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Abstract
Leishmaniasis is a parasitic disease caused by the protozoa Leishmania. These organisms secrete acid
phosphatases during their growth cycle as an important part of cell targeting to host macrophage cells thus
allowing for a successful infection. Secreted acid phosphatases (SAP) are reported to play a significant role in
the survival of Leishmania cells, thus evaluation of these enzymes is of interest. The inhibition of SAP can be the
focus of a new drug therapy. We tested for SAP activity from Leishmania tarentolae following the addition of a
series of vanadium complexes including decavanadate. Cell cultures at different stages in their growth curve
were harvested by centrifugation and supernatant was collected. The SAP activity in the supernatant was assayed
with the artificial substrate p-nitrophenylphosphate (pNPP). Incubation with orthovanadate resulted in a decrease
in activity of 18% ± 1 relative to the control, in comparison to decavanadate, which resulted in a 35% ± 4
decrease in activity. Other vanadium complexes showed smaller inhibitory effects than orthovanadate. Some
vanadium complexes appeared to have an effect on reducing cell clumping when compared to control cells. The
SAP was partially isolated through anion exchange chromatography and results indicate that SAP isozyme forms
are present in the supernatant from cells. Future work is focused on obtaining recombinant enzyme which can be
more completely characterized for inhibition by vanadium complexes.
Keywords: Leishmania, secreted acid phosphatase, enzyme inhibition, vanadium complexes, orthovanadate,
decavanadate
1. Introduction
1.1 Leishmaniasis
Leishmaniasis is a protozoan disease that is classified as one of the “most neglected diseases¬” because of its
association with poverty stricken populations particularly those in tropic and sub-Saharan regions (Berman, 2003;
Center for Disease Control and Prevention, 2013). Parasitic Leishmania spp. are the cause for this disease and a
sandfly vector transfers Leishmania when biting humans or other hosts. The promastigote form of the organism
is carried by the sandfly, and this form differentiates into the amastigote form in macrophages of the alternate
host (Vannier-Santos et al., 2002; Center for Disease Control and Prevention, 2013). A variety of invasion and
evasion strategies are used by Leishmania in their successful infection of a variety of hosts (Vannier-Santos et al.,
2002). Effects of leishmaniasis can range from permanent scarring to death in the case of visceral leishmaniasis
if left untreated.
1.2 Traditional Treatments
Traditional treatments for leishmaniasis are limited and involve the use of antimony-containing compounds and
other drugs. All such treatments are unsatisfactory because they are toxic, expensive, require multiple treatments,
or lose effectiveness due to the parasite’s ability to acquire drug resistance after prolonged use (Vannier-Santos et
al., 2002; Magill, 2009; Croft, 2011; Duncan et al., 2011). Current treatments also have substantial side effects;
these side effects may be related to the similarity of cell biology of protozoan parasites to other eukaryotic cells
thus increasing toxicity risks. Owing to the large association of this disease with poverty and rural regions, these
treatments may not always be available, and there continues to be many chemotherapy challenges (Berman, 1997;
Pathak & Batra, 2009; Croft & Buffet, 2011; Harhay et al., 2011). Thus, the study of other viable therapy
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directions is important. Drugs that inhibit secreted parasite enzymes, such as secreted acid phosphatase, could
help booster the treatment of this disease.
1.3 Phosphatases and Leishmania
In general, phosphatases are a large group of enzymes that catalyze the cleavage of phosphate groups from a
wide variety of phosphorylated compounds. These enzymes are generally classified relative to the pH optima
(acid, neutral, or alkaline) or relative to important participating amino acids such as with protein tyrosine
phosphatase (Vincent et al., 1992; Gani & Wilkie, 1997). Phosphatases function in opposition to kinases and
phosphorylases, acting as important physiological regulators. Thus phosphatases are involved in a number of
important physiological roles. Membrane bound acid phosphatases are reported to inhibit the production of
neutrophil oxidative metabolites O2- and H2O2, suggesting a pathophysiological role for membrane-bound acid
phosphatases (Remaley et al., 1985). The secreted acid phosphatases are now well established to be different
from the membrane-bound acid phosphatase of Leishmania (Glew et al., 1988). The secreted acid phosphatases
are also reported to play a significant role in the survival of Leishmania cells. Lovelace and Gottlieb (1986)
reported that acid phosphatase activity was secreted by all major species of Leishmania tested except L. major
and L. tarentolae. However, others reported that L. major promastigotes release soluble acid phosphatases
(Shakarian & Dwyer, 2000). Ellis et al. (1998) reported that Leishmania amastigotes synthesize secretory acid
phosphatases during the infection process. Vannier-Santos et al. (1995) reported that secreted acid phosphatase
(EC #: 3.1.3.2) has an important role in Leishmania infectivity, perhaps by enhancing host-parasite interactions.
However, the mechanism is not well established. Work on secreted acid phosphatases (SAP), especially from
Leishmania, has been reported since the early 1970s. Isolation, partial characterization and possible biological
function of these acid phosphatases has progressed so that these enzymes are now well established to be distinct
from the other phosphatases of cells especially in terms of cell cycle, protein molecular weight and degree of
glycosylation (Gottlieb & Dwyer, 1982; Ilg et al., 1991, 1994). The secreted acid phosphatases are also reported
to play an important role in infectivity (Shakarian & Dwyer, 2000), thus studies of this enzyme could allow for
new therapeutic directions. Disruption of the SAP could result in an increased host immune response thus killing
the invading parasite before it is able to establish itself in vivo. It is well documented that orthovanadate (VO43-)
is an effective inhibitor of phosphatases, and in general, a variety of vanadium complexes have been shown to
inhibit various phosphatases in vitro (reviewed by Gresser et al., 1987). We have also recently reported the
inhibitory effects of decavanadate and other select vanadium complexes on several enzymes, especially those
using intermediary metabolites with phosphate groups, and on growth of Leishmania tarentolae in vitro (Turner
et al., 2012). The mechanism of inhibition was not fully characterized in our previous work (Turner et al., 2012).
1.4 Hypothesis
Owing to the ambiguity in the literature concerning leishmanial secreted acid phosphatase and its potential role
in Leishmania infectivity, our approach has been to assess the inhibition of L. tarentolae SAP by selected
vanadium complexes that have already been reported to moderately affect L. tarentolae in culture (Turner et al.,
2012). We hypothesize that evaluation of inhibitory effects using partially purified enzyme will give insight into
mechanism of inhibition and open new therapeutic directions.
2. Method
2.1 Cells
Axenic Leishmania tarentolae promastigote cells (ATCC 30143 cells) were grown, at room temperature, in
polystyrene 25 cm2 flasks (Corning) in sterile brain-heart infusion (BHI; Becton, Dickinson and Company)
medium prepared as per the ATCC recommended protocol with added hemin (20 μM), penicillin and
streptomycin (10,000 units/mL and 10 mg/mL, respectively; Sigma-Aldrich) following the general protocol of
Morgenthaler et al. (2008). Although L. tarentolae is not a pathogen for humans, we used this species because
the promastigotes are easy to grow in culture and can be used as a model system for the human pathogenic
species (Taylor et al., 2010). In some cases, the cultures were initiated with a small number of cells on day 0 and
in other cases a larger inoculum of cells were used. For enzyme assays, flasks with BHI medium, without cells,
were incubated and used for blanks as indicated below. Cells grown in BHI without added vanadium compounds
are
considered
control
cells.
Cell
viability
was
assessed
using
the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983) and cell shape,
motility, and clumping were monitored by light microscopy using a Jenco inverted microscope (model CP-2A1;
at 100 or 400 x magnification). Data are reported as mean ± SD for n = 3-4 replicates with some data presented
as direct absorbance values and others reported as percent of control cell response. Analysis of variance
(ANOVA) was used to evaluate statistical significance. When the hemin was omitted from the culture medium,
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cell growth was undetectable by MTT response or SAP activity (data not shown) due to the overall limited
growth of the cells.
Cells were collected and pooled into 50 mL conical polypropylene tubes. Tubes were centrifuged at 13,667 xg,
4 °C for 20 minutes to collect the cell-free supernatants which were assayed directly for secreted acid
phosphatase activity or used to partially purify the enzyme using anion exchange chromatography. To directly
assay the supernatants for secreted acid phosphatase activity, 450 μL aliquots were incubated with 450 µL of
0.15 M sodium acetate buffer (pH 4.5), and 100 µL of freshly prepared p-nitrophenylphosphate (pNPP, 13.5 mM
in sodium acetate buffer) in 1.5 mL polypropylene centrifuge tubes. Samples were incubated for up to 24 hours
in the dark at room temperature. Reactions were stopped by addition of 100 µL of 10 M NaOH. Blanks,
containing BHI medium without cell incubation, were incubated and processed the same way as BHI with cells.
Absorbance values at 405 nm were recorded using a Hewlett Packard UV/Vis spectrophotometer with
ChemStation Softward.
2.2 The Vanadium Complexes
The vanadium complexes used in this study are V(pic)3, VO(pic)2, NH4VO2(pic)2, V(imc)3, VO(imc)2,
NH4VO2(imc)2, sodium orthovanadate (Na3VO4), and [NH4]6[V10O28].5H2O (decavanadate;V10). Their structures
are shown in Supplemental Figure S1. To evaluate the effects of these vanadium complexes, 100 µL of freshly
prepared complexes (in 0.15 M sodium acetate buffer, pH 4.5) were added to the cell-free supernatants (450 μL)
with 350 μL of the same buffer and incubated 10 minutes before addition of 100 μL of the pNPP substrate then
incubated for up to 24 hours at room temperature in the dark. The final reaction volume was 1.0 mL in all
enzyme assays. The final vanadium complex concentrations tested ranged from 10 to 200 µM as indicated.
Blanks consisted of BHI without cells but with added complex incubated under the same conditions. Effects of
other treatments, such as dithiothreitol (DTT), potassium-sodium tartrate, or heating, were also evaluated. All
assays were done in triplicate.
2.3 Cells With Vanadium Complexes
Cells with and without added vanadium complexes were evaluated daily by light microscopy for cell shape,
motility, and clumping using a Jenco inverted compound microscope. The number of clumps (of greater than an
estimated 10-20 cells) on days 5, 6 and 7 of culture were estimated and reported as percent of control cells.
To evaluate the ability of selected vanadium complexes to affect activity of SAP from cells, cultures in early log
phase (day 3) were incubated with decavanadate (V10), or V(imc)3 at 20 μM or VO43- at 200 μM. Cell viability
(MTT assay) was evaluated on days 4 through 7 following the additions. Also, SAP activity in the medium (after
removal of cells by centrifugation) was evaluated on culture days 4 through 7.
2.4 Ion Exchange Column Chromatography
The partial isolation of SAP was performed in a 4 oC cold room, and followed the general procedure for anion
exchange chromatography reported by Ilg et al. (1994). Running buffer (20 mM Tris-Cl, 100 mM NaCl, pH 7.5)
was poured into the 20 mL packed DE51 (Whatman) anion exchange column to wash the resin. Two columns
were prepared, one for the partial isolation of SAP from the cell supernatant and the second used as a BHI
medium control. The cell free supernatant sample (112 mL) was obtained following centrifugation (13,667 xg,
20 min, 4 °C) of L. tarentolae cultured in Brain Heart Infusion (BHI) harvested on day 13 of culture. BHI (50
mL) containing no cells and treated identically to the L. tarentolae culture was applied to the second column.
Both columns were washed with 20 mM Tris-Cl 100 mM NaCl pH 7.5 (100 mL total) collected as 3 separate
volumes (indicated as wash 1, wash 2, and wash 3), then 20 mM Tris-Cl 500 mM NaCl pH 7.5 (10 mL) was used
as the high salt final elution buffer.
2.5 Enzyme Assay
Aliquots (450 µL) of each column fraction were mixed with 450 µL of 0.15 M sodium acetate buffer (pH 4.5),
and 100 µL of freshly prepared pNPP (13.5 mM in sodium acetate buffer) in 1.5 mL centrifuge tubes. Samples
were incubated for 22 hours in the dark at room temperature. Reactions were stopped by addition of 100 µL of
10 M NaOH. For each fraction a blank, consisting of the same volume from the BHI cell medium
chromatography fraction, was incubated under the same conditions as for the test fractions. The absorbance at
405 nm was evaluated spectrophotometrically. From this work, approximately 98% of the original SAP activity
was recovered from the column. Column fractions from the flow-through, wash 1, and the high salt wash were
used to test for effects of vanadium complexes.
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2.6 Testing Inhibitory Effects of Vanadium Complexes With Secreted Acid Phosphatase
Vanadium complexes (Supplemental Figure S1) were prepared as previously described (Turner et al., 2012) or
used as received (sodium orthovanadate). Aliquots (450 µL) of column fractions were assayed in 0.15 M sodium
acetate buffer pH 4.8 (400 µL) with 13.5 mM pNPP (100 µL) with the addition of a vanadium complex (50 µL
of freshly prepared stock solutions to give final concentrations of 20 µM V10, 200 µM VO43-, or 20 µM V(imc)3;
n = 2) and were compared to control samples containing no vanadium (n = 2). Blanks for the vanadium
containing samples were composed of aliquots (450 µL) from the corresponding fraction from the BHI
chromatography assayed as above. After 22 hours of incubation, in the dark at room temperature, the reactions
were stopped by the addition of 10 M NaOH (100 µL) and the samples were evaluated using spectroscopy, A 405
nm. Data are reported as percent of control activity.
2.7 Enzyme Storage
Aliquots of partially purified SAP were placed into separate 15 mL polypropylene conical tubes then stored
under different conditions. The various conditions were 4 °C with no light, -20 °C, -20 °C with 20% glycerol,
-80 °C or -80 °C with 20% glycerol. Once stored for 72 hours, samples were evaluated for enzyme activity
relative to freshly obtained enzyme.
2.8 Enzyme Kinetics
Freshly partially purified enzyme (from the high salt wash) was used to evaluate the kinetic constants using
substrate concentrations from 0.4 to 4.5 mM under initial velocity conditions (22 hours). Data are reported as
μM product formed as a function of substrate concentration and also transformed using the Lineweaver-Burk
linearization method.
3. Results
3.1 Studies With Cell Supernatant
Using supernatant from cultures of Leishmania from which cells were removed by centrifugation, secreted acid
phosphatase (SAP) activity was detected using the artificial substrate pNPP. Figure 1 shows the effect of
incubation time on the amount of product (as evaluated at A 405 nm). The response is linear up to 24 hours of
incubation. Figure 2 shows that Leishmania tarentolae are able to secrete active acid phosphatase into their
culture medium and that, as the culture ages (and uses up the nutrients and experiences accumulation of
metabolic waste products), more SAP activity is detected. SAP activity was detected in the culture medium even
after 20 days (Table 1). The difference in SAP measurable activity between cell cultures on different days of
senescence (from day 12 to 20) was minimal ±12% variation (as shown in Table 1). By day 9 of culture
clumping of cells was evident by light microscopy. Also, cells were observed to have little to no motility after
day 10 until the end of the experiment, and by day 14 no detectable MTT response was measured. When aliquots
of the 20 day culture were transferred to fresh medium, no apparent live cells were detected indicating that cells
were not able to recover. When cultures were started with a larger cell inoculum (more than 106 cells), the same
general trends were observed although the growth curve was shifted to the left so that the stationary phase of the
culture was reached much earlier (data not shown).
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Figure 1. Detection of secreted acid phosphatase (SAP) with time
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Figure 2. Detection of SAP activity in cell-free medium as a function of days in culture
Table 1. SAP activity from cultures of 12, 15, and 20 days of age
Units of Activity

Day of Culture

(μM/hour)

12

2.25

15

2.35

20

2.00

3.2 Enzyme Storage
Storage of the partially purified SAP for 72 h showed a change of activity with storage temperature. The enzyme
storage conditions that yielded the most active enzyme were either 4 °C or -20 oC (Table 2). The activity of the
enzyme at 4 °C was also evaluated after two weeks of storage and constant activity was determined (data not
shown).
Table 2. Effect of storage conditions (72 h) on partially purified SAP
Units of Activity

Enzyme Storage

(µM/hour)

4 °C

2.29

4 °C Dark

2.09

-20 °C

2.26

-20 °C + 20% Glycerol

0.77

-80 °C

1.99

-80 °C + 20% Glycerol

1.25

3.3 Microscopy
A typical microscopic field of control promastigote cells on day 5 (at 400 x magnification which allows
observation of both individual cells as well as clumps) is shown in Figure 3.
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Figure 3. Observation of control Leisshmania day 5 culture using the Jenco miccroscope at 4000 x magnification
showingg typical clumpping as well ass individual ceells
3.4 Enzym
me Stability
Addition oof 10 mM dithhiothreitol (DT
TT) did not affe
fect supernatannt SAP activityy in the standaard assay. How
wever,
pre-heatingg the supernaatant at 80 oC ± 10 mM D
DTT for 10 m
min did reducce SAP activiity by about 60%.
Potassium
m-sodium tartraate (at levels ffrom 0.06 to 66.0 mM) did nnot substantiallly affect SAP activity in the
e cell
supernatannt. Only in the presence of 6 mM tartrate w
was enzyme acctivity reducedd (to only 38% of control actiivity)
thus tartraate is only a modest
m
inhibitoor of Leishmannia tarentolae SAP (data nott shown). Thiss low sensitiviity to
tartrate difffers from thee report by G
Gottlieb and Dwyer (1982) w
who indicatedd that secretedd acid phosph
hatase
activity frrom L. donovvani promastiggotes was verry sensitive too inhibition bby 20 µM tarrtrate whereass the
membranee-bound activitty was 400 tim
mes more resisttant. We concluude this enzym
me from Leishm
mania tarentollae is
quite robust although it does
d
not mainttain full activitty when frozenn with glyceroll.
3.5 Effect of Vanadium Complexes
C
on SSecreted Acid Phosphatase
The vanaddium complexxes used here have been prreviously repoorted (Turner et al., 2012) and are show
wn in
Supplemenntal Figure S1. Figure 4 shoows the effect on secreted accid phosphatasse activity from
m cells (day 6)) that
had a single addition of one of the vannadium compleexes (at a finall concentrationn of 10 μM) addded on day 5. The
results of tthe enzyme assays, as a perccent of enzymee activity in the supernatant w
with no addition, are shown. The
picolinate (pic-) compleexes all appearred to have noo effect on deetectable SAP activity undeer these condittions.
Modest innhibition of appproximately 10% by a sinngle dose of thhe imidazolyl--2-carboxylatee (imc-) containing
complexess V(imc)3, VO
O(imc)2 or VO2(imc)2- was oobserved. Addiition of 10 or 100 μM VO433- resulted also
o in a
modest inhhibition of appproximately 110-18% whereeas addition off decavanadatee (V10) resulteed in about a 35%
inhibition under these exxperimental coonditions. Theerefore, decavaanadate is the best inhibitorr of the compo
ounds
tested under these experiimental condittions.
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Figure 4. E
Effect of vanaddium complexxes (added to ceell cultures onn day 5) on SAP
P activity of ceell free supernatant
a
assayed
22 houurs later. Resuults are mean ±
±SD for n = 4 rreplicates
VO43-, on day 3 of culture were
Cells receeiving a singlee 20 μM dosee of either V100, or V(imc)3 or 200 µM V
evaluated for cell viabiliity (Figure 5) and for secretted acid phospphatase activityy (Figure 6). O
On day 4, the MTT
M
responses from cells witth V10, VO43- oor V(imc)3 were all significaantly decreasedd (ANOVA, p < 0.05) relative to
the control cells. Of inteerest is the obsservation that the largest inhhibition was foollowing additiion of the V(im
mc)3.
By days 6 and 7 cell ressponses were nnot different ffrom that exhibbited by contrrol cells and inn all cases the cells
appear to bbe in the senesscence phase oof the growth ccurve (Figure 55).

Corrected A 595 nm/h

1.2
1
0.8

Con
ntrol
V10
VO
O43‐
V(im
mc)3

0.6
0.4
0.2
0

1

2
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4

5

Day in Cultu
ure

6

7

Figure 5. Evaluation of cell viability ((using MTT asssay) as a function of days inn culture; arrow
w indicates tim
me of
additioon of indicatedd final concenttration of 20 µM vanadium ccomplexes or 2200 μM for VO
O43-. Values are
e
repported as meann ± SD for n = 4 replicates
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On days 4 and 6, the dettectable SAP aactivity in the supernatant frrom cells incubbated with V100, VO43- or V(iimc)3
were all siignificantly deecreased (ANO
OVA, p < 0.055) relative to thhe control cellls (Figure 6). H
However, on day
d 7
only the SAP activity froom cells with V10 or V(imc))3 was significaantly decreaseed (ANOVA, p < 0.05) relative to
the controll cells. The ceells with the grreatest SAP ennzymic activityy showed moree cell clumpingg. On days 6 and
a 7
of culture with and withoout added vanaadium compleexes, the percennt of clumpingg relative to coontrol cells (Ta
able 3)
was determ
mined. In all cases
c
the cellss without addiition of vanadiium complexees had more cllumping visible by
microscoppy. This clumpping is normallly seen in oldder cultures annd is likely duue to reductioon of nutrientss and
accumulattion of metaboolic waste prooducts. This iss of interest because the cluumping of cellls may have some
protective role and be especially im
mportant for ceells that are sstressed. Vanaaerschot et al. (2010) evalu
uated
Leishmaniia donovani for survival capaacity and founnd that stress suurvival capacitty was correlatted with infectivity.
The cells m
may be clumpiing to increasee genetic exchange and other adaptive inteeractions. Thuss when considering
the reductiion in number (and thus perccentage) of vissible clumps inn the cultures w
with added vannadium complexes,
we speculate that the vaanadium compplexes reduce the normal cluumping responnse to stress. B
Because V10 is not
stable in B
BHI medium (ppH 7.2) and haas been shown to be substanttially degradedd in 24 hours (T
Turner et al., 2012),
2
we speculaate that the deegradation prodducts also have effects on thhe Leishmania in culture. Moore work is ne
eeded
to identifyy which intermediate(s) are innvolved.
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ontro
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VO
O4
V(imc)3

0.4
0.3
0.2
0.1
0
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6

7

Day in Cultu
ure
NPP as substratee) as a function
n of
Figure 6. Evaluation off detectable seccreted acid phoosphatase activvity (using pN
V 43days in culture; arrow inndicates time oof addition of inndicated vanaddium complexes at 20 µM orr 200 μM for VO
final concentrationns. Values are rreported as mean ± SD for n = 4 replicates
Table 3. A
Amount of cllumping (monnitored at 100 x magnificattion) after adddition (on Daay 3) of vanadium
complexess relative to coontrol cells
Additions

Day 6 percent clumpping

Dayy 7 percent clum
mping

relativve to control cells

relaative to controll cells

No addition (control cells))

100

100

20 μM V10

16*

39*

O43200 μM VO

58

91

20 μM V(im
mc)3

48*

39*

* Indicatess significantly different from
m control cells at p < 0.05.
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3.6 Anion Exchange Chrromatography Results
Approxim
mately 98% of the
t original suupernatant secrreted acid phossphatase activiity was recoveered from the anion
a
exchange column. The flow-through fraction contaained 87% off the original aactivity, the fiirst wash, (20 mM
Tris-Cl 1000 mM NaCl) fraction contaained 10.5%, aand the secondd wash containned 0.5% of thhe original acttivity
while the tthird wash conntained no deteectable enzymee activity. The high salt washh (20 mM Triss-Cl 500 mM NaCl)
N
fraction coontained 1.1% of the activityy as shown in Figure 7. To rregenerate the column, it waas washed with
h 150
mL of runnning buffer. For
F spectrophootometric blankks, BHI cell m
medium (with no cells but inncubated unde
er the
same condditions) was processed
p
as w
was the cell-free supernatantt and column fractions from
m a separate anion
a
exchange ccolumn were used.
u

Figure 7. P
Percent of acidd phosphatase from cell-free supernatant deetected in eachh fraction. Valuues are the mean of
3m
measurements with mean ± S
SD. Columns w
without error bbars indicate S
SD values of leess than 1%
matography (sh
hown
The three major SAP acctive fractions collected andd assayed folloowing anion exxchange chrom
V 43in Figure 77) were incubaated with and without additiion of 20 µM V10, V(imc)3, or VO2(imc)2- or 200 µM VO
before addding substrate. Washes 2 andd 3 were not teested with vannadium compleexes. Figures 88A, B, and C show
the data reeported as perccent of remainiing enzyme acctivity relative to the chromaatography fracttions with no added
a
complex (ccontrol).
As shown,, the acid phossphatase activiities in the flow
w through fracction, wash 1 ((the first low ssalt, 100 mM NaCl,
N
wash) andd the high salt (500 mM NaC
Cl) wash weree all inhibited by the vanadiium complexees tested. How
wever,
each fractiion exhibited a differential iinhibition patteern. In all threee fractions, thhe addition of V10 resulted in the
most appaarent inhibitionn under these experimental conditions. T
The high salt w
wash was subbstantially inhibited
(95%) by V10, which is the most sensiitive response we have beenn able to detecct. Wash 1 wass more inhibite
ed by
V(imc)3 thhan the high saalt wash fractiion whereas thhe high salt waash fraction w
was more inhibbited by VO43- than
the first low salt wash fraction.
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A: Flow Through Fraction Aliquots
with Vanadium Complexes
83 %
67 %

33 %

42 %

B: 20 mM Tris‐Cl 100 mM NaCl Wash
1 Aliquots with Vanadium Complexes
80 %

80 %

20 %

20 %

C: 20 mM Tris‐Cl 500 mM NaCl (High
Salt Wash) Fraction Aliquots with
Vanadium Complexes
50 %

15 %
5.0 %

5.0 %

Figure 8. The various fractions collected from the anion exchange column incubated with and without addition
of 20 µM V10, V(imc)3, or VO2(imc)2- or 200 µM VO43- prior to adding substrate to test for inhibition of SAP
activity. Data (mean ± SD) are reported as percent of remaining SAP activity relative to activity with no added
complex. The mean value is indicated above each column. Columns without error bars indicate SD values of less
than 1%
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3.7 Enzyme Kinetics
Enzyme kinetics were investigated with the partially purified SAP (from the high salt wash) that was kept stored
at 4 oC. After confirming activity of the enzyme, an enzyme assay was conducted over various substrate
concentrations in order to estimate the Michaelis-Menton constants. After plotting units of activity (µM product
formed/22 hour) versus µM pNPP (Figure 9A), a distinct break was observed in the trend line. When the data
were plotted as a Lineweaver-Burk plot two distinct lines were evident (Figure 9B). This suggests that the two
different isozymes of SAP are present and that they have different kinetic constants. More studies are needed in
order to confirm these results. Tentatively, Km values of 1980 µM and 230 µM and Vmax values of 1.23
µM/hour and 2.98 µM/hour, respectively, were extrapolated. These are not dissimilar to the literature reports for
Km of 740 µM (Ilg et al., 1991). It is thus highly likely that the partial isolation procedure results in at least two
isozyme forms being present in this fraction. This, of course, makes the kinetics more difficult to interpret.
Non-linear Lineweaver-Burk plots can also be the result of non-Michaelis-Menton type enzymes that exhibit
cooperativity.
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Figure 9. A) Michaelis-Menton plot of product formed under initial velocity conditions as a function of substrate
(pNPP) concentration; B) Lineweaver-Burk Plot
4. Discussion
From these studies, we have determined that the secreted acid phosphatase of Leishmania tarentolae is inhibited
by vanadium complexes and thus may open up a new direction for treatment of these parasitic diseases. This is
of interest especially since the V10 compound is relatively easy and inexpensive to synthesize and stable at room
temperature as a dry powder (Turner et al., 2012). The potential of vanadium compounds to have a role in the
pharmacopeia for a wide variety of problems has been studied for about 100 years with early work involving
diabetes, infections, and cancer (reviewed by van de Velde et al., 2000; van Huijsduijnen et al., 2004; Sakurai et
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al., 2004; Aureliano & Crans, 2009; Olopade & Conner, 2011) and continuing to parasitic diseases such as
leishmaniasis (Turner et al., 2012). That vanadium complexes can affect enzyme activity in vitro as well as in
vivo is becoming well established; however the issue of which specific effective species (whether it is the initial
vanadium complex or a metabolite) may be much harder to establish. Crans et al. (1990) carefully showed that
vanadate tetramer was the inhibiting species when assessing inhibition of 6-phosphogluconate dehydrogenase
from human erythrocytes, sheep liver, yeast or Leuconostoc mesenteroides. Because the stability of vanadium
complexes is affected by a number of parameters, such as ionic strength, pH, concentration, and temperature as
well other variable such as the presence of proteins and other potential ligands, the identity of the specific active
species affecting a cell, a transport system, an enzyme, or a receptor remains not well established. In this study,
we used a variety of experimental conditions (cell medium, chromatographic buffers, and assay conditions). We
have not been able to specifically determine the ‘active’ component but have shown that addition of V10 does
affect the activity of the phosphatase measured under specific acidic conditions using a well-established
phosphatase substrate. It has long been known that decavanadate is unstable at low concentrations in aqueous
solutions (Baes et al., 1976; Csermely et al., 1985; Varga et al., 1985; Chasteen, 1990; Crans et al., 2004). It is also
well known that decavanadate solutions decompose at room temperature more quickly in buffer than in water
(Csermely et al., 1985; Varga et al., 1985). Despite the fact that decomposition studies predict only mononuclear
vanadium (V) as the active form of the inhibitor, there is a clear difference in our studies in the Leishmania SAP
activity response to V10 relative to VO43- with the same total vanadium concentration implying that different
vanadium species are involved. This is in contrast to what has been observed with alkaline phosphatases (Crans et
al., 1990, 2004) where similar activity is observed. Such a result is not completely surprising given the lack of
stability of V10 at alkaline pH.
Although it is well-known that Leishmania spp. secrete a stable acid phosphatase, understanding of its biological
importance is still limited. Despite previous reports that L. tarentolae do not secrete acid phosphatase (Lovelace
& Gottlieb, 1986; Glew et al., 1988; Raymond et al., 2012), we find clear evidence that this species does secrete
acid phosphatase activity late in culture growth suggesting the secretion may occur as a result of the cells being
stressed. Because we are using strain 30143 from ATCC and others report using other strains, perhaps different
strains have different abilities. Inhibition of this enzyme, as evidenced here through use of several vanadium
complexes, correlated with modest inhibition of Leishmania growth in vitro.
In our hands, as Leishmania tarentolae cell cultures age (enter late stationary phase and progress into
senescence), we are able to monitor a marked increase in the ability of cells to join in a clumping activity. Cells
in clumps appear able to exhibit motility whereas individual cells in the late stage culture have a reduced ability
to be motile. We speculate that this clumping may be an important response to stress since in these culture flasks
the nutrients may be limiting and the metabolic wastes from these cells are accumulating. It is tempting to
speculate that such clumping will allow the cells to exchange genetic material to help adapt to the stress. If this
quorum sensing type behavior is negatively affected by vanadium complexes, this could help reduce the parasite
load in a host organism. With even older cultures (more than 20 days), the cells again appear to be as individual
cells, highly rounded, and non-motile. Cells from these cultures, when transferred to fresh media, do not appear
to recover.
In this study we were able to detect non-cell associated acid phosphatase activity (as defined by the pH of the
enzyme buffer system and use of the well-established phosphatase substrate). It is of great interest to compare
the modest inhibition of V10 and the V(imc)3 complexes as well as the VO43- using whole cells in culture (Turner,
et al., 2012) with the more extensive inhibition measured here using unfractionated cell-free supernatant from
senescent cells in addition to the anion exchange chromatography fractions with acid phosphatase activity. The
SAP activity of the various column fractions exhibited more sensitivity to the vanadium complexes than the
unfractioned supernatant with the high salt eluted fraction having the most apparent inhibition. These differential
sensitivity data clearly indicate that there are at least two different acid phosphatase isozymes (SAP 1 and SAP 2,
as reported by Ilg et al., 1991, 1994) and possibly more since each column fraction was affected differently in the
presence of the vanadium compounds.
The percent SAP enzyme activity recovered from the anion exchange column was about 98% of initial activity.
The anion exchange column was successful for the partial isolation of at least two and perhaps three isozyme
forms of SAP as indicated by the greater activity measured in the high salt elution fraction (1.1%) compared to
the activity measured in wash 3 (0.0%) indicating selectivity by the column. The SAP isolated from the flow
through fraction was most strongly inhibited by V10 (67% inhibition) relative to the other compounds tested. The
SAP found in the first wash fraction was most strongly inhibited by V10 (80%) or V(imc)3 (~80%). The 20 mM
Tris-Cl 500 mM NaCl (high salt wash fraction) showed both V10 and VO43- inhibited acid phosphatase activity
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the most (95%), followed by V(imc)3 (50%) and VO2 (imc)2- (85%). The different inhibition profiles between
fractions suggest at least two and perhaps three different SAP isozymes exist in Leishmania tarentolae. Because
the secreted acid phosphatases are glycoproteins, changes in the degree of glycosylation may have important
effects on this inhibition.
Cloning, separation, and study of these individual SAP enzymes is now an important future step towards
elucidating their importance in regards to infectivity and general Leishmania life cycle. This current study
provides evidence that further studies for therapeutic treatment of leishmaniasis should focus on inhibition of the
SAP enzymes. Specifically, a focus on the SAP interaction with host macrophage cells and utilizing vanadium
complexes to interfere with infection of the macrophage should be addressed. Currently, we have begun work
involving expression of recombinant SAPs which will allow for evaluating the effects of glycosylation of
enzyme activity and vanadium complex inhibition studies.
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