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Influence of a Joining Helix on the BLUF Domain of the
YcgF Photoreceptor from Escherichia coli

Claudia Schroeder,” Karla Werner,” Harm Otten,® Steffen Kratzig,” Harald Schwalbe,” and

Lars-Oliver Essen*!

BLUF-domain-comprising photoreceptors sense blue light by uti-
lizing FAD as a chromophore. The ycgF gene product of Escheri-
chia coli is composed of a N-terminal BLUF domain and a C-ter-
minal EAL domain, with the latter postulated to catalyze c-di-
GMP hydrolysis. The linkage between these two domains involves
a predominantly helical segment. Its role on the function of the
YcgF photoreceptor domain was examined by characterizing
BLUF domains with and without this segment and reconstituting
them with either FAD, FMN or riboflavin. The stability of the

Introduction

Photoreceptors utilize light-sensing chromophores to absorb
light. Photon capture triggers conformational changes of the
protein, leading to an excited or signaling state. This excited
state interacts with downstream pathways, activates a signal-
ing cascade!" and eventually returns to the ground state, ceas-
ing the signaling stimulus until a new photon is absorbed.

In BLUF (sensors for blue-light-using FAD) domain-compris-
ing photoreceptors, the noncovalently bound chromophore
FAD interacts with blue light and initiates a photocycle.”
BLUF-domain-containing proteins occur in proteobacteria, cya-
nobacteria and a few eukaryotic organisms. They regulate the
catalytic activity of enzymes and second messengers,” are in-
volved in photophobic responses and control the expression
of photosynthetic genes.” Until now, the following proteins
with BLUF domains have been characterized: AppA,'¥ and
BIrB">™® from the purple bacterium Rhodobacter sphaeroides,
SIr1694 from the cyanobacterium Synechocystis sp.,l'" "
TI0078 from Thermosynechococcus elongatus, ™' '#2?? and
PAC from the alga Euglena gracilis.*** A characteristic feature
of their BLUF domains is the reversible red-shift in UV/Vis spec-
tra after illumination of the dark-adapted state, which corre-
sponds to formation of a signaling state.”” The red-shift is
probably entirely generated by rearrangement of the hydro-
gen-bonding network between the flavin chromophore and
surrounding amino acids.®"'*'%2% Although BLUF photocycles
have been intensely studied for AppA, BIrB, SIr1694 and
TII0078, the precise mechanism of light conversion is still
under debate. For formation of the light-adapted state, light-
driven electron transfer and possibly also proton transfer from
a conserved Tyr residue have been discussed. These are fol-
lowed by hydrogen bond rearrangements, a 180° rotation of a
conserved glutamine, and transient recombination of a radical
pair.'#162428 Recently, a novel mechanism was proposed on
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light-adapted state of the YcgF BLUF domain depends on the
presence of this joining, helical segment and the adenosine di-
phosphate moiety of FAD. In contrast to other BLUF domains,
two-dimensional 'H,””N and one-dimensional 'H NMR spectra of
isotope-labeled YcgF-(1-137) revealed large conformational
changes during reversion from the light- to the dark-adapted
state. Based on these results the function of the joining helix in
YcgF during signal transfer and the role of the BLUF domain in
regulating c-di-GMP levels is discussed.

the basis of quantum-chemical calculations that predicted a
light-driven tautomerization of the conserved glutamine resi-
due_[29]

The YcgF photoreceptor from Escherichia coli is another
spectroscopically characterized BLUF domain that exhibits the
characteristic red-shift upon illumination.**>? Here, an EAL
domain is C-terminally linked as an effector region to the BLUF
domain. Such EAL domains have been shown to exhibit phos-
phodiesterase activity®**? against cyclic-di-guanosine mono-
phosphate (c-di-GMP), a global second messenger used by
bacteria to control multicellular behavior.2>=*® Accordingly, it
was proposed that YcgF might function as a blue-light-regulat-
ed phosphodiesterase (Blrp) and control biofilm formation.2%3®

Signal transmission within many biological receptors crucial-
ly depends on a-helical segments that join receptor and effec-
tor domains.®**" For example, in phototropins, a single a-helix
(Ja) joins the photoreceptive LOV2 domain to a protein kinase
effector domain. NMR spectroscopy showed that the Ja-helix
is associated with the PAS fold of the LOV domain in the dark-
adapted state and displaced in the light-adapted state.*” Ap-
parently, light-induced local structural changes around the FAD
chromophore trigger the nonlocal disruption of the interac-
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tions between the LOV domain surface and its C-terminal Jo-
helix followed by activation of this LOV kinase. A similar joining
helix is predicted by secondary-structure analysis to link the
BLUF and EAL domains of the E. coli photoreceptor YcgF. In
the following, its potential influence on the properties of the
YcgF BLUF domain, such as flavin binding, photochemistry and
overall conformational state, have been examined.

Results
YcgF BLUF domains

YcgF (403 aa, molecular mass 45.3 kDa, Swiss-Prot entry
P75990) is composed of an N-terminal BLUF photoreceptor
domain (L2-L97) and a C-terminal EAL domain (P145-K403).
EAL domains adopt a TIM barrel-like fold as exemplified by the
crystal structure of the Ykul dimer from Bacillus subtilis (PDB
ID: 2BAS) and possess phosphodiesterase activity against
cyclic-di-GMP, a bacterial second messenger.?*3* Both domains
of YcgF are connected by a linker region (R98-1144) that is pre-
dominantly a-helical as judged by secondary structure predic-
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tions utilizing the Jpred server (http://www.compbio.dundee.
ac.uk/~www-jpred/). A comparison with available 3D struc-
tures of BLUF domains that harbor additional peptide stretches
beyond the C-terminal end of the canonical BLUF fold indicat-
ed that only the putative helical segment R124-E137 is a
candidate for a unique linker helix between the BLUF and EAL
domains of YcgF (Figure 1).

Expression, reconstitution and purification

To examine the role of the putative joining helix in YcgF, the
BLUF domains YcgF-(1-113) and YcgF-(1-137) were produced
as insoluble inclusion bodies, refolded and reconstituted by di-
alysis. Developed as a strategy to obtain large quantities of
soluble, untagged BLUF photoreceptors from inclusion bodies,
this method provided the YcgF-(1-113) and YcgF-(1-137) BLUF
domains homogenously reconstituted with flavin chromo-
phores such as FAD, FMN or riboflavin in yields of approxi-
mately 70 and 115 mg protein per liter culture, respectively.
During refolding of the YcgF BLUF domains, an excess of the
respective flavin chromophore was added. By using optimized
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Figure 1. Domain arrangement of E. coli YcgF and multiple sequence alignment of BLUF domain containing photoreceptors. A) Secondary structure elements

of the linker region were predicted with the Jpred server (http://www.compbio.dundee.ac.uk/~www-jpred/).

B) Multiple sequence alignment as generated by

ClustalW (http://www.ebi.ac.uk/Tools/clustalw/). Shown secondary structure elements are according to the structure of R. sphaeroides BIrB (2BYC) that belongs
to the same subfamily as E. coli YcgF"® The secondary structure elements are shown in red cylinders (a-helices) and blue arrows (B-sheets). The black arrows
point to the C-terminal amino acid residue of the analysed YcgF BLUF domains. The Ja-like helices in the structures of BLUF domains are highlighted in pink,
one of which (YcgF) was predicted by the Jpred server (http://www.compbio.dundee.ac.uk/~www-jpred/). Residues conserved in all sequences in the align-
ment are highlighted in light blue and the position of the conserved tryptophan, which is missing and substituted by Ala90 in YcgF is highlighted in yellow.
YcgF of E. coli (P75990); BIrB of R. sphaeroides (Q3IYE4); AppA, a 1-125 truncated fragment, of R. sphaeroides (Q53119); SIr1694 of Synechocystis sp. PCC 6803

(P74295); TII0078 of T. elongatus BP-1 (Q8DMN3).
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BLUF Domain of the YcgF Photoreceptor

molar chromophore/protein ratios (FAD: 7.5, FMN, riboflavin:
15), 74-81% of the YcgF-(1-113) BLUF domain and up to
100% of YcgF-(1-137) were refolded and reconstituted by this
procedure (Table 1). After refolding, the BLUF domains were

Table 1. Maximum yields after reconstitution by refolding with different
flavin chromophores and protein/chromophore ratios of purified YcgF
BLUF domains.

Yield Protein Chromophore  Calculated

[%] concentration  concentration ratio

[mm] [mm]

YcgF-(1-137)/FAD 99.0 0.860 0.971 1:1.13
YcgF-(1-137)/FMN 96.8 1.490 1.470 1:0.98
YcgF-(1-137)/Rib 96.8 0.767 0.656 1:0.86
YcgF-(1-113)/FAD 81.3 0.778 1.070 1:1.37
YcgF-(1-113)/FMN 73.9 0.636 0.680 1:1.07
YcgF-(1-113)/Rib 74.5 0.350 0.310 1:0.89

further purified by size-exclusion chromatography (Figure 2A
and B). The light-adapted BLUF domain without joining helix,
YcgF-(1-113), eluted at an apparent molecular mass of 59 kDa.
Given its molecular mass of 13.2 kDa, a tetrameric or pentame-
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Figure 2. Size exclusion chromatography of E. coli YcgF BLUF domains re-
constituted with FAD. The chromatography utilized a Superdex 200 XK 16/
70 column; detection occured at 280 nm (——) and 445 nm (-). A) The ap-
plied YcgF-(1-137)/FAD was eluted after 87.7 mL with an OD,5/OD g, ratio
of 0.31 and B) YcgF-(1-113)/FAD was eluted after 79.6 mL with an OD,,s/
OD,g, ratio of 0.36. The double peak in the range of 100 to 120 mL repre-
sents the elution of the surplus FAD cofactor. The inlays show 15% SDS
PAGE gels of the refolded and purified YcgF BLUF domains. Numbers left
and right respectively correspond to the molecular mass in kDa.

ChemBioChem 2008, 9, 2463 - 2473

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ric state is expected for this protein. In contrast, the light-
adapted BLUF domain comprising the joining helix, YcgF-(1-
137), eluted as a dimer at an apparent molecular mass of
31 kDa. Accordingly, the absence of the Ja-helix might trigger
additional, unspecific interactions in light-adapted YcgF-(1-
113) by unmasked surface regions. This unmasking could allow
the YcgF-(1-113) BLUF domain to assemble into oligomers sim-
ilar to the pentameric rings formed by stand-alone BLUF do-
mains such as SIr1694 or TIl0078.%>*? The presence of the join-
ing region sterically interferes with higher-order oligomerisa-
tion found for stand-alone BLUF domains and could enforce a
similar dimeric state as for the BLUF domains in AppA.l'>'443
Although recombinant full-length YcgF was initially reported
to form predominantly monomers,®” dimerization was ob-
served for its light-adapted state by pulsed laser-induced tran-
sient grating techniques.®"

To analyze whether the refolding procedure yielded homo-
geneous BLUF photoreceptors, chromophore/protein ratios
were determined. Proteins were heat denatured by using a
previously described protocol, *¥ and corrected flavin extinc-
tion coefficients were applied. Ratios of approximately 1:1
were detected (Table 1), showing only small differences for the
different flavin chromophores. The ease with which YcgF BLUF
domains could be reconstituted with different flavins indicates
that the riboflavin moiety is sufficient for the formation of
flavin-bound YcgF photoreceptor domains and explains why
functionally overproduced BLUF domains were found to com-

prise nonstoichiometric mixtures of FAD, FMN and ribofla-
vin.[9'15’16'23’45'46]

UV/Vis spectroscopy

Independent of the incorporated flavin species, the dark-
adapted UV/Vis spectra of both YcgF BLUF domains show the
typical absorption bands of the oxidized flavin chromophore
with maxima at 384 nm and 456-461 nm (Figure 3). The
second maximum differs slightly depending on the presence
or absence of the C-terminal Ja-helix. Upon illumination, its
peak position is red-shifted by approximately 8 nm for YcgF-
(1-113) and 4 nm for YcgF-(1-137) (Supporting Information). A
shoulder in the range of 470 nm to 500 nm is observed for the
dark- and light-adapted states. These features are similar to
those of other BLUF domains, for example, from AppA, Slr1694
and YcgF (Blrp).®101319203032 Figyre 4A shows a reversible
light-to-dark conversion that exhibits five isosbestic points at
approximately 375, 410, 465, 474 and 487 nm. The YcgF BLUF
domain’s difference spectra (Figure 4B) is qualitatively similar
to that of AppA and intact YcgF®**34 and contains minima at
of 341, 379, 428, and 481 nm and maxima at 396, 469, and
503 nm (Supporting Information).

Time courses for the decay of the light-adapted state were
measured at 292 K and 503 nm by using both YcgF BLUF
domain variants reconstituted with either FAD, FMN or ribofla-
vin. The different dark recovery rates shown in Table 2 and in
the Supporting Information were calculated by assuming mon-
oexponential decay. The resultant half-lives for the light-adapt-
ed states of the examined YcgF BLUF domains differ depend-
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Figure 3. UV-visible absorption spectra of the dark-adapted (—) and light-adapted (-+) YcgF BLUF domains YcgF-(1-137) and YcgF-(1-113) reconstituted
with FAD, FMN and riboflavin. Both BLUF domain variants were dissolved in Tris/HCI (20 mm, pH 8.0) buffer containing NaCl (200 mm). Data were collected at

18°C.

ing on the presence of the joining helix and their respective
flavin chromophore. The YcgF-(1-137) BLUF domain’s decay
kinetics are generally slower than those of YcgF-(1-113); this
suggests a stabilizing effect of the additional Ja-helix on the
light-adapted state. In YcgF-(1-137), the light-adapted state
decayed with half-lives of 23.8 min, 14.7 min and 14.4 min for
FAD, FMN and riboflavin, respectively. Apparently, the adeno-
sine moiety of FAD causes an additional stabilization of the
light-adapted state in dimeric YcgF-(1-137), but not in the
tetra-/pentameric YcgF-(1-113) variant. Nevertheless, the kinet-
ics of the two YcgF BLUF domain variants resemble those
observed for the BLUF domain of AppA (t;,=15 min)” and
full-length YcgF (t,,=5.22 min),"3*” but are clearly slower than
those reported by Hasegawa et al., for YcgF and YcgF-(1-148)
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(t;,,=2.16 min)®? and for the stand-alone BLUF domains of
SIr1694 (t,;,=5 s),*” BIrB (t,,=5 s)' and TIIO078 (t,, =5 5).2"

CD spectroscopy

The CD spectra of YcgF-(1-113) (Figure 5A) and YcgF-(1-137)
(Supporting Information) present a similar mixture of a-helices
and f3-sheets with approximate ratios of 60 to 40% and 65 to
35%, respectively, that resemble the predicted secondary
structure content. The CD spectra are independent of the
flavin cofactor incorporated into the YcgF photoreceptor, indi-
cating that FMN and riboflavin lacking the AMP or ADP moiety
do not induce observable changes in the secondary structure.
Both YcgF BLUF domains show cooperative unfolding when ir-
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Figure 4. Light-dark conversion and difference spectra of the YcgF BLUF
domain. A) UV-visible absorption spectra of the light-dark conversion and
B) light minus dark difference spectrum of YcgF-(1-113) reconstituted with
FAD. The black arrows marked the wavelength used for determining the
dark recovery. The BLUF domain was dissolved in Tris/HCl (20 mwm, pH 8.0)
buffer containing NaCl (200 mm). Data were collected at 291 K.

Table 2. Half-lives of both YcgF BLUF domains reconstituted with FAD,
FMN and riboflavin. The BLUF domains were dissolved in Tris/HCl
(20 mm, pH 8.0). Data were collected at 292 K.

t,» [min]
YcgF-(1-137)/FAD 23.8+5.4
YcgF-(1-137)/FMN 14.7 +4.8
YcgF-(1-137)/Rib 144+20
YcgF-(1-113)/FAD 54+1.6
YcgF-(1-113)/FMN 9.7+3.7
YcgF-(1-113)/Rib 41+£27

reversibly heat denatured at 95°C (Figure 5B and C). The E. coli
BLUF domain YcgF-(1-137) was unfolded with melting temper-
atures of 47-49°C. Only a slight increase of ~1°C was ob-
served, if FMN or FAD reconstituted BLUF domains were used
instead of riboflavin. The YcgF-(1-113)/FAD BLUF domain pre-
sented two transitions at 37 and 78°C (Figure 5C), whereas
with FMN and riboflavin only one melting temperature at 42
or 38°C, respectively, was found. In addition to UV/Vis kinetics
and size-exclusion chromatography these results indicate that
the C-terminal Ja-helix affects the preceding BLUF domain not
only in its photochemical characteristics but also in terms of
stability.
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Figure 5. CD-spectroscopic analysis of E. coli YcgF BLUF domains. A) CD
spectra of YcgF-(1-113) reconstituted with FAD (—), FMN (--) and ribofla-
vin (----- ) and melting curves of B) YcgF-(1-137) and C) YcgF-(1-113) recon-
stituted with the native chromophore FAD. The second transition at 78°C
could indicate the loss of FAD from the denatured state of YcgF-(1-113) as
previously reported for other flavoproteins.””® The BLUF domains were dis-
solved in Tris/HCl (2 mm, pH 8.0) buffer containing NaCl (20 mm). CD data
were collected at 20°C and averaged, while melting curves were recorded
at 207 nm from 20°C to 95°C.

NMR spectroscopy

One-dimensional 'H NMR spectra of the light- and dark-adapt-
ed states of YcgF-(1-137) reconstituted with FMN, shown in
Figure 6 A, possess excellent chemical-shift dispersion over the
entire spectral range, including a number of strongly down-
field- and upfield-shifted peaks. In detail, the —1.4 to 0.6 ppm
spectral region shows a number of resolved, but closely
spaced methyl resonances, observed for both the light- and
dark-adapted YcgF BLUF domain. Upfield-shifted methyl reso-
nances are generally the result of tertiary interactions such as
ring current effects derived from neighboring aromatic resi-
dues in close spatial proximity to NMR-active nuclei.’®*~* Exci-
tation with blue light caused strong shifts in peak positions,
relative intensities and overall spectral topology (Figure 6A
and Q). The changes include a number of resonances at —0.2
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Figure 6. NMR spectra of E. coli BLUF domain YcgF-(1-137) reconstituted with FMN recorded under dark- (blue) and light-adapted (red) conditions and of the
dark adaptation. A) In the "H NMR, the downfield and upfield shifted regions are separately displayed. B) Stack plot 'H detected representations recorded
after illumination. Spectra were acquired on a Bruker 800 MHz spectrometer using protein (200 um) in Tris/HCl (20 mm) and NaCl (1 m) at pH 8.0 and 291 K.
The black arrows indicate the channels from which the respective measured half-life were delineated. C) 'H,"*N HSQC spectra were recorded at 600 MHz,

291 K using protein (700 pm) dissolved in Tris/HCI (20 mwm), NaCl (1 m), pH 8.0.

to 0.6 ppm, pointing out that the protein environment in the
vicinity of these specific methyl groups has been rearranged
after illumination. While the 'H,"”°N HSQC spectra contain only
two thirds of the expected resonances, including many rela-
tively broad ones caused by high flexibility on an intermediate
NMR timescale indicative for millisecond dynamics, significant
differences between the light- and the dark-adapted states
were observed. In contrast to the HSQC spectra of AppA®™ and
BIrB," which showed rather few and mostly small chemical-
shift changes upon light excitation, a much larger fraction of
peaks are perturbed by illumination of the YcgF BLUF domain.
After a certain time period, the original dark spectrum was re-
generated without observable degradation, thus establishing
the reversibility of these changes at the protein level. No differ-
ences were observed when comparing spectra of YcgF-(1-137)
reconstituted with either FMN or FAD. Time-dependent
'H NMR spectra of the YcgF-(1-137)/FMN dark adaption were
recorded at 291 K showing a half-life of 21.3 min on average
(Figure 6B). This value is a mean of at least a dozen decaying
and increasing signals that originate from different regions of
the spectra. Interestingly, half-lives as determined from these
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different signals were found to differ significantly from each
other. The signals varied from 13.5 to 25.6 min, indicating a
complex light-dark conversion process consistent with previ-
ous findings.**"

By recording *'P NMR spectra at 291 K, the kinetic behavior
of chromophore signals upon illumination was investigated.
Figure 7 A presents *'P NMR spectra of the BLUF domain YcgF-
(1-137) reconstituted with FMN and FAD. Upon illumination,
clear upfield shifts for the single phosphate group of FMN as
well as for both phosphate groups of FAD of approximately
0.1 ppm were observed. This chemical shift difference allowed
the extraction of the intensities of upcoming and decaying sig-
nals. Due to the excellent signal-to-noise ratio, a time resolu-
tion of 2-3 min could be achieved, which was identical to the
resolution of the 'H-detected kinetic experiments. Extraction of
the intensities and fitting with mono-exponential functions
yielded half-lives of approximately 18-21 min for YcgF-(1-137)
reconstituted with either FAD or FMN. These half-lives are simi-
lar to the decay rates obtained by the averaged 'H NMR data
at the given temperature (Figure 7 C). The observed differences
are within the error of the experiment. Overall, the NMR data

ChemBioChem 2008, 9, 2463 -2473
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Figure 7. *'P NMR spectra and dark recovery rates of the YcgF-(1-137) BLUF domain reconstituted with FMN and FAD. A) First and last increment of a 3P de-
tected pseudo 2D experiment recorded after illumination. The dark- and light-adapted states are shown in blue and red, respectively, and the free ligands are
represented in black. The NMR signals arising from two 3'P atoms in FAD are split by scalar %J(P,P) coupling constant leading to four NMR lines in the experi-
ments for free and bound FAD. B) Stack plot representations of the dark adaptation of the E. coli BLUF domain YcgF-(1-137) respectively; in each case the
first 32 data points are shown and C) examples for normalized and fitted signal intensities. The positions where the intensities were extracted for the repre-
sentation are indicated in A) with black arrows. For FAD, t,,, calculations, the intensities highlighted with grey arrows were also considered. The obtained t,,,
values are the result of two individual experiments plotted as monoexponential decays over a period of 300 min. Spectra were recorded on a 500 MHz Bruker
spectrometer equipped with a QF-HP cryogenic probe at 291 K and 1.5-2.0 mm protein concentration.

are highly consistent with the respective visible light kinetics
discussed above, except for the 1.4-fold slower dark conversion 654
time of YcgF-(1-137)/FMN.
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bly decreases the rate of light-dark conversion, thus suggest-
ing that reversion to the dark state occurs more rapidly at
higher temperatures. The logarithm of the time constants
versus the inverse temperature was plotted in an Arrhenius  Figure 8. Arrhenius plots including error bars of the dark-state recovery of

plot (Figure 8). The activation energy obtained from the linear YcgF-(1-137) reconstituted with FMN. Kinetics were recorded by UV/Vis (-e-)
fit of the NMR data gave a value of AE,—89 kJ mol~". The and NMR (-0-) spectroscopy in Tris/HCl (20 mm, pH 8.0). Every UV/Vis mea-

. . . A . T sured half-life at 503 nm was measured at least three times and averaged
higher value of 109 kJmol™" obtained from UV/Vis data using  pefore plotting. The half-lives at 280 K were measured seven times due to a
the same protein might result from the unavoidable repeated  wide divergence. Every NMR-determined time constant is the average of at
light exposure at 503 nm during the photometric measure- least 12 decaying and increasing signals at a given temperature. At 288 K
ments (Table 3). This activation energy is similar to the AE,= two kinetic experiments were carried out, averaged and included in the cal-
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Table 3. Half-lives determined by UV/Vis and NMR spectroscopy of YcgF-
(1-137) reconstituted with FMN. Every NMR determined half-life and time
constant is the average of at least twelve decaying and increasing signals
at a given temperature. The BLUF domain was dissolved in Tris/HCl
(20 mm, pH 8.0).

TIK] UV/Vis NMR

half-life [min] half-life [min] tmine Lmax
half-lives [min]

297 8.1£0.1 - -

296 - 15.94+6.9 6.0 to 27.6

292 14.7+4.8 - -

291 - 21.2+32 13.5t0 25.6

288 343+20 37.1+33 28.9 to 46.8

284 51.7+6.3 57.8+14.1 30.5 to 78.8

280 107.3+46.2 97.6+£13.1 76.2 to 119.5
E, [kimol™] 108.8+3.7 89.3+£11.9

HSQC spectra indicate that distinct changes in the protein
structure occur during dark recovery.l'%19-2:5253]

Discussion
Chromophore-protein interactions

Previous BLUF domain preparations often suffered from a het-
erogeneous mixture of flavin cofactors when BLUF domains
were overexpressed in soluble form. 1623304546 qur refold-
ing procedure of YcgF BLUF domains from inclusion bodies al-
lowed the deliberate incorporation of various flavin chromo-
phores independent of the presence of a C-terminal-joining a-
helix. Using this system we first analyzed whether the non-iso-
alloxazine parts of FAD or putative interactions between the
joining helix and the YcgF BLUF domain affected its photo-
chemical behavior. Major differences were not observed for
the overall photochemical characteristics when comparing
either in vitro and in vivo reconstituted YcgF BLUF do-
mains®**? or BLUF domains with and without C-terminally at-
tached Ja-helix. The photochemical properties were also not
significantly influenced by the chemical identity of the flavin
chromophore as reported for the R. sphaeroides AppA BLUF™
E. gracilis PACo. F2®® and the Avena sativa LOV2 domains.®¥
Accordingly, the observed protein-to-chromophore ratios, the
refolding yields or the red-shifts of light-adapted flavin chro-
mophores were not found to depend on the chosen flavin spe-
cies. Most of the associated structural changes of the YcgF
BLUF domain hence take place at the flavin isoalloxazine ring,
and neither the adenosine monophosphate moiety nor the
phosphate group of FAD is required for formation of the sig-
naling state.

However, the dark recovery rates of YcgF BLUF domains
measured by UV/Vis spectroscopy were keenly influenced by
the flavin chromophore’s nature, contrary to what is observed
for AppA® and PACa F2.® In the absence of a joining helix,
FMN appears to interact optimally with the signaling state of
the YcgF BLUF domain as represented by the rather large half-
life of its light-adapted state of 9.7 min, which is 1.8- and 2.4-
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times larger than for FAD and riboflavin, respectively. In this
case, where the Jo-helix is missing, the phosphate group
might interact via salt bridges with the YcgF BLUF photorecep-
tor as described for AppAl"™ and the LOV2 domain.”*** Quite
contrary to this, in the presence of the Ja-helix, the light-
adapted state of the BLUF domain is mostly stabilized if bound
to FAD. This specific stabilization might arise either from the
dimeric association of the BLUF domain, which is more mean-
ingful for the situation in the intact YcgF photoreceptor than
the tetra-/pentameric state of the stand-alone YcgF domain, or
from an indirect interaction across the entire YcgF BLUF
domain between the C-terminal Ja helix and the jutting AMP
moiety. Crystal structures for the AppA®’ and BIrB BLUF do-
mains have shown that the AMP moiety has an outward orien-
tation,™™ when the ribityl side chain and the phosphate group
of the chromophore point towards the surface of the respec-
tive BLUF domain. Therefore, FAD’s AMP moiety is not necessa-
ry for E. coli YcgF to undergo its photocycle, but it is affected
by the structural context of the BLUF domain™ and can hence
contribute to the stabilization of the light-adapted BLUF
domain in the intact photoreceptor protein.

The YcgF BLUF domain and the C-terminal Ja-helix

For NMR studies, only the YcgF BLUF domain including the C-
terminal Ja-helix was used since the BLUF domain without this
joining region adopted a higher oligomeric state and was not
tractable for NMR experiments due to its large molecular mass.
According to one-dimensional 'H and two-dimensional 'H,"”N
NMR spectroscopy, the BLUF domain with C-terminally at-
tached Ja-helix undergoes global structural changes between
its dark- and light-adapted states. Similar broad conformational
changes in the LOV2 domain of plant phototropins were
shown to correlate with distinct conformations of the light-
and dark-adapted states.”” Here, a reorientation of the C-ter-
minal Ja-helix during the formation of the light-adapted state
was delineated that was crucial for inter-domain signal trans-
fer.#0>0°¢ Ynfortunately, the complete solution structure of the
E. coli YcgF BLUF domain could not be determined due to a
lack of one third of the expected backbone amide resonances
in the "H,"’N NMR spectra.

Unlike the YcgF BLUF domain, many other BLUF domains ex-
hibit only minor structural changes upon light-dark conver-
sion. The AppA BLUF domain without an analogous C-terminal
a-helix shows only small changes between light- and dark-
adapted states according to HSQC NMR spectroscopy.” Similar-
ly, the LOV2AJoa. domain lacking the joining helix displays only
minor peak relocations in 'H, "N NMR spectra of its light- and
dark-adapted states.*” Analogous results were obtained from
NMR spectroscopy for the AppA and BIrB BLUF domains,
which included either a C-terminal extra-domain region or a
helical segment, and for a mutant of LOV2 where the interface
between the LOV domain and the Ja-helix was disrupted.®®
615 |n all these cases, the C-terminal extensions do not appa-
rently interact with the BLUF core or show significant changes
upon illumination of the ground state.
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The observed differences for light-dark conversion could
correlate with a conserved tryptophan, existent in most BLUF
domains, but replaced by alanine in YcgF. In other BLUF do-
mains, the conserved Trp residue is part of the so-called non-
productive electron transfer pathway™ and might participate
in the light-dependent formation and breakage of a hydrogen
bond to GIné3 during the photocycle.”” Furthermore, the flip
of the indole ring from an inward to an outward orientation
during dark-light conversion might transmit conformational
changes around the chromophore to the protein surface. Its
absence in the YcgF BLUF domain implies that the observed
global conformational changes of this BLUF domain might
take an alternative route to transmit structural changes to the
surface.

Overall, the YcgF BLUF domain appears to show a similar
light-triggered conformational change for its Ja-helix like the
LOV2 domain. Like the latter, in which additional H-exchange
and limited proteolysis experiments were performed,“” wide-
spread chemical dispersion in both the light- and dark-adapted
states suggest that the Ja-helix moves without disrupting the
BLUF domain fold of YcgF. Furthermore, the Ja-helix stabilizes
both the E. coli YcgF BLUF domain and its light-adapted state
and influences its sensor properties, as reflected by higher
refolding yields, higher melting points, decreased red-shifts of
the light-adapted state and slower dark-recovery rates. In addi-
tion to the light-induced structural changes seen in LOV2 do-
mains, light-induced structural changes at the extensions of
photoreceptor domains might be a general theme, as they
were observed for the so-called DAS motive of A.thaliana
cryptochrome 18 and a N-terminal helical segment of the
photoactive yellow protein 5%

Based on these data, a model for the role of the Ja-helix of
YcgF during signal transduction is proposed: In the dark-
adapted state the C-terminal a-helix interacts with the BLUF
domain and moves upon illumination relative to the domain
surface, similar to the Ja-helix of LOV2.*” The reoriented BLUF
Ja-helix could thereby affect the EAL domain’s activity either
by controlling access to the c-di-GMP binding site or by chang-
ing its dimeric association,®" as EAL domains can dimerize as
exemplified by the N-terminal EAL domain of Ykul from B. sub-
tilis (2BAS).

Conversion between light- and dark-adapted states appears
to be rather complex in the YcgF BLUF domain, as indicated
by the heterogeneous distribution of half-lives in time-depen-
dent NMR spectra. The heterogeneous recovery of the dark-
adapted state indicates a hysteresis effect as observed before
for LOV2"? and PYPF" This heterogeneity does not contradict
the UV/Vis, *'P and '"H NMR spectroscopically determined half-
lives of the light-adapted state. Here, the UV/Vis values reflect-
ing the chemical environment of the isoalloxazine chromo-
phore correlate with the fastest NMR-derived half-lives, similar
to LOV2."? The *'P NMR values correlate with the average
'H NMR lifetimes, and the reorientation of the Ja-helix corre-
lates with the slowest '"H NMR lifetimes of the FMN containing
BLUF photoreceptor. This finding indicates that the YcgF BLUF
domain might recover into the dark-adapted state starting
with local changes in the isoalloxazine environment that prop-
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agate towards the photoreceptor surface and its interface with
the Ja-helix.

Conclusions

The global structural changes occurring in the YcgF BLUF
domain during light-dark conversion require a huge activation
barrier of at least 89 kJmol™'; similar values were reported
before for the stand-alone BLUF domain of TIl0078.%" This ki-
netic barrier corresponds to a doubling of the decay rates
upon a temperature rise of just 6 K. This temperature depend-
ency might be biologically relevant, as it affects the activity of
E.coli YcgF as a putative phosphodiesterase. As mentioned
before, EAL-class phosphodiesterases hydrolyze c-di-GMP,
which is a second messenger that regulates the multicellular
behavior of bacteria, and, in particular, the delicate balance be-
tween motile and sessile life styles.®*3*3”) Recent results advert
a decrease in biofilm formation and raised motility for E. coli
K12 grown under blue light, whereas this effect is missing in
cells grown under red light and in E. coli mutants lacking the
ycgF gene.’® Under dark conditions, the YcgF BLUF domain
exists in its ground state and hence might inhibit the EAL
domain. In this case, the increased c-di-GMP concentration
would trigger biofilm formation by E. coli. At ambient tempera-
tures and under blue light, the EAL domain would be activated
by the light-adapted BLUF domain to hydrolyze the second
messenger thus causing enhanced mobility.?¥ At lower tem-
peratures the light-adapted state of the YcgF BLUF domain is
further stabilized, thus causing an even stronger bias to motile
life style.

Interestingly, various bacteria, for example Burkholderia xeno-
vorans, possess LOV-domain-coupled EAL and GGDEF do-
mains;%¢" this suggests the existence of similar mechanisms
between the respective photoreceptor domain and c-di-GMP-
regulating output domains. Thus, YcgF might play an impor-
tant role in temperature- and light-dependent regulation of
bacterial biofilm formation. Such a coupling between two envi-
ronmental cues might not be without precedent, since animal
and plant cryptochromes have been claimed to represent
blue-light-dependent magnetoreceptors.*>* From this one
may wonder whether E. coli YcgF could indeed function as a
blue-light-dependent molecular thermometer.

Experimental Section

Reagents and buffers: All chemicals were purchased from Sigma-
Aldrich, Merck and Fluka.

Cloning and expression: Using genomic DNA from E. coli strain
DH5a (Stratagene) and the primers ycgFup 5-GGC ATA TGG CTA
GCC TTA CCA CCC TTA TTT ATC TAG C-3', ycgF113down 5-CCG
GAA TTC ATT ACC CTT TGT CGA ATA CGG CC-3" and ycgF137down
5-CCG GAA TTC ATT ACT CGG TTG CAA GGA CAA AAG-3' the BLUF
domains YcgF-(1-113) and YcgF-(1-137) were amplified by PCR in-
troducing Nhel and EcoRlI restriction sites. The resultant PCR prod-
ucts were ligated into the pCR®2.1TTOPO® vector and subcloned
into the pET36b (Novagen) expression vector through the same re-
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striction sites, to yield the plasmids pET36-YcgF-(1-113) and pET36-
YegF-(1-137).

The E. coli BLUF domains YcgF-(1-113) and YcgF-(1-137) were ex-
pressed the in E. coli strain BL21(DE3) Gold (Stratagene) in 2 L LB-
medium (Luria Bertani) or in "N isotope labelled rich growth OD2
media (Silates) containing kanamycin (35 pgmL™") at 37°C. After
induction with IPTG (1 mm) at ODsy 0.5-0.6, cells were harvested
after 2 h, resuspended in buffer| (20 mm Tris/HCl, pH 8.0 and
200 mm NaCl) and disrupted in buffer | supplemented with lyso-
zyme (1.2 mgmL™"), EDTA (1 mm), PMSF (0.6 mm), LDAO (3%, w/v)
and DNase | (24 pgmL™") for the isolation of inclusion bodies. The
inclusion bodies were washed three times with buffer | containing
EDTA (1 mm), PMSF (0.3 mm), LDAO (0.75%, w/v), one more time
with this buffer lacking LDAO and finally twice with ddH,0.

Refolding and reconstitution with flavin chromophores: The in-
clusion bodies were solubilized in buffer| supplemented with
GdnHCI (6 m), DTT (0.1 m). The denatured BLUF domains were dia-
lyzed with a 7.5-fold excess of FAD or a 15-fold excess of FMN or ri-
boflavin, respectively, against Tris/HCI (20 mm, pH 8.0) for 1.5 days
by using a SnakeSkin dialysis tube with a MW cutoff of 3.5 kDa
(Pierce). The soluble fractions were collected after centrifugation at
1500 g for 10 min, at 4°C.

Purification and determination of protein-to-chromophore
ratios: Solutions comprising YcgF-(1-113) or YcgF-(1-137) were
concentrated with an anion exchanger Q-Sepharose Fast Flow (GE
Healthcare) by eluting with a minimal volume of Tris/HCI (10 mm,
pH 8.0), NaCl (1 m). The YcgF BLUF domains were purified by gel fil-
tration using a Superdex 200 XK 16/70 column (GE Healthcare)
equilibrated before with Tris/HCl (20 mm, pH 8.0). The apparent
molecular mass of the YcgF BLUF domain was estimated by the
use of gel filtration calibration kits (GE Healtcare). Concentration
was completed again with a Q-Sepharose Fast Flow column, and
the YcgF fragments were eluted with with buffer | or centrifuge
filter devices (Sartorius AG). The purified BLUF domains were
stored at —20°C.

To identify the protein-to-chromophore ratios, the BLUF domain
concentrations were determined with the BCA assay'® before heat
denaturing the protein in SDS (0.8 %, w/v), HCI (0.1 m) for 15 min at
65 °C.* Concentrations of the free flavin chromophores were de-
termined by measuring their absorption and using specific extinc-
tion coefficients estimated for the present buffer conditions (FAD:
£450=10077 M 'cm™"; FMN: £,,3=10655m""'cm™'; riboflavin: £,,3=
9763 M~ cm~'"9),

Spectroscopy: For UV/Vis spectroscopy, a HP 8453 diode array
spectrometer (Hewlett Packard) was used. The absorption spectra
of the BLUF domains YcgF-(1-113) and YcgF-(1-137) with concen-
trations between 13 and 38 um were measured in buffer | in the
range of 190-1100 nm at 291 K. Dark spectra were recorded after
incubating the BLUF domains on ice for 2 h in the dark. Before
recording the light-adapted spectra the E. coli BLUF domains were
illuminated for 1 min with a commercial slide projector containing
a 250 W lamp type 64655 (Osram).

Half-lives for the regeneration of the dark-adapted state were in-
vestigated on a J-810 spectropolarimeter (Jasco) with a Jasco PTC-
423S Peltier type temperature control system using a quartz cell
(Hellma) with a pathlength of 1 mm and both BLUF domains in
concentrations between 30 and 75 um. Kinetic experiments were
performed between 280 and 297 K. Prior to the start of the kinetic
experiment, the samples were illuminated with a Philips TLD 58W/
25 lamp for 90s at RT. Using the interval scan measurement
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modus every 120 or 300s the absorption values at 503 and
504 nm were recorded during a period of 2 h or 3 h, respectively.
Half-lives were calculated from the time-dependent datasets using
the mono-exponential decay functions of Origin (OriginLab Corpo-
ration).

CD-spectroscopic measurements were recorded on the same in-
strument using a quartz cell (Hellma) with a pathlength of 1T mm.
The BLUF domain concentrations were between 8 and 15 um. The
CD spectra were recorded at 20°C and 95°C in the range of
190 nm to 280 nm. The melting curves were carried out at 207 nm
by heating the protein solution by 2°Cmin~" from 20 to 95°C and
cooled down after 10 s with the same rate to 20°C.

'H detecting NMR experiments were carried out on 800 or
600 MHz spectrometers (Bruker) using a z-axis gradient, 5 mm TXI-
HCN cryogenic probe or a 5 mm TXI-HCN probe without gradients.
Standard 'H,"”°N HSQC experiments were carried out on a Bruker
600 MHz spectrometer, equipped with a 5mm HCN cryogenic
probe and a z-axis gradient. *'P NMR experiments were run either
on an AV 600 MHz spectrometer (Bruker) equipped with a 5 mm
TXI-HCP cryogenic probe or on an AV 500 MHz spectrometer
(Bruker) equipped with a 5 mm QF-HP cryogenic probe. All sam-
ples were dissolved in Tris/HCI (20 mm, pH 8.0), NaCl (1m), D,O
(10%). "H chemical shifts were referenced directly to 3-(trimethyl-
silyl)-1-propane-sulfonic acid sodium salt (Sigma) at 0.015 ppm,
whereas "N was referenced indirectly and *'P chemical shifts were
referenced externally to phosphoric acid (85%) at 0.00 ppm.
Proton kinetic experiments were performed at five different tem-
peratures (280-297 K) in a pseudo two-dimensional manner, with
300 um protein concentration and a time resolution of approx.
2 min per data point. 'H,"’N HSQC spectra were recorded at 291 K
using a 700 um sample with 2 K data points and eight scans aver-
age per FID. Proton-decoupled *'P detected kinetic measurements
were performed analogously to the proton experiments using a
1.5 mmMm protein concentration at 291 K only. Prior to the start of
the experiment, the samples were illuminated with a 200 W He-Xe
lamp emitting light between 300 nm and 450 nm for 10s to 30s
on ice outside the spectrometer. The NMR spectra were recorded
with the software xwinnmr version 3.5 (Bruker) and further pro-
cessed and analyzed using TOPSPIN version 1.3 (Bruker Biospin)
and CARA. The decay and build-up of single peaks were analyzed
using SigmaPlot (Systat Software Inc.) by fitting time-dependent
peak intensities to three parameter monoexponential functions.
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