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Peptide-Targeted Delivery of a pH Sensor for Quantitative
Measurements of Intraglycosomal pH in Live Trypanosoma brucei
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ABSTRACT: Studies of dynamic changes in organelles of

protozoan parasite Trypanosoma brucei have been limited, in
part because of the difficulty of targeting analytical probes to
specific subcellular compartments. Here we demonstrate
application of a ratiometric probe for pH quantification in T.
brucei glycosomes. The probe consists of a peptide encoding
the peroxisomal targeting sequence (F-PTSI, acetyl-
CKGGAKL) coupled to fluorescein, which responds to pH.
‘When incubated with living parasites, the probe is internalized
within vesicular structures that colocalize with a glycosomal
marker. Inhibition of uptake of F-PTS1 at 4 °C and pulse—
chase colocalization with fluorescent dextran suggested that
the probe is initially taken up by non-receptor-mediated
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endocytosis but is subsequently transported separately from dextran and localized within glycosomes, prior to the final fusion of
labeled glycosomes and lysosomes as part of glycosomal turnover. Intraorganellar measurements and pH calibration with F-PTS1
in T. brucei glycosomes indicate that the resting glycosomal pH under physiological conditions is 7.4 & 0.2. However, incubation
in glucose-depleted buffer triggered mild acidification of the glycosome over a period of 20 min, with a final observed pH of 6.8 +
0.3. This glycosomal acidification was reversed by reintroduction of glucose. Coupling of ratiometric fluorescent sensors and
reporters to PTS peptides offers an invaluable tool for monitoring in situ glycosomal response(s) to changing environmental
conditions and could be applied to additional kinetoplastid parasites.

Members of the group Kinetoplastida include the
important disease-causing trypanosomatids Trypanoso-
ma cruzi, Leishmania spp., and Trypanosoma brucei. These
unicellular eukaryotic parasites are estimated to infect more
than 30 million people a year," with a total of 350 million more
at risk for infection worldwide.” The current drugs used to treat
these infections are often toxic to the host and can be
ineffective against certain subspecies or resistant strains of the
parasites.” To develop more effective therapeutic treatments, a
better understanding of trypanosomatid biology is necessary.
Of particular interest are glycosomes, organelles that are
evolutionarily related to mammalian peroxisomes, which serve
to compartmentalize most of the glycolysis pathway for
kinetoplastids. Because proper function of glycosomes is
essential for cell survival, it is suggested that they may be an
excellent target for drug design.*® One function of the
glycosome is to regulate resident enzymes. We have
demonstrated that glycosomal enzymes involved in glycolysis,
including the essential enzyme hexokinase, are regulated by
changes in pH within the organelle in response to environ-
mental changes such as nutrient starvation.® This may be
analogous to peroxisomally localized enzymes in other
organisms responsible for S-oxidation of fatty acids, purine
and polyamine catabolism, and amino acid metabolism, which
are also pH-dependent.” However, despite the importance of
glycosomes for kinetoplastid survival and the functional
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dependence of glycosomal enzymes on solution conditions,
relatively little is known about the ionic composition of the
glycosomal lumen. Quantitative measurements of the intra-
lumenal environment are required for delineation of glycosome
control and function and are therefore required as a necessary
step for the design of therapeutics that target glycosomes.

We have devised a strategy for measuring the pH of
glycosomes by directing a pH sensitive fluorescent probe with a
specific peptide sequence to the glycosomal lumen. Cargo
destined for delivery to the glycosome typically harbors a
peroxisomal targeting sequence (PTS). PTS type 1 (PTS1) is a
C-terminal tripeptide that has been used to transport proteins
and other large cargo to the peroxisomal interior in yeast,
plants, insects, and mammalian cells.512 PTS sequences have
also been fused to fluorescent reporter genes that can be
delivered to Trypanosomatid glycosomes.>'*'* By coupling
PTSI1 to fluorescein, a pH reporter dye, we have been able to
directly measure the glycosomal pH using fluorescence. The
result is the first quantitative measurement of glycosomal pH in
situ.

Because glycosomes can be fragile structures that lose their
integrity upon isolation,' the in vivo analysis method presented
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here serves as an invaluable research tool. Quantification of
glycosomal pH in situ and its response to environmental
conditions offers important insight into the biochemical
properties of the trypanosome metabolic pathway, which can
facilitate the development of more effective therapeutics. While
the strategy used here is applied to monitor the pH response
under conditions of nutrient depletion, peptide-targeted
delivery of fluorescent probes can be adapted to study the
effects of other developmental and environmental conditions
on intracellular solution conditions in T. brucei as well as other
trypanosomatid and kinetoplastid species.

B EXPERIMENTAL PROCEDURES

Reagents. Texas red dextran [TR-Dex, molecular weight
(MW) of 10000] and fluorescein dextran (F-Dex, MW of
10000) were obtained from Life Technologies. Fluorescein-
tagged peroxisomal transport sequence [F-PTS1, acetyl-C{K-
(FITC)}GGAKL; MW of 1107.29] was synthesized by
Genscript. Scrambled peptide control [acetyl-LC{K(FITC)}-
KGGA; MW of 1107.29] was synthesized by Selleckchem. The
immunofluorescence of the glycosome-resident protein hex-
okinase was performed using the primary antibody a-TbHK
(1:500) obtained from P. Michels (Université catholique de
Louvain, Brussels, Belgium) and the Texas red-conjugated goat
anti-rabbit secondary antibody (1:100) obtained from Rockland
Immunochemicals.

Cell Culture and Probe Uptake. T. brucei brucei procyclic
form (PF) 29-13 parasites were grown in SDM-79 and kept at
densities between 5 X 10° and 5 X 107 cells/mL at 28.5 °C in a
5% CO, atmosphere.lé’17 For uptake studies, cells were
incubated in Voorheis’s modified PBS (mPBS) [137 mM
NaCl, 3 mM KC], 16 mM Na,HPO,, 3 mM KH,PO,, 46 mM
sucrose, and 10 mM glucose (pH 7.6)]"® with fluorescent
probes [at a final concentration of 90 M (F-PTS1, scrambled
peptide, F-Dex) or 50 uM (TR-Dex)] at 28.5 °C in a $% CO,
atmosphere for 1 h.

Flow Cytometry. Cells analyzed by flow cytometry were
washed with mPBS three times and then analyzed by cytometry
on an Accuri C6 flow cytometer. For each sample, 10000 cells
were measured and analyzed with CFlow Plus software
(Accuri).

Microscopy. All fluorescent images were acquired on an
inverted epifluorescence microscope (Olympus IX71). Differ-
ential interference contrast (DIC) was used for transmitted
light imaging. The microscope was equipped with both
excitation and emission filter wheels (Sutter Instruments). A
Sedat filter set consisting of a beam splitter, single-band
excitation filters [387 nm (11 nm band-pass), 494 nm (20 nm
band-pass), and 575 nm (25 nm band-pass)], and single-band
emission filters [447 nm (60 nm band-pass), 531 nm (22 nm
band-pass), and 624 nm (40 nm band-pass)] were used for
general imaging. For ratiometric imaging of fluorescein, single-
band excitation filters [440 nm (20 nm band-pass) and 495 nm
(10 nm band-pass)] and single band emission filters [S35 nm
(25 nm band-pass)] were used. An Orca-ER CCD instrument
(Hamamatsu) was used for image acquisition, and all
microscope components and all image processing were
controlled using Slidebook version S.0 (Intelligent Imaging
Innovations). Fluorescent background signals were determined
by average intensities of cell-free regions and subtracted from
each image.

Cells used for immunofluorescence (IF) were incubated with
10 mg/mL (0.9 mM) F-PTS1 and washed three times with
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mPBS. Labeled parasites were then introduced into a perfusion
chamber (Harvard Apparatus, Cambridge, MA) and fixed with
4% paraformaldehyde and mPBS (room temperature for 1 h).
Cells were then washed with mPBS and permeabilized with
0.1% Triton X-100 in PBS (137 mM NaCl, 3 mM KCl, 16 mM
Na,HPO,, and 3 mM KH,PO,) for 10 min. After the samples
had been washed with PBS, blocking buffer (1% BSA and
0.25% Tween in PBS) was added (room temperature for 1 h),
followed by addition of a-TbHK (1:500) in blocking buffer for
1 h. Primary antibodies were detected with the Texas red-
conjugated goat anti-rabbit antibody (1:100), and images were
acquired. All washes were performed with 20—30 chamber
volumes at a rate of 50 uL/s.

Lysosomal Colocalization. Qualitative localization anal-
ysis of F-PTS1 and TR-Dex was conducted by overnight
incubation (28.5 °C in 5% CO,) of PF T. brucei (1 X 107 cells/
mL) with TR-Dex (50 ug/mL) in growth medium (SDM-79).
Cells were washed three times in mPBS and then incubated
with F-PTS1. Cells were then mounted to glass slides, and
images were acquired using 494 and 575 nm excitation.

Quantitative localization analysis of co-incubated TR-Dex
and F-PTS1 was performed by pulsing cells with both probes in
mPBS (50 and 90 uM, respectively) for 1 h, followed by an
extended chase with mPBS in the absence of probe. Cells were
imaged using 575 and 494 nm excitation at time points over the
320 min chase. The percent colocalization was calculated by
creating a segment mask for both emission wavelengths to mark
labeled vesicles as mask objects. The lower range of the
segment mask was determined by the average emission
intensities from the autofluorescence of untreated cells. The
number of objects that contained an overlap of both 575 nm
(TR-Dex) and 494 nm (F-PTS1) represents regions of
colocalization. This overlap number was divided by the total
number of objects defined in the 494 nm region to obtain the
percent of cellular compartments labeled with F-PTS1 that also
colocalize with lysosomal compartments (% ColocPTs,Lys). This
relationship can be expressed as

IMy54 N Mgyl

96Colocprg . = X 100

1M,

where Mo, and My, are the sets of objects defined by a
segment mask at 494 and 575 nm emission, respectively.
Defined objects were limited to regions containing higher
average intensity than autofluorescence from untreated cells
and a size expected for cellular vesicles (between 0.1 and 10
um?). Note that because labeled PTS1 and dextran enter the
cells through similar mechanisms and that a small fraction of
the peptide is either immediately transported to lysosomes or
later sent for degradation, it is observed that vesicles that
contain both TR-Dex and F-PTS1 objects will be a subset of
vesicles containing TR-Dex:

(M494 n M575) = Mg;5 C© My,

Statistical analysis of the percent colocalization at each time
point was performed with a sample size of 30—60 cells to
calculate 95% confidence intervals, based on a normal
distribution. Each time point is a representation of several
fields taken within 1 min and binned together for analysis.

Intracellular Calibration. Because the fluorescein intensity
at 495 nm is sensitive to solution pH while the signal at 440 nm
is pH-independent, the intracellular 495 nm/440 nm excitation
ratio can be used to monitor intracellular pH, after appropriate
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probe calibration. Cells used for intracellular pH calibration
were first pulsed with F-PTSI in mPBS and then mounted in a
microscope perfusion chamber. The incubation buffer contain-
ing F-PTS1 was then replaced with pH calibration buffer (CB)
(130 mM KCl, 1 mM MgCl,, 1S mM HEPES, 15 mM MES,
and 0.5 mg/mL digitonin), followed by a 20 min equilibration,
and subsequent collection of fluorescent images at 495 and 440
nm emission. Data were sequentially obtained in CB at pH 4—
7, with buffer exchange through the perfusion chamber and a 20
min incubation for CB at each pH prior to image collection.
The correlation of the 495 nm/440 nm excitation ratio with
solution pH was then used to calibrate the ratiometric
fluorescein response with intracellular pH. Statistical analysis
of the emission ratios at each pH was performed with a sample
size of 30—60 cells to calculate 95% confidence intervals based
on a normal distribution. Each measurement point is a
representation of several fields taken within 1 min and binned
together.

Nutrient Deprivation Response. Comparison of glyco-
somal and lysosomal pH values under normal and glucose-
deprived growth conditions was performed by pulsing cells with
either F-PTS1 or F-Dex in normal mPBS (containing 10 mM
glucose) or glucose-free mPBS using the standard incubation
protocol. Cells were then mounted on glass slides and imaged
at 495 and 440 nm. The resulting excitation ratio was quantified
by comparison with intracellular calibration. Statistical sig-
nificance between treatments with mPBS and glucose-free
mPBS was compared by a one-way analysis of variance
(ANOVA).

Monitoring the pH response to glucose deprivation in live
PF T. brucei was performed by first pulsing the cells with F-
PTS1 using the standard incubation protocol. After uptake,
cells were washed and placed in a microscope perfusion
chamber with fresh mPBS (10 mM glucose). Images were
acquired at 495 and 440 nm over 15 min followed by buffer
exchange with glucose-deprived mPBS (0 mM). Cells were
imaged for an additional 30 min followed by another buffer
exchange to normal mPBS (10 mM) and further monitoring.
Because the peptide is ultimately delivered to the lysosome,
fluorescent compartments containing emission ratios consistent
with lysosomal compartments (490 nm/440 nm ratios of <1.2;
pH <5.5) were excluded from analysis. Statistical analysis of pH
for each measurement was done with a sample size of 30—60
cells to calculate 95% confidence intervals based on a normal
distribution. Each measurement point is a representation of
several flelds taken within 1 min and binned together.

B RESULTS

We have previously observed qualitative pH changes inside the
glycosomes of T. brucei deprived of glucose and proline.® With
the goal of quantifying those pH changes, we targeted the
ratiometric pH sensitive dye fluorescein to the glycosomes
using the tripeptide sequence PTSI. Specifically, a fluorescein-
tagged peroxisome targeting sequence [F-PTSI, acetyl-C{K-
(FITC)}GGAKL] was used, similar to what has been
previously applied for peroxisome localization in mammalian
cells."" Additional modifications included incorporation of two
glycine residues to serve as a spacer between the PTSI
sequence and the lysine residue used as the coupling site for the
fluorescein moiety. Here we examine the cellular uptake of F-
PTS1 and its ability to report pH changes in T. brucei
glycosomes.
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Loading of Procyclic Form (PF) T. brucei with F-PTS1.
To determine whether the F-PTS1 probe could be adapted as
an analytical tool to visualize and quantify intracellular
processes in T. brucei, we first performed experiments to
examine the uptake response in live cells. Because fetal bovine
serum in growth medium binds to the peptide and interferes
with cellular uptake,"" incubations were performed in mPBS.
Various incubation conditions and probe concentrations were
explored (probe loading concentrations of 1 4M to 4.5 mM and
incubation times of 10 min to 12 h), with optimal signal to
background observed using 90 M probe in a 60 min
incubation. As shown in Figure 1A, incubation with F-PTS1
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Figure 1. F-PTS1 and F-Dex uptake in live PF T. brucei. (A) DIC and
fluorescent images of F-PTS1 and F-Dex control. Scale bars are 10 ym.
(B) Flow cytometry analysis of F-PTS1, F-Dex, and untreated cells.
Incubations were performed with the respective fluorescent probe at
90 uM in mPBS (60 min at 28.5 °C in 5% CO,). Flow histograms
represent fluorescent signals from 10000 live cells.

resulted in a punctate distribution throughout the cells. As a
control, incubations under the same conditions were also
performed with F-Dex as a bulk-phase endocytic marker;
dextran dye conjugates are known to be taken up by host cells
via fluid-phase endocytosis and accumulate in lysosomes.'?
Unlike the peptide, F-dex was observed to be sequestered
within a single vesicle, consistent with lysosomal localization
documented previously in the studies of T. brucei dextran
uptake."’

Flow cytometry was also used to measure the fluorescence
per cell of F-Dex and F-PTS1 (Figure 1B). At a loading
concentration of 90 uM, cells with F-PTS1 were approximately
10 times brighter than F-Dex control and 50 times brighter
than background. This suggests that F-PTS1 and dextran
conjugates are transported differently, which is consistent with
the expected transport of F-PTSI to glycosomes. Moreover,
these data indicate that trafficking of F-PTS1 results from the
PTS1 sequence, not from any characteristics of fluorescein.

dx.doi.org/10.1021/bi400029m | Biochemistry 2013, 52, 3629—3637
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Scrambled Peptide

Figure 2. Localization of the scrambled peptide with TR-Dex (top), F-PTS1 with TR-Dex (middle), and TbHK1 (bottom) in PF T. brucei. Cells
were incubated with 90 yM scrambled peptide or F-PTS1 in mPBS (60 min at 28.5 °C in 5% CO,). Analysis of colocalization with lysosomal
compartments was conducted with cells preloaded with 50 yuM TR-Dex overnight in growth medium. Analysis of F-PTSI colocalization with
glycosomes was conducted using immunofluorescence with a-TbHKI1 and Texas red-conjugated secondary antibody following F-PTS1 incubation.

Scale bars are 5 ym.

When cells were incubated with F-PTS1 at 4 °C, no
intracellular fluorescence was observed, indicating that the
peptide failed to cross the cellular membrane at low
temperatures. Intracellular fluorescein fluorescence was absent
in chilled cells even at higher loading concentrations (1—S
mM) and increased incubation times (up to 4 h). Because
endocytosis is inhibited at low temperatures,”® the lack of
uptake at low temperatures implies that cellular entry occurs by
an active endocytic process. We also observed no labeling of the
cellular membrane under low-temperature conditions, suggest-
ing that direct binding of F-PTSI1 to cell surface receptors or
specific surface proteins does not occur. Hence, the endocytic
process is not prompted to direct binding of F-PTSI to
extracellular receptors.

Localization Analysis of F-PTS1 with Subcellular
Compartments. While the uptake pattern and fluorescence
of F-PTS1 in T. brucei were distinct from those of the F-Dex
controls, indicating that F-PTS1 is transported in a manner that
is independent of F-Dex, further experiments were necessary to
determine the identity of the subcellular compartment(s)
harboring the peptide probe. To follow F-PTS1 trafficking, and
more specifically localize the probe, we performed colocaliza-
tion experiments with TR-Dex and F-PTS1. Parasites were first
loaded with TR-Dex overnight, to allow sufficient time for the
dextran dye conjugate to be taken up by host cells by fluid-
phase endocytosis and to accumulate in lysosomes." These
dextran-loaded cells were then subjected to further incubation
with F-PTS1 for localization analysis (Figure 2). Cells
containing F-PTS1 and TR-Dex yielded a single doubly labeled
focus reflecting the presence of both fluorescent probes, as well
as many compartmentalized regions that contained only the
labeled peptide. This result suggested that, as seen with TR-
Dex, F-PTS1 is able to enter the cell through via endocytosis
and is then transported to the lysosomal compartment, along
with TR-Dex. However, the peptide apparently reached
nonlysosomal compartments as well, either by escaping the
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endosomal maturation pathway or by entering the cell through
a second distinct mechanism.

This observation is in contrast to those made during control
experiments performed with a scrambled peptide sequence
[acetyl- LC{K(FITC)}KGGA]. This sequence contains the
same amino acids, acetylation, and fluorescent labeling of F-
PTS1 but lacks the AKL sequence used by the cell for
glycosome trafficking. When the scrambled peptide (Figure 2)
is incubated with the cells, it is transported only to lysosomes
and not to additional compartments, unlike F-PTS1.

To determine the identity of the nonlysosomal compartment
in which the F-PTS1 was found, immunofluorescence (IF) with
organelle-specific markers was performed. Parasites were first
preloaded with F-PTS1 and fixed. Because of the low number
of amines in the PTS peptide, standard IF fixation methods
could not adequately maintain the spatial distribution of the
peptide during IF sample processing. To address this issue, a
modified sample preparation was used in which the cells were
mounted and washed within a microscopic perfusion chamber.
While permeabilization, blocking, and labeling steps followed
standard IF procedures (described in Experimental Proce-
dures), the use of a perfusion chamber eliminated the need to
adhere the cells to the slide. Additionally, this setup facilitated
rapid buffer exchange, which decreased sample preparation time
and minimized leakage of the peptide from compartments in
which it was sequestered. Glycosomes were identified using
antisera to the glycosome-resident TbHKs. While the local-
ization of F-PTSI is slightly diffuse because of the challenges of
fixing the peptide, the peptide can be seen to colocalize with the
TbHK marker for glycosomes. This result supports the
hypothesis that the probe is successfully transported to
glycosomes. It has been documented that mature peroxisomes
are no longer PTS import competent,lz’15 which may also be
the same for glycosomes. Thus, while the peptide is mostly seen
to overlap with TbHK, it is observed and expected that not all
the TbHK is colocalized with F-PTSI.

dx.doi.org/10.1021/bi400029m | Biochemistry 2013, 52, 3629—3637
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Figure 3. Pulse—chase localization of co-incubated F-PTS1 and TR-Dex in PF T. brucei. (A) DIC, F-PTS1, TR-Dex, and merged fluorescent images
at various time points over 340 min. White arrows represent points of colocalization. Scale bars are 10 ym. (B) Quantification of the percent of
compartmentalized F-PTS1 colocalized with TR-Dex at various time points over 320 min. Cells were co-incubated with 90 M F-PTS1 and 50 uM
TR-Dex in mPBS (28.5 °C in 5% CO,) for 1 h followed by copious washing and replacement with fresh buffer. Colocalization analysis was
completed via fluorescence microscopy. Error bars represent 95% confidence intervals of 30—60 cells.

We next began examinations of the endocytic mechanism
resulting in the delivery of F-PTS1 to glycosomes. The
observation that cells incubated at 4 °C had no visible F-
PTS1 uptake suggested that the mechanism of probe uptake
and delivery to glycosomes must be endocytosis. Because the
probe was observed in both the lysosome and glycosomes, we
hypothesized that the peptide may be transported into the cell
in a pathway that is common to both lysosome- and glycosome-
targeted cargo. This observation in trypanosomes is not
unprecedented. Previous studies in which horseradish perox-
idase (HRP) and transferrin gold were co-incubated revealed
that transferrin gold particles were directed into large
lysosomal-like structures while HRP was found both in the
lysosome and in tubular structures near the Golgi apparatus.”'
Together, these observations suggest that trypanosomes
contain mechanisms for redirecting cargo acquired after
endocytic uptake.

To test our hypothesis that F-PTS1 was redirected following
co-uptake with dextran, we performed a pulse—chase experi-
ment in which we monitored and quantified the localization of
both TR-Dex and F-PTS1. Both probes were first co-incubated
with T. brucei in mPBS. The cells were then thoroughly washed,
mounted on glass slides, and imaged at various time points over
S h (Figure 3A). The first time point image (60 min) was
captured immediately after the cells were transferred to fresh
mPBS following the pulse with the fluorescent probes. At this
time point, punctate vesicles that harbored either dextran and
the PTS1 probe or just the F-PTS1 probe were observed. This
result is consistent with simultaneous uptake of dextran and the
probe. However, after 120 min, the amount of colocalization
decreased. Rather than multiple vesicles labeled with dextran,
only one or two were observed in each cell. Because the excess
dextran in the initial pulse had been removed by washing, no
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new Texas red-loaded endosomes were observed and the
existing endosomes had likely fused with lysosomes. The
observed lysosomal staining was consistent with previous
reports noting that T. brucei harbor one or two lysosomal
compartments in each cell’”*® A greatly decreased level of
colocalization observed at this time point indicates that at this
stage, most of the peptide had been redirected to glycosomes
and separated from dextran-labeled compartments, resulting in
limited colocalization. After additional incubation, however
(220 and 320 min), the PTS1-labeled vesicles became
increasingly associated with dextran-labeled compartments,
suggesting that glycosome turnover by autophagy was at work.

To further assess the relationship among endocytosis,
lysosomes, glycosomes, and F-PTS1 trafficking, F-PTS1
colocalization with TR-Dex was assessed by dividing the
number of compartments containing fluorescein (F-PTS1) and
Texas red (dextran) by the number containing only fluorescein
(F-PTS1). To increase throughput and prevent observation
bias, calculations were performed by generation of an automatic
segment mask for fluorescein and Texas red emission in which
the lower-intensity range was set on the basis of the
autofluorescence from untreated cells. The resulting masks
were defined as individual objects that represented the
fluorescently labeled compartments (see Experimental Proce-
dures). The resulting percent colocalization of F-PTS1 and
dextran as a function of time revealed that after a 60 min pulse
with both F-PTS1 and TR-Dex, approximately 40% of vesicles
containing PTS1 also contained dextran (Figure 3B). While we
hypothesize that the peptide and dextran enter the cell through
the same endocytic mechanism, cargoes that were internalized
during an earlier stage of the incubation period have likely
undergone separate trafficking to their respective organelles,
resulting in 60% of PTS1 already residing in glycosomes at the

dx.doi.org/10.1021/bi400029m | Biochemistry 2013, 52, 3629—3637
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time of the first time point measurement. Over time, the
percent colocalization of the two probes decreased, over the
next 60 min, to approximately 20%. In agreement with the
images shown in Figure 3A, the extent of colocalization of
peptide and dextran after the 2 h incubation gradually
increased, suggesting that glycosomes were merging with
lysosomes, presumably as a result of glycosomal autophagy.
Determination of the Glycosomal pH. After confirming
the subcellular localization of the peptide probe, we proceeded
to quantify the pH of glycosomes using the pH sensitive
properties of fluorescein. Fluorescein emission is ratiometrically
sensitive to pH. Fluorescence emission at 525 nm changes as a
function of pH upon excitation at 495 nm but is pH
independent upon excitation at 440 nm. By using the 495
nm/440 nm excitation ratio and an intracellular calibration,
quantitative pH measurements can be performed without
having to consider imaging issues such as photobleaching,
differences in the focal plane, or loading concentrations. We
first conducted an in situ calibration using parasites preloaded
with F-PTS1. These cells were mounted in a perfusion chamber
to allow rapid buffer exchange with pH calibration buffers (pH
4—8). To permeate the cell and glycosomal membrane, 0.5 mg/
mL digitonin, the amount required to compromise the
membrane,®* was added with each calibration buffer. Once
the internal pH reached equilibrium, the emission intensity at
495 and 440 nm was acquired. Because the probe is known to
also be transported to lysosomes [as shown with TR-Dex
colocalization (Figure 2)], compartments with emission ratios
correlating to a pH of <5.0 (approximately S—10% of measured
compartments) were omitted. The resulting intracellular
calibration was consistent with previous studies of fluorescein
in situ within lysosomes of mammalian and trypanosome cells
(Figure 4).”*> The precision of fluorescein in its linear range
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Figure 4. Internal pH calibration of fluorescein in PF T. brucei
glycosomes. Emission ratios of glycosome-localized F-PTS1 (incuba-
tion in mPBS at 90 M for 60 min at 28.5 °C in 5% CO,) at 495 and
440 nm are plotted as a function of pH. The internal pH was
equilibrated with external pH 4—8 calibration buffers and 0.5 mg/mL
digitonin detergent. Markers on the right side represent the emission
ratio of fluorescein in live PF T. brucei glycosomal (pH 7.4 + 0.2; n =
42) and lysosomal (pH 4.5 + 0.4; n = 35) compartments under
physiological conditions. Error bars represent 95% confidence intervals
of 30—60 cells. Emission ratios were acquired via fluorescence
microscopy. We note that the pH-independent 495 nm emission is
an internal negative control that corrects for possible signal changes
other than pH.
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(pH 5.0—7.5) is within 0.1 pH unit at a 95% confidence interval
(CI) and is insignificant when compared to the variation
between cells. Using this calibration, we report a pH of 7.4 +
0.2 (n = 42; mean + 95% CI) in glycosomes of live T. brucei
under standard growth conditions. Furthermore, because F-
PTS1 is also transported to lysosomes, we were able to
determine the pH of that organelle to be 4.5 + 0.4 (n = 3S;
mean + 95% CI). This value is consistent with previous reports
of the lysosomal pH in T. brucei’® However, the pK, of
fluorescein (6.4) limits sensitivity and therefore accuracy at
lower pH; our measured uncertainty at this pH may be an
underestimate.

Glycosomal pH Response to Nutrient Deprivation.
Previous studies have suggested that glycosomes undergo
acidification, with one consequence being the regulation of
resident enzymes.® One known trigger of qualitative glycosomal
acidification is nutrient starvation. For quantitative determi-
nation of the effects of starvation on the organellar pH, we
measured the consequences of changing glucose availability on
the probe excitation ratio.

First, we measured the pH of T. brucei glycosomes after
incubation in mPBS supplemented with glucose (10 mM) and
compared this value to that for cells incubated in the absence of
the carbon source (Figure SA). In the presence of physiological
levels of glucose, inner glycosomal pH is equal to the
measurements made previously [7.4 + 0.2 (Figure 4)].
However, in a glucose-deprived buffer, the pH was decreased
to 6.8 + 0.3 (n = 30; mean + 95% CI). This process was also
monitored by a chase experiment (Figure SB) in which the
removal of glucose demonstrates that the acidification process
occurs over 20 min. Addition of glucose back to the buffer
reversed the acidification over the same duration. This
acidification of glycosomes in response to glucose deprivation
was found to be statistically significant by ANOVA (p < 0.001),
whereas the lysosomal pH under these conditions was not
significantly altered. We note that proline is a potential
alternate energy source, particularly for procyclic trypanosomes.
Because no proline was added to these solutions, the observed
glycosomal pH response(s) to glucose deprivation may in fact
reflect general starvation conditions, rather than a glucose-
specific effect.

B DISCUSSION

The studies of F-PTS1 uptake, dextran localization, and
immunofluorescence with a glycosomal marker strongly suggest
the peptide probe developed here was targeted to glycosomes.
While the punctate pattern is consistent with those observed in
mammalian studies that target fluorescent probes to perox-
isomes using targeting peptide conjugates,'’ the uptake
mechanism is likely to be different. When incubation of F-
PTS1 was performed at 4 °C, we did not observe uptake, in
contrast with previous studies of cellular uptake of PTS-
conjugated fluorescein in mammalian cells.""*” One reason for
this observation may be the different composition of
phospholipids in the trypanosomal membrane®®* relative to
that of mammalian cells, which may reduce the trypanosome
cell membrane permeability to extracellular molecules and
instead require molecules to enter through a deep invagination
of the plasma membrane near the flagella, known as the flagellar
pocket.*® Uptake through the flagellar pocket occurs via a
mechanism similar to that found in clathrin-coated vesicle
formation in mammalian cells.*’ Given that in mammals,
clathrin-coated vesicle formation is sensitive to temperature,**
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Figure S. pH response of glycosomes in live PF T. brucei to the
presence and absence of glucose in incubation buffer. (A) pH
difference measured from glycosomal F-PTS1 and lysosomal F-Dex in
the presence (black) and absence (gray) of glucose in incubation
buffer. Cells were measured after a 60 min incubation (28.5 °C in 5%
CO,) in normal and glucose-deprived mPBS. pH differences of F-
PTS1 under the incubation conditions are significantly different as
determined by ANOVA (p < 0.001) but not for F-Dex control (p =
0.021). (B) Glycosomal pH response to glucose deprivation. Glucose
removal and addition were performed through buffer exchange of 0
and 10 mM glucose mPBS in a perfusion chamber mounted with live
PE T. brucei cells. Vertical dotted lines represent time points of buffer
exchange. The pH was monitored at S min intervals. All pH values
were calculated from the 495 nm/440 nm emission ratio of fluorescein
with an intracellular calibration. Error bars in both figures represent
95% Cls of 30—60 cells.

operation of the corresponding parasitic mechanism may
explain our observation of a low level of peptide uptake in
chilled parasites. Uptake by endocytosis also explains why the
peptide was observed within trypanosome lysosomes early in
the time course of uptake. In contrast, PTS1 peptides in
mammalian models enter the cell by passive diffusion and
therefore do not accumulate in the lysosomal compartment.
Monitoring both dextran and F-PTS1 uptake together
further supported the possibility that trypanosome F-PTS1
uptake was distinct from the mammalian mechanism. We
observed that both the peptide probe and dextran were taken
up initially by the same endocytic mechanism, only to be later
directed to different organelles. Because the first time point
represents a 60 min pulse, compartments containing both
dextran and peptide may be early endosomes that formed
relatively late during the 60 min incubation. Consequently,
compartments bearing only peptide may have already been
transported to glycosomes. Notably, the overall amount of
colocalization gradually decreased during the time course, once
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the cells were placed into fresh buffer and no new probe uptake
could occur. This decrease in the level of colocalization
paralleled a decrease in the total number of dextran-labeled
compartments, which is likely due to the maturation of early
endosomes followed by fusion with lysosomes. It is interesting
to note that small amounts of F-PTS1 were directed to a
lysosomal compartment. The presence of F-PTS1 in lysosomes
may be due to the saturation of the cellular mechanism
responsible for directing the peptide or to a regulation
mechanism that limits the amount to be imported. Following
the segregation of F-PTSI and dextran, the two markers were
observed to gradually merge over the next several hours. This
observation is likely due to glycosome turnover by autophagy.
While autophagy has been found to occur during the
transformation of PF to BSF, low levels of turnover also
occur throughout the cell’s lifetime to degrade and recycle
glycosomal proteins.>>>* The data reported here suggest that
the glycosome’s lifetime is approximately 2—6 h in mPBS,
which is significantly shorter than the half-life reported for
mammalian CHO cells (at ~2 days)*® and T. brucei (>16 h)*°
in growth medium. This may be due to the starvation of carbon
sources in mPBS. In contrast, similar experiments with a
scrambled peptide control did not exhibit trafficking to
glycosomes and instead remained in the lysosomes.

Using the fluorescent peptide, we were able to measure the
pH inside the glycosome. Because a subset of the probe
localized to lysosomes rather than glycosomes, these measure-
ments required careful distinction between probes contained in
the two different compartments. In this case, the much greater
acidity in the two compartments (pH ~7.4 in glycosomes and
pH ~4.5 in lysosomes) led to a clear bimodal distribution of
the fluorescein signal that allowed segregation of the
glycosomal signal for pH determination. The pH of glycosomes
from parasites grown under standard conditions (7.4) was
found to be slightly more alkaline than the pH reported for
peroxisomes in CHO cells (6.92),"° but lower than the value
reported for human fibroblast peroxisomes (pH 8.2).%

Conditions of nutrient deprivation resulted in significant
reductions in glycosomal pH. Monitoring of trypanosome
glycosomes loaded with F-PTS1 in a glucose-deprived
environment demonstrated an acidification response resulting
in a decrease in pH of approximately 0.8 pH unit, which was
complete after 20 min. While enzymes are involved in multiple
functions within glycosomes, the primary impact of glucose
deprivation is expected to be on glycolysis, because this
metabolic process uses glucose as the starting metabolite. It has
been shown ex vivo that T. brucei hexokinase (TbHK1), the
enzyme responsible for converting glucose to glucose 6-
phosphate within the glycolysis pathway, is inactivated at pH
6.5.° Moreover, glucose deprivation activates a complex variety
of enzymes that alter the primary energy source from glucose to
proline.38 Hence, the rapid pH response observed from glucose
deprivation is likely a consequence of pH-based regulation of
glycolytic mechanisms, including hexokinase. However, because
this pH response was observed in the absence of proline as well
as glucose, we cannot distinguish between the effects of general
starvation and glucose deprivation.

These studies of intraglycosomal pH demonstrate the utility
of peptide-targeted fluorescent probes for quantitative inves-
tigation of the intracellular environment, particularly as a
response to external stimuli. The advantages of fluorescent
peptide probes for such measurements include the ability to
rapidly and nondestructively monitor cellular responses within
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subcellular compartments in live cells. By altering the choice of
the targeting peptide, we can adapt the methodology for
analysis in other subcellular organelles; specific peptides have
been successfully used to direct cargo to the mitochondria,>
Golgi apparatus,* and endoplasmic reticulum,*" in addition to
glycosomes. By altering the choice of the fluorescent dye, we
can also change the analyte of interest or the range of solution
conditions available for investigation. For example, peptides can
be linked to pH-ratiometric dyes with different linear response
ranges relevant to the organelle of interest, including Oregon
Green 488 (pK, = 4.7) that has a working range suitable for
highly acidic compartments such as lysosomes. Solution
conditions besides pH can also be investigated using other
dyes sensitive to specific analytes. Fluo dyes, for example, bind
to cellular calcium with a measurable response that can be used
for monitoring Ca®* levels.**}

Besides using our fluorescent peptide to monitor the pH
response, we have also presented the potential of these
measurements as a method for monitoring autophagy of
organelles within trypanosomes. By targeting the fluorescent
probe to glycosomes and monitoring its colocalization with
lysosomal labels, we were able to follow lysosome—glycosome
fusion in real time and determine the glycosomal half-life
(Figure 3). This observation of lysosomal fusion could be used
as a novel method to study organelle autophagy and could be
useful in applications that examine the effects of genetic and
chemical manipulations on components of the autophagy
pathway in live cells.
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