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Abstract

An increasing number of mutations associated with devastating human diseases are diagnosed by
whole-genome/exon sequencing. Recurrent de novo missense mutations have been discovered in
B566 (encoded by PPP2R5D), a regulatory subunit of protein phosphatase 2A (PP2A), that
cause intellectual disabilities (ID), macrocephaly, Parkinsonism, and a broad range of
neurological symptoms. Single-particle cryo-EM structures show that the PP2A-B565
holoenzyme possesses closed latent and open active forms. In the closed form, the long,
disordered arms of B564 termini fold against each other and the holoenzyme core, establishing
dual autoinhibition of the phosphatase active site and the substrate-binding protein groove. The
resulting interface spans over 190 A and harbors unfavorable contacts, activation
phosphorylation sites, and nearly all residues with ID-associated mutations. Our studies suggest
that this dynamic interface is close to an allosteric network responsive to activation
phosphorylation and altered globally by mutations. Furthermore, we found that ID mutations
perturb the activation phosphorylation rates, and the severe variants significantly increase the

mitotic duration and error rates compared to the wild variant.
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Introduction

Protein phosphatase 2A (PP2A) is a major serine/threonine phosphatase in the PPP family that
targets many cellular phosphoproteins via diverse heterotrimeric holoenzymes in mammalian
cells!8. Each holoenzyme consists of a common core formed by the scaffolding A and catalytic
C (PP2Ac) subunits and a diverse regulatory subunit from one of the four major families
(B/B55/PR55 (PPP2R2), B’/B56/PR61 (PPP2R5), B”’/PR72 ((PPP2R3), and B”*’/Striatin).
Whole exome/genome sequencing identified mutations in PP2A subunits in cancer and largely
de novo mutations in neurological disorders’t. Both unique and recurrent mutations have been
found in the common core of the B56 regulatory subunits. Up to 20 recurrent missense mutations
in B565 cause severe intellectual and developmental disorders®®213, known as Jordan
Syndrome. More recently, multiple missense variants in B566 have been associated with early-
onset Parkinsonism416. The incidence of neurodevelopmental and neurodegenerative disorders
associated with B564 is estimated at 2.32 to 2.87 per 100,000 births; 250,000 cases are estimated

to be undiagnosed®°1214-16,

Recent studies indicate that PP2A holoenzymes from the B56 family recognize a signature short
linear motif (SLiM), LxXIXE, in the disordered regions of substrates'’-1°. Diverse SLiMs are
found in intrinsically disordered regions that serve as docking interfaces for peptide-binding
proteins and play crucial roles in modulating cellular signaling®®2. Several SLiMs have been
uncovered for the PPP family phosphatases targeting different substrates??. The B56-targeting
LxxIXE SLiM binds to a protein groove in the conserved common core of B56 regulatory
subunits!®?, Several thousands of B56 SLiM-containing proteins are predicted in the human

proteome. Many of these are involved in broad cellular and physiological processes'’. B56
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regulatory subunits play essential roles in neurodevelopment, brain functions, and tumor
suppression, as reflected by their ability to control cell cycle!”1827-2 cytoskeleton dynamics®,

DNA damage responses!*2, CREB signaling®, and c-Myc stability>*38,

In addition to the common core, B566 possesses long disordered regions at the N- and C-termini
that harbor multiple phosphorylation sites (Extended Data Figs. 1-2). The PP2A-B566
holoenzyme is known to be highly regulated by distinct cellular signaling pathways. Protein
kinase A (PKA) phosphorylates B566 and activates the holoenzyme, thereby regulating signaling
molecules downstream of cyclic adenosine monophosphate (CAMP)3*4L, At the G2/M
checkpoint, the DNA-responsive checkpoint kinase Chk1 phosphorylates B566 and stimulates
the holoenzyme activity*2. B565 also plays a critical role in controlling mitotic exit*>. Moreover,
the B566 holoenzyme is phosphorylated by the ataxia-telangiectasia mutated (ATM) kinase upon
DNA damage and regulates p53 function®*. Understanding the structure of the PP2A-B568
holoenzyme and the mechanisms by which it is activated is essential for shedding light on its

complex regulation and the pathological mechanisms of its disease mutations.

Here we determined a high-resolution cryo-EM structure of a PP2A-B566 holoenzyme bearing
the E197K disease mutation at 2.7 A. The structure resembles a closed form of the holoenzyme.
The long N/C-extensions of B566 make cross-arm interactions against each other and the
holoenzyme core, creating an extended dynamic interface that suppresses both the phosphatase
active site and the substrate SLiM-binding groove. Nearly all of the previously identified
phosphorylation sites, as well as the residues mutated in individuals with intellectual disabilities
(ID), are located at or near this interface. We further demonstrated that 1D mutations alter the

activation phosphorylation rates in response to cCAMP-induced activation of PKA. ID mutations
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87 also alter the basal level of SLiM-binding and up to a quarter of critical cellular signaling

88  endpoints that affect cell cycle progression and mitotic defects during cell division that could

89  help explain macrocephaly observed in humans. Our studies reveal a coherent allosteric network
90 crucial for phosphorylation-mediated B566 holoenzyme activation that is altered globally by 1D

91  mutations.

92 Results

93  Overall cryo-EM structures of the PP2A-B568 holoenzyme

94  Structure determination of the PP2A-B566 holoenzyme by single-particle cryo-EM turned out to
95  be highly challenging. We explored the “spotiton” technology*>® to capture the dynamic states
96 of the holoenzyme on the grids. The spotiton grids “purified’ a closed form of the holoenzyme
97 by dissociating the majority of the holoenzyme particles (Extended Data Fig. 3a). Albeit this
98  form represents a small fraction of total particles, it gave a 4 A map with uniform density for the
99 long disordered regions at the N/C-termini (Extended Data Fig. 3b). We further explored
100 glutaraldehyde and EDC (ethyl carbodiimide) crosslinks and tested different detergents and EM
101  grids to control ice thickness and particle behavior. Nonetheless, the cryo-EM data for the
102  crosslinked holoenzyme failed to capture any closed forms. Next, we examined the holoenzyme
103  bearing different ID mutations. After an extensive effort, we revealed two major forms for the
104  E197K variant of the holoenzyme: a closed form with a map of 2.59 A and a loose form with a
105  map of 3.13 A (Extended Data Fig. 4). The crystal structure of the PP2A-B56y1 holoenzyme
106  (PDB code: 2NYL)*"*8 which represents the common core for the B56 family (Extended Data
107  Fig. 1), fits the map for the B565 holoenzyme core quite well. Since the N/C-arms are invisible

108  in the loose form, we next focused on the structure of the closed form of the holoenzyme.
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109  The building of the N/C-arms in the closed form was guided by XL-MS (crosslink mass

110  spectrometry). Using zero-length EDC crosslink followed by multiple protease digestions and
111 MS runs, two crosslinked residue pairs in the N/C-arms gave detection frequency comparable to
112 or better than those in the holoenzyme core (Extended Data Fig. 5). The structure of the closed
113 form was refined at 2.7 A (Extended data Table 1 and Extended Data Fig. 4 and 6). It reveals
114  extensive cross-arm interactions between the disordered regions of the B5645 termini; they

115  interact with the holoenzyme core along a long path that spans over 190 A (Fig. 1). While the
116  long, linear interface involving two remote disordered arms is intrinsically dynamic in nature, it
117  also harbors a significant number of unfavorable contacts (Fig. 1b), underlying an unprecedented

118  super-long dynamic interface in this highly regulated holoenzyme.

119  The super-dynamic interface in the PP2A-B568 holoenzyme

120  The above long-distance interface in the PP2A-B566 holoenzyme centers at the N/C-arm

121 crossover and makes close contacts with the PP2A catalytic subunit (PP2Ac) and the internal
122 loop of B56 (B56-1L) (1) (Fig. 1b and Extended Data Fig. 7a). The N/C-arms are juxtaposed

123 against each other toward the termini and make close contacts with the B565 core (I1) (Fig. 1b
124  and Extended Data Fig. 7b). Diverging from the crossover and perpendicular to the juxtaposed
125  lower N/C-arms, the upper C-arm makes rich hydrophobic contacts with PP2Ac and

126 miscellaneous contacts with the B566 core and B56-1L (I11) (Fig. 1b and Extended Data Fig. 7c);
127  at the other side, the upper N-arm passes through the cleft between the A-subunit and the B565

128  core and makes different modes of contacts with both (1V) (Fig. 1b and Extended Data Fig. 7d).

129  Intriguingly, the N/C-arm crossover is most rich in repulsive contacts (Fig. 1b). Most

130  prominently, E200 in B56-IL makes repulsive contacts to D578 in the C-arm and unfavorable
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131  contacts to several hydrophobic residues in the N/C-arms, 172, Y74, and 1582 (Fig. 2a). In

132 addition, E84 in the N-arm makes unfavorable contacts with Y580, a hydrophobic residue in the
133  C-arm (Fig. 2a). These repulsive contacts, together with the energetically unfavorable bending of
134  the N/C-arms, make the crossover the “hottest” hubs along the extended dynamic interface.

135  Other unfavorable contacts involve a nearby residue R86 in the upper N-arm (Fig. 2a). The

136  E197K ID mutation creates two repulsive contacts to R571 and K73 in the C-arm and N-arm,
137  respectively (Fig. 2a). Such changes might reduce the number of conformational states of the
138  holoenzyme, and thus allowed us to determine the structure of the closed form of the

139  holoenzyme using single-particle cryo-EM.

140  We further mapped the hydrophobic contacts along the dynamic interface (Fig. 2b). While many
141  small patches of hydrophobic contacts intertwine with the above unfavorable contacts, the

142  dominant rich hydrophobic contacts are made by the two visible ends of the C-arm. L568 and
143 L5609 in the upper C-arm are nestled in a hydrophobic pocket formed by six PP2Ac residues and
144  make close contacts with F416 from the B565 core (Fig. 2b, upper right). Near the C-arm’s

145  terminus, L595 interacts with 1303 and H263 at the B56 SLiM-binding pocket, which is

146  buttressed by contacts between F594 to P64/65/67 in the N-arm (Fig. 2b, lower right). The

147  distinct maps of energetically repulsive and favorable hydrophobic contacts likely dictate the

148  complex regulation of the holoenzyme functions.

149  Dual autoinhibition of the holoenzyme and roles of the N/C-arms

150  The PP2A-B56 holoenzymes target specific substrates via the SLiM-binding pocket and the
151  phosphatase active site that are around 30 A apart (Extended Data Fig. 8). Phospho-substrates

152  containing B56 SLiMs bind to the SLiM -binding pocket, which in turn places the nearby
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153  substrate phosphorylation sites close to the PP2A active site. The closed form of the holoenzyme
154  establishes an elegant mechanism of dual autoinhibition, in which E574 and a cis-B56 SLiM

155  (Lsos TASQEsoo) in the C-arm make close contacts to the PP2A active site and the B56 SLiM-
156  binding groove (Fig. 3a). E574 in the C-arm mimics the substrate phosphate and makes extensive
157  H-bond and salt bridge interactions to basic residues at the PP2A active site (Fig. 3b). We

158  hypothesize that autoinhibition of the holoenzyme is established by both N/C-arms. Consistent
159  with this notion, deletion of the C-arm (1-560 or AC) in either the WT holoenzyme or the E200K
160  disease variant drastically increases the phosphatase activity, and the truncation of the N-arm

161  (90-602 or AN) also increases the phosphatase activity of both holoenzymes (Fig. 3c). While the
162  binding of the cis-B56 SLiM to the SLiM-binding groove mimics the substrate SLiMs from

163  substrates!®? it is also buttressed by the hydrophobic contacts between the upstream F594 with
164  the N-arm (Fig. 3d). Since the holoenzyme is rapidly denatured during isothermal titration

165  calorimetry (ITC), most likely due to the super-dynamic nature of the N/C-arms, we assessed the
166  binding of the GST-tagged substrate SLiMs from CREB® and SYT16'’ to the full-length and
167  truncated holoenzymes using pulldown assay (Fig. 3e). Consistent with the dynamic nature of
168  the N/C-arms, we noticed a significant fluctuation in the experimental results. Therefore,

169  we repeated the experiments 25 times using three batches of materials to learn about the dynamic
170  range of the substrate SLiM-binding (Fig. 3f). The calculated P-values showed significant

171 differences between truncated and full-length holoenzymes. Intriguingly, while the truncation of
172 the N-arm increases the phosphatase activity (Fig. 3c), it significantly decreases the binding of
173 substrate SLiMs (Fig. 3e-f). Our data suggested that the N/C arms confer coherent suppression at
174  the phosphatase active site but opposing roles at the substrate SLiM-binding groove. It is likely

175  that the kink on the C-arm stabilized by the N-arm is required for the suppression of the active
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176  site but causes structural tension toward the SLiM-binding groove (Fig. 3a). In the absence of the
177  N-arm, the C-arm binds the SLiM-binding groove tighter with a relaxed kink. Its multipartite
178  contacts with the holoenzyme core, particularly hydrophobic contacts, are largely intact (Fig.

179 2b).

180  Activation phosphorylation

181  In addition to the structural modalities for dual autoinhibition, the N/C-arms are rich in

182  phosphorylation sites (Fig. 3a). Among these sites, S88, S89, S90, and S573 are the most

183  frequently phosphorylated sites according to the PhosphositePlus database (phosphosite.org).
184  S89, S90, and S573 make extensive H-bond interactions with acidic residues in the holoenzyme
185  core, namely E95 from the scaffold A-subunit, D130 in the B565 core, and E198 in the B56-IL
186  (Fig. 4a). Phosphorylation at all these sites is expected to create repulsive contacts that would
187  disrupt the closed form and stimulate the loosening of the holoenzyme, leading to its activation.
188  Consistently, phosphorylation of mouse B566 at S566 (corresponding to S573 of human B560)
189  was found to be associated with the activation of the holoenzyme?°. Using an antibody that we
190  developed to specifically recognize B566 phosphorylation at S573 (Extended Data Fig. 9), we
191  demonstrated a time-dependent increase of pS573 in vitro upon co-incubation of PKA and the
192  holoenzyme (Fig. 4b) and in HEK293 cells upon forskolin-induced cAMP/PKA activation (Fig.

193 4c).

194  To detect the conformational changes associated with activation phosphorylation, we developed
195  asplit NanoBiT B566 holoenzyme sensor, in which the SmBIT peptide fragment was inserted in
196  the holoenzyme core immediately downstream of the N-arm and the LgBiT fragment was fused

197  to the C-terminus of the C-arm (Extended Data Fig. 10). The two NanoBiT fragments are
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198  spatially separated in the closed form. If the N/C-arms loosen upon activation phosphorylation
199 by PKA, the two fragments can interact and form an active NanoBiT enzyme (Extended Data
200 Fig. 10). By expressing the WT and E198K mutant holoenzymes bearing this holoenzyme

201 conformation sensor in COS-1 cells, we showed that both holoenzymes produced increased

202  NanoBiT luciferase activity in response to forskolin and rolipram, the combination of an adenine
203  cyclase activator and a PDE4 inhibitor that increases intracellular CAMP levels (Fig. 4d). The
204  responses of both WT and E198K were abolished by S573Q, corroborating the notion that pS573

205 s essential for holoenzyme activation.

206  Both our structural observations and biochemical data support a model of holoenzyme activation
207  upon phosphorylation of the N/C-arms (Fig. 4e). Prior to phosphorylation, the holoenzyme

208  prefers a close conformation with crossover interactions of the N/C-arms to establish dual

209  suppression of both the PP2A active site and the B56 SLiM-binding pocket. Upon

210 phosphorylation of the N/C-arms, the repulsive contacts created at the phosphorylation sites

211  drive the N/C-arms from the close conformation to loosen conformations, allowing access to

212 both the phosphatase active site and the B56 SLiM-binding pocket.

213 Effects of ID mutations on the holoenzyme allosteric network, autoinhibition, and

214  activation phosphorylation

215 We reasoned that the super-dynamic interface in the PP2A-B566 holoenzyme forms a coherent
216 allosteric network connecting the activation phosphorylation sites and the structural elements for
217  autoinhibition. Intriguingly, nearly all ID residues found in Jordan Syndrome patients are spread
218  throughout this dynamic interface (Fig. 5a). These mutations could allosterically impact the

219  dissociation of the N/C arms to alter the holoenzyme activity. To gain critical insights into this
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220 allosteric network, we performed molecular dynamic (MD) simulations of the closed form of the
221 holoenzymes for WT and two highly recurrent variants, E198K and E200K. Our initial ten 100-
222 ns MD simulations were not successful in sampling the dissociations of the N/C arms. We thus
223 adopted an enhanced sampling technique: replica exchange with solute tempering-2 (REST2)*,
224  in which we included the terminal 8 residues of the N/C-arms in a “hot region”. Twenty replicas
225  were run spanning the temperature space from 310K to 600K. These REST2 simulations resulted
226  inaremarkable improvement in conformational sampling, which led to notable fluctuations in
227  the tails and exposed the B56 SLiM-binding pocket, although complete opening of the arms was

228  not observed (Extended Data Fig. 11a and b).

229  The REST2 conformations from the lowest temperature replica were used to compute the

230 allosteric network. The importance of a particular residue in the network was calculated as the
231 number shortest paths that cross the residue and normalized by the maximum. A residue was
232 evaluated as important if its weight in the network, was above a cutoff, defined as 80% of all
233 residue weights in the network (Extended Data Fig. 11c, black dashed line in Fig. 5¢ and d).

234 Intriguingly, all ID residues in the B566 core and phosphorylation sites on the N/C-arms are

235  closely integrated into the allosteric network of the holoenzyme (Fig. 5b). Residues F473, 1230,
236 and L313 are located on the periphery, and their weight in the network is below the threshold.
237  Either the E198K or the E200K ID mutation alters the residue weights of other ID residues and
238  phosphorylation sites in the allosteric network (Fig. 5¢c-d), suggesting that ID mutations globally

239  perturb the coherent dual autoinhibition and phosphorylation-induced holoenzyme activation.

240  Assessing the effects of ID mutations on the holoenzyme function, including substrate SLiM
241  binding and activation phosphorylation rates, turned out to be very challenging. The

242  reproducibility between experimental repeats is considerably low. Given the super-dynamic
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243  nature of the B566 holoenzyme, we initiated an effort to critically control the purification

244 procedures, aiming to precisely control the holoenzyme behavior. We tested two different strains
245  of Hi5 host cells, varied the salt concentrations between 50 mM and 150 mM, and compared

246  French press and Dounce in cell disruption. These variations did not lead to any improvement in
247  the holoenzyme behavior and data fluctuation. No difference was observed in the basal level of
248  holoenzyme phosphorylation, either. The super-dynamic nature of the holoenzymes was also
249  reflected by the fact that the holoenzymes rapidly denatured and formed aggregates during ITC

250  (isothermal calorimetry) experiments.

251 Nonetheless, summarizing the results from up to ten batches of WT and mutant holoenzymes
252  from the above effort, we observed a statistically significant increase in substrate SLiM binding
253 by the E198K ID mutation despite the range of data fluctuation (Fig. 5e). E420K also shows a
254  substantial effect on the basal substrate SLiM-binding; in contrast, the E200K and E197K

255  variants gave mild effects (Fig. 5e). Next, we assessed time-dependent changes of pS573 upon
256  forskolin-induced cAMP/PKA activation in WT and CRISPR-edited HEK 293 cells bearing

257  homozygotic E198K, heterozygotic E200K, or homozygotic E420K*. While the pS573 level of
258 the WT holoenzyme is increased at a stable rate, the phosphorylation rate of the disease variants
259  fluctuates in a large range among all experimental repeats (Fig.5f). Our data support a notion that
260 the tight coupling of the dynamic interface, the holoenzyme allosteric network, the regulatory
261  structural elements, and ID mutations render the disease mutations to differentially modulate the
262  basal activity and the activation phosphorylation rates of the holoenzyme. These highly

263 intertwined structural and functional connections are expected to be highly sensitive to

264  experimental conditions and cellular signaling contexts.

265  Effects of B566 ID mutations on mitosis
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266  B56 SLiMs are predicted in broad signaling proteins involved in different stages of the cell

267  cycle!’. Building on previous observations of the role of B568 at the G2/M checkpoint*? and
268  mitotic exit**, we examined whether the ID mutations E198K, E200K, or E420K (introduced by
269  CRISPR editing) affect the mitotic duration and fidelity of HEK293 cells. We used high

270  temporal resolution live-cell imaging to monitor the mitotic progression in HEK293 cells with
271 either WT or mutant B564 (Fig. 6). The stages of mitosis were determined using a far-red SiR-
272 DNA dye. The mitotic duration (from nuclear envelope breakdown (NEBD) to anaphase onset)
273 was 58 £ 12 min (N = 148) in the WT cells, but significantly extended in E198K (66 + 16 min, N
274  =162) and E420K (63 + 12 min, N = 132) mutant cells. Intriguingly, E200K mutant cells

275  exhibited similar duration to WT (55 £ 11 min, N = 183) and significantly shorter than E198K
276  and E420 mutant cells. Consistent with this observation, the E200K cells displayed a

277  significantly lower frequency of mitotic errors compared to E198K and E420K cells, the two

278  most severe mutations of the disease variants.

279  Discussion

280  Our cryo-EM structures of the PP2A-B566 holoenzyme, particularly in its closed form, reveal
281  distinct mechanisms by which it can exist in a dual latent state and become activated in response
282  to phosphorylation. The extended dynamic regulation interface of the holoenzyme provides a

283  coherent framework for understanding the holoenzyme's dual latency and activation, as well as
284  the shared mechanisms underlying the diverse disease mutations associated with neurological
285  disorders. The complexity of the holoenzyme regulation resides in the unprecedented length of
286  the regulation interface primarily formed by the intrinsically disordered regions rich in regulatory

287  elements. These elements include multiple phosphorylation sites on both N/C-arms, a cis-B56
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288  SLiM and E574 on the C-arm, which establish dual autoinhibition in the closed form, and other
289  signaling sequences on the C-arm, such as nuclear localization signal (NLS) and SH3-binding
290  motif. In addition, the regulation interface is featured by multiple repulsive contacts that

291  contribute to its semi-stable and dynamic nature, which is responsive to phosphorylation and
292  disease mutations. Furthermore, REST2 MD simulation reveals an allosteric network closely
293  coupled to the regulation interface, reflecting the structural intricacy and coherency underlying

294  complex holoenzyme regulation.

295  The mutation spectrum in patients also corroborates our above notions on the regulation interface
296  in the B566 holoenzyme. The latter, in turn, provides critical insights into the underlying

297  mechanisms of ID-associated disease mutations. Albeit the mutated residues of diverse variants
298  are widely separated spatially, the super-long regulation interface harbors nearly all of them like
299  an extended umbrella. The coupling of ID mutations to the regulation interface and the allosteric
300 network explains their shared symptoms, including intellectual disability, hypotonia, and

301 autism®®1213 1D mutations at the holoenzyme regulation interface might perturb the holoenzyme
302  regulation and function in many scenarios, potentially leading to dominant negative effects. For
303  example, ID mutations might perturb the dual latency individually or simultaneously and alter
304 the activation phosphorylation rates of the holoenzyme. Furthermore, the loss of coherent dual
305 latency and perturbed holoenzyme activation might also lead to untimed exposure of NLS and
306  binding sites for SH3 and 14-3-3. Consistent with the latter notion, a family with B565 missing
307 the C-arm showed incomplete penetrance of neurological disorders compared to other missense
308 variants that are de novo and completely penetrant®. The effects of B565 mutations are also

309  supported by studies using CRISPR-edited HEK293 cells bearing heterozygotic or homozygotic
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310  E420K®™. This mutation in either single or both alleles perturbs the same diversity of signaling

311  nodes.

312  The involvement of the B56 SLiM and its binding groove at the regulation interface likely

313  contribute to the bulk of the broad range of clinical symptoms of Jordan Syndrome. The human
314  proteome has ~1,500 B56 SLiM-containing proteins involved in broad cellular signaling and
315  processest’. Perturbation of the dual latency and phosphorylation-induced holoenzyme activation
316 s expected to affect many of these B56 SLiM-containing signaling proteins. Consistently,

317 CRISPR-edited HEK?293 cells bearing B566 E420K altered 6% of phosphopeptides in the

318 proteome by at least 2-fold™. We showed that among ~1,000 genes in SFARI Gene database
319  with genes associated with autism and neurodevelopmental disorders (gene.sfari.org), >10%
320  possess B56-targeting SLiMs (data not shown), underlying overlapping molecular processes
321 perturbed by Jordan Syndrome and SFARI genes. In addition to the effects of ID mutations on
322 mitosis (Fig. 6), the E420K mutation was shown to affect mTOR/AKT signaling among other
323  signaling processes®. Coupling to PP2A holoenzyme SLiMs is an emerging theme of signaling
324  and functional complexity. For example, the multiple PP2A holoenzyme SLiMs in the PP2A
325  methylesterase (PME-1) creates versatile PME-1 activities toward PP2A holoenzymes, diverse

326  signaling pathways, and cellular processes®..

327  Inaddition to the shared mechanisms across variants, our study begins to illuminate the

328  molecular basis of the genotype-phenotype correlation of clinical severity. Clinical studies

329  showed that E198K is the most severe form of the disease and that E420K is more severe than
330 the E200K and E197K variants®®'2, We showed that the E198K holoenzyme has a much higher
331  basal level of substrate SLiM-binding than the WT holoenzyme and other disease variants (Fig.

332 5e). Furthermore, E198K and E420K cause longer mitotic duration than WT and E200K and
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333  gave higher mitotic error rates than the E200K variant (Fig. 6). In a companion paper focusing
334  on the changes of the holoenzyme allosteric paths by E198K and E200K, we showed that the
335  E198K holoenzyme has an allosteric pathway resembling the holoenzyme with activation

336 phosphorylation, underlying a higher basal activity and loss of latency of this variant®2. In

337  contrast, the allosteric pathway is minimally affected by E200K. Many questions remain to be
338  answered. Our study laid the critical foundation for understanding the function and regulation of
339  the B565 holoenzyme and an in-depth understanding of the underlying mechanisms of Jordan

340  Syndrome mutations.

341  Itis important to stress the super-dynamic nature of the regulation interface formed by the

342  disordered N/C-arms and the holoenzyme core. Our challenges to capture the closed form of the
343  WT holoenzyme by single-particle cryo-EM suggests the presence of many conformation states
344  that might be required for numerous nuances of cellular signaling under normal physiological
345  conditions. Two distinct structural features might contribute to the super-dynamic nature: the

346  interactions of two extended intrinsically disordered regions from the widely separated N/C-arms
347  and the multiple repulsive contacts along the interface. Enriching broad regulation elements in
348  the disordered regions forms one more basis for the complexity and intricacy of this regulation
349 interface. The structural and functional features outlined here might not be unique to the B565
350 holoenzyme but are a common theme for modulating complex biological processes and signaling

351 that remain to be broadly studied.
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373 Materials and Methods

374  Protein preparation

375  All protein constructs were generated by standard PCR molecular cloning strategy. The human

376  Hise-tagged scaffold A-subunit (o isoform), Hiss-tagged PP2Ac (a isoform), and GST-tagged

377  B5606 were overexpressed in insect cells using the lab-modified Bac-to-Bac baculovirus

378  expression system®>4, Briefly, Hi-5 cells grown to a density of 1.5 x 10° cell/ml were co-

379  infected with PP2A His-scaffold A subunit, His-PP2Ac, and GST-B566 baculovirus for 48h at
380 27°C. Cells were lysed by Dounce homogenization in the lysis buffer containing 25mM Tris-HCI
381  (pH 8.0), 150mM NaCl, 50 uM MnClz, 2mM DTT, and protease inhibitors (10uM leupeptin, 0.5
382  uM Aprotinin and 1mM PMSF). The insoluble proteins were removed by centrifugation, and the
383  soluble fraction of cell lysates was gravity-loaded to GS4B (Glutathione Sepharose 4B) resin

384  (Cytiva) column three times followed by two washes using 5 column volumes (CV) of lysis

385  hbuffer. The proteins left on the resins were digested by the TEV protease, and the flow-through
386  was further fractionated by anion exchange chromatography (Source 15Q column, Cytiva) and
387  gel filtration chromatography (Superdex 200 column, Cytiva). The point mutations for the B566
388  disease variants and/or truncations of the B565 N/C-arms were introduced by site-directed

389  mutagenesis, and the mutant and/or truncated holoenzymes were expressed and purified similarly
390 to the WT holoenzyme. GST-tagged SYT16 (132-147) and CREB (99-161) were overexpressed

391 in E. coli DHSa and purified over GS4B resin and ion exchange chromatography.
392  GST-mediated pulldown assay

393  To test the interaction between WT and mutant PP2A-B566 holoenzyme with substrate B56

394  SLiM peptides, 12 pg of GST-tagged SYT16 (132-147) or GST-tagged CREB (99-161) was
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395  immobilized on 5 pl of GS4B resin. The unbound protein was washed out by assay buffer

396  containing 25 mM Tris (pH 8.0), 150 mM NaCl, 3 mM DTT, and 1x protease inhibitor cocktail
397  (P8340, Sigma). 10 uM of PP2A-B566 holoenzymes were then added to the immobilized GST-
398  tagged protein in a final volume of 50 pl assay buffer supplemented with 1mg ml™* of BSA. After
399 5 min of incubation, the unbound proteins were removed, and the resins were washed three times
400  with the assay buffer supplemented with 0.1% of Triton X-100. The proteins that remained on

401  the resin were examined by SDS-PAGE and visualized by Coomassie blue staining.
402  Cross-linking mass spectrometry (XL-MS) of the PP2A-B566 holoenzyme

403  The intra-molecular interactions in the PP2A-B565 holoenzyme were probed by EDC zero-

404  length chemical crosslinker, followed by mass spectrometry analysis. In brief, 1.5 uM PP2A-
405  B566 holoenzyme in 25 mM MES (pH6.0) and 150 mM NaCl was incubated with 60 mM EDC
406  at RT for 75 min, followed by quenching the reaction with 100 mM Tris. The crosslinked

407  samples were desalted by desalting columns (Zepa spin desalting column, Thermo Fisher

408  Scientific) and analyzed by SDS-PAGE. The bands representing holoenzymes with inter-subunit
409  crosslinks were excised from SDS-PAGE for reduction and in-gel digestion. The excised bands
410  were reduced in 25mM DTT and 25mM NH4HCO3 at 57°C for 30 min and alkylated with 55mM
411  1AAIn 25 mM NH4HCO3 in darkness for 30 min at RT, followed by digestion in 20 ul of 10ng
412 ul! Trypsin (Promega) in 25 mM NH4HCO3 (pH 8.0-8.5) and 0.01% ProteaseMAX w/v

413  (Promega) for 16 hr at 37°C. To improve peptide detection and sequence coverage, secondary
414  digestion was performed with 20ng pl™* GIuC or chymotrypsin in 25 mM NHsHCOs for 8 hr at
415  37°C and quenched by 0.05% TFA, followed by desalting with C18 cartridges. The resulting

416  samples were then separated and analyzed by LC-MS/MS using Lumos mass spectrometer. The

417  identification of peptides for all three subunits was conducted by MeroX software®®. Multiple
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418  XL-MS experiments were performed, and four with 90% sequence coverage were used to

419 identify crosslinked residue pairs. The detection frequency for reliable residue pairs was

420 evaluated using the identical pairs in the crystal structure of the PP2A-B56y1 holoenzyme (PDB:
421  2NPP).

422  Cryo-EM sample preparation and data acquisition

423  The cryo-EM grids for the WT PP2A-B566 holoenzyme were prepared at the New York

424  Structural Biology Center using a prototype of the commercial Chameleon system (SPT Labtech)
425  based on the Spotiton technology**. 50 pl of the WT holoenzyme at a concentration of 1.6

426  mgml™t was applied to the homemade self-wicking nanowire grids®® using a piezo-electric

427  dispenser, followed by plunge-frozen in liquid ethane. The robot chamber was operated at room
428  temperature without strictly controlled but moderate humidity. The cryo-EM data for the WT
429  holoenzyme was collected using Titan Krios (ThermoFisher) electron microscope operated at
430 300 kV equipped with Gatan K2 summit cameras. A total of 1790 movies were automatically
431 acquired by Leginon® with a defocus range of -1.2 to -2um at a nominal magnification of

432 105,000x, corresponding to a pixel size of 1.096 A/pixel. Each stack dose-fractioned over 50

433  frames was recorded with a total electron dose of 66.84 eA2.

434  For the E197K PP2A-B566 holoenzyme, an aliquot of 3 ul of purified holoenzyme at 0.4 mg ml
435  was applied onto a glow-discharged holey gold grids (UltraAuFoil R1.2/1.3), blotted for 4 s
436 with a blot force of -5 and plunge frozen in liquid ethane using a FEI Vitrobot Mark IV (Thermo
437  Fisher Scientific) at 4°C and 100% humidity. Cryo-EM data were collected using a Titan Krios
438  operating at 300 kV with a Gatan K3 detector and GIF Quantum energy filter. A total of 9158
439  movies were collected using SerialEM, with a slit width of 20 eV on the energy filter and a

440  defocus range from -0.7 to -2.2 pum in super-resolution counting mode at a nominal
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441  magnification of 81,000x, corresponding to a pixel size of 1.068 A/pixel. Each stack dose-
442  fractioned 69 frames was recorded for a total exposure time of 3.2 s and electron dose of 49

443  eA
444  Cryo-EM data processing

445  All data were processed with similar strategies and procedures using cryoSPARC 3.0°8. Movies
446  were motion-corrected using Patch Motion Correction, followed by the contrast transfer function
447  (CTF) estimation using Patch CTF Estimation. Images with bad CTF estimations worse than 4A
448  were discarded. Particles were first picked from thirty good images using Blob Picker and

449  extracted with a box size of 280A. Good 2D class averages showing projections in different

450  orientations were selected as templates for automatic picking for the entire dataset. Reiterate 2D
451  classification was used to remove bad particles. The remaining good particles were used for ab
452 initio reconstruction, followed by heterogeneous and homogenous refinements, with particles
453  from bad classes removed in each reiterate procedure. Different conformations of the PP2A-

454  B568 holoenzyme were best separated by 3D variability analysis (3DVA)*. Particles from

455  conformationally homogeneous classes were then subjected to homogenous refinement, followed
456 by local and global CTF refinement. Local refinement with a mask around the close

457  conformation of the B566 subunit was performed to obtain a better resolution for this subunit.
458  These efforts gave maps with a resolution of 3.13 A for the loose form and 2.59 A for the closed
459  form of the E197K PP2A-B565 holoenzyme. The resolution was estimated by applying a soft
460  mask around the protein complex and using the gold-standard Fourier shell correlation (FSC) =

461  0.143 criterion.

462  Model building and refinement
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463  The initial model of the PP2A-B568 complex was built on the structure of PP2A-B56y1

464  holoenzyme (PDB ID: 2NPP) and manually docked into the cryo-EM maps in Chimera®,

465  Modifications to the holoenzyme core and model building of the N/C-arms were performed in
466  COOT®L, The structural model was refined using the phenix.real_space_refine program in
467  PHENIX®2 with secondary structure and geometry restraints. The final models were analyzed

468  using MolProbity®,
469  Phosphatase assay

470  The enzyme kinetics of the purified PP2A-B566 holoenzymes were determined using the

471  PiColorLock phosphatase assay (Abcam, Ab270004), measuring the release of inorganic

472  phosphate from the dephosphorylation of substrates. A phosphorylated hexapeptide (KRpTIRR)
473 was used as the substrate for the assay. 50ul of 30nM indicated PP2A-B566 holoenzymes in the
474  assay buffer, containing 25mM Tris pH8.0, 150mM NaCl, and 50uM MnCl; supplemented with
475  0.05 mg ml-1 BSA, were added to the 10ul substrate (6 times of the final concentration prepared
476  in the assay buffer) in a 96-well clear plate to start the reactions. After 3 min, the reactions were
477  quenched by 15 pl of quench buffer provided in the kit and allowed the color to develop for 15
478  min. The absorbance at 635nm of the reactions was then read by the SpectraMax Plus

479 384 Microplate Reader (Molecular Devices) using the end-point mode. Initial velocity (Vo)

480 determined at varying concentrations of substrate was calculated and fit to the Michaelis—Menten
481  equation (eg. 1) to determine the steady-state kinetics of the PP2A-B56 holoenzymes.

482 ) , keat[E][S]

" Ko+ [S]
483
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484  Ineqg. 1, kcat is the rate constant, [E] and [S] are the enzyme and substrate concentration, and
485  Km is the Michaelis-Menten constant reflecting the binding affinity between the peptide

486  substrate and the enzyme.
487 In vitro holoenzyme phosphorylation by protein kinase A (PKA)

488 100 pl PP2A-B568 holoenzyme was prepared to a final concentration at 0.1mg ml™? in assay

489  buffer containing 50 mM Tris-HCI (pH7.5), 10 mM MgCl», 200 uM ATP, 0.1 mM EDTA, 2 mM
490  DDT, and 0.01% Brij35. Phosphorylation was initiated by adding 1 pl PKA at 0.1mg ml™ to the
491  PP2A-B566 holoenzymes (PKA: PP2A-B566 = 1: 100 (w/w)) and incubating the mixture at

492  37°C. 10 ul PP2A-B56 holoenzyme was taken out at the indicated time from the reaction, mixed
493  with 3 ul of 4x SDS dye (40% Glycerol, 8% SDS, 0.25M Tris-HCL, pH 6.8,0.4M DTT,0.04%
494  bromophenol blue) and immediately heated at 95°C for 3 min to quench the reaction. 0.05 pg of
495  PP2A-B56 holoenzyme from each time point were examined by western blot. To detect the

496  phosphorylation level at S573 of B560, we utilized a newly developed antibody that recognizes
497  pS573 (see supplemental information). The total B566 was detected by a commercial antibody

498  (Invitrogen, MA-26636).

499  Mammalian cell culture and the time course of B566 phosphorylation upon cellular cAMP

500 activation

501  Human embryonic kidney cells (HEK293T) cells were cultured in Dulbecco’s modified Eagle’s
502  medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum
503  (Hyclone, GE Healthcare, Boston, MA, USA), 100 U ml* penicillin, and 100 pg mi*

504  streptomycin in a humidified atmosphere at 37 °C with 5% CO2.
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505  Following transit transfection of the Flag-tagged B566 (WT, E198K, E200K, and E420K), the
506 HEK293T cells were treated with 10uM forskolin (Fsk; Sigma: 344270-10MG) and 1mM

507  isobutylmethyxanthine (IBMX; Cayman:13347) to stimulate cellular cCAMP/PKA. The cells were
508 harvested at the indicated time following stimulation and lysed using a buffer containing 20mM
509  Tris-HCI pH7.0, 150mM NaCl, 0.1% Triton X-100, 10uM H89 (PKA inhibitor), 10ug mI*

510 DNase, protease inhibitor and phosphatase inhibitor (phoSTOP, Sigma-Millipore). Total cell
511  lysates (20 ug) for each time point were examined by Western blot using antibody that

512  specifically recognizes pS573. The levels of pS573 were normalized to the total B566 detected
513 by a specific antibody (Invitrogen-Thermal Scientific, MA-26636). At least six experimental
514  repeats were performed to determine the fluctuation range of the activation phosphorylation

515 rates. The P-values for the time-dependent increase of pS573 were calculated using Jonckheere-

516  Terpstratest in MSTAT7.0 (https://oncology.wisc.edu/mstat/).

517 REST2 simulation

518  The cryo-EM structure of the closed form of the E197K PP2A-B566 holoenzyme was used to
519  generate the initial model for the close forms of WT, E198K, and E200K holoenzymes.

520  Molecular dynamics (MD) simulations were performed using Gromacs®* patched with

521 PLUMED 2.8.0 in the Amber ff14SB forcefield®®. The protonation state of protein residues was
522  determined by propka 3.4.0. The short-range Coulomb interactions were cut off at 0.9 nm, and
523  long-range electrostatics were computed with PME (particle-mesh Ewald). The Lennard-Jones
524 interactions were cut off at 0.9 nm. The structure was simulated in a dodecahedron box, with the
525  minimum distance to the surface of the protein of 1 nm. The complex was solvated in TIP3P

526  water (approximately 60,000 water molecules), and sodium ions were added until the system was
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527  neutral. The energy of the system was minimized with the steepest descent algorithm for 10,000
528  steps. Then, 1 ns MD simulations were performed at 310K with the positions of all protein atoms
529  except hydrogen restrained. In these simulations, the temperature was controlled by a V-rescale
530 thermostat with a coupling constant of 10 ps, and pressure set to 1 bar controlled by a C-rescale

531  barostat with a coupling constant of 1 ps. Snapshots used for analysis were spaced by 100 ps.

532  Conventional MD simulations are not successful in sampling the dissociations of the N/C-arms.
533  We thus have adopted an enhanced sampling technique: REST2%, with the terminal 8 residues of
534  the N/C-arms placed in a “hot region”. 20 independent replicas were run with the “hot region”
535  temperatures assigned to a geometric progression: 310, 320, 332, 344, 356, 368, 381, 395, 409,
536 423,438, 454, 470, 486, 503, 521, 540, 559, 578, and 600K. Exchanges between replicas were
537  attempted every 500 steps and the acceptance probability achieved was ~20%. REST2

538  simulations were conducted up to 100 ns, totaling 2us of simulation time per PP2A variant.

539  Allosteric network

540 The allosteric networks were computed for each variant of the PP2A using an established graph-
541  theoretic approach®®’. To compute a network, each residue in the holoenzyme was represented
542 by two atoms: Ca and the non-hydrogen sidechain atom most distant from the Ca. For residues
543  Ala, Gly and Pro only the Ca atom was used. Then, using all the conformations from the REST2
544  simulations at T=310K, linear mutual information (LMI) C;; between all pairs of atoms was

545  computed using g_correlation®®. Next, the resulting LMI matrix was multiplied with a semi-

546  binary contact map, so that only the neighboring atoms would have a significant contribution to
547  the network. The contact map K between each pair of selected atoms is a piecewise smoothing

548  function as used by Botello-Smith et al®®:
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549  Where r is the distance between the selected atoms in an MD snapshot. The cutoff distance for a

550  full contact was selected as 77,,;; = 0.8 nmand r¢,,; = 1.5 nm, S0 K (7 = 1.5) = 107> and

T2 —T‘Z
_ full”Teut o 1 Nframes ( - )
551 0= |7 ——— ) 0.264. Then, m;; = rr— Yoorq O K |(1j(n) ) are the elements of the

552  contact map averaged over all frames in the simulation. The LMI matrix with a contact cutoff
553  was used to define the network, where the selected atoms served as nodes, and the edges were
554  equal to the masked LMI. The edge weights in the network were computed as w;; = —log|Lij|
555  where L;; = my; C;;. Paths in this network weighed by the edges explain how strongly the

556  correlated motion of residues in the source affects residues in the sink and were computed with
557  the Dijkstra algorithm using the “networkX” python library (https://networkx.github.io (2020)).
558  Finally, the number of times a residue was crossed by the shortest paths was counted, and

559  contribution from individual atoms in the residue were summed up. This count, normalized by
560 the maximum count in the network, was used as the weight of the residue in the overall allosteric
561  network. Confidence intervals were computed as the standard deviation of residue weight in
562  networks obtained from 10 bootstrapped trajectories. The bootstrapped trajectories of 100 ns

563  were obtained by selecting blocks of 10 ns from the original dataset with replacement.

564 Mammalian cell holoenzyme sensor to detect conformation transition upon activation

565  N-terminal large (LgBit) and C-terminal small (SmBit) fragments derived from NanoLuc
566  (Promega) were fused to the C-terminus of B566 and inserted downstream of its N-arm at

567 residue 103, respectively. The SmBit sequence is sandwiched by a short linker sequence, “GSG”
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568  at both ends to alleviate structural hindrance for complementation with LgBit. The constructs
569  expressing the B566 holoenzyme conformation sensors were transfected into COS-1 cells. After
570 24 hours, cells were placed in 20% Nano-Glo® Live Cell Reagent (Promega) mixed with 80%
571  DMEM containing 1% FBS. Cells were equilibrated at 37 °C in 5% CO: in a Cytation 5 before
572  the luminescence readings were measured every 5 minutes. Following the second reading, cells
573  were treated with 20 uM forskolin (Tocris) and 2 uM rolipram (Tocris) to activate adenylyl

574  cyclase and inhibit cAMP phosphodiesterase 4 (PDE4) simultaneously to activate cellular

575 cAMP/PKA. All values were normalized to the vehicle control, and all wells were normalized to
576  the 5-min time point (just before forskolin/rolipram treatment). The experiments were performed
577  in quadruplicate and repeated three times. Representative results were shown. Error bars

578  represent standard deviation.

579  CRISPR prime editing to introduce B566 ID mutations

580 A single genomic change of ID mutations was introduced into HEK-293 cells to one or both

581 alleles of PPP2R5D. The CRISPR knock-in of the E420K B565 mutation was produced by

582  cytidine base editing of the coding sequence in exon 12 of PPP2R5D as previously described.
583  The heterozygotic and homozygotic E198K knock-ins and the heterozygotic E200K knock-in
584  were produced by prime editing PE3b strategy’®. Briefly, Cas9 nickase fused to an engineered
585  reverse transcriptase (RT) with improved thermostability and processivity (PE2) was

586  programmed with a prime editing guide RNA (pegRNA) to nick and edit the PAM strand. Once
587 the DNA strap on the edited strand was resolved, a secondary single guide RNA (sgRNA) that
588  matches only the edited strand, not the original allele, guided the Cas9 domain of PE2 to nick the

589  non-edited strand. This strategy, known as PE3b’°, improved editing efficiency without
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590 introducing double-strand breaks and reduced off-target edits. The pCMV-PE2 plasmid

591  expressing PE2 Cas9-RT fusion protein (Addgene plasmid #132775,

592  https:www.addgene.org/132775/) was provided as a generous gift from Dr. David Liu. For each
593  knock-in mutation, a dual RNA expression cassette containing sequences encoding a mutation-
594  specific pegRNA (driven by an hU6 promoter) targeting PPP2R5D exon 5, and the secondary
595  mutation-specific SgRNA (driven by a 7SK promoter) was synthesized and cloned into pUC57-

596  kan vector.

597  Approximately 200,000 wild-type HEK-293 cells were electroporated with pCMV-PE2 and the
598  appropriate RNA expression plasmid using a Neon transfection system for each knock-in

599  mutation. After 48h of recovery, electroporated cells were clonally isolated by single-cell sorting
600 into 96 well plates using a BD FACS Aria Il. After clonal expansion, genomic DNA was

601 isolated, and regions containing exon 5 were PCR-amplified. Sanger sequencing was then

602  employed to detect the desired single-base mutations. Before further use, cell lines with the

603  desired mutations were single-cell sorted three times to ensure each cell line represents a

604  homogenous population derived from a single gene-edited cell. Complete genomic sequencing of
605 the parental, E420K, E200K, and E198K variant cell lines was performed to characterize the

606  genomic background, detect any off-target editing, and ensure that repetitive single-cell sorting
607  did not introduce spontaneous somatic mutations. Cell lines with off-target mutations detected in
608  protein-coding regions were discarded. Details for the E198K prime edited cell lines are

609  described elsewhere’. The design of pegRNAs and sgRNAs for E200K is described in

610  supplemental materials.

611  Live cell imaging and mitotic duration measurements
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612  To investigate whether the B566 ID mutation, E198K, E200K, or E420K affects the mitotic

613  duration and fidelity, we used high temporal resolution live-cell imaging to monitor the mitotic
614  progression of HEK293T cells with the WT B566 or CRISPR knock-in ID mutation. Nikon Ti-E
615 inverted microscope equipped with a Photometrics CoolSnap Hg2 CCD camera, spectra-X LED
616  light source (Lumencor), and a Plan Apo 20x objective (NA = 0.45) controlled by Nikon

617  Element software was used for live imaging. Time-lapse imaging collected 5 frame 3D stacks at
618 2 um steps along the z-axis at 3 min intervals for 24-48 hours. All cells were grown on a 4-

619  chambered glass bottom dish (#1.5 glass, Cellvis) in FluoroBrite DMEM media (Thermo Fisher)
620  supplemented 10% FBS (Gibco) and 2 mM GlutaMAX (Gibco). All cells were incubated with
621  sirDNA and 10 uM of verapamil (Cytoskeleton, Inc.) for 4 hours before live imaging. Cells were
622  recorded at 37°C with 5% CO2 in a stage-top incubator using the feedback control to maintain
623  the growing media’s temperature (Tokai Hit, STX model). Image analysis was performed using
624  Nikon Element software. Mitotic stages were determined by nuclear staining. The mitotic

625  duration was measured from nuclear envelope breakdown (NEBD) to anaphase onset. Incidences
626  of lagging chromosomes were analyzed. The experiments were independently repeated three

627  times, and P-values between variants were calculated by One-Way Anova and two-tailed t-test.

628  P-values < 0.05 were considered significant.

629
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Figure 1. The cryo-EM structure of the closed form of the E197K PP2A-B566 holoenzyme. (a)
The overall cryo-EM structure of the E197K holoenzyme in the closed form. The A subunit,
PP2Ac, B566 core, and N/C-arms are colored green, magenta, yellow, red, and blue,
respectively. The electron density map for N/C-arms is colored cyan. The N/C-arms are in sticks
and the rest of the structure is in cartoon. Manganese ions are shown in grey spheres. (b)
Mapping of the contact properties along the path of the super-dynamic interface spanning over

190 A. The presentation of the structural model and the color scheme are the same as in (a).


https://doi.org/10.1101/2023.03.09.530109
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.09.5301009; this version posted April 5, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

R86  EB84 Y74 R571
v N 2 2
V132 A205 Y580 D578<-E2§)0 =72 E197TK =~ K73
1582
N-arm N-arm
Y74
D578/ E200
[ 172
B566-IL
1585
C-arm C-arm
PP2Ac PP2Ac
h A216 A216
W200 I‘H191 W200 l‘H191
L568 C-arm 1123 L568 C-arm

1123

P66

826

827  Figure 2. Mapping and closeup views of unfavoarable and hydrophobic contacts along the

828  dynamic interface. (a) Distribution of unfavoarable and repulsive contacts at the dynamic

829 interface, highlighted in dashed cycles (left) and illustrated at the upper right panel. The closeup
830  stereoview of the central repulsive contacts with E200 is shown at the lower right panel. (b)

831  Patches of hydrophobic contacts are in cycles and major hydrophobic interfaces are highlighted
832 inthick cycles (left). The closeup stereoviews for the latter are shown (right). For (a-b), the

833  color scheme is the same as in Fig.1. The structural models are shown in cartoon and key

834  residues at the interfaces in sticks.
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836  Figure 3. Structural mechanism of dual auto-inhibition and roles of the B565 N/C-arms. (a) The
837  overall structure of the PP2A-B566 holoenzyme highlights residues on the N/C-arms essential
838  for activation phosphorylation and suppressing the phosphatase active site and the SLiM-binding
839  groove. The structure is shown in cartoon and colored as in Fig. 1, except that the N/C-arms are
840  colored pink and blue, respectively. Residues with key regulation functions and manganese ions
841  (grey) are shown in spheres. (b) The closeup view of auto-inhibition at the phosphatase active
842  site. The active site metal ions are in spheres. Active site residues and E574 from the C-arm are
843  shown in sticks. (c) Truncations of either N- or C-arm increase the phosphatase activity of both
844  the WT and E200K holoenzymes. (d) The closeup view of auto-inhibition at the B56 SLiM-

845  binding groove, buttressed by extended interactions. () Examples of pulldown assays of the WT
846  and E200K PP2A-B566 holoenzyme full length (FL), truncation of N-arm (AN) or C-arm (AC)
847  via GST-tagged CREB (99-161) (upper) or GST-SYT16 (132-147) (middle). One fifth of the
848  holoenzyme input is shown (lower). (f) All experimental repeats from (e) are normalized to the
849  WT holoenzyme, and the scatter plots of the normalized results, averages of all repeats, and

850  standard deviation (SD) are shown. The P-values for the full-length versus truncated

851  holoenzymes are calculated using Welch’s t test. For (b) and (d), the structural models are shown
852 in cartoon, and the color scheme is the same as in (a). Residues at the interfaces are shown in

853  sticks. H-bond interactions are shown in cyan dashed lines.


https://doi.org/10.1101/2023.03.09.530109
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.09.5301009; this version posted April 5, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

d Frequency detected
(phosphositeplus)
500 3
400
300
200 I
100
O - - I . — I - -
MO ON»OW MO O ®
CHEE3335888
w >kFow
Phosphorylation sites
b PKA:holoenzyme = 1:100 d ’s. Forskolin+rolipram
kDa 0 5 10 20 40 min 3~ ——
c
i ("]
1281 oo e e gl [B565pS573 G 207
@ - WT
_ = &+ E198K
C Forskolin treatment =
kDa o 05 5 20 40mi 3" -
i ' - N E198K+S573Q
B - .......-| B560pS573 & 057
S
110 Z 0.0 T T T 1
hﬁ e e | Total BS6 o 5 10 15 20
Time (min)
e RIK40, Scaffold A- )
subunit 2.
€ i
PR ' o .
""f_’“’ Activation 4 N:TM
A / PP2Ac phosphorylation -,»-
L
:é& .-.,-"‘ "”’\
:9.% Rd? Unstructured v,l gJ
5% % i, BS6d N-arm [ A
2 z"” 'ﬂ' “ Al j"(”: 'Q
Ny % el ¢ YWa =g,
&8 FAA &&7
L ( : % W = v '}/ 2
*N-arm Sk bt
C-arm Vacant SLiM-binding pocket

854

855  Figure 4. Structural mechanisms of activation phosphorylation of the PP2A-B566 holoenzyme.
856  (a) The most frequently detected phosphorylation sites on the N/C-arms are highlighted (as
857  summarized from phosphosite.org) (left). The closeup views of these serine residues on the N/C-

858 arms and their interactions at the dynamic regulation interface (right). The color scheme is the
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859  same as in Fig. 3a. Phosphorylation at these sites is expected to create repulsive contacts. (b)
860  Time-dependent changes in pS573 of the PP2A-B566 holoenzyme by PKA in vitro. (c) Time-
861  dependent increase of B565 pS573 upon cellular activation of cAMP/PKA. (d) Time-dependent
862 increase of substrate B56 SLiM binding the PP2A-B566 holoenzyme (WT and E198K) in

863  mammalian cells upon cellular activation of cAMP/PKA by forskolin and rolipram. The non-
864  phosphorylatable mutation of B565, S573Q, abolishes this response. (e) Structural illustration of
865  phosphorylation-induced loosening of the N/C-arms for holoenzyme activation. Phosphorylation
866  of N/C-arms disrupts their interactions with the holoenzyme core, resulting in dual activation of
867  the phosphatase active site and the B56 SLiM-binding groove. The color scheme is the same as

868 inFig. 1.
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878  Figure 5. The allosteric network of the PP2A-B568 holoenzyme, perturbation by B568 ID
879  mutations, and effects on holoenzyme functions. (a) The overall structure of the B566

880  holoenzyme highlights the B565 ID residues predominantly located at the dynamic regulation
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881 interface. (b) lllustration of the allosteric network of the PP2A-B566 holoenzyme and its

882  relationship to ID residues (green ball-and-stick) and activation phosphorylation sites on N/C-
883  arms (orange ball-and-stick). The allosteric weights are shown as the thickness of blue wires.

884  They are estimated from REST2 simulations of the WT holoenzyme, modified from the cryo-EM
885  structure of the E197K holoenzyme in the closed form. (c-d) The global perturbation of residue
886  weights of ID residues and activation phosphorylation sites on the allosteric network by E198K
887  and E200K. The results in (b-d) are the average of 20 REST2 trajectories. (e) Pulldown of WT
888 and mutant holoenzymes by GST-tagged CREB (99-161) assessed the effects of ID mutations on
889  substrate SLiM binding. The data is normalized with the binding intensity of WT. The number of
890  repeats, their scatter plots, averages, and SD are shown. The P values for comparison of WT and
891  disease variants are calculated using Welch’s t test. (f) Time-dependent phosphorylation of S573
892  in HEK293 cells expressing WT and mutant B566 upon cellular cAMP/PKA stimulation. The
893  experiments were repeated six times. Means + SD was calculated for WT for comparison to

894  disease variants. The P-values for time-dependent changes were calculated using Jonckheere-

895  Terpstra test.
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902  Figure 6. Effects of B566 1D mutations on mitotic progression and mitotic errors. Representative
903 live cell images of WT and B566 ID mutant cells (E198K, E200K, and E420K) in HEK293 cells
904  (top). Mitotic durations from NEBD to anaphase onset (bottom left) and the frequency of mitotic
905 errors (bottom right) in the above cells are plotted. Means + SD was calculated and shown. The P
906  values for comparison of WT and disease variants are calculated using One-Way Anova (bottom,
907 left) and two-tailed t-test (bottom, right). P-values <0.0001 are indicated by “****” N = 148,

908 162, 183 and 132 for WT, E198K, E200K and E420K cells.
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