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Experimental Procedures

Molecular biology
All UBE3A constructs used in this study were derived from human UBE3A isoform II (accession: NP_000453.2), which is the major neuron-specific isoform expressed during development (Miao et al., 2013).  Epitope tags for all UBE3A constructs were placed on the N-terminus of UBE3A because even short C-terminal extensions inhibit ubiquitin ligase activity (Kuhnle et al., 2013) and cause AS (Al-Maawali et al., 2013).  All UBE3A constructs were cloned into pCIG2 plasmid DNA (Hand and Polleux, 2011), a vector driven by a chicken β-actin promoter with bicistronic GFP expression through an internal ribosome entry site (IRES).  This allowed for in vivo expression of our constructs, and allowed us to control for transfection efficiency and loading in our in vitro assays.  UBE3A was cloned into pCIG2 by polymerase chain reaction using SacI and XmaI sites.  All constructs were verified by sequencing.  AS-linked missense mutations used in this study were identified in previous publications: (Baumer et al., 1999; Camprubi et al., 2009; Cooper et al., 2004; Fang et al., 1999; Huang et al., 1999; Malzac et al., 1998; Matsuura et al., 1997; Rapakko et al., 2004; Sadikovic et al., 2014).  Additional mutations are catalogued in the Leiden Open Variation Database (https://secure.ngrl.org.uk/LOVDv.2.0/home.php?select_db=UBE3A).  All mutations were introduced by site-directed mutagenesis, with the exception of R477P, M478I, and R482P.  These mutants were cloned by polymerase chain reaction (PCR) using an internal EcoRI site and XmaI.  Oligonucleotide sequences used to generate UBE3A mutants are shown as 5’ – 3’ sequences.  Mutated codons are shown in red.  The EcoRI site sequence is shown in blue.  C21Y, GAACGCTACTACCACCAGTTAACTGAGGGCTATGGAAATGAAGCCTGCACGAATGAGTTTTG; R39H, GTTTTGTGCTTCCTGTCCAACTTTTCTTCATATGGATAATAATGCAGCAGCTATTAAAGC; T106P, GAATTGATTTTAAAGATGTGACTTACTTACCAGAAGAGAAGGTATATGAAATTCTTG; T106K, GAATTGATTTTAAAGATGTGACTTACTTAAAAGAAGAGAAGGTATATGAAATTCTTG; C117R, GAGAAGGTATATGAAATTCTTGAATTACGTAGAGAAAGAGAGGATTATTCCCCTTTAATC; I130T, GGATTATTCCCCTTTAATCCGTGTTACTGGAAGAGTTTTTTCTAGTGCTGAGGCATTGG; A178T, GATGAAAAGGAAAAAGCTGCATGTTCTGCTACTGCTATGGAAGAAGACTCAGAAGCATC; N243K, CTCAATGCACTTGTATATTTGTCACCTAAGGTGGAATGTGACTTGACGTATCACAATG; E269G, TTATCTGAATTTGTTCATTATCGTAATGGGGAATAGAAATCTCCACAGTCCTGAATATC; L273F, GTTCATTATCGTAATGGAGAATAGAAATCGCCACAGTCCTGAATATCTGGAAATGGCT; I329T, CATTTCAGCAACTTATTACTTATAAAGTCACAAGCAATGAATTTAACAGTCGAAATCTAG; S349P, GAATGATGATGATGCCATTGTTGCTGCTCCGAAGTGCTTGAAAATGGTTTACTATGC; R477P, GAATTCCCATGTACAGTGAACGAAGAATCACTGTTC; M478I, GAATTCGCATATACAGTGAACGAAGAATCACTGTTCTC; R482P, GAATTCGCATGTACAGTGAACCAAGAATCACTGTTCTCTACAGC; L502P, GGACAGCAGTTGAATCCATATTTGAGACCCAAAGTTAGACGTGACCATATCATAGATG; R506C, GAATCCATATTTGAGACTCAAAGTTAGATGTGACCATATCATAGATGATGCACTTGTCC; E550L, CAAGGAGTTGATGAGGGAGGTGTTTCCAAACTATTTTTTCAGCTGGTTGTGGAGGAAATC.
Dominant negative-PKA (DN-PKA; PKA regulatory subunit I) was a kind gift from Dr. Nickolai Dulin (Davis et al., 2003).  Constitutively active PKA (CA-PKA) was created by introducing H87Q and W196R point mutations into the C subunit as previously described (Orellana and McKnight, 1992).  GFP-PKI was cloned into the pEGFP-N1 vector using XhoI and NotI restriction sites as previously described (Yi et al., 2014).  The fragment was generated by PCR by fusing amino acids 6-22 of PKI to the C-terminus of GFP (PKI sequence, TYADFIASGRTGRRNAI). 
 
Antibodies and reagents
Primary antibodies used were mouse anti-Myc (1:1000, EMD Millipore, #05-724), mouse anti-actin (1:5000, EMD Millipore, #MAB1501), mouse anti-Tuj1 (1:1000, Biolegend, #801201) mouse anti-FLAG M2 (1:1000, Sigma, #F3165), Rabbit anti-V5 (1:1000, EMD Millipore, #AB3792), mouse anti-UBE3A clone 330 (1:1000, Sigma, #E8655), rabbit anti-UBE3A (1:1000, Bethyl Laboratories, #A300), rabbit anti-PKA-C (1:1000, Cell Signaling, #4782) Goat anti-S5a (1:1000, Boston Biochem, AF5540), rabbit anti-HHR23A (1:1000, Genetex, #GTX102032).  Mouse anti-GFP (1:5000 Clontech, #632381) was used for western blotting, and rabbit anti-GFP (1:1000, Life Technologies, #A11122) and Chicken anti-GFP (1:1000, Aveslab, #GFP-1020) were used for immunofluorescence.  Chicken anti-UBE3A (pT485) antibodies were raised against the phospho-peptide sequence YSERRI[pT]VLYS (1:150,000 immunoblot, 1:5000 immunofluorescence, Aves Labs).  The antibody was purified from the IgY fraction by positive and negative purification using the phosphorylated and unphosphorylated peptide sequence, respectively.  Forskolin, rolipram, isoproterenol, and KT5720 were all purchased from Tocris Bioscience.  MG-132 was purchased from Calbiochem.

Cell culture and transfection
HEK293T cells (ATCC) were maintained in a 5% CO2 humidified incubator in DMEM, 10% (v/v) fetal bovine serum (Hyclone), 2 mM Glutamax (Life Technologies) and 1x Antibiotic-Antimycotic (penicillin, streptomycin, amphotericin b; Life Technologies).  Transfections were performed in 6-well dishes using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s instructions.  For UBE3A mutant screening, HEK293T cells were lysed in NuPAGE Lithium dodecyl sulfate (LDS) sample buffer (Life Technologies) supplemented with 1% -mercaptoethanol, 1x Complete Mini protease inhibitor cocktail (Roche), and 1x Halt Phosphatase inhibitor cocktail (Thermo Scientific).  Lysates were boiled and proteins resolved by 4% to 15% SDS/PAGE and transferred to PVDF membranes (Bio-Rad).  Membranes were blocked in 5% (w/v) nonfat milk in Tris-buffered saline containing 0.1% Tween-20, probed with the appropriate primary and secondary antibodies, and detected by enhanced chemiluminescence (GE Life Sciences).  For brain tissue, neurons, and lymphocytes, lysates were transferred to nitrocellulose membranes (Bio-Rad) and blocked in Odyssey blocking buffer (LI-COR).  Protein bands were visualized using the Odyssey imaging system (LI-COR) with the following secondary antibodies (donkey anti-rabbit 800CW, #926-32213; donkey anti-mouse 680, #926-68072, donkey anti-chicken 800CW, #926-32218, all from LI-COR, used at 1:10,000).  For UBE3A (pT485) blotting, membranes were blocked using Blokhen reagent (Aveslab) according to the manufacturer’s instructions.
For expression of UBE3A mutants in neurons, dissociated cells were transfected at DIV 10 with various DNA constructs using Lipofectamine 2000 and fixed after 24 h with 4% paraformaldehyde (PFA)/4% sucrose in phosphate buffered saline.  For PKA-dependent spine induction experiments, DIV19 neurons were treated for 48 h with DMSO or 1 M KT5720 following a previously described protocol (Lu et al., 2011).
Immortalized human lymphocytes (Simons Simplex Collection) were maintained in a 5% CO2 humidified incubator in RPMI media supplemented with 15% (v/v) fetal bovine serum (Hyclone) and 1x Antibiotic-Antimycotic.  The following cell lines were used for our study: 13873.Fa, 13873.Mo, and 13873.P1.  For protein analysis, 10 million lymphocytes were collected by centrifugation and lysed for 20 minutes on ice with periodic rocking in a lysis buffer consisting of 20 mM HEPES, pH 7.4, 1% NP-40, 50 mM KCl supplemented with protease and phosphatase inhibitors.  Samples were cleared at 1000 x g for 5 minutes and the supernatant collected and subjected to a protein assay (Bio-Rad) to determine concentration.  Samples were prepared by diluting in sample buffer supplemented with 1% -mercaptoethanol, boiled, and resolved by SDS-PAGE.  

Mass spectrometry
Myc-tagged UBE3A-LD (C820A) was co-transfected with CA-PKA into HEK293T cells seeded on a 10 cm cell culture dish using Lipofectamine 2000.  Cells were lysed in RIPA buffer containing 0.1% SDS and protease and phosphatase inhibitors.  Proteins were denatured by boiling for 20 minutes, and UBE3A purified by immunoprecipitation with anti-Myc-conjugated affinity gel (Sigma).  The sample was separated by SDS-PAGE on a 4% to 15% gel (Bio-Rad), stained with Coomassie blue, and the gel band excised and in-gel digested using trypsin.  The resulting peptides were extracted from the gel, lyophilized and resuspended in a solution of 2% acetonitrile/0.1% formic acid and subject to analysis by LC-ESI-MS/MS.  A 120-minute gradient was used and MS analysis was performed with an LTQ Orbitrap Velos mass spectrometer.  Data were searched against the sequence of human UBE3A using the MASCOT algorithm.  Mass spectrometry was performed at the Michael Hooker Proteomics Center at the University of North Carolina.

In vitro PKA Assay
The in vitro PKA assay was performed in a 40 mM Tris, pH 7.4 buffer supplemented with 20 mM magnesium acetate, 0.1 mg/ml BSA fraction V, 0.1 mM ATP, and phosphatase inhibitor cocktail.  Purified recombinant UBE3A (0.5 g, Boston Biochem, #E3-230) and 43.2 ng of purified recombinant PKA catalytic subunit (EMD Millipore, #14-440) were used per reaction.  Reactions were incubated at 30°C and stopped at the appropriate times with protein sample buffer.  For the combined in vitro kinase and ubiquitination reactions, myc-tagged UBE3A constructs were expressed in HEK293T cells.  After 48 h, cells were lysed in 20 mM HEPES, pH 7.4 buffer supplemented with 1% NP-40, 50 mM KCl, and immuopurified with using an anti-myc agarose affinity gel.  After washing, UBE3A was eluted from the antibodies with an excess of myc peptide (Sigma, 10 g/ml) and used immediately in the kinase reaction.

Ubiquitination assays 
In vitro ubiquitination assays were performed using a commercially available E6AP ubiquitin ligase kit (Boston Biochem #K-230) according to the manufacturer’s instructions.  Ubiquitination of target proteins were assayed in HEK293T cells treated with 30 M MG-132 for the indicated times.  The cells were then lysed in RIPA buffer containing 1% SDS and 30 M MG-132.  Cell lysates were boiled for 20 minutes and clarified by centrifugation at 15,000 x g for 10 minutes.  The resulting supernatant was diluted 1:10 (v/v) in an immunoprecipitation buffer (20 mM HEPES pH 7.4, 50 mM KCl, 1% Triton X-100).  For UBE3A immunoprecipitation, an anti-Myc-conjugated affinity gel (Sigma #A7470) was used at 4°C for 1 h.  For HHR23A, immunoprecipitation was performed after pre-clearing the lysate with Protein G agarose beads (Millipore) then adding the beads coupled to V5 primary antibody at 4°C for 1 h.  The final complex was washed three times with wash buffer (immunoprecipitation buffer containing 125 mM NaCl), resuspended in sample buffer, and subject to SDS-PAGE and immunoblot analysis.

Ubiquitin thioester assay
Ubiquitin thioester formation in UBE3A mutants was performed according to a published protocol with a few modifications (Huang et al., 2012).  In brief, HEK293T cells expressing myc-tagged UBE3A constructs were harvested and lysed in immunoprecipitation buffer (20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 3 mM EDTA, 3 mM EGTA) containing 0.1 mM DTT, and protease and phosphatase inhibitors.  UBE3A was immunoprecipitated from cell extracts using an anti-myc affinity gel at 4°C for 2 h, and washed three times with IP buffer containing 500 mM NaCl and eluted in ubiquitin buffer (50 mM Tris, 5 mM MgCl2, pH 7.6) containing 10 g/ml myc peptide (Sigma).  In vitro ubiquitination of immunoprecipitated UBE3A was performed using 0.1 g E1, 0.5 g UbcH7, 25 g ubiquitin (Boston Biochem), and 10 mM ATP.  The reaction was incubated at room temperature for 15 minutes and stopped in 2x sample buffer with or without DTT.

Co-immunoprecipitation
Endogenous UBE3A co-immunoprecipitation was performed using cortical lysates from P1 mice.  In brief, cortices were homogenized in a buffer containing 20 mM HEPES, pH 7.4, 1% NP-40, 50 mM KCl, and protease and phosphatase inhibitors.  The homogenate was cleared by centrifugation at 5,000 x g for 10 minutes at 4°C.  The resulting lysate was pre-cleared by incubation with protein G agarose beads (Millipore) for 1 h at 4°C.  Samples were incubated on a rotator with or without primary antibody for 3 h at 4°C.  Protein G agarose beads were washed, blocked in a 1 mg/ml solution of BSA and resuspended in wash buffer (lysis buffer containing 125 mM NaCl).  The beads were added to the immunoprecipitation reactions, incubated at 4°C for 1 h, and collected by centrifugation at 500 x g for 30 seconds.  The final complex was washed three times with wash buffer and resuspended in protein sample buffer.  
Homomeric UBE3A co-immunoprecipitation and HHR23A co-immunoprecipitation was performed by lysing transfected HEK293T cells in 20 mM HEPES, pH 7.4 buffer supplemented with 1% NP-40, 50 mM KCl, and protease and phosphatase inhibitors.  Lysates were cleared by centrifugation at 3,000 x g for 5 minutes at 4°C.  Myc-tagged UBE3A was immunoprecipitated using an anti-myc agarose affinity gel (Sigma) at 4°C for 2 h.  Beads were collected by centrifugation at 500 x g for 30 seconds, and the final complex washed three times in lysis buffer, and resuspended in protein sample buffer.

Immunohistochemistry and fluorescence microscopy 
Freshly fixed dissociated neurons were washed with PBS and permeabilized and blocked with 8% bovine serum albumin (BSA) in PBS containing 0.1% Triton X-100.  Neurons were incubated with primary antibodies at 4°C overnight.  After washing with PBS, appropriate Alexa Fluor-conjugated secondary antibodies (Life Technologies) were used to detect the signal.  The secondary antibody was incubated at room temperature for 1 h.  Coverslips were mounted onto glass slides using Fluoro-Gel mounting medium (Electron Microscopy Sciences).  Images of dissociated neurons were acquired using an Olympus IX81-ZDC microscope equipped with a CoolSNAP HQ2 14-bit camera (Photometrics).  Bandpass and neutral density filters (Chroma) were switched using motorized filter wheels (Ludl Electronic Products) controlled by Metamorph Software (Molecular Devices).  GFP and Alexa 568 images were acquired using a 100 W mercury arc lamp and the appropriate filters.  To quantify UBE3A expression in neurons, Metamorph was used to create a binary mask of the cells from the GFP images.  This defined the area of the transfected cell of interest.  The average intensity of the immunofluorescence signal produced from staining with the anti-Myc antibody was measured within this defined region.
PSD-95 and vGlut1 puncta were quantified according to a previously published protocol (Mabb et al., 2014) with some modifications.  Total number of puncta per dendritic segment was quantified from maximum intensity projections in Metamorph following thresholding at least 2 standard deviations (S.D.) above background.  Quantification was performed on the apical dendrite in 50 m segments starting at a distance of 10 m from the soma.  Regions of interest (ROIs) were created in the thresholded PSD-95 or vGlut1 channels and transposed to the GFP channel where all points outside the GFP signal were removed.  The remaining ROIs were transposed back to the appropriate image and measured.    
Brains from in utero electroporated animals were fixed by intracardial perfusion with 4% paraformaldehyde, vibratome sectioned at 100 µm thickness, washed twice with PBS and once with PBS/T (1x PBS with 0.2% Triton X-100).  Immunohistochemistry was performed as previously described (Li et al., 2012).  Samples were blocked for 30-60 minutes at room temperature in blocking solution (5% normal goat serum, 0.2% Triton X-100 in PBS), and incubated for 48 h at 4°C with gentle rocking in blocking solution containing chicken anti-GFP antibody (1:1000).  Brain sections were washed three times in PBS/T and incubated with Alexa 488-conjugated secondary antibody and DAPI or Draq5 (Pierce) nuclear stain for 48 h at 4°C with gentle rocking.  Afterwards, the slices were washed twice with PBS/T, once with PBS, and mounted on slides using Fluoro-Gel mounting medium.  Dendritic spine images were collected on a Zeiss LSM 710 laser scanning confocal microscope.  Z-stack images were collected with 10X or 20X objectives and tiled together to generate high-resolution images of whole brain sections.  For quantification, cells from layer 2/3 somatosensory cortex expressing EGFP were selected and primary basal dendrites were chosen.  Images were acquired with a 63x oil objective at 2X zoom with a bit depth of 16 and a resolution of 747 x 747 pixels.  Z-stacks were acquired with a 0.38 µm optical slice.  Both image collection and spine quantification was performed on a blinded basis.

In utero electroporation
In utero electroporations were performed as previously described (Li et al., 2012) with a few modifications.  In brief, E15.5 timed-pregnant CF-1 females were anesthetized with isoflurane in oxygen carrier.  The uteri were accessed through a 1-2 cm incision in the ventral peritoneum and the embryos carefully exposed through the incision.  The lateral ventricles of the embryos were injected with 1-2 µg of plasmid prepared using an EndoFree plasmid purification kit (Qiagen) diluted in 1 x PBS with 0.1% Fast Green dye for visualization.  Five electrical pulses were delivered at 30V (50 ms duration) with a 950 ms interval using 5 mm paddle electrodes.  Afterwards, the uterine horns were replaced in the abdominal cavity and the abdomen wall and skin sutured.  Electroporated animals were collected at postnatal day 1 (P1) and placed into foster cages where they were allowed to mature.  At P30, mice were sacrificed and their brains processed for analysis.

Statistical Analysis
Statistical treatments for each experiment are listed below.   

Figure 2B.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to UBE3A-LD and tested for deviance from a theoretical mean abundance level of 100.  Individual p values are indicated in Table S1.
Figure 2D.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to WT UBE3A and tested for deviance from a theoretical mean abundance level of 100.  Individual p values are indicated in Table S1.
Figure 2F.  One-way ANOVA detected a significant interaction of UBE3A protein levels x mutation: F = 32.26, p<0.0001.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between WT UBE3A and the indicated disease-linked mutations. 
Figure 2G.  One-way ANOVA detected a significant interaction of UBE3A protein levels x mutation: F = 84.57, p<0.0001.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between WT UBE3A and the indicated disease-linked mutations. 
Figure 3B.  Unpaired t-test (two-tailed), *p<0.05.
Figure 3C.  Unpaired t-test (two-tailed), *p<0.05.
Figure 3D.  Unpaired t-test (two tailed), ***p<0.0005.
Figure 4B.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to WT UBE3A and tested for deviance from a theoretical mean abundance level of 100, *p<0.05, **p<0.005, ***p<0.0005.
Figure 4E.  One-way ANOVA detected a significant interaction of UBE3A protein levels x mutation: F = 6.912, p = 0.0026.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between WT UBE3A and the T485A mutation, and between the T485A and T485E mutants.
Figure 4F.  One-way ANOVA detected a significant interaction of UBE3A protein levels x mutation: F = 11.82, p<0.0001.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between WT UBE3A and the T485A mutation, and between the T485A and T485E mutants.
Figure 4J.  One sample t-test (two-tailed).  UBE3A and HHR23A protein levels were normalized to cells expressing WT UBE3A and tested for deviance from a theoretical mean abundance of 100, ***p<0.0005.
Figure 5C.  One-way ANOVA detected a significant interaction of UBE3A protein levels x genotype: F = 16.79, p = 0.0009.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between the Father and the Proband, and between the Mother and the Proband.  Protein levels were normalized to actin.
Figure 5B.  One-way ANOVA detected a significant interaction of HHR23A protein levels x genotype: F = 10.01, p = 0.0123.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between the Father and the Proband, and between the Mother and the Proband.  Protein levels were normalized to actin.
Figure 5E.  One-way ANOVA detected a significant interaction of S5a protein levels x genotype: F = 22.02, p = 0.0017.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between the Father and the Proband, and between the Mother and the Proband.  Protein levels were normalized to actin.
Figure 6C.  One-way ANOVA detected a significant interaction of UBE3A phosphorylation x time: F = 57.36, p<0.0001.  Bonferroni’s post hoc multiple comparisons test showed a significant difference in UBE3A phosphorylation between the start of the experiment and at 5, 8, 11, and 15 minutes, *p<0.05, ***p<0.0005.
Figure 6F.  One way ANOVA detected a significant interaction of UBE3A pT485 immunoreactivity x condition: F = 107.3, p<0.0001.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between cells expressing GFP and cells expressing PKA-DN and GFP-PKI.
Figure 6H.  Unpaired t-test (two-tailed).  pT485/UBE3A ratios were normalized basal levels and comparisons were made between neurons treated with agonist and neurons treated with the agonist + KT5720, *p<0.05, **p<0.005.
Figure 6J.  Unpaired t-test (two tailed), **p<0.005, ***p<0.0005.
Figure 6L.  One-way ANOVA detected a significant interaction of UBE3A protein levels x pharmacological treatments: F = 4.227, p = 0.0296.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between cells treated with vehicle and cells treated with forskolin and rolipram.   
Figure 7C.  Unpaired t-test (two-tailed).  ***p<0.0005.
Figure 7D.  Unpaired t-test (two-tailed).  p = 0.649.
Figure 7G.  One-way ANOVA detected a significant interaction of spine density x condition:  F = 21.27, p<0.0001. Bonferroni’s post hoc multiple comparisons test showed a significant difference between cells expressing GFP and cells expressing WT UBE3A and the T485A mutant, and between cells expressing WT UBE3A and the T485A mutant.
Figure S1C.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to UBE3A-LD and tested against a theoretical mean of 100.  Individual p values are indicated in Table S1.
Figure S1E.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to UBE3A-LD and tested against a theoretical mean of 100.  Individual p values are indicated in Table S1.
Figure S1G.  Unpaired t-test (two-tailed).  Comparisons were made between the T106P and I130T mutants with and without MG-132, **p<0.005.
Figure S1K.  One sample t-test (two-tailed).  UBE3A and HHR23A protein levels were normalized to cells expressing WT UBE3A and tested against a theoretical mean of 100, *p<0.05, **p<0.005, ***p<0.0005.
Figure S1O.  One sample t-test (two-tailed).  V5-tagged HHR23A protein levels were normalized to cells expressing WT UBE3A and tested against a theoretical mean of 100, ***p<0.0005.
Figure S2C.  Unpaired t-test (two-tailed).  **p<0.005.
Figure S3B.  Two-way ANOVA detected a significant interaction of mutation x time:  F (3, 8) = 18.11, p = 0.0006. Bonferroni’s multiple comparisons test showed a significant difference in UBE3A quantities at t = 4 and t = 6 h between the T485A and T485E mutants.
Figure S3G.  One sample t-test (two-tailed).  Mutant enzyme protein levels were normalized to WT UBE3A and tested against a theoretical mean of 100, **p<0.005.
Figure S4B.  One-way ANOVA detected a significant interaction of UBE3A phosphorylation x developmental age: F = 4.756, p = 0.0033.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between E15 and P1, *p<0.05.
Figure S4D.  Two-way ANOVA detected a significant interaction of UBE3A mutation x PKA quantity:  F (5, 36) = 5.038, p = 0.0013. Bonferroni’s multiple comparisons test showed a significant difference in HHR23 quantities between WT UBE3A and the T485A mutant at 1, 2, 5, 10 ng of PKA.
Figure S4F.  One-way ANOVA detected a significant interaction of UBE3A phosphorylation x KCl treatment: F = 5.627, p = 0.0014.  Bonferroni’s post hoc multiple comparisons test showed a significant difference in UBE3A phosphorylation between the start of the experiment and at 120 minutes, p<0.05.
Figure S4H.  One-way ANOVA detected a significant interaction of UBE3A protein levels x conditions: F = 9.567, p<0.0007.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between the disease mutations and the phosphomimetic mutation and co-expression with PKA-CA, *p<0.05.
Figure S4M.  One sample t-test (two-tailed).  UBE3A protein levels were normalized to WT UBE3A protein levels and tested against a theoretical mean of 100, *p<0.05, **p<0.005.
Figure S5B – S5E.  Unpaired t-test (two-tailed).  **p<0.005, ***p<0.0005.
Figure S5F.  One-way ANOVA detected a significant interaction of Spine head width x UBE3A mutation: F = 4.455, p = 0.0065.  Bonferroni’s post hoc multiple comparisons test showed a significant difference between GFP expressing cells and cells expressing WT, T485A, and T485E UBE3A, *p<0.05.
Figure S5G.  One-way ANOVA did not detect a significant interaction of Spine neck length x UBE3A mutation: F = 0.5673, p = 0.6383.  
Figure S5I.  One sample t-test (two-tailed).  UBE3A protein levels were normalized to WT UBE3A protein levels and tested against a theoretical mean of 100, *p<0.05, **p<0.005.



Supplemental Tables

Table S1.  Summary of how AS-linked mutations affect UBE3A protein levels, related to Figure 1.  Data are shown as the percent change from controls (UBE3A-LD or WT UBE3A protein levels).  Mechanisms of dysfunction is categorized as shown in Figure 1B.  Benign polymorphisms (R39H and A178T) are included.  P values calculated from one sample t-test.  Published reports of the mutations are indicated.  All other mutations are cataloged at the Leiden Open Variation Database (LOVD; https://secure.ngrl.org.uk/LOVDv.2.0/home.php?select_db=UBE3A). 
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Supplemental Figure Legends

Figure S1.  Additional characterization of AS-linked missense mutations, related to Figure 2.  
(A) Total UBE3A blot showing very low endogenous UBE3A levels in untransfected HEK293T cells relative to cells transfected with a UBE3A expression construct.  
(B and C) Representative western blots and quantification (C) of protein levels for AS-linked mutations (T106K, R477P, and M478I) introduced into ligase-dead (LD) UBE3A.  Myc-tagged UBE3A constructs containing an IRES-GFP to normalize for expression and transfection efficiency were transfected into HEK293T cells.  Values are shown as the mean percent ± standard error of UBE3A-LD, n=3.  
(D and E) Representative western blots and quantification (E) of UBE3A mutants that possess ubiquitin ligase activity.  Values are shown as the mean percent ± standard error of WT UBE3A, n=3, *p<0.05, **p<0.005.  
(F and G) Proteasomal inhibition by MG-132 (30 M, 8 h) rescues the self-degradation of T106P and I130T mutants.  Western blot of HEK293T cells transfected with the indicated constructs.  Quantification is shown in (G).  Values are shown as the mean percent ± standard error of WT UBE3A, n=4, **p<0.005, compared to vehicle.  
(H) T106P and I130T UBE3A mutants display self-targeted ubiquitination.  R482P UBE3A mutant lacks ubiquitin ligase activity.  Protein lysates were prepared from HEK293T cells transfected with the indicated Myc-UBE3A and FLAG-ubiquitin constructs, and treated with the proteasome inhibitor MG-132 (30 M, 4 h).  UBE3A was immunoprecipitated using an anti-Myc antibody, and Western blot performed using an anti-FLAG antibody to reveal ubiquitinated forms of UBE3A.  Note that most of the T106P mutant exists in a polyubiquitinated state.  
(I) R477P and M478I mutants lack ubiquitin ligase activity.  Samples were prepared as in (H).  (J and K) HEK293T cells were transfected with the indicated Myc-tagged UBE3A constructs and V5-tagged HHR23A.  Protein levels for UBE3A and HHR23A were monitored by western blot.  Quantification is shown in (K).  Values are shown as the mean percent ± standard error of WT UBE3A expressing cells, n=3, *p<0.05, **p<0.005, ***p<0.0005.  Note that hyperactivity of the T106P and I130T mutants are specific for UBE3A and not HHR23A, whereas the R482P mutant does not target itself or HHR23A for degradation.  
(L) Reduced HHR23A ubiquitination with T106P and I130T mutants relative to WT UBE3A.  HEK293T cells transfected with V5-HHR23A, FLAG-ubiquitin, and the indicated Myc-UBE3A constructs were treated with the proteasome inhibitor MG-132 (30 M, 8 h).  HHR23A was immunoprecipitated using an anti-V5 antibody, and Western blot performed using an anti-FLAG antibody.  
(M) Substrate targeting is defective in I329T and E550L mutants but is not defective in benign polymorphism variants R39H and A178T.  Experiment was performed with the indicated mutants as in (L).  
(N and O) Representative western blot of HEK293T transfected with V5-HHR23A and the indicated UBE3A mutant constructs.  Quantification is shown in (O).  Values are shown as the mean percent ± standard error of WT UBE3A expressing cells, n=3, ***p<0.0005. 




Figure S2.  UBE3A is phosphorylated at T485, related to Figure 3.
(A) Mass spectrometry data showing phosphorylation at T485 in UBE3A.  Arrow indicates the peak for phosphorylated T485.  UBE3A was purified from HEK293T cells transfected with expression constructs for both UBE3A-LD and CA-PKA.    
(B and C) UBE3A was expressed with CA-PKA in HEK293T cells and phosphorylation analyzed by Western blot with the UBE3A (pT485) antibody.  The antibody recognizes WT UBE3A, but not when the phosphorylation site is mutated (T485A).  Quantification is shown in (C).  Values were normalized to total UBE3A levels and are shown as the mean intensity ± standard error, n=3, **p<0.005, A.U., arbitrary units.  
(D) Mass spectrometry data showing phosphorylation at S489 in UBE3A.  Arrow indicates the peak for phosphorylated S489.  UBE3A was purified from HEK293T cells transfected with expression constructs for both UBE3A-LD and CA-PKA.  
(E and F) Total UBE3A and UBE3A pT485 immunofluorescence in mouse cortical neurons cultured for 10 days in vitro (DIV 10).  Dendrites were visualized by MAP-2 staining.  Note the cytosolic distribution of phosphorylated UBE3A in MAP-2 positive (dendrite; white arrows) and MAP-2 negative (axon; arrowheads) neurites, scale bar, 50 m.  A magnified view of an immature dendritic spine is shown in (F).  The position of the spine is marked by the yellow arrow in (E); scale bar, 1 m.  
(G and H) UBE3A immunofluorescence in a DIV 18 mouse cortical neuron transfected with GFP, scale bar, 25 m.  Phospho-T485 immunoreactivity is cytosolic and (H) persists in mature dendritic spines; scale bar, 1 m.


Figure S3.  Hyperactive self-targeted degradation is specific to phosphorylation at UBE3A T485, related to Figure 4.  
(A and B) HEK293T cells expressing either the phospho-mutant (T485A) or phospho-mimetic (T485E) forms of UBE3A were treated with the protein synthesis inhibitor cycloheximide (100 g/ml) and UBE3A protein levels monitored by western blot at the indicated times.  Quantification is shown in (B).  Values are shown as the mean fraction ± standard error of UBE3A levels at t=0.  Statistically significant differences in protein abundance between the two mutants was detected at t=4 and t=6, n=3, **p<0.005.  
(C and D) HEK293T cells expressing the indicated UBE3A constructs were treated with MG-132 (30 M, 8 h) and UBE3A protein levels analyzed by western blot.  (D) Quantification of (C).  Values are shown as the mean percent ± standard error of UBE3A-T485A protein level, n=3, *p<0.05.  
(E) Sequence alignment comparing human UBE3A residues 473-538 to homologous regions in mouse (Mus musculus, accession: NP_035798.2), frog (Xenopus laevis, NP_001080693), and fish (Danio rerio, NP_001007319.1) UBE3A.  The consensus sequence for Akt is indicated above the alignment (Alessi et al., 1996).  “X” represents any amino acid.  Green boxes indicate non-conserved amino acids.  The putative Akt phosphorylation site at S480 is indicated in blue, T485 is indicated in red, black arrowheads indicate the positions of potential phosphorylation sites adjacent to T485, and asterisks mark sites of phosphorylation confirmed by mass spectrometry analysis.  
(F and G) Potential phosphorylation sites around T485 were mutated, and their effect on UBE3A protein levels was assessed by Western blot.  Quantification is shown in (F).  Values are expressed as the mean percent ± standard error of WT UBE3A abundance, n=4, **p<0.005.
Figure S4.  UBE3A is phosphorylated by PKA, related to Figure 6.  
(A and B) UBE3A phosphorylation at T485 peaks during the first week of postnatal life in the mouse brain.  UBE3A T485 phosphorylation was analyzed by western blot from pooled mouse cerebral cortex collected at the indicated time points.  Quantification is shown in (B).  Values are shown as the mean pT485/Total UBE3A ratio ± standard error, n=4, **p<0.005.  
(C and D) Lysates from HEK293T cells transfected with UBE3A, HHR23A, and increasing amounts of CA-PKA (0, 0.5, 1, 2, 5, and 10 ng) were probed for HHR23A abundance. Quantification is shown in (B).  Values are shown as the mean percent ± standard error of basal HHR23A levels, n=4, *p<0.05, **p<0.005, ***p<0.0005.  Statistically significant changes between WT UBE3A and the T485A mutant were observed with 1, 2, 5, and 10 ng of PKA-CA.  
(E and F) Neuronal depolarization changes UBE3A phosphorylation.  DIV 10 cortical neuron cultures were depolarized with 55 mM KCl and protein levels analyzed by western blot at the indicated times.  Quantification is shown in (D).  Values are shown as the mean pT485/Total UBE3A ratio ± standard error, n=5, *p<0.05.  
(G and H) Protein levels of AS-linked hyperactive self-degrading mutants of UBE3A are rescued by PKA phosphorylation in HEK293T cells.  Quantification is shown in (F).  Values are shown as the mean percent ± standard error of WT UBE3A expression, n=3, *p<0.05.
(I) UBE3A phosphorylation occludes substrate binding.  HEK293T cells were co-transfected with equal amounts of Myc-tagged or HA-tagged UBE3A-LD constructs.  UBE3A was immunoprecipitated under non-denaturing conditions using an anti-Myc antbody.  
(J) HEK293T cells were transfected with V5-tagged HHR23A and the indicated Myc-tagged UBE3A-LD constructs.  UBE3A was immunoprecipitated under non-denaturing conditions using an anti-Myc antibody and the resulting complex subjected to western blot analysis.  Note that HHR23A only forms a detectable complex with the T485A UBE3A mutant.  
(K) Ubiquitin thioester formation not affected in phospho-mutant (T485E) UBE3A.  UBE3A was purified from HEK293T using an anti-Myc antibody and the resulting enzyme subjected an in vitro ubiquitin loading assay.  A -mercaptoethanol sensitive shift was detected for both WT UBE3A and the T485E mutant in the presence of E2 enzyme, indicating ubiquitin conjugation at the catalytic cysteine through a thioester bond.  
(L and M) Hyperactivating T485A mutation is dominant to F727D homomeric trimer-destabilizing mutation.  Representative western blot showing that enhanced self-targeted degradation is not altered in UBE3A mutants harboring both T485A and the trimer-destabilizing F727D mutations.  Quantification is shown in (J).  Values are shown as the mean percentage ± standard error of WT UBE3A protein levels, n=3, *p<0.05, **p<0.0005.

Figure S5.  Phosphorylation of UBE3A by PKA is required for dendritic spine regulation, related to Figure 7.  
 (A) Spine morphometry of KT5720 treated neurons.  Representative images used in our analyses for each condition are shown.  Scale bar 3 m.  
(B) Data for PSD-95 puncta, vGLUT1 puncta, PSD-95/vGLUT1 co-clustering, average spine head widths, and average neck lengths from WT or Ube3am–/p+ DIV 21 neuronal cultures treated with DMSO or KT5720 (1 M, 48 h) are shown below.  WT:  n=29 neurons, DMSO; n=30 neurons, KT5720; Ube3am–/p+: n=32 neurons, DMSO; n=29 neurons, KT5720.  The small decrease in head width in Ube3am–/p+ cultures did not reach statistical significance.  All values are shown as the mean ± standard error, **p<0.005, ***p<0.0005. 
(C - E) Total UBE3A and pT485 immunoreactivity was measured in neurons treated for 48 h with 1 M KT5720.  For each cell, 20 spines (red circle) and 20 dendritic sites at the base of spines (blue circle) were sampled and averaged.  Quantifications are shown for spine (D) and dendrite (E) measurements in cells treated with DMSO or KT5720.  Values are shown as the mean ± standard error; DMSO: n=10 neurons, KT5720: n=11 neurons, **p<0.005, ***p<0.0005.  
(F and G) Morphometric spine data from P30 animals electroporated at E15.5 with the indicated constructs.  Graphs show average spine head widths (F) and average neck lengths (G) for the various conditions.  Values are shown as the mean ± standard error.  GFP, n=23 neurons; UBE3A WT, n=24 neurons; UBE3A T485A, n=25 neurons; UBE3A-T485E, n=20 neurons. *p<0.05.
(H and I) Blocking phosphorylation by introducing a T485A mutation into the R482P mutant does not rescue UBE3A activity.  Quantification is shown in (I).  Values are shown as the mean percent ± standard error of WT UBE3A expression, n=3, *p<0.05, **p<0.005. 
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