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ABSTRACT

The green fluorescent protein (GFP) is currently being
used for diverse cellular biology approaches, mainly
as a protein tag or to monitor gene expression.
Recently it has been shown that GFP can also be used
to monitor the activation of second messenger path-
ways by the use of fluorescence resonance energy
transfer (FRET) between two different GFP mutants
fused to a Ca 2* sensor. We show here that GFP fusions
can also be used to obtain information on regions
essential for protein function. As FRET requires the
two GFPs to be very close, N- or C-terminal fusion
proteins will not generally produce FRET between two
interacting proteins. In order to increase the probability
of FRET, we decided to study the effect of random
insertion of two GFP mutants into a protein of interest.
We describe here a methodology for random insertion
of GFP into the cAMP-dependent protein kinase
regulatory subunit using a bacterial expression vector.
The selection and analysis of 120 green fluorescent
colonies revealed that the insertions were distributed
throughout the R coding region. 14 R/GFP fusion
proteins were partially purified and characterized for
cAMP binding, fluorescence and ability to inhibit PKA
catalytic activity. This study reveals that GFP insertion
only moderately disturbed the overall folding of the
protein or the proper folding of another domain of the
protein, as tested by CcAMP binding capacity.
Furthermore, three R subunits out of 14, which harbour
a GFP inserted in the cAMP binding site B, inhibit PKA
catalytic subunit in a cAMP-dependent manner. Random
insertion of GFP within the R subunit sets the path to
develop two-component FRET with the C subunit.

INTRODUCTION

of multiple mutants with different fluorescence spectjaThe
green fluorescence of GFP was recently extended to monitor
physiological changes as an indirect or direct measure of enzyme
activities. Thus, constructs have been developed to produce
fusion proteins where two GFPs, a donor and an acceptor with
overlapping absorption and emission spectra, allow to sense
intracellular C&* levels by means of fluorescence resonance
energy transfer (FRET) changeS,6§. The appearance or
disappearance of FRET reflects the distamllebétween the
GFPs since FRETs efficiency decreases as a functih of

PKA is composed of regulatory (R) and catalytic (C) subunits
which associate in an inactive holoenzyme. The R subunit has two
cAMP binding sites named site A and site B, which display different
binding properties towards cAMP)( Upon binding of CAMP to the
R subunit, the holoenzyme dissociates, liberating active C subunits.
PKA thus represents a sensitive indicator of intracellular cAMP
levels. By microinjecting purified mammalian R and C subunits
labelled with two different chemical fluorochromes, PKA was used
to follow changes in intracellular cCAMP concentratinrvivo by
FRET disappearance upon stimulation of smooth muscle and
fibroblast cell lines witlf-adrenergic agonists or prostaglandin E1
(8).

In Dictyostelium PKA is also made of R and C subunits.
However, both subunits display some structural differences with
their mammalian counterparts. The R subunit lacks a dimerization
domain present at the N-terminus of mammalian regulatory
subunits and accordingly, the holoenzyme forms an RC dimer
rather than the usualR, tetramer 9). The C subunit has an
additional domain at its N-terminus whose function begins to be
established1(0,11).

FRET between two different GFPs fused with the R and C
subunits when the subunits are associated within the holoenzyme
would be of obvious interest, both to measnreivo variations
of intracellular cAMP concentrations and to analyse the state of
dissociation of the holoenzyme in various physiological conditions.
However, N- or C-terminus GFP fusions did not bring the GFPs
into close proximity so that FRET can occur. To avoid this

Since it was first cloned in 1992)( the green fluorescent protein problem, we decided to insert GFPs at random inside the coding
(GFP) from the jellyfisiequorea victoridnas been used in many region of the PKA R subunit fronDictyostelium Here we
in vivocell biology approaches to monitor the localization of GFRlescribe the methodology used to produce these random insertions

fused to proteins of interes?)(or promoter activation3j. The

and the analysis of some of the R/GFP fusion proteins. The

versatility of this technique has been enlarged by the productiomodification of the biochemical properties of certain R/GFP
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fusion proteins indicate that such insertions can provide usefahd plasmids were transformed kcoli BL21 (DE3) by

functional mapping information. electroporation.
MATERIALS AND METHODS Functional screening of green fluorescent fusion proteins
Materials Clones producing R/GFP fusion proteins were screened for

fluorescence on agar plates, either directly by eye observation in
The plasmid pRSETb-R was described previotidly. Escherichia  daylight or using an inverted microscope with fluorescein filters.
coli strain BL21 (DE3) was from Stratagene. Restriction and\pproximately 2—5< 1(P colonies were screened, allowing us to
modification enzymes used were from Boehringer Mannheinisolate 120 clones showing pRSETb-R/GFP fusions as seen by
Promega, Pharmacia or Gibco. NTPs and protease inhibitmgstriction mapping using eithEcaRl to verify for the insertion
cocktail were from Boehringer Mannheim. CsCl was fromof GFP or the combination #hd/Sal or Hindlll/ Sal to localize
Sigma. Monoclonal anti-His-tag antibodies were from Qiagerthe approximate site of insertion.
Monoclonal antibodies anti-R111, from cell culture supernatants, In order to identify the GFP insertion sites within the R subunit
were a kind gift of Prof. Gerisch (Max Planck Institut, Martinsried sequence, two primers from the GFP coding regions were designed
Germany).$H]cAMP, the ECL chemioluminescence kit used forand used to sequence in theudd 53 direction from the GFP gene.
western blot detection aRé3-labelled secondary antibody used The primers used were'-6CTGCTGGGATTACACA-3 and
for protein quantification were from Amersham. Western blot'-TAACATCACCATCTAAT-3".
guantification results were analysed using an Instant-lmager
(Packard). Prestained protein molecular weight standards fpfuorescence spectra
SDS—PAGE (high) were from Gibco. The fluorescence microscop: . .
used for screening was an inverse Axiovert 25 (Zeiss) microsco e@e assay was performed at @using variable amounts of total
with BP 450-490 excitation filter, beamsplitter FT510 and BF-€ll Suspensions or partially purified proteins in 50 mM Tris-HClI,
515-565 emission filter (Zeiss). Fluorescence spectra weRé! 7-5- Bandwidths were kept constant at 6 nm. Integration time
obtained with a PTI equipment and data were processed usiY’@s usually 0.2 s. Excitation and emission wavelengths used for
Felix software. Plasmids containing S65T and W7 GFP muta® P S65T were 490 and 510 nm and 450 and 510 nm for GFP W7.

proteins, used as templates for PCR, were kindly provided ba/ ) o ) ]
Dr R.Y.Tsien (University of California, San Diego, CA). artial purification of R/GFP fusion proteins

Cells were grown at 3T until ODgpg 0.3-0.6, induced for
pPRSETb-R/GFP library expression of the fusion protein with the addition of 1 mM IPTG

The methodology used for the construction of the R/GFP Iibra&%?ef%ré?grmgg b;t% ql\_/heéné%mts {ﬁoﬁ 5(;06':15 gllJJ'rtTrceaStI?,\r:re

is similar to that described ). Nicks were first introduced in .0 - in 2 Erench préss in buffer A (50 mM Tris—HCI, pH 7.5
supercoiled pRSETb-R by a controlled DNase | treatment undgfy 1\ Nacl, 0.1 mM DTT) in the presence of protease inhibitor
conditions for nick translation to take place and then submitted cktail. The ’extracts were immediately incubated with 0.5 ml
nuclease S1 digestion before addition of linkers and GFE??—agar.ose resin for 1 h. The resins were then loaded into

fragments. In preliminary assays, supercoiled pRSETb-R plas”l':élumns and washed with 10 vol 5 mM imidazole in buffer A. In
(25pg) was incubated inDNA pol | buffer (Promega) at 18 o 14 strip R subunits from any bound CAMP, the columns were
with 5 pg DNase | in a final volume of %0 In order to evaluate \aqpeq with 5 vol 5 mM cGMP in buffer A at 0.5 mi/, left
the extent of the appearance of nicked circular plasmids, al'quﬂ\g&ernight in the presence of cGMP and then extensively \’Nashed

from different incubation times (0, 15, 30 and 45 min) Wer%?ain with 5 mM imidazole in buffer A to remove cGMP. R/GFP

subjected to electrophoresis on 0.9% agar gels in TAE buffer flqiqn hroteins were eluted using 100 mM imidazole in buffer A

3-5 h at constant voltage (50 V). Incubation times were chos ; ; ; i
50 that 30-50% of the plasmids were nicked. In the preparatisﬂd extensively dialysed against buffer A to remove imidazole.

: : i KIGFP concentration in most of the partially purified samples
experiment, all volumes were increased 25 times and the reactjgi¢ quantified by western blot using anti-R111 monoclonal

mixture was equilibrated at 16 in the presence of 18V of ntibody and25 - o .

. e y ana<J-labelled secondary antibody; an instant imager
each dNTP and 400 U DNA pol I. The reaction was then initiategl, ¢\ sed to measure radioactivity associated with each band. For
by the addition of DNase | and stopped after 15 min with EDTAy,GEp 16 and R/GFP 106, quantification was performed on
(25 mM final concentration). After CsCI gradient centrlfugatlonCOomassie blue stained SDS—PAGE gels. We estimated that this

to purify nicked circular plasmids, incubation times with nucleasg, .o nification was accurate within 30%, which was sufficient for
S1 were also chosen so t80% of the plasmids were linearized. the purpose of the experiments reportéd here

Longer incubation times did not increase substantially the appear-

ance of linearized plasmids, sgggesting 'ghat nuclgase S1was mogmp binding assay

acting on already linear plasmids producing deletions, rather than 6n

nicks. The ends of the linearized plasmids were filled using T4 DNAAMP binding assays were performed using the ammonium
polymerase to produce blunt ends to wHsgzl linkers (gtcgac) sulphate precipitation assay as descriié)l {/ariable amounts of
were ligated. Either S65T or W7 GFB fragments were amplified bacterial extracts or partially purified samples were incubated in a
by 30 cycles of PCR using the primerCECGTCGTCGACATG-  final volume of 100ul containing 50 mM Tris—HCI, pH 6.8,
AGTAAAGGAGAAGAA-3' and 5AGTCGGGTCGACTTTG- 100 mM KCI, 100ug/ml BSA, 1 mM DTT and 50 nM cAMP
TATAGTTCATCCATGCC-3 with 1 min incubations at 95, 45 (45uCi/nmol) unless otherwise indicated. Separation between free
and 74C for melting, annealing and elongation, respectivelyand bound cAMP was performed by filtratioh3) after 2 h
Finally, Sal-digested plasmids and PCR fragments were ligateithcubation on ice (4C). The amount of crude extract or partially
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purified protein used in a given assay was adjusted so that the , | N — N ——
binding was linear with the amount of sample used. For partially g 4 e .
purified proteins, the measured radioactivity was at least 3-fold el

80

above background. For most clones, however, the specific binding  zs F———=———— e

<

measured was between 10 and 20 times background ZJablee &7

specificity of the binding was indicated by the fact that when ==

1 mg/ml BSA and 5AMP (at a concentration ¥Ogreater then 1S = Y
cAMP) were added to the incubation mixture, no difference in A -

cAMP binding was found. Duplicates in a given experiment agreed s e —

within 20%. z

PKA activity assay

Cells were grown at 3T until ODspg 0.3-0.6, induced for
expression of fusion protein by addition of 1 mM IPTG and
further incubated for 4 h at 28. An equivalent of 1 OD of cells
were lysed at 4C in 100ul of HMN (50 mM HEPES, 40 mM
MgCl,, 20 mM NaCl, 0.5% NP-40) in the presence of protease
inhibitors. For the extract of C309 (truncated version of the
Dictyostelium C subunit), DEAE-Sephacel (Pharmacia) was
added and binding was performed &C4for 30 min. After
centrifugation, PKA C was eluted in high salt buffer (HMN with
200 mM KCI) at 4C for 5 min.

PKA activity was measured using the PepdTalit from
Promega with fluorescent peptide LRRASLG (derived from
Kemptide) as a substrate according to the manufacturer’s
instructions. C and R subunits were mixed with or without CAMP.
Enzymatic reactions were carried out at’@0for 45 min.
Phosphorylation by PKA alters the net charge of Kemptide from
+1to -1, so that the phosphorylated peptide can be separated from
the unphosphorylated on buffered agarose gels.

RESULTS AND DISCUSSION

The methodology used for random insertion of GFP is a variation
from that used by Luckowt al (12) to make linker scanning

mutants in the promoter of the chicken lysozyme gene. We
produced nicks in the vector by incubating the PKA R expression
plasmid along with DNase |, DNA pol | and dNTPs under the

conditions where nick translation takes place. Then, anuclease S1  S2F E——

s

treatment at pH 5.7 was used to linearize the plasmid at the 3s

32 T

position of the nicksSal linkers were inserted and the plasmids Ao m——

were cut before cloning either S65T or W7 GFP mutants therein. 3% o —

After transforming BL21 (DE3E.caoli cells, green colonies were e ——— ——————
identified directly on agar plates and isolated. GFP insertion was 1335 — =
verified by Sal digestion of the purified plasmids. Using [ S— e e
Xha/Sal and Hindlll/Sal digestions, we determined the 1= — e —
approximate site of insertion of the GFP within plasmid aok :

pRSETb-R. About 50% of the plasmids showed GFP inserted . e ——
outside of the R coding sequence, possibly due to the expression 200 *o0 °0° se o
of GFP/AmpR fusion proteins. These clones were not further Nucleotide number in R sequence
characterized.
One hundred and twenty clones with GFP inserted within théighure 1. L;Jtt:;lgc\ t;; tsTgliS;PRigi%ﬁir?i? zlrt]is&vlg tF:fl;E Sfigzir?no?liihsgmgz e

R subunit COding region were isolated. As shown in Fig'ure Sceiz]cis%bstrate region (PS) and the cAMP binding sites A and B. For the sake
insertions occurred thr_othOUt the R C(_)dlng Sequence’ md'_cat' simplicity, the N-tgermingal z-iis tag and enterokingase recognition sequence
that the methodology indeed resulted in the random insertion @fom plasmid pRSET-B (Invitrogen) are not showB) (To calculate the
nicks. Since the colonies were selected on the basis of their grepssition of the GFP insertion site, purified plasmids were digested with
fluorescence, we expected GFP to be fused in-frame with the gﬁngg]tzt(ijogs fg/tﬁzoaﬁgzglceﬁ':;rgnﬁggﬁwﬁg Eagﬂ ﬁse?"THri]f;d“gsiétlig?] of the

. ; A X b ]
COdIng sequence in all of the 120 clones shown in F[guﬂals in pertion sitei were ?hen calculatedpbased on the size of the banrc)ls. The error on
does not predUde that the sequence of the R subunit locat P insertion site was mostly found to be <50 bp. One hundred and seven
downstream of the GFP would be out of frame, due to smalhdividual RIGFP clones are represented:; a black box comprising 40 nt shows
deletions that could have occurred during the nuclease S1 digestidire approximate GFP insertion site on each R/GFP clone.
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kDa site of insertion as well as the extent of the deletion is shown in
103= Figure3 for 13 representative clones. We found that the extent of
67.5= —_— - . — nucleotide deletions was low, varying in >80% of the cases
“s- e —— s (19/23) between 0 and 14 bp; in the remaining clones, deletions
- varied from 18 to 39 bp. Ten out of the 23 deletions contained only
29.1— A/T nucleotides, corresponding, in total, to 78% of deleted
188 nucleotides. The fact that in three clones GFP insertions took

place within an exceptional 20 bp stretch of DNA composed of
only A/T nucleotides, further indicated a bias for AT-rich
Clone sequences, which cannot be explained solely by the A/T richness
. . 0 - -
Figure 2. Western blot analysis of R/GFP green fluorescent clones. ExtractsOf tthr:Cty0§tellunRIzeguelfl(r:]e (%8 % A/Tr)] Pa}rtll(al SelelctIYIty for
from 14 representative clones were separated by 12% SDS-PAGE. R/GFA/T'“C regions cou e either due to the nic 'grans ation or to
fusion proteins were recognized by western blot with anti-His-tag antibodiesthe nuclease S1 treatment. The small deletions were most
Clones with bands at 70—75 kDa were selected as potential in-frame constructprobably due to nuclease S1 digestion.
The molecular weight markers are shown at the left side. The number on top A drawback that we encountered after the Screening step was
of each lane refers to the corresponding R/GFP clone. s . - .
due to the fact that some of the initially isolated colonies might
. .}*have contained more than one plasmid. In addition, the extreme
In order to screen for clones where GFP was fused in-frame wity " =, ' X
agnsmwty of the GFP detection could have led to the selection of

the complete R subunit, we performed western biots on extra cOlonies where GFP could have been expressed in small amounts
from the 120 clones. Figugeshows the analysis of a representative : . ; 1 €xp :
en if not in-frame with the R subunit. Thus, retransformation of

?}321 e:llir?ésdg?zivgj :ci\é?:rl]e%rﬁggsagngggg7%”?#3 |e?s§ -Il;rI]DI /GFP purified plasmids into BL21 (DE3) cells and reselection of
approximately the size expected for a fusion between R and GEPIe green clones were performed to avoid the carry-over of
(68 kDa). Typical examples of these are clones 28, 33, 37, 59, 89 quted plasmids and to eliminate cIongs not expressing fusion
101. Clones 58 and 91, although apparently also belonging to tipEoteins. However, two clones.escaped thls screen and were found
group, were later found to encode truncated proteins at thdf fluoresce, al_though sequencing determlned the presence of a GFP
C-terminus (below). Anti-R subunit antibodies were also used witRUt of frame without a Met start codon in the proper reading frame.
similar results in most of the cases. Occasionally, however, twoVVe then asked whether the site of insertion could have an
different bands were observed when using either anti-His-tag tluence on the spectroscopic properties of the GFP. For this,
anti-R antibodies. This could be due to colony contaminatiof?oth absorption and emission fluorescence spectra were recorded
degradation or to the presence of mixed plasmids in the origind$ing bacterial cell suspensions of the 14 clones represented in
green fluorescent colony. A typical example is clone 20 for whicfrigure2. As shown in Figurd, in all but one clone, absorption
anti-R antibodies revealed a band of 75 kDa indicating a full-leng#@nd emission spectra superimposed with those of GFP S65T and
fusion protein (not shown), while a 40 kDa band was more stronglgFP W7. In clone R/GFP W7-33, however, the emission
detected with anti-His-tag antibody (F2). spectrum was slightlyrL0%) but significantly modified, showing

To determine the exact location of the GFP insertion, as well asmore intense peak at 503 nm than in the W7 GFP control,
the extent of deletions produced by the random insertion, wedicating a possible influence of this insertion site on GFP
sequenced 23 clones selected from the western blot analysis. ineperties. (R/GFP fusion protein clones are either named by the

E 16 20 26 28 33 34 35 37 B8 59 89 91 101 106

Clone

101 3"gca aca gaa AAA GTA GAA gca caa aat™>’

20 5%2°caa aat aat AATAATAtt aca cga aaa™’®

28 139 att cca aaa ACAGTA GAGACACAACAA nd

37 199ttt agt cat TTA GAA GAG GAG GAAAGA AAC gtt gta ttt tta ?*?

59 205-cat TTA GAA GAG GAG GAA AGA AACGTTGTA TTT TTA GCAATG gtt gaa 2°2
106 352 aat ggt ggt * tcc cca act™37!

34 % tat aga cgt ATATTAATG GAT CAAACAATT Aaa aag >2®
35 493-tat aga cgt ATA TTA Atg gat caa >l®

26 592-ata tta atg Gat caa aca att aaa aag aga >t
89 51%-caa aca att AAA AAG aga aaa tta>3’

33 78%4-gaa att gca TTA ctt act gat aga ®%’

91 8%-gat caa atg CTT CGT CGT AAT Atg gaa act %%

58 96-atg gaa act TAt aat caa ttt ?3®

Figure 3. Determination of the GFP insertion site by sequencing. The insertion sites of 13 representative clones (named by theeR@G#Bectoon the left) were
ordered by the location of the insertion site. To indicate the position of the insertion site, base pair numbers sureodetiitigrth are indicated as superscripts.
Bold upper case characters indicate nucleotides which were deleted upon insertion of GFP. In all clones GFP is in cgrfentneadih the R-subunit. In clones

106, 34, 35, 26, 91 and 58, GFP insertion results in a frameshift, leading to stop codons at variable distances downstre&ffofine asterisk in clone 106
indicates a position where an adenine base was added after theSsdgesttiction site. nd indicates that for this clone, the extent of deletion has not been determined.
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Figure 4. Fluorescence spectra of RIGFPs. Excitat®hand emissionR) spectra were determined for GFP S65T, GFP W7 and for 15 different R/IGFP clones
containing either S65T or W7 GFP. The fluorescence of bacteria in suspension was recorded. In most cases, autofluonesghgibewBlsiorescence intensity

was normalized so that the highest intensity peaks corresponded to 100%. R/GFP clones shown are: S65T-12, S65T-16, WB@bT\2g,-267-33, W7-34,
S65T-35, S65T-37, S65T-58, W7-59, W7-89, W7-91, S65T-101, S65T-106.

clone number alone or by the name of GFP inserted followed [yablesl and 2 for two representative subsets of these clones. The
the clone number in cases where specification of the type of GERMP binding values were normalized to similar protein
is important, as for example, W7-33). cAMP addition wasoncentrations after estimation of the latter by semi-quantitative
without effect on the fluorescent properties of any of the clonesestern blots as described in Materials and Methods. Purified
tested. As for fluorescence intensity, RIGFP S65T was in generatombinant R subunifi() was used as control and its cCAMP
found to have a stronger fluorescence than R/GFP W7. When Wgihding set at 100%.
was replaced by S65T in several R/GFP clone§baf0 times Table1 shows the results obtained from clones in which the
higher fluorescence intensity was observed in cell suspensiorsertion of GFP resulted in a frameshift producing C-terminal
(data not shown). As gquantum yields of GFPs S65T and W7 adeletions in the R subunit. Fusion proteins 16 and 106 showed
very similar @), this result suggests that GFP W7 has additionalery little or no cAMP binding, in accordance with the fact that
folding constraints or is less stable when present as a fusitireir R subunit is deleted upstream from or within the cAMP
protein. On the other hand, no clear correlation could bkinding site A (FiglA gives a schematic representation of the R
established between the fluorescence intensity and insertion sgabunit). A second group, represented by clones 34, 35 and 26
These variations possibly resulted from the sensitivity of GFP twith a full cCAMP binding site A and a completely deleted site B,
proper folding dependent on time and temperature. showed little variation in cAMP binding, as compared with the
We then studied the effect of GFP insertion on the cAMRvild-type R subunit. Indeed, it should be noted that our method
binding activity of the fusion proteins. In a first step, CAMPto measure protein concentration does not allow a determination
binding assays were performed using crude cell extracts from 98th >30% accuracy.
different R/IGFP clones expressing R/GFP fusion proteins. Fifty In order to correlate the biochemical properties of the fusion
seven out of 93 clones had significant cCAMP binding (not shownjroteins with the insertion site of GFP, we built a three-dimensional
At this point it should be noted th&b5% of the clones had model of the two cAMP binding sitesBfctyosteliumR subunit,
C-terminal deletions due to frameshifts (above). For this reasdmased on the known structure of the mouse homologue protein
the lack of cAMP binding in the remaining 36 clones would nof14). The GFP insertion sites, corresponding to the 11 sequenced
only be due to a conformational effect of GFP insertion into thelones comprised in the model, are shown in Fiuirterestingly,
cAMP binding site, but also to the deletion of the correspondinigighest binding was observed in clones 34, 35 and 26 in the
cAMP binding sites. Considering this, we estimated that only 1dbsence of Tyr197 (the homologue to Trp260 in mouse sequence)
clones had lost cAMP binding as a consequence of GFP insertiavhich docks the adenine ring of cCAMP bound to site A. This is
We next performed a more precise cAMP binding charactesimilar to the results obtained using a truncated form of bovine RI
ization on 14 clones already presented in Figufer which the  subunit, in which domain B was deleteicby, A mutant at this
insertion site sequence had been characterized. The R/GFP fugiosition was identified to be a dominant inhibitor of PKA by
proteins were partially purified on Ni—agarose columns agenetic mapping in Rl of S49 mouse lymphoma cell6).
described in Materials and Methods. In all cases, SDS—PAGHtogether, our results support the model where an aromatic
showed a prominent band corresponding to the fusion proteiasidue at this position is not necessary for the binding of cAMP
which was 10-90% pure, depending on the clone considered (itotsite A. The dominant inhibitor phenotype of this mutant could
shown). The results of the cAMP binding assays are shown iather be explained if this residue had an important participation
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Table 1.cAMP binding of partially purified R/GFP truncated fusion proteins

Clone |'Insertion 'Insertion MW cAMP Binding

site (nt) site (aa) (kDa) (%)

R - - 40 100

16 93 31 38 0

106 360 120 44 0.13

34 501 167 48 74

35 501 167 48 87

26 510 170 50 130

91 903 301 64 27

58 924 308 67 4

1The insertion site is characterized by the last nucleotide or amino acid present before the deletion.
2Approximate molecular weights were estimated from western blots. Note that the estimated molecular
weight of the R/GFP full-length protein is 68 kDa.

3R is the pure recombinaBictyosteliumR subunit.

4Scheme of the R subunit fraBictyosteliumand R/GFP fusion proteins. GFP insertion is represented by an
oval (not to scale).

Table 2.cAMP binding of partially purified in-frame R/GFP fusion proteins

Clone |'Insertion 'Insertion 'MW cAMP Binding
site (nt) site (aa) (kDa) (%) 5
R - - 40 100 e s 3 7% = NN ANN |
101 42 14 73 10 —— 2 NN
20 60 20 75 3.0
28 147 49 70 1.3
59 207 69 70 1
37 228 76 75 2.3
89 522 174 70 2.5
33 792 264 70 15

1The insertion site is characterized by the last nucleotide or amino acid present before the deletion.

2R is the pure recombinaBictyosteliumR subunit.

3Site of insertion only partially mapped, but the fusion protein has the expected size of 70 kDa.
4Approximate molecular weights were estimated from western blots.

5Scheme of the R subunit frobictyosteliumand R/GFP fusion proteins. GFP insertion is represented by an
oval (not to scale).

in the conformational response of the protein to cAMP bindingp 40% of the subunits binding one molecule of cAMP. Thus, the
as previously suggestet4). 2.3 times increase obtained in clones 34 and 35 resulted in a total
The full-length fusion proteins (Tab® showed, overall, a occupancy of the cAMP binding site. A similar increase was also
lower cAMP binding than purified R or truncated fusion protein®bserved for complete R/GFP fusion clones 101, 28, 89 and 33,
shown in Tablel, possibly linked to folding difficulties of such although in these cases, only a fraction of the molecules were
multidomain fusion proteins. Insertion of GFP within site Abinding cAMP, possibly indicating a lower affinity than the
(clones 28, 59 and 37) significantly lowered cAMP binding agrevious group. In contrast, clones 20, 59 and 37 increased cAMP
compared with clones 101 and 33, indicating a preferenti&inding from five to 10 times when incubated at 500 nM cAMP
binding of cCAMP to site A. Due to the use of 50 nM cAMP weas compared with 50 nM cAMP, indicating that the insertion of
measured only high affinity binding. Thus these results indicat8FP resulted in a decrease of the affinity for cCAMP. Extreme
that, like in the mouse, the high affinity binding site of the PKAcases from this last group were clones 20 and 59, which presented
R from Dictyosteliumis site A, which is in accordance with the a quasi-linear increase in binding up to the maximum concentration
high sequence conservation between mous®atgostelium tested (800 nM cAMP). As a whole, these results provided
We did not attempt to determine preciselyKlaeof CAMP for  evidence that the lower values of cAMP binding observed in a
each of the isolated clones. Rather, we compared cAMP bindimgmber of R/GFP fusion proteins could at least in part be due to
at two cAMP concentrations, 50 and 500 nM. No or little increaslewer affinities for CAMP.
in CAMP binding under these two conditions would indicate that We also verified that both cCAMP binding and green fluorescence
the binding sites were already close to saturation at 50 nM cAMRere carried by the same polypeptide since green fluorescence was
The binding to truncated R/GFP fusions harbouring a functionaétained on cAMP—agarose and eluted with cAMP (not shown).
site A (clones 34, 35 and 58 in Talijeincreased no more than This eliminates the possibility that in a given extract, subpopulations
2.3 times, indicating a high affinity binding. It should be notedf proteins with well-folded GFP but not having a functional R
that the control R binding (100% in Tablesnd 2) corresponded  subunit would co-exist with others displaying cAMP binding but not
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further implicates a role for this region in the interaction between
R and C subunits. These results indicate that random insertion of
GFP can complement more thorough functional mapping.

GFP fusions at either ends of the R and C subunits from
mammals obictyosteliumhave previously been performed, but
no FRET could be measured (A.Kuspa and T.Pozzan, personal
communication). Even though fully in-frame GFP insertion did
not result in the isolation of R/GFP fusions having both high
fluorescence and high affinity for cAMP, the progressive
C-terminal deletions presented here offer a chance to place GFP
in closer proximity to another mutant GFP on the C subunit. This
process may provide a route to finally obtain intermolecular
FRET in a two-component system. The knowledge that GFP can
be randomly inserted while maintaining significant cAMP
binding by the R subunit, indicates that this type of approach
should also be possible for the C subunit. Furthermore, the
methodology presented herein could widen the spectrum of
approaches used to isolate partners for FRET and could further be
applied to proteins for which a crystal structure is not yet available.
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