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Summary approximately 100M® within 800 microseconds over
o distances of less thanpim from the point of entrfy Ca2*
1 Our aim is to measure near-membrané*GaIX  microdomains are determinants of neurotransmitter rélease
within  presynaptic terminals of central neurons byng play an important role in the modulation of synaptic
modifying nev genetically encoded é*asgnsors to delop  strength. Historically, it has been a challengingeecise to
tools capable of measuring Iocahsr—z_th}agnals. ~ measure C4 microdomains due to their small spatio-
2. We sed standard recombinant BNechnologies  emporal profiles, with the most reliable data \tifrom
to generate the DN coding for a fusion construct of & pogdelling and simulation studies The difficulty in
modified fluorescent “pericam” €a biosensor with 2 measuring C& microdomains means that a wide range of
presynaptic P2X7 receptor (PZX7R). _Thez’Ca_ensmwty Ca*-specific signalling processes may go undetected by the
of the biosensor as modified by rational site-directed ¢ rrent \olume-aeraged’ methods routinely used. There is
mutagenesis of the calmodulin portion of the pericam.  ¢jearly a need for a biosensor that is capable of sensing
3. Biosensoireceptor fusions were transfected intqcz+ ‘microdomains. Genetically encoded 2Casensors
expression systems f_orvaiuation. Expression studies in y55ed on green fluorescent protein (GFP)video an
Human Embryonic Kidney-293 (HEK-293) cells sl&l  oy:iting opportunity to dedlop tools to measure these
that blose_nsereceptor fusion construct detred protein |5calised signals.
was localised eclusvely to the plasma membrane, GFP dened from Aequoea \ictoria jelly fish is a
confirming that fusion did not affect the ability of they3g amino acid protein with an apparent molecular weight
receptor to undgo normal protein synthesis andgf 27.30kD4°. Seveal GFP mutants with distinct spectral
trafficking. ~qualities hse teen established as sensors of cellular
_ 4. The Cét_depende_nt fluorescence_of the pericandynamics, for example, in monitoring local pH or2Ca
portion of the fusion protein was also retaineite-direct gncentration inside cells A powerful example of this
mutagenesis within the calmodulin moiety of the perica%chnology has been the recenvalepment of pericanig
significantly reduced the &aaffinity of the compl&. The that consist of a single GFP variant sewsitid
dynamic range of the sensor fallmg this modificatiqn _is physiologically relwant substrates such as Ldons. T
better matched to the higher Ldevels expected within  constryct the pericams, circularly permuted enhanced
presynaptic C& micro-domains. yellow fluorescent proteins (cpEYFP) were used in which
the amino and carboxyl portions had been interchanged and
reconnected by a short spacer between the original termini.
Calmodulin was fused to the C terminus of cpEYFP and its
C&* is a ubiquitous cellular messenger controlling &arget peptide, M13, to the N terminus. The pericass w
diverse array of physiological processes from fertilisatioghovn to be fluorescent with its spectral properties
through to gene transcription, muscle contraction, cethanging reersibly with the amount of G4 Of the three
proliferation and migration, cell dérentiation and major pericams deloped, ratiometric-pericam (RP)
ultimately, cell death. Tght control of the spatial, temporal appeared to be most promising, in that due to its capacity
and concentration profile of €ainflux is therefore for dual excitation nature, it has potential for quantieati
required to define specific functional roles in cells. This inaging.
important in the neuronal setting, especially within the  Insertions of genetically encoded sensor into host
presynaptic terminal where the release of transmitter figceptors that already Velocalisation signals offers awe
critically dependent upon small changes in 2'Castratgy for measuring localised €a Our goal is to
concentration's The irvasion of an action potential into the measure C& microdomains within presynaptic terminals.
presynaptic terminal opens voltage-dependent2* Calhe requirement therefore is a receptor that localises to the
channels allowing the rapid influx of &4dons, giving rise presynaptic membraneubdoes not play a critical role in
to a small local volume (microdomain) of elied C&* 24  evdked release. The P2X7Rs aredigd-gated ion channels
Ca* microdomains coincide with avé znes that are thatare gated by and other nucleotid®s™ Sudies of
areas of presynaptic membrane densely gdckith C&*  expression patterns of P2X7Rvgaonfirmed localisation
channels and docked with neurotransmittesisles. At in presynaptic neevterminals in both central and peripheral
these microdomains the €a concentration reaches heuron$®. Furthet immunoreactity studies in the
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hippocampus indicate that P2X7Rs colocalise with thie vitro pectroscopy
vesicular glutamate transporteivGLUTL1), placing them o
within excitatory terminafS. This makes P2X7R an ideal To &ssess the spectral characteristics of the RP and
tool for targeting C3 sensors to xeitatory presynaptic RPE31Q proteins, HEK-293 cells were transfected with
nene terminals in the hippocampus. Smart and colleagu€8Ch DM construct using  Lipofectamin2000 (Life
have revealed that fusion of the purinergic P2X7R to GFP echnologies). Transfected HEK-293 cells were lysed 3
directed the compieto the plasma membrane in the simpledays post transfection and liberated cytosollc proteins (RP
HEK expression systelh Here we use this simple and RPE31Q) were collec_ted.@'determme t_he Kds of RP
+

expression system to characterise a RP-P2X7R constri@d RRE31Q) a G2 Calibration Buffer Kit (Molecular
determining its trafficking and asensing ability. Probc_as, C-3009) was used. The_ spectral prope_rtles of the

As C&* concentrations within the presynapticpmte'”s were measured using a Hltach_l F-4010
microdomains are thought to be in the 50-100uM range, thé!orescence Spectrophotometlr separate periments
dissociation constant (Kd) of RReported to be 1.7uM, is RP and RAHE31Q)were excited at 480nm, with an emission
therefore lower than required. As part of fine-tuning thw@elength scan performed from 480 to 650nm. The
ca&* affinities of a previous G4 sensor cameleon¥, a solut|_0ns_, were maintained at pH 7.20 and 247@e Kd of
number of mutations were performed in the calmodulifoth indicators (RP and RE§1Q) was calculated from a
moiety of this construct to optimise the Kd for thidinearised (Hill) plc_Jt of fluorescence intensity asafur)ctlon
reporting range. In particular a substitution mutation in tHef Ca?Jr concentration. Data were generated by scanning the
first C&* binding loop of calmodulin, where the8amino  €Mmission spectrum of _the indicator in the presence of
acid was changed from glutamic acid (E) to glutamine (Qﬂn‘ferent C4&" concentrations. All data for RP or AE31Q) _
shifted the titration cuer of ameleon-1 to the right Were _C(_)rrected for the fluorescence or a reference solution
reflecting an increase in the Kd of itswloaffinity —Ccontaining non-transfected HEK-293 cells
component from 4IM to 700uM™°. Here we use a similar (@utofluorescence).
stratgy to lower the affinity of the RPmaking it more
suitable for measuring the high Laconcentrations
expected in presynaptic microdomains. Fluorescence-based approaches were used to

characterise the €asensors. Wo o three days after
Methods cDNA transfection with Lipofectamid&2000, HEK-293
Gene construction adherent on poly-L-lysine-coatedvenslips were analysed
microscopically Cells bathed in HEPESuffer (mM: NacCl

To incorporate the E31Q mutation into RP a total 0147, KCI 2, HEPES 10, Glucose 10, CaAClpH: 7.4) were
three PCR reactions were performed. First theADNthe imaged at 24°C on a laser scanning confocal (Biorad
5’ portion of RPE310Q was amplified with a sense primerMRC-1024ES) employing an argon-ion lasesupled to a
containing a Hindlll restriction site and aveese primer 5° Nikon Diaphot 300 microscope. Both the tagged and
C GGT GCC AAG TT G CTT TGT GGT GA GG (with  untagged RPs were illuminated at 488 nm, whictited
the base change introducing the mutation of interest beitite  YFP portion of the constructs. YFP fluorescence
underlined). For both RP and HB1Q a dycine-rich emission of the RP as collected through a 510 long pass
spacer sequence, GGA GGT GCA GGT AGT GGA GGTichroic mirror and OG515 emission filter (>515nm).
corresponding to Gly-Gly-Ala-Gly-SdBly-Gly, was Fluorescence distnittion patterns of tagged and untagged
included upstream of the start codon in the fodvprimer  biosensors were achia by ollecting 51%512 pixel
In the second PCR reaction, the o®Nf the 3’ portion of confocal images (sho scan rate — 1 s/image), a bright field
RPE31Q was amplified with a forard primer: 5CC AC  or transmitted image, and a simultaneous imagevisigo
ACC ACA AAG C AACTT GGC ACC G, and a nerse  the colocalisation of the confocal signal with the
primer containing a Xhol restriction site. Finally the entirdransmitted image which vealed fluorescent cellular
cDNA of RP(E31Q was amplified with the Hindlll and structures. Some images were taken as \amage of 4
Xhol sites containing primers by using a mixture of the firstonsecutie <ans (Kalman algorithm) to smooth random
and second PCR fragments as the template. The restricteise fluctuations. & assessment of the Tasensing
product vas cloned in-frame into the HindIll/Xhol sites ofability of the C&"' sensors the acquisition package
pcDNA3.1 (Invitrogen) ector To generate the chimeric ‘Timecourse’ was used. Inamjiven field of cells seeral
sensors, P2X7R-RP and P2X7R-EB{Q, a subcloning regions of interest (ROI) were defined. Examination of the
stratgyy was employed. The cDNencoding P2X7R ws C&" sensing properties of the RRP(E31Q)or chimeric
amplified by using primers containing 5’'Nhei and 3’Hindlllconstructs was performed in transfected HEK-293 cells
restriction sites. The restricted PCR fragments weeddily being exposed to 24/ ionomycin (Sigma).
to the 5’end of RP or REG1Q gene in pcDNA3.1 to yield
the tagged Ca sensor constructs of P2X7R-RP and
P2X7R-RPE31Q.

Imaging
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membrane in the HEK xpression systeth P2X7R-RP
exhibits an identical xgression pattern (Figure 1C) to that
RP of P2X7R-GFP suggesting that the normal P2X7R

trafficking is not disrupted by the addition of RFRhe
signal sequence on the P2X7R therefore directed the
ratiometric pericamsxelusively to the plasma membrane.
Confirming the locality of the sensors piges us with the

RP E31Q potential for &clusively reporting neamembrane CA
signals.

Fine-tuning the Kd of ratiometric pericams to meadugh
Ca* concentrations

P2X7wt - RP The high affinity of RP mads it unsuitable to
accurately measure the large 2Caflux expected at
presynaptic microdomains. Site-directed mutagenesis
within the calmodulin portion of the €a sensor,
cameleon-1, shifts the fluorescence~Caelationship®. A
single glutamic acid to glutamine mutation (EBLQ)
wealens the interaction betweenand its binding loop,
decreasing the fafity of the sensor and increasing its
dynamic rang®. The mutation was introduced using a
standard PCR protocol and it was confirmed by direct
PCDNA3.1 sequencing. RP and REZ1Q)displayed virtually identical
emission spectra, with an emission maximum at
approximately 515nm, coinciding with the emission peak of
the YFP portion of each pericam (Figure 2A). This
obsenation confirms that th&31Q mutation did not alter
the spectral characteristics of the proteifihe E31Q
cells. . . mutation in RP altered the Kd from 2.1pyM to 19.1uM
'"?5‘95 vere captu_red_ using a Ias_er_ scanning COmcocaleffectively improving the dynamic range of 0428-19uM
microscope (488>e:|tat|0n,_>510_em|SS|on)_e_ft par_lelrep-_ to approximately @M-170uM (Figure 2B). RFE31Q)
resents the fluores_cence_ iges, displayed at |o_lent|qal gan expressed in HEK cells is uniformly distributed through the
and blak lewel settingsRight paneis the co-egstration of cytoplasm, but is xcluded from the nucleus (Figure 1B).
the fluorescence inga with transmission light imge d the The P2X7R-RFE31Q) construct vas also generated and
same field. fansmission light imges reveal the cell outline displayed an identical expression pattern to P2X7R-RP
and presence of qrganelles. Scale bargb limited to the plasma membrane (Figure 1D). Theelo

A Rat!ometr!c Per!cam (RP) fluorescent signal seen with FX1Q)is consistent with its

B Ratiometric PericanE31Q(RPE31Q) lower C& affinity (Figure 1C,D).

C P2X7R-RP

D P2X7R-RPE31Q) Will the sensos be &nsitive enough to measure

E pcDNA3.1 vector (control) whicshows no fluorescence Ca?*microdomains?

P2X7wt - RP E31Q

Figure 1. Sub-cellular localisation of tagged and
untagged Ca?* sensor constructs expressed in HEK-293

In turtle hair cells the Ca concentration in G4
microdomains was found to be at leagui@8. Others hae
Results and Discussion reported microdomain Gaconcentrations of 100-2QM,
necessary to produce rapid neurotransmitter secretion
With a dynamic range of 0.AM-19uM the original RP
A fusion between a ratiometric pericam and indicator vyould be expected to satura?ed at thesg high
membrane taeted protein, the P2X7R was carried oufoncentrations. Heever, the RPE31Q), with a dynamic
using standard molecular biology techniques. Thiss wange of 21M-17+1pM, is ideally suited to the xpected
revealed by imaging HEK-293 cells transfected with eithelevels of C&"  concentrations  within  presynaptic
the tagged (localised) or untagged (unlocalised) pericarfficrodomains.
and comparing fluore_scencg dis_tribution pattg-rns. A§ensing C% in a mammalian expression system using
expected, untagged ratiometric pericams (RP) d'Splayedgaqetically encoded sensors
bright fluorescence intensjtyvhich was confined to the
cytosol but excluded from the nucleus (Figure 1A). Our HEK-293 cells transfected with each pericam were
tageting strategy of fusing the RP to P2X7Rismested exposed to the ionophore ionomycin (2.5uM). Both the
next. P2X7R-GFP is known to localise to the plasm@2X7R-RP and P2X7-RBB81Q sensors demonstrated an

Development of a near-membrane’*Caensor
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Figure 2. In-vitro properties of ratiometric pericams.

A Fluorescence emission spectrum of ratiometric peri€hQ (RPE31Q). HEK-293cells transfected with REG1Q)

were lysed and the liberated cytosolic proteins containingB83RQ)were dluted in phosphobuffered saline (PBS). Emis-
sion wavelength scans (490nm-650nm)enddtained using a specphotometerThe spectrum was measured at 24°C and
pH 7.20, and the results corrected for with eference solution identical in composition to the sampleept for the
absence of RIF31Q) The results wex dmilar to YFP spect, showing an emission peak at approximately 515nm. A very
similar emission spectrum was obtained for REs(its not shown) with a maximum peak at 510nm, indicating the mainte-
nance of YFP spectral properties.

B Dose response curves of ratiometric pericams, showing relative fluorescence intensity (RFI) as a function of pCa
('|0910[C32+]free)- Thecurves wee geneilted by scanning the emission of the indicator (RP ERPQ) at 515nm. The
concentation of free C&' ions in solution was varied by cross dilution of?C&high Ca?* solution”) and EGR (“low

Ca’* solution”) to produce a series of eleven solutions with increasing*Gahile keeping the conceation of the indi-
cator (RP or RPE31Q) constant. The pH was kept at 7.2 duringp@rimentation. Th&31Q mutation shifted the dose
response curve to the right, reflecting a chaingKd fom 21.M for RP to 19.LM for RPE31Q).

increase in fluorescence intensity in response to applicatiavil the sensor only measaiCa?* from presynaptic CA

of ionomycin (Figure 3). As expected, P2X7R-RPvebda microdomains?

significantly larger change in fluorescence intensity than the . ) ) )

lower affinity sensqrP2X7-RPE31Q). These Eperiments .Usmg.smulatlon s.tudles', Fogelson and colleajjues
demonstrate that the Easensing abilities of the RP andPredicted with a three dimensional model that Ganters
RPE31Q are not altered when fused to the P2X7R anf'® Presynaptic terminal through discrete membrane
expressed in a mammalian cell line. Further studies afbannels and acts to release transmitter within 50nm of the

required to demonstrate this in primary neuronal cultur&try point. In turtle hair cells the initial diameter of“Ca
and other neuronal preparations. microdomains was found to be less thamni, as estimated

by confocal microscog. Hence, C& microdomains can
have vay restricted spatial profiles and restrictingere a
sensor to the membrane may not guarantee localisation
within Ca&* microdomains (e.g. in neurons). Wever, one
could still expect much better signal-to-noise ratios with a
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Conclusion and Future Directions

A 60 The C&' microdomains within presynaptic nerv
terminals are highly localised and the concentrations of
m a0 k——‘_‘ Ca* within these rgions are thought to be significantly
20 larger than the global ytosolic concentration. By
? measuring “elume-aeraged’ global signals in response to
0 stimuli, important information about these
. compartmentalised functions remains undetected. In this
30 study biosensors ke keen designed with characteristics
ol T T —r suited to iwestigating C&* microdomains within
s presynaptic terminals. 8/generated a fusion protein of a
10 ratiometric pericam (with modified €asensing ability)
f — and a P2X7 receptoa potein knavn to localise to the
0 presynaptic membrane of excitatory neurons. Fusion
proteins successfully trfédked to the plasma membrane
B distribution of HEK cells and were capable of responding to

changes in intracellular €a Our next goal is to
characterise these sensors in a neuronal setting, confirming
localisation and CA sensing ability and refining these
properties where necessatyitimately, we hope to study
C&* dynamics in brain slices deed from various mouse
and rat models of relant human diseases. The generation
of genetically encoded fluorescent biosensors described is
expected to continue to expand and provide exciting ne
insights into normal physiological and pathological
processes in neurons.
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