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Conventional protein kinase C (cPKC) isozymes tune the signaling output of cells, with
loss-of-function somatic mutations associated with cancer and gain-of-function germline
mutations identified in neurodegeneration. PKC with impaired autoinhibition is removed
from the cell by quality-control mechanisms to prevent the accumulation of aberrantly
active enzyme. Here, we examine how a highly conserved residue in the C1A domain of
cPKC isozymes permits quality-control degradation when mutated to histidine in cancer
(PKCp-R42H) and blocks down-regulation when mutated to proline in the neurodegenera-
tive disease spinocerebellar ataxia (PKCy-R41P). Using FRET-based biosensors, we
determined that mutation of R42 to any residue, including lysine, resulted in reduced
autoinhibition as indicated by higher basal activity and faster agonist-induced plasma
membrane translocation. R42 is predicted to form a stabilizing salt bridge with E655 in
the C-tail and mutation of E655, but not neighboring E657, also reduced autoinhibition.
Western blot analysis revealed that whereas R42H had reduced stability, the R42P
mutant was stable and insensitive to activator-induced ubiquitination and down-regula-
tion, an effect previously observed by deletion of the entire C1A domain. Molecular
dynamics (MD) simulations and analysis of stable regions of the domain using local
spatial pattern (LSP) alignment suggested that P42 interacts with Q66 to impair mobility
and conformation of one of the ligand-binding loops. Additional mutation of Q66 to the
smaller asparagine (R42P/Q66N), to remove conformational constraints, restored degrad-
ation sensitivity. Our results unveil how disease-associated mutations of the same
residue in the C1A domain can toggle between gain- or loss-of-function of PKC.

OPEN ACCESS

Introduction

Protein kinase C (PKC) is a family of multidomain Serine/Threonine protein kinases that propagate
signals mediated by phospholipid hydrolysis [1-3]. Activation of PKC isozymes leads to the regulation
of diverse functions, including proliferation, cytoskeletal organization, and receptor internalization
which position them as important players in the intracellular signaling landscape [4,5]. Dysregulation
of PKC signaling output is evident in disease states, with impaired signaling generally associated with
cancer [6] and enhanced signaling associated with neurodegenerative conditions such as Alzheimer’s
disease (AD) [7,8] and spinocerebellar ataxia type-14 (SCA14) [9].
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phosphorylations facilitate phosphorylation of the activation loop by phosphoinositide-dependent kinase-1
(PDK-1), in turn promoting autophosphorylation at the hydrophobic motif [12-17]. This last event is necessary
to lock cPKC into a stable and autoinhibited conformation by anchoring the C-tail to a conserved pocket on
the N-lobe of the kinase domain [17-21]. cPKC isozymes contain an N-terminal regulatory moiety that con-
sists of a pseudosubstrate segment, diacylglycerol (DG)-sensing C1 domains, and a Ca®"-sensing C2 domain
followed by the kinase domain and regulatory C-tail [2]. Both C1 domains have been well-characterized for
their ligand-binding properties [22-25], yet in the context of the full-length protein the C1A domain is essen-
tial to maintaining PKC in an inactive state [26,27] whereas the C1B is in an orientation favorable for binding
DG and the functional analogs, phorbol esters. Reversible activation occurs via release of an autoinhibitory
pseudosubstrate segment in response to allosteric activators [28], Ca** and DG, which are generated by the
cleavage of membrane lipids by phospholipase C following G-protein coupled receptor (GPCR) activation [29].
The Ca**-bound C2 domain engages on the plasma membrane in an interaction involving
phosphatidylinositol-4,5-bisphosphate (PIP,) [30], facilitating the binding of the C1B domain to its
membrane-embedded ligand, DG, and other membrane lipids, including phosphatidylserine [23,31].
Engagement of these regulatory modules provides the energy to expel the pseudosubstrate from the active site
to allow downstream signaling. In the open and active conformation, PKC is sensitive to dephosphorylation at
the hydrophobic motif by the PH domain leucine-rich repeat protein phosphatase 1 (PHLPP1), ubiquitination,
and proteasomal degradation [11,32-34] — a process referred to as ‘down-regulation.’

Alterations of cPKC isozymes in cancer are generally loss-of-function and occur by diverse mechanisms.
These include reduced gene and protein expression [35], mutations that perturb processing phosphorylations,
ligand binding, substrate binding, or catalytic activity [6], creation of fusion proteins that truncate the kinase
domain or regulatory elements [32], or reduced protein levels due to a PHLPPI-mediated quality-control
mechanism that degrades aberrantly active PKC [11]. In contrast, gain-of-function mutants that evade or
bypass quality-control degradation have been associated with neurodegenerative diseases. For example, one
AD-associated mutation in PKCa (M489V) enhances the catalytic rate (k) of the enzyme without affecting
the rate of activation and re-autoinhibition (kou/0f) [8]. This subtle mechanism allows the mutant protein to
evade down-regulation by maintaining autoinhibition in the absence of second messengers, but the signaling
output is increased by 30% when activated. This small increase in activity is sufficient to cause cognitive
decline in a mouse model, underscoring the importance of homeostasis in PKC signaling output [36].
Gain-of-function mutations that evade down-regulation are also associated with another neurodegenerative
disease, SCA14. This autosomal dominant disease is caused by missense variants in PRKCG, the gene encoding
PKCy [37], and leads to cerebellar atrophy and loss of motor coordination and function [38,39]. Recent work
has demonstrated that these mutants disrupt autoinhibition, leading to increased basal signaling output, yet are
resistant to activator-induced degradation [9]. Many of these mutated residues cluster to the Cl domains,
including residues involved in ligand-binding or metal-coordination [22,40], or are at predicted interfaces
involving the C1 domains and catalytic domain of PKC [9,41], suggesting that the integrity and/or interdomain
contacts of the C1 domains are required for down-regulation. Curiously, a highly conserved residue in the C1A
domain of PKCy (R41) is mutated to proline in a family of patients diagnosed with SCA14 [42], and the corre-
sponding residue in PKCP is mutated to histidine in two patient tumor samples listed on cBioPortal[43].
Understanding how mutation of this residue can toggle between a cancer-associated versus a degenerative
phenotype could aid in the development of disease-specific therapeutic strategies to target cPKC isozymes.

Here, we use biochemical, cellular, and in silico approaches to understand how disease-associated variants of
a conserved arginine in the C1A domain of PKCBII, R42H (cancer), and in the equivalent position in PKCy,
R42P (SCA14), have opposing functional mechanisms. Whereas both mutations disrupt autoinhibition, R42P
uniquely disrupts the structure of the C1A domain, allowing PKCy to evade quality-control degradation. Our
results provide a mechanism for the disrupted signaling of these mutants and offer a structural explanation for
how mutations at the same residue from two disease states can toggle between gain- and loss-of-function.

Results
R42 in C1A domain predicted to form ion pair with E655 in C-tail of cPKC

isozymes
Due to the dynamic nature of PKC, a full-length, autoinhibited structure with all domains included and suffi-
cient resolution has remained elusive; however, biochemical evidence has shown that the regulatory domains
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of PKC isozymes contribute to autoinhibition [44-47]. Docking studies using individually crystalized
domains [48,49] and a partial structure of PKCBII [50] have been used to identify residues in the C1 and C2
domains that help maintain autoinhibition [51-53]. Previously, we combined existing biochemical evidence
and structural information to piece together a full-length model of the autoinhibited conformation of conven-
tional and novel PKC isozymes [41]. This model predicts an ion pair between R42 in the C1A domain and
E655 in the C-tail, two conserved residues in ¢cPKC isozymes, that appears to contribute to autoinhibition
(Figure 1).

Phylogenetic analysis revealed high co-conservation of R42 and E655 in ¢cPKC isozymes (Figure 1B). R42 is
conserved as an arginine in all bilaterian ¢cPKC isozymes, with the exception of some very recent duplicate
sequences. E655 is also absolutely conserved as glutamate or aspartate in all bilaterians, with the exception of a
few recent duplicates and some alternative splice isoforms. This pattern suggests that a potential ion pair is
functional in all bilaterians, while splice or duplication variants that have lost this regulation also occasionally
emerge. cPKC isozymes are present in all holozoans, but in both choanoflagellates and sponges, the ion pair is
not seen, and in cnidarians it is variably present and likely not key to function. These residues are mutated in
multiple tumor types across the conventional family of PKC isozymes, including D652Y in PKCa, R42H and
E655K mutations in PKCBIL, and D669H/N in PKCy [43]. An R41P mutation in PKCy (equivalent position to
R42 in PKCBII) was also identified in a family of patients with SCA14 [42].

Mutation of R42 or E655 disrupts autoinhibition of PKCglI

We previously demonstrated that mutation of E655 to lysine reduced autoinhibition of PKCBII as shown by
more rapid plasma membrane translocation compared with WT in response to the Cl agonist phorbol
12,13-dibutyrate (PDBu) [52]. To examine if R42 mutation also reduced autoinhibition (as our model pre-
dicts), we mutated this residue to alanine, glutamate, glycine, histidine, lysine, and proline and assessed the
effect of each mutation on the rate of membrane translocation by monitoring FRET between YFP-tagged
PKC and plasma membrane-targeted CFP (MyrPalm-CFP) [54,55]. All mutants translocated to the plasma
membrane significantly faster than WT PKCBII, including PKC with a charge-conserved R42K mutation
(Figure 2A,B). Our data are consistent with mutation of either R42 or E655 promoting a more open con-
formation of PKCIL.

To assess if mutation of R42 is associated with higher basal activity, we co-overexpressed our FRET-based
C-Kinase Activity Reporter (CKAR2; [56]) with mCherry-tagged WT PKCBII or disease-associated mutants
R42H and R42P and monitored the change in FRET ratio following inhibitor addition (Figure 2C,D). Cells
expressing CKAR2 alone (representing endogenous PKC activity, light blue trace) and those overexpressing
mCherry-PKCBII-WT (dark blue trace) had low basal activity due to effective autoinhibition of the mature
kinase. In cells expressing R42H or R42P mutants (red or gray traces, respectively), the activity drop following
inhibitor addition was significantly greater than that observed for WT (Figure 2C), indicating higher basal
activity. This inhibitor-induced decrease was dependent on kinase activity, as introduction of a kinase-dead
mutation (V356F; [32]) ablated the increase in basal signaling (Supplementary Figure S1). Thus, mutation of
R42 to either histidine or proline resulted in significantly higher basal signaling output, with R42P showing a
larger increase, compared with the autoinhibited WT PKCBII (Figure 2D).

Given that both R42 and E655 mutations disrupted autoinhibition and are predicted to form an ion pair
in our model, we assessed the effect of reversing the charge of both residues (R42E/E655R) on the trans-
location kinetics (Figure 2E,F). The rate of membrane-translocation of the double-mutant R42E/E655R was
significantly faster than that of WT PKCPII and similar to that of R42E and E655R. Thus, charge reversal
was not sufficient to rescue the autoinhibited conformation of PKCPIL. This is unsurprising given the
complex conformational transitions involved in the maturation of PKC and may suggest that R42 and E655
are participating in other interactions that contribute to the maturation or autoinhibition of PKC.
Additional structural characterization is needed to validate a potential R42-E655 salt bridge. Mutation of
the non-conserved (Figure 1B), neighboring E657 residue, which is not predicted to contribute to autoinhi-
bition in our model, had no significant impact on translocation kinetics (Figure 2E,F). However, introducing
an additional R42E mutation to the E657R mutant did increase translocation (green traces). These data
show that perturbation of R42 or E655, but not adjacent E657, leads to a more open conformation of PKC
with higher basal activity in a cellular context, and that charge reversal is insufficient to reclamp PKC into
the tightly autoinhibited state.
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Figure 1. Conventional PKC isozymes contain a conserved salt bridge between the C1A domain and C-tail.

(A) Domain structure of cPKC isozymes showing pseudosubstrate (PS, red) which reversibly occupies the active site, C1A
domain (sand) and C1B domain (orange) which bind diacylglycerol, C2 domain (yellow) which acts as a Ca?* sensor and binds
phosphatidylserine and PIP,, kinase domain (cyan), and C-tail (gray). Three processing phosphorylations indicated in magenta,
orange, and green for the activation loop, turn motif, and hydrophobic motif, respectively. Residues participating in the salt
bridge are indicated in blue (R42) and red (E655). (B) Sequence logo showing conservation of R42 and E655 (starred) in
bilaterian cPKC isozymes. Logo is drawn from alignment of representative sequences of vertebrate (one per class) and
invertebrate (one per phylum) cPKC isozymes. R42 is absolutely conserved, and E655 is sometimes substituted by aspartate.
(C) Structural model of PKCpII [41] in the autoinhibited conformation showing domains as colored in (A). Predicted ion pair
shown between R42 and E655. Numbering corresponds to human PKCBII (UniProtKB: P05771-2).
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Figure 2. Translocation rate and activity of PKCII-R42 mutants are increased in live cells. Part 1 of 2

(A) COS7 cells were co-transfected with YFP-tagged PKCBII wild-type or mutants and MyrPalm-CFP [54]. Translocation to plasma membrane was
monitored by measuring FRET/CFP ratio changes after stimulation with 200 nM PDBu. Data for each cell were normalized to the max FRET ratio for
that cell and represent at least three independent experiments and n > 30 cells per condition. (B) Half-time of translocation was determined for each
cell by fitting the data to a non-linear regression using a one-phase association equation. (C) COS7 cells were transfected with CKAR2 alone
(endogenous, light blue) or co-transfected with indicated mCherry-tagged PKCBII construct. An amount of 1 uM of the PKC inhibitor G66983 was
added after 3 min and PKC activity was monitored by measuring FRET/CFP ratio changes. Data were normalized to the assay end point and are
from four independent experiments; n > 32 cells per condition. (D) Basal activity from (C) was determined for each cell by plotting the initial FRET/
CFP ratio after normalizing to the assay end point. (E) COS7 cells were co-transfected with YFP-tagged PKCpIl and MyrPalm-CFP and plasma
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Figure 2. Translocation rate and activity of PKClI-R42 mutants are increased in live cells. Part 2 of 2
membrane translocation was measured as in (A). PKCBII-WT and R42E are reproduced from (A) for comparison (dashed lines).
(F) Half-time of translocation was determined as in (B) and PKCBII-WT is reproduced from (B) for comparison. All data
represent mean + SEM. ** P <0.001, *** P <0.0001 by one-way ANOVA and Tukey post hoc test.

SCA14-associated R42P mutant evades PDBu-induced ubiquitination and

degradation

The steady-state levels and activity of PKC are finely regulated by quality-control mechanisms that lead to the
dephosphorylation, ubiquitination, and degradation of the activated species [57-59]. To examine the
activation-induced degradation of the R42 mutants, we overexpressed YFP-tagged WT PKCBII or the indicated
R42 mutants in COS7 cells and treated them with increasing concentrations of PDBu for 24 h. Cells were lysed
and relative PKC levels were determined by Western blot of whole-cell lysate (Figure 3A). PKCBII WT was
dephosphorylated and degraded with increasing concentrations of PDBu as indicated by loss of the upper
mobility, phosphorylated species (indicated by *; initial phosphorylation level shown in Figure 3B) and decrease
in the total protein levels (Figure 3C). The highest concentration of PDBu (200 nM) resulted in degradation of
WT and each mutant (Figure 3C), except for the R42P mutant, which was resistant to degradation. The initial
levels of R42H, but not other mutants, were reduced compared with WT enzyme (~90% relative to WT)
(Figure 3A). Addition of the proteasome inhibitor MG-132 promoted the accumulation of R42H protein
(Supplementary Figure S2), corroborating that the mutant is sensitive to quality-control mechanisms which
degrade PKC that is not properly autoinhibited [11]. R42 mutants generally had decreased basal phosphoryl-
ation (Figure 3B), including R42P, consistent with a more open and phosphatase-sensitive conformation.

In the presence of cycloheximide, which inhibits protein synthesis, the lower band of the R42P mutant
protein migrated to the slower mobility (phosphorylated) band over time, and a corresponding reduction in
PHLPP1 levels was observed (Supplementary Figure S3A,B). This is consistent with our recent finding that
PHLPPI provides a quality-control mechanism to dephosphorylate PKC with impaired autoinhibition [11].
Importantly, the rate of degradation of the upper bands of both the WT and R42P protein was greater than
48 h (Supplementary Figure S3C), suggesting the R42P mutant has a deficit in autoinhibition leading to depho-
sphorylation by PHLPP1, but the steady-state turnover of the phosphorylated species is similar to WT. Taken
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Figure 3. R42P SCA14-associated mutant is insensitive to phorbol ester-mediated down-regulation.

(A) Western blot of whole-cell lysate from COS7 cells transfected with YFP-tagged PKCpII wild-type or indicated R42 mutants. Cells were treated
with indicated concentrations of PDBu for 24 h before lysis. Blot is representative of three independent experiments. *, phosphorylated species; -,
unphosphorylated species. (B) Quantification of percent phosphorylated PKC in DMSO-treated condition. (C) Quantification of percent change in
PKC levels at 200 nM PDBu relative to 0 nM (DMSO) control for each transfection condition. Data represent mean + SEM. ns = not significant, ** P <
0.01, ** P <0.001 by one-way ANOVA and Tukey post-hoc test.

1304

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

20z Atenuer zo uo 3senb Aq ypd-0/6£0-2202-100/40£6¥6/662 L/91/08/4Pd-8jo1e/[wayooiq/wod sseidpueplod/:dpy wody papeojumoq


https://creativecommons.org/licenses/by/4.0/

Biochemical Journal (2023) 480 1299-1316

PORTLAND

L)
https://doi.org/10.1042/BCJ20220397 ... PRESS

together, our results indicate that the R42P mutant is stable and resistant to phorbol ester-induced
down-regulation.

We next investigated the mechanism by which down-regulation of PKCPII-R42P is impaired. COS7 cells
transfected with YFP-tagged WT, R42H, or R42P PKCBII constructs for 48 h were treated with the proteasome
inhibitor MG-132 for 3 h followed by PDBu for 30 min to allow ubiquitination, but not degradation, of PKC.
PKC was immunoprecipitated from triton-soluble lysate and the ubiquitination level of PKC was determined
by Western blot (Figure 4A). The PDBu-mediated increase in ubiquitination was calculated by comparing the
ubiquitination levels of untreated versus PDBu-treated sample for each protein (Figure 4B). Both WT and
R42H showed significant increases in ubiquitination following phorbol ester treatment as seen previously [60].
However, there was no increase in ubiquitination of the R42P mutant after stimulation with PDBu. These
experiments reveal that the R42P mutant is resistant to PDBu-induced ubiquitination, providing a mechanism
for its resistance to down-regulation.

R42P mutant disrupts C1A domain stable residue network

Because R42P reduces autoinhibition while bypassing ubiquitination and degradation, an effect also observed
upon deletion of the C1A domain [9], we hypothesize that a structural disruption of the C1A domain itself,
rather than an interdomain effect, mediates its effect on PKC. We used molecular dynamics (MD) to explore
how the domain responds to having an R42P substitution. For MD and analyses we used the C1A domain of
PKCy whose structure is solved (PDB: 2E73) and has 95% sequence identity with PKCBII; residue numbering
as in PKCBII. Following 50 ns MD in triplicate, local spatial pattern (LSP) alignment-based protein residue net-
works (PRN) were created to detect stable regions and identify functional residues in the domain [61]. Degree
Centrality (DC) and Betweenness Centrality (BC) values for these networks were calculated as these measures
are effective in identifying functionally important nodes within a network [62,63]. As expected, two distinct
‘hubs’ clustered around the two Zn>" ions had high DC, indicating their local stability within the domain
(Figure 5A, yellow and blue shading). To further examine residues with importance to domain connectivity, we
created a scatterplot with DC and BC for each residue (Figure 5B). Residues with high BC represent key
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Figure 4. Ataxia-associated R42P mutation disrupts PDBu-induced ubiquitination of PKC8II.

(A) Western blot of Triton-soluble lysate (left lanes) and YFP-PKCBII immunoprecipitated from COS7 cells using GFP-Trap® Agarose. Cells were
pre-treated with 20 M MG-132 for 3 h followed by 30 min of 200 nM PDBu treatment prior to lysis. Blots were probed with indicated antibodies. (B)
Quantification of PDBu-induced ubiquitination of immunoprecipitated PKCBII. Relative ubiquitination was determined (Ubiquitin/PKC) for
immunoprecipitated samples and each condition was normalized to DMSO-treated control (1.0) to determine fold-increase in ubiquitination after
PDBu stimulation. Data represent mean + SEM from four independent experiments. ns = not significant, *** P <0.0001 by two-way ANOVA and

Sidak’s multiple comparisons test.
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Figure 5. Molecular dynamics with local spatial pattern analysis reveals C1A domain organization and predicts
disruption mechanism of R42P.

(A) Structure of the PKCy C1A domain (PDB: 2E73) shown with residues participating in hubs centered around Zn?* ions
colored in yellow and blue. Blue and green residues are R42 and V73, respectively. Note: residues numbered according to
PKCBII sequence. (B) Molecular dynamics analysis of the PKCy C1A domain (PDB: 2E73) was performed for 50 ns in triplicate
followed by local spatial pattern alignment as described previously [61]. Scatter plot represents the distribution of residues
based on their degree and betweenness centralities. Standard errors calculated as described in Methods are shown and
colored as in (A). (C) R42P modeled into C1A domain followed by molecular dynamics and LSP analysis shows potential
interaction involving P42 (gray), Q66 (pink), and V73 (green). (D) Degree centrality of each residue in the C1A domain was
determined from MD simulations of R42P (gray), Q66N (pink), and R42P/Q66N (purple) and the percent difference from WT of
each residue is shown for each mutant.

communicators, and while we found several Zn>*-binding residues (C50, C70, H75, C86) important for this
global connectivity, the highest-scoring residue was V73 (green). This residue sits in the middle of the domain
and appears to be a central node of the domain, connecting the two Zn** communities (Figure 5A, green
residue). In contrast, R42 (blue residue) is on a flexible loop that extends outward and has low measures of DC
and BC.
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Next, the MD and LSP were repeated with the R42P mutant modeled into the domain, and an interaction
was seen involving P42, Q66, and V73 in multiple frames of the MD (Figure 5C; residues in gray, pink, and
green, respectively). Strikingly, the DC of each residue on the loop containing P42 increased, indicating stabil-
ization of the loop resulting in a denser group of residues with this mutation present (Figure 5D, gray trace).
Because the hydrophobic side chain of the proline is predicted to bind to the hydrophobic core of the domain
through the Q66 side chain in the MD simulation, we hypothesized that shortening this residue to an aspara-
gine would prevent this interaction, rescue loop flexibility, and repair domain dynamics. In line with this, the
double-mutant R42P/Q66N showed restoration of DC, especially surrounding the loop containing P42
(Figure 5D, purple trace). Mutation of Q66 alone did not lead to substantial changes in DC (Figure 5D, pink
trace). If altered dynamics of the C1A domain are resulting in impaired degradation of the R42P mutant, these
results suggest a strategy to restore C1A function of the R42P mutant would be to introduce a Q66N mutation,
which our results indicate will create stable communities within the domain similar to the WT.

Degradation of double-mutant R42P/Q66N is restored to WT levels as

predicted by MD and LSP

Our MD results indicate that R42P perturbs C1A domain dynamics through introducing structural rigidity and
additional interactions within the domain, including with Q66. To test our in silico prediction that mutating
Q66 to asparagine in the R42P mutant may restore normal ClA function, we overexpressed YFP-tagged
PKCBII WT, R42P, Q66N, and R42P/Q66N in COS7 cells, stimulated them with PDBu for 24 h, and analyzed
PKC levels by Western blot (Figure 6A). As previously observed, the R42P mutant was not degraded even at
this high PDBu concentration (Figure 6B, gray bar). Q66N also had significantly reduced degradation compared
with WT (P =0.0068) suggesting that mutation of this residue, which our initial MD/LSP revealed has relatively
high DC and BC, can also alter C1A function (Figure 5B, pink point and Figure 6B, pink bar). Mutation of
both R42P and Q66N together resulted in degradation of PKCBII after 24 h of PDBu treatment. Furthermore,
the degree of degradation was the same as WT (Figure 6B, purple bar). These results suggest that the double-
mutant has restored C1A domain-mediated down-regulation of PKCII. Although mutation restored sensitivity
to PDBu-induced degradation, autoinhibition was still impaired as evidenced by the accumulation of the
dephosphorylated species of PKC. All mutants were localized primarily to the cytosol, similar to WT
(Supplementary Figures S4, S5). Applying MD and LSP alignment methods allowed us to determine and repair
a mechanism of C1A domain disruption which is blocking the ubiquitination and degradation of PKC.

Discussion

Mounting evidence points to cancer-associated variants in PKC generally being loss-of-function and variants
present in neurodegenerative disease having gain-of-function alterations [39,64,65]. In this study, we show that
mutation of a conserved residue in the C1A domain of cPKC leads to opposing functional effects depending
on the disease context. Mutation of R42 to histidine (cancer-associated) or proline (SCA14-associated) similarly
impaired autoinhibition (Figure 2). However, whereas mutation to histidine triggered quality-control degrad-
ation, mutation to proline altered the fold of the C1A domain to protect PKC from activator-induced ubiquiti-
nation and degradation (Figures 3 and 4). MD revealed that the stable residue networks of the C1A domain are
disrupted by R42P mutation (Figure 5). Importantly, we restored sensitivity to down-regulation of this mutant
by introducing a compensating mutation predicted from LSP analysis (Figure 6). Our data reveal how complex
regulatory mechanisms control PKC structure and function such that mutation of the same residue can have
opposing functional outcomes (Figure 7).

The predicted ion pair between R42 in the CIA domain and E655 in the regulatory C-tail is conserved
throughout evolution, suggesting a key role in maintenance of normal PKC function (Figure 1B). Consistent
with this, we found that mutation of the invariant R42 to any residue tested and mutation of E655 to arginine
resulted in disrupted autoinhibition of PKC. These results point to a key functional role of both residues either
via an ion pair, or perhaps independently, in maintaining effective autoinhibition of cPKC isozymes. Thus, it is
unsurprising that the ion pair is targeted in disease as a way to impair PKC function. R42 is mutated to histi-
dine in PKCP in two separate cancers, and E655 mutation to tyrosine, lysine, histidine, or aspartate has also
been identified in cancers across the cPKC family [43].

A striking finding from our analysis was that mutation of R42 to proline prevented phorbol ester-induced
ubiquitination and down-regulation, rendering the PKC insensitive to quality-control mechanisms [32,33,60].
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Figure 6. Q66N mutation restores degradation of R42P-mutated PKCBII.

(A) Western blot of whole-cell lysate from COS7 cells transfected with YFP-tagged PKCBIl WT, R42P, Q66N, or the
double-mutant R42P/Q66N. Cells were treated with DMSO or 2 uM PDBu for 24 h before lysis. Blot is representative of five
independent experiments. (B) Quantification of (A) showing percent change in PKC levels at 2 uM PDBu relative to DMSO
control. ns = not significant, *** P <0.0001 by one-way ANOVA and Tukey post-hoc test. (C) Proposed mechanism of C1A
disruption by R42P mutation (middle panel) and restoration of domain dynamics through double mutant R42P/Q66N (right
panel). Maps represent LSP data visualized using Gephi software. Each node represents an amino acid with the diameter
corresponding to Degree Centrality. Yellow and blue nodes indicate hubs of residues participating in Zn?* binding as in
Figure 5A. Gray, pink, and green nodes are R42 or P42, Q66 or N66, and V73, respectively. Figure created using BioRender.
com.
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Figure 7. Disease-associated mutations in C1A domain disrupt autoinhibition, signaling, and stability.

cPKC isozymes are exquisitely autoinhibited by interdomain interactions that facilitate a closed, phosphorylated, stable, and
inactive state in the absence of second messengers. Mutation of R42 in the C1A domain leads to a more open,
dephosphorylated, and basally active conformation. The cancer-associated R42H mutant is unstable and turned over rapidly in
cells. Ataxia-associated R42P mutation breaks autoinhibitory contacts and misfolds the C1A domain such that PDBu-induced
ubiquitination and down-regulation is impaired, allowing the active mutant to accumulate in cells. The deficit in C1A folding can
be repaired by mutation of Q66 to asparagine which restores stable residue networks within the C1A domain and allows
PDBu-induced degradation to occur. However, this R42P/Q66N mutant still lacks proper interdomain autoinhibition, leading to
a dephosphorylated species.

To understand the structural basis of R42P disruption of PKC function, we used MD simulations followed by
LSP alignment to study changes in stable regions of the C1A domain. This approach has been shown to out-
perform traditional interaction-based methods to identify critical regulatory residues in protein kinase A [61].
Applying this method, we observed a rewiring of the C1A domain when the R42P mutation was introduced
(Figure 5C,D). The proline is predicted to form a hydrophobic network with Q66 and V73, the latter of which
is a key node of the domain that connects the two Zn**-binding hubs. This interaction also collapses a ligand-
binding loop leading to dramatic changes in the stable residue network of the domain (Figure 6C, middle
panel). From the LSP analysis, we predicted that shortening of the hydrophobic side chain of Q66 to an aspara-
gine would release V73 from this hydrophobic interaction to restore hub communication and domain central-
ities. Double-mutation of R42P and Q66N repaired loop flexibility and DC of most residues in the domain
back to that of WT (Figures 5D, 6C, right panel). This double-mutant (R42P/Q66N) was degraded in response
to phorbol esters, suggesting that stable PRNs in the C1A domain are critical to agonist-induced degradation of
PKC. These results provide a framework for studying the effect of disease-associated mutations and generate
testable hypotheses based on PRN maps to restore dynamics and communication within protein domains.
R42A mutation in PKCa was previously shown to have higher in vitro basal activity than WT enzyme [51],
and this mutant also translocated faster to the plasma membrane (Figure 2A,B). Mutation of the neighboring
F43 also increases membrane translocation rate, and mutation of this residue in PKC3 (F165) leads to a more
open conformation, indicating that this region of the CIA domain contributes to autoinhibition of PKC iso-
zymes [53]. C1A-domain synthesized peptides with the R42P mutation (R41P in PKCy) do not bind PDBu
[66]; however, the full-length protein is able to readily translocate to the plasma membrane in response to
stimulation in cells. Phorbol ester-induced translocation has previously been shown to be mediated primarily
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by the C1B domain binding phorbol esters [23,27]. Thus, although both the C1A and C1B domains bind
phorbol esters as isolated domains [23,67], in the context of the full-length mature enzyme, the C1B is the DG/
phorbol ester sensor. Therefore, the increased rate of translocation observed with the R42P mutant reflects a
more open PKC with a more accessible C1B domain [68].

The resistance of the R42P mutant to ubiquitination suggests a key role of the C1A domain in either being
ubiquitinated or providing a docking site for an E3 ubiquitin ligase. The E3 ubiquitin ligase MDM2 is known
to ubiquitinate phorbol-ester activated PKCBII [60,69]. The PKCBII-MDM?2 interaction was shown to be
mediated by the C1 domains of PKC, so the structural disruption of the C1A domain caused by R42P mutation
may disrupt this interaction. SCA14 mutants tend to cluster in the C1 domains of PKCy [9,37,42,66], so there
may be a common mechanism involving disruption of the MDM2 binding site or interface which would block
ubiquitination and down-regulation of activated PKC. Biochemical characterization of other SCA14 mutants in
PKCy have shown similar defects in phorbol ester-mediated down-regulation while also having increased basal
activity [9]. Importantly deletion of the entire C1A domain also shares this phenotype. The role of the C1A
domain in mediating the down-regulation of PKC remains to be elucidated.

In summary, our work adds to a growing field of evidence pointing towards PKC as a tightly regulated sig-
naling node that is perturbed in disease. Consistent with previous studies showing cancer-associated mutations
are generally loss-of-function and ones associated with neurodegenerative diseases are gain-of-function, we find
this trend holds true even for mutations at the same residue. Mechanistic understanding allowed us to repair
the down-regulation resistance of a disease-associated mutant and gain new insights into the function of spe-
cific residues in the C1A domain.

Methods

Plasmid constructs, antibodies, and reagents

The CKAR2 [56] and mpCFP [54] were described previously. Human PKCPBII was YFP-tagged at the
N-terminus in a pcDNA3 vector using Gateway Cloning (Life Technologies) as described in [6]. All mutants
were generated using QuikChange site-directed mutagenesis (Agilent) following the manufacturer’s instructions.
Antibodies against GFP (catalog no. 2555S), Vinculin (catalog no. 4650S), Ubiquitin (catalog no. 3933S), and
GAPDH (14C10, catalog no. 2118) were from Cell Signaling Technologies and used at 1:1000 dilution.
PHLPP1 antibody was from Proteintech (catalog no. 22789-1-AP). Hsp90 antibody was from BD Biosciences
(catalog no. 610419) used at 1:1000 dilution. HRP-conjugated anti-rabbit (catalog no. 401315) and anti-mouse
(catalog no. 401215) secondary antibodies and BSA (catalog no. 12659) were from Millipore. All antibodies
were diluted in 1% BSA dissolved in PBS-T (1.5 mM Sodium Phosphate Monobasic, 8 mM Sodium Phosphate
Dibasic, 150 mM NaCl, 0.05% Tween-20) with 0.25 mM thimerosal (Thermo Scientific, catalog no. J61799.14).
PDBu (catalog no. 524390), MG-132 (catalog no. 474790), and cycloheximide (catalog no. 239764) were pur-
chased from Calbiochem. G66983 (catalog no. 285) was purchased from Tocris. Bradford reagent (catalog no.
500-0006), protein standards ladder (catalog no. 161-0394), bis/acrylamide solution (catalog no. 161-0156), and
polyvinylidene difluoride (PVDF) (catalog no. 162-0177) were purchased from Bio-Rad. Luminol (catalog no.
A-8511) and p-coumaric acid (catalog no. C-9008) used to make chemiluminescent substrate solution were
purchased from Sigma-Aldrich.

Cell lysis and Western blotting

Prior to lysis, cells were washed with Dulbecco’s phosphate-buffered saline (DPBS) (Corning, catalog no.
21-031-CV). Cells were lysed in Phosphate Lysis Buffer pH 7.4 containing 50 mM sodium phosphate (38 mM
sodium phosphate dibasic, 12 mM sodium phosphate monobasic), 1 mM sodium pyrophosphate, 20 mM
sodium fluoride, 2 mM EDTA, and 1% Triton X-100. Lysis buffer was supplemented with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 50 wg/ml leupeptin, 1 mM Na3;VO,, 2 mM benzamidine, 1 pM microcystin, and
1 mM DTT added immediately prior to lysis. Lysates were collected by scraping and whole-cell lysates were
briefly sonicated prior to quantification by Bradford Assay. For separating Triton-soluble and insoluble frac-
tions, half of the sample was removed prior to sonication (whole-cell lysate) then the remaining sample was
centrifuged at 15 000xg for 30 min at 4°C. The supernatant was removed (Triton-soluble lysate) and the pellet
was resuspended in an equal volume of lysis buffer (Triton-insoluble). All samples were then sonicated and
protein was quantified by Bradford Assay. Samples were boiled in sample buffer containing 250 mM Tris HCI,
8% (w/v) SDS, 40% (v/v) glycerol, 80 pwg/ml bromophenol blue, and 2.86 M B-mercaptoethanol for 5 min at
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95°C. Unless otherwise noted, 20 pg protein per sample was analyzed by SDS-PAGE using 6% acrylamide gels
to visualize phosphorylation-induced mobility shifts. Gels were transferred to membranes (PVDEF) for three
hours at 80 V in transfer buffer (200 mM Glycine, 25 mM Tris Base, 20% Methanol) at 4°C. Membranes were
blocked in 5% milk dissolved in PBS-T for 30 min at room temperature then washed with PBS-T for 5 min
three times before incubating with primary antibody overnight at 4°C with rocking. Membranes were washed
for 5 min three times in PBS-T, secondary antibodies were added for 1 h at room temperature, and the wash
step was repeated before developing with chemiluminescence. Chemiluminescent solution (100 mM Tris pH
8.5, 1.25 mM luminol, 198 uM coumaric acid, and 1% H,0,) was added to membranes for 2 min then imaged
on a FluorChem Q imaging system (ProteinSimple).

Cell culture and transfection

COS?7 cells were maintained in Dulbecco’s modified Eagle’s medium (Corning, catalog no. 10-013-CV) contain-
ing 10% fetal bovine serum (Atlanta Biologicals, catalog no. S11150) and 1% penicillin/streptomycin (Gibco,
catalog no. 15-140-122) at 37°C in 5% CO,. Cells were periodically tested for Mycoplasma contamination by a
PCR-based method [70]. Transient transfections were carried out using a Lipofectamine 3000 kit (Thermo
Fisher Scientific) per the manufacturer’s instructions, and constructs were allowed to express for 24 h prior to
drug treatment or imaging experiments.

FRET imaging and analysis

2x 10> COS7 cells were seeded into plates (Corning, catalog no. 430165) containing glass cover slips
(Fisherbrand, catalog no. 12545102) glued on using SYLGARD 184 Silicone Elastomer Kit (Dow, catalog no.
04019862) and cells were transfected 24 h after seeding. For CKAR assays, cells were co-transfected with 1 ng
mCherry-PKCBII constructs and 1 pg CKAR2 DNA [56]. For translocation assays, cells were co-transfected
with 800 ng YFP-PKCBII and 400 ng MyrPalm-CFP [54]. Twenty-four hours post-transfection, cells were
imaged in 2 ml Hank’s Balanced Salt Solution (Corning, catalog no. 21-022-CV) with 1 mM CaCl, added fresh
prior to imaging. Images were acquired on a Zeiss Axiovert 200 M microscope (Carl Zeiss Micro-Imaging Inc.)
using an Andor iXonUltra 888 digital camera (Oxford Instruments) controlled by MetaFluor software
(Molecular Devices) version 7.10.1.161. Filter sets and parameters for imaging are described in [71].
Background signal was subtracted for each wavelength from area containing no cells. One region per cell was
selected for quantification by tracing an area excluding the nucleus for CKAR imaging and containing the
whole cell for translocation. Images were acquired every 15 s, and baseline images were acquired for 3 min.
Agonist (200 nM PDBu) or inhibitor (1 pM G66983) was added dropwise to the dish in-between acquisitions.
For CKAR activity assays, FRET ratios for each cell were normalized to the 15 min end point and basal activity
was calculated by averaging the initial normalized FRET ratio. For translocation assays, half-times were calcu-
lated by fitting the data to a non-linear regression using a plateau followed by one-phase association equation
with X, =3 min. Data were normalized to the maximum FRET ratio for each cell (100%) to calculate percent
translocation. Data represent mean + SEM for cells from at least three independent experiments.

Immunofluorescence and spinning disk confocal microscopy

2 x 10° COS7 cells were seeded onto coverslips (VWR, catalog no. 10200-036) in six-well plates then transfected
with 1 pg of YFP-PKCBII constructs the next day. Twenty-four hours post-transfection, cells were washed with
PBS and fixed in 4% paraformaldehyde (Thermo Scientific, catalog no. J61899.AK) for 15 min then permeabi-
lized in 0.3% Triton X-100 for 15 min. Cells were blocked in 3% BSA for 30 min prior to incubation with
Alexa Fluor 647 Phalloidin (Invitrogen, catalog no. A22285) for 2 h at room temperature and washed three
times with PBS. Coverslips were mounted onto precleaned Superfrost Plus Microscope Slides (Fisher Scientific,
catalog no. 12-550-15) using Dako IF reversible mounting media (Agilent, catalog no. $3023) with 1 pg/ml
DAPI (Millipore Sigma, catalog no. 10236276001). The spinning disk confocal microscopy was performed
using a Yokogawa X1 confocal scanhead mounted to a Nikon Ti2 microscope with a Plan apo lambda 100x oil
NA 1.45 objective. The microscope was controlled via NIS Elements using the 405 nm, 488 nm, and 640 nm
lines of a four-line (405 nm, 488 nm, 561 nm, and 640 nm) LUN-F-XL laser engine and a Prime95B camera
(Photometrics). Image channels were acquired using bandpass filters for each channel (455/50, 525/50 and 705/
72). Z-stacks were acquired using a piezo Z stage (Mad City Labs). Images were analyzed using NIS Elements
software (Nikon) and Image] (NIH).
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Cycloheximide and MG-132 timecourse assays

COS7 cells were seeded into 35 mm dishes (Corning, catalog no. 430165) at 2 x 10> cells per well and trans-
fected with 500 ng (for MG-132 assays) or 200 ng (for cycloheximide assays) DNA of indicated constructs for
24 h. Cells were treated with 20 uM MG-132 or 355 uM cycloheximide (CHX) or control (DMSO) and
samples were lysed at indicated timepoints.

Phorbol ester down-regulation assay

COS7 cells were seeded into six-well plates at 2 x 10> cells per well. Cells were transfected after 24 h with
500 ng of indicated constructs and allowed to incubate for 24 h. For dose-response experiments, cells were
treated with up to 2 WM PDBu or control (DMSO) for 24 h prior to lysis.

Ubiquitination assay

COS7 cells were seeded into 10 cm plates 24 h prior to transfection with 2.5 ug DNA per plate. After 48 h of
transfection, cells were treated with 20 uM MG-132 for 3 h followed by 200 nM PDBu for 30 min. Cells were
lysed in Phosphate Lysis Buffer (same recipe as above) and clarified by centrifugation for 10 min at 12 000xg.
Triton-soluble lysate was quantified using Bradford Assay and 500 g was used for IP. GFP-Trap® Agarose or
control agarose (Proteintech, product code: gta for GFP-Trap® and bab for binding control) was added and
incubated at 4°C overnight on a rocker with gentle motion. Beads were sedimented by centrifugation at 2500xg
for 2 min and supernatant was removed. Four washes of the agarose in Phosphate Lysis Buffer were performed
with centrifugation in-between each. After the final wash, sample buffer was added, and the agarose was boiled
for 5 min at 95°C for elution. Samples were centrifuged and the supernatant was saved for analysis by SDS-
PAGE and Western blot.

Phylogenetic analysis

cPKC homologs were gathered using BlastP against the NCBI NRAA database, and other classes of PKC were
removed by BlastP against a small database of diverse PKC isozymes. Sequences were aligned in Clustal Omega
[72] and edited in JalView [73]. The sequence logo was created with a set of representative sequences: one per
vertebrate class for PKCo, PKCB and PKCy, and a diverse set of invertebrate bilaterian PKC isozymes, one per
phylum. The sequence logo was visualized by Weblogo (http://weblogo.berkeley.edu) [74].

MD and LSP alignment
The model for simulations was based on the structure of the C1A domain of PKC (PDB: 2E73). The Protein
Preparation Wizard was used to model the charge states of ionizable residues at neutral pH, and hydrogens
and counter ions were added. The resulting model was solvated in a cubic box of TIP4P-EW and 150 mM KCI
with a 10 A buffer in AMBER tools. Energy minimization, heating, and equilibration steps were performed
using AMBERI16 [75]. Systems were first minimized by 900 steps of hydrogen-only minimization, 2000 steps of
solvent minimization, 2000 steps of side-chain minimization, and 5000 steps of all-atom minimization. The
systems were then heated from 0 K to 100 K linearly over 250 ps with 2 fs time-steps and 5.0 kcal mol A pos-
ition restraints on the protein backbone under Constant Volume. Langevin dynamics were used to control the
temperature using a collision frequency of 1.0 ps™". Then the systems were heated from 100 K to 300 K linearly
over 200 ps with 2 fs time-steps and 5.0 kcal mol A position restraints on the protein backbone under Constant
pressure. Constant pressure equilibration was performed with a 10 A non-bonded cut-off for 250 ps, with 5.0
kcal mol A position protein backbone restrained, followed by 250 ps of unrestrained equilibration. Finally, pro-
duction simulations were conducted on a GPU-enabled AMBERI6 in triplicate for each construct for 50 ns [76].
To generate LSP-based networks, three 50 ns MD trajectories were split into 15 intervals of 10 ns each. From
each interval, 100 structures were extracted with a 0.1 ns step, and LSP-alignment was performed within each
group of 100 structures using in-house software in all-to-all manner as described earlier [61]. Briefly, prior to
alignment, each protein structure was represented as an undirected weighted graph with residues as nodes and
links were formed between residues if the distance between the corresponding Co: atoms was <12 A. Each link
was described by four numbers that represented the orientation of the CaCP vectors of the two residues: three
distances (Cal-Co2, Cal-CB2, Ca2-CB1) and the dihedral angle 8 (Cp1-Cal-Co2-C2). The result of each
LSP-alignment was represented as a graph where links were created between two residues if their orientation
was similar in the two structures being compared. Similar orientations were defined by preset cut-off levels for
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the three distances and the angle: ACo1-Co2 < 0.2 A, ACa1-CB2 < 0.45 A, ACo2-CB1 <0.45 A, AB < 10°. The
all-to-all LSP-alignment of 100 structures within each 10 ns interval produced 4950 adjacency matrices, which
were then averaged and normalized Degree and BC were calculated using igraph R library (version 1.2.5) [77].
To calculate BC weights (W) were converted to distances (D) using the formula: D = —log(W). The 15 values
of degree and BC were averaged, and standard errors were calculated.

Quantification and statistical analysis

For imaging experiments, intensity values and FRET ratios were acquired using MetaFluor software and nor-
malized as described above. Western blots were quantified by densitometry using AlphaView (ProteinSimple)
version 3.4.0.0. Statistical tests described in figure legends were performed using Prism (GraphPad Software)
version 9.5.0. Structures were modeled using PyMOL version 2.3.0 (Schrodinger, LLC).
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