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FIGURE 5. Comparing bPAC- and euPACa-induced currents in neurons. g, following a 100-ms light pulse (140 wW mm ™2, blue arrow), cAMP elevation
was much longer lasting in CA1 pyramidal cells expressing bPAC, CNG-A2, and RFP (black trace) when compared with cells expressing euPACa, CNG-A2,
and RFP (red trace). Traces were low pass-filtered to remove miniature excitatory postsynaptic currents. b, time to half-peak current and current decay time
constant were significantly longer in bPAC-expressing neurons when compared with euPACa-expressing neurons (bPAC, n = 8 conditions (three light
doses, five cells); euPAC: n = 7 conditions (four light doses, three cells); ***, p < 0.001). ¢, under subsaturating conditions, light dose dependence of peak
currents was similar for bPAC- and euPACa-expressing neurons. d, total charge transfer (integrated current) was ~8 times higher in bPAC-expressing neu-

rons when compared with euPACa-expressing neurons. nC, nano Coulomb.
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FIGURE 6. Transgenic bPAC and euPACa exhibit different levels of dark
activity and affect grooming behavior in freely moving Drosophila.

a, expression of euPACa transgenes (elav::euPACa) resulted in distinctive
dark activity, which was revealed by the phosphodiesterase blocker IBMX.
Dark activity was not observed upon bPAC expression (elav::bPAC) or in wild
type Canton-S control animals. Photoactivation of either PAC transgene
resulted in a 10-fold increase in cAMP with no statistical difference between
final concentrations of cAMP derived from either euPACa or bPAC (n = 11/
group). 100 um IBMX was used to block phosphodiesterase activity; light
activation of cyclase transgenes was performed in 100 um IBMX and irradia-
tion (5 min, 455 nm, 40 milliwatts mm ™ 2). b, photoactivation of pan-neuro-
nally expressed PAC transgenes affects grooming activity, resulting in ste-
reotypic freezing behavior (7). bPAC-expressing flies freeze significantly
faster in blue light than euPACa flies (n = 11/group). They also take signifi-
cantly longer to resume grooming behavior in the dark. Data represent
means * S.E; ¥ p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

ous system (CNS) using euPAC as control. We used the neu-
ron-specific elav-Gal4 driver and quantified cAMP levels in
dissected brains (Fig. 6a). Basal cAMP dark levels did not sig-
nificantly differ between genotypes (p > 0.05). The addition
of 100 mm IBMX increased dark levels of cAMP in euPAC-
expressing Drosophila but had no effect on bPAC transgenes,

1186 JOURNAL OF BIOLOGICAL CHEMISTRY

indicating significant dark activity of euPAC, but not bPAC
(p < 0.01, see further details under “Experimental Proce-
dures” and the figure legends). After photoactivation, both
transgenes showed strongly increased levels of brain cAMP
(p < 0.001).

In a small animal like Drosophila, photoactivation of PAC
transgenes can be achieved through the cuticle of live animals.
As described previously, grooming activity stops when cAMP
is elevated throughout the CNS (7). Here we used this effect
to compare in vivo applicability of bPAC and euPACa, focus-
ing on the delay of behavioral changes after short illumina-
tion. When compared with euPAC transgenes, bPAC-ex-
pressing flies exhibited a significantly faster response onset
(p < 0.05). After light-off, it took an average of 34 s until
bPAC flies resumed grooming, confirming the more powerful
and prolonged cyclase activity of bPAC (p < 0.01, Fig. 6b).

DISCUSSION

With the experiments described above, we introduce an
adenylyl cyclase with properties that are superior for applica-
tion in most respects over the previously described PACa« of
E. gracilis. We demonstrate that bPAC is functional in bacte-
ria, fruit flies, frog oocytes, and rodent neurons and can be
purified from E. coli for biophysical studies. The advantages of
bPAC over euPACu are the following. (i) bPAC DNA is only
about one-third the size of euPACq, and it is more conve-
niently handled in host vector systems, especially if viral vec-
tors with limited maximal packing volume are used. (ii) Be-
cause of the fact that only one photoreceptor domain is
present, modification of the photoreceptor kinetics (20) and
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the enzymatic active state lifetime will be more straightfor-
ward. (iii) It is likely that bPAC is active as a homodimer, like
most prokaryotic Type III cyclases, resulting in a complex
three or six times smaller than the tetrameric euPAC (4, 33).
(iv) Light stimulation of the purified euPAC complex resulted
in an 80-fold cyclase activity (4), whereas we determined a
300-fold increase in activity for bPAC. (v) Due to the long life
time of the active state, the half-saturating light intensity is
low, and bPAC needs ~1000 times less light than euPACa to
generate comparable steady state levels of cAMP in neurons.

The temporal precision of cAMP control by light is limited
by the inactivation time of PAC but also by the activity of en-
dogenous cyclic nucleotide phosphodiesterases. The correla-
tion between the life time of the BLUF signaling state and ac-
tivity of the cyclase tells us that the cyclase is not only
activated by the BLUF domain but also inactivated by its tran-
sition back to the dark state. Moreover, the high phosphodies-
terase activity in hippocampal neurons achieves a tight corre-
lation between the BLUF signaling state and the cAMP level
(19 s, Fig. 5b). In oocytes, this correlation is lost due to low
phosphodiesterase activity and long diffusion pathways (Fig.
2b). Thus, neurons are ideal candidates for light control of
cAMP signaling with high temporal accuracy. These kinetic
comparisons have never been done for any euPAC because no
recombinant full-length euPAC could be purified in an active
and soluble state.

An important issue for application of light-activated en-
zymes is the difference in activity in light and darkness (dy-
namic range). Dark activity may pose an experimental prob-
lem because it changes the properties of transfected cells or
tissues even during PAC expression before the actual experi-
ment is started. The absence of any measurable dark conduc-
tance has been a great advantage of the channelrhodopsins. In
contrast, most light-activated enzymes with a flavin-based
BLUE- or (light, oxygen, voltage sensor)-type photoreceptor
domain show significant dark activity, and their light activa-
tion is less than 10-fold (21, 22). This is also true for proteins
with engineered photoreceptor function such as the light-
activated Rac (10-fold) (23) or the light-modulated DNA-
binding protein the Moffat group has recently designed (5.6 =
2.5-fold) (24). An exceptional case is the designed light-acti-
vated kinase YF1, the activity of which is high in the dark and
suppressed 1000-fold in the light (25). However, due to the
microbial target, this kinase can hardly be employed in ani-
mals and, second, in most experiments, activation of the en-
zyme and not inactivation is preferred. This large dynamic
range of bPAC with 300-fold light activation suggests that any
potential problem associated with dark activity could be rem-
edied simply by using a weaker promoter to drive bPAC ex-
pression. Thus, careful analysis of intracellular cAMP levels is
mandatory in any experimental application of PAC trans-
genes, and various analytical techniques are available, e.g. im-
munodetection by ELISA, electrophysiological quantification,
or use of FRET-based imaging techniques (7, 26, 27).

Across many species, the cAMP system in neurons has
been shown to be crucial for learning and memory (28). Clas-
sical examples are the Drosophila learning mutants dunce and
rutabaga that affect cAMP metabolism in opposite directions.
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From presynaptic short term plasticity to cAMP-inducible
gene expression and long term plasticity, synapses transiently
or persistently change their transmission characteristics in
response to elevated cAMP; (29, 30). To manipulate cAMP; in
neurons, most studies have used mutant animals or pharma-
cological agents (e.g. forskolin), methods that lack the precise
temporal resolution, single-cell specificity, and quantitative
control that can be readily achieved with light-activated PAC
(7, 31). As an application example, optical control of cAMP,
will allow researchers to dissect which forms of synaptic plas-
ticity are triggered by pre- or postsynaptic signals, a distinc-
tion that has been notoriously difficult to make in the past.
Furthermore, the sharp drop of the bPAC absorption spec-
trum at 500 nm might allow researchers to combine it with
red-shifted variants of ChR2 (32) for independent optical con-
trol of cAMP, and the membrane voltage E,,. This combina-
tion could be useful to probe second messenger systems
within individual cells or to activate two populations of neu-
rons by blue and green light, respectively. In summary, we
show that the PAC from Beggiatoa is well tolerated by neu-
rons and allows for rapid and reproducible control of cAMP,
using very moderate levels of blue light.
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