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Abstract We report the results of a solid-state 3'P nuclear
magnetic resonance (NMR) spectroscopic investigation of the
acidocalcisome organelles from Trypanosoma brucei (blood-
stream form), Trypanosoma cruzi and Leishmania major (insect
forms). The spectra are characterized by a broad envelope of
spinning sidebands having isotropic chemical shifts at ~0,
—7 and —21 ppm. These resonances are assigned to orthophos-
phate, terminal (o)) phosphates of polyphosphates and bridging
(B) phosphates of polyphosphates, respectively. The average
polyphosphate chain length is ~ 3.3 phosphates. Similar results
were obtained with whole L. major promastigotes. 'P NMR
spectra of living L. major promastigotes recorded under conven-
tional solution NMR conditions had spectral intensities reduced
with respect to solution-state NMR spectra of acid extracts,
consistent with the invisibility of the solid-state phosphates.
These results show that all three parasites contain large stores
of condensed phosphates which can be visualized by using mag-
ic-angle spinning NMR techniques. © 2002 Published by El-
sevier Science B.V. on behalf of the Federation of European
Biochemical Societies.
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1. Introduction

Many protozoa causing human disease contain a divalent
cation and phosphorus-rich organelle, the acidocalcisome,
which has been implicated as: (1) an energy store in the
form of phosphoanhydride bonds of polyphosphate, (2) a
store for calcium for use in intracellular signaling, (3) a mech-
anism for the regulation of intracellular pH, and (4) a mech-
anism for osmoregulation [1]. Physical investigations using
electron microscopy [2-4], X-ray microprobe analysis [2,3]
and nuclear magnetic resonance (NMR) [5,6] have indicated
that acidocalcisomes are dense vacuoles containing high levels
of magnesium, calcium, sodium, zinc and phosphorus, and
that the phosphorus is present as polyphosphate, with an
average chain length of ~ 3.3 phosphates. In addition to these
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simple inorganic species, the acidocalcisome contains numer-
ous enzymes, including a Ca?>t-ATPase [7,8], an H"-ATPase
[7.9] and an H*-polyphosphatase [4,10,11].

Possession of polyphosphate granules is, however, a trait
common to many other life forms. For example, Tetrahymena
pyriformis [12], Saccharomyces cerevisiae [13], Chlamydomonas
reinhardtii [14], and Dictyostelium discoideum [15] have all
been shown to accumulate large amounts of polyphosphates
and metals, and to utilize these compounds for the regulation
of intracellular pH, osmotic balance and energy status by the
action of polyphosphatases and phosphate transporters. In
trypanosomes, acidocalcisomal transport involving Ca?* and
H™ has been well characterized biochemically [4,7-11], but
until recently few studies regarding the participation of poly-
phosphate in these processes have appeared in the literature
[16]. Given that non-parasitic organisms use polyphosphate to
compensate for drastic environmental changes, it is likely that
these compounds play a similar role in the lifecycle of the
trypanosomes, and consequently developing methods for in-
vestigating inorganic polyphosphate metabolism in these and
other systems is of interest.

As an assay for polyphosphate, solution-state >'P NMR is
limited by the requirement for high cellular concentrations,
and the inability to detect polyphosphates in high molecular
weight aggregates or metal complexes, due to extensive line-
broadening [17]. Fortunately however, the parasites studied
here do possess high levels of polyphosphate and may be
easily cultivated in numbers large enough to give NMR sig-
nal-to-noise ratios sufficient for rapid data acquisition. Most
of the condensed phosphates are located in the acidocalci-
somes, which may be isolated intact [18] and, as we show
here, subjected to solid-state magic-angle spinning (MAS)
NMR investigation. MAS NMR of semi-solids has the unique
advantage of permitting the detection and characterization of
immobilized polyphosphates, while completely avoiding the
difficulties associated with chemical extraction.

2. Materials and methods

2.1. Culture methods

Trypanosoma brucei bloodstream forms (monomorphic strain 427
from clone MITat 1.4, otherwise known as variant 117) were isolated
from infected mice or rats as described previously [19]. Trypanosoma
cruzi Y strain epimastigotes were maintained at 28°C in liver infusion
tryptose medium [20] supplemented with 5% heat-inactivated fetal
bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and
20 pg/ml hemin. Leishmania major promastigotes (WR-205 strain)

0014-5793/02/$22.00 © 2002 Published by Elsevier Science B.V. on behalf of the Federation of European Biochemical Societies.

PII: S0014-5793(02)02977-0


mailto:eo@chad.scs.uiuc.edu

208

were grown at 28°C in medium SDM-79 [21] supplemented with 10%
heat-inactivated fetal calf serum.

2.2. Preparation of acidocalcisomes

Acidocalcisomes were isolated as previously described [18]. For sol-
id-state NMR, the acidocalcisomal pellet (~20 mg wet weight) was
packed into a liquid sample MAS rotor insert (Doty Scientific Instru-
ments, Columbia, SC, USA) with acidocalcisomal buffer, at 4°C.
There was no loss of buffer during MAS NMR, as determined gravi-
metrically.

2.3. Chemicals

Na4P207, Mg2P207, Ca2P207, K4P207, N215P3010, sodium
phosphate glass and sodium trimetaphosphate (Na3;P3;09) were
all obtained from Sigma (St. Louis, MO, USA) and were used as
received. Na,Mg,P30;0CI'-H,O and Na,Ca,P;0,yCI-H,O were pre-
pared by precipitation from 5 ml 30 mM NasP;0,y using 6 mmol
MgCl, or CaCly, then filtered and dried. Elemental analysis for
Na,Mg,P;0,(,CI-H,0: Na: 11.47%, Mg: 12.12% and P: 23.17% (cal-
culated), and Na: 10.82%, Mg: 11.34% and P: 25.76% (found). Ele-
mental analysis for Na,Ca,P;0,yCI'-H,0O: Na: 10.63%, Ca: 18.53%
and P: 21.48% (calculated), and Na: 9.69%, Ca: 18.17% and
P: 23.23% (found).

2.4. NMR spectroscopy

Solid-state 3'P MAS NMR spectra were acquired at 242.8 MHz
using a Bruker (Madison, WI, USA) AMX600 console, a 14.1 T
Oxford Instruments (Eynsham, UK) 54 mm bore magnet and a
5 mm Doty Scientific (Columbia, SC, USA) high speed MAS probe.
128 transients, 4 pus pulse excitation, a 500 kHz spectral width, 8k data
points, a 30 s recycle time and spinning speeds from 6 to 9 kHz were
typically used. Solution-state 3'P NMR spectra were acquired at 303.6
MHz using a Varian (Palo Alto, CA, USA) INOVA NMR spectrom-
eter equipped with a 17.6 T Oxford Instruments 54 mm bore magnet
using 64 (in vivo) or 1024 (extract) transients, 23 us (90°) pulse ex-
citation, a 20 kHz spectral width, 32k data points, and a 10 s recycle
time. All spectra were recorded 'H-coupled except for the perchloric
acid extract. All in vivo spectra were obtained at 4°C to limit parasite
metabolism during data acquisition. Approximately 3 g (wet weight)
L. major promastigotes were suspended in an equal volume (~ 6 ml
total volume) of buffer A (116 mM NaCl, 54 mM KCI, 0.8 mM
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MgSOy, and 50 mM HEPES, pH 7.2) mixed with D,O (10% v/v) to
provide a field lock signal. The specific assignments of the in vivo
resonances were based on published chemical shifts [22-24], and by
correlation with established perchloric acid extract shifts [6]. Both
solution and solid-state NMR spectra were referenced with respect
to an 85% external phosphoric acid reference at 0 ppm, using the
convention that high frequency, low field, paramagnetic or deshielded
values are positive (IUPAC § scale). The chemical shifts of some in
vivo 3P NMR spectra were also confirmed using a pH-independent
triethylphosphate standard at 0 ppm [25]. T determinations using the
inversion recovery method indicated that all solution-state resonances
were fully relaxed under the experimental conditions used. Processing
of NMR spectra was performed using the Xwinnmr (Bruker, Madi-
son, WI, USA) and VNMR (Varian, Palo Alto, CA, USA) software
packages, and typically included baseline correction and 100 Hz
(solid-state), 10 Hz (in vivo), or 3 Hz (extract) exponential line broad-
ening prior to Fourier transformation. Chemical shift tensor elements
were obtained using the Herzfeld—Berger method [26] employing spin-
ning-sideband intensities deconvoluted from spectra acquired at four
spinning speeds (6, 7, 8 and 9 kHz).

3. Results and discussion

We show in Fig. 1A-D the 242.8 MHz *'P MAS NMR
spectra at four spinning speeds of intact acidocalcisomes iso-
lated from 7. cruzi epimastigotes, and in Fig. 1E-H we show
similar spectra obtained from the model compound, disodium
dicalcium tripolyphosphate (Na,Ca,P3;0,(CI'H,0). In Fig.
1A-D isotropic shifts (&;s,) at ~0 (I), ~—7 (II) and ~—21
ppm (III) are detectable, and as indicated by the vertical lines,
their chemical shifts are independent of spinning speed. Also
indicated in these spectra are the n=—1 sidebands of the
isotropic resonances II and III, which have a separation
from the isotropic resonance equal to the spinning speed.
Resonance I, lacking a significant chemical shift anisotropy
and encompassing the shift range from ~4 to —2 ppm, can
be readily assigned to inorganic phosphate and headgroup

Table 1
Chemical shift tensor parameters of trypanosomatid acidocalcisomes and model compounds
System 611 (ppm) & (ppm) &3 (ppm) Gso (ppm) Q K Ref.
NasP,0; 81 —28 —46 23 127 —0.24 this work, [27]
K4P>,07 82 —43 —43 -1 125 —0.34 [28]
Ca,P,0; 76 =31 =72 —8.9 148 —0.15 this work, [27]
Mg, P,0; 74 —21 =71 —-59 145 —0.10 this work
NasP3;0g this work, [29]
o 93 —37 —40 5.1 133 —0.32
B 63 —32 —111 =52 174 0.21
Ks5P301g [28]
o 113 —=37 —62 5 175 —0.24
B 79 22 —118 ) 197 0.14
Na,Ca,P30,(Cl this work
o 75 —37 —62 —8.0 137 —0.21
B 72 8 —137 —18.8 209 0.13
NazMg2P3010Cl this work
o 78 —33 —62 —6.0 140 —0.19
B 65 21 —141 —18.6 206 0.19
Na3 P30y (cyclic) 82 34 —169 —17.7 251 0.21 this work, [27]
Na polyP this work, [28]
(n=175) 83 23 —178 —24 261 0.18
T. cruzi acidocalcisomes this work
o 104 —34 -92 =73 196 —0.14
112 —16 —161 —21.4 273 0.02
T. brucei acidocalcisomes this work
o 75 —34 —64 -7.7 139 —0.19
B 51 10 —123 —20.5 174 0.17
L. major acidocalcisomes this work
o 100 —34 -85 —6.4 185 —0.15
B 105 —13 —158 —22.3 263 0.04
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Fig. 1. 242.8 MHz 3P NMR spectra of (A-D) intact acidocalcisomes isolated from T. cruzi epimastigotes, and (E-H) the model compound
Na,Ca,P30,0CI-H,0. All spectra resulted from the accumulation of 512 (A-D) or 64 (E-H) free induction decays using 8 Us pulse excitation, a
30 s recycle delay, 500 kHz spectral width, 8k data points and 6, 7, 8 or 9 kHz MAS. The FIDs were zero-filled twice and apodized with 100
Hz exponential line broadening prior to Fourier transformation. Resonance assignments are given in the text.

phosphates of acidocalcisomal membrane lipids [22]. The
spinning sidebands of resonances II and III permit a determi-
nation of the chemical shift tensor elements (8;;, &, and &3) as
well as the span (2= 6;;—333) and the skew (kK= (02— 8s0)/£2)
of these resonances in the acidocalcisomes, as shown in Fig.
1A-D for T. cruzi, and as shown by the representative results
in Fig. 2 for T. brucei and L. major. The values obtained are
given in Table 1, together with additional chemical shift ten-
sor parameters obtained for a series of condensed phosphate
model compounds [27-29].

Resonance II in the acidocalcisomes displayed an isotropic
chemical shift in a region characteristic of pyrophosphate, a
significant spectral span, £ (196, 139 and 185 ppm for 7. cruzi,
T. brucei and L. major, respectively), and negative skew val-
ues. From these spectral characteristics, resonance II can be
assigned to (terminal) o-phosphates of polyphosphates, in-

cluding pyrophosphate. X-ray microanalysis studies of acid-
ocalcisomes from L. major and T. cruzi have shown that the
former contain relatively more potassium and less calcium,
with approximately equal levels of sodium, magnesium and
phosphorus [2,3]. Isotropic >'P NMR chemical shifts of poly-
phosphate model compounds containing a single counter-ion
(Table 1) show that shielding increases in the order sodium
(2.3 ppm), potassium (—1 ppm), magnesium (—5.3 ppm), cal-
cium (—8.9 ppm). Thus, the less shielded value (—6.4 ppm)
obtained with the L. major acidocalcisomes when compared
with the 7. cruzi acidocalcisomes (—7.3 ppm) is in accord with
the previously reported cation distributions in these organ-
elles.

Resonance III, having isotropic shifts in the —21 ppm re-
gion, a large span (273, 174 and 263 ppm for 7. cruzi, T. brucei
and L. major, respectively) and a positive skew, can be as-



210

A

Vgor = 9 kHz

150 100 50 0 -50 100  -150
B '
Vgor =9 kHz

L O
150 100 50 0 -50 -100 -150

31p Chemical Shift (ppm)

S A B pea

Fig. 2. 242.8 MHz *'P NMR spectra of intact acidocalcisomes iso-
lated from (A) 7. brucei bloodstream forms and (B) L. major pro-
mastigotes. Spectra resulted from the accumulation of 512 free in-
duction decays using 8 us pulse excitation, a 30 s recycle delay, 500
kHz spectral width, 8k data points and 9 kHz MAS. The FIDs
were zero-filled twice and apodized with 300 Hz (A) or 100 Hz (B)
exponential line broadening prior to Fourier transformation. Reso-
nance assignments are given in the text.

signed to the B-phosphates of polyphosphate. The chemical
shift tensor parameters (Table 1) for both the o (IT) and B (I11)
resonances of the acidocalcisomes from all three species are in
generally good agreement with the tensor elements found in
pyro- and triphosphates complexed with magnesium or calci-
um, the most predominant divalent cations present in these
organelles.

The integrated intensities of the o and B resonances (and
their associated sidebands) in the acidocalcisome spectra per-
mit the calculation of the average chain length of the con-
densed phosphates, as follows:

nave = P groups (mol)/polyphosphate chains (mol) = p/m
p=P groups (mol)=o P groups (mol)+ P groups
(mol) = o+

m = polyphosphate chains (mol) =o P groups (mol)/2

Have =2 (1+B/o) =2 (1+[II]/II]).

The experimentally measured intensity ratio of B (III) to
o (IT) NMR resonances was used to deduce the molar ratio
of B to a phosphate groups, yielding nue. For T. cruzi,
T. brucei and L. major, nyy =3.59, 3.05 and 3.45, respectively,
and these observations are in good agreement with previously
determined average chain length values determined by solu-
tion-state NMR spectroscopy of perchloric acid extracts of
isolated acidocalcisomes [6], where n,, varied in the range
3.11-3.25.

Ruiz et al. found 54.3 mM levels of short-chain polyphos-
phates (less than 50 phosphate residues) and 2.9 mM levels of
long chain polyphosphates (700-800 phosphate resides) in
T. cruzi epimastigotes [16]. As mentioned above, the solid-
state NMR spectra reveal the predominance of o phosphates,
indicating that the ‘short-chain’ class of polyphosphates re-
ported by Ruiz et al. must be dominated by tripolyphosphate
and tetrapolyphosphate. The very long-chain polyphosphates
were not specifically detected in this work, due to their very
low abundance.
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To determine whether solid-state condensed phosphates are
also present in vivo, whole, living L. major promastigotes were
investigated by MAS NMR and a typical result is shown in
Fig. 3A. The same isotropic shifts were found in this experi-
ment as with the isolated acidocalcisomes and consequently
the same resonance assignments can be made. One exception
is that resonance I also contains phosphomonoester com-
pounds (related to whole cell metabolism) which are not
present in the isolated organelle. Of course, when compared
with the L. major acidocalcisome spectrum shown in Fig. 2B,
the signal-to-noise ratio of the condensed phosphate resonan-
ces in whole cells is greatly decreased due to the fact that most
condensed phosphates are present in the acidocalcisomes,
which only make up a small fraction of the total cell volume.
Nevertheless, spinning sidebands are detectable, indicating an
unaveraged chemical shift anisotropy and hence the presence
of solid-state condensed phosphates in vivo.

To further investigate the nature of polyphosphates in vivo,
we next obtained solution-state 3P NMR spectra (at 303.6
MHz) of living L. major promastigotes suspended in buffer A
at 4°C, using conventional high resolution NMR techniques
(Fig. 3B). Resonance assignments for this spectrum were
made by comparison with in vivo 3'P NMR chemical shifts
in the literature [23,24], as well as with established chemical
shifts of perchloric acid extracts of L. major promastigotes [6].
Proceeding upfield, the assignments are as follows: A, phos-
phomonoester compounds (predominantly phosphoethanol-
amine and phosphocholine); B, inorganic phosphate; C, glyc-
erophosphocholine; D, phosphoarginine; E, terminal phos-
phate resonances of nucleotide phosphates as well as inor-
ganic condensed phosphates; F, o resonances of nucleotide
phosphates and NADH; and G, bridging phosphates of nu-
cleotide triphosphates and condensed inorganic phosphates.
These same resonances were identified in perchloric acid ex-
tracts of the same cells (Fig. 3C, acquired in the presence of
10 mM EDTA), with the exception that the resonances from
the oo and B phosphate groups of polyphosphate (E and G)
are much more sharp and intense in these spectra than in
those of intact cells. The insets in Fig. 3B,C illustrate the
integrated intensities (expressed as a percentage of the total
spectral integral) for each resonance, and clearly demonstrate
that relatively little of the in vivo (Fig. 3B) 3'P NMR spectral
intensity can be attributed to polyphosphate resonances. This
is, however, readily explained by the motionally restricted
nature of these compounds, which leaves the substantial 3'P
chemical shift anisotropy unaveraged, resulting in (powder
pattern) line widths on the order of 50 kHz, which are not
detectable under normal high resolution conditions.

Magic-angle sample spinning techniques therefore enable
the visualization of these otherwise invisible *'P NMR reso-
nances, opening up new possibilities for in vivo NMR inves-
tigations of phosphate metabolism in parasitic protozoa, and
potentially in other organisms as well.
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Fig. 3. 3'P NMR spectra of L. major promastigotes. Spectrum A was acquired at 25°C with 9 kHz MAS and other parameters as given for
Fig. 1. For the spectrum in B, promastigotes were suspended in buffer A plus 10% D,O, and observed at 4°C by 303.6 MHz solution-state *'P
NMR. The spectrum resulted from the accumulation of 128 free induction decays acquired with 23 ps (90°) pulse excitation, a 10 s recycle de-
lay, a 20 kHz spectral width and 16k data points. The perchloric acid extract spectrum shown in C was prepared from the sample in B, and
was acquired similarly, except that 1024 transients were accumulated. The percentage of the total integrated intensity of each assigned peak or
group of peaks are represented in the insets in B and C. The FIDs were zero-filled once and apodized with 100 Hz (A), 10 Hz (B) or 3 Hz (C)
exponential line broadening prior to Fourier transformation. Resonance assignments are given in the text.
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