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selectivity for positive colonies. The plasmid encoding DsRed-FY VE was introduced into
yeast strains using a one-step transformation protocol as previously described (Chen et
al., 1992), following which cells were plated on selective media lacking leucine (SD/-

LEU). Positive colonies were confirmed using fluorescent microscopy.

Colony PCR

All transformed cells were confirmed using colony PCR. DNA was either
extracted using MasterPure™ Yeast DNA Purification Kit (Epicentre MPY 80200) or
using a “Quick and Dirty” method. Extracted DNA was used as template and was added
into PCR mix [19pl Sterile H20, 2.5ul 10x Ammonium Buffer, 1ul MgClz, 0.5ul 10x
dNTP mix, 0.5u] 10uM Forward primer, 0.5u1 10uM Reverse Primer, 0.3ul Bull Taq,
and 1pl Template]. PCR protocol was then run on a BioRad C1000 Thermal Cycler.
Amplified PCR samples were run on a 1% Ethidium Bromide agarose gel with Sul of 6X
Sample Loading Buffer for confirmation against 1X 1Kb DNA Ladder (New England

BioLabs, N3232L).

Fluorescence Microscopy

GFP/RFP tagged cells were also partially confirmed via fluorescent microscopy.
For this process cells were grown in their respective selective media overnight, and their
OD was measured using a Thermo Scientific Biomate 3 Spectrophotometer. Cells at an
OD between 0.6 and 0.8 are spun down (1ml of culture, 1500 rpm for 3 min) and
visualized using a spinning disk confocal system that includes an inverted Olympus IX81
microscope, a Yokogawa CSUX1 spinning disk head, a 100x numerical aperture (NA)
1.4 PlanApo oil objective, and an Electron Amplified CCD (ImagEM, Hamamatsu) or a

conventional fluorescence microscope (ORCA camera). The image was focused at an
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equatorial plane of the cells under oil immersion at 100x magnification. Exposure for all
cases was set to 200ms. Simultaneous two-color imaging was done using an image
splitter to separate red and green emission signals. All images were taken focused on the

center plane of the cell.

Quantitative Analysis of Retromer Colocalization

Yeast strains containing GFP-tagged copies of all five Retromer proteins (Vps5,
Vpsl7, Vps26, Vps29, and Vps35) with wild type Vps1 or vps/A carrying the DsRed-
FYVE plasmid were grown in their respective selective medium overnight at 30°C until
reaching an OD between 0.6-0.8. Cells were then imaged using a spinning-confocal
microscope (ImagEM). Once a sufficient number (n = 30) of these cells were captured for
each sample, the pictures were analyzed. The number of GFP and DsRed puncta were
counted separately, and then compared to give a colocalization percentage. This
percentage represents the approximate amount of colocalization between the GFP and
DsRed proteins in vivo. Yeast strains containing GFP-tagged Retromer proteins and RFP-
tagged Vps1 were also analyzed in the same manner as DsRed (described above) with the
exception of Vps5-GFP mRFP-Vpsl. Due to loss of Vps5-GFP puncta (most likely due
to mutation in the tagged protein sequence), this strain was constructed by one-step
transforming Vps5-GFP yeast cells with an mRFP-Vps1-URA vector. Once all cells were
counted for all 3 sets, statistical analysis was run on the data, computing the average
amount of colocalization in each strain, as well as standard deviation and corresponding

error bars (Microsoft Excel).
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questions, largely due to the functional overlap of Vps5 and Vps17, as well as both
proteins being fairly homologous to one another (Horazdovsky et al., 1997; Seaman and
Williams, 2002). However, the data does give legitimacy to the possibility of the CRC
(Vps26-Vps35-Vps29) directly binding Vps1. This opens the possibility of the CRC and
Vpsl being able to recognize each other, which could lead to a possible recruitment
mechanism, a point of contention described earlier. If it is possible for Vps1 to bind the
CRC, which could further explain the relationship between the Retromer and Vpsl, as
well as give solid support to the argument that Vps1 may act as the scission protein for
the retrograde transport pathway. Certainly if the Retromer exhibits the ability to bind to
Vpsl in vivo, this provided evidence for the scission protein hypothesis, as binding the
Retromer could be the mechanism by which Vpsl targets the endosomal tubule in order
to perform the scission function. Perhaps Vpsl1 recognizes the CRC and binds it, then
assembles around the tubule in order to pinch of vesicles. This hypothesis would mean

that the Retromer is recruited before Vpsl.

Conclusions

Taken together, my data provides further evidence towards the possibility of Vpsl
to act as a scission protein in Retrograde Transport, as I have presented a basis for a
relationship between the Retromer and Vps1. Further research must be done into the
physical interaction relationship, as well as mechanistic studies that may be able to
identify a more concrete recruitment profile for the Retromer. Nevertheless, the data
shown here gives an extensive look into the localization and functional relevance of Vpsl
to the Retromer. In addition to recruitment, my data lends evidence that may strengthen

the Retromer-Alzheimer/Parkinson’s link, and hopefully can provide further insight into
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the pathology of these diseases. In the future, I am hopeful that the entirely of the
Retromer/retrograde transport system can be discovered and characterized, as it would be
incredibly helpful to neurodegenerative and other human disease. Though it cannot be
said with certainty, I present that these findings deliver a pivotal step in the clarification
of the Retromer system, with specific insight into the relationship between the Retromer

and Vpsl.

Future Directions

Moving forward from these results, there are several future experiments that
would help solidify the data I collected. The Yeast-Two-Hybrid physical interactions
results reported here need to be confirmed using an alternative protein-protein binding
assay, such as a GST Pulldown Assay. The recruitment question needs to be completed,
determining whether or not Vpsl1 is able to colocalize to the endosome in the absence of
the Retromer. The decrease in Retromer puncta must be explored, and qPCR can be used
to determine what change, if any, occurs in the expression of the Retromer in WT versus
vpsIA cells. Also, a localization experiment of the Retromer cargo Vps10 to see where
Vps10 accumulates in WT versus vpsIA cells would further shed light on the possible
role of Vpsl as the scission protein for retrograde transport. These experiments are just a

few possible examples our lab may be able to investigate in the field of yeast Retromer.

43



REFERENCES

Arighi, C.N., Hartnell, L.M., Aguilar, R.C., Haft, C.R., and Bonifacino, J.S. (2004). Role
of the mammalian retromer in sorting of the cation-independent mannose 6-phosphate
receptor. J Cell Biol /65, 123-133.

Arlt, H., Auffarth, K., Kurre, R., Lisse, D., Piehler, J., and Ungermann, C. (2015).
Spatiotemporal dynamics of membrane remodeling and fusion proteins during endocytic
transport. Mol Biol Cell 26, 1357-1370.

Belenkaya, T.Y., Wu, Y., Tang, X., Zhou, B., Cheng, L., Sharma, Y.V., Yan, D., Selva,
E.M., and Lin, X. (2008). The retromer complex influences Wnt secretion by recycling
whntless from endosomes to the trans-Golgi network. Dev Cell 74, 120-131.

Blot, G., Janvier, K., Le Panse, S., Benarous, R., and Berlioz-Torrent, C. (2003).
Targeting of the human immunodeficiency virus type 1 envelope to the trans-Golgi

network through binding to TIP47 is required for env incorporation into virions and
infectivity. J Virol 77, 6931-6945.

Bonifacino, J.S., and Hurley, J.H. (2008). Retromer. Curr Opin Cell Biol 20, 427-436.

Bryan, A., Youngster, 1., and McAdam, A.J. (2015). Shiga Toxin Producing Escherichia
coli. Clin Lab Med 35, 247-272.

Bugarcic, A., Zhe, Y., Kerr, M.C., Griffin, J., Collins, B.M., and Teasdale, R.D. (2011).
Vps26A and Vps26B subunits define distinct retromer complexes. Traffic 12, 1759-1773.

Bujny, M.V., Popoff, V., Johannes, L., and Cullen, P.J. (2007). The retromer component
sorting nexin-1 is required for efficient retrograde transport of Shiga toxin from early
endosome to the trans Golgi network. J Cell Sci 720, 2010-2021.

Burd, C., and Cullen, P.J. (2014). Retromer: a master conductor of endosome sorting.
Cold Spring Harb Perspect Biol 6.

Burda, P., Padilla, S.M., Sarkar, S., and Emr, S.D. (2002). Retromer function in
endosome-to-Golgi retrograde transport is regulated by the yeast Vps34 PtdIns 3-kinase.
J Cell Sci 115, 3889-3900.

Chen, D.C., Yang, B.C., and Kuo, T.T. (1992). One-step transformation of yeast in
stationary phase. Curr Genet 2/, 83-84.

Chi, R.J., Liu, J., West, M., Wang, J., Odorizzi, G., and Burd, C.G. (2014). Fission of

SNX-BAR-coated endosomal retrograde transport carriers is promoted by the dynamin-
related protein Vpsl. J Cell Biol 204, 793-806.

44



Seaman, M.N., McCaffery, J.M., and Emr, S.D. (1998). A membrane coat complex
essential for endosome-to-Golgi retrograde transport in yeast. J Cell Biol 742, 665-681.

Seaman, M.N.J. (2004). Cargo-selective endosomal sorting for retrieval to the Golgi
requires retromer. J Cell Biol 765, 111-122.

Seaman, M.N.J. (2005). Recycle your receptors with retromer. Trends Cell Biol 75, 68-
75.

Seaman, M.N.J. (2007). Identification of a novel conserved sorting motif required for
retromer-mediated endosome-to-TGN retrieval. J Cell Sci 120, 2378-2389.

Seaman, M.N.J. (2012). The retromer complex - endosomal protein recycling and
beyond. J Cell Sci 125, 4693-4702.

Seaman, M.N.J., Harbour, M.E., Tattersall, D., Read, E., and Bright, N. (2009).
Membrane recruitment of the cargo-selective retromer subcomplex is catalysed by the
small GTPase Rab7 and inhibited by the Rab-GAP TBC1D5. J Cell Sci 122, 2371-2382.

Seaman, M.N.J., and Williams, H.P. (2002). Identification of the functional domains of
yeast sorting nexins Vps5p and Vps17p. Mol Biol Cell 13, 2826-2840.

Shaw, J.D., Cummings, K.B., Huyer, G., Michaelis, S., and Wendland, B. (2001). Yeast
as a model system for studying endocytosis. Exp Cell Res 271, 1-9.

Shi, H., Rojas, R., Bonifacino, J.S., and Hurley, J.H. (2006). The retromer subunit Vps26
has an arrestin fold and binds Vps35 through its C-terminal domain. Nat Struct Mol Biol
13, 540-548.

Small, S.A. (2008). Retromer sorting: a pathogenic pathway in late-onset Alzheimer
disease. Arch Neurol 65, 323-328.

Small, S.A., Kent, K., Pierce, A., Leung, C., Kang, M.S., Okada, H., Honig, L.,
Vonsattel, J.-P., and Kim, T.-W. (2005). Model-guided microarray implicates the
retromer complex in Alzheimer's disease. Ann Neurol 58, 909-919.

Small, S.A., and Petsko, G.A. (2015). Retromer in Alzheimer disease, Parkinson disease
and other neurological disorders. Nat Rev Neurosci /6, 126-132.

Song, X., Xu, W., Zhang, A., Huang, G., Liang, X., Virbasius, J.V., Czech, M.P., and
Zhou, G.W. (2001). Phox homology domains specifically bind phosphatidylinositol
phosphates. Biochemistry 40, 8940-8944.

Sullivan, C.P., Jay, A.G., Stack, E.C., Pakaluk, M., Wadlinger, E., Fine, R.E., Wells,

J.M., and Morin, P.J. (2011). Retromer disruption promotes amyloidogenic APP
processing. Neurobiol Dis 43, 338-345.

50



Figure 8: Retromer Proteins Localize to the Endosome in WT Cells. A: Retromer proteins
colocalize with the Endosome. Representative images of wild type strains expressing N-
terminal GFP tagged Retromer proteins and the Endosomal marker DsRed-FY VE.
Arrowheads indicate colocalized puncta. All 5 Retromer proteins show colocalization
with DsRed-FYVE. B: Quantification of Retromer-GFP colocalization with DsRed-
FYVE. The average percentage of colocalization in each cell shown is out of 100% with
error bars showing Standard Deviation.
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Figure 9: Retromer Proteins Localize to the Endosome in vps/A Cells A: Retromer
proteins colocalize with the Endosome. Representative images of vps/A strains
expressing N-terminal GFP tagged Retromer proteins and the Endosomal marker DsRed-
FYVE. Arrowheads indicate colocalized puncta. All 5 Retromer proteins show
colocalization with DsRed-FY VE. B: Quantification of Retromer-GFP colocalization
with DsRed-FYVE. The average percentage of colocalization in each cell shown is out of
100% with error bars showing Standard Deviation. P-values for statistical comparison of
WT (Fig. 8) and vpsIA (Fig. 9) partial colocalization: Vps5 p =0.034, Vps17 p=0.136,
Vps26 p=0.760, Vps29 p = 0.72, Vps35 p = 0.639.
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Figure 10: Retromer Targeting is Decreased in Cells Lacking Vpsl. A: Representative
images of wild type and vps /A strains expressing N-terminal GFP tagged Retromer
proteins. B: Quantification of Retromer targeting in WT and vps /A strains with error bars
showing Standard Deviation. Cells were grown in selective medium, imaged, and the
number of puncta were counted in each cell (n = 75). Data analyzed by two-tailed,
unpaired student’s T-test, giving p-values for each Retromer proteins: Vps5 p = 6.83E-
11, Vps17 p=0.181, Vps26 p = 5.14E-31, Vps29 p = 7.86E-12, and Vps35 p = 1.56E-09.
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Figure 11: Vps1 and Vps35 genetically interact. Dilutions of haploid double mutants (ex:
vps1Avps5A) were grown on YPD plates for 2 days at 30°C. Abnormal or Inhibited
growth indicate Synthetic Sickness/Lethality, respectively. The double mutant
vps1Avps35A shows no growth (Synthetic Lethality) at 37°C, suggesting a functional
relationship between Vpsl and Vps35 in vivo.
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Figure 12: Vpsl1 Physically Interacts with Several Retromer proteins. A: A dilution series
of cell strains containing both AD and BD plasmids. Growth on stringent media
(TDO/QDO) indicates strength of interaction based on activation of reporter genes
(ADE/HIS). VpsS, Vps26, Vps29, and Vps35 growth on QDO suggest Vps1 physically
binds with these Retromer proteins in vivo. B: Quantification of Retromer-Vps1 Yeast-
Two-Hybrid physical interaction assay. Relative cell densities on QDO media were used
to calculate representative binding affinities for all strains tested, with error bars showing
Standard Deviation.
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