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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 theemolar range. The aim of this study was both to describe a chromatographic assay with an increased efficiency
of the dinucleoside separation, which enables the reduction of analytical run times, and to establish a chromatographic assay using conditions,
which allow MALDI-mass spectrometric analysis of the resulting fractions. We compared the performance of conventional silica reversed phase
chromatography columns, a perfusion chromatography column and a monolithic reversed-phase C18 chromatography column. The effects
of different ion-pair reagents, flow-rates and gradients on the separation of synthetic diadenosine polyphosphates as well as of diadenosine
polyphosphates isolated from human platelets were analysed. Sensitivity and resolution of the monolithic reversed-phase chromatography
column were both higher than that of the perfusion chromatography and the conventional reversed phase chromatography columns. Using
a monolithic reversed-phase C18 chromatography column, diadenosine polyphosphates were separable baseline not only in the presence o©
tetrabutylammonium hydrogensulfate (TBA) but also in the presence of triethylammonium acetate (TEAA) as ion-pair reagent. The later
reagent is useful because, in contrast to TBA, it is compatible with MALDI mass-spectrometric methods. This makes TEAA particularly
suitable for identification of unknown nucleoside polyphosphates. Furthermore, because of the lower backpressure of monolithic reversed-
phase chromatography columns, we were able to significantly increase the flow rate, decreasing the amount of time for the analysis close to
50%, especially using TBA as ion-pair reagent. In summary, monolithic reversed phase C18 columns markedly increase the sensitivity and
resolution of dinucleoside polyphosphate analysis in a time-efficient manner compared to reversed-phase perfusion chromatography columns
or conventional reversed-phase columns. Therefore, further dinucleoside polyphosphate analytic assays should be based on monolithic
silica C18 columns instead of perfusion chromatography or conventional silica reversed phase chromatography columns. In conclusion, the
use of monolithic silica C18 columns will lead to isolation and quantification of up to now unknown dinucleoside polyphosphates. These
chromatography columns may facilitate further research on the biological roles of dinucleoside polyphosphates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction plasma[12]. Diadenosine polyphosphates are involved as

intra- and extracellular mediators in the regulation of numer-

Diadenosine polyphosphates have previously beenous physiological functions, e.g. growth of vascular smooth
isolated from human tissues and cells such as plafdle, muscle cells and control of vascular tof#5,12—-14] The

erythrocytes[7], heart[8-10], placenta[11], and human book entitled “ApA and other dinucleoside polyphosphates”

edited by McLennan gives an excellent overview on the
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in the cardiovascular system have been published recently2.1. Reversed-phase chromatography with

[16,17] Vascular effects of ApA vary with the number triethylammonium acetate (TEAA) as ion-pair reagent
of phosphate groups linking the adenosine molecules

[3,18,19] Diadenosine polyphosphates (#% with n=2-6; each

Perfusion chromatography is generally used for pu- 3ug) were separated by gradient elution on each of the
rification of biomacromolecules20,21] Nevertheless, four above mentioned reversed-phase columns in the
diadenosine polyphosphates are also quantified in speedpresence of the ion-pair reagent triethylammonium acetate
vac-dried eluates of reversed-phase chromatographies byTEAA; 40 mmol/1 (final concentration)) as eluent A and
ion-pair reversed-phase perfusion chromatograp?g]. water—acetonitrile (80:20%, v/v) as eluent B. The column
Reversed-phase gradient systems are used in order to ensutemperature was ambient (22L°C). The mobile phase
the simultaneous separation of molecules with a broad rangewas pumped at a flow-rate of 1 ml/min by a high-pressure
of hydrophobicity. The chromatographic quantitation of gradient pump system (Merck, Darmstadt, Germany). The
the diadenosine polyphosphates is in general based on the&olumn eluate was monitored with a variable wavelength UV
method described by Bggemann et al[23] with tetra- detector (759 A, Absorbance Detector, Applied Biosystems,
butylammonium sulfate as ion-pair reagent and perfusion Darmstadt, Germany). The diadenosine polyphosphate
reversed phase chromatography coluf2ig. mixture was dissolved in eluent A. The diadenosine

In contrast to the method of Bggemann et a[23], the polyphosphates were eluted with the following gradient:
flow-rate used for quantification was reduced from 1 ml/min 0-2min: 0% eluent B; 2—-62min: 0-60% B; 62-63 min:
to 300pl/min in recent studie§l2,24] Although high flow 60-100% eluent B. The concentration of eluent B of 60%
rates are typical of perfusion chromatography, the reduction corresponds to an acetonitrile concentration of 12% in the
of the flow-rate increases the intensity of the peaks and thustotal eluate volume. UV absorption was measured at 254 nm.
decreases the detection limit. This approach is appropriateData were recorded and processed with the Chromeleon Lab
for the quantification of diadenosine polyphosphates if the System 6.0 (Dionex, Idstein, Germany).
concentration is sufficiently high as described in several pub-  Low backpressure is one of the important character-
lications [12,22,24,25] but fails, if the concentrations are istic features of perfusion and monolithic reversed-phase
low. chromatography columns in comparison to conventional

Therefore, we developed based on a monolithic silica silica reversed phase chromatography columns, allowing
HPLC reversed phase column two strategies: one with anhigh flow rates. To investigate the effect of increasing flow
increased efficiency of the dinucleoside separation for dinu- rate on the resolution, the flow rate was increased in the
cleoside polyphosphates quantification, and one for dinucle-range between 1 ml/min and 6 ml/min, in a separate set of
oside polyphosphates identification using conditions which experiments.
allows MALDI-mass spectrometric analysis of the resulting
fractions. For a broad variation of the stationary phase char-2.2. Reversed-phase chromatography with
acteristics, we used two conventional silica reversed phasetetrabutylammonium hydrogensulfate (TBA) as ion-pair
columns, a perfusion chromatography column, and a mono-reagent
lithic reversed phase chromatography column.

We investigated the effects of different ion-pair reagents,  To evaluate whether the ion-pair reagent would have an
gradients and flow rates on the chromatographic resolution. Inimpact on the performance of the reversed-phase columns,
particular, our attention was turned to the compatibility of the the ion-pair reagent tetrabutylammonium hydrogensulfate
chromatographic strategy with mass spectrometry methods(TBA) was used instead of TEAA.
like MALDI-MS. Diadenosine polyphosphates #p (with n=2-6; each

31g) were separated by gradient elution on each of the
four above mentioned reversed-phase columns in the
2. Materials and methods presence of ion-pair reagent 2mmol/1l tetrabutylammo-
nium hydrogensulfate in a phosphate buffer (10 mmol/1

HPLC water (gradient grade) and acetonitrile were pur- KoHPQy, final concentration; pH 6.8) as eluent A and
chased from Merck (Darmstadt, Germany), and all other water—acetonitrile (20:80%, v/v) as eluent B. The phosphate
substances from Sigma—Aldrich (Taufkirchen, Germany). A buffer was necessary to adjust the pH of the ion-pair reagent

porous reversed phase column (“Poros R2/H” x50.6 mm tetrabutylammonium hydrogensulfate solution to a value
I.D., Perseptive Biosystems, Freiburg, Germany)), a mono- of 6.8. The column temperature was ambient £2P°C).
lithic reversed phase column (“Chromolith SpeedROD” The diadenosine polyphosphates were eluted with the

(50x 4.6 mm I.D., Merck, Darmstadt, Germany)), and two following gradient: 0 min: 100% eluent A; 0—30 min: 0-45%
conventional reversed-phase columns ((a) LiChrospher 100B; 30-33 min: 45-100% eluent B; 33-36 min: 100% B.
RP-18e (55< 4mm |.D., Merck, Darmstadt, Germany); (b) The concentration of eluent B of 45% corresponds to an
Superspher 100 RP-18e (554 mm I.D., Merck, Darmstadt,  acetonitrile concentration of 36%. All other experimental
Germany)) were compared. conditions were identical as described above. To investigate
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the effect of the flow rate on the resolution, the flow rate was at an angle of 45to the surface of the target. Microscopic

increased in the range between 1 ml/min and 6 ml/min. sample observation was possible via a diachronic mirror in
the beam path. 10-20 single spectra were accumulated for a

2.3. Isolation of dinucleoside polyphosphates from better signal-to-noise ratio. In MALDI-MS large fractions of

human platelets the desorbed analyte ions undergo post-source decay during

flight in the field free drift path28]. Using a RETOF set-up,

Dinucleoside polyphosphates were isolated from human sequence information from PSD fragment ions of precursors
platelets as described elsewhef25]. Briefly, human produced by MALDI were obtained. Sample preparations for
platelets were washed with an isotonic solution of NaCl and MALDI- and PSD-MALDI experiments were identical. The
centrifuged (4000 rpm, 4C, 10 min) twice. The supernatant concentrations of the analysed dinucleoside polyphosphates
was aspirated and the pellets frozent80°C. The platelet ~ were 1-1Qumol/1 in bidistilled water. One microliter of
pellets were rethawed in double distilled water (10 ml). The the analyte solution was mixed withpl of the matrix
resulting suspension was deproteinized with 0.6 mol/1 (final solution (50 mg/ml 3-hydroxy-picolinic acid in water). The
concentration) perchloric acid and centrifuged (4000 rpm, mixture was gently dried on an inert metal surface before
4°C, 5min). After adjusting pH to 7.0 with 5 mol/1 KOH the introduction into the mass spectrometer. For calibration
precipitated proteins and KCL4@vere removed by centrifu-  of the mass spectra, synthetic diadenosine hexaphosphate
gation (4000 rpm, 4C, 5min). 1 mol/1 triethylammonium  (ApgA) was used as external standard. The mass accuracy
acetate (TEAA) was added to the supernatant up to afinal con-was in the range of 0.05%.
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 3. Results and discussion

reagent TEAA (40mmol/1 (final concentration)) as eluent

A and water—acetonitrile (80:20%, v/v) as eluent B. The col-  Besides the broad variation of the experimental chro-
umn temperature was ambient 22 °C). The mobile phase = matographic conditions like flow rate, ion-pair reagent,
was pumped at a flow-rate of 5ml/min by a high-pressure this study focused on the broad variation of the stationary
gradient pump system (Merck, Darmstadt, Germany). The phase characteristics. The chromatographic conditions used
diadenosine polyphosphates were eluted with a stepwisefor testing the different chromatography columns were
gradient. identical—within the limits of the column backpressure.

The lyophilized eluate of the reversed phase chromatog- We compared the performance of conventional silica
raphy dissolved in 1 mol/1 ammonium acetate (pH 9.5) was reversed phase columns with the performance of a perfusion
loaded to a phenyl boronic acid resin. The resin was preparedchromatography column and a monolithic reversed phase
according to Barnes et §26]. The adsorbed substances were chromatography column. As examples for conventional
eluted with 1 mmol/1 HC1 (flow rate: 1 ml/min). The eluate reversed phase chromatography columns, we used a Lichro-
from the phenyl boronic acid resin to which 1 mol/1 TEAA spher and Superspher of Merck (Darmstadt, Germany).
was added to a final concentration of 40 mmol/1 was desaltedThese reversed phase chromatography columns are char-
by a reversed phase chromatography (LiChroprep RP-18acterized by the composition of spherical particles of silica
B, Merck, Darmstadt, Germany; equilibration and sample with endcapped octadecy! derivative. The particle size of
buffer: 40 mmol/1 TEAA in water; flow rate: 5ml/min). The Lichrospher versus Superspher amounts fonb versus
lyophilized eluate was used for reversed-phase chromatog-4 um, resulting in a different number of theoretical plates

raphy using the four different reversed phase columns. (55,000 N/m versus <100,000 N/m).

In recent studies, the low molecular weight and highly
2.4. Matrix assisted laser desorption/ionisation mass charged dinucleoside polyphosphates, which also contain hy-
spectrometry (MALDI-MS) and post-source decay drophobic fragments, were fractionated by perfusion chro-
(PSD)-MALDI-MS matography (e.g24,29,30}, although the latter technique is

generally only used for purification of high molecular weight
The identity of the diadenosine polyphosphates was con- biomacromoleculef20,21]

firmed by matrix-assisted laser desorption/ionisation mass The main advantage of perfusion chromatography is that
spectrometry (MALDI-MS) [27] and post-source decay the resolution does virtually not depend on flow rate, whereas
(PSD)-MALDI-MS [28]. A reflectron-type time-of-flight  conventional materials exhibit a marked reduction in resolu-
mass spectrometer (Reflex Ill, Bruker-Daltronic, Bremen tion with increased flow rates. In general, synthetic polymers
Germany) was used according to Hillenkamp ef2]. The such as polystyrenedivenylbenzene are used as matrix build-
sample was mounted o y, z movable stage allowing for  ing blocks due to their excellent physical stability (allowing
irradiation of selected sample areas. In this study, a nitrogenpressures up to 200 bar) and chemical stability compared to
laser (Laser Science Inc., Franklin, MA, USA) with an emis- most other substances ug@d]. This makes column clean-
sion wavelength of 337 ran and 3 ns pulse duration was useding easy because even aggressive chemicals such as acids
Typically, the laser beam was focused to a diameter @0 and bases can be used. This in turn enables longer lifetimes
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Fig. 1. Reversed phase chromatography of synthetic diadenosine polyphosphatesyiip n=2-6) on: (A) an analytical, monolithic reversed-phase high
performance liquid chromatographic column (ChromdMtspeedROD (5& 4.6 mm I.D., Merck, Darmstadt, Germany)); eluent A: 2 mmol/1 tetrabutylam-
monium hydrogensulfate and 10 mmol/2HP Oy 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: .0 ml/min). (B) An analytical reversed-phase high performance liquid chromatofraphic co
umn (Poros R2/H (5& 4.6 mm |.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>18en(®5 Merck, Darmstadt, Germany)). The
conditions were identical to the conditions in (A). (D) An analytical reversed-phase high performance liquid chromatographic column (SupeRphtsd

(55 x 4 mm; Merck, Darmstadt, Germany)). The conditions were identical to the conditions in (A).

of the chromatography columns. In addition, the amount generally lower for perfusion chromatography, compared
of time needed for column cleaning is minimal. A high to conventional reversed phase chromatography, either due

resolution and unchanged binding capacity are characteristicto intrinsic financial advantages, or to a gain in use of
for perfusion reversed-phase columns. In addition, costs aretime.
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Fig. 2. Reversed phase chromatography of synthetic diadenosine polyphosphatesvip n=2-6) with triethylammonium acetate (TEAA) as ion-pair
reagent on: (A) an analytical, monolithic reversed-phase high performance liquid chromatographic column (CHMrSpléedROD (56 4.6 mm 1.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:
0-60% B, respectively; 62—63 min: 60—100% eluent B. The concentration of eluent B of 60% corresponds to an acetonitrile concentration of 12%. (B) An
analytical reversed-phase high performance liquid chromatographic column (Poros R2/M.@®m 1.D., Perseptive Biosystems, Freiburg, Germany)). The
conditions were identical to the conditions in (A). (C) An analytical reversed-phase high performance liquid chromatographic column (LiC@ERfMa8e

(55 x 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-18ex(8%nm; Merck, Darmstadt, Germany)). The conditions were identical to the conditions in (A).
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The previous reports mentioned above indicate that alternative cationic ion-pair reagent. In contrast to TBA,
diadenosine polyphosphates are quantifiable by perfusionTEAA is completely removable from dinucleoside polyphos-
chromatography with tetrabutylammonium hydrogensulfate phates by lyophilisation and therefore subsequent MALDI
as ion-pair reagent (e.flL,24)). mass analysis of dinucleoside polyphosphates is possible.

An exemplary reversed phase chromatographic separation However, in contrast to monolithic reversed phase
of synthetic diadenosine polyphosphategApwith n=2—6) chromatography, reversed-phase perfusion chromatography
is shown inFig. 1using TBA as ion-pair reagent and a mono- and chromatography with conventional silica reversed-phase
lithic silica reversed phase columfiif. 1A), a perfusion columns with TEAA as the ion-pair reagent do not lead to
reversed-phase columRif. 1B), and two conventional silica  sufficient separation of dinucleoside polyphosphafés. 2
reversed-phase columns, a LiChrospheg(1C) and a Su- presents characteristic reversed-phase chromatograms show-
perspherfig. 1D). The peaks labelled in the figure represent ing the separation of synthetic diadenosine polyphosphates
the UV absorption of synthetic diadenosine polyphosphatesAp,A (with n=2-6) in the presence of triethylammo-
AprA (with n=2-6). Using TBA and the monolithic silica nium acetate as ion-pair reagent using the four columns
reversed phase column, the differences in retention time ofunder study Fig. 2A-D). The resolution of perfusion
the dinucleoside polyphosphates can markedly be increasedchromatography as well as of conventional reversed phase
in comparison to perfusion reversed phase as well as con-chromatography is lower than that of the monolith reversed-
ventional silica reversed phase columns. Moreover, the peakphase chromatography. Dinucleoside polyphosphates are
widths of the dinucleoside polyphosphates decrease usingobviously only separable in the presence of the cationic
TBA as an ion-pair reagent. As a consequence, less concenion-pair reagent TEAA if monolithic silica reversed phase
trated dinucleoside polyphosphates are quantifiable by usingcolumns are used for the chromatography.
monolithic silica reversed phase columns with TBA as ion- In contrast to reversed-phase chromatography with
pair reagent. The monolithic silica reversed-phase columnsthe ion-pair reagent TEAA, in the case of reversed-phase
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- ) <
porous structure. The macropores are on average i di- z
ameter and together form a dense network of pores through
which the eluent can rapidly flow to reduce the separation
time.

This approach, however, fails in combination with
mass-spectrometric analysis and in the case of low concen-
trations of dinucleoside polyphosphates. For identification,
dinucleoside polyphosphates are generally analysed by
MALDI-mass spectrometry (e.§30—33). Due to the strong
ionic bonding of TBA with the phosphates of the dinucleo-
side polyphosphates and because of the low steam pressure
of TBA, this ion-pair reagent is not removable by lyophili-
sation in the presence of dinucleoside polyphosphates. For
that reason, the use of TBA as ion-pair reagent precludes
the identification of the diadenosine polyphosphates by
MALDI-mass spectrometry. But for the separation of ionic
solutes such as dinucleoside polyphosphates the addition L~
of an ion-pair reagent as a counterion is essential to ensure o 0 20 30
the retention of the ionic species. This indicates that an retention time (min)
alternative to the ion-pair reagent TBA is necessatry.

Therefore, the identities of the diadenosine polyphos- Fig. 3. Reversed phase chromatography of synthetic diadenosine polyphos-
phates as showed iRig. 1 were confirmed by comparing Phates (ARA; with n=2-6) onananalytical, monolithic reversed-phase high
the respective retention times with those of single synthetic Performance liquid chromatographic column (ChromdfthSpeedROD

. . (50 x 4.6 mm 1.D., Merck, Darmstadt, Germany) using the ion-pair reagent
dinucleoside polyphosphates. Because of the use of TBAtetrabutyIammonium hydrogensulfate in the presence (A) and in the ab-

as ion-pair reggent and perfl_-'Sion reversed-phase columnsSsence the buffer systemyKPO, (B). (A) Conditions: eluent A: 2 mmol/L

in former studies, two strategies were necessary, one for thetetrabutylammonium hydrogensulfate and 10 mmoBHRO, in water (pH
identification and one for the quantification of dinucleoside 6.8); eluent B: water—acetonitrile (20:80%, v/v); gradient: 0 min: 0% eluent
polyphosphates. TBA was used as ion-pair reagent for B; 0—30 min: 0—45% B; 30—33 min: 45-100% eluent B; 33—-36 min: 100% B;

th h ¢ hi tificati f the di | id flow rate: 1.0 ml/min). (B) Eluent A: 2 mmol/1 tetrabutylammonium hydro-
€ chromatographic quantification o € dinucleoside gensulfate without KHPO, in water (pH 6.8); eluent B: water—acetonitrile

polyphosphates; for the chromatographic isolation and (20:80%, viv). The gradient and the flow rate were identical to the conditions
identification, triethylammonium acetate was used as an identical to gradientin (A).

(B)

UVasinm absorption

ApzeA

|1 mAU
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Fig. 4. Reversed phase chromatography of a homogenate of human platelets after reversed phase and affinity-chromatography on: (A) an aaktliecal, mon
reversed-phase high performance liquid chromatographic column (ChroMYbigheedROD (5& 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
(50x 4.61mm |.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 456m; Merck, Darmstadt, Germany)). The conditions were identical to the
conditions in (A). (D) An analytical reversed-phase high performance liquid chromatographic column (Superspher 100 RR-48en(GMerck, Darmstadt,
Germany)). The conditions were identical to the conditions in (A).

chromatography with TBA as ion-pair reagent a buffer with TBA in the absence of a buffer systerfig. 3B). In
system is essential to adjust the pH at 6Fg( 3A). addition, chromatography of diadenosine polyphosphates at

Diadenosine polyphosphates are insufficiently retained andacid pH values bears the risk of hydrolysis of the diadenosine
fractionated by the ion-pair reversed phase chromatographypolyphosphates.
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Fig. 5. Reversed phase chromatography of a homogenate of human platelets after reversed phase and affinity-chromatography on: (A) an aoktlyiecal, mon
reversed-phase high performance liquid chromatographic column (ChroffbisheedROD (5& 4.6 mm I.D., Merck, Darmstadt, Germany)); eluent A:
2mmol/1 tetrabutylammonium hydrogensulfate and 10 mmol/HRO, 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 mI/min). (B) An analytical reversed-phase high performance
liquid chromatographic column (Poros R2/H (5@+.6 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>18en(35 Merck, Darmstadt, Germany)).

The conditions were identical to the conditions in (A). (D) An analytical reversed-phase high performance liquid chromatographic columnéBt@ersph
RP-18e (55« 4 mm; Merck, Darmstadt, Germany)). The conditions were identical to the conditions in (A).
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Fig. 6. Reversed phase chromatography of synthetic diadenosine polyphosphat&sy#ph n=2-6) on an analytical, monolithic reversed-phase high
performance liquid chromatographic column (Chromolith SpeedRO[50 x 4.6 mm 1.D., Merck, Darmstadt, Germany) using TBA (A-D) respectively
TEAA (E-l) 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 asion-pair reagent. (A) Eluent A: 2 mmol/1 tetrabutylammonium hydrogensulfate and 10 mmblPO% 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 mmopilRO, 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 KHPO, in water (pH 6.8); eluent B: water—acetonitrile (20:80%, v/v); gradient: 0 min: % B; 0—7.5min: 0—40% B; 7.5-8.2 min: 40—-100%
eluent B; 8.2-9.2min: 100% B; flow rate: 4 ml/min). (D) Eluent A: 2mmol/1 tetrabutylammonium hydrogensulfate and 10 mpht@O4Kin 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; 5.5-6.5min: 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 mtater; elue
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 conoéntration
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: watdri@cetoni
(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. (1) 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 (1).
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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 dissolM@&2] and at pH<2
the covalently bound silane ligands are hydrolyfa&). Due o
to this limited chemical stability only restricted purification ' ! !
procedures can be performed with limited operating life times
as aresult. This is another reason to prefer monolith reversed- ApzA
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 stuiig( 4A-D).

In contrastto 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 ApsA
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 TR TTRHTIRIPRIN PRI
increased compared to the corresponding resolution of the
chromatography with TEAA as the cationic ion-pair reagent.
The distinct elution of the dinucleoside polyphosphates using
the latter chromatographic conditions, allows quantification
of very low concentrated derivatives. Using TBA instead of
TEAA as ion-pair reagent, the analysis time can obviously
be decreased without a decreasing of the resolution of the 600 700 800 900 1000 1100
chromatography. molecular mass (M, /z)

The combination of TBA as the cationic ion-pair reagent
with monolithic silica reversed phase columns yields a chro- Fig. 7. Exemplary MALDI mass spectra of the substances underl)_/ing the
matogram with baseline separated and sharp UV—absorptioanJi\é aé’_is)orpt'on'peaks (labelled as A ApsA, ApaA, ApsA and AgA in
peaks. Using this combination of chromatographic con- = =~
ditions, not only the abundant and known dinucleoside
polyphosphates like A\, ApsA, ApsA, ApsA and ApsA, in the resolution. The identity of the substances underlying
are baseline separated, but also less concentrated, yet urthe UV absorption was determined by retention time
known nucleoside polyphosphates may be in all probability comparison with the single diadenosine polyphosphates.
separated with high resolution and small peak width. Moreover, the identity of these substances fractionated by

Next, the effect of increasing the flow rate on the resolu- using TEAA as ion-pair reagent was determined by MALDI
tion of the monolithic reversed-phase column was analyzed. mass-spectrometry analysis. Characteristic MALDI mass-
Due to the greater back-pressure of the reversed-phasespectra of diadenosine polyphosphates fractionated using the
columns compared to the monolith reversed-phase and theconditions as described Iig. 6H are shown irFig. 7. As
perfusion reversed-phase chromatography columns, thementioned above, the use of TBA as ion reagent prevents the
flow rates used in chromatography with conventional silica analysis by MALDI mass-spectrometry (data not shown).
reversed phase chromatography columns are in general The separation of a platelet extract in the presence of TBA
lower than those used in chromatography with monolithic or and TEAA using a flow rate of 6 ml/min is showkig. 6E
perfusion chromatography columns. Higher flow rates result and J, respectively. In the presence of TBA, the differences
in a decrease in the analysis tinkég. 6shows characteristic  of retention times of diadenosine polyphosphates increase.
reversed-phase chromatograms of synthetic diadenosine Therefore we recommend the use of a monolithic reversed
polyphosphates using the monolithic reversed phase columnphase chromatography column, TBA as ion-pair reagent and
in the presence of the ion-pair-reagent TBAg. 6A—D) and a flow rate in the range of 6 ml/min for fast dinucleoside
in the presence of the ion-pair-reagent TEAR|. 6F-I) polyphosphate separation for quantification (as shown in
using a flow rate of 1-6 ml/min. Analysis time can be reduced Fig. 6E). For isolation of unknown dinucleoside polyphos-
by close to one magnitude without a significant decrease phate, we recommend the use of a monolithic reversed phase

APQA

relative intensity (arbitrary units)
>
o
=
b

ApﬁA
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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 showfigp. 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 monolithi
silica reversed phase columns will lead to isolation and quan-
tification of yet unknown dinucleoside polyphosphates.

Acknowledgements

This study was supported by a grant from the German Re-
search Foundation (DFG, Zi 315/15-1) and by a grant from
the Sonnenfeld Endowment. The authors wish to thank Dr.
Mcllwrick (Merck, Darmstadt, Germany) for the preparation
and gift of the conventional silica reversed phase columns.
We thank Dr. C. Talsness (Institute for Clinical Pharmacol-
ogy and Toxicology, Charite, Berlin, Germany) for linguistic
correction of the manuscript.

References

[1] H. Schluter, E. Offers, G. Biggemann, M. van der Giet, M. Tepel,
E. Nordhoff, M. Karas, C. Spieker, H. Witzel, W. Zidek, Nature 367
(1994) 186.

[2] J. Jankowski, M. Tepel, M. van der Giet, I.M. Tente, L. Henning,
R. Junker, W. Zidek, H. Schter, J. Biol. Chem. 274 (1999) 23926.

[3] G. Gabriels, K.H. Rahn, E. Schlatter, M. Steinmetz, Cardiovasc. Res.
56 (2002) 22.

[4] G. Davies, R.J. MacAllister, R.G. Bogle, P. Vallance, Br. J. Clin.
Pharmacol. 40 (1995) 170.

[5] J. Jankowski, J. Hagemann, M. Tepel, M. van der Giet, N. Stephan,
L. Henning, I. Gouni-Berthold, A. Sachinidis, W. Zidek, H. Satdr,

J. Biol. Chem. 276 (2001) 8904.

[6] A. Ogilvie, J. Luthje, U. Pohl, R. Busse, Biochem. J. 259 (1989)
97.

[7] J. Luo, J. Jankowski, M. Tepel, M. von der Giet, W. Zidek, H.
Schiuter, Hypertension 34 (1999) 872.

[8] T. Westhoff, J. Jankowski, S. Schmidt, J. Luo, G. Giebing, H.
Schiiter, M. Tepel, W. Zidek, M. van der Giet, J. Biol. Chem. 27
(2003) 27.

[9] J. Luo, J. Jankowski, M. Knobloch, M. van der Giet, K. Gardanis,
T. Russ, U. Vahlen-sieck, J. Neumann, W. Schmitz, M. Tepel, M.C.
Deng, W. Zidek, H. Scliiter, FASEB J. 13 (1999) 695.

139

[10] J. Luo, V. Jankowski, N. Gungar, J. Neumann, W. Schmitz,
W. Zidek, H. Schiiter, J. Jan-kowski, Hypertension 43 (2004)
1055.

[11] J. Jankowski, M.S. Yoon, N. Stephan, W. Zidek, H. Sobt, J.
Hypertens. 19 (2001) 567.

[12] J. Jankowski, V. Jankowski, U. Laufer, M. van der Giet, L. Henning,

M. Tepel, W. Zidek, H. Sclilter, Arterioscler. Thromb. Vase. Biol.

23 (2003) 1231.

C[13] J. Jankowski, V. Jankowski, B. Seibt, L. Henning, W. Zidek,

H. Schiiter,
365.

[14] G. Gabriels, K. Endlich, K.H. Rahn, E. Schlatter, M. Steinhausen,
Kidney Int. 57 (2000) 2476.

[15] A.G. McLennan, ApA and Other Dinucleoside Polyphosphates,
CRC Press Inc., Ann Arbor, MI, 1992.

[16] C.H.V. Hoyle, R.H. Hilderman, J.J. Pintor, H. Satér, B.F. King,
Drug Dev. Res. 52 (2001) 260.

[17] A.G. McLennan, Pharmacol. Ther. 87 (2000) 73.

[18] N.A. Flores, B.M. Stavrou, D.J. Sheridan, Cardiovasc. Res. 42 (1999)
15.

[19] H. Schiter, M. Tepel, W. Zidek, J. Auton. Pharmacol. 16 (1996)

Biochem. Biophys. Res. Commun. 304 (2003)

[20] N.B. Afeyan, N.F. Gordon, |. Mazsaroff, L. Varady, S.P. Fulton, Y.B.
Yang, F.E. Regnier, J. Chromatogr. 519 (1990) 1.

[21] F.E. Regnier, Nature 350 (1991) 634.

[22] J. Jankowski, W. Potthoff, M. van der Giet, M. Tepel, W. Zidek, H.
Schiiter, Anal. Biochem. 269 (1999) 72.

[23] B. Bruggemann, H. Schter, E. Verspohl, W. Zidek, Fresenius Z.
Anal. Chem. 350 (1994) 719.

[24] J. Jankowski, H. Schter, L. Henning, M. van der Giet, V.
Jankowski, W. Zidek, M. Tepel, Kidney Blood Press. Res. 26 (2003)
50.

[25] J. Jankowski, J. Hagemann, M.S. Yoon, M. van der Giet, N.
Stephan, W. Zidek, H. Scier, M. Tepel, Kidney Int. 59 (2001)
1134.

[26] L.D. Barnes, A.K. Robinson, C.H. Mumford, P.N. Garrison, Anal.
Biochem. 144 (1985) 296.

[27] F. Hillenkamp, M. Karas, Methods Enzymol. 193 (1990) 280.

[28] R. Kaufinann, D. Kirsch, B. Spengler, Int. J. Mass Spectrom. lon
Proc. 131 (1994) 355.

[29] H. Schiiter, I. Gross, J. Bachmann, R. Kaufinann, M. van der Giet,
M. Tepel, J.R. Nofer, G. Assmann, M. Karas, J. Jankowski, W. Zidek,
J. Clin. Invest. 101 (1998) 682.

[30] P. Hollah, M. Hausberg, M. Kosch, M. Barenbrock, M. Letzel, E.
Schlatter, K.H. Rahn, J. Hypertens. 19 (2001) 237.

[31] A.A. Vartanian, Ital. J. Biochem. 52 (2003) 9.

[32] R. Dieckmann, M. Pavela-Vrancic, H. von Dohren, Biochim. Bio-
phys. Acta 1546 (2001) 234.

[33] D. Maksel, P.R. Gooley, J.D. Swarbrick, A. Guranowski, C. Gange,
G.M. Blackburn, K.R. Gayler, Biochem. J. 357 (2001) 399.

[34] J.J. Kirkland, M.A. van Straten, H.A. Claessens, J. Chromatogr. A
691 (1995) 3.

[35] J.L. Glajch, J.J. Kirkland, J. Kohler, J. Chromatogr. 384 (1987) 81.



	Isolation and quantification of dinucleoside polyphosphates by using monolithic reversed phase chromatography columns
	Introduction
	Materials and methods
	Reversed-phase chromatography with triethylammonium acetate (TEAA) as ion-pair reagent
	Reversed-phase chromatography with tetrabutylammonium hydrogensulfate (TBA) as ion-pair reagent
	Isolation of dinucleoside polyphosphates from human platelets
	Matrix assisted laser desorption/ionisation mass spectrometry (MALDI-MS) and post-source decay (PSD)-MALDI-MS

	Results and discussion
	Acknowledgements
	References


