
Article
Revisiting and R
Cyclic-Mononuc
Phosphodiestera

Robert Stabel 1, Birthe Stüven1, 2, Jan Nik
2, 3
0022-2836/© 2019 Elsevie
edesigning Light-Activated
leotide
ses
las Hansen2, Heinz G. Körschen3,
Dagmar Wachten and Andreas Möglich1, 4, 5, 6

1 - Lehrstuhl für Biochemie, Universität Bayreuth, 95447 Bayreuth, Germany
2 - Institute of Innate Immunity, Universität Bonn, 53127 Bonn, Germany
3 - Center of Advanced European Studies and Research (caesar), 53175 Bonn, Germany
4 - Research Center for Bio-Macromolecules, Universität Bayreuth, Bayreuth, Germany
5 - Bayreuth Center for Biochemistry & Molecular Biology, Universität Bayreuth, 95447 Bayreuth, Germany
6 - North-Bavarian NMR Center, Universität Bayreuth, 95447 Bayreuth, Germany
Correspondence to Andreas Möglich: Lehrstuhl für Biochemie, Universität Bayreuth, 95447 Bayreuth, Germany.
andreas.moeglich@uni-bayreuth.de.
https://doi.org/10.1016/j.jmb.2019.07.011
Abstract

As diffusible second messengers, cyclic nucleoside monophosphates (cNMPs) relay and amplify molecular
signals in myriad cellular pathways. The triggering of downstream physiological responses often requires
defined cNMP gradients in time and space, generated through the concerted action of nucleotidyl cyclases
and phosphodiesterases (PDEs). In an approach denoted optogenetics, sensory photoreceptors serve as
genetically encoded, light-responsive actuators to enable the noninvasive, reversible, and spatiotemporally
precise control of manifold cellular processes, including cNMP metabolism. Although nature provides efficient
photoactivated nucleotidyl cyclases, light-responsive PDEs are scarce. Through modular recombination of a
bacteriophytochrome photosensor and the effector of human PDE2A, we previously generated the light-
activated, cNMP-specific PDE LAPD. By pursuing parallel design strategies, we here report a suite of
derivative PDEs with enhanced amplitude and reversibility of photoactivation. Opposite to LAPD, far-red light
completely reverts prior activation by red light in several PDEs. These improved PDEs thus complement
photoactivated nucleotidyl cyclases and extend the sensitivity of optogenetics to red and far-red light. More
generally, our study informs future efforts directed at designing bacteriophytochrome photoreceptors.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Various cellular pathways in both prokaryotes and
eukaryotes harness diffusible second messengers
to amplify and relay molecular signals in time and
space [1]. Cyclic nucleotides represent a widespread
class of second messengers that underpin a cohort
of physiological responses. In eukaryotes, the two
predominant cyclic mononucleotides, 3′, 5′-cyclic
adenosine and guanosine monophosphate (cAMP
and cGMP) [2–4], bind to the protein kinases A and
G [5,6], cyclic nucleotide-gated (CNG) ion channels
[7], Epac (exchange protein directly activated by
cAMP) [8] and popeye-domain-containing proteins
r Ltd. All rights reserved.
[9], and thereby allosterically regulate the activity of
these entities. With but few exceptions [10,11],
prokaryotes lack cGMP signaling but widely employ
cAMP to regulate gene expression, prominently so in
the context of catabolite repression [12,13]. The
cyclic nucleoside monophosphates (cNMPs) cAMP
and cGMP are generally produced by nucleotidyl
cyclases from adenosine and guanosine triphos-
phate (ATP and GTP). Phosphodiesterases (PDE)
mediate the hydrolytic breakdown of cNMPs to the
(non-cyclic) 5′-adenosine and 5′-guanosine mono-
phosphates (AMP and GMP), respectively. Mam-
mals possess 11 different PDE families, which
subdivide into several isoforms [15,16]. Depending
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on family, these PDEs are specific for either cAMP,
cGMP or both. Although the precise protein archi-
tecture differs between families, the mammalian
PDEs generally comprise N-terminal domains that
process signal input and C-terminal catalytically
active effector domains. As a case in point,
the cAMP/cGMP-specific PDE2A adopts a homodi-
meric structure, in which two regulatory GAF
domains (denoted GAF-A and GAF-B), connect
to the C-terminal PDE domain via a parallel α-
helical coiled-coil linker [17] (Fig. S1a). cGMP
binding to GAF-B prompts an about 4-fold increase
in catalytic turnover by displacing an autoinhibitory
protein loop (termed H loop) from the PDE active site
[17].
Inside the cell, the activities of nucleotidyl cyclases

and PDEs are tightly orchestrated to allow genera-
tion of complex spatiotemporal cNMP gradients that
underpin downstream physiological responses. Im-
plements that modulate the intracellular amounts of
cNMPs with precision in space and time are hence
particularly applicable for probing and elucidating
pertinent signal processes. Optogenetics [18], refer-
ring to the monitoring and control by light of cellular
events via genetically encoded agents, has contrib-
uted versatile tools for the study of cNMP signal
transduction [19,20]. In specific, certain sensory
photoreceptors occurring in nature act as photo-
activated adenylyl cyclases (PAC) and ramp up
cAMP production upon light application [21–26].
While most of these cyclases respond to blue light, a
group of PACs sensitive to red/far-red light were
engineered by recombining cyclase effector mod-
ules with the so-called photosensory core modules
(PCMs) of bacterial phytochrome (BphP) receptors
[27–30]. The phytochrome PCM comprises tandem
PAS, GAF, and PHY domains and harbors a linear
tetrapyrrole (bilin) chromophore, biliverdin (BV) in
case of BphPs [31]. In darkness, conventional
BphPs assume the red‐light-absorbing Pr state
with their BV cofactor in its 15Z conformation. Red
light drives the photoisomerization of BV to the 15E
state, giving rise to the far-red-light-absorbing Pfr
form; the reversion to the Pr state occurs in a slow
thermal reaction or can be actively driven by far-red
light. By contrast, in bathyphytochromes, the Pfr
state is the thermodynamically stable state assumed
in darkness [31]. Structures of the isolated PCM of
the conventional BphP from Deinococcus radio-
durans (DrBphP) revealed that the chromophore
isomerization induces refolding of a protrusion of the
PHY domain, denoted tongue, from a β-sheet
conformation in Pr to an α-helical conformation in
Pfr, which in turn promotes quaternary structural
rearrangements in the dimeric receptor [32,33].
BphP-based actuators are attractive as optogenetic
tools for at least three principal reasons: first, long-
wavelength light penetrates biological tissue more
deeply than light of shorter wavelengths [34];
second, BphPs can be bimodally switched by red
and far-red light, thus affording enhanced spatio-
temporal resolution in optogenetics [35]; and third,
BV widely occurs in mammalian tissue as a heme
degradation product, thus obviating exogenous
chromophore addition and greatly facilitating opto-
genetic applications [27,36,37]. In addition to PACs,
a number of photoactivated guanylyl cyclases are
available in nature or by protein engineering
[24,38–42]. By contrast, there has been a relative
dearth of light-regulated actuators that would medi-
ate the hydrolytic breakdown of cNMPs. To fill this
gap, we previously constructed the light-activated
PDE LAPD via recombination of the DrBphP PCM
and the effector module of Homo sapiens PDE2A
(HsPDE2A) [36] (Fig. 1a). Similar to the parental
HsPDE2A, LAPD hydrolyzed both cAMP and cGMP
with comparable rates and affinities; red light
elevated the maximum catalytic turnover of LAPD
by around 6-fold. However, although far-red light
partially reverted this increase in turnover, the
reaction was incomplete, hinting at inefficient Pfr →
Pr photoconversion [36]. Since, a PDE covalently
linked to a microbial rhodopsin photosensor unit has
been discovered in the choanoflagellate Salpin-
goeca rosetta [43,44]. Biochemical analyses re-
vealed a preference for cGMP over cAMP, and an
around 7-fold increase in cGMP affinity upon light
absorption [45].
Against this backdrop, we here report the engi-

neering of cNMP-specific PDEs that respond to red/
far-red light and improve on LAPD regarding extent
and reversibility of switching. The analysis of
multiple PDE variants identifies sequence motifs
underpinning efficient regulation by light and thus
establishes refined design rules for constructing
light-activated PDEs. As we showcase for the gating
of CNG channels in mammalian cells, the novel
LAPD variants can be deployed to probe and control
cNMP-associated cellular processes. Light-
regulated PDEs thus complement the diverse set
of PACs and enrich the arsenal of optogenetics
[19,46].
Results

Modular construction of cyclic-mononucleotide
Phosphodiesterases

To engineer derivative red-/far-red-l ight-
responsive PDEs, we revisited the original LAPD
design, which was informed by the structural
homology between the sensor modules of BphPs
and certain mammalian PDEs [36]. Despite vastly
different phylogenetic origin, both entities share a
parallel homodimeric architecture, structurally ho-
mologous N-terminal sensor domains and central α-
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Fig. 1. Engineering of light-regulated cNMP-specific PDEs. (a) The prototype LAPD originated from the modular
recombination of the Deinococcus radiodurans bacteriophytochrome (DrBphP) photosensor, comprising PAS-GAF-PHY
domains, and the Homo sapiens PDE2A (HsPDE2A) effector domain [36]. (b) Structural model of LAPD based on the
structures of the engineered BphP PagC (PDB code 6FHT) [28] and HsPDE2A (3IBJ) [17]. The PAS, GAF, PHY and PDE
domains are colored in dark red, red, pink and light blue, respectively; the green and orange spheres in the PDE domain
denote magnesium and zinc ions. (c) To generate derivative light-regulated PDEs, the photosensor and/or the effector
moieties of LAPD were exchanged for modules from homologous BphPs and PDEs. (d) Partial sequence alignment of the
linker region of BphPs and PDEs used in the construction of LAPD derivatives. The top line denotes the fusion between
DrBphP and HsPDE2A and corresponds to the prototypical LAPD. Residues near the fusion site are highlighted by pink
and blue shading. Species abbreviations for the BphP PCMs are AgP1, Agrobacterium tumefaciens BphP P1; AgP2, A.
tumefaciens BphP P2; Ac, Azorhizobium caulinodans; As, Acaryochloris sp. CCMEE 5410; Av, Agrobacterium vitis; Dd,
Deinococcus deserti; Dr, Deinococcus radiodurans; Hy, Hymenobacter swuensis; Is, Idiomarina sp. A28L; Ja,
Janthinobacterium sp. CG23_2; Pa, Pseudomonas aeruginosa; Pl, Pleurocapsa sp. PCC7319; Ps, Pseudomonas
syringae; Re, Rhizobium etli; Rl, Rhizobium leguminosarum; RpP5, Rhodopseudomonas palustris BphP P5; Rs,
Rhodobacter sphaeroides; and Xc, Xanthomonas campestris. PDE modules derive from Am, Alligator mississippiensis;
Bt, Bos taurus; Hs, Homo sapiens; Pc, Phascolarctos cinereus; Rn, Rattus norvegicus; and Xt, Xenopus tropicalis.
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helical spines, which coincide with the C2-symmetry
axes and feed into coiled-coil linkers connecting to
the respective effector modules (Fig. S1). At the
time, structural information on the complete D.
radiodurans PCM was lacking, and the LAPD design
relied on the PCM structure of Pseudomonas
aeruginosa BphP (PaBphP) in its Pfr state [47].
Although eventually fruitful, this design blueprint
suffered from several shortcomings: first, in the
actual LAPD, the HsPDE2A effector is fused to the
DrBphP PCM, rather than to the PaBphP PCM (Fig.
1a); second, unlike DrBphP, PaBphP is a bath-
yphytochrome; third, the coiled-coil linker was not
resolved in the PaBphP structure, thus leaving
ambiguous the precise molecular arrangement of
this structural region in LAPD. Arguably due to these
deficits, the design initially favored a chimeric
receptor, denoted LAPD+2, with two additional
residues in the coiled-coil linker relative to LAPD,
but devoid of light-regulated PDE activity [36];
subsequent removal of these two residues gave
rise to the light-responsive LAPD. Structures of the
complete PCM of DrBphP in both the Pr and Pfr
states have since become available [32,33], as has
that of the engineered BphP-guanylyl cyclase PagC,
which atomically resolves the coiled-coil linker of
DrBphP [28]. Informed by these data, we updated
our structural model for LAPD (Figs. 1b and S1).
Whereas the original model placed the BphP PCM
and the PDE effector of one chain on opposite sides
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Fig. 2. Screening for light-regulated cNMP-specific
PDE variants. (a) Candidate PDEs are expressed in E. coli
and assessed for light-regulated activity in bacterial lysate.
As cNMP hydrolysis entails proton release, the progres-
sive acidification of a weakly buffered solution can be
monitored over time via the pH-sensitive fluorophore
BCECF [49]. As exemplarily shown for LAPD, the assay
provides a facile readout for candidate PDEs in their dark-
adapted states (black) and following red-light exposure
(red). In panels b through d, the apparent cGMP hydrolysis
activities of candidate PDEs are reported as the initial
slopes in the BCECF assays, normalized to the signal
obtained for LAPD upon red-light stimulation. All data
represent mean ± s.d. of four biological replicates. (b) The
PAS-GAF-PHY photosensor of LAPD was exchanged for
the corresponding modules from homologous bacterio-
phytochromes (BphP) and cGMP hydrolysis of the
resultant PDE variants was measured. Species abbrevia-
tions are provided in Fig. 1. (c) The PAS and GAF domains
of LAPD were substituted for the corresponding domains
of other BphPs (see Fig. S4). (d) The linker regions of
select BphP-PDE variants from panel b were modified to
resemble the GERL motif found in the light-responsive
LAPD prototype (see Figs. 1d and S5). In case of Rs-
HsPDE2A and Xc-HsPDE2A variants, data for the most
strongly light-regulated variants with the linker sequences
GERT and GERF are shown.
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of the α-helical spine traversing the homodimeric
receptor, the new model positions them on the same
side. Moreover, the revised model enables structural
modeling of the fusion site in LAPD with enhanced
confidence, see below.
We hypothesized that the limited reversibility of

light-dependent activation evidenced in LAPD might
be rooted in the DrBphP PCM. This view is borne out
in a recently engineered PAC that shares with LAPD
the DrBphP PCM and likewise exhibits limited photo
reversibility upon prior activation by light [28,29]. By
contrast, replacing the PCM of DrBphP with that of
Deinococcus deserti BphP (DdBphP) yielded a PAC
with photoreversible adenylyl cyclase activity [29].
We hence generated LAPD variants by substituting
the PCM of DrBphP for those of 17 different BphPs
(Fig. 1c), some of which were previously described
as conventional and bathyphytochromes, respec-
tively [48]. In choosing so, we sought to cover a wide
range of BphP modules with different properties, and
to thereby increase the chance of eventually obtain-
ing enhanced LAPD variants. For the facile assess-
ment of PDE activity and response to light, we
resorted to an enzymatic assay that can be
conducted in crude cell lysate [49]. Briefly, the
hydrolysis of cNMP to NMP is accompanied by
proton release, thus leading to acidification of weakly
buffered solutions, which is readily detectable with
the pH-sensitive fluorescein derivative BCECF [50]
(Fig. 2a). We thus expressed LAPD in Escherichia
coli along with Synechocystis sp. heme oxygenase 1
(SsHO) [51], that supplies biliverdin, and ascertained
production of the holo enzyme by green coloration of
the bacterial suspension and zinc-induced fluores-
cence of the bilin chromophore [52]. Following cell
lysis, PDE activity can be directly probed in bacterial
lysate. Within this assay, LAPD showed an initial
drop in normalized BCECF fluorescence of −3.9 ×
10−3 min−1 when incubated with saturating amounts
of 2 mM cGMP in darkness and of −1.9 × 10−

2 min−1 when illuminated with 670-nm light. In the
following, we report results from this lysate assay as
unitless BCECF activity values normalized to the
signal of LAPD under red light (arbitrarily set to 1.0).
Previous studies on LAPD and related homodimeric
receptors had pinpointed the length and, to lesser
extent, the sequence of coiled-coil linkers between
sensor and effector modules as crucial for overall
activity and responsiveness to light [27,28,36,53,54];
even the mere insertion or omission of single
residues within this region can utterly alter light-
dependent receptor output. When constructing
fusions between the various BphP PCMs and the
HsPDE2A effector module, we thus retained the
same linker register as in LAPD (Fig. 1d). We first
ascertained expression in E. coli by green coloration
and Western blot (Fig. S2), which revealed that
almost all BphP-PDE variants were expressed to
similar extent as LAPD. Merely, the variant based on
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the PCM from Rhodopseudomonas palustris BphP
P5 exhibited attenuated yet detectable expression.
We then assessed the cGMP hydrolysis activity of
these variants in bacterial lysate by BCECF fluores-
cence (Figs. 2b and S3a). All tested BphP-PDE
variants exhibited lower PDE activity compared to
LAPD, but none showed significant red-light depen-
dence of activity. Likewise, illumination with far-red
light did not elicit any activity increase. While the
differences in the observable overall activity might
be attributable to variations in functional expression
and specific activity, we were puzzled by the
complete lack of light responsiveness. Evidently,
the design template underpinning LAPD is not
directly transferrable to homologous BphP PCMs,
at least not without further optimization.

Impart ing l ight sensi t iv i ty on cycl ic -
mononucleotide Phosphodiesterases

We tentatively ascribed the consistent lack of light
responsiveness in the LAPD variants to deficient
allosteric coupling between the bacterial PCM and
the eukaryotic PDE module. To enhance this
coupling and thus attain light-regulated PDE activity,
we pursued two concurrent strategies. In a first
approach, we replaced the PAS and GAF domains
of the light-responsive LAPD for those of homolo-
gous BphPs while retaining the DrPHY and
HsPDE2A domains. Although this replacement
generates an additional seam between the GAF
and PHY domains deriving from different BphPs, it
preserves the critical junction between the PHY and
PDE domains of LAPD. We selected 10 of the above
BphPs and created chimera between their PAS-GAF
portions and the PHY-PDE fragment of LAPD (Fig.
S4). As before, we coexpressed the resultant BphP-
PDE variants with SsHO (Fig. S2) and assessed
their cGMP hydrolytic activity in darkness and under
670-nm light by BCECF fluorescence (Figs. 2c and
S3b). Out of the 10 variants, 7 showed constitutive
hydrolysis activity, but 3 variants, harboring the PAS-
GAF fragments of DdBphP, Pseudomonas syringae
BphP (PsBphP) and Agrobacterium tumefaciens P2
(AgP2), significantly increased activity in response to
red light relative to darkness. In particular, the
variants based on DdBphP and PsBphP, referred
to as DdDr-HsPDE2A and PsDr-HsPDE2A, exhibit-
ed red-light-induced increases in BCECF activity of
around 5.5-fold and 2.2-fold, respectively.
In light of these findings, we reasoned that the

configuration of the linker around the junction
between the PHY and PDE domains of LAPD
might be particularly relevant for efficient coupling
between photosensor and effector. Based on amino
acid sequence and full-length structures of BphP
receptors [28,56–58], the linker of LAPD is expected
to adopt a continuous α helix, with the BphP PCM
terminating in the four residues Gly-503, Glu-504,
Arg-505 and Leu-506 (GERL in single-letter code),
and the PDE effector continuing with the residues
Lys-507 and Lys-508 (KK). As illustrated by the
LAPD homology model (Figs. 1b and 3a), residues
E504 and K508 are appropriately spaced to poten-
tially form an i, i + 4 salt bridge that traverses the
seam between the PCM and PDE moieties. In the
vicinity, two additional salt bridges are formed
between R505 and E426 within the PHY domain,
and between K507 and E511 within the PDE part. To
probe the relevance of this region of LAPD, we
exchanged individual residues of the GERL motif for
amino acids found in the corresponding position of
the homologous BphPs (Figs. 1d and 3b–e). In
summary, almost all substitutions within the GERL
motif severely attenuated the light response or
entirely abolished it. As exceptions, the exchanges
of E504 to alanine or arginine preserved light
responsiveness to significant extent, as did the
replacement of L506 for isoleucine. To further
probe the functional role of the potential E504:
K508 and K507:E511 salt bridges running along the
linker helix, we also substituted the two lysine
residues (Fig. 3f). Replacement of K507 for serine,
the corresponding amino acid present in DrBphP
[36] (see Fig. S4), resulted in a PDE variant with
constitutively low activity and minute light response.
By contrast, the exchange of K508 to alanine neither
affected PDE activity nor light regulation. Although it
is challenging to fully rationalize the various substi-
tutions at a structural and functional level, several
general aspects emerge. First, the linker segment of
LAPD is highly sensitive to structural perturbations,
with most residue exchanges, even those of
conservative type, impairing overall activity and
light responsiveness. Second, a putative salt bridge
between E504 and K508, if present at all in LAPD, is
not essential for productive signal transduction.
Third, although we probed more than 20 sequence
variations of the linker region, the original motif
proved the best-suited for robust activity and
regulation by light.
Given the pronounced preference for the

503GERL506 sequence at the BphP-PDE junction
in LAPD, we investigated whether light sensitivity
can be bestowed on the above light-inert BphP-PDE
receptors via introduction of said sequence. To this
end, we selected seven variants, consisting of the
intact PCMs (PAS-GAF-PHY) of homologous BphPs
and theHsPDE2A effector module (see Fig. 2b), and
stepwise altered their linker segments toward the
GERL motif by exchanging between two and four
residues (Figs. 2d, S2 and S5). BCECF activity
measurements revealed that this approach indeed
succeeded in converting five out of the seven BphP-
PDEs into light-activated receptors. Although these
light-regulated variants generally showed BCECF
activity lower than LAPD, they exhibited similar
factors of activation upon red-light exposure.
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Notably, in certain of these variants, light respon-
siveness was only achieved when retaining the
terminal residue of the original PCM rather than
altering it to leucine. For example, in the Rs-
HsPDE2A receptor, comprising the PCM of Rhodo-
bacter sphaeroides BphP, red light prompted an
activity increase when the corresponding residue
was the original threonine (GERT) but not when it
was leucine. Perplexingly, in LAPD the replacement
of leucine in this position for threonine abrogated
light responsiveness (see Fig. 3).

Modular exchange of Phosphodiesterase effec-
tor modules

The above experiments compellingly illustrate that
the engineering of derivative red-light-regulated
PDEs via modification of the BphP photosensor
module is challenging. In a parallel approach, we
substituted the effector unit of LAPD for the catalytic
domains from five vertebrate PDE2A enzymes (Fig.
1d), an approach that benefits from high levels of
sequence homology between 81% and 98%. With
the original LAPD as template, we constructed
fusions between the DrBphP PCM and the homol-
ogous PDE2A effectors, expressed the resultant
receptors (Fig. S2) and assessed cGMP hydrolysis
in bacterial lysate (Fig. S6). Whereas two of these
receptors showed low activity and no significant
response to illumination, the variants Dr-BtPDE2A,
Dr-PcPDE2A, and Dr-XtPDE2A, based on the
PDE2A enzymes from Bos taurus, Phascolarctos
cinereus and Xenopus tropicalis, respectively, ex-
hibited light-stimulated activity. Notably, the Dr-
BtPDE2A receptor displayed reduced activity in
(a) (b)

(d)

Fig. 3. Probing the linker region in LAPD. (a) Close-up of th
Residues around the seam between photosensor and effector
the structures of PagC [28] andHsPDE2A [17] or inferred from t
503GERL506 motif of LAPD at the C-terminal end of the photo
corresponding position in the homologous bacteriophytochrom
their dark-adapted states (dark) or upon red-light exposure (red
mean ± s.d. of four biological replicates. (f) Exchanges of the
linker region.
darkness relative to LAPD, but increased activity
upon red-light exposure, translating into a much
more pronounced regulation by light. Compared to
the above efforts at derivatizing LAPD that centered
on the BphP photosensor module, the exchange of
the effector module proved strikingly more success-
ful and yielded PDE variants with stringent light
regulation.
To better characterize cNMP hydrolysis and

response to light, we expressed and purified Dr-
BtPDE2A, Dr-PcPDE2A, and Dr-XtPDE2A, as well
as the above variants DdGERL-HsPDE2A and
DdDr-HsPDE2A (see Fig. 2c, d). UV/vis spectros-
copy indicated that in darkness, all these BphP-
PDEs predominantly assume their Pr state, which
maximally absorbs around 700 nm (Fig. 4). In case
of DdDr-HsPDE2A, partial population of the Pfr
state, maximally absorbing around 750 nm, was
evident even in darkness. Red light (670 nm) drove
the Pr → Pfr transition in the PDE variants to similar
but slightly lower extent relative to LAPD. As an
exception, the degree of Pr → Pfr photoconversion in
DdDr-HsPDE2A was markedly reduced, and both
the Soret and the Q bands, at around 400 and
700 nm, respectively, exhibited shoulders. These
observations point toward impaired photochemistry,
which presumably results from the recombination of
the PAS-GAF domains from one BphP with the PHY
domain from another in this variant. Subsequent
illumination with far-red light (780 nm) reverted the
spectra to their dark-adapted states in all cases.
We went on and quantified cGMP hydrolysis at

1 mM substrate concentration by the BphP-PDE
variants in darkness and following red-light applica-
tion via high-performance liquid chromatography
(c)

(e) (f)

e linker region in the LAPD structural model (see Fig. 1b).
are shown in stick representation. Salt bridges observed in
he model are indicated. (b–e) Individual residues within the
sensor unit were exchanged for residues observed at the
es (see Fig. 1d). Activity of the resultant LAPD variants in
) was assessed by BCECF fluorescence. All data represent
residues K507 and K508 within the PDE fragment of the
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Fig. 4. UV/vis-absorption spectra of BphP-PDE variants in their dark-adapted states (black) and after red-light exposure
(red). The cyan curves show dark–light difference spectra. Spectra were normalized to the peak maximum of the Q band in
the dark-adapted state. (a) LAPD. (b) DdDr-HsPDE2A. (c) DdGERL-HsPDE2A. (d) Dr-BtPDE2A. (e) Dr-PcPDE2A. (f) Dr-
XtPDE2A. (g) DdDr-BtPDE2A.
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(Fig. 5). At 29 °C, LAPD displayed specific cGMP
hydrolysis activities of (2.0 ± 0.1) μmol (nmol en-
zyme min)−1 in darkness and (11.0 ± 0.3) μmol
(nmol enzyme min)−1 under red light, similar to our
previous findings [36]. Compared to LAPD, most
variants had lower specific activities in both dark-
ness and red light, and somewhat reduced degrees
of light stimulation between 2.9-fold and 5.5-fold.
However, Dr-BtPDE2A exhibited higher activation of
around 8.0-fold and maximal specific activity of
(13.5 ± 0.1) μmol (nmol enzyme min)−1 under red
light. We next probed the reversibility of activation in
the BphP-PDEs by exposing them successively to
red and far-red light, followed by enzymatic assays.
As observed previously [36], LAPD could not be fully
switched off by far-red light and hydrolyzed cGMP
with a turnover of (4.3 ± 0.1) μmol (nmol enzyme
min)−1. Notably, the above spectroscopic measure-
ments used the same illumination protocol and
showed that LAPD fully assumes the Pr configura-
tion of its chromophore under these conditions,
pointing to at least partial uncoupling of photochem-
ical events and catalytic activity. Although two BphP-
PDE variants, Dr-PcPDE2A and DdGERL-
HsPDE2A, shared with LAPD an incomplete or
even absent reversal of hydrolysis activity under far-
red light, the other variants showed markedly
enhanced properties. In Dr-BtPDE2A, far-red light
returned hydrolysis activity to (2.3 ± 0.1) μmol (nmol
enzyme min)−1, almost the same value as in
darkness. In the remaining variants, Dr-XtPDE2A
and DdDr-HsPDE2A, far-red light completely
reverted prior activation by red light. Thus, the extent
of far-red-light-driven activity reversal in (engi-
neered) bacteriophytochromes is apparently deter-
mined by both the photosensor and effector
modules: whereas the DrBphP PCM supported
complete reversal when connected to XtPDE2A, it
failed to do so in the context of other effectors
[29,36]. We also assessed cAMP hydrolysis in the
PDE variants and found overall similar specific
activities and degrees of light activation (Figs. S7
and 5i). As an exception, the specific cAMP
hydrolysis activity of LAPD under red light amounted
to (5.7 ± 0.1) μmol (nmol enzyme min)−1, somewhat
lower than observed for cGMP hydrolysis but
consistent with our previous measurements [36].
By recombining the chimeric DdDr-PCM and the
BtPDE, we also produced the variant DdDr-
BtPDE2A, which, however, did not lead to an
improvement of catalytic properties over DdDr-
HsPDE2A. As optogenetic actuators are often
deployed in living animals, we also determined the
cGMP and cAMP hydrolysis activities of LAPD and
Dr-BtPDE2A at 37 °C (Fig. S8). At this temperature,
the cGMP and cAMP hydrolysis activities under red
light were around 40% higher than at 29 °C.
Interestingly, the activities of LAPD in darkness or
under far-red light were slightly reduced at the higher
temperature, thus improving its regulatory efficiency.

Optogenetic application of light-regulated Phos-
phodiesterases in mammalian cells

Having engineered a set of red-light-responsive
BphP-PDEs, we next addressed whether they allow
to regulate signaling in mammalian cells. We
transfected HEK-TM cells, stably expressing a
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Fig. 5. Analysis by high-performance liquid chromatography of cNMP hydrolysis in light-regulated PDE variants. (a)
(Left) As exemplarily shown for a hydrolysis reaction catalyzed by red-light-exposed LAPD, the amount of substrate cGMP
decreases over time and that of the product GMP increases over time. (reaction times of 0, 0.25, 0.5, 1 and 2 min, as
indicated by the arrows). (Right) Hydrolysis of 1 mM cGMP was assessed for dark-adapted (black) and for red-light-
exposed LAPD (red; 670 nm), as well as for LAPD exposed first to red light and then to far-red light (brown; 780 nm). All
data represent mean ± s.d. of three biological replicates. (b–g) cGMP hydrolysis data for the PDE variants DdDr-
HsPDE2A, DdGERL-HsPDE2A, Dr-BtPDE2A, Dr-PcPDE2A, Dr-XtPDE2A and DdDr-BtPDE2A. (h) Overview of cGMP
turnover in the different PDE variants in their dark-adapted forms (black), following red-light illumination (red), and after
successive exposure to red and far-red light (brown). (i) Overview of cAMP turnover in the different PDE variants (see Fig.
S7).
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variant of the cyclic nucleotide-gated ion channel
CNGA2, denoted CNGA2-TM [59], with the genes
for LAPD, Dr-BtPDE2A, Dr-PcPDE2A and Dr-
XtPDE2A. To readily monitor expression and facil-
itate the generation of stable cell lines, an mCherry
tag was fused to the C terminus of these PDEs.
Using antibiotics selection, we isolated cell clones
that stably express the different BphP-PDEs and the
CNG channel, as confirmed by fluorescence micros-
copy and Western blot (Fig. 6a, b). We then
analyzed catalytic activity and response to illumina-
tion of these PDEs in the HEK-TM cells at 29 and
37 °C using a coupled reporter assay similar to our
previous studies (Fig. 6c) [36]. To this end, the cells
were loaded with a calcium (Ca2+)-sensitive fluor-
ophore and treated with the water-soluble forskolin
derivative NKH477 to stimulate endogenous adeny-
lyl cyclase activity. The resultant increase in intra-
cellular cAMP prompts opening of the CNG channel,
prompting Ca2+ influx from the exterior and fluores-
cence increase. Upon reaching a steady-state, the
PDEs were activated by red light, thus reducing
intracellular cAMP and, in turn, attenuating Ca2+

influx and fluorescence. For normalization of the
fluorescence signals, the Ca2+ ionophore ionomycin
was added at the end of each experiment. In the non-
transfected HEK-TM cells, NKH477 addition caused
fluorescence to gradually increase to a plateau of
around half-maximal normalized fluorescence (Figs.
6d and S9a). In the stable LAPD cell line, NKH477
also triggered a fluorescence increase to a constant,
albeit lower level of around 0.13 (Fig. 6d). The lower
fluorescence amplitude is likely due to basal PDE
activity in darkness, consistent with the above
BCECF and HPLC experiments and earlier mea-
surements [36]. Illumination with red light resulted in
a decrease of the fluorescence signal to baseline,
indicative of light-activated PDE activity. Notably, in
these experiments, no exogenous biliverdin was
added, demonstrating that the endogenous supply
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Fig. 6. Optogenetic control of cyclic adenosine monophosphate (cAMP) in mammalian cells. (a) HEK-TM cells, stably
expressing a cyclic nucleotide-gated (CNG) ion channel, were stably transfected with mCherry-tagged LAPD, Dr-
BtPDE2A, Dr-PcPDE2A or Dr-XtPDE2A and observed by fluorescence microscopy. The elevated mCherry signal relative
to a non-transfected control (NT) indicates PDE expression. (b) Cells from panel a were analyzed by Western blot, stained
with antibodies directed against mCherry, the CNGA2 channel, and β tubulin. Sizes of a molecular weight (MW)marker are
indicated in units of kDa. (c) Schematic of the coupled PDE reporter assay in the HEK-TM cells. Treatment with 100 μM
NKH477 stimulates endogenous adenylyl cyclase activity and leads to a build-up of intracellular cAMP. In turn, the CNG
channels open, thus resulting in Ca2+ influx and elevated fluorescence of the Ca2+-sensitive dye Fluo4-AM. (d) Cell lines
were initially incubated under far-red light at 37 °C, and NKH477 was added after 2 min. At 17 min, the cells were
illuminated with red light (690 nm), and after another 6 min, the cell-permeabilizing ionophore ionomycin was added.
Fluo4-AM fluorescence was monitored throughout the experiment and normalized to its maximum value reached after
ionomycin addition. Lines and shaded areas represent mean normalized fluorescence ± s.d. of four biological replicates for
the PDE lines and of two for the positive and negative controls. Non-transfected HEK-TM cells are shown in black, the
LAPD cell line in red, Dr-BtPDE2A in brown, Dr-PcPDE2A in green and Dr-XtPDE2A in blue; the bottom gray trace shows
results from non-transfected HEK-TM cells that were not stimulated with NKH477.
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suffices to evoke light responses, in line with
previous observations [27,28,36]. We observed
similar responses to NKH477 addition and illumina-
tion in the stable cell lines expressing Dr-PcPDE2A
and Dr-XtPDE2A. For the latter, the fluorescence
signal reached altogether higher levels in darkness,
but the amplitude of reduction under red light was
comparable (Fig. 6d). The on average higher
fluorescence readings for Dr-XtPDE2A may reflect
different expression levels and a lower specific
hydrolysis activity in this variant (see Fig. 5). By
contrast, several stable Dr-BtPDE2A cell lines that
we tested all exhibited suppressed responses to
NKH477 addition and were not stimulated by red-
light exposure. As a possible reason, the expression
levels and the specific activity of this PDE in the
current cellular setting might have been too high,
thus suspending significant cAMP accumulation
upon NKH477 addition even under non-activating
conditions. To test this hypothesis, we transiently
transfected HEK-TM cells with Dr-BtPDE2A, which
leads to heterogenous and overall lower expression.
As a corollary, NKH477 addition induced a stronger
fluorescence increase in these cells than in the
stable LAPD cell line; subsequent exposure to red
light prompted a fluorescence decrease albeit of
lower amplitude (Fig. S9b). These experiments
demonstrate the principal functionality of Dr-
BtPDE2A in mammalian cells, but also indicate
that, as for other optogenetic tools [35], the cellular
expression level needs to be properly adjusted.
Discussion

Optogenetic control of cyclic mononucleotides

Through the recombination of bacteriophyto-
chrome photosensor and vertebrate PDE effector
modules, we engineered receptors that catalyze
cAMP/cGMP hydrolysis and can be activated by red
light. Compared to the LAPD blueprint [36], certain
of the present BphP-PDE variants exhibit improved
switching in that illumination with far-red light fully
undoes prior activation with red light. Of particular
note, the Dr-BtPDE2A variant displays not only
enhanced reversibility but also higher and more
strongly light-regulated hydrolysis activity. Thus,
this PDE variant represents an improvement over
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LAPD and appears as a tool-of-choice for red-/far-
red-light-regulated cNMP hydrolysis. As we demon-
strate (see Fig. 6), LAPD, Dr-BtPDE2A and several
other PDE variants can be deployed optogenetically
in mammalian cells to regulate by light cNMP-
dependent physiological processes, for example,
the ion flux through CNG channels. These studies
also pinpoint a frequent challenge [20,35] associat-
ed with optogenetic applications: the desired light-
induced physiological effects may only manifest to
full extent (or even at all) if the cellular expression
level and activity of the optogenetic actuator
employed fall within appropriate intervals, and the
ideal tool may hence depend on cellular context. For
a given application scenario, these parameters may
be demanding to gauge upfront, let alone adjust,
especially when the degree of light regulation in the
underlying photoreceptor is altogether limited.
Against this backdrop, we deem it an advantage to
now have at disposal a suite of several red-light-
regulated PDEs with varying cellular activity and
performance. By the same token, a recently
characterized rhodopsin-based light-activated PDE
from a flagellate expands and diversifies the
optogenetic toolkit [43–45]. Compared to LAPD,
this PDE is membrane-integral, is sensitive to other
light colors, and primarily responds to illumination
with changes in substrate affinity rather than
maximal turnover.
cNMP-specific PDEs sensitive to red/far-red light

are well suited for multiplexing with photoactivated
nucleotidyl cyclases that mostly respond to light of
shorter wavelengths [23,24,39–41]. The combina-
tion of individually addressable nucleotidyl cyclases
and PDEs affords bimodal control by light of
intracellular cyclic mononucleotides. Moreover, by
optogenetically regulating both the making and
breaking of cNMPs, a net regulatory effect much
surpassing those of the light-regulated cyclase or
PDE alone might be achieved [35]. This aspect is
borne out in certain photoreceptors, which act as
both histidine kinases and phosphatases and exhibit
very stringent light responses [53]. Nucleotidyl
cyclases and PDEs may also be paired with
genetically encoded, fluorescent cNMP biosensors
to enable all-optical experiments [60,61], in which
acute cNMP levels inside cells are continuously read
out to allow optogenetic feedback control of the light-
sensitive actuators. As covered in the introduction,
cyclic mononucleotides are integral to manifold
physiological pathways, thus offering diverse toe-
holds for optogenetic intervention. As a case in point,
the so-called two-component optogenetics strategy
[62] combines photoreceptors, which generate
primary responses, with secondary, light-inert com-
ponents that latch onto these first responses and
alter them in modality, time, space and amplitude. In
a recent manifestation of this concept, a bacterial
K+-selective CNG channel was used in conjunction
with a blue-light-sensitive PAC to trigger light-
induced potassium currents and concomitant neu-
ronal silencing [63]. Arguably, the sensitivity of the
modular two-component approach may be extended
to the red/far-red spectral region through combina-
tion with one of the BphP-PDE variants engineered
presently. As of now, the Dr-BtPDE2A variant
appears best-suited for this approach.

Bacteriophytochrome engineering and signal
transduction

Whereas three of the parallel design strategies
pursued here eventually yielded novel light-activated
PDEs, the exchange of the catalytic effector module
clearly emerges as the simplest and at the same
time, most successful strategy. Directly modeled on
the LAPD template, the substitution of the effector
unit for homologous modules readily yielded func-
tional PDE variants, which in certain cases exhibited
enhanced regulatory traits compared to LAPD.
Arguably, this design strategy benefitted from high
sequence homology among vertebrate PDE2A
enzymes, including within the coiled-coil linker
region (see Fig. 1d). Strikingly, the converse and
equally obvious approach of replacing the entire
PAS-GAF-PHY PCM of LAPD for the photosensors
of other BphPs failed, despite pronounced, if
somewhat lower, levels of sequence homology
among the various PCMs. In marked contrast, the
recent redesign of a red-light-sensitive PAC [28] via
modular exchange of its DrBphP unit, that it shares
with LAPD, for PCMs from other BphPs proved
straightforward [29]. Beyond effector identity, this
design also differed in employing a somewhat more
C-terminal junction site within the DrBphP coiled-coil
linker (see Fig. S4). Evidently, LAPD represents a
local optimum in BphP-PDE design space, as most
alterations, be they extensive (see Fig. 2b), be they
small (see Fig. 3), are detrimental. These observa-
tions are surprising given that LAPD employs the
DrBphP PCM, yet its construction was based on the
PCM structure of PaBphP [36]; put another way, the
original LAPD design does not stipulate the use of
any particular BphP (other than PaBphP), let alone
of DrBphP. Although a full molecular understanding
is lacking, we concluded that the junction between
the PCM and PDE modules, as configured in the
original LAPD, is particularly conducive to signal
transduction and should hence be preserved. In a
first, rather coarse approach, we retained the DrPHY
domain thus leaving the junction intact, albeit at the
cost of introducing a new seam between the GAF
and PHY domains within the PCM. That notwith-
standing, the strategy yielded light-activated PDEs,
which, however, exhibited impaired photochemical
properties (see Fig. 4). In a similar vein, by pursuing
a more limited exchange of the PHY tongue region
between PCMs, the regulatory response of an
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engineered BphP has recently been greatly boosted
[64], a rationale that may be transferrable to LAPD.
In a second, more subtle approach, we altered the
linker region of intact homologous PCMs near the
junction site toward the GERLmotif present in LAPD.
Although not successful in all cases, most BphP-
PDEs could be endowed with light responsiveness
in this manner. Taken together, the above strategies
pave the way toward the generation of additional
BphP-PDEs, ideally with low dark activity, strong
activation by red and/or far-red light, and full
reversibility.
Given the above pitfalls and our ultimately

incomplete molecular understanding, it is challeng-
ing to much extrapolate, let alone infer fail-safe
design recipes. Nonetheless, several general as-
pects inform future efforts directed at engineering
BphP photoreceptors. First, in combination with
previous work [28,29,64,65], our study reveals that
to a certain extent BphP photosensor modules (or
constituent fragments) are mutually interchange-
able. By extension, this observation implies shared,
if not necessarily universal, signal-transduction
mechanisms among and potentially even transcend-
ing BphPs. Second, additional molecular determi-
nants, beyond the sheer (re)combination of protein
domains, govern activity and regulation in composite
(photo)receptors. Specifically, the inter-domain junc-
tions mediate efficient communication between
photosensor and effector entities. Although not
probed here, previous work pinpointed the length
of these, often α-helical, linkers as important
parameters [27,28,36,53,54]; as we show presently,
the sequence and specific molecular interactions of
these linkers can be crucial factors as well. Third,
effector identity determines the difficulty of a
particular protein engineering task, and by exten-
sion, its ultimate success or failure. As a case in
point, the derivatization of BphP-based PACs proved
efficient [29] but that of BphP-PDEs, such as LAPD,
did not, although some of the same BphP modules
were used. Not only the sensor module but also the
effector can profoundly affect receptor traits, as
exemplified by the exchange of the PDE effector unit
in LAPD (see Figs. 4 and 5). Specific receptor
properties may not even be associated with a given
photosensor or effector per se but rather a particular
combination thereof. Hence, the characteristics of a
receptor are often hard to exactly recapitulate a
posteriori, and even harder to predict or plan a priori.
Fourth, the engineering of actuators for optogenetics
often strives to attain several desiderata in parallel,
for example, optimization of diverse photochemical
and catalytic aspects [35], which may be difficult to
simultaneously realize in a single receptor variant,
thus further complicating the design process.
Against this backdrop, functional and genuinely
light-regulated receptors, be they of natural origin,
be they engineered, serve as valuable starting points
for further, often iterative engineering efforts. The
present and related previous studies [27–29,36,65]
showcase a range of principal design strategies,
which may be pursued to this end. That notwith-
standing, the key to eventual success will likely often
be the ability to construct and readily assess for light-
regulated function many design variants in parallel.
Materials and Methods

Molecular biology

The LAPD gene, encoding the PCM of D. radio-
durans BphP (Uniprot BPHY_DEIRA, residues 1–
506) fused to the catalytic effector domain of H.
sapiens PDE 2A (PDE2A_HUMAN, residues 555–
941) and a C-terminal hexahistidine tag, was
amplified by PCR from a previous pASK43 expres-
sion vector [36] and subcloned into a pCDFDuet
plasmid (Novagen, Merck, Darmstadt, Germany) by
Gibson assembly [66]. The gene encoding Syne-
chocystis sp. heme oxygenase 1 (SsHO) was PCR-
amplified from plasmid pKT270 [51] and cloned by
Gibson assembly into the pCDFDuet vector as well,
such that within the resultant pCDF-LAPD-HO
plasmid, expression of both LAPD and SsHO is
under control of T7-lacO promoters. Residue sub-
stitutions in LAPD were introduced by site-directed
mutagenesis in the pCDF-LAPD-HO background.
LAPD variants were generated by Gibson assembly
in the same background via replacement of either
the BphP PCM, the PDE unit, or both for homolo-
gous modules from BphPs and PDEs, respectively.
Specifically, the PCM of P. aeruginosa BphP
(BPHY_PSEAE, 1–497) was derived from a previ-
ous pET-24a vector [47]; genes for the BphP PCMs
from Azorhizobium caulinodans (GenBank
WP_012169446.1, 1–502), Acaryochloris sp.
CCMEE 5410 (WP_010479127.1, 1–531), A. tume-
faciens P1 (WP_010971984.1, 1–493), A. tumefa-
ciens P2 (WP_004430460.1, 1–500), Agrobacterium
vitis (WP_015916920.1, 1–499), D. deserti
(WP_012695070.1, 1–520), Hymenobacter swuen-
sis (AHJ98859.1, 1–515), Idiomarina sp. A28L
(WP_007419415.1, 1–507), Janthinobacterium sp.
CG23_2 (WP_054263721.1, 1–518), Pleurocapsa
sp. PCC7319 (WP_019503487.1, 1–523), Rhizobi-
um etli (WP_004673045.1, 1–502), Rhizobium
leguminosarum (WP_077988302.1, 1–502), R.
palustris P5 (WP_119019282.1, 1–500), R. sphaer-
oides (AMJ49789.1, 1–502), and Xanthomonas
campestris (WP_011270102.1, 1–512) were synthe-
sized with E. coli-adapted codon usage (GeneArt,
Regensburg, Germany). The PCM of P. syringae
BphP (RMN66899.1, 1–626) was obtained by PCR
amplification from genomic DNA. In case of the
effector module, genes with E. coli-adapted codon
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usage were synthesized for the PDE2A homologs
from Alligator mississippiensis (KYO25631.1, 538–
925), B. taurus (XP_024830786.1, 636–1022), P.
cinereus (XP_020845306.1, 566–953), Rattus nor-
vegicus (NP_112341.1, 543–928), and X. tropicalis
(NP_001072607.1, 558–951). For the PAS-GAF
exchange variants, the N-terminal part of LAPD
(residues 1–323) was replaced by corresponding
parts from homologous BphPs as follows: P.
aeruginosa (1–310), A. caulinodans (1–312), Acar-
yochloris sp. CCMEE 5410 (1–339), A. tumefaciens
P1 (1–304), A. tumefaciens P2 (1–311), D. deserti
(1–321), Janthinobacterium sp. CG23_2 (1–320), P.
syringae (1–324), R. sphaeroides (1–362), and X.
campestris (1–321). For expression in eukaryotic
cells, select LAPD variants were subcloned into the
pCDNA3.1+ vector (Invitrogen, ThermoFisher Sci-
entific) with C-terminal mCherry and HA tags. To
facilitate eukaryotic expression, genes for D. radio-
durans and D. deserti BphP, as well as H. sapiens
and B. taurus PDE2A with human-adapted codon
usage were synthesized and used in place of the
genes with bacterial codon adaptation. The identity
of all constructs was confirmed by Sanger DNA
sequencing (GATC, Konstanz, Germany; or, Micro-
synth Seqlab, Göttingen, Germany).

Protein expression and purification

pCDFDuet plasmids encoding individual PDE
variants and SsHO were transformed into BL21
(DE3) or LOBSTR BL21(DE3) cells [67]. Resultant
transformants were used to inoculate two baffled
flasks with 800 mL lysogeny broth (LB) medium
supplemented with 100 μg mL−1 streptomycin
(Strep). Bacterial cultures were grown at 37 °C and
225 rpm until an optical density at 600 nm (OD600) of
around 0.6 was reached, at which point the
temperature was lowered to 16 °C and 0.5 mM δ-
amino levulinic acid (δ-ALA) was added. Expression
of the PDE variant and SsHO was induced by
addition of 1 mM isopropyl β‐D‐1‐thiogalactopyran-
oside (IPTG), and cultivation continued at 16 °C and
225 rpm for 16 h. Purification of LAPD variants was
conducted similar to previous protocols [36]. Briefly,
cells were harvested by centrifugation, resuspended
in buffer [50 mM Tris/HCl (pH 8.0), 20 mM NaCl,
20 mM imidazole] and supplemented with protease
inhibitors (cOmplete Ultra, Roche Diagnostics,
Mannheim, Germany). After lysis by ultrasound or
microfluidizer and centrifugation, the supernatant
was incubated for 1 h at 4 °C with 100 μM biliverdin
hydrochloride (Livchem Logistics GmbH, Frankfurt,
Germany) and 5 mM Tris-(2-carboxyethyl)-phos-
phine. The lysate was then applied to Co2+- or Ni2
+-nitrilotriacetic acid affinity resin (HisPur Cobalt
Resin, ThermoFisher Scientific, Dreieich, Germany,
or, Protino Ni-NTA, Macherey & Nagel GmbH,
Düren, Germany). Following washing and elution
with 200 mM imidazole, the protein was dialyzed into
buffer [50 mM Tris/HCl (pH 8.0, 20 mM NaCl] and
purified by anion-exchange chromatography (HiTrap
Q HP, GE Healthcare, Munich, Germany). Purity
was analyzed by denaturing polyacrylamide gel
electrophoresis (PAGE) and Coomassie staining;
covalent chromophore incorporation was assessed
by Zn2+-induced bilin fluorescence [52]. Fractions
containing pure protein were pooled, dialyzed into
storage buffer [50 mM Tris/HCl (pH 8.0), 20 mM
NaCl, 20% (w/v) glycerol] and concentrated by spin
filtration (Vivaspin 6, 10-kDa cutoff, GE Healthcare).
Sample concentration was determined by absorp-
tion measurements (8453 UV–vis, Agilent Technol-
ogies, Waldbronn, Germany) using a molar
extinction coefficient of 45,700 M−1 cm−1 at the
isosbestic point (724 nm) [68]. For storage, protein
aliquots were flash-frozen in liquid nitrogen and
stored at −80 °C.

Western blot analysis of bacterial expression

To verify bacterial expression of the BphP-PDE
variants, bacterial clones harboring pCDFDuet ex-
pression plasmids (see above) were grown in 5 mL
LB/Strep liquid culture in darkness at 37 °C until an
OD600 between 0.6 and 0.8 was reached. PDE
expression was induced by addition of 1 mM IPTG
and 0.5 mM δ-ALA, the temperature lowered to
16 °C, and incubation continued for 20 h. To verify
protein expression, the bacterial cells were pelleted
by centrifugation and resuspended in 500 μL
Laemmli loading buffer [62.5 mM Tris/HCl (pH 6.8),
2.5% (w/v) SDS, 0.002% (w/v) bromophenol blue, 5%
(v/v) 2-mercaptoethanol, 10% (w/v) glycerol]. Sam-
ples were denatured at 95 °C, cleared by centrifuga-
tion and separated via denaturing PAGE. The
resulting gels were transferred onto a PVDF
membrane by semi-dry blotting (Bio-Rad Laborato-
ries GmbH, München, Germany). The membrane
was washed with TBS-Tween buffer [20 mM Tris/
HCl (pH 7.5), 150 mM NaCl, 0.1% (v/v) Tween 20]
and blocked with TBS-Tween plus 3% (w/v) bovine
serum albumin (BSA), followed by incubation at
4 °C over night with the primary mouse anti-His
antibody (MA1-21315 Pierce 5x-His Epitope Tag
Antibody His.H8, ThermoFisher Scientific) in TBS-
Tween/BSA. After extensive washing with TBS-
Tween, the secondary anti-mouse antibody (A3562
anti-mouse IgG-alkaline phosphatase; Sigma-
Aldrich) was added for 4 h at 22 °C. After renewed
washing with TBS-Tween, the membranes were
incubated in development buffer for 2 min at 22 °C
[100 mM/Tris–HCl (pH 9.5), 100 mM NaCl, 5 mM
MgCl2, 30 μg L−1 nitroblue tetrazolium, 15 μg L−1

5-bromo-4-chloro-3-indolyl phosphate]. The reac-
tion was stopped by rinsing the membranes
thoroughly with water, and the membranes were
dried and photographed with a digital camera.
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PDE activity measurements

For the determination of PDE activity in crude
lysate [49], bacterial clones harboring pCDFDuet
expression plasmids were grown in 5-mL scale as
described above. After induction and overnight
expression at 16 °C, 2 mL of each culture were
centrifuged, the supernatant discarded, and the
pellet resuspended in buffer AB I [2 mM potassium
phosphate (pH 7.6), 5 mM MgCl2, 100 mM KCl,
10 mM dithiothreitol, 0.04% (w/v) bovine serum
albumin]. Lysis was accomplished by three cycles
of freezing in liquid nitrogen and thawing. Lysate
(10 μL) was transferred to a clear 96-well microtiter
plate (MTP) and 60 μL buffer AB II [0.5 μM 2′,7′-bis-
(2-carboxyethyl)-(5-and-6)-carboxyfluorescein
(BCECF [50], ThermoFisher Scientific) in buffer AB I]
were added. Following equilibration at 29 °C in
darkness, the samples were either kept in darkness
or illuminated with red light [(670 ± 15) nm,
500 μW cm−2, 10 s] or far-red light [(780 ± 15) nm,
500 μW cm−2, 10 s]. The PDE reaction was initiated
via addition of 2 mM cGMP (Sigma-Aldrich, Darm-
stadt, Germany). Using a CLARIOstar multimode
MTP reader (BMG Labtech GmbH, Ortenberg,
Germany), BCECF fluorescence intensities F440
and F500 were measured over time at excitation
wavelengths of (440 ± 5) and (500 ± 5) nm, respec-
tively, and a joint emission wavelength of (560 ± 30)
nm. The ratio of F500 over F440 was corrected for
buffer background and plotted as a function of time.
The early time course was fitted to a linear function to
determine initial reaction velocities. All measure-
ments were performed in biological triplicates.
Unless stated otherwise, data were evaluated and
plotted with the Fit-o-mat program [69].
The catalytic activity of purified PDE variants was

addressedbyhigh-performance liquid chromatography
(HPLC). Enzyme (20 nM) was incubated at 29 °C or
37 °C in 700 μL reaction buffer [20 mM Tris/HCl
(pH 8.0), 20 mM NaCl] in darkness, under red light
[(670 ± 15) nm, 80 μW cm−2, 60 s], or under red light
followed by far-red light [(780 ± 15) nm, 80 μW cm−2,
60 s]. Reactions were started by addition of 1 mM
substrate cGMP or cAMP (Merck), and 50 μL aliquots
were drawn at discrete timepoints and rapidly inacti-
vated by incubation at 95 °C for 1 min. Samples were
cleared by centrifugation for 5 min at 20,000g and
filtered (Chromafil, 0.2-μm pore size, Macherey &
Nagel GmbH), followed by HPLC analysis on
reversed-phase (RP) C18 columns using isocratic
elution with 97% (v/v) 100 mM potassium phosphate
pH 5.5 and 3% (v/v) acetonitrile. In case of cGMP, the
samples were analyzed on a Eurospher II C18 RP
column (Knauer, Berlin, Germany) using a Smartline
HPLC system (Knauer). cAMP hydrolysis reactions
were assessed on a Kinetex 5 μ EVO C18 RP column
(Phenomenex, Torrance, USA) and an Acquity UPLC
(Waters GmbH, Eschborn, Germany). Peak areas for
the cGMP and cAMP hydrolysis reactions were
integrated with the OpenLAB (Agilent) or Empower
(Waters) programs and calibrated against cAMP,
cGMP, AMP, and GMP standards. All measurements
were performed in triplicate.

Eukaryotic cell culture

Cell culture experiments were conducted with HEK-
TM cells, derived from HEK293 ATCC cells, which
stably express a variant of the cyclic nucleotide-gated
ion channelCNGA2 [59].Cellswere incubatedat 37 °C
and 5% (v/v) CO2 (HERAcell 240, ThermoFisher
Scientific). DMEM medium was obtained from Gibco
(ThermoFisher Scientific) and supplemented with 10%
(v/v) fetal calf serum (Biochrom, Berlin, Germany) and
100 μg mL−1 hygromycin. The HEK-TM cell line stably
expressing LAPD was maintained in medium contain-
ing 50 μg mL−1 hygromycin and 5 μg mL−1 blasticidin
(Invitrogen). Cells were transfected using Lipofecta-
mine 2000 (Life Technologies, Carlsbad, USA) accord-
ing to the manufacturer's protocol. Stable HEK-TM cell
lineswereestablished for theLAPDvariantsDr-BtPDE,
Dr-PcPDE and Dr-XtPDE and maintained in
medium containing 100 μg mL−1 hygromycin and
0.8 mg mL−1 G418 (Geneticin, Gibco, ThermoFisher
Scientific).

Western blot analysis and immunocytochemistry

The expression of the PDE variants in HEK-TM cells
was ascertained by immunochemical approaches. For
Western blot analysis, HEK-TM cells were lysed
[10 mM Tris/HCl (pH 7.6), 140 mM NaCl, 1 mM
EDTA, 1.0% (v/v) Triton-X 100, protease inhibitor
cocktail (Sigma-Aldrich, no. P8340)] on ice for
30 min, followed by centrifugation (10 min, 10,000 g,
4 °C). The protein concentration of the supernatant
was determined in a bicinchoninic acid assay, and
samples were analyzed by denaturing PAGE followed
by semi-dry blotting (Carl Roth, Karlsruhe, Germany)
on a PVDF membrane (Immobilon-FL, Merck). The
blots were stained using primary antibodies against
mCherry (0.22 μg mL−1, rabbit polyclonal, Rockland
Immunochemicals Inc., Limerick, USA, no. 600-401-
379); β tubulin (31.3 μg mL−1, mouse monoclonal,
Sigma, no. T4026); and the CNGA2 channel (3B10,
[70]). The following secondary antibodies were used:
donkey anti-rabbit IRDye680LT (LI-COR Biosciences,
Bad Homburg, Germany, no. 925-68023); donkey anti-
mouse IRDye680LT (LI-COR Biosciences, no. 926–
68022); and donkey anti-mouse IRDye800CW (LI-
COR Biosciences, no. 926-32212). Fluorescence was
detected with an Odyssey imaging system (LI-COR
Biosciences).
For immunocytochemical analysis, 105 cells each

were seeded intowells containingapoly-L-lysine (PLL)-
coated 13-mm coverslip. After one day incubation, the
cells were washed with PBS [10 mM Na2HPO4,
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1.8 mMKH2PO4, 137 mMNaCl, 2.7 mMKCl (pH 7.4)]
and fixed in 4% (v/v) paraformaldehyde. After washing
with PBS, the cells were blocked by addition of 300 μL
blocking buffer [5% (v/v) ChemieBlocker (Millipore,
Merck), 0.5% (v/v) Triton-X 100, in PBS] for 30 min.
Cells were then incubated for 60 minwith anti-mCherry
primary antibody (1.83 μg ml−1) in blocking buffer.
After washing with PBS, 150 μL blocking buffer
containing fluorescently labeled secondary antibody
[4 μg mL−1, goat anti-rabbit Alexa Fluor 488 (AF488),
Life Technologies, no. A-11034] and 0.5 mg mL−1 2-
(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI,
ThermoFisher Scientific) were added. Following incu-
bation for 60 min in darkness and washing, the
coverslips were mounted in Aqua-Poly/Mount (Poly-
sciences, Warrington, USA). The slides were then
analyzed on a fluorescence microscope (Eclipse Ti,
Nikon) using excitation and emission wavelengths of
408/417–477 nm for DAPI, 561/570–1000 nm for
mCherry and 488/500–550 nm for AF488.

Phosphodiesterase activity measurements in
HEK-TM cells

For PDE activity assays in eukaryotic cells,
stable cell lines were seeded on a PLL-coated
96-well MTP at 3 × 104 cells per well and
incubated over night at 37 °C and 5% (v/v) CO2
in darkness. All following steps were conducted
under dim green light. Medium was removed, and
cells were washed with 50 μL ES buffer [120 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
10 mM glucose, 10 mM HEPES (pH 7.4)]. Cells
were loaded with 2 μM Fluo4-AM and 3 mM
probenecid in 50 μL ES buffer and incubated for
30 min at 29 or 37 °C. Afterward, the buffer was
replaced with 90 μL ES containing 3 mM proben-
ecid, and the MTP was incubated at 29 or 37 °C
for 30 min inside a multimode MTP reader
(FLUOstar omega, BMG Labtech). Fluorescence
was measured with excitation and emission
wavelengths of (485 ± 6) and (530 ± 15) nm,
respectively, and the gain was adjusted for the
stable LAPD cell line. After 2 min, 100 μM
NKH477 (Sigma-Aldrich) in ES buffer was added,
and measurements continued for 15 min. In
controls, ES buffer was added rather than the
NKH477 solution. During the measurement, the
plate was first illuminated with an 850-nm LED
mounted inside the MTP reader. At a set point, the
illumination switched to a 690-nm LED for activa-
tion of the LAPD variants. After an additional
6 min, 2 μM ionomycin was added, and fluores-
cence was recorded until a maximal response was
observed. For the transiently transfected HEK-TM
cells (see Fig. S9b), the experiment was conduct-
ed at 29 °C and the timing of the illumination was
different, but other than that, the experiments were
conducted in the same manner.
Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.07.011.
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