time windows to allow sufficient signal
quality, and at short time intervals (0-200 ps, 0-2 ms, 0-20 ms, full
scale). At least five single laser pulses were averaged for each indi-
vidual detection wavelength to improve signal-to-noise ratio.

Data handling and fit procedures: Kinetics traces (above) were
normalized for maximum amplitude and then merged into a single
time window to cover the entire time range (0.5 us to 20 ms). The
merged traces were then subjected to global fit analysis."” The
identified processes for each lifetime were plotted as LADS (for de-
tails, see refs. [16]-[18]). By convention, a graphical presentation of
LADS uses negative amplitude for formation of a particular inter-
mediate, and positive amplitude for disappearance of the inter-
mediate.
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