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Defects in Intracellular Trafficking and
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ABSTRACT

The yeast Saccharomyces cerevisiae is a standard model system to study endocytosis. Here we describe the examination of a representative

subset of deletion mutants to identify and locate steps in endocytic transport, endosomal/lysosomal acidification and in intracellular transport
of hydrolases in non-viral transfection processes. When transport in late endocytosis is inhibited, transfection efficiency is significantly

enhanced. Similarly, transfection efficiency is enhanced when the pH-value of the endosomal/vacuolar system is modified. Transfection

efficiency is furthermore elevated when the Na™/K™ transport in the endosomal system is disturbed. Finally, we observe enhanced transfection

efficiency in mutants disturbed in the CVT/autophagy pathway and in hydrolase transport to the vacuole. In summary, non-viral
transfection efficiency can be significantly increased by either (i) inhibiting the transport of endocytosed material before it enters the

vacuole, or (ii) inducing a non-natural pH-value of the endosomal/vacuolar system, or (iii) slowing down degradative processes by inhibiting
vacuolar hydrolases or the transport between Golgi and late endosome/vacuole. J. Cell. Biochem. 106: 327-336, 2009. © 2008 Wiley-Liss, Inc.
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T he yeast Saccharomyces cerevisiae is a standard model for
studying endocytosis [Shaw et al., 2001]. In previous studies,
we were able to establish yeast as a model for endocytosis-mediated
non-viral transfection [Neukamm et al., 2002, 2006]. The transfec-
tion assay is based on the uptake of the naked DNA vector by
endocytosis and the subsequent liberation of the DNA from the
endocytic/vacuolar system by an induced osmotic shift. When using
sucrose or sorbitol in equal osmolarities, DNA uptake was shown to
be indeed endocytosis dependent. Transfection is achieved in
sucrose solutions only, but not in sorbitol, indicating that uptake is
an active and energy-dependent process. Both LY-CH and FM4-64
staining and the low efficiency of transfection in the endocytosis
deficient mutant end3 further affirm that endocytosis is the uptake
mechanism for DNA in this assay [Neukamm et al., 2002]. The
findings of the yeast model could successfully be transferred to a
human cancer cell line (HepG2). Transfection enhancers identified in

the yeast system were confirmed in the mammalian system
[Neukamm et al., 2006].

To understand in detail the transport of vector DNA after the
endocytic uptake and to elucidate potential bottlenecks for non-
viral transfection approaches, we used selected yeast mutants, which
are deleted for genes typical for specific steps in intracellular
transport. In yeast endocytosis the clathrin-dependent internalisa-
tion pathway is relevant [Baggett and Wendland, 2001]. Clathrin-
dependent internalisation seems to be dependent on actin both in
mammalian [Yarar et al., 2005] and yeast cells [Kaksonen et al.,
2005]. After internalisation, the vesicles are uncoated by a process
dependent on the auxin homologue Swa2p before they fuse to early
endosomal membranes. Some proteins coming from the trans Golgi
network (TGN) are sorted into the early endosome. Many proteins
sorted via the TGN are also sorted via the next compartment, the late
endosome, also known as prelysosomal or prevacuolar compartment
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(PVCQ) [Gerrard et al., 2000] or the multivesicular body (MVB). Here,
proteins sorted via the CPY sorting pathway from TGN to PVC meet
with endocytosed material on the way to the vacuole [Bryant et al.,
1998].

In addition to the CPY sorting pathway, the ALP pathway, named
for its most prominent cargo alkaline phosphatase, transports
material directly to the vacuole from the TGN, bypassing the late
endosome [Panek et al., 1997; Darsow et al., 2001].

Finally, proteins, parts of the nucleus and even whole organelles
are transported into the vacuole via the cytosol-to-vacuole-targeting
(CVT)/autophagy pathway. As an example for the CVT pathway,
Atg19p functions as receptor for the vacuolar aminopeptidase (API).
APIisbound at Atg19p clusters and is taken up into the vacuole [Scott
et al.,, 2001]. In addition, cells recycle mitochondria by autophagy
and show piecemeal microautophagy of the nucleus (PMN), under
starvation conditions [Pan et al., 2000; Roberts et al., 2003] by
nucleus-vacuole junctions (NVJ).

It is still unclear which of these processes play a role in
endocytosis-based DNA delivery in non-viral transfection. We
analysed endocytosis mutants (rcy1, vps21, vps45, vps27, vps4 and
vame), endocytic/vacuolar pH- and ion homeostasis mutants (stv1,
vphl, nhxl, vexl and pmcl), Golgi to endosome/vacuole transport
mutants (vps13, vps17 and apl5) and CVT/autophagy mutants
(atg19 and vac8) to understand their specific involvement in DNA
transfection.

Some parameters influencing non-viral transfection efficiency in
mammalian cells have been discussed [Akinc and Langer, 2002;
Wilber et al., 2002; Howell et al., 2003], these include pH-conditions
and the role of lysosomal DNases in non-viral transfection. Non-
functional V-ATPase correlates with reduced endocytic transport
[Klionsky et al., 1992]. Protein activities are influenced by pH-value
and ionic composition of the endocytic system as described for
Kex2p, whose activity is dependent on K*-ion concentration, for
example [Rockwell and Fuller, 2002].

To enhance understanding and to describe an optimised way to
apply endocytosis-based transfection, we use the yeast model to
identify steps affecting the efficiency of transfer of endocytosed
DNA by applying a rational and integrative approach. We
specifically analysed the influence of endocytic transport, endoso-
mal/vacuolar pH-value, ionic composition of the late endosome, the
influence of autophagy, and the ALP sorting pathway on non-viral
transfection.

STRAINS AND CULTURE CONDITIONS

S. cerevisiae mutants used in this study are derivatives of the
EUROFAN 1I strain BY4741 (MATa, his3A1, leu2 A0, met15A0,
ura3A0) [Brachmann et al., 1998]. The BY4741 strain is referred to
as a wild-type strain further on. The mutants were grown at 28°C in
YPD (1% yeast extract, 2% peptone and 2% dextrose) with reciprocal
shaking at 120 rpm. YE medium with agar (0.5% yeast extract
and 2% dextrose, 1.5% agar, pH 6.3) was used for non-selective
conditions in transfection experiments; selective medium used
was WMIX minimal medium with agar [Neukamm et al., 2002]
(2% dextrose, 1% sodium L-glutamate, 0.075 gLf1 meso-inositol,

0.25 gL~ MgCl,-6H,0, 0.1 gL™' CaCl,-2H,0, 0.55 gL~" MgSO0,-
7H,0, 20 mM potassium-phosphate buffer pH 6.5, 1.5% agar, trace
elements and vitamins as described for WMVIII) supplemented
with casaminoacids (1 gL™'), histidine (100 mgL™"), methionine
(80 mgL™") and leucine (40 mgL™").

Escherichia coli SF8 (recBC, lop11, tonAl, thrl, leuB6, thyl,
lacY1, supE44, hsm™, hsr~) was used as a host for plasmid pFL1
[Botstein et al., 1979]. pFL1 carrying the S. cerevisiae URA3 gene as
a selective marker was used in transfection experiments. The cells
were grown on Luria-Bertani (LB) medium containing 100 mgL ™'
ampicillin at 37°C with 160 rpm reciprocal shaking.

PLASMID PURIFICATION
pFL1 was purified using the Qiagen plasmid purification kit as
recommended by the manufacturer (Qiagen, Hilden, Germany).

TRANSFECTION OF YEAST CELLS

A modified protocol of Neukamm et al. [2002] was used for yeast
transfection. Briefly, S. cerevisiae precultures were inoculated from
3- to 4-day-old cultures on YE plates (from —70°C glycerol stocks)
and grown on YPD for 72 h. In the main culture, the cells were grown
overnight to a cell density of 5-9 x 10 cells per ml in YPD. For each
sample, 1 x 10° cells were harvested by centrifugation at 3,5004g.
Cells were washed twice in 17 ml sterile distilled water for 30 min
each to make the cells competent for transfection by swelling. Then
cells were resuspended in 1 ml of 1 M sucrose (pH 4) to a cell density
of 1 x 10° cellsml™'. Eight to fifteen microlitres of plasmid DNA
(in distilled water) was added to the cells to a final concentration of
15 wg ml~ ', and the sample was mixed immediately at 300 rpm for a
few seconds. Cells were harvested after 22 h of incubation at 28°C
without agitation. Tubes were not hermetically sealed to avoid
pressure formation during incubation. After harvesting the cells,
850 pl of the supernatant was discarded. Cells were exposed to a
hypotonic shift by adding 450 wl of sterile distilled water in 150 .l
of remaining sucrose solution. After this, three aliquots of 200 ul
were spread on selective medium. After appropriate dilution, cells of
each sample were spread on non-selective medium in duplicate to
calculate the transfection rate as transfectants per surviving cell.
Transfection rates of the deletion mutants in the figures presented in
this article were divided by the transfection rate of the wild-type
strain, resulting in a factor.

QUINACRINE 2HCL STAINING

Quinacrine staining was performed following a method modified
from Perzov et al. [2002]. Cultivation of the cells followed the
procedure described for yeast transfection. When the cells reached
a concentration of 5-9 x 107 cells per ml, cells were harvested
as described for the transfection procedure. 3 x 107 cells were
resuspended in 90 pl YPD buffered with 100 mM Hepes to pH 7.6. To
simulate transfection conditions, additional samples were washed
in distilled water as described for the transfection method and
resuspended in 1 M sucrose. Cells in sucrose were incubated for 22 h
at 28°C. After this, cells were harvested and resuspended in 90 pl of
fresh 1 M sucrose, buffered with 100 mM Hepes to pH 7.6. Ten
microlitres of quinacrine stock (Fluka, Buchs, CH) was added to cells
both in buffered YPD and in buffered sucrose at a concentration of
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200 M. After incubating cells with quinacrine for 10 min at 30°C,
cells were harvested and washed three times in 100 mM Hepes
buffer (pH 7.6) containing 2% glucose. Cells were resuspended in
50 pl washing buffer and 10 pl of cell suspension was used for
fluorescence and phase-contrast imaging using poly-L-lysine coated
slides. Cover glasses were fixed using nail polish. Photos were taken
with a Zeiss Axioskop (Jena, Germany) and a Olympus C4000 Zoom
digital camera (Tokyo, Japan) using the biostep Argus X1 software,
version 2.2.8 (Jahnsdorf, Germany). Identical manual settings were
used for all samples, and pictures were taken immediately after
exposure to UV-light to reduce bleaching effects.

LUCIFER YELLOW-CH ACCUMULATION

Lucifer Yellow CH (LY-CH) accumulation assay was performed
as described earlier by Dulic et al. [1991] with the following
modifications: cells were grown, harvested and prepared for staining
as described for quinacrine staining. After this, cells were
resuspended in 90 wl YE or 1 M sucrose. Ten microlitres of a
40 mgml~' Lucifer Yellow stock (Sigma-Aldrich, Steinheim,
Germany) was added immediately. Cells were incubated for 22 h
at 28°C, followed by washing three times in ice cold washing buffer
(50 mM sodium succinate, 10 mM sodium azide, pH 5, supplemented
with 1 M sucrose for cells in sucrose). Finally, the cells were
resuspended in 50 pl washing buffer. Visualisation and documenta-
tion followed the procedure described for quinacrine staining.

FM4-64 STAINING

A procedure modified from Vida and Emr [1995] was used to
visualise vacuolar and endosomal membranes. Briefly, cells were
grown, harvested and prepared for staining as described for
quinacrine staining. After this, cells were resuspended in 90 wl YE
or 1 M sucrose. Ten microlitres of FM4-64 stock (FM4-64=
SynaptoRed C2, Sigma-Aldrich), diluted in YE or 1 M sucrose from a
16 mM stock in DMSO, was added immediately to a final
concentration of 80 wM. Cells were incubated with the dye for
10 min at 30°C. Cells were harvested, resuspended in 100 pl fresh YE
or 1 M sucrose and incubated for 22 h at 28°C. Finally, the cells were
harvested and resuspended in 50 .l YE or 1 M sucrose. Visualisation
and documentation followed the procedure described for quinacrine
staining,.

STATISTICAL ANALYSIS
The reliability of transfection data was analysed using Student’s
t-test. Significance was defined as P < 0.05.

INHIBITING ENDOCYTIC TRANSPORT
Transfection efficiency was measured in mutants rcyl, vps21,
vps45, vps27, vps4 and vamé. Lucifer Yellow (LY-CH) accumulation
was followed to determine endocytosis efficiency, and FM4-64
staining was followed to determine membrane dynamics in
these mutants under transfection conditions. Intraendosomal and
vacuolar pH-conditions were determined by quinacrine staining.
Transfection was assayed using 2-pm plasmid, pFL1, selecting for
URA3 prototrophs, and transfection efficiency was calculated in

relation to the strain BY4741 (wild-type strain). The mutant rcyl,
where the F-box protein Rcy1p is deleted, is involved in endocytosis
at early endosomes [Wiederkehr et al., 2000], exhibits reduced
transfection efficiency in comparison to the wild-type (Table I).
Figure 1 shows rcyI cells stained with the LY-CH and FM4-64, and
quinacrine HCl. rcy1 exhibits wild-type acidification of the vacuole
and accumulates LY-CH in small compartments near the plasma
membrane, predominantly near sites of polarised growth (Fig. 1).
The vacuolar accumulation of LY-CH is reduced in comparison to
the wild-type.

The mutants VPS21 and VPS45 which act in the same protein
complex in protein sorting from the TGN to the PVC/MVB [Burd
et al.,, 1997] exhibit a 10-fold enhanced transfection efficiency
(Table I). The P-value of the transfection efficiency in mutant vps21
is 0.1 in contrast to the P-value of mutant vps45, which is lower than
0.05. As both proteins are involved in the same protein complex in
protein sorting, and transfection efficiencies of both mutants are in
the same range, the transfection efficiency determined for mutant
vps21 is considered reliable too. Vacuoles of both mutants are not
acidified while some small acidic compartments are detectable near
the vacuole (Fig. 1). LY-CH accumulates in small non-vacuolar
compartments also near the plasma membrane; these are present in
higher numbers than in the wild-type. FM4-64 staining experiments
reveal stronger membrane accumulation in vps21 and vps45 cells in
comparison to the wild-type.

Mutants vps27 and vps4, having a class E vps defect which results
in an enlarged late endosome, do not exhibit transfection behaviour
significantly different from the wild-type (Table I), reduced vacuolar
acidification and large acidified structures near the vacuolar
membrane (Fig. 1). They do not accumulate LY-CH or FM4-64 in
the vacuole, indicating very strong transport inhibition between the
class E compartment and the vacuole. Large compartments near the
vacuole are seen in LY-CH or FM4-64 stainings (Fig. 1), presumably
representing class E compartments [Piper et al., 1995; Babst et al.,
1997; Bowers et al., 2004].

Mutant vamé6 which is deleted for a HOPS complex protein
involved in vacuolar fusion and fusion of late endosomes to
vacuolar membranes [Wada et al.,, 1992; Nakamura et al., 1997]
exhibits a 15-fold enhanced transfection efficiency, and accumu-
lates acidified vacuolar fragments. LY-CH and FM4-64 staining
reveal some fragments with stronger dye accumulation, which are
not near the plasma membrane. The P-value of the transfection
efficiency of mutant vamé6 is higher than the significance threshold
0f0.05 (P=0.15). This variance may be due to the drastically altered
phenotype of the mutant strain, which has a fragmented vacuole and
is defect for fusion of late endosomal to vacuolar membranes. This
multiple phenotype might lead to accumulation of endocytosed
DNA and vacuolar proteins, involved in DNA degradation, some-
times in the same compartments and in other cases in different
compartments. The distribution of endocytosed DNA between
compartments with and without degrading enzymes can be variable
which might explain the relatively high P-value of transfection
efficiency data of wvamé6, even though a higher number of
experiments were done with vamé in comparison to other mutants.
We observed a positive effect of variable extent on transfection
efficiency in every single experiment done.
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; required for proper sorting of

export from the MVB

plex

Associated with ESCRTIII subcom

0.07 1.00 0.00

0.49

1.04

vps4

ubiquitinated cargo in the MVB
Part of the HOPS-complex; involved in vacuolar fusion; fusion of late

Wada et al. [1992], Nakamura et al. [1997]

0.15 0.88 0.01

11.69

16.04

vamé

endosomal derived membranes to the vacuole

t.e., transfection efficiency (transfection rateyyni/transfection rateyiq-ype); s.d., standard deviation; P-value, probability that the null hypothesis explains the result observed; p, Spearman’s rank correlation coefficient

(here: correlation between transfection rates of mutant and wild-type).

While standard staining was done in YE medium, staining was
additionally performed under transfection conditions in 1 M sucrose
solution. Results were comparable, except that accumulation of the
endocytic dyes (LY-CH and FM4-64) was enhanced in near plasma
membrane compartments and, in some cases, in near vacuolar
compartments.

ENDOCYTIC/VACUOLAR PH-CONDITIONS

Mutants deleted for STVI and VPHI were analysed to determine
the influence of V-ATPase on transfection in correlation with
its localisation. While Stvlp is present in the VO subunit of the
V-ATPase in endosomes and Golgi, Vphlp an isoform to Stvip is
present in the vacuole [Manolson et al., 1994; Perzov et al., 2002].
Both Stvlp and Vphlp are homologous to the human ATP6V0A1
protein. Transfection efficiency in the stv1 mutant is enhanced by a
factor of 17, and by a factor of 11.5 in the vphI mutant (Table II).
Quinacrine staining reveals a slightly higher pH-value in stvI
in comparison to the wild-type (Fig. 2), and lack of vacuolar
acidification in the vph 1 mutant. vph1 and stv I cells show a reduced
LY-CH accumulation. FM4-64 accumulates slightly higher in
vacuolar membranes in vph I, and more efficiently in non-vacuolar
membranes in stv1. These data reveal a positive correlation between
the altered endosomal/vacuolar pH-value, a defect in endocytic/
vacuolar transport, and enhanced transfection efficiency.

It seems that, an endosomal/vacuolar pH-value that is higher or
lower in comparison to the wild-type pH-values of the endosomal/
vacuolar system, shows positive correlation with transfection
efficiency.

In a mutant deleted for NHX1 encoding a member of the NHE
family of Na™/H™ exchangers, transfection efficiency is enhanced
by a factor of 5. The deletion mutants vcx1 and pmcl, deleted for a
vacuolar Ca?"/H" antiporter (Vcx1p) and a vacuolar Ca*" trans-
porting ATPase (Pmclp), respectively, which are both involved
in vacuolar Ca®" accumulation, show a wild-type transfection
behaviour. Except for a very weak positive effect in vcx1 and a very
weak negative effect on endosomal/vacuolar acidification in pmc1,
no differences between nhx1 and the wild-type were observed in
quinacrine staining, and no differences either were observed for
nhxl, vexl, and pmcl and the wild-type in LY-CH and FM4-64
staining (data not shown).

AUTOPHAGY AND ALP SORTING PATHWAY

As we have observed that acidification affects sorting and
transfection, we aimed to understand in more detail which one
of the intracellular protein sorting pathways tested influences
transfection efficiency.

Absence of Vps13p involved in transport from endosomes to the
TGN does not significantly affect transfection efficiency (Table III). A
slight positive effect on transfection efficiency was observed in a
mutant deleted for the gene encoding for the retromer complex
protein Vps17p. Here transfection efficiency is enhanced by a factor
of 2. The most prominent effect on transfection was found in mutant
apls. Apl5p is involved in the ALP sorting pathway which bypasses
the late endosome and directs cargo directly from the TGN to the
vacuole. Deletion of APL5, coding for a protein homologous to the
human Ap3d1, results in a 16-fold increase in transfection efficiency.
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Fig. 1.

Impact of specific gene deletions of the endocytic pathway on vacuolar acidification, Lucifer Yellow (LY-CH) accumulation and membrane dynamics in BY4741

background in YE. Vacuolar acidification after 22 h was visualised using quinacrine-HCl staining. Quinacrine HCl accumulates in acidic compartments. Lucifer Yellow CH and

FM4-64 were used to study endocytic uptake and membrane dynamics after 22 h. Photos of representative cells from one of at least three independent experiments were taken

with FITC-fluorescence optics (quinacrine and LY-CH) or rhodamine optics (FM4-64) (upper panels), and with phase-contrast optics (lower panels). The bar represents 10 wm.

Schematic illustration of the observations made is given below the pictures. Interrupting endocytic transport at different steps influences the transfection efficiency differently.

The broken line with triangles represents the accumulation of endocytosed DNA. At the bottom the percentages of cells of the specific phenotypes in the samples tested are

given. At least three independent experiments were done for each mutant.

In mutant vac8, transfection efficiency is enhanced by 8-fold,
while deletion of ATG19 did not have a measurable influence on
transfection efficiency. This is also seen in deletion mutant lap4,
encoding for API, which is sorted by Atg19p (data not shown).

Deleting the PEP4 gene, which encodes the important vacuolar
processing protease PrA, has a minor influence on transfection
efficiency (two- to threefold increase).

Further yeast vacuolar processing and degrading proteases were
assayed and did not prove relevant for transfection efficiency (data
not shown).

Quinacrine, LY-CH and FM4-64 staining did not reveal
significant changes in comparison to the wild-type for any deletion
mutant described in this chapter.

Here yeast was used as a model to characterise endocytic transport
and liberation of endocytosed DNA from endocytic/vacuolar

compartments during DNA transfection. Further on, we studied
the influence of endosomal/vacuolar pH-value, ion composition and
hydrolase composition on transfection efficiency.

INFLUENCE OF ENDOCYTIC TRANSPORT

AND HYDROLASE LOCALISATION

Non-viral transfection is based on the endocytic uptake, and
thereafter endocytic transport of the vector construct. To elucidate
the impact of inhibiting endocytic transport and protein sorting at
different steps on transfection, we used endocytosis mutants (rcyl,
vps21, vps45s, vps27, vps4 and vame), Golgi to endosome/vacuole
transport mutants (vps13, vpsl7 and apl5) and CVT/autophagy
mutants (atg19 and vac8). Additionally, we analysed mutants of
important yeast vacuolar processing proteases such as pep4. In
particular, we were able to show a positive effect on non-viral
transfection in vps class D mutants, as well as in mutant vamé and
ALP-pathway mutant apl5.

JOURNAL OF CELLULAR BIOCHEMISTRY

331

ENDOCYTIC DNA UPTAKE



. bserved for
. ncy we o .
transfection efficiency in endocytic
tive effect on . eal‘ly Step :
A negati ich is involved in a very f less efficient
— = 1, which is i the result o
9 g mutant rcyl, assumed to be ; mpartments that
2 & ort; it can be ly endocytic co p dure
= transport; hese early roce
. g NA from the transfection p
I = o liberation of D NA during the
NN T g ulate endOCytosed D hibited
i) < E=! accum . rt is inhi
=R 9@ = . tic transpo
o *‘3 § s E) g (see Fig. D deleted for VPS21, endOCy educe the contact of
g === e 2 In the mutant eth PVC/MVB. This seems to r e with degrada-
333 s the osom .
= | S ¢ gi g before DNA enter oming from the early end nsfection efficiency
g|'55% ==z docytosed DNA cor in enhanced tra iency is due
| == S EE g n ditions and it results i d transfection efficiency
[ = [y ; onditi nced tr d via
o S~ = =) tion ¢ hat the enha S, are sorte
889 g 5 assume tha ike PrA and others, 1
SR8 5% & (Fig. 1). We hydrolases, like VB to the vacuole
=S gg| @ fact that many hy ing the PVC/M A to
T s=| < to the fa the TGN passi cytosed DN
592 EDED ?é the CPY pathway from 1996]. Contact of the endo ZLP pathway is
S8 if g [Cooper and Stevens, tophagy pathway and the ot e
CfE ES ° lases using CVT/autop . t reducing contac itive
A = hydrolas he interpretation tha the observed positiv
£ ¢ also avoided. The is the reason for logous results
£ o NA to hydrolases . orted by analog .
= g tosed D fection efficiency is supp 1p both act in the sam
¢ s = E| £ effect on trans s45p and Vps21p Golgi to the
£ £ s g = vps45 mutant. Vp esses from the from
5 =¢ g for the vp in transport proc is involved in transport fro
E E S| 2 protein complex i L., 1997]. Vps45p is involv tly in endocytosis
v g8 12 Burd et al., ’ ot directly )
%2% %; 2 endosomes [the PVC/MVB only, and n not expect that Vps4§p s
BES L ERl: the TGN to t al,, 1998]. We do f our transfection
1+ Sgowd 2 = [Bryant et al., he result o 1
2| &¢ EEcg8 | = as Vps21p tic integrity affects the we see comparable
8| ssgES; = impact on osmoti 1995], because Vps21p
o vuofE sy = mpa ida et al., ’ dypSZl- p
= 25554 & . Yoshida vps45an
g I £ § €5 ‘;‘E o expenmenlt;tL vps class D mutants teStfd*i nfegri ty.
v = — +~ .
5 ; ;F Egf @ = results for to be involved in Osfnonc resent in both the vps45
S| 2%%8 25| 2 is not known sport inhibition is also p to sorting defects for
a9 =Z==Z0EES| 2 al tran: L be due
5 g % =R % § Endosom s21 mutant. This mlght s at the PVC/MVB We
F35ER: g mutant and vp d in further transport step rt inhibitions in the
§§I+§ LE:‘“:S TE proteins involve these endosomal transpo ker positive effect on
(&)
5= ; . observe ignificantly wea
ZE5%s = Z did mot 17 which shows a significantly
g 55*2 § 2| e mutant vps ienc between hydrolases
S0, =% =) ion efficien Y- . contact be ;
££2°22 2 transfectio st that reducing the NA enhances transfection
7] € D € i
g Our data sugg ndocytosed ) nsport  is
T hway and e ndocytic tra
= ing the CPY pat ) er when e
= < usmg is effect is strong
v 882 88 z efficiency. Th NA enters the PVC/MVB. f vesicles or late
Z|1555 S8 = inhibited before D lar fusion and fusion o d in the vame
4 ic vacuolar inhibite
i Hé‘i Homotypic 't;,l vacuolar fragments are lcuo]e and enhanced
2 g endosomes wi hibits a fragmented va ura et al., 1997]
= 888 88| & which exhi 1992; Nakam in each
£ alleeg <S8 £ mutant fficiency [Wada et al., t accumulated in ea
= —_— © = . 1C1€ ot a .
= g 2 transfection e d FM4-64 dyes were n ing in mind these
= 22 (Fig. 1). LY-CH an in phase contrast. Keeping this mutant the
| — g = : visible in . be that in thi
g 2 w gz | 28 compartment sport defects, it might alS(t) ed DNA probably do not
£l ulgzs S SS| g€ significant tran late endocytos . ild-type
= . umu K . the w
2| 5|98 Ehs artments which acc distribution as in the which
5| S E comp lases in the same 11 DNA degradation
o | g9 contain hydro Idlead to reduced overall DN ncy in vameé. It has
: ~ —O ; : vacuole. That W;u nhanced transfection efﬁCItedei,ay in proceSSing
kS S=53> =9 g8 . lain the e is a significan 7
S| %2233 353 23 mlglht ebxezn described that there lsfa ALgP [Nakamura et al.afl?[_g r]1
Y 279 ier ion o nsfectio
g £ £ earll d in accumulatio Its of our tra
= . £5 of CPY and in- tation of the resu inhibiting the
il > g ing this interpre to show that i
5 £ 838K B3| % ¢ suppomngtS Furthermore, we were fbl;uns in enhancement Oi
= S =8 oS~ PR eriments. ) tant 1 ffect o
g &| ez P ZI;’ pathway using apl5 ml; as in mutant vamé6. An e docy-
17 . = 9 . as stron lating en
5| ¢ £E transfection efflClenCy_n the compartments aCcum;1 as non-cqual
— [} 1 B
= Sk the changed pH-Vah:-)e excluded for mutant vam
—_ v o t be
| E|& 3| 58 tosed DNA canno
2| |2 15 BE| 4z
=555 ¢
=

Y
BIOCHEMISTR
JOURNAL OF CELLULAR

UPTAKE

0CYTIC DNA

332 END



wild-type
o -
o -
- -
—— PI'u'I. e — R : M —
early endosome - N L
» . multivesicular
o »
scheme " %
i o | wild-type &8 - stvl
.vacucie
|
high pH-value low
% of cells with a typical phenotype for
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wild-type 88.8 9.6 1.6
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Fig. 2. Vacuolar acidification, endocytic uptake and membrane dynamics after 22 h in mutants deleted for VPHT or STV in YE. See Figure 1 for experimental conditions. The

bar represents 10 wm. Schematic illustration of the observations is given below the pictures. Non-wild-type endosomal/vacuolar acidification seems to be correlated to
enhanced transfection efficiency. The acidification of the late endosomes in mutant BY4741 stv1 remains unclear after quinacrine staining. At the bottom, percentages of cells

of the specific phenotypes in the samples tested are given. At least three independent experiments were done for each mutant.

distribution of the V-ATPase in the compartments also has to be
assumed.

These observations suggest that proteins which are involved in
degradation and also maybe proteins which are involved in sorting
endocytosed DNA are not only sorted via the CPY-pathway, but also
via the ALP-pathway. Furthermore, the presence of a fragmented
vacuole seems to be correlated to a enhanced liberation of non-
degraded endocytosed DNA.

However, when a class E compartment is present such as in a
vps27 or vps4 mutant, transfection efficiency is not significantly
altered from that of the wild-type strain (Fig. 1). Both deletions
tested lack a protein of the ESCRT complex [Bilodeau et al., 2003;
Bowers et al., 2004]. Both are required for efficient sorting of
ubiquitinated membrane proteins into the lumen of the MVB
[Bilodeau et al., 2003; Bowers et al., 2004] and for export from the
MVB to other organelles [Piper et al., 1995; Finken-Eigen et al.,
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TABLE III. Transfection Efficiencies of Intracellular Transport Mutants
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t.e., transfection efficiency (transfection ratep,ani/transfection rateyiiq_type); s.d., standard deviation; P-value, probability that the null hypothesis explains the result observed; p, Spearman’s rank correlation coefficient

(here: correlation between transfection rates of mutant and wild-type).

1997]. Class E compartments accumulate plasma membrane, Golgi
resident and endocytic markers as well as vacuolar proteins and
exhibit quasi vacuolar conditions [Raymond et al., 1992; Piper
et al., 1995; Rieder et al., 1996; Finken-Eigen et al., 1997]. These
parameters result in near wild-type conditions for the endocytosed
DNA and might explain the negligible effect of class E vps mutants
on transfection efficiency.

Fluorescence staining shows that there is a strong transport
inhibition from the class E compartment, and a vacuolar like
acidification of these compartments.

These data indicate that vacuolar conditions and not the
compartment per se in which the endocytosed DNA accumulates
are responsible for near wild-type transfection efficiency. In
addition to API, other hydrolases might enter the vacuole via the
CVT/autophagy pathway [Scott et al., 2001]. Transfection efficiency
is enhanced in the mutant deleted for VACS, defect for a protein
involved in autophagy. Autophagy resulting in the uptake of
mitochondria into the vacuole is induced under nitrogen starvation
conditions [Onodera and Ohsumi, 2005], as are present during the
transfection incubation time of 22 h in sucrose. This might result in
residual activity of, for example, the nuclear encoded mitochondrial
nuclease Nuclp in the vacuole before its degradation. In addition,
DNases, involved in DNA repair mechanisms such as those from the
RMX complex, might enter the vacuole via NVJ-mediated PMN,
which is also induced by nutrient limitation conditions. Moreover,
relaxation of supercoiled DNA as mediated by topoisomerases I-III
might occur and play a role in degradation of endocytosed DNA.
Any of this can be an explanation for the enhanced transfection
efficiency of mutant vac8. CVT by Atg19p seems not to be relevant
for transfection. Under starvation conditions, API bound to Atg19p
in a CVT complex is transported to the vacuole via Atg19p-mediated
binding to the preautophagosomal structure (PAS) followed by
autophagocytosis [Shintani et al., 2002].

Finally, this suggests that degradation of endocytosed DNA is
mediated by hydrolases sorted via CPY, ALP and autophagy
pathways. Lytic protection and osmotic liberation of endocytosed
DNA can be efficiently affected by inhibiting specific endocytic
transport steps. To our knowledge, no homologues to human
lysosomal DNases have been described in yeast until now to verify
results described in the mammalian system previously in our yeast-
based system.

PH-VALUE AND IONIC COMPOSITION OF THE ENDOCYTIC/
VACUOLAR COMPARTMENTS

Endocytic/vacuolar membrane transport and protein sorting are
regulated by the endo-compartimental pH-value [Klionsky et al.,
1992; Brett et al., 2005]. Enzymatic activity and specificity is also
influenced by ions, as in the case of Kex2p by K™ ions [Rockwell and
Fuller, 2002]. We could show that non-wild-type acidification of the
endosomes and/or the vacuole is correlated to enhanced transfection
efficiency, as demonstrated using deletion mutants stv1 and vphl
(summarised in Fig. 2). We were able to show a defect in transport
caused by defects in endosomal/vacuolar acidification for transfec-
tion conditions. This correlation was described earlier by Klionsky
et al. [1992] and Brett et al. [2005] for non-transfection conditions.
Stv1p is present in the V-ATPase when it is located in the Golgi or
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the endosomes [Manolson et al., 1994; Perzov et al., 2002]. The
accumulation of membranes and the reduced LY-CH accumulation
in the mutant deleted for STV result from reduced membrane
transport in earlier parts of endocytosis, a defect caused by altered
pH in endosomes and Golgi. Not only the activity of proteins
involved in endocytic transport is reduced under non-optimal pH
conditions, but also sorting of proteins coming from the Golgi
and located to endosomes and the vacuole is impaired. This, in
consequence, leads to enhanced accumulation of endocytosed
DNA in non-vacuolar compartments as, for example, in the vps21
mutant which exhibits accumulation of membranes similar to stv1
mutant (seen in FM4-64 staining). In addition, the transport of
hydrolases into endosomes and vacuole and their activity is
reduced, due to altered pH in these compartments. This in turn
results in a positive effect on transfection efficiency, as endocytosed
DNA has reduced contact with hydrolases in endosomes. This also
applies to the vphl mutant, but here acidification and transport
inhibition are stronger at the site of the vacuole, and weaker in
early endocytosis in comparison to stv1 mutant. This is due to the
localisation of the protein deleted in the VO-subunit of the V-ATPase
in the vacuole only [Manolson et al., 1994; Perzov et al., 2002].
This is seen as a slightly lower effect of vphl on transfection
efficiency.

In mutants vps2 1 and vps45 which both show strongly enhanced
transfection efficiency, we observe reduced vacuolar acidification.
This is probably due to reduced V-ATPase levels, caused by the
transport defect from the TGN to the PVC/MVB, and results in
additional transport inhibitions in the endocytic pathway also in
mutant vps45, which is known not to be involved directly in fusion
of vesicles of the early endosome to the PVC/MVB [Bryant et al.,
1998]. Due to this, altered endosomal/vacuolar pH-values are at
least partly responsible for the positive effect on transfection
efficiency in vps21 and also vps45 mutants.

Nhx1p is involved in the regulation of endosomal and cellular
pH-value. A transport defect is observed in the nhxl mutant [Brett
et al., 2005] and —maybe as a result of the effect on the pH-value—a
positive effect on transfection efficiency is measured. The K-
transport activity of Nhx1p might also affect enzymatic activity of
endosomal/vacuolar hydrolases, as described for Kex2p [Rockwell
and Fuller, 2002].

We deduce from these data that non-wild-type acidification of
endosomal/vacuolar compartments slows down the transport of
endocytosed DNA to the vacuole. We also hypothesise that mutants
affected in acidification and endosomal potassium/sodium home-
ostasis exhibit higher transfection efficiency due to reduced
degradation of endocytosed DNA.

Ca®" accumulation in the vacuole does not seem to influence
transfection, as deduced from unchanged transfection behaviour
in mutants vexl and pmcl. The transfection efficiency of mutants
vphl and vexl in comparison and the results of quinacrine staining
in vexrl mutant (data not shown) indicate that the effect on
vacuolar pH-value is negligible in mutant vcx1 under transfection
conditions.

The findings presented in this study are promising and will
be used to optimise mammalian non-viral transfection in the
future.
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