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Abstract 32 
During infection some pathogenic gram-negative bacteria, such as Salmonella, manipulate the 33 

host ubiquitination system through the delivery of secreted effectors known as novel E3 34 

ubiquitin ligases (NELs). Despite the presence of NELs amongst these well-studied bacterial 35 

species, their unique structure has limited the tools that are available to probe their molecular 36 

mechanisms and explore their therapeutic potential. In this work, we report the identification of 37 

two high affinity engineered ubiquitin variants that can modulate the activity of the Salmonella 38 

enterica serovar Typhimurium encoded NEL, SspH1. We show that these ubiquitin variants 39 

suppress SspH1-mediated toxicity phenotypes in Saccharomyces cerevisiae. Additionally, we 40 

provide microscopic and flow cytometric evidence that SspH1-mediated toxicity is caused by 41 

interference with S. cerevisiae cell cycle progression that can be suppressed in the presence of 42 

ubiquitin variants. In vitro ubiquitination assays revealed that these ubiquitin variants increased 43 

the amount of SspH1-mediated ubiquitin chain formation. Interestingly, despite the increase in 44 

ubiquitin chains, we observe a relative decrease in the formation of SspH1-mediated K48-linked 45 

ubiquitin chains on its substrate, PKN1. Taken together our findings suggest that SspH1 toxicity 46 

in S. cerevisiae occurs through cell cycle interference and that an engineered ubiquitin variant 47 

approach can be used to identify modulators of bacterially encoded ubiquitin ligases.  48 
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Author Summary 62 
Novel E3 ligases (NELs) are a family of secreted effectors found in various pathogenic gram-63 

negative bacteria. During infection these effectors hijack vital host ubiquitin signaling pathways 64 

to aid bacterial invasion and persistence. Despite interacting with a protein as highly conserved 65 

as ubiquitin, they have a distinct architecture relative to the eukaryotic E3 enzymes. This unique 66 

architecture combined with the indispensable role ubiquitin signaling plays in host cell survival 67 

has made hindering the contribution of NELs to bacterial infections a difficult task. Here, we 68 

applied protein engineering technology to identify two ubiquitin variants (Ubvs) with high 69 

affinity for SspH1, a Salmonella-encoded NEL. We provide evidence that these high affinity 70 

Ubvs suppress a known SspH1-meidated toxicity phenotype in the eukaryotic model system 71 

Saccharomyces cerevisiae. We also show that this suppression occurs without interfering with 72 

host ubiquitin signaling. Furthermore, we demonstrate the ability of a Ubv to modulate the 73 

activity of SspH1 in vitro, ultimately altering the lysine linkages found in SspH1-mediated 74 

ubiquitination. To our knowledge, this is the first evidence that an engineered ubiquitin variant 75 

approach can be implemented to modulate the activity of a family of previously untargetable 76 

bacterial-encoded E3 ligases.  77 

 78 
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Introduction 92 
Salmonella enterica serovar Typhimurium is a facultatively anaerobic, rod-shaped, Gram-93 

negative bacteria known to cause self-limiting gastroenteritis (1). It is estimated that 150 million 94 

cases of gastroenteritis linked to non-typhoidal Salmonella (NTS) infection occur annually 95 

worldwide, leading to an estimated 60 000 deaths (2). S. Typhimurium commonly invades the 96 

human host through the gastrointestinal tract, where it must cross the intestinal epithelium to 97 

establish an infection (3). Successful invasion requires Salmonella to induce its uptake into non-98 

phagocytic cells, disrupt the host immune response, and assemble a Salmonella-containing 99 

vacuole (SCV) to act as a replication niche (4,5). Salmonella accomplishes these vital process 100 

using effectors which are secreted into the host cell by two type III secretion systems (T3SS) 101 

which are each encoded on a Salmonella pathogenicity island (SPI) (6).  102 

A unique family of effectors secreted by these T3SS are the so-called Novel E3 Ligases (NELs) 103 

that modulate host ubiquitination to interfere with host cell signaling (7,8). These effectors are 104 

found in a multitude of pathogenic bacteria such as Salmonella enterica, Shigella flexneri, 105 

Sinorhizobium fredii, Ralstonia solanacearum that target a variety of eukaryotic hosts (8,9). 106 

NELs represent a unique architecture of E3 ubiquitin (Ub) ligase, as it does not share any 107 

sequence or structural similarity to the previously described eukaryotic E3 ligases, although they 108 

are known to form a thioester bond, through a catalytic cysteine residue, to the C-terminal 109 

diglycine motif of ubiquitin in a mechanism similar to HECT eukaryotic E3 ligases (10). 110 

Interestingly, they have evolved this architecture in the context of a prokaryotic cell, where there 111 

is an absence of ubiquitin encoding genes, indicating their function is uniquely suited to alter the 112 

host ubiquitome (11). NELs have two major domains; the N-terminal leucine rich repeat (LRR) 113 

domain and the eponymous C-terminal NEL domain. The latter harbors a catalytic cysteine and 114 

mediates the interaction with the incoming E2~Ub conjugate, while the LRR domain mediates 115 

substrate recognition and plays a role in controlling NEL activity by preventing access to the 116 

catalytic cysteine through the adoption of an autoinhibitory conformation (7,12,13). Given that 117 

NELs play a relevant role in bacterial pathogenesis, but are structurally and mechanistically 118 

distinct from their mammalian counterparts, they represent putative pharmacological targets (8). 119 

Inhibition of these enzymes would have the advantage of not limiting the growth of the bacteria 120 

outside of the context of host infection, lowering the pressure for resistance to arise.  121 
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Salmonella secreted protein H1 (SspH1) was the first NEL identified in Salmonella and is one of 122 

four NELs encoded by S. Typhimurium (8,14). SspH1 is secreted by both the T3SS-1 and T3SS-123 

2 during infection of intestinal epithelial cells, as well as macrophages. Upon entering a host cell, 124 

it localizes to the nucleus through unknown mechanisms (14–17). Functionally, SspH1 125 

downregulates NF-κB activity, reduces IL-8, IL-6 and CCL5 pro-inflammatory cytokine 126 

secretion, and ubiquitinates the serine/threonine protein kinase N1 (PKN1) leading to its 127 

degradation (13,15,16,18). Previous research has indicated that SspH1-mediated degradation of 128 

PKN1 can interfere with its role in potentiating the androgen receptor (AR) but is insufficient to 129 

alter AKT signaling during Salmonella infection. Additionally, the presence of SspH1 contributes 130 

to Salmonella survival during inflammatory conditions by influencing chemotaxis during 131 

infection (13,19–21).  132 

In this study we have used a phage-displayed ubiquitin variant (Ubv) library to isolate high-133 

affinity binders of SspH1. This technique has previously yielded modulators of human E1, E2, 134 

and E3 enzymes, as well as both human, and viral deubiquitinating enzymes (22–25). We 135 

identified two high-affinity binders, Ubv A06 and Ubv D09, which attenuated SspH1-mediated 136 

toxicity in Saccharomyces cerevisiae (13). Microscopic and cytometric analyses of S. cerevisiae 137 

growth in the presence of SspH1 revealed severe cell cycle perturbations that were relieved when 138 

these Ubv were present. In vitro ubiquitination assays confirmed that Ubv D09 modulated SspH1 139 

E3 ubiquitin ligase activity, by unexpectedly increasing overall E3 ubiquitin ligase activity, while 140 

decreasing specific ubiquitin linkage types. Taken together, we provide evidence that an Ubv 141 

approach can generate effective modulators of NELs both in vivo and in vitro. 142 

Methods 143 

Cloning & Transformation 144 

Strains and plasmids used in this study are listed in Table 1. 145 

Yeast Transformation: Saccharomyces cerevisiae (BY4742 α) were grown overnight at 30˚C 146 

with shaking in complete supplement mixture (CSM) liquid media [6.7 g/L complete supplement 147 

media (with appropriate auxotrophic selection), 50 g/L ammonium sulfate, 17 g/L yeast nitrogen 148 

and 1% Glucose. Overnight cultures were harvested, washed with sterile mqH2O, washed 149 

with100 mM LiAc and resuspended in 50% (w/v) PEG 3500, 1 M LiAc, Salmon Sperm DNA 150 
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(SSDNA), and 20 ng/µL of plasmid DNA. Transformations were incubated at 30˚C for 30 151 

minutes, heat shocked at 42˚C for 20 minutes, harvested and resuspended in sterile mqH2O. 152 

Transformed cells were then plated on CSM plates lacking the appropriate amino acids for 153 

auxotrophic selection and incubated at 30˚C.  154 

Ubv Drag & Drop Cloning: Yeast expression clones of ∆DiGly, Ubv A06 and Ubv D09 were 155 

generated as described (26). In short, pGREG515 was digested with SalI to expose the rec1 and 156 

rec2 sites. Rec1 and rec2 overhangs were added to ∆DiGly, Ubv A06 and Ubv D09 by PCR from 157 

the corresponding pDONR templates using primers: pGREG515UbvFor (5’-158 

gcgtgacataactaattacatgactcgaggtcgacccaactttgtacaagaaagctggg-3’) and pGREG515UbvRev (5’-159 

gcgtgacataactaattacatgactcgaggtcgacccaactttgtacaagaaagctggg-3’). Homologous recombination 160 

of the PCR fragment into the digested pGREG515 backbone occurred through co-transformation 161 

of S. cerevisiae. 162 

Generation of SspH1C492A: The active site mutation (C492A) of SspH1 was generated in the 163 

pcDNA3::2xHA-SspH1 backbone using the Quikchange II site-directed mutagenesis kit 164 

according to the manufacturer’s protocol (Agilent). Briefly, the pcDNA3::2xHA-SspH1 template 165 

was amplified using mutagenic primers: SspH1C492AFor (5’-gcaacagaggcaacatcaactgcagagg 166 

accgggtcacacatgc-3’) and SspH1C492Arev (5’-gcatgtgtgacccggtcctctgcagttgatgttgcctctgttgc-3’) 167 

and cycling conditions suggested by the manufacturer. Amplified products were DpnI-digested, 168 

transformed into DH10B E.coli using standard methods and sequence verified.  169 

SspH1 Restriction Cloning: Yeast expression clones of SspH1 and SspH1C492A were generated 170 

by introducing HindIII and XhoI fragments from pcDNA3::2xHA-SspH1 or pcDNA::2xHA-171 

SspH1C492A into p426GALL digested with the same enzymes.   172 

Protein Purification cloning: Bacterial protein expression clones were generated using the 173 

Gateway® recombinational cloning system. (Invitrogen, ThermoFisher Scientific) (27,28). 174 

Briefly, pDONR::Ubv D09 and pDONR::∆DiGly served as entry clones, which were recombined 175 

into pDEST 527 (Addgene; Plasmid #11518, Kindly donated by Dominic Esposito) according to 176 

the manufacturer’s specifications.  Gateway reactions were transformed into DH5α E. coli before 177 

transforming BL21(DE3) E. coli for protein expression.  178 

 179 
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Saccharomyces cerevisiae growth 180 

Co-transformed yeast were grown overnight with shaking at 30˚C in CSM-LEU-URA + 1% 181 

Glucose. Cells were washed 3x with sterile mqH20 and resuspended in CSM-LEU-URA 182 

supplemented with either 1% Glucose (Non-inducing condition) or 1% Galactose (Inducing 183 

condition) and diluted to an OD600 of 1. For growth on solid medium, a 1:10 dilution series was 184 

spotted on plates containing CSM-LEU-URA + 1% Glucose or CSM-LEU-URA + 1% Galactose 185 

solid media and incubated at 30˚C for 48 hours. Yeast were enumerated at the lowest 186 

concentration where growth was seen and a toxicity index was generated using the following 187 

equation: TI = 	 %&'	()%	+,-./01)
%&'	()%	+3,3.4/01)

. For growth in liquid media, yeast were diluted to a starting 188 

OD600 of 0.1 and grown in triplicate in a 96-well plate at 30˚C.  The OD600 was measured every 189 

10 minutes over a period of 48 hours using a Spectramax i3x Microplate Reader. Relative growth 190 

was calculated using the following equation: 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐺𝑟𝑜𝑤𝑡ℎ =
A'%	(+3,)

A'%	(%4B,	+3,)C
A'%	(+,-)

A'%	(%4B,	+,-)C
. Ctrl 191 

refers to either ∆DiGly or SspH1C492A + ∆DiGly for figures 2 and 3, respectively.  192 

Flow Cytometry 193 

Co-transformed yeast were grown overnight with shaking at 30˚C in CSM-LEU-URA + 1% 194 

Glucose. 6 x 106 cells/mL were harvested, washed with sterile mqH20 and resuspended in CSM-195 

LEU-URA + 1% Galactose with 15 µg/mL of nocodazole to induce G2/M cell cycle arrest. 196 

Cultures were grown with shaking at 30˚C for 3 hours, washed with sterile mqH20 and 197 

resuspended in CSM-LEU-URA + 1% Galactose. A time zero sample was removed and the 198 

remaining cultures were grown with shaking at 30˚C for 480 min. Samples were harvested and 199 

resuspended in cold 70% EtOH and stored at 4˚C. A 3X volume of 50 mM sodium citrate was 200 

added, cells were harvested and resuspended in 50 mM sodium citrate, 0.1 mg/mL RNase A. 201 

Cells were incubated at 37˚C for 2 hours and propidium iodide in sodium citrate was added to a 202 

final concentration of 4 µg/mL. 100 000 cell events were recorded by Attune NxT and data was 203 

analyzed with FlowJo V10.6.0. Relative amount of 2N yeast was calculated using the following 204 

equation: ∆%2𝑁 = GA'%HI	J	K/-B
A'%HI	L	K/-B

−	A'%HI	L	K/-B
A'%HI	L	K/-B

N × 	100. 205 

 206 
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Microscopy 207 

Co-transformed yeast were grown overnight with shaking at 30˚C in CSM-LEU-URA + 1% 208 

Glucose. Cells were harvested, resuspended in CSM-LEU-URA supplemented with either 1% 209 

Glucose (Non-inducing) or 1% Galactose (Inducing) and grown for 8 hours with shaking at 210 

30˚C. Samples were fixed with 4% Paraformaldehyde (PFA) for 30-45 minutes at room 211 

temperature, harvested and washed 3x in PBS. Pellets were resuspended in 0.2% Triton X-100, 212 

and incubated at 4˚C overnight in the dark. Samples were treated with 5.7 µM DAPI and 213 

incubated another hour in the dark at room temperature. Stained cells were harvested, washed 3x 214 

in PBS and resuspended in Vectashield. Cell suspensions were spotted onto a glass slide, covered 215 

with a round #1.5 glass coverslip, sealed with nail polish, dried in the dark and imaged using an 216 

EVOS FL Auto at 100x magnification. The 100x oil objective lens had a numerical aperture of 217 

1.28. Micrographs were collected and analysis of yeast budding was performed as previously 218 

described using FIJI v.2.3.0 (60–62). Large-budded cells were defined as having a bud length 219 

equal to, or greater than, 1/3 of the mother cell. Analysis was performed by a person blinded to 220 

the protein expression plasmids but familiar with fluorescent microscopy acquisition methods.  221 

In silico Protein-Protein Interaction Predictions 222 

Predicted protein structures were generated via Alphafold multimer. Molecular graphics and 223 

analyses performed with UCSF Chimera V1.14, developed by the Resource for Biocomputing, 224 

Visualization, and Informatics at the University of California, San Francisco, with support from 225 

NIH P41-GM103311 (29). 226 

Protein Purification 227 

BL21 DE3 E. coli containing either the pDEST527 + Ubv ∆DiGly or pDEST527 + Ubv D09 228 

were grown overnight with shaking at 37˚C in Luria-Bertani broth (LB; 10 g/L tryptone, 5 g/L 229 

yeast extract,10 g/L NaCl) supplemented with 0.1 mg/mL ampicillin (Amp). Overnight cultures 230 

were subcultured 1:10 in fresh LB-AMP and incubated for 1 hour at 37˚C. 400 µM isopropyl ß-231 

D-1-thiogalactopyranoside (IPTG) was added and cells were incubated 4 hours at 37˚C with 232 

shaking. Cells were harvested, resuspended in cold lysis buffer [200 mM NaPO4 pH 7.4, 500 233 

mM NaCl, 25 mM imidazole, 10 µg/mL DNase A, 1 µg/mL RNase, 1x Pierce Protease Inhibitor 234 

cocktail (ThermoFisher Scientific)] prior to lysis by three passages through a French pressure 235 
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cell at 1100 PSI. Lysate was successively centrifuged for 15 min at 4˚C at 8000 and 30 000 x g 236 

then passed through a 0.45 µm filter. Nickel-NTA affinity chromatography was performed using 237 

an AKTA GO and HisTrapFF 1ml columns (Cytiva Life Sciences). Elution was performed using 238 

a 25 mM - 500 mM gradient of imidazole over 20 column volumes that also contained 20mM 239 

NaPO4 pH 7.4, 500mM NaCl.  0.5 mL fractions were collected, analyzed by SDS-PAGE, pooled 240 

and further purified by size exclusion chromatography (Superdex 200 Increase 10/300 GL, 241 

Cytiva Life Sciences). Fractions were collected using isocratic elution with 50 mM Tris pH 8.0, 242 

100 mM NaCl, 1mM EDTA, 1mM DTT over 2 CV. Appropriate fractions were pooled after 243 

SDS-PAGE analysis, concentrated using a 5 kDa molecular wight cut off (MWCO) concentrator 244 

(Amicon Ultra) and refined by removing higher molecular weight species via a 30 kDa MWCO 245 

concentrator (Amicon Ultra).  246 

Recombinant SspH1 with tandem N-terminal GST and HA epitope tags was purified according 247 

to the procedure outlined in (30) before PreScission protease digestion to remove the GST tag. 248 

Briefly, 50 µg of purified GST-HA-SspH1 was mixed with 2 µg in-house purified GST-tagged 249 

PreScission protease and pre-equilibrated Glutathione Sepharose 4B beads (GE Healthcare) in 250 

PreScission protease buffer (50 mM Tris pH 7.5, 300 mM NaCl, 1 mM EDTA, 1 mM DTT). 251 

Reactions were incubated overnight to allow for protease cleavage between the GST and HA tags 252 

of SspH1 before beads were removed by centrifugation. Cleaved HA-SspH1 was recovered from 253 

the supernatant.  254 

Mass Spectrometry 255 

Mass spectrometry work was performed by the Alberta Proteomics and Mass Spectrometry 256 

Facility in the Faculty of Medicine and Dentistry at the University of Alberta. Purified ubiquitin 257 

variant protein was separated on 4-20% polyacrylamide gradient gels (Bio-Rad) by 258 

electrophoresis. The gel was washed 3x with mqH2O, stained with Imperial protein stain 259 

(ThermoFisher Scientific) for 2 hours at room temperature with shaking and destained overnight 260 

with mqH20 at room temperature with shaking. Protein bands of interest were excised, reduced 261 

(10 mM β-mercaptoethanol in 100 mM ammonium bicarbonate) and alkylated (55 mM 262 

iodoacetamide in 100 mM ammonium bicarbonate).  After dehydration enough trypsin (6ng/ul, 263 

Promega Sequencing grade) was added to just cover the gel pieces and the digestion was allowed 264 

to proceed overnight (~16 hrs.) at 37˚C.  Tryptic peptides were first extracted from the gel using 265 
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97% H2O, 2% acetonitrile, 1% formic acid followed by a second extraction using 50% of the 266 

first extraction buffer and 50% acetonitrile. 267 

The tryptic peptides were resolved using nano flow HPLC (Easy-nLC 1000, Thermo Scientific) 268 

coupled to an Orbitrap Q Exactive mass spectrometer (Thermo Scientific) with an EASY-Spray 269 

capillary HPLC column (ES902A, 75 um x 25 cm, 100 Å, 2 µm, Thermo Scientific). The mass 270 

spectrometer was operated in data-dependent acquisition mode with a resolution of 35,000 and 271 

m/z range of 300–1700. The twelve most intense multiply charged ions were sequentially 272 

fragmented by using HCD dissociation, and spectra of their fragments were recorded in the 273 

orbitrap at a resolution of 17,500.  After fragmentation all precursors selected for dissociation 274 

were dynamically excluded for 30 s.  Data was processed using Proteome Discoverer 1.4 275 

(Thermo Scientific) and the database was searched using SEQUEST (Thermo Scientific). Search 276 

parameters included a strict false discovery rate (FDR) of .01, a relaxed FDR of .05, a precursor 277 

mass tolerance of 10 ppm and a fragment mass tolerance of 0.01 Da.  Peptides were searched 278 

with carbamidomethyl cysteine as a static modification and oxidized methionine and deamidated 279 

glutamine and asparagine as dynamic modifications.  280 

SspH1 Ubiquitination Assays 281 

0.15 µg of purified HA-SspH1 was incubated with 0.22 µg of recombinant human UBE1, 4.0 µg 282 

of human UBE2D2, 1.8 µg of HA-ubiquitin (all R&D Systems), His-∆DiGly, His-Ubv D09, 283 

and/or 0.41 µg GST-PKN1 (ThermoFischer Scientific) in ubiquitination reaction buffer (80 mM 284 

Tris-HCl pH 7.6, 50 mM NaCl, 10 mM MgCl2, 0.1 mM DTT) and initiated with 2 mM ATP. All 285 

samples were incubated for 3 hours at 37˚C prior to being quenched by addition of SDS-PAGE 286 

sample buffer and boiling at 100oC for 5 minutes.  287 

Immunoprecipitation 288 

Ubiquitination reactions containing recombinant GST-PKN1 were immunoprecipitated using 289 

protein G-conjugated magnetic beads (New England Biolabs). Beads were prepared by washing 290 

three times with IP wash buffer (PBS + 0.1% Tween-20), then incubated with 2 µg Rabbit α-GST 291 

polyclonal antibody (Santa Cruz Biotechnology; Cat #sc-459) for 20 minutes at room 292 

temperature with agitation. Washing steps were repeated to remove unbound antibody, then 293 

beads were blocked with 3% milk powder solution for 1 hour at 4oC. After blocking, beads were 294 
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washed again, and ubiquitination reaction samples were incubated with the beads for 1 hour at 295 

4oC with agitation. Washing steps were performed a final time followed by elution from the 296 

beads by addition of SDS-PAGE sample buffer and boiling at 100oC for 5 minutes.  297 

Immunoblotting 298 

Proteins were separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose 299 

membranes (Bio-Rad). Membranes were dried, rehydrated with Tris-buffered saline (TBS) and 300 

blocked with TBS blocking buffer (Li-Cor) before incubation with primary antibody diluted in 301 

TBS blocking buffer overnight. Membranes were washed and incubated with secondary 302 

antibodies diluted in the same buffer for 1 hour. The antibodies used in this study are: mouse α-303 

Actin (sc-8433; Santa Cruz Biotechnology) 1: 2000; mouse α-Myc (9E10; Provided by Dr. Rob 304 

Ingham, University of Alberta) 1:2 500; mouse α-His (27E8; Cell Signaling Technology) 1: 2 305 

500; rabbit α-K48-linkage specific polyubiquitin (D9D5; Cell Signaling Technology) 1:2 000; 306 

rabbit α-K63-linkage specific polyubiquitin (D7A11; Cell Signaling Technology) 1:2 000; mouse 307 

α-Ubiquitin (P4D1; Cell Signaling Technology) 1:2 000; rat α-HA (3F10; Roche Diagnostics) 308 

1:2 500; rabbit α-GST (sc-459; Santa Cruz Biotechnology) 1:2 500; goat α-mouse (926-68020; 309 

Licor) 1:5 000; goat α-rabbit (925-32211; Licor) 1:5 000; goat α-rat (926-32219; Licor) 1:5 000. 310 

Blots were imaged with a Li-Cor Odyssey and visualized/band intensity quantified using 311 

Imagestudio V5.2.5. 312 

Statistical Analysis 313 

All statistical comparisons were performed using Graphpad Prims 9.5.1. Data are presented as 314 

the mean with error bars representing SEM. Growth Reduction Co-efficient (GRC) for 315 

comparison of yeast growth in liquid media was calculated as described in Lauman and Dennis 316 

(31). Statistical analyses were determined through one-way ANOVA with Tukey’s multiple 317 

comparison test or unpaired t-test. Statistical significance is indicated as follows: P>0.05 = ns, 318 

P<0.05 = *, P <0.01 = **, P <0.001 = ***, P <0.0001 = ****.   319 

Results 320 
Ubiquitin Variants as Inhibitors of SspH1 321 

A previously described ubiquitin variant library was used to screen for binding interactions with 322 

SspH1 (32–34). Two ubiquitin variants (Ubvs), designated A06 and D09 were identified with 323 
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enhanced binding to SspH1 relative to wildtype ubiquitin (Fig. 1A). Sequence alignment 324 

revealed 12 amino acid differences between human ubiquitin and either ubiquitin variant, but 325 

only 2 amino acid differences between Ubv A06 and Ubv D09 (Fig. 1B, C). We used homology 326 

modeling to predict Ubv A06 and D09 protein structures, and UCSF Chimera to compare the 327 

spatial positioning of the altered amino acids between human ubiquitin and the ubiquitin variants 328 

(29,35). Mutations in Ubv A06 and D09 were mainly found in the Isoleucine 44 recognition 329 

patch of ubiquitin, which is a known interface in E2-E3 ubiquitin transfer, as well as in the C-330 

terminal tail (36). Predictive and comparative structural modeling done with Alphafold Multimer 331 

revealed two predicted wild type ubiquitin binding sites on SspH1, one within the active site and 332 

a second along the C-terminal thumb domain, which is known to be the E2 interacting motif (37) 333 

(Fig 1D). Ubv A06 and D09 were also predicted to bind within these pockets suggesting the 334 

mutations do not vastly change the structural relationship between the Ubv and SspH1, which is 335 

notable since the Ile 44 patch is predicted to be the primary interaction face between the Ubv and 336 

SspH1. Collectively, these results suggest that Ubv A06 and Ubv D09 may have improved 337 

binding to SspH1 compared to human ubiquitin.  338 

Ubvs A06 & D09 Suppress SspH1-Mediated Toxicity in Yeast 339 

Yeast are a robust eukaryotic model, have well-developed genetic tools and contain all the 340 

necessary components of the ubiquitin system (38,39). We took advantage of the inducible GAL 341 

expression system to heterologously express SspH1, its catalytic variant (SspH1C492A) and 3 342 

ubiquitin variants – Ubv A06, D09 and a WT construct lacking the final diglycine motif at the C- 343 

terminus (∆DiGly). The ∆DiGly construct was used to ensure that any changes to SspH1 344 

function were due to the difference in Ubv affinity for SspH1 and not because of their inability to 345 

form the initial thioester linkage between SspH1 and ubiquitin. An empty vector (Ev) plasmid 346 

was also expressed alongside SspH1 to determine the effect of SspH1 in the absence of Ubv. We 347 

chose to study the functional interaction of SspH1 and Ubvs in a yeast model system because it 348 

has been previously shown that catalytically active SspH1 is toxic to yeast making this a robust 349 

selection model, rather than a screen (13). Yeast ubiquitin differs from human ubiquitin at three 350 

locations, Ser19, Asp24 and Ser28, none of which are mutated in either Ubv (40) (Fig. 1B).  351 

We confirmed that all proteins were expressed under our assay conditions (Fig. 2A). To first 352 

determine if expression of either Ubv A06 or D09 was detrimental to yeast growth, we expressed 353 
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each Ubv individually and monitored yeast growth in both liquid and solid media over a 48 hour 354 

period. Growth in liquid media was quantified using the relative growth equation described by 355 

Lauman and Dennis (31). We observed similar growth of yeast expressing Ubv A06 and Ubv 356 

D09 compared to the non-inducing condition in both solid and liquid media, indicating that Ubv 357 

expression alone does not confer toxicity by interfering with the endogenous Ubiquitin-358 

proteasome-system (Fig. 2B-E).  359 

Having determined that the ubiquitin variants have no detrimental effect on yeast growth when 360 

expressed alone, we next sought to determine if Ubv co-expression would have any functional 361 

consequences on SspH1 by monitoring co-expression of Ubv A06 or Ubv D09 and SspH1 in 362 

yeast (12). The baseline for yeast growth was determined in the presence of SspH1C492A + 363 

∆DiGly because SspH1 toxicity in yeast requires its E3 ubiquitin ligase activity (12,41,42) (Fig. 364 

3A,B). Following the expression of SspH1 + Ev or SspH1 + Ubv ∆DiGly in liquid media we 365 

observed a significant decrease, ~20% and ~40% respectively, in the relative growth of yeast 366 

(Fig. 3A,B), which is consistent with the previously reported effect of SspH1 expression in yeast 367 

(12). By contrast, co-expression of SspH1 with Ubv A06 or Ubv D09 led to no significant 368 

difference in relative growth when compared to yeast grown in the presence of SspH1C492A (Fig. 369 

3A,B).  370 

Interestingly, similar assays on solid media showed that Ubv A06 and D09 only partially 371 

suppressed SspH1 toxicity. As expected, we observed a lack of yeast toxicity in the presence of 372 

SspH1C492A + ∆DiGly as well as a robust level (~1000-fold) of toxicity in the presence of 373 

SspH1+ ∆DiGly (12) (Fig. 3C,D). This toxicity was decreased 20-fold when SspH1 was 374 

expressed alongside Ubv A06 or alongside Ubv D09 in comparison to SspH1 + ∆DiGly, 375 

although yeast growth was not rescued to baseline SspH1C492A + ∆DiGly levels. Interestingly, on 376 

solid medium, co-expression of Ev with SspH1 showed robust growth rescue, unlike in liquid 377 

medium (Fig. 3C,D). Taken together, these results indicate that the presence of Ubv A06 and 378 

Ubv D09 is sufficient to suppress the SspH1-mediated toxicity of yeast growth. 379 

Ubv A06 & D09 Suppress SspH1-Mediated Cell Cycle Arrest in Yeast 380 

To further elucidate the effect of ubiquitin variants on SspH1, we used flow cytometry and 381 

microscopy to examine perturbations in the yeast cell cycle caused by SspH1 expression 382 

(38,43,44). Yeast nuclei were stained with DAPI and both brightfield and fluorescent images 383 
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were acquired. Direct observation of yeast co-expressing SspH1 + ∆DiGly revealed a high 384 

proportion of large-budded cells within the population that was significantly reduced in yeast co-385 

expressing SspH1C492A + ∆DiGly (Fig. 4). A similarly high proportion of large-budded cells was 386 

also observed in yeast co-expressing SspH1 + Ev (Fig. 4). This large-budded phenotype 387 

suggested that yeast toxicity may be caused by cell cycle interference leading to issues 388 

progressing through G2/M (45). Notably, the proportion of large-budded yeast was significantly 389 

reduced when SspH1 was expressed alongside Ubv A06 or Ubv D09 relative to when SspH1 was 390 

expressed alongside ∆DiGly or alone (Fig. 4).  391 

As cell cycle dysregulation was implicated in SspH1-mediated toxicity in yeast, we further 392 

interrogated cell cycle dynamics through flow cytometric analyses of cellular DNA content (46). 393 

Yeast were arrested in the G2/M phase of the cell cycle using nocodazole, then released by being 394 

placed in fresh media. Escape from this arrest was measured by quantifying the proportion of 1N 395 

vs 2N DNA content (47,48). Consistent with our previous observation in the growth assays, we 396 

observed a substantial decrease (~10-20%) in the proportion of yeast with 2N DNA content after 397 

8 hours in yeast expressing ∆DiGly, Ubv A06, or Ubv D09 (Fig. 5A,B). This suggests that the 398 

ubiquitin variants alone are not contributing to the cell cycle interference phenotype. Similarly, 399 

in yeast expressing SspH1C492A + ∆DiGly, we also observed a ~20% decrease in yeast with 2N 400 

DNA content after 8 hour, suggesting progression through the cell cycle had resumed (Fig. 401 

5C,D). In yeast expressing SspH1 + Ev, we only observed a ~5% decrease in the proportion of 402 

yeast with 2N DNA content while in yeast expressing SspH1 + ∆DiGly we observed a ~5% 403 

increase in the proportion of yeast with 2N DNA content (Fig. 5C,D). These results suggest that 404 

the presence of SspH1 prevents progression through the G2/M phase of the cell cycle. By 405 

contrast, co-expression of either Ubv allowed for progression through the cell cycle as evidenced 406 

by the ~10-20% decrease in yeast with 4N DNA (Fig. 5C,D).  407 

Together these results suggest that SspH1-mediated toxicity may be caused by cell cycle 408 

interference, specifically the inability to progress through the G2/M phase of yeast budding. 409 

These results also suggest that ubiquitin variants A06 or D09 are sufficient to suppress the 410 

SspH1-mediated block in cell cycle progression.  411 

 412 

 413 
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Ubiquitin variants alter SspH1 E3 ubiquitin ligase activity in vitro 414 

As SspH1 toxicity phenotypes in yeast were not observed with a catalytic mutant, its E3 415 

ubiquitin ligase activity is likely involved. Accordingly, we next investigated the effect of Ubv 416 

D09 on SspH1 E3 ubiquitin ligase activity. Despite multiple purification approaches, we were 417 

unable to purify Ubv A06 for use in these recombinant assays. We cannot rule out that Ubv A06 418 

expression may be toxic to BL21 DE3 E. coli, although it is unclear why this would be given the 419 

sequence similarity to Ubv D09. We performed in vitro ubiquitination assays with recombinant 420 

purified proteins as previously described, except with the addition of purified Ubv D09 or Ubv 421 

∆DiGly (7,12,49) (S1 Fig.). In this assay, SspH1 activity is assessed by the presence and 422 

intensity of high molecular weight ubiquitin chains in the presence of E1 and E2 enzymes, as 423 

well as ATP. As expected, we did not observe any high molecular weight His-ubiquitin chains 424 

when SspH1 was provided His-Ubv D09 as the sole ubiquitin source, since it lacks the di-glycine 425 

motif at the C-terminus (50) (Fig. 6A). Additionally, we did not observe any high molecular 426 

weight His-ubiquitin chains when SspH1 was provided both HA-ubiquitin and His-Ubv D09, 427 

indicating that Ubv D09 is not incorporated into any ubiquitin chains (Fig. 6A). However, high 428 

molecular weight HA-ubiquitinated species were readily observed, suggesting that the presence 429 

of Ubv D09 does not abrogate the ability of SspH1 to form ubiquitin chains (Fig. 6B). When 430 

SspH1 activity was assessed in the presence of ∆DiGly we observed a slight decrease in the 431 

amount of high molecular weight HA-ubiquitinated species when compared to SspH1 activity 432 

provided with only HA-ubiquitin (Fig. 6C,D). Unexpectedly, in the presence of Ubv D09, we 433 

observed a significant, ~2.5 fold increase in the amount high molecular weight HA-ubiquitinated 434 

species relative to HA-ubiquitin alone (Fig. 6C,D). These results confirm that Ubv D09 can 435 

potentiate SspH1 E3 ubiquitin ligase activity without itself being a productive substrate.  436 

Given that Ubv D09 appeared to potentiate SspH1 activity, we tested if the presence of Ubv D09 437 

alters the ubiquitination pattern of PKN1, a known SspH1 substrate (13,15). To do this, we 438 

conducted in vitro ubiquitination assays, as outlined above, in the presence of PKN1 and isolated 439 

PKN1 species by immunoprecipitation. As expected, in the absence of SspH1, we did not 440 

observe an upwards shift in molecular weight for PKN1, indicating a lack of PKN1 441 

ubiquitination (Fig. 7A). In the presence of SspH1, we observed the formation of high molecular 442 

weight species which correspond to ubiquitinated PKN1, confirming that SspH1 was capable of 443 
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ubiquitinating PKN1 in vitro (7) (Fig. 7A). We observed no significant change in the relative 444 

amount of ubiquitinated PKN1 upon addition of Ubv ∆DiGly (Fig. 7A,B). Consistent with our 445 

previous results, the addition of Ubv D09 led to a significant ~2-fold increase in the amount of 446 

ubiquitinated PKN1 (Fig. 7A,B). Together these results suggest that Ubv D09 has a potentiating 447 

effect on the ability of SspH1 to ubiquitinate a known substrate, PKN1, in vitro.  448 

The suppressive effect of Ubv D09 on SspH1 toxicity in yeast led us to hypothesize that SspH1 449 

E3 ubiquitin ligase activity was compromised, but our recombinant protein studies suggested this 450 

was not the case. To reconcile these observations, we assessed any potential differences in 451 

ubiquitin linkage which could impact substrate fate in the cell. Accordingly, we performed the 452 

previously described ubiquitination reactions followed by an immunoprecipitation to isolate 453 

PKN1 then probed with antibodies specific for Lys48- and Lys63-linked ubiquitin chains, as well 454 

as global ubiquitin antibody, to uncover the relative amount of Lys48- and Lys63-linked 455 

ubiquitin chains that were present on PKN1 (51). In the absence of SspH1 or PKN1 there was no 456 

observable Lys48, Lys63 or non-lysine specific ubiquitin chain formation (13) (Fig. 7C). When 457 

both SspH1 and PKN1 were present we observed PKN1-specific ubiquitin chain formation with 458 

~75% of the total ubiquitin chains being Lys-48 specific (52) (Fig. 7C,D). The addition of Ubv 459 

D09 led to an increase in the overall amount of ubiquitination we detected, which was consistent 460 

with our previous experiments (Fig. 7C,D). Interestingly, we also observed a small but 461 

significant decrease in the amount of Lys-48 specific ubiquitin chains in the presence of Ubv 462 

D09, which accounted for only ~65% of the total ubiquitin chains, representing a 13% decrease 463 

in the relative amount of PKN1-specific Lys-48 ubiquitin chains in the presence of HA-ubiquitin 464 

alone (Fig. 7C,D). We did not observe the formation of Lys63-linked ubiquitin chains in the 465 

presence of HA-ubiquitin or HA-ubiquitin + Ubv D09 (S2 Fig.). Taken together these results 466 

suggest that, although the presence of Ubv D09 leads to an overall increase in PKN1 467 

ubiquitination, it may interfere with the ability of SspH1 to form Lys48-linked ubiquitin chains. 468 

Discussion 469 
 470 

In this study we provide evidence that modulators of bacterial ubiquitin ligase activity can be 471 

found within a ubiquitin variant library that was designed to target human ubiquitin-interacting 472 

proteins (33). We report the identification of two high-affinity Ubv binders, Ubv A06 and Ubv 473 
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D09, to SspH1, one of four Salmonella-encoded NELs. Both Ubvs contain 12 mutations which 474 

are not conserved in human and yeast ubiquitin and the Ubvs differed from each other by only 475 

two amino acids. The mutated residues reside exclusively in diversified regions 2 and 3 of the 476 

ubiquitin variant library. In silico protein-protein interaction prediction suggests that the Ubvs 477 

interact with both the active site and E2~Ub binding site of SspH1. This is consistent with the 478 

observed binding interactions between Ubvs and other HECT-like E3 ligases (23). Interestingly, 479 

Ubv A06 and Ubv D09 do not possess any mutations in region 1 of the phage display library. 480 

Mutations in this region are common amongst Ubvs that were identified as high affinity binders 481 

of other classes of human enzymes, suggesting that SspH1 may not interact with this surface of 482 

ubiquitin (32).   483 

Expression of either Ubv in S. cerevisiae did not lead to a detectable growth defect on solid 484 

media or in liquid media. Although it has been previously shown that expression of ubiquitin 485 

containing a mutation at the R74 residue has a dominant negative effect on yeast growth, our 486 

observation that yeast growth is not impacted despite the presence of this mutation may be 487 

attributed to the selective nature of Ubvs, as they are known to have high specificity for their 488 

cognate protein (53–55). However, it has also been reported that an intact C-terminal diglycine 489 

motif is required for the dominant negative effect of R74 to be observed (53). It is also notable 490 

that yeast ubiquitin differs from human ubiquitin at 3 residues (Ser 19, Asp 24, Ser 28), none of 491 

which are found within either Ubv (56). Consistent with previous findings, we observed SspH1-492 

mediated toxicity in yeast dependent on the catalytic activity of SspH1 (13). Co-expression of 493 

Ubvs alongside SspH1 was sufficient to rescue yeast growth relative to the non-induced 494 

condition in liquid media. Conversely, Ubv co-expression on solid media only partially rescued 495 

yeast growth. These observations may be attributed to the different environmental pressures 496 

experienced by yeast growing in liquid or on solid media as well as the previously observed 497 

effects of ubiquitin overexpression (57). 498 

Despite yeast toxicity being a known consequence of SspH1 expression in S. cerevisiae for over 499 

a decade, the mechanism behind this phenomenon is not fully understood. Here we report an 500 

increase in cell cycle perturbations, notably the inability for yeast to progress through the G2/M 501 

phase of the cell cycle, by both microscopic and cytometric analyses in the presence of SspH1. 502 

This cell cycle interference phenotype was dependent on the catalytic activity of SspH1 and was 503 
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suppressed in the presence of either Ubv. Interestingly, the interaction between SspH1 and PKN1 504 

was initially identified through a yeast two-hybrid screen suggesting the presence of a preferred 505 

substrate is sufficient to suppress SspH1-mediated toxicity (15,18).  We also observed no 506 

detrimental effect of Ubv expression on yeast cell cycle progression, consistent with previous 507 

observations that they do not impact yeast growth (53).  508 

Intriguingly, despite our hypothesis that Ubvs would interfere with SspH1 E3 ubiquitin ligase 509 

activity, based upon our yeast studies, we report an increase in recombinant SspH1 in vitro E3 510 

ubiquitin ligase activity in the presence of Ubv D09 and human ubiquitin. Nevertheless, our 511 

studies with Ubv D09 revealed it could not be polymerized into polyubiquitin chains, as 512 

expected, given that Ubv D09 lacks the C-terminal diglycine motif necessary for the formation 513 

of thioester linkage (50,58). The slight reduction of SspH1 activity observed in the presence of 514 

∆DiGly may also be owed to the lack of a C-terminal diglycine motif (58). Interestingly, ∆DiGly 515 

did not reduce SspH1 activity in the presence of PKN1, which may be attributed to the increase 516 

in activity NELs are known to undergo in the presence of their cognate substrate (41). By 517 

contrast, Ubv D09 enhanced SspH1 activity in the presence and absence of PKN1, although the 518 

linkage pattern of PKN1-ubiquitination was altered by Ubv D09. Lys48-linked chains are 519 

typically associated with proteasomal degradation and have recently been shown to be the 520 

primary polyubiquitin linkage formed by SspH1, which is consistent with its described role in 521 

mediating PKN1 degradation (18,20). Our observations confirm that SspH1-mediated 522 

ubiquitination primarily consists of Lys48-linked ubiquitin chains but that this composition can 523 

be modulated by a ubiquitin variant. It has been previously observed that the presence of Ubv 524 

can affect the natural bias of ubiquitin distribution of an E3 ligase, altering the ratio of processive 525 

and distributive ubiquitination of the substrate (34). Our experiments were limited to assessing 526 

K48- and K63-Ub linkages and we cannot rule out that Ubv D09 had an impact on other linkage 527 

types. Nevertheless, it is tempting to speculate that the basis of SspH1 toxicity in yeast is the 528 

formation of K48-ubiquitin linkages on, and subsequent degradation of, a yeast ortholog of 529 

PKN1. Expression of Ubv D09 in yeast may reduce K48 linkage on this unknown substrate, 530 

below a threshold that mitigates yeast toxicity. Despite the disconnect between the effects of Ubv 531 

D09 in the S. cerevisiae model and in vitro, we consistently observe a significant modulation of 532 

the SspH1 phenotype in both cases. It will be interesting to revisit in vitro ubiquitination assays 533 

of SspH1, Ubv D09 and the yeast substrate, once it is identified.  534 
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Although NELs are present amongst several well-studied Gram-negative bacterial species, their 535 

unique structure has limited the available tools to probe their molecular mechanisms (8). Given 536 

that Ubvs have been previously demonstrated to be highly selective between enzymes of the 537 

same family, they may also be employed to probe the level of redundancy that exists between the 538 

closely related effectors (8,55). To our knowledge, this is the first report that demonstrates an 539 

Ubv approach can be employed to identify modulators of a bacterial-encoded E3 ubiquitin ligase. 540 

Further studies are required to elucidate the biochemical interaction between the Ubvs and 541 

SspH1 which may provide information on the unique biology behind NEL effectors. 542 

Additionally, the identification of additional Ubvs which are high-affinity binders to other NELs 543 

is required to discern the relative selectivity of this approach amongst the effector family. 544 

Nevertheless, our current work indicates that a Ubv approach initially intended to target a human 545 

family of ubiquitin ligases can be successfully repurposed to target bacterial effectors with a 546 

unique, convergently evolved mechanism of action, which provides an additional tool to probe 547 

the functional and mechanistic attributes of these effectors.  548 
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 737 

Figures Captions 738 

Fig 1. Identifying Ubiquitin Variants with a High Binding Affinity for SspH1  739 

(A) The binding specificities of phage displayed Ubvs as assessed by phage ELISA. 740 

Subsaturating concentrations of phage were added to immobilized proteins as indicated. Bound 741 

phages were detected by the addition of anti-M13-HRP and colorimetric development of TMB 742 

peroxidase substrate. The mean value of the absorbance at 450 nm is indicated by color. Variant 743 

labels were based on the letter and number indicated along the y- and x-axis, respectively. (B) 744 

Structural depiction of human ubiquitin (1UBQ) with the mutated residues highlighted and the 745 

wildtype side chains shown. (C) Sequences of Ubvs that bind with a high affinity to SspH1. 746 

Amino acids differences between human ubiquitin, ubiquitin variant A06 and ubiquitin variant 747 

D09 are highlighted in green. Amino acid differences between human ubiquitin and S. cerevisiae 748 

ubiquitin are highlighted in purple. (D) Alphafold multimer predictions of SspH1 interacting 749 

with human ubiquitin, in pink, or ubiquitin variant D09, in blue. The catalytic residue of SspH1, 750 

Cys 492, is highlighted in orange. The thumb region is located at C-terminus of NEL domain. 751 

 752 

Fig 2. Ubv A06 & D09 are not Toxic to Yeast when Expressed Alone 753 

(A) Expression of SspH1 or SspH1C492A and Ubv ∆DiGly, Ubv A06 or Ubv D09 in BY4742α 754 

yeast strain co-transformed with galactose-inducible vectors (pGREG515). SspH1 was detected 755 

through the use of anti-HA staining whereas Ubvs were detected through anti-Myc staining (B) 756 

Growth of BY4742α yeast strain transformed with galactose-inducible Ubv ∆DiGly, Ubv A06 or 757 

Ubv D09. Strains were grown overnight in 1% glucose then washed and diluted in 1% galactose 758 

or 1% glucose, as indicated, for 48 hours at 30˚C in a 96-well plate. Growth was monitored by 759 

measuring the Abs600 every 10 mins for the duration of the 48-hour growth period. (C) 760 

Quantification of strain growth using relative growth, where the area under the curve (AUC) for 761 

each strain was calculated and compared to the control (Ubv ∆DiGly) in both the inducing and 762 

non-inducing conditions. Errors bars represent the standard error of the mean across 5 763 

independent replicates. Relative growth calculated as described in methods. Data was analyzed 764 

by one-way ANOVA using Tukey’s multiple comparisons test. (D) Viability of BY4742α yeast 765 

strain transformed with galactose-inducible Ubv ∆DiGly, Ubv A06 or Ubv D09. Strains were 766 
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spotted as a serial dilution series on 1% galactose or 1% glucose, as indicated, and imaged after 767 

48 hours. (E) Quantification of survival on solid media by toxicity index. Errors bars represent 768 

the standard error of the mean across 3 independent replicates. Toxicity Index calculated as 769 

described in methods. Data was analyzed by one-way ANOVA using Tukey’s multiple 770 

comparisons test. 771 

 772 

Fig 3. Ubv A06 & D09 Suppress SspH1-Mediated Toxicity in Yeast 773 

(A) Growth of BY4742α yeast strain co-transformed with galactose-inducible SspH1 or 774 

SspH1C492A and Ubv ∆DiGly, Ubv A06 or Ubv D09. Strains were grown overnight in 1% glucose 775 

then washed and diluted in 1% galactose or 1% glucose, as indicated, for 48 hours at 30˚C in a 776 

96-well plate. Growth was monitored by measuring the Abs600 every 10 mins for the duration of 777 

the 48-hour growth period. (B) Quantification of strain growth using relative growth, where the 778 

area under the curve (AUC) for each strain was calculated and compared to the control 779 

(SspH1C492A  + Ubv ∆DiGly) in both the inducing and non-inducing conditions. Errors bars 780 

represent the standard error of the mean across 5 independent replicates. Relative growth 781 

calculated as described in methods. Data was analyzed by one-way ANOVA using Tukey’s 782 

multiple comparisons test. (C) Viability of BY4742α yeast strain transformed with galactose-783 

inducible SspH1 or SspH1C492A and Ubv ∆DiGly, Ubv A06 or Ubv D09. Strains were spotted as 784 

a serial dilution series on 1% galactose or 1% glucose, as indicated, and imaged after 48 hours. 785 

(D) Quantification of survival on solid media by toxicity index. Errors bars represent the 786 

standard error of the mean across 3 independent replicates. Toxicity Index calculated as 787 

described in methods. Data was analyzed by one-way ANOVA using Tukey’s multiple 788 

comparisons test. 789 

 790 

Fig 4. Ubv A06 & D09 Suppress SspH1-Mediated Arrest at the Large Budded Stage in 791 

Yeast 792 

(A) Representative micrographs of yeast co-expressing SspH1 + ∆DiGly, Ubv A06, Ubv D09 or 793 

Ev, as well as, SspH1C492A + ∆DiGly are shown after 8 hours of incubation at 30˚C in fresh 1% 794 

galactose. Images were collected on an EVOS FL Auto at 100x magnification. DNA was stained 795 

in blue using 4′,6-diamidino-2-phenylindole (DAPI). (B) Quantification of large, budded yeast 796 
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was performed as previously described using FIJI v.2.3.0 (https://fiji.sc/). (60–62) (Ex. Large 797 

budded = >1/3 mother cell size). Data was analyzed by one-way ANOVA using Dunnett’s 798 

multiple comparisons test. 799 

 800 

Fig 5. Ubv A06 & D09 Suppress SspH1-Mediated Cell Cycle Arrest in Yeast 801 

(A) Example of regions used to calculate AUC for yeast with 1N (G1) and 2N (G2/M) DNA 802 

content  (B) Cell cycle analysis of BY4742α yeast strain transformed with galactose-inducible 803 

Ubv ∆DiGly, Ubv A06, or Ubv D09. Cell cycles were synchronized at the G2/M phase through 804 

treatment with 20 µM nocodazole for 3 hours at 30˚C than washed multiple times to allow yeast 805 

to progress through cell cycle. Yeast were placed into fresh 1% galactose and incubated at 30˚C 806 

for 8 hours prior to being fixed and having their DNA content stained with propidium iodide 807 

(PI). A 0 hour sample was also obtained immediately following the removal of nocodazole. (C, 808 

D) Quantification of the relative change of yeast arrested with 2N DNA content was calculated 809 

as the area under the curve (AUC) of the 2N peak at 8 hours relative to the AUC of the 2N peak 810 

immediately after nocodazole release as described in the methods. Data are shown as mean ± 811 

SEM of N=11 replicates (C) or N=5 replicates (D). Data was analyzed by one-way ANOVA 812 

using Dunnett’s multiple comparisons test. (E) Cell cycle analysis as described above of 813 

BY4742α yeast strain co-transformed with galactose-inducible SspH1 or SspH1C492A and Ubv 814 

∆DiGly, Ubv A06, Ubv D09 or Empty Vector (Ev).  815 

 816 

Fig 6. Ubvs modulate the ubiquitination activity of SspH1 in vitro 817 

(A) The ability of Ubv D09 to be incorporated into SspH1-mediated ubiquitination was determined by in 818 

vitro ubiquitination assays containing recombinant E1, E2, SspH1, Ubv and ATP with or without HA-Ub 819 

as indicated (-/+). SspH1 activity was analyzed with incorporation of Ubv D09 being monitored by anti-820 

His immunoblot. (B) Ubv D09 impact on polyubiquitin chain formation under the same conditions was 821 

monitored by anti-HA immunoblot. Species of interest are indicated on the right. (C) The effect of Ubv 822 

D09 on the ubiquitination activity of SspH1 was assessed by in vitro ubiquitination assays containing 823 

recombinant E1, E2, SspH1, HA-Ub, Ubv ∆DiGly, or Ubv D09 as indicated (-/+). SspH1 activity was 824 

analyzed with Ubv detected by anti-His immunoblot (Bottom) and polyubiquitin chain formation as well 825 

as SspH1 detected by anti-HA immunoblot (Top). Species of interest are indicated on the right. (D) HA-826 

ubiquitin chain amount was determined through the addition of HA signal in the indicated areas of the 827 
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immunoblot (Ub(n) + Ub(n)-SspH1) and is presented as a ratio of SspH1 + HA-Ub signal. Errors bars 828 

represent the standard error of the mean across 4 independent experiments. Data was analyzed by one-829 

way ANOVA using Tukey’s multiple comparisons test. 830 

 831 

Fig 7. Ubvs modulate SspH1-mediated ubiquitination of PKN1 in vitro  832 

(A) SspH1-mediated ubiquitination of PKN1 was determined by in vitro ubiquitination assays 833 

containing recombinant E1, E2, SspH1, PKN1, HA-Ub, Ubv ∆DiGly, or Ubv D09 as indicated. 834 

Formation of Ub(n)-PKN1 was monitored using anti-GST immunoblot (PKN1 has GST fusion). 835 

Species of interest are indicated on the right. (B) Formation of Ub(n)-PKN1 is expressed as ratio 836 

relative to SspH1 + HA-Ub. Error bars represent the standard error of the mean across 4 837 

independent experiments. Data was analyzed by one-way ANOVA using Dunnett’s multiple 838 

comparisons test. (C) Lysine-specific ubiquitin chain conformation of PKN1-specific, SspH1-839 

mediated ubiquitination was determined by in vitro ubiquitination assays containing recombinant 840 

E1, E2, SspH1, PKN1, HA-Ub, or Ubv D09 as indicated and analyzed by immunoblot. Two 841 

independent reactions are shown. Total ubiquitination was determined by anti-Ub(n) [P4D1], 842 

K48-specific ubiquitin chains was determined by anti-UbK48
(n) [D9D5] (D) Formation of 843 

UbK48
(n)-PKN1 and Ub(n)-PKN1 is expressed as ratio relative to the signal of Ub(n)-PKN1. Error 844 

bars represent the standard error of the mean across 4 independent experiments. Data was 845 

analyzed using an unpaired T-test. 846 

 847 

 848 

 849 

 850 

 851 

S1 Fig. Purification of ∆DiGly and Ubv D09 852 

(A) Purification of His6 – Ubv ∆DiGly ubiquitin. Lanes are as indicated. (B) Purification of His6 853 

– Ubv D09. Lanes are as indicated is panel A (C) Purified His6 – Ubv ∆DiGly ubiquitin and His6 854 

– Ubv D09 were assessed using an anti-His antibody immunoblot. 855 
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S2 Fig. Ubvs modulate K63-linked SspH1-mediated ubiquitination of PKN1 in vitro 857 

(A) Lysine-specific ubiquitin chain conformation of PKN1-specific, SspH1-mediated 858 

ubiquitination was determined by in vitro ubiquitination assays containing recombinant E1, E2, 859 

SspH1, PKN1, HA-Ub, or His-Ubv D09 as indicated and analyzed by immunoblot. Two 860 

independent reactions are shown. Total ubiquitination was determined by anti-Ub(n) [P4D1], 861 

K63-specific ubiquitin chains was determined by anti-UbK63
(n) [D7A11] (B) Formation of 862 

UbK63
(n)-PKN1 and Ub(n)-PKN1 is expressed as ratio relative to the signal of Ub(n)-PKN1. Error 863 

bars represent the standard error of the mean across 4 independent experiments. Data was 864 

analyzed using an unpaired T-test. 865 

 866 

S3 Fig. Mass Spectrometry of Purified Ubv D09 867 

Purfied His-Ubv D09 was analyzed by SDS-PAGE on a 4-20% gradient gel. Bands were excised 868 

at the indicated locations and subjected to mass spectrometry using an Orbitrap Q Exactive mass 869 

spectrometer. Data was processed using Proteome Discoverer 1.4 and the Human and E. coli 870 

proteomic databases were searched using SEQUEST. The most abundant protein found in every 871 

excised band is shown alongside the most abundant contaminant. (PSM = Peptide Spectral 872 

Matches) 873 

 874 

S4 Fig. Gating Strategy for Flow Cytometry Analysis of Cell Cycle 875 

Yeast were identified, and debris was excluded, using a forward scatter area (FSC-A) versus side 876 

scatter area (SSC-A) gate. Single cells were then selected on a YL1/PI-W versus YL1/PI-A plot 877 

to exclude doublets. Cell cycle analysis was then performed in this cell population by 878 

quantifying the ratio of cells with low PI, equivalent to 1N DNA content, and high PI, equivalent 879 

to 2N DNA content, fluorescent signal.  880 

 881 
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 883 
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 885 

 886 

Fig 1. Ubiquitin Variants may act as Inhibitors of SspH1 887 

 888 
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 889 

Fig 2. Ubv A06 & D09 are not Toxic to Yeast when Expressed Alone 890 
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Fig 3. Ubv A06 & D09 Suppress SspH1-Mediated Toxicity in Yeast 897 

ff 898 
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Fig 4. Ubv A06 & D09 Suppress SspH1-Mediated Arrest at the Large Budded Stage in 908 

Yeast 909 
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Fig 5. Ubv A06 & D09 Suppress SspH1-Mediated Cell Cycle Arrest in Yeast 919 

h 920 

 921 

 922 
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Fig 6. Ubvs modulate the ubiquitination activity of SspH1 in vitro 923 

 924 
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Fig 7. Ubvs modulate SspH1-mediated ubiquitination of PKN1 in vitro 925 
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Table 1. Strains Used for Cloning 929 

Name  Strain # Description or Reference 

Plasmids   

pcDNA3::2xHA-SspH1 AB 63 (59) 

p426GALL::2xHA-SspH1 AB 175 This Work 

pcDNA3::2xHA-SspH1C492A AB 240 This Work 

p426GALL::2xHA-SspH1C492A AB 242 This Work 

pDONR::Ubv A06 APB 1 (32,33) 

pDONR::Ubv D09 APB 2 (32,33) 

pDONR::∆DiGly APB 3 (32,33) 

pGREG515 APB 4 (26) 

pDEST527 APB 293 
pDest-527 was a gift from Dominic 

Esposito (Addgene plasmid #11518) 

pDEST527::Ubv D09 APB 300 This Work 

pDEST527::∆DiGly APB 302 This Work 

pGEX-PP-3xHA::SspH1 AB 287 This Work 

Escherichia coli   BL21 (DE3) NEB (Cat # C2527) 

Saccharomyces cerevisiae  Wild type BY4742 α yeast  

pGREG515::Ubv A06 APB 52 This Work 

pGREG515::Ubv D09 APB 53 This Work 

pAG426GALL::SspH1 

+ pGREG515::∆DiGly 
APB 173 This Work 

pAG426GALL::SspH1 

+ pGREG515::Ubv A06 
APB 174 This Work 

pAG426GALL::SspH1 

+ pGREG515::Ubv D09 
APB 175 This Work 

pAG426GALL::SspH1C429A 

+ pGREG515::∆DiGly 
APB 176 This Work 

pAG426GALL::SspH1 

+ pGREG515 
APB 185 This Work 
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S1 Fig. Purification of ∆DiGly and Ubv D09 932 

Anchor 933 
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S2 Fig. Ubvs modulate K63-linked SspH1-mediated ubiquitination of PKN1 in vitro 951 
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S3 Fig. Mass Spectrometry of Purified Ubv D09 968 

anchor 969 
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S4 Fig. Gating Strategy for Flow Cytometry Analysis of Cell Cycle 983 
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