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Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), the anion channel
mutated in cystic fibrosis (CF) patients, is activated by the catalytic subunit of protein
kinase A (PKA-C). PKA-C activates CFTR both noncatalytically, through binding, and
catalytically, through phosphorylation of multiple serines in CFTR’s regulatory (R)
domain. Here, we identify key molecular determinants of the CFTR/PKA-C interaction
essential for these processes. By comparing CFTR current activation in the presence
of ATP or an ATP analog unsuitable for phosphotransfer, as well as pseudosubstrate
peptides of various lengths, we identify two distinct specific regions of the PKA-C sur-
face which interact with CFTR to cause noncatalytic and catalytic CFTR stimulation,
respectively. Whereas the “substrate site” mediates CFTR phosphorylation, a distinct
hydrophobic patch (the “docking site”) is responsible for noncatalytic CFTR activa-
tion, achieved by stabilizing the R domain in a “released” conformation permissive to
channel gating. Furthermore, by comparing PKA-C variants with different posttrans-
lational modification patterns, we find that direct membrane tethering of the kinase
through its N-terminal myristoyl group is an unappreciated fundamental requirement
for CFTR activation: PKA-C demyristoylation abolishes noncatalytic, and profoundly
slows catalytic, CFTR stimulation. For the F508del CFTR mutant, present in ~90%
of CF patients, maximal activation by demyristoylated PKA-C is reduced by ~10-fold
compared to that by myristoylated PKA-C. Finally, in bacterial genera that contain com-
mon CF pathogens, we identify virulence factors that demyristoylate PKA-C in vitro,
raising the possibility that during recurrent bacterial infections in CF patients, PKA-C
demyristoylation may contribute to the exacerbation of lung disease.
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The devastating disease cystic fibrosis (CF) is caused by mutations of the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR), an anion channel expressed in the
epithelia of the lung, the pancreas, and the gut, and regulated through phosphorylation
by cAMP-dependent protein kinase (protein kinase A, PKA). Defects in the regulation
of CFTR by PKA contribute to multiple disease pathologies. On the one hand, CFTR
hyperstimulation by sustained PKA activity in the intestinal or renal epithelium, respec-
tively, underlies excessive intestinal fluid loss in cholera and other secretory diarrheas (1),
as well as progressive renal cyst growth in autosomal dominant polycystic kidney disease
(ADPKD) (2). Clinical trials targeting the PKA pathway proved beneficial for the treat-
ment of ADPKD (3). On the other hand, profoundly impaired phosphorylation by PKA
exacerbates the consequences of protein processing/channel gating defects caused by the
most common CF-associated CFTR mutations AF508 (4) and G551D (5). Moreover,
although for most CF patients a combination of corrector (to stimulate CFTR protein
processing) and potentiator drugs (to stimulate CFTR channel gating) provides significant
symptomatic improvement (6), the potentiating effect of the only FDA-approved poten-
tiator VX-770 is entirely dependent on CFTR channel phosphorylation (7). Pulmonary
exacerbations, caused by recurrent lung infections, remain an important challenge in CF
care: despite effective pharmacotherapy, for a large fraction of patients, eventual bacterial
colonization of the lung by Pseudomonas aeruginosa or other pathogenic strains can still
not be prevented (8).

CFTR is an ATP Binding Cassette (ABC) protein with an anion-selective pore formed by
two transmembrane domains (TMD1, 2; Fig. 14, gray) and gated by an ATP hydrolysis cycle
at two cytosolic nucleotide binding domains (NBD1, 2; Fig. 14, blue and green) (9). Formation
of a tight NBD1-NBD2 dimer upon ATP binding opens the pore (10), and disruption of the
tight dimer following ATP hydrolysis closes it (11, 12). The two ABC-typical halves of CFTR
are linked by a unique cytosolic regulatory (R) domain (Fig. 14, red ribbon) which inhibits
channel opening unless it is phosphorylated at multiple serines by PKA (13, 14).
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Significance

The CFTR anion channel
mediates salt-water transport
across epithelia and is activated
by a kinase (PKA-C). Reduced
activity of mutant CFTR causes
cystic fibrosis (CF), and CFTR
hyperstimulation by sustained
PKA-C activity causes diarrhea.
PKA-C activates CFTR
noncatalytically, through binding,
and catalytically, by
phosphorylating the channel.
We uncover important structural
requirements for these two
processes. First, two distinct
PKA-C surface areas mediate
noncatalytic and catalytic CFTR
activation. Second, membrane
anchoring of PKA-C through a
covalently linked fatty (myristic)
acid is required for both effects.
We identify bacterial enzymes
that cleave the myristic acid from
PKA-C, thereby greatly reducing
activation of mutant CFTR
channels. That process might
worsen disease symptoms in CF
patients during lung infections.
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Fig. 1. Distinct regions of the PKA-C substrate binding cleft mediate noncatalytic and catalytic CFTR activation. (A) Cartoon representation of the kinetic scheme
that describes CFTR channel activation. NBD1, blue; NBD2, green; TMD1 and TMD2, gray; R domain, red ribbon; phosphate groups, red circles, P; membrane,
yellow; PKA-C, orange. States 1 to 6 represent only the possible states of the R domain: in states 2 to 5, ATP binding may induce NBD dimerization coupled to
pore opening (not depicted). (B) Surface representations of PKA-C crystal structures with bound (Left, PDBID: 4022) peptide substrate (SP20) or (Right, PDBID:
2GFC) inhibitor (PKI(5-24), only residues 6-22 shown). PKA-C, orange; SP20, blue; PKI residues 6-13, dark purple, PKl residues 14-22, light purple; target serine in
SP20 and corresponding alanine in PKI, red. (C) Estimated k., (s™") for bPKA-C without PKI peptides, with 0.2 pM PKI(6-22)amide, or with 10 pM PKI(14-22)amide,
calculated from the data in D-F. (D-F) (Bottom) Time courses of kemptide phosphorylation resolved on TLC sheets. 5 nM bPKA-C without PKI (D), with 0.2 pM
PKI(6-22)amide (E), or with 10 pM PKI(14-22)amide (F) were incubated with 20 pM TAMRA-kemptide + 200 pM MgATP for the indicated amounts of time at room
temperature. Upper row of spots, dephospho-peptide; lower row of spots, phospho-peptide. (Top) Densitometric analysis of the TLC sheets. Yellow and orange
columns plot fractional densities of the spots corresponding to the dephospho- and phospho-peptide, respectively. Data in C-F represent mean + SEM, n = 3.
(G-K) Macroscopic currents through inside-out patches excised from Xenopus laevis oocytes injected with cRNA for WT CFTR. Channels are activated by repeated
exposures to 300 nM bPKA-C (red bars) in the presence of either 2 mM ATP (G-/; light gray bars) or 10 pM P-ATP (/-K; dark gray bars), with or without PKI(6-22)amide
(H and; dark purple bars) or PKI(14-22)amide (/ and K; light purple bars). Colored numbers indicate PKI concentrations in pM. Membrane voltage was —40 mV. (L-P)
Steady-state currents in the sequential segments of the experiment in the panel above, normalized to that in the presence of ATP+bPKA-C or P-ATP+bPKA-C
[red column (L; 2nd red column)]. In L-N, the ratios of the two gray columns marked by the double arrows report fractional CFTR phosphorylation after 1 min in
300 nM bPKA-C without PKI peptides (L), with 5 pM PKI(6-22)amide (M), or with 20 uM PKI(14-22)amide (N). Horizontal gray lines in L-N mark the quasi-maximal
fractional contribution of the irreversible current component, reached after 3 min in 300 nM bPKA-C. Data in L-P represent mean + SEM, n=7to 11 (L-0), n =4 (P).
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Because in living cells, CFTR’s NBDs are continuously exposed
to a saturating ATP concentration, physiological regulation of
CFTR activity is realized through R-domain phosphorylation
which tightly links the rate of transepithelial anion transport to
cytosolic cAMP levels. The PKA holoenzyme consists of two reg-
ulatory (R) and two catalytic (C) subunits. Binding to an R subunit
keeps the C subunit inactive. When cellular cAMP levels rise, the
R subunits bind cAMP and release the C subunits (PKA-C) in free
active form, allowing them to bind and phosphorylate their targets
(15). PKA-C is a small (~350 a.a.) soluble protein that is subject
to several posttranslational modifications. It is cotranslationally
myristoylated at its N terminus (16) and autophosphorylated at
several positions (17).

Despite its prime importance in physiology and disease, little
is known about the molecular details of the CFTR/PKA-C inter-
action. The CFTR R domain is largely unstructured (18) and may
adopt two major conformations that are at equilibrium with each
other. In its “wedged-in” form, it is intercalated between the two
NBDs preventing NBD dimerization and pore opening [(19, 20);
Fig. 14, states 1 and 6]; in its “released” form [(21, 22); Fig. 14,
states 2 to 5], it allows NBD dimerization and pore opening in
response to ATP binding. Whereas for the unphosphorylated R
domain, the equilibrium is heavily biased toward wedged-in (state
1 vs. 2), for the phosphorylated R domain, it is shifted toward
released (state 5 vs. 6). Thus, phosphorylation causes “irreversible”
CFTR stimulation, terminated only through the action of phos-
phatases. In addition, simple binding of PKA-C to CFTR can also
keep the R domain released, causing additional, “rapidly reversi-
ble” stimulation for both unphosphorylated and phosphorylated
CFTR [(23); Fig. 14, states 3 and 4]. However, the structural
interactions that underlie activation of CFTR by PKA-C are
unknown. In the present study, we identify key molecular deter-
minants of the CFTR/PKA-C interaction required for noncata-
lytic and catalytic CFTR stimulation, respectively.

Results

Two Distinct Regions of the PKA-C Substrate Binding Cleft Mediate
Noncatalytic and Catalytic CFTR Stimulation. Noncatalytic
activation of CFTR by PKA-C binding must reflect stabilization of
areleased R domain conformation through an interaction between
CFTR and PKA-C, but which region of the kinase is involved in this
process is unknown. One possibility is that PKA-C uses its substrate
binding site to directly “grab” a substrate loop of the R domain.
Alternatively, interactions between other parts of the channel and
the kinase may promote R-domain release. To differentiate between
these possibilities, we studied how noncatalytic and catalytic CFTR
current activation is affected by two versions of the PKA inhibitory
peptide (PKI), a shorter and a longer segment of the heat-stable
protein inhibitor of PKA-C (24). PKI peptides are pseudosubstrates
that bind into the PKA-C substrate binding cleft (compare Fig. 1 B
Leftvs. Right), but in which the target serine is replaced by an alanine
(Fig. 1B, red). In the 17-mer PKI(6-22)amide, the pseudosubstrate
streech (Fig. 1 B, Right, light purple) is preceded by an amphipathic
a-helix (dark purple); lack of that helix in the shorter PKI(14-22)
amide is reflected by its lower affinity for PKA-C (K| ~36 nM vs.
~1.7 nM (25)).

To test competitive inhibition by PKI peptides, we purified
bovine PKA-C (bPKA-C) from beef heart [(26); Materials and
Methods; SI Appendix, Fig. S1 A and C) and assessed block of
phosphorylation by bPKA-C of the fluorescently labeled soluble
peptide substrate TAMRA-kemptide (27). Kemptide phospho-
rylation is reported by a decrease in mobility on thin layer chro-
matography (TLC) sheets (23) (Fig. 1 D-F, Bottom), allowing
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reconstruction of phosphorylation time courses by densitometry
(Fig. 1 D-F, 1op). In control experiments using 5 nM bPKA-C
and 20 pM TAMRA-kemptide, ~50% of the substrate (i.e., ~10
uM) was phosphorylated in <3 min (Fig. 1D), yielding a k,, esti-
mate of ~12 57! (Fig. 1C, red bar). In rough agreement with the
reported K; values and the K; of TAMRA-kemptide [~2 pM (27)],
application of 0.2 pM PKI(6-22)amide (Fig. 1£) or 10 pM
PKI(14-22)amide (Fig. 1F) slowed phosphorylation time courses
by seven- to eightfold (Fig. 1C, striped bars). (See calculation of
expected fractional inhibition in Materials and Methods.)

Exposure of inside-out macropatches containing wild-type
(WT) CFTR channels to 2 mM ATP + 300 nM bPKA-C (Fig. 1G,
gray and red bars) causes both reversible and irreversible CFTR
current activation. The irreversible component which survives
bPKA-C removal (Fig. 1G; Fig. 1L, gray bars) reports the effect
on channel gating of phosphorylation per se and develops over
the time course of tens of seconds. Applying bPKA-C first for 1
min, and then for additional 3 min to reach full phosphorylation
(Fig. 1G), reveals that the irreversible component reaches ~70%
of its final value already after 1 min in bPKA-C (Fig. 1L, compare
gray bars identified by double arrow), whereas the rapidly reversible
component roughly doubles the open probability of phosphoryl-
ated channels (Fig. 1L, red bars). Coapplication of 5 pM
PKI(6-22)amide during the first 1-min exposure to bPKA-C
(Fig. 1H; 1st purple bar) abolished current activation, reporting
complete inhibition of channel phosphorylation (Fig. 1M, com-
pare arrowed gray bars). Moreover, reversible stimulation of phos-
phorylated channels by reapplied bPKA-C (Fig. 1H; 3rd red bar)
was also entirely blocked by coapplied PKI(6-22)amide (Fig. 1H;
2nd purple bar; Fig. 1M, striped vs. red bar). When 20 pM
PKI(14-22)amide was coapplied during the first 1-min bPKA-C
exposure (Fig. 17, 1st light purple bar) irreversible current activa-
tion was also greatly reduced, reaching only ~8% of its final value
(Fig. 1N, compare arrowed gray bars). However, in stark contrast
to the action of the longer PKI, the shorter peptide failed to sup-
press rapid reversible stimulation of phosphorylated channels by
reapplied bPKA-C (Fig. 17; 3rd red bar; Fig. 1N, striped vs. red
bar). A systematic screening of PKI peptides with the N terminus
incrementally extended from position 14 to 6 further narrowed
down the region which blocks reversible CFTR activation to PKI
residues 6-9 (SI Appendix, Fig. S2).

Pure noncatalytic activation of unphosphorylated channels by
bPKA-C can be studied in the presence of 10 pM N°-(2-phenylethyl)-
ATP (P-ATP; Fig. 1 J and K, dark gray bars), an ATP analog that
opens CFTR channels with high affinity but cannot be used by
PKA-C for phosphotransfer (23). The strong reversible stimulation
of unphosphorylated channels by bPKA-C in P-ATP was also largely
prevented by 5 pM PKI(6-22)amide (Fig. 1/, purple bar; Fig. 10,
striped vs. red bar), whereas it was unaffected by PKI(14-22)amide
even at a concentration as high as 100 pM (Fig. 1K, light purple bar;
Fig. 1P, stripedvs. red bar). Thus, the specific subregion of the PKA-C
substrate cleft which accommodates the N-terminal helix (residues
6-13) of PKI(6-22)amide (Fig. 1B, dark purple) is responsible for
rapid noncatalytic stimulation of both unphosphorylated and
phosphorylated CFTR (Fig. 14, states 3 and 4).

PKA-C Posttranslational Modification Pattern Profoundly Affects
Efficiency of CFTR Stimulation. To facilitate structure/function
studies of the CFTR/PKA-C interaction, the bovine PKA-C protein
was expressed in Escherichia coli and affinity-purified to homogeneity
(ST Appendix, Fig. S1 Band C). Although the amino acid sequence of this
recombinant PKA-C (rPKA-C) is identical to that of native bPKA-C,
their posttranslational modification patterns are different (28). We
therefore first compared their catalytic activities on TAMRA-kemptide
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Fig. 2. Recombinant PKA-C is fully active on a soluble substrate, but poorly activates CFTR. (A and B) Time courses of kemptide phosphorylation resolved on
TLC sheets (Bottom) and densitometric analysis (Top) for rPKA-C (A) or bPKA-C (B). Conditions and color coding as in Fig. 1 D-F. (C) Calculated k., (s™') for rPKA-C
(blue) and bPKA-C (red). Data in A-C represent mean + SEM, n = 3. (D) Macroscopic WT CFTR current activated by repeated exposures to 300 nM rPKA-C (blue bars)
or bPKA-C (red bars) in the presence of either 10 uM P-ATP (dark gray bar) or 2 mM ATP (light gray bar). (E) Steady-state currents in the sequential segments of
the experiment in D, normalized to that in the presence of ATP+bPKA-C (2nd red column). Data represent mean + SEM, n =5 to 6. (F) Macroscopic current from
AF508 CFTR channels activated by 300 nM rPKA-C (blue bar) or bPKA-C (red bar) in 2 mM ATP (gray bar). (G) Steady-state currents in the sequential segments of
the experiment in panel F, normalized to that in the presence of ATP+bPKA-C. (H and /) Data analogous to those in panels Fand G, but for G551D CFTR channels.
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VX-770 (purple bar). (K) Steady-state currents in the sequential segments of the experiment in panel J, normalized to that in the presence of ATP+bPKA-C + VX-
770. (L and M) Data analogous to those in panels / and K, but for G551D CFTR channels. Data in G, /, K, and M represent mean + SEM, n =4 to 6.
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of P-ATP, 300 nM rPKA-C failed to reversibly activate unphos-
phorylated CFTR (Fig. 2 D and E, left, blue bars). In the presence
of ATP (Fig. 2 D, Right), CFTR current activation by rPKA-C
was greatly slowed compared to that by bPKA-C (cf., Fig. 1G),
and the maximal current achieved after ~5 min was less than half
of that evoked by subsequent exposure to 300 nM bPKA-C (Fig. 2
D and E, Right, blue vs. red bar). That smaller maximal current
was in part due to a complete lack of reversible stimulation of
phosphorylated channels by rPKA-C, as evidenced by a lack of
current decline following its removal (Fig. 2 E, Right, 2nd vs. 3rd
bar). In addition, the steady current that survived rPKA-C removal
was significantly (P = 0.012) smaller than the current following a
subsequent exposure to bPKA-C (Fig. 2 E, Right, 3rd vs. 5th bar),
suggesting that CFTR channels are phosphorylated by rPKA-C
not only far slower but also to a somewhat lower final stoichiom-
etry. Similar results were obtained when comparing PKA-C pro-
teins from various commercial sources: whereas native preparations
[Sigma-Aldrich P2645 (23) and 539576 (SI Appendix, Fig. S3 A
and C)] functionally resembled our bPKA-C, recombinant prod-
ucts (Promega V5161) recapitulated our findings on rPKA-C
(SI Appendix, Fig. S3 B and C). These results suggest that the
CFTR/PKA-C interaction is highly sensitive to some posttrans-
lational modification of PKA-C.

Because PKA-C posttranslational modification patterns might
dynamically change in vivo, differential efficacies of different PKA-C
isoforms might bear relevance to CF disease. We therefore compared
the efficacies of rPKA-C and bPKA-C for activation of CFTR chan-
nels bearing the AF508 or G551D mutation. Interestingly, rPKA-C
was even less efficient in activating currents for the disease mutants.
Compared to bPKA-C, maximal current activated by rPKA-C was
only ~10% and 40%, respectively, for AF508 and G551D CFTR
(Fig. 2 Fand H; Fig. 2 G and 1, blue vs. red bars).

An increasing number of CF patients worldwide receive treat-
ment with the potentiator VX-770, administered alone or in com-
bination with corrector drugs. As CFTR gating stimulation by
VX-770 requires prior phosphorylation of CFTR (7), and rPKA-C
might fail to fully phosphorylate mutant CFTR channels (Fig. 2
F-I), we compared the efficacies of rPKA-C and bPKA-C for chan-
nel activation in the presence of the drug (Fig. 2 / and L). As
expected, unphosphorylated channels were only marginally stimu-
lated by 10 nM VX-770 (Fig. 2 Kand M; 2nd bar), a quasi-saturating
concentration of the drug [ECs~1.5 nM, (29)]. In addition, even
in the presence of the drug, for both mutants, steady-state activation
by rPKA-C was substantially reduced compared to that by bPKA-C
(Fig. 2 K'and M, compare 37d and 4th bars).

Enzymatic Demyristoylation of Bovine PKA-C Diminishes
Noncatalytic and Catalytic CFTR Activation. One documented
structural difference between the two PKA-C isoforms is that
native bPKA-C is N-myristoylated (16), whereas rPKA-C is not
(30). To address whether the PKA-C N-myristoyl group is essential
for a fruitful CFTR/PKA-C interaction, we took advantage of
the Invasion plasmid antigen ] (IpaJ) protein, a cysteine-protease
injected by Shigella flexneri into the cytosol of infected cells. When
expressed in vitro, the Ipa] catalytic core domain (residues 51—
259) nonspecifically demyristoylates a large number of proteins,
including PKA-C, by cleaving the peptide bond following the
N-myristoylated glycine (31). The Ipa] catalytic domain was
expressed in E. coli and affinity-purified (SI Appendix, Fig. S4 A
and B). To test its activity, a fluorescently labeled synthetic peptide
encompassing the first 11 residues of PKA-C was synthesized in
both N-myristoylated (“myr-peptide”) and nonmyristoylated
(“nonmyr-peptide”) forms. The higher mobility of the myr-
peptide on TLC sheets (Fig. 34, lanes 1 and 2) allows to monitor
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its demyristoylation. Indeed, a 10-min incubation of 50 pM myr-
peptide with 3 pM Ipa] at room temperature completely converted
the myr-peptide into a low-mobility product, consistent with
cleavage of the N-terminal myr-glycine group (Fig. 34, lane 3).

To test the effect of IpaJ treatment on full-length bPKA-C, the
kinase was purified from beef heart, tested for catalytic activity on
kemptide (Fig. 3B; Fig. 3D, red bar), and then incubated with
IpaJ (molar ratio 5:1) at 37 °C for 3 h. IpaJ was then selectively
removed and bPKA-C concentration redetermined (Materials and
Methods; SI Appendix, Fig. S4C). Ipa] treatment did not affect the
catalytic activity of bPKA-C toward soluble kemptide (Fig. 3C;
Fig. 3D, light blue bar). However, WT CFTR channels prephos-
phorylated by a 3-min exposure to 300 nM untreated bPKA-C
(Fig. 3E, red bar) failed to respond to subsequent application of
300 nM Ipa]-treated bPKA-C (Fig. 3, light blue bar), revealing
complete lack of noncatalytic stimulation of phosphorylated
CFTR (Fig. 3F, red vs. light blue bar). Exposure of unphospho-
rylated WT CFTR channels to 300 nM IpaJ-treated bPKA-C
resulted in slower current activation compared to untreated
bPKA-C (cf,, Fig. 3 E and G), reporting a slowed rate of CFTR
phosphorylation, and failed to maximally activate channel currents
(Fig. 3 G and H, first blue vs. red bar). To quantitatively compare
rates of CFTR current activation by PKA-C variants applied at
300 nM, the time required for half-maximal current activation
(ty; cf., gray L-bars in Figs. 2D and 3 E and G) was normalized
to t,, for activation by bPKA-C measured in the same batches of
cells. Just as for rPKA-C (Fig. 31, dark blue bar), t,, for IpaJ-treated
bPKA-C was ~4-fold longer compared to untreated bPKA-C
(Fig. 31, red'vs. light blue bar). Thus, IpaJ-treated bPKA-C activates
CFTR channels as inefficiently as rPKA-C.

Coexpression of N-Myristoyl Transferase with Recombinant
PKA-C Partially Restores Efficiency of CFTR Activation. N-
myristoyl transferase (NMT) is not endogenously present in
E. coli, but recombinant PKA-C can be myristoylated either by
coexpression of NMT with PKA-C in the bacteria (32), or by
in vitro coincubation of purified rPKA-C and NMT proteins
with myristoyl-CoA (33). In vitro incubation of 100 pM nonmyr-
peptide with 17 pM purified NMT protein + 100 pM myr-
CoA indeed resulted in the appearance of the myr-peptide spot
(Fig. 44, lane 3) which could be readily reconverted into the
slowly migrating form by subsequent treatment with Ipa]J (Fig. 44,
lane 4). However, in vitro myristoylation remained incomplete
(fractional myristoylation failed to reach 100% even following
overnight incubation; Fig. 44, lane 3), and attempts to in vitro
myristoylate rPKA-C resulted in protein aggregation.

To overcome this limitation, PKA-C was coexpressed with
NMT in E. coli, and rPKA-C was affinity purified (S/ Appendix,
Fig. S1 B and C). Phosphotransfer activities of the resulting
enzyme (“rPKA-C/NMT”) and of a control preparation of
rPKA-C toward kemptide (Fig. 4 Band C) were similar (Fig. 4 F,
Lefi). However, a comparison of CFTR current activation kinetics
(Fig. 4G) by 300 nM bPKA-C (red trace), rPKA-C (blue trace), or
rPKA-C/NMT (brown trace), studied in the same batch of
CFTR-expressing cells, revealed a clearly intermediate phenotype
for rPKA-C/NMT. Whereas t;,, for CFTR activation was ~6-fold
longer for rPKA-C compared to bPKA-C (Fig. 4 /, Left, blue vs.
red bar), for tIPKA-C/NMT ¢, was only ~2-fold longer (Fig. 4
J, Left, brown vs. red bar). Consistent with earlier reports (34),
these results suggest that NMT coexpression yields partially myris-
toylated rPKA-C. Based on the effect of NMT coexpression on
t,)» the estimated myristoylation efficiency is 20 to 30% (Materials
and Methods), too low to restore reversible CFTR activation:
although in some patches, a small current reduction following
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Fig. 3. Enzymatic demyristoylation of bPKA-C selectively impairs efficiency toward CFTR. (A) TLC sheet showing demyristoylation of synthetic PKA-C N-terminal
peptide by purified Ipa). Nonmyr-peptide, GNAAAAKKGSE-K-e-TAMRA (lane 1); myr-peptide, N-myristoyl-GNAAAAKKGSE-K-e-TAMRA (lane 2); 50 pM myr-peptide
was incubated with 3 uM IpaJ for 10 min at room temperature (lane 3). (B and C) Time courses of kemptide phosphorylation resolved on TLC sheets (Bottom) and
densitometric analysis (Top) for control bPKA-C (B) or IpaJ-treated (Materials and Methods) bPKA-C (C). Conditions and color coding as in Fig. 1 D-F. (D) Calculated
ks (s71) for bPKA-C (red), Ipaj-treated bPKA-C (/ight blue), and rPKA-C (dark blue; replotted from Fig. 2C). Data in B-D represent mean + SEM, n = 3. (F) WT CFTR
current initially activated by 300 nM bPKA-C (red bar) and then exposed to 300 nM IpaJ-treated bPKA-C (light blue bar). (F) Steady-state currents in the sequential
segments of the experiment in panel £, normalized to that in the presence of ATP+bPKA-C (red bar). Data represent mean + SEM, n =7. (G) WT CFTR current initially
activated by 300 nM IpaJ-treated bPKA-C (l/ight blue bar) and then exposed to 300 nM bPKA-C (red bar). (H) Steady-state currents in the sequential segments of
the experiment in panel G, normalized to that in the presence of ATP+bPKA-C (red bar). Data represent mean + SEM, n = 5. (/) Time required for half-maximal
CFTR current activation (t,,,; cf., gray L-bars in Figs. 2D, and 3 E and G) for Ipaj-treated bPKA-C (/ight blue bar) and rPKA-C (dark blue bar), normalized to t,,, for
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activation by bPKA-C obtained in patches from the same batches of oocytes (red bar). Data represent mean + SEM, n =5 to 10.

tPKA-C/NMT removal could be observed, the effect proved insig-
nificant (Fig. 47, brown bar) [ct., (23)]. However, when studied
on the background of the tiny currents of nonphosphorylated
channels gating in P-ATD, a condition that greatly amplifies the
fractional effect of noncatalytic activation (cf., Fig. 1 J and K
Fig. 1 O and P, red vs. gray bars), reversible current stimulation
by rPKA-C/NMT was significantly enhanced (2= 0.0009) com-
pared to that by rPKA-C (S Appendix, Fig. S5 A and B, brown
vs. blue bars), reaching ~25% of that by bPKA-C (SI Appendix,
Fig. S5 A and B, brown vs. red bars).

Phosphorylation at Serine 10 of PKA-C Does Not Affect Its Effi-
ciency to Activate CFTR. A second distinguishing structural feature
of rPKA-C is its reported autophosphorylation at serine 10 (28).
Indeed, LC-MS/MS analysis of our PKA-C preparations confirmed
that bPKA-C is not phosphorylated at this position, whereas
tPKA-C is phosphorylated to a stoichiometry of ~40% [five versus
eight recovered peptide fragments (ST Appendix, Fig. S6)]. To address
the impact of that difference on CFTR channel activation, PKA-C
bearing the S10A mutation was expressed in E. coli with or without
NMT. As reported previously (35), the majority of the mutant
PKA-C was targeted to inclusion bodies, reporting a negative
effect of the ST0A mutation on folding efficiency. Nevertheless, for
both S10A rPKA-C and S10A rPKA-C/NMT sufficient amounts
could be purified from the soluble fractions (S7 Appendix, Fig. S1
Band C) to allow functional analysis. Both mutant proteins were
active when assayed on kemptide (Fig. 4 D and E), but showed a
modest reduction in phosphotransfer rates (Fig. 4, cf., checkered vs.

https://doi.org/10.1073/pnas.2407728121

noncheckered bars) which was significant for SI0A rPKA-C (~2-fold,
P=0.0005). However, CFTR channel activation by S10A rPKA-C
(Fig. 4H, blue trace) resembled that by WT rPKA-C: t,, for current
activation was ~5-fold prolonged compared to bPKA-C (Fig. 4/, blue
checkered bar), and reversible stimulation was undetectable (Fig. 4/,
blue checkered bar). Importantly, just as for WT rPKA-C, NMT
coexpression increased the efficiency of CFTR current activation
by S10A rPKA-C (Fig. 4H, brown trace): t,,, was shortened (Fig. 4/,
brown checkered bar), and even a small (~1.25-fold) but significant

(P = 0.003) reversible stimulation was restored (Fig. 4/, brown
checkered bar).

Uncharacterized Ipa) Homologs Are Present in the Genomes
of Gram-Negative CF Pathogens. Pseudomonas, Burkholderia,
and Szenotrophomonas genera are among the most common CF
pathogens, and all three contain secretion systems that deliver
effector proteins into the host cell cytosol (36). However, to
date, only a small subset of these secreted virulence factors have
been identified. The Shigella effector protein IpaJ is a member
of the cysteine peptidase C39-like family which includes many
uncharacterized members in more than 200 bacterial species (31, 37).
Using a BLAST search we identified several Ipa] homologs also in
the three most CF-relevant bacterial genera (Fig. 54).

To test whether enzymes capable of removing N-myristoyl gly-
cines from target proteins may be present also in these bacteria, we
expressed and purified (S Appendix, Fig. S4 A and B) the catalytic
domain of the Pseudomonas sequence with highest homology to Ipa]

(WP_150780237.1; Fig. 54, blue frame). When tested on the

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407728121#supplementary-materials

A PKA-C N-terminal peptide B WT rPKA-C C WT rPKA-C co-expressed with NMT

[ Kemptide [ Kemptide-P 1 Kemptide [ Kemptide-P

> >
. BHE S % 1.0 % 1.0
C o
3 38
- v @ 0 05 0 05
s &
nonmyr- v -+ 4 200 g oo
peptide o 3
B0 . v
myr- e Soa Bo £y
peptide €5 ' ! ' 23
<32 i
NMT - - + + B ( . in e L i e 5 «
EO0 2 4 6 8 10 12 g0 2 4 6 & 10 12
IpaJ* - - - * N4 t (min) t (min)
D s10ArPKA-C E S10A rPKA-C co-expressed with NMT F Ehosphotransfer
[ Kemptide [ Kemptide-P 1 Kemptide [ Kemptide-P ges
2 2 856
% 1.0 % 1.0 €=
c c o ©
(9] [} x >4
® 05 ® 05 5 9
2 e O 852 =
8 8 220708 or
2 00 2 00 S 2 E :—(? £
P4 P4
) ) £< <
_Er:;>v v v v _Er:;>' v NS -0
go= e 1 n g5+ R e e '% <!;': b= ;;':
e O] _ mo
X2 3 : <= a4 (s = =
£E 0 2 4 6 8 10 12 E 0 2 4 6 8 10 12 iy S
) ) @ ) = e
X t (min) X t (min) »
G WTCFTR H wrcFirR | WTCFTR J CFTR activation
bPKA-C | bPKA-C ] —~ 27 8 -
WT rPKA-C /NMT - S10ATPKA-C/NMT o _
ATP ATP I < G4
bPKA-C [ bPKA-C n = P il
WT rPKA-C S10ATPKA-C I Q o 5 8
1 - % Q 4 booss
ATP I ATP I s =< &
bPKA-C I bPKA-C & ISP 5
ATP — ATP EE— e S 8
< o, XK
= 04 9408 o0 i &R
202
164 s 59 Q 9 Ok Q Ok Ok
68 $ £z ¢z2 $ sz 2
33s 21s $ &5 &0 § &0 &o
E3 <4 3 < g
60s 60's = > = =
< = <
i a z 8 S
w w

Fig. 4. NMT coexpression partially restores rPKA-C efficiency toward CFTR. (A) TLC sheet showing in vitro myristoylation of synthetic PKA-C N-terminal peptide by
purified NMT. Controls, nonmyr-peptide (lane 7) and myr-peptide (/ane 2); 100 pM nonmyr-peptide was incubated with 17 pM NMT + 100 uM myr-CoA overnight
at room temperature (/ane 3). *An aliquot of the reaction product was subsequently treated with 3 pM IpaJ for 10 min (lane 4). (B-E) Time courses of kemptide
phosphorylation resolved on TLC sheets (Bottom) and densitometric analysis (Top) for control rPKA-C (B), rPKA-C coexpressed with NMT (C), control S10A rPKA-C (D),
or ST0A rPKA-C coexpressed with NMT (£). 5 nM rPKA-C (B), 8 nM rPKA-C/NMT (C), 10 nM S10A rPKA-C (D), or 10 nM S10A rPKA-C/NMT (E) was incubated with
20 pM TAMRA-kemptide + 200 pM MgATP for the indicated amounts of time at room temperature. Color coding as in Fig. 1 D-F. (F) Calculated k., (s™") for control
rPKA-C (dark blue), rPKA-C/NMT (brown), control S10A rPKA-C (dark blue checkered), and S10A rPKA-C/NMT (brown checkered). Data in B-F represent mean + SEM,
n = 3. (G and H) Overlays of three WT CFTR current traces, activated by 300 nM of (G) bPKA-C (red trace), rPKA-C (dark blue trace), or rPKA-C/NMT (brown trace)
and (H) bPKA-C (red trace), S10A rPKA-C (dark blue trace), or ST0A rPKA-C/NMT (brown trace), respectively. For the dark blue and brown traces, 300 nM bPKA-C
was subsequently applied. Currents were synchronized to the time point of the first PKA-C application and normalized to the steady-state amplitude in 300 nM
bPKA-C. Color coding of bars that identify exposure to compounds follows that of the respective current traces. (/) Noncatalytic stimulation by bPKA-C (red),
rPKA-C (dark blue), rPKA-C/NMT (brown), S10A rPKA-C (dark blue checkered), and S10A rPKA-C/NMT (brown checkered), expressed as the ratio of mean steady
current in ATP+PKA-C to that following PKA-C removal. (/) Time required for half-maximal CFTR current activation (t,,; cf., colored L-bars in panels G and H) by
PKA-C variants, normalized to t,,, for activation by bPKA-C obtained in patches from the respective batches of oocytes. Color coding as in panel /. Data in / and
Jrepresent mean + SEM, n=6to 12.

PKA-C N-terminal myr-peptide, this “PsIpa]” protein also readily
removed the N-myristoyl glycine (Fig. 5B). Moreover, treatment of
bPKA-C with Pslpa] (87 Appendix, Fig. S4D) resulted in functional

effects similar to those of IpaJ treatment. Compared to untreated

gray bars). On the other hand, the k, for kemptide phosphorylation
was unaffected by Pslpa] treatment (Fig. 5 Cand D).

Discussion

bPKA-C, CFTR current activation by PslpaJ-treated bPKA-C was
~3-fold slower (Fig. 5E; Fig. 5G, light blue bar), and reversible CFTR
activation was largely diminished, as reported by a virtual lack of
current decline upon its removal (Fig. 5 Eand F, blue vs. subsequent

PNAS 2024 Vol.121 No.46 2407728121

‘The molecular mechanisms by which PKA-C activates CFTR have
only started to become clear (Fig. 14). Here, we show that non-
catalytic CFTR activation requires a specific small region near to,
but distinct from the PKA-C substrate binding site: whereas, as
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expected, catalytic CFTR stimulation (i.e., phosphorylation) is
prevented by both short and long PKI pseudosubstrate peptides
(Fig. 1 H, I, M, and N, arrowed gray bars), noncatalytic activation
of both unphosphorylated and phosphorylated CFTR channels is
specifically blocked by the short amphipathic helix (Fig. 1B, right,
dark purple) formed by residues 6-13 of PKI(6-22)amide (Fig. 1
H and [, Fig. 1 M and N, striped bars). Comparison of K] values
of the short and long peptide suggests a low (millimolar) affinity

for binding of the N-terminal helix per se to PKA-C.

tion of K] values in Materials and Methods.) Nevertheless, at a
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Fig. 5. Pseudomonas IpaJ] homolog demyristoylates
bPKA-C in vitro. (A) Sequence alignment of catalytically
important segments of S. flexneri Ipa) with homologous
sequences identified in the genomes of Pseudomonas
(Top block), Burkholderia (Center block), and Stenotro-
phomonas (Bottom block) genera. Gray, conserved
residues; bold red, cysteine protease catalytic triad;
blue box, Pseudomonas sequence most closely related
to IpaJ (Pslpa)). (B) TLC sheet showing demyristoyla-
tion of synthetic PKA-C N-terminal peptide by purified
Pslpa). Myr-peptide, N-myristoyl-GNAAAAKKGSE-K-¢-
TAMRA (lane 1); nonmyr-peptide, GNAAAAKKGSE-K-¢-
TAMRA (lane 2); 30 uM myr-peptide was incubated with
0.5 uM Pslpa] for 30 min at room temperature (lane 3).
(C) Time course of kemptide phosphorylation resolved
on TLC sheet (Bottom) and densitometric analysis (Top)
for PslpaJ-treated (Materials and Methods) bPKA-C. Con-
ditions and color coding as in Fig. 1 D-F. (D) Calculated
ket (s71) for bPKA-C (red; replotted from Fig. 3D) and
Pslpaj-treated bPKA-C (/ight blue) from the densitomet-
ric analysis in C. Data represent mean + SEM, n = 3.
(E) WT CFTR current initially activated by 300 nM Pslpaj-
treated bPKA-C (/ight blue bar) and then exposed to
300 nM untreated bPKA-C (red bar). (F) Steady-state
currents in the sequential segments of the experiment
in £, normalized to that in the presence of ATP+bPKA-C
(red bar). (G) Time required for half-maximal CFTR
current activation (t,,; cf.,, gray L-bar in panel £) for
PslpaJ-treated bPKA-C (light blue bar), normalized to
t,, for activation by bPKA-C obtained in patches from
the same batches of oocytes (red bar). Data in panels
Fand G represent mean + SEM, n=8to 9.

concentration of 1 mM, near its solubility limit, PKI(6-13)amide
did not significantly affect catalytic CFTR activation (P = 0.08)
but significantly (P = 6 x 107 suppressed noncatalytic activation
of phosphorylated channels by 300 nM bPKA-C (S/ Appendix,

One interpretation is that the small hydrophobic patch on the
PKA-C surface which accommodates PKI(6-13)amide serves as a
“docking site” (Fig. 6, Top Left, “d”): binding of an R-domain
segment adjacent to a target serine loop would help to present the
latter for catalysis (Fig. 6, Top Left, asterisk marks binding site of
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Fig. 6. Structural requirements for efficient CFTR/PKA-C interaction. Cartoon
color coding as in Fig. 1A. (Top Left) Membrane-tethering of PKA-C properly
orients its catalytic cleft for binding substrate segments of the CFTR R domain,
causing both noncatalytic activation and rapid phosphorylation of CFTR. Red
asterisk, binding site for target serine, d, docking site. (Top Right) Cysteine
protease-mediated cleavage of the N-myristoyl-glycine from PKA-C untethers
the enzyme from the membrane, preventing noncatalytic activation and
slowing phosphorylation of CFTR. (Bottom Left) Pseudosubstrate peptide
PKI(14-22)amide (light violet ribbon) blocks the active site but leaves the docking
site accessible for R-domain binding, preventing phosphorylation but not
noncatalytic activation. (Bottom Right) Pseudosubstrate peptide PKI(6-22)amide
(violet ribbon; light segment, substrate loop; dark segment, amphipathic helix)
blocks PKA-C/R-domain interaction, preventing both noncatalytic activation
and phosphorylation.

target serine). That mechanism would explain why noncatalytic
stimulation is preserved even in phosphorylated channels (Fig. 1Z,
right red bar), even though phosphorylation dramatically decreases
the binding affinity of target serine loops for the kinase (38). By
blocking the entire substrate binding cleft, including both the
active site and the docking site, the long peptide PKI(6-22)amide
would prevent R-domain docking and thereby even noncatalytic
stimulation (Fig. 6, Bottom Right). In contrast, the shorter
PKI(14-22)amide leaves the docking site unoccupied allowing
R-domain docking and noncatalytic stimulation (Fig. 6, Bottom
Lef?). Interestingly, noncatalytic stimulation of phosphorylated
channels was even slightly (but significantly, P = 0.02) enhanced
by the presence of PKI(14-22)amide (Fig. 17; Fig. 1V, red vs. sub-
sequent striped bar; cf. SI Appendix, Fig. S2). Because binding of
long PKI peptides induces closure of the substrate cleft (39—41)
we speculate that PKI(14-22) binding may also induce some
degree of cleft closure which slightly enhances the binding affinity
of the docking site for R-domain loops. However, that affinity
mighe still be quite low, considering the small PKA-C surface area
involved and its low affinity for PKI(6-13)amide (8] Appendix,
Fig. S7). Correspondingly, sequence comparison between the R
domain and PKI(6-13) (8] Appendix, Fig. S8) did not reveal any
homologous stretches. Moreover, the binding sites of other PKA-C
substrates for which structures in complex with the kinase are
available, such as the PKA-R subunit (42), the type 2 Ryanodine
Receptor (43), or phospholamban (44), are distinct from the dock-
ing site identified here, excluding their usefulness for a targeted
sequence search. Importantly, it must be emphasized that the
docking site model is just one possible interpretation of our
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observations. An alternative possibility would be that interaction
of that hydrophobic patch on PKA-C (Fig. 6, “d”) with some other
part of CFTR is required for promoting R domain release from
its wedged-in position.

We also show here that phosphotransfer by PKA-C is not the
rate-limiting step for catalytic CFTR activation. If that were the
case, with a k. of ~10 s! (Figs. 1C, 2C, and 3D, red), all ~10
target serines in the R domain should be phosphorylated within
~1 s. Indeed, although that #_, was determined using kemptide as
a substrate here (Fig. 1 Cand D), similar values were found earlier
using short synthetic peptides encompassing the regions around 7
of the 8 target serines in the R domain (45) located within dibasic
PKA-C consensus motifs (46, 47) (cf., SI Appendix, Fig. S8, yellow
highlight). In contrast, full activation of the irreversible component
of the CFTR current requires >1 min using bPKA-C (Fig. 1 Gand
L, gray bars), and >5 min using rPKA-C (Figs. 2D and 4G, blue
trace). Correspondingly, the modest reduction in phosphotransfer
rate of S10A rPKA-C (Fig. 4F, blue checkered vs. uncheckered bar)
does not slow CFTR current activation relative to that by WT
tPKA-C (Fig. 4/, blue checkered vs. uncheckered bar). Thus, other
kinetic steps, likely related to spontaneous release of the unphos-
phorylated R domain from its wedged-in position (Fig. 14, step
1—2), and/or targeting of PKA-C to its unstructured substrate,
rate limit catalytic CFTR activation.

Along those lines, we identify here that the presence of an
N-terminal myristoyl group on PKA-C fundamentally determines
its efficiency toward CFTR. Whereas both myristoylated
(bPKA-C) and nonmyristoylated (rPKA-C) PKA-C are equally
effective on a soluble substrate (Figs. 2 A-C and 3 B-D), non-
myristoylated PKA-C only poorly activates CFTR. In particular,
300 nM nonmyristoylated PKA-C supports no noncatalytic acti-
vation (Fig. 2 D and E) and ~4- to 6-fold slower catalytic activa-
tion compared to 300 nM myristoylated PKA-C (Figs. 3/and 4/,
blue). Moreover, even at steady state, full phosphorylation is not
reached within the entire time course of our experiments (Fig. 2
D and E), suggesting that some R-domain serines might not
become phosphorylated. That inefficiency of nonmyristoylated
PKA-C is even more pronounced toward disease mutants AF508
and G551D for which maximal current in rPKA-C is only ~10%
and ~40%, respectively, of that in bPKA-C (Fig. 2 F-1).

In support of this crucial role of the PKA-C N-myristoyl group,
its enzymatic removal from the native enzyme diminishes (Fig. 3
E-I), whereas its incorporation into the recombinant enzyme
enhances (Fig. 4 G—)), efficiency toward CFTR. In contrast, nei-
ther of these manipulations affects phosphotransfer activity toward
a soluble substrate (Figs. 3 B—D and 4 B-F). The alternative expla-
nation that the presence of phosphoserine 10 in rPKA-C impairs
its efficiency toward CFTR is ruled out by the lack of effect of the
S10A mutation on CFTR activation time courses (Fig. 4 G and
H, blue traces; Fig. 4], blue checkered vs. noncheckered bars).

Coexpression of NMT with PKA-C in E. co/i did not result in
fully myristoylated rPKA-C (Fig. 4 G—/). One possible reason for
that inefficiency is the reported autophosphorylation of S10 in
rPKA-C (28), which impedes N-myristoylation (34). However,
although NMT coexpression restored a significant fraction of
noncatalytic stimulation for phosphorylated S10A (but not WT)
rPKA-C (Fig. 41), its limited amplitude suggests that myristoyla-
tion stoichiometry remained incomplete even for the mutant.
Thus, other factors, perhaps the availability of myristoyl-CoA in
the bacteria, must be limiting.

The presence of an N-myristoyl group on PKA-C was discovered
decades ago (16), but its exact biophysical role is still not entirely clear.
Although N-myristoylated, PKA-C is a soluble cytosolic protein (48),
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and the N-myristoyl group is not required for its association with the
regulatory subunit, cAMP-dependent activation, phosphotransfer
activity toward most substrates, or access to the nucleus (49, 50).
The Type IT holoenzyme is targeted to membranes, but this is thought
to be primarily achieved through binding of the Type II regulatory
subunit (RII) to membrane-associated A Kinase Anchoring Proteins
[AKAPs (51)]. More recent work revealed that a rapid equilibrium
of the PKA-C N-myristoyl group between solvent-exposed (myr-out)
and protein-occluded (myr-in) conformations (52) is shifted toward
myr-out by interaction with membranes (33) or with RII-type reg-
ulatory subunits (53). Moreover, the PKA-C N-myristoyl group
allows AKAP-independent membrane anchoring of Type II holoen-
zymes (54) and also of free PKA-C subunits (55). Indeed, in intact
cells, stimulation of the cAMP pathway resulted in membrane accu-
mulation of predominantly free PKA-C subunits, allowing preferen-
tial phosphorylation of membrane substrates (55). The present scudy
on CFTR identifies a membrane substrate which can efficiently
interact exclusively with myristoylated PKA-C. That specificity is
likely based on both proximity and orientation effects. Membrane
accumulation increases the local concentration of myristoylated
PKA-C near the CFTR channel, and physical attachment to the
membrane restrains PKA-C in an optimal orientation, required for
engaging the CFTR R domain (Fig. 6, 7op Lef?). Severing the mem-
brane tether from PKA-C eliminates noncatalytic stimulation and
impairs R-domain phosphorylation (Fig. 6, 7op Right).

Beyond their biophysical implications, these findings might bear
relevance for human disease. Until recently, the presence of an
N-myristoyl group was considered a permanent feature of a subset of
proteins, but this view was changed by the identification of the
Shigellavirulence factor Ipa], an enzyme shown to catalyze the removal
of N-myristoyl groups from proteins. A major challenge in CF patient
care is the treatment of recurrent lung infections, accompanied by
exacerbation of pulmonary function. Such infections are most often
caused by Pseudomonas, Burkholderia, and Stenotrophomonas species
that eventually colonize the CF lung (36). Depending on the stage
of the infection, these strains employ Type I11, IV, and/or VI secretion
systems (36, 56), or outer membrane vesicles (57, 58) to directly
deliver virulence factors into the cytosol of infected cells, with or
without close contact to them. However, very few of these effector
proteins have been studied to date. Here, we identify in their genomes
alarge number of uncharacterized cysteine-protease sequences homol-
ogous to IpaJ (Fig. 54), and show for one Pseudomonas protein that
it readily demyristoylates PKA-C in vitro (Fig. 5 Band £~G). Because
nonmyristoylated PKA-C activates mutant CFTR channels even less
efficiently (Fig. 2 F-J), also in the presence of a potentiator (Fig. 2
J-M), PKA-C demyristoylation in lung epithelial cells might further
impair residual CFTR function in infected CF patients. Of note,
although Ipa] also demyristoylates a broad range of target proteins
in vitro (31), in host cell infection models its substrate specificity was
narrow, suggesting an unknown regulatory mechanism (37). Thus,
among the large number of IpaJ homologs in CF pathogens, it will
be interesting to search for enzymes that target PKA-C also in vivo.
Identification of such effector proteins might define novel drug targets
for the treatment of CF lung disease.

Materials and Methods

See SI Appendix, SI Materials and Methods for a more detailed description of
experimental protocols and analyses.

X. laevis Oocyte Isolation and Injection. X. laevis oocytes were isolated and
injected with cRNA as described (59). Current recordings were obtained 1to 3 d
afterinjection.

https://doi.org/10.1073/pnas.2407728121

Molecular Biology. The coding sequences of bovine protein kinase A catalytic
subunit alpha and of the catalytic domains of IpaJ and PslpaJ, with C-terminal
Twin-Strep-tags, were incorporated into pJ411. NMT from Cryptosporidium par-
vum lowa Il with C-terminal His,-tag was subcloned into pET14b. The cDNA for
WTand mutant CFTR in pGEMHE was transcribed in vitro, and purified cRNAwas
stored at —80 °C.

Protein Purification. The catalytic subunit of protein kinase A was purified
from beef heart as described (26).The obtained bPKA-C was stored at 4 °Cand
was stable for several months without appreciable loss of catalytic activity or
efficiency toward CFTR. Recombinant bovine PKA-C was purified from E. coli
BL21(DE3) transformed with pJ411-PKA-C. Following induction with 0.1 mM
isopropyl-B-D-thiogalactoside (IPTG) overnight at 25 °C, cells were lysed and
PKA-C purified using STREP-Tactin Superflow column (IBA Lifesciences) chro-
matography, following the manufacturer's instructions. The obtained rPKA-C
was stored at 4 °C and was used for biochemical and electrophysiological
experiments within 1to 2 wk. Significant loss of catalytic activity and efficiency
toward CFTR became apparent after 5 to 6 wk of storage. For coexpression of
C. parvum NMT with recombinant bovine PKA-C, pJ411-PKA-C and pET14b-
NMT were cotransformed into E. coli Rosetta 2(DE3) cells Merck (Millipore)
and PKA-C purified as described above (S/ Appendix, Fig. S1B, brown chro-
matograms; SI Appendix, Fig. S1 C, Right). For expression and purification
of IpaJ and PslpaJ, pJ411-IpaJ or pJ411-Pslpal was transformed into E. coli
BL21(DE3), cells were induced with 0.5 mM IPTG overnight at 20 °C, and the
proteins were purified on a STREP-Tactin Superflow column (IBA Lifesciences).
IpaJ was clean without further purification as verified by size exclusion chro-
matography (SEC) (S/ Appendix, Fig. S44, blue chromatogram), whereas Pslpal
was further purified by SEC on a Superdex 200 column (S/ Appendix, Fig. S4A,
red chromatogram). The quality of both proteins was verified by SDS-PAGE
(SI Appendix, Fig. S4B).

Ipaj and Pslpa) Treatment of Native Bovine PKA-C. Native bovine PKA-C
(in phosphate buffer) was mixed ata 20:1 molar ratio with IpaJ orata 5:1 molar
ratio with PslpaJ and incubated at 37 °Cfor 3 h orat 25 °C overnight, respectively.
The protease was removed using STREP-Tactin Sepharose (IBA Lifesciences) resin
(51 Appendix, Fig. S4 Cand D).

Kemptide Phosphorylation Assay. Phosphorylation of the soluble substrate
TAMRA-kemptide (Addexbio Technologies) was done as described (23), and
dephospho- vs. phospho-kemptide were separated on TLC sheets, and their
relative amounts quantitated by densitometry (ImageJ).

Estimation of K, Values for PKI Peptides. Expected fractional inhibition of
kemptide phosphorylation by PKI(6-22)amide and PKI(14-22)amide and actual
K; values under our experimental conditions were calculated as described in
SI Materials and Methods.

PKA-C N-Terminal Peptide Myristoylation/Demyristoylation Assay. In vitro
myristoylation of PKA-C N-terminal peptide (nonmyr-peptide) and demyristoyl-
ation of myristoylated PKA-C N-terminal peptide (myr-peptide) were done using
approaches described previously (refs. 31, and 33, respectively).

LC-MS/MS Data Acquisition and Analysis. LC-MS/MS measurements were
done by the Proteomics Core Facility unit of EMBL Heidelberg (60), as described
in S Appendix, SI Materials and Methods.

Electrophysiology. Inside-out patch-clamp recordings were performed as
described (23),in a continuously flowing high-chloride bath solution, ata mem-
brane potential of =40 mV, at 25 °C.

Data Analysis and Statistics. Mean steady-state currents under various test
conditions were normalized to the mean current observed in the presence of
2 mM ATP + 300 nM bPKA-C in the same patch. Half-times for current acti-
vation (t,,) were estimated as the time required for reaching 50% of the final,
steady-state currentamplitude. Myristoylation stoichiometry of rPKA-C/NMT was
estimated as described in S/ Appendix, S| Materials and Methods.

Data are presented as mean = SEM, with the number of experiments indicated
in each figure legend. Significances were evaluated using Student's t test.
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Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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