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ABSTRACT

The Escherichia coli protein YcgF contains a photosensory
flavin adenine dinucleotide (FAD)-binding BLUF domain
covalently linked to an EAL domain, which is predicted to
have cyclic-di-guanosine monophosphate (GMP) phosphodies-
terase activity. We have cloned, overexpressed and purified this
protein, which we refer to as blue light-regulated phosphodi-
esterase (Blrp) for its putative activity. Blrp undergoes
a reversible photocycle after exposure to light in which the
spectrum of its photostationary state and kinetics of recovery of
the dark state are similar to those of the isolated BLUF domain
of the AppA protein. Unlike the AppA BLUF domain, the
chromophore environment in the context of full-length Blrp is
asymmetric, and the protein does not undergo any detectable
global changes on exposure to blue light. When overexpressed
in E. coli, Blrp copurifies with certain proteins which suggests
that it plays a protective role in response to oxidative stress.
Predicted proteins from Klebsiella pneumoniae and from
a bacterium in the Sargasso Sea are similar to E. coli Blrp in
both their BLUF and EAL domains, which suggests that blue
light sensing in these bacteria may follow similar pathways.

INTRODUCTION

Light sensing is critical to organisms: it serves as a source of
energy for photosynthetic organisms, functions as an important
environmental stimulus and may damage cells (1). Photoreceptors
sense the color of light through differences in the structure of their
light-absorbing chromophores. Blue light photoreceptors include
phototropins and cryptochromes, which contain flavin moieties,
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and photoactive yellow proteins, which have a p-coumaric acid
chromophore (1). Recently, a novel flavin adenine dinucleotide
(FAD)-binding blue light photoreceptor domain has been
identified in cyano- and proteobacteria, the BLUF domain (2).
This domain lacks significant sequence homology to other flavin-
binding blue light photoreceptors (2). Five proteins that contain
this domain have been isolated and shown to bind FAD: the
phototactic receptors PACo and PAC in the eukaryotic unicellular
alga Euglena gracilis (3), AppA from Rhodobacter sphaeroides
4,5), YcgF from Escherichia coli (4) and most recently, Slr1694
from Synechocystis (6). Proteins predicted to contain BLUF
domains are linked to a number of different effector domains such
as phosphodiesterases and adenylyl cyclases (2). It is therefore of
interest to characterize the spectroscopic and structural properties
of proteins containing a BLUF domain to identify how different
domains are able to sense blue light and transduce that signal into
a biological response.

PACa, PACP and AppA have been shown to act in vivo as blue
light photoreceptors (3,5,7); in vitro AppA and Slr1694 undergo
reversible photocycles after exposure to blue light (5,6) and PACa
and PACP exhibit blue light-regulated adenylyl cyclase activity
(3). No such activity or photosensitivity has been demonstrated in
E. coli YcgF in vivo or in vitro. Here, we further characterize full-
length YcgF, which contains a BLUF domain covalently linked to
an EAL domain, predicted to have cyclic-di-guanosine mono-
phosphate (GMP) phosphodiesterase activity (8). Therefore, we
refer to YcgF as blue light-regulated phosphodiesterase (Blrp).
Unlike R. sphaeroides and E. gracilis, E. coli does not have many
well-defined, blue light—sensitive responses; one of the few such
responses is a photophobic response to intense levels of blue light
(9—13). Therefore, it is also of interest to explore the biological role
that Blrp plays because it may allow new light-regulated pathways
in E. coli to be identified.

MATERIALS AND METHODS

Cloning and expression of Blrp. A genomic midiprep of E. coli strain JM101
was performed, followed by polymerase chain reaction (PCR) with N-
terminal (5'-TATAGAATTCATGCTTACCACCCTTATTTATCG-3") and
C-terminal (5'-TATACTCGAGTTATTTTTTCTCTGGCCACGCT-3") pri-
mers to amplify the segment encoding Blrp, flanked by EcoRI and Xhol
restriction sites. The resultant PCR product was restriction digested and
ligated into the pET-28a(+) expression vector, encoding an N-terminal
hexahistidine tag and kanamycin resistance (EMD Biosciences, La Jolla,
CA). This construct was transformed into BL21(DE3)-RIL cells, which were
grown to an optical density (OD) of 0.5-0.7 at 37°C followed by induction
with 100 pM isopropyl-L-thio-B-galactoside (IPTG) and overnight growth at



20°C. We found that the protein derived from this construct, although it
expressed well and was quite soluble, precipitated within a few days after
purification. Therefore, we also generated a construct with a C-terminal His-
tag using the same vector. An Ncol cut site was generated in the N-terminal
primer by mutation of the N-terminal MLT residues to MVT (5'-
TATACCATGGTGCTTACCACCCTTATTTATCG-3'), and a HindIII site
was generated in the C-terminal primer (5'-GGTATCGCACCGGTCTC-
TTTTTCGAATATA-3"). The resulting fragment encoding Blrp was ligated
into pET-28b(+) to generate a construct with a C-terminal hexahistidine tag.
After expression and purification using similar conditions, the protein
derived from this construct was considerably more stable; all experiments
were performed on this protein unless otherwise stated.

Expression and purification of Blrp. Escherichia coli BL21 DE3 cells
were transformed with the C-terminal hexahistidine construct described
above and grown to an OD of 0.5 at 37°C, cooled to 20°C and then induced
with 100 uM IPTG and grown overnight. Cells, which had a distinct yellow
color, were spun down, resuspended in 50 mM Tris, pH 8.0, 300 mM NacCl,
10 mM imidazole and 1 mM dithiothreitol (DTT) (resuspension buffer) with
200 pM phenylmethane sulfonyl fluoride. The cells were lysed by incubation
with lysozyme for 30 min followed by sonication. After centrifugation at
20000 rpm for 30 min, the supernatant was applied to a Ni-NTA agarose
column (Qiagen, Valencia, CA), washed with the resuspension buffer and
eluted with the resuspension buffer + 250 mM imidazole. Protein was then
applied to a gel filtration column in 25 mM Tris, 50 mM NaCl, 25 mM KCl,
25 mM MgCl,, 1 mM DTT and pH 8.0; unless otherwise stated, all
subsequent measurements were made under these solution conditions. A gel
filtration column packed with S200HR media (Sigma, St. Louis, MO) was
run at a flow rate of 1 mL min ' using an AKTAprime FPLC system
(Amersham Biosciences, Piscataway, NJ) and calibrated with high and low
molecular weight (MW) standards (Amersham Biosciences). The dead
volume of the column was approximately 48 mL. To maintain intact protein
samples over weeks to months, HALT™ protease inhibitor cocktail (Pierce,
Rockford, IL) was added. Protein concentration was estimated using the
Bradford assay (Bio-Rad, Hercules, CA) with bovine gamma globulin as
a standard; these results were consistent with the estimate of protein
concentration using an extinction coefficient at 462 nm for protein-bound
FAD of 11.3 mM ' cm™" (14).

Absorption spectroscopy. Measurements using Cary 500 UV scanning
and HP 8453 diode-array spectrophotometers were made with a protein
sample diluted to an ODys, of ~0.7 at 25°C. Broadband blue light (400-500
nm) from a mercury lamp of 100 pmol m> s~' intensity was used for
excitation and generation of a photostationary state. Fits to exponential
decays were obtained in Origin 7.0 (OriginLab, Northampton, MA). Singular
value decomposition was performed based on a subroutine by Press (15). To
test the pH dependence of the decay back to the dark state, samples at pH 6
were buffered in 25 mM 2-(N-morpholino)-ethanesulphonic acid, samples at
pH 7in 25 mM ACES and samples at pH 8—10 in 25 mM CHES with all other
buffer conditions (salt and 1 mM DTT) kept the same as above.

Visible circular dichroism spectroscopy. Visible circular dichroism (CD)
measurements at 25°C were made from 550 to 300 nm using an AVIV
Circular Dichroism Spectrometer Model 202, at a protein concentration of
60 pM. Spectra of the photostationary state were obtained by illumination
with white light from a halogen lamp for 30 s before collection of the
spectrum. Because the scan rate was 15 nm min’l, a scan took 16.67 min;
thus the extent of photoactivation of the last measurement at 300 nm had
decayed to ~20% to that of the first measurement taken at 550 nm. The
light-dark difference CD spectrum was corrected to account for this
difference in photoactivation. Light and dark absorption spectra were
calculated from the dynode voltage to confirm that the protein was
undergoing a photocycle.

Thin layer chromatography. Sample preparation for thin layer chroma-
tography (TLC) was performed as given by Christie et al. (16). After Ni-
NTA purification, the protein sample was boiled in 70% ethanol for 2 min
to release the chromophore. After centrifugation, the supernatant was
applied to a Baker-flex silica gel IB2-F strip (J.T. Baker, Inc., Phillipsburg,
NJ) with a mobile phase of n-butanol-acetic acid—water (3:1:1 by volume)
(17). Saturated solutions of FAD, FMN and riboflavin (Sigma) in 70%
ethanol were run as standards.

Sedimentation velocity analysis. Sedimentation velocity analysis was
performed using a Beckman Optima XL-A analytical ultracentrifuge with
an AN-60 rotor. Samples of ODys, ~0.5 in the 1.2 mm path length, two-
channel aluminum centerpiece were centrifuged at 35000 rpm for 15 h at
22°C while monitoring the absorbance at 452 nm. The data was analyzed in
Ultrascan 6.2 (18), and after removal of those scans that had yet to clear the
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meniscus or did not show a plateau, van Holde—Weischet analysis was
performed to calculate the sedimentation coefficient (18).

Mass spectrometry fingerprinting. Ni-NTA—purified protein was run on
an sodium dodecyl sulfate—polyacrylamide gel electrophoresis gel, and
those bands that reproducibly copurified with Blrp were excised and
subjected to trypsin digestion followed by mass spectrometry (MS)
fingerprinting.

RESULTS

Cloning, expression and purification of Blrp

A full-length construct of Blrp with a C-terminal hexahistidine
affinity tag expressed well in E. coli BL21(DE3) cells and was then
purified by Ni affinity and gel filtration chromatography. After this
purification, the protein still bound its flavin tightly and was stable
for several weeks at 4°C. As seen in Fig. 1A, Blrp consistently
copurifies with a small number of high and low MW components
after affinity chromatography (see below); two high MW compo-
nents were originally observed to consistently copurify with Blrp in
its original isolation by Gomelsky and Kaplan (4). The absorption
spectrum of Blrp (Fig. 1B) is characteristic of a flavoprotein and is
similar to the previously reported spectrum (4), with an absorption
maximum at 458 nm. TLC analysis of the chromophore (Ry=0.19)
was consistent with it being FAD (R¢ = 0.17) and not FMN (R¢ =
0.31) or riboflavin (R = 0.59).

Photocycle

The spectra of the dark state and of the light, photostationary state
obtained after illumination of the dark state form with broadband
blue light for 30 s are shown in Fig. 2A. The dark spectrum has
a peak at 458 nm; 13 nm redshifted relative to that of AppA (5). As
in AppA (5,19), the light spectrum is redshifted relative to the dark
state spectrum by about 4 nm, resulting in an absorption maximum
at 462 nm. The light—dark difference spectrum is shown in Fig. 2B;
this spectrum is qualitatively similar to that of AppA in form with
maxima at 398, 470 and 506 nm and minima at 336, 382, 428, 452
and 483 nm. The fluence response curve of Blrp based on (AAsps —
AA,s>) is shown in Fig. 2C.

The kinetics of recovery from the photostationary state to the
dark state monitored at 452 and 506 nm each can be fit by single
exponentials with relaxation times close to 10 min (data not shown),
corresponding to a half-life of 6.93 min, which is approximately
two times shorter than the reported half-life of AppA (5,19).
However, both traces exhibit an additional, slower relaxation from
the light state to the dark state that are visible in a log(AA(t)/AA(tp))
vs time plot (Fig. 3A). Singular value decomposition of the time-
dependent difference spectra in the wavelength range of 300-550
nm and time range from 0 to 50 min was performed to identify the
number of states present during the decay. This analysis shows that
there are two species present (Fig. 3B): the first constitutes 85% of
the data and is well described by a single decay of ~10.7 min (with
a possible slight contamination by the slower decaying species); the
second constitutes 15% of the data, the majority of which evolves at
arate so low that we were unable to estimate it from these data (Fig.
3B,C). The two species-associated difference spectra are shown in
Fig. 3D. The first species has a difference spectrum similar to that in
Fig. 2B and the light-minus-dark spectra of AppA (5,19); the
second species has a qualitatively different spectrum. The second
species may be due to a small amount of irreversible aggregation, as
evidenced by the upward trajectory of its time course at long times,
which is further enhanced on exposure to light. In this regard,
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Figure 1. A: SDS-PAGE gel of Blrp with copurifying proteins after Ni-
NTA purification (Pur) and molecular weight standards (Std). B: Dark state
absorption spectrum of Blrp.

although the primary component of the difference spectrum is
reversible, the photocycle cannot be considered as fully reversible.

The rate of dark state recovery increases with higher pH (Table
1), as also observed for AppA (19). Measurements were restricted
from the pH range from 6.4 to 10: above pH 10 the protein
precipitated quickly in the dark state, whereas below pH 6.4, the
protein precipitated slightly, but on exposure to light, precipitated
quickly (data not shown). Evidently, there are differences in pH
stability between the dark and light states.

Chromophore environment

Visible CD spectroscopy reports on the local environment of the
flavin chromophore. These measurements from 300 to 550 nm on
dark and light state Blrp are shown in Fig. 4A. Unlike WT AppA
whose visible CD spectrum is positive throughout this range (20),
that of Blrp is positive from 300 to 375 nm and negative from 375
to 525 nm. This spectrum suggests that there is asymmetry in the
chromophore environment between the isoalloxazine ring and
either the ribityl side chain or the surrounding protein environment
(20-22). A similar visible CD spectrum with positive and negative
components has been observed in the Y21F AppA mutant (20),
which is unable to photocycle. It is unlikely that the asymmetry of
the FAD environment in Blrp is due to the substitution of residue 2,
leucine in wild type, by valine in our construct. Although this
position is leucine in the majority of BLUF domains, it can be
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Figure 2. Absorption spectra and recovery kinetics of the Blrp photosta-
tionary state. A: Absorption spectra for dark-adapted (line) and on
continuous illumination with blue light, light (dot) states. B: Light—dark
difference spectrum. C: Fluence response curve.

Figure 3. A: A plot of log(AAbs(t)/AAbs(ts,a1)) versus time at 452 nm
(black squares) and 506 nm (open squares) shows a minor slow phase to the
relaxation. Singular value decomposition of the data results in two
components. B: The two significant right singular vectors (1—line; 2—
dash). C: The first rSV is close to monophasic (black squares—log(rSV(t)/
rSV(tp))), whereas the second has a large slow component (open squares—
log((rSV(t) — rSV(t))/rSV(ty)) to account for the rSV crossing zero). D:
Their corresponding left singular vectors (1—line; 2—dash).

replaced by other hydrophobic residues (2). On exposure to blue
light, the CD spectrum of Blrp is redshifted by approximately 4 nm
(Fig. 4A), resulting in the light—dark visible CD difference spectrum
shown in Fig. 4B. This spectrum is not similar to the light—dark
absorption difference spectrum in Fig. 2B, although a peak at 506
nm is common to the two.

Oligomeric state

The retention time of Blrp in gel filtration (Fig. 5A) corresponds to
a MW of 48 kDa (Fig. 5B), close to the expected monomer MW of
47 kDa. The shoulder at earlier retention times of this peak is likely
due to the high MW components from Fig. 1A because it does not
exhibit the Blrp absorption spectrum. On exposure to light, there is
no significant change in its elution profile (data not shown).
Sedimentation velocity analysis of Blrp after gel filtration is
consistent with the gel filtration of the dark state, yielding a
sedimentation coefficient of ~4.95 S with little sample heteroge-
neity (data not shown), close to the 4.87 S coefficient predicted for
a sphere of 47 kDa MW. Taken alone, this result does not
conclusively establish that the protein is a monomer. A similar
sedimentation coefficient of 5.01 S could arise from a dimer
arranged as a prolate ellipsoid; however, this would not be
consistent with the results from gel filtration chromatography. We
conclude that Blrp is a monomer in solution and that the dark-
adapted protein does not undergo a structural change detectable by
gel filtration on exposure to blue light.

Possible biological signaling partners

We were unable to assess Blrp activity because cyclic-di-GMP is
not commercially available (although it can be synthesized [23]).
We sought but did not observe activity toward cyclic adenosine
monophosphate or cyclic GMP (data not shown), although our
assay would not be able to detect the low levels of activity
associated with the EAL domain of the E. coli protein Dos (~0.15
min~!) (24). These levels are so low that they are unlikely to be

Table 1. Recovery rate of dark state from a photostationary state at
different pH

pH Rate (s’l)
7.0 1.70 x 1073
8.0 2.15 X 1073
9.0 281 X 1073
10.0 469 x 1073




B 0.05-

0.04
3

0.03

0.02

0014

AsAbsorbance

0 40 450 S0 5% 0 a0 4 s S0
Wavelength (nm) Wavelangth (nm)

Figure 4. Asymmetric flavin environment in full-length Blrp. A: Visible

CD of Blrp in dark (closed squares) and light (open squares) states. B:

Light—dark difference CD spectrum.

physiological. To elucidate the biological role of Blrp, we sought
to identify those proteins that repeatedly copurified with it on
overexpression in E. coli. As mentioned earlier, Gomelsky and
Kaplan originally observed two high MW major proteins that
copurified with Blrp (4). In our study, some proteins that copurified
with Blrp, such as ferric uptake regulator (histidine rich), GroEL
(chaperone), DnaK (chaperone) and peptidyl prolyl cis—trans
isomerase (histidine rich), were not regarded as significant because
they were likely to be contaminants (they either contained stretches
of histidines that promote retention on the Ni affinity column or
were chaperones).The two proteins that consistently copurified
with Blrp and are unlikely to be contaminants are two high MW
proteins: glucosamine-6-phosphate synthase and uridine diphos-
phate (UDP)-D-glucuronate dehydrogenase, which are both in-
volved in pathways regulating the decoration of the membrane with
sugars. Their presence may be consistent with Blrp serving
a photoprotective function in E. coli (see below).

DISCUSSION

Similarities and differences to AppA

We have isolated and spectroscopically characterized a putative
blue light-responsive phosphodiesterase from E. coli. On exposure
to blue light, it exhibits a photocycle similar to that of AppA in
kinetics and difference spectrum. However, Blrp displays signif-
icant differences from the BLUF domain of AppA: its visible CD
spectrum shows asymmetry of the FAD environment, unlike WT
AppA, and it does not display the global structural changes on
exposure to light that were characteristic of AppA (5). These
differences may arise from the context of the BLUF domain in the
full-length Blrp as opposed to an isolated, single domain in AppA.
That is, the presence of the EAL domain may affect the
chromophore-binding BLUF domain. Structural changes in the
BLUF domain associated with formation of the light state must
also be coupled in some manner to a signaling partner or effector
domain. In the isolated BLUF domain of AppA alone this change
is present, but in the context of the full-length Blrp protein that
contains an intramolecular signaling partner, it is not observed by
gel filtration.
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Figure 5. Gel filtration chromatography of Blrp in the dark state. A: Elution
profile of dark state Blrp (black), which is nearly identical to that for light
state Blrp (not shown). A conductivity trace showing free flavin is in gray. B:
Calibration of the column with molecular weight standards (squares),
showing Blrp (circle) elutes with a predicted molecular weight of 48 kDa.

A possible biological role for Blrp

A well-documented blue light response in E. coli is a photophobic
response to levels of blue light sufficiently intense that they are
unlikely to be physiological (9-12). Indeed, this response may
arise from sensitivity to reactive oxygen species generated by
porphyrins in the presence of light and not from direct absorption
of blue light. Mutants in the heme biosynthetic pathway show
defects in the photophobic response, presumably due to the buildup
of free porphyrins that generate reactive species when irradiated
with blue light (13). The proteins that copurify with Blrp are
involved in the attachment of 4-amino-4-deoxy-L-arabinose (L-
AradN) to lipopolysaccharide (LPS) in the plasma membrane:
glucosamine 6-phosphate synthase (25), which is an important
regulator of the biosynthesis of amino sugar—containing macro-
molecules such as LPS, and the transformylase ArnA (26), which
converts UDP—glucose to UDP-L-Ara4N. Light-induced damage in
the presence of the photosensitizer TMPyP, which is similar to the
oxidative damage caused by porphyrins on exposure to blue light,
causes significant damage to the plasma membrane as well as to the
protein and genetic material in the bacteria (27,28). It is possible
that a photoprotective function may be associated with the
decoration of the plasma membrane with L-Ara4N, which could
be controlled by Blrp on exposure to blue light.
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Figure 6. Alignment of the protein sequences of Blrp from Escherichia coli, Klebsiella pneumoniae and an
unknown bacterium from the Sargasso Sea. Identical residues between all three proteins are boxed in black and

similar residues between all three are boxed in gray.

Blrp in other bacteria

High homology to both the BLUF and EAL domains of Blrp is
observed in predicted proteins from Klebsiella pneumoniae (40%
identity and 58% similarity) (2) and a bacterium that was shotgun
sequenced in the Sargasso Sea (33% identity and 52% similarity),
which was most likely to be a member of the proteobacteriaciae
(29) (Fig. 6). It is possible that these proteins play similar roles in
environmental sensing in these bacteria, and possibly even play
a role in response to oxidative stress caused by high light
conditions. Although Blrp are present in these bacteria, they are
absent in other sequenced genomes from the proteobacteriaciae,
suggesting that the cellular pathway associated with this protein
may be limited in distribution.
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