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ABSTRACT Many aspects of bacterial physiology and behavior, including motility,
surface attachment, and the cell cycle, are controlled by cyclic di-GMP (c-di-GMP)-
dependent signaling pathways on the scale of seconds to minutes. Interrogation of
such processes in real time requires tools for introducing rapid and reversible
changes in intracellular c-di-GMP levels. Inducing the expression of genes encoding
c-di-GMP-synthetic (diguanylate cyclases) and -degrading (c-di-GMP phosphodies-
terase) enzymes by chemicals may not provide adequate temporal control. In con-
trast, light-controlled diguanylate cyclases and phosphodiesterases can be quickly
activated and inactivated. A red/near-infrared-light-regulated diguanylate cyclase,
BphS, was engineered previously, yet a complementary light-activated c-di-GMP
phosphodiesterase has been lacking. In search of such a phosphodiesterase, we in-
vestigated two homologous proteins from Allochromatium vinosum and Magnetococ-
cus marinus, designated BldP, which contain C-terminal EAL-BLUF modules, where
EAL is a c-di-GMP phosphodiesterase domain and BLUF is a blue light sensory do-
main. Characterization of the BldP proteins in Escherichia coli and in vitro showed
that they possess light-activated c-di-GMP phosphodiesterase activities. Interestingly,
light activation in both enzymes was dependent on oxygen levels. The truncated
EAL-BLUF fragment from A. vinosum BldP lacked phosphodiesterase activity, whereas
a similar fragment from M. marinus BldP, designated EB1, possessed such activity
that was highly (�30-fold) upregulated by light. Following light withdrawal, EB1 re-
verted to the inactive ground state with a half-life of �6 min. Therefore, the blue-
light-activated phosphodiesterase EB1 can be used in combination with the red/near-
infrared-light-regulated diguanylate cyclase BphS for the bidirectional regulation of
c-di-GMP-dependent processes in E. coli as well as other bacterial and nonbacterial
cells.

IMPORTANCE Regulation of motility, attachment to surfaces, the cell cycle, and
other bacterial processes controlled by the c-di-GMP signaling pathways occur at a
fast (seconds-to-minutes) pace. Interrogation of these processes at high temporal
and spatial resolution using chemicals is difficult or impossible, while optogenetic
approaches may prove useful. We identified and characterized a robust, blue-light-
activated c-di-GMP phosphodiesterase (hydrolase) that complements a previously
engineered red/near-infrared-light-regulated diguanylate cyclase (c-di-GMP synthase).
These two enzymes form a dichromatic module for manipulating intracellular c-di-
GMP levels in bacterial and nonbacterial cells.

KEYWORDS biofilms, c-di-GMP, diguanylate cyclase, gene expression, motility,
optogenetics, phosphodiesterase, photoreceptors, photosensory reception, signal
transduction

Signaling via second messengers occurs at various time scales, from seconds to
hours. To control relatively slow processes, intracellular concentrations of a second

messenger can be modulated by the constitutive or inducible (over)expression of
enzymes involved in its synthesis or degradation. However, such systems are inade-
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quate for the interrogation of signaling events that occur at a faster, seconds-to-
minutes time scale because of the delay involved in the activation of gene expression
and the irreversibility of the process. Controlling the activities of the synthesizing and
degrading enzymes via chemical inducers represents a faster option; however, the
removal of inducers without major system perturbation is difficult. In addition, it is
virtually impossible to achieve spatial precision, i.e., to regulate a specific subset of a
cell population, by the use of diffusible chemicals.

Optogenetic (synthetic photobiology) approaches that involve light-activated en-
zymes for modulating the rate of synthesis or the degradation of second messengers
are devoid of such deficiencies. Many naturally occurring light-activated enzymes are
spontaneously inactivated after the removal of irradiation, which is attractive for
interrogating processes at high temporal resolution. A light-activated enzyme com-
prises a chromophore-binding photoreceptor module and an enzymatic output mod-
ule involved in the synthesis or degradation of a second messenger. The absorption of
a photon results in conformational changes in the chromophore molecule, which in
turn induce conformational changes in the surrounding chromophore-binding pocket
that are subsequently transduced to the output module, ultimately increasing or
decreasing its enzymatic activity. Several light-activated enzymes that control the
synthesis and hydrolysis of cyclic mono- and dinucleotide second messengers (1, 2),
including cyclic AMP (cAMP) (3–8), cyclic GMP (cGMP) (4, 7, 8), and cyclic di-GMP
(c-di-GMP) (9–15), have been identified in microbial cells or engineered based on
natural prototypes. These and similar photoactivated enzymes can complement opto-
genetic tools designed for regulating gene expression in bacteria that are currently
more advanced (16, 17).

Recently, we described a potent red/near-infrared-light-regulated diguanylate cy-
clase (DGC), designated BphS (13), by using the photoreceptor module from the
Rhodobacter sphaeroides bacteriophytochrome BphG1 (9) and the modified GGDEF
domain from Synechocystis sp. strain Slr1143 (18). The product of DGCs, c-di-GMP, is a
ubiquitous second messenger involved in regulating various aspects of bacterial phys-
iology and behavior, from motility and biofilms to the cell cycle, differentiation, the
production of secondary metabolites, and virulence (19, 20). In most bacteria where
c-di-GMP-dependent signaling pathways are present, they are involved in regulating
bacterial transitions from planktonic to sessile lifestyles via the inhibition of motility and
the formation of adhesive surface proteins or appendages (e.g., pili). In Escherichia coli
K-12, increased c-di-GMP levels inhibit swimming in semisolid (soft) agar by the
“backstop break” mechanism involving the binding of the YcgR– c-di-GMP complex to
the flagellum motor (21–24). High levels of c-di-GMP also induce the synthesis of curli
fimbriae in E. coli B that can be readily detected by staining with Congo red dye (25, 26).
Because of the ease of visual assessment, in this study, we used these phenotypes for
evaluating changes in intracellular c-di-GMP levels.

Most c-di-GMP-dependent phenomena thus far have been studied at a slow time
scale by using gene mutants and the constitutive or inducible (over)expression of DGCs
or c-di-GMP-specific phosphodiesterases (PDEs). DGCs are associated with the GGDEF
protein domains, and PDEs are associated with the EAL or HD-GYP domains (19).
However, it is becoming increasingly clear that fast changes in intracellular c-di-GMP
levels are no less important. For example, drastic changes in c-di-GMP levels that occur
during the cell cycle have been documented for many proteobacteria, including E. coli,
Pseudomonas aeruginosa, and Caulobacter crescentus (27–29). Fast (�30-s) changes in
intracellular c-di-GMP levels, and swimming behavior, in response to oxygen have also
been documented for Azospirillum brasilense (30). However, the means for interrogating
such processes have been lacking.

The previously characterized DGC BphS can be part of the optogenetic system for
the fast-pace manipulation of c-di-GMP levels; however, the complementary light-
activated PDE was missing. Previously, we described a c-di-GMP PDE, BlrP1 from
Klebsiella pneumoniae (10, 31), which could potentially complement BphS because it is
activated by blue light. BlrP1 has the BLUF-EAL protein domain architecture, where
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BLUF is a sensor of blue light using flavin chromophores (32, 33). However, the
photodynamic range of BlrP1, i.e., the ratio of the enzymatic activity in the light to that
in the dark, is modest (3- to 4-fold in vitro) (10), which limits its utility as a tool for
light-controlled c-di-GMP degradation in vivo. A low photodynamic range (�2-fold in
vitro) has also been reported for a blue-light-dependent c-di-GMP-specific PDE, SL2
from Synechococcus elongatus, which senses light via a LOV domain (11). Yet another
PDE, SseB from Thermosynechococcus vulcanus, inducible by teal light, was recently
described; however, its kinetic parameters and photodynamic range were not reported.
The applicability of SseB is further complicated by the need to supply a cyanobacterial
chromophore, phycoviolobilin, or phycoviolobilin biosynthesis genes (15).

We therefore searched for a light-activated PDE with a higher photodynamic range
than that of BlrP1 and spectral parameters compatible with BphS. Here we describe one
such protein, or, more precisely, a fragment of a protein, that we designated EB1.
It possesses robust c-di-GMP PDE activity, is spectrally compatible with BphS, and,
importantly, has the highest dynamic range among light-activated c-di-GMP PDEs
described to date. BphS and EB1 form an optogenetic (synthetic photobiology) module
suitable for interrogating c-di-GMP signaling processes in bacterial cells. It can also be
adapted for controlling the behavior of bacterial and nonbacterial cells in biotechno-
logical and biomedical applications.

RESULTS AND DISCUSSION
Light dependence of c-di-GMP-specific PDE activity in the multidomain EAL-

BLUF domain proteins. In the search for a c-di-GMP-specific PDE with light-dependent
activity compatible with BphS1, we screened the Pfam database (34) for proteins
containing BLUF and EAL domains. Several BLUF-EAL proteins were characterized
previously. Some of them (e.g., YcgF [BluF] from E. coli) lack PDE activity, while others
(e.g., BprP1 from K. pneumoniae) have only a modest photodynamic range (10, 31).
Therefore, we did not explore the BLUF-EAL proteins further. Instead, we focused on
proteins with an unusual EAL-BLUF domain arrangement at their C termini (Fig. 1A). The
possibility that BLUF domains located downstream of the EAL domains could regulate
the PDE activity of the EAL domains in a light-dependent manner was intriguing
because no such proteins have been described to date. We picked two EAL-BLUF
proteins, one from Magnetococcus marinus (Mmc1_2641) and another from Allochro-
matium vinosum (Alvin_1044), and designated them BldP (blue-light-activated digua-
nylate phosphodiesterase). These proteins contain periplasmic BP_6 domains separated

FIG 1 Blue-light-regulated c-di-GMP PDE activity. (A) Domain architecture of the EAL-BLUF proteins and their derivatives used in this study. (B) Increase in the
swim zone of the E. coli MG1655 yhjH strain expressing MBP-BldP1 and MBP-EB1 by light in semisolid agar supplemented with 0.1 mM IPTG. V, empty vector
expressing MBP (pMal-c5x); 1, MBP-BldP1; 2, MBP-EB1. (C) Effect of the �-helical linker upstream of the EAL domains on light-dependent PDE activity. The EB1
and EB2 protein fragments were expressed from the pBAD vector in the MG1655 yhjH strain and spotted onto semisolid agar supplemented with 0.02%
arabinose. V, empty vector (pBAD); 1, EB1 lacking the linker; 2, EB1 with the linker carrying the E712P mutation; 3, EB1 with the linker; 4, EB2 with the linker.
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from the PAS9-GGDEF-EAL-BLUF C termini by a transmembrane domain. To assay for
PDE activities of the BldP proteins, we cloned their cytoplasmic PAS9-GGDEF-EAL-BLUF
fragments as C-terminal translational fusions to maltose-binding protein (MBP), a tag
known for improving protein solubility (35).

The truncated BldP proteins were expressed in an E. coli reporter strain, MG1655
yhjH (21), which lacks the major c-di-GMP PDE YhjH (recently renamed PdeH [36]) and
is impaired in swimming in semisolid agar because of 10-fold increased intracellular
c-di-GMP levels (22). The expression in this reporter strain of heterologous PDEs from
diverse bacteria can partially rescue swimming in semisolid agar (37–39). The MBP
fusions to both BldP1 from M. marinus (Fig. 1B, spot 1) and BldP2 from A. vinosum (Fig.
2A, air) did so. Whereas the PDE activity of MBP-BldP2 appeared to be poorly light
dependent, the PDE activity of MBP-BldP1 was strongly activated by blue light, as
judged by the significantly larger swim zone in the light than that in the dark (Fig. 2A,
air).

Encouraged by these results, we made further truncations of BldP1 and BldP2. The
EAL-BLUF fragments, including the predicted �-helical linkers (predicted by JPred [40])

FIG 2 (A) Characterization of the light- and oxygen-dependent activities of the M. marinus BldP1 and A.
vinosum BldP2 proteins. (A) The effects of oxygen and blue light on the motility of the MG1655 yhjH strain
expressing the BldP1 and BldP2 proteins were assayed in semisolid agar at various oxygen levels in the
absence or presence of blue light. Plates were incubated at 30°C for 12 h in air (21% O2) under micro-oxic
(6 to 16% O2) or anoxic (0% O2) conditions. Dark, no light; Light, blue light irradiation (5 s of light and
60 s of dark); V, pMAL-c5x (empty vector); BldP1, pMal_BldP1; BldP2, MAL-BldP2. (B) Absorbance spectra
of the purified MBP-PAS9-GGDEF protein fragment from A. vinosum BldP. The black trace shows the
spectrum of the protein purified from E. coli, and the gray trace shows the spectrum after reconstitution
with excess hemin in vitro. The inset shows an enlarged part of the spectrum emphasizing the Soret band
(�420 nm) indicative of the trace amounts of heme found in the “as-purified” protein.
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located upstream of the EAL domains, were fused to MBP, giving rise to MBP-EB1 and
MBP-EB2 (Fig. 1A). MBP-EB1 did not rescue the swimming of the MG1655 yhjH strain in
the dark but did so in the light, showing a swim zone approximately as large as that of
the strain containing a longer protein fragment, MBP-BldP1 (Fig. 1B, spots 1 and 2). This
suggests that the EB1-BLUF fragment contains all elements for light-activated PDE
activity. Furthermore, the smaller swim zone in the dark suggests that MBP-EB1
possesses lower PDE activity in the dark than does MBP-BldP1 and implies that the
EB1-BLUF fragment has a higher photodynamic range than that of the longer PAS9-
GGDEF-EAL-BLUF fragment. In contrast to MBP-EB1, MBP-EB2 from A. vinosum displayed
no PDE activity (not shown).

To ascertain the role of the predicted 10-amino-acid (aa) �-helical linker upstream of
the EAL domain for light-dependent activation, we constructed EB1 variants with and
without the linker expressed as stand-alone proteins, without MBP (Table 1). We found
that the construct containing the linker retained light-activated PDE activity (Fig. 1C,
spot 3), while the construct lacking the linker lost activity (Fig. 1C, spot 1). To determine
whether the predicted �-helical structure in the linker was important, we introduced an
E712P mutation in the middle of the predicted linker, expecting proline to break the
�-helix. The E712P mutation abolished, or greatly diminished, the PDE activity of EB1
(Fig. 1C, spot 2), thereby emphasizing the importance of the �-helical linker for PDE
activity. These observations suggest that the EB1 fragment, either alone or as an MBP
fusion, presents a good PDE candidate for the dichromatic optogenetic module.

The enzymatic activity of the BldP proteins is oxygen and light dependent. We
were intrigued by the disparate behaviors of two homologous BldP proteins and
decided to investigate the A. vinosum BldP2 protein further. Since the EAL-BLUF
fragment of BldP2 (including the �-helical linker upstream of EAL) showed very low or
no PDE activity (Fig. 1C, spot 4), we concluded that the upstream PAS9-GGDEF
fragment is required for PDE activity. Interestingly, the PAS domain in the BldP proteins
belongs to the PAS9 subtype (according to Pfam), whose representatives are known for
their ability to noncovalently bind heme and to function as oxygen sensors (41).
Coincidentally, we recently characterized the RmdA protein from Streptomyces coeli-

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)
Reference
or source

E. coli strains
MG1655 yhjH MG1655 yhjH::Kmr 24
BL21(DE3) Strain for protein overproduction and curli fimbria synthesis;

chromosomally integrated T7 polymerase gene
NEB

DH5� Strain for cloning and MBP fusion overexpression NEB

Plasmids
pMal-c5x Vector for overexpression of MBP fusion proteins NEB
pMal_BldP1 MBP::(PAS9-GGDEF-EAL-BLUF) from BldP1 This study
pMal_EB1 MBP::(EAL-BLUF) from BldP1 (plus �-helix; aa 706–1115) This study
pBAD/Myc-HisB pBAD series empty vector; Para Invitrogen
pBAD-EB1 pBAD::(EAL-BLUF) from BldP1 (plus �-helix; aa 706–1115) This study
pBAD_EB1-L pBAD::(EAL-BLUF) from BldP1 (minus �-helix; aa 716–1115) This study
pBAD_EB1_E712P pBAD::(EAL-BLUF) from BldP1 (plus �-helix; E712P mutation;

aa 706–1115)
This study

pMal_BldP2 MBP::(PAS9-GGDEF-EAL-BLUF) from BldP2 This study
pMal_PAS-GGDEF MBP::(PAS9-GGDEF) from BldP2 This study
pMal_EB2 MBP::(EAL-BLUF) from BldP2 (aa 694–1124) This study
pBAD_EB2 pBAD encoding the EAL-BLUF module (plus �-helix; aa

694–1124) of BldP2
This study

pMslr1143 MBP::Slr1143 17
pET23a Protein overexpression vector; PT7; Apr Novagen
pbSHE pET23a::(bphS-bphO-eb1) This study
pbSHY2 pET23a::(bphS-bphO-yhjH; RBS2) 13
pbSHY3 pET23a::(bphS-bphO-yhjH; RBS3) 13
pbSHY4 pET23a::(bphS-bphO-yhjH; RBS4) 13
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color with a domain architecture similar to that of the BldP proteins (PAS9-GGDEF-EAL)
and found that its PAS9 domain indeed binds heme (37). The presence of a potential
oxygen sensory domain prompted us to investigate whether the PDE activity of BldP2
may be more strongly activated by light at lower oxygen levels than that in the air.

When the swimming of the MG1655 yhjH strain carrying BldP2 was tested under
micro-oxic (6 to �16% oxygen) or anoxic (0% oxygen) conditions, a large light-to-dark
difference between swim zones was observed, compared to the difference observed in
the strain grown in air (Fig. 2A). It appears that the PDE activity of BldP2 is more strongly
induced by light at lower oxygen levels primarily because it is inhibited in the dark at
lower oxygen levels. Interestingly, the PDE activity of BldP1 in the dark was increased
at lower oxygen levels, which is opposite from BldP2 (Fig. 2A).

To explore the potential mechanism allowing these enzymes to respond to chang-
ing oxygen levels, we turned to the PAS9 domain, which was predicted to bind heme.
We overexpressed pMal_PAS-GGDEF, purified the MBP-PAS9-GGDEF protein fragment
from BldP2 via amylose resin affinity chromatography, and analyzed it by UV-visible
(UV-vis) absorbance spectroscopy. The protein, as purified, had a small absorbance
maximum at 420 nm, reminiscent of the Soret band of heme (Fig. 2B, black trace and
inset). To verify that this was not due to contamination by cellular components, we
tested the ability of the MBP-PAS9-GGDEF protein to incorporate more hemin in vitro
by adding high levels of hemin to the protein sample. Indeed, we found that MBP-
PAS9-GGDEF was capable of binding hemin until a near-equimolar protein-to-hemin
stoichiometry was reached (Fig. 2B, gray trace). This result suggests that BldP2 is a bona
fide heme-binding protein, which likely explains its oxygen-sensing property. Next, we
investigated whether the MBP-PAS9-GGDEF fragment possessed oxygen-dependent
DGC activity. We expressed this fragment in a highly motile strain, MG1655, and
analyzed its ability to inhibit swimming in semisolid agar but observed no decrease,
regardless of oxygen levels (data not shown), suggesting that the PAS9-GGDEF frag-
ment in itself is insufficient for DGC activity. It would be insightful to decipher how
oxygen and light affect the enzymatic activities of the Bldp proteins; however, such
studies are challenging, and even the best-understood dual (oxygen and light)-sensing
proteins remain only partially characterized (42–46).

A. vinosum is a motile, anoxygenic purple sulfur bacterium that lives in sulfide-rich
water and sediments (47). M. marinus is a motile, obligately microaerophilic, magne-
totactic bacterium that also relies on sulfide or thiosulfate oxidation (48). For both
bacteria, it is important to find the proper micro-oxic or anoxic environment. It is
possible that the BldP proteins control c-di-GMP-dependent motility and/or biofilm
formation in these bacteria, which facilitates their traveling to and remaining in the
optimal ecological niche. We speculate that differences in oxygen sensitivities and/or
metabolic capabilities in these species (e.g., A. vinosum, but not M. marinus, can grow
photosynthetically under anaerobic conditions) may have contributed to the differ-
ences in BldP enzyme regulation. However, exploring the physiological roles of the BldP
proteins is beyond the scope of this study.

Characterization of the EB1 fragment in vitro. Returning to the search for the
companion light-activated PDE, we can conclude that the EB1 construct with the
upstream helical linker has proven to be the most promising candidate. To verify this
conclusion, we proceeded with its characterization in vitro. We purified the MBP-EB1
fusion protein via amylose resin affinity chromatography and recorded its UV-vis
absorption spectra. The MBP-EB1 spectrum had the typical flavin absorbance maxima
observed previously in the BLUF domain proteins (31). Irradiation with blue light
resulted in a spectral red shift (by �14 nm) (Fig. 3A), which is also characteristic of the
lit states of BLUF domain photoreceptors (31). Following light withdrawal, the lit-state
protein was converted to the dark state with a half-life of approximately 6 min (366 �

6 s) at room temperature (Fig. 3B). This half-life is somewhat longer than the half-lives
of the majority of the BLUF domain proteins tested thus far, which is usually on the
scale of seconds to tens of seconds (31). However, previous studies revealed that the
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half-lives of truncated BLUF proteins are often longer than those of the full-length
proteins (31). Interestingly, this seemingly long half-life observed in vitro proved
inconsequential in in vivo studies (49).

In the dark (at room temperature and pH 8.0), the MBP-EB1 protein had very low
background PDE activity. Irradiation with blue light increased the activity by �34-fold
(Fig. 3C), the highest photodynamic range observed among light-activated c-di-GMP
PDEs characterized thus far. This makes EB1 an excellent candidate to partner with
BphS in a dichromatic optogenetic system for c-di-GMP regulation.

Because blue light is known to be toxic (50), decreasing cellular irradiation to a
minimum is important. To determine the minimal irradiation required for activating EB1
in vivo, we tested the effects of light pulses of various durations in a swimming rescue
assay (Fig. 4A). As expected, constant blue light (�0.1 mW cm�2) strongly inhibited E.
coli growth, whereas intermittent light (pulses of 15 s of light followed by 60 s of
darkness) had no observable toxicity and resulted in the largest swim zones for the
MG1655 yhjH strain expressing MBP-EB1 (Fig. 4B). However, light pulses as short as 1 s
followed by 60 s of darkness were sufficient for inducing PDE activity detected in the
swim assay (Fig. 4B). Therefore, the high photodynamic range and high absolute PDE
activity of MBP-EB1 in the lit state make it suitable for applications in vivo without
causing cell toxicity.

We also purified MBP-EB2 and found that its absorption spectrum and photochro-
mic response were very similar to those of EB1; however, no PDE activity was detected
in the light or dark (data not shown). These results are consistent with our conclusion
derived from the E. coli motility assays that the EB2 fragment is insufficient for PDE
activity.

Dichromatic optogenetic module for regulating intracellular c-di-GMP levels.
To test the possibility of using BphS and EB1 for manipulating c-di-GMP-dependent
phenotypes, we expressed both proteins in an E. coli B strain. To produce billiverdin IX�,
a chromophore for BphS, we also expressed the R. sphaeroides heme oxygenase gene

FIG 3 Spectroscopic and biochemical characterization of the MBP-EB1 protein. (A) Absorbance spectra of the dark and lit
protein states. (B) Kinetics of dark recovery of EB1 from lit to dark states. Plotted are changes in the A494 over time following
excitation with blue light. (C) Kinetics of c-di-GMP hydrolysis by EB1 in lit and dark states. The PDE activity assay was
performed by using 5 �M MBP-EB1 and initiated by the addition of c-di-GMP.

FIG 4 Effects of various irradiation regimens on light-regulated PDE activity in E. coli. (A) Light-dependent changes in swim zones of
the MG1655 yhjH strain carrying MBP-EB1. V, pMal-c5x (empty vector); E, MBP-EB1; L, light; D, dark. (B) Diameters of the swim zones
(from panel A) plotted as a function of the duration of light pulses. Blue, MG1655 yhjH(pMal_EB1) strain expressing MBP-EB1; orange,
MG1655 yhjH(pMAL-c5x) strain expressing MBP.
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bphO (13). In plasmid pbSHE, the engineered bphS-bphO-eb1 operon is expressed from
a strong and inducible T7 promoter (Fig. 5A).

The DGC and PDE activities of BphS and EB1 were assayed by using c-di-GMP-
dependent curly fimbria formation (25, 26). Colonies of BL21(DE3) cells expressing the
bphS-bphO-eb1 operon in the dark or with exposure to blue light were nonpigmented,
which is indicative of low intracellular c-di-GMP levels (Fig. 5B, no. 2). Colonies grown
in red light turned red due to the binding of Congo red to curly fimbriae, which is
indicative of elevated c-di-GMP levels (Fig. 5B, no. 2). These results show that the
background PDE activity of EB1 (in the dark or red light) does not interfere with the
red-light-induced increase in c-di-GMP levels. Similarly, the background DGC activity of
BphS (in the dark or blue light) was not observed in the presence of EB1.

We compared performance of pbSHE with those of plasmids expressing the BphS-
BphO module coupled with constitutive levels of the PDE YhjH/PdeH (13). Several
versions of the bphS-bphO-yhjH operon were constructed, where YhjH/PdeH levels were
adjusted via different strengths of the ribosome-binding sites (RBS) upstream of yhjH.
We noticed that in blue light, cells carrying pbSHY3 (RBS3) and pbSHY4 (RBS4) with
lower YhjH/PdeH levels turned red (Fig. 5B, no. 4 and 5). This result is somewhat
puzzling at first glance, because it suggests a blue light-induced increase in intracellular
c-di-GMP levels. However, this is not that surprising. Like all bacteriophytochromes (51),
BphS absorbs in the violet-blue spectral region (13), which may explain its activation by
blue light. This undesired activation of BphS can be overcome by higher expression
levels of YhjH (Fig. 5B, no. 3) or by expression of the blue-light-activated EB1 (Fig. 5B,
no. 2). Both of these constructs resulted in nonpigmented colonies. The dichromatic
module (represented here by the bphS-bphO-eb1 operon) is superior to the previously
constructed system (bphS-bphO-yhjH) because it allows the bidirectional regulation of
c-di-GMP levels. However, it is worth noting that when importing this module into a
new organism, one needs to optimize the relative expression of the system compo-
nents because expression elements (e.g., promoter efficiency, mRNA stability, and
ribosome-binding-site strength) may differ among microorganisms.

FIG 5 Dichromatic optogenetic module for regulating intracellular c-di-GMP levels comprising a far-red/
near-infrared-light-regulated DGC, BphS, and a blue-light-activated PDE, EB1. (A) Structure of the
synthetic bphS-bphO-eb1 operon. A semicircle in front of each gene indicates a RBS; the T sign at the end
of the operon indicates a transcription terminator. (B) c-di-GMP-dependent curli fimbria synthesis in E.
coli BL21(DE3). Fresh colonies of BL21(DE3) transformants carrying the indicated plasmids were grown
on Congo red plates for 4 days at 30°C. 1, pMslr1143 (constitutive DGC; positive control); 2, pbSHE
(bphS-bphO-eb1); 3, pbSHY2 (bphS-bphO-yhjH; RBS2); 4, pbSHY3 (bphS-bphO-yhjH; RBS3); 5, pbSHY4
(bphS-bphO-yhjH; RBS4); 6, pET23a (empty vector) (negative control). Dark indicates growth in the dark
(plate covered in aluminum foil), red indicates colonies irradiated with pulsed (30 s of light and 120 s of
dark) red (650-nm) light, and blue indicates colonies irradiated with pulsed (10 s of light and 60 s of dark)
blue (465-nm) light.
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In summary, EB1, identified and characterized in this study, is a robust blue-light-
activated c-di-GMP PDE with a high photodynamic range. It complements the red/far-
red-light-regulated DGC BphS in a module that allows the dynamic bidirectional control
of intracellular c-di-GMP levels. We have tested this system in E. coli; however, it can
readily be transferred to other (bacterial and nonbacterial) species. In bacteria possess-
ing c-di-GMP signaling pathways, this system can be used to induce biofilm formation
with red light or biofilm dissipation with blue light. It can also be used for studying
how transient changes in c-di-GMP levels affect motility, the cell cycle, predation, and
numerous other phenotypes regulated by this ubiquitous second messenger (19, 20).
While the experimental setups of this study employed static conditions and “bulk”
phenotypes, we anticipate that some of the most exciting applications of the engi-
neered module will involve the fast modulation of c-di-GMP levels in cell populations,
as demonstrated in the accompanying paper (49) and in single cells.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and physiological assays. The strains used in this study are

listed in Table 1. Unless indicated otherwise, strains were grown at 30°C in Luria-Bertani medium
supplemented with ampicillin (100 �g ml�1). To create micro-oxic or anoxic conditions, GasPak EZ
gas-generating pouch systems (BD), EZ CampyPouch and EZ Anaerobe, respectively, were used accord-
ing to the manufacturer’s instructions.

Swimming assays were performed by using the E. coli MG1655 yhjH strain as described previously
(21). Briefly, 2 �l of a concentrated culture grown overnight (A600 of 5) was spotted onto semisolid agar
(1% tryptone, 0.5% NaCl, 0.25% agar). The following inducers were added to agar media: 0.1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) for the expression of proteins from the pMal-c5x-derived
plasmids, 0.02% arabinose for the expression of proteins from the pBAD-derived plasmids, or 0.01 mM
IPTG for the expression of the optogenetic bphS-bphO-yhjH and bphS-bphO-eb1 modules.

For monitoring the c-di-GMP-dependent synthesis of curly fimbriae, strains were grown on YESCA
agar medium supplemented with Congo red (50 �g ml�1) at 30°C for 3 to 4 days (24).

For blue light irradiation, petri dishes were placed 100 cm above All-Blue (460-nm) 225 LED Grow
Light panels (total nominal power of 14 W, 30.5 by 30.5 cm; LED Wholesalers, CA), where the light
irradiance was �0.1 mW cm�2 at the plate surface. The following irradiation regimen was used for the
duration of the experiment (unless indicated otherwise): 5 s of light and 60 s of dark. For red light
irradiation, petri dishes were placed 5 cm above All-Red (660-nm) LED Grow Light panel 225 (14 W, 30.5
by 30.5 cm; LED Wholesalers, CA), where the light irradiance was �2 mW cm�2 at the plate surface. The
following irradiation regimen was used for the duration of the experiment (unless indicated otherwise):
30 s of light and 120 s of dark. Additional details on the use of light-activated enzymes for modulating
c-di-GMP levels were described previously (52).

Recombinant-DNA techniques. The plasmids used in this study are listed in Table 1. The truncated
bldP1 and bldP2 genes encoding the PAS9-GGDEF-EAL-BLUF modules were amplified by PCR from
genomic DNAs of M. marinus MC-1 and A. vinosum DSM 180, respectively. The amplified fragments were
cloned into the pMal-c5x vector to create translational MBP fusions. The subsequent truncations were
generated based on these constructs in the pMal-c5x, pBAD/Myc-HisB, or pET23a vectors by using
Gibson assembly (53) according to the manufacturer’s instructions (NEB).

Protein overexpression and purification. The MBP fusion proteins were purified by using amylose
resin according to the specifications of the manufacturer (NEB). The purification process was executed
under dim yellow light to avoid photobleaching of the flavin chromophore. Briefly, cultures expressing
MBP fusions were grown overnight in LB medium at 30°C to an A600 of 0.6. The cultures were transferred
to 18°C, and protein production was induced with 0.5 mM IPTG. Following incubation for an additional
20 h with shaking at 250 rpm at 18°C, cells were collected by centrifugation at 4,000 � g for 15 min,
washed, and resuspended in amylose column binding buffer (50 mM Tris-HCl [pH 8.0], 350 mM NaCl, 10
mM MgCl2, 0.5 mM EDTA, 10% glycerol). Cells were disrupted by using a French pressure cell, and cell
debris were removed by centrifugation at 35,000 � g for 45 min at 4°C. Two milliliters (bed volume) of
amylose resin (NEB) preequilibrated with binding buffer was added to the soluble cell extract derived
from a 1.5-liter culture, and the mixture was gently agitated for 1 h at 4°C. The mix was loaded onto a
column, and the resin was washed with 200 ml of column binding buffer. Fractions were eluted with 12
ml of binding buffer containing 10 mM maltose. The protein was either used immediately or stored at
�80°C in 20% (vol/vol) glycerol (final concentration). Protein concentrations were measured by using a
Bradford protein assay kit (Bio-Rad) with bovine serum albumin as the protein standard. Proteins were
analyzed by using SDS-PAGE.

Enzymatic assays. PDE assays were performed by measuring the rate of c-di-GMP degradation, as
described previously (54). The protein incubated in PDE assay buffer (50 mM Tris-HCl [pH 8.5], 50 mM
NaCl, 0.5 mM EDTA, 10 mM MgCl2) was irradiated with saturating blue light (1 mW cm�2) for activation
or kept in dim yellow light. The reaction was initiated by the addition of 200 �M c-di-GMP to the mixture.
Aliquots were withdrawn at different time points. To stop the reaction, CaCl2 was added to 10 mM, and
samples were boiled for 5 min. The precipitated protein was removed by centrifugation at 15,000 � g
for 5 min. The supernatant was filtered through a 0.22-�m-pore-size filter (MicroSolv) and analyzed by
reversed-phase high-performance liquid chromatography (HPLC) as described previously (17).
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Protein reconstitution with hemin and UV-vis absorption spectroscopy. Reconstitution in vitro of
the MBP-PAS9-GGDEF protein fragment from BldP2 with hemin was performed as described previously
(45). Briefly, the hemin solution (50 mM) was slowly added to the protein solution at a ratio of 3:1 (hemin
to protein) at 4°C. Unbound hemin was separated by using a Zeba Spin desalting column with a
7,000-molecular-weight (7K) cutoff (Thermo Scientific). UV-visible absorption spectra were recorded by
using a Shimatzu UV-1601PC spectrophotometer.
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