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Abstract

Protein products of paralogous genes result-
ing from whole genome duplication may acquire
new functions. The role of post-translational
modifications (PTM) in proper targeting of
Paramecium Rab7b paralogue (distinct from
that of Rab7a directly involved in phagocytosis)
was studied using point mutagenesis, proteomic
analysis and double immunofluorescence after
in vivo electroporation of the mutagenized pro-
tein. Here we show that substitution of Thr200
by Ala diminished the incorporation of [P32] by
37% and of [C14-]UDP-glucose by 24% into
recombinant Rab7b_200 in comparison to the
non-mutagenized control. Double confocal
imaging revealed that Rab7b_200 was mistar-
geted upon electroporation into living cells in
contrast to non-mutagenized recombinant
Rab7b correctly incorporated in the cytostome
area. Using nano LC-MS/MS to compare the pep-
tide map of Rab7b with that after deglycosylation
with a mixture of five enzymes of different
specificity we identified a peptide ion at
m/z=677.63+ representing a glycan group
attached to Thr200. Based on  its mass and
quantitative assays with [P32] and [C14]UDP-
glucose, the suggested composition of the
adduct attached to Thr200 is
(Hex)1(HexNAc)1(Phos)3 or (HexNAc)1
(Deoxyhexose)1 (Phos)1 (HexA)1. These data
indicate that PTM of Thr200 located in the
hypervariable C-region of Paramecium octaure-
lia Rab7b is crucial for the proper
localization/function of this protein. Moreover,
the two Rab7 paralogues differ also in another
PTM: substantially more phosphorylated amino
acid residues are in Rab7b than in Rab7a.  

Introduction

Divergence of genes arose by whole genome

duplications (WGD) may endow their products
with new functions.1 Since it is known that
post-translational modifications (PTMs) may
affect protein interactions,2 we tested whether
PTMs could contribute to the neofunctionaliza-
tion of the rab7b gene product in the model
eukaryote Paramecium octaurelia. Based on
extensive phylogenetic analyses comprising
210 proteins we reported earlier that Rab7 pro-
teins evolved before the radiation of main
supergroups of Eukaryota and are widely dis-
tributed in almost all of them.3 We cloned two
Rab7 genes from Paramecium octaurelia,4

known to undergo at least three successive
WGDs.1,5

Paramecium octaurelia Rab7a and Rab7b,
displaying 62.3-63.3% identity with human
Rab7,6 have distinct localizations, expression
and functions.4 Silencing of Rab7a (Mr = 22.5
kDa) suppressed phagosome formation by 70%
and impaired their acidification.
Ultrastructural analysis with double immuno-
gold labeling revealed that this effect was due
to a lack of V-ATPase recruitment. During
phagocytosis expression of Rab7a was almost 
5-fold higher than that of Rab7b. Rab7b (Mr

=25 kD) associated with microtubule bundles
and structures supporting the oral apparatus.4

No phenotypic effects of Rab7b depletion by
RNAi have been noticed. In 2D gel elec-
trophoresis two Rab7b immunoreactive spots
of slightly different pI (~6.34 and ~6.18) were
observed and a single spot of pI ~6.34 for
Rab7a. Both ProQ Emerald staining and ConA
overlay assay of immunoprecipitated Rab7b
indicated its likely glycosylation in accordance
with its faster electrophoretic mobility upon
deglycosylation.4

The two Paramecium octaurelia Rab7 par-
alogues differ from each other by five amino
acids out of 206: four in the C-terminal hyper-
variable region that participates in determina-
tion of specificity of Rab7 interactions with
membranes, its localization within the cell7

and is an important determinant of effector
binding.8 The fifth diverged amino acid
residue in position 140 (Ser in Rab7b and Ala
in Rab7a)4,6 is located in the region of a-helix
with the highest frequency of secondary struc-
ture elements.3,9

Based on in silico modeling (NetOGlyc 4.0
analysis tool)10 Thr200 is the unique site in
Rab7b that may undergo O-glycosylation dis-
tinguishing this protein from Rab7a.
Therefore this amino acid was changed to ala-
nine to prevent PTM and site directed mutage-
nesis was confirmed by LC-MS/MS. We looked
into the details of this machinery in recombi-
nant system and created the mutagenized form
of Rab7b not undergoing PTM to follow its
intracellular targeting and properties.

Materials and Methods

Reagents 
All reagents were of the highest purity avail-

able from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise stated. 

Plasmid  construction  and  
site-directed mutagenesis
Since cDNA from  Paramecium octaurelia

cannot be used to express a protein in E. coli
due to the different genetic code of Ciliates, a
Rab7b coding sequence optimized for protein
expression in E.coli flanked by EcoRI and XhoI
sites was synthesized commercially (Mr. Gene
GmbH, Regensburg, Germany). This sequence
was introduced as EcoRI-XhoI fragment into
the pET28b vector (Novagen, Merck KGaA,
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Darmstadt, Germany) to create expression
plasmid pRab7bHis. The amino acid sequence
of the recombinant Rab7b was identical to that
of the native protein cloned by us.6

Substitution T200A was introduced in PCR
reactions using primers: 5’-CCAAACAGGGTG-
GTTGTTG and CCTGTTTTTTAGGATCCT-
GTTTG. Phusion DNA polymerase was used in
the reactions amplifying whole recombinant
plasmid. The reaction mixtures were treated
with DpnI endonuclease to remove template
DNA and then the 5’ ends of the PCR products
were phosphorylated with T4 polynucleotide
kinase and circularized with T4 DNA ligase.
The recombinant plasmids were verified by
sequencing.

Expression and purification of
recombinant Rab7b proteins
The recombinant plasmids were introduced

into E.coli BL21 (DE3) strain by transforma-
tion. Recombinant proteins were produced in
mid-logarithmic cultures (OD600 >0.6) in LB
medium with kanamycin (50 µg/mL) by induc-
tion for 5 h with 1 mM isopropyl β-D-1-thio-
galactopyranoside (IPTG). Cultures were cen-
trifuged, washed with STE buffer (150 mM
NaCl, 1 mM EDTA, 10 mM Tris-Cl pH 8.0),
resuspended in STE with 1 mM PMSF, spun
and resuspended in buffer A (50 mM HEPES
pH 8.0, 300 mM NaCl, 10% glycerol, 10 mM 
β-mercaptoetanol, 1 mM imidazole, 0.1%
Triton X-100, 1 mM PMSF). After lysis in
French press (20,000 psi) the lysate was spun
at 39,000 x g for 1 h at 4°C and the supernatant
was mixed with His-Select®Nickel Affinity Gel,
incubated on ice for 1 h and spun (5000 x g, 5
min, 4°C).The resin was washed with 5 mL of
buffer A, spun as above, loaded on Poly-Prep
Chromatography Columns (Bio-Rad, Hercules,
CA, USA) and washed, consecutively, with 5
volumes of each: buffer B (buffer A with 10 mM
imidazole), buffer C (buffer B without Triton
X-100), buffer D (50 mM HEPES pH 8.0, 2 M
NaCl, 10 mM β-mercaptoethanol), buffer E (50
mM HEPES pH 8.0, 150 mM NaCl, 10 mM 
β-mercaptoethanol, 10% glycerol), buffer B
and buffer F (buffer C with 20 mM imidazole).
The (His)6-tagged proteins were eluted with
buffer G (buffer C with 250 mM imidazole) and
their aliquots were run in 15% SDS-PAGE to
assess purity. 

Cell homogenate
Axenic culture (5-day-old) of Paramecium

octaurelia (stock 299s) was spun down at 600
x g for 45 s, washed twice with MSS buffer
(0.08 mM KH2PO4, 0.08 mM K2HPO4, 0.2 mM
NaCl, 0.8 mM CaCl2, 0.4 mM MgCl2, pH 7.0, as
described by Soldo et al.11) and left in MSS for
30 min at 16°C. After spinning down the cell
homogenate was obtained as previously
described.4

Electroporation
P. octaurelia culture prepared as above was

resuspended in a fresh volume (100 mL) of
MSS buffer for 60 min to prevent autofluores-
cence.12 After spinning down and another wash
cell viability was examined under a binocular
microscope. The buffer G in which recombi-
nant proteins were eluted from the affinity gel
was exchanged as follows: 0.5 mL of Sephadex
G-25 was loaded on the Spin-X centrifuge tube
filters (0.45 µm, Costar Corning) and rinsed
fivefold with 0.3 mL of MSS buffer followed by
1 min spin (1000 x g). Recombinant protein
solution (130 µL) was overlaid on the column
and spun for 4 min. Purified recombinant pro-
tein in MSS (50 μg in 50 μL) was mixed with
250 μL of Paramecium suspension (64,000
cells) in a 0.4 mm gap cuvette and electropora-
tion was performed in a Gene Pulser II
Electroporator (Bio-Rad) at the settings: 60 V,
200 µF, 300 Ω. After electroporation cells were
transferred into sterile Eppendorf tubes and
gently mixed for 4 h at 27°C (i.e., under the cell
cultivation conditions) and next processed for
confocal imaging.

Confocal microscopy
Electroporated cells were fixed with 3.5%

(w/v) freshly prepared formaldehyde (20 min)
with gentle mixing, washed twice in PBS and
blocked in 4% milk in PBS/0.1% Triton X-100
for 1 h. Labeling with primary antibodies (Ab):
mouse monoclonal (1:200) against His6-Tag
(Applied Biological Materials Inc., Richmond,
Canada) and rabbit monoclonal (1:45) against
β-tubulin (Epitomics, Burlingame, CA, USA)
for 2.5 h was followed by washing with
PBS/0.1.% Triton X-100. Anti-mouse Ab conju-
gated with rhodamine at 1:100 (Polysciences,
Inc., Warrington, PA, USA) and anti rabbit-
FITC conjugated Ab at 1:50 (Molecular Probes)
were used as secondary antibodies for 1 h.
Samples were washed 6x with PBS, mounted
in 2.5% 1,4-Diazabicyclo [2.2.2] octane in
Mounting Medium and analyzed in a Leica
TCS STED SP5 Spectral Confocal system
(Leica Mikrosysteme, Vienna, Austria). Series
of the single 0.2 µm optical sections were col-
lected. The images were scanned at high reso-
lution (with a 63x oil objective, 1.32 NA).
Controls without the primary Ab produced no
fluorescent signal. 

Incorporation of [14C]UDP-glucose
The experimental mixture was composed of

a given recombinant protein in 50 mM Tris-
HCl buffer, pH 7.4 and freshly prepared cell
homogenate at 1:5 ratio (as measured by
Bradford assay), 10 μCi of [14C-]UDP-glucose
(ammonium salt, 250 mCi/mmol, Perkin
Elmer, Norwalk, CT, USA) and 1 mM EGTA.
The samples were incubated on a rotary mixer
at 23°C for 45 min. Next, aliquot of His-Select®

Nickel Affinity Gel was added at a 1: 2.5 (v:v)
resin to the sample ratio and incubation was
continued for 30 min at 4°C. The reaction mix-
ture was transferred to a Corning® Costar®

Spin-X® Plastic Centrifuge Tube Filter, cen-
trifuged (6000 x g, 5 min, 4°C), washed twice
with buffer A (60 μL/100 μL of sample) and
spun as before. Elution buffer G was added 
(40 μL/100 μL of sample) and after 15 min of
incubation the samples were centrifuged as
before. Eluted recombinant protein (30 μL)
was mixed with 1 mL of ULTIMA Gold cocktail
(Perkin Elmer) for liquid scintillation counting
in Beckman LS 6500 and 10 μL was taken for
SDS PAGE. Mean values of radioactivity incor-
poration were calculated for duplicate samples.
Protein bands stained with Ponceau S were
quantified by GeneTools software (Syngene,
Cambridge, UK).

In vitro glycosylation of Rab7b
variants
Control experiments were performed before

quantification of [14C]UDP-glucose incorpora-
tion. Recombinant proteins and cell
homogenate at 1:5 ratio were incubated in 50
mM Tris-HCl pH 7.4, 20 mM UDP-glucose
(Abcam, Cambridge, UK) and 1 mM EGTA  for
30 min at 23°C. Next purification of proteins
was performed as above followed by SDS-
PAGE, Con A overlay assay as previously
described,4 and Western blotting.   

Incorporation of g-[32P] ATP by
recombinant proteins
The reaction mixture comprised 50 mM

Tris-HCl, pH 7.4 and 10 µCi  g-[32P] ATP
(Perkin Elmer), cell homogente and recombi-
nant protein and incubation was performed for
30 min at 23°C. Aliquots of 10 µL of reaction
mixtures were spotted onto P81 (Whatman)
filters that were then washed 3x with 0.75%
ortho-phosphoric acid followed by 95%
ethanol,13 air dried and quantified in a scintil-
lation counter (Beckman LS 6500). After
adding 5 mL of the ULTIMA Gold scintillator to
each filter the second counting was performed
immediately. Mean values of radioactivity
incorporation were calculated from 3 series of
experiments.
In the quantitative studies on [P32] and

[C14] incorporation described above the ratio
of the volume of His-Select® Nickel Affinity Gel
to that of the reaction mixture was strictly con-
trolled in each series of experiments. The effi-
ciency of protein purification was followed by
SDS-PAGE/Western blotting with anti-His and
specific anti-peptide Rab7b antibody.

Western blotting
SDS electrophoresis and blotting was per-

formed as previously described.14 After
Ponceau S staining detection of phosphorylat-
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ed proteins was performed in 2 x PBS, 0.5%
BSA, 1% PVP-10 (polyvinylpyrrolidone),
PhosSTOP (Roche Diagnostic, Mannheim,
Germany), 1% PEG 3500, 0.2% Tween 20)
using anti p-Tyr (rabbit, P11230; BD
Biosciences, St. José, CA, USA; 1:1000) or anti
p-Ser (mouse, ALX-804-166-C100; Enzo Life
Sciences, Farmingdale, NY, USA; 1:1000) fol-
lowed by the respective secondary Ab: anti rab-
bit (1:4000) or anti mouse (1:1000). The pro-
tein bands were visualized by an ECL
(Amersham Biosciences Hyperfilm ECL, GE
Healthcare, Little Chalfont, UK). The film was
scanned digitally with a Perfection 2450 Photo
Scanner (Epson) and densitometry was per-
formed using GeneTools software (Syngene).
Images were processed using Adobe
Photoshop CS4 and Illustrator CS4 (Adobe).
Omitting of the primary Abs produced no
bands.
Stripping was performed after each detec-

tion described above with Restore Plus
Western Blot Stripping Buffer (Thermo
Scientific) for 15 min and followed by washing
with PBS containing 0.05 % Tween (PBST).
Next immunoblotting was done with a specific
antipeptide Ab4 for Rab7b (1:600) in 4% milk in
PBST followed by anti-rabbit Ab (1:4000). After
subsequent stripping His-tagged proteins were
revealed by incubation with monoclonal anti-
polyHistidine Peroxidase Conjugate Clone
HIS-1 (1:4000) in PBST with 1% bovine serum
albumin for 1 h followed by triple wash with
PBST and incubation with anti-mouse Ab as
above.  

Proteomic analysis
In-gel digestions was performed as previ-

ously described,15 using one of the following
enzymes in 50 mM NH4HCO3 buffer of varying
pH: Trypsin-Gold, mass spectrometry grade
(Promega, Madison, WI, USA) at pH=7.8 (500
fmol/μL), endoproteinase Asp-N from P. fragi at
pH=7.0 (1 pmol/μL) and endoproteinase Lys-C,
sequencing grade (Promega) at pH=8.0 (1.2
pmol/μL) at 37°C for at least 16 h. In a separate
set of experiments endoproteinase Asp-N
digestion was done and followed by nanoscale
reverse-phase liquid chromatography/tandem
mass spectrometry (nano LC-MS/MS). Then
remaining peptides were additionally digested
with trypsin. A search for glycosylated peptides
was performed according to Noga et al.16 on a
Proxeon nanoLC chromatograph (Thermo
Fisher Scientific, Vienna, Austria) connected
on-line to an AmaZon ETD mass spectrometer
equipped with a nanoFlow ESI ion source
(Bruker, Bremen, Germany) using Bruker’s
HyStar, ver. 3.2 and TrapControl, ver. 7.1 soft-
ware. For each LC separation in-house made
columns were applied: precolumn  ID 100
μm/length 1 cm, column ID 75 μm/length 10
cm, stationary phase: ReproSil C18 (Dr.

Maisch GmbH, Ammerbuch-Entringen,
Germany). Gradient used for nanoLC separa-
tion: 0 min/100% A; 40 min/45% A; 41 min/20%
A; 42 min/20% A; 43 min/100% A; 45 min/100%
A; solvents and flow rate as by Suder et al.15 and
mass spectrometer parameters as described by
Drabik et al.17

Protein identification was performed using
Mascot engine working as a part of the
Proteinscape 2.1 software (Bruker, Bremen,
Germany) with settings: taxonomy: all,
enzymes: the type used for the cleavage, max 1
missing cleavage allowed, fixed modifications:
carbamidomethylation, variable modifications:
serine, threonine and tyrosine phosphoryla-
tion, methionine oxidation. SwissProt and
Trembl databases were used for the initial
identification. Then, for phosphorylation local-
ization a database containing only
Paramecium octaurelia Rab7a/Rab7b proteins
was used. Glycosylation identification was
based on the mass difference between glycosy-
lated and deglycosylated peptides: the former
are invisible for the Mascot system when the
MW of the modification is unknown. 
To confirm the site of glycosylation, proteins

were deglycosylated with protein deglycosyla-
tion mix (V4931, Promega) according to the
manufacturer’s procedure. The peptide identi-
fication and assignment of post-translational
modifications was performed by searching the
data using the following constraints: only tryp-
tic peptides with up to two missed cleavage
sites were allowed; the results were filtered for

peptide assignments; ±2.5 Da mass tolerance
for peptide precursor mass searching; ±0.5 Da
mass tolerance for the fragment ions. The
whole procedure was carried out at the
Biochemistry and Neurobiology Department of
Materials Sciences and Ceramics Faculty, AGH
University of Science and Technology, Cracow,
Poland.

Results
Qualitative and quantitative stud-
ies on UDP-Glucose incorporation  
Mutagenesis of Thr200 (the putative site of

glycosylation in Rab7b) to alanine was con-
firmed by LC-MS/MS. To check whether glycosy-
lation of the recombinant proteins occurs under
our experimental conditions the recombinant
proteins were incubated with cell homogenate
and UDP-glucose followed by SDS PAGE and
Con A overlay assay (Figure 1A). Subsequent
Western blot analysis with anti-His Ab that was
followed by stripping and reaction with anti-
Rab7b specific Ab proved that (His)6 Rab7b vari-
ants undergo glycosylation (Figure 1A). In vitro
assay with [14C]UDP-glucose indicated that its
incorporation into (His)6-Rab7b_200 was
diminished by 24% relative to the incorporation
into control (His)6Rab7b (Figure 1B). Addition
of 200 μM UDP-glucose to the reaction mixture
diminished the incorporation of [14C]UDP-glu-
cose by 34%.
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Figure 1. Recombinant Rab7b variants undergo glycosylation in the presence of
Paramecium octaurelia cell homogenate and UDP-glucose or [C14]UDP-glucose. A)
Recombinant (His)6Rab7b proteins were exposed to UDP-glucose and cell homogenate
as described in Materials and Methods; after electrophoretic separation of the eluted pro-
teins and Ponceau S staining, Con A overlay assay was performed followed by stripping
and subsequent Western blotting with anti-His antibody and - after next stripping – with
specific anti-Rab7b antipeptide antibody; molecular mass marker (kDa) is shown at the
left. B) In vitro assay with [14C]UDP-glucose, recombinant variants and Paramecium
homogenate; incorporation into (His)6Rab7b_200 as compared with the control
(His)6Rab7b; densitometry of bands; intensities of the (His)6Rab7b_200 protein bands of
the Coomassie Blue stained SDS PAGE were calculated as relative optical density vs.
(His)6Rab7b as the control sample. Asterisk indicates significant difference from
(His)6Rab7b at P<0.1, n=4.
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Glycosylation analysis by nanoLC-
MS/MS 
Glycosylation of Thr200 was revealed by

nanoLC-MS/MS analyses of the peptides maps
derived by digestion of recombinant Rab7b
constructs with endoproteinase Asp-N that was
followed by cleavage with trypsin as described
in Materials and Methods. After careful com-
parison differences like those exemplary
shown in Figure 2 were evident: an additional
peptide ion at m/z=677.63+ was clearly detected
in the (His)6Rab7b recombinant protein that
was glycosylated with UDP-glucose (Figure 2A,
arrow) which was absent in the control
(His)6Rab7b sample incubated without UDP-
glucose in the same experiment (Figure 2B).
To confirm this result, glycosylated

(His)6Rab7b samples were deglycosylated as
described in Materials and Methods and again
subjected to MS analysis. The peptide ion at
m/z=677.63+ was no longer detectable. The
fragmentation spectrum of the 677.63+ ion
(Figure 2) was verified manually to check for
the presence of fragment ions corresponding
to the amino acid sequence of the Rab7b pro-
tein. As shown in Figure 3, the MS/MS spec-
trum reveals b- and y-ion series of the [195-
206] peptide and an additional set of fragment
ions representing hybrids of the peptide and a
glycan group. The molecular mass of the gly-
can group was calculated at 624.2 Da based on
the difference between the mass of the detect-
ed peptide (2029.8 Da) and the calculated
mass of non-glycosylated [195-206] peptide
with carbamidomethylated cysteine residues
equal to 1405.6 Da.
GlycoMod software (http://web.expasy.org

/glycomod)18,19 was used for estimation of the
nature of the glycan groups attached to the
analyzed peptides. As concerns the adduct of
624.1 Da attached to Thr200 the most likely
glycan modifications are the following:
i)  (Hex)1 (HexNAc)1 (Sulph)3;
ii) (Hex)1 (HexNAc)1 (Phos)3; 
iii) (HexNAc)1 (Deoxyhexose)1 (Sulph)1
(HexA)1; 
iv) (HexNAc)1 (Deoxyhexose)1 (Phos)1
(HexA)1.
The following phosphoglycosylations are the

most likely: (Hex)1(HexNAc)1(Phos)3 or
(HexNAc)1 (Deoxyhexose)1 (Phos)1 (HexA)1,
with a high preference for the presence of
three phosphate groups as in the former case.
This conclusion is based on the results indicat-
ing a significant decrease in the incorporation
of both the [14C]UDP-glucose (Figure 1B) and
[32P] into Rab7b_200 (Figure 4B) as compared
with the control Rab7b. Three other detected
glycosylations of Rab7b at Ser101, Thr131 (and
most probably at Ser138) that do not differen-
tiate Rab7a from Rab7b were also found using
the same approach.
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Figure 2. Comparison between averaged spectra from the nanoLC-MS separation of gly-
cosylated (His)6Rab7b after UDP-glucose incorporation as described in Materials and
Methods (A) with the control recombinant (His)6 Rab7b incubated without UDP-glu-
cose under the same experimental conditions (B). There is the peptide ion at a mass to
charge (m/z) ratio of = 677.6 in the spectrum (A, red arrow) not detected after deglyco-
sylation (B). Inset in (A) shows a blow-up of this peptide ion. Isotopic pattern allows for
estimation of ionization ratio as 3+. Both averaged spectra obtained by the accumulation
of ca. 40 scans acquired within retention time: 21.4-22.2 min.

Figure 3. MS/MS spectrum derived after fragmentation of the 677.63+ ion detected in gly-
cosylated Rab7b shown in Figure 2. Blue ions: come directly from the spectrum, red ions
are derived after deconvolution of the blue ions; green ions: most likely represent hybrids
of glycan modification and peptide fragments. In the upper part of the spectrum b-ions
and y-ions are marked with corresponding amino acid residues. Additionally, identified
sequence of the [195-206] peptide is shown: identification of the exact amino acid
residues was based on y-ions (blue residue), b-ions (red residues) or both series (green
residues). Black font indicates the single unidentified residue.
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In vitro phosphorylation
We have previously reported the presence of

8 phosphorylated amino acids in endogenous
Rab7a and Rab7b proteins,4 and proved now
that recombinant Rab7b constructs undergo in
vitro phosphorylation using antibodies against
phosphorylated amino acids (Figure 5).
As shown in Figure 4B incorporation of

[P32] was significantly decreased by 37% in the
case of (His)6�Rab7b_200 in comparison to
that of the control (His)6�Rab7b.

Analysis of phosphorylation by
nano LC-MS/MS
Taking the advantage of the recombinant

Rab7 variants undergoing in vitro phosphory-
lation as shown in Figures 4 and 5, additional
proteomic analyzes were carried out in an
attempt to identify all the amino acid residues
undergoing this PTM. Figure 6 shows compar-
ison of the phosphorylation patterns of Rab7a
and Rab7b. 
There are altogether 18 phosphorylated

residues in Rab7b and 16 of them are also
phosphorylated in Rab7a. Most of them are
located in the Rab-specific motifs [9,49]: 14 in
Rab7b (including five serine residues) and 13
in Rab7a. Interestingly, there is no such PTM
in Rab7a in the RabSF3, while in Rab7b both
Ser98 and Ser101 are phosphorylated (Figure
6). Similarly, in the RabSF4 motif three
residues are phosphorylated in Rab7b (Ser176,
Thr187 and Thr188) and only one in Rab7a
(Thr187). As concerns the conserved motifs
involved in binding/coordination of Mg2+ with
phosphate groups,  Thr22 in PM1 is phosphory-
lated in the both proteins, while Ser17 only in
Rab7a.

                                                                                                        Original Paper

Figure 4. Incorporation of [32P] into recombinant (His)6Rab7b and its mutagenized form
(His)6Rab7b_200 in the presence of Paramecium octaurelia cell homogenate. A) Upper
panel, Coomassie stained gel (MW marker at the left); lower panel, autoradiogram. B)
Equal volumes of eluted recombinant proteins were immediately analyzed in a scintilla-
tion counter and their identical aliquots subjected to SDS PAGE; densitometry of bands;
intensities of the (His)6Rab7b_200 protein bands were calculated as relative optical den-
sity vs (His)6Rab7b control samples. Asterisk represents a significant difference from the
control sample at P<0.01 by Student’s t-test, n=3.

Figure 5. Recombinant (His6) Rab7b variants undergo in vitro phosphorylation. The
same blot analysis using antibodies against phosphorylated amino acids. The experiment
was conducted as described in Figure 1A. After electrophoretic separation of eluted  affin-
ity purified proteins by 15% SDS PAGE and Ponceau Red staining, Western blotting was
performed sequentially with anti P-Tyr, anti P-Ser, anti His-tag and anti-Rab7b specific
antipeptide Ab. Stripping at each step was performed as described in Materials and
Methods. Molecular mass marker is shown at the left.

Figure 6. Phosphorylation patterns of Paramecium octaurelia Rab7a and Rab7b proteins detected by nano LC-MS/MS.
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The following phosphorylations were detect-
ed beyond the Rab specific motifs: Thr192 in
both the proteins and three in Rab7b (Ser95,
Thr161, Thr190), whereas in Rab7a: Ser3 and
Thr131. Interestingly, the following phosphory-
lation sites are in agreement with those pre-
dicted in Disphos 1.3 data base
(http://www.dabi.temple.edu/disphos): in the
case of Rab7b: Thr131, Ser176 and Thr188
(both in SF4), whereas in Rab7a only Thr131.

In vivo electroporation of
Paramecium cells to deliver recom-
binant proteins
In order to examine intracellular targeting

of recombinant (His)6Rab7b proteins
Paramecium octaurelia cells were electroporat-
ed in their presence under strictly controlled
conditions as described in Materials and
Methods. Double immunodetection under
STED confocal microscopy with anti-His and
anti-tubulin Abs revealed a proper localization
of control recombinant (His)6Rab7b to the
cytostome area (Figure 7A) and mistargeting
of (His)6Rab7b_200 (Figure 7B), the deposits
of which were seen in the cells. The two con-
secutive confocal optical slices shown in
Figure 7 C-D clearly reveal the presence of
recombinant control Rab7b at the edge of the
cytostome, as shown earlier for endogenous
Rab7b (compare Figure 6C in Osińska et al.4).
Under a higher magnification tubulin associa-
tion with the incorporated recombinant
(His)6Rab7b within the cytostome is visible in
the cell (Figure 7E) in a pattern similar to that
found for endogenous Rab7b in Paramecium
(compare Figure 6 E in Osińska et al.4).

Discussion

Rab proteins involved in vesicular traffick-
ing appeared early in evolution concomitantly
with endomembranes, organelles and cell
pathways evolution. They are involved in endo-
cytosis, secretion, cell growth and differentia-
tion,3,9,20-26 and their paralogues have been
reported.6,7,27 Recent data indicate that diverse
post-translational modifications could modify
the functions of Rab proteins,2,26,28,29 and we
found that PTM of Thr200 located in the hyper-
variable C-terminal region of Paramecium
octaurelia Rab7b determines its proper intra-
cellular targeting and function. 
The presence of O-linked carbohydrates in

Rab7b protein explains the discrepancy
between the predicted molecular weight of
Rab7b and its observed Mr in SDS-PAGE also
confirming our previous results from 2D gel
electrophoresis that revealed two Rab7b
immunoreactive spots at slightly different pI
values, one of which was glycosylated,4 similar-

ly to bradykinin receptor B2.30 It has also been
shown that glycosylated proteins play a role in
communication events.31 Kudlow32 pointed out
that glycosylation, abundant and reversible,
may evoke changes in protein functioning,
whereas alternative O-glycosylation/O-phos-
phorylation of serine-16 in murine estrogen
receptor beta has been shown to alter its sta-
bility.33

Recently, it has been shown that Rab7b (a
new member of mammalian Rabs, displaying
54% identity to human Rab7a)34 involved in

retrograde transport from endosomes to the
trans-Golgi network35 and trafficking of several
receptors,36 coordinates cytoskeletal organiza-
tion by influencing myosin light chain phos-
phorylation.37 Our previous results clearly
demonstrated that Rab7b was mapped to a
cytoskeleton of the structure described as
cytostome in Paramecium as seen in Figure 6D
in Osińska et al.,4 while the present study
shows that point mutagenesis at Thr 200 pre-
venting PTM abolishes this targeting.
According to Amoutzias and co-workers,38

                             Original Paper

Figure 7. In vivo incorporation of recombinant proteins (His)6Rab7b and
(His)6Rab7b_200 into electroporated Paramecium octaurelia cells. Immunolocalization
in a STED confocal microscope. Recombinant proteins detected with anti-His antibody
conjugated with rhodamine (red), detection of tubulin with antibody conjugated with
FITC (green). A) (His)6Rab7b, incorporation of the recombinant protein within the
cytostome area (arrow). B) (His)6Rab7b_200; please note dispersed incorporation of the
protein; scale bars: 10 µm. C,D,E) (His)6Rab7b. C,D) Two consecutive confocal optical
slices (1 µm) showing accumulation of (His)6Rab7b at the edge of the cytostome (white
arrowhead); scale bars: 10 µm. E) Tubulin association with the incorporated control
recombinant (His)6Rab7b protein within the cytostome is visible at higher magnification
(white arrow); scale bars: 5 µm.
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phosphoproteins are more ancient, more
abundant, have more protein interactions part-
ners and are under tighter post-translational
regulation than non–phosphorylated proteins.
Phosphorylation of Rab proteins from diverse
species has been reported including that of
Rab1 and Rab4 in mitosis altering their associ-
ation with membranes.40-42 An interesting
example of cyclic and reversible post-transla-
tional modification of Rab4 in CHO cells was
reported by van der Sluijs and coworkers: this
protein is phosphorylated during mitosis by
Cdk1 when its large fraction accumulates in
the cytosol whereas upon exit of cells from
mitosis it undergoes dephosphorylation and
reassociation with the membranes.41 Phospho -
rylation of many Rab proteins has been
reviewed by Bucci and Chiariello: using a great
variety of methods they found that in three
Rab5 isoforms a common phosphorylation site
for Ser/Thr kinases is differentially recognized
in vitro by specific kinases.43 These isoforms
are involved in early endocytic events of many
markers and PTM could specifically modulate
their function in vivo.28 Furthermore, through
interactions with Rab proteins, cargos directly
control their own fate: a cargo protein has the
ability to interact with more than one Rab
and/or with the same Rab in different activa-
tion states.44 In Schizosaccharomyces pombe
two Rab7 homologs, Ypt7 and Ypt71, play
antagonistic roles in the regulation of vacuolar
morphology, whereas phosphorylation of the
Rab protein Sec4 has been reported to prevent
interactions with its effector and thus control-
ling exocyst function.45,46 Phosphorylation of
two amino acid residues in Rab7b that we
detected within the RabSF3 motif, one of the
regions required for GEF binding,45,47 may
influence such an interaction with an as yet
unknown effector. 
Thr200 phosphoglycosylation in Parame -

cium Rab7b was abolished by alanine substitu-
tion and could be removed by enzymatic degly-
cosylation with a mixture of five enzymes of
different specificity as was done for nano- LC-
MS/MS. Interestingly, tyrosine phosphorylation
of Rab24 in cultured mammalian cells HEK293
and HEp-2 was reduced by alanine substitution
of two consensus phosphorylation motifs: one
in the hypervariable domain (as in the case of
Paramecium octaurelia Rab7b) and the other
within the motif known as the P-loop (Y17).29

The latter region is known to influence GTP
hydrolysis in Rab proteins, so the phosphoryla-
tion of Y17 could contribute to the low intrinsic
GTPase activity of Rab24. Recent data48 show
that the hypervariable C-terminal domain
(HVD) of Rab7 is required for proper targeting,
unlike the HVD of Rab1 and Rab5 that is dis-
pensable for membrane targeting and appears
to function simply as a linker between the

GTPase domain and the membrane. The N-ter-
minal residues of Rab7 HVD are important for
late endosomal/lysosomal localization.48 We
identified here an additional phosphorylation
in Paramecium Rab7b in this region at Thr
191, within the Rab SF4 motif,49 which did not
occur in Rab7a (Figure 6). Interestingly, PTM
plays also an important role in Paramecium
exocytosis: an essential protein in this process
is parafusin50 associated with dense secretory
vesicles that undergoes phosphoglucosylation
prior to exocytosis and upon its deglycosyla-
tion, secretion occurs.51 Exocytosis is totally
blocked upon parafusin down-regulation by
RNAi.52 Recent studies indicate that parafusin
is a signaling scaffold protein between nucleus
and cilia and emerged early in eukaryotic evo-
lution.53 We reported previously that expres-
sion of Rab7a was 2.6-fold higher than that of
Rab7b using qReal-Time PCR analysis.4

Interestingly, this fact may be related to the
recent data54 on the evolution of two sodium
channel paralogues following the teleost-spe-
cific WGD, indicating that the Scn4ab gene has
a greater propensity toward neofunctionaliza-
tion due to its decreased expression relative to
its paralogue Scn4aa. Moreover, Amoutzias et
al.2 analyzing genome and phosphoproteome
of Saccharomyces cerevisiae (which uderwent
WGD), reported that post-translational regula-
tion impacts the fate of duplicated genes and
the number of phosphorylation sites on the
proteins they encode is a major determinant of
gene retention. In Paramecium octaurelia neo-
functionalization of a product of the duplicated
Rab7 genes is related to PTM of Thr200 in
Rab7b which determines its targeting and
putative interaction with bundles of micro-
tubules and structures supporting the oral
apparatus.4 We show that upon mutagenesis of
Rab7b  this targeting is abolished.
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