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Abstract

In former studies, dinucleoside polyphosphates were quantified using ion-pair reversed-phase perfusion chromatography columns, which
allows a detection limit in the�molar range. The aim of this study was both to describe a chromatographic assay with an increased efficiency
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f the dinucleoside separation, which enables the reduction of analytical run times, and to establish a chromatographic assay usin
hich allow MALDI-mass spectrometric analysis of the resulting fractions. We compared the performance of conventional silica reve
hromatography columns, a perfusion chromatography column and a monolithic reversed-phase C18 chromatography column.
f different ion-pair reagents, flow-rates and gradients on the separation of synthetic diadenosine polyphosphates as well as of
olyphosphates isolated from human platelets were analysed. Sensitivity and resolution of the monolithic reversed-phase chro
olumn were both higher than that of the perfusion chromatography and the conventional reversed phase chromatography colu
monolithic reversed-phase C18 chromatography column, diadenosine polyphosphates were separable baseline not only in the

etrabutylammonium hydrogensulfate (TBA) but also in the presence of triethylammonium acetate (TEAA) as ion-pair reagent.
eagent is useful because, in contrast to TBA, it is compatible with MALDI mass-spectrometric methods. This makes TEAA pa
uitable for identification of unknown nucleoside polyphosphates. Furthermore, because of the lower backpressure of monolithi
hase chromatography columns, we were able to significantly increase the flow rate, decreasing the amount of time for the analy
0%, especially using TBA as ion-pair reagent. In summary, monolithic reversed phase C18 columns markedly increase the sen
esolution of dinucleoside polyphosphate analysis in a time-efficient manner compared to reversed-phase perfusion chromatograp
r conventional reversed-phase columns. Therefore, further dinucleoside polyphosphate analytic assays should be based o
ilica C18 columns instead of perfusion chromatography or conventional silica reversed phase chromatography columns. In con
se of monolithic silica C18 columns will lead to isolation and quantification of up to now unknown dinucleoside polyphosphate
hromatography columns may facilitate further research on the biological roles of dinucleoside polyphosphates.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Diadenosine polyphosphates have previously been
solated from human tissues and cells such as platelets[1–6],
rythrocytes[7], heart [8–10], placenta[11], and human
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plasma[12]. Diadenosine polyphosphates are involved
intra- and extracellular mediators in the regulation of num
ous physiological functions, e.g. growth of vascular sm
muscle cells and control of vascular tone[3,5,12–14]. The
book entitled “Ap4A and other dinucleoside polyphosphat
edited by McLennan gives an excellent overview on
biology and physiology of dinucleoside polyphospha
[15]. Reviews about the role of diadenosine polyphosph
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in the cardiovascular system have been published recently
[16,17]. Vascular effects of ApnA vary with the number
of phosphate groups linking the adenosine molecules
[3,18,19].

Perfusion chromatography is generally used for pu-
rification of biomacromolecules[20,21]. Nevertheless,
diadenosine polyphosphates are also quantified in speed-
vac-dried eluates of reversed-phase chromatographies by
ion-pair reversed-phase perfusion chromatography[22].
Reversed-phase gradient systems are used in order to ensure
the simultaneous separation of molecules with a broad range
of hydrophobicity. The chromatographic quantitation of
the diadenosine polyphosphates is in general based on the
method described by Brüggemann et al.[23] with tetra-
butylammonium sulfate as ion-pair reagent and perfusion
reversed phase chromatography columns[21].

In contrast to the method of Brüggemann et al.[23], the
flow-rate used for quantification was reduced from 1 ml/min
to 300�l/min in recent studies[12,24]. Although high flow
rates are typical of perfusion chromatography, the reduction
of the flow-rate increases the intensity of the peaks and thus
decreases the detection limit. This approach is appropriate
for the quantification of diadenosine polyphosphates if the
concentration is sufficiently high as described in several pub-
lications [12,22,24,25], but fails, if the concentrations are
l

ilica
H h an
i inu-
c ucle-
o hich
a ting
f har-
a hase
c ono-
l

nts,
g n. In
p the
c hods
l

2

pur-
c ther
s ). A
p
I ono-
l ”
( two
c r 100
R (b)
S t,
G

2.1. Reversed-phase chromatography with
triethylammonium acetate (TEAA) as ion-pair reagent

Diadenosine polyphosphates (ApnA with n= 2–6; each
3�g) were separated by gradient elution on each of the
four above mentioned reversed-phase columns in the
presence of the ion-pair reagent triethylammonium acetate
(TEAA; 40 mmol/1 (final concentration)) as eluent A and
water–acetonitrile (80:20%, v/v) as eluent B. The column
temperature was ambient (22± 1◦C). The mobile phase
was pumped at a flow-rate of 1 ml/min by a high-pressure
gradient pump system (Merck, Darmstadt, Germany). The
column eluate was monitored with a variable wavelength UV
detector (759 A, Absorbance Detector, Applied Biosystems,
Darmstadt, Germany). The diadenosine polyphosphate
mixture was dissolved in eluent A. The diadenosine
polyphosphates were eluted with the following gradient:
0–2 min: 0% eluent B; 2–62 min: 0–60% B; 62–63 min:
60–100% eluent B. The concentration of eluent B of 60%
corresponds to an acetonitrile concentration of 12% in the
total eluate volume. UV absorption was measured at 254 nm.
Data were recorded and processed with the Chromeleon Lab
System 6.0 (Dionex, Idstein, Germany).

Low backpressure is one of the important character-
istic features of perfusion and monolithic reversed-phase
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Therefore, we developed based on a monolithic s

PLC reversed phase column two strategies: one wit
ncreased efficiency of the dinucleoside separation for d
leoside polyphosphates quantification, and one for din
side polyphosphates identification using conditions w
llows MALDI-mass spectrometric analysis of the resul

ractions. For a broad variation of the stationary phase c
cteristics, we used two conventional silica reversed p
olumns, a perfusion chromatography column, and a m
ithic reversed phase chromatography column.

We investigated the effects of different ion-pair reage
radients and flow rates on the chromatographic resolutio
articular, our attention was turned to the compatibility of
hromatographic strategy with mass spectrometry met
ike MALDI-MS.

. Materials and methods

HPLC water (gradient grade) and acetonitrile were
hased from Merck (Darmstadt, Germany), and all o
ubstances from Sigma–Aldrich (Taufkirchen, Germany
orous reversed phase column (“Poros R2/H” (50× 4.6 mm

.D., Perseptive Biosystems, Freiburg, Germany)), a m
ithic reversed phase column (“ChromolithTM SpeedROD
50× 4.6 mm I.D., Merck, Darmstadt, Germany)), and
onventional reversed-phase columns ((a) LiChrosphe
P-18e (55× 4 mm I.D., Merck, Darmstadt, Germany);
uperspher 100 RP-18e (55× 4 mm I.D., Merck, Darmstad
ermany)) were compared.
hromatography columns in comparison to conventi
ilica reversed phase chromatography columns, allo
igh flow rates. To investigate the effect of increasing
ate on the resolution, the flow rate was increased in
ange between 1 ml/min and 6 ml/min, in a separate s
xperiments.

.2. Reversed-phase chromatography with
etrabutylammonium hydrogensulfate (TBA) as ion-pair
eagent

To evaluate whether the ion-pair reagent would hav
mpact on the performance of the reversed-phase colu
he ion-pair reagent tetrabutylammonium hydrogensu
TBA) was used instead of TEAA.

Diadenosine polyphosphates ApnA (with n= 2–6; each
�g) were separated by gradient elution on each of

our above mentioned reversed-phase columns in
resence of ion-pair reagent 2 mmol/1 tetrabutylam
ium hydrogensulfate in a phosphate buffer (10 mm
2HPO4, final concentration; pH 6.8) as eluent A a
ater–acetonitrile (20:80%, v/v) as eluent B. The phosp
uffer was necessary to adjust the pH of the ion-pair rea
etrabutylammonium hydrogensulfate solution to a v
f 6.8. The column temperature was ambient (22± 1◦C).
he diadenosine polyphosphates were eluted with

ollowing gradient: 0 min: 100% eluent A; 0–30 min: 0–4
; 30–33 min: 45–100% eluent B; 33–36 min: 100%
he concentration of eluent B of 45% corresponds to
cetonitrile concentration of 36%. All other experime
onditions were identical as described above. To invest
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the effect of the flow rate on the resolution, the flow rate was
increased in the range between 1 ml/min and 6 ml/min.

2.3. Isolation of dinucleoside polyphosphates from
human platelets

Dinucleoside polyphosphates were isolated from human
platelets as described elsewhere[2,5]. Briefly, human
platelets were washed with an isotonic solution of NaCl and
centrifuged (4000 rpm, 4◦C, 10 min) twice. The supernatant
was aspirated and the pellets frozen to−30◦C. The platelet
pellets were rethawed in double distilled water (10 ml). The
resulting suspension was deproteinized with 0.6 mol/1 (final
concentration) perchloric acid and centrifuged (4000 rpm,
4◦C, 5 min). After adjusting pH to 7.0 with 5 mol/1 KOH the
precipitated proteins and KC1O4 were removed by centrifu-
gation (4000 rpm, 4◦C, 5 min). 1 mol/1 triethylammonium
acetate (TEAA) was added to the supernatant up to a final con-
centration of 40 mmol/1. Supernatant was concentrated on
a preparative reversed phase column (LiChroprep RP-18 B,
Merck, Darmstadt, Germany) in the presence of the ion-pair
reagent TEAA (40 mmol/1 (final concentration)) as eluent
A and water–acetonitrile (80:20%, v/v) as eluent B. The col-
umn temperature was ambient (22± 1◦C). The mobile phase
was pumped at a flow-rate of 5 ml/min by a high-pressure
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at an angle of 45◦ to the surface of the target. Microscopic
sample observation was possible via a diachronic mirror in
the beam path. 10–20 single spectra were accumulated for a
better signal-to-noise ratio. In MALDI-MS large fractions of
the desorbed analyte ions undergo post-source decay during
flight in the field free drift path[28]. Using a RETOF set-up,
sequence information from PSD fragment ions of precursors
produced by MALDI were obtained. Sample preparations for
MALDI- and PSD-MALDI experiments were identical. The
concentrations of the analysed dinucleoside polyphosphates
were 1–10�mol/1 in bidistilled water. One microliter of
the analyte solution was mixed with 1�l of the matrix
solution (50 mg/ml 3-hydroxy-picolinic acid in water). The
mixture was gently dried on an inert metal surface before
introduction into the mass spectrometer. For calibration
of the mass spectra, synthetic diadenosine hexaphosphate
(Ap6A) was used as external standard. The mass accuracy
was in the range of 0.05%.

3. Results and discussion

Besides the broad variation of the experimental chro-
matographic conditions like flow rate, ion-pair reagent,
this study focused on the broad variation of the stationary
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radient pump system (Merck, Darmstadt, Germany).
iadenosine polyphosphates were eluted with a step
radient.

The lyophilized eluate of the reversed phase chroma
aphy dissolved in 1 mol/1 ammonium acetate (pH 9.5)
oaded to a phenyl boronic acid resin. The resin was prep
ccording to Barnes et al.[26]. The adsorbed substances w
luted with 1 mmol/1 HC1 (flow rate: 1 ml/min). The elu

rom the phenyl boronic acid resin to which 1 mol/1 TEA
as added to a final concentration of 40 mmol/1 was des
y a reversed phase chromatography (LiChroprep R
, Merck, Darmstadt, Germany; equilibration and sam
uffer: 40 mmol/1 TEAA in water; flow rate: 5 ml/min). Th

yophilized eluate was used for reversed-phase chrom
aphy using the four different reversed phase columns.

.4. Matrix assisted laser desorption/ionisation mass
pectrometry (MALDI-MS) and post-source decay
PSD)-MALDI-MS

The identity of the diadenosine polyphosphates was
rmed by matrix-assisted laser desorption/ionisation m
pectrometry (MALDI-MS) [27] and post-source dec
PSD)-MALDI-MS [28]. A reflectron-type time-of-fligh
ass spectrometer (Reflex III, Bruker-Daltronic, Brem
ermany) was used according to Hillenkamp et al.[27]. The

ample was mounted onx, y, z movable stage allowing fo
rradiation of selected sample areas. In this study, a nitr
aser (Laser Science Inc., Franklin, MA, USA) with an em
ion wavelength of 337 ran and 3 ns pulse duration was
ypically, the laser beam was focused to a diameter of 50�m
hase characteristics. The chromatographic conditions
or testing the different chromatography columns w
dentical—within the limits of the column backpressure.

We compared the performance of conventional s
eversed phase columns with the performance of a perf
hromatography column and a monolithic reversed p
hromatography column. As examples for conventi
eversed phase chromatography columns, we used a L
pher and Superspher of Merck (Darmstadt, Germ
hese reversed phase chromatography columns are
cterized by the composition of spherical particles of s
ith endcapped octadecyl derivative. The particle siz
ichrospher versus Superspher amounts to 5�m versus
�m, resulting in a different number of theoretical pla

55,000 N/m versus <100,000 N/m).
In recent studies, the low molecular weight and hig

harged dinucleoside polyphosphates, which also conta
rophobic fragments, were fractionated by perfusion c
atography (e.g.[24,29,30]), although the latter technique
enerally only used for purification of high molecular wei
iomacromolecules[20,21].

The main advantage of perfusion chromatography is
he resolution does virtually not depend on flow rate, whe
onventional materials exhibit a marked reduction in res
ion with increased flow rates. In general, synthetic polym
uch as polystyrenedivenylbenzene are used as matrix

ng blocks due to their excellent physical stability (allow
ressures up to 200 bar) and chemical stability compar
ost other substances used[21]. This makes column clea

ng easy because even aggressive chemicals such as
nd bases can be used. This in turn enables longer life
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Fig. 1. Reversed phase chromatography of synthetic diadenosine polyphosphates (ApnA; with n= 2–6) on: (A) an analytical, monolithic reversed-phase high
performance liquid chromatographic column (ChromolithTM SpeedROD (50× 4.6 mm I.D., Merck, Darmstadt, Germany)); eluent A: 2 mmol/1 tetrabutylam-
monium hydrogensulfate and 10 mmol/1 K2HPO4 in water (pH 6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min: 0% eluent B; 0–30 min: 0–45%
B; 30–33 min: 45–100% eluent B; 33–36 min: 100% B; flow rate: l.0 ml/min). (B) An analytical reversed-phase high performance liquid chromatographic col-
umn (Poros R2/H (50× 4.6 mm I.D., Perseptive Biosystems, Freiburg, Germany)). The conditions were identical to the conditions identical to gradient in (A).
(C) An analytical reversed-phase high performance liquid chromatographic column (LiChrospher 100 RP-18e (55× 4 mm; Merck, Darmstadt, Germany)). The
conditions were identical to the conditions in (A). (D) An analytical reversed-phase high performance liquid chromatographic column (Superspher 100 RP-18e
(55× 4 mm; Merck, Darmstadt, Germany)). The conditions were identical to the conditions in (A).

of the chromatography columns. In addition, the amount
of time needed for column cleaning is minimal. A high
resolution and unchanged binding capacity are characteristic
for perfusion reversed-phase columns. In addition, costs are

generally lower for perfusion chromatography, compared
to conventional reversed phase chromatography, either due
to intrinsic financial advantages, or to a gain in use of
time.

Fig. 2. Reversed phase chromatography of synthetic diadenosine polyphosphates (ApnA; with n= 2–6) with triethylammonium acetate (TEAA) as ion-pair
reagent on: (A) an analytical, monolithic reversed-phase high performance liquid chromatographic column (ChromolithTM SpeedROD (50× 4.6 mm I.D.,
Merck, Darmstadt, Germany)); eluent A: 40 mmol/1 TEAA in water; eluent B: water–acetonitrile (80:20%, v/v); gradient: 0–2 min: 0% eluent B; 2–62 min:
0 ration o 2%. (B) An
a olumn . The
c rsed-p
( tical to nce liquid
c

–60% B, respectively; 62–63 min: 60–100% eluent B. The concent
nalytical reversed-phase high performance liquid chromatographic c
onditions were identical to the conditions in (A). (C) An analytical reve
55× 4 mm; Merck, Darmstadt, Germany)). The conditions were iden

hromatographic column (Superspher 100 RP-18e (55× 4 mm; Merck, Darmstad
f eluent B of 60% corresponds to an acetonitrile concentration of 1
(Poros R2/H (50× 4.6 mm I.D., Perseptive Biosystems, Freiburg, Germany))
hase high performance liquid chromatographic column (LiChrospher100 RP-18e
the conditions in (A). (D) An analytical reversed-phase high performa

t, Germany)). The conditions were identical to the conditions in (A).
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The previous reports mentioned above indicate that
diadenosine polyphosphates are quantifiable by perfusion
chromatography with tetrabutylammonium hydrogensulfate
as ion-pair reagent (e.g.[1,24]).

An exemplary reversed phase chromatographic separation
of synthetic diadenosine polyphosphates ApnA (with n= 2–6)
is shown inFig. 1using TBA as ion-pair reagent and a mono-
lithic silica reversed phase column (Fig. 1A), a perfusion
reversed-phase column (Fig. 1B), and two conventional silica
reversed-phase columns, a LiChrospher (Fig. 1C) and a Su-
perspher (Fig. 1D). The peaks labelled in the figure represent
the UV absorption of synthetic diadenosine polyphosphates
ApnA (with n= 2–6). Using TBA and the monolithic silica
reversed phase column, the differences in retention time of
the dinucleoside polyphosphates can markedly be increased
in comparison to perfusion reversed phase as well as con-
ventional silica reversed phase columns. Moreover, the peak
widths of the dinucleoside polyphosphates decrease using
TBA as an ion-pair reagent. As a consequence, less concen-
trated dinucleoside polyphosphates are quantifiable by using
monolithic silica reversed phase columns with TBA as ion-
pair reagent. The monolithic silica reversed-phase columns
are based on the “sol–gel” technology, which employs highly
porous monolithic rods of silica with a bimodal pore struc-
ture. The column consists of both a macroporous and meso-
p
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alternative cationic ion-pair reagent. In contrast to TBA,
TEAA is completely removable from dinucleoside polyphos-
phates by lyophilisation and therefore subsequent MALDI
mass analysis of dinucleoside polyphosphates is possible.

However, in contrast to monolithic reversed phase
chromatography, reversed-phase perfusion chromatography
and chromatography with conventional silica reversed-phase
columns with TEAA as the ion-pair reagent do not lead to
sufficient separation of dinucleoside polyphosphates.Fig. 2
presents characteristic reversed-phase chromatograms show-
ing the separation of synthetic diadenosine polyphosphates
ApnA (with n= 2–6) in the presence of triethylammo-
nium acetate as ion-pair reagent using the four columns
under study (Fig. 2A–D). The resolution of perfusion
chromatography as well as of conventional reversed phase
chromatography is lower than that of the monolith reversed-
phase chromatography. Dinucleoside polyphosphates are
obviously only separable in the presence of the cationic
ion-pair reagent TEAA if monolithic silica reversed phase
columns are used for the chromatography.

In contrast to reversed-phase chromatography with
the ion-pair reagent TEAA, in the case of reversed-phase

F yphos-
p high
p
(50× 4.6 mm I.D., Merck, Darmstadt, Germany) using the ion-pair reagent
tetrabutylammonium hydrogensulfate in the presence (A) and in the ab-
sence the buffer system K2HPO4 (B). (A) Conditions: eluent A: 2 mmol/1
tetrabutylammonium hydrogensulfate and 10 mmol/1 K2HPO4 in water (pH
6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min: 0% eluent
B; 0–30 min: 0–45% B; 30–33 min: 45–100% eluent B; 33–36 min: 100% B;
flow rate: 1.0 ml/min). (B) Eluent A: 2 mmol/1 tetrabutylammonium hydro-
gensulfate without K2HPO4 in water (pH 6.8); eluent B: water–acetonitrile
(20:80%, v/v). The gradient and the flow rate were identical to the conditions
identical to gradient in (A).
orous structure. The macropores are on average 2�m in di-
meter and together form a dense network of pores thr
hich the eluent can rapidly flow to reduce the separa

ime.
This approach, however, fails in combination w

ass-spectrometric analysis and in the case of low con
rations of dinucleoside polyphosphates. For identifica
inucleoside polyphosphates are generally analyse
ALDI-mass spectrometry (e.g.[30–33]). Due to the stron

onic bonding of TBA with the phosphates of the dinucl
ide polyphosphates and because of the low steam pre
f TBA, this ion-pair reagent is not removable by lyoph
ation in the presence of dinucleoside polyphosphates
hat reason, the use of TBA as ion-pair reagent precl
he identification of the diadenosine polyphosphates
ALDI-mass spectrometry. But for the separation of io

olutes such as dinucleoside polyphosphates the ad
f an ion-pair reagent as a counterion is essential to e

he retention of the ionic species. This indicates tha
lternative to the ion-pair reagent TBA is necessary.

Therefore, the identities of the diadenosine polyp
hates as showed inFig. 1 were confirmed by comparin

he respective retention times with those of single synth
inucleoside polyphosphates. Because of the use of
s ion-pair reagent and perfusion reversed-phase colu

n former studies, two strategies were necessary, one fo
dentification and one for the quantification of dinucleos
olyphosphates. TBA was used as ion-pair reagen

he chromatographic quantification of the dinucleo
olyphosphates; for the chromatographic isolation

dentification, triethylammonium acetate was used a
ig. 3. Reversed phase chromatography of synthetic diadenosine pol
hates (ApnA; with n= 2–6) on an analytical, monolithic reversed-phase
erformance liquid chromatographic column (ChromolithTM SpeedROD



136 V. Jankowski et al. / J. Chromatogr. B 819 (2005) 131–139

Fig. 4. Reversed phase chromatography of a homogenate of human platelets after reversed phase and affinity-chromatography on: (A) an analytical, monolithic
reversed-phase high performance liquid chromatographic column (ChromolithTM SpeedROD (50× 4.6 mm I.D., Merck, Darmstadt, Germany)); eluent A:
40 mmol/1 triethylammonium acetate (TEAA) in water; eluent B: water–acetonitrile (80:20%, v/v); gradient: 0–2 min: 0% eluent B; 2–62 min: 0–25% B;
62–63 min: 25–100% eluent B; flow rate: 1.0 ml/min). (B) An analytical reversed-phase high performance liquid chromatographic column (Poros R2/H
(50× 4.61 mm I.D., Perseptive Biosystems, Freiburg, Germany)). The conditions were identical to the conditions in (A). (C) An analytical reversed-phase
high performance liquid chromatographic column (LiChrospher 100 RP-18e (55× 4 mm; Merck, Darmstadt, Germany)). The conditions were identical to the
conditions in (A). (D) An analytical reversed-phase high performance liquid chromatographic column (Superspher 100 RP-18e (55× 4 mm; Merck, Darmstadt,
Germany)). The conditions were identical to the conditions in (A).

chromatography with TBA as ion-pair reagent a buffer
system is essential to adjust the pH at 6.8 (Fig. 3A).
Diadenosine polyphosphates are insufficiently retained and
fractionated by the ion-pair reversed phase chromatography

with TBA in the absence of a buffer system (Fig. 3B). In
addition, chromatography of diadenosine polyphosphates at
acid pH values bears the risk of hydrolysis of the diadenosine
polyphosphates.

Fig. 5. Reversed phase chromatography of a homogenate of human platelets after reversed phase and affinity-chromatography on: (A) an analytical, monolithic
reversed-phase high performance liquid chromatographic column (ChromolithTM SpeedROD (50× 4.6 mm I.D., Merck, Darmstadt, Germany)); eluent A:
2 water : 0%
e in: 10 rformance
l Biosy itions in
( tograph )).
T al reve rsph
R

mmol/1 tetrabutylammonium hydrogensulfate and 10 mmol/1 K2HPO4 in
luent B; 0–30 min: 0–45% B; 30–33 min: 45–100% eluent B; 33–36 m

iquid chromatographic column (Poros R2/H (50× 4.6 mm I.D., Perseptive
A). (C) An analytical reversed-phase high performance liquid chroma
he conditions were identical to the conditions in (A). (D) An analytic

P-18e (55× 4 mm; Merck, Darmstadt, Germany)). The conditions were iden
(pH 6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min
0% B; flow rate: l.0 ml/min). (B) An analytical reversed-phase high pe
stems, Freiburg, Germany)). The conditions were identical to the cond
ic column (LiChrospher 100 RP-18e (55× 4 mm; Merck, Darmstadt, Germany
rsed-phase high performance liquid chromatographic column (Supeer 100

tical to the conditions in (A).
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Fig. 6. Reversed phase chromatography of synthetic diadenosine polyphosphates (ApnA; with n= 2–6) on an analytical, monolithic reversed-phase high
performance liquid chromatographic column (Chromolith SpeedRODTM (50× 4.6 mm I.D., Merck, Darmstadt, Germany) using TBA (A–D) respectively
TEAA (E–I) as ion-pair reagent and flow rate in the range of 1 ml/min up to 6 ml/min. E and J showed the chromatography of a platelet extract using TBA and
TEAA as ion-pair reagent. (A) Eluent A: 2 mmol/1 tetrabutylammonium hydrogensulfate and 10 mmol/1 K2HPO4 in water (pH 6.8); eluent B: water–acetonitrile
(20:80%, v/v); gradient: 0 min: 0% eluent B; 0–30 min: 0–45% B; 30–33 min: 45–100% eluent B; 33–36 min: 100% B; flow rate: 1 ml/min). (B) Eluent A:
2 mmol/1 tetrabutylammonium hydrogensulfate and 10 mmol/1 K2HPO4 in water (pH 6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min: 0% B;
0–15 min: 0–40% B; 15–16 min: 40–100% eluent B; 16–17 min: 100% B; flow rate: 2 ml/min). (C) Eluent A: 2 mmol/1 tetrabutylammonium hydrogensulfate
and 10 mmol/1 K2HPO4 in water (pH 6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min: % B; 0–7.5 min: 0–40% B; 7.5–8.2 min: 40–100%
eluent B; 8.2–9.2 min: 100% B; flow rate: 4 ml/min). (D) Eluent A: 2 mmol/1 tetrabutylammonium hydrogensulfate and 10 mmol/1 K2HPO4 in water (pH
6.8); eluent B: water–acetonitrile (20:80%, v/v); gradient: 0 min: 0% B; 0–5 min: 0–40% B; 5–5.5 min: 40–100% eluent B; 5.5–6.5 min: 100% B; flow rate:
6 ml/min). (E) Reversed phase chromatography of a platelet extract using the conditions as described in (D). (F) Eluent A: 40 mmol/1 TEAA in water; eluent
B: water–acetonitrile (80:20%, v/v); gradient: 0–2 min: 0% eluent B; 2–62 min: 0–60% B, respectively; 62–63 min: 60–100% eluent B. The concentrationof
eluent B of 60% corresponds to an acetonitrile concentration of 12%. Flow rate: 1 ml/min. (G) Eluent A: 40 mmol/1 TEAA in water; eluent B: water–acetonitrile
(80:20%, v/v); gradient: 0 min: 0% B; 0–32 min: 0–35% B; 32–33 min: 35–100% eluent B; 33–34 min: 100% B; flow rate: 2 ml/min. (H) Eluent A: 40 mmol/1
TEAA in water; eluent B: water–acetonitrile (80:20%, v/v); gradient: 0–1 min: 0% eluent B; 1–16 min: 0–35%; 16–17 min: 35–100% eluent B; flow rate:
4 ml/min. (I) Eluent A: 40 mmol/1 TEAA in water; eluent B: water–acetonitrile (80:20%, v/v); gradient: 0–1 min: 0% eluent B; 1–11 min: 0–35%; 11–12 min:
35–100% eluent B. Flow rate: 6 ml/min. (J) Reversed phase chromatography of a platelet extract using the conditions as described in (I).
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The chemical stability of conventional silica reversed
phase columns is generally limited. Silica-based reversed-
phase sorbents operate within the pH limits of 2 < pH < 8,
because at pH > 8 silica slowly dissolves[34] and at pH < 2
the covalently bound silane ligands are hydrolyzed[35]. Due
to this limited chemical stability only restricted purification
procedures can be performed with limited operating life times
as a result. This is another reason to prefer monolith reversed-
phase chromatography columns for separation of dinucleo-
side polyphosphates.

Fig. 4shows characteristic reversed-phase chromatograms
of a homogenate of human platelets using TEAA as ion-pair
reagent and with the four columns under study (Fig. 4A–D).
In contrast to the other tested reversed-phase chromatography
columns, the resulting chromatogram of the monolithic silica
reversed phase column shows no interference with individual
dinucleoside polyphosphates.

While TEAA is superior as an ion-pair reagent if sub-
sequent mass spectrometry is needed for identification of
individual compounds, for all other chromatographic con-
ditions, TBA seems to be superior regarding the analysis
time. Fig. 5 depicts analogous separations with TBA as the
ion-pair reagent. The resolution of the separation is further
increased compared to the corresponding resolution of the
chromatography with TEAA as the cationic ion-pair reagent.
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Fig. 7. Exemplary MALDI mass spectra of the substances underlying the
UV absorption-peaks (labelled as Ap2A, Ap3A, Ap4A, Ap5A and Ap6A in
Fig. 6H).

in the resolution. The identity of the substances underlying
the UV absorption was determined by retention time
comparison with the single diadenosine polyphosphates.
Moreover, the identity of these substances fractionated by
using TEAA as ion-pair reagent was determined by MALDI
mass-spectrometry analysis. Characteristic MALDI mass-
spectra of diadenosine polyphosphates fractionated using the
conditions as described inFig. 6H are shown inFig. 7. As
mentioned above, the use of TBA as ion reagent prevents the
analysis by MALDI mass-spectrometry (data not shown).

The separation of a platelet extract in the presence of TBA
and TEAA using a flow rate of 6 ml/min is shownFig. 6E
and J, respectively. In the presence of TBA, the differences
of retention times of diadenosine polyphosphates increase.

Therefore we recommend the use of a monolithic reversed
phase chromatography column, TBA as ion-pair reagent and
a flow rate in the range of 6 ml/min for fast dinucleoside
polyphosphate separation for quantification (as shown in
Fig. 6E). For isolation of unknown dinucleoside polyphos-
phate, we recommend the use of a monolithic reversed phase
he distinct elution of the dinucleoside polyphosphates u
he latter chromatographic conditions, allows quantifica
f very low concentrated derivatives. Using TBA instea
EAA as ion-pair reagent, the analysis time can obvio
e decreased without a decreasing of the resolution o
hromatography.

The combination of TBA as the cationic ion-pair reag
ith monolithic silica reversed phase columns yields a c
atogram with baseline separated and sharp UV-abso
eaks. Using this combination of chromatographic c
itions, not only the abundant and known dinucleo
olyphosphates like Ap2A, Ap3A, Ap4A, Ap5A and Ap6A,
re baseline separated, but also less concentrated, y
nown nucleoside polyphosphates may be in all probab
eparated with high resolution and small peak width.

Next, the effect of increasing the flow rate on the res
ion of the monolithic reversed-phase column was analy
ue to the greater back-pressure of the reversed-p
olumns compared to the monolith reversed-phase an
erfusion reversed-phase chromatography columns
ow rates used in chromatography with conventional s
eversed phase chromatography columns are in ge
ower than those used in chromatography with monolith
erfusion chromatography columns. Higher flow rates re

n a decrease in the analysis time.Fig. 6shows characterist
eversed-phase chromatograms of synthetic diaden
olyphosphates using the monolithic reversed phase co

n the presence of the ion-pair-reagent TBA (Fig. 6A–D) and
n the presence of the ion-pair-reagent TEAA (Fig. 6F–I)
sing a flow rate of 1–6 ml/min. Analysis time can be redu
y close to one magnitude without a significant decr
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chromatography column, flow rates in the range of 1 ml/min
and – because of its compatibility to mass-spectrometric
methods – TEAA as ion-pair reagent (as shown inFig. 4A).

In summary, isolation and quantification of dinucleoside
polyphosphates by using monolithic silica C18 columns has
obviously essential advantages compared to chromatography
with perfusion le-versed phase media or conventional silica
reversed-phase media. In the future, the usage of monolithic
silica reversed phase columns will lead to isolation and quan-
tification of yet unknown dinucleoside polyphosphates.
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