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SUMMARY

Cystic Fibrosis (CF) mostly follows a single F508ation in CFTR AF508), thereby causing
premature fragmentation of the nascent protein woticomitant alterations of diverse cellular
functions. We show that CK2, the most pleiotropiatein kinase, undergoes allosteric control of its
different cellular forms in the presence of sSHORTR peptides encompassing the F508 deletion:
theseAF508 peptides drastically inhibit the isolated baiasubunit @) of the kinase and yet up-
regulate the holoenzyme, composed of two catadytattwo non catalytid®) subunits. Remarkable
agreement between silico docking and our biochemical data point to différsites for CFTRAF
peptide binding on isolated Cii2zand on CKP assembled into the holoenzyme suggesting that
CK2 targeting may be perturbed in cells expresAR§O8CFTR; this could shed light on some
pleiotropic aspects of CF disease.

Keywords

Cystic fibrosis; protein kinase CK2; CK2 allosterggulation; delta F508 CFTR fragments; CFTR
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INTRODUCTION

Eukaryotic life is controlled by the reversible gpborylation of proteins such that ~50% of the
human proteome (also referred to as the “phosplepne”) is phosphorylated at some time [1, 2].
Such phosphotransferase reactions are catalyzpobbsin kinases, making up one of the largest
families of enzymes, collectively referred to as thinome” [3]. The specific contribution of the
individual members (>500 in the human kinome) is hoear such that a few are dedicated
enzymes impinging only on a paucity of protein &sgvhereas the majority are more or less
pleiotropic with many protein substrates subjedtetheir control. Both based on available
repertoires of substrates [4] and on a global phogmteome analysis [5], one single protein kinase
is endowed with the most striking pleiotropy, pbsaccounting for the generation of 10-20% of
the entire phosphoproteome. This protein kinasgKig, an acronym derived from the misnomer
“casein kinase-2" applied pragmatically merelyridicate one of the ubiquitous acidophilic Ser/Thr
protein kinases displaying high in vitro activipwtard the artificial substrate casein even though
this is not among its many physiological targels [6K2 appears to be endowed with an ample
variety of cellular functions, with special refecento gene expression, protein synthesis and
degradation and signal transduction [7] and playsyarole as a pro-survival and an anti-apoptotic
agent [8]. In particular it has been suggestedtti@tritical role of CK2 in the NkB and in the
Wnt pathways [9] accounts for the death at midajest of mice lacking the catalytic subuaibf
CK2 [10]. While loss of this CK2 catalytic subumtdevelopment is lethal, its overexpression is
capable of promoting tumorigenesis [11-14] and,annrgeneral, alterations in CK2 level have
been linked to a variety of pathological situati¢hs].
It is commonly held that the pathogenic potentfaCK?2 is related to its constitutive activity,
which, in turn, may reflect its terrific pleiotrog¥6]. However, this notion does not sit well with
the fact that CK2 is equipped with a regulatd®ygubunit whose obligate dimer status creates the
backbone to form a heterotetrameric holoenzyme oao#ined with two catalytic subunits (
and/ora’). These latter catalytic moieties are activé@italone or in combination with tifie
subunits, with the caveat that the regulatory subw@appear to display a variable influence on the
targeting of different substrates [17] despite thelves being unable to turn catalytic activity eith
on or off. This creates 3 different classes of GiiBstrates depending on hfwinding affects
their phosphorylation by. Consistent with the concept of CK2 being constialy active lies the
observation that in all CK®structures solved to date, regardless of spemigstal packing, ligands
and quaternary structure, the regulatory key elesnemariably adopt the conformation typical for
active protein kinases [18]. Recently, a carefapierction of CK& disclosed the existence of some
dynamic regions therein [19], one of which haspgbtential to overlap a proposed binding pocket
for small molecules located at the interface whii3-subunit [20]. It has been speculated that this
represent an allosteric site where some recentigldped non competitive inhibitors of CK2
holoenzyme may bind [21]. On the other hand no iolhygical effector(s) capable of exploiting
this putative, down-regulatory allosteric site km@wn. Recently, however, we reported that
peptides encompassing the sequence of cystic hir@smsmembrane regulatory protein (CFTR)
surrounding F508, a residue whose deletion is ¢tinenconest cause of cystic fibrosis, are powerful
effectors of CK2 activity displaying opposite effeon the holoenzyme as compared to the isolated
catalytic subunits [22]. In particular peptides tiegithe F508 deletiod\F peptides) were able to
specifically inhibit CK2x in a non-competitive manner with respect to a giggehosphoacceptor
substrate. Recently, Cohen et al. [23] describadlvo effects of these very same peptides in a
developing lung model such that F508-dependentgdsaim protein-protein interactions occur
when such peptides are expressed using a peptabeliag virus to infect the developing embryo.
Importantly, in cystic fibrosis (CF), the mechanibsnwhich loss of F508 induces a multi-system
disease that destroys many organs remains unkrtéeve, we investigate the optimal features
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conferring inhibitory properties to these peptid&e show that they behave as allosteric effectors
of CK2 by binding to two distinct sites, one of whimay be located in a region of the upper lobe
of thea subunit where it can both interfere wdl{3 inter-subunit interaction altering the proper
conformation of the ATP binding domain. Our workyeave immediate relevance to the
amplification mechanism by which a single deletedr® acid in CFTR could cause so dramatic a
change in the phenotype in ~ 1 in 3000 human isfargating a multi-organ disease affecting
networks of many hundreds of proteins and genes.

EXPERIMENTAL

Materials

Most of the reagents were purchased from Sigmafi@lwild type andAF508 mutated
recombinant murine NBD1 (spanning sequence 389-6é8 generously provided by the Philip J.
Thomas laboratory (Southwestern Medical Centeryélsity of Texas, Dallas TX, USA;
http://www4.utsouthwestern.edu/thomasjaBRecombinantt and} subunits of human protein
kinase CK2 were expressed in E. coli and purifie@r@viously described [24].

Peptide synthesis

The CFTR-derived synthetic peptides were prepayesblid phase peptide synthesis method using
an automatized peptide synthesizer (model 431-Asliag Biosystems, Foster City, CA) or/and a
multiple peptide robotic synthesizer (model Syravuliisyntech, Witten, Germany) as C-terminal
acids on HMP resin (Applied Biosystems) or as @taal amides on Rink Amide PEGA resin
(Novabiochem, Bad Soden, Germany) as previousigries [22].

Phosphorylation assays

In vitro phosphorylation experiments were perforrbgdncubating CKa catalytic subunit (8-28
nM) with peptide or protein substrates (final vori2bpl) in a medium containing 50 mM Tris-

HCI pH 7.5, 12 mM MgGJ, 100 mM NacCl, 10uM [y-**P]ATP (specific radioactivity 2000-4000
cpm/pmol). The synthetic peptide RRRADDSDDDDD (108) was used as a typical CK2
phosphoacceptor substrate while a peptide dernggd &IFZ [25] and calmodulin were also used
in some experiments for other class effects. Thepnosphorylation of CK2subunit was

evaluated by incubating the CKZ2 holoenzyme in ttes@nce of the phosphodonor nucleotide as
described above and by subjecting samples to SDSE?Ahe phosphate incorporated into peptide
and protein substrates was determined as previdesigribed [25, 22]. Kinetic analysis and
determination of inhibition constants were perfodnbg testing the kinase in the absence or in the
presence of increasing concentrations of inhilatad by constructing the Lineweaver-Burk double-
reciprocal plots of the data. Final data reporteBigures and Tables are calculated from the mean
of at least three independent experiments with $EMer exceeding 15%.

Molecular modelling

For the computer aided protein-protein docking esdguman CK& subunit, the human

CK2a,[3, tetramer and CFTRF peptide (AA500-518) were retrieved from the PIPBB code:
1JWH and 1XMJ, respectively). Hydrogen atoms veetged to the protein structure using
standard geometries with the MOE program [Z6]minimize contacts between hydrogens, the
structures were subjected to Amber99 force fieldimization until the rms of conjugate gradient
was <0.1 kcal mal A keeping the heavy atoms fixed at their crystallpbie positions. The wt
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CFTR, CFTR\F and CFTRI peptides were built starting from the crystallagic structure 1XMJ
and submitted to MOE molecular dynamic approachfarat a constant temperature of 300K
within a previously minimized water system [26]téfthis initial in silico approach a set of protei
protein docking experiments was performed. Profaiotein docking is a computational tool useful
to predict the 3D structure of protein complexesrfrthe coordinates of its subunits. We have
adopted a two-stage approach, which recently detrated good efficacy; in the first stage, the two
monomers was treated as rigid bodies and all tta¢iooal and translational degrees of freedom
was fully explored, using a cluster of protein pintdocking algorithms (Zdock, Gramm and
Echer); in the second stage, a small number oftstress deriving from the initial stage was refined
in the docking zone using side-chain rotamers aneln@rgy-minimization strateqy [27, 25]. The
final complexes was submitted to a new moleculayadyic step at the same condition described
before to validate their stability over time.

RESULTS

Structural features of CK2a inhibitory peptidesderived from CETR.

Fig. 1 illustrates the dose-dependent effect ofiyigpe or various mutated peptides encompassing
the CFTR 500-518 sequence (see Table 1, peptidm e activity of CK2 catalytic subunii)
assayed with the alpha specific peptide substrgd®ESDs. At low CFTR-peptide concentrations,
inhibition by the wild type peptide (open circlésnot apparent (being rather replaced by slight
stimulation) but nonetheless, inhibition initiatgsconcentrations beyond 5. Deletion of F508

is itself sufficient to convert the peptide intpawerful inhibitor with 1G, around 15uM (compare
open circles with filled squares). By contrast detetion of 1507 (open squares), also responsible
for CF on one allele by promoting unfolding andmagure degradation [28], but nonetheless
extremely rare (<0.1%) as compared to the FS508(0P@) [29] rather causes a loss in inhibitory
efficacy. Also of note in Fig. 1 is the effect oftitating V510 to D either in the context of a wild
type peptide (diamonds) or #$-508 equivalent (filled circles), the latter comdtion having been
shown to partially restore functionality of CFT¥508 [30]: in our hands this V510D mutation
significantly abrogates the inhibitory efficacytoe AF508 peptide (compare filled squares with
filled circles), yet has a diametrically opposefieff when present in the wild type peptide whose
moderate inhibitory efficiency is increased almestialling that of th&F508 peptide (compare
open circles with diamonds). These data demomestinat the sequence around the common
mutation in CFTR has residue-dependent regulatlevance to CK& function. Recently,
Treharne et al. have demonstrated that CK2 cana@d@FTR itself in an F508-related manner,
thus adding further evidence to our proposed ligivieen CFTR and CK2 [31] through this F508
region.

The peptides used for the experiment in Fig. 1 empass a region of CFTR NBD1 centred on an
exposed loop bridging twieelices [32], also including two short “wings” belging to these helices
(see scheme above Table 1). To gain informatiomtalwbich elements within the peptides might
be important for their efficacy towards C&2ctivity, shortened derivatives were synthesized
bearing deletions on their N and/or C-termini. Tehaee listed together with the “parent” peptides in
Table 1 where their I§g values, reflecting the ability of each to inhiBiK2a are also reported.
These data lead us to conclude that while the@itstterminal residues (GTIKEN) are dispensable,
as their removal does not compromise inhibitiorelblger the wild type or thAF peptides
(compare peptides 1 and 2 with peptides 7 andekpectively) any further removal of the Il
doublet is dramatically detrimental as it fully abates their inhibitory potential (compare pepfide
with peptide 3). This is consistent with the crlictde of 1507 whose deletion is sufficient to

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
' 2009 The Authors Journal compilation ' 2009 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 19 Nov 2009 as manuscript BJ20090813

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20090813

suppress inhibition (see Fig. 1). By sharp contfastwvhole C terminal part of the peptides
(generating in full size NBD1 the initiation poiot a new helix) appears to be strictly required for
efficient inhibition, since the removal of the CGrtenal doublet YR from &F N-terminally
shortened peptide abrogates inhibition, at leaso ®@b0uM (compare peptide 12 with peptide 11
in Table 1).

Kinetics are consistent with an allosteric mechanism of inhibition of CK2a by CFTR AF

peptides.

The CFTR peptides used in this study include ami@eCK2 phosphoacceptor site (S511) which is
not phosphorylated by CK2 to any appreciable e{@2it It also includes 3 tyrosyl residues one of
which (Y512) could represent a target for the $yme kinase Syk, owing to nearby acidic
determinants [33]. We have found that the CFTR(508} peptide is unaffected by the Src family
protein kinases Lyn and c-Fgr, while being slopfysphorylated by Syk ([34] and unpublished
data) and that a derivative of this peptide inclwt¥512 was replaced by phosphotyrosine
underwent a weak phosphorylation by CK2 at S2P]. We wondered whether the inhibition of
CK2a by these peptides was due to a pseudosubstratd, gfsulting in competition with respect to
the phosphoacceptor substrate. To check this pamhtmore in'general, to gain information about
the mechanism underlying inhibition of CKkby CFTR peptides, competition kinetics were
performed with respect to either the phosphoaccetiostrate or the co-substrate ATP. It was
previously found that inhibition of phosphorylatibg theAF peptide was not competitive with
respect to the specific CK2 peptide substra@RSDs [22]. Similar results have been now
obtained using the more physiological target calatiaces phosphoacceptor substrate (Fig. 2A):
again inhibition byAF CFTR peptide is not competitive with respectiis phosphoacceptor
substrate. On the other hand, competition expertisngith respect to the co-substrate ATP (Fig.
2B) gave rise to bi-phasic kinetics: at concentratiaround its K value (15uM), which are those
generally adopted for this kind of kinetics, ATRypically non competitive against inhibition by
the CFTR peptide, with \.x values drastically diminished by the CFTR peptuleile K., values

are similar; if however ATP concentration is in@ed above 100M, this tends to attenuate
inhibition, disclosing a mixed mechanism of inhiduit: the double reciprocal plot of this part of the
curve reveals both increased, End decreased,)¥x values, suggesting that the binding sites for the
peptide and for ATP, albeit physically separated,fanctionally linked. These data are consistent
with an allosteric mechanism of inhibition wheralpon binding of the CFTR peptide the affinity
for ATP is drastically decreased. We also obsé#raethe inhibitory efficacy of the peptide can be
overcome by ATP only if the peptide concentrat®miuch lower than its Kgvalue (2.5uM

versus 15:M): with 10 uM peptide in fact the Maxremains 2.5-fold lower than in its absence,
showing that under these conditions the catalygchmanism is impaired even if the ATP
concentration is raised to saturating level.

Inhibition of CK2a by CFTR AF peptideis abrogated by CK2f3-subunit and by full length

NBD1.

Since the inhibitory eifect of the CFTR peptidesswat observed when the specific peptide
substrate was phosphorylated by CK2 holoenzymeJ22jeasoned that the peptide binding site
could be located on the surface of @Kfacing the3-subunit where it may no longer have been
accessible once the heterotetrameric holoenzyméohiandd.

This point was further investigated by evaluatihg tnhibitory efficacy of increasing amounts of
the AF peptide either directly on Ck2or on CK2x previously preincubated with 10-fold molar
excessB-subunit: as shown in Fig. 3A pre-treatment witHully protectsa from the inhibitory
effect of theAF508-CFTR peptide. This is consistent with the ithest the CK2 site, where the
AF508-CFTR peptide exerts its down-regulation ondalytic subunit in isolation, is now either
occupied by or is, in some unknown manner, no longer accessibte is bound tax (note that
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the peptide also binds tiflesubunit, see below). The interactions occurringvben CK2 subunits
are known from the crystal structure of CK2 hologgne [35]: in particular an exposed region of
the upper lobe of tha subunit is implicated which makes multiple contaeith diverse elements
within the 3 subunits. Especially important in this respectesp to be the C-terminal segment of
the B-subunit encompassing residues 182 to 203: a meptisroducing this region was previously
shown to interact with the N-terminal region of thesubunit [36] and to partially mimic some of
the effects of the full siz® subunit [37]. We therefore took advantage of di@e peptide to check
if it might compete against inhibition by tiA¢ peptide. As shown in Fig. 3B tifiepeptide (onset at
50 uM) by itself exerts a modest stimulation of GiKZatalytic activity, as previously observed
[37]. Albeit starting from a lower baseline, suclstanulatory effect is much more pronounced if
the experiment is performed with C&Z2pre-inhibited by the concomitant presence of fite
peptide. As a result (Fig. 3C) inhibition by th& peptide is significantly reduced by increasing
concentrations of thB-peptide, consistent with competition between the peptides for the same
or overlapping site(s). This permitted us to map #tlosteric site to the upper lobe of GK2
precisely to the strands 1 and 2. Note that the relatively modéfgice of the p peptide as
compared to full length closely reflects the different affinity fer showing a kg value of 8.45uM
and 40 nM, respectively ([22] and Table S1 of Sap@ntary material). Very high affinity @ffor

a may also account for the fact that thE CFTR peptide fails to dissociate the holoenzyase,
revealed by size exclusion chromatography expetisneevealing no detectable generation of
isolated CK2 subunits from the holoenzyme treatétt WO0-fold molar excess of either the usual
CFTRAF (500-518) peptide (Supplementary Material FigB3Dr a longer version of it (500-523)
characterized by higher water solubility (not shpwihe observation however that treatment with
either peptides results in broadening of the p@akesponding to the holoenzyme (compare panels
A and B in Fig. S1) suggests that the peptide &fféloe overall conformation of the tetramer,
possibly weakening the inter-subunit interactioas previously observed by SPR experiments
using a similalAF peptide [22]).

Next, we determined whether full length NBD1 congsefor a peptide derived from itself. Since
we have previously reported that recombinant pedifull length NBD1AF (gift of P. Thomas,

USA) strongly interacts with CK2[22], a pertinent question is whether bindinguwsahrough

the structural elements reproduced byAR&08 peptide (residues 500-518, Table 1). To answer
this question competition experimerits were designedd at assessing whether recombinant
purified AF-NBD1 can overcome the inhibitory effect of a peéptreproducing its own F508-
deleted 500-518 stretch. A technical problem imrag this experiment arises from the fact that the
concentrated stock of NBDL1 is dissolved in highPAdoncentration (2 mM) in order to maintain

its proper conformation for folding studies, a aimtstance which could lead to isotopic dilution of
radiolabeled ATP in the kinase assay. To circumvastproblem the whole experiment was
performed at 35QM ATP either in the absence or presence of NBB1Under these conditions,
phosphorylation of NBDAF was negligible as compared to that of the pestidestrate (see

legend of Fig. 3); therefore substrate radiolalgeignfully accounted for by the peptide.

As shown in Fig. 3D the addition of 51 NBD1 AF abrogates the inhibitory efficacy of thé
peptide, consistent with the view that the proteid the peptide bind to the same CK2 site, most
likely through the same structural elements comsidahat the F508 deletion is essential for both
high affinity binding of NBD1 [22] and efficient mbition by the peptide (see Fig. 1 and table 1).
Note that the outcome of this experiment implies the binding of full lengthAF-NBD1 is not
promoting by itself any appreciable inhibition oKZu. This point was also independently assessed
by control experiments where no significant inhdntof CK2x could be observed by raisiddr-
NBD1 concentration up to 20 uM (not shown) a cotregion sufficient to display a protective
effect against inhibition by theF peptide. A possible explanation for the differential effigaaf

the full size protein versus the peptide deriveafit could reside in the greater rigidity of the

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
' 2009 The Authors Journal compilation ' 2009 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 19 Nov 2009 as manuscript BJ20090813

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20090813

folded NBD1AF structure [32] as opposed to thié peptide whose disordered structure in water
solution is more prone to adopt the most favourabldormation to adapt to elements of the
allosteric site which are not essential for bindg are responsible for its functional consequsnce
This view point was corroborated by modelling presd below.

A second binding sitefor the CFTR AF peptideispresent in the B subunit of CK2.

While a CK2x binding site for CFTR peptides located at therfatee between the and the3
subunits would account for the abrogation of thehitory efficacy of these peptides upon
holoenzyme formation (see above) it is not suffitt® explain why the very same peptides display
a stimulatory effect on CK2 holoenzyme when thiagsayed with the majority of its established
protein substrates [22]. A number of lines of expental evidence support the view that such a
stimulatory effect is mediated by a different Ckegjion that is also able to bind the CFTR peptides,
discretely located in the N-terminal domain of fhsubunit. Firstly, it should be recalled that fhe
subunit is also able to interact with NBD1 in a manwhich is enhanced by the F508 deletion [22].
Secondly thé\F peptide is much more effective than the wild tpgetide in preventing CK2
holoenzyme autophosphorylation which takes plat¢keaN-terminal end of thg subunit (S2 and
S3) and which is dependent on the integrity of @dia cluster located somewhat down-stream in
the same region [38]. Such an effect of the CFTRiges (wild type and mutant) is illustrated in
Fig. 4A using the phosphorylation of the beta sitbasa read cut. Thirdly we have previously
shown [22] that stimulation of CK2 holoenzyme bg DFTRAF peptide is especially evident with
substrates belonging to class Il, whose phosphttoglés usually prevented instead of being
stimulated by th@ subunit [17]. Interestingly such a down-regulati®mediated by the same
acidic cluster which is required for autophosphatigin of thef3 subunit [39]. This point is
exemplified in Fig. 4B by calmodulin, a typical stll substrate, whose phosphorylation by CK2
holoenzyme is almost negligible under basal coma#tibut it undergoes a 30-fold enhancement
upon addition of 8@M AF peptide. Note however that if calmodulin is esgld by the elHX1-

22) peptide, a class Il substrate whose phospéatioyl entirely relies on th@ subunit, providing
thereby its N-terminal segment structural elementsortant for substrate recognition, in this case
[25], the effect of the CFTRF peptide now becomes inhibitory (Fig. 4C). Thuséhdifferent
signals could potentially be generated merely leyldiss of one F residue. As in the case of
downregulation of CK&, also the efficacy on CK2 holoenzyme is restridtethe CFTR peptides,
whereas full length NBDAF has no appreciable effect (data not shown). Tost fkely

explanation is the same discussed above, i. grdaer rigidity of the NBD1 structure present, as
compared to the derived peptide, hampering itstatiap to the responsive elements present on the
kinase. We cannot of course exclude the possiltliay the in vivo state of the NBD1 might be
different and our purified preparation might ndteet that state (phosphorylation, ubiquitination
etc. as described in [40]).

In summary, all available data obtained with CK®lkozyme can be explained assuming an
interaction between the CFTAE peptide and that very N-terminal region of fheubunit which is
also responsible for autophosphorylation, downagn of class Il substrate phosphorylation and
recruitment of class lll substrates. The moredliexidence that indeed this region of hgubunit
mediates the stimulatory efficacy of the CEYRpeptide was provided by experiments where
polylysine was used to evoke calmodulin phosphtignaFig. 5). The binding site for polylysine
as well as for other polybasic polypeptides, whigtijke polyamines, are able to activate CK2
holoenzyme toward calmodulin and other class Iktnalbes, has been previously mapped to the
region encompassing the 55-64 acidic cluster offiteebunit [41] suspected here to be also
implicated in CFTR peptide binding. As shown in.Bgoolylysine exerts a dramatic stimulatory
effect on calmodulin phosphorylation (lane 2), @fmore pronounced than that exerted by the
CFTRAF peptide (lane 3). Interestingly if both polylysiand the CFTERF peptide are present
together, instead of observing ad additive affecstimulation, the phosphorylation drops 5-fold
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(lane 4) with respect to that triggered by polyhgsalone, reaching a value intermediate between
those observed upon separate addition of eacrediwd effectors. This is precisely what one
would expect assuming a competition of the twoaldyi effective stimulators (polylysine and the
CFTRAF peptide) for the same site, or at least theidibig to two overlapping sites. Modelling
further corroborates such a conclusion, as illtstian the following section.

Molecular modelling.

To gain information about the possible modes arenttion between the CFTR peptides and CK2
the docking procedure described in the experimesetetion has been exploited.

We firstly focused on the interactions with theatgic subunit which are responsible for allosteric
down-regulation of its activity (see Fig. 2) anbieh are counteracted by tBesubunit and by g
peptide encompassing residues 182-203 (Figs 3ABanlls shown in Fig. 6A the docking
procedure maps the interacting regiommdd its upper lobe where hydrophobic interactiaiet
place between the lle-lle (506-607) doublet of @#€I'R wild type peptide and a small superficial
cleft of a formed by lle-69, Leu-41 and Phe-54. Note thatstlime residues are also involved in the
interactions with the full sizB subunit and with th@ peptide (PDB code 1DS5). In additiomeart
stacking occurs between peptide Tyr 515 and €RBe-54 just at the end of the Gly loop; this
could lead to a weak alteration of the loop confation resulting in slight inhibition of catalytic
activity. The same hydrophobic interactions arentaaned if the wild type peptide is replaced by
the AF equivalent (Fig. 6B): in this case however alsoaple of additional electrostatic
interactions are observed, which could accounbéitin tighter binding and more drastic inhibitory
efficacy. In fact, owing to the F508 deletion, thderminal carboxyl of the peptide now moves
back about 4A, making an important electrostatieraction with the side chain of Lys-44, while
Arg-518 becomes electrostatically bonded to GluBsith K44 and E52 participate to the Gly-loop
and their interaction with th&F peptide is expected to hamper ATP binding tddbe, thus
accounting for the observed increase mfr ATP (see Fig. 2B). Interestingly the deletmimle-
507 fails to confer to the CFTR peptide the inceeldsinding efficacy observed upon deletion of
F508: as shown in Fig. 6C the remaining lle occsipi@osition intermediate between those
occupied by the two lle residues (506 and 507)oith Ibhe wild type and th&F peptides.
Consequently it is exposed toward the solvent, ngakontacts with two other residues of the
peptide (V510 and Y515) leaving unoccupied the dgtobica cleft which otherwise provides an
important anchorage to the peptide (compare FigwiC6A and 6B). The behaviour of the three
CFTR peptides as highlighted by molecular dockilsg aeflects in comparable outcome of protein-
protein docking sampling (DS); this parameter peecentage value of how much the preferred
peptide pose is sampled with respect to the othehde with CFTRAIS07 DS is only 1.5% (only 6
poses out of 400 total), with CFTR wild type akie DS rises to 8.7% (35/400) and 23.7% (95/400)
respectively.

We next moved to CK2 holoenzyme with an aim to itiegosite responsible for upregulation of its
activity toward the majority of its substrates (w#pecial reference to Class Il subtype) and for
inhibition of autophosphorylation. In agreementhitite expectation based on biochemical data
(Fig. 4A-C) the protein-protein docking strategs hacalized this site on the N-terminal region of
the 3-subunit (see Fig. 6D). In this region a seriewafer exposed residues encompassing
sequence between 33 to 61 define a particularcidiaaracterized by a very small hydrophobic
motif generated by F34, L36 and L39 and an extemiggay charged platform including K33, R47,
D50, E57, D59, E60, E61. All these residues displayiking complementarity with the CFTR
peptide sequences. In particular ke peptide uses its lle-lle 506-507 doublet to make
hydrophobic contact witB F34 and L36: this is followed by a strong eledtatis network

involving D513 and E514 (bonded to K33 and R47peetively) and R516/R518 interacting with
E57 and E61. These interactions explain the contglekthe biochemical data shown in Fig. 4 (A-
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C) since, remarkably residues engaged with th& peptide are those previously demonstrated to
be responsible for autophosphorylation, down-regneof Class Il substrates phosphorylation and
recruitment of Class Il substrates. Interestinglyd, once more in agreement with experimental
data, the interactions wifhare partially lost if th&F peptide is replaced by the wild type one:
insertion of F508 in fact modifies the electrostaietwork down-stream causing the failure of E514
and R518 to interact with K33 and with E61, respety. Also consistent with the modelling is the
loss of stimulatory activity caused by the deletidthe C-terminal doublet (Y517-R518).

DISCUSSION

The most disconcerting feature of CK2 probably cosgs its lack of stringent regulation.
Although CK2 holoenzyme is endowed with two normabgtc 3 subunits, these don’'t seem to act
assensu stricto regulatory elements since they are not requiresdther turn on (as cyclins do with
CDKSs) or turn off (as R subunits do with PKA) theadytic subunits. Furthermore, as pointed out
by Raaf et al. [18] all the numerous crystal suues of these latter solved thus far, either atome
in combination with thg subunits and with a variety of ligands, are inahly in the active
conformation.
The3 subunits, on the other hand, besides providingckidg platform for interacting proteins and
modulators [42] also affect the stability of the&se and, more importantly, control its targetihg o
protein substrates, which, accordingly, have besigaed to three classes [18]: class | includes the
majority of substrates, whose phosphorylationfigiently performed irrespective of the presence
of B; class Il is composed of substrates, exemplifigdddmodulin, whose phosphorylation is
drastically inhibited upon formation of the hologme; while substrates belonging to class lll are
those, like elFR, whose phosphorylation is conversely cruciallyetegent on th@ subunit, being
readily performed by the holoenzyme, but neverhayisolated catalytic subunits. It has been
proposed that these very different behaviours aleaat partially accounted for on one hand by the
potential of thg3-subunit to act as a pseudo-substrate inhibitarithye of its highly acidic N
terminal segment also harbouring an autophospharglaite at Ser-2 and 3 [38, 43], yet on the
other by the requirement of tResubunit to generate the binding site for a limiteenber of
substrates which are not effectively recognizedhieycatalytic subunit alone [44, 25].
Whether in vivo the formation of CK2 holoenzymaiseversible reaction or not, is still an open
guestion [7]. On one hand, the very high affinilgding between catalytic and non-catalytic
subunits (k= 40 nM) [22] argues against dissociation of thevaozyme under physiological
conditions; on the other it has been recently shthahan exchange between assembled and “free”
subunits can take place, albeit very slowly [4B]ahy case the existence in cells of CK2 catalytic
subunits not combined with tifiesubunits has been reported from time to time (d6348]).
Especially pertinent to the outcome of our workhis striking abundance of Ckzhot
accompanied by a concomitant rise in Gkdbserved in CEM drug resistant cells (R-CEM) as
compared to CEM drug sensitive (S-CEM) cells [49Fg that in this case the elevated @K&as
not paralleled by any increase in catalytic actiniteasured with the specific peptide substrates Thi
suggests that in R-CEM cells CK2s in an inactive form.
Interestingly it has been recently shown that xilflle region of CK2u exists at the interface with
the 3-subunit [20], which could be induced to adoptm@active conformation, should there be a
ligand able to bind to it instead of f[18].
This region overlaps fairly well the allostericesiwhere, based on the biochemical data and
molecular docking analysis presented here, we p®fwat the binding of the CFTA=508 peptide
takes place, inducing or possibly stabilizing aacitive conformation of the catalytic subunit (see
Fig. 6). According to our modelling, inactivatiommediated by a displacement of the Gly-loop due
to interactions with the C-terminal residues of Afrepeptide (see Fig. 6 and comments in the text).
10
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These interactions are much weaker with the wiigtt€ FTR peptide and with tiAd507

equivalent, thus accounting for failure of thesptpkes to inhibit CK& as drastically as thisF
peptide (see Fig. 1)

Collectively taken our data are consistent withgbenario depicted in Fig. 7, where in the presence
of CFTR fragments bearing the F508 deletion, nesyhthesized CKR& is sequestered in an
inactive complex less prone to readily interactwvifite3 subunits. There is abundant evidence that
CFTR degrades in the proteasome when F508 is ddbetethe same fate is reporied to a lesser
degree for wild type CFTR as well [40].

To note that in this manner the CFQAR fragments not only promote allosteric inhibition “free”
CK2a, immediately resulting in down-regulation of cldssubstrates, but will also-induce, by
subtractingx from the 21 + 3, <=> a3, equilibrium a gradual decrease of CK2 holenzyme,
expected to reduce the phosphorylation of the m@ngatargets of CK2 as well. This latter effect
however could be overcome, or at least attenubtethe binding of the CFTRF peptide to its
second allosteric site highlighted in this worlcdted at the N-terminus of CB2whose occupancy
results in up-regulation of CK2 holoenzyme towdtdts substrates [22] with the exception of
those belonging to class Il (e.g. the €lFieptide, see Fig.4C). Thus CK2 activity couldibe
tuned.

Assuming that a mechanism like that schematicalyicted in Fig. 7 is operating in R-CEM cells
(regardless of the nature of the allosteric effectsponsible therein, see [50] for possible
candidates), this could account for the puzzlingeotation that in those cells, despite the fadt tha
the increase of CK2was not accompanied by any increase of activitsatd the specific peptide
substrate, nevertheless the phosphorylation of ssrdegenous targets of CK2 was significantly
enhanced [49].

Our present data may also provide a breakthroughrtbthe understanding of some enigmatic
aspects of CF pathology, which are difficult toaecile with the loss of function of CFTR, notably
alterations in the inflammatory responses and @&asikexcess of bowel cancer in young patients
some of whom are in teenage [51]. Considering thi®ipopy of CK2 and its implication in
pathological events like inflammation, infectioasd tumorigenesis [15], the hypothesis that some
of the derangements observed in CF pathology argechby CK2 through the generation of
biologically active CFTR peptides, will deserveeation in future experiments given that CFTR is
rapidly degraded by the proteasome which in tuediots 8-12mer peptides of varying composition
based on its known catalytic properties. Pertiteriis may be the results obtained with peptides
including AI507 mutation. This deletion, otherwise very simitatheAF508 one as far as its
consequences on the stability of CFTR is concej28l nevertheless sharply differentiates in its
population prevalence which is negligible compamedF508 [29]. This observation suggests that
the AI507 mutation is unable to provide the selectidreamtage of thaF508 mutation (note this
only pertains to heterogygotes) although both prtentite same loss of function of CFTR in a CF
disease context where loss of ion channel fungilays a critical role. Our data is consistent with
the hypothesis that the selective advantage oAEhmutation in heterozygotes is due to a gain,
rather than a loss of function. Furthermore, tleedulation of CK2 mediates this effect is
corroborated by our data showing that Ni807 peptide is unable to exert the same efficddie
AF508 peptide on CK2 activity.

We are aware that for the time being a serioud lionour working hypothesis arises from paucity
of information about the endogenous generationaatahl concentration in CF cells of CFIIR
fragments of the right size and composition, thaghtnequate to our in vitro work with their
synthetic derivatives. Yet it is now almost axiomahat around two thirds of newly synthesised
wild type CFTR is proteasomally degraded, a figuhech rises to over 90% for the F-deleted
mutant [40]. Interestingly this apparently wanta@stluction does not occur with other ABC
proteins such as P glycoprotein which is efficigptlocessed without degradation suggesting
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CFTR is somehow a special case. For example, CE'BRan targeted for destruction through
ubiquitination prior to its complete synthesis be tibosome [40].

Evidence is now available that the same CFTR pegtiged in this in vitro study, when expressed
by viral infection in a foetal animal model do depbiological effects, notably enhancement of
Wnt reporter gene expression, which may well beiated by CK2 [23]. Other caveats arise from
the extremely variable dynamics of CFTR expres&am degradation), with peaks of 50-fold more
MRNA found in foetal life compared to adult lun@]5leaving open the possibility that under
special circumstances the proposed degraded patbentration might be higher than expected.
We must also consider the crucial importance taicbnformation of such peptides appears to
have in order to display biological activity towaed&2. This latter point is highlighted by the
failure of the very same 500-518 sequence whicherpeptide is quite effective, to display any
similar efficacy on both CK& and CK2 holoenzyme once it is incorporated inewnole NBD1
domain and by a number of unpublished observatiodertaken in our labs showing that by just
changing the method of solubilization of the peggide.g. DMSO vs water) their efficacy on CK2
sometimes is dramatically impaired.

In his wide ranging review [40], one of the fourgliimthers of the CFTR field, J. Riordan, recently
commented that it remains controversial as to wére@lif really is a pleiotropic disease. It is clear
that strong views are held on either side of tHeatke(CFTR as a channelopathy, CFTR in the
innate immune system etc). Our aim is to providieséable route to measure the degree of CF
pleiotropy and our future efforts will be directedassess the presence of these peptides and to
monitor corresponding alterations in CK2 activibydaargeting in cells where these peptides may
well be generated. Regardless to the outcome sétfugure studies it should be underlined that our
present data substantially contribute to the ddimiof allosteric sites where cellular ligandseath
than CFTR peptides may also bind to modulate CK&ifc Pertinent to this may be the intriguing
observation that the sequence surrounding the B&@fion in CFTR is fairly well conserved in a
number of proteins (unpublished observation) witbcsal reference to some histones which
stimulate CK2 holoenzyme by binding to the N-terahiregion of thed subunit [41]. It should be
highlighted in particular that histone H4, whiclsieeen shown to be a powerful stimulator of CK2
holoenzyme [41], shares remarkable similarity it CFTRAF peptide (Table S2 of
Supplementary Material), whereas this is not ttse eaith respect to histone H1 whose efficacy on
CK2 holoenzyme activity was found to be negligilgl&]. This discloses the possibility that a
number of protein and peptide ligands sharing tbé&frfound around the deleted F508 of CFTR
could function as modulators of CK2 activity.
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Figure Legends

Fig. 1: Sequence-deter mined variability of inhibition of CK2a by short CFTR peptides

straddling the F508 region of wild type or mutant CFTR.

The percentage change in GKa&ctivity (ordinate, relative to no-peptide contagl 100%) was
determined against the specific synthetic peptighCRSDs as phosphorylatable substrate. A bi-
directional effect on CK& occurs between F508 and negative charge versusgtyabicity at
position 510. For this and subsequent figures, C&&ivity was determined as described in the
Experimental Section and all data points are catedl from the mean of at ieast three independent
experiments with SEM never exceeding 15% (not shimwolarity).

Fig. 2: Kinetic analysis of the mode of inhibition of CK 2a activity towar ds substratesinduced
by the CFTRAF508 peptide.

In A the double reciprocal plot of the phosphorgatof increasing concentrations of the GK2
substrate calmodulin either in the absence (squaras the presence of 160 peptide (triangles)
reveals no change inK(abscissa intercept) but a near three fold deatingn.x (ordinate intercept)
induced by the peptide consistent with a non-coitipetaction.

In B, as ATP concentrations rise the double recigrplots reveal two phases. Note the abrupt
increase in the slope of the double reciprocal ipldticed by sub-maximal concentrations of
peptide as reflected in alterations in bothvand K,

Fig. 3: CK2a inhibition by the CFTRAF peptideis counteracted by the g subunit and by
NBD1AF508.

CKZ2a activity was determined, as described in the Hrpamtal Section, against the specific
synthetic peptide $AD,SDs as phosphorylatable substrate. In A the dose-aigmennhibitory
power of the peptidAF was evaluated either against Gkélone or on CK& preincubated with a
10-fold molar excess of CK2o create the holoenzyme. Note the loss of pejtideced inhibition
when the holoenzyme is present. In B the abilitthef3-peptide 181-203 to stimulate the activity
of CK2a was evaluated either in the absence (circles) tha presence of 4(M AF peptide
(triangles). Note that the degree of inhibitionGK2a induced by theé\F peptide (compare zero
values on abscissa) is relieved @pgptide] increases. The percent change of thdtires
decrease of inhibition is plotted in C. In D thailmtory effect of increasing concentrations of the
AF508 peptide on CKRactivity was determined either in the absencedhé presence of
recombinant NBDAF508 full length protein (5(M). Controls withAF NBD1 alone (in the
absence of the peptide substrate) were run, whosgpporylation was < 5% of that of the peptide,
and subtracted from this. Controls of GK&ctivity tested either in the absence or in tresence of
NBD1AF508 revealed no significant effect i.e. the 100 cdute values were similar (not shown).
Thus the inhibitory effect of the short peptide &vds CK2 was dramatically reduced by the full
length protein domain that by itself had no effectthe kinase activity.

Fig. 4: Variable effects of theinteraction of CK2 holoenzyme with the wild type and AF508
CFTR-derived peptides.

Autophosphorylation of CK2subunit and assays on holoenzyme activity towsuntistrates

(peptide and protein) were performed as describeéla Experimental Section.

A: Inhibition of the CK3-subunit autophosphorylation by increasing coneiatns of either wild
type orAF508 CFTR peptides.

B: stimulation of the phosphorylation of calmoduinduced by increasing concentrations of either
wild type orAF508 CFTR peptides (contrast,) decline in Fig 2A). Note the enhanced relative
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potency of the F508-deleted peptide towards calimoghosphorylation (compare open bars)
when holoenzyme is present against its contrasfifegts on CKa alone.

C: Yet the very same peptide has inhibitory adtitowards the phosphorylation of the €iF2
derived peptide as the concentrations of #8508 CFTR peptide rise. Note no effect when gF2
derived peptide (class lll substrate) is repldmgdnother peptide (class | substrate) showing
selectivity of action towards different substrates.

Figure 5. The stimulatory efficacy of polylysine on CK2 holoenzyme is reduced by the
CFTRAF peptide. Calmodulin (CaM) underwent phosphorylation by CK@lagnzyme in the
absence (lane 1) or presence of either 330 nM ymitye (PL) or 8QuM CFTRAF peptide (lanes 2
and 3, respectively), or both (lane 4). The stinarlaeffect of polylysine cbserved in lane 2 was
attenuated by the CFI¥R peptide (lane 4), which by itself is capable mwif@ncing phosphorylation
of CaM (lane 3), albeit much less efficiently thawmlylysine. These results argue for a competition
between polylysine and the CFAR peptide for the same anchoring site.

Fig. 6: Molecular docking of wild type and mutated CFTR peptides by CK2e and by CK 2
holoenzyme.

In A, B and C the main molecular contacts betweK2d(green), CEFTR peptides (red), CK2
(blue; D only) are shown as complexes betweendCs{bunit and CFTR peptides wild type,
AF508 andAI507. Using Glu52/1le69 (green) as a GKfced reference points note the different
contacts for Phe54 and Leu41 (both green) agaifisteitly folded CFTR peptides in A,B, C. In
D the interactions between tfesubunit of CK2 holoenzyme and th&508 peptide are
highlighted. Dotted red areas denote hydropholieractions, blue dotted lines indicate salt
bridges. Docking sampling (DS) parameter for eamhplex, calculated as described in the
Experimental Section and discussed in the texlsis reported.

Fig. 7: Schematicillustration of the proposed dual effect of CFTR fragments on CK 2a and on

CK2 holoenzyme.

The binding ofAF peptides to CK@ subunit allosteric site disclosed by Figure 2 BEK2 in an
inactive conformation and hampers the formatiothefactive holoenzyme (new steady state based
on competition between CFTR peptides and Katlined in Figure 3). The effect of binding of

AF peptides to th@ subunit within the CK2 holoenzyme is variable degiag on the class of
substrate affected (see Figure 4) but with mosstsates is expected to induce activation [22]. In
this model, as concentrations of the CFTR peptidle R508 deleted rise, calmodulin and more in
general class Il substrates would be hyper-phospdted whereas phosphorylation of efFihd

other class Il targets would be inhibited.
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Table 1. IC50 valuesfor theinhibition of CK2a by CFTR-derived peptides.
The parent peptide (1, wt) reproduces the 500-8g@ence of human CFTR. It belongs to the

NBD1 domain of CFTR schematically represented értght cartoon (in practice, the two NBDs
are thought to create a dimeric sandwich trappi@rucleotides). Between brackets in the table

are the simplified acronyms used to indicate thekgeound of the peptides that are reported.

495
....SWIMPGTIKENII EYRYRSVIKACQL....

Y (Vanga@ Vs ' )

FGVSYD

o S

50gETIKENII FGVSYD EYRYRlS {/& #
4% & T T NBD1 NBDZ
L fo= VT COOH

N. Peptide | Cso (uM)
1 GTl KENI | FGVSYDEYRYR (w.t.) 85
2 | | FGVSYDEYRYR 99
3 GVSYDEYRYR >250
4 GTl KENI | FC 241
5 | | FGVSYDE >250
6 GTl KENI | FGVSYDE >250
7 GTI KENI | - GVSYDEYRYR (AF) 15
8 GTI KENI - FGVSYDEYRYR (Al) >250
9 GTl KENI | FCCSYDEYRYR (v510D) 33
10 GTl KENI | - CESYDEYRYR (AFV510D) 81
11 | | - GYSYDEYRYR 23
12 | I - GYSYDEYR >250
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