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Abstract

The spontaneous L-isoaspartate protein modification has been observed to negatively affect
protein function. However, this modification can be reversed in many proteins in reactions initiated
by the protein-L-isoaspartyl (D-aspartyl) O-methyltransferase (PCMT1). It has been hypothesized
that an additional mechanism exists in which L-isoaspartate-damaged proteins are recognized

and proteolytically degraded. Herein, we describe the protein-L-isoaspartate O-methyltransferase
domain-containing protein 1 (PCMTD1) as a putative E3 ubiquitin ligase substrate adaptor
protein. The N-terminal domain of PCMTD1 contains L-isoaspartate and AdoMet binding motifs
similar to those in PCMT1. This protein also has a C-terminal domain containing SOCS-box
ubiquitin ligase recruitment motifs found in substrate receptor proteins of the Cullin-RING E3
ubiquitin ligases. We demonstrate specific PCMTD1 binding to the canonical methyltransferase
cofactor S-adenosylmethionine (AdoMet). Strikingly, while PCMTD1 is able to bind AdoMet, it
does not demonstrate any L-isoaspartyl methyltransferase activity under the conditions tested here.
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However, this protein is able to associate with the Cullin-RING proteins Elongins B and C and
Cul5 /n vitro and in human cells. The previously uncharacterized PCMTD1 protein may therefore
provide an alternate maintenance pathway for modified proteins in mammalian cells by acting as
an E3 ubiquitin ligase adaptor protein.

INTRODUCTION

Proteins can accumulate a number of non-enzymatic post-translational modifications over
time that alter normal enzymatic function and threaten protein stability. These modifications
include oxidation, carbonylation, glycation, deamidation, and isomerization, which can
occur by inter- or intramolecular reactions (1). Despite this variety of damaging alterations,
few protein repair mechanisms have been characterized. Examples of protein repair
pathways include methionine sulfoxide reductases, protein deglycation, and L-isoaspartate
methylation (2-4). The latter is accomplished via the protein-L-isoaspartyl (D-aspartyl)
O-methyltransferase (PCMT1) enzyme. By methylating L-isoaspartate and D-aspartate sites,
PCMT1 allows for subsequent reformation of L-aspartate (4).

In parallel, many modified proteins are funneled to the lysosome or the proteosome in
mammalian cells for degradation (5). While the lysosome is a powerful protein degradation
system capable of breaking down whole aggregates, organelles, and aged cytosolic proteins,
proteasomal degradation is highly regulated and is monitored by the ubiquitin-proteosome
system. The latter system involves over 600 E3 ubiquitin ligases in eukaryotic cells where
targeted substrates are recognized (6, 7). Amongst the E3 ubiquitin ligases, the Cullin-RING
ligase family is the largest subset (8). These E3 ubiquitin ligases contain conserved RING
domains which recruit Cullin scaffold proteins. Full complex formation positions an E2
enzyme opposite bound substrates for ubiquitin transfer (9).

The Elongin-Cullin-SOCS box family is a subgroup of the RING ligase family (10). This
group is characterized by the presence of a suppressor of cytokine signaling (SOCS) box
motif found in the C-terminus of the complex’s substrate adaptor protein (the SOCS box-
containing protein; ref. 10). This motif consists of both a Cul-box and a BC-box, which
facilitate interactions with Cullin 5 (Cul5), and the heterodimer adaptor proteins Elongin B
and Elongin C, respectively. The SOCS box-containing E3 ligase adaptor protein and the
Elongins interact with the N-terminus of the Cul5 scaffold protein, while the C-terminal
domain of Cul5 binds Rbx2 for recruitment of an activated E2 ligase. The open-ring
structure of this complex allows coordination between a substrate (recruited to this complex
by the SOCS box-containing E3 ligase) to an activated E2 ligase bound to the tail end of the
complex. This allows for ubiquitin transfer to a lysine on the surface of the substrate protein
(12).

A degradation pathway for L-isoaspartate-damaged proteins was proposed when levels of
L-isoaspartate residues in proteins unexpectedly plateaued with respect to age in tissues yet
appeared in urinary peptides of transgenic mice lacking the L-isoaspartate repair enzyme,
PCMTL, in all cell types except neurons (12). In this work, we describe a potential
pathway for such degradation with the initial characterization of protein-L-isoaspartate
O-methyltransferase domain-containing protein 1 (PCMTDZ; ref. 13). At its N-terminus,
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PCMTD1 contains L-isoaspartate and AdoMet binding motifs comparable to the PCMT1
enzyme. The protein also contains an extended SOCS box motif within its C-terminus.
Previous reports have linked mutations or deletions of the PCMTD1 and PCMTD2

gene to neurodevelopmental disorders (14, 15), viral activation (16), and cancer (17).
Thus, biochemical characterization of these poorly understood proteins may be of clinical
importance.

Using recombinantly expressed constructs, we show the human PCMTD1 protein interacts
with Elongins B and C and Cul5. We observe that the interaction with Elongins B and

C appears to stabilize recombinantly expressed PCMTDL1 protein levels. Furthermore,

using a truncated variant of PCMTD1, the C-terminal SOCS box motif has been found
essential for Cul5 and Elongin B and C interactions. While the PCMTD1 enzyme binds

the methyltransferase cofactor AdoMet, it has no detectable methyltransferase activity when
tested against canonical PCMT1 L-isoaspartate containing substrates in vitro. Lastly, we
observe interactions between recombinantly purified preparations of PCMTD1-EloBC and
Cul5-Rbx2 subcomplexes which suggests these proteins oligomerize into a larger protein
complex reminiscent of other Cullin-RING E3 ligases. Although specific substrates have yet
to be identified, the PCMTD1 protein may represent a novel, protein damage-specific E3
ubiquitin ligase when complexed with components of the Cullin-RING E3 ligase.

EXPERIMENTAL PROCEDURES:

Reagents and plasmids

Full-length (1-357) and truncated (1-231) PCMTD1 were expressed as N-terminal 6xHis-
tagged constructs in pMAPIe4 vectors designed and generated in the UCLA DOE Protein
Expression Technology Core. The vector includes a pBR322 origin and lacl gene.
Transgenes in this vector are expressed as an N-terminal MBP-TVMV-6xHis fusion protein.
This vector also co-expresses the TVMV protease which allows for intracellular processing
of the fusion protein transgene yielding a target protein with a TEV cleavable N-terminal
6xHis-tag. Elongins were expressed on the ELONGIN BC plasmid (XX01TCEB1A-c001),
which was a gift from Dr. Nicola Burgess-Brown (Addgene plasmid #110274). The plasmid
encoding the recombinant human L-isoaspartyl protein methyltransferase (rhPIMT) with

an N-terminal polyhistidine tag was a generous gift from Dr. Bruce Downie (available as
plasmid #34852 from Addgene). Plasmids for the recombinant expression of 6xHis-GB1-
TEV-Cul5 (pET28a_Cul5) and untagged Rbx2 (pET11a_Rbx2) were generous gifts from
Dr. Elizabeth Komives. pGLAP2 plasmids (Addgene plasmid #19703) for PCMTD1 and
EGFP were constructed from their respective pDONR221 plasmids using LR Clonase Il
(Invitrogen, catalog #11791020) with standard cloning techniques.

Protein BLAST, sequence identification and alignment, and phylogenetic analyses

For PCMTD1 sequence alignment and subsequent phylogenetic analyses, an NCBI protein
BLAST search was first performed (18). The protein sequence for PCMTD1 isoform 1
was used as a query against the non-redundant protein sequences (nr) database with non-
redundant RefSeq proteins (WP) excluded. The blastp (protein-protein BLAST) algorithm
was used. The max number of target sequences selected was 5000 with an expect threshold
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cutoff of 1e-6. All other parameters were left as default. This search yielded 4,118
sequences. PCMTD1 isoform 1 sequences from organisms were manually selected resulting
in a total of 399 sequences selected. These sequences were imported into JALVIEW 2.11.1.0
(19) and aligned using the T-Coffee algorithm with default settings unless otherwise noted
(20), and sequences were color coded according to ClustalX rules. T-Coffee alignments were
imported into the MEGAX program (21) and trees were generated using the phylogeny

tool with maximum likelihood methods. Default methods for maximum likelihood analysis
were used and are as follows: Test of Phylogeny (none); Substitution Model (Jones-Taylor-
Thornton (JTT) model); Rates among Sites (Uniform Rates); Data Subset to Use (Use all
sites); ML Heuristic Method (Nearest-Neighbor-Interchange (NNI)); Branch Swap Filter
(None). Multiple sequence alignment of PCMT with the PCMTDs was done with Clustal
Omega (22), and UniProt accession numbers P22061-1 (PCMT1), Q96MG8-1 (PCMTD1),
and QINV79-1 (PCMTD?2).

Recombinant protein expression and purification

Plasmids used for recombinant protein purification are described in Table 1. The PCMTD1-
EloBC co-expression strain was created by co-transforming competent BL21(DE3) cells
with pMAPLe4-PCMTD1 and ELONGIN BC. The PCMTD11-231 expression strain was
created by transforming competent BL21(DE3) cells with pMAPLe-PCMTD11-231, The
PCMTD11-231.EloBC co-expression strain was created by co-transforming competent £,
coli BL21(DEB3) strains with the pMAPLe-PCMTD11-231 and ELONGIN BC plasmids.
The Cul5-Rbx2 co-expression strain was created by sequentially transforming competent
BL21(DE3) cells with pET28a_Cul5, pET11a_Rbx2, and ELONGIN BC. All transformants
were selected by plating on LB-agar with appropriate antibiotics.

For growth and expression, the PCMTD1-EloBC co-expression strain was grown in LB
media and induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 3 h at
37 °C when OD600 = 0.5 — 0.7. The PCMTD11-231 and PCMTD11-231-EloBC expression
strains were also grown in LB media but were instead induced overnight for 16-18 hours

at 18 °C with 1 mM IPTG. These strains were also induced when OD600 = 0.5 -0.7. The
Cul5-Rbx2 co-expression strain was grown in M9 minimal media supplemented with casein
enzymatic hydrolysate (M9-NZ). This strain was induced at an OD600 of 1.0 with 0.5 mM
IPTG. Just prior to induction, M9-NZ was supplemented with ZnCl5 to a final concentration
of 200 UM to stabilize Rbx2-containing cultures. Cul5-Rbx2 was induced for 16 — 18 hours
at 18 °C.

Following expression, cells for all expression strains were spun down for 15 min at 5,000 g
at 4 °C and frozen at —80 °C until lysis and purification. Thawed cells were resuspended in
5 mL/g pellet of lysis buffer (50 mM HEPES, pH 7.6, 300 mM NaCl, 5% glycerol, 1 mM
B-mercaptoethanol (BME), 1 mM PMSF, and 1 EDTA-free Pierce protease inhibitor tablet
per 50 mL). Lysis was performed by three passes through an Avestin Emulsiflex at 15,000
psi with incubations on ice to minimize the temperatures of lysates. Lysates were then spun
at 13,000 rpm for 50 min at 4 °C. Filtered lysates were then loaded onto three 5 mL HisTrap
HP columns equilibrated with wash buffer (50 mM HEPES, pH 7.6, 150 mM NacCl, 5%
glycerol, 20 mM imidazole, 1 mM BME) on a Bio-Rad Biologic FPLC system. Proteins
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were eluted from the column over two steps, first a linear gradient of 0-100% elution buffer
(50 mM HEPES, pH 7.6, 150 mM NacCl, 5% glycerol, 300 mM imidazole, 1 mM BME)
over 60 min, followed by a 100% elution buffer wash for 30 min at 1 mL/min. Fractions
containing the purified protein were pooled and loaded onto a HiPrep 16/60 Sephacryl
S-200 HR gel filtration column equilibrated with gel filtration buffer (50 mM HEPES, pH
7.6, 150 mM NaCl, 1 mM BME). Gel filtration was performed by running 1.7 CVs of gel
filtration buffer at 0.4 mL/min after protein samples were injected into the column. Fractions
containing purified proteins were pooled and concentrated with 10 kDa MWCO Amicon
centrifugal filters prior to storage at —80 °C with 5% glycerol. Protein concentrations were
determined by a TCA-Lowry assay (23).

Antibodies for immunoblot detection

The primary antibodies used in this study were mouse anti-Elongin B (1:2000, Santa

Cruz Biotechnology, catalog # sc-135895), mouse anti-Elongin C (1:2000, Santa Cruz
Biotechnology, catalog # sc-166554), mouse anti-6xHis (1:2000, Proteintech, catalog #
66005-1-1g), mouse anti-GAPDH (1:3,000, ProteinTech, catalog # 60004-1-1g), mouse anti-
FLAG antibody conjugated to Dylight 800 (1:10,000, Rockland, catalog # 200-345-383),
rabbit anti-rhPCMT1 (1:1000, non-commercial; a kind gift from Dr. Mark Mamula), rabbit
anti-Cul5 (1:2000, Bethyl Laboratories, catalog # A302-173A), goat anti-S-Tag (1:100,
GeneTex, catalog # GTX19321), and rabbit anti-FLAG (1:200, Cell Signaling Technology,
catalog # 14793).

Secondary antibodies used in this study were goat anti-mouse 1gG (H+L) Cross-Adsorbed
Alexa Fluor 488 (1:2000, Thermo Fisher, catalog # A-11001; Fig. 8C, Supp. Fig. 4), goat
anti-rabbit 1gG (H+L) Alexa Fluor Plus 647 (1:2000, Thermo Fisher, catalog # A32733;
Fig. 7A), donkey anti-mouse IRDye 800CW (1:10,000, LI-COR, catalog #926-32212; Fig.
7B) donkey anti-rabbit IRDye 680RD (1:10,000, LI-COR, catalog # 926-68073; Fig 7B),
and anti-rabbit HRP conjugated (1:100,000, Abcam, catalog # ab6721) visualized with
Amersham ECL immunoblotting detection reagent (GE Healthcare, catalog # RPN2106;
Fig. 6).

Expression and solubility trials of PCMTD1 and PCMTD1-EloBC

Fifty mL cultures of either PCMTD1 alone or PCMTD1-EloBC strains were inoculated

at a starting ODggg of 0.05. When cultures reached 0.5 ODgqg, an uninduced aliquot
corresponding to 0.4 OD of cells was removed, and expression of constructs was induced by
the addition of 0.5 mM IPTG. Expression continued for 4.5 hours at 37 °C. Then an induced
aliquot corresponding to 0.4 OD of cells was removed and cells were pelleted at 5,000¢ at

4 °C. Cell pellets were resuspended in 12.5 mL of lysis buffer (50 mM HEPES, pH 7.6,

300 mM NaCl, 5% glycerol, 1 mM BME, 1 mM PMSF, and 1 EDTA-free Pierce protease
inhibitor tablet per 50 mL), and lysed using a 550 Sonic Dismembrator at 50% duty cycle
with 15 rounds of 30 sec on, 30 sec off. Debris was pelleted at 13,000 rpm at 4 °C. The
resultant supernatant was removed as the soluble fraction, and the pellet was resuspended in
12.5 mL lysis buffer as the insoluble fraction. Ten uL of the uninduced, induced, soluble and
insoluble samples were analyzed by SDS-PAGE and anti-His immunoblot detection.
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PCMTD1 degradation trials within tetracycline-treated E. coli

Fifty mL expression cultures were inoculated from PCMTD1 or PCMTD1-EloBC overnight
cultures at a starting OD600 = 0.05. When expression cultures reached OD600 = 0.4,
uninduced aliquots of cells were removed and expression was induced with 0.5 mM IPTG
at 37°C. After 30 min, an aliquot of cells corresponding to 0.4 OD of cells was taken as an
induced sample. Then, tetracycline (Sigma-Aldrich, catalog # T7660) was added at a final
concentration of 25 pg/mL. Aliquots corresponding to 0.4 OD of cells were removed at 10
min, 30 min, 1 h, 2 h, and 3 h time intervals after tetracycline addition and analyzed by both
Coomassie staining and anti-His immunoblot detection.

[3H]AdoMet:protein ultraviolet light crosslinking experiments

In a final volume of 60 L, 3.85 uM protein was mixed with 0.5 uM S-adenosyl-L-
[methyl-3H] methionine ([3H]AdoMet; PerkinElmer Life Sciences; 75-85 Ci/mml, 0.55
mCi/ml in 10 mM H2SO04:ethanol (9:1, v/v)) in 50 mM Tris-HCI, pH 7.6. Where indicated
in the figure legend, 0.5 mM of either non-radioactive S-adenosylhomocysteine or adenosine
triphosphate was added. Reactions were placed into NUNC 96 well clear bottom plates and
exposed to 254 nm ultraviolet light at 4 °C for 1 h. The reaction was stopped by adding 15
UL 5x SDS-PAGE sample buffer (250 mM Tris-HCI, pH 6.8, 10% SDS, 50% glycerol, 5%
BME, and 0.05% bromophenol blue). Samples were heated at 95 °C for 3 min and separated
on a 4-20%, 10 well ExpressPlus PAGE gel (Genscript, catalog # M42010) at 140 V for 1
h. Gels were stained with Coomassie (0.1% (w/v) Brilliant Blue R-250, 10% (v/v) glacial
acetic acid, and 50% (v/v) methanol) for 1 h and destained with 10% (v/v) acetic acid and
15% (v/v) methanol. For fluorography, gels were subsequently incubated with ENSHANCE
(PerkinElmer Life Sciences, catalog number 6NE9701) for 1 h, incubated in water for 30
min, and dried before the gels were exposed to film (Denville Scientific, 8 x 10-inch Hyblot
CI) for the length of time designated in the figure legends at —80 °C.

Determination of L-isoaspartate-methylation levels by the methanol vapor diffusion assay

PCMT1 was used as an analytical reagent to quantify L-isoaspartate levels; it was purified as
a His-tagged enzyme from the expression plasmid #34852 available from Addgene.com as
described by Patananan et al. (24) with a specific activity at 37 °C of 5,300 pmol of methyl
esters formed on KASA(isoD)LAKY/min/mg of enzyme. The isoaspartate-containing
substrates used in this assay were the synthetic peptide KASA(isoD)LAKY and the protein
ovalbumin (SIGMA A5503). In a final volume of 100 uL, 10 pmol of PCMT1 or 15 pmol
PCMTD1-EloBC were incubated with 25 pmol KASA(isoD)LAKY or 500 pmol ovalbumin
(typically ~6% isomerized). Final concentrations in the reactions included 135 mM Bis-
Tris-HCI, pH 6.4, and 10 pM S-adenosyl-L-[methyl3H]methionine ([3H]AdoMet) (prepared
by a 1600-fold isotopic dilution of a stock of 72 Ci/mmol [3H]AdoMet (PerkinElmer

Life Sciences, NET155H00) with non-isotopically labeled AdoMet (p-toluenesulfonate
salt; Sigma-Aldrich A2408)). The reaction was stopped by adding 10 uL of 2 M sodium
hydroxide, and 100 pL of the 110 uL mixture was transferred to a 9 by 2.5 cm piece

of folded thick filter paper (Bio-Rad; catalog number 1650962) wedged in the neck

of a 20-mL scintillation vial above 5 mL scintillation reagent (Safety Solve, Research
Products International, catalog number 121000), tightly capped, and incubated at room
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temperature. After 2 h, the folded filter papers were removed, the caps replaced, and the
vials were counted thrice for 5 minutes each in a Beckman LS6500 scintillation counter.
Background radioactivity in a reaction containing no substrate was determined by incubating
the recombinant human PCMT1 or PCMTD1-EloBC, 135 mM Bis-Tris-HCI buffer, and 10
UM [3H]AdoMet as described above. Samples were analyzed in triplicate.

Animal Husbandry

PcemtI-/- animals were generated through breeding of Pcmt+/- animals and maintained as
reported previously (12, 25). These animals have been interbred for twenty years to obtain

a genetically homogeneous population. Pcrmtl-/- and Pcmti+/+ offspring were used in this
study. Mice were kept on a 12-hour light/dark cycle and allowed ad libitum access to water
and NIH-31 7013 pellet chow (18% protein, 6% fat, 5% fiber, Harlan Teklad, Madison, WI).

Preparation wild-type and Pcmtl knockout mouse tissue lysates

Fifty-two-day-old wild-type and Pcmit1 knockout mice were euthanized in a CO, chamber.
Brain tissue was removed and weighed, and 5 mL/gram tissue of ice-cold lysis buffer (250
mM sucrose, 10 mM Tris-HCI, pH 7.4, 1 mM ethylenediaminetetraacetic acid (EDTA),
1mM phenylmethylsulfonyl fluoride (PMSF); one Roche protease inhibitor cocktail tablet)
was added per 50 mL buffer. Tissues were homogenized with a Fisher LR400A Lab-Stirrer
with a Potter-Elvejem Teflon and glass homogenizer at approximately 300 rpm, then spun at
20,000 gfor 20 min at 4 °C. The supernatant was removed as the soluble extract and stored
at —20 °C until future use.

SDS-PAGE fluorography for the analysis of methyltransferase activity

Twenty-five pg of wild-type and Pcrmit1 knockout mouse brain cytosolic proteins were
incubated in a 30 pL reaction volume with 6 pg recombinant human PCMT1 or PCMTD1-
EloBC, and 0.3 uM S-adenosyl-L-[methyl-3H] methionine (PerkinElmer Life Sciences; 75—
85 Ci/mml, 0.55 mCi/ml in 10 mM H,SO4:ethanol (9:1, v/v)), in 74 mM Bis-Tris-HCI, pH
6.4, for 2 h at 37 °C. The reaction was stopped by adding 5x SDS-PAGE sample buffer and
boiling at 95°C for 3 min. Samples were then separated on a gel and Coomassie staining and
fluorography were performed as described above.

Cell culturing conditions

HeLa Flp-In TRex and hTERT-RPE-1 cells were maintained in DMEM/F12 media
(Hyclone, catalog # SH30023.01) supplemented with 10% FBS by volume (Atlanta
Biological, catalog #510350; note this FBS contains no detectable tetracycline to avoid
expression of the doxycycline-inducible proteins until the addition of doxycycline) and
penicillin/streptomycin (Gibco, catalog #15140148). Cells were passaged using trypsin
(Gibco, catalog # 25300054) and in cell culture plates (Thermo, catalog #150350 and
140685).

To generate cell lines expressing doxycycline-inducible pGLAP2 PCMTD1 and EGFP, 4 ug
of pOG44 (encoding Flippase recombinase) and 1 pg of pGLAP2 PCMTD1 or EGFP were
transfected with 15 pL of Fugene 6 (Promega, catalog # E2691) into one well of a 6-well
plate of HeLa Flp-In TRex cells at 66% confluency. Forty-eight hours after transfection, the

Biochemistry. Author manuscript; available in PMC 2023 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Warmack et al.

Page 8

cells were expanded into a 10 cm plate and allowed to grow for another 48 hours. The cells
were selected with 400 ug/mL of hygromycin B (Gibco, catalog # 10687010) for two weeks,
whereupon untransfected (control) HeLa Flp-In TRex cells died and hygromycin-resistant
colonies were visible in both pGLAP2 PCMTD1 and pGLAP2 EGFP plates. The colonies
were allowed to grow in media without hygromycin for 2 weeks before the colonies were
pooled together and used for experiments.

Ni-NTA and S-Tag pulldowns for the analysis of PCMTD1-Cul5 interactions in vitro and in

cells

For Ni-NTA pull downs, 1.12 nmol of N-terminal His-tagged PCMTD1-EloBC or
PCMTD11-231 was immobilized by gentle rocking onto 100 uL HisPur Ni-NTA resin
(ThermoFisher, catalog # 88221) pre-equilibrated with wash buffer (50 mM HEPES, pH
7.6, 150 mM NacCl, 5% glycerol, 1 mM BME, 20 mM imidazole) for 1 hour at RT. hTERT-
RPE-1 (retinal pigment epithelial cells) cell lysate samples were then freshly prepared by
incubating 110 pL cell lysis buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM PMSF,
1% NP40, 1 mM BME) with 3x108 hTERT-RPE-1 cells (lysate Cg ~ 0.4 mg/mL) on ice
for 12 minutes with gentle mixing. Lysates were then cleared by a 13,300 g spin at 4°C

for 10 min. Following immobilization of purified proteins to Ni-NTA resin, 110 pL of cell
lysate was directly added to the Ni-NTA resin and rocked for 2 hours at RT. The resin was
then washed three times. After the final wash, immobilized proteins and potential binding
partners were eluted with 160 pL elution buffer (50 mM HEPES, pH 7.6, 150 mM NaCl,
5% glycerol, 1 mM BME, 300 mM imidazole). Samples were then analyzed by Coomassie
staining and immunoblot detection.

For S-Tag pull downs, two wells of a 6-well plate each of HeLa pGLAP2 PCMTD1 and
pGLAP2 EGFP were plated at 66% confluency. For each cell line, one well was left without
doxycycline as a control, and to the other well, 0.1 ug/mL of doxycycline was added for

18 hours. The cells were lysed in 120 pL LAP200 buffer supplemented with DTT, protease
inhibitors, and 1% NP40. Five pL of lysate was added to 2 pL of 6x Laemmli buffer and
boiled at for 5 minutes at 95°C. From the remaining doxycycline-induced lysates, 110 pL
was added to 50 pL of S-protein agarose beads (Millipore, catalog # 69704) in 250 pL of
LAP200 without NP40 (for a final concentration of about 0.3% NP40) and allowed to bind,
rotating end over end, for 2 hours at 4°C. The beads were pelleted by centrifugation at 500
g for 2 minutes at 4°C and washed with 250 pL of LAP200 with 0.33% NP40 four times.
After the final wash, the beads were pelleted, the supernatant was aspirated, and 20 L of
6x Laemmli buffer was added. The beads were boiled for 5 minutes at 95°C. The resulting
proteins was subjected to SDS-PAGE and immunoblot detection.

CRL5-PCMTD1 Complex Constitution and Analytical Gel Filtration Chromatography

CRL5-PCMTD1 was made by incubating Cul5-Rbx2 and PCMTD1-EloBC at a molar ratio
of 1.1:1 for 2 hours at room temperature with gentle rocking. CRL5-PCMTD1, Cul5-Rbx2,
and PCMTD1-EloBC were then concentrated to 0.2 mg/mL prior to analytical gel filtration
chromatography. 400 uL of concentrated samples were then injected and ran for on a
Superdex 200 Increase 10/300 GL column with an AKTAprime plus FPLC system for 2
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CVs with gel filtration buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 5% glycerol, 1 mM
BME at 0.3 mL/min).

Protein samples for native-PAGE were prepared with mixing four parts protein sample with
one parts 5x native sample buffer (124 mM Tris base, pH 6.8, 3.8 mM bromophenol blue,
50% glycerol, 1.43 M BME) without heating. 5 ug of total protein was loaded onto a 10 well
4-20% gel (Genscript, catalog # M42010). Gels were electrophoresed with native running
buffer (50 mM Tris, pH 7.4, 50 mM MOPS, 1 mM EDTA) at 30 V until the dye front
migrated to the bottom of the gel. Gels were then stained and destained with Coomassie as
described above.

Uniprot Accession IDs—PCMT1: P22061-1
PCMTD1: Q96MG8-1

PCMTD2: Q9NV79-1

EloB: Q15370-1

EloC: Q15369-2

Cul5: Q93034

Rbx2: Q9WTZ1

proteins contain both L-isoaspartyl methyltransferase and Cullin-RING ligase

Figure 1A displays an alignment of the primary sequences of human PCMT1 (227 residues),
PCMTD1 (357 residues), and PCMTD2 (361 residues). PCMTD1 and PCMTD2 share
approximately 26% similarity with PCMT1. Similar regions include both motifs common
for seven beta-strand methyltransferases and motifs specific for L-isoaspartyl binding

(26). Notably, PCMTD1 and PCMTD2 contain several conserved residues which directly
interact with isoaspartyl substrates and AdoMet through hydrogen-bonding and hydrophobic
interactions (Fig. 1A, ref. 27). However, PCMTD1 and PCMTD2 have ~130 additional
residues comprising a novel C-terminal domain. Encompassed within the additional ~130
amino acids of the PCMTD proteins are two motifs that comprise the SOCS box recruitment
domain: the BC-box and the Cul-box that are found in ubiquitin E3 ligases. Both of these
motifs align well with other human SOCS box proteins, with the PCMTD1 BC-box and Cul-
box motifs having an average of 54% and 73% sequence identity, respectively, compared
across the seven human SOCS proteins (Fig. 1B, Fig. S1). The BC-box is a 12 residue motif
that recruits proteins Elongin B and Elongin C which are Cullin-RING E3 ubiquitin ligase
adaptor proteins. Elongins B and C form a heterodimer which mediates interactions between
SOCS box-containing proteins with Cul5 to form a partial Cullin-RING E3 ubiquitin ligase
complex (28). A leucine at the +4 position within the BC-box has been shown to be critical
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for this interaction (29, 30) and is conserved within the sequences of both PCMTD1 and
PCMTD?2 (Fig. 1B, Fig. S1). In contrast to other SOCS box-containing proteins, which
contain an 11 residue spacer separating the Cul- and BC-boxes, the Cul-box in PCMTD1
and PCMTD?2 is separated from the BC-box by ~90 residues which generates a novel
extended SOCS box motif (Fig. 1C).

PCMTDL1 is present within certain metazoan phyla and is highly conserved in chordates

Using BLAST and phylogenetic analyses, a tree was generated displaying PCMTDL1 protein
sequence similarities from select organisms representative of all phyla in which PCMTD1
was identified (Fig. 2A,; ref. 31). Unlike the PCMT1 methyltransferase, which is present
within bacteria, archaea, and eukaryota, PCMTD1 was only found within select phyla of
the metazoan kingdom (24). Specifically, this previously uncharacterized protein was found
within the superphyla bilateria, cnidaria, and placozoa, but not within ctenophora, porifera,
nor choanoflagellatea. Interestingly, SOCS box-containing proteins have been identified

in bilateria, cnidaria, placozoa, ctenophora, and porifera, in addition to a putative SOCS
box-containing protein found in the choanoflagellate Salpingoeca rosetta (32, 33). These
observations may suggest that the PCMTD proteins originated from a gene duplication
event within the last common ancestor of the bilateria, cnidaria, and placozoa superphyla.
Phylogenetic analysis indicates that the human PCMTDL1 sequence is on average 76%
identical to sequences across the chordate phylum (Fig. 2A). PCMTD1 sequence alignment
across representative organisms is shown in Figure 2B. Across all phyla shown, the AdoMet
binding motifs and the L-isoaspartyl recognition motifs are on average 88% and 89%
identical, respectively (Fig. 2B). While the Cul-box of the SOC box motif is 92% identical,
there is more variation within the BC-box at 62% identity averaged across the species
shown here. At this point, it is unclear what the roles of the variant BC-box are in lower
organisms. However, the +4 leucine is perfectly conserved within the BC-box, suggesting
strong positive selective pressure. This residue is also conserved across all human SOCS
box-containing proteins (Fig. S1).

As mentioned above, the human PCMTD1 and PCMTD2 sequences represent a unique
extension of the canonical SOCS box motifs due to the insertion of +90 residues between
the BC-box and the Cul-box, compared to the canonical +11 residues within previously
characterized SOCS box-containing proteins (Fig. 1B, Fig. S1B). Interestingly, the tunicate
Ciona Intestinalis, the arthropods Daphnia magna, Formica exsecta, Limulus polyphemus,
Dinothrombium tinctorium, and Orchesella cincta, the mollusk Crassostrea virginica, and
the echinoderm Apostichopus japonicus each have over 200 residues between the BC-

box and the Cul-box of their PCMTD1 sequences, with the longest distance being 386
residues within A. japonicus. In stark contrast, the cnidarian Dendronephthya gigantea

and the placozoan Trichoplax, which are approximately as distantly related to humans as
the previously listed organisms, have 15 and 12 residues extending between their BC-

and Cul-boxes. Within these elongated interim sequences, there are several stretches with
conserved residues including a positive patch corresponding to residues 275-KRKRKR-280
in the human PCMTD1 sequence (Fig. S2, panel C), as well as a highly negative patch
corresponding to residues 303-EEDEKMEEDNKEEEEKD-319 in the human PCMTD1
sequence (Fig. S2, panels G-L). The positive and negative patches within the human
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PCMTD1 sequence are on average 96% and 61% similar to the other chordate sequences,
respectively.

A protein-BLAST query of the linker region of the non-redundant protein database using
human PCMTD1 residues Arg252-Lys340 did not reveal significant sequence similarities
with any non-PCMTD proteins. The C-terminal domains of both human PCMTD1 and
PCMTD?2 are predicted to exist as independent isoforms lacking the methyltransferase
domain (PCMTDL1 isoform 2 and PCMTD?2 isoform 3, respectively), resulting from
alternative splicing (Fig. S3; ref. 34-37). Given the presence of the BC-box, the Cul-box,
and the large region of residues with unknown purpose, it is possible that these are active
isoforms with distinct functions from the full-length PCMTD proteins.

Recombinant human PCMTDL1 expression is stabilized by co-expression with Elongins B

and C

The BC-box found within SOCS box motif is conserved for Elongins B and C binding. In
order to investigate the function of the BC-box identified within the PCMTD1 sequence,
His-tagged PCMTD1 was recombinantly co-expressed with untagged Elongins B and C
proteins in Escherichia coli (Fig. 3A). PCMTD1 and Elongins B and C were purified
within the same fractions in immobilized metal affinity chromatography and size exclusion
chromatography (Fig 3A; Fig. S4A). Thus, association and complex formation between
PCMTD1 and Elongins B and C, now termed PCMTD1-EloBC, was demonstrated (Fig.
3A). Co-transformation and subsequent co-expression of a C-terminally truncated construct
of His-tagged PCMTD1, PCMTD11-231 and Elongins B and C in E. coli resulted in
purification of PCMTD11231 alone after size exclusion chromatography (Fig. 3B; Fig.
S4B). These results suggest the BC-box found within the C-terminus of PCMTDL facilitates
the interactions between PCMTD1 and Elongins B and C.

For SOCS box-containing proteins, several regions responsible for E3 ubiquitin ligase
complex association have been suggested to be intrinsically disordered in the absence of
Elongins B and C (38-40). To investigate the nature of the effects Elongins B and C may
have on PCMTD1 expression, recombinant expression trials for constructs of PCMTD1
alone and PCMTD1 co-expressed with Elongins B and C were compared in duplicate

E. coli cultures. Uninduced and induced whole cell lysates were analyzed by SDS-PAGE
(Fig. 4A). Densitometry of the band corresponding to induced PCMTD1 suggested that
there were modest increases of ~11% in the expression or stability of PCMTD1 with the co-
expression of the Elongins (Fig. 4A, lower panel). The lysates from induced cultures were
then separated into soluble supernatant (S) and insoluble pellet (P) fractions. These samples
were analyzed by SDS-PAGE, and densitometry performed on the band corresponding to
PCMTD1 revealed no detectable increases in solubility of PCMTD1 with the Elongins.

In order to explore the stability of the PCMTD1 protein, £. coli cultures were grown to
mid-log phase and the PCMTD1 constructs were induced with IPTG. After 30 minutes of
expression, the protein synthesis inhibitor tetracycline was added to cells and aliquots of
the culture were taken at increasing time points. Lysates were separated by SDS-PAGE and
levels of PCMTD1 were evaluated by both Coomassie stain and immunoblot against the
N-terminal His-tag (Fig. 4C). While the PCMTD1-alone culture has higher initial signal
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at 30 minutes of expression, the protein levels decrease steeply after 1 hour of treatment
with tetracycline and are completely depleted after 2 hours (Fig. 4C, lanes 2-7). Strikingly,
while the PCMTD1-Elongins samples display lower levels of initial signal, His-PCMTD1
could be detected by immunoblot throughout the course of the tetracycline treatment (Fig.
4C, lanes 9-14). This result was replicated indicating that the Elongins help stabilize
recombinant PCMTD1 protein levels (Fig. S5). Thus, all subsequent /n vitro experiments
were performed with the recombinantly co-expressed complex of PCMTD1 and Elongins B
and C (PCMTD1-EloBC; Fig. 4).

PCMTD1-EloBC specifically binds to the methyltransferase cofactor AdoMet

To assess possible binding between AdoMet and PCMTD1, PCMTD1-EloBC or
PCMTD11-231 purified proteins were incubated with S-adenosyl-[methy/-3H]-L-methionine
([®H]AdoMet) and exposed to a UV light source with or without addition of S
adenosylhomocysteine (AdoHcy) or adenosine 5’triphosphate (ATP). Crosslinking results
were then monitored with SDS-PAGE and fluorography. Signals observed on the film
corresponds to the PCMTD1 band within the gel, indicating PCMTD1-EloBC is able to
crosslink to [3H]AdoMet (Fig. 5). Addition of the methyltransferase site-specific inhibitor,
AdoHcy, inhibited crosslinking between [H]AdoMet and PCMTD1-EloBC. However, ATP
did not inhibit binding. Together, these results suggest PCMTD1-EloBC is able to site-
specifically crosslink to [2H]AdoMet. PCMT1 exhibits similar binding behavior whereas
bovine serum albumin, a negative control, exhibits no binding activity to [SH]AdoMet in
crosslinking reactions (data not shown).

Performing these experiments with the truncated PCMTD11-231 variant shows AdoMet
binding is localized in the PCMT1-homologous N-terminus of PCMTD1. PCMTD11-231
similarly crosslinks [2H]AdoMet in a site-specific manner (Fig. 5). The signal for binding
was lower in comparison to PCMTD1-EloBC. This may be caused by allosteric effects
induced by the interactions between PCMTD1 and the adaptor proteins, Elongins B and C.
These effects may enhance binding between AdoMet and PCMTD1-EloBC when compared
to AdoMet binding of the truncated variant of PCMTDL1.

The PCMTD1-EloBC complex does not display methyltransferase activity

The sequence conservation of the AdoMet- and L-isoaspartyl-binding sites between PCMT1
and PCMTDL suggests that this protein may retain similar L-isoaspartyl-methylation
activity. Using L-isoaspartate-containing peptide and protein substrates of the canonical
repair enzyme PCMT1, we tested for L-isoaspartyl methylation by PCMTD1-EloBC via

a methanol vapor diffusion assay, which takes advantage of the greater base-lability

of isoaspartyl methyl esters compared to other sites of methylation (Fig. 6A). The
canonical L-isoaspartyl repair methyltransferase PCMT1 is able to methylate the synthetic
L-isoaspartyl-containing peptide KASA(isoD)LAKY at a near 1:1 stoichiometric ratio.

In addition, PCMT1 was able to methylate ovalbumin, a known PCMT1 substrate, at

a ~3% stoichiometric ratio which is consistent with previous studies (Fig. 6A; ref. 41).
Incubation of substrates with the PCMTD1-EloBC, however, did not show any methylation
of L-isoaspartate above the enzyme-alone background (Fig. 6A). Furthermore, methylation
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activity is not observed with the truncated variant of PCMTD1 in similar assays (data not
shown).

It is possible that the KASA(isoD)LAKY peptide and the ovalbumin protein are not
preferred L-isoaspartate substrates for PCMTDL, or that it is a protein methyltransferase that
does not methylate L-isoaspartate residues. To test these hypotheses, we incubated PCMT1
and PCMTD1-EloBC with mouse tissue lysates and [3H]AdoMet. Using [3H]AdoMet at
undiluted specific activity of ~80 Ci/mmol, it would be possible to detect as little as one
femtomole of methylated product (176 dpm). Tissue extracts from both Pcrmtl —/- mice

and WT mice were prepared from brain, eye lens, ovaries, and testes. PCMT1 was then
used to quantify L-isoaspartate levels within proteins in each extract sample (Fig. 6B).
Because PcmtI-/- mice brain extracts contained the highest level of L-isoaspartate protein
damage overall, this tissue extract was used for subsequent assays (Fig. 6B). In the lanes
containing PcmtI-/-mouse brain extract and repair enzyme PCMT1, significant signal as
a result of methylation was observed. As expected, methylation signal was more intense

in reactions with PCMT1 and brain extract from Pcmtl-/-mice (lanes 4 and 7; Fig. 6C).
Due to endogenous PCMT1 homologs present in WT mice, background methylation signal
was seen in WT mouse brain lysate but was absent in Pcrmt —/— mice. In lanes 5 and 8 in
which PCMTD1-EloBC was incubated with WT and Pcmit -/~ lysates, no significant signal
is observed above the lysate-alone lanes 3 and 6. Thus, while the PCMTD1-EloBC complex
is able to bind AdoMet, it does not exhibit any detectable protein methyltransferase activity
in these /n vitro assays.

PCMTD1 associates with known components of the Cullin-RING E3 Ubiquitin Ligase

The PCMTD1 C-terminus contains the SOCS box domain which facilitates the formation

of a Cullin-RING E3 ubiquitin ligase complex within SOCS box-containing proteins

(Fig. 1). Within this domain, the BC-box is responsible for recruiting the heterodimeric
adaptor proteins Elongin B and C (28). As shown above, E. coli co-transformed with
plasmids expressing full length PCMTD1 and Elongins B and C allowed for purification

of complexed PCMTD1-EloBC. Within the SOCS box, the Cul-box motif further mediates
complex formation between SOCS box-containing proteins and Cul5. In order to investigate
interactions with Cullin-RING ligase component proteins, His-tagged PCMTD1-EloBC
was immobilized onto Ni-NTA resin. We found that recombinant Ni-NTA-immobilized
PCMTD1-EloBC was able to pull-down and co-elute endogenous Cul5 from RPE-1 cell
lysates as demonstrated with an anti-Cul5 immunoblot (Fig. 7A). Using the truncated
PCMTD11231 construct, only a small amount of Cul5 co-immunoprecipitation was

seen. These results suggest recombinant PCMTD1-EloBC interacts with Cul5 and these
interactions may be facilitated by the C-terminus of PCMTDL. To investigate whether

Cul5 could interact with PCMTD1 in human cells, HeLa cell lines expressing doxycycline-
inducible FLAG- and S-tagged PCMTD1 or EGFP were generated. Tagged PCMTD1 and
EGFP were precipitated with S protein agarose beads and the subsequent immunoblots were
probed for endogenous Cul5. Cul5 co-precipitated with PCMTD1 but not with EGFP (Fig.
7B). This suggests complex formation may occur between PCMTD1 and Cul5 within human
cell lysates.
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To test whether PCMTDL is truly capable of forming a complete Cullin-RING E3 ligase
complex with Cul5 and Rbx2 in vitro, recombinantly purified preparations of Cul5-Rbx2
and PCMTD1-EloBC were incubated together to promote oligomerization into PCMTD1-
EloBC-Cul5-Rbx2 (CRL5-PCMTDL1). This sample was then chromatographed on an
analytical gel filtration column. CRL5-PCMTD1 complex elutes earlier than Cul5-Rbx2 and
PCMTD1-EloBC when chromatographed under identical conditions (Fig. 8A). These results
suggest Cul5-Rbx2 and PCMTD1-EloBC do indeed oligomerize to form a larger complex in
vitro. Native PAGE analysis of these samples suggest protein migration behavior of CRL5-
PCMTD1 resembles Cul5-Rbx2 more than PCMTD1-EloBC (Fig. 8B). This may be caused
by particle shape differences in comparison with CRL5-PCMTD1 to PCMTD1-EloBC -
oligomerization into the larger complex may cause CRL5-PCMTDL1 to adopt a non-globular
shape that may be important for its proposed enzymatic functions. SDS-PAGE followed

by Coomassie staining and immunoblotting verifies the CRL5-PCMTD1 peak collected
during analytical gel filtration does indeed contain the proposed protein components needed
for constituting the CRL5-PCMTD1 complex (Fig. 8C). Together, these results suggest
PCMTD1 is indeed capable of forming an E3 ubiquitin ligase complex through direct
interactions with these CRL proteins which is reminiscent of other substrate adaptor proteins
implicated in the Cullin-Ring E3 ligase family.

DISCUSSION

Disruption of protein homeostasis by protein misfolding or aggregation can be the result

of numerous factors including cellular stress, inherited mutations, or protein aging. Aging
can contribute to errors within protein homeostasis through the damage and aggregation

of long-lived proteins and through the disruption of the protein homeostasis network

(42). A thorough understanding of the proteins involved in this network and their

substrates helps inform therapeutic design for related diseases (43). The function of the
PCMTD1 and PCMTD2 proteins were previously proposed to be a link between the
methylation and ubiquitylation of the protein age-related modification, L-isoaspartate, based
on their interactions with Elongins and Cullins (44). However, we have not detected

any methyltransferase activity for these proteins. PCMTD1 and PCMTD2 have also been
linked to various disease states including neurodevelopmental disorders and cancer (14-17).
These proteins therefore potentially represent an important part of the protein homeostasis
network, but they remain largely uncharacterized.

In this study, we have developed both recombinant bacterial and mammalian cell systems
for the expression and characterization of PCMTDL1 in complex with Cullin-RING ligase
(CRL) proteins. PCMTD1 and PCMTD2 are 79% identical and it is likely that they have
similar mechanisms. Our PCMTDL1 constructs demonstrated consistent interactions between
PCMTD1, Elongins B and C, and Cul5 across /n vitroand in cell experiments (Fig. 3,

Fig. 7). Importantly, C-terminally truncated PCMTD1 constructs did not associate with
Elongins B and C, supporting the role of the C-terminally localized PCMTD1 SOCS box
motif in Elongin recruitment (Fig. 3). SOCS box-containing proteins perform a variety of
regulatory functions within the cell, including SOCS1 ubiquitination of Jak2, Asb2 targeting
of actin-binding filaments in leukemia cells, and VHL ubiquitination of HIF-1a (45-47). It
is clear from these few examples that the 80+ SOCS box proteins in the human genome play
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a significant role in maintaining cellular and human health, and thus an understanding of the
putative PCMTD SOCS bhox protein mechanisms and targets is of utmost importance.

While substrates for the PCMTD proteins have yet to be identified, the discovery of the
PCMTD1 association with CRL proteins in both recombinant and cellular contexts is

an important step forward in our understanding of the SOCS box motif. Outside of the
PCMTD proteins the degenerate sequence between the BC-box and the Cul-box is typically
10 amino acids (Fig. 1; ref. 10). In both PCMTD1 and PCMTD?2 this linker region is
comprised of ~90 residues (Fig. 1). This study demonstrates that the extended linker does
not disrupt association between PCMTD1, Elongins B and C, and Cul5 (Fig. 3, Fig. 7).
Phylogenetic analysis of the PCMTD1 extended linker sequence across select metazoan
phyla indicate a wide variety in sequence length ranging from 12 to 386 residues, with the
average length being 145 residues, and the mode of these sequence lengths 89 residues (Fig.
S2).When compared to previous PCMT1 crystal structures, predicted structural models from
AlphaFold demonstrate that the length of this linker could allow for a loop to wrap around
the PCMTDL1 globular core (PCMT1homologous region) to extend over the presumed
substrate binding site, where canonical L-isoaspartate binding motifs are localized, without
disrupting the BC- or Cul-boxes (Fig. S6; ref. 48). If accurate, these models would indicate
that the extended linker may play a role in substrate recruitment, binding, or release.
Mutational studies, including the removal of this extended linker, could shed light on its
role in future studies.

Purification of the full-length PCMTD1 alone proved difficult, while either co-expression
with Elongins B and C or truncation of the PCMTD1 C-terminal domain allowed for

robust purification of the PCMTD1-EloBC complex or PCMTD11-231 respectively (Fig. 3).
Expression and solubility tests revealed only modest increases in expression of PCMTDL1 in
the presence of Elongins B and C (Fig. 4A-B). Intriguingly, when PCMTD1 protein levels
were monitored in induced cultures by immunoblot at various time points after the addition
of a protein synthesis inhibitor, the results showed nearly complete loss of signal from the
N-terminal His tag of PCMTD1 after 120 minutes without Elongins (Fig. 4C). In contrast,
when PCMTD1 was co-expressed with Elongins, strong signal from the N-terminal His-tag
persisted throughout all time points. Loss of signal in the PCMTD1 alone samples may be
explained by occlusion of the tag through misfolding, aggregation, or interacting partners, or
degradation of the PCMTD1 protein. While a faint band is seen near the molecular weight
of PCMTD1 (42 kDa) in the Ponceau-stained blot, protein degradation cannot be ruled

out, as the PCMTDL1 construct also produces cleaved maltose binding protein after protein
expression, which is approximately the same polypeptide molecular weight as PCMTD1
(42.5 kDa). The association between PCMTD1 and Elongins B and C within the £. coli
expression system may prevent interaction with other partners that may occlude the His-tag
from immunoblot detection, or it may stabilize inherently disordered portions of the protein
that may otherwise trigger unfolding or aggregation. The predicted AlphaFold model of
PCMTD1 shows the lowest confidence metrics in the extended C-terminal linker region
between the BC-box and the Cul-box, which may be an indicator of disorder within the
protein structure (Fig. S6). It is possible Elongins B and C binding at the BC-box help
order this region and prevent aggregation or degradation. Future biochemical and structural
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studies of PCMTD1 alone and in the presence of Elongins B and C may shed light on their
stabilization of PCMTD1 protein levels.

PCMTD1 appears to associate better with Cul5 in our /n vitro reconstitution experiments
compared to either of our pull-down strategies (Fig. 7, Fig. 8). These results may be due

to the sources from which PCMTD1 and Cul5 were derived in these experiments. For
instance, recombinant PCMTD1 and Cul5 expressed in £. coli may not have their respective
post-translational modifications or other supplemental binding partners when found within
their endogenous mammalian environments. However, these experiments still collectively
suggest a direct interaction occurs between PCMTD1 and Cul5.

In addition to demonstrating the interaction between PCMTD1 and CRL proteins, we

have shown that PCMTD1 and PCMTD11-231 associate with the methyltransferase cofactor
AdoMet (Fig. 5). Sequence comparisons, as well as structural comparisons between the
PCMT1 structure and the AlphaFold predicted PCMTD1 structure, reveal few disruptive
substitutions in the AdoMet binding domains, which corresponds with the observation that
PCMTD1-EloBC is able to bind AdoMet (Fig. 1, Fig. 5). Interestingly, the C-terminally
truncated PCMTD1 construct PCMTD11-231 appears to exhibit decreased binding to
AdoMet with respect to PCMTD1-EloBC (Fig. 5). The PCMT1 crystal structure reveals
that the C-terminus is approximately 8 A away from the AdoMet binding site, while the
predicted AlphaFold model of PCMTD1 shows the C-terminus extending from this point
to form the SOCS box domain and further wrap around the PCMTZ1-homologous region
(Fig. S6; ref. 49). It is possible that the removal of this extended C-terminus disrupts the
PCMT1-homologous region of PCMTD1 adjacent to the AdoMet binding pocket, thereby
lowering the affinity of the truncated PCMTD1 for the methyltransferase cofactor. There
may also be an additional role for Elongins B and C in which adaptor protein binding may
allosterically enhance the association between PCMTD1 and AdoMet. Elongin B and C
binding have been shown to induce conformational re-arrangements of the substrate binding
interface for ASB9, another Cullin-RING E3 ubiquitin ligase (40).

Surprisingly, despite evidence for AdoMet binding and conservation of the L-isoaspartyl-
binding and AdoMet binding motifs within PCMTD1, no methyltransferase activity against
L-isoaspartate-containing substrates or L-isoaspartate-rich tissue extracts was observed (Fig.
6). The PCMTDL construct is N-terminally 6xHis-tagged, and it is possible that the tag
interferes with substrate binding; however, the recombinant PCMT1 construct used in this
study is similarly N-terminally 6xHis-tagged and exhibits robust methyltransferase activity
(Fig. 6). Additionally, the isoaspartyl binding site within the PCMTL1 structure lies adjacent
to the AdoMet binding pocket, and PCMTD1-EloBC is still able to bind AdoMet (Fig.
S6B, Fig. 5). While the radiolabeling methods used in this study are sufficient to detect as
little as one femtomole of methylation, further testing of different conditions and substrates
may be necessary to detect PCMTD1 methyltransferase activity or demonstrate that the
methyltransferase activity of this protein has been lost.

The cellular localization of the PCMTD proteins may affect their proposed physiological
roles and enzymatic functions. We do note these proteins contain a candidate nuclear
localization signal - specifically 27SKRKRKR?280 jn PCMTD1. Fluorescence microscopy
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of overexpressed PCMTD1 shows localization within the nucleus as well as the cytosol (Fig.
S7), consistent with Elongins B and C and Cul5 localization (50, 51). This localization may
be driven by its proposed basic nuclear localization signal (2”°’KRKRKRZ280) but given the
small size of the pGLAP2 PCMTDL1 construct used here (~50 kDa), the observed nuclear
localization may also be due to diffusion into the nucleus (52). Consistent with the idea of
small proteins diffusing through the nuclear pore complex into the nucleus, our pGLAP2
EGFP (~30 kDa) construct was also observed within the nucleus in our experiments (Fig.
S7).

This study adds to the limited knowledge available for the biochemical mechanisms of
PCMTD1 and PCMTD2, and to the authors’ knowledge only one previous study has
included biochemical experiments with these proteins (44). We have built on the previous
study by investigating the interactions between PCMTD1 and CRL components, as well as
its AdoMet binding and putative methyltransferase function. These results showed specific
interactions with CRL components with the C-terminus of PCMTD1 and AdoMet binding
within the N-terminus. These results suggest that the PCMTD proteins may be Cullin-RING
E3 ubiquitin ligases that may recognize substrates that contain L-isoaspartate residues.
Future work exploring the substrate specificity, ubiquitination activity, and structure of
these proteins will reveal much about the mechanism and function of these proteins. This
would represent a significant step forward in our understanding of RING ligase targeting,
as recognition of L-isoaspartate in proteins would be the first example of an age-specific
molecular switch. In this way PCMTD1 and PCMTD2 may help maintain a functional
proteome within the cell through regular turnover of age-damaged proteins.
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Figure 1.
Sequence alignment of human PCMTL1 (PIMT), the PCMTD proteins, and SOCS box

proteins. A. Sequence alignment of PCMT1 with PCMTD1 and PCMTD?2. For conserved
residues the color scheme is as follows: hydrophobic (blue), positive charge (red), negative
charge (magenta), polar (green), cysteine (pink), glycine (orange), proline (yellow), aromatic
(cyan). Sequences outlined in blue correspond to PCMT1 isoaspartyl-binding motifs, while
sequences outlined in red represent PCMT1 AdoMet-binding motifs. Residues boxed in
green in the PCMTD proteins comprise the BC-box and Cul-5 box binding motifs of

the SOCS box domain. B. Sequence alignment of the C-terminal region of PCMTD1

and PCMTD2 (residues 225-357) with the SOCS box proteins. Residues boxed in green
comprise the BC-box and Cul-5 box binding motifs of the SOCS box domain. C. Domain
comparison of PCMT1, the PCMTDs, and SOCS-box proteins. Blue boxes correspond

to PCMT1 isoaspartyl-binding motifs, red boxes correspond to PCMT1 AdoMet-binding
motifs, and green boxes represent the BC-box and Cul-5 box binding motifs of the SOCS
box domain.
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Figure 2.
PCMTD1 is present within select metazoan phyla, and is well conserved in most chordate

organisms. A. A protein BLAST search was performed against PCMTD1 isoform 1. At least
one species from each phylum that was identified were selected and a multiple sequence
alignment was performed. Organisms are designated as belonging to the superphyla
bilateria, cnidaria, or placozoa. A PCMT1-like protein lacking any similar PCMTD1 C-
terminal domain was identified in porifera and used to root the tree, no significant matches
were identified in ctenophora. The phylogenetic tree of the full length PCMTD1 sequences
was generated utilizing the maximum likelihood method in MEGAX as described in the
Experimental Procedures and rooted to the outgroup species Amphimedon queensilandica
PCMT1-like protein. B. T-Coffee multiple sequence alignment of PCMTD1 motifs from

the selected organisms in panel A. AdoMet binding motifs are labeled in red, L-isoaspartyl
recognition motifs are labeled in blue, SOCS box motifs are labeled in green. For conserved
residues the color scheme is as follows: hydrophobic (blue), positive charge (red), negative
charge (magenta), polar (green), cysteine (pink), glycine (orange), proline (yellow), aromatic
(cyan).

Biochemistry. Author manuscript; available in PMC 2023 May 17.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Warmack et al.

A

225 kDa»
150 kDa»r
100 kDa»
70 kDa»
50 kDa»
30 kDa»

25 kDa»

15 kDa»
10 kDay»-

Page 23

PCMTD1-EloBC Size Exclusion Chromatography (SEC) B PCMTD1'"#'-EloBC co-purification
His-tag purification _SEC

225 kDa»
150 kDa»
100 kDa»

70 kDa»

A ———- <PCMTD1 S0KD>
30 kDa»

29 kDa <PCMTD1"2"

SECload | ®4 % “

<Elongin B 15 kD>
<Elongin C 10 kDa»

E— | TERE -
% 88 3% © oL
c 33 = c = 0
o T T O = o O o
F=1 £El8E =1 h e
9] 5 G2 Y T
© 3 2 2 © g
£ 2 T
© ©
= L= e
w [} e

Figure 3.
The C-terminus of PCMTD1 facilitates interactions between PCMTD1 and Elongins B

and C. A. SDS-PAGE results of sequential fractions collected during size exclusion
chromatography of His-tag purified preparations of PCMTD1-EloBC reveal PCMTD1 and
Elongins B and C co-eluted as a complex. B. His-tag purification and size exclusion
chromatography results in the purification of PCMTD11-231 alone when PCMTD11-231 js
co-expressed with Elongins B and C. This suggests that PCMTD11231 does not interact with
Elongin B and C.
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Figure 4.
Elongins B and C help stabilize recombinant PCMTD1. A. Coomassie-stained SDS-PAGE

gel of PCMTDL1 IPTG-induced expression with (lanes 6 and 8, replicates) and without
Elongins B and C from whole cell lysates (lanes 2 and 4, replicates). Lower panel

represents densitometric quantification of the PCMTD1 band (indicated by red asterisk).

B. Coomassie-stained SDS-PAGE gel of the supernatant (S) and pellet (P) of lysed £.

coli expressing either PCMTD1 alone (Lanes 1-4), or PCMTD1-EloBC (Lanes 5-8).

Lower panel represents densitometric quantification of the PCMTD1 band indicated by

red asterisk. C. £. coli cells expressing PCMTD1 alone (lanes 1-7) or PCMTD1 with
Elongins B and C (lanes 8-14) were treated with 25 pg/mL tetracycline as described in the
Experimental Procedures section. Lanes 1 and 8 represent whole cell lysates from uninduced
cultures. Succeeding lanes represent whole cell lysates from induced cultures treated with
tetracycline at increasing time points. Lower panel represents densitometric quantification of
the PCMTD1 band detected by an anti-His immunoblot.

Biochemistry. Author manuscript; available in PMC 2023 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Warmack et al. Page 25

PCMT1 +
PCMTD1-EloBC -
PCMTD1"™23" -
[*H] AdoMet -
AdoHcy -

ATP - -

225 kDa»
150 kDa»

100 kDa»
70 kDar

L4 4
N
+ 0+ 0+

4
Vo o
+ 0+ 4

. 50 kDa»r
Coomassie -

30 kDa» <PCMTD1

*

25 kDa» - <«PCMTD1'#!

15 kDa»

10 kDar <Elongin B

<Elongin C

225 kDa»
150 kDa»

100 kDa»
70 kDa»

50 kDar
3 <«PCMTD1
[*H] 30 kDar

S5 day exp. i ' ﬁPCMTD] 1-231

15 kDa»
10 kDa»

225 kDa»
150 kDa»
100 kDa»

70 kDa»

50 kDar

[H] 30 kDa» -_ - A <«PCMTD1

*
Tmonthexp. . o = = ® <PCMTD1 2!

E BEXD

15 kDa»
10 kDa»

Lane#: 1 2 3 4 5 6 7 8 9

Figure5.
PCMTDL1 site-specifically binds [H]AdoMet. A. The Coomassie-stained SDS-PAGE gel

(upper panel) and fluorography (lower two panels) shows [3H]AdoMet crosslinked to the
PCMT1 positive control (lane 1), PCMTD1-EloBC (lanes 3 and 5), and PCMTD11-231
(lanes 7 and 9) at pH 7.6. A known inhibitor of site-specific [?BH]JAdoMet binding to PCMT1
(AdoHcy) was able to abrogate [3H]AdoMet binding for both PCMTD1-EloBC (lane 4) and
PCMTD11231 (lane 8). ATP was not able to inhibit binding between PCMTD1-EloBC or
PCMTD11-231 to [3H]AdoMet (lanes 5 and 9). Film was exposed for 5 days (middle panel)
and 30 days (lower panel) for the same experiments. Asterisks indicate potential PCMTD1
degradation products.
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Figure 6.

PCMTD1-EloBC does not display methyltransferase activity. A. L-isoaspartate-specific
methylation of 30 pmol of the KASA(isoD)LAKY peptide and 30 pmol of ovalbumin

were detected by a methanol vapor diffusion assay as described in the Experimental
Procedures. Assay was performed in duplicate; error bars represent range. B. Mouse

tissue extracts from wild-type (WT) or APcmt1 mice were tested for the presence of
PCMT1 with an anti-r//PCMT1 antibody (upper panel). The extracts were then tested for
L-isoaspartate content using the vapor diffusion assay as described in the Experimental
Procedures. Assays were performed in triplicate: error bars represent standard deviation. C.
Total methylation was investigated by incubation of proteins with [BH]AdoMet and either
wild-type mouse brain lysate or Pcrmt1 knockout mouse brain lysate as described in the
Experimental Procedures. All [3H]-labeled proteins were separated by SDS-PAGE. Proteins
were visualized by Coomassie staining (upper panel) and [3H]-methylated proteins were
detected by fluorography (lower panel), by exposure to film for 6 days. Asterisk represents

PCMT1 auto-methylation.
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Figure7.
PCMTDL1 associates with Cul5 /in vitroand /n cells. A. PCMTD1’s interaction with Cul5

was verified /in vitro using pulldown assays where recombinant purified proteins were
immobilized to Ni-NTA resin as prey. Input lanes represent purified protein stocks used as
bait protein that was immobilized onto Ni-NTA resin for pull-down assays. Fresh RPE-1
lysates used as prey are indicated by adjacent — lanes. Proteins eluted from Ni-NTA resin are
indicated by the + lanes. The bait proteins are able to co-immunoprecipitate Cul5 as shown
by immunoblotting. B. PCMTD1 was also able to associate with Cul5 7n cells. FLAG-S Tag-
PCMTD1 or EGFP expression was induced with 0.1 pg/mL doxycycline in HeLa cells, and
the resulting lysates were subjected to immunoprecipitation against the S-Tag and blotted
for the indicated proteins. FLAG-S Tag-PCMTD1, but not FLAG-S Tag-EGFP, was able to
co-immunoprecipitate Cul5. The blot was not stripped between the different antibodies, so
the EGFP band is still present in the GAPDH image.
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Figure 8.
PCMTD1-EloBC interacts with Cul5-Rbx2 to form a PCMTD1-EloBC-Cul5-Rbx2 (CRL5-

PCMTD1) complex. A. Analytical gel filtration suggests the Cul5-Rbx2 and PCMTD1-
EloBC sub-complexes interact to form a larger complex. The CRL5-PCMTD1 complex
was formed by incubating purified preparations of Cul5-Rbx2 to PCMTD1-EloBC at a
1.1:1 molar ratio for 2 h at room temperature. Asterisks (*) indicate fractions used for
creating this complex. The elution profile CRL5-PCMTD1 (green), PCMTD1-EloBC (blue)
and Cul5-Rbx2 (red) were then determined with analytical gel filtration in separate runs.
The shift to an earlier elution volume for CRL5-PCMTD1 compared to Cul5-Rbx2 and
PCMTD1-EloBC suggests some interaction between these subcomplexes are occurring. B.
Shifts in gel mobility and banding pattern in native-PAGE further suggests a complex is
formed between PCMTD1-EloBC and Cul5-Rbx2. C. SDS-PAGE followed by Coomassie
staining and immunoblotting of the singular blue peak or peaks indicated by an asterisk (*)
after gel filtration reveal the blue peak collected during gel filtration contains all protein

components for CRL5-PCMTD1.
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TABLE 1:

Bacterial expression plasmids used in this study.

Page 29

Plasmid Description Marker | Sourceor reference
PET28a+-thPCMT ggﬁ?i(’:gu\g%tgr expressing N-terminally 6xHis-tagged human Kan' EBAigtdfgr]g:; I?;.tal?;;c: 331%\/;2;6
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CLOMoILEC, or) | B 32 Slonin € somprssion i, Sl e i | i | g o # 11027
PET28a eclr presing CAIS Nl GxHisg, OB | | I o O Eizen
pET1la_Rbx2 pET11a vector expressing untagged Rbx2. Amp' %frtnf.:,%? Dr. Elizabeth

Biochemistry. Author manuscript; available in PMC 2023 May 17.




	Abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES:
	Reagents and plasmids
	Protein BLAST, sequence identification and alignment, and phylogenetic analyses
	Recombinant protein expression and purification
	Antibodies for immunoblot detection
	Expression and solubility trials of PCMTD1 and PCMTD1-EloBC
	PCMTD1 degradation trials within tetracycline-treated E. coli
	[3H]AdoMet:protein ultraviolet light crosslinking experiments
	Determination of L-isoaspartate-methylation levels by the methanol vapor diffusion assay
	Animal Husbandry
	Preparation wild-type and Pcmt1 knockout mouse tissue lysates
	SDS-PAGE fluorography for the analysis of methyltransferase activity
	Cell culturing conditions
	Ni-NTA and S-Tag pulldowns for the analysis of PCMTD1-Cul5 interactions in vitro and in cells
	CRL5-PCMTD1 Complex Constitution and Analytical Gel Filtration Chromatography
	Native-PAGE
	Uniprot Accession IDs


	RESULTS
	The PCMTD proteins contain both L-isoaspartyl methyltransferase and Cullin-RING ligase motifs
	PCMTD1 is present within certain metazoan phyla and is highly conserved in chordates
	Recombinant human PCMTD1 expression is stabilized by co-expression with Elongins B and C
	PCMTD1-EloBC specifically binds to the methyltransferase cofactor AdoMet
	The PCMTD1-EloBC complex does not display methyltransferase activity
	PCMTD1 associates with known components of the Cullin-RING E3 Ubiquitin Ligase

	DISCUSSION
	Data Availability
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	TABLE 1:

