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Abstract

Despite the critical role of Rab GTPases for intracellular transport, the vast majority of proteins
within this family remain poorly characterized, including the Rab40 subfamily. Often recognized
as atypical Rabs, the Rab40 family of proteins are unlike any other small GTPase because they
contain a C-terminal suppressor of cytokine signaling (SOCS) box. It is well established that

this SOCS domain in other proteins mediates an interaction with the scaffold protein Cullin

in order to form a E3 ubiquitin ligase complex critical for protein ubiquitylation and turnover.
Although the function of SOCS/Cullin5 complexes has been well defined in several of these other
proteins, this is not yet the case for the Rab40 family of proteins. We have previously shown

that the Rab40b family member plays an important role during three-dimensional (3D) breast
cancer cell migration. To further this knowledge, we began to investigate the SOCS-dependent role
of Rab40b during cell migration. Here, we describe an unbiased approach to identify potential
Rab40b/Cullin5 substrates. We anticipate that this method will be useful for studying the function
of other Rab40 family members as well as other SOCS box containing proteins.
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1. Introduction

With close to 70 members, Rab GTPases constitute the largest family of small monomeric
GTPases within the human genome [1]. These proteins are members of the Ras superfamily,
and the origins of Rab GTPases is believed to be tightly associated with the evolution

of the eukaryotic cell. Rab GTPases are found in all eukaryote lineages and emerge
phylogenetically with other defining eukaryote cell features such as the actin and
microtubule cytoskeleton, internal membranes, and a nucleus [2] [3] [4]. Within eukaryotes,
the Rab protein family has expanded dramatically, and vertebrate genomes in particular
exhibit some of the largest numbers of Rab paralog family members in comparison to all
other taxa [2] [5]. Functionally, Rab proteins are master regulators of intracellular membrane
trafficking and act as molecular switches, cycling between a GTP-bound “active” state and a
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GDP-bound “inactive” state [6] [7]. In the active state, Rab proteins bind and recruit/activate
effector proteins to specific intracellular membranes. Together, Rabs and their respective
effectors act in a cooperative manner to regulate all stages of membrane and protein traffic

8] [9].

Since their discovery in the 1980s, characterization of about half of known Rab GTPases has
helped uncover the impressive complexity and diversity of these proteins [7] [10]. Despite
ongoing research and the critical role of Rabs in eukaryotic cells, the vast majority of

Rab GTPases remain incompletely understood, both in terms of function and regulation.
Given the implication of Rabs in disease pathogenesis [11], it is critical to uncover the
function of these small GTPases. The Rab40 family of small GTPases is a prime example

of a largely uncharacterized Rab subfamily, with a unique domain architecture that suggests
these proteins play functional roles unlike any other Rab. Here we discuss the known
functions of the Rab40 family, with special focus on Rab40b, and outline methods for
studying the unique Rab40 SOCS box.

1.1 Origins and evolution of Rab40 subfamily

Rab40 paralogs have only been identified in the genomes of bilaterian metazoans (e.g.
protostomes and deuterostomes), suggesting that the Rab40 gene family was present in the
last bilaterian common ancestor. Prior studies further suggest that the Rab40 subfamily may
have emerged as a duplication of Rab18 [5]. However, substantive sequence divergence
differentiates Rab40 paralogs from all other Rab proteins [2] [5] [12] [13]. While most Rabs
share only a conserved globular G-domain (housing the Switch | and Switch |1 regions),
Rab40 GTPases have an extended C-terminal region that contains the conserved SOCS
(suppressor of cytokine signaling) box (Figure 1A) [2]. This additional domain suggests that
Rab40 may be a unique Rab GTPase with novel function, however there is little known
about the cellular role or regulation of Rab40 proteins.

In addition to an extended C-terminal domain, Rab40 proteins also exhibit non-canonical
amino acids at functionally critical sites in the domains responsible for GTPase activity

and guanine nucleotide exchange factor (GEF) binding. For instance, most Rab GTPases
exhibit a conserved Serine or Threonine residue at a critical site in the GTPase domain
upstream of Switch | (Figure 1B) [14]. This site is crucial for GEF binding and is commonly
mutagenized by researchers to lock Rabs in a GDP bound (dominant negative) state in order
to study Rab function. Surprisingly, the Rab40 gene family has evolved novel amino acids
at this conserved residue (Figure 1B). Drosophila Rab40 exhibits a Histidine at this site,

in mosquito this same site is occupied by a Glutamine (not shown), while in humans the
Rab40b and Rab40c paralogs have a Glycine at this site (Figure 1B). Even more remarkable
is that primate Rab40a and human Rab40al paralogs have re-evolved a Serine residue at this
critical site. The fact that this residue is highly conserved across millions of years of Rab
protein evolution, and variable in Rab40 genes suggests exciting possibilities that Rab40
proteins may have unique GTPase activity that is entirely unlike any other Rab protein.

Such possibilities, however, will have to remain speculative until further insight into the
function of these Rab40 proteins is better understood. On the other hand, note that the Rab40
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subfamily do contain the conserved catalytic Glutamine residue in the Switch Il region,
strongly suggesting that they still function as GTPases (Figure 1B).

The evolution of the Rab40 gene family is characterized by expansion and lineage specific
losses in vertebrates (Figure 1C). That Rab40 proteins are functional in the cell seems highly
likely given the conservation of Rab40 genes in the genomes of most bilaterian organisms.
While a single Rab40 gene is found in non-vertebrate bilaterians, a duplication event at the
base of the vertebrate lineage resulted in Rab40b and Rab40c paralogs that are conserved
across most vertebrate taxa (Figure 1D). Preliminary analyses date this duplication to before
the last vertebrate common ancestor, suggesting that Rab40b and Rab40c may have emerged
from genome duplications at the root of the vertebrate phylogeny [15]. This dating is based
on the preliminary finding that Cyclostomes (lamprey and hagfish) retain a Rab40c paralog.
However, the node supporting this claim has low support in our gene trees, and further work
is needed to rule out the possibility that Rab40b and Rab40c evolved in the lineage leading
to Gnathostomes (sharks, bony fish, and tetrapods) after it split from Cyclostomes.

Important for humans is that a subsequent duplication of Rab40b in the lineage leading

to Simiiform primates (e.g. monkeys and apes, ~60K ybp) resulted in two additional
Rab40 paralogs: Rab40a and Rab40al (Figure 1C, D). Thus, the human genome contains
four Rab40 paralogs: Rab40a, Rab40al, Rab40b, and Rab40c. Rab40al lacks introns, a
pattern that suggests it may have been duplicated by reverse transcription transposition [2].
Intriguingly, both Rab40a and Rab40al are found on the X chromosome. As noted above,
Rab40a and Rab40al have also re-evolved a conserved Serine at a critical functional site.
While all primate Rab40a genes exhibit a Serine at this site, only human Rab40al proteins
exhibit a Serine residue suggesting a complex evolutionary history for these proteins that
may involve gene conversion in the human lineage.

Additional lineage specific duplications and deletions in the Rab40 gene subfamily include
independent duplications of three Rab40 paralogs, and the potential loss of Rab40b, in
Cyclostomes. Teleost fish experienced a whole genome duplication and could retain up to
four Rab40 paralogs (e.g. two each of Rab40b and Rab40c). Teleost taxa surveyed, however,
appear to have lost paralogs to return to a diploid state. Zebrafish retains a single Rab40b
and Rab40c paralog. In contrast, the teleost fish Medaka lost both Rab40b paralogs, but
retains two Rab40c paralogs (Figure 1C).

1.2 Conservation and function of the Rab40 SOCS box

Evolution of the Rab40 subfamily is defined by conservation of the C-terminal SOCS

box through speciation and duplication events. Although originally identified in the SH2-
containing SOCS family, the number of SOCS box containing proteins has expanded,

and includes families such as WD40 proteins, SPRY domain proteins, and ankyrin repeat
proteins [16] [17] [18]. The SOCS box is conserved across these protein families as

shown by an alignment in Figure 2A. This ~40 amino acid motif functions as a substrate
recognition module, as part of the larger E3 ubiquitin ligase containing the scaffold protein
Cullin5 (Cul5), RING protein Rbx2, and adaptor proteins Elongin B and Elongin C (Figure
2B) [19] [20]. Together, this Cullin-RING ligase (CRL) complex regulates protein turnover
via ubiquitylation and subsequent proteasomal degradation [18] [21]. It should also be
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noted that when the Rab40 subfamily was first grouped with other SOCS box proteins, old
nomenclature was utilized to name these proteins which is no longer readily used (RAR2A/
Rab40a, RAR2/Rab40al, RAR/Rab40b and RAR3/Rab40c).

Within the SOCS box, there are two defined motifs including the BC box (critical for
binding the adaptor proteins Elongin B and C) and the Cul5 box (Figure 2A) [22] [23]. The
Cul5 hox has the consensus sequence pxXLPoPxx¢pxx (where ¢ is a hydrophobic residue
and x is any amino acid). The LP¢ P motif is thought to be the primary determinant of
Cul5 binding specificity [16] [24] [25]. The Rab40 Cul5 box contains residues ‘LPLP’,
which is 100% conserved across all bilaterian Rab40 sequences and conserved in a number
of non-Rab40 SOCS containing proteins (Figure 2A). This conservation through bilaterian
evolution suggests that the SOCS box is functional in Rab40 proteins, however what role it
may be playing is still unclear.

functions of Rab40 paralogs

Despite a novel domain architecture and the retention of duplicate paralogs in vertebrate
lineages, there is limited knowledge on the function of the Rab40 subfamily. Based on the
current research that is available, it seems likely that the four family members are not fully
redundant. While Rab40a, Rab40b, and Rab40c paralogs have been shown to interact with
Cul5, it still remains to be determined whether these Rab40/Cul5 complexes have unique
roles within the cell. Below is a summary of the Rab40 literature as it stands.

Rab40a and Rab40al—Rab40a and Rab40al (97.8% sequence identity), which appear
to be unique to Simiiformes, are arguably the least studied amongst the four paralogs.

The Rab40a/Cul5 complex has been suggested to target the small GTPase RhoU for
ubiquitylation and degradation, which can be protected by the Cdc42 effector protein PAK4
[26]. This study only tested RhoU binding to Rab40a, so it is unclear whether RhoU may be
a target of other Rab40/Cul5 complexes. In 2012, a study identified a mutation in Rab40al
that is associated with the rare X-linked disorder, Martin-Probst Syndrome (MPS) [27].
This missense mutation (variant p. D59G) is located within the highly conserved GTPase
domain between 2 and B3 strands. However, several reports since have argued against the
pathogenicity of p.D59G, so the linkage between Rab40al and MPS remains controversial
[28] [29].

Rab40b—Work from our lab identified Rab40b as a small GTPase required for targeted
matrix metalloproteinase (MMP, specifically MMP2 and MMP9) secretion at invadopodia
structures during 3D breast cancer cell migration [30] [31]. While depletion of Rab40a

did not have any effect on MMP2 or MMP9 secretion, knockdown of Rab40c did reduce
MMP2 secretion, suggesting that there may be some functional overlap between Rab40c and
Rab40b in this particular context.

Rab40c—Rab40c is the most studied member of Rab40 subfamily. This includes the very
first study citing a functional role for a Rab40/Cul5 complex [32]. The authors demonstrated
that Rab40c interacts with Cul5 to form a CRL complex that poly-ubiquitylates Rap2

in order to regulate non-canonical Wnt signaling during Xenopus gastrulation and
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embryogenesis. Although the notation of XRab40 throughout the paper lends itself to some
confusion, it is clear from the methods and supplementary material that the authors of the
Xenopus study were indeed working with Rab40c. However, it should be noted that both
Rab40b (Gene ID: 779634; XB-GENE-490554) and Rab40c (Gene ID: 100492927; XB-
GENE-6461049) are annotated within the Xenopus genome. A more recent study identified
the protein Varp as a potential Rab40c/Cul5 substrate in melanocytes [33]. Other functions
of Rab40c (assumed to be non-SOCS related) have been reported as well, including Rab40c
function during oligodendrocyte vesicle transport [34] and lipid droplet biogenesis [35].
Taken together, it is clear that we lack a complete understanding of Rab40c function, and
like the other members of the Rab40 subfamily, whether there are clear SOCS-dependent
and -independent roles.

2. Rab40b/Cul5 complex

To further define Rab40b-dependent mechanisms regulating MMP2/9 secretion, it seems
critical to a establish whether there is a role for Rab40b’s SOCS box during cell migration.
Based on previous literature described above, there is precedence for Rab40b acting as

a SOCS adaptor protein for the CRL containing Cul5 (Figure 2B) [18] [32], and we

recently demonstrated an interaction between Rab40b and Cul5 in MDA-MB-231 cells
(data not shown). Interestingly, the interaction between Rab40b and Cul5 appears to be GTP
independent, as locking Rab40b in either a GTP or GDP state had no effect on its ability to
interact with Cul5 (data not shown).

We next asked whether we could disrupt Rab40b/Cul5 binding in order to study the function
of this complex during cell migration. Based on previous biochemical data in other SOCS
box proteins (including Rab40c), we designed a Rab40b construct with all four LPLP
residues mutated to alanine (AAAA), which we have designated as Rab40b SOCSAAAA
(Figure 3A) [23] [24] [25]. While not a complete loss of complex formation, we found

a significant decrease in Rab40b SOCSAAAA pinding to Cul5 compared to Rab40b WT
(Figure 3B).

2.1 Using the Rab40b SOCSAAAA mutant to uncover function

With generation of the Rab40b SOCSAAAA mutant, we became poised to ask a number

of critical questions regarding the role of Rab40b/Cul5 during cell migration. Although we
know that these two proteins interact, this complex has not previously been shown to directly
regulate MMP secretion, actin dynamics, or cell migration. One way that Rab40b/Cul5

could regulate these processes is through ubiquitylation of downstream substrates. However,
putative ubiquitylation targets of the Rab40b/Cul5 complex are not known. To address this
gap, we sought to identify potential substrates, with the ultimate goal of studying their
function and regulation during cell migration.

Pinpointing bona fide ubiquitylation substrates is challenging because most substrates are
quickly degraded by the proteasome or processed by deubiquitylases. To overcome this
challenge, we utilized the Rab40b SOCSAAAA mutant as a way to capture protein substrates.
We hypothesized that Rab40b SOCSAAAA would still bind substrates, but that without

Cul5 interaction, ubiquitylation and subsequent turnover/release of the substrate would be
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inhibited. In effect, we expected that these proteins bound to Rab40b SOCSAAAA would be
“stuck” and would accumulate in the cell compared to a WT context. Indeed, using mass
spectrometry and proteomic analysis we identified a subset of Rab40b binding proteins that
were enriched in Rab40b SOCSAAAA vs Rab40b WT. Detailed here are the materials and
methods. In the Conclusion section, we share our results and our future goals for using this
method to test for functional differences in the Rab40 family.

3. Materials

3.1 Crosslinking of FLAG antibody to Protein G Sepharose

1.

© © N o g ~ w D

[EY
°

a-FLAG mouse antibody (Sigma Aldrich, Clone M2)

Mouse IgG (Jackson Labs, 015-000-003)

Protein G Sepharose (PGS, GE Healthcare, 17-0618-01)

Phosphate Buffered Saline (PBS) pH 7.4

Tris buffer: 20mM Tris pH 8.0, 200mM NaCl

Borate buffer;: 200mM Na-Borate pH 9.0 (Notes 1)

Dimethyl pimelimidate dihydrochloride (DMP) crosslinker (Notes 2)
Ethanolamine buffer: 200mM Ethanolamine pH 8.0 (Notes 3)
Reaction buffer: 20mM HEPES pH 7.4, 150mM NaCl

Equipment: rotator, microcentrifuge at 4C

3.2 FLAG-Rab40b immunoprecipitation

1.

Ice-cold Reaction buffer for cell lysis: 20mM HEPES pH 7.4, 150mM NaCl, 1%
Triton X-100, ImM Phenylmethylsulfonyl Fluoride (PMSF), 1mM Phosphatase
Inhibitors (Calbiochem 524625), 10mM lodoacetamide (DUBI)

Reagents for locking Rab40b WT and Rab40b SOCSAAAA in a GTP/active
state: 5mM Ethylenediaminetetraacetic acid (EDTA), 5mM Guanosine 5-[B,y-
imido]triphosphate trisodium salt hydrate (GMP-PNP), 156mM MgCl, (Notes 4)

a-FLAG beads and mice IgG beads prepared in 3.1

Ice-cold Reaction buffer for washing: 20mM HEPES pH 7.4, 150mM NacCl,
0.1% Triton X-100, 1mM MgCl,

Gel loading tips (or any ultra-thin tip)

Elution buffer: 10mM Tris pH 7.4, 1% Sodium Dodecyl Sulfate (SDS), 100uM
Dithiothreitol (DTT)

Equipment: rotator, microcentrifuge at 4C, benchtop/large capacity centrifuge at
4C, heat bath at 55C
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4.1 Crosslinking of FLAG antibody to Protein G Sepharose

This protocol is written to make 1mL of a-FLAG beads and 500uL of mouse IgG beads.
200pL of beads are used for each reaction (ie. 50ug of antibody). This can be scaled up or

down.
1.
2.
3.

10.
11.
12.
13.

14.
15.
16.

Measure a-FLAG mouse antibody and mouse 1gG concentration.
Prepare a 50% PGS bead solution in PBS. Keep cold.

Combine 300ug of a-FLAG antibody and 250ug of mouse 1gG with 1mL and
500uL of 50% PGS beads, respectively. For these first steps, 1.5mL tubes are
sufficient. Notice switch to 15mL conical in step 8.

Incubate for 2 hours at room temperature (RT) while rotating.

Spin down antibody-bead solution. 2000rpm for 5 minutes at 4C. Unless
otherwise noted, all spins should be performed at these settings.

Wash beads 1X with 1mL of Tris buffer. Spin and discard supernatant (sup).

Wash beads 5X with 1mL of Borate buffer. Spin and discard sup between each
wash.

Resuspend beads in 1mL of Borate buffer. Transfer solution to 15mL conical.

Make 1M stock of DMP crosslinker in Borate buffer. Add 50uL of 1M DMP
stock to each set of beads. Cover 15mL conical in foil, DMP is light sensitive.

Incubate at RT for 30 minutes while rotating.
Spin and discard sup.
Wash beads 1X with 5mL of Ethanolamine buffer. Spin and discard sup.

Quench crosslinking reaction for 3 hours with 5mL of Ethanolamine buffer. RT
while rotating.

Spin and discard sup.
Wash 5X with 1mL of Reaction buffer. Spin and discard sup between each wash.

On the last discard, use gel loading tips (or something similar) to get as much
buffer off as possible. Resuspend a-FLAG beads in 500uL of Reaction buffer.
Resuspend mouse 1gG beads in 250puL of Reaction buffer.

4.2 FLAG-Rab40b immunoprecipitation

Before performing this immunoprecipitation large-scale, we recommend testing the beads in
a small-scale reaction first to make sure a-FLAG and mouse 1gG are covalently bonded and
to troubleshoot any issues with elution. See Notes 5 for more details.

1.

Grow 4x10cm dishes of MDA-MB-231 FLAG-Rab40b WT cells and FLAG-
Rab40b SOCSAAAA cells,
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15.

16.

17.

18.
19.
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Once confluent, wash plates with PBS. Then, lyse cells (250uL per plate) with
ice-cold Reaction buffer for cell lysis (can either scrape or lyse from trypsinized
pellet).

Incubate at 4C for 1 hour while rotating.
Pellet lysed cells by centrifugation. 12000rpm for 10 minutes at 4C.

Take supernatant. Save a small sample for checking FLAG expression later (if
needed). Measure lysate concentration.

Set 3 tubes. These can either be 1.5mL tubes or 15mL conicals, depending on
your lysate concentration and volume. Calculate the volume needed for 1.5mg
of lysate. Tube 1 gets 1.5mg of FLAG-Rab40b WT lysate. Tube 2 gets 1.5mg
of FLAG-Rab40b 4A lysate. Tube 3 gets 0.75mg of FLAG-Rab40b WT lysate
and 0.75mg of FLAG-Rabh40b SOCSAAAA ysate. For each tube, make up the
difference in volume with Reaction buffer to ensure equal concentration and
equal volume. The goal volume should be about 1mL.

Pre-clear lysates by adding 200uL of 50% PGS solution. Incubate at RT for 30
minutes while rotating.

Spin and move sups to new tubes.

For lysates in tubes 1 and 2, follow the steps 10-12 for GMP-PNP locking. It is
not necessary to lock tube 3 (mouse IgG control).

Add EDTA to 5mM. Incubate at RT for 10 minutes while rotating. This will
chelate Magnesium ions and will remove any GTP/GDP nucleotide bound to
Rab40b.

Add GMP-PNP to 5mM. Incubate at RT for 10 minutes while rotating. (Notes 6)

Add MgCl, to 15mM (3X fold EDTA concentration). Incubate at 37C for 10 min
while rotating.

Add 200pL of a-FLAG beads to tubes 1 and 2. Add 100uL of mouse IgG beads
to tube 3.

Incubate at RT for 2 hours while rotating.

Spin and remove sup. Take a sample of flow through for later analysis (if
needed).

Wash 5X with 10mL of ice-cold Reaction buffer for washing. Spin and discard
sup between each wash.

Resuspend beads in 1ImL of ice-cold Reaction buffer for washing. Transfer beads
to 1.5mL tubes. Spin and discard sup. On this last discard, use gel loading tips
(or something similar) to get as much buffer off as possible.

Add 100pL of Elution buffer to tubes 1, 2, and 3.

Incubate beads with Elution buffer for 15 minutes at 55C.
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20.  Spinand collect eluates.
21.  Repeat steps 18-20 for a second elution step.

22.  Before freezing or proceeding to 4.3, take 15uL of each elution and run a gel to
test the efficiency of the immunoprecipitation. Probe with a-FLAG antibody to
check for FLAG-Rab40b in eluates.

4.3 Proteomics

The following protocol was performed by the University of Colorado School of Medicine
Biological Mass Spectrometry Facility. In brief, samples from 4.2 were digested with trypsin
in-solution and were analyzed on a Q Exactive HF mass spectrometer.

Trypsin digestion—The samples were digested according to the FASP protocol using a
10 kDa molecular weight cutoff filter. In brief, the samples were mixed in the filter unit
within 8 M urea in 200mM ammonium bicarbonate (ABC), pH 8.5 and centrifuged at 14
000g for 15 min. The proteins were reduced by addition of 100 pL of 10 MM DTT in 8 M
urea in 100 mM ABC, pH 8.5, incubation for 30 min at RT and the device was centrifuged.
Subsequently, 100 ul of 25 mM iodoacetamide in 8 M urea in 200 MM ABC, pH 8.5

were added to the samples, incubation for 15 min at RT in dark followed by centrifugation.
Afterward, three washing steps with 100 pL of 8 M urea in 100 mM ABC, pH 8.5 solution
were performed, followed by three washing steps with 100 uL of 50 mM ABC buffer.
Protein digestion was carried out with the presence 0.02 % of ProteaseMax (Promega,
Madison, WI) detergent at 37°C overnight. Peptides were recovered from the filter using
25mM ABC. Samples were dried in Speed-Vac and Thermo Scientific Pierce® Detergent
Removal Resin was used to remove residue of detergent from the sample.

Mass Spectrometry—Samples were analyzed on a Q Exactive HF quadrupole orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Easy nLC
1000 UHPLC (Thermo Fisher Scientific) through a nanoelectrospray ion source. Peptides
were separated on a self-made C18 analytical column (100 um internal diameter, x 20

cm length) packed with 2.7 um Phenomenex Cortecs particles. After equilibration with 3

UL 5% acetonitrile 0.1% formic acid, the peptides were separated by a 120 min a linear
gradient from 4% to 30% acetonitrile with 0.1% formic acid at 400nL/min. LC mobile phase
solvents and sample dilutions used 0.1% formic acid in water (Buffer A) and 0.1% formic
acid in acetonitrile (Buffer B) (Optima™ LC/MS, Fisher Scientific, Pittsburgh, PA). Data
acquisition was performed using the instrument supplied Xcalibur™ (version 4.0) software.
The mass spectrometer was operated in the positive ion mode, in the data—dependent
acquisition mode. The full MS scans were obtained with a range of m/z 300 to 1800, a

mass resolution of 120,000 at m/z 200, and a target value of 1.00E+06 with the maximum
injection time of 50 ms. HCD collision was performed on the 15 most significant peaks,

and tandem mass spectra were acquired at a mass resolution of 30,000 at m/z 200 and a
target value of 1.00E+05 the maximum injection time of 100 ms. Isolation of precursors was
performed with a window of 1.2 Th. The dynamic exclusion time was 20s. The normalized
collision energy was 32. We excluded precursor ions with single, unassigned, or eight and
higher charge states from fragmentation selection.
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MS/MS spectra were extracted from raw data files and converted into mgf files using
Proteome Discoverer 2.2. These mgf files were then independently searched against the
mouse uniprotkB database (release date 2018.02) using an in-house Mascot™ server
(\Version 2.6, Matrix Science). Mass tolerances were +/— 10 ppm for MS peaks, and +/-

25 ppm for MS/MS fragment ions. The parameters included; trypsin as digestion enzyme
with up to two missed cleavages permitted, carbamidomethyl (C) as a fixed modification and
Pyro-glu (A-term), Oxidation (M).

Scaffold (version 4.8.0, Proteome Software, Portland, OR, USA) was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if
they could be established at greater than 95.0% probability as specified by the Peptide
Prophet algorithm. Protein identifications were accepted if they could be established at
greater than 99.0% probability and contained at least two identified unique peptides. To
determine Rab40b-interacting proteins (both WT and SOCSAAAA) | we established the
following criteria. First, only proteins >3-fold 1gG control (spectral counts) were analyzed.
Second, any hits identified as non-specific based on the CRAPome database were dismissed,
as well as any additional DNA, RNA, and mitochondrial proteins [36]. Finally, a 1.5-fold
enrichment cutoff (spectral counts) was used to identify proteins preferentially bound to
Rab40b SOCSAAAA vs Rab40b WT.

1. Make 200mM Boric Acid solution in water, and pH to 9.0 with NaOH. It is best
to make this buffer the day of, as borate has a tendency to precipitate over time.

2. DMP is moisture sensitive and light sensitive. Powder stock should be stored
with a desiccant. Once DMP is solubilized, keep in the dark for crosslinking
reaction.

3. Ethanolamine hydrochloride was used for this experiment. Do not use any
buffers that contain primary amines, as these will compete with the crosslinking
reaction.

4. GMP-PNP was used for this experiment as a non-hydrolyzable form of GTP. It
is possible to use other alternatives such as GTPyS, which we have successfully
used for other GTP locking experiments.

5. It is important to do a small-scale immunoprecipitation test with the beads before
moving on to the large-scale experiment. This is to make sure that both FLAG
and IgG are covalently attached to the beads, and to troubleshoot any potential
issues with elution off the beads. We recommend using 10ug of a-FLAG beads
and 10pg of mouse IgG beads for the small-scale test. The amount of lysate
needed is dependent on expression of your protein of interest, but for reference,
250ug of lysate was used in our small-scale experiment. For this smaller test,
steps from 4.2 can be significantly shortened or skipped: GMP-PNP loading is
not needed, lysate and beads can be incubated for just 1 hour, washing steps can
be reduced to 1mL, etc. We do recommend keeping the pre-clearing step.
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6. Although we know that Rab40b binding to Cul5 is GTP independent (data
not shown), it is possible that potential ubiquitylation substrates only bind to
Rab40b in a GTP dependent manner. To increase the success rate of capturing
GTP-dependent substrates, we locked Rab40b in an active GTP bound state,
via GMP-PNP loading (see Notes 4). Briefly, we stripped any nucleotide bound
(during lysis) with EDTA, then re-loaded the GTP binding pocket with GMP-
PNP. Finally, MgCl, was added in excess to quench the reaction and stabilize
nucleotide binding.

6. Results and Conclusion

After analyzing protein hits from two independent experiments (including cut off criteria
described in 4.3), we identified a set of Rab40b binding proteins that were enriched in
Rab40b SOCSAAAA compared to Rab40b WT. From the first run, 43.1% (81/188) of
proteins were enriched in SOCSAAAA ys WT. In the second run, 52.5% (32/61) of proteins
were enriched in SOCSAAAA ys WT. In Importantly, all of the core components of the Cul5
CRL were detected in the WT background and noticeably disrupted with the SOCSAAAA
mutant in both experiments (Figure 3C). This disruption of the complex gives us confidence
in the overall success of the experiment and the ability to identify true ubiquitylation
targets. We are now validating these SOCSAAAA pinding proteins through a number of
different experiments. In general, we first begin by measuring overall protein levels of
substrates in Rab40b SOCSAAAA and Rab40b knockout cells. This is to directly test the
prediction that substrates levels should increase if we disrupt the complex responsible for
its degradation and turnover. We follow this up with /n vitro binding and ubiquitylation
assays to confirm that Rab40b/Cul5 directly regulates a given substrate. Ultimately, the

goal is to understand how ubiquitylation, or lack thereof, of a particular substrate impacts
3D cell migration. Given our previous evidence for Rab40b being a positive regulator of
cell migration (decreased MMP2/9 secretion in Rab40b depleted cells), we hypothesize that
Rab40b/Cul5 degrades negative regulators of cell migration processes.

Here we have presented an unbiased approach for identifying potential ubiquitylation targets
of the Rab40b/Cul5 complex. The results and knowledge gained from this study will greatly
surpass our original goal of elucidating novel Rab40b SOCS-dependent function during
breast cancer cell migration, by allowing us to consider bigger picture questions. For
example, this method can be broadly applied to other members of the Rab40 family and

will help uncover the functional differences between the Rab40/Cul5 complexes. We also
anticipate that this workflow will be useful for identifying ubiquitylation substrates of other
SOCS box proteins.
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Figure 1. Evolution and structure of Rab40 gene family
A Domain architecture of Rab40 compared to Rab11 shows extended C-terminal SOCS

box domain. B Sequence alignment of Rab40 subfamily and a subset of well-studied Rabs
highlighting GEF binding region (left) and Switch Il region (right). Rab40 proteins exhibit

a non-canonical Glycine (green) within the GEF binding motif (conserved Serine/Threonine
in yellow) and maintain the conserved Glutamine critical for GTPase activity (yellow). C
Maximum likelihood gene tree (PhyML) of Rab40 coding sequences shows duplications of
Rab40 paralogs in vertebrate taxa. Note that Cyclostome Rab40 sequences form a clade with
Gnathostome Rab40c sequences, and that Rab40a/al result from a duplication of Rab40b.
Larger node sizes correspond to greater bootstrap support. D Hypothesis of Rab40 gene
family evolution in vertebrates. Rab40 originates in the lineage leading to bilaterians, and
duplicates in the lineage leading to vertebrates resulting in Rab40b and Rab40c paralogs. A
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subsequent duplication in the lineage leading to monkeys and apes results in the addition of
Rab40a and Rab40al paralogs.
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SOCS Domain Alignment

BC box Cul5 box
VLSLQELCCRTIVRRT--SVY----AIDSLPLPPSVKSTLKSYALT
VLSLQDLCCRSIVSCT--PVH----LIDKLPLPVTIKSHLKSFSMA
VFSLQDLCCRAIVSCT--PVH----LIDKLPLPVTIKSHLKSFSMA
VFSLQDLCCRAIVSCT--PVH----LIDKLPLPVAIKSHLKSFSMA
VLSLQODLCCRTIVSCT--PVH----LVDKLPLPSTLRSHLKSFSMA
VLSLQDLCCRTIVSCT--PVH----LVDKLPLPIALRSHLKSFSMA
VLSLQODLCCRAVVSCT--PVH----LVDKLPLPIALRSHLKSFSMA
VLSLQDLCCRSIVSCT--PVH----LVDKLPLPVALKSHLKSFSMA
APSLQHLCRLTINKCT--G-—————- AIWGLPLPTRLKDYLEEYKFQ
ARSLQHLCRLVINRLV--A—————- DVDCLPLPRRMADYLRQYPFQ

PLPLMDLCRRSVRLALGRERLG---EITHTLPLPASLKAYLLYQ---
PGTLKTLARYAVRRSLGLQYL--PDAVKGLPLPASLKEYLLLLE--
VPSLOHLCRMSIRRVMPTQ—-————- EVOQELPIPSKLLEFLSYRI--

bl P v |.P|.-P LleLk

Figure 2. Conservation and function of the Rab40 SOCS box
A. Alignment of Rab40 SOCS box and other human SOCS proteins shows sequence

conservation. Green highlights the Cul5 box, where the LPLP motif is conserved across

all Rab40 sequences and multiple human SOCS box containing proteins. Conserved residues
across all human SOCS box containing proteins are summarized at the bottom. B. Example
of a Cullin-RING ligase (CRL) that includes the scaffold protein Cul5, a SOCS-containing
adaptor protein, RING protein Rbx2, and adaptor proteins Elongin B and Elongin C (left).
This CRL complex facilitates ubiquitylation of target substrates. Strong evidence from

our lab and others shows that Rab40b (and other members of the Rab40 subfamily) is a
legitimate SOCS-containing adaptor protein for Cul5 (right).
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Figure 3. Rab40b SOCSAAAA mutant disrupts Cul5 complex interaction
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A. Mutation of LPLP=>AAAA within Rab40b Cul5 box to generate Rab40b SOCSAAAA,

B. To test the effect of Rab40b SOCSAAAA pinding to Cul5, a pull-down assay was

performed. Briefly, MDA-MB-231 lysates overexpressing human FLAG-Rab40b (WT or

SOCSAAAA) were incubated with purified human GST-Cul5 or GST alone (control)

followed by a standard GST pull-down experiment. Eluates were immunoblotted with a-
FLAG mouse antibody. Graph below shows results from three independent experiments,
normalized to WT binding. * indicates significant p-value=0.0176. C. Mass spectrometry
results from two independent experiments shows disruption of CRL complex with Rab40b
SOCSAAAA These are raw spectral counts (defined as the total number of spectra identified

for a protein).
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