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ABSTRACT

A LC-MS/MS technique separated the bovine and mouse brain gangliosides monosialotetrahexo-
sylgangliosides (GM1), disialotetrahexosylgangliosides (GD1a), trisialotetrahexosylgangliosides
(GT1b) and tetrasialotetrahexosylgangliosides (GQ1b) using a phenyl-hexyl HPLC column and
employing a linear methanol gradient in water, which is 0.028% in ammonium hydroxide. The
gangliosides were separated according to sialic acid class, and within a particular class, ganglio-
sides having different ceramide carbon chain lengths were also separated. All gangliosides of a
particular sialic acid class eluted in characteristic retention time windows in the order of GQ1b,
(earliest), GT1b, GD1a, and GM1 (latest). Within each specific retention time window for a particu-
lar ganglioside class, gangliosides were separated in the order of increasing ceramide carbon chain
length. The phenyl-hexyl column separation of gangliosides is advantageous over established hydro-
philic interaction and conventional reversed-phase chromatography techniques, in that the former
separates gangliosides according to sialic acid class but not ceramide composition and the latter dis-
tributes all the sialic acid ganglioside classes throughout the entire chromatogram. The mechanism
of separation of the ganglioside sialic acid classes is proposed to be a n-electron repulsion of nega-
tively-charged gangliosides by the column phenyl moiety.
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Introduction

Gangliosides are a heterogeneous group of molecules classi-
fied as glycosphingolipids. Its structure consists of a polar
oligosaccharide portion that is covalently linked to a non-
polar ceramide moiety. The ceramide structure consists of a
fatty acid group attached via an amide bond to a long-chain

amino alcohol sphingoid base, also known as a long-chain
base, which predominantly has a trans double bond between
the C4 and C5 carbon atoms. The oligosaccharide portion
consists of multi-linked saccharide units, of which one or
more are sialic acid (N-acetylneuraminic acid).

The core chain of the oligosaccharide group of mammalian
brain gangliosides are predominantly the tetrasaccharide core
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of the ganglio series, 95% being GM1, GDla, GD1b, GT1b,
and GQ1b.!" The nomenclature for gangliosides is as fol-
lows:?) number 1 indicates the tetrasaccharide ganglio oligo-
saccharide core sequence of neutral saccharides attached to the
ceramide, being galactose f}1-3 — N-acetylgalactosamine —
p1-4 galactose —> f1-4 glucose f/1-1' — ceramide. The letters
M, D, T, and Q, indicate mono-, di-, tri- and tetra- number of
sialic acid groups, respectively, that are bonded to the neutral
core ganglio sequence, either as single sialic acid moieties
attached at one or more sites and/or through a multiple sialic
acid chain. The lower case letter indicates a particular isomer
with respect to the location of the sialic acid groups. The con-
vention used in this manuscript identifies the tetrasaccharide
ganglio class, followed by the number of carbons in the ceram-
ide, followed by a colon, followed by the number of double
bonds in the ceramide. A “d” indicates the dihydroxysphingo-
sine form of the sphingoid base. Thus GM1 d38:1 is the GM1
class that has 38 carbons in the ceramide having one double
bond. As previously determined for bovine brain GMI1 gan-
gliosides, the most prevalent GM1 d38:1 ceramide is GM1
d20:1-18:0, having a ceramide with a 20-carbon dihydroxy-
sphingosine sphingoid base that has one double bond and a
saturated 18-carbon fatty acid group.””) However, GM1 d38:1
can also include other associated structures, such as GMI1
d18:1-20:0. Structures of each of the sialic acid ganglioside
classes used in this study are given in Figure 1.

The fatty acid component in the ceramide for mammalian
brain gangliosides is predominately a saturated 18-carbon
chain (80—92%), with the remaining fatty acids being mostly
C16, C20, C22, and C24."*) The most prevalent sphingoid base
components of the ceramide are the dihydroxylated d18:1 (18
carbons with one double bond) and d20:1 sphingosines, total-
ing 74-96% for any particular oligosaccharide class of ganglio-
sides present in the human brain,!® followed by the second
most prevalent sphingoid base components, being d18:0 and
d20:0 sphinganines, totaling 5-10% for brain gangliosides of
various mammals.'®!

Significant ganglioside heterogeneity results from substan-
tial oligosaccharide diversity, in which over 180 different
structures have been identified.l”) There is also diversity in
the fatty acid component, in which carbon chain lengths
from 10 to 34 have been identified, as well as the reported
presence of unsaturated and 2-hydroxy fatty acids.®**!
Finally, there is diversity in the sphingoid base in terms of
chain length (16-20 carbons),'®'®! presence of saturated
and unsaturated carbon chains,!'®'®! and presence of trihy-
droxylated sphinganines.!'”>*"!

Given the vast heterogeneity of ganglioside structures, the
development of unique high-performance liquid chromatog-
raphy techniques that are complementary to existing techni-
ques is important for accurate determination of individual
ganglioside molecules in biological samples, as well as purifi-
cation of homogenous ganglioside standards. There are two
categories of HPLC techniques that are currently employed
in the separation of gangliosides in HPLC-mass spectrometry:
hydrophilic interaction liquid chromatography (HILIC), using
amino®*?Y and silica®?® columns and reversed-phase
HPLC, using C5,27 €8,1%*) C182°*) and €30'****! columns.
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Figure 1. Chemical structures of GM1, GD1a, GT1b, GQ1b gangliosides. Gangliosides
with d36:1 ceramides. Gal is galactose, GalNAc is N-acetylgalactosamine, Glc is
glucose and NeuAc is N-acetylneuraminic acid (sialic acid).

The HILIC technique separates the gangliosides based on
the hydrophilic oligosaccharide portion of the ganglio-
side!*??! and is advantageous in that the retention time
reflects the number of sialic acid groups in the ganglioside.
However, there is minimal or no separation of the ganglio-
sides within a particular sialic acid class that differs in their
non-polar ceramide composition.'*>*"?*! Thus, for example,
while the GM1s are separated from the GD1s, GT1s, and
GQls, there is no separation of the GM1s differing in their
ceramide carbon length, resulting in co-elution of all GMl1s.

On the other hand, reversed-phase HPLC techniques sep-
arate gangliosides based principally on their ceramide differ-
ence. For a C30 column, there was overlap or co-elution of



gangliosides differing in oligosaccharide composition but
having the same ceramide carbon chain length.****! In the
case of a C18 column, the gangliosides of a particular
ceramide carbon chain length that differ in their sialic acid
or oligosaccharide content are separated in a cluster within
a particular retention time window."** Thus, in this work,
all the d34:1 ceramide gangliosides (GQ, GT, GD, GM) will
cluster, which will elute prior to the d36:1 ceramide ganglio-
side cluster (GQ, GT, GD, GM), which will elute prior to
the d38:1 ceramide cluster (GQ, GT, GD, GM), and so forth.
For this C18 column, the ceramide clusters were separated
and the gangliosides within each cluster were partially or
fully resolved. For a C5”*”) and a C8"**! column, 8-12 GM3
gangliosides that differ in ceramide carbon length were sepa-
rated. In the same studies, 8-12 GD3 gangliosides were also
separated. However, there was considerable overlap in the
range of retention times for the GM3 and GD3 gangliosides.
Thus, for all reversed-phase columns in the literature cited
above, the gangliosides of a particular sialic acid class, differ-
ing in ceramide carbon length, were distributed over a wide
retention range of the chromatogram, with increasing reten-
tion time for increasing ceramide carbon chain length. As a
result, unlike the HILIC technique, all the gangliosides of a
particular sialic acid or saccharide chain composition do not
have a characteristic retention time range (window) in a
reversed-phase separation.

In the present work, a phenyl-hexyl column technique
shows unique separation capability for gangliosides compared
to what is reported in the literature for the reversed-phase
HPLC and HILIC techniques, addressing the disadvantages of
these latter two chromatographic techniques.

Materials and methods
Chemicals and materials

Monosialoganglioside GM1 (ammonium salt), disialogan-
glioside GDla (ammonium salt), trisialoganglioside GT1b
(ammonium salt) and tetrasialoganglioside GQ1b (ammonium
salt) and the internal standard N-omega-CD3-octadecanoyl
monosialoganglioside GM1 (ammonium salt) from the bovine
brain were from Matreya LLC (State College, PA, USA).
Methanol and acetonitrile, both Optima LC/MS grade,
were from Fisher Scientific (Fair Lawn, NJ, USA).
Ammonium hydroxide (28% ammonia), formic acid
(reagent grade, >95%), and anhydrous chloroform (>99%,
containing 0.5-1.0% ethanol as stabilizer) were from
Sigma-Aldrich (St. Louis, MO, USA). HPLC grade water
was obtained from a Barnstead Nanopure Model 7148
water purification system from Thermo Scientific (West
Palm Beach, FL, USA). A 2mL Potter-Elvehjem glass-tef-
lon homogenizer tube and Sep-Pak CI18 3cc Vac
Cartridges, 200mg, 55-105pm (Waters Corporation,
Milford, MA, USA) were both used in the preparation of
the mouse brain sample, with the latter also used in the
preparation of ganglioside standard solutions.
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Preparation of mouse brain sample

A 5.5mg of superior colliculus brain tissue from a single
C57BL/6] mouse was collected to which 275 pL of 40%
methanol in water (ice cold) was added and subsequently
homogenized with a 2mL Potter-Elvehjem glass-teflon
homogenizer tube for 10min in an ice bath. A volume of
100 uL of the homogenized tissue sample was then subjected
to a modified Svennerholm and Fredman liquid-liquid
extraction procedure used in ganglioside analysis, ! with an
additional solid phase extraction (SPE) procedure, as done
in another published work,?”!  with modification, as
given below.

After completing the liquid-liquid extraction steps, the
collected supernatant was applied to a C18 SPE cartridge.
The SPE cartridges were conditioned with 3mL of 100%
methanol, twice, followed by 2mL of 30% methanol in
water, twice. The following steps of SPE were done under
gravitational force, as vacuum elution resulted in poor
recoveries. The extracted sample was loaded and the col-
lected effluent was again passed through the cartridge to
bind any non-retained gangliosides of the first pass. Two
3mL volumes of 30% methanol in water were then passed
through the SPE cartridges. Gangliosides were then eluted
with two portions of 2mL 100% methanol, with the eluent
being collected. The final eluent was near dried under vac-
uum and reconstituted with 200 pL of 50% methanol in
water. An aliquot of 20 uL of this constituent was addition-
ally diluted 100-fold with 50% methanol in water for LC-
MS/MS analysis.

Preparation of ganglioside standard solutions

Standard ganglioside solutions were run as calibrators to
quantify the gangliosides in the mouse superior colliculus
sample. One stock solution containing all four ganglioside
classes (GM1, GDla, GT1b, and GQ1b, 1 mg/mL of each) in
50% methanol in water was prepared with the bovine brain
gangliosides. Standard solutions of 25, 50, 100, 250, 500, and
1000 ng/mL of total ganglioside content for each ganglioside
sialic acid class were prepared from serial dilutions of the
stock solution with 50% methanol in water. A volume of
100 uL of each standard solution was taken through each
step of the liquid-liquid extraction and SPE procedures
(except for the final 100x dilution step), as given in the sub-
section above. The standard solutions were subjected to the
sample preparation steps to account for any losses of gan-
gliosides in the sample preparation of the mouse
brain sample.

HPLC instrumentation, column, and parameters

HPLC analysis was performed using a high pH Shimadzu
Nexera X2 LC-30AD binary pump system (Columbia, MD,
USA). A phenyl-hexyl column (XBridge BEH Phenyl,
2.1 x 50mm, 3.5um, 130 A pore size) with a pre-column
(XBridge BEH Phenyl VanGuard Cartridge, 2.1 x 5mm,
3.5um, 130 A pore size), both from Waters (Milford, MA,
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USA), was used. A 20 uL volume of the standards and the
mouse brain sample was injected with a Shimadzu autosam-
pler (SIL-30AC with a PEEK needle seal for high pH oper-
ation) at 4°C. The column oven (CTO-20A) was
maintained at 40°C. Mobile phase A was 0.028% (v/v%)
ammonium hydroxide in water and mobile phase B was
0.028% (v/v%) ammonium hydroxide in pure methanol. The
ammonium hydroxide concentration in the mobile phase
was the actual concentration, taking into account that
ammonium hydroxide is a 28% ammonia solution. The gra-
dient program was 0-2min 25% B isocratic, followed by a
linear gradient of 25-100% B in 20 min, then 100% B for an
additional 8 min. The flow rate was 0.2 mL/min. The column
was equilibrated prior to the start of the next run for
10 min, pumping 25% B at a flow rate of 0.2 mL/min. The
mobile phase solutions were filtered through 0.2um PTFE
membrane filters from EMD Millipore (Billerica, MA, USA).

The holdup time for the column with pre-column was
determined to be 0.88 min by injecting 20 puL of 0.1% formic
acid in 100% acetonitrile into a 50:50 acetonitrile:water mobile
phase. The time that a gradient change reaches the MS
detector from the pumps with the column and pre-column in
place and the autosampler loop in the inject position was
determined to be 1.43min by a breakthrough experiment
(switching the mobile phase from 5% acetonitrile to 95%
acetonitrile in water). The total ion current was monitored for
determining both these system times at a flow rate of
0.2 mL/min.

A Zorbax Eclipse Plus C18 (2.1 x 150 mm, 3.5 um, 95 A)
from Agilent (Santa Clara, CA, USA) was used to compare
results with that which was obtained with the phenyl-
hexyl column.

Mass spectrometer settings

The chromatographic system was interfaced to a Shimadzu
QQQ LCMS-8040 instrument (Columbia, MD, USA) via an
electrospray ion source. MS parameters were as follows:
2.5L/min and 12L/min for the nebulizer gas flow and dry-
ing gas flow, respectively; 250 °C and 400 °C for the desolva-
tion line and heat block temperatures, respectively; and
3.5kV for the interface voltage. Argon gas was used for the
collision ion dissociation at 230kPa pressure. Collision

energy and pre-bias voltages were optimized for individual
multiple reaction monitoring (MRM) transitions (Table 1).

Precursor ganglioside ions from Q1 were fragmented in
the collision cell to generate the product ion detected in Q3.
The product ion monitored was the dehydrated sialic acid
fragment (290.1), per the well-established protocol for MRM
determination of gangliosides. The Q3 scan for GMI is
given in Figure 2 showing the 290.1m/z signal for dehy-
drated sialic acid product ion. The MS analysis was done in
the negative ion mode for both the precursor and prod-
uct ion.

Precision and accuracy

Interday precision was determined for the peak area ratio of
ganglioside/internal standard of three standard solutions of
low, mid, and high concentrations of ganglioside (all being
100 ng/mL GM1-D3 in internal standard). It was determined
for each of the d36:1 ganglioside sialic acid classes for three
runs of one run per day for three days (n=23).

Accuracy was assessed by quantifying matrix effects
determined from dilution studies.**’ Gangliosides from the
mouse superior colliculus brain sample were extracted by
the modified Svennerholm and Fredman ganglioside isola-
tion procedure and were serially diluted (10x, 100X, 400x)
with reconstitution solvent, 50% methanol in water. The
ganglioside peak areas of the diluted samples of the superior
colliculus were compared to that of the standard calibration
plot for the d36:1 and d38:1 GM1, GD1, GT1 and GQI gan-
gliosides. The concentration of the various gangliosides in
the brain sample was determined from the ganglioside peak
areas of the 400x diluted sample, estimating the concentra-
tion from the standard calibration plot, with the concentra-
tion of gangliosides in the 100x and 10x diluted samples
determined to be a factor of 4 and 40 times that determined
for the 400x diluted sample, respectively. If there is minimal
matrix effect, then the peak areas of the 100x and 10x
diluted samples will be found to be close to that of the
standard calibration plot. The matrix effect was quantified
as the percent deviation of the peak area for the 100x
diluted sample compared to the theoretical peak area given
by the standard calibration plot.

Recovery of gangliosides from samples taken through the
sample preparation procedure also impacts accuracy. Any

Table 1. Mass spectrometric parameters for optimal determination of the various gangliosides.

Ganglioside class Ceramide group Mass (Daltons) Charge state MRM transition (m/z) Q1 pre-bias (V) CE? (V) Q3 Pre-bias (V)
GM1 d36:1 1545.80 M~ 771.90 > 289.90 24.0 45.0 28.0
GM1 d38:1 1573.90 M2~ 785.95 > 289.85 30.0 36.0 14.0
GD1a d34:1 1809.00 M2~ 903.50 > 289.90 22.0 47.0 10.0
GD1a d36:1 1836.80 MI*~ 917.40 > 289.90 320 49.0 23.0
GD1a d38:1 1865.00 M2~ 931.50 > 289.90 38.0 41.0 10.0
GD1a d40:1 1893.00 M2~ 945.50 > 289.90 320 49.0 29.0
GT1b d34:1 2100.80 M]*~ 1049.00 > 290.00 48.0 50.0 15.0
GT1b d36:1 2128.80 M~ 708.60 > 289.90 28.0 30.0 10.0
GT1b d38:1 2156.40 MP*~ 717.80 > 289.90 40.0 33.0 10.0
GQ1b d34:1 2379.20 M4~ 593.80 > 289.90 320 27.0 17.0
GQ1b d36:1 2417.60 M4~ 603.40 > 289.90 32.0 27.0 17.0
GQ1b d38:1 2446.40 MI*~ 610.60 > 289.90 320 26.0 10.0
GQ1b d40:1 2475.20 M1~ 617.8 >289.90 320 27.0 17.0

?Collision energy.
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Figure 2. GM1 gangliosides (d36:1) product ion scan. Product ion scan (Q3 scan) showing the fragmentation of GM1 ganglioside (m/z 1545) resulting in the dehy-

drated sialic acid product ion (m/z 290.1).

recovery issues were addressed by having both the samples
and standards taken through the sample preparation proced-
ure, so that any factor of loss of gangliosides in the sample
will also occur in the standard.

Results and discussion

Optimization of the phenyl-hexyl column separation of
the gangliosides

Experiments were done to optimize the separation of the
GM1, GDla, GT1b and GQ1b bovine brain gangliosides on
the phenyl-hexyl column. Initial experiments were done
with no pH adjustment to assess which mobile phase
organic modifier to use. As shown in Figure 3a,b there is a
significant difference in the chromatography of gangliosides
on a phenyl-hexyl column using a gradient in acetonitrile
compared to that using methanol. It is seen that the aceto-
nitrile modifier is a stronger modifier, with the GDla d36:1
peak having a retention factor (k) that is more than 3-times
less in the acetonitrile run (at significantly less organic
modifier) than the methanol run. The stronger elution qual-
ity of acetonitrile compared to methanol on phenyl columns
has been previously reported, which is attributed to acetoni-
trile’s m-n interaction with the column’s phenyl group that
causes suppression of the phenyl group’s 7 effect on an ana-
lyte’s retention.**~**! This is compared to methanol, which
does not suppress the phenyl group’s = effect.3738!

In the chromatography of the GM, GD, and GT ganglio-
sides it is also noted in Figure 3a,b that there is a substantial
broadening of the multi-sialic acid ganglioside peaks for
both organic modifiers, with there being more peak

broadening noted in the acetonitrile gradient run. The gradi-
ent acetonitrile run shows broader GD peaks and no signifi-
cant GT peaks; while in the methanol gradient run, the GD
peaks are more distinct, although there is considerable tail-
ing, and GT peaks are present, although they are wide.
Given the relatively better chromatographic performance
using a methanol gradient, further optimization studies with
respect to pH were done with methanol as the
organic modifier.

The narrower peak widths for the GM1 peaks seen in
Figure 3b (as well as Figure 3a) provides evidence to support
a hypothesis that the broad peak widths and peak tailing
noted for the GD and GT gangliosides results from the pres-
ence of multiple sialic acid groups on these gangliosides. It
is further thought that this band broadening/tailing of the
multi-sialic acid ganglioside peaks seen in Figure 3a,b results
from the heterogeneity in the charge states of these ganglio-
sides. Even though the pKa of a single sialic acid is low
(pKa = 2.6), there is expected to be a successive increase in
the pKa of the sialic acids because of the close proximity of
the multiple acid groups in the GD, GT and GQ ganglio-
sides, as noted in their structures given in Figure 1. The het-
erogeneous charge states of the GD, GT and GQ
gangliosides results from the pH-dependent variability in the
number of de-protonated sialic acids in the ganglioside.
Thus, at a particular pH, there could be several charge forms
of the GT gangliosides that are chromatographed, leading to
broadening/tailing of the peak.

Given this hypothesis, ammonium hydroxide was added
to the mobile phase to de-protonate all the sialic acids of
the gangliosides. This was done in order that all ganglioside
molecules of a particular class would be chromatographed in
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Figure 3. Mobile phase optimization studies: methanol versus acetonitrile and addition of ammonium hydroxide. LC-MS/MS chromatograms of GT1b (red), GD1a
(green) and GM1 (black) bovine brain gangliosides. (a) Linear gradient of mobile phase A (100% water) and mobile phase B (100% acetonitrile), 45% B to 90% B in
8 min. (b) Linear gradient of mobile phase A (100% water) and mobile phase B (100% methanol), 55% B to 95% B in 8 min. (c) Linear gradient of mobile phase A
(100% water adjusted to pH 9 with ammonium hydroxide) and mobile phase B (100% methanol adjusted to pH 9 with ammonium hydroxide), 60% B to 100% B in
8 min.(d) Linear gradient of mobile phase A (100% water adjusted to pH 10 with ammonium hydroxide) and mobile phase B (100% methanol adjusted to pH 10

with ammonium hydroxide), 55% B to 95% B in 8 min.

one ionic state, which is the ganglioside’s maximum negative
charge, equaling the number of sialic acid groups. If hetero-
geneity of the sialic acid de-protonation state was the cause
of the band broadening/tailing, chromatographing one ionic
form of any individual ganglioside molecule should address
this issue. LC-MS/MS experiments were done injecting
standard gangliosides onto a phenyl-hexyl column employ-
ing a methanol gradient with sufficient ammonium hydrox-
ide added to the mobile phase, such that all gangliosides are
in one charge state, equal to the number of sialic acid
groups. Given in Figures 3c,d are chromatograms of ganglio-
sides employing a mobile phase methanol gradient with
added ammonium hydroxide in the mobile phase. It is
noted that there is tailing of the GT ganglioside peaks in
Figure 3c run in which ammonium hydroxide is added to
the mobile phase. Further increasing the concentration of
ammonium hydroxide in the mobile phase for the run plot-
ted in Figure 3d showed narrow peaks for the GT ganglio-
sides, as well resolving individual molecular species (having
a different number of carbons in the ceramide moiety)
within each ganglioside class.

For optimized separation of all gangliosides, including
GQ gangliosides, the ammonium hydroxide concentration
was adjusted to 0.028% in both mobile phases A and B.
Also, a shallower methanol gradient was employed.

Table 2. Interday precision: percent coefficient of variation (% CV) of peak
area ratio [standard/internal standard (IS)].

Standard %CV
d36:1 concentration pk area standard/pk area IS
ganglioside (ng/mL) (n=3, 1 run per day for 3 days)
GM1 12 7.2
50 2.0
500 0.2
GD1a 10 6.2
40 9.2
400 3.6
GT1b 8 14
34 33
340 6.1
GQ1b 9 21
35 8.2
350 9.9

Precision and accuracy

Interday precision for the d36:1 of each sialic acid class of
gangliosides is given in Table 2. Considering all the ganglio-
side sialic acid classes, interday percent coefficient of vari-
ation (% CV) was 6-21% CV for low standards (8-12ng/
mL), 2-9% CV for mid standards (34-50ng/mL), and
0.2-10% CV for high standards (340-500 ng/mL).

Given that both the standards and the samples were taken
through the sample preparation steps to account for any



recovery issues, the accuracy will be dependent on matrix
effects. The deviation due to matrix effects were assessed by
dilution studies of the mouse superior colliculus brain tissue,
comparing peak areas of the diluted sample with the theoret-
ical peak area from the standard calibration plot. The percent
deviation of the 100x diluted sample in the various ganglio-
sides is given in Table 3. The GMI1 gangliosides were at the
limit of acceptable accuracy with a deviation of 26% and
20% for d 36:1 and d38:1 GMI1 ganglioside, respectively,
showing a matrix enhancement of the signal. All other gan-
glioside classes showed substantial negative deviation, from
—40% to —79%.

Ganglioside bovine brain standard results

A phenyl-hexyl HPLC technique was developed and charac-
terized for the separation of pooled bovine brain standards
of GQ1b, GT1b, GDla and GM1 gangliosides. In this work,
with the instrumentation used, GM1, GDla, GT1b, and
GQ1b gangliosides of a certain ceramide subclass were
quantified from 8 to 500 ng/mL.

Table 3. Matrix effect studies: comparison of ganglioside peak areas of 100x
diluted mouse superior colliculus sample with theoretical peak areas from the
standard calibrator.

Ganglioside Percentage of deviation from theoretical
GM1 d36:1 26
GM1 d38:1 20
GD1a d36:1 —59
GD1a d38:1 =51
GT1b d36:1 —40
GT1b d38:1 —55
GQ1b d36:1 —65
GQ1b d38:1 -79
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The chromatogram in Figure 4 shows the baseline separ-
ation of the most prevalent gangliosides in the standard.
Trace isomer peaks or shoulders on peaks are also noted for
some of these gangliosides. Of note is the fact that all the
gangliosides of a particular sialic acid class differing in
ceramide length are well resolved and clustered together in a
retention time window specific for that ganglioside class.
The retention times of the sialic acid class clusters show an
inverse relationship with the number of sialic groups, with
the elution order from earliest to latest being GQlbs,
GT1bs, GDlas, and GM1ls. Although the GQlb and GT1b
cluster of peaks show the separation of their respective clus-
ters when considering the major gangliosides (that is, the
d36:1 and the d38:1 ceramide gangliosides), the GT1b d34:1
ganglioside(s) (a minor component in the standard that is
plotted but is not evident in Figure 4) elutes within the
GQ1b d38:1 peak, while GQ1lb d40:1 (a minor component
in the standard that is plotted but is not evident in Figure 4)
elutes within the GT1b d36:1 peak. Hence, there is an over-
lap of the longer carbon chain ceramide GQlbs with the
shorter carbon chain GT1bs. However, there is a large sep-
aration of GDla and GMI1 ganglioside clusters. The
expanded chromatographic time region between these two
classes is large enough such that peaks for GM1 with
ceramides less than 36 carbons and peaks for GDla with
more than 40 carbons are anticipated to be separated from
each other. There is also a moderately wide retention time
gap between the GT1bs and GDlas, allowing for resolution
of the ganglioside clusters from samples having smaller
ceramide GD1la and/or larger ceramide GT1b gangliosides.
Finally, the wider peaks of GQ1b gangliosides could be due
to 20 uL injection volume (11% of column holdup volume),
introducing a sample in 50% methanol onto the column.
Although this phenyl-hexyl column technique shows good
baseline separation of the GQ1b gangliosides, sharper GQ1b
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Figure 4. Superimposed MRM chromatograms of bovine brain gangliosides. Chromatograms of GQ1b (blue), GT1b (red), GD1a (green) and GM1 (black), each at
25ng/mL. The 25ng/mL is the combined concentration for all gangliosides differing in ceramide for each particular class (GQ1b 25ng/mL, GT1b 25ng/mL, GD1a
25ng/mL, and GM1 25 ng/mL). The diagonal line plot is the actual % methanol vs time, corrected for time for a gradient change to reach the mass spectrometer
detector (1.43 min). Not evident, because of the scale used, are trace amounts of GT1b d34:1 and GQ1b d40:1 eluting at 11.4 and 12.2 min, respectively.
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Figure 5. Ganglioside profile of mouse superior colliculus sample. Chromatogram of 20 ng/mL of a superior colliculus sample from a single mouse prepared as
given in the Materials and methods section. See Figure 4 caption for color identification of ganglioside class and diagonal line specifics.

peaks might be expected with lower injection volumes
(1-5% of the column holdup volume).

Mouse brain results

A sample of the superior colliculus from a single C57BL/6]
mouse brain was prepared, as described in the Materials and
methods section. The chromatogram is given in Figure 5.
Given the results of the matrix effect studies, only the GM1
gangliosides could be reasonably estimated (+20% to +26%
deviation), determined to be 50 pmol/mg tissue and 7 pmol/mg
tissue (not correcting for a matrix effect) for the GM1 d36:1
and GM1 d38:1 gangliosides, respectively. The GD1la, GT1b,
and GQIb could not be reasonably estimated due to signifi-
cant matrix effect deviation (—40% to —79% deviation).
More work on sample preparation needs to be done to
remove this matrix interference for accurate quantification
of these gangliosides.

Separation mechanism of the gangliosides by the
phenyl-hexyl column

A plausible mechanism for the noted profile of gangliosides
chromatographed on the phenyl-hexyl column draws upon
the dual nature of the phenyl-hexyl group, with the phenyl
group acting both electrostatically and, in conjunction with
the hexyl group, hydrophobically. The electrostatic charac-
teristic of the phenyl group in methanol mobile phases
arises from the negative potential resulting from the 7 elec-
trons of the phenyl group. The n cloud presents a repulsive
electrostatic force toward negatively-charged molecules. The
relative magnitude of the repulsive force experienced by the
chromatographed gangliosides is as follows: GQl*~ >
GT1’” > GD1*” > GMI1'", reflecting the number of nega-
tively-charged sialic groups. This explains the elution order
of the ganglioside classes, with the highest negatively-

charged GQls eluting first and the lowest negatively-charged
GMIs eluting last. A computational study supports this
mechanism by documenting that a phenyl group has a
repulsive potential toward approaching negatively-charged
chloride and fluoride ions.™”!

Studies have reported a m-electron effect in phenyl-column
chromatography. However, the effect reported in these studies
is attractive (not repulsive) to certain types of analytes.
Aromatic compounds®>*”*#4041 and electron-poor aromatic
compounds (such as aromatic compounds containing nitro
substituents)®>**!] are selectively retained by a n-7 inter-
action when a methanol organic modifier is used in the
mobile phase, leading to specific retention. Concerning pos-
sible repulsive effects of the phenyl’s m electrons on nega-
tively-charged analytes, a study was done characterizing the
adsorption isotherm of the negatively-charged hexafluorophos-
phate on a hexyl-phenyl column.'*?! However, to the best of
our knowledge, the present work is the first reported example
of the separation of negatively-charged analytes resulting from
a repulsive 7-electron mechanism. Other studies involving
acidic phenyl analytes chromatographed on phenyl columns
have been done, however, these acids were chromatographed
as neutral molecules in low pH mobile phases.***’

The second characteristic of the phenyl group, with its
hexyl moiety, is its non-polar nature, which imparts a
reversed-phase retention and separation mechanism in the
chromatography of the gangliosides. The particular commer-
cial phenyl-hexyl column used in this work has been charac-
terized to have similar reversed-phase characteristics as a C8
column, with the retention of acenaphthene being comparable
to nineteen C8 columns from different manufacturers.!**!
This capability of the phenyl-hexyl column is the presumed
mechanism for not only retaining the gangliosides on the col-
umn, but it is also important in separating the different gan-
gliosides of a particular sialic acid class that differ in their
ceramide content. Thus, the various gangliosides of a particu-
lar sialic acid class are separated within a particular retention



time window in an elution order of shorter to longer ceramide
carbon chain length and separated, for the most part, from
the gangliosides of a different sialic acid class.

What distinguishes the phenyl-hexyl ganglioside chroma-
tographic profile from that of a conventional reversed-phase
ganglioside profile is how the gangliosides cluster in the
chromatogram. While the phenyl-hexyl column clusters the
gangliosides according to the ganglioside sialic acid class,
the conventional reversed-phase column clusters the ganglio-
side according to the ceramide subclass. In the conventional
reversed-phase column separation, all the gangliosides of a
particular ceramide carbon length, but which have a differ-
ent sialic acid/oligosaccharide content, cluster in a particular
retention time window. This is seen in a previously pub-
lished work employing a C18 column in the chromatog-
raphy of gangliosides.*® In this work, the C18 column
separates clusters of gangliosides in the order of increasing
hydrophobicity with increasing ceramide carbon chain
length. Within the cluster of gangliosides of a particular
ceramide carbon chain length, there is a fine separation of
gangliosides in the cluster differing in the sialic acid content,
with the elution order being GT before GD before GM.

Comparing the phenyl-hexyl and conventional reversed-
phase HPLC techniques, there is a different primary separation
mechanism that separates the clusters, as well as a different
secondary mechanism/effect that separates gangliosides within
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the cluster. For the phenyl-hexyl column, the primary separ-
ation effect occurs because of the difference in the sialic acid
content of the various sialic acid ganglioside classes, which
results in different repulsion effects by the column phenyl
group (greater repulsion the more sialic acid groups), resulting
in significant separation of the ganglioside sialic class clusters.
Contrast this with the conventional reversed-phase separation
of gangliosides, in which the sialic acid content has a moderate
modulation effect on the ceramide hydrophobicity and thus is
only a secondary effect.

Conversely, ceramide hydrophobicity leads to a substantial
primary effect in the conventional reversed-phase technique,
causing all gangliosides having a particular ceramide carbon
chain length to cluster together, with the clusters being well
separated in the order of increasing carbon chain length.
Within each cluster, the sialic acid content modulates this
hydrophobicity causing fine separation of the gangliosides in
the conventional reversed-phase technique (gangliosides eluting
in the cluster in the order of higher to lower sialic acid content,
as seen in the published work, referred to above!**). Contrast
this with the phenyl-hexyl column technique, in which the
ceramide hydrophobicity, although being instrumental in reten-
tion of gangliosides on the column, this hydrophobicity has a
critical secondary effect in separating the different ceramide
gangliosides (in the order of increasing ceramide carbon chain
length) within each particular sialic acid class cluster.
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Figure 6. Chromatograms of ganglioside standards chromatographed with a methanol gradient at pH 9 on both a phenyl-hexyl and a C18 column.
Chromatograms of GT1b (red), GD1a (green) and GM1 (black) standards for (top) XBridge BEH phenyl-hexyl column and (bottom) Zorbax Eclipse Plus C18 column,
employing a linear gradient of mobile phase A (100% water adjusted to pH 9 with ammonium hydroxide) and mobile phase B (100% methanol adjusted to pH 9
with ammonium hydroxide), 60% B to 100% B in 8 min.
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Support for the primacy of the column phenyl group in
separating the ganglioside sialic acid classes is seen in experi-
ments in which gangliosides are chromatographed at the same
conditions (basic pH, same methanol gradient), comparing
the phenyl-hexyl and C18 columns, as given in Figure 6.
These results show that for both columns there is baseline
separation of the d36:1 and d38:1 gangliosides of a particular
sialic class. However, there is a striking difference in the separ-
ation of the sialic acid classes, in which the ganglioside classes
are substantially separated on the phenyl hexyl column, while
only slightly separated on the C18 reversed-phase column and
also showing overlapping peaks of the different ganglioside
classes. This lends credence to the conclusion that the phenyl
group separates the ganglioside sialic acid classes by a different
mechanism than the C18 column, being much more than sim-
ply lowering the hydrophobicity of the ganglioside, as is
the mechanism in the C18 column. It is proposed here that
the primary effect of the phenyl group is a m-repulsion of the
negatively-charged gangliosides.

Conclusions

The present technique has the advantage over both of the cur-
rently-used HPLC techniques, combining the hydrophilic sep-
arating capability of the HILIC technique with the non-polar
separating capability of the reversed-phase technique. The pre-
sent technique has the advantage over both of the currently-
used HPLC techniques, combining the hydrophilic separating
capability of the HILIC technique with the non-polar separat-
ing capability of conventional reversed-phase techniques. The
phenyl-hexyl technique, like HILIC, separates gangliosides
based on the sialic acid number (i.e., separates the classes) and
thus is advantageous, in that the retention time reflects the
number of sialic acids in the ganglioside. However, unlike
HILIC, the present technique separates gangliosides of differ-
ent ceramide carbon chain lengths within a particular sialic
acid class, with the resolved peaks being clustered within a
characteristic retention time window for all the gangliosides of
that particular sialic acid class. Unlike the conventional
reversed-phase technique, in which the gangliosides of each of
the sialic acid classes are distributed throughout the chromato-
gram according to the ceramide carbon chain length, the phe-
nyl-hexyl technique, as just mentioned, clusters all the
ganglioside of a particular sialic acid class together in a par-
ticular retention time window. Furthermore, within this win-
dow, there is a specific retention time for a ganglioside based
on its non-polar ceramide, with retention times increasing
with increased ceramide chain length.

This phenyl-hexyl HPLC technique adds to the arsenal of
existing reversed-phase and HILIC chromatographic techni-
ques, providing a complementary separation capability
needed for analysis of gangliosides in biological samples,
samples which inevitably contain a large number of different
gangliosides. Having more complementary chromatographic
techniques for gangliosides can better address the problem of
suppression of MS signals that occurs for co-eluting ganglio-
sides, as well as giving alternate separation results to deal

with matrix effects that might interfere in the determination
of specific gangliosides using a particular type of column.
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