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Abstract

The pink to light reddish-pigmented bacterium Rubellimicrobium
mesophilum strain MSL-20" contains a BLUF coupled endonuclease
III of unknown function. A purified recombinant triple mutated
sample of the BLUF coupled endonuclease III (F5Y, N27H,
A87W) named RmPAE (Rubellimicrobium mesophilum Photo-
Activated Endonuclease) was produced and characterized by
optical spectroscopic methods. The BLUF domain photo-cycling
dynamics occurred with high efficient blue-light induced signaling
state formation (quantum vyield of signaling state formation ¢, =
0.6), small spectral red-shift (8)\ =~ 5.4 nm), and slow thermal
activated dark recovery to the receptor state (T, = 20 min at
room temperature). An apparent RmPAE melting temperature
of 9 = 63 °C was determined by stepwise sample heating and
absorption spectrum analysis. The photo-degradation of RmPAE
in the signaling state was determined by prolonged intense blue-
light exposure. An irreversible flavin photo-degradation occurred
with quantum yield of ¢, = 2.6x10°. Schemes of the photo-cycling
and the photo-degradation dynamics are presented. Engineered
RmPAE may find application as light guided DNA cutter in
optogenetic applications.

Introduction

The pink to light reddish-pigmented alpha proteobacterium
Rubellimicrobium mesophilum strain MSL-20T (= DMS 19309" =
KCTC 220127) was isolated from a soil sample of Bigeum island
in Korea [1]. R. mesophilum strain MSL-20T cells are Gram-
negative, motile, non-flagellated, irregular rods (size 0.4-0.7 X
1.6-3.4 um?) as characterized in [1]. R. mesophilum belongs to the
abundant marine Roseobacter lineage [2]. The genome sequence
of R. mesophilum strain MSL-20" is reported in [3]. It consists of
4,927,676 base pairs. The total number of genes is 5138, of which
2915 are protein-coding genes. One of these genes is coding for
BLUF coupled restriction Endonuclease III (BLUF-Endolll). It
was identified through metagenome analysis using a BLUF domain
containing protein as a template using Conserved Domain Search
tool in NCBI portal [4]. The schematic BLUF and Endonuclease I1I
structure is shown in Fig.1a, and the primary amino acid sequence
of BLUF-EndolII is shown in Fig.1b.

The BLUF-EndollI protein was analyzed for flavin chromophore

binding residues. A sequence alignment was carried out between
the BLUF domain of BLUF-EndolIl and the BLUF domain of AppA
from Rhodobacter sphaeroides [5] using BioEdit software [6]. The
result is shown in Fig.1c. The conserved residues are highlighted by
whitelettersin grey background and similar residues are highlighted
by black letters in grey background. The vertical arrows indicate
flavin binding amino acids. At the flavin binding positions 5, 27
and 87 the amino acids of AppA and BLUF-EndollI are different.
Especially at position 7 AppA has a Tyr residue while BLUF-
EndollI has a Phe residue and there is missing any Tyr residue
in BLUF-EndolIl Tyr residues adjacent to flavin are essential for
the typical photo-cycling action of BLUF domains (for reviews see
[7-9]) and the photo-activation of BLUF domain coupled cyclases
(PAC proteins) (see [10] and references therein). Therefore here
the BLUF domain of BLUF-EndollI was triple mutated to BLUF-
EndollI F5Y, N27H, A87W. This engineered mutated protein is a
putative photo-activated endonuclease (PAE protein) and is named
RmPAE (photo-activated endonuclease from R. mesophilum).

In this paper the expression of RmPAE is described and the photo-
physical dynamics is studied in detail. Different to other BLUF
and PAC proteins RmPAE exhibits smaller signaling state spectral
red-shift, slower signaling state recovery to the receptor state,
and in the signaling state part of the BLUF domain active flavin
(likely the FAD fraction) is released to BLUF domain inactive
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Figure 1a: Schematic presentation of domain organization of BLUF-Endolll of R. mesophilum. Amino acids aa2-aa89 belong to the
QUF domain. Amino acids aal13-aal72 belong to the endonuclease Ill domain
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\Figurelb: Amino acid sequence of the natural BLUF-Endolll protein of R. mesophi/urry
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Figure 1c: Sequence alignment of BLUF domain of BLUF-Endolll with BLUF domain AppA from Rhodobacter sphaeroides
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[5]. See main text. Stars represent positions of mutated amino acids for RmPAE (F5Y, N27H, A87W). Grey horizontal arrows
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(improper bound or domain released) flavin. The receptor-state
signaling-state photo-cycling dynamics is presented in a refined
photo-cycle scheme and a ground-state and excited-state reaction
coordinate scheme. Energetic and kinetic parameters are extracted.
Preliminary functional characterization of the RmPAE gene paves
way to develop a novel optogenetic tool.

Experimental
Protein Sample Preparation and Biochemical Characterization

Bioinformatic analysis of BLUF-Endonuclease III: The gene
coding for BLUF coupled Endonuclease III from R. mesophilum,
BLUF-Endolll, was identified through metagenome analysis
using a BLUF domain containing protein as template. Domain
analysis of the putative BLUF-EndolII was done using Conserved
Domain (CD) Search tool at NCBI portal (http://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) [4]. The protein BLUF-EndollII
was analyzed for flavin chromophore binding residues. Sequence
alignment was carried out between BLUF domains of BLUF-
Endolll and AppA from Rhodobacter sphaeroides [5], (PDB Id:
1YRX) using BioEdit software [6].

Generation and cloning of mutated BLUF-Endonuclease
III (RmPAE): Codon optimized gene of BLUF-EndolIl was
synthesized for expression in Escherichia coli from BIOLINKK, New
Delhi, India. Three residues were mutated in the synthesized gene
(F5Y, N27H and A87W). These mutations were based on sequence
analysis with AppA protein from Rhodobacter sphaeroides, (PDB
Id: 1YRX) in order to obtain a photo-biologically active BLUF
domain. The gene was cloned into pASKIBA43PLUS vector (IBA,
Gottingen, Germany) between BamH1 and Xhol restriction sites.

Heterologous expression and purification of RmPAE in E .coli:
Hexa-histidine tagged mutated BLUF-EndolIIl pASK construct
was transformed into BL21 (ADE3) cells and grown in terrific broth
medium (TBM) at 37 °C till the optical density at 600 nm reached
0.8. The cells were induced with 0.02 mg/ml anhydrotetracycline
(Cat. No. 2-0401-002, Nova Biological Systems Pvt. Ltd,
Novabiosys, India) for 4 h at 16 °C in dark. The recombinant
protein was purified from the soluble fraction with Co** IMAC
resin (Clontech, Takara Bio Company, India) according to the
manufacturer’s instructions. The purified protein was dialyzed
against pH 7.5 phosphate buffer consisting of 10 mM Na ,HPO,/
NaH,PO, and 10 mM NaCl. SDS-PAGE and immunoblotting of
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the purified protein elutions obtained were performed using Penta
His-tag specific antibody (Qiagen, Hilden, Germany) at 1:5000
dilution in 1X PBS (phosphate buffer saline) and horseradish
peroxidase (HRP) conjugated goat anti- mouse antibody (1:5000
dilution) using enhanced chemiluminescence (ECL) method.

Endonuclease assay of purified mutated BLUF-Endolll
(RmPAE): For performing endonuclease assay, pASK construct
was incubated with purified mutated BLUF-EndollIl enzyme and
exposed to blue light. The pASK construct alone was taken as
control.

Optical Spectroscopic Investigations

The RmPAE protein in pH 7.5 phosphate buffer (10 mM Na,HPO,/
NaH_PO,, 10 mM NaCl, 25 % glycerol) was stored at -80 °C. Before
usage it was thawed and then stored in the dark at 4 °C. The
measurements were carried out at room temperature except stated
differently. The RmPAE solutions were investigated in fused silica
ultra micro cells (inner size 1.5x3x5 mm?).

Transmission measurements, T(\), were carried out with a
spectrophotometer (Cary 50 from Varian). Attenuation coefficient
spectra were calculated by the relation a(1)=-In[T(1)]/¢, where ¢
is the sample length. The attenuation coeflicient a is composed of
absorption, o , and scattering, a_, contributions according to
aV) =a, (1) +ea_ (1)

Fluorescence spectroscopic measurements were carried out with
a spectrofluorimeter (Cary Eclipse from Varian). Fluorescence
quantum distributions E (\) were determined from fluorescence
emission spectrum measurements at fixed excitation wavelengths
)\Rexc [11,12]. The dye rhodamine 6G in methanol was used
as reference standard for calibration (¢, = 0.94 [13]). The
fluorescence quantum yield ¢, is determined by the relation ¢,=/
E, () dA where the integration runs over the emission wavelength
region.

sca

For absorption spectroscopic photo-cycling investigations,
RmPAE samples were brought to the signaling state (light-adapted
state) by exposure with a light emitting diode (LED 455 nm from
Thorlabs). The sample solution in a 1.5x3x5 mm?® cell in the
Cary 50 spectrophotometer for transmission measurement was
irradiated with the LED transverse to the transmission detection
path (exposed area 3x5 mm? sample thickness along excitation
path 1.5 mm, sample thickness along transmission detection path
3 mm). The excitation power P, _was measured with a power meter
(model PD 300-UV-SH photodiode detector head with NOVA
power monitor from Ophir), and the excitation intensity I__was
calculated(/, =P _ /A _,,A  =0.15cm?).

exc exc cell > “eell

The fluorescence spectrum recovery after signaling state formation
was studied by transferring the RmPAE sample after photo-
excitation in the Cary 50 spectrophotometer to the Cary eclipse
fluorimeter and measuring fluorescence emission spectra at certain
times after excitation light switch-off.

Fluorescence lifetime measurements were performed using second

harmonic light pulses of a mode-locked titanium sapphire laser
(Hurricane from Spectra-Physics, wavelength 400 nm) for sample
excitation. The fluorescence signal was detected with either a
micro-channel-plate photomultiplier (Hamamatsu type R1564U-
01, used laser pulse duration = 3 ps, time-resolution = 500 ps) or an
ultrafast streak camera (type C1587 temporal disperser with M952
high-speed streak unit from Hamamatsu, used laser pulse duration
= 1 ps, time resolution = 10 ps).

The thermal stability of the protein was investigated by stepwise
sample heating up and then cooling down whereby transmission
spectra were measured. The apparent protein melting temperature
of RmPAE was determined by analysis of the occurring absorption
spectral changes [14]. Heating up to 85.2 °C caused complete
irreversible protein denaturation with flavin cofactor release. The
flavin cofactor composition (FAD, FMN and/or riboflavin) was
estimated from fluorescence quantum yield measurements after
the sample heating-cooling cycle [10].

The photo-degradation of RmPAE in the signaling state was studied
by sample exposure with our light emitting diode (LED 455 nm
from Thorlabs) as in the case of the photo-cycling studies but with
higher excitation intensity and longer exposure time.

Results
Biochemical Characterization

The BLUF coupled Endonuclease III from R. mesophilum was
analyzed for studying domain organization of the protein. Upon
conserved domain analysis, light sensitive BLUF domain was
found at the N-terminus spanning from 2-89 amino acids, which
was coupled to the C-terminus endonuclease domain located
between 113-172 amino acids (see Fig.1a). The Endonuclease III
from R. mesophilum was found to belong to the Endonuclease III
super-family which includes endonuclease III (DNA-(apurinic
or apyrimidinic site) lyase), alkylbase DNA glycosidases (Alka-
family) and other DNA glycosidases.

Multiple sequence alignment was performed between the BLUF
domains from BLUF-EndolIl and AppA protein from Rhodobacter
sphaeroides. This was done to analyze the conservation of key amino
acids involved in flavin binding with respect to a canonical BLUF
protein in order to ascertain a potentially active photoreceptor.
The residues that line the flavin binding pocket in the BLUEF-
EndollI are F5, S7, N27, N28, P29, L37, F44, Q46, 162, R67, H68
and A87, (see Fig.1¢c). On comparison with AppA protein from R.
sphaeroides, three residues of BLUF-EndolII namely, F5, N27 and
A87 were found to be different to their corresponding residues in
AppA protein. The codon optimized gene synthesized for BLUF-
EndollI had F5Y, N27H and A87W mutations (this triple mutated
BLUF-EndollII is called RmPAE).

The triple mutated BLUF-EndollI gene was cloned between BamH1
and Xhol into the pASK vector (see top part of Fig.2a). The 6x His-
tagged BLUF-EndollII was heterologously expressed in E. coli upon
anhydrotetracycline induction and the purified soluble protein was
detected as a ~25 kDa band upon immunoblotting, (see bottom
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part of Fig.2a). The protein was dialyzed against pH 7.5 phosphate / < I
buffer consisting of 10 mM Na,HPO,/NaH,PO, and 10 mM NaClL ,§-§
&

The enzymatic activity of the triple mutated BLUF-EndolII was
examined. Since BLUF-EndollII is an endonuclease belonging to a
superfamily that includes DNA lyase, alkylbase DNA glycosidases
and other DNA glycosidases, we checked for the enzyme activity
by looking for DNA cleavage products visible on gel. The purified
photoreceptor coupled enzyme was added to DNA construct with
and without appropriate buffer (e.g. FastDigest™ buffer) in the
presence of blue light and the reaction products were analyzed
on DNA gel. pASK DNA construct was digested by the enzyme
during incubation time (first and second row of Fig.2b) as is seen
by comparison with the gel trace of the pASK DNA construct alone
(third row of Fig.2b). Triple mutated BLUF-EndolII was found to
be digesting/degrading the pASK vector.

5

Future perspectives of this novel BLUF coupled endonuclease
include the determination of the mechanism of its light-gated
activity.

5
4
3.
3
2.5
2
1.
1.
1

Spectroscopic characterization of unexposed RmPAE

Absorption behavior: The attenuation coefficient spectrum a(\)
of a fresh thawed dark-adapted RmPAE sample is displayed by
the solid curve in the top part of Fig.3. It was obtained by sample
centrifugation with 4400 rpm for 15 min in an Eppendorf centrifuge ) a 0.1

5702R at 4 °C. The dotted curve in the top part of Fig.3 shows the Figure 2b: Endonuclease assay of purified RmPAE. First column: pASK

. . L . construct was incubated with purified mutated BLUF-Endonuclease
approximate scattering contribution «(A). It was determined by IIl enzyme in FastDigest™ buffer for 30 min under blue light .Second
an empirical power law fit [15] of a_(A) = «

ca e ()tg) (/10/ A)¥ with column: pASK vector construct was incubated with purified BLUF-
A, = 800 nm, a_ (\)) = 0.0065 cm™, and y = 4 (y < 4 depends on Endonucleaselll enzyme without buffer for 30 min under blue light.
@ird column: pASK construct only. Forth column: DNA ladder. Y.

- ~
HisX6 [— BLUF-Endolll [ Strep-tag [ term

El E2 E3 M(kDa)

-71

-29

Figure 2a: Heterologous expression of triple mutated BLUF-Endolll RmPAE. Top part: Schematic diagram of pASK-BLUF-
Endolll construct. The tetracycline promoter was upstream of Hexa-histidine tag located at the 5’ terminus of BLUF-Endolll
gene cloned between BamH1 and Xho1 followed by another tag of Streptavidin at the 3’ terminus ending with the termi-
nator sequence.

Bottom part: Immunoblot of RmPAE elution fractions obtained after affinity purification as probed by His-specific antibody.
E, E2 and E3: Elution fractions 1, 2 and 3. )
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the scattering particle size with smaller y for larger particle size).
The dashed curve shows the approximate absorption coefficient
spectrum contribution a, (\) = a(\) - a_(A). For comparison
the dash-dotted curve shows the absorption coeflicient spectrum
of FMN in aqueous solution at pH 7 normalized to the same
absorption coeflicient as the RmPAE sample at A\ = 460 nm. For A >
310 nm the absorption spectrum of RmPAE is determined by the
flavin cofactor absorption. Below 310 nm the RmPAE apoprotein
absorption contributes to the absorption mainly due to Tyr, Trp
and Phe absorption (1 RmPAE protein molecule contains 1 Tyr,
1 Trp and 4 Phe residues). The absorption cross-section spectra
o, (\) of FMN in aqueous solution at pH 7 (solid curve, from
[16]), FAD in aqueous solution at pH 7 (dashed curve, from [17]),
Trp (dotted curve, from [18]), Tyr (dash-dotted curve, from [18]),
and Phe (dashed triple-dotted curve, from [18]) are displayed in
the bottom part of Fig.3.

The flavin S-S, absorption band of RmPAE exhibits vibronic
structure indicating an ordered arrangement of flavin in the BLUF
domain. The long-wavelength absorption tail of flavin in RmPAE is
steep. On the contrary the absorption spectrum of FMN in neutral
aqueous solution is smeared out with a less steeply rising long-
wavelength absorption tail due to inhomogeneous broadening in
the unstructured water solution.

The flavin number density N

1o Of the centrifuged sample was

determined by equating the S-S absorption cross-section integral
of the flavin in RmPAE, L"o—sl Taren (V)Y to the S-S, absorption

cross-section integral of FMN (flavin mononucleotide) in aqueous

f T T T T T T T T T T T
‘E OlRmPAE
\(;), o Olsca RmPAE
=3 WE N 2\ = ———— Olaps, RmPAE E
R N Olapps, FMN,normalized
<
\
D )
O
=
o 10%F-.
Q [
O
e
o T T
= T
S g0t T
[
L -
= N A
<C \

200

Wavelength A

(nm)

500

RmMPAE in pH 7.5 phosphate buffer.

Figure 3: Top part: Attenuation coefficient behavior of a sample of

Bottom part: absorption cross-section spectra of FMN in aqueous
s\olution at pH 7, FAD in aqueous solution at pH 7, Trp, Tyr, and P@

solution at pH 7 (from [16]), J'

So—51

e W)l where V=7

is the wavenumber. This equal setting gives flavin number density
H:U- = .[?:.—5 abs, F a(7)dv f'fJ. T s, A W)dv

. Using S-S, upper wavelength borders Of X pupap = 396 nm and

A = 399 nm we get I g (¥7)dv = 8192.85 cm™? and

= 4.79x10'

u,FMN
L 7 O e AUV (#)dv =1 71><10 B cm giving Ny,
Sp—5

o
cm” (concentration C, | = 7.96x10”° mol dm?).

The number density N, ...
. m apoprotein

may be determined by using the relation

N bt spoprtein = {aab:_ apaz (2707m) = N, .05 (2700m) J/’{nﬁ, oy, (270mm) + ny, cr,,p(270nm)J

. Insertion of values (aabs ampar (270 nm) = 10.91 cm™, 0,,(270 nm)

= 0,(270 nm) = 1.33x10"'° cm™ [16], n, =1, oTyr(270 nm) =

4.67x10"* cm® [18], n, n =1, and o rp(270 nm) = 1.99x10""7 cm?

[18]) gives N ~ 1.85x10"7 cm?™.

of RmPAE apoprotein

RmPAE apoprotein

The flavin loading factor of RmPAE, Kpijoa 18 obtained from Nuo
and NRmPAE apoprotein to be KFl,load = NFI,O/NRmPAE apoprotein =~ 0.26. On the
average rougﬁly each fourth RmPAE apoprotein non-covalently
binds a flavin cofactor molecule. The RmPAE proteins form
nano-clusters as is indicated by the RmPAE scattering coefficient
spectrum a__(A) (dotted curve in top part of Fig.3). An estimate of
the average cluster size is given in section S1 of the Supplementary
material (average number of RmPAE proteins in a nano-cluster is

calculated to be B = 106).

Fluorescence behavior: Fluorescence quantum distributions E (A)
of a fresh unexposed RmPAE sample (only used above in Fig.3
for absorption spectra measurements) are shown by solid curves
in Fig.4 for fluorescence excitation wavelengths A, = 450 nm
(top part), 350 nm (middle part), and 270 nm (bottom part). The
corresponding fluorescence quantum yields ¢, = | E-(A)dA
are listed in the legends of the subfigures. It should be noticed that
the sample exposure for fluorescence signal measurement causes
some BLUF domain signaling state formation and accompanied
proper non-covalently bound flavin release to improper positioned
flavin of increased fluorescence efficiency within the signaling-state
lifetime (see below).

For A, =450 nm the fluorescence results from emission of excited
non-covalently bound fully oxidized neutral flavin in the BLUF
domain (peak position around 495 nm) and free fully oxidized
neutral flavin (peak position around 530 nm, for different redox
states and ionization states of flavins see [19]). The obtained
fluorescence quantum yield is ¢ (450 nm) = 0.0065+0.0005.
The fluorescence quantum yield of non-covalently bound flavin
cofactor is strongly quenched by BLUF-type reductive electron
transfer from Tyr to photo-excited flavin (see [10] and references
therein).

For A, = 350 nm again non-covalently bound flavin and free
flavin emission is observed for A > 480 nm. Additionally a short
wavelength tail extending down to 370 nm is present. It may be
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due to nano-cluster color-center emission [20,21], to lumichrome
contribution [22], and to contribution of quinoxaline hydrolysis
products of flavin [23] (likely QO1 and QO4 of [23]). The combined
fluorescence quantum yield is ¢,(350 nm) = 0.00879+0.0005.

For XRCXC =270 nm Tyr (shoulder at 308 nm), Trp (peak at 335 nm)
and flavin (peak around 524 nm) contribute to the fluorescence
emission. The combined fluorescence quantum yield is ¢.(270
nm) = 0.0192+0.001. The Tyr emission is strongly quenched (Tyr
shoulder small compared to Trp peak) due to efficient Forster-
type [11] Tyr to Trp energy transfer (see supporting information
to [24]). The Trp emission is thought to be quenched by efficient
Forster-type energy transfer to flavin (fluorescence quantum yield
of Trp in aqueous solution is ¢, = 0.13 [25]).

The dependence of the fluorescence quantum distribution of
the investigated unexposed RmPAE sample on the fluorescence
excitation wavelength is presented in detail in Fig.S1 of the
Supplementary material. There spectra are shown for fluorescence
excitation wavelengths in the range from 470 nm to 230 nm in
steps of 10 nm. The dependence of the corresponding fluorescence
quantum yield on the fluorescence excitation wavelength is shown
in Fig.S2 by the solid line connected circles. For A, > 470 nm the
fluorescence efficiency increased because of dominant absorption
of free flavin. The presence of lumichrome, quinoxaline hydrolysis
products (QO1, Q02,Q03,Q04 of [23]) and possible nano-cluster
color center increases the fluorescence efficiency between 410 nm
and 320 nm. For A, _ < 310 nm the fluorescence is dominated by
Trp emission. The hlghest fluorescence quantum yield is observed
for A, =300 nm and 290 nm where the absorption is dominated
by Trp which has the strongest fluorescence efficiency.

A temporal fluorescence trace (average of 10 measured traces)
of a dark-adapted centrifuged RmPAE sample measured at 9

a I

3 unexposed, ¢ = 0.0065
———- 3 photocycles, 0.0188
- heat denatured, 0.162

)
ER
X3

- photo-degraded, 0.0224
-~ photo-degraded
and denatured, 0.0843

|
——— - -0.00879
F = 0.0178
bp=0.153
0F - 0.0243
10— fe=0.

Fluorescence Quantum Distribution Ex (nm’!

300 760 500 60 700
Wavelength A (nm)
Figure 4: Fluorescence quantum distributions E_(A) of RmPAE under
different experimental situations of unexposed sample (solid curves),
sample after three photo-cycles (dashed curves), fresh sample after
heat-denaturation (dotted curves), sample after photo-degradation of
Fig.10 (thick dash-dotted curve), and sample after photo-degradation
and heat denaturing (dash-triple-dotted curves). Top part: fluorescence
excitation wavelength A, =450 nm. Middle part: )\Fexc =350 nm except
indicated differently. Bottom part: \.__ = 270 nm. The fluorescence

Fexc

\antum yields are listed in the legends.

= 21.3 °C with our microchannel-plate photomultiplier tube is
displayed in the top part of Fig.5a (thick solid curve, maximum
signal height is normalized to 1, i.e, S, ()/ S, s presented)
together with the system response function (dotted line, Rayleigh
scattered light at excitation wavelength from a cell filled with water
was registered). This sample was previously only exposed for an
absorption spectrum measurement (negligible excitation intensity
[24]) and three fluorescence spectra measurements ()\Eexc = 450
nm, 350 nm and 270 nm, non-negligible excitation intensity for
partial signaling state formation [24]). The fluorescence trace
exhibits the presence of a free flavin contribution shown by the
dashed curve (convoluted single-exponential trace of amplitude
fraction a, = 0.124 and fluorescence lifetime 7, = 5 ns, see
section S3 of Supplementary material for the applied convolution
analysis). The solid curve in the bottom part of Fig.5a shows the
fluorescence contribution of the non-covalently bound flavin

NI (57 S— This fluorescence trace fits well to a convoluted bi-
exponential fluorescence decay (dash-dotted curve) according to

Spa ()= o eXP(_”rF:b:p:m) X exp(—¢/ rF:b:fp)
(see Eq.S5) with X, = 0.901+0.02, LT 65£10 ps, Xy =
0.099+0.02, and Ty = 9002100 ps. x, is the fraction of proper
non-covalently bound flavin with average fluorescence lifetime

TFb ,p.da” xb,i

with fluorescence lifetime 1, . . The improper bound flavin is due to
release of proper bound ﬂaV1n in the BLUF domain signaling state
(see below). The procedure of fluorescence component amplitude
and fluorescence lifetime extraction by convolution fitting is
explained in section S3 of the Supplementary material.

is the fraction of improper non-covalently bound flavin

In Fig.5b a fluorescence trace of the same RmPAE sample is shown
which was measured with our ultrafast streak-camera system. The
solid curve in the top part of Fig.5b shows the measured normalized
fluorescence trace S, da(t)/SE damax (average of 10 measured traces,
temperature 9 =21.1 °C). The dotted curve shows the approximate
contribution of free flavin and improper bound flavin [S pee(D)F

Sepin(D)/S; g0 e The dashed gives the approximate contribution
of the proper bound flavin S . ()/S,, . In the bottom part of
Fig.5b a bi-exponential convolution fit of the proper bound flavin
signal is presented. The solid curve is Stda b (D18, dobp . The dotted
curve is the system response function (measured by attenuating the
excitation laser pulse and detecting it with the streak-camera). The
dash-dotted curve shows the bi-exponential convolution fit curve
(Eq.83 and Eq.S5) with x,, = 0.5 (fraction of fast decaying excited
flavin), x, , =1-x,, =0.5 (fraction of slow decaying excited flavin),
Tpa0 = 0 PS (fluorescence lifetime of fast component, determined by
Tyr to excited flavin in receptor state F1 ' reductive electron transfer
Tyr + FI' > Tyr**+ FI*~ [10,26]), and 7., = 78 ps (fluorescence
lifetime of slow component, determined by the Fl*~ state lifetime
[10,26], see below).

The mean fluorescence lifetime of proper bound flavin in the dark

xf._daTF=f=da k= ‘stdaTF__se' e =

41.5 ps. The fluorescence quantum yield of proper bound flavin in

adapted state is TTF:b: pda
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the dark-adapted state is ¢F=z; pda — Trp. p.da / T rad FI
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Time t (ns)
Figure 5a: Temporal fluorescence signal behavior of fresh unexposed

RmPAE sample registered with microchannel-plate photomultiplier tube.

Top part: Solid curve: measured trace. Dotted curve: system response
function. Dashed curve: convolution curve of free flavin fluorescence
contribution.

Bottom part: Solid curve: experimental fluorescence trace deprived from
free flavin contribution. Dotted curve: response function. Dash-dotted

c\urve: Bi-exponential convolution fit (see main text). /
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Figure 5b: Temporal fluorescence signal behavior of fresh unexposed
dark-adapted RmPAE sample registered with the ultrafast streak-camera.

Top part: Solid curve: Normalized streak-camera trace. Dotted curve: ap-
proximate free flavin and improper bound flavin contribution. Dashed
curve: approximate proper bound flavin contribution.

Bottom part: Solid curve: normalized proper bound flavin contribution.

stabp/SFdabpmax' Dotted curve: system response function. Dash-dotted
urve: bi-exponential convolution fit.

~ 2.2x107 using T_, , = 19 ns (value determined for riboflavin in
aqueous solution [27]).

The fluorescence quantum vyield of the non-covalently bound

flavin in unexposed RmPAE ¢ . (flavin) is determined

Eb.da
by subtracting the free flavin contribution from the total

measured fluorescence quantum yield of dark adapted flavin, i.e
Pr 3o (flavin) = ¢Fda(ﬂm'in)(_|. St a (t)dt *J. SF:frge (f)df)fj.sf:da (H)dt
~ 3.52x107 using ¢, (flavin) = 0.0065 (solid curve in top part

of Figd) and (['s, ., ()t ~[S; 4. ()dt)/ [ SruO)dt =
0.54 (integrals over solid curve and dashed curve in top part of
Fig.5a). The fluorescence quantum yield contribution of the free
e = Ppaa = Prpae = 0.00298. The fraction of free flavin
x, . is estimated by the relation x

Flfree

= 0.0196 using ¢

flavin is ¢
Flfree = (I)F,free/d)F,denatured gIVIHg X,
=0.152 (see below).

Flfree

Edenatured
Thermal investigations: Thermal investigations of RmPAE were
carried out to get information on the thermal protein stability and
to determine the flavin composition. The studies are given in the
Supplementary material (section S4). The apparent RmPAE protein
melting temperature 9 _ was determined by stepwise sample heating
and observing the vibronic structure of the first absorption band
[14]. A value of §_ = 632 °C was found. The flavin composition
in RmPAE was determined by fluorescence quantum yield analysis
after heat-denaturation (see dotted curves in Fig.4 and detailed
presentations in Fig.S4 and Fig.S5). The mole-fraction of FMN
(and possible riboflavin RF) turned out to be x,, . . = 0.604+0.015
and the mole-fraction of FAD was found to be x, /=1 - x
0.396+0.015.

FMN,RF =

Spectroscopic characterization of light exposed RmPAE

Absorption photo-cycling: The photo-cyclic absorption behavior
of RmPAE was studied at room temperature. Attenuation spectra
were measured before, during, and after light exposure.

In a first photo-cycling experiment a fresh centrifuged sample
was exposed at 455 nm with I, = 0.0938 W cm” for a duration
of 2.8 min (exposed input energy density w, = 15.76 ] cm?) at
a temperature of 9 =23.8+0.2 °C. The solid curve in the top part
of Fig.6 shows the attenuation coefficient spectrum of unexposed
RmPAE (dark-adapted state). The dashed curve in the top part of
Fig.6 shows the attenuation coeflicient spectrum of RmPAE due to
sample exposure at \__= 455 nm with input excitation intensity of
I, =0.0938 W cm?at t_ =12 s. For this exposure time RmPAE
is already practically completely converted to the signaling state
(saturated light-adapted state). The S-S, flavin absorption band
red shift in the signaling state is 6A  ~ 5.4 nm.

In the bottom part of Fig.6 the absorption difference spectrum
o, (A)=a, 5. (A) = Xy oiea (A) is displayed. The
strongest absorption change due to signaling state formation
occurred atA =X, =482 nm.
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The photo-cycling behavior of the same RmPAE sample in a second
excitation - recovery cycle one day later is displayed in Fig.S6 of the
Supplementary material (section S5.1). There the sample excitation
intensity at A__ = 455 nm was I__ = 0.938 mW cm™ and the total
duration of exposure was t__= 5.2 min. The RmPAE signaling state
recovery was followed over 66.4 min. The top part of Fig.S6 displays
the temporal signaling state formation, the middle part shows the
signaling state recovery to the receptor state, and the lower part
displays the absorption difference between dark recovered sample
and initial sample.

In order to determine the efficiency of signaling state formation
and the time constant of signaling-state recovery to the receptor

ﬁ‘E 10t .
<o
3
i 8r unexposed 7
5 vV ol - Too = 12 8. Iy = 0.0938 W orm@
2 e
D
3
= 4
kel
S et
fa
o)
=
<C o]=
0.4+
L B =0 _125 " Chnexposed
‘= o.2f
S
B o
o Ngoumax
0.2t !
300 200 500
Wavelength A (nm)
Figure 6: Photo-excitation behavior of RmPAE due to sample exposure
at 455 nm. Temperature 9 = 23.8 °C. Top part: Solid curve: attenuation
coefficient spectrum a(A) = a, (A) of unexposed sample (dark-adapted
sample). Dashed curve: a(\) = a_(A) of sample exposed at 455 nm for ¢__
=12 swith/_ _=93.8 mW cm? (light adapted sample, RmPAE in signaling
state). Bottom part: Attenuation coefficient difference spectrum Sa(\) =

(@) e, 0. )
state in the dark, the attenuation coefficient development at A =
482 nm was measured in a forth photo-cycling experiment (a third
photo-cycling with \_ =455 nm, I_ = 0.938 mW cm?, and ¢, =
5.8 min was carried for studies of the fluorescence development,
see below). The initial absorption coeflicient of the sample at 455
nm was a, ... (455 nm) = 1.635 cm™ corresponding to N, =
3.97x10' cm?”. The sample was excited at A__= 455 nm with I__
=0.938 mW cm” for t__=225.65 s at Y = 24.7 °C. The attenuation
coefficient development a,, (f) before light exposure, during
light exposure, and after light exposure is shown in Fig.7. The main
part of Fig.7 covers the time range from ¢ = 0 to ¢ = 7000 s. The
inset gives an expanded view of the time range from ¢ = 0 to t = 300
s. The dash-dotted curve in the main figure is a single exponential
fit to the absorption recovery after excitation light switch of, i.e.

WAy SR D) = KA, N—-exp(~z,. /7, )]

pre rec

with a(kpr,O) =a(l .t

pr’ “exc,end:
a(kpr,texc’stm) =0.521cm’,and T, =1146.3s.

The quantum yield of signaling state formation ¢, is determined

f T2 T T T T T T T \

) = 1.147 cm’}, Aa(}\pr) =a(A ) -

pr’excend,

L 7
i 1t ,/ Aor = 482 1M 1
N = / ]
[ g 0.9F { Nexe = 465 nm ]
e [ lec=098mwem?
= !

i tocsan = 2045 8 ]

Attenuation Coefficient o (cm™)

o.9of
H j torcend = 246.1 8
07F | ]
o8l — 1]
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L Time 1 (s)
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L e exponential fit with T, = 1146.3 s
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Figure 7: Temporal attenuation coefficient development a,,, (t) of RmPAE

before, during and after excitation at A__ =455 nm with /__=0.938 mW

\¢m? (see main text). J

from the rise of absorption at A_ = 482 nm at the onset of light
exposure (inset of Fig.7). ¢ is defgmed as the ratio of the increment
of length-integrated number density AN_of RmPAE BLUF domains
converted to the signaling state to the corresponding increment of

absorbed excitation photons An_ ., 1i.e.
ph,abs
e AN,
= (1)
The increment of length-integrated number density AN is given by
A (2)
N ; or >
&N: - ‘NFI: G'Esw x
o s
where N,  is the initial number density of flavin, £__is the sample

length in excitation direction, Aa_ is the absorption coefficient
change at the probe wavelength A due the photon absorption
An, oand Ao is the maximum absorption coefficient change
at the probe wavelength A belonging to total conversion of RmPAE

in the receptor state to RmPAE in the signaling state.

The increment of absorbed excitation photons D,
of light exposure for duration ¢__ is

., at the onset

EXL I-SX’S

ﬂ‘nph:abs — [] - EXP (_ ad:: (;”sxa )E exe ]] (3)
hv
[
Using experimental parameters of a, (A ) = a, (455 nm) = 1.635
cm™. € =0.15cm, ¢ _=17s, Aapr =0.04424 cm’, Aapmax =0.534
cm, [ =9.38x10* W cm? and N,,=3.97x 10 cm™ we determine
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Anph,abs = 7.938x10" cm™ and AN, = 4.728x10™ cm™. Insertion
of these values into Eq.1 gives a quantum yield of signaling state

formation of ¢_ = 0.596.

After excitation light switch-off the attenuation coefficient at A
= 482 nm recovered single exponentially from the signaling state
value to the receptor state value with the time constant of T _ (24.7
°C) =1146.3 s =19.1 min (dash-dotted curve in main part of Fig.7).

The photo-cycling behavior of a further RmPAE sample was
investigated at 9 =4.1+0.1 °C. The temporal attenuation coefficient
development a(482 nm, f) is shown in Fig.S7 of the Supplementary
material (section S5.1). The time constant of signaling state recovery
to the receptor state was found to be t_ (4.1 °C) = 129 min.

The photo-excitation of flavin caused a protein conformational
change from the receptor state to the signaling state. After
light switch-oft the protein recovered from the signaling state
conformation back to the receptor state conformation via a
potential energy activation barrier E,. The recovery follows an

Arrhenius relation according to [14,28]
Py

™y 2 ™y

E, I ] o
= exp l
(kg9 ) kg9 (kg9 )
where T = h/(k;9) is the inverse attempt frequency of barrier
crossing [14,29] and E, is the activation barrier height. h is the

Planck constant and k; is the Boltzmann constant. Solving Eq.4 for
E, gives

By %kBShl

-

T rec (3 = Ty g EXP 4)

T, (Dkgd ‘}
J 5)

Insertion of parameters (T, (297.85 K) = 1146.3 s and 1, _(277.25
K) = 7740 s) gives E,(297.85 K) = 1.50x10° T (V, = E,, /(c;) =
7551 cm™) and E, (277.25 K) ~ 147107 (¥, = E,, /(he,) =~ 7383
cm). Within the experimental accuracy E, is independent of the
sample temperature (V, =E, (hey) = 7470+100 cm™?).

Fluorescence photo-cycling

Fluorescence emission spectroscopic behavior: The RmPAE
sample used for the photo-cycle studies of Fig.6 and Fig.S6
was photo-excited a third time for fluorescence spectroscopic
investigations at A__= 455 nm with I = 0.938 mW cm? for 5.8
min (first photo-cycle: I = 0.0938 W cm™ for 2.8 min, see Fig.6;
second photo-cycle: I _=0.938 mW cm™ for 5.2 min, see Fig.S6).

The temporal development of the fluorescence quantum yield
¢, and of the fluorescence quantum distribution at A = 480 nm
E_ (480 nm) (there dominant emission of non-covalently bound
flavin in the receptor state) is displayed in Fig.8. The top part shows
the applied temporal excitation intensity. The middle part shows
the fluorescence quantum yield before light exposure, at the end of
light exposure (30 s after light switch-off) and its temporal evolution
after light switch-off. The bottom part shows the development of
E (480 nm) before light exposure, at the end of light exposure (30 s

after light switch-off) and after light switch-off.

The fluorescence quantum yield ¢, of flavin in RmPAE decreased
during light exposure since the efficiency of fluorescence emission
of non-covalently bound flavin in the signaling state of RmPAE is
less than that in the receptor state. After light switch-off the flavin
fluorescence efficiency increased beyond the fluorescence efficiency
before light exposure with a time constant of 7;_,,.= 12.91+0.3
min at 9 = 24.5 °C which is shorter than the time constant t,__of
absorption recovery. This behavior indicates a partial bound flavin
rearrangement in the BLUF domain towards higher fluorescence
efficiency (proper non-covalently bound flavin in the BLUF domain
rearranged to improper non-covalently bound flavin during the
signaling state lifetime, see below). The dependences are analyzed
in the Supporting material (section S5.2).

The fluorescence quantum distribution E_(480 nm) (bottom part of
Fig.8) is determined by the fluorescence behavior of proper non-
covalently bound flavin. This fluorescence quantum distribution
decreased during light exposure and recovered approximately to
the initial value before light exposure single exponentially with the
time constant 7 g, (480, = 21.34£3 min at 9 =24.5°C.

The photo-cyclic fluorescence behavior of RmPAE will be explained
below including the temporal fluorescence signal (lifetime)
behavior as partial release of active non-covalently bound flavin in
the BLUF domain to improperly bound flavin in the BLUF domain
or to released flavin from the BLUF domain (kept in the RmPAE
nano-cluster) during the stay of RmPAE in the signaling state.
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Figure 8: Photo-cycle dependence of flavin fluorescence emission. Third
photo-cycle is considered. Top part: excitation intensity profile. Middle
part: fluorescence quantum yield ¢(t). Bottom part: fluorescence

@antum distribution E_(480 nm, t).
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Details of the fluorescence spectroscopic behavior of RmPAE
due to photo-excitation to the signaling state are given in the
Supplementary material section S5.2.

Fluorescence Lifetime Behavior: The fluorescence lifetime behav-
ior of dark-adapted RmPAE was shown above in Fig.5a and 5b. The
fluorescence lifetime behavior of RmPAE in the signaling state is
displayed in Fig.9.

For recording fluorescence signal traces of RmPAE in the signaling
state with our streak-camera system the sample was mounted
in proper position before the streak-camera and it was excited
laterally with our LED 455 nm light source (sample exposure
with 0.8 mW cm? for 2 min immediately before fluorescence
lifetime measurement, and exposure with I =63 pW cm™ during
fluorescence lifetime measurement). The sample temperature was
9 =21.1"°C. The fluorescence excitation occurred with picoseconds
laser pulses of 1 ps duration, and 400 nm wavelength.

The solid curve in the top part of Fig.9 shows a recorded normalized
fluorescence lifetime trace Sea(B)/Sy ), e (average of 10 measured
single traces) of RmPAE in the signaling state. The dotted curve
shows the approximate contribution of free flavin and improper
bound flavin [Smee(t)+ S (t)]/SEla,max. The dashed gives the
approximate contribution of the proper bound flavin S . (£)/
Sijamac 11 the bottom part of Fig.9 a bi-exponential convolution fit

of the proper bound flavin signal in the signaling state is presented.
The solid curve is S p(t)/ S . The dotted curve is the system

response function (the same as in Fig.5b). The dash-dotted curve

Ela,b,| Ela,b,p,max

shows a bi-exponential convolution fit (Eq.S3 and Eq.S5) using

SFiap.ps ® :xfzsaexlj(_”rﬂf_}a)+xsua eXp(_Hersua)

with x, =08, x, =1-x, =02,1,, =12 ps (electron transfer

time from Tyr to F1* [10,26]), and T, =60 ps ( Fl; state lifetime)

Eslla

[10,26].

The mean fluorescence lifetime of proper bound flavin in the
signaling state is Tpy 0 = X0 T o0 + X, Tp 0, = 13 ps.
The fluorescence quantum yield of proper bound flavin in the
light-adapted state is '?j'F:b: e fp:b: iz / Trad 1 = 6.8x10* using
T = 19 ns (value determined for riboflavin in aqueous solution

rad,Fl

(27]).
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Figure 9: Temporal fluorescence signal behavior of photo-excited RmPAE
sample (sample of Fig.5 is used).For details see main text. Top part:
Solid curve: measured streak-camera trace. Dotted curve: fluorescence
contribution of free flavin and improper bound flavin. Dashed curve:
fluorescence contribution of proper bound flavin. Bottom part: Solid
curve: normalized fluorescence signal of proper bound flavin. Dotted
curve: system response function. Dash-dotted curve: bi-exponential

convolution fit. /

=

Photo-Degradation: The photo-degradation of RmPAE in the
signaling state was studied by sample expose at A= 455 nm with
an input intensity of I_ = 0.108 W cm™ over a time period of _ =
102.8 min. Thereby attenuation coefficient spectra were recorded at
certain exposure times, and at the end of exposure the fluorescence
spectral behavior was investigated. The sample temperature was 9
=23.8+0.5°C.

In Fig.S11 of the Supplementary material (section S6) the
measured attenuation coefficient spectra are displayed. In Fig.10
the corresponding absorption coeflicient spectra are shown
(scattering contribution approximately subtracted). The thick
dotted curve in Fig.10 shows the absorption coefficient spectrum
before light exposure (RmPAE in dark-adpted state). The thin
solid curve belongs to an exposed input excitation energy density
of w = 1.125] cm™. This curve shows the absorption coefficient
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Figure 10: Photo-degradation of RmPAE sample due to light exposure
at 455 nm. Accumulated exposed excitation energy density w__is listed
in the legend. Absorption coefficient spectra are presented (scattering
contribution is subtracted). Inset: absorption coefficient development
%S()\pr =470 nm) versus exposed excitation energy density w_ . /

spectrum of RmPAE in the signaling state. The other curves show
the absorption coefficient spectra belonging to increasing exposed
input energy densities. The absorption coefficient spectra are
changed because of photo-degradation of RmPAE in the signaling
state. The Fl  absorption decreased (absorption band around
450 nm). The inset in Fig.10 depicts the absorption coefficient
development versus exposed excitation energy density at A =470
nm where Fl_is dominantly absorbing.

The photo-degradation turned out to be irreversible. After
excitation light switch-off the attenuation coefficient spectrum did
not change (spectrum measured three days after light exposure
before heat-denaturing, no change in attenuation coeflicient
spectrum was observed, curve not shown). After three days of
storage of the photo-degraded sample in the dark at 4 °C, the
sample was heat-denatured (insertion in heat bath at 66.3 °C
and heating up to 85.6 °C within 10 min, then cooling down and
centrifugation at 4 °C for 15 min with 4400 rpm). The resulting
absorption coefficient spectrum is shown by the thick dash-dotted
curve in Fig.10. The shape of the absorption coeflicient spectrum
after heat-denaturation is approximately the same as before heat-
denaturation. Only the absorption strength increased somewhat
(roughly a factor of 1.5) likely because of some solvent evaporation
in the heating process.

The dominant RmPAE photoproduct likely consists of RmPAE

apoprotein with covalently bound fully reduced flavin [10,30,31].
Non-covalently bound fully reduced flavin would be released from
the protein in the process of protein heat denaturizing and then
re-oxidized to FI__[32] which is not observed. Likely fully reduced
flavin is linked to the RmPAE protein by covalent binding to the
tyrosine involved in the BLUF domain photo-cycle (FI_* + TyrOH
> Fl- + TyrOH*, FI- + TyrOH* > FIH: + TyrO:, FIH' + TyrO- > FIH-
OTyr [10,31]). The weak long-wavelength tail absorption (A> 520
nm) may be due to a flavin — amino acid charge transfer complex
[FIH ...aa*] (FI_* + TyrOH + aa-H > Fl~ + TyrOH* +aa-H -,
[FIH...aa*] + TyrOH) [33-35].

Fluorescence quantum distributions at A, =450 nm, 350 nm and
270 nm after the photo-degradation are “included in Fig.4 (thick
dash-dotted curves). The curve belonging to A, = 450 nm shows
that still some oxidized flavin Fl_ is present. The curve belonging
to A, = 350 nm indicates dominant lumichrome emission (peak
around 460 nm) due to Fl  photo-degradation. The increased
emission around 400 nm is attributed to some flavin degradation
to quinoxalines (likely QO1 and QO4 of [23]). For A, =270 nm
fluorescence contributions from Tyr, quinoxalines (QO1, QO2,
QO03, Q04 of [23]), lumichrome and oxidized flavin are seen. More
fluorescence quantum distributions in the fluorescence excitation
wavelength region from 230 nm to 480 nm are shown in Fig.S12.

Fluorescence quantum distributions at A, =450 nm, 340 nm and
270 nm after photo-degradation and addltlonal heat treatment for
protein denaturation are included in Fig.4 (dashed-triple-dotted
curves). The curve belonging to A, _ =450 nm shows increased FI_
emission. The fluorescence quantum yield of fresh heat- denatured
RmPAE is not reached because formed non-fluorescent adduct
of RmPAE apoprotein and fully reduced flavin contributes to the
absorption at A, = 450 nm. The curve belonging to A = 340
nm indicates fluorescence contributions from oxidized flavin,
lumichrome, and quinoxalines. For X, = 270 nm fluorescence
contributions from Tyr, qumoxahnes, Tumichrome and oxidized
flavin are seen. The fluorescence efficiency of Tyr and Fl_ is reduced
because of the dominant absorption of the non-fluorescent adduct
of RmPAE apoprotein and fully reduced flavin at 270 nm. More
fluorescence quantum distributions in the excitation wavelength
region from 230 nm to 500 nm are shown in Fig.S13.

The initial quantum yield of flavin cofactor photo-degradation ¢
in the BLUF signaling state of RmPAE is estimated by analysis of
the initial absorption decrease at 470 nm (Fig.10 with inset).

This quantum yield of photo-degradation ¢, is given by

t? &?\.THMJ .ﬂ{l’ }C;'r'f P
D~ : .
‘&Hp}a:aar M o (6)
hv,,

DN, is the number density of degraded flavins Fl _in the
51gna11ng state due to the number density of absorbed excitation
photons An_, . Aa_ is the absorption coefficient decrease at A
(470 nm), o, is the Flox’s absorption cross-section at )\Pr. Aw__is
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the exposed excitation energy density at the start of light exposure,
a_ is the absorption coefficient of FI_ at A (455 nm). Using
the attenuation coefficient curves belonging to w, =1125] cm?
and w, = 15.75] cm™ (Aw, - =14.625] cm?) of Fig 10 we get the
parameters Aa, ~0.0607 cm™, o, o = 3.72%10° Vem?ta ~1.89cm?
and calculate <|) ~ 2.58x10°. This low value of the quantum yield
of photo-degradation of the flavin cofactor in the signaling state
of the BLUF domain of RmPAE shows the high photo-stability of
RmPAE.

Discussion

Results obtained by the spectroscopic characterization of RmPAE
are collected in Table 1. The photo-cycling dynamics and the photo-
degradation of RmPAE are discussed below.

In RmPAE the flavin loading factor was determined to be k. =
0.26 meaning that on the average four RmPAE apo-proteins share
one flavin molecule. The RmPAE protein formed nano-clusters with
an average cluster size of about 106 proteins aggregated together. A
small fraction of x, . = 0.02 of flavins was found to be free. The
flavin cofactor was found to consist of approximately 40 % FAD
and 60 % FMN (and possibly riboflavin). The flavin non-covalently
bound to the BLUF domain in fresh dark-adapted RmPAE, was
in proper position for BLUF photo-cycling action (signaling state
formation by blue light exposure, Fl positioned adjacent to Tyr for
efficient photo-induced Tyr to flavin electron transfer). Blue-light
photo-excitation caused signaling state formation (quantum yield
of signaling state formation ¢_ = 0.6), and in the signaling state there
occurred partial flavin repositioning (up to about 42 %) from BLUF
active position to an improper BLUF inactive position with a time

constant of re-localization of t_ = 40 min at room temperature.

The fraction of flavin cofactor that took part in the position
replacement from BLUF photo-cycle active site to inactive site in
the signaling state was roughly equal to the mole-fraction of FAD
in the flavin composition (x,,, = 0.396+0.015). It is thought that
the FAD cofactor (larger size than FMN or riboflavin) suffers some
force in the signaling state that cases some spatial re-positioning to
negligible BLUF photo-cycling activity. The fluorescence lifetime
of the improper bound flavin was determined to be 7, . = 500+100
ps. It should be noticed that the fluorescence lifetime of FAD
varies strongly with the arrangement of the isoalloxazine group
and the adenine group of FAD [17,36,37] (t, = 7 ps for stacked
(closed) conformation [36] and T, = 3 ns for un-stacked (stretched)
conformation [17]).

A scheme of the RmPAE BLUF domain photo-cycle dynamics of
proper bound flavin Fl, is displayed in Fig.11a ([38] and references
in the BLUF, receptor state
causes electron transfer from

therein). The photo-excitation of Fl
to the first excited singlet state FI', |
Tyr to FI' o 0 TYTOH+ Flrbp — TyrOH™ +Fl:;=p)‘ During the
T}TIOH-_ Fl:l.':h:p radical ion-pair lifetime TFI:_Z Tr sl da
there occurs a BLUF domain re-conformation with hydrogen

bond restructuring to BLUF, [26] changing TyrOH Flrb?

to TyrOH ™~ —Fl:;:P

. The anionic flavin radical Fl:;_P
to Fl:;_p with quantum efficiency ¢, and to FL _

changes
with quantum
efficiency 1 - ¢_. The time constant of signaling state formation is
5 =IFc_"' @, . The anionic flavin radical Fl:;:p recovers to neutral

Flpr with time constant 7 p—

TyrtOH ™ +Fl, , — TyrOH+Fl,
In the BLUF signaling state part of Fl , (likely FAD , ) is released
with a time constant oft  toFl (11kely FAD, | ) BLUF recovered
back to BLUF, with time constant L by thermal activated
protein structure back re-conformation and hydrogen bond back
restructuring (activation energy barrier E, ).

=T g 14~ Teg, according to

Photo-excitation of FI

Tyrto FI'
recomb1nat10n (time constant Ter
of Fl

~

, in the BLUF signaling state caused faster
, electron transfer (time constant T, =T, ) and charge
T, than photo excitation

»p i the BLUF receptor state The flavin radical anion FI,, el

\

FI-Y

Flo,ip Trel F
BLUF,
Figure 11a: Photo-cycling scheme of initially proper non-covalently

bound flavin in BLUF receptor state. (For details see main text).

and the tyrosine radical cation TyrOH"" combined to the reduced
flavin - tyrosine adduct FIH-OTyr (abbreviated FI-Y in Fig.11a)
approximately with the quantum yield of initial photo-degradation
¢, (for a detailed discussion see [10,31]).

The small amount of free flavin photo-degraded easily to
lumichrome [16]. The absorption and emission spectroscopic
studies of the RmPAE photo-degradation indicate that Fl and
Fl,  partly degrade with low quantum yield to lumichrome and
other degradation products (likely including quinoxaline hydrolysis
products of flavin [23]). For convenience structural formulae of
fully oxidized flavin F1_, lumichrome LC, reduced flavin - tyrosinyl
adduct Fl-Tyr, and quinoxaline derivative QO1 (1,2-dihydro-
2-keto-1,6,7-trimethyl-quinoxaline-3-carboxylic acid) are plotted
in Fig.S14 of section S7 of the Supplementary material.
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v
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Figure 11b: Energy level and reaction coordinate scheme presentation
of BLUF photo-cycle dynamics. (For details see main text). /

\_

In Fig.11b an energy level and reaction coordinate scheme of the
BLUF photo-cycle dynamics is depicted. The left side shows the
photo-excitation of BLUF, to BLUF * and the right side shows the
photo-excitation of BLUF, to BLUF *.

The excitation of BLUF, to BLUF* (F1_+Y — D FI'+Y)

is followed by excited-state electron transfer
(FI'+ Y—EE5FI” +Y"™) with electron transfer time
constant Tgr =Tp ¢ 5. The energy difference OE, between
FIU+Y and FII'+Y"™
equilibrium between FIT +Y and FII" + Y™ and causes the
bi-exponential fluorescence decay out of level Fl: given by

t

determines the thermodynamic

SF:r (f) = SF;:G [xf:dgx exp(— )"‘ X da exp(_ )]-
F.f da Fol,da
(7a)
withx, +x,, =1and
exp f 2,
k9
o , :
) L 'E'r ]
1+exp| -
kg (7b)
Solving Eq.7b for the energy level difference 0, gives
X
O, =k 9| —L&_ o
1-%, 4 ¢

Insertion of parameters (Fig.5b, x  =0.5,9=294.25K) gives 6E ~0.

Similarly the energy difference SE_between Fl' + Yand FI, + Y
is determined using Eqs.7a-7c by replacing subscript da by subscript
la. Insertion of parameters (Fig.9, x, = 0.2,9 =294.25K) gives 8E
=5.63x10" ] ( 5V, = SE, /(hc,) =283 cm™).

The activation energy barrier E, of ground-state BLUF, recovery
to ground-state BLUF, was determined above (Eqgs. 4 and 5) to be
E, = 1.49x10" J (V, = E, /(hc,) = 7470 cm™). Similarly, the
activation barrier E,* of excited-state BLUF * transfer to BLUF *
may be determined by the time constant Tt of photo-induced
signaling state formation and the inverse attempt frequency of
barrier crossing T = h/(k,9) [14,29]. The responsible Arrhenius
relation is

o h B
T =TT e £ |~ X =
7 (D =Tuo pLFCB{; kd . k9 ®)

Using T_ = TF,sI,da/d)s =131ps (1., ,, =78 ps, ¢, =0.596),and 9 =

21.1 °C = 294.25 K one gets E* = k9 1n(;-5fzcg.9; ;{J =2.72x10%
J (Vy=E,/(hcy) =1367 cm™).

The energy difference 0E  between the ground-state energy levels
FI+Y of BLUF, and Fl+Y of BLUF, determines the fractions of

flavin in the signaling state x_, and in the receptor state x _, under
dark-adapted conditions at temperature 9 according to

xs.fie x:.:ie CE?
— =——=8EKP} — = A
x},:m ]. — .1-: kglg

5.0h

(92)
Solving for 8E_ gives

OE., =—k;%In e (9b)
a xs.i;"a
An upper limit of x_; is determined by the attenuation coefficient
ratio of dark-adapted sample &, (A
(A
change between signaling state and receptor state (see Fig.6), i.e.
X th, upperlimit— Fda (A ) a, (A
assumes that the attenuation coeflicient of RmPAE in the receptor
) = 0). From the bottom part

of Fig.6 we obtain A, =482 nm and from the top part of Fig.6 we

) to light adapted sample o

Sa,max

) at the wavelength position A of maximum absorption

Sa,max: Sa,max

). This upper limit determination

Sa,max Sa,max

state at )‘aa,max is zero (i.e. (- A

Sa,max

obtain x = 0.659. Insertion of x __into Eq.9b gives
s,th, upper limit s,th, upper limit

OE_ >2.68x102'] (6V,, = 6E,, /(hcy) (=135 cm™).
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Table 1: Parameters of RmPAE in aqueous solutionat pH 7.5 (10 mM NaH,PO,/Na,HPO,, 10 mM NaCl, 25 % glycerol).

Parameter Value Comments
Ko or 0.6040.015 Fig.S5
Xero 0.396+0.015 Xero = 1Xerm e
e 1ons 0.26$0.03 Fig.3
9_(°C) 63+2 Fig.S3
Xy e 0.0196 +0.002 Fig.5a
Tepitree (ns) =5.0 Fig.5a
ber i 0.0065+0.0005 Fig.S2, fresh sample
Tyt (ps) 5+1 Fig.5b, T\, = To;,
00 (PS) 7815 Fig.5b, Xram = Xcrr (1~ 2 9)
X, 0.5:0.1 Fig.5b
X, 0.540.1 Fig.5b
e 02 (PS) =415 ReaXrsd T X Xr
Derp o =2.2x10° Or s pia = Tr.5paa 1% a1
Toin (ps) 500+100 Fig.5a
T (ps) 1.2+0.2 Fig.9, 1., =1,
L (ps) 605 Fig.9, T, Teps
>rF,b,p,d(ps) =13 Xew XF £ + Xayw X sll
B ~6.8x10* Prspsa = Trbpta! Tradm
T .5 (NS) =19 [27]
8A,, (nm) 5.4+0.4 Fig.6
T, (ps) =131 Xst = Xp,alda /Zs
T, (min) 19.140.5 Fig.7,9=24.7°C
T, (min) 39.8£2 Fig.8, EQ.59b, 8 =24.5 °C
I, (Wem?) 1.56x10° Eq.S8b, 9 = 24.7 °C
o, 0.596+0.04 Eqs.1-3
o, ~2.58x10° Eq.6
E,/(hc,) (cm™) 7470+100 Eq.5
E,*/(hc,) (cm™) 1367150 Fig.11b, Eq.8
8E /(hc,) (cm™) =0 Fig.11b, Eq.7c
8E /(hc,) (cm™) = 283120 Fig.11b, analog Eq.7c
8E_/ (hc,) (cm™) >135 Fig.11b, Eq.9b
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Abbreviations used in Table 1: X, .. = fraction of FMN and
riboflavin non-covalently bound in RmPAE. x| = fraction of FAD
flioaa = f1avin loading of RmPAE.
Sm = apparent protein melting temperature. x

non-covalently bound in RmPAE.
Flfree = mole fraction

of free flavin. T = fluorescence lifetime of free flavin. ¢

EFlLfree EFl,da
complete fluorescence quantum yield of flavin in fresh dark-adapted
state. T, = fast fluorescence lifetime of proper bound flavin in
dark-adapted BLUF domain. T, = slow fluorescence lifetime of
proper bound flavin in dark-adapted BLUF domain. x, , = fraction
of flavins with fast fluorescence decay in dark-adapted state. x,
= fraction of flavins with slow fluorescence decay in dark-adapted
state. Tr p.da = mean fluorescence lifetime of proper bound
flavin in dark-adapted state. ¢, . = fluorescence quantum yield
of proper non-covalently bound flavin in the dark-adapted state.
Ty, = Huorescence lifetime of improper non-covalently bound
flavin. T, = fast fluorescence lifetime of proper bound flavin in
light-adapted BLUF domain. 1, = slow fluorescence lifetime of
proper bound flavin in light-adapted BLUF domain. x;, = fraction
of flavins with fast fluorescence decay in light-adapted state. x =
fraction of flavins with slow fluorescence decay in light-adapted
state. T j. p.da = mean fluorescence lifetime of proper bound

flavin in light-adapted state. ¢, . = fluorescence quantum yield of

Eb,pla
proper non-covalently bound flavin in the light-adapted state. t

rad,Fl
= radiative lifetime of flavin (value determined for riboflavin is
used [27]). 8\ =red-shift of S-S absorption band due to signaling
state formation. T _ = signaling state recovery time of RmPAE.
T, = time constant of flavin release from proper non-covalently
bound position in BLUF domain of RmPAE during presence in the
signaling state. I_ = saturation intensity of signaling state formation
for RmPAE. ¢, = quantum efficiency of signaling state formation.
¢, = quantum yield of RmPAE photo-degradation. E, = activation
barrier for thermal signaling state to receptor state recovery of
RmPAE. E,* = activation barrier for signaling state formation in
the excited state. OE, = energy difference between Fl: + Tyr and
]_:‘1;' + Tyr 7. 8E_ = energy difference between Fl: +T¥yr and
Fl;_ + Tyr'_. 8E_ = energy difference between F{_} + Tyt and
Fl, +Tyr in the ground-state.

Conclusions

Thephotodynamicsoftheengineered triple-mutated photoactivated
endonuclease RmPAE from the mesophilic, pigmented bacterium
R. mesophilum strain MSL-20"7 was characterized by optical
spectroscopic methods. The RmPAE BLUF domain photo-cycling
efficiency of receptor state to signaling state conversion was found
to be reasonably high (quantum yield of signaling state formation
¢, = 0.6). The first absorption band spectral red-shift of the flavin

cofactor in the signaling state was rather small (SA = 5.4 nm).
The RmPAE signaling-state conformation at room temperature
recovered only slowly to the receptor state conformation (recovery
time T__ = 19 min). Because of the slow signaling state recovery,
weak continuous blue light is sufficient to keep RmPAE in the
saturated light-adapted state (saturation intensity at \__= 455 nm
isI_ =16 uW cm™, see section S5.1 of Supplmentary material). In
the signaling state part of the flavin cofactor (likely FAD) at room
temperature lost its photo-cycling activity with a time constant of
T_, = 40 min likely by re-localization to an electron-transfer inactive
site. The thermal stability of RmPAE turned out to be reasonably
high (apparent protein melting temperature of §_ = 63 °C) allowing
convenient stable experimentation at room temperature.

The primary BLUF domain photo-cycling behavior of RmPAE
starting from the BLUF domain in its receptor state (BLUF ) was
similar to other BLUF proteins studied thus far [38]. The first flavin
absorption band spectral red-shift in the signaling state was rather
small, and the signaling state recovery to the receptor state after
light switch-off was rather long. Different to other BLUF proteins,
for RmPAE in the signaling state, there occurred partial removal
of BLUF active flavin in proper bound position to BLUF inactive
flavin in improper position (likely FAD cofactor deactivation).

Photo-excitation of RmPAE in its light-adapted signaling state
(BLUF,, secondary BLUF domain photo-cycling) caused permanent
flavin cofactor degradation with low quantum yield of photo-
degradation partly to FIH-OTyr adduct formation and partly to
conversion of flavin to lumichrome and quinoxaline derivatives. A
similar secondary photo-cycling dynamics with FIH-OTyr adduct
formation was observed for the photoactivated adenylyl cyclase
LiPAC from the spirochete bacterium Leptonema illini strain 3055"
[10] and the photoactivated adenylyl cyclase TpPAC from the
spirochete bacterium Turneriella parva strain HT [31].
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Supplementary Material to Photodynamics of photo-acti-
vated BLUF coupled Endonuclease Ill mutant RmPAE from
mesophilic, pigmented bacterium Rubellimicrobium meso-
philum strain MSL-20T

S1. Nano-cluster size of fresh dark-adapted RmPAE

The nano-cluster size of fresh dark-adapted RmPAE is determined
analogous to the description in [20].

The scattering cross-section o is obtained from the scattering
a_ /N

RmPAE apoprotein”
of Fig.3, in the transparency region at A = 632.8 nm it is

o, (AD=a, (4N /A) = 00166 cm? (A, = 800 nm,

coefficient a_ by o = For the situation

a
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asca()\o) =
(N

RmPAE apoprotein

0.0065 cm”, and y =
=1.85x10" cm?).

4) and o_(A) = 8.97x10% cm?

The scattering cross-section is given by [39]

Ooeq = ﬁm""fg}ﬁ Jm?

(§1)
with the monomer Rayleigh scattering cross-section
e 7 2 o g 2 3 232
o 8"1’4Tl‘35 VJ npr ng | 8,‘-‘]‘.’4.’-‘12'?‘32'{ ﬂ’f_pr \ l Rpr —Hs |
JIRm = 5 I =% xn 1 |
T3 akrand) 3 2 \Napp ) (nl 4202 )
(82)
Thereby B is the degree of aggregation (average number of

protein molecules per cluster particle), and M is the total Mie

O
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T
400 nm
———- 390nm

o
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T
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o
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Fig.S1: Fluorescence quantum distributions E () of fresh dark-
adapted RmPAE for different fluorescence excitation wavelengths in

@e range from >\F,exc =470 nm to 230 nm. Y.

\
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Fig.52: Fluorescence excitation wavelength dependent fluorescence
quantum yield ¢, of fresh dark-adapted RmPAE (circles) and of RmPAE
a\fter three photo-cycles (triangles). J

scattering function (M <1 decreasing with increasing aggregate
size [39]). n_is the refractive index of the solvent (water buffer) at
wavelength X, n_ the refractive index of the protein at wavelength A,
V,=M, /(N p,) is the volume of one protein molecule, M,
is the molar mass of the protein monomer (M =24781.959 g mol"
for RmPAE apoprotein), N, = 6.022142x10% mol™ is the Avogadro
constant, and p_ is the mass density of the protein (typical value for
proteins is p =~ 1.412 g cm™ [40]). These numbers give a protein
monomer volume of V_ = 29.14 nm’ and a protein monomer
radius of 7 :[SV ;‘(47[)]1"3 =~ 1.91 nm. At \ = 632.8 nm there is
n =1.332 and n, ~1 589 [41] g1v1ng 0, (632.8 nm) = 8.426x10%
e, Insertion into EqSlgives B, M ~ B, =0 2! O g ~106.
The average aggregate volumeis V' =gV, = 3089 nm® and the
ﬁl 3a. =9.04 nm (for this size

Rayleigh scattering applies and M =1 [39]).

average aggregate radius is Ay

S2. Fluorescence excitation wavelength dependent fluorescence
emission of unexposed RmPAE

In Fig.S1 fluorescence quantum distributions E (A) of the unexposed
centrifuged (4400 rpm, 15 min) RmPAE sample used in the
absorption measurements of Fig.3 are presented for fluorescence
excitation in the range from A, =470 nm to 230 nm in steps of 10
nm. The dependence of the overall fluorescence quantum yield ¢,

on ), is shown by the solid curve in Fig.S2.

S3. Fluorescence amplitude contribution and fluorescence life-
time determination by fluorescence trace convolution fit

Experimental normalized fluorescence traces s (t) = S.(t)/ Smax AT€
the convolution of the true §-function pulse excitation fluorescence
decay curve s () and the system response function g(t) according
to [27]

.E,D g(r')sF:J (t—1)dt’
max(j; g(t)sg (1"~ !")dr'j :

SF(I):

(83)

(the denominator with —co < t" < + oo gives the normalization to
max(s,(¢) )=1). For single exponential fluorescence decay Seo(t)
is given by

-

I
exp| — — fort =0
Sps ()= PL B

0 fort <0
where T, is the fluorescence lifetime. In the determination of the
fluorescence lifetime L values are inserted in Eq.S4, and Se o)
curves are calculated by use of Eq.S3. s, (t) is compared with the
experimental s.(t). T, agrees with the experimental T, when s (1)

agrees with s (1).

(84)

Efit
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For two-component single-exponential fluorescence decay s, (f) is
given by

_jx exp et +(1—-x)exp| - ] fort =0
Sps() = e Fa
0 fort <0
(85)

x, T, and T, are adjusted to obtain a good fit of Eq.S3 to the
experimentally measured fluorescence trace.

S4. Thermal investigations of fresh dark adapted RmPAE

The thermal protein stability was studied by stepwise sample
heating up to 85.2 °C, then cooling down, thereby measuring the
attenuation coeflicient spectra development, and fluorescence
characterization after the heating - cooling cycle. The apparent
RmPAE protein melting temperature is derived from the loss of the
vibronic structure of the S -S, absorption band of the flavin cofactor
in RmPAE with sample heating [15]. The flavin composition
(content of flavin-mononucleotide FMN, possible riboflavin,
and flavin-adenine-dinucleotide FAD [42]) is estimated from
fluorescence quantum yields measured after protein denaturing.

The heating-cooling temperature profile applied to the RmPAE
sample used in the thermal investigations is displayed by the right
inset of Fig.S3.

The main part of Fig.S3 shows attenuation coefficient spectra of
RmPAE measured at selected temperatures during the sample

heating up (19.5 °C start, 54.8 °C, 60.1 °C, 65.4 °C, 70.6 °C, 74.8 °C,
85.2 °C), cooling down (25 °C cooling down, dashed curve) and
at the end of the sample cooling down and centrifugation (4 °C,
end, dotted curve). The temperatures belonging to the curves are
written to the curves. With rising temperature the light scattering
increased (see increasing attenuation coefficient spectra) and the
spectral structure of the S -S absorption band of flavin (wavelength
region from 400 nm to 500 nm) smoothed out. In cooling down
the attenuation spectrum continued to increase. Only due to
centrifugation the scattering reduced (dotted curve belonging to
end of heating-cooling cycle with centrifugation at 4 °C). The final
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Fig.S3: Heating-cooling cycle behavior of a fresh dark-adapted RmPAE
sample.

Main figure: Attenuation coefficient spectra a(\) development during
stepwise sample heating up and cooling down.

Right inset: Applied heating and cooling profile.
Left inset: p_ (8) and p . At apparent protein melting temperature

9 itis 9) = .
Q pa( ) pa,menn J

a, mean

Wavelength A (nm)

Fig.54: Fluorescence quantum distributions E () of RmPAE after heat
denaturing for various fluorescence excitation wavelength in the range
from 230 nm to 480 nm. )

\_

flavin absorption coeficient at the end of the heating-cooling cycle
is higher than at the start of the heating-cooling cycle since some
buffer solvent evaporated at the applied high temperatures (final
sample volume less than initial sample volume).

The left inset of Fig.S3 shows the loss of the dip in the
attenuation spectrum at A = 455 nm with rising temperature
due to protein denaturing (protein unfolding). The ratio
£.(9) = 2(455 nm, 9) /(440 nm, ) + (462 nm, )]
is displayed (line-connected circles). The dashed line is given by
Prumean™ [p,(19.5°C)+ p (85.2°C)]/2. The apparent RmPAE melting
temperature 9_ is defined by pa(f?m) = mear A valueof 9 =
63+2 °C is determined. -

The fluorescence emission quantum distributions of RmPAE after
the heating-cooling cycle are shown in Fig.S4 for fluorescence
excitation wavelengths in the range from A =480 nm to 230 nm

in steps of 10 nm. The flavin fluorescence peaking around 535 nm
is strongly increased compared to dark-adapted unheated RmPAE
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(Fig.S1) due to flavin release from the protein. The Trp fluorescence
peaking around 340 nm is decreased compared to the dark-adapted
unheated RmPAE (Fig.S1) probably due to the protein unfolding
and aggregation. The short-wavelength fluorescence tail around
450 nm in the case of fluorescence excitation in the range from
410 nm to 320 nm may be due to lumichrome emission. The weak
fluorescence emission around 400 nm in the case of fluorescence
excitation between 330 nm and 310 nm may be due to emission of
a quinoxaline hydrolysis product of flavin [24].

The dependence of the fluorescence quantum yield ¢, of RmPAE
after the heating-cooling cycle on the fluorescence excitation
wavelength is shown in Fig.S5. In the range from 480 nm to 350 nm
the fluorescence quantum yield is approximately constant at ¢, =
0.15240.003. In the range from 340 nm to 300 nm the fluorescence
quantum yield decreases due to additional higher excited state
deactivation paths (violation of Kasha-Vavilov rule of excitation
wavelength independent fluorescence emission [43,44]). In the
range from 290 nm to 270 nm the fluorescence quantum yield
is determined by flavin and Trp emission. At shorter excitation
wavelength the fluorescence quantum yield is thought to be reduced
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Fig.S5: Dependence of fluorescence quantum vyield of RmPAE on
@orescence excitation wavelength after heat denaturing of the sampl&

by higher excited state deactivation paths for Tyr, Trp, and flavin.

The obtained fluorescence quantum yield of flavin in heat-denatured
RmPAE at 450 nm is ¢, = 0.152+0.003. Before sample heating the
fluorescence quantum yield at 450 nm was ¢, = 0.0065+0.0005. The
rise in fluorescence quantum yield indicates the release of flavin in
the heating process (protein denaturation).

The flavin fluorescence quantum yield ¢ ... = 0.152+0.003
of heat-denatured RmPAE at the flavin fluorescence excitation
wavelength of A, = 450 nm is used to estimate the flavin
composition in RmPAE. ¢_, . is determined by the mole-
fractions x,,,, of FMN (Gppypy = 0-23 [16]), x,;, of rioflavin (¢
=0.26 [27]) and x,,  of FAD (¢, , = 0.033 [17]). It is

Eriboflavin

EFAD

@F:Fs:dgmmd = XmPmy + XzePrr + XrpPaip
= Xy ze Py + X papPrap

= me:RF@Fm-‘ + (1 == xFMN:RF) ¢FAD (S6)
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Fig.S6: Photo-cycling behavior of RmPAE sample in a second excitation-
recovery cycle (first excitation 25.75 h earlier with /__=93.8 mW cm?
for 2.8 min at 455 nm). Temperature 9 = 23.8 °C. Top part: Attenuation
coefficient spectra development during sample exposure at 455 nm
with /__=0.938 mW cm™. Exposure times, t_, of the displayed curves
are given in the legend. Middle part: attenuation coefficient spectra
development after excitation light switch-off. Bottom part: Attenuation
coefficient difference between dark-recovered sample (t = 66.4 min)
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Fig.S7: Temporal attenuation coefficient development a()\pﬂt) atA =482
nm before, during and after RmPAE sample exposure (see main text).

Temperature 9 = 4.1+0.1 °C. Dash-dotted curve is single-exponential fit

\with T _ =129 min. J
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Where xFMN,RF = xFMN
From the experimental result of ¢
Xpnpore A0 X, = 1-x, o can be estimated since the fluorescence
quantum yields of FMN and riboflavin are nearly the same.

+x, isthemole-fractionof FMNand RFtogether.
& L denanne Oy mOle-fractions

Rearrangement of Eq.S6 gives

- @F_,Ff _¢F_,F,{D
Xragrr = (87)
‘?jF v~ P F.FAD
Insertion of values gives x,

e = 0.604£0.015 and x, =
0.396+0.015.

S5. BLUF domain signaling state formation and recovery in RmPAE

$5.1. Absorption spectroscopic investigation: The photo-cycling
behavior of RmPAE in a second excitation-recovery cycle 25.75 h
after the first photo-cycle of Fig.6 is displayed in Fig.S6. The sample
was excitedat A _=455nm with [ =0.938 mW cm™ for a duration
of 5.2 min. The RmPAE signaling state recovery was followed over
66.4 min. The top part of Fig.S6 displays the temporal signaling
state formation, the middle part shows the signaling state recovery
to the receptor state, and the lower part displays the attenuation
coefficient difference between dark recovered sample and initial
sample. The absorption spectrum of the dark-adapted sample after
t .= 66.4 min is sharper than the initial absorption spectrum before
light exposure. This indicates some irreversible partial protein re-
structuring during being in the signaling state.

The temporal attenuation coeflicient development at )\pr =482 nm
of RmPAE at 9 = 4.1+0.1 °C after light exposure at 455 nm with I__
=0.938 mW cm” for t__= 2 min is shown in Fig.57. At t = -29 min
the sample was taken from its dark storage place at 4.1 °C and its
absorption and fluorescence spectrum was measured. Then in the
time range between t = -2 min and 0 min the sample was exposed
at 455 nm with I = 0.938 mW cm™. After that the sample was
kept in the dark at 4.1 °C and at the displayed time points sample
attenuation spectra were measured. The ol )‘"pr = 482 nm, )
attenuation coefficient recovery from the signaling state to the
receptor state fits well to a single exponential curve with time
constant T_ (4.1 °C) = 129 min.

The saturation energy density w_ of light exposure to transfer
RmPAE from the receptor state to the signaling state is given by
(33]

w_ = —h Veu

Sar
Jabs:sxegﬁs

where v, _=c/\__is the excitation frequeny. c is the speed of light
in vacuum. Insertion of parameters (A, =455nm, 0, =4.1x10
7 em?, ¢, = 0.596) gives w_ = 0.0179 ] cm™. The corresponding
saturation intensity is

B, = “'-sa.t e hvsxc

rree: Uabs:am T.ra-s Qﬁs

Its value at 9 = 24.7 °C (1= 19.1 min) is [ (24.7 °C) = 15.6 yW

(S8a)

t

(S8b)

cm? and at 9 = 4.1 °C (1= 129 min) its value is I _ (4.1 °C) = 2.31
UW cm2

§5.2. Fluorescence spectroscopic investigations: Three
fluorescence quantum distributions belonging to RmPAE of a
third photo-cycle run (\__ = 455 nm, I__= 0.938 mW cm?, ¢__
= 5.8 min, see main text) are depicted in the top part of Fig.S8.
The fluorescence was excited at A, = 450 nm. The dotted curve
belongs to the situation before light exposure. The solid curve
was measured 30 s after excitation light switch-off. It gives the

fluorescence situation of the RmPAE BLUF domain in the signaling

15 =\
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Fig.58: Top part: Fluorescence quantum distributions of RmPAE
belonging to third photo-cycle (see text).
Bottom part: Approximate spectral shapes of fluorescence quantum
distributions of proper bound flavin (solid curve), improper bound flavin
(dashed curve) and FMN (dotted curve).

. /

state. The dashed curve was measured 60 min after excitation light
switch-off. It gives the fluorescence situation of the RmPAE BLUF
domain in the recovered dark-adapted state.

The difference between the dotted curve and the solid curve is due
to fluorescence emission reduction of proper bound flavin in the
signaling state compared to the receptor state. The normalized
difference spectrum

IEF, befors exposure (A)- EF, e =305 (4) J’I(EF befors sxposurs EF, tee =305 )nm

is shown by the solid curve in the bottom part of Fig.S8. It gives
approximately the shape of the fluorescence quantum distribution
of flavin in the proper bound state (assuming the same shape of
proper bound flavin in the receptor state and the signaling state).
The difference between the dashed curve and the dotted curve in the
top part of Fig.S8 is due to proper bound flavin release to improper
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boundflavininthe BLUF domain signalingstate. The dashed curvein
the bottom part of Fig.S8 shows the normalized difference spectrum
l‘ER t.-=60 min (’L) I Er‘ before exposure (A)Jff(Er, =60 min EE before exposme)mm
It gives the shape of the fluorescence quantum distribution of
improper bound flavin. The dotted curve in the bottom part of Fig.
S8 shows the shape of the fluorescence quantum distribution of
FMN in aqueous solution at pH 7. The fluorescence spectrum of
proper bound flavin is approximately 27 nm blue-shifted compared
to FMN, while the shape of the fluorescence spectrum of improper
bound flavin roughly agrees with the shape of FMN.

The fluorescence quantum yield recovery, shown in the middle
part of Fig.8, follows the relation

; t
96; (E:l = ‘;ﬁ}-‘ (O:l an &‘;ﬁ}? I== SXp| — T— (S9a)
Pp.rec
with
1 1 1
T@F res rre\c Tref (S9b)

where T is the time constant of proper non-covalently bound
flavin release in the signaling state to improper bound flavin.
Rewriting Eq.S9b gives
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rel ™ S9¢
rrec = T&' F. e ( )

Insertion of the values T _=19.1 min and Ty,
T, = 39.8 min (temperature 9 = 24.5 °C).

=12.91 min gives

rec

The dependence of the flavin fluorescence quantum yield in dark-
adapted RmPAE on the number of photo-cycles # is depicted in
Fig.S9. The circles show the development of total dark-adapted
fluorescence quantumyield ¢, , . The dash-dotted fitcurveisgiven by
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Fig.511: Attenuation coefficient spectra of RmPAE due to light exposure
at 455 nm with /= 0.108 W cm?. Accumulated exposed excitation
energy densities w__are listed in the legend. Temperature 9 = 23.80.5

°C. The inset shows absorption cross-section spectra of lumichrome
in aqueous solution at pH 8 (from [22]) and of quinoxaline derivatives

Qom [23]). J
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T , (810)
‘;ﬁf:dg (?1) T gﬁ}?:dg (0) e &';Eﬁf:dd:.x. ] CXp| — = n
rel
with A¢, , _ =0.0101 and 7_/7,, = 0.48 (r,__ = 19.1 min, 7, = 39.8
min). A, is related to the fraction 6N,,, /N, of proper non-
covalently bound flavin released in an infinite number of photo-

cycles (1 > o) by

ONg1 4 o TFpjp —TF b pda

Abr gy = (S11a)
Ngo Trad FI
Rewriting of Eq.S11a gives
Abp _ 5 Trad Fi
N = A 4y = . S11b)
FLO Fhip ¥ Fb.pda

Insertion of numbers (., . = 500 ps (see Fig.5), Trbpdn =45
ps; T4 = 19 ns and A, = 0.0101 gives N, /N, ~ 0.419.
The fraction of flavin cofactor 8N, /N, is within experimental
accuracyequal to the mole-fraction of FAD in the flavin composition

(Xpup =0-396+0.015).

The excitation wavelength dependence of the dark-adapted
fluorescence quantum yield ¢, after three photo-cycles is shown
by the dotted-line connected triangles in Fig.S2.

Fluorescence quantum distributions of dark-adapted RmPAE after

Fig.513: Fluorescence quantum distributions E () of RmPAE after
photo-degradation (Wexc'acwm = 666.16 J cm?) and subsequent heat
denaturing. The different fluorescence excitation wavelengths )\F’N are
g\iven in the legends of the subfigures. )

three photo-cycles for different fluorescence excitation wavelengths
in the range from 480 nm to 230 nm are displayed in Fig.S10.
Compared to the fluorescence quantum distributions of fresh
unexposed RmPAE (Fig.S1) the main difference is the increased
flavin emission due to the release of proper non-covalently bound
flavin in the RmPAE BLUF domain to improper non-covalently
bound flavin. The emission around 450 nm is increased likely due
to some photo-degradation of flavin to lumichrome. The emission
around 400 nm is increased likely due to some photo-degradation
of flavin to quinoxaline hydrolysis products.

S6. Photo-degradation of RmPAE in the signaling state

In Fig.S11 the development of the attenuation coefficient spectrum
of RmPAE due to light exposure at A__= 455 nm with I__ = 0.108
W cm™ is shown. Accumulated exposed excitation energy densities
w__are listed in the legend. The thick dotted curve belongs to the
unexposed sample (sample in receptor state). The thin solid curve
represents the sample in the signaling state (sample exposed with
w__= 1.15 ] cm™, negligible degradation in signaling state). The
thick solid curve shows the attenuation coefficient spectrum at the
end of the light exposure (accumulated exposed energy density w__
=666.16 ] cm™?). The thick dash-dotted curve shows the attenuation
coeflicient spectrum of the sample which was heat denatured three
days after the photo-degradation (sample inserted in heat bath at
66.3 °C and heated up to 85.6 °C within 10 min, then cooled down
and centrifuged at 4 °C for 15 min with 4400 rpm).

The inset in Fig.S11 shows the absorption cross-section spectra
of lumichrome in aqueous solution at pH 8 (from [22]) and of
quinoxaline derivatives (from [23]).
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In Fig.S12 fluorescence quantum distributions E (A\) of RmPAE
after photo-degradation (see Fig.S11) are shown in the range
from A, =480 nm to 230 nm in steps of 10 nm. In Fig.S513 the
fluorescence quantum distributions are shown after additional heat
denaturing of RmPAE.

S7. Structural formulae of some involved flavins: Structural
formulae of fully oxidized flavin F1_ (flavin quinone F1),lumichrome
LC, (reduced) flavin - tyrosinyl adduct Fl-Tyr, and a quinoxaline
derivative QO1 (1,2-dihydro-2-keto-1,6,7-trimethyl-quinoxaline-
3-carboxylic acid) are shown in Fig.S14.

Summary

The pink to light reddish-pigmented bacterium Rubellimicrobium
mesophilum strain MSL-20" contains a BLUF coupled endonuclease
III (BLUF-EndollIl) of unknown function. This BLUF-EndolII
protein was identified through metagenome analysis by Conserved
Domain Search in NCBI portal. A sequence alignment study of the
BLUF domain of BLUF-EndolII with the BLUF domain of AppA
from Rhodobacter sphaeroides indicated that three essential flavin
binding amino acids for BLUF activity were different. Therefore a
purified recombinant triple mutated BLUF coupled endonuclease
III (F5Y, N27H, A87W) named RmPAE (Rubellimicrobium
mesophilum Photo-Activated Endonuclease) was expressed in
Escherichia coli, and it was characterized by absorption and
emission spectroscopic methods.

The flavin cofactor loading was determined by absorption spectrum
analysis to be about 26 %. The flavin composition was deduced
from fluorescence quantum yield measurement of heat denatured
RmPAE to be approximately 60 % of FMN (and/or riboflavin) and
40 % FAD.

The primary BLUF domain photo-cycling behavior of RmPAE
starting from its receptor state was similar to other BLUF proteins
studied thus far. The first flavin absorption band spectral red-shift
in the signaling state of about 5.4 nm was rather small, and the
signaling state recovery to the receptor state after light switch-oft
of about 19 min at room temperature was rather long. Different
to other BLUF proteins, for RmPAE in the signaling state, there
occurred partial removal of BLUF active flavin in proper non-
covalently bound position to BLUF inactive flavin in improper
position (likely FAD cofactor re-localization).

The receptor-state signaling-state photo-cycling dynamics is
presented in a refined photo-cycle scheme and a ground-state and
excited-state reaction coordinate scheme. Energetic and kinetic
parameters are extracted.

Photo-excitation of RmPAE in its light-adapted signaling state
(secondary BLUF domain photo-cycling) caused low-efficient
permanent covalent reduced flavin — Tyr adduct formation and
conversion of flavin to lumichrome and quinoxaline derivatives.
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