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Abstract

As a first stage towards a goal of studying some aspects of oxidative damage to DNA and its subsequent repair,
we set up three techniques for the detection of 2-phosphoglycolate (PG). This compound is released as a
metabolite from the DNA in certain cases of this process. We explored three techniques because we wanted to
learn which one(s) would be most sensitive, given the anticipated availability of small biological samples for
analysis. By employing indirect detection with fluorescein as the fluorophore in capillary electrophoresis, we
detected 5-10"° M PG (corresponding to 5 pmol/ul, projecting that a final sample volume of 1 w1 could be
handled). The specificity of this technique can be enhanced by converting the PG to glycolate enzymatically. Flow
injection analysis (FIA; 1.0-ul injection volume) negative-ion electrospray mass spectrometry was similarly
sensitive (1.1 10" ° M). Based on our prior experience, substituting capillary HPLC for the FIA in this technique is
anticipated to lower the detection limit by 20- to 150-fold. Gas chromatography—electron-capture mass spec-
trometry (1.0-ul injection volume) was able to detect, as a standard, 87 zmol of O7-pivalyl-3',5'-bis(trifl-
uoromethyl)benzylglycolate, a product that can be obtained from PG via hydrolysis followed by derivatization. We
plan to continue working with all three techniques since each is very sensitive, and has certain advantages.

1. Introduction

The biomolecule 2-phosphoglycolate (PG) ar-
ises in biological systems in two ways, both of
which begin with oxidative, apparently damaging
events. In the first way, oxygen rather than the
intended substrate, carbon dioxide, reacts with
ribulose-1,5-biphosphate, a component of photo-
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synthesis [1]. The enzyme involved, ribulose-1,5-
diphosphate carboxylase/oxygenase, is the most
abundant enzyme in the world [2], due to the
magnitude of plant life. The resulting metabolic
degradation of oxidized ribulose-1,5-biphosphate
leads to PG. In the second case, damage to
DNA by ionizing radiation [3] or bleomycin [4]
can lead, via free radical abstraction of the C4’
hydrogen on deoxyribose and subsequent reac-
tion with oxygen, to strand cleavage in which a
3’-phosphoglycolate terminus results (3’-position
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on the DNA) which in turn undergoes enzymatic
repair [5,6] to release PG.

Towards a long-term goal of contributing to a
better understanding of oxidative damage to
DNA and its associated repair, we have begun to
explore sensitive methodology for measuring
PG. To date, PG has been detected after a
combination of acid and enzymatic hydrolysis of
the 3'-DNA precursor to glycolic acid, which in
turn has been subjected to thin layer chromatog-
raphy and also trimethylsilylation GC-MS [7].

Two of the techniques available in our labora-
tory seemed to have a good potential to detect
unmodified PG with high sensitivity: capillary
electrophoresis with indirect laser fluorescence
detection (CE), and electrospray tandem mass
spectrometry. As reported here, each was suc-
cessful, and comparable detection limits for PG
were achieved (about 107® M in each case,
although the potential of the latter technique
remains to be fully evaluated). We also deter-
mined glycolate, a hydrolysis product of PG, via
derivatization followed by GC-MS utilizing ioni-
zation by electron capture (GC-EC-MS).

2. Experimental
2.1. Materials

Fluorescein (sodium salt), 3,5-bis(trifluoro-
methyl)benzyl  bromide,  4-dimethylamino-
pyridine, trimethylacetic anhydride (pivalic
anhydride), and potassium carbonate were pur-
chased from Aldrich (Milwaukee, WI, USA).
Glycolic acid, phosphoglycolic acid as a tri-
(monocyclohexylammonium)  salt, 2-[N-mor-
pholino] ethanesulfonic acid (MES), and phos-
phatase, acid, were purchased from Sigma (St.
Louis, MO, USA). Acetone, hexane, ethyl ace-
tate, methylene chloride, propyl sulfonic acid
silica and hydrochloric acid were from J.T.
Baker (Phillipsburg, NJ, USA). HPLC grade
acetonitrile was from Fisher (Pittsburgh, PA,
USA). Thin-layer chromatography (TLC) plates
(250-um plates for monitoring reactions and
1000-um plates for preparative TLC) with silica
gel GF were from Analtech (Newark, DE,

USA). Gases for GC-EC-MS were from Med-
Tech (Medford, MA, USA). Milli-Q water was
produced in-house using a Milli-Q Plus system
(Millipore, Milford, MA, USA).

2.2. Electrospray mass spectrometry

This work was done using a Quattro triple
quadrupole mass spectrometer (Fisons Instru-
ments, Beverly, MA, USA) equipped with a
Fisons electrospray ion source. Data were ac-
quired in the negative-ion mode by flow injec-
tion. An Isco uLC-500 solvent pump (Lincoln,
NE, USA) was used to deliver an infusion
solution (ACN-H,0, 50:50, v/v) at 5 ul/min
through a fused-silica capillary (75 wm 1.D. X
280 pm O.D.; Polymicro Technologies, Phoenix,
AZ, USA) to the electrospray probe. Injections
were made using a Valco injector fitted with a
1-u1 internal sample loop, and the phosphoglyco-
late was dissolved in ACN-H,O (50:50, v/v) for
all injections. The electrospray ion source tem-
perature was maintained at 80°C, and N, was
used as both the coaxial and bath gas for de-
solvation of the droplets. The focus and skimmer
lenses were optimized to 25 and 30 V, respective-
ly. For collision-induced dissociation (CID) anal-
ysis, collision energy was set to 20 €V and high
purity Ar was used as the collision gas with a
pressure of ~1.3-10 > mbar in the gas cell. For
multiple-reaction monitoring (MRM) analysis, a
pressure of ~3.2-107° mbar was maintained
and a collision energy of 80 eV was used.

2.3. Electron-capture mass spectrometry

A Model 5988A mass spectrometer from Hew-
lett-Packard (Palo Alto, CA, USA) was used. It
was fitted with an Everlast Model 1305 continu-
ous dynode electron multiplier (Detector Tech-
nology, Sturbridge, MA, USA). The gas
chromatograph, Hewlett-Packard 5890 Series II,
was connected to the mass spectrometer with the
capillary interface kept at 300°C. A Hewlett-
Packard 59970 MS Chemstation data system was
used to record the data. Methane and helium
were used as reagent and carrier gases, respec-
tively, and each was filtered through an Oxisorb
cartridge (MG Scientific, MA, USA). Injections
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were made in an on-column mode onto an HP
Ultra 2 (5% phenylmethylsilicone gum phase) 25
m X 0.2 mm [.D., 0.33 um film thickness capil-
lary column (Hewlett-Packard). The oven was
programmed from 50 to 140°C at 45°C/min, held
for 1 min, then ramped at 20°C/min to 170°C,
held for 2 min, then finally up to 290°C at
60°C/min. The instrument was autotuned and
the conditions for GC-MS were: column head
pressure (He) 20 p.s.i., ion source pressure
(CH,) 2 Torr, ion source temperature 250°C, ion
source energy 240 eV, emission current 300 pA,
dwell time 900 ms, and the cycle time 1.0 s.
Detection mode was selected-ion monitoring at
m/z 159.

2.4. Capillary electrophoresis

A home-built capillary electrophoresis (CE)
* apparatus with laser-induced fluorescence detec-
tion (Ar ion laser with excitation at 488 nm) was
used [8]. The CE unit was interfaced to a
Macintosh  Centris 610 computer through
DYNAMAX Maclntegrator I (Rainin Instru-
ment Co., MA, USA). One of the contact input
ports was used to trigger the data acquisition,
and one of the contact outputs was used to
interlock and trigger the regulated high-voltage
d.c. power supply (Glassman High Voltage, NJ,
USA). CE was performed in a 70-cm long fused-
silica capillary (75 wm 1.D.) with the detection
window 45 cm from the injection end. Samples
were injected hydrodynamically: anode end 5 cm
higher for 20 s. This gives an injection volume of
about 10 nl. The applied voltage across the
capillary was 30 kV. CE buffer: 3.3-107* M
fluorescein at pH 8, or 3.3-10"* M fluorescein
adjusted with 0.005 volume of 0.2 M MES,
giving pH 6.0. In order to obtain a stable
baseline, it was necessary to operate the electro-
phoresis continually for 5 h, or let the buffer
incubate (0 V) in the capillary overnight.

2.5. Synthesis

3,5-Bis(trifluoromethyl)benzyliglycolate

Glycolic acid (268 mg, 3.52 mmol) and pow-
dered, dried potassium carbonate (40 mg, 0.29
mmol) were combined with 10 ul of acetone

(dried over molecular sieve) and 200 ul of 3,5-
bis(trifluoromethyl)benzyl bromide (335 mg,
1.09 mmol). The resulting solution was refluxed
(60-70°C) with stirring for 80 h. The reaction
mixture was centrifuged and the organic layer
pipetted away from the potassium carbonate and
evaporated, giving a residue which was dissolved
in 0.5 ml ethyl acetate, and purified by prepara-
tive silica TLC with hexane—ethyl acetate (4:1,
v/v). Extraction of desired product with ethyl
acetate from the TLC plate gave the product as a
viscous liquid on evaporation. 'H NMR
(CDCl,): 8 7.87 (Ph-H, 1H, singlet), 7.82 (Ph-
H, 2H, singlet), 5.53 (Ph-CH,, 2H, singlet), 4.28
(HO-CH, 2H, doublet, J=5.7 Hz) and 2.61
(-OH, 1H, triplet, J=5.7 Hz).

O°-pivalyl-3',5'-bis(trifluoromethyl)-
benzylglycolate

Based on our prior experience [9], the product
from the above synthesis (71 mg, 0.23 mmol)
and 4-dimethylaminopyridine (18 mg, 0.16
mmol) were combined with 2 ml of freshly
distilled pyridine and 100 w1 of pivalic anhydride
(92 mg, 0.49 mmol) and stirred for 20 h. The
reaction mixture was treated with 5 ml of satu-
rated ammonium chloride and extracted twice
with 5 ml of methylene chloride. The methylene
chloride extract was washed twice with 0.07 M
hydrochloric acid followed by 5 ml of water,
dried over anhydrous sodium sulfate, and evapo-
rated under vacuum. Redissolving in 0.5 ml of
ethyl acetate and purification by silica prepara-
tive TLC gave the product. 'H NMR (CDCl,): &
7.88 (Ph-C4-H, 1H, singlet), 7.82 (Ph-C2,4-H’s,
2H, singlet), 5.28 (Ph-CH,, 2H, singlet), 4.68
(CO-CH,, 2H, singlet) and 1.22 (C-CH,, 9H,
singlet).

The latter compound was further purified by
solid-phase extraction (SPE) for GC-EC-MS. A
SPE column was prepared using a Fisher brand
disposable 10-ml borosilicate pipette which was
firmly plugged with a piece of Kimwipe and
packed with 2 g of silica gel [60-A pore size, 40
pm irregular particles (J.T. Baker)]. The column
was conditioned with 5 ml of ethyl acetate and 5
ml of hexane prior to sample application in 1 ml
of hexane. After washing the column with 10 ml
hexane, elution with hexane—ethyl acetate (3:1,
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v/v) followed by evaporation under nitrogen
gave an oil that was dissolved in acetonitrile for
detection by GC-EC-MS.

Enzymatic digestion of phosphoglycolate

Propyl sulfonic acid silica, 0.2 g, was packed in
a Micro-Spin centrifuge filter (Nylon 66, 0.2 pm)
unit with polypropylene housing (Alltech As-
sociates, Deerfield, IL, USA) and washed with
distilled water (3 X 1.0 ml). Phosphoglycolate
(2.7-107> M in 200 ul of water) was centrifuged
through to remove the monocyclohexyl ammo-
nium ion. To 100 wl was added 1 ul of acid
phosphatase (0.5 unit/ul), followed by incuba-
tion at 37°C for 40 min and then analysis by CE.

3. Results and discussion
3.1. Capillary electrophoresis

For determination of 2-phosphoglycolate (PG)
by capillary electrophoresis (CE), we adopted
the indirect detection technique of Xue and
Yeung [10] based on fluorescein as the fluoro-
phore and utilizing laser-induced fluorescence
detection. (More recently, the technique of
fluorescein indirect detection CE has been used
to measure some metal cations [11].) Our initial
pH of 8.0 for the running buffer was similar to
that used by Xue and Yeung (pH 8.5) for
measurement of lactate and pyruvate. This gave
a peak for PG at 4 min as shown in Fig. 1A,
along with three impurity peaks also derived
from the commercial sample of PG. One of these
peaks (migration time of 3 min) apparently was
phosphate, since it co-migrated with added phos-
phate (Fig. 1B). No effort was made to identify
the other impurity peaks.

PG carries a significant negative charge at pH
8, giving it a higher mobility than fluorescein,
which in turn results in a broad peak for PG as
seen in Fig. 1. To improve this peak shape, we
lowered the charge on the PG by adjusting the
pH to 6.0 with MES, giving a narrower peak for
this compound as seen in Fig. 2. Since this
change in pH also lowered the electroendos-
mosis, the migration time for PG shifted to 6
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Fig. 1. Detection of 2-phosphoglycolate (PG, peak 3) by CE
at pH 8.0 with indirect detection using fluorescein as the
fluorophore. (A) Commercial sample of PG; (B) PG sample
spiked with phosphate (peak 1).

min. Also included in this separation were added
phosphate and acetate, to establish that they do
not interfere. In another sample, sulfate and
chloride were added and observed to co-migrate
as a broad band near 9 min (data not shown),
indicating that they also did not interfere. The
inset in Fig. 2 shows the detection of 5- 107° M
phosphoglycolate. If a 1-ul sample volume were
handled for such detection (from which 10 nl was
injected), the 1 ul would correspond to 5 pmol
of analyte.

For two reasons we wanted to know whether
PG could be enzymatically hydrolyzed to gly-
colate: (i) this could help to confirm a CE peak
for PG, and (ii) it could open up an opportunity
to detect PG by measuring the latter compound
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Fig. 2. Electropherogram as in Fig. 1 except that the pH for
the separation was 6.0, a higher amount of phosphate was
spiked (peak 1), and acetate (peak 2) was added as well. The
inset shows the detection of 5-107° M PG.

as a specific hydrolysis product (see below). Such
hydrolysis was successful as demonstrated in Fig.
3. The peak for PG (Fig. 3A) disappears after
incubating the sample with acid phosphatase
forming, as expected, peaks for phosphate and
glycolate (Fig. 3C). Fig 3B is from an authentic
sample of glycolate.

3.2. Electrospray mass spectrometry

Initially, the phosphoglycolate tri(mono-
cyclhexylammonium) salt was examined by
clectrospray mass spectrometry in the positive-
ion mode. However, only the quaternary
cyclohexylammonium ion was observed as an
intense peak at m/z 100; no ion pertaining to the

4 A
3

~ 37 E
>
E
oy
(2]
f ot
2 C
£ L
g2
c ™
[
s
o
(]
3
[ 5

11 {4

1
0 1 ¥ 1 |
4 5 6 7
Time (min)

Fig. 3. Electropherograms utilizing Fig. 2 conditions. (A)
Commercial sample of PG; (B) commercial sample of gly-
colate; (C) sample A after hydrolysis with acid phosphatase.
Peaks: 1= phosphate, 3 = PG, 4 = unknown (present in the
enzyme sample), 5 = glycolate.

phosphoglycolate portion was present. More
successful was negative-ion electrospray MS as
shown in Fig. 4. After optimizing the conditions
for the molecular ion [M]™ at m/z 155, a full
scan spectrum of 100 ng of PG salt (Fig. 4A)
showed, aside from this ion, only a single frag-
ment ion at m/z 79. The origin of this ion is
explained in Fig. 5. When 1.0 ug of the PG salt
was injected and CID conditions were applied to
M, an additional fragment at n/z 97 showed up
which also is explained in Fig 5. Detection in
triplicate of 500 pg of the PG salt (1.0-ul
injections from a 1.1-107° M stock solution)
utilizing multiple-reaction monitoring of the ion
transition m/z 155—79 is shown in Fig. 4C.
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Fig. 4. Detection of PG, as a trilmonocylohexlyammonium) salt, by flow-injection analysis electrospray negative-ion mass
spectrometry. (A) Full scan mass spectrum; (B) CID mass spectrum; (C) multiple-reaction monitoring mass spectrum of the ion
transition m/z 155—79 of PG in triplicate. Amounts injected in 1.0 xl: (A) 100 ng; (B) 1.0 pg; and (C) 500 pg in triplicate.

Based on our prior experience [12,13], one can
project that a 20- to 150-fold lower amount can
be detected by introducing the 1-ul sample via
capillary HPLC instead of by simple flow injec-
tion into the electrospray-MS system, in order to
narrow the peak width.

3.3. GC-EC-MS

The detection of 33 ag (87 zmol) of a derivat-
ized standard of glycolate, considered here as a
hydrolysis product of PG, by gas chromatog-
raphy—electron-capture mass spectrometry (GC-
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Fig. 5. Origin of the peaks shown in Fig. 4.

EC-MS) is shown in Fig. 6. The response was
linear up to at least 72 fg (data not shown).
Previously the smallest amount of an elec-
trophore measured in this way was 200 zmol of a
different compound, as reported before [14],
while attomol amounts are more routine. This
small improvement in detection limit can be
attributed to the favorable detection properties
of the current compound, since we concurrently
confirmed that the same GC-EC-MS was
operating at the previously obtained sensitivity
level by re-determining a detection limit that we
had obtained before, using the same type of
electron multiplier, at the time of the 200 zmol
result.

We chose to electrophore-derivatize the car-
boxyl of glycolate with 3,5-bis(trifluoromethyl)-
benzyl bromide, rather than with the more

conventional pentafluorobenzyl bromide [14],
since others have reported higher responses with
the former reagent [15,16]. A pivalyl ester was
chosen as a derivative for the residual hydroxy
group based on our earlier work in which several
derivatives of such a group were compared [9].

4. Conclusion

A first stage, i.e. the detection of standards
and determination of their detection limits, has
been accomplished for the sensitive measure-
ment of 2-phosphoglycolate. Losses and interfer-
ences certainly will compromise these detection
limits when the methods are applied to biological
samples. Only after the latter work is accom-
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Fig. 6. Detection limit by GC-EC-MS of O’-pivalyl-3',5'-bis(trifluoromethyl)benzylglycolate.



296 P. Wang et al. | J. Chromatogr. A 721 (1996) 289-296

plished can the relative sensitivity and usefulness
of the three techniques be truly compared.
Ultimately we plan to detect this analyte in
human samples. Since it is always useful to
minimize the size of such samples, it is important
to lower the detection limit as much as possible.
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