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LC~EC OF ENDORPHINS

L. H. Fleming and N. C. Reynolds, Jr.
Department of Neurology
University of Wisconsin Medical School
Milwaukee Clinicai Campus
Mount Sinai Medical Center
P. 0. Box 342
Milwaukee, Wisconsin 53201

ABSTRACT

Reversed phase 1liquid chromatography with electrochemical
detection (LC-EC) was used to separate a series of endorphin stan-
dards. Chromatographic conditions were manipulated so that
methionine- and leucine-enkephalin were clearly resolved from
other endorphins of similar hydrophobicity using an isocratic
mobile phase. The most significant factors affecting endorphin
retention were the concentration and type of organic modifier in
the isocratic mobile phase. Hydrodynamic voltammograms were
performed for methionine- and leucine-enkephalin to assess their
electroactivity. Both enkephalins were oxidized with a glassy
carbon electrode only at high potentials ( +.90V vs Ag/AgCl).

The effect of these high potentials on the sensitivity of electro-—
chemical detection of endorphins was evaluated.

INTRODUCTION

The discovery of neuropeptides with opiate-like activity
focused considerable interest on the isolation, characterization,
and localization of these molecules. This research effort has
attempted to elucidate the roles of endorphins in normal and
disease states. Physiologic studies have implicated endogenous
opiates in stress (1) and pain (2), memory and reward behavior (3),
psychosis (1) and petit mal seizures (4). At the molecular level,
the endorphins may act as neuromodulators (5,6) or in some cases,

as neurotransmitters (5-7).
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To evaluate endorphin activities in physiological fluids and
tissues, highly specific and sensitive techniques are required.
Radioimmunoassay (RIA) has been used to quantify endorphins such
as methionine-(ME) and leucine~(LE) enkephalin (8,9) but has been
limited for other endorphins by the lack of highly specific anti-
bodies (10,11). The cross-reactivity of the monoclonal antibody
to 8-endorphin (BE) that was prepared by Herz et al (12) demon-
strates the difficulty in achieving highly specific antibodies for
RIA of closely-related endorphins. In an effort to improve the
specificity of endorphin assay, high performance liquid chroma-
tography (LC) has been used to separate and identify endorphins
(10,11,13-15). Most LC techniques use reversed phase chroma-
tography and detect endorphin standards by far UV absorbance (14,
16). However, quantification of endorphins in brain samples is
usually performed by collecting chromatographic fractions which are
then analyzed by RIA for each endorphin of interest (10,11,17).
Although these procedures are time-consuming, expensive and intro-
duce additional experimental variables, they are necessary because
the concentration of endorphins in most physiologic samples is be-
low the limits of detection by far UV spectroscopy.

An electrochemical detector (EC), which can measure compounds
on the basis of their electroactivity, has been used with LC for
the quantification of catechol~ and indol-amines in the 10-11 gram
range from small biological samples (18,19). The electroactivity
of ME and LE was originally demonstrated by Meek et al (20) in
their study of enkephalin catabolism. Although they showed that
ME and LE could be detected electrochemically in 10_8 gram quanti-
ties, they did not develop LC-EC as an assay technique for endor-
phins. Using differential pulse voltammetry, Bennett et al (21)
reported the electroactivity of other neuropeptides, such as vaso-
pressin and somatostatin, and some amino acids (tyrosine, tryptophan
and cysteine). In this report, we have developed conditions for
the separation and detection of a series of endorphins standards
using LC-EC. A preliminary report of this work has been presented

(22).



17:13 24 January 2011

Downl oaded At:

LC-EC OF ENDORPHINS 795

MATERTALS AND METHODS

ME, LE, [D-Alazl-leucine enkephalinamide (LEA), human B-endor~
phin and glycylglycine were purchased from Sigma Chemical Company,
St. Louis, Mo. Dymorphin 1-6 and 1-17, pro-enkephalin, B-neo-
endorphin, o-neo-endorphin 1-8 and 1-10, and ¢-endorphin were ob-
tained from Bachem, Torrance, CA. Reagents included HPLC grade
potassium dihydrogen phosphate, ammonium acetate, phosphoric acid
(85%), methanol, tetrahydrofuran (THF) and acetonitrile (Fisher
Scientific, Pittsburgh, PA). Ultrex acetic acid was from J. T.
Baker Co., Phillipsburg, N.J. Water for LC mobile phases was pre-
pared by adding activated charcoal (Sigma) to fresh glass distilled
water. After standing overnight, the water was filtered through a
0.2uym or 0.45um Nylon-66 filter (Rainin Instrument Co., Inc;
Woburn, MA) and degassed.

The chromatographic system consisted of Model 6000A pumps
(Waters Associates, Milford, MA) and a Model U6K sample injector
(Waters Associates). The reversed phase columns included a 5im
Biophase ODS (250 x 4.6mm, Bioanalytical Systems, West Lafayette,
IN) protected by a ClB/Corasil guard column (Waters), a 5um Ultra-
sphere-Octyl (150 x 4.6mm, Altex Scientific, Inc., Berkeley, CA)
and a 10um uBondapak (300 x 3.9mm, Waters). A 10um Aquapore
RP-300 column (250 x 4.6mm, Brownlee Labs, Santa Clara, CA) and a
Sum Sepralyte Octyl column (250 x 4.6mm, Analytichem International,
Harbor City, CA) were protected by a Soft Seal guard column (Applied
Science lLaboratories, Inc., State College, PA) packed with a 10um
Ultrapack-Octyl (Altex). An LC-4 or LC-4B amperometric detector
with a TL-5 glassy carbon electrode (Bioanalytical Systems) was
set at a potential of +1.05V referenced to a Ag/AgCl electrode
unless indicated otherwise. A Topaz Line 2 power conditioner
(Topaz Electronics Div., San Diego, CA) was used with the LC-4 and
LC-4B detector for all experiments. Only isocratic mobile phases
were used and their cowpositions are described in the figure
legends. All mobile phases were filtered through a 0.2um or 0.45um
Nylon-66 filter and degassed before use. Steel solvent reservoir

filters were omitted from mobile phase reservoirs. Where indicated,
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the mobile phase reservoir was suspended in a circulating water
bath at 27°C. A flow rate of 1.0 ml/min was used for all separa-
tions.

Endorphin standards were dissolved in a 30mM KH2P04—27.5uM
glycylglycine, pH 2.3 (adjusted with 85% phosphoric acid). Ali-
quots were lyophilized and stored dessicated at -20°C. Prior to
chromatography, the endorphin standards were dissolved in an
appropriate volume of 25mM KH2P04—27.5uM glycylglyecine, pH 2.3

and stored for approximately one month at -20%c.

RESULTS
Various chromatographic parameters were manipulated in an
effort to optimize ME and LE resolution. These parameters in-
cluded various analytical reversed phase columns and mobile phase
components. Factors which affected the performance and sensitivity

of the electrochemical detector were also examined.

Chromatographic Conditions

1. Columns

The reversed phase columns described above were used to
separate ME and LE from other endorphin standards. A representa-
tive chromatogram is shown in Figure 1. The longest endorphin
retention times were obtained with the 5um Ultrasphere-Octyl and
the 5um Biophase ODS columns. Intermediate retention times were
obtained with the Sum Sepralyte Octyl. The least retention of the
endorphins was found with the 10um pBondapak and the 10um Aquapore
RP-300; there was no significant difference in the chromatographic

behavior of the endorphins on either columm.

2. Mobile Phase
The effect of changes in the mobile phase composition on the

chromatographic behavior of endorphins was investigated. Components
of the mobile phase that were examined included buffers, pH,
organic modifiers and ion-pairing reagents.

A. Buffer. Several buffers were used for the chromatography
of ME, LEA and LE including ammonium acetate, potassium phosphate,
sodium phosphate and triethylamine phosphate. Each of these buffers

could be used for endorphin chromatography with appropriate adjust-
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FIGURE 1

Isocratic elution of endorphin standards. Column = Aquapore
RP-300; Mobile phase = 128 ml [50mM KHpPO; -55uM glycylglycine,
pH 2.3 (adjusted with 85% phosphoric acid) containing 29% aceto-
nitrile] diluted to 250 ml with water; Mobile phase temperature
= 27°C; Flow Rate = 1.0ml/min.; Applied Potential = +1.05V vs
Ag/AgCl; Reference Bars: Ordinate = 0.2pnA and Abscissa = 15 min,
Peak 1 = 10ng a-neo~endorphin 1-8, 2 = 10ng a-neo~endorphin
1-10, 3 = 10ng dynorphin 1-6, 4 = 6.6ng ME, 5 = lOng S8-neo-
endorphin, 6 = 7.34ng LEA, 7 = 6.6ng LE, 8 = 25ng a~endorphin,

9 = 20ng pro-enkephalin.

797



17:13 24 January 2011

Downl oaded At:

798 FLEMING AND REYNOLDS

ments in concentration. The use of a formic acid - pyridine buffer
in the mobile phase was unacceptable because it caused a substan-
tial decrease in the sensitivity of the working electrode.

The effect of other salts on endorphin retention was examined
by adding potassium chloride or potassium perchlorate to the phos-
phate buffer-acetonitrile mobile phase. In general, increases
in the potassium chloride concentration (0.25mM to 2.5mM, final
concentrations) decreased the retention times of ME and LE. In-
creases in potassium perchlorate concentrations (0.25mM to 2.5mM,
final concentrations) had little effect on endorphin retention
times.

B. pH. Mobile phases ranging in pH from 2.0 to 7.5 were used
to chromatograph ME and LE. Although a decrease in pH caused an
increase in ME and LE retention, small changes in pH did not sub-
stantially alter the chromatographic behavior of ME or LE. A pH
of 2.3 was chosen for the phosphate buffer-acetonitrile mobile
phase because retention of the early eluting endorphins (c-neo-
endorphin 1-8 and 1-10) was improved at low pH.

C. Organic Modifier. Methanol, acetonitrile, tetrahydro-~
furan and propanol were used as organic modifiers in the isocratic
mobile phase. For each organic modifier, the endorphins could be
chromatographed only within a limited concentration range. Organic
modifier concentrations above or below this range caused neither
retention nor elution of the endorphins. (i.e. using the Aquapore
300 column, the K‘ of B-neo-endorphin when using 10% acetonitrile
in the mobile phase was P 20 but with 14.8% CH3CN, the K' was
reduced to 6.4). This effect was independent of the type of column
or buffer used for endorphin chromatography.

It was not possible to substitute one organic modifier for
another solely by maintaining an equivalent polarity of the
aqueous-organic mobile phase. Table 1 shows that the accuracy of
K' predictions for ME and LE from the calculated polarity of the
mobile phase was dependent on the type of organic modifier. A com-
parison of calculated K' ratios vs K' ratios obtained experimentally
with aqueous-acetonitrile, aqueous—methanol and aqueous-acetonitrile-

tetrahydrofuran mobile phases indicates that ME and LE are not eluted
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TABLE 1

1
Comparison of Experimentally Determined (Exp.) K Ratios
1
to Calculated (Calc) K Ratios

ME LE
Solvent Polarities ' ' '
' ' Cale. K Exp. K Calc. Exp. K Calc.
PZ 3 Py Ratiog* Ratios Exp. Ratios ° Exp.
(Organic Modifier)
9.408 : 9.32 1.11 # 1,78 62 1.62 68.5
(CH3CN only)
9.32 ; 9.14 1.23 1.17 105 1.04 118
(CH,CN ; CH,CN-THF)
3 3
9.14 ; 9.052 1.11 1.19 93 1.20 92.5
(CH,CN-THF only)
9.052 ; 8.67 1.55 0.32 484 0.26 596
(CH,CN-THF ; MeOH)
9.408 ; 8.67 2.34 0.86 272 0.58 403
(CH3CN 3 MeOH)

Column = 5um Biophase ODS; Mobile phase = 10mM ammonium acetate,
PH 4.25 (adjusted with glacial acetic acid) + varying amounts of
organic modifiers to obtain the P' values indicated above. CHSCN =
acetonitrile; THF = tetrahydrofuran; MeOH = methanol.
' K,' (P'—P
K ratios* calculated by the formula 2 _ 10 2
t

5

')-:-2

1 (23)

only on the basis of polarity considerations. Aqueous-acetonitrile
mobile phases were more efficient in decreasing the K' of ME and LE
than other aqueous-organic mobile phases of equivalent polarities.
Another significant factor for the resolution of ME and LE

from other endorphins was the total salt concentration in the
mobile phase versus the concentration of the organic modifier.
Small changes in salt concentration below an optimal level caused

a change in peak shape even if the concentration of organic modi-
fier was sufficient to maintain an equivalent K'. The two endor-

phins most affected were B8-neo-endorphin and a-nec-endorphin 1-10.
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In Figure 1, the a-neo-endorphin 1-10 peak is split. A sharp single
peak was obtained by increasing the final KH2P04 concentration to
30mM in the mobile phase. TFigure 2 shows the effect of small changes
in the KH2P04 and acetonitrile concentrations on the elution of ME
and B-neo-endorphin. The peak shape of ME was essentially unchanged
while the peak shape of B-neo-endorphin broadened.

D. TIon-pairing Reagents. Data obtained with trifluoroacetic
acid and nonylamine indicated that the retention times of both ME and
LE were similarly decreased with incr@asing ion-pairing reagent con-
centrations in the mobile phase. Increases in tetrabutylammonium
hydrogen sulfate concentration caused small increages in the reten-
tion of ME and LE.

After examining the effect of various mobile phase components
on endorphin chromatography, the composition of the isocratic mobile
phase was adjusted so that the ME and LE peaks were clearly resolved
from the other endorphin standards using the Aquapore RP-300 columm.
As shown in Figure 1, a mobile phase consisting of 128ml [50mM
KH2P04—55uM glycylglycine, pH 2.3 (adjusted with 857 phosphoric acid)
+ 29% CH,CN] diluted to 250ml with water, was warmed to 27°C in a
circulating water bath and used for endorphin chromatography. This
buffer was suitable as a mobile phase for endorphin chromatography
using each of the reversed phase columns described above by making
small adjustments in the phosphate or acetonitrile concentratioms.
Therefore, this mobile phase was used for most of these studies.

Glycylglycine was added to the mobile phase to prevent absorp-
tion of the endorphins to residual silanols on the column packing
material (10). There was no change in the shape of the endorphin
peaks with an increase in glycylglycine concentration in the mobile
phase. The order of endorphin elution was o-neo-endorphin 1-8
followed by a-neo-endorphin 1-10, dynorphin 1-6, ME, B-neo-endorphin,
LEA, LE, a-endorphin, and pro-enkephalin (Table 2). BE and dynorphin
1-17 was not eluted from the column with this mobile phase. The order
of endorphin elution was different from that predicted by the summa-
tion of the retention coefficients of component amino acids as deter—
mined by Wilson et al (15) and Meek and Rossetti (25) (Table 2).
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A B c
ME
ME
ME
BNE BNE

.

BNE

FIGURE 2

Effect of changes in mobile phase on ME and B-neo-endorphin (BNE)
elution. Column = Aquapore RP-300; Oxidation Potential = +1.05V
vs Ag/AgCl; Flow Rate = 1.0ml/min; Reference Bars: Ordinate =
0.1nA; Abscissa = 4 min.; arrow denotes injection.

A = 128 m1 of 52mM KH,PO,-55uM glycylglycine, pH 2.3 containing
327 CH3CN diluted to 250 ml with HyO0.

B = 128 ml of 50mM KHyPO,-55uM glycylglycine, pH 2.3 containing
297 CH3CN diluted to 250 ml with H,0.

C = 128 ml of 47mM KHyPO,-55uM glycylglycine, pH 2.3 containing
31% CHSCN diluted to 250 ml with HZO'

Electrochemistry

1. Hydrodynamic Voltammograms

Hydrodynamic voltammograms for ME, LE and LEA were performed
with the mobile phase described in Figure 1. The curves in Figure 3
indicate that ME, LE and LEA are oxidized by the glassy carbon working
electrode at potentials above +.90V referenced to Ag/AgCl. The
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TABLE 2

Order of Endorphin Elution

Endorphin This study Meek & Rossetti  Wilson et al
(253) (15)
a-neo-endorphin 1-8 1 4 6
a~neo—endorphin 1-10 2 5 4
dynorphin 1-6 3 2 2
ME 4 1 1
B-neo-endorphin 5 9 7
LEA 6 8 -
LE 7 3 3
a-endorphin 8 7 5
pro-enkephalin 9 6 8

The order of endorphin elution observed in this study was compared
with the order calculated by the summation of the retention coeffi-
cients (25,15) of the amino acids contained in each endorphin. In
this study, endorphins were chromatographed with either the uBondapak
or Aquapore RP-300 reversed phase columns at a flow rate of 1.0 ml/min
with an isocratic mobile phase consisting of 128 ml of [50mM KHZPO4
-55uM glycylglycine, pH 2.3 (adjusted with 85% phosphoric acid)
containing 29% acetonitrile] diluted to 250 ml with water. The
mobils phase reservoir was suspended in a circulating water bath

at 27°C.

plateau region of the curve occurs at approximately +1.09V for LE
and LEA., TFor ME, however, the peak height is still increasing with
increasing oxidation potentials. Other endorphins, a-neo-endorphin
1-8 and 1-10, dynorphin 1-6, R-neo~endorphin, g-endorphin and pro-
enkephalin were also electroactive at applied potentials above
+,90V. A potential of +1.05V was chosen for these studies as a
compromise between increasing peak height and increasing noise.

(A chelator such as ethylenediamine-~tetraacetic acid was not

used in the mobile phase due to its oxidation at these poten-

tials).

2. Standard Curves

The detector response was linear from 1 ng to 20 ng of ME,

LE or LEA (the concentration range used for these studies).

3. Sensitivity

The most significant factor affecting the sensitivity of electro-

chemical detection of endorphins was the age of the working electrode.
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HYDRODYNAMIC VOLTAMMOGRAMS
ME, LEA, LE

1&01 ME

PEAK HEIGHT
~
o
L1
o)
i

1.0

T el T T T T 1
+93 +.97 +1.01 +1.05 +1.09 +1.13
APPLIED POTENTIAL vs Ag/AgCl

FIGURE 3

Chromatographic conditions as in Figure 1. (Peak height in
centimeters; Applied potential in volts; Sensitivity = 2nA/V).

With a new TL-5 glassy carbon electrode (Bioanalytical Systems)
approximately 300 picograms of ME (signal to noise = 3; 1.7nA/ng)
were detected. The detection limit for LE using the same electrode
was approximately 600 picograms. The sensitivity of the electrode
gradually decreased with continued use at high potemntials (+1.0V).
Repolishing the electrode restored some of the sensitivity but not
to its original level. Another factor influencing the sensitivity
of EC detection was the composition and pH of the mobile phase. Both
ME and LE oxidized more readily in a mobile phase consisting of 10mM
ammonium acetate (adjusted to pH 4.25 with glacial acetic acid) com-
taining methanol with an optimal potential of +.99V referenced to
Ag/AgCl. The use of a lower potential decreased the background

current and baseline noise causing a small increase in sensitivity.
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The chromatographic resolution of the endorphins, however, was im-
proved when the phosphate-acetonitrile mobile phase was used.
Other factors alding EC sensitivity included several minor
modifications to the LC system. The mobile phase reservoir was
suspended in a circulating water bath at a constant temperature
(27°C) to minimize baseline shift. Stainless steel solvent reser-
voir filters were omitted from all mobile phase reservoirs to
eliminate baseline noise due to oxidation of metallic contaminants
(personal communication, Dr. Michael Joseph, MRC Clinical Research
Centre, U.K.) A Topaz power conditioner was used to protect the

electrochemical detector from aberrant power line fluctuations.

DISCUSSION

Several previous studies of endorphin chromatography have
used gradient elution to separate and investigate the behavior of
a series of endorphin standards on reversed phase columns (10, 14,
15, 24, 25). This study investigated the use of an isocratic mobile
phase for the elution of endorphins. Using LC~EC, various chromato-~
graphic conditions were manipulated to separate ME and LE from
other endorphins of similar hydrophobicity. The chromatographic
behavior of the endorphins in response to certain changes in the
composition of the isocratic mobile phase was different from the
behavior that has been reported for gradient elutions (15, 25, 26).
Alterations in the organic modifier and total salt concentration
affected endorphin resolution dramatically, either by a change in
K' or by a change in peak shape. The role of the total salt concen-
tration in the mobile phase observed in this study for the isocratic
resolution of endorphins, however, is in agreement with the results
obtained with gradient elution (26). The most important factors for
endorphin retention were the concentration and type of organic modi-
fier in the mobile phase. As reported for ACTH-related peptides
(26), the peptides used in this study were efficiently chromatographed
only within a limited concentration range for each organic modifier.
In addition, endorphin retention could not be predicted solely on the
basis of polarity considerations when substituting different orgamic
modifiers in the mobile phase (Table 1). Like somatostatin (27),

selectivity was increased when acetonitrile was used as the organic
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modifier instead of methanol. This is in contrast to what has been
observed using gradient elution (26). Reversals in retention order
were reported with the use of some organic modifiers but, for the
most part, the retention times of the polypeptides were shifted
according to the polarity of the solvent (26).
Recently, the elution characteristics of an extensive series
of peptides have been investigated inr an effort to correlate pep~
tide retention with amino acid composition (15, 25). 1In both re-
ports, large numbers of peptides (n=95-100) were used to determine
the hydrophobicity or retention coefficients for each amino acid.
An examination of predicted and actual retention times of peptides
using gradient elution, showed a high degree of correlation (Meek
and Rossetti (25), correlation coefficient = 0.98; Wilson et al (15)
correlation coefficient = 0.83). However, this study demonstrates
that these retention coefficients can not be used to predict the
order of endorphin elution when using isocratic mobile phases
(Table 2). The observation of differences in the chromatographic
behavior of endorphins when comparing gradient elution and iso-
cratic elution was not unexpected since some of the endorphins are
particularly affected by changes in the mobile phase composition.
The specific aim of this study was to use LC-EC to separate
and detect a series of endorphin standards. Therefore, various
chromatographic parameters were investigated to develop conditions
for the isocratic elution of endorphins. A simple phosphate buffer -
acetonitrile isocratic mobile phase was used to separate endorphims
on C8 or C18 reversed phase columns. The oxidation characteristics of
both ME and LE were examined by hydrodynamic voltammetry and the
electroactivity of several other endorphins (a-neo-endorphin 1-8 and
1-10, dynorphin 1-6, B-neo-endorphin, c—endorphin and pro-enkephalin)
was demonstrated. These data indicate that the specificity and
and sensitivity of LC-EC may provide an efficient and inexpensive
alternative to RIA for the assay of endorphins. Application of this

technique to the study of brain samples is currently in progress.
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