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Abstract

WWP1 is an E3 ubiquitin ligase that has been reported to target the tumor suppressor lipid
phosphatase PTEN. K740N and N745S are recently identified germline variants of WWP1 that
have been linked to PTEN-associated cancers (Y.R. Lee et al. New England Journal of Medicine,
2020). These WWP1 variants have been suggested to release WWP1 from its native autoinhibited
state, thereby promoting enhanced PTEN ubiquitination as a mechanism for driving cancer. Using
purified proteins and /n vitro enzymatic assays, we investigate the possibility that K740N and
N745S WWP1 possess enhanced ubiquitin ligase activity and demonstrate that these variants are
similar to WT in both autoubiquitination and PTEN ubiquitination. Furthermore, K740N and
N745S WWP1 show similar dependencies to WT in terms of allosteric activation by an engineered
ubiquitin variant, upstream E2 concentration, and substrate ubiquitin concentration. Transfected
WWP1 WT and mutants demonstrate comparable effects on cellular PTEN levels. These findings
challenge the idea that K740N and N745S WWP1 variants promote cancer by enhanced PTEN
ubiquitination.

Introduction

PTEN is a phosphatidyl 3,4,5-triphosphate (PIP3) lipid phosphatase that regulates cell
growth and metabolism1~2. Loss of PTEN function by mutation, epigenetically, or through
post-translational modifications is a common feature of human cancer® 8- 7. It has been
proposed that the ubiquitination of PTEN can lead to its inactivation or destruction8: °.
Several ubiquitin E3 ligases in the NEDD4 family including WWP1, WWP2, and NEDD4-1
have been reported to be PTEN ubiquitin ligases1®-13, NEDD4-1, WWP1, and WWP2 are
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Accession Codes

Accession codes for proteins in this study from the UniProt database are listed as follows:
WWP1: Q9HOMO-1

UbcH5b (E2): P62837-1

UBAL (E1): P22314-1

PTEN: P60484-1

Supporting Information. Purified proteins that were used for ubiquitination assay of WWP1 (Figure S1)
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comprised of an N-terminal C2 domain that can bind membranes followed by four WW
domains that interact with Pro-rich peptide motifs and culminating in a C-terminal catalytic
(HECT) domain!?. Recently, Y.R. Lee et al. reported that two germline variants in the
catalytic domain of WWP1, K740N and N745S, are associated with increased PTEN-like
cancers®. They proposed that these WWP1 mutations increase its enzymatic activity and
PTEN ubiquitination by relieving the intramolecular or intermolecular autoinhibition
conferred by the 2,3-linker. Prior studies have shown that WWP1 and several NEDD4 E3
ligases are autoinhibited by an internal ~30 aa alpha-helical peptide linker positioned
between the WW domains, the 2,3-linker (connecting the WW2 and WW3 domains) in
WWP1 and WWP2, and the 1,2-linker (connecting the WW1 and WW?2 domains) in
NEDD4-15 16-18 (Figure 1A). Displacing these linkers and activation of these ubiquitin
ligases can occur through several physiological mechanisms including allosteric protein
activators and Tyr/Thr phosphorylation6: 19. 20 (Figure 1B). Among protein activators,
ubiquitin itself can engage the so-called exosite of the NEDD4 family catalytic domain, a
pocket distinct from the ubiquitin substrate-binding site?l: 22, Engineered ubiquitin variants
(UbV) such as UbV for WWP1 and WWP2 (UbV P2.3 reported by W. Zhang et al.23) that
have high affinity and selectivity for particular NEDD4 family member exosites, and lack
the ability to serve as E3 ubiquitin ligase substrates, have been developed?3. UbV can
efficiently compete away the 2,3-linker of WWP1 and WWP2 and stimulate the catalytic
activities of these enzymes in both autoubiquitination and protein substrate
ubiquitination!® 23, Beyond physiological activation mechanisms of NEDD4 family
members, a mutation found in renal cell carcinoma (M752T) in the WWP2 HECT domain
that lies at the linker/HECT domain interface has been shown to enhance ubiquitination
ligase activity18 24,

An X-ray crystal structure of WWP1° shows that both K740 and N745 are rather remote
from the 2,3-linker-catalytic domain interaction surface in WWP1 (Figure 1C). Based on our
analysis of the X-ray structures of the various NEDD4 family members, it was difficult to
rationalize that K740N and N745S replacements in WWP1 would destabilize linker/HECT
interaction or otherwise stimulate catalysis. In this study, we investigate these variants in the
context of purified WWP1 proteins. The enzymatic experiments on these WWP1 variants
performed here do not support a role for these germline variants as activating WWP1
ubiquitin ligase catalysis.

Experimental Procedures

Reagents

Human WWP1 cDNA (aa2-922) was purchased from Genscript. The ubiquitin variant gene
DNA was synthesized by IDT. The WWP1 and ubiquitin variant gene cDNAs were
subcloned into a pGEX6p-2 vector for £. coliexpression. The WWP1 K740N and N745S
mutations were prepared by QuikChange mutagenesis and the sequence of the entire open
reading frames were confirmed by DNA sequencing. Wild-type ubiquitin, ubiquitin-
activating enzyme UBAL (E1), and conjugating enzyme UbcH5b (E2) were prepared as
previously described?5. The Colloidal Blue staining kit was purchased from Thermo Fisher.
The anti-PTEN antibody (N-19 and A2B1) was purchased from Santa Cruz Biotechnology.
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The anti-GAPDH antibody (14C10) was purchased from Cell signaling Technology. The
transfection reagent Lipofectamine 3000 was purchased from Thermo Fisher Scientific. All
other reagents were of the highest quality and obtained commercially from either
MilliporeSigma or Thermo Fisher Scientific.

Expression and Purification of PTEN Protein

PTEN was prepared as previously described by Bolduc et al2®. Briefly, PTEN (amino acids
1-378) fused to Mycobacterium xenopi GyrA intein and the chitin-binding domain (CBD)
was subcloned into the pFastBac-1 vector and transformed into DH10Bac competent cells
for production of a bacmid containing the PTEN sequence. The bacmid containing PTEN-
intein-CBD was then transfected into Sf-21 insect cells to generate the corresponding
baculovirus needed for protein expression. After successful virus production, High Five
insect cells were infected at a multiplicity of infection (MOI) of 1 with the baculovirus at a
cell density of 1 million/ml and cultured for 48 hr at 27 °C for the protein expression. The
final culture was then harvested by centrifugation, and the insect cells were lysed by a
Dounce homogenizer by 40 stokes in 40 ml of 50 mM HEPES pH 7.5, 250 mM NaCl, 1 mM
EDTA, 10% glycerol and one table of complete EDTA-free Roche cocktail protease
inhibitor (Roche). The soluble lysate was then incubated with fibrous cellulose
(MilliporeSigma) for 30 min at 4°C to remove chitinase. The fusion protein then was
immobilized on chitin resin and incubated with 50 mM HEPES pH 7.3, 250 mM NacCl, 400
mM MESNa, and 50 mM cysteine for 24 hr at room temperature. After incubation, PTEN
was eluted from resin followed by dialysis with the same buffer to remove unreacted
cysteine and salt from the reaction. The PTEN protein was then further purified by FPLC
anion-exchange chromatography (MonoQ column, GE healthcare). using a gradient of 0—
50% buffer B where buffer A is 50 mM TRIS pH 8.0, 5 mM NaCl, 10 mM DTT and buffer
B is 50 mM TRIS pH 8.0, 1 M NaCl, 10 mM DTT. Pure fractions determine by 10% SDS-
PAGE were concentrated, flash frozen, and stored at -80°C.

Expression and Purification of WT and Mutant WWP1 and Ubiquitin Variant (UbV) Proteins

The pGEX6p-2 plasmids were transformed into £.co/iBL21 Codon plus competent cells for
expression. The expression and purification procedures were performed as previously
described8. In brief, the £.coli cells were cultured at 37°C to ODgyg= 0.6. 0.5 mM IPTG
was added to induce protein expression at 16°C for 20 hr. The cells were harvested and lysed
with a french press in buffer containing 25 mM HEPES pH 7.8, 250 mM NaCl, 1 mM
TCEP, and a 1X mixture of protease inhibitor cocktail (Roche Applied Science). The cell
lysate was loaded onto GSH-agarose and washed with the same buffer containing 0.1%
Triton-X. The desired GST-tagged protein was eluted with 50 mM reduced GSH and treated
with Prescission protease (GE Healthcare) at 4°C overnight while being dialyzed against a
buffer containing 25 mM HEPES pH 7.8, 250 mM NaCl, and 1 mM TCEP. After cleavage,
the protein was loaded to GSH resin again to remove the free GST. The protein was then
concentrated and further purified by Superdex 200 increased 10/300 GL (GE Healthcare).
The purified fractions were combined, concentrated, and stored at —80°C.
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In vitro Ubiquitination Assays

Cell Culture

The /n vitro ubiquitination assays were conducted using conditions similar to those
previously described for WWP2 and NEDD4-1.13 Reactions were carried out at 30°C (or
37°C as indicated) in a total volume of 20 pl. The reactions contained 5 mM ATP, 50 uM wit
ubiquitin, 50 nM E1 protein, 1 uM E2 protein (unless indicated otherwise), 1 uM WWP1
with 40 mM Tris-HCI, pH7.5, 50 mM NaCl, 0.5 mM TCEP and 5 mM MgCl;, as reaction
buffer. Substrate PTEN at 5 UM was preincubated with everything except E1 in the reaction
at 30°C for 20 min before E1 was added to the system to initiate the reactions. In the UbV
activation assays, the addition of UbV at 5 uM was included in the requisite reactions. In the
mutant/wild type mixing experiments, wild type at 0.5 pM and WWP1 mutants K740N or
N745S at 0.5 pM were added in the indicated group. In the E2 titration assays, the E2
concentration was varied at 0.1, 0.3, 1, and 5 pM. In the ubiquitin concentration titration
assays, the ubiquitin concentration used in the assays were at 10, 30, 100 and 300 puM.
Reactions were quenched at the indicated time points by adding SDS loading buffer
containing reducing agent p-mercaptoethanol. The reaction samples were then resolved on
SDS-PAGE gels and analyzed by either Colloidal Coomassie Blue staining or Western Blots.
All assays were repeated on at least three independent occasions with replicates revealing
similar results to the data presented in the figures.

and Cellular Transfection Experiments

HCT 116 colon cancer cells were obtained from ATCC and cultured in McCoy’s 5A
medium with L-Glutaminer supplemented with 10% FBS and antibiotics-penicillin/
streptomycin in a 37°C incubator with 5% CO,. HCT116 cells were seeded in 6-well plate.
At around 90% confluence, the cells were transfected with 0.6 pg pcDNA3.1 PTEN C124S
(catalytic defective PTEN is used as wt PTEN was toxic to cells under these conditions), 0.5
ug pRK HA-wt ubiquitin and 1.2 pg pcDNA3.1 Myc-WWP1 (WT, K740N, or N745S) using
Lipofectamine 3000 reagent(Invitrogen). 48 hours after the transfection, the cells were lysed
with RIPA buffer (Cell signaling) containing 0.5 mM PMSF and 1x Pierce cocktail protease
inhibitor (Thermo Fisher Scientific). The cell lysate was mixed with SDS loading dye and
boiled for 5 min. 30 pg of total protein (determined by BCA assay) was resolved on SDS-
PAGE gels, and transferred to a nitrocellulose membranes using an iBlot dry blotting system
(Thermo Fisher Scientific). All assays were repeated on four independent occasions with
replicates showing similar results.

Western Blotting

After SDS-PAGE, the proteins were transferred to nitrocellulose membranes using an iBlot
dry-blotting system (Thermo Fisher Scientific). The membranes were then blocked with 5%
BSA in PBST buffer for 1 hr and then incubated with anti-PTEN antibody (1:500 for in vitro
assays, 1:100 for cell lysate) or anti-GAPDH (1:1000) at 4°C overnight. After this, the
membranes were washed with PBST and probed with HRP-conjugated secondary antibody.
The bands were detected by chemiluminescence using an ECL Western Blot detection kit
(Bio-Rad).
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Data Analysis

Results

To quantify the rate of the ubiquitination reactions, the WWP1 bands were quantified by
densitometric analysis using ImageJ software, and the decrease of unmodified WWP1 was
calculated as a percentage of the baseline WWP1 band. All the ubiquitination assays were
repeated at least three times and the average values and standard deviations were calculated
and stated in the Figure legends. The Western blots for cell transfection studies were
repeated at lease three times. The bands were quantified using ImageJ and the error bars
represent the standard error of the mean (SEM). The statistical significance and p values
between groups were calculated using Graphpad Prism software using paired T-tests and
reported in the figures.

We produced full-length recombinant human wild-type (WT), K740N, and N745S WWP1
proteins from E£. coli as N-terminal GST fusion proteins and after glutathione affinity
chromatography used Prescission protease to remove the GST. These WWP1 proteins were
further subjected to size exclusion chromatography which revealed that the final purified
proteins were monomeric and were >70% pure using SDS-PAGE (Supplemental Figure S1).
The ubiquitin ligase activities of these WWP1 proteins were measured by mixing with
purified recombinant E1 and E2 enzymes as well as recombinant PTEN protein as a
substrate. The depletion of WWP1 and formation of autoubiquitinated WWP1 forms were
measured as a function of time by SDS-PAGE stained with Colloidal Coomassie Blue
whereas PTEN ubiquitination was determined by Western blot. These experiments (Figure
2A and 2B) revealed that neither K740N nor N745S WWP1 showed enhanced
autoubiquitination or PTEN ubiquitination relative to WT and K740N showed slightly
reduced activities in these assay conditions. These ubiquitin ligase results were similar
whether performed at the routine temperature of 30°C18 (Figure 2A) or physiological
temperature of 37°C (Figure 2B). As the germline variants are generally heterozygous!®, we
also evaluated the K740N and N745S WWP1 ubiquitin ligase Kinetics in the context of WT
WWP1 as 1:1 mixture (Figure 2C). These assays showed no apparent activation of WT
WWP1 conferred by the presence of K740N or N745S WWPL1.

To address whether the WWP1 mutants might show distinct sensitivity to allosteric
activation, we performed similar ubiquitin ligase measurements in the presence of the
exosite ligand UbV protein?3 (Figure 3A). UbV addition to the various WWP1 forms
sharply accelerated autoubiquitination and also stimulated PTEN ubiquitination (Figure 3B).
The degree of catalytic enhancement was similar when comparing WT and mutant enzymes.
These results demonstrate that K740N and N745S mutations are still sensitive to allosteric
activation and are therefore likely autoinhibited by the 2,3-linker in a manner that resembles
the WT WWPL.

We also considered the possibility that K740N and N745S might convey a differential
reactivity with the E2 enzyme that loads ubiquitin onto WWP1 or ubiquitin concentration.
To test these possibilities, we performed ubiquitin ligase experiments with varying
concentrations of E2 ranging from 0.1 to 5 uM (Figure 4A) or varying concentrations of
ubiquitin from 10 to 300 uM (Figure 4B). As expected, the rate of WWP1 autoubiquitination
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and PTEN ubiquitination increased with higher concentrations of E2 and ubiquitin.
However, the catalytic activities of WT, K740N, and N745S displayed similar dependencies
on the E2 ubiquitin levels, revealing that the WWP1 mutations do not promote the E2
loading of the E3s or the lowering of apparent affinity of ubiquitin to the E3s.

To assess the impact of K740N and N745S mutations on WWP1 in a cellular environment,
we adapted an assay previously used to analyze the paralog WWP2’s E3 ligase actions on
PTEN8, HCT116 colon cancer cells were co-transfected with the WWP1 forms along with
PTEN and ubiquitin. Transfected WT WWP1 led to a modest reduction in PTEN protein as
assessed by Western blot, similar to what has been observed for WWP2, previously8(Figure
5A). As observed for the in vitro ubiquitination assays, transfected K740N and N745S
WWP1 showed similar behavior to WT WWP1 with regard to PTEN protein levels (Figure
5B).

Discussion

A genomics analysis suggested an association between K740N and N745S WWP1 forms
and cancer?®. Cellular studies suggested that these WWP1 mutations could promote Akt
activation which was attributed to the ubiquitination of PTEN as reported for K740N
WWP115, YR, Lee et al. also reported that the K740N HECT domain of WWP1 interacted
less with the N-terminal segment C2-WW1-WW2-WW3-WW4 in trans relative to the
corresponding binding with WT HECT®. Based on these findings, the authors proposed that
K740N and N745S can stimulate WWP1 catalysis by destabilizing 2,3-linker/HECT domain
binding. Our data here suggest that there is no intrinsic or extrinsic capacity for enhanced
ubiquitin ligase activity conferred by these mutations in WWPL. It is possible that these
WWP1 mutations can have functional impacts beyond altered ubiquitin ligase activity or that
WWP1 regulation is more complicated in cancer. Our transfection experiments, however, did
not reveal any differences in impacts on PTEN levels conferred by the germline variants.
Overall, our findings challenge the concept that K740N and N745S WWP1 drive cancer
solely through enhancing PTEN ubiquitination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
WWP1 and its mechanisms of regulation. (A) WWPL1 protein overview. WWP1 has an N-

terminal C2 domain, four WW domain, and a C-terminal catalytic HECT domain. The
autoinhibitory link (2,3-Linker) lies between WW?2 and WW3 domains. The HECT domain
consists of N-Lobe and C-Lobe. The two germline mutants K740N and N745S locate on the
N-Lobe of HECT. (B) A scheme shows linker activation mechanisms. The WWP1 linker can
be displaced by either phosphorylation of Tyr in the linker or binding to allosteric protein
activators. (C) Crystal structure of WWP1 with autoinhibitory 2,3-Linker (PDB: 6J1X). The
HECT N-Lobe, C-Lobe, linker, and WW domains are colored in cyan, green, purple, and
brown, accordingly. K740 and N745 are highlighted in red spheres.
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Figure2.
WWP1 K740N and N745S forms show similar E3 ubiquitin ligase activity compared to WT

WWP1. (A) Auto- and PTEN ubiquitination assays for WWP1 wild-type, or K740N, N740S
germline mutants at 30°C (n=3). The activity of WWP1 autoubiquitination was determined
by the time-dependent depletion of the unmodified WWP1 band and the appearance of
higher MW bands presumed to represent mono- or poly-ubiquitination. The depletion of
WWP1 was quantified by densitometry of the Colloidal stained SDS-PAGE and the average
percentages are listed below each lane corresponding to the indicated time points. The
average + S.D. from 3 repeats are as follows (in %): 100, 65£8, 50+7, 29+3; 100, 834,
7146, 44+3; 100, 73£2, 60%4, 39+5. The same samples were analyzed by PTEN western
blot. Monoubiquitinated PTEN bands are noted by the mono-Ub arrow (ubiquitination
reactions were conducted at 30°C, with 50 nM E1, 1 uM E2, 1 uM WWP1, 5 uM PTEN, and
100 pM WT-Ub). (B) Auto- and PTEN ubiquitination assays for WWP1 wild-type, or
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K740N, N740S germline mutants at physiological temperature 37°C (n=3). The depletion of
WWP1 was quantified and the average percentages are listed below each lane of the
Colloidal Blue stained SDS-PAGE corresponding to the indicated reaction conditions. The
average £ S.D. from 3 repeats are as follows (in %): 100, 38+6, 23+4, 8+1; 100, 48+2, 28+1,
16+2; 100, 4343, 24+2, 9+1. The same samples were analyzed by PTEN Western blot.
Ubiquitinated PTEN bands are noted. (C) Auto- and PTEN ubiquitination assays for WWP1
wild-type, wild type and K740N 1:1 mixture, or wild type and N740S 1:1 mixture (n=3). In
the 1:1 mixture, wild type at 0.5 uM and the mutant form at 0.5 pM were added in the
assays. The depletion of WWP1 was quantified and the average percentages are listed below
each lane of the Colloidal Blue stained SDS-PAGE corresponding to the indicated reaction
conditions. The average = S.D. from 3 repeats are as follows (in %): 100, 67+1, 5212, 33+2;
100, 70+1, 56+1, 38+1; 100, 72+1, 56+2, 36+3. The same samples were analyzed by PTEN
Western blot. Monoubiquitinated PTEN bands are noted by the mono-Ub arrow.
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Figure 3.
WWP1 K740N and N745S forms can be allosterically activated by UbV. (A) Protein

sequence alignment of wild-type ubiquitin (WT-Ub) and allosteric activator ubiquitin variant
(Ubv). The mutation includes: FAL, L8F, G10W, Q62K, K63M, E64G, T66S, H68Y, R74P,
G76Q, and two extra residues R77 and 178 at the C-terminus. (B) Auto- and PTEN
ubiquitination by WWP1 WT, or K740N, N745S, in response to allosteric activator UbV.
The ubiquitination reactions were conducted under the same conditions as in Figure 2 for 60
min (n=3). The depletion of WWP1 was quantified and the average percentages are listed
below each lane of the Colloidal Blue stained SDS-PAGE corresponding to the indicated
reaction conditions. The average £ S.D. from 3 repeats are as follows (in %): 100, 501,
5+1; 100, 60+2, 12+1; 100, 5944, 5+1. The same samples were analyzed by PTEN Western
blot. Monoubiquitinated PTEN bands are noted by the mono-Ub arrow.
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Figure 4.
Analysis of the ubiquitin ligase activities of the WWP1 K740N and N745S forms as a

function of E2 concentration or ubiquitin concentration. (A) The E2 concentrations
employed were 0.1, 0.3, 1, and 5 pM. The ubiquitination reactions were conducted under the
same conditions as in Figure 2 for 60 min (n=3). The depletion of WWP1 was quantified by
densitometry of the Colloidal stained SDS-PAGE and the average percentages listed below
the lanes corresponding to indicated reaction conditions. The average + S.D. from 3 repeats
are as follows (in %): 100, 7741, 77+2, 63+3, 50£2; 100, 79+4, 80+3, 6943, 50+6; 100,
83+1, 80+2, 6941, 59+5. The same samples were analyzed by PTEN Western blot.
Monoubiquitinated PTEN bands are noted by the mono-Ub arrow. (B) The ubiquitin
concentrations employed were 10, 30, 100, and 300 uM. The ubiquitination reactions were
conducted under the same conditions as in Figure 2 for 60 min (n=3). The depletion of
WWP1 was quantified by densitometry of the Colloidal stained SDS-PAGE and the average
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percentages listed below the lanes corresponding to the indicated reaction conditions. The
average + S.D. from 3 repeats are as follows (in %): 100, 66+6, 64+2, 60+6, 49+6; 100,
73+1, 6842, 63+3, 48+1; 100, 67+3, 61+2, 5314, 42+2. The same samples were analyzed by
PTEN western blot.
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Figure5.
Analysis of the WWP1 mutants K740N and N745S on cellular PTEN level in cell

transfection assays. (A) Western blot analysis of WWP1 wild type, K740N or N745S in

HCT116 colon cancer cells. The HCT116 cells were transfected with plasmids expressing

p<0.05
! p<0.05
I p<0.05
p=ns
N S &
N & é\b-
N N

N-Myc-tagged full length WWP1: WT, K740N, and N745s, and co-transfected with PTEN
(C124S) and wild type ubiquitin for 48 hr. Cells were lysed and analyzed by Western blot

using anti-PTEN and anti-GAPDH antibody (n=4) (B) Quantification of PTEN expression

level. PTEN and GAPDH bands were quantified by densitometric analysis using ImageJ
software. The relative PTEN protein level was calculated by normalization with GAPDH as
loading control (n=4, SEM shown as error bar). The statistical significance (p values) were
detemined by Graphpad Prism and labeled as indicated in the graph (ns=non significant).
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