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During bacterial conjugation, plasmid DNA is transferred from cell to cell.
In Agrobacterium fabrum, conjugation is regulated by the phytochrome pho-
toreceptors Agpl and Agp2. Both contribute equally to this regulation. Agpl
and Agp2 are histidine kinases, but, for Agp2, we found no autophosphoryla-
tion activity. A clear autophosphorylation signal, however, was obtained with
mutants in which the phosphoaccepting Asp of the C-terminal response regu-
lator domain is replaced. Thus, the Agp2 histidine kinase differs from the
classical transphosphorylation pattern. We performed size exclusion, photo-
conversion, dark reversion, autophosphorylation, chromophore assembly
kinetics and fluorescence resonance energy transfer measurements on mixed
Agpl/Agp2 samples. These assays pointed to an interaction between both
proteins. This could partially explain the coaction of both phytochromes in
the cell.
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Phytochromes are photoreceptor proteins with a bilin
chromophore that are found in plants, algae, fungi
and bacteria [1]. As a common feature, phytochromes
switch between the red-absorbing form Pr and the far-
red-absorbing form Pfr by light. A typical phy-
tochrome contains an N-terminal photosensory core
module consisting of PAS [2], GAF [3] and phy-
tochrome (PHY) domains and a C-terminal histidine
kinase (HK) module [4,5]. In plants, multiple processes
such as seed germination, seedling de-etiolation and
flowering are under phytochrome control [6]. Fungal
phytochromes control the differentiation between sex-
ual and vegetative development and are involved in
stress regulation [7]. In some photosynthetic bacteria,
phytochromes control photosynthesis-related proteins
and photosynthesis pigments [8,9], whereas in the non-
photosynthetic soil bacterium Agrobacterium fabrum,
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gene transfer to plants and conjugation are controlled
by phytochrome [10,11]. Phytochromes are dimeric
proteins which typically consist of two identical sub-
units. In organisms with several phytochromes, the for-
mation of heterodimers is possible. Indeed, of the five
different phytochromes phyA to phyE in the model
plant Arabidopsis thaliana, phyB, phyC, phyD and
phyE can form heterodimers [12]. Signal transmission
in plants is mediated through phytochrome-interacting
proteins such as the transcriptional regulators ‘phy-
tochrome-interacting factors’ [13,14], the cytosolic pro-
teins nucleotide diphosphate kinase 2 [15-17] and
phytochrome kinase substrate 1 [18-20], phytochrome-
associated protein phosphatase 5 [21] or other proteins
[22-24]. Fungal phytochrome also acts through modu-
lation of gene activity, and an interaction with velvet
A and the blue light receptor system (LreA/LreB) have

BV, biliverdin; FRET, fluorescence resonance energy transfer; HK, histidine kinases; SEC, size exclusion chromatography.
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been described [25]. Phytochrome signal transmission
in bacteria such as Bradyhizobium species and
Rhodopseudomonas palustris involves gene activation
by the phytochrome-interacting transcription factor
PpsR [26,27]. Most bacterial phytochromes are light-
regulated HK and it is generally assumed that the
kinase has a signal transmitting function [28,29]. The
first step of autophosphorylation at a conserved His
residue is followed by a transphosphorylation from
this His to a conserved Asp on a response regulator
protein. Functions of response regulators of bacterial
phytochromes are unknown and other interaction
partners of bacterial phytochromes have so far not
been identified. Knowing interaction partners and the
modes of interaction will unveil the puzzle of signal
transduction in a given organism.

Bacterial and fungal phytochromes use biliverdin
(BV) as a chromophore [30]. In A. fabrum, there is one
pair of phytochromes, Agpl and Agp2 [31,32], where
the chromophore is covalently bound to a Cys at the
position 20 or 13 in Agpl or Agp2 respectively (see
Fig. 1 for protein domain structures and chromo-
phore) [29,33,34]. Both phytochromes have different
dark states, which are Pr in Agpl and Pfr in Agp2
[33,35]. The HK of Agpl belongs to the classical HKs,
whereas Agp2 carries a HK of the HWE HK type
which is defined by the presence of a conserved His
together with a Trp-X-Glu motif and no recognizable
‘F box’ [30,36], a motif in the ATPase region of classi-
cal His kinases which is defined by a conserved Phe
residue. The response regulator of Agpl is a separate
protein [28,29], whereas the response regulator of
Agp2 comprises the C terminus of the phytochrome.
Phytochromes with HKs and a C-terminal response
regulator are also found in other bacteria and in fungi.

Spectral properties of phytochromes are determined
by the interaction of the chromophore with amino acid
residues of the chromophore pocket. A change of UV-
vis spectra could be indicative of changes within this
pocket, resulting from changes of the environment or
from protein—protein interaction. Indeed, spectra of
phytochromes are pH dependent [37,38]. For Agpl
and other phytochromes, it has been found that spec-
tral properties are affected by temperature [39,40]. Evi-
dence for the interaction of an unknown protein with
Agp2 has been provided from spectral changes that
occur upon mixing of Agp2 with the cell extract from
an Agrobacterium agpl /agp2~ double knockout
mutant [41]. Similarly, the autophosphorylation could
be affected by environmental conditions and protein
interactions.

The conjugation process of A. fabrum is initiated by
a protein termed TraA. TraA proteins have three
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functions, relaxase or cleavage of the DNA at the
position of oriT, helicase and covalent binding to the
single-stranded DNA. This protein—-DNA adduct is
transferred through pili to the recipient cell. There are
three TraA homologues in A4. fabrum, encoded by the
linear chromosome, the At-plasmid and the Ti-plasmid
[31,32,42]. Donor cells that carry a Ti-plasmid have a
higher conjugation rate than strains without [41]
indicating that the TraA protein encoded by the Ti-
plasmid confers efficient conjugation. Donor cells in
which the agpl or agp2 gene is deleted have a lower
conjugation rate than wild-type donor cells. In the
double knockout mutant, conjugation is blocked.
Thus, both phytochromes act together in the regula-
tion of conjugation. We therefore suggested that both
phytochromes might interact with each other and with
TraA. Here, we analysed whether Agpl and Agp2
would interact with each other in vitro.

Materials and methods

Expression vectors and Agp2 mutants

For Agpl and Agp2, the expression vectors pAG1 [29] and
pSA2 [43] were used respectively. Both expression vectors
encode for full length proteins with C-terminal 6xHis affin-
ity tags. The mutants Agp2_D783A and Agp2_D783N were
made following the Quik Change protocol (Agilent, Santa
Clara, CA, United States) using pSA2 as template. The pri-
mers for each mutant are given in Table 1.

Protein expression and purification and
holoprotein assembly

Agpl and Agp2 were expressed and purified as apoproteins
as described earlier in more detail [29,43,44]. Following
IPTG-induced expression, extraction with a French pres-
sure cell press, centrifugation and 50% ammonium sulphate
precipitation, the proteins were purified by Ni-affinity chro-
matography. Pooled protein containing fractions were
again subjected to 50% ammonium sulphate precipitation
and dissolved in 50 mm Tris/Cl, 5 mm EDTA, 300 mm
NaCl, pH 7.8. The ammonium sulphate concentration was
~ 50 mm as measured by electric conductivity. Typical pro-
tein concentrations at this stage of purification were 20 pm.
BV (Sigma-Aldrich, Munich, Germany) was pre-purified by
loading BV in aqueous solution to 1 mL Sep-Pak CI8 car-
tridges (Waters, Milford, MA, United States), washing with
water and elution in methanol. Purified BV was finally
brought into DMSO at stock concentrations of 2-10 mm.
To obtain holoprotein, apoprotein was incubated with BV
at twofold molar excess for 2 h at room temperature.
Holoprotein was passed through NAP 10 columns (GE
healthcare, Munich, Germany) to remove free BV and
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Table 1. Primer sequences for site-directed mutagenesis. F: forward primer; R: reverse primer.

Primer sequence (5'-3')

Purpose Gene
Site-directed mutagenesis Agp2_D783A
Agp2_D783N

F: GGAACCAAGATTGATGGCGAGAATGGCGACGTC
R: GACGTCGCCATTCTCGCCATCAATCTTGGTTCC
F: GGAACCAAGATTGATGTTGAGAATGGCGACGTCAG
R: CTGACGTCGCCATTCTCAACATCAATCTTGGTTCC

ammonium sulphate. In cases where apoprotein was used
for phosphorylation or assembly experiments, usually the
same NAP separation was performed to remove residual
ammonium sulphate. The buffer was 50 mm Tris/Cl, 5 mm
EDTA, 300 mm NaCl, pH 7.8. The proteins were stored at
—80 °C. Both Agpl and Agp2 were essentially pure after
purification. On SDS/PAGE, only a single band was
observed (Fig. S1).

To follow the assembly of Agpl or Agp2, apoprotein
was mixed with BV directly in the photometer cuvette to
yield final concentrations of 1 um each, and UV/vis spectra
were recorded directly after the mixing or the absorbance
at a given wavelength was recorded over time in 1 s inter-
vals. The same kind of measurements was also performed
after addition of holo-Agpl or holo-Agp2 to final concen-
trations of 5 um. Protein concentrations were determined
by measuring Asgyo nm,» and the BV concentrations were
obtained by measuring Aggs nm in methanic/HCI using an
extinction coefficient of 30.8 mm~"em™! [45].

photosensory

chromophore module histidine kinase

Agp1 -|

PAS GAF PHY HisKA HATPase

D783

Agr2 - HEEHETR-E D
PAS GAF PHY HWE Rec

biliverdin
COOH COOH

Fig. 1. Domain arrangements of Agp1 and Agp2. The photosensory
chromophore module consists of the PAS, GAF and PHY domains.
The positions of the BV-binding cysteines are indicated by the red
lines. The position of the Asp residue in the response regulator of
Agp2 that is homologous to the phosphoaccepting residues in typical
response regulators is indicated by an orange line. This residue was
mutated to Asn or Ala.
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Irradiation and photometry

If the Pr form of Agpl was required, the protein was either
kept in darkness after chromophore assembly or used after
a > 2 h dark incubation at 25°. Dark reversion converts
more than 90% Pfr back to Pr. For the Pfr form of Agp2
and the mutants thereof, the same procedure was followed.
During 2 h dark incubation, Agp2 is almost completely in
the Pfr form. To obtain Pfr of Agpl or Pr of Agp2 (and
mutants thereof), the samples were irradiated for 2 min with
red light-emitting diodes (20 pmol'm 25!, Anax = 644 nm
or 32 pumolm=2s™!, Apax = 655 nm) or far-red light-emit-
ting diodes (1500 pmol-m~2:s~!, A0 = 780 nm) respectively
[33]. UV/vis spectra (scan speed 1000 nm-min~') were
recorded with a Jasco V550 photometer at 18 °C [41]. Final
concentrations and volumes of Agpl or Agp2 were 5 pm
and 1 mL respectively.

Size-exclusion chromatography

For size-exclusion chromatography (SEC), a Superdex 200
10/300GL column (GE Healthcare) was used. The running
buffer was 50 mm Tris-HCI, 5 mm EDTA and 150 mm
NaCl, pH 7.8, the separation was performed at a flow rate of
0.1 mL-min~' and a temperature of 4 °C. Thyroglobulin
(669 KDa), apoferritin (443 KDa), B—amylase (200 KDa),
alcohol dehydrogenase (150 KDa), BSA (66 KDa), carboan-
hydrase (29 KDa) and blue dextran (2000 kDa; Sigma) were
used as marker proteins. For Agpl and Agp2, typically
200 pL samples with a protein concentration of 4 um were
applied. Protein elution was monitored at 280 nm.

Phosphorylation

Autophosphorylation of Agpl and Agp2 was performed
and analysed according to earlier experiments [29]. In
darkness, phytochrome samples were mixed with phos-
phorylation buffer without ammonium sulphate (final
concentration 25 mm Tris/HClI pH 7.8, 5mm MgCl,
4 mMm B-mercaptoethanol, 50 mm KCl, 5% ethylene gly-
col, ~2.5um phytochromes, 50 um ATP containing
0.37 MBq [y *PJATP) or with ammonium sulphate (final
concentration 50 mm (NH4),SO4) and incubated for
20 min at room temperature in darkness. Free phosphate
was determined by the malachite green phosphate assay
kit [46] (Sigma). To 80 pL test sample, 780 pL water and
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150 pL  ‘Working Reagent” were added. For colour
development, the mixture was incubated for 30 min at
room temperature. Finally, the absorbance at 620 nm
was measured.

Fluorophore labelling and fluorescence resonance
energy transfer

For fluorescence resonance energy transfer (FRET), Agpl
and Agp2 were labelled with Atto 565 and Atto 565 fluo-
rescent dyes respectively (Atto-Tec, Siegen, Germany). The
selected Atto dyes have a maleimide reactive group which
binds covalently to cysteine thiol groups. DMSO stock
solutions containing 10 mm of Atto dye were prepared and
stored in —80 °C until further use. Labelling and spectral
measurements were performed in 50 mm Tris/Cl, 5 mm
EDTA, 300 mm NaCl, pH 7.8 in darkness or under green
safelight.

We used a mutant of Agpl, Agpl-M500-K517C and
wild-type Agp2 for labelling. Agpl-M500-K517C has two
cysteines, one at position 20, to which the chromophore
is covalently bound, and one at position 517. This
mutant is described in an earlier publication [47]. Agp2
has seven cysteines. For labelling, the apoprotein con-
centrations were adjusted to 10 pm. Then, 10 mMm tris
(2-carboxyethyl) phosphin (TCEP) and 30 pm BV from
aqueous and DMSO stock solutions were added. After
completion of chromophore assembly, the samples were
subjected to ammonium sulphate (50% saturation) precip-
itation to remove excess BV and TCEP and dissolved in
the equal volume of buffer. The Atto dyes were then
added to the protein solution to a final concentration of
15 um. Following incubation over night at 4°, free Atto
was removed by NAP-10 (GE healthcare) size exclusion
column. The samples were characterized by UV/vis spec-
troscopy. About one molecule Atto dye was incorporated
in each protein. We assume that Agp2 is preferentially
labelled at the most exposed position; however, for the
present experiment, the exact labelling position is not
relevant.

Fluorescence measurements were performed using a
Jasco FP 8300 fluorimeter. The excitation wavelength was
always set to 470 nm and emission spectra of single labeled
Agpl or Agp2 samples or mixed labeled samples were mea-
sured between 480 and 700 nm. The final protein concen-
tration was 1 pM.

Computer analysis

Calculations (subtraction and addition of spectra, mean
values, standard error calculations, etc.) were performed
with Excel (Microsoft, Redmond, WA, United States); tri-
exponential decay analysis and data presentation were per-
formed with Origin 2017, Microcal, Northampton, MA,
United States.
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Results

Size-exclusion chromatography

An interaction between Agpl and Agp2 would result
in changes of the SEC pattern. We therefore compared
SEC profiles of a sample that contains Agpl and
Agp2 with those of Agpl and Agp2 alone. All four
possible combinations of Pr and Pfr were tested. Each
profile was characterized by one peak of an apparent
molecular mass of the dimer (260 kDa in Agpl,
280 kDa in Agp2) and of three oligomer peaks in the
range of 443 kDA to void volume (Fig. 2). Oligomers
were only found when the separation was performed
at a low flow rate of 0.1 mL-min~', which was, how-
ever, required for clear separation. At 0.5 mL-min~",
only dimer peaks were obtained, as in earlier experi-
ments [48]. We regard oligomer formation as an
in vitro effect on the column which could result from
the reduction of NaCl from 300 to 150 mm in the gel.
In subsequent discussions, we concentrate on the
dimers of Agpl and Agp2.

The dimer peak of Agp2 was always broader than
that of Agpl with retardation to higher elution times
(Fig. 2). This Agp2 profile suggests that a fraction
eluted as monomer. The SEC profiles of mixed Agpl
and Agp2 samples were compared with SEC profiles
of Agpl and Agp2 which were added mathematically.
A strong interaction between Agpl and Agp2 dimers
would result in a shift of the dimer peak to earlier elu-
tion times. The dimer peaks were always found at
indistinguishable positions. However, at elution times
that would correspond to the Agp2 monomer, the
absorbances in the profile of the mixture are lower
than those calculated as the sum of both Agpl and
Agp?2 profiles. This could be indicative of an interac-
tion of Agp2 monomers with Agpl. Each separation
was performed three times. We found these differences
in all six runs in which Agp2 was in the Pr form
(Fig. 2B,D and repetition measurements). In those
runs where Agp2 was in the Pfr form, a weak differ-
ence was observed in four of six cases (Fig. 2A,C and
repetition measurements). Although the SEC profiles
show that there is no strong interaction between Agpl
and Agp2, a weak interaction between both could be
possible, especially with Agp2 in the Pr form.

Dark conversion and UV/vis spectra

We then tested whether the dark conversion of Agpl
and Agp2 could be affected by the presence of the
other protein. In these experiments, buffer or Agp2
was mixed with red-irradiated Agpl and the

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies
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Fig. 2. SEC profiles of Agp1 (blue lines), Agp2 (green lines), mixed Agp1/Agp2 samples (mixture, red lines) and added profiles of Agp1 and
Agp2 (control, black lines). Agp1 and Agp2 in Pr/Pfr forms (A), in Pr/Pr forms (B), in Pfr/Pfr forms (C) or in Pfr/Pr forms (D), respectively. For
Pfr and Pr, the samples were irradiated with red or far-red light prior to mixing respectively. Either 200 puL Agp1 (4 pm) or Agp2 (4 pwv) alone
or as a mixture (4 um Agp1, 4 um Agp2) was applied to the SEC column. The absorbance of the elution was recorded at 280 nm. The
arrows indicate the elution times of marker proteins or the position of the Agp1 or Agp2 dimer peak ('Di’).

absorbance time course was measured at 700 nm.
The same procedures were performed with far-red-
irradiated Agp2 mixed with buffer or with Agpl and
with time course measurements at 750 nm. All dark
reversion kinetics could be fitted with triexponential
decay functions (Fig. 3 and Table 2). The time con-
stants t1, t2 and t3 of Agp2 measured in the presence
of Agpl were all smaller than those of the control
which only contained Agp2. Similarly, the first and
second dark reversion time constants of Agpl with
Agp2 were smaller than without Agp2, whereas the
third time constants were similar with and without
Agp2 (Table 2).

In order to test effects of possible protein interaction
on UV/vis spectra, we compared difference spectra of
Agpl and Agp2 as obtained by red and far-red irradi-
ation with an equivalent difference spectrum of an
Agpl/Agp2 mixed sample. In one set of experiments,
we subtracted spectra of dark-adapted samples from
spectra after far-red irradiation. This light treatment

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies

affects mainly Agp2 but also Agpl although to a smal-
ler extent. The shape of the difference spectrum of the
mixed sample was clearly different from the shape of
the control difference spectrum, that is, the mathemati-
cally added Agpl and Agp2 difference spectra. The
mixed sample is characterized by a slightly positive
absorbance difference in the 700 nm range, where the
control difference spectrum is only negative (Fig. 4C).
As a consequence, the double difference spectrum
shows a maximum at ~ 700 nm and resembles a Pr
spectrum in the range from 600 to 800 nm.

Another set of experiments was performed with red
light instead of far-red light. Red light results mainly
in Agpl Pr to Pfr conversion and Agp2 converts only
to a minor extent from Pfr to Pr. Also, in this experi-
ment, the difference spectrum of the Agpl/Agp2 mixed
sample differed from the added difference spectra of
Agpl and Agp2 (Fig. 4D). The double difference spec-
trum shows a maximum at ~ 700 nm with a shoulder
at ~ 750 nm, features common to a typical Pfr
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Fig. 3. Dark conversion of Agp1 after saturating red irradiation (A), with and without Agp2, measured at 700 nm (increase of Pr) (C). Dark
reversion of Agp2 after saturating far-red irradiation (B), with and without Agp1, at 750 nm (increase of Pfr) (D). Each irradiation was performed
prior to mixing. Experiments were repeated three times. Time constants and amplitudes of a three exponential fit are given in Table 1.

Table 2. Exponential fit for Agp1 and Agp2 dark conversion. A1, A2, A3: amplitudes; t1, t2, t3: time constants. The errors are from the fit.

This is one example of three repetitions with similar results.

Equation: y = — Al*exp(—x/t1) — A2*exp(—x/t2) — A3*exp(—x/t3) + Y0

Agp1 Agp2

In buffer In Agp2 In buffer In Agp1
Al 0.042 + 0. 002 0.051 £ 0.002 0.046 + 0.002 0.034 + 0.003
A2 0.13 + 0.002 0.094 + 0.001 0.041 + 0.004 0.029 + 0.003
A3 0.16 + 0.0004 0.15 + 0.0005 0.057 + 0.005 0.069 + 0.002
t1 (s) 208 £ 9 160 + 6 45 + 3 34 +6
2 (s) 870 + 20 790 + 20 250 + 30 130 + 20
t3 (s) 7500 + 200 7700 + 200 790 + 50 540 + 10
R? 0.99985 0.9997 0.99854 0.99799

spectrum in the range from 600 to 800 nm. Both dark
reversion and spectral measurements indicate protein
interactions between Agpl and Agp?2.

Histidine kinase autophosphorylation

Agpl and Agp2 carry a HK region, and Agp2 has an
additional response regulator at its C terminus [29,33].

We intended to study the effect of Agpl and Agp2 on
the phosphorylation activity of the respective other
partner. Our group has performed several phosphory-
lation studies with Agpl [29,39], but in phosphoryla-
tion trials with Agp2, we observed no or only a weak
phosphorylation signal. A weak autophosphoryla-
tion band was always obtained when the sample con-
tained residual ammonium sulphate from previous

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies
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Fig. 4. Absorbance difference spectra of ‘far-red (A)' or ‘red (B) irradiated’ minus ‘dark’ (above) and the double difference spectra of
‘mixture’ minus ‘control’ (Agp1 and Agp2 added; below). Control and mixture are depicted by black and red lines respectively. The spectra

are representatives of three replicates.

precipitations (see Materials and methods), whereas no
phosphorylation band was detected when ammonium
sulphate-free Agp2 was used (Fig. 5A). Our initial
interpretation of this observation was that the response
regulator catalyses a rapid transphosphorylation and
dephosphorylation [49] and that ammonium sulphate
would inhibit this turnover. We therefore mutagenized
the Asp783 residue of the Agp2 response regulator
and tested the mutants for phosphorylation. According
to the homology with other response regulators, one
would expect Asp783 to accept the phosphate from
the His residue in the His kinase [33]. The autophos-
phorylation signal of the Agp2 D783A mutant was
clearly visible and thus higher than wild-type Agp2,
and the signal of Agp2 D783N was even higher, that
is, in the same range as Agpl (Fig. 5B). A turnover of
ATP that, as a net result, only yields weak or no pro-
tein phosphorylation would result in detectable free
phosphate. We used an assay based on malachite green
to detect free phosphate. After incubating Agpl,
Agp2, Agp2 D783A or Agp2 D783N with ATP, no

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies

free phosphate was detected (Fig. 6). Therefore, we
rejected the hypothesis of response regulator-mediated
dephosphorylation. When wild-type and the mutants
of Agp2 were compared by SEC, clear mobility differ-
ences of the (proposed) dimers were observed. The
apparent molecular mass was 280 kDa for Agp2,
292 kDa for Agp2 D783A and 318 kDa for
Agp2 D783N (Fig. 7). These major differences show
that the shape of the Agp2 protein is significantly
affected by these mutations. The amino acids change
from negatively charged Asp which can undergo ionic
interactions in the wild-type protein to neutral Ala and
Asn. The Asn mutant had the strongest phosphoryla-
tion signal and the biggest effect on SEC. This corre-
lates with the fact that, of the three amino acid
residues, Asn is the only one that can act as donor
and acceptor of hydrogen bonds. We assume that, in
wild-type Agp2, the response regulator module shields
the histidine of the HWE domain so that autophos-
phorylation is inhibited and that the mutations result
in partially or totally detached response regulator due
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Fig. 5. Autophosphorylation of Agp2 (A)
wild-type and (B) D783A and D783N
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replicates (staining intensity is the total

—(NH4),S0,  + (NH4),S0, — (NH4),S0, + (NH4),S0, pixel intensity in a rectangle area around
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the stained band after background
kDa subtraction). The incubation times of Agp2
with ATPy®2P and film exposure times
were always 20 min and 20 h
respectively. This allows comparison of all
signals between different blots.
Coomassie stains of the same bands are
shown in the panels below.

Pfr Pr
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Fig. 6. Determination of free phosphate
by the malachite green phosphate assay.
Standard curve of phosphate (A) and
phosphate concentrations after incubating
Agp1, Agp2, Agp2_D783A or Agp2_D783N

0 10 20 30 40 0 20 40

60 80 100 120 with ATP for different time in the dark (B).

Free phosphate (pw) Time (min) The assay was performed three times.

to the loss of ionic interactions. In Agp2 D783N, the
side chain of Asn783 may stabilize a conformation
that is significantly different from Agp2 D783A.

For phosphorylation of mixed Agpl/Agp2 samples,
all four combinations of Pr and Pfr were analysed and
compared with Agpl and Agp2 alone in their Pr or
Pfr forms. As a reference, the added phosphorylation
signals of Agpl-Pr and Agpl-Pfr (each alone) set equal
to 100. Because phosphorylation of wild-type Agp2 is
not visible (ammonium sulphate was removed com-
pletely), these assays show only the impact of Agp2 on
the phosphorylation of Agpl but not vice versa. If
Agp2 in either the Pfr or the Pr form was incubated
with Agpl in its Pr form, the relative phosphorylation
signal of Agpl was 52 + 3 or 55 £ 2 respectively. The
signal of Agpl (in its Pr form) without Agp2 was sig-
nificantly higher, that is, 72 + 1. The Agpl signal in
the Pfr form was reduced as compared to Pr, in agree-
ment with previous studies [29]. There was no clear

effect of Agp2 on phosphorylation of Agpl in the Pfr
form, no matter whether Agp2 was in the Pr or in the
Pfr form (Fig. 8A).

In order to test the impact of Agpl on the phospho-
rylation of Agp2, we performed the same mixing
experiments with Agpl and Agp2 D783N, which
revealed strong phosphorylation activity. There was
again an impact of Agp2_D783N on the phosphoryla-
tion of Agpl in the Pr form, irrespective of whether
the Agp2 mutant was in the Pr or in the Pfr form. In
addition, and unlike for wild-type Agp2, also the Pfr
signal of Agpl was diminished by Agp2 D783N. The
relative phosphorylation signals of Agp2 D783N in
the Pfr and Pr forms were 38 4+ 1 and 39 + 3 respec-
tively. The Pfr signal decreased to 32 + 2 and 30 + 3
in the presence of Agpl in its Pr and Pfr forms respec-
tively. The signal of the Pr form of Agp2 D783N was
reduced to 31 £+ 1 by Agpl in its Pfr form. Agpl in its
Pfr form caused a slight increase in the Agp2 D783N

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies
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Fig. 9. (A) UV/vis spectra recorded during assembly of Agp1 with BV. (B) UV/vis spectra recorded during assembly of Agp1 with BV in the
presence of holo-Agp2. (C) Time drive measurements of the 700 nm absorbance during Agp1 assembly, black line: apo Agp1 and BV, red
line: holo-Agp2, apo-Agp1 and BV (the absorbance of holo-Agp2 was set as 0). Both lines were scaled to a final value of 1. BV binding to
apo-Agp1 without (A) or with (B) holo-Agp2 monitored by absorption spectra at different incubation times, and relative extents of

absorbance at 700 nm for the two mixtures (C).

signal to 44 £+ 4. Thus, phosphorylation of both phy-
tochromes can be slightly affected by the presence of
the other phytochrome. The effect of Agp2 in its Pr or
Pfr form on Agpl-Pr was the strongest (Fig. 8B).
Since the concentration of phytochromes was ~ 2.5 um
and that of ATP 50 um, we exclude a competition
effect between Agpl and Agp2.

Chromophore assembly

We also tested the impact of Agpl and Agp2 on the
BV assembly of the other protein. In the control mea-
surements, BV was mixed with the apoproteins apo-
Agpl or apo-Agp2 and the absorbance kinetics were
followed at 700 or 750 nm respectively. In the mixed
samples, either the apo-Agp2/BV sample was added to
Agpl holoprotein or the apo-Agpl/BV sample added
to Agp2 holoprotein. We found that the assembly of

10

either phytochrome was strongly affected by the pres-
ence of the respective other phytochrome (in its holo
form). Although the absorbance changes of Agpl were
apparently complete after ~ 2 min, as in earlier studies
[29], it took about 40 min for the completion in the
presence of Agp2 (Fig. 9). On the contrary, holo-Agpl
shortened the time of spectral changes during Agp2
assembly from 1 h (see also [33]) to 25 min (Fig. 10).
These drastic effects could result from protein interac-
tions between Agpl and Agp2. Agp2 could alter the
protein conformation of Agpl apoprotein so that
chromophore accession for Agpl is hindered.

FRET of Agp1 and Agp2

Fluorescence resonance energy transfer is another
method for studying protein interaction. We labelled
Agpl-M500-K517C, a mutant of Agpl, with Atto 565

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies
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Fig. 10. (A) UV/vis spectra recorded during assembly of Agp2 with BV. (B) UV/vis spectra recorded during assembly of Agp2 with BV in the
presence of holo-Agp1. (C) Time drive measurements of the 750 nm absorbance during Agp2 assembly, black line: apo Agp2 and BV, red
line: holo-Agp1, apo-Agp2 and BV (the absorbance of holo-Agp1 was set as 0). Both lines were scaled to a final value of 1. BV binding to
apo-Agp1 without (A) or with (B) holo-Agp2 monitored by absorption spectra at different incubation times, and relative extents of

absorbance at 700 nm for the two mixtures

(acceptor) and Agp2 with Atto 495 (donor, for details,
see Materials and methods section). The measurements
are shown in Fig. 11. When single labelled proteins
were excited at 470 nm, characteristic emission spectra
with peaks at 525 and 590 nm were obtained, confirm-
ing the efficient labelling. The emission of labelled
Agpl-M500-K517C is weaker than that of labelled
Agp2, because the exiting light is much less absorbed by
Atto 565 than by Atto 485. The Agpl-M500-K517C/
Agp2 mixed sample is characterized by a two peak emis-
sion, as expected. The fluorescence intensity in the
530 nm range was lower than that of the corresponding
Agp2 sample without Agp1-M500-K517C. The emission
at 590 nm was higher than the calculated added emis-
sion of both single labelled proteins (see also legend of
Fig. 11). Both the reduction of fluorescence emission of

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies

the donor and gain of fluorescence of the acceptor are
features of characteristic FRET and indicative for an
interaction of Agpl-MS500-K517C and Agp2. To study
the interaction possibility between Agpl and Agp2,
FRET experiments were also analysed and fluorescence
spectra of Agpl, Agp2 and their mixture were measured
and compared. For this purpose, Agp2 wild-type and a
mutant of Agpl were used.

Discussion

Conjugation of A4. fabrum is controlled by light, medi-
ated through phytochrome Agpl and Agp2. The protein
TraA has a central role in the conjugation process. This
relaxase cleaves a single strand in the plasmid DNA,
binds covalently to the DNA end and separates both

1
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Fig. 11. Emission spectra of Atto 565-labelled Agp1-M500-K517C
(black line), Atto 495-labelled Agp2 (red line) and a mixture of both
samples (blue line). The spectrum of labelled Agp2 was normalized
so that its peak value is identical to that of the mixed sample
(green line). The normalized spectrum and the emission spectrum
of labelled Agp2 were added (violet line). The peak emission of the
mixed sample (blue line) was above that of this calculated
spectrum. The excitation wavelength was 470 nm. The curves
indicate mean values of four independent experiments; the error
bars represent the standard error.

strands [50,51]. TraA could be regulated by the phyto-
chromes through indirect mechanisms or through a
direct interaction between the proteins. Since both Agp1
and Agp2 contribute to a similar extent to conjugation
[11], we tested here for an interaction between both pro-
teins in vitro. We performed one standard assay for pro-
tein—protein interaction, SEC. In SEC, proteins undergo
rapid dilution upon entering the gel matrix. Therefore, a
change in elution maxima is obtained only for tightly
interacting proteins. Nevertheless, subtle changes of elu-
tion profiles were found for mixed Agpl/Agp2 samples,
an indication for weak interactions between both phy-
tochromes. The theory of weak interaction between
Agpl and Agp2 is supported by UV-vis absorbance
spectra, dark reversion, phosphorylation, chromophore
assembly experiments. In these assays, the properties of
one protein were slightly changed by the presence of the
other protein. Furthermore, FRET studies on labelled
Agpl and Agp2 confirmed the interaction hypothesis.

In our studies, Agp2 revealed no autophosphoryla-
tion signal. This result conflicts with earlier reports of
Karniol ez al. [33] who published a strong and Pr/
Pfr-dependent signal for Agp2. The fungal phytochrome
FphA, another phytochrome with a C-terminal response
regulator, also showed a clear autophosphorylation sig-
nal, but there was no difference between Pr and Pfr [52].
In our Agp2 phosphorylation studies, weak and strong
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autophosphorylation ~ was  obtained for  the
Agp2 D783A and Agp2_D783N mutants, respectively,
in which the putative receiver amino acid of the
response regulator is mutated. We initially suggested
that the missing phosphorylation signal of Agp2 could
result from a rapid dephosphorylation by the response
regulator. Dephosphorylation activity is described for
diverse response regulators [49]. Since no free phosphate
was detected in our samples, however, we rejected the
idea of rapid phosphate turnover. SEC pointed to a sig-
nificant protein conformational change towards larger
apparent molecular size induced by the mutations. This
conformational shift is most likely dependent to a large
extent on the presence or absence of a charge at position
783 of Agp2. The extent of SEC mobility changes of
Agp2 D783A and Agp2 D783N correlates with the
increased phosphorylation of these mutants. Therefore,
the conformational change is probably the cause for the
increase in phosphorylation. In the wild-type, the
response regulator domain could cover the conserved
histidine of the HWE HK and block autophosphoryla-
tion. This conformation could be stabilized by ionic
interactions involving Asp783. Loss of the negative
charge at this position as induced by mutagenesis could
result in a more open conformation, thus allowing
autophosphorylation. The D783A and D783N mutants
were generated in order to find out whether Agpl has
an impact on the autophosphorylation of Agp2 and it
was possible to demonstrate such an effect. As side
effect, the mutants also provided an indirect insight into
the Agp2 phosphorylation mechanism. We observed no
phosphorylation difference between Pr and Pfr of
Agp2_D783N, and no evidence for a phosphotransfer
from the HWE His kinase to the response regulator but
instead major conformational changes of the protein as
induced by the charge or its loss at one position of the
response regulator. For these reasons, we propose that
Agp2 does not signal through the His kinase — re-
sponse regulator pathway. In vivo, Agp2 autophospho-
rylation could be dependent on the impact of other
molecules and this could result in a modulation of sig-
nalling activity. Combined structural studies [53] and
molecular/physiological work must be continued to
unravel details of signal transduction.

A strong effect that appears to be induced by
Agpl/Agp2 interaction was found in chromophore
assembly studies; the kinetics of both Agpl and Agp2
were affected by the respective other phytochrome. In
order to avoid competition effects, we used holopro-
teins to test for an effect on the assembly of the
apoprotein  partner. Phytochrome chromophore
assembly has been investigated several times by time-
resolved spectroscopy [54], but structural details
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behind this process are unclear. The chromophore
pocket of the holoprotein appears as a close con-
tainer which has no access from outside [55]. The
structure of the apoprotein is unknown, but the chro-
mophore pocket must be different from the holoprotein
and adopt a more open conformation to provide access
for the chromophore from outside. Assembly kinetics
vary significantly between Agpl, Agp2 and other phy-
tochromes [55-57]. These differences could be based on
different openings of the chromophore pockets of the
apoproteins. The drastic slowdown of Agpl assembly
observed here upon Agp2 addition might result from a
closure of the open chromophore pocket of Agpl. The
weak interaction between Agpl and Agp?2 as predicted
above suggests that Agpl and Agp2 switch rapidly
between the bound and the non-bound state and that
the non-bound state is the preferred state. The strong
effect of protein—protein interaction on the chro-
mophore assembly, however, requires additional
assumptions. If, for example, Agpl and Agp2 associate
for half the time with each other and if the chromophore
pocket of Agpl is closed in the bound state, but open in
the non-bound state, chromophore assembly would be
half as fast as for Agpl alone. We must therefore
assume that Agpl chromophore assembly is affected in
the Agpl/Agp2 bound and in the non-bound state and
that the chromophore pocket remains closed for a cer-
tain time upon dissociation of both proteins. In a similar
way, the impact of Agpl on the assembly of Agp2 may
be discussed, although the effect goes to the opposite
direction: the Agp2 assembly is accelerated by the addi-
tion of Agpl. Agpl could open the chromophore pocket
of Agp2 for a more rapid chromophore incorporation.
Here, three different states may be required: open chro-
mophore pocket (Agp2 apoprotein during interaction
with Agpl), partially open chromophore pocket (Agp2
apoprotein) and closed chromophore pocket (Agp2
holoprotein, as seen in the crystal structure [53]). It is
interesting to see that the slow assembly of Agp2 is
accelerated by Agpl and the fast assembly of Agpl
decelerated by Agp2. Fluorescence measurements on
Atto labelled Agpl and Agp2 showed that energy is
transferred from the Agp2 donor to the Agpl acceptor,
which is only possible of the fluorophores are at a dis-
tance of < 10 nm. The now established method allows,
for example, to studying fragments of Agpl and Agp2,
testing for differences between Pr/Pfr and also the inter-
action between recombinant TraA and Agpl or Agp2 in
the future.

Taken together, we have found evidence for a weak
interaction of Agpl and Agp2 by different methods.
This is, to our knowledge, the first study of this kind
for bacterial phytochromes. The heterodimers formed

FEBS Letters (2019) © 2019 Federation of European Biochemical Societies
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between different types of plant phytochromes are
another example for interactions between different
phytochromes. However, recombinant Agpl forms
tight homodimers that do probably not dissociate [48]
and we believe it unlikely that Agpl/Agp2 heterodi-
mers are formed in solution. We could imagine either
interactions between Agp2 monomers and Agpl
dimers or — more likely — complexes formed between
Agpl dimers and Agp2 dimers. An interaction with
another protein in vivo, like TraA, could further stabi-
lize the interaction between Agpl and Agp2.
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