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and better in pumps. It's our new Model 302
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this unique combination of capabilities for
HPLC and preparative
chromatography: (a)
microprocessor control

(b) effective flow rate range of 0.005
to 100 ml/minute with pressures to 6,000
psi (c) both flow and dispense modes
(d) four easily interchangeable heads
for analytical, high pressure, prepara
tive, and recycling preparative LC.

There's so much you can do. Inter
face with a computer and automate your LC procedures.
Prepare gradient programs. Dispense repetitively, either
fixed or varied volume aliquots. Control flow rates with
high accuracy.

Make this pump the heart of your LC system.
Your inquiry will not only bring details on this
remarkable pump but also on other fine
Gilson instruments for LC and HPLC.
Contact:
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HPLC separations are getting easier
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one solvent delivery system, making
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Popular Automatic Injector gives
you unmatched dependability. The
725 AutoInjector has more years of
trouble-free operation than any
other automated sample injector in
the world.
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you unsurpassed sensitivity during
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Delivery System offers pulseless
flow without pulse dampeners.

Sophisticated Control Module con
trols everything from sample injec
tion to data reduction and printout.
The 740 Control Module can store
10 analytical methods in memory
and up to four programs can be
linked in sequence for completely
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Choose from individual compon
ents or integrated systems. From
simple isocratic to completely
automated integrated gradient
systems. Contact Micromeritics In
strument Corporation, 5680 Goshen
Springs Rd., Norcross, GA 30093
U.S.A. (404) 448-8282.
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Making Liquid Chromatography Better For You
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wavelength (190-700nm) lC detector.
Thousands of our customers will tell
you so. Low noise. Sensitive. Reliable.

Plus:

Wavelength Scanning - The SF 770 is
the first double beam detector that can
be equipped with both a motor drive for
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totally compatible with our KLiC 1
system controller for automatic stop
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~ Schoeffel I- Instruments
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Basic lab tasks~
this LC team peI10rms best.

Pharmaceutical analysis
Check this run showing an extrac
tion from a fat-soluble vitamin
tablet.

F8t·Soluble Vitamins:

I~~:~··_··

To assure that peaks were
correctly identified, stopped
flow spectra were obtained
for example, only the peak
eluting at about 5.5 minutes ex
hibits the strong absorbance
at 266 nm which is characteristic
of vitamin D.

Don't put your money on an LC
system that's less than you need.
Our free literature kit covers the
Perkin-Elmer LC hardware and
technology in detail. Contact
your Perkin-Elmer representative,
or write today.
Perkin-Elmer Corp., Analytical Instruments
Main Ave. (MS-12), Norwalk, CT 06856
USA Tel: (203) '162-1000.

Chrom8togram ot
Extracted T8b1et lor
F.I-Sofubl. Vlwmlnl

~
Column: RP-8
Mobile Phue:

93.5%AinA+ B
A= MeOH
B =0.005 Hexanesulfonic

Acid in H,O
pH 2.8

Flow; 2 ml/min
Detector: 265 nm
Sample; Extracted Tablet
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You can judge an LC system by
its quantitative, qualitative and
preparative capabilities. That's
why everything else in the field
gives way to this quartet of
Perkin-Elmer LC instruments

1. The SERIES 3B solvent de
livery system: the most powerful
around. Its dual pumps can
run independently on separate
analyses, or together on one
analysis, for faster throughput or
solvent programing. Its flow
rate range of 0.1-60 ml/min., the
widest anywhere, allows this
one pumping system to be used
for both analytical and prepara
tive work.

2. The Model LC·75 spec
trophotometric detector: its lin
earity over a wide dynamic
range makes quantitative analysis
reliable. Precise wavelength
resettability in the far UV and vis
ible ranges eliminates frequent
recalibration.

3. The Model LC-75 Autocon
trol: used with the LC-75, it
gives you the most advanced
peak analysis system available
today. You get qualitative data on
submicrogram samples like
never before.

4. The SIGMA lOB Chroma
tography Data Station: the
computer that automates the sys
tem. You can set up different
conditions for different samples,
successive injections at different
solvent concentrations, and differ
ent analytical wavelengths for
different methods. Here's an
example:

PERKIN-ELMER
Responsive Technology

Circle Reader Service Card No. 106





JOURNAL OF LIQUID CHROMATOGRAPHY, 4(4), 565-586 (1981)

AMINO ACID ANALYSIS AND ENZYMATIC SEQUENCE
DETERMINATION OF PEPTIDES BY AN IMPROVED

o-PHTHALDIALDEHYDE PRECOLUMN LABELING PROCEDURE

Barry N. Jones, Svante Paabo and Stanley Stein

Roche Institute of Molecular Biology
Nutley, New Jersey 07110

ABSTRACT

Primary amino acids react with o-phthaldialdehyde in the pre
sence of mercaptans to form intensely fluorescent derivatives. By
the use of reverse-phase high-performance liquid chromatography, a
mixture containing 26 of these derivatives was efficiently resolved
with an analysis time of less than 35 minutes. The quantitation of
the individual amino acids was reproducible with an average rela
tive deviation of ± 1.4% and had a detection limit of approximately
50 femtomoles. Improvements in the stability and fluorescence re
sponse of lysine and hydroxylysine were obtained by the incorpora
tion of sodium dodecyl sulfate in the derivatizing medium. Appli
cations of the chromatography system involving the amino acid
analysis of peptides after either acid or enzymatic hydrolysis are
presented. Methods for the sequence analysis of picomole quanti
ties of peptides by time course hydrolysis with exopeptidases were
also developed, which employed the above separation procedure for
the identification and quantification of the released amino acids.

INTRODUCTION

The ability to separate and quantitate amino acids is essen

tial for the characterization and structural elucidation of pep

tides and proteins. This is usually accomplished by separating

amino acid mixtures using classical ion-exchange chromatography (1)

followed by post-column derivatization with ninhydrin (2,3) or a

fluorogenic reagent (4-7). This technique resolves most amino

acids with good detection limits, especially if either fluoresca

mine or ~-phthaldialdehyde is used as the post-column derivatizing

565
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566 JONES, PAABO, AND STEIN

reagent. However, this procedure generally requires specialized

equipment and an analysis time greater than an hour.

In order to improve the efficiency an~ decrease the analysis

time for the resolution of amino acid mixtures, several precolumn

techniques have been developed which utilize reverse-phase high

performance liquid chromatography. Two of the most widely em

ployed methods are the formation of dansyl (8) or phenylthiohy

dantoin (9,10) derivatives of the amino acids prior to high

performance liquid chromatographic analysis. Recent studies have

demonstrated that ~-phthaldialdehyde can also be used successfully

as a precolumn derivatizing reagent. ~-Phthaldialdehyde in the

presence of either 2-mercaptoethanol or ethanethiol reacts rapidly

with primary amino acids to form highly fluorescent, thio-substi

tuted isoindoles (11,12). These derivatives are then analyzed

with good selectivity and sensitivity by reverse-phase high

performance liquid chromatography (13-17). In this report, the

use of ~-phthaldialdehyde as a precolumn derivatizing reagent for

primary amino acids is evaluated further. In addition, its appli

cability for the amino acid analysis of peptides, as well as for

the determination of their amino acid sequence, is investigated.

MATERIALS AND METHODS

Apparatus

Two separate chromatography systems were employed in the pre

sent studies. One consisted of a high-pressure Milton Roy mini

pump (Lab Data Control), an LKB Ultrograd unit for generation of

elution gradients, and a model FS970 Liquid Chromatographic Fluo

rometer (Schoeffel Instrument Corp.). The following fluorometer

settings and characteristics were used for detection: 5 vL flow

cell, excitation monochrometer at 330 nm, the emission measured

with a 418 nm cut-off filter, time constant of 0.5 sec, and a

sensitivity dial setting at 7.00 units. The other chromatography

system consisted of two Altex Model 110A high-performance liquid

chromatography (HPLC) pumps, an Altex Model 420 microprocessor
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for generation of elution gradients, and a model FS950 Liquid

Chromatographic Filter Fluorometer (Schoeffel Instrument Corp.).

The following fluorometer settings and characteristics were used:

20 ~L flow cell, a FSA 403 excitation filter and a FSA 111 lamp

for excitation in the 330-375 nm range, the emission was measured

with a FSA 426 (418 nm cut-off) filter, time constant of 0.5 sec.,

and a sensitivity dial setting at 8.00 units. The two chromato

graphy systems gave essentially identical results with respect to

the resolution of amino acid mixtures. The only major difference

between the two systems was in sensitivity. Using the above flu

orometer settings, the FS970 detection unit was approximately ten

times more sensitive.

All sample injections were performed with a Rheodyne injec

tion valve (Model 7120) equipped with a 20 ~L sample loop. An

Altex Ultrasphere ODS column (250 x 4.6 mm; particle size, 5 ~)

fitted with a guard column (80 x 4.6 mm) packed with CO:PELL ODS

sorbent (particle size, 40 ~ ) (Reeve Angel) was used for chro~

matographic separations. The guard column was packed downwards

at a pressure of 3000 psi with a Haskel pump (DST-150). Chromato

graphic peaks were integrated by a Spectra-Physics Minigrator and

recorded on a two-channel ·Linear recorder operated on the 10 mV

and 100 mV scales. Gradients were formed between two degassed

solvent mixtures. Solvent A was tetrahydrofuran:methanol:0.05M

sodium acetate (pH 5.9) 1:19:80 and solvent B was methanol:0.05M

sodium acetate (pH 5.9) 8:2. Further details of the chromato

graphic procedure are given in the figure legends.

Reagents and Standards

All HPLC solvents were distilled-in-glass grade (Burdick and

Jackson) and used without further treatment. High purity water

was obtained with a system from Hydro Service and Supplies

(Durham, N.C.). Solutions of amino acid standards (2.5 ~mol/mL),

2-mercaptoethanol, ethanethiol, o-phthaldialdehyde (Fluoropa),

4N methanesulfonic acid (MSA) , and sodium dodecyl sulfate (SDS)
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were obtained from Pierce Chemical Co. Individual amino acid

standards were purchased from Sigma Chemical Co. All other chem

icals were reagent grade. Enzymatic digestion buffers contained

0.01% pentachlorophenol (Pierce) as a preservative.

Pep tides and Enzymes

Met-enkephalin-Arg6-Phe7 was synthesized by Peninsula Labo

ratories. Met-enkephalin, porcine glucagon, carboxypeptidase B,

and carboxypeptidase Y were products of Boehringer Mannheim Co.

Aminopeptidase M was purchased from Sigma Chemical Co. Oxidized

Met-enkephalin was prepared according to the procedure of Savige

and Fontana (18) and purified by reverse phase HPLC (19).

Preparation ~ Amino Acid Standards

Amino acid standard solutions were prepared in water in the

following concentrations: 1.25, 6.25, 25, and 50 pmol/~L and

stored at -200C. The standard solutions were stable for approxi

mately 3 weeks of continual use. After this time, appreciable

amounts of methionine were lost with a concomitant increase in

the methionine sulfoxide content of the standard. The glutamine

peak in the standard runs also decreased with time, presumably

due to the conversion of glutamine to pyroglutamic acid. For the

ammonia standard, a 50 pmol/~L solution in water was prepared

from ammonium acetate.

Preparation of the o-Phthaldialdehyde/2-Mercaptoethano1 Deriva

tizing Solution

Fifty milligrams of ~-phthaldialdehydewere dissolved in

1.25 mL of absolute methanol. 2-Mercaptoethano1 (50 ~L) and 0.4M

sodium borate (pH 9.5) (11.2 mL) were then added and the solution

mixed. The mixture was flushed with nitrogen and stored in the

dark. The solution was allowed to stand for 24 hours before use.

This was found to reduce the background amino acids which are

contributed by the derivatizing reagent. 2-Mercaptoethano1
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(10 ~L) was added every 2 days to help maintain the reagent

strength. Using these precautions, the derivatizing reagent was

usable for approximately two weeks before serious contaminants

appeared in the elution profiles. The ~-phthaldialdehyde/ethane

thiol derivatizing solution was prepared daily by the procedure

of Hill et al. (13).

Derivatization Procedure
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The general procedure for derivatization was as follows:

5 ~L aliquots of standards or unknown samples were mixed with 5 ~L

of a 2% sodium dodecyl sulfate (SDS) solution in 0.4M sodium

borate (pH 9.5) and then 5 ~L of the derivatizing solution added.

The resulting solution was mixed thoroughly. After 1 minute,

10 ~L of O.lM potassium phosphate (pH 4.0) was added, the solution

mixed, and 5-20 ~L injected onto the reverse phase column.

Acid Hydrolysis of Peptides

For HCl hydrolysis, peptides (50-300 pmol) were dried in a

hydrolysis tube and the tube sealed under vacuum after the addi

tion of 200 ~L of constant boiling HCl containing 0.1% thiogly

colic acid. Following hydrolysis, the HCl was removed by lyophil

ization and the resulting residue dissolved in 25-50 ~L of 2% SDS

in 0.4M sodium borate (pH 9.5). Analyses were then performed as

above, usually on 5 ~L aliquots. For hydrolysis with methane

sulfonic acid (MSA) , pep tides (500 pmol - I nmol) were hydrolyzed

with 50 ~L of 4N methanesulfonic acid. After hydrolysis, the

acid was neutralized with 50 ~L of 4N NaOH. Aliquots (5 ~L) were

removed, mixed with 2% SDS in borate, derivatized, and analyzed

by HPLC. All acid hydrolyses were performed at 1100C for 22 hours.

Total Enzymatic Hydrolysis of Pep tides

Peptides (200 pmol - 1 nmol) were dissolved in 24 ~L of 0.2M

sodium phosphate (pH 7.0) buffer containing 4-aminobutyric acid

(usually 10 pmol/~L) as an internal standard. To this solution,
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1 ~g of aminopeptidase M (1 ~L) was added and the resulting mix

ture incubated at 37°C for 24 hours. Aliquots (5 ~L) were removed

and analyzed. A digest blank containing 24 ~L buffer and 1 ~L

aminopeptidase M was also prepared and analyzed.

Hydrolysis of Peptides with Carboxypeptidase ~

Peptides (20-200 pmol) were dissolved in 24 ~L of 0.2M sodium

phosphate (pH 8.5) buffer containing 4-aminobutyric acid (5 pmol/

~L) as an internal standard. To this solution, 25 ng of carboxy

peptidase B (1 ~L) was added and the resulting mixture incubated

at 370C for 1 hour. Aliquots (5 ~L) were removed and analyzed.

As an added precaution during enzymatic hydrolyses, the peptide

solution was usually analyzed for free amino acids before the

addition of the enzyme. Enzyme blanks were always prepared and

analyzed.

Time Course Hydrolysis with Aminopeptidase ~

Peptides (200 pmol - 1 nmol) were dissolved in 49 ~L of 0.2M

sodium phosphate (pH 7.0) buffer containing 4-aminobutyric acid

as an internal standard. To this solution, 100 ng of aminopepti

dase M (1 ~L) was added and the resulting mixture incubated at

room temperature. Timed aliquots (5 ~L) were removed, mixed with

2% SDS in borate (5 ~L), and then frozen in a dry ice/methanol

bath. The aliquots were stored at -20°C until analyzed.

Time Course Hydrolysis with Carboxypeptidase !

Peptides (200 - 1 nmol) were dissolved in 49 ~L of 0.05M

sodium acetate (pH 5.5) buffer containing 4-aminobutyric acid as

an internal standard. To this solution, 1 ~g of carboxypeptidase

y (1 ~L) was added and the resulting mixture incubated at room

temperature. Timed aliquots (5 ~L) were removed and analyzed.

Carboxypeptidase Y digestions were also performed in the presence

of 5M urea.
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Preliminary separations of the ~-phthaldialdehyde/2-mercapto

ethanol derivatives of primary amino acids were conducted using

mixtures of methanol and sodium or potassium phosphate buffer

as the mobile phase according to the procedures of Lindroth and

Mopper (14). Satisfactory resolution was obtained for all de

rivatives tested except for glycine and threonine which co-

eluted even under isocratic conditions. In an attampt to re

solve these two derivatives, the pH of the mobile phase was

varied between 5.0 and 7.5 and the ionic strength was varied be

tween O.05M and 0.2M; however, glycine and threonine did not re

solve under any of these conditions. Citrate and acetate buffers

were then tested but did not help to resolve these two amino

acids. Following the suggestion of Hodgin (16), tetrahydrofuran

was added to the mobile phase an an organic modifier; this re

sulted in the immediate resolution of glycine and threonine. The

final conditions chosen for HPLC analysis are given in Figure 1

which illustrates the resolution obtained for a mixture of 26

amino acids plus ammonia. Excellent resolution was obtained for

the components in the mixture. Of a total of 30 amino acids

tested, only two were not resolved by these conditions. Norleu

cine co-eluted with leucine and methionine sulfone eluted as a

shoulder on the threonine peak.

The stability of the ~-phthaldialdehyde/2-mercaptoethanol

derivatives was determined by reacting a mixture of amino acids

(40 pmol each) with the derivatizing reagent for varying time

periods before injection. Only the derivatives of glycine,

lysine, and hydroxylysine showed appreciable decay of fluores

cence after an eight minute reaction time. In addition, the

lysine and hydroxylysine derivatives gave a very low response

when compared to the other amino acid derivatives. According to

Benson and Hare (6), the addition of the surfactant, Brij 35, to

the ~phthaldialdehyde reagent enhances the fluorescence of

lysine during post-column derivatization procedures. Gardner and



572 JONES, PAABO, AND STEIN

~,OO~
lie 50 ~

TV' 0
Val Leu en

~
A,g Ala *"Thr 'Y.ABA

Gly (j-Ala a-ABA Met Phe 0

CMC Asn Gin
CA Glu

Se, Hse Trp HV
'

LV'Asp

MSO

is

NH~

'--' '--' ~ '--' '- u.-J L....A.

0 5 10 15 20 25 30 35

0.10

0.00

~
::l.
uj
U
Z
w
uen
w
a::
g 0.05
...J
u.
W
>

~
w
a::

TIME, min

Figure 1. Elution profile of amino acid standards derivatized by
the reaction with o-phthaldialdehyde/2-mercaptoethanol. Each peak
represents 5.0 pmoles except for the ammonia peak which represents
20.0 pmoles. Conditions: Solvent A, tetrahydrofuran:methanol:
0.05M sodium acetate (pH 5.9), 1:19:80; Solvent B, methanol:0.05M
sodium acetate (pH 5.9), 8:2; gradient program, O%B for 1 min from
the initiation of the program, linear step to 14% B in 5 min, iso
cratic step at 14% B of 5 min duration, linear step to 50% B in
5 min, isocratic step at 50% B of 4 min duration, linear step to
100% B in 12 min; flow rate of 1.7 mL/min; Schoeffel FS950 fluores
cence RPLC detector. Non-standard abbreviations used: CA,
cysteic acid; CMC, carboxymethyl cysteine; MSO, methionine sulfox
ide; Rse, homoserine; y-ABA, 4-aminobutyric acid; a-ABA, 2-amino
butyric acid.

Miller (17) found that the addition of Brij 35 also increased

the fluorescence response of lysine in their precolumn derivatiza

tion procedure. In the present study, sodium dodecyl sulfate

(SDS) was evaluated for its effect on the fluorescence of 0

phthaldialdehyde-derivatized amino acids (Figure 2). An approxi

mately 50% increase in the response of lysine was obtained and

approximately a 40% increase for hydroxylysine. The stability of

these two derivatives was also increased by the presence of SDS.

These observations are in agreement with those reported by Chen
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Figure 2. Influence of reaction time before injection on the flu
orescent intensity of ten amino acids. Peak areas are given in
arbitrary units. The effect of the presence of sodium dodecy1
sulfate (SDS) on the fluorescent intensity and stability of the
lysine and hydroxy1ysine derivatives is also shown. Derivatiza
tions in the presence of SDS are given by the solid lines and in
the absence of SDS by dashed lines.

et a1. (20). No observable effect on the retention times and

fluorescence response of the other amino acids tested (see Figure

1) was detected. The large decrease in the fluorescence response

of glycine was minimized by injection of all derivatized samples

after a 1 minute reaction time (see Figure 2),

In order for the present chromatographic system to be of

value for the quantitative analysis of amino acids, the technique

must yield reproducible results, possess high sensitivity, and

give a linear fluorescence response in the general concentration

range required for analyses. The precision of the procedure was

evaluated by injection of a 22-component amino acid standard

using the chromatographic conditions presented in Figure 1. Five

consecutive injections were performed following a reaction time
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of one minute and the resulting retention times, peak heights,

and peak areas of the individual components measured. Analysis

of the data indicated that the average deviation of the retention

times was + 1.1 second. The largest deviation observed wa~ for

methionine sulfoxide (± 2.6 sec.) and the smallest deviation ob

tained was for methionine (± 0.2 sec.). The total analysis time

was 34 minutes. The average relative deviation in the measured

peak heights was + 0.4%. However, part of this deviation is due

to pipetting errors that may occur during the derivatization pro

cedure. When results from all five runs were normalized to an

internal standard (4-aminobutyric acid) the relative deviation

of the peak heights was calculated to be + 1.4%. The average re

lative deviation of the normalized peak areas was + 1.7%. The

largest deviation in the normalized peak height values was observ

ed for cysteic acid (± 2.8%) whereas the lowest was for arginine

(± 0.4%). From the above results, the incorporation of an inter

nal standard is recommended for a quantitative analysis of an

amino acid mixture.

The detedtion limits for the chromatography system were de

termined by serial dilution of an amino acid standard solution

followed by derivatization and analysis. A detection limit of

approximately 50 fmol was obtained for the Schoeffel FS 970 detec

tion unit whereas the Schoeffel FS950 unit displayed a detection

limit of approximately 500 fmol for the individual amino acid com

ponents. The sensitivity of detection can be increased somewhat

by using ethanethiol instead of 2-mercaptoethanol in the deriva

tizing reagent (12,13). However, in the present study, the added

sensitivity was not required and the use of ethanethiol was aban

doned because of its unpleasant odor. Additional sensitivity

(approximately a six-fold increase) can be obtained by excita

tion at 229 nm instead of 330 nm (13), but interference from ex

traneous components may be a problem at this lower wavelength when

biological fluids are examined.

The linearity of response was examined in the concentration

range of 5-100 pmol for a number of amino acid derivatives
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Figure 3. Linearity of response for seven amino acid derivatives.
The chromatography conditions were identical to those in Figure 1.

(Figure 3). At concentration levels below 5 pmol, large devia

tions from linearity were obtained, especially for serine, gly

cine, and alanine. These deviations from linearity are most

probably due to the background presence of these amino acids.

This can be partially corrected by the subtraction of the back

ground amino acids which are determined by "blank" runs. Even

this procedure does not completely correct for the presence of

glycine and serine whose presence vary considerably during a

series of analyses. To minimize this effect when quantitative

analysis was desired below the 5 pmol level, all reaction vessels

(1 mL polypropylene centrifuge tubes) and pipet tips were acid

washed before use. Furthermore, plastic surgical gloves had to

be worn to prevent "fingerprint" contamination.

Three different types of HPLC columns were evaluated for

their use in the separation of the ~-phthaldialdehyde derivatives

of amino acids. The three were Altex Ultrasphere columns, octa

decylsilane (ODS), octadecy1silane/ion-pairing (ODS liP.), and
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cyanopropylsilane (CN). The amino acid derivatives shown in

Figure 1 were resolved on the CN column, but variable peak

heights and retention times were obtained and its use was dis

continued. The ODS and ODS I.P. columns gave identical results.

The Ultrasphere ODS column was used in all chromatographic sepa

rations used in this report. Over 600 analyses have been per

formed on this column without any detectable loss of resolving

power. However, the column is protected with a guard column

since many analyses (see below) require the injection of deriva

tized amino acid mixtures which contain enzymes and partially

digested peptides. The guard column was replaced after every 200

injections as a precaution.

The applicability of the chromatography system for the deter

mination of the amino acid composition of peptides was evaluated.

Three different hydrolysis procedures, HCl hydrolysis, methane

sulfonic acid (MSA) hydrolysis, and total enzymatic hydrolysis

with aminopeptidase M, were used and found to be compatible with

the ~-phthaldialdehyde derivatization technique. The results

obtained for the amino acid analysis of porcine glucagon using

each of these hydrolysis procedures is summarized in Table I.

The elution profile of the enzymatic hydrolysate is given in

Figure 4. The resulting compositions are in good agreement with

the reported amino acid sequence of porcine glucagon (21). It

should be noted that the acid/amide content of glucagon was

readily obtained by the enzymatic hydrolysis procedure. Detec

tion and quantitation of asparagine and glutamine usually re

quire special buffers (lithium citrate) and modified chromato

graphy conditions (22) when analysis j.s performed by classical

ion-exchange methods.

The quantitation of methionine sulfoxide is also a problem

for many amino acid analyzer systems. However, methionine sul

foxide content of peptides is easily determined by the precolumn

derivatization with ~-phthaldialdehyde. This is illustrated in

Figure 5 by the elution profile of a MSA hydrolysate of purified

oxidized Met-enkephalin. The methionine sulfoxide elutes as a
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TABLE I

AMINO ACID COMPOSITION OF PORCINE GLUCAGON

Amino HCl MSA b Enzymatic c From dAcid Hydrolysatea Hydrolysate Hydrolysate Sequence

Asp
e 4.0 3.8 3.2 3

Gluf 3.0 3.1 0.1 0

Asn 1.1 1

Ser 3.8 3.6 3.8 4

His 0.9 0.7 1".1 1

GIn 3.2 3

Gly 1.2 1.1 1.0 1

Thr 2.9 2.5 3.0 3

Arg 2.0 2.1 2.0 2

Ala 1.0 1.2 1.0 1

Tyr 2.0 2.0 1.9 2

Trp 0.3 0.8 0.9 1

Met 0.9 0.9 1.1 1

Val 1.0 1.0 1.0 1

Phe 2.0 2.0 1.9 2

He 0.0 0.0 0.0 0

Leu 2.0 2.1 2.0 2

Lys 1.3 1.0 0.9 1

a300 pmol of peptide were hydrolyzed by HCl. Results are the aver
age of three analyses.

bl nmol of peptide was hydrolyzed with methanesulfonic acid (MSA).
Results are the average of two analyses.

c500 pmol of peptide were digested with aminopeptidase M. Results
are the average of two analyses.

dThe amino acid sequence used is from Bromer et al. (21).

eAsp + Asn for HCl and MSA hydrolysates.

f Glu + GIn for HCl and MSA hydrolysates.
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Figure 4. Elution profile of a total enzymatic hydrolysate of
glucagon. Digestion was accomplished by incubating 500 pmoles of
the peptide with 1 ~g of aminopeptidase M. A 5 ~L aliquot repre
senting 10% of the hydrolysate was derivatized and 30% of the
resulting derivatization mixture applied to the HPLC column. Con
ditions: Solvents A and B, same as in Figure 1; gradient program,
linear step to 25% B in 4 min, isocratic step at 25% B of 5 min
duration, linear step to 80% B in 9 min, linear step to 100% B in
2 min; flow rate of 2.0 mL/min; Schoeffel FS950 fluorescence HPLC
detector. Internal standard (1.5.) was 4-aminobutyric acid. The
single letter code, H, was used for histidine.

characteristic doublet. However, in the elution profile shown in

Figure 1, it elutes as a singlet. The discrepancy appears to re

sult from the two diastereomeric forms of methionine sulfoxide.

The amino acid standards in Figure 1 were obtained from Pierce

and presumably contained only one of the diastereomeric forms of

methionine sulfoxide. This was further investigated by testing

a methionine sulfoxide standard from Sigma tha- contained a mix

ture of the two diastereomers. Analysis of this standard yielded

the characteristic doublet. Figure 5 also indicates that some of

the methionine sulfoxide was reduced to methionine during the

hydrolysis procedure.
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In addition to the use of this chromatography system for

amino acid analysis, its applicability in obtaining sequence data

was also evaluated. The methods developed include digestion of

peptides with carboxypeptidase B (CPB) plus aminopeptidase M

(APM) and carboxypeptidase Y (CPY) time course hydrolysis. The

use of CPB digestion is illustrated in Figure 6. In this example,

two tryptic peptides were obtained from enkephalin precursor

molecules that gave identical compositions, GlY2,Met,Tyr,Phe,Arg

(23). However, their elution positions were different as deter

mined by their chromatography on reverse phase columns. In order
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Figure 5. Elution profile of an acid hydrolysate of oxidized Met
enkephalin (Tyr-Gly-Gly-Phe-MSO). The peptide (1 nmole) was hydro
lyzed in 50 ~L of 4N methanesulfonic acid and then diluted to a
volume of 100 ~L with 4N NaOH. A 5 ~L aliquot of the hydrolysate
was derivatized and 20% of the resulting derivatization mixture
applied to the HPLC column. Conditions: Solvents A and B, same
as in Figure 1, gradient program, linear step to 25% B in 7.5
min, isocratic step at 25% B of 9 min duration, linear step to
100% B in 23 min; flow rate of 1.0 mL/min; Schoeffel FS970 flu
orescence HPLC detector. Methionine sulfoxide (MSO) elutes as a
doublet due to the resolution of its two diastereomeric forms.
Composition was calculated to be MSO, 0.9 residues; Gly, 1.9 resi
dues; Tyr, 1.1 residues; Met, 0.2 residues; Phe, 0.9 residues.
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Figure 6. Elution profiles of carboxypeptidase B (CPB) digests
of two Met-enkephalin-containing peptides. A, Digest blank: 25 ng
CPB in 25 ~L of digestion buffer, 5 ~L aliquot derivatized and
applied to HPLC column. B, Digest of Arg-Tyr-Gly-Gly-Phe-Met,
125 pmoles of peptide in 25 ~L of digestion buffer containing 25
ng CPB, 5 ~L aliquot derivatized and analyzed. C, Digest of Tyr
Gly-Gly-Phe-Met-Arg, 150 pmoles of peptide in 25 ~L of digestion
buffer containing 25 ng CPB, 5 ~L aliquot derivatized and analyzed.
The digestion buffer contained 4-aminobutyric acid (5 pmol/~L) as
an internal standard (1.5.). Peak "a" is contributed by the deri
vatizing reagent. Conditions: identical to those in Figure 3.

to determine the structural difference in tne two peptides, each

was digested with CPB. For one of the peptides, no detectable

amino acids were released (Figure 6B) after comparison to the

analysis of the enzyme blank (Figure 6A), but CPB did release one

residue of arginine from the other tryptic peptide indicating that

this was the carboxyl-terminal residue. These results were later

confirmed by sequence analysis which determined the amino acid

sequence of each tryptic peptide (23) (see Figure 6).

Amino-terminal sequencing with APM is illustrated in

Figure 7. In this example, Met-enkephalin was digested with APM

and timed aliquots removed for analysis. From Figure 7, it can

be seen what tyrosine is the first amino acid to be released
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followed by glycine. Methionine and phenylalanine are released

simultaneously. Thus, the release data are consistent with the

known amino acid sequence of Met-enkephalin, Tyr-Gly-Gly-Phe-Met.

Carboxyl-terminal sequencing with CPY is illustrated in

Figure 8. In this example, Met-enkephalin-Arg6-Phe7 was digested

with the enzyme and the released amino acids identified and quan

titated. The data obtained from the HPLC analyses are presented

in Figure 9 in the form of a time course release plot and estab

lished the carboxyl-terminal sequence of the peptide as -Gly-Phe

Met-Arg-Phe.

This chromatography system has other applications. For exam

ple, free amino acids released during tryptic digestion of pep

tides and proteins are readily identified and quantitated. In
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Figure 7. Elution profiles of aminopeptidase M (APM) time course
hydrolysis of Met-enkephalin (Tyr-Gly-Gly-Phe-Met). Peptide (1
nmole) was dissolved in 50 ~L of digestion buffer containing 50 ng
APM and 20 pmol/~L 4-aminobutyric acid as internal standard (I.S.).
Timed 5 ~L aliquots were derivatized and 10% of the resulting deri
vatization mixtures applied to the HPLC column. A, 4-min aliquot;
B, 30-min aliquot; C, l80-min aliquot. Conditions: identical to
those in Figure 3.
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Figure 8. Elution profiles of carbo~peptidaseY (CBY) time course
hydrolysis of Met-enkephalin-Arg6-Phe (Tyr-Gly-Gly-Phe-Met-Arg
Phe). Peptide (360 pmol) was dissolved in 60 ~L of digestion buffer
containing 500 ng CPY and 2 pmol/~L 4-aminobutyric acid as inter
nal standard (1.5.). Timed 5 ~L aliquots were derivatized and
analyzed. A, 2-min aliquot; B, 8-min aliquot; C, 60-min aliquot;
D, 600-min aliquot. Peak "a" is contributed by the derivatizing
reagent. MSO represents methionine sulfoxide. Conditions: iden
tical to those in Figure 1 •

.addition, the homoserine content of cyanogen bromide fragments is

readily determined by amino acid analysis using this precolumn

derivatization procedure. The method also has the potential for

many other applications such as the determination of free amino

acids in biological fluids (13,14). A variety of primary amines

of biological importance could conceivably be identified and

quantitated by this method. These include taurine, 4-amino

butyric acid, ornithine, citrulline, histamine, serotonin, and

epinephrine as well as others. Several reports have already

appeared describing procedures for the analysis of some of these

components (13-15,24,25).
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Figure 9. Time course release plot for the carboxypeptidase Y
digestion of Met-enkephalin-Arg6-Phe 7 . Carboxyl-terminal sequence
established by release data is -Gly-Phe-Met-Arg-Phe-COOH.

CONCLUSIONS

The use of precolumn derivatization of amino acids with 0

phthaldialdehyde and their subsequent separation by reverse phase

HPLC provides an excellent method for the amino acid analysis and

sequence determination of peptides. The derivatization procedure

is rapid, is performed in an aqueous medium, requires few trans

fer steps, and yields strongly fluorescent derivatives. The

separation procedure is highly reproducible and rapid when com

pared to current amino acid analyzers. The cost per analysis is

considerably less in comparison to post-column procedures in

which the derivatizing reagent is added in a continuous manner.

Three major disadvantages to this procedure are the low

response of cysteine, lysine, and hydroxylysine, the lack of re-
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action with the secondary amino acids, proline and hydroxyproline,

and the decay in fluorescence of the derivatized amino acids.

The response of lysine and hydroxylysine was improved by the

addition of sodium dodecyl sulfate to the derivatizing reagent.

Cysteine can be readily detected as cysteic acid or carboxymethyl

cysteine following performic acid oxidation or carboxymethylation

(26). The problem of the detection of proline and hydroxyproline

requires further investigation. The effect of fluorescence de

cay can be minimized by strict attention to the reaction time be

fore injection.
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ABSTRACT

Tryptic glycopeptides from influenza A/WSN (HoN1 ) and mink
cell focus (MCF)-inducing (MCF-247) murine leukemia virus were
subjected to high performance liquid chromatography (hplc) for
mapping purposes. Hydrophilic ion-pairing was accomplished using
0.1% phosphoric acid on C18 ~Bondapack and LiChrosorb RP-18 ODS
commercially available columns. The samples were eluted from the
column with acetonitrile with sample recovery in the range of 70
to 80%. The advantages of hplc over the conventional techniques
previously used are detailed.

INTRODUCTION

Recent studies on the importance of glycoproteins for cellu

lar interactions has necessitated the development of analytical

techniques for the molecular characterization of peptides and

glycopeptides available in minute quantities. When high perfor

mance liquid chromatography was introduced as an analytical tool

it was expected that this technique would allow rapid, discrete
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separation of peptides and proteins. Unfortunately early analy

ses of underivatized peptides were not completely successful due

to poor resolution, lack of reproducibility, peak broadening,

long retention times and poor yields. However, the introduction

of small hydrophilic ion pairing agents into the mobile phase

offered a solution to these problems and made it possible to

analyze and purify a wide variety of peptides.

Ion pair partition chromatography has been used effectively

with a variety of compounds (1-5). Hydrophobic ion pairing

agents such as heptane sulfonic acid and tetrabutyl ammonium

phosphate have been used to increase the retention times of

molecules. Hydrophilic ion pairing agents such as phosphoric

acid (1-3), acetic acid (1), formic acid (1), picrates (6),

trialkyl-ammonium phosphate (7), and ammonium acetate (10) have

been used with good success for complex peptide separations. The

use of hydrophilic pairing agents has greatly enhanced the scope

of ion-pair reverse phase liquid chromatography. On reverse

phase supports the hydrophilic modifiers increase polarity,

thereby reducing the retention time of the sample compon

ents (1,11). Considerable flexibility is afforded to the chroma

tographer in that retention times of sample components may be

manipulated allowing the resolution of complex mixtures with

increased yields in the case of pep tides . In addition com

binations of hydrophobic and hydrophilic ion pairing agents may

be used simultaneously to further resolve difficult sample mix

tures.

Over the past few years this laboratory (1,3,10,12,15,21)

and others (2,4,5,11,13,14) have developed techniques utilizing

hplc for the rapid, discrete separation of peptide mixtures that

are available only in minute quantities. Resolution was suffi

cient to use reverse phase hydrophilic ion pairing for peptide

mapping of several biologically active proteins. Concurrent with
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these efforts, this laboratory was carrying out peptide and

glycopeptide mapping studies of viral proteins and glycoproteins

using classical gel permeation and ion exchange techniques.

These studies were time consuming and resolution of complex

tryptic glycopeptide mixtures was often incomplete. We have now

found that tryptic glycopeptides may be chromatographed using

reverse phase ion pair partition chromatography with a hydro

philic pairing agent, phosphoric acid. The usefulness of this

method for the separation of tryptic glycopeptides is demon

strated in this report.

MATERIALS AND ~lliTHODS

Chemicals and Apparatus

All work was carried out on a Waters high performance liquid

chromatographic system that included two M6000 solvent delivery

units, a M660 solvent progranuner and a U6K injector or on a

Laboratory Data Control System including Constametric IIG and III

solvent delivery units and a gradient master. All samples were

monitored by radioactivity with a LKB 1210 Ultrobeta Liquid

Scintillation counter. All solvents were filtered using either a

Millipore FA or HA 401-1 solvent filters. Phosphoric acid was

purchased from Fisher Chemicals and acetonitrile was purchased

from Burdick and Jackson. Water was passed through a Millipore

reverse osmosis Super-Q deionization System using a 0.221-1 filter

to approximately 13 megaohm and passed over activated charcoal

cartridges prior to use on the high pressure system. The

C18 I-IBondapak (Waters Associates) and LiChrosorb RP-18 (E. M.

Laboratories) columns that were used in this procedure were

purchased conunercially. TPCK-trypsin was purchased from Milli

pore Corporation.
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Chromatographic Procedures

KEMP ET AL.

All chromatograms were developed at room temperature. Peptides

and glycopeptides were dissolved in the eluting solvent before

injection and centrifuged in a Beckman Eppendorff centrifuge to

remove any insoluble sample components. The columns were allowed

to equilibrate in the appropriate mobile phase for about 120 mls

prior to chromatography. The A solvent in each study was 0.1%

H3P0 4 , pH 2.85, and the organic solvent was 60% acetonitrile

(CH3CN) in the A buffer.

Sample Preparation

Influenza A/WSN (HoN I ) virions were grown in MDBK cells, labeled

with 3H-glucosamine, and purified as previously described (16).

Virion polypeptides were solublized under reducing conditions and

separated by SDS-polyacrylamide gel electrophoresis on a 10% slab

gel. Following electrophoresis the slab gel was fixed and the

fluorographic procedure of Bonner and Laskey (17) was applied to

each gel. Fluorography on dried gels was carried out with Kodak

XR-2 X-ray film at -70°. Gel segments containing viral glycopro

teins were excised and rehydrated in a solution of 0.1 M ammonium

bicarbonate containing 50 ~g/ml of TPCK-trypsin (Millipore Corp.).

The gel slices were incubated for 24 hr at 37° and the treatment

was repeated at least three times. The enzymatic digests were

pooled and lyophilized. The lyophilized material was rehydrated

in water and three to five drops of concentrated formic acid was

added to each digest to liberate residual ammonium bicarbonate.

The 3H-glucosamine labeled tryptic glycopeptides were then fil

tered through a 0.2~m Millex filter (Millipore Corp.) and relyo

philized. The dried samples were then stored until analyzed.

The envelope precursors of mink cell focus CMCF) - inducing

(MCF-247) murine leukemia virus (MuLV) were kindly provided by

Dr. Nancy Famulari (Sloan-Kettering Cancer Center, New York).
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These glycoproteins were labeled with 3H-mannose in SC-1 or mink

lung cells as previously described (18,19). The glycoproteins

were immunoprecipitated from cell lysates and separated by SDS

polyacrylamide gel electrophoresis on 7.5% slab gels using

methods previously described (18). The slab gel, following

electrophoresis, was treated as decribed above and the tryptic

glycopeptides of SC-1/MCF-247 and mink/MCF-247 Prenv were pre

pared in the same manner described for the influenza viral glyco

proteins.

RESULTS AND DISCUSSION

Influenza A hemagglutinin (HA) glycoproteins are located on

the surface of the virions. HA glycoproteins may be present in

virions as uncleaved HA or as two cleavage products, HAl and HA2 ,

which are linked by disulfide bonds. Previous studies showed

that two major types of oligosaccharides are present in HA:

complex (type I) oligosaccharides containing glucosamine, man

nose, galactose and fucose, as well as high mannose (type II)

oligosaccharides which lack galactose and fucose (16). For the

A/WSN strain, HAl was shown to have both type I and type II

oligosaccharides whereas HA2 possessed only type I oligosaccha

rides (16,20).

Our laboratory is interested in determining the number and

type of glycosylation sites in HA and developing a method to

compare glycoproteins when only small amounts of material can be

obtained. To fulfil these objectives we have analyzed the tryp

tic glycopeptides of A/WSN influenza HA virus after extensive

digestion with TPCK-trypsin, which produces more peptides con

taining a larger number of amino acid residues than pronase

treatment (21,22). The tryptic glycopeptides were fractionated

on DE52 cellulose (Whatman Inc.) followed by further fraction

ation on Bio-gel P-6. These procedures are laborious and ap

plication of this method to characterization of other viral
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glycoproteins is often impossible because of the limited amount

of material that can be obtained. Therefore, to demonstrate the

applicability of reverse phase hplc to characterization of the

glycosylation sites of glycoproteins, 3H-glucosamine labeled HA

was digested with TPCK-trypsin and prepared for chromatography as

described in Materials and Methods. The HA tryptic glycopeptides

were dissolved in 0.1% H3P04 and applied to a C1S IJBondapack

column. The tryptic glycopeptides were eluted from the column by

a gradient containing increasing amounts of acetonitrile from 0

to 36%. Under these conditions a total of about eight glycopep

tide peaks were resolved as previously described (15,21). We

felt resolution would be improved by altering the hplc tech

niques. Previously we had noted that LiChrosorb RP-18 columns

had a longer retention time and it was felt that this property

might aid in the resolution of tryptic glycopeptides with low

hydrophobic properties. HA glycoprotein labeled with 3H-glucos

amine was prepared as described in Materials and Methods. The

3H-glucosamine labeled tryptic glycopeptides from HA were dis

solved in 0.1% H3P04 and applied to a RP-18 column. The glyco

peptides were eluted by a 0 to 40% acetonitrile gradient (Fig.

1A). As can be seen from this profile a major glycopeptide

eluting between fraction 38 and 50 was clearly resolved from the

complex of tryptic glycopeptides that eluted at higher acetoni

trile concentration. This major tryptic glycopeptide appears to

be highly ionic as demonstrated by its selective binding in

different ion pairing agents. When HA tryptic glycopeptides were

dissolved in formic acid and applied to a C1S IJBondapack column

and eluted with 0 to 40% acetonitrile gradient the major glyco

peptide eluted in the void volume of the column.

As mentioned above, HA may exist as two cleavage products,

HAl and HA2' HA2 has a greater electrophoretic mobility than HAl
and it has been shown to possess a single type I glycosylation

site (16). Therefore, we prepared 3H-glucosamine labeled HA2 ,
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Figure 1. Chromatograms of (a) HA tryptic glycopeptides, (b) HA2
tryptic glycopeptides and (c) HAl tryptic glycopeptides.
Chromatographic conditions for (a) and (b): The labeled
tryptic glycopeptides were applied to a RP-18 ODS column in
0.1% H3 P04 , pH 2.85, and were eluted from the column by a
linear gradient increasing in acetonitrile concentration to
40%. The sample was applied at 0% acetonotrile and allowed
to run for 10 minutes before beginning the gradient. The
flow rate was 2.0 ml/min. One minute fractions were collec
ted and the radioactivity was determined by liquid scintil
lation counting. Chromatographic conditions for (c) are the
same except the flow rate was 1.0 ml/min and 20 minutes
after injection the gradient began at 12.5% acetonitrile
concentration to final concentration of 35%.

digested it with TPCK-trypsin, and chromatographed it on an RP-18

column under the same conditions used for the elution of HA

tryptic glycopeptides (Fig. IB). As can be seen from Fig. IB,

the elution profile of the HA2 tryptic glycopeptides is nearly

identical to that of the first part of the HA elution profile.

The major difference is an increased proportion of the material

which elutes at an acetonitrile concentration of ~8%. The minor
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tryptic glycopeptides in this profile may reflect slight charge

differences in the amino acid portion of the tryptic glycopep

tides or altered charge in the oligosaccharide part since complex

type I oligosaccharides are often sulfated (16,23).

As shown in Fig. lA, only tryptic glycopeptides associated

with HA2 were resolved under the gradient conditions used. To

increase the resolution of the HAl tryptic glycopeptides the

gradient conditions were altered. The glycopeptides were dis

solved in phosphoric acid and applied to an RP-18 column, and

eluted by a 12.5 to 35% acetonitrile gradient, 1 ml fractions

were collected. The elution profile of the HAl tryptic glycopep

tides is shown in Fig. 1C. As can be seen from this profile, the

complex of tryptic glycopeptides that were unresolved by the

conditions used for chromatography of HA appear to be resolved

into five or six major tryptic glycopeptide constituents. Taken

together, the results of these analyses suggest that the HA of

the A/WSN influenza virus strain has six or seven glycosylation

sites. These results are similar to an analysis carried out

using ion exchange and open column methods that required weeks of

labor. The analysis of the three glycoproteins can be accom

plished in less than 12 hours with approximately a ten fOJ.d

reduction in starting material. In addition, this method can be

used for preparative separation of the tryptic glycopeptides for

further biochemical and biological analyses.

To demonstrate further the general applicability of this

method to the comparison of minute amounts of viral glycoproteins

the envelope precursor proteins of MCF-247 MuLV were analyzed.

Precursor proteins (Pr75env) grown in two different cells were

labeled with 3H-mannose and prepared as described in Materials

and Methods. Mink/MCF-247 and SC-1/MCF-247 Pr75
env

tryptic

glycopeptides were dissolved in phosphoric acid and chromato

graphed on a Cl8 I-lBondapack column. The tryptic glycopeptides

were eluted by a 0 to 36% acetonitrile gradient. A total of 160
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Figure 2. Chromatograms of (a) Mink/MCF-247 and (b) SC-1/MCF-247
envelope precursor tryptic glycopeptides. Chromatographic
conditions were the same as described for Figure 1a and 1b
except the column was a C18 ~Bondapak.

fractions were collected but all of the tryptic glycopeptides

eluted at an acetonitrile concentration of less than 25% (Frac

tion 75). As can be seen from Fig. 2A (mink/MCF-247) and Fig. 2B

(SC-1/MCF-247) the elution profiles are very similar which allows

us to conclude that the precursors are identical (18). These

analyses were performed on material immunoprecipitated from cell



596 KEMP ET AL.

lysates and separated by polyacrylamide gel electrophoresis.

Such analyses would be nearly impossible using conventional ion

exchange and open column methods due to the small amounts of

material available.

In conclusion, the results described in this procedure for

tryptic glycopeptides are comparable to previous work done by

this laboratory (22) and other (23,24) for tryptic peptide

mapping, and, as with the peptide mapping procedures, offers

distinct advantages over open column conventional chromatographic

techniques.
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ABSTRACT

The application of high performance liquid chromatography
on reversed-phase columns for the tryptic mapping of haemoglobin
variants is reported. The effect of flow rate and gradient
shape on resolution and column efficiencies has been examined
using acetonitrile-water-orthophosphoric acid elution systems.
With these conditions it is possible to recognise sequence
changes for variant haemoglobins including HbC, HbS, HbE, HbJ
Cambridge and HbD Punjab.
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INTRODUCTION

BISHOP ET AL.

Rapid, sensitive, reproducible peptide mapping is now

possible by means of high performance liquid chromatography

(HPLC). A number of papers have demonstrated the use of ion

pair, reversed-phase HPLC to separate complex peptide mixtures

generated by tryptic digestion of protein samples (1-6).

In order to fully assess the potential of HPLC for pep

tide mapping a well characterised protein was required with

both sequence and structure/function data available. Perhaps

the most widely investigated protein to date is haemoglobin,

the structural characterisation of which has revealed a large

number of functional and non-functional variants (7-10).

A number of well chraracterised haemoglobin variants in

which the precise amino acid substitutions had been identified

by classical paper fingerprinting and amino acid analysis tech

niques, were available for study by HPLC. In preliminary

studies with the tryptic digests of a variety of haemoglobin

variants, we demonstrated (11, 12) that HPLC techniques could

be used to distinguish obvious differences between the tryptic

peptide maps of HbA and the variants examined. The profiles

could be obtained using microgram quantities of the digest,

within 30 minutes of the initial injection and with excellent

reproducibility.

A number of publications have subsequently confirmed the

potential of similar techniques for screening and identifying

haemoglobin variants (12-16).

In this paper we present further improvements in this

HPLC approach utilising reversed-phase separations based on the

hydrophilic ion pairing reagent, phosphoric acid. This
chromatographic system was found to be capable of resolving

variants which differ from HbA by a single amino acid substitu

tion in one of the chains. Identification of the separated
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mutant peptides was readily made by amino acid analysis of the

recovered peaks. Excellent reproducibility and resolution have

been obtained using this approach.

In addition, the flexibility of the chromatographic system

allows easy and rapid manipulation of the mobile phase conditions

to maximise resolution in areas of interest in the profile.

EXPERIMENTAL

Apparatus

A Waters Assoc. (Milford, ~fuss., U.S.A.) HPLC system was

used. This consisted of two M6000A solvent delivery units, an

M660 solvent programmer and a U6K universal liquid chromato

graph injector coupled to two M4S0 variable wavelength uv
spectrophotometers (Waters ASSOG) in series and an Omniscribe

two-channel chart recorder (Houston Instruments, Austin, Texas,

U.S.A.). ~Bondapak C18 columns (lO~m, 30 cm x 4 mm I.D.) pur
chased from Waters Assoc. were used for all analyses. Sample

injections were made using a Gastight 1010 Wsyringe (Hamilton).

Solvents were filtered using a Pyrex filter holder

(Millipore, Bedford, Mass., U.S.A.), while peptide samples were

filtered using a Swinney Filter (Millipore). Millipore HA

grade, 0.4S~m filters were used for aqueous solvent and sample

preparation.

Chemicals

Water was glass-distilled. Acetonitrile, supplied by Fisher

Scientific, was further purified by the method of Walter and

Ramaley (17). Orthophosphoric acid was from May and Baker

(Dagenham, Great Britain).

Sample Preparation

All the tryptic digest samples used in the analyses were

prepared by standard methods (9, 10), freeze dried and stored in
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a freezer until required. Samples were made up in 0.1% phos

phoric acid prior to use, at concentrations of 10mg/ml.

Method

The flow rate used was 1.5, 1.7 or 3.0 ml/min. All

chromatography was carried out at room temperature (ca. 220 C).

Sample size varied from 50 - 250 ~l. Detection was at 230nm

or 254nm. The aqueous component of the solvent was degassed

by vacuum aspiration for at least 30 minutes, while the

acetonitrile-water mix was degassed for 0.5 minutes prior to

use. Orthophosphoric acid was added to the mobile phase at a

concentration of 0.1%.

RESULTS AND DISCUSSION

Figure 1 shows three chromatographic profiles developed

under different separation conditions of flow rate and column

length. Each chromatogram is of a tryptic digest of HbA (see

Methods section). A 30 minute linear gradient of 0.1% phos

phoric acid to acetonitrile - 0.1% phosphoric acid (1:1)

eluted all the peptides present in the mixture within 30

minutes. It is obvious that using two columns in series has

markedly improved the resolution of the constituent peptides

(compare Figure lA with 1C). Comparing Figures 1B and 1C

shows that resolution is in general improved at lower flow

rates, although a decrease in flow rate may also require a

corresponding increase in the length of the gradient so that

the same amount of mobile phase is used to develop a critical

separation, i.e., the rate of change of the organic solvent

modifier (%/min/cm- 3) is held effectively constant.

Once an area of difference has been observed between the

normal and mutant haemoglobin peptide map it is then necessary

to maximise resolution in this area in order to facilitate the

analysis and the subsequent identification of the variant pep-



AMINO ACIDS, PROTEINS, AND PROTEINS. XXIII 603

0.1 A

oos

n Jr
B

Dna

E 000c
a
C")

004N

ci
ci

002

(1

C
OOB

000

.J~

2• ~ -C18 columns
1.7 ml /min

1 • ~ - C1l1 column
3.0 ml/min

1.~-C18 column

\7 ml/min

oo~

002

o 2 4 6 8 10 12 14 16 18 20 22 24 26 <:'11 30

TIME (min)

FIGURE 1

The HPLC elution profiles of a tryptic digest of HbA.
Chromatographic conditions: in each case a 30 minute linear
gradient was used with solvent A, 0.1% phosphoric acid, pH 2.2,
and solvent B acetonitrile - 0.1% phosphoric acid, pH 2.2. (A)
two ~Bondapak C18 columns connected in series with a flow rate
of 1.7ml/min, (B) one ~Bondapak C18 column with a flow rate of
3.0m1/min and (C) one ~Bondapak C18 column with a flow rate of
1. 7ml/min.

tide(s). One simple method for doing this, without altering

the mobile phase conditions per se, is to manipulate the gra

dient shape. Figure 2 shows three markedly different elution

profiles obtained for the tryptic digest of HbA using the same
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FIGURE 2

The elution profiles obtained for the tryptic digest pep
tides of HbA developed using three distinct gradient shapes,
numbers 3, 6, and 8 on the M660 solvent programmer. In each
case two ~Bondapak Cl8 columns were connected in series, a flow
rate of 1.7ml/min was used, with the mobile phase compositions
as in Figure 1.
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conditions as in Figure lA but altering the shape of the gra

dient. In this example the linear gradient, sho\vn in the middle

elution profile, gives optimal separation. Similar conclusions

regarding the optimal gradient for acetonitrile - water systems

have also been reached by Schoenmakers et al (18).

For unambiguous identification of peaks obtained within an

HPLC peptide map the peaks must be collected and subjected to

amino acid analysis and, if possible, other chemical procedures

such as mass spectrometry. However preliminary rapid identifica

tions can be made by simultaneous detection of the eluted pep

tides at two or more wavelengths, using variable wavelength UV

spectrophotometry. Figure 3 shows the detection of HbA tryptic

peptides at 230nm and 254nm. Only peptides containing amino

acids with aromatic side chains will be observed at the higher

wavelength. In addition UV detection at 2l0nm can be used to

gain a significant increase in sensitivity (1,2,11,12). The

use of low wavelength detection, however, requires the use of

highly purified aqueous and organic solvents in the mobile phase.

To guard against the presence of artifactual solvent peaks in

the peptide map, blank gradients were always run following any

alteration in chromatographic conditions.

Once suitable chromatographic conditions were established,

the tryptic digests of a series of mutant haemoglobins were

analysed and compared to normal adult HbA. Figure 4 shows one

such comparison, between HbA and HbS. The clear difference

between the chromatograms is sho\vn by the arrows in Figure 4.

A peak with a retention time (Rt ) of 13.6 minutes in the

Haemoglobin A profile is absent in the Haemoglobin S profile

and is replaced by a peak with Rt 14.6 minutes. In order to

establish that the different peak did in fact correspond to the

known structure of the variant peptide, the peak was collected,

freeze-dried, subjected to acid hydrolysis (6M HCl, 24 hours)
and amino acid analysis. HbS has a valine residue substituted
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FIGURE 3

The elution profile of the HbA tryptic digest peptides
using chromatographic conditions as in Figure lA with UV detec
tion at 230 nm and 254 nm. The chromatograms were recorded
simultaneously using two variable wavelength spectrophotometers
connected in series by minimum dead-volume connecting tubing.

for a glutamic acid at position 6 on the S chain of HbA. Such

a substitution would make the octapeptide Val-His-Leu-Thr-Pro

Glu-Glu-Lys, (SA chain, 1-8), in which it occurs more non-polar.

This would increase the interaction between the peptide and the

hydrophobic stationary phase, hence increasing the observed

retention time. Amino acid analyses of the two peaks in ques

tion confirmed that the composition of the Rt 14.6 peak was in

agreement with the known mutant octapeptide of haemoglobin S.

The analysis results obtained were as follows. For the octa-



AMINO ACIDS, PEPTIDES, AND PROTEINS. XXIII

04 Hb A

0.3

0.2

0.1

§ O~=L~~~~---'---'-----L-----L-----L--'--1
o 0.4 Hb 5
M
N

ci
o

0.3

0.2

607

0.1

0. 4

Tima (min)

FIGURE 4

The comparative elution profiles of the tryptic digests of
HbA and HbS, run using the same chromatographic conditions as in
Figure 1A with the exception of the flow rate, which in both
cases was 1.5ml/min. The arrow refers to the replacement (66
Glu + Val) octapeptides.



608 BISHOP ET AL.

peptide from haemoglobin A: ThrO.98(l)GluZ.Ol(Z)Prol.O(l)

Vall.l(l.O)Leul.l(l)Hisl.O(l)Lysl.O(l). For the octapeptide
collected from the haemoglobin S sample: Thrl.OZ(l)Glul.O(l.O)

Prol.OS(l)ValZ.03(Z.O)Leul.lS(1.O )Hisl.08(l.O)Lysl.O(l.O):
In general, it has been our experience that the determination

of the amino acid composition of peptides, recovered from

reversed-phase HPLC under the above elution conditions, is

straightforward. Alternatively, the fractionated peptides can

be subjected to sequence analysis by standard techniques.

This example represents a relatively major change in the

polarity of the variant peptide. However, the identification

of more subtle changes in peptide structure are possible by

similar means, particularly when the potential flexibility of

the chromatographic conditions is taken into account. It is

now possible, when investigating a selected area of difference

within a chromatogram, to manipulate the elution conditions

such as gradient shape, gradient time, pH, type of ion pairing

reagent used or temperature, and thus greatly improve resolution

of overlapping peaks in that area. In order to demonstrate that

these procedures were generally applicable, a range of variant

haemoglobins were analysed and compared to HbA. Figure 5 shows

a selection of these comparisons. The arrow on each profile

indicates the position of a peptide which does not occur in the

HbA analysis. Circled letters indicate peaks missing in

corresponding chromatograms. The amino acid substitutions

occurring in each variant peptide are also indicated.

With the conditions used in this study, excellent repro

ducibility was observed between analyses of the same tryptic

digestion sample run at times differing by up to 6 months. As

a cautionary point, however, care must be exercised in

accurately reproducing these chromatographic conditions between

runs since a change in any of the conditions e.g. pH, can

markedly alter a profile. In general, these precautions present
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FIGlmE 5

The comparative elution profiles of the tryptic digest pro
files of HbA and a range of well characterised variants: HbC
(86 Glu-+Lys), HbS (86 Clu-+Val), HbE (826, Glu-+Lys), HbJ
Cambridge (869 Gly-+Asp) , HbDPunjab (8121 Glu-+Gln). Chromato
graphic conditions were in each case identical to those in
Figure lAo Two variants (HbC and HbE) would be expected to give
an additional tryptic fragment due to the presence of an addi
tional lysine residue. In both cases, the region which occurs
at 13 to 15 minutes in the gradient analysis shows an additional
peak, although the major difference in each chromatogram is
indicated by an arrow.
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no experimental difficulty. We have, however, noted some

changes occurring in the chromatograms of haemoglobin digests

obtained when different tryptic digestion conditions are used.

As it is often difficult to exactly reproduce an enzymatic

hydrolysis of a protein, slight variations in the extent of

digestion can result in altered relative peak heights and

positions. If the tryptic digestion and subsequent chromato

graphic separation are carried out using carefully standardised

procedures, any variation should be limited to small changes in

peak heights and not alter the observed order or number of

peptides.

CONCLUSIONS

This publication has shown that peptide mapping of tryptic

digests of haemoglobin variants is a rapid, sensitive, repro

ducible and extremely flexible technique.

This conclusion combined with other recent publications

(12-16) suggests that reversed-phase HPLC will become an import

ant procedure in the screening for haemoglobin variants. The

technique should be particularly useful for examining variants

exhibiting minor sequence differences, e.g. Gly+Ala, which may

be amenable to separation by reversed-phase HPLC, but not as

readily by other current chromatographic procedures. In addition

the use of the hydrophilic ion pairing reagent, phosphoric acid

combines excellent peak shape with low wavelength UV detection.

This should be particularly useful for the analysis of haemo

globin variants which are only available in microgram amounts.

Similar peptide mapping techniques also have many poten

tial applications for the rapid screening of homology similari

ties of variant proteins, a number of which are presently under

investigation.
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HIGH-SPEED GEL FILTRATION OF POLYPEPTIDES
IN SOME DENATURANTS

T. Imamura, K. Konishi, M. Yokoyama and K. Konishi
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Mibu, Tochigi 321-02, Japan

ABSTRACT

The separation and analysis of proteins and polypeptides by
use of a. silica-based gel packing, G3000SW, for high-speed gel
filtration are investigated. The peaks of bovine serum albumin,
pepsin, trypsinogen, myoglobin and cytochrome c were completely
separated in the presence of 0.2% SDS' and 0.2 M sodium phosphate
buffer (pH 7.0). The elution positions of native proteins, poly
peptides in 8 M urea and po1ypeptide-SDS complexes were influ
enced by the concentration of sodium phosphate in e1uents, though
those of polypeptides in 6 M guanidine hydrochloride were little.
These facts suggest the presence of the electrostatic interac
tions between negatively charged gel surfaces of the packing and
polypeptides. Taking into account of the interactions, it is shown
that the high-speed gel filtration by use of this column is avail
able to the rapid estimation of molecular weight of polypeptides
in both systems of SDS and 6 M guanidine hydrochloride.

INTRODUCTION

In recent year, high-speed liquid chromatography has been

frequently applied for the separation of proteins and polypep

tides. In particular, the appearance of porous glass and silica

has advanced the application of high-speed gel filtration to the

field of protein separation. The packing, G3000SW, for high-speed

gel filtration developed by Toyo Soda Manufacturing Company

(Tokyo) is a particulate silica gel covalently bonded with hydro

philic compounds and its utility for the separation of proteins

has been appreciated by some authors (1-6). In previous paper, we

613
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reported on the separation of polypeptide-SDS complexes by use of

this column packing (2) and Vi showed also that this packing was

applicable to rapid estimation of molecular weight of protein

polypeptides in 6 M guanidine hydrochloride (3).

In this paper, we report on the separation of polypeptides

in denaturants such as SDS, urea and guanidine hydrochloride.

Taking into consideration of the electrostatic interaction be

tween gel surfaces and polypeptides, the molecular weight estima

tion of polypeptides in some denaturants is also discussed.

MATERIALS

Bovine serum albumin, catalase, aldolase, carboxypeptidase

A, chymotrypsinogen A, trypsinogen, a-chymotrypsin, trypsin, S

lactoglobulin, myoglobin, ribonuclease A, trypsin inhibitor (lima

bean), glucagon and bacitracin were obtained from Sigma; ovo

mucoid, cytochrome c, aprotinin and insulin B and A chains (S

carboxymethylated) from Boehlinger Mannheim; ovalbumin from ICN

Pharmaceuticals and pepsin from Nutrition Biochemicals. Guanidine

hydrochloride and urea were purchased as specially prepared re

agents from Nakarai Chemicals (Kyoto) and sodium dodecyl sulfate

(SDS) was from Wako Chemicals (Osaka) as a reagent for biochem

ical research. These reagents were used without further purifi

cation. All other chemicals were of pure grade.

METHODS

Preparation of Cyanogen Bromide Fragments

Some polypeptides and oligopeptides were prepared by cyano

gen bromide (CNBr) treatments of bovine serum albumin, aldolase,

carboxypeptidase A, pepsin, chymotrypsinogen A, a-chymotrypsin,

trypsin, myoglobin, lysozyme and cytochrome c. Each protein dis

solved in 70% formic acid to a concentration of 10 mg/ml was re

acted with 50 molar quantities of CNBr for 20 hours at room tem

perature, then 10 volumes of distilled water was added and the

solution was lyophilized. The values of molecular weight of CNBr

fragments are listed in TABLE.
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TABLE
Cyanogen Bromide Fragments Used in Gel Filtration Experiments

615

CNBr fragment

Serum albumin

Aldolase

Carboxypeptidase A

Pepsin

Chymotrypsinogen A

Trypsinogen
a-Chymotrypsin

Trypsin
Myoglobin

Lysozyme

Cytochrome c

CNBr I
CNBr III
CNBr I
CNBr II
CNBr III
CNBr IV
CNBr I
CNBr II
CNBr III
CNBr I
CNBr II
CNBr I
CNBr II
CNBr III
CNBr I
B chain
CNBr I
CNBr III
CNBr I
CNBr I
CNBr III
CNBr I
CNBr II
CNBr III
CNBr I
CNBr II
CNBr III

Molecular weight

9,860
29,520
17,710

7,370
2,040

11,900
2,660
9,230

22,120
8,630

12,640
19,180

1,060
5,560
9,900

13,920
3,580
5,560
9,100
6,230
2,510
1,270

10,160
2,860
7,030
1,780
2,780

Reference

(7)

(7)

(7)

(7)

(8)

(8)
(8)

(8)
(7)

(7)

(7)

CNBr fragments were prepared as described in METHODS. Each
fragment was numbered in the order of amino acid sequence of the
protein from N-terminal. Only the fragments which observed as
chromatographically distinguishable peaks were listed. The values
of molecular weight of fragments were calculated from amino acid
sequence data of proteins appeared in references.

Preparation of the Sample Solution for High-Speed Gel Filtration

The samples of proteins, polypeptides and CNBr fragments

were dissolved in the buffers described in figure legends at the

concentration of 3 to 5 mg/ml. For the chromatographic experi

ments in denaturants, proteins and polypeptides possessing disul

fide bonds were reduced by 0.3% 2-mercaptoethanol. Since no sig

nificant differnces in chromatographic behaviours between poly-



616 IMAMURA ET AL.

pep tides treated with 0.3% 2-mercaptoethanol and S-carboxymethyl

ated polypeptides were detected in SDS for some dozen species of

proteins, the samples were used without modification of SH groups

in later experiments.

High-Speed Gel Filtration

High-speed gel filtration was carried out using a Model HLC

803 A liquid chromatograph (Toyo Soda) connected to a TSK-GEL

G3000SW column (7.5 x 600 rom) with a pre-column (7.5 x 75 rom).

The samples (20 ~l) were injected in the column which was previ

ously equilibrated with each eluent and eluted at the flow rate

of 0.5 to 1.0 ml/min. Ultraviolet absorption (apparatus: Schoef

fer Spectro Flow Monitor SF770) at 220 or 280 nm was employed for

the detection of elution peaks of the samples. The distribution

coefficients, K
d

, were calculated from the equation of Kd=(Ve-VO)

/(V.-V
O
), where V , Vo and V. were the elution volumes of the

1. e 1.

sample, Blue Dextran 2000 and 2-mercaptoethanol, respectively.

RESULTS

Chromatographic Behaviours of Native Proteins in the Absence of
the Denaturants

The values of distribution coefficients, Kd , for some native

proteins were plotted against logarithm of sodium phosphate con

centrations as shown in Fig. 1. The salt concentration dependence

of Kd values was different between acidic and basic proteins. In

acidic proteins such as serum albumin, ovalbumin, B-lactoglobulin

and insulin A chain, the values of Kd increased with the rise of

the concentration of sodium phosphate. Basic proteins such as

chymotrypsinogen A, lysozyme and cytochrome c were adsorbed with

the resin and symmetries of the elution peaks were lost in low

salt concentration conditions of eluents. The Kd value of myo

globin, a neutral protein, was unaltered except in extensively

low salt concentration. It is obvious that the low concentration

conditions of sodium phosphate below 10 roM are unsuitable for the

size separation of proteins. High concentration conditions of
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FIGURE 1 Relationships between distribution coefficients,
Kd, of native proteins and sodium phosphate concentrations in the
eluents. Protein samples (20 ~l) dissolved in 0.05 M sodium phos
phate buffer (pH 7.0) were charged in the column and eluted under
various concentration conditions of sodium phosphate buffer (pH
7.0). The flow rate was 1.0 ml/min. Proteins are: 1, lysozyme; 2,
insulin A chain; 3, cytochrome c; 4, chymotrypsinogen A; 5, myo
globin; 6, a-lactoglobulin; 7, ovalbumin; 8, serum albumin.

sodium phosphate such as 0.2 M may be required for the elution of

highly basic proteins such as lysozyme and cytochrome c. However,

the concentration conditions above 0.4 M tended to make the elu

tion peaks broadened.

8 M Urea System

Figure 2 shows the relationships betwe.en log molecular

weight and Kd of polypeptides reduced on disulfide bonds in 8 M

urea. The elution condition of 0.2 M sodium phosphate gave a

relatively good linearity. The plots for both highly acidic and

basic polypeptides, however, slightly deviated from the line and

the extent of the deviation was enhanced in lower salt concen-
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FIGURE 2 Plots for log molecular weight versus Kd of poly
peptides in 8 M urea at various concentrations of sodium phos
phate buffer (pH 7.0). Proteins dissolved in 8 M urea and 0.05 M
sodium phosphate buffer (pH 7.0) containing 0.3% 2-mercaptoetha
no1 were charged in the column and eluted at a flow rate of 1.0
m1/min. Proteins are: 1, ovalbumin; 2, pepsin; 3, trypsinogen; 4,
S-lactog10bu1in; 5, lysozyme; 6, ribonuclease; 7, insulin A
chain. The concentrations of sodium phosphate buffer (pH 7.0) in
the e1uents were 0.05 M «(»), 0.20 M (0) and 0.40 M (e).

tration. At higher sodium phosphate concentration such as 0.4 M,

Kd values were larger than those expected on the basis of the

electric properties of polypeptides and the resolution of the

peaks was lost.

SDS System

Semi-logarithmic plots. of molecular weight and Kd of poly

peptides in 0.1% SDS are shown in Fig. 3. The plots of log molec

ular weight versus K
d

of polypeptides were significantly influ

enced by the concentration of sodium phosphate as previously de

scribed (2) and there was the difference in the manner of the in

fluence of salt concentration between polypeptides having the

molecular weight values higher than about 15,000 daltons and
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FIGURE 3 Sodium phosphate concentration dependence of the
plots of log molecular weight versus Kd of polypeptides in SDS.
The samples of proteins and polypeptides dissolved in 2% SDS and
0.05 M sodium phosphate buffer (pH 7.0) containing 0.3% 2-mer
captoethanol and incubated at 60°C for 1 hr were charged in the
column and eluted at a flow rate of 1.0 ml/min. Sodium phosphate
concentrations in the eluents illustrated were 0.025 M (~), 0.05
M (e), 0.10 M (0) and 0.20 M «». The solid arrows represent the
data for the sample of insulin A chain (S-carboxymethylated)
which is probably a highly acidic oligopeptide. Only the points
for insulin A chain were extremely deviated from the curves in
relatively low sodium phosphate concentration.

those lower than about 15,000 daltons, i.e., oligopeptides. De

tailed examination for many speacies of polypeptides showed that

the slopes of the plots did not change with the variation of salt

concentration but only the values of K
d

increased with the rise

of the salt concentration. The increments of K
d

values were prac

tically suppressed at about 0.2 M and higher sodium phosphate

concentration gave broadened peaks.

In oligopeptides, the slopes of the plots were steeper than

those for polypeptides in low salt concentration. Thus the plots
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had an inflection around about 15,000 daltons. The magnitudes of

the slopes for oligopeptides approached those for polypeptides

with the rise of sodium phosphate concentration. For oligopep

tides, the concentration condition of 0.2 M sodium phosphate,

however, gave broadened peaks and linearity of the plots was lost.

In 0.2 M sodium phosphate, a higher SDS concentration than 0.1%

was required for the maintenance of the linearity of the plots.

The concentration condition of 0.2 M sodium phosphate containing

0.2% SDS was selected for the preparation of a calibulation

curve. The plot of log molecular weight versus K
d

of different

fortyfive polypeptides and oligopeptides is shown in Fig. 4. The

plot gave a good linearity, particulary for polypeptides and an

103L-__...J... L-__...J... L-__-L.. L-__-L..__----'''---~

0.2 0.3 0.5 0.6 0.7 0.8

FIGURE 4 Plot of log molecular weight versus Kd of forty
five polypeptides in 0.2% SDS and 0.2 M sodium phosphate buffer
(pH 7.0). The polypeptide samples were incubated and charged in a
similar manner as described in Fig. 3. Filled circles represent
the data for CNBr fragments.



POLYPEPTIDES IN DENATURANTS 621

2515 20

ELUTION VOLUME (m11

10o

0.20

5 6 10

0.15
S
~

0 1 2 3 4 9N
N

~ 0.10
~u
~ 7 8

~
0
~

~ 0.05

FIGURE 5 An elution profile of a mixture of polypeptides
and oligopeptides from a G3000SW column. The elution was carried
out in 0.2% SDS and 0.2 M sodium phosphate buffer (pH 7.0) and at
a flow rate of 0.5 ml/min. Peaks are: 1, blue dextran; 2, serum
albumin; 3, pepsin; 4, trypsinogen; 5, myoglobin; 6, cytochrome
c; 7, aprotinin; 8, insulin B chain; 9, insulin A chain; 10, 2
mercaptoethanol. Aprotinin and insulin B chain were eluted as un
distinguishable peaks under this condition. However, the peaks of
both oligopeptides were completely separated under the condition
of 0.1% SDS and 0.1 M sodium phosphate buffer (pH 7.0).

inflection on the curve appeared around 15,000 daltons was moder

ated.

The examples for the separation of a mixture of polypeptides

and oligopeptides and CNBr cleavage products from rabbit muscle

aldolase under the elution condition of 0.2 M sodium phosphate

(pH 7.0) containing 0.2% SDS are shown in Fig. 5 and 6, respec

tively. The peaks of serum albumin, pepsin, trypsinogen, myoglo

bin, cytochrome c and insulin A chain were completely separated.

Four fragments produced by CNBr treatment of aldolase were ob-
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FIGURE 6 An elution profile of CNBr fragments from rabbit
muscle aldolase in 0.2% SDS and 0.2 M sodium phosphate buffer
(pH 7.0). The CNBr fragment sample was treated and charged in a
similar manner as described in Fig. 3. The flow rate of elution
was 1.0 ml/min. The values of molecular weight of CNBr fragments,
I, II, III and IV are 17,710, 7.370, 2,040 and 11,900, respec
tively.

served as distinguishable peaks and the peak of CNBr III was com

pletely separated from other fragments.

6 M Guanidine Hydrochloride System

Figure 7 shows the relationships between log molecular

weight and Kd of polypepetides and oligopeptides in 6 M guanidine

hydrochloride and 0.05 M sodium phosphate buffer (pH 7.0). A

linearity was kept in the molecular weight range of 2,000 to

70,000 daltons. It was the important characteristic of 6 M guani

dine hydrochloride system that the Kd values of polypeptides were

little influenced by the concentration of sodium phosphate.
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FIGURE 7 Plot of log molecular weight versus Kd of forty
five polypeptides and oligopeptides in 6 M guanidine hydrochlo
ride and 0.05 M sodium phosphate buffer (pH 7.0). Charged samples
were treated with 6 M guanidine hydrochloride and 0.05 M sodium
phosphate buffer (pH 7.0) containing 0.3% 2-mercaptoethanol. The
flow rate was 1.0 ml/min. Filled circles represent the data for
CNBr fragments.

DISCUSSION

The chromatographic behaviours of native proteins in G3000SW

column were influenced by the variation of sodium phosphate con

centration. The Kd values of acidic proteins increased with the

rise of sodium phosphate concentration. The basic proteins were

adsorbed on gel surfaces in low sodium phosphate concentration.

The polypeptides in 8 M urea were also similar in chromatographic

behaviours to native proteins, but the effects of sodium phos

phate concentrations were not so drastic as those to native pro-

teins. The polypeptide-SDS complexes which had highly negative

charges behaved in a similar manner as acidic proteins. The K
d

values of polypeptides in 6 M guanidine hydrochloride, however,

were little affected by the variation of sodium phosphate con-
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centration. It seems that these phenomena are attributable to the

interaction between polypeptides and negatively charged gel sur

faces. That is to say, the electric diffuse double layers on gel

surfaces and polypeptides will be compressed by high salt concen

tration in eluents and acidic polypeptides and polypeptide-SDS

complexes may be consequently capable to penetrate into gel in

terior. The elution positions of basic polypeptides may be re

tarded by attractive interaction between positively charged poly

peptides and gel surfaces. High concentration of electrolytes

such as 6 M guanidine hydrochloride may virtually eliminate the

electrostatic interaction between polypeptides and gel surfaces.

However, high concentration of sodium phosphate above 0.4 M will

not be recommended because it was observed for native proteins,

polypeptides in 8 M urea and polypeptide-SDS complexes that such

a high sodium phosphate concentration resulted in low resolution

owing to the broadening of the peaks.

In order to systematically consider the chromatographic be

haviours of native proteins and polypeptides in some denaturants,

the G3000SW column may be necessary to be calibulated with the

method based on the Kd values and Stokes radii of proteins and

polypeptides. The method proposed by Ackers was used for this

purpose (9-11). The relationships between Stokes radii, Rs ' cal

culated from intrinsic viscosity data and Erf-l(l-K
d

) of some

proteins and polypeptides in various eluents are shown in Fig. 8.

The concentration condition of 0.2 M sodium phosphate (pH 7.0)

which was suitable for the separation of proteins and polypeptides

was selected for the calibulation in spite of the presence or ab

sence of the denaturants except for 6 M guanidine hydrochloride.

The buffer concentration of 0.05 M sodium phosphate was used only

for data in 6 M guanidine hydrochloride, since the elution posi

tions of polypeptides in 6 M guanidine hydrochloride were inde

pendent on the sodium phosphate concentration. The plots for some

native proteins and for polypeptides in 8 M urea and 6 M guani

dine hydrochloride followed a common curve except for native ly

sozyme. The position of native lysozyme was deviated upward from
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FIGURE 8 The relationships between Rs and Erf-l(l-Kd) of
some polypeptides in various eluents. The eluents were: 0.20 M
sodium phosphate «); 6 M guanidine hydrochloride and 0.05 M
sodium phosphate «»; 8 M urea and 0.20 M sodium phosphate (~);

0.2% SDS and 0.20 M sodium phosphate (41). The values of Stokes
radii. Rs • were calculated from the intrinsic viscosity data ac
cording to the equation [n]=2.5L/M(4nRs

3/3). where L was Avo
gadro's constant. M was the molecular weight of polypeptide and
[n] was the intrinsic viscosity (12-14).

the curve. This fact may be due to the attractive interaction of

positively charged lysozyme with gel surfaces. The plots for some

polypeptide-SDS complexes which had highly negative charges sub

stantially followed the common curve. The repulsive interaction

between negatively charged polypeptide-SDS complexes and gel sur

faces may be taken as negligible small in 0.2 M sodium phosphate.

When this column is tried appling for the estimation of mo

lecular weight of polypeptides. it is necessary to be taken into

account of the interaction between polypeptides and gel surfaces.

There may be two ways available for this purpose; one is to make
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the interaction negligible small with high electrolyte concentra

tion such as 6 M guanidine hydrochloride, the other is to bury

the intrinsic charges of the polypeptides by formation of poly

peptide-detergent complexes. It had been shown with Vi that the

former method was available for the rapid estimation of molecular

weight of polypeptides (3). Our results examined for fortyfive

polypeptides and oligopeptides also showed that the relationship

between log molecular weight and K
d

was linear in the range of

about 2,000 to 70,000 daltons. For the latter method, the use of

cationic detergent, cetyltrimethyl ammonium bromide, resulted in

extremely poor resolution of the peaks. Therefore, an anionic de

tergent, SDS was selected. Vnder the condition of 0.2 M sodium

phosphate buffer (pH 7.0) containing 0.2% SDS, the relationship

between log molecular weight and K
d

of polypeptides exhibited a

good linearity in a molecular weight range of 15,000 to 70,000

daltons and the resolution of elution peaks of polypeptide-SDS

complexes was satisfactory (Fig. 5). For oligopeptides less than

about 15,000 daltons, on the other hand, the elution profiles and

positions were affected by SDS concentration and the properties

of oligopeptide-SDS complexes are so far unclear. Therefore, the

application of G3000SW column to the molecular weight estimation

of oligopeptides in SDS system may be accompanied by some dan

gers, though the plots of log molecular weight versus Kd of

oligopeptides showed a rough linearity in the range of 2,000 to

15,000 daltons. For the molecular weight estimation of oligopep

tides less than 15,000 daltons, 6 M guanidine hydrochloride sys

tem may be rather recommended.

REFERENCES

1 Fukano, K., Komiya, K., Sasaki, H. and Hashimoto, T., Evalu
ation of New Supports for High-Pressure Aqueous Gel Perme
ation Chromatography, J. Chromatogr., 166, 47, 1978.

2 Imamura, T., Konishi, K., Yokoyama, M. and Konishi, K., High
Speed Gel Filtration of Polypeptides in Sodium Dodecyl Sul
fate, J. Biochem., 86, 639, 1979.

3 Ui, N., Rapid Estimation of the Molecular Weights of Protein



POLYPEPTIDES IN DENATURANTS 627

Polypeptide Chains Using High-Pressure Liquid Chromatography
in 6 M Guanidine Hydrochloride, Anal. Biochem., 1I, 65, 1979.

4 Rokushika, S., Ohkawa, T. and Hatano, H., High-Speed Aqueous
Gel Permeation Chromatography of Proteins, J. Chromatogr.,
176, 456, 1979.

5 Kato, Y., Komiya, K., Sasaki, H. and Hashimoto, T., High
Speed Gel Filtration of Proteins in Sodium Dodecyl Sulfate
Aqueous Solution on TSK-GEL SW Type, J. Chromatogr., 193, 29,
1980.

6 Kato, Y., Komiya, K., Sasaki, H. and Hashimoto, T., High
Speed Gel Filtration of Proteins in 6 MGuanidine Hydrochlo
ride on TSK-GEL SW Columns, J. Chromatogr., 193, 458, 1980.

7 Fasman, G. D., ed., Handbook of Biochemistry and Molecular
Biology, Proteins, vol. 3, CRC Press, Cleveland, 1976, p.
268.

8 Dayhoff, M. 0., ATLAS of Protein Sequence and Structure, vol.
5, National Biomedical Research Foundation, Washington, 1972,
p. D105.

9 Ackers, G. K., A New Calibulation Procedure for Gel Filtra
tion Columns, J. Biol. Chern., 242, 3237, 1967.

10 Fish, W. W., Reynolds, J. A. and Tanford, C., Gel Chromato
graphy of Proteins in Denaturing Solvents, J. BioI. Chern.,
245, 5166, 1970.

11 Freytag, J. W., Noelken, M. E. and Hudson, B. C., Physical
Properties of Collagen-Sodium Dodecyl Sulfate Complexes,
Biochemistry, 18, 4761, 1979.

12 Fasman, G. D., ed., Handbook of Biochemistry and Molecular
Biology, Proteins, vol. 2, CRC Press, Cleveland, 1976, p.
721.

13 Tanford, C., Advances in Protein Chemistry, vol. 23,
Anfinsen, C. B., Anson, M. L., Edsall, J. T. and Richards, F.
M., eds., Academic Press, New York, 1968, p. 121.

14 Reynolds, J. A. and Tanford, C., The Gross Conformation of
Protein-Sodium Dodecyl Sulfate Complexes, J. BioI. Chern.,
245, 5161, 1970.





JOURNAL OF LIQUID CHROMATOGRAPHY, 4(4), 629-638 (1981)

RAPID PURIFICATION OF THE UNSTABLE ENZYME CARBAMOYL
PHOSPHATE SYNTHASE BY HIGH PRESSURE LIQUID

CHROMATOGRAPHY

John K. Pollak and Mary T. Campbell

Department of Histology & Embryology and Department
of Biochemistry, University of Sydney, Sydney 2006,

Australia.

ABSTRACT

Extracts of soluble proteins obtained from rat liver
mitochondria by freeze-thawing and subsequent diafiltration were
fractionated by HPLC on a I 250 protein column. The column was
eluted either with 0.05 M phosphate buffer pH 6.85 or 0.1 M
acetate buffer pH 7.15. Specific fractions obtained by elution
with either phosphate or acetate buffer showed a 6.l-fold or
5.5-fo1d increase in the specific activity of Carbamoyl phosphate
synthase when compared with that of crude mitochondrial
preparations. The purification and the molecular weight of
carbamoyl phosphate synthase were verified by sodium dodecy1
sulphate-polyacrylamide gel electrophoresis.

Introduction

Carbamoyl phosphate synthase-I (EC 2.7.2.5), which catalyses

the first step in urea synthesis, is located in the matrix of

hepatic mitochondria in ureotelic animals (1-5). The enzyme is

extremely unstable in its unpurified state, apparently because of

its susceptibility to proteolytic degradation (1,4). The rat

liver enzyme has been identified with a single polypeptide chain

which migrates as a single component with a molecular weight of

165,000 during sodium dodecyl sulphate (SDS)-polyacrylamide

electrophoresis, but rapidly degrades, first to a component of

molecular weight 155,000 and subsequently to even lower molecular

629
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weight components during purification by conventional and time

consuming methods (4).

During our investigations of this enzyme it became necessary

to develop a simple, rapid method for its purification. The

method, which is reported in this communication, involves

extraction of soluble matrix proteins by freeze-thawing rat liver

mitochondria in hypotonic buffer, the concentration of these

proteins by diafiltration and fractionation by high pressure

liquid chromatography (HPLC) on an I 250 column.

The combined procedures enable purification of carbamoyl

phosphate synthase to near-homogeneity with high yield within 2

hours of preparing liver mitochondria. The purified enzyme

migrates as a single polypeptide of molecular weight 166,000

during SDS-polyacrylamide gel electrophoresis.

MATERIALS AND METHODS

Preparation of Mitochondria

Mitochondria were isolated from random-bred Wistar rats

weighing between 150 - 200 g essentially as described previously

(6); the only modification involved the last two washes, which

were carried out in a medium containing 250 roM-sucrose, 1 mM-4

(2-hydroxy-ethyl)-piperazine-ethanesulphonic acid (Hepes), 1 mM

EDTA, pH 7.4.

Preparation of Mitochondrial Matrix

Mitochondrial pellets were suspended in 10 roM Hepes buffer

pH 7.4 at a concentration of 20 mg/ml. The suspension was frozen

and thawed 3 times by alternate immersion into liquid N2 and a
o

waterbath at 37 C, centrifuged for 10 min. at 10,000 g and the

supernatant collected and filtered through a Millex-GS 0.22~m

filter unit (Millipore Corporation, Bedforq, Ma. U.S.A.)

The filtrate which contained the soluble proteins of the

mitochondrial matrix was then concentrated 10 times by dia-
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filtration using a stirred Model 12 cell (Amicon Corp. Lexington,

Mass. U.S.A.) containing a PM 30 (Amicon) membrane.

High Pressure Liquid ChromatographY

HPLC was carried out withanALC/GPC 204 Liquid chromatograph

(Waters Associates, Milford, Mass. U.S.A.) using the absorbance

detector with a 280 nm filter.

Up to 200 ~l of concentrated mitochondrial matrix were

injected into anI 250 protein column (Waters Associates) which

had been equilibrated either with 0.05 M phosphate buffer pH 6.85

or 0.1 M acetate buffer pH 7.15. The column was eluted with the

same buffer with which it had been equilibrated. The flow rate

was either 1 ml or 2 m1 per min. The elution buffer and the

column were maintained at 5 - 6°C by a water jacketed cooling

block and the collecting tubes were kept on ice. Fractions were

collected manually by following the absorption pattern at 280 nm.

For enzyme assays the fractions were used without any further

treatment, for SDS-polyacrilamidegelelectrophoresis the relevant

fractions were concentrated by centrifugation in CF 50A Centiflo

ultrafiltration membrane cones (Amicon Corp.)

Carbamoyl Phosphate Synthase I Assay

Enzyme activity was assayed by a modification of the method

described by Clarke (4). Samples varying between 0.05-0.2 ml

incubated in a final volume of 0.4 ml with 50 mM-ammoniunl acetate,

3 mM-ornithine, 10 mM-MgS04 , 6.5 mM-N-acetylg1utamate, 20 mM

glycylglycine, 20 mM-NaHC03 , containing 130,000 d.p.m. [14 C]

NaHC03, 10 mM-mercaptoethanol, 2.5 mM-ATP, 2.5 mM-phosphoenol

pyruvate, 4 units pyruvate kinase and 0.5 units ornithine

transcarbamylase at pH 7.5 for 20 min at 37°C.

The reaction was terminated by the addition of 0.2 m1 30%

trichloracetic acid and 0.5 ml portions were pipetted into scinti

lation vials with 0.1 ml 5 M Hel. The vials were heated for 15

min. with a 150 watt flood-light to remove unreacted bicarbonate.
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After cooling,S ml Aquasol (New England Nuclear Corp., Boston,

Mass. U.S.A.) was added to each scintillation vial. The residual

radioactivity due to the conversion of ornithine to citrulline

was counted in a model 2211 Packard liquid-scintillation spectro

meter for at least 4000 counts and quench corrections were carried

out with a quench curve in which acetone was used as a quenching

agent.

Assay of Protein Concentration

The protein concentration of samples was determined by the

method of Lowry et at. (7) with bovine serum albumin (fraction V;

Sigma) as standard.

SDS-Polyacrylamide Gel Electrophoresis

Electrophoresis was carried out on 3 mm thick slab gels

measuring 7 cm x 7 cm containing a 6% acrylamide mixture as

described by Melnick et at. (8) and in a buffer consisting of

0.04 M Tris, 0.02 M sodium acetate, 0.1% SDS, 0.002 M EDTA at

pH 7.4. Samples contained between 20 - 80~g protein. At the

completion of the run the gels were fixed for 1 hour in a solution

containing 57 g trichloracetic acid, 17 g sulphosalicylic acid,

150 ml methanol and 350 ml distilled water and stained with

Coomassie blue (8). Destaining was effected in a mixture of

Methanol 30: water 6~: acetic acid 7. Prior to photographing the

gels were swollen in 7% acetic acid. After drying ina GSD-4

Gel slab dryer (Pharmacia, Sweden) the gels were scanned.

For molecular weight determinations the rate of migration of

the purified carbamoyl phosphate synthase was compared with that

of several standard proteins (myosin, 220,000; heavy meromyosin,

175,000; bovine serum albumin, 68,000).

RESULTS AND DISCUSSION

The HPLC elution profile of the concentrated matrix proteins

is shown in Fig. lA and lB using phosphate and acetate buffers,
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FIGURE 1

HPLC elution profiles. A. eluted with 0.05 M phosphate buffer,
pH 6.85. B. eluted with 0.1 M acetate buffer, pH 7.15.
Conditions as described in Materials and Methods.

respectively. Only four major peaks were observed as most proteins

below a molecular weight of 30,000 had already been removed by

diafi1tration. Seven fractions were collected in each buffer

system and the results are summarised in Table 1. Because of

slightly different fraction sizes the enzyme activity was collect

ed in differently numbered fractions in each run. The purifica

tion was similar in both buffer systems, except that phosphate

clearly inhibited enzyme activity as shown in Table 1.
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Elution profiles of carbamoyl phosphate synthase in the absence
(A) and presence (B) of aldolase. Eluant was 0.05 M phosphate
buffer, pH 6.85.

The specific activity of 2.58 units/mg protein for Fraction II

(acetate buffer) compared favourably with previously published

values of 1.3 units/mg protein for purified rat liver enzyme (4)

and 2.44 units/mg protein for crystalline frog liver enzyme (5).

From the results presented in Table 1 it may be calculated that

on elution with phosphate buffer 74% of the protein and 91% of

the carbamoyl phosphate synthase activity were recovered. The

corresponding values for the elution with acetate buffer are 78%

and 66%.

The fraction with the maximum specific activity rechromato

graphed with purified aldolase (M.W. 150,000) (Fig. 2). The

purification factor of 6.1 and 5.5 from whole mitochondria and

4.8 and 4.2 from mitochondrial matrix suggests that the protein

has been purified to near-homogeneity, since carbamoyl phosphate

synthase comprises 14 - 18% of total mitochondrial protein and

25% of the matrix proteins (4). This is confirmed in Fig. 3,

which compares the protein bands obtained by SDS-po1yacry1amide

gel electrophoresis of whole mitochondria, matrix proteins,

Fraction II (acetate buffer) and Fraction III (phosphate buffer).



636

• •

POLLAK AND CAMPBELL

FIGURE 3

Electrophoresis of mitochondrial polypeptides. From left to
right. Whole mitochondria, mitochondria matrix, Fraction III
after elution with phosphate buffer, Fraction II after elution
with acetate buffer.

In Fraction II (acetate buffer) more than 88% of the Coomassie

Blue stain is associated with one slow-moving band, as measured

by an integrating scanner. This is an underestimate, as it has

been shown that Coomassie blue stain intensity increases linearly

only to a maximum of 10 ~g protein per band (9). This amount was

exceeded in order to detect any contaminating proteins.

When compared to suitable marker polypeptides of known

molecular weight this slow-moving band had a molecular weight of

166,000, which agrees well with the reported value of 165,000
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also obtained by SDS-polyacrylamide gel electrophoresis (4). It

is noteworthy that the undenatured enzyme showed a similar

molecular weight during HPLC elution to the SDS-treated enzyme

(Fig. 2), in view of suggestions that carbamoyl phosphate

synthase may exist as a dimer in vivo (2, 10).

The results presented in this communication therefore

indicate that the use of an I 250 protein column with HPLC is a

suitable technique for the rapid purification of unstable proteins.

Such a single step fractionation procedure is particularly

appropriate when the protein under investigation comprises a large

proportion of the crude protein extract, as in the case of

carbamoyl phosphate synthase. However, other work currently being

carried out in this laboratory (M.T. Campbell, J.K.Pollak,

R. Sutton; unpublished observations) indicates that this

purification technique is also applicable to the cytoplasmic

precursor of carbamoyl phosphate synthase, which is reported to

be 6000 daltons larger than the mature protein (10, 11) and

ammount to less than 2% of cytoplasmic proteins. This

precursor protein is also highly unstable (J.K.Pollak, unpublish

ed observation). Because of the speed and convenience HPLC

should be regarded as a powerful tool for protein isolation,

separation and purification, especially when used in conjunction

with diafiltration.
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ABSTRACT

The separation of bovine skim milk proteins by gel-permeation high
performance liquid chromatography was examined. Toya-Soda TSK-GEL (Type
SW) columns were used with an eluent of .05 Mphosphate buffer (pH 6.80)
containing .1 Msodium sulfate at .5 ml/min. Bovine whole milk was
centrifuged to remove lipids, and the resultant skim milk directly
injected. A 2000SW column yielded three protein peaks: 1 = casein, IgG
and BSA; 2 = S-lactoglobulins and BSA; and 3 = a-lactalbumin and BSA. A
3000SW plus 2000SW column system with a 30 ~l injection volume yielded
four protein peaks: 1 = minor amounts of a - and S-casein; 2 = casein,
BSA and IgG; 3 = S-lactoglobulins; and 4 = a1lactalbumin. A 3000SW plus
2000SW column system with a 10 ~l injection volume yielded five protein
peaks: 1 = casein; 2 = IgG; 3 = BSA; 4 = S-lactoglobulins; and 5 = a
lactalbumin. Both the single column and dual column applications yielded
three nonprotein peaks, which were dialyzed from solution. Thus, a high
speed analytical separation of milk proteins was achieved according to
molecular size, but this application is highly dependent on sample size.

INTRODUCTION

Gel-permeation chromatography (GPC) on Sephadex is used to separate

proteins according to their molecular size. Sephadex is not mechanically

Send Correspondence to: Dr. H. J. Segall
Department of Physiological Sciences
School of Veterinary Medicine
University of California
Davis, California 95616

INew address: Division of Drug Metabolism, A. H. Robins Company
Richmond, Virginia, 23220.
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stable under pressure resulting in relatively low flow rates and lengthy

analysis time.

A number of GPC column packings have recently been developed that

exhibit good resolution and can be operated under moderate pressure (1-4).

Data on the applicability of these GPC columns for biological analysis is

rapidly expanding, but many applications require proteins to be denatured with

50S to achieve good separation (5,6). New GPC column packings such as TSK-GEL

(Type PW), consisting of microspheres of a hydrophilic polymer, have recently

offered improved resolution (7-9).

This study was undertaken to establish a rapid method to separate and

isolate milk proteins. Environmental toxicants such as pyrrolizidine alkaloids

or aflatoxins are known contaminants in milk (10-12). These toxicants and

their metabolites may be covalently bound to milk proteins, yet no direct

high-speed analytical method has been developed to rapidly separate and

isolate milk proteins. The application of high performance liquid chromato

graphy (HPLC) utilizing Toya-Soda TSK-GEL columns for the separation of bovine

skim milk proteins is discussed.

EXPERIMENTAL

Sample Preparation

Bovine whole milk samples were obtained from the bulk tank at the

University dairy facilities. Milk was centrifuged twice at 200 x g for 10 min

and 10,000 x g for 20 min to remove lipids. Total protein concentration was

determined in an aliquot of the skim milk (13). The concentration of protein

in the skim milk samples ranged from 2.7 to 3.5%. Whey was obtained by acid

precipitating casein from skim milk (14).

Chromatography

The chromatography system consisted of a Waters Associates 6000A pump and

U6K injector, Schoeffel 770 variable-wavelength UV detector (280 nm), and

Varian A-25 recorder. The following 7.5 x 300 mm columns were used: TSK-125
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(Toya-Soda 2000SW, 10 ~m particle size, 25 nm pore size, Bio-Rad, Richmond,

CAl and MicroPak TSK 3000SW (10 ~m particle size, 150 nm pore size, Varian,

Sunnyvale, CAl. Protein exclusion limits are approximately 100,000 daltons

for the TSK-125 column and >350,000 daltons for the TSK 3000SW column (15).

The eluent was 0.05 Mphosphate buffer (pH 6.80) containing 0.1 Msodium

sulfate. The flow rate was 0.5 ml/min with a backpressure of 100 psi per

column. Ten or 30 ~l aliquots of the skim milk were injected, and individual

peaks collected. The peaks from individual runs were pooled. dialyzed against

deionized water (1000 dalton cut-off membrane, Spectraphor, Los Angeles, CAl,

then lyophilized.

Electrophoresis

The proteins in each peak were characterized against milk protein standards

by discontinuous polyacrylamide gel electrophoresis (16). The gel concentrations

in the stacking and running gels were 3.5 and 7.5% with 7 Murea, or 5 and 9%

without urea. The gels were stained with 0.05% Coomassie Blue in glacial

acetic acid:methanol :water (10:25:65), and destained in glacial acetic

acid:methanol :water (10:25:65).

Protein Standards

Protein standards, a-lactalbumin, cytochrome-C, pepsin, 8-lactoglobulins

A and B, ovalbumin, bovine serum albumin (BSA), and immunoglobulin G (IgG)

were purchased from Sigma Chemical Company (St. Louis, MO.).

RESULTS AND DISCUSSION

Figure 1 shows the elution curves of various commercial milk protein

standards on the 2000SW column. IgG (161,000 daltons), BSA (69,000 daltons),

8-lactoglobulins A and B (dimers, 36,000 daltons), a-lactalbumin (14,150

daltons) elute according to their molecular size, and exhibited retention

times of 12.1, 12.6, 14.6, 14.9 and 16.1 min. The void volume (Va) was 5.7 ml

using blue dextran (average MW ~ 2 X 106
) as a marker. The total column

volume (Vt ) was 10.5 ml using phenylalanine (MW ~ 165.2) as a marker. The
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Figure 1. Elution curves of commercial milk proteins and blue dextran.

Column 7.5 mm x 300 mm Toya-Soda 2000SW; Schoeffel model 770

variable wavelength uv detector (280 nm); eluent, .05 MP0 4

buffer (pH 6.80) containing .1 MNa2S04; flow rate of .5 ml/min.

Peaks and retention times: = blue dextran (11.4 min); 2 =
BSA (12.6 min); 3 = IgG (12.1 min); 4 = S-lactoglobulin A (14.6

min); 5 = S-lactoglobulin B (14.9 min); and 6 = a-lactalbumin

(16.1 min).



BOVINE SKIM MILK PROTEINS

5

2

3

6

4

I I I Iii

o 5 10 15 20 25
TIME(min)
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elution volumes (Vel of BSA and IgG were similar, though their molecular

weights are markedly different. Jones et al. (17), using a 10 nm pore C8
reversed-phase support, found that BSA did not chromatograph as efficiently

as ribonuclease (13,700 daltons), which was attributed to BSA having a lower

diffusion rate and equilibrating more slowly with the stationary phase.

However, this argument may not be valid with an aqueous gel-permeation system.

Figure 2 illustrates the elution curve of skim milk obtained with the

2000SW column. A total of six peaks were obtained, and the percent distributions

of protein in each peak were 70.7, 18.0, 7.0, 0.7, 3.2 and 0.3%. The total

recovery of protein was 91.0%. The Vt was 12.5 ml as compared to 10.5 ml for
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phenylalanine. Thus, some milk component(s) had absorbed onto the column.

Others have found similar absorption problems with low molecular weight

compounds on the Toya-Soda (Type SW) and Waters 1-125 gel-permeation columns

(17). The proteins in each peak were characterized electrophoretically

against milk protein standards in the presence or absence of 7 Murea in the

gels. Peak 1 contained the casein proteins, IgG, and BSA; peak 2 contained

S-lactoglobulins; peak 3 contained a-lactalbumin; peaks 2 and 3 were contami

nated with BSA; and peak 3 was contaminated with S-lactoglobubin. No protein

bands were obtained with peaks 4-6, and these samples were not further analyzed.

Although the molecular weights of individual casein proteins are on the order

of 20,000 daltons (18), they eluted with the Vo. The milk caseins are in a

micellar form, which is spherical in shape and may be on the order of 40-300

nm in diameter with particle weights of 106 to 3 X 10 9 daltons (14). Therefore,

the casein micelle is probably remaining intact during the chromatographic

run. In agreement, Hill and Hansen (19) and Morr et al. (20) separated skim

milk proteins on Sephadex G-100, and casein proteins eluted exclusively in the

first fraction.

Figure 3 shows the elution curve of whey with the 2000SW column. The

elution profile of whey is directly comparable to that of skim milk, except

peak 1 is a minor component and peaks 2 and 3 are the major components of the

elution profile; providing further evidence that the casein micelle elutes

with the Vo. Peaks 4-6 could be dialyzed (1000 dalton cut-off membrane) out

of solution.

Since casein, IgG and BSA eluted in the Vo ' a dual column system (3000SW

plus 2000SW), was used to increase the exclusion limit. Figure 4 shows the

comparison between Ve and protein molecular weight with the 3000SW and 2000SW

columns. Addition of the 3000SW effectively increased the molecular weight

exclusion limit and resolution over the 2000SW column alone. Also, molecular

weight of proteins could be effectively estimated with these gel-permeation

columns.
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as in Figure 1.
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Figure 5. Elution curve of skim milk. Conditions as in Figure 4, 30 ~l

injected.

Figure 5 shows the elution profile of skim milk (30 ~l injected) on the

3000SW plus 2000SW columns. A total of seven peaks were obtained, and the

percent distributions of protein in each peak were 21.3, 32.8, 22.8, 15.4,

2.5, 4.7 and 0.5%. The total recovery of protein was 86.0%. Peak 1 contained

a minor amount of a
SI

-and S-casein; peak 2 contained the remainder of caseins,

BSA and IgG; peak 3 contained S-lactoglobulins with contamination from asl-and

S-casein; peak 4 contained only a-lactalbumin. The presence of a -and S-casein
Sl

in peak 3 suggests that the casein micelle is not remaining intact during the

chromatographic run. No proteins were present in peaks 5-7. The 3000SW plus

2000SW column system with a 30 ~l injection volume did not enhance milk protein

separation, since BSA and IgG eluted with casein (peak 2).

When 10 ~l of skim milk was injected onto the 3000SW plus 2000SW columns,

eight peaks were obtained as shown in Figure 6. The percent distributions of

protein in each peak were 26.7, 3.0, 6.7, 27.4, 18.6, 3.3, 14.3 and 0%.
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as in Figure 4, 30 ~l injected.
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However, total recovery of protein was ~ 75%. The low protein recovery may be

a result of assay error, since only .3 mg protein was injected. The proteins

from this chromatogram were characterized by comparing the retention times

with standards: peak 1 = casein, 2 = IgG, 3 = BSA, 4 = S-lactoglobulin, 5

~-lactalbumin, and 6-8 = nonprotein. When casein was precipitated from the

skim milk sample and an aliquot of whey injected, peak 1 was a minor component

of the chromatogram (Figure 7), providing further evidence that the casein

proteins eluted with peak 1 (Figure 6).

The TSK-GEL (Type SW) columns were effective in separating proteins

according to molecular size in a nonpractical (Figure 4) and a practical

application (Figure 6). However, separation of bovine skim milk proteins was

highly dependent on sample size, as a 10 ~l versus a 30 ~l injection volume

resulted in a better separation of casein proteins from whey proteins and IgG

from BSA.
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ABSTRACT

The analysis of rat caseins by high performance liquid
chromatography is described. These procedures have confirmed
the structural similarity of the polypeptide chains of native
and dephosphorylated rat 81- and Sz-caseins as well as to
demonstrate that these two related proteins are structurally un
relatedtotheratC/.1-casein protein. In addition, these HPLC
techniques allow the analysis of the phosphorylation patterns
of these rat caseins following digestion with potato acid
phosphatase (E.C. 3.1.3.2).

INTRODUCTION

The caseins, the major protein components of milk, are a
family of relatively low-molecular weight phosphoproteins which
in milk are found associated together in the form of protein

* Author to whom correspondence should be addressed.
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micelles [1]. Whole rat casein contain three major casein
components [2,3], the most abundant component (designated in
this study as al-casein)has an apparent molecular weight of
43,000 daltons and represents over 50% of the total casein
proteins. Another major fraction, with an apparent molecular
weight of 28,000 daltons as determined by SDS-gel electro
phoresis, can be resolved on DEAE-cellulose into two compon-
ents in approximately equal amounts (designated Sl and Sz).
In a detailed study on these rat caseins, Hobbs and Smith [2]

have proposed that the 28,000 dalton rat caseins are probably
derived from the same polypeptide, differing only in the
number of bound phosphate groups per molecule, and that both
these rat S-caseins are unrelated structurally to the 43,000
dalton rat aI-casein. Recently, we reported methods [4-6]

for probing protein homologies based on enzymatic mapping
analysis, using reversed phase high performance liquid chrom

atography (HPLC). In this paper we wish to describe the
application of these methods to the analysis of rat al-, Sl-
and Sz-caseins which not only confirms the proposed differences
between the al and S proteins but also allows a direct comparison
of the phosphorylated and dephosphorylated rat caseins.

MATERIALS AND METHODS

Rat Whole Casein Isolation and Fractionation.

Milk was collected from female rats of the Wistar strain
between 9 and 14 days post partum following anaesthetisation
with ketamine hydrochloride (50mg/ml, 0.5ml i.p.) and adminis
tration of oxytocin (5 I.U. i.p.). Whole casein was prepared
by centrifugation at 20,OOOg for 1h of the diluted milk (1:2)
in the presence of 75mM CaC1 2, the final pellet was dissolved
in 100mM EDTA, pH 7.6, exhaustively dialysed against de-ionised
water and stored at _20°. The separation of the rat casein
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components on DEAE-cellulose essentially follow procedures
described [7] for bovine casein. In brief, the crude rat whole
casein (100mg) was chromatographed on a DEAE cellulose column

(30 x 1cm) using an initial buffer containing 6M urea, 10mM
Tris-HC1, pH 8.6, 1mM EDTA and 1mM DTE. The casein components
were eluted with a linear gradient of 0 to 220mM NaCl in the
same buffer. Appropriate fractions were pooled, dialysed
against 10mM NH4HC03, lyophilised and analysed by SDS-gel
electrophoresis using a modification of the procedure of
Laerrml i [8].

Casein Dephosphorylations.
The rat caseins were dephosphorylated by a procedure

similar to that of Bingham et al. [9] using potato acid
phosphatase (E.C. 3.1.3.2). The caseins were dissolved in a
buffer containing 50mM imidazole-HC1, pH 7.0, at a concentra
tion of 1-3mg/ml and the potato acid phosphatase (60units/mg)
added at an enzyme/casein ration of 1:1000. The solution
was applied to a Sephadex G25 column in the same buffer and
incubated at 370 for 2.5-3h. The proteins were then eluted
and desalted on a second Sephadex G25 column equilibrated
in lOmM NH4HC03 and lyophilised.

Enzymatic Digestion of Caseins.
The trypsin digestions were carried out in 100mM NH4HC03

pH 8.5, 1mM DTE using an enzyme (lmg/ml in 1mM HC1) to protein
ratio of 1:100. After incubation for 2h at 370 , a further
aliquot of trypsin was added, incubation continued for a
further 2h and the samples analysed immediately by HPLC or
frozen at _200 .

High Performance Liguid Chromatography.

The configuration of the HPLC equipment, sample and solvent

preparation, which were used in this study, are essentially as
described previously [4-6]. Waters ~Bondapak Fatty Acid
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Analysis columns (30 x 0.39cm) were used throughout, at a flow
rate2.0ml/min, with a linear 60min gradient generated from
water-16mM H3P04 to 50% acetonitrile-50% water-16mM H3P04.
Peptides were detected by their absorbance at210nm.

RESULTS AND DISCUSSION

Compared to conventional techniques of peptide separation
and analysis, it is now possible to obtain superior peak
resolution for both hydrophilic and hydrophobic peptides with
modern reversed-phase HPLC approaches. In addition, these
methods offer short elution times and, frequently, excellent
recoveries. In previous papers [4-6,10,11] from this labora
tory, we have exploited these advantages in a variety of
studies on the analysis and isolation of peptides from syn
thetic and natural sources. An additional area, where the
potential of these methods has become increasingly evident,
is their use in the separation of peptide fragments derived
from proteins following enzymatic digestion thus allowing
the comparative profiling of different proteins, either by
way of assessment of the homogeneity or structure, or by the
detection of distinctive sequence homologies of related proteins.
All of these advantageous features were apparent in the HPLC
analysis of the different rat caseins.

Typical elution profiles for the 2h tryptic digests of

the phosphorylated and dephosphorylated rat a1-' 61- and 62 

caseins are shown in Figs. 1-3 respectively. No significant
changes in these elution profiles were observed when the trypsin
digestion was carried out for 4h. Comparison of the elution
profiles of the tryptic peptides of the dephosphorylated forms

of rat 61-casein (Fig. 2a) and 62 -casein (Fig. 3a) clearly
show the close similarity between these two proteins, with
nearly all the corresponding peptides showing coincidental
elution times and similar peak area ratios, the only notable
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Figure 1.

Reversed phase HPLC analysis of the tryptic peptides of rat
dephosphorylated aI-casein (a) and rat phosphorylated al
casein (b) on a ~Bondapak Fatty Acid Analysis column
(30cm x 3.9mm 1.0.) using a linear 60min gradient from water
l6mM orthophosphoric acid to 50% acetonitrile-50% water-l6mM
or~hophosphoric acid at a flow rate of 2.0ml/min; temperature
18 , sample loading (l50~g).

exception being the peptide with t R = 44.0min, which although
present in both samples, was considerably reduced in peak
area in the digest of the rat S2-casein. Comparison of both
these elution profiles with that of the 2h tryptic digest of
the dephosphorylated rat aI-casein (Fig. la) shows that there is
little structural similarity between the al- and S-caseins.

As can also be seen by comparison of the phosphorylated
and dephosphorylated rat caseins, these reversed phase HPLC
procedures can also be used to obtain information on the
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Figure 2.

Reversed phase HPLC analysis of the tryptic peptides of rat
dephosphorylated Sl casein (a) and rat phosphorylated Sl
casein (b). Chromatographic conditions as in Figure 1.

distribution of phosphate groups within the native casein
molecules. For example, comparison of the tryptic peptides
obtained from the dephosphorylated and phosphorylated forms
of rat Sl-casein (Fig. 2a and 2b respectively) reveals
that the enzymatic removal by potato acid phosphatase of
the phosphate groups affects the elution times of only several
characteristic peptides, i.e. the disappearance of the peptides
with t R 22.5 and 48mins present in the elution profile of the
phosphorylated rat Sl-casein and the appearance of a major
peptide peak at t R 24.5 and several minor peaks at t R
15, 18 and 56min. Comparable analyses of rat S2-casein
show similar changes in the elution profiles. It is note-
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Reversed phase HPLC analysis of the tryptic peptides of rat
dephosphorylated S2-casein (a) and rat phosphorylated S2
casein (b). Chromatographic conditions as in Figure 1.

worthy that comparison of the elution profiles of the tryptic

digests of the phosphorylated Sl- and S2-caseins also reveal
a close similarity except for the region which elutes near to
20-24min. Other studies [2] have shown that rat Sl-casein
contains six phosphate groups and rat S2-casein seven phosphate
gnoups per molecule. The essentially identical profiles for the
tryptic maps of these two related caseins would be in accord with
the small changes in polarity resulting from these phosphoryl
ation patterns. Since only a few peptides were affected by
dephosphorylation of the S-caseins the phosphate groups must be
confined to restricted regions of the polypeptide chain, as is
also found in the major bovine caseins [12]. Furthermore, most
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of the peptides which do not contain phosphate groups elute late
in the gradient, indicative of nonpolar peptides. This suggests
that rat caseins contain large hydrophobic domains, a character
istic also shown by other mammalian caseins [12]. The similarity

between the a-caseins contrasts the numerous changes observed in
the elution profile of the tryptic digest of rat al-casein
following dephosphorylation (Fig. 1a,b).

CONCLUSION

In conclusion, methods are reported for the enzymatic
mapping by reversed phase HPLC of rat al- and a2 caseins. These
methods clearly confirm the close structural similarity of the

rat a-caseins and their unrelatedness to rat al-casein.
In addition these techniques permit an analysis of the phos
phorylation patters of these caseins.
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ABSTRACT

The rapid and efficient separation of multigram amounts
of unprotected synthetic peptides on octadecylsilica, packed
in flexible walled polyethylene columns, is described. The
mobile phase used was 0.05% trifluoroacetic acid with methanol
as the organic modifier. An advantage of this eluant system
was that the salt free peptide could be isolated simply by
lyophilisation of the sample after chromatography. The
following peptides were purified with this system: glycylgly-
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cine ethyl ester, glyclyglycylglutamic acid, glycylglycyllysine,
pyroglutamylhistidinylglycine, prolyprolylproline, leucine
enkephalin and methionine-enkephalin, in amounts ranging from
50mg to 5gm.

INTRODUCTION

The use of peptides for research and clinical purposes
has increased dramatically in the past five years, particularly
in the field of neuro-endocrinology where a number of peptide
mediated processes have been elucidated [1,2]. The peptides
used in these studies have either been isolated from biolog
ical sources or prepared by solution or solid phase chemical
synthesis techniques. Purification of peptides from both
synthetic and biological sources has presented significant
problems, as an extremely high degree of purity is required
for biological studies. Recently 'ion-pair' reversed phase
HPLC has been used effectively in the analysis of a variety
of peptides [3-11]. This technique uses an aqueous mobile
phase which contains small amounts of an ionic modifier which
can ion-pair with the analyte and/or modify the organic coating
on the silica particles of the stationary phase. The theor
etical basis of the interactions which occur between the
analyte, mobile phase and stationary phase are now beginning
to be understood more clearly [12-19].

In an early study we described the use of radially
compressed polyethylene cartridges containing octadecylsilane
bonded silica particles in the purification of 10gm amounts of
a model underivatised synthetic peptide [20]. In this case a
homogeneous product was obtained with an elution time of twenty
minutes using an aqueous solvent containing a hydrophilic
ion-pairing reagent [13]. It is the purpose of this report to
extend this study and demonstrate that preparative high perform
ance liquid chromatography with radially compressed columns can
be used to purify the following synthetic peptides - the. pro-
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tected dipeptide glycylglycyl-OEt, the tripeptides glycylglycyl
glutamic acid, glycylglycyllysine, pyroglutamylhistidinylglycine,
and prolylprolylproline and the pentapeptides Leu-enkephalin
and Met-enkephalin with separation times less than 60min.

MATERIALS AND METHODS

Apparatus: A Waters Assoc. (Milford, Mass., U.S.A.) HPLC
system was used for the analytical separations. This
consisted of two M6000A solvent delivery units, an M660
solvent programmer and U6K universal liquid chromatograph
injector, coupled to an M450 variable wavelength UV Spectro
photometer and an Omniscribe two-channel chart recorder
(Houston Instruments, Austin, Texas, U.S.A.). Waters
~Bondapak C18 columns (10~m, 30cm x 4mm, 1.0.) were used for
all analyses. Sample injections were made using a Microliter
802 syri'nge (Hamilton. Reno, Nev., U.S.A.).

The preparative separations were carried out on a Waters
Assoc. Prep LC/System 500 instrument with a built in refractive
index detector connected in series with the UV spectrophotometer
and coupled to an Omniscribe two-channel recorder (Houston
Instruments). A Waters Assoc. Prep PAK-500 C18 cartridge
(75~m mean particle size, 30cm x 5.7cm) was used for the
purification. Before use and after each chromatographic
separation the cartridges were washed with 4 litres of methanol
and the 4 litres of methanol :water (1:1) at a flow rate of
50ml/min to remove any adsorbed contaminants. Sample injections
were made using a Gastight 101W syringe (Hamilton).

For both analytical and preparative work solvents were
filtered using a Pyrex filter holder (Millipore, Bedford, Mass.,
U.S.A.) while peptide samples were filtered using a Swinney
Filter (Millipore). Millipore HA grade, 0.45~m filters were
used at all times for solvent and sample preparation, except
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for filtration of the methanol when a Millipore FH grade filter
was used.
Chemicals: Water was glass-distilled. Methanol was drum-grade
(ICI, Wellington, New Zealand) and distilled before use. Tri
fluoroacetic acid (TFA) (Halocarbon Products, Hackensack, N.J.,
USA) was also distilled before use. Phosphoric acid (AR) was
obtained from May and Baker. Synthetic peptides were prepared
by standard solution techniques which will be described elsewhere.

All amino acids were of the L-configuration except glycine.
Methods: Analytical HPLC was carried out at a flow rate of
1.5ml/min using 0.05% TFA in water, pH 2.3, as mobile phase.
All chromatography was carried out at room temperature (ca.
220 ). Peptides were dissolved in the mobile phase at a
concentration of 5mg/ml and 10-25~1 volumes injected onto the
columns. Similarly, 25~1 aliquots from the preparative HPLC
runs were analysed under identical elution conditions.

For the preparative separations, a flow-rate of 100ml/min
was maintained (back pressure 100psi). The mobile phase was
degassed completely by vacuum aspiration or by a helium gas
purge. The crude sample was loaded in amounts between 50mg
and 109 in 10ml of the eluting solvent. Immediately after
collection each fraction was neutralised to pH 7 with ammonium
hydroxide, concentrated on a rotory evaporator and lyophilised.

RESULTS

Figure 1 shows the analysis and preparative scale
purification of a crude sample of the ethyl ester of glycyl
glycine, a simple dipeptide containing a single amide group
and no side chains. Part A shows the analysis of 50~g of the
peptide on a ~Bondapak C18 column using a mobile phase consis
ting of a 0.05% solution of trifluoroacetic acid (TFA) in
water, with UV detection at 210nm. Figure IB and lC respec
tively show the purification of 50 and 200mg of the dipeptide
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Fi gure 1.

The purification of Gly-GlyOEt. In part A a 50~g sample
of Gly-GlyOEt was analysed on a ~Bondapak-CI8 column with 0.05%
TFA as the mobile phase and a flow rate of 1.5ml/min. In parts
B to D the purification was carried out on a CI8 cartridge in
the Prep 500 Liquid Chromatograph with 0.05% TFA as the mobile
phase and a flow rate of 50ml/min. The loadings were 0.05g
and 0.2g in parts Band C respectively and the solute was
monitored with a RI detector. Part D shows the monitoring
of the effluent from the RI detector used in part C with an
UV detector connected in series.
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on the Prep 500 liquid chromatograph, using a C18 cartridge.
The mobile phase was 0.05% trif1uoroacetic acid in water, and
detection was by means of a differential refractometer. The
flow rate was 5Orn1/min. Figure ID shows the same analysis as
depicted in Figure lC but with detection by means of a UV
detector connected in series after the refractive index
detector. In this separation the first peak(s) were attributed
to salts and derivatives of glycine, while the later eluting
peak (retention time of 4min in part A and 10min in part D)
was the desired product G1y-G1yOEt, recovered in a 93% yield.
The identity of this peak was confirmed by the chromatography

of an authentic sample of the dipeptide.
Figure 2 shows the purification of 5gm of a crude synthetic

sample of the tripeptide pyrog1utamy1histidiny1g1ycine, the
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Figure 2.

The purification of Pyr-His-G1y. Parts A and C show the
analytical elution profile of the crude mixture and the purified
peptide respectively. The analytical system and preparative
system were the same as described in Figure 1. The loading
of crude mixture was 5g, and the elution profile for the
preparative separation is shown in part B.
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proposed anorexigenic peptide [21], with analysis before and
after the purification (parts A and C). The mobile phase in
each case was 0.05% TFA in water. Figure 2A shows the anal
ytical HPLC profile of the crude sample with detection at
210nm. Figure 28 shows the preparative purification of 5gm
of crude product onaC 18 cartridge with UV detection at 230nm
using a flow rate of 100ml/min. Figure 2C shows the analysis
of the collected fraction which corresponded to the required
product, numbered five on the chromatogram, again with
detection at 210nm. Fractions 4 and 6 also contained signif
icant amounts of the required peptide and could readily be
concentrated and rechromatographed, using the recycle facility
to improve their degree of purification. Following this
procedure 2gm of the purified peptide was recovered and shown
to be homogeneous by amino acid analysis of a hydrolysate and
by analytical HPLC (Figure 2C). In addition after three
lyophilisations the sample was found not to have any residual
TFA, an important factor since the peptide was to be used in
animal studies.,

Figure 3 shows the elution profiles of the relatively
polar tripeptide glycylglycylglutamic acid using a 0.05% TFA
in water as the mobile phase. Figure 3A shows the analysis
of crude synthetic product on the ~80ndapak-C18 column with
0.05% TFA as mobile phase. Figure 38 and 3C show the analysis
of the cr~de and purified materials, using the same column
but with 5mM perfluoropropionic acid as the mobile phase. Due
to the polar nature of the peptide, little retention was
obtained on the reversed phase column and therefore the center
of the main peak (see Figure 3D) was recycled to improve
resolution. Subsequent analysis of each fraction by analytical
HPLC (see runs 1 to 7 in Figure 3) showed that the centre of
this peak (fraction 5) was essentially homogeneous.



o

0.06

5

0.18

2 \7
002 1 \"1 \

...--:.- 0:....-

o 16 32 48 64

0.22

§ 014
a
N
ci 0.10
o

2 4 2 4

A B C

1..J~--!~
--...''''-

o 2 4 6

0.0

009

0.03

007

E
c

a
N 005

o
o

11 12 t3 ll. 15 16 17

_\--\.~\~~ JI

028

0.12

0.04

0.36

E
c

If)

N 0.20
q
o

o 2 2 2 2 2 2 2

Retention time (min)

Figure 3.

The purification of Gly-Gly-Glu. Parts A and B show the
analytical elution profile of the c~ude mixture and Part C the
profile for the purified peptide. The analytical procedure was
the same as described in Figure 1 except that the mobile phase
used in Part A was 0.05% TFA and in Parts Band C perfluoro
propionic acid (5mM). The preparative run (loading 4gm) is
shown in Part D and the same conditions as Figure 1 were used.
The centre of the peak was recycled and the elution profile
of the recycled peak is shown at a greater OD sensitivity. The
amount of material in the major fractions was as follows, 2,
1.1gm; 5, 1.28gm; 3 and 4, 0.6gm. The analytical HPLC of the
fractions is shown in the bottom part of the figure using the
conditions as described in Figure 1.
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Figure 4 shows the analysis and purification of HPLC of
the tripeptide glycylglycyllysine using 0.05% TFA in water as
eluant. Figure 4A and 4C show the analysis of the crude sample
and the purified product respectively. The product was
analysed after fraction 3 from the preparative run had been
neutralised, concentrated and lyophilised. Figure 4B shows
the UV trace obtained during the preparative run of 4gm of
the crude sample at a flow rate of 100ml/min. The numbers
on the chromatogram refer to fraction numbers collected. The
profiles numbered 1-4 are analytical HPLC chromatograms
obtained by analysing the fractions as they were collected
during the preparative run. In each case a 25~1 sample was
withdrawn and injected directly onto the analytical HPLC system
in the same solvent.

Figure 5 shows the analysis and purification of the tri
peptide prolylprolylproline. Figure 5A is the analysis of
0.5mg of the crude sample whilst Figure 5B is the preparative
scale separation of 5gm of the crude sample obtained with a
flow rate of 100ml/min. The mobile phase used in this separa
tion was 20% methanol-water, 0.05% TFA. Again the numbers
refer to the collected fractions, while the solvent eluted
between fractions 3 and 4 was diverted to waste. The numbered
chromatograms relate to the collected fractions from the
preparative run, and were achieved by direct injection of
aliquots from the relevant fraction, prior to neutralisation.
Identical conditions were used for the analysis of both crude
and purified fractions. The desired peptide was identified
in the last eluting peak (tR 4min and 22min in the analytical
and preparative runs respectively) by quantitative amino acid
analysis.

Figure 6 shows the analytical and preparative chromatogram
of the pentapeptide tyrosylglycylglycylphenylalanylmethionine,
methionine-enkephalin. In this separation 0.4gm of the crude
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The purification of Gny-Gly-Lys. Parts A and C show the
analytical elution profile of the crude mixture and the
purified peptide respectively, while part B shows the profile
obtained for the preparative run. All chromatographic
conditions were the same as described for Figure 2. The
analysis of the fractions from the preparative run is shown
in the bottom Figure. The loading for the preparative run
was 4gm.

Figure 5.

The purification of (Pro)3. Part A shows the elution
profile of a 0.5mg samples of the crude product on a
~Bondapak-C18 column with a mobile phase of 0.05% TFA/H20-20%
CH30H at a flow rate of 1.5mljmin. Part B shows the corres
ponding preparative run which was carried out on a 5gm sample
and with a mobile phase of 0.05% TFAjH20-25% CH30H and a flow
rate of 100mljmin. The bottom part of the Figure shows the
analysis of fractions from the preparative run.



1.8

1.6

1.4

11.2
0

0.7
1.0

E
c: 0.6

0

0.8
N
N

ci 0.5

0
kJ.6 0.4

0.4 0.3

0.2
0.2

U "-
0.1 1

V "1-2- 3

0 2 4 0 7.5 15 22.5

Timll(min)

1 2 3 4

6

4

2
~

I--- ~ ,'--- -y

0.0

0.08

E
c:
o
N 0.0
N

o
o 0.0

2 4

Timll(min) Timll(min)
2

Timll(min)



as

672

2.0 B

1.5 1.5

E E
c c
a 1.0 52 10M
N

N'

q 0
a a

13~ 0.5

112u" 7 8 9 10
1)2 ~ '-- '"'--' "

o 8 16 24 32 40 48 0 2 4 6 8
0.20 C 0.2l. 0

0.15 0.15

E E
c c

~ 0.1
a
N 0.10

N

q ci
a a

O.Oc

.
a 2 4 0 2 4 6 8

Ti ma ( min)

Figure 6.

BISHOP ET AL.

The purification of methionine-enkephalin (0.4gm). The
chromatographic conditions were as described for Figure 2 except
that 0.05% TFA/H20-25% CH30H was used as the mobile phase.
Part A shows the elution profile for the preparative run, Part
B, C, D are analytical profiles of the crude mixture and the
two major fractions from the preparative run.
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o

sample was loaded in 28ml of the mobile phase, which was 25%
methanol-water, 0.05% TFA. Figure 6A represents a UV trace of
the preparative separation carried out at 100ml/min. The
numbers represent fractions collected. Figure 6B shows the
analytical separation of the crude sample. Figure 6C is the
analysis of 25~1 of fraction 4 and Figure 6D the analysis of
25~1 of fraction 13. The analyses were carried out immediately
after collection and prior to neutralisation. Again the
analysis of the crude and purified fractions were carried
out in the same mobile phase, namely 25% methanol-water.
0.05% TFA. Amino acid analysis of an acid hydrolysate of an
aliquot of each peak identified the desired pentapeptide as
the late eluting peak.

Figures 7A and 7B show the preparative scale purification
of a crude sample of the pentapeptide, tyrosylglycylglycyl-
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Figure 7.

The purification of leucine-enkephalin. The chromatographic
conditions were as described for Figure 2, except that the mobile
phase was 0.01% phosphoric acid/H20-25% CH30H. Parts A and B
show the elution profiles obtained for two duplicate preparative
runs on 2gm of crude mixture.
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The purification of leucine-enkephalin. The chromato
graphic conditions used were as described in Figure 2 except
that the mobile phase was 0.05% TFA/H20-25% CH30H. Part A
shows the preparative run, while parts S, C, D are analytical
runs on the crude mixture and the two major fractions from
the preparative run.
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phenylalanylleucine, leucine-enkephalin, with a mobile phase
consisting of 25% methanol-water, 0.1% phosphoric acid. In
these separations 2gmofthe samnlewas loaded in 10ml of the
mobile phase. Again the numbered fractions were collected
and an ali quot of each ana lysed by HPLC in 20% methanol-water,
0.1% phosphoric acid prior to neutralisation, concentration
and lyophilisation.

Figure 8A shows the preparative separation of Leu
enkephalin using 30% methanol-water, 0.05% TFA as mobile
phase. Igm of the crude sample was loaded in 10ml of the
mobile phase, and the flow rate maintained at 100ml/min.
Figure 8B shows the analysis of a sample of the cnude product
while Figures 8C and 80 show analysis of fractions collected
during the preparative run which corresponds to the major
peaks in Figure 8B. Amino acid analysis studies of the
late eluting peak (retention time of 23min in part A and

5.3min in parts B to D) showed that the desired pentapeptide

was contained in this peak.

DISCUSSION

Recently there has been increasing interest in the use
of preparative high performance liquid chromatography for
the isolation of compounds of biological or synthetic
origin [22). It is now clear that the capacity @f a particular
column can vary considerably for different biological compounds.
At this stage of development, three categories of column
dimensions are used for peptide purification by HPLC: (1)
sample size up to Img, analytical columns, e.g. 25 x 0.4cm
1.0.; (2) sample size between 1-100mg, semipreparative columns,
e.g. 60 x 0.7cm 1.0. stainless steel columns or 10 x 0.8cm 1.0.
radial compression columns, and (3) sample size 100mg-lgm and
upwards, preparative columns, e.g. 30 x 5.7cm 1.0. With current
technology, nearly all columns available either commercially or
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packed in-house would fit in these ranges. The great majority
of analytical columns function most efficiently in the:lmicrogram
to low milligram range. Recently, some manufacturers have intro
duced colums with greater internal diameter and length, packed
with materials essentially identical to those available for
analytical chromatography [23]. Such columns probably have
a maximum capacity of approximately 100-500mg for solutes such
as peptides which contain a number of ionisable groups. Fully
preparative HPLC has effectively extended this range, as is
clearly demonstrated in the present report on the rapid and high
efficiency purification of eight synthetic peptides. The good
resolution obtained with the radially compressed, flexible-
walled cartridges can be seen in preparative separations shown in
Figures 1 to 8, where the elution profile of the preparative run
is similar to that of the analytical run. It should be remembered
that these preparative cartridges are packed with 75~m particles
and the analytical columns with 10~m particles. The improvement
in column efficiency on radial compression of flexible cartridges
has been related to the formation of highlyefficie~tchromat

ographic beds without wall effects [24].

As described in a previous report on the preparative
separation of a model tetrapeptide [21], trifluoroacetic
acid (TFA) was chosen as the hydrophilic ion pairing reagent

on account of its volatility and transparency at the low
wavelengths required to monitor elution of these solutes. The

effectiveness of this volatile ionic modifier can be assessed
in the comparative study shown in Figures 7 and 8 where
leucine-enkephalin is purified with a mobile phase which
consists of 0.1% phosphoric acid and 0.05% TFA respectively.
Clearly the volatile acid allows an equally effective separa
tion as the involatile phosphoric acid. The volatility of
TFA allows the facile isolation of the peptide by lyophil is-
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ation, after the pH of the sample is adjusted to 7 with
ammonium hydroxide. It has been our experience that it is
important to carry out the neutralisation step as soon as
possible after collection since some peptides are unstable
when exposed to the acidic aqueous-organic solvent mixtures
for extended periods of time.

At the higher sample loadings used in preparative
separations, refractive index detection can be used to monitor
the purification of ca. 50mg of a simple peptide (see Figure
1). Also, as is apparent by comparison of parts C and D of
Figure 1, the use of a UV detector linked in series with the
refractometer can identify certain differences in the
chromatogram. In addition UV detection in the preparative
separation can be more readily related to the analytical
system, where UV detection is often the method of choice
due to the relative insensitivity of the refractometer
to peptides.

Figure 7 shows that the preparative separation is
extremely reproducible as in this Figure two identical
loadings of leucine-enkephalin gave exactly the same elution
profile when chromatographed under the same chromatographic
conditions. Similar reproducibility was obtained with mobile
phases containing either trifluoroacetic or phosphoric acid.
In the separations described in this report the loading limit
of the purification was not established, as the amount of
sample available was always less than the expected maximum
capacity of the cartridge. In a previous study however, it
was found that 10gm of a model tetrapeptide could be

chromatographed without loss of separation efficiency [20].

The samples used in this new study were deliberately limited
to crude synthetic products to test the resolving power of the
chromatographic techniques. In each case it was possible to
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demonstrate that the isolated pure peptide was the major
component of the crude mixture. For example, in the purifi
cation of Pyr-His-Gly (Figure 2), 5gm of a crude sample were
loaded with 2gm of pure product being obtained despite the
fact that fraction 5 was a conservative cut. In our earlier
study it was demonstrated that rechromatography of a purified
tetrapeptide gave essentially quantitative recovery [20].

In conclusion, this paper as well as several related
studies [20,26-29] have shown that preparative reversed
phase HPLC, when used in conjunction with radially compressed
columns in the Prep 500 Liquid Chromatograph or with conven
tional HPLC columns, is a promising technique for the large
scale purification of synthetic peptides, under conditions
which allow the facile and rapid isolation of the desired
compound in excellent yield. As a consequence, these reversed
phase HPLC methods should gain wide popularity for the large
scale isolation of peptides from natural and synthetic sources
and compTimentexisting capabilities [30,31] for the
preparative separation of protected peptides by liquid-solid
adsorption HPLC.
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ABSTRACT

A high performance liquid chromatographic (HPLC) method
is described for separation of L-methionine and L- methionine
dipeptides complexed with palladium (II). Under isocratic
conditions, at room temperatures, with the appropriate selec
tion of counter-ion (cetyltrimethylammonium or trioctylmethyl
ammonium), it was possible by ion-pairing reversed phase
chromatography to resolve the palladium (II) complexes studied.
Stainless steel and polythylene columns were used. The chroma
tograms from both the two different materials made columns
indicate about the same ratio of capacity factor of the palla
dium (II) complexes.

INTRODUCTION

Reversed-phase HPLC using the metallic cations Cd(II)
and Zn(II) in mobile phase has allowed a good separation of

amino-acids and dipeptides (I). The same is true for ion-pair

reversed-phase HPLC using anionic and cationic reagents (2, 3).
However, no example of the ion-pair formation method for
metallic complexes of amino-acids and dipeptides has yet been
reported in the literature.

In previous circular dichroism studies (4, 5) of com

plexes between palladium (II) and sulfur of S-S-group contai

ning amino-acids and peptides, we showed that strong interac
tion occurred between the sulfur and the metal and we described

the different kinds of complexes which were formed via these
interactions. The present work is part of an extensive HPLC:CD
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study on complexes between Pd(II) and the thioether group (6)

and describes how chromatographic conditions have been found

in order to achieve good separation of complexes of Pd(II)

with L-methionine, L-methionyl-L-alaniile and L-alanyl-L

methionine in acidic aqueous medium.

MATERIALS AND METHODS

High performance liquid chromatography equipment is com

posed of a M6000 A solvent delivery system (Waters Assoc.,

USA), a U 6K universal liquid chromatograph injector, a SF-770

UV-Vis variable wavelength monitor (Schoeffel, USA) coupled a

chart recorder (~1eci, France). The stainless steel ~ Bondapak

C18 (10 ~m, 30 cm x 4 mm I.D.) column and polyethylene ~ Bon

dapak-C 18 column (C 18 -radial Pak and RCM 100) or radially

compressed system of separation (RCSS) were obtained from

Waters Assoc. Counter-ions used are: cetyltrimethylammoniurn

bromide, formulated by CH3-(CHZ)15-N(CH3)3 Br or CTAB (Eastman

Kodak, USA), trioctylmethylammonium chloride, formulated by

(CH 3-(CH Z)7-)3 NCH 3CI or Adogen 464 (Serva, W. Germany). All

solvents are of analytical grade, pure water obtained from

Milli Q system (Millipore, USA). Solvent systems were filtrated

on Millipore 0.45 ~m and degazed by ultra-sound, 15 min., before

use. L-methionine or (M) (Merck, W. Germany), L-methionyl-L

alanine or (MA) and L-alanyl-L~methionineor (M4) (Schwarz

Mann, USA) were dissplved in water (10 mM). Palladium (II) was

used as sodium tetrachloropalladate Na ZPdCI 4 , 35 % Pd (Prolabo,

France) in aqueous solution (100 ~4). Fresh stoechiometric

complexes were preformed before their injection in the column

10 ~M Pd (II) was added to 1 ml water containing 10 ~M of

ligand, pH was adjusted to Z.O by HCI(N). 10 ~l was injected

at once with precision-syringe (Hamilton, Switzerland). Palla

dium (II) chelates were detected by absorbance at 380 nm,

maximum wavelength of the lowest energy d-d band of the com

plexed metals ; the non-complexed metal has a weak molar

extinction coefficient. The chromatography was performed in

isocratic conditions: ZO°C, 40 % methanol in water in presence

of Z to Z5 w4 of counter-ion. Solvent systems were adjusted to

pH 3 concentrated H3P0 4 before use.
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FIGURE 1

15 20

Ion-pair separation by reversed-phase chromatography of L
methionine (M). L-methionyl-L-alanine (MA) and L-analyl-L
methionine complexed with PdC14-2 or Pd(II). Stainless steel
column ~ Bondapak-C18 ; flow rate 2 ml/min ; t = 20°C;
eluent 40 % methanol in water - 2 mM CTAB ; pH adjusted to 3
by concentrated H3P04. Absorbance unit full scale (A.u.f.s.)
at 380 nm : 0.040. 10 ~l or 0.1 ~M of complexes injected.
Top: complexes analyzed separately, bottom: mixture of 3
complexes.

RESULTS AND DISCUSSION

Optimal separation of the L-methionine-Pd(II), L-methionyl

L-alanine-Pd(II) and L-alanyl-methionine-Pd(II) complexes was

achieved by using a solvent system of 40 % methanol in water

in presence of 2 mM CTAB or Adogen 464 as counter-ion acidified

to pH 3 by H3 P0 4 (Figs. 1 and 2). A shoulder effect was observed

on the M peak (Fig. 1, top), which however occurs only when an

old solution (> 24 hours in open tubes) is used. The effect does
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FIGURE 2

Ion pair separation by reversed phase chromatography of L
methionine (M). L-methionyl-L-alanine (MA) and L-alanyl-L
methionine complexed with PdC14- 2 or Pd(II). Experimental
conditions as in fig. 1 except for the counter-ion used:
Adogen 464.

not exist for freshly performed complexes (Figs. 1 bottom and 2)

which indicates that the tailing is caused by the presence of

L-methionine sulfoxyde in the medium, arising from the ten

dency of L-methionine to be oxidized by air even in the absence

of metallic cations (7).

Acetonitrile as solvent in the mobile phase was not inert

towards PdC1 4 - 2 since a slight precipitate was observed pro

bably corresponding to a complex Pd(CH3CN)2C12 (8). Stainless

steel tubing and column are not altered by several injections
-2of 0.1 ~M of the complexes but by 2 mM PdC1 4 alone in the

mobile phase, as might be expected from the electromotive

series.
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To check the first observation, separation of preformed

complexes were achieved on the C18 -polyethylene column of the

RCSS-Waters system. The chromatograms obtained from the stain

less steel column and the polyethylene column (not shown)

indicate about the same ratio of capacity factor of the com

plexes for the two solvent systems used. Therefore, the metal

(if any) from the stainless steel column does not interfere

with palladium (II) in the complexation process between Pd(II)

and ~I, MA or AM. On the other hand, the anionic reagent,

sodium dodecyl sulfate (SdS) did not yield separation of Pd(II)

chelates. The result clearly indicates that Pd(II) chelates

and SdS adsorbed on the stationary phase do not form ion-pairs

(9), and suggests that in these conditions both palladium (II)

complexes and SdS were charged negatively.

pH effects corroborate the role of the sign of the elec

trical charges on the separation of complexes. In the solvent

system consisting of 40 , methanol in water and 2 mM CTAB at

pH 5.6, under the dynamic conditions of ionization in the

column, palladium (II) chelates should have their carboxylic

groups completely deprotonated and therefore should be retained.

When H3 P04 is added to the mobile phase for a decrease in pH

to 3, the observed retention time of complexes is now compatible

with a good separation (Figs. 1 and 2). This result could be

explained by the partial ionization at pH 3 of the carboxylic

group (X-ray studies on the L-methionine-Pd(II) complex show

that the carboxylic group is free of all interaction) (10), by

the minimal interaction of H2P04 - 2 with the stationary phase

and the hydrophilic mechanism of ion-pairing of H2P0 4 - 2 with

palladium (II) chelates (11).

Chromatographically, we can demonstrate the complexation

effect of palladium (II) with L-methionine, L-methionyl-L

alanine and L-alanyl-methionine. Injection of PdC1 4 - 2 alone in

the (40 , methanol in water, 2 ~~ CTAB, pH 3), solvent system

leads to elution which does not show any absorbance at 380 nm.

PdC1 4 - 2 is completely retained and can be eluted only when

10 ~1 trichloroacetate was used instead of 2 ~I CTAB in the

mobile phase (6). In contrast, successive injections of PdC1 4-
2

alone and then of ligand L-methionine or L-methionyl-L-alanine
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or L-analyl-L-methionine yield a chromatogram similar to the

one of the preformed complex. Ammonium counter-ion e.g. CTAB

with a long alkyl chain is known to be adsorbed on the C18 

stationary phase (11), a dynamic ion-exchange mechanism should

be proposed according to the previous observation

-- (2 CTAB+ - PdCI- 2 )
4 staLphase

Experiments were also carried out with different concen

trations of cationic hydrophobic ion-pairing reagents. A plot

FIGURE 3

Dependence of the capacity factor L-methionine (M), L-methionyl
L-alanine (MA) , L-alanyl-L-methionine (AM) complexed by Pd(II)
on the concentration of CTAB in the mobile phase. Experimental
conditions as in fig. 1.
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FIGURE 4

Dependence of the capacity factor of L-methionine (M), L
methionyl-L-alanine (~~), L-analyl-L-methionine (Nl) complexed
by Pd(II) on the concentration of Adogen 464 in the mobile
phase. Experimental conditions as in fig. 1.

of the capacity factor of palladium (II) chelates versus

increasing concentration of cationic reagents shows an optimum

at 5 mM CTAB and 10 ~~ Adogen 464 (Figs. 3 and 4). The diffe

rence of retention time of complexes at the same concentration

of counter-ion (2 mM) should be explained by the difference of

hydrophobic area between the two counter-ions (C 16 for CTAB

and 3XC B for Adogen 464) but also by the steric hindrance on

the quaternary ammonium. The decrease of the capacity factor

of complexes with increasing concentration of counter-ion

(Fig. 3) could be interpreted, within the ion-pairing mechanism

(2, 3), as being due to the lack of balance of the hydrophobic

interactions :
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(counter-ion)mob.phase - Stat. phase

(counter-ion-complex)mob.phase - Stat. phase

However this cannot be true for the Adogen 464 counter

ion (Fig. 4) owing to the difference of the hydrophobic area
between CTAB and Adogen 464.

We think that this method of dynamic ion-exchange is
useful for rapid and efficient separation of metal chelates
of amino-acids or oligopeptides in the analytical range.
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ABSTRACT

Methods for the rapid analysis of amino acid cobalt (III)
bis(ethylenediamine) complexes by reversed phase high perform
ance liquid chromatography (HPLC) are described with mobile
phases containing the pairing ions, p-toluenesulphonate and
hexanesulphonate. Under these conditions, the amino acid
cobalt (III) bis(ethylenediamine) complexes elute in order of
the relative hydrophobicities of the parent amino acids which
suggests that the amino acid side chain makes a significant
contribution to the retention mechanism. At high sample
loadings, these complexes shows a concentration dependent
peak splitting effect divergent to that normally experienced
with inadequate buffering capacity of the pairing ion reagent.

INTRODUCTION

Over the last several years, reversed phase high perform
ance liquid chromatography (HPLC) has become established as a
powerful technique for the rapid separation and analysis of
amino acids and peptides. A feature of these advances has been
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the development of a variety of novel elution systems which
allow adequate control over selectivity and column efficiencies

for the separation of these polar amphoteric solutes on
microparticulate chemically-bonded hydrocarbonaceous silicas.
Our previous experiences [1-3] with these techniques has now
led us to investigate the application of similar methods as
a means of separating and identifying charged metal complexes
of the classical 'Werner' type, particularly as they apply to
the monitoring of cobalt (III)-induced synthesis of small
peptides [4]. Charged metal complexes of this type have
conventionally been separated by ion-exchange or thin layer
chromatographic methods [5-7]. It was anticipated that the
reversed phase HPLC techniques would allow considerably
shorter analysis times, improved resolution and excellent
reproducibility if suitable elution systems, particularly
those which could exploit pairing ion interactions between
the metal complexes and components in the mobile phase,

could be developed. In this paper we wish to described
the separation of a series of amino acid Co(III) bis (ethylene
diamine) complexes, [co(en)2AA]X2, under such conditions.

MATERIALS AND METHODS

All solvents were AnalaR grade and purified as reported
earlier [8]. Orthophosphoric acid was from May and Baker Ltd.,
p-toluenesulphonic acid was from BDH, sodium hexanesulphonate
was prepared according to pUblished procedures [9]. Water
was de-ionised by reverse osmosis and distilled. The bis
(ethylenediamine) cobalt (III) chelates of the amino acids
were prepared by established methods and the individual
diasteriomeric pairs isolated and resolved as described
previously [10-13]. All amino acids except for glycine were of
the S-configuration.
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Optical rotation measurements were carried out on a
Perkin Elmer 141 polarimeter using 1dm cells (± 0.0040

).

All chromatograms were carried out at room temperature
(ca. 200

) using isocratic or linear gradient elution conditions
with a Waters High Performance Liquid Chromatographic System

(two M6000A solvent delivery units, M660 solvent programmer,
U6K universal injector) coupled to a M450 variable wave-
length UV-visible monitor and a Rikadenki dual channel chart
recorder. The ~Bondapak C18 columns (10~m, 30cm x 3.9mm 1.0.)
were purchased from Waters Associates (N.Z.), Auckland. All
columns were equilibrated to new solvent conditions, or
following gradient elution to the initial mobile phase condi
tions, for at least 30min. Flow rate were maintained between
2.0 and 2.5ml min- l, as indicated in the text. Detection of
the cobalt complexes was generally at 480nm; in some cases
detection was also carried out at 350nm and/or 254nm depending
on the nature of the sample and the mobile phase. Sample
injections were made with Pressure Lok liquid syringes, Series
BllO, from Precision Sampling (Baton Rouge, La., U.S.A.).

RESULTS AND DISCUSSION

The pseudo-octaHedral bisethylenediamine cobalt (III)

complexes of a-amino acid derivatives contain chiral centres
about both the metal atom (~- or A-) and the a-carbon atom
of the amino acid (R- or S-). Consequently, these metal
complexes exist as diastereoisomers. In order to simplify
the analysis, only metal complexes with amino acids of the

S-configuration were used, ie. only the diastereoisimeric pairs
~(S), A(S) (Fig.1a,b) were employed. Since these metal
complexes exist as cationic 2-plus ions in solution (counterion
is often 1-, Cl- or C104-), it is not surprising that on

octadecylsilica with neat aqueous eluents over a variety of pH
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Figure 1.

Two diastereoisomers of the cobalt (III) bisethylene
diamine amino acid complexes.

conditions, they showed no, or little, retention, ie. k~

values <1. In order to obtain satisfactory retention and
selectivity recourse was made to the use of low concentrations,
of the anionic pairing ions, p-toluente sulphonate and hexane
sulphonate. With chemically bonded alkyl silicas, hydrophobic
anionic reagents of this type are known to act as surface
active ions as revealed by Freundlich adsorption isotherms
[2,8,14-16]. The effect of these reagents on amino acid and
peptides retention to alkyl silicas has been discussed [2,3,8]

in terms of pairing ion:dynamic liquid-liquid ion-exchange
interactions with both hyperbolic and parabolic dependencies
of k~ versus pairing ion concentration being evident. A
discussion of this concentration dependency, and the manner
it can be used to obtain improved selectivity in the separation
of a wide range of charged Co(III) complexes will be deferred
to later [17]. In the present study 5mM of the pairing ions
was chosen for most experiments on the basis of this analysis.

Figure 2 shows a typical separation of the amino acid
2+ )complexes l1-[co(en)2AA] (AA"" gly,pro,val,leu, phe whilst

the Table illustrates the effect of pairing ion structure



COBALT (III) BIS(ETHYLENEDIAMINE) AMINO ACID COMPLEXES 693

2

1 3

o 10 20
time (mins)

Figure 2.

Gradient elution profile of the 6[Co(en) AA]I
2

complexes
using 5mM p-toluenesulphonate as the pairing fon. The elution
order for the complexes was: 1, gly (tR 5.6min); 2, pro (tB
6.8min); 3, val (tR 8.8min); 4, leu (tR 10.8min); 5, phe (tR
13.8min). Chromatographic conditions: column, ~Bondapak C18 ;
flow rate, 2.5ml min-I; temperature, 180 ; elution conditions,
15min. linear gradient from 0 to 100% methanol, containing
5mM p-toluene sulphonate, pH 3.5, sample volume 10~1 containing
367 nmol complexes.

on retention. As can be seen, the elution order of the
cobalt complexes is the same with both the p-toluenesulphonate
and the hexanesulphonate pairing ion system, although to
achieve comparable k' values at a pairing ion concentration
of 5mM, the percentage methanol had to be increased approx
imately ten-fold from 2.5% with the p-toluenesulphonate
system to 24% with the hexanesulphonate system. Similar
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Table

Comparison of Capacity Factors for the [Co (en)2AA]
Complexes with two Different Pairing Ions.

Co(III) complex 5mM Pairing Ion

AA= p-Toluenesulphonate* Hexanesulphonatet

k~ k~

- -

-Gly 1.67 1.67

-Ala 1.66 1.83

-Pro 2.11 2.00

-Val 4.00 3.56

* Mobile phase: 2.5% methanol-water. pH 3.5.

t Mobile phase: 24% methanol-water, pH 3.5.

effects have been noted [2,3,8,18] previously with peptide
separations under a variety of pairing ion and organic
modifier conditions. Compared to traditional methods of
analysis, these HPLC separations show excellent control over
selectivities, peak shape and short elution times, ego the
above five cobalt (III) complexes could all be eluted repro
ducibly within 15min of injection. The elution order of these
charged metal complexes, ego k~ Gly<Pro<Val<Leu<Phe, which is

the same as that observed [19,20] for the free amino acids
when chromatographed on alkylsilicas and similar to that
found [21] for these complexes when separated by partition
chromatography on cellulose, clearly indicates that there is a
preferred orientation of the charged complex with regard to the
hydrocarbonaceous stationary phase, such that the amino acid
side chain participates significantly in the retention mechanism.
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This feature can be exploited for the separation of ~-S and
A-S or ~-R and A-R diastereoisomeric mixtures [17]. As antici
pated the nature of the cobalt complex salt counterion,
[Co(en)2AA]X2 x = iodide, chloride, perchlorate, did not
affect the resolution.

During the course of these studies, we observed an
unusual chromatographic effect which is dependent on the
association of two (or more) different cationic species and
is distinguished from related phenomena normally experienced
with distribution coefficient perturbation arising from an
inadequate buffering capacity of the pairing ion reagent.
Figure 3 summarises these observations. At constant pairing
ion conditions but increasing sample loading of two charged
cobalt complexes, ego the A-Gly and A-Pro complexes, each
component peak was progressively split into two (Fig. 3a-d).
This peak splitting could also be achieved by lowering the

pairing ion concentration at fixed solute concentration but
was clearly distinguished from conventional 'overloading'
phenomena when the buffer capacity of the ~alrlng ion is
inadequate by increasing loadings of only one cobalt-amino
acid complex, ego A-Gly complex. In this case the development
of a broad asymmetic preview peak, preceding a sharper peak
and typical of conventional overloading effects [22-24] was
observed. Furthermore the achiral complexes such as

2+ - - ..
[Co (NH3 ) SX] , x = CH3C02 ' C2HSC02 ' showed a slmllar peak
splitting effect as the sample loading was increased.

That this splitting effect must involve an interaction
between two (or more) complex ions, the pairing ion, and the
stationary phase was demonstrated by the following experiments.
Firstly, the A-Gly complex was loaded onto the column following
the ~-Val complex after a 10 second delay and 30 second delay
(Fig. 4a,b). Peak splitting was evident when both complexes
were coinjected or when the A-Gly was injected within 10 seconds
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Figure 3.

Effect of increasing sample load with mixtures of the
[Co(en) AA] complexes, AA = Gly (I) and Pro (II), (a-d) and
the indfvidual complex [Co (en) 2G1y] (e-g). Chromatographi c
conditions: column, ~Bondapak C18; flow rate, 2.0ml min- 1;
temperature 180 ; mobile phase, 2.5% methanol-water-5mM p-toluene
sulphonate, pH 3.5; sample concentrations: (a-d)A{co(en)2G1y]
complex 438nmol in 30~1 plus A-[Co(en)2Pro] complex at (a) 270
nmol in 511l, (b) 1080nmol in 20~1, (c) 1620nmol in 30~1 (d)
2160nmol in 40~1 concentration and (e-g) A-[Co(en)2G1y] complex
alone at (e) 591nmol in 30~1, (f) 1182nmol in 60~1 and (g) 1970
nmol in 100~1 concentration. The tRs for the peak maxima are
given in minutes.
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Figure 4.

Elution profiles obtained by (a) loading the A[Co(en)2Gly]
complex (1) 10 seconds after the ~[Co(en) Val] complex (2) and
(b) loading the A-[Co(en)fGly] complex (It 30 seconds after the
~-[Co(en)2val] complex (2) Chromatographic conditions as for
Fi g. 3.

4

(n) lbl

5

Figure 5.

Elution profile obtained for a mixture of A-[Co(en)2Gly]
and ~-[Co(en)2Val] complexes on a ~Bondapak C18 column.
Chromatographic conditions as in Fig. 3. After recovery and
desalting on Sephadex SP-25, the optical rotations (deg.mol-1.
dm3.cm- 1) of the three peak components were: 1, (+ 1.43 ± 0.03)
x 103; 2, (+ 1.48 ± 0.03) x 103; 3, (-2.11 ± 0.04) x 103; the
values for the optically pure A-[C~(en)2GlY] and ~-[co(en)2val]

complexes are (+ 1.45 ± 0.03) x 10 and (-2.12 ± 0.04) x 103
respectively.
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of the ~-Val complex, but did not arise with a longer delay
time, despite the fact that the A-Gly complex still overtakes
the ~-Val complex on the column. Secondly, it was possible to
base-line resolve and recover the peaks for the A-Gly complex

generated in the presenceofthe~-Valcanplex(Fig.5). Optical
rotation measurements were carried out on these recovered
peaks. following desalting on Sephadex SP-25. The optical
rotation values obtained were: peak 1. (+ 1.45 ± 0.03) x 103

deg.mol- 1.dm3.cm-1; peak 2. (+1.48 ± 0.03) x 103 deg.mol- 1.
3 -1 ( ) 3 -1 3 -1dm .cm ; peak 3. -2.11 ± 0.04 x 10 deg.mol .dm .cm .

The values for the optically pure A-Gly complex and ~-Val

complex are (+ 1.45 ± 0.03) x 103 and (-2.12 ± 0.04) x 103

deg.mol- 1.dm3.cm- 1 respectively. This result clearly

indicates that both peaks 1 and 2 in Fig. 5 are due solely
to the A-Gly complex. This was confirmed by re-injecting
the recovered peaks under analytical conditions. It thus
appears that this type of splitting of individual complexes

into multiple peaks on the column arises. in part. due to
a co-operative effect between different complexes in the
mixture. and is not a property of the loading or the loading
zone of an individual complex.

These experiments show that there must be an interaction
between two (or more) complex ions which influences their
respective distribution ratios, in addition to the normal
pairing ion depletion effect observed at high sample concen

trations. Under these conditions. interactions between the
complex cations and the pairing ion apparently lead to species
of different counterion stoichiometry or geometry which have
sufficient lifetime on the matrix of the stationary phase to
allow separation as discrete entities. This effect can be
easily avoided for analytical purposes. ego for the p-toluene
sulphonate-2.5% MeOH mobile phase. peak splitting can be
prevented if the solute load (nmoles) to the pairing ion
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concentration (mM) ratio is less than 100:1, but could lead
to serious misinterpretation with regard to peak assignments,

especially when large amounts of these metal complexes are
used in preparative studies.

In summary, two aspects of the reversed phase HPLC
separation of water soluble Werner type cationic complex
ions using mobile phases containing hydrophobic anionic
pairing ions have been examined. Conditions for the
chromatographic resolution of [Co(en)2AA]X2 complexes have
been developed. These procedures also allow the preparative
recovery of individual complexes with, in many cases, elution

times under 30min. The application of these techniques to
the separation of peptide complexes is under investigation.
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RESOLUTION OF THE OPTICAL ISOMERS OF UNDERIVATISIZED

AMINO ACIDS ON CHEMICALLY BONDED CHIRAL PHASES BY

LIGAND EXCHANGE CHROMATOGRAPHY.

G. Gubitz, W. Jellenz

Institut fur Pharmazeutische Chemie, Universitat Graz,
A-8010 Graz, Austria

and

W. Santi

Analytical Research and Development, Pharmaceutical
Division, SANDOZ Ltd., CH-4002, Switzerland

ABSTRACT

A method for the direct separation of racemates by
HPLC is described. A chiral stationary phase is synthe
sized, suitable for ligand exchange chromatography.
L-proline is chemically bonded to silica gel via
3-glycidoxypropyltrimethoxysilane. The bonded support
is loaded with Cu(II) ions as a complexing agent.
Complete resolution of amino acid racemates can be
obtained in less than ten minutes. a-values up to 3.5
are observed.

INTRODUCTION

Chromatographic resolution of optical isomers is

based either on the formation of diastereomers or on

application of chiral stationary or mobile phases. A

number of reports appear in the literature, describing

attempts to separate racemates using natural and later

synthetic optically active polymeric sorbents (1-5).

701
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Recently, ligand exchange chromatography was

introduced for the separation of enantiomers. Davankov

et al. (6-13), Snyder et al. (14), and later Josefonvicz

et al. (15) used polystyrenedivinylbenzene resins,

containing L-aminoacids as chiral groups. They described

complete separations of DL-aminoacids with Cu(II) ions

as a complexing agent. The time taken for separation,

however, is ab9ut ten hours. Shorter separation times

are obtained by Lefebvre et al. (16-18), using acryl

amide polymers substituted by L-amino acids. The synthe

sis of such polymers in HPLC-quality, however, is very

complicated and difficult to reproduce. Another approach,

namely the addition of chiral metal chelates to the

mobile phase was chosen by several authors (19-23).

In a previous paper, we reported the synthesis of

a chemically bonded chiral phase for the separation of

DL-amino acids by ligand exchange chromatography (24).

The stationary phase consists of L-proline, chemically

bonded to silica gel and loaded with Cu(II) ions. This

paper deals with the optimation of this method and its

application to the separation of a great number of

racemic amino acids.

EXPERIMENTAL

Reagents:

Silica gel, LiChrosorb Si 100, 10 um, was obtained

from Merck (Darmstadt, Germany).

3-Glycidoxypropyltrimethoxysilane was purchased

from Serva (Heidelberg, Germany).

Amino acids were obtained from Sigma chemical

company (St.Louis Missouri, USA).

Potassium dihydrogen phosphate and disodium

hydrogen phosphate were obtained from Merck (Darmstadt,

Germany) .

All solvents were of reagent grade.
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Instrumentation:

The liquid chromatograph consisted of a Perkin

Elmer Series 2 pump equipped with a Rheodyne 7105

injector, a Perin-Elmer LC 55 UV detector and a Perkin

Elmer 023 recorder.

Stainless steel columns of 5,10 and 25 cm length

and 0.46 cm I.D. were used.

Volumes of 20 ~l containing about 10 ~g amino acid

were injected. Detection was carried out at 220 nm.

Synthesis:

10 g Silica gel, 10 ~m, dried for 2 hours at 1500

are suspended in 50 ml dry benzene. After the addition

of 5 ml 3-glycidoxypropyltrimethoxysilane, the suspen

sion is refluxed for 6 hours. The reflux condenser is

kept at 65 0 in order to remove the formed methanol from

the mixture (25). After cooling, the benzene is removed

by filtration and the product is suspended in methanol.

9 g sodium prolinate are added and the mixture is shaken

for 48 hours at room temperature. The bonded support is

then filtered, washed with methanol and dried.

The complex formation is either subsequently carried

out by treatment of the material with aquous copper

nitrate solution or by passing copper nitrate solution

through the column.

Columns are packed by the ascending slurry

technique (26).

RESULTS AND DISCUSSION

Various silanes were tested for their suitability

to form appropiate reaction intermediates with silica

for the attachement of L-a-amino acids as chiral com

ponents. 3-Glycidoxypropyltrimethoxysilane, known as

reagent in the synthesis of "diol"-phases (27), was

found to be a suitable one.
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The synthesis of the support is described in the

following reaction scheme:

II

OH HO-C=O
I I

Prolinate ----.-Si-O-Si- (CH 2 ) 3-0-CH2-CH-CH2-f--- ~H

CH 2 CH 2
..... CH/

2

I +

o
" \-Si-OH + (CH30)3-Si(CH2)3-0-CH2-CH-CH2

o
/ \

-Si-0-Si-(CH2)3-0-CH2-CH-CH2

I

3-Glycidoxypropyltrimethoxysilane is bonded to

silica gel in the first step. L-Proline (as sodium salt)

is attached then to the epoxyd I in the second step to

give product II. As a complexing agent Cu(II)ions were

used. The loading of the support with metal ions can

be carried out before packing and "in situ" after

packing. Better result~ were achieved by "in situ"

loading.

Repeated synthesis of the material resulted in

products with well conformable elementary analysis and

reproducible chromatographic properties. The elementary

analysis of the final product showed 8.1% ~ 1% C, 1.8%

+ 0.2% H, 0.9% ~ 0.1% Nand 1.5% + 0.2% Cu.

Per 2 mole L-proline 1 mole copper is bonded,

indicating that a bidentate complex is formed (Fig. 1).

The material showed a good stability in the tested

pH range from 4 to 8. The columns were used for several

weeks without loss of selectivity. After longer use,

they can be regenerated by passing a copper solution

through the column. The number of theoretical plates,

determined with D-valine, was about 2500/m. Fig. 2
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Figure 1 Complex on the stationary phase

shows the dependence of the height equivalent of theore

tical plates (HETP) on the linear flow.

The principle of ligand exchange chromatography

was discussed by Davankov et al. (5).

R - Me - R + D(L)R'

0,6

R - Me - D(L)R'

0,5

E
,5.0,4
D.
~

~(),3

0,2

0,1 ----------"....-.--.
•

0,1 0,2 0,3 0,4 0,5 0.6 em/sec

Figure 2 Dependence of HETP on the linear flow.
D-Valine (000), NaN03 (uoo)
Column: 25 x 0.46 cm; mobile phase: 0.05 M
KH 2P0 4 , pH 4.6;0
Temperature: 50
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R
I
CH- NH

2

O~C/- 0 L
-Cu

OH t -O-C~O
I I I I
Si- 0- Si - CH - CH-CH - 0-CH - CH - CH - N--CH
I I 222 2 2 1 I

CH2 CH2

"cH:'
Figure 3 Structure of the mixed complex between the

fixed ligand and D- or L-amino acid

A ligand (R = L-proline), fixed on the stationary

phase is replaced by a mobile ligand (R' = D and L-amino

acid, respectively) to give the mixed complex, shown

in Fig. 3.

The stereoselectivity depends greatly on the struc

ture of the stationary phase.

For optimal resolution it seems to be necessary for

the carboxy group to be free for complex forming with

the metal ion. These observations have been confirmed

by the results of Foucault et al., who bonded L-proline

to silica via an amide bonding, using 3-triethoxysilyl

propylamine as the coupling component. They described

only partial resolution with this sorbens (28).

For the optimation of the conditions of separation,

the influence of temperature, pH and ionic strength of

the mobile phase have been thoroughly investigated. The

increase in temperature results in a significant reduc

tion of HETP.

A significant improvement of selectivity can be

observed. Using a 0.05 M KH 2P04 solution, pH 4.6, at

500 a complete resolution of a great number of amino

acids can be obtained within 2 - 15 minutes. Typical

results of separation are shown in Fig. 4 and 5.
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CIl
.!:
Gi
l/l

...J

~
I

J
, , ,

I,
4 3 2 min
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Figure 4 Separation of O,L-serine
Column: 25 x 0.46 em
Mobile phase: 0~05 M KH 2P0 4-buffer, pH 4.6
Temperature: 50
Flow rate: 5 ml/min

o

...J
Tryptophan

20 10 5 min

Figure 5 Separation of O,L-tryptophan
Conditions as in figure 4
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Amino acids with aromatic substituents are more

strongly retarded and show high a-values. The a-value

for DL-tryptophan, for example, is 3.5. By using a short

column (4 cm) and a high flow rate, a rapid resolution

of DL-tryptophan is achieved within 3 minutes. The K'

and a-values of some DL-amino acids are given in Table 1.

The identification of the separated enantiomers

was carried out by comparing their retention times

with those of reference substances. Furthermore,

fractions were collected and the optical rotation was

measured.

An enzymatic method was also used as proof.

L-Tyrosinedecarboxylase, for example, destroys only the

L-form of tyrosine and forms tyramine (Fig. 6).

c

ClI
ClIc: ClI"iii c:
"e c:

0 "iii..
it?'

III 0

~
..

I ~
1 I

I c
I
! .J

\
I
I

L
, , 2 ! :3 'min

Figure 6 Enzymatic cleavage of D,L-tyrosine with
L-tyrosinedecarboxylase
A Injection of the racemate before treatment
B : After treatment
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TABLE 1

K'-values and relative retention (a = K(L)/K(D)) for

DL-amino acids.

Column: 25 x 0.46 em; mobile phase: 0.05 M KH 2P0 4 , pH

4.6; flow rate: 2 ml/min.

DL-amino acid K(D) K(L) a

Valine 2.5 3.8 1.5

Serine 2.0 3.2 1.6

Proline 2.4 1.4 0.6

Histidine 6.7 12.1 1 .8

Phenylalanine 3.2 9.4 2.9

Tyrosine 3.3 10.2 3.1

Tryptophan 7.8 27.4 3.5

...J

...J

C

Pro

709

2

Figure 7 Separation of D,L-proline
Conditions as in figure 4
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On columns containing L-proline as a fixed ligand,

the L-enantiomers constantly appeared with higher K'

values. An exception was proline, where a reversed

sequence was observed (Fig. 7).

An application of this method on a preparative

scale is also possible. On an analytic column of 25 cm

length and 0.46 cm I.D. up to one and a half mg amino

acid racemate can be separated without significant

change in K'-values and resolution.

CONCLUSION

Ligand exchange chromatography on chemically bonded

chiral phases offers new possibilities for rapid separa

tion of racemic compounds on an analytical or prepara

tive scale. The use of a special bonded phase combines

the selectivity of ligand exchange chromatography and

the efficiency of HPLC. Further work needs to be done

in order to clear some theoretical aspects. The influence

of various bonded amino acids and also of the fixed

metal ions, on the stereoselectivity, is now beeing

studied.
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ASSAY OF ARGININE-ESTERASE ACTIVITIES BY REVERSED
PHASE HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

S. Soeda, K. Abe and A. Nagamatsu

Faculty of Pharmaceutical Science
Fukuoka University

Nanakuma, Nishi-ku, Fukuoka 814, Japan

ABSTRACT

Application of a high performance liquid chromato
graphic technique to assay of arginine-esterase activi
ties is presented. Enzyme reaction was carried out
with benzoyl-L-arginine ethylester as a substrate and
analysis was performed on a reversed phase chromato
graphic system using a ~ Bondapak C or a Radial-PAK A
column and buffered aqueous metha~§l as the mobile
phase. The enzyme activities were determined by the
peak height of cleaved product (benzoyl-L-arginine).
The minimum detection limit for benzoyl-L-arginine was
0.02 nM on each column. The generality of this method
was demonstrated by its application to determination of
plasmin activity, and so it might be suitable for both
kinetic studies and routine assays of plasmin-like es
terases.

INTRODUCTION

Several methods are available at present for the
determination of plasmin (EC 3.4.21.7)-like esterases
such as kallikrein (EC 3.4.21.8), trypsin (EC 3.4.21.4)
and other arginine-esterases using various arginine de

rivatives such as benzoyl-L-arginine ethylester (BAEE)
and tosyl-L-arginine methylester (TAME) as substrates.

713

Copyright © 1981 by Marcel Dekker, Inc.



714 SOEDA, ABE, AND NAGAMATSU

In these assays, enzyme activities are measured by fol
lowing the increase in the optical density due to the
hydrolyzed product (1,2), or by direct electrometric
titration of the carboxyl groups liberated (3,4), by
colorimetric determination of hydroxamate-ferric com
plex (5,6) or the color developed by chromotropic acid
reagent (7,8), and also by following the oxidation of
alcohol liberated with alcohol dehydrogenase (9).

Recently a new sensitive method for the rapid de
termination of arginine-esterases using high perform
ance liquid chromatography (HPLC) to separative deter
mination of hydrolyzed product of TAME or BAEE has been
reported by Matsumoto et al. (10). However, under the
conditions used in their experiments the substrates
were retained on the column, and the column condition
became worse by repeated injection of incubation mixture.

We now report a rapid and sensitive method for the
assay of plasmin using BAEE as a substrate, the prod
uct(s) of the reaction being analyzed by reversed phase
system of HPLC. This method, as demonstrated by its
successful application to plasmin (11) and kallikrein
(12) in our laboratory, appears to be of wide utility.

MATERIALS AND METHODS

Reagents
Benzoyl-L-arginine (BA) and BAEE·HCI were pur

chased from Protein Research Foundation, Osaka, Japan.
Human plasmin (25 CU/vial) was obtained from AB KABI,
Stockholm, Sweden. High-purity methanol was of Katayama
Chemical Industry Co., Ltd., Osaka, Japan. All other
chemicals were of analytical grade.

Chromatographic system
Analyses were carried out on a liquid chromato

graph eonsisting of a solvent delivery system (Model
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FIGURE 1

o

BA

BAEE

2 4

Chromatograms of a standard mixture of BA and BAEE
(12.5 nM each).
Column: A) ~ Bondapak C18 (4 mm ID x 30 cm)

B) Radial-PAX A (8 mm ID x 10 cm)
Solvent: A) 0.01 M ammonium acetate, pH 6.8/methanol

(50 : 50, v/v)
B) 0.02 M sodium sulfate and acetic acid, pH

4.6/methanol (20 : 80, v/v)
Flow rate: A) 1.0 ml/min. B) 4.0 ml/min.

6000 A, Waters Associates, Milford, Mass.), an injector
(Model U 6K, Waters Associates), a reversed phase ana
lytical column (~ Bondapak C18 or Radial-PAK A, each
from Waters Associates), an absorbance detector (Model
440, Waters Associates) operated at 254 nm, and a 10 mV
chart recorder (Type 056, Hitachi, Co., Ltd., Tokyo,
Japan). The solvent systems were as indicated in Fig
ure 1. The chromatographic system was operated at room
temperature and the flow rates for ~ Bondapak C18 and
Radial-PAK A columns were set at 1.0 ml/min. and 4.0
ml/min., respectively.
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Procedure
Enzyme activity was measured by the following pro

cedure. Fifty ~l of enzyme solution was added to 250 ~l

of EAEE solution (10 pM/ml in 0.05 M Tris-HCl buffer to
a final volume of 400 pl. The resulting mixture was in
cubated at 37'C for 30 minutes. After incubation, the
reaction was stopped by the addition of 100 pI of 10 %
(w/v) trichloroacetic acid, and the solution was fil
trated through a 0.45 ~m filter (Millipore Corp.
Bedford, Mass.). Five ~l of the filtrate was then in
jected into the chromatograph.

RESULTS AND DISCUSSION

Chromatograms of BA and BAEE standards were shown
in Figure 1 A and B. These solute peaks were complete
ly resolved and were symmetrical. The minimum detection
limits on each column were 0.02 nM for EA and 0.1 nM for
EAEE. The apparent differences in elution profiles and
recoveries of the two materials were not observed on
both columns, but the retention times of them on p
Bondapak C18 were shortened within 3.0 minutes by using
a Radial-PAK A column. Therefore, the following proce
dures were carried out on the Radial-PAK A column.

A series of standard samples containing 0 to 5 ~M

each of EA and BAEE per ml were prepared and 5 pI ali
quots were injected. Chromatographic results showed
that the peak height versus concentration plots were
linear up to 25 nM for each solute (Figure 2). These
standard curves were utilized as a calibration curve of
enzyme activities.

Practical enzyme assay was done according to the
procedure described in ~~TERIALS AND METHODS. Enzyme
activity was determined by measuring the peak height of
EA. The column condition was checked by the determina-
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FIGURE 2

Plots of peak height as a function of analytical
concentrations of BA and BAEE. Column: Radial-PAK A.

tion of the peak height ratio of BA and BAEE. Figure 3
shows the results of determination of plasmin activity.
A good correlation of concentration of the cleaved prod
uct (BA) to plasmin activity in the range of 0.0015 
0.06 CU of plasmin was obtained.

As results, this method might be useful not only
for the microdetermination of plasmin, but for the rou
tine assay of it. Therefore, it would be successfully
applied to the determination of small amounts of other
arginine-esterases in physiological or pathological in
vestigations.

Finally, wide applications of a reversed phase HPLC
to chemical assays of the other enzymes by the use of
synthetic substrates with ultraviolet absorption are

recommended.
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Assay of plasmin activity. Column: Radial-PAK A.
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TRIETHYLAMINE FORMATE BUFFER FOR HPLC-FIELD DESORPTION

MASS SPECTROMETRY OF OLIGOPEPTIDES

D.M. Desiderio and M.D. Cunningham

Department of Neurology and Charles B. Stout Neuroscience
Mass Spectrometry Laboratory, University of Tennessee

Center for the Health Sciences, 800 Madison Avenue,
Memphis, Tennessee 38163

ABSTRACT

A triethylamine-formate buffer system for the HPLC analysis of
mixtures of oligopeptides is described. The volatility of TEAF
facilitates buffer removal for subsequent field desorption~ss

spectral qualitative and quantitative analyses. TEAF permits
femtomole quantification of somatostatin, is UV transparent and
enables high resolution separation of oligopeptide mixtures.

INTRODUCTION

Reverse phase (RP) high performance (pressure) liquid chrom-

atography (HPLC) is assuming an increasingly pivotal role in resolu-

tion of mixtures of biologic oligopeptides (1-20). Quantification

of underivatized oligopeptides by field desorption mass-spectral

(FD-MS) techniques at the pmol level signals a need for volatile

HPLC buffers (21). Requirements for a volatile buffer in our research

program include ultraviolet transparency down to 190 nm, high resolution

(22) and sensitivity to less than one ng peptide. This paper describes

for the first time development of a triethylamine-formic acid (TEAF)

buffer system for RP-HPLC which meets these requirements.
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Formic acid-pyridine buffers were utilized in separation of

opioid peptide mixtures (23,24), while formic acid-methanol was

used for endorphin purification (25). Trifluorocetic and formic

acids were compared in separation of opioids and opioid peptides (26).

Rivier mentions use of TEAF both in isolation of somatostatin from

pigeon pancreas (27) and while describing trialkylammonium phosphate

buffers in HPLC (9), but problems due to lack of sensitivity in the

200-230 nm region were noted. However, high concentrations (0.25~)

TEAF were utilized in those studies. Data from our laboratory

using a triethylamine-phosphate (TEAP) buffer system indicated excel

lent resolution of oligopeptides, down to five ng SS, and speed of

separation (22). However, this buffer system is not volatile and

interferes with subsequent FD-MS analysis.

Ammonium acetate-acetonitrile was used to separate enkephalins,

endorphins and analogs on a ~-alkylphenyl column (28). Trifluorocetic

acid (0.1%) optimized separation of peptides containing two to 32 amino

acids (29). An optimum RP-HPLC system was evaluated and 10-20 ng

somatostatin (SS) was determined using 210 nm as detection wavelength

(30). A detailed explanation of UV detection at 191-194 nm under

lines the importance of removing chloride which also absorbs strongly

in that region (31). A recent publication outlines a proposed retention

mechanism for RP-HPLC wherein it is established by conductometric

measurement that ion-pair formation does not occur (32).

This paper describes 0.04~ TEAF as an appropriate buffer

for eventual use in RP-HPLC-FD-MS quantification of underivatized

oligopeptides. This buffer system is volatile, UV transparent,
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resolves peptides within minutes and permits determination of

peptides down to the 600 femtomole (fmol) level.

MATERIALS AND METHODS

A Waters (Milford, MA) HPLC system was employed (see

schematic). This system was outfitted with a U6K injector,

660 solvent programmer, two 6000A pumps and a 450 variable

wavelength UV detector. A guard column packed with 37-50~

Bondapak cIS-Corasil was inserted in-line after the solvent

pumps and before the analytic column to protect the latter

when injecting biologic extracts. A 30 cm column packed

with 37-75~ Porasil B was placed between the solvent pumps

to absorb any TEAF impurities that might be present.

723

I FD-MS

Analytic Calumn
~-----j

l' Bondapak C18

SCHEMATIC

Schematic representing sample and buffer flow through chromatograph
illustrating pumps, programmers, aqueous clean-up column, injector,
guard and analytic columns, UV detector, peak collection and recorder.
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A Laboratory Data Control (Riviera Beach, FL) Spectro

monitor III variable wavelength UV detector was employed during

high sensitivity measurements of this study. This detector

has higher sensitivity specifications (0.005 AUFS) compared

to the Waters 450 detector (0.01 AUFS).

A Waters ~Bondapak C18 column (registry no. 105142) was

employed and a Precision Sampling (Baton Rouge, LA) Pressure-Lok

series B-110 25 ~1 syringe used for sample injection. The

column was washed each night with either CH
3

0H or CH
3

CN.

Unsi1anized glassware was employed.

Acetonitrile (Lot AE397) was purchased from Burdick and

Jackson (Muskegon, MI), formic acid (Lot FL12A979) from

Matheson, Coleman & Bell (Cincinnati, OH) and triethylamine

(Lot 59C-0352) from Sigma Chemical Company (St. Louis, MO).

Triethylamine (150 m1) was redistilled before use and the

fraction distilling at 87.50 C was collected and stored under

nitrogen in screw-top vials before use. Laboratory deionized

water was employed.

Somatostatin (SS) was purchased from Bachem (Torrance, CA),

while bradykinin, luteinizing releasing hormone (LRH), neuro

tensin, met-enkepha1in, angiotensin II, 1eu-enkepha1in, substance

P and eledoisin-related peptide were purchased from Sigma.

Buffer was prepared by titrating O.04~ formic acid with triethyl

amine to pH 3.15. Other experimental conditions where otherwise

noted: 200 nm; -5 offset; flow rate = 1.5 m1/min; pressure 1200

1300 p.s.i. at 25-26% CH
3

CN and 1100 p.e.i. at 34-35%.
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A value of t = 2.01 is calculated and
o

Mobile phases were aspirated through 0.47~ cellulose acetate

filters (HAWP04700, Millipore, Bedford, MA) and organic solutions

through 0.5~ fluorocarbon filters (FHUP04700). Chart speed

0.2 em/min.

Factory-packed small disposable cartridges (Sep-Pak(R»

filled with Bondapak C1S (70~) were purchased from Waters.

Time equivalent to the void volume (t ) was determined by. 0

measuring the time between injection and the first baseline

disturbance or by using the formula t =LD/l.57 (33) where d
o

is the column i.d. (0.39 em), F is solvent flow rate (1.5 ml

-1min ) and L = 30 em.

corresponds to the measured to = 1.6 min.

Analog UV detector output was recorded on a Houston

Instrument Omniscribe Recorder Model B52l7-l (Houston, TX)

dual-pen strip-chart recorder 10 mV FS.

RESULTS AND DISCUSSION

Figure 1 contains an HPLC chromatogram illustrating

isocratic 26% CH3CN resolution of a mixture of seven oligo

peptides - bradykinin, angiotensin II, leu-enkephalin,

eledoisin-related peptide, met-enkephalin, substance P and

somatostatin. Good resolution and speed of separation are

observed in this chromatogram. Additional peptides are

easily and completely resolved whenever necessary by either

simply adjusting the isocratic elution conditions or by run-

ning a solvent gradient.
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FIGURE 1

o 5 10 15 20

Minutes

HPLC separation of mixture of seven oligopeptides with TEAF buffer:
500 ng each of bradykinin (B), angiotensin II (A), methionine-enkephalin
(ME), eledoisin-related peptide (E) and leucine-enkephalin (LE); 1 ~g

each of substance P (P) and ~omatostatin (SS). 26% CH
3

CN: 74% TEAF;
200 nm; 0.1 AUFS; 1.5 ml min 1; 1200 psi.

Linear variation of the logarithm of the capacity

factor (k') for several peptides versus percentage of organic

modifier is shown in Figure 2. Extensive data are shown for

LRH and bradykinin, while limited data are given for the other

oligopeptides. Visual inspection shows all slopes are generally

equaL

Data in Figure 3 represent the linear relationship

between peak height of an HPLC peak and amount of somatos-
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FIGURE 2

Linear variation of logarithm of k' versus percentage of organic
modifier.
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FIGURE 3

Linear relationship observed between recorded peak height (mm) and
amount (ng) of injected somatostatin (34% CH

3
CN). Linear regression

and correlation coefficient are shown. Other experimental parameters
are given in the text. Vertical lines indicate standard deviations.
Number of determinations are: 7, 10, 7, 9, 7, 5 and 4 for 10 ng, 5, 4,
3, 2, 1 and 0.9, respectively.
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y =0.44x + 0.97

l=O.98

FIGURE 4

10 20 30 40
Amount of Leu-enkepholin Injected (n9)

50

Linear relationship observed between recorded peak height (mm) and
amount (ng) of leu-enkephalin injected (26% CH

3
CN). Linear regression

and correlation coefficient are shown. Other experimental parameters are
given in the text.

tatin injected. Linearity is observed from below one ng

to ten ng. The correlation coefficient for this regression

line is 0.99. Vertical lines represent + standard deviation

obtained from multiple injections (see legend). The lowest

amount of SS injected producing a peak having the appropriate

retention time and approximately a 1:1 signal-to-noise ratio

is represented by 0.9 ng or 552 fmol. By comparison, the

amount of SS in one rat hypothalamus is 40 ng (34).

The linear relationship between HPLC peak height and

amount of injected leu-enkephalin is given in Figure 4 and

for met-enkephalin in Figure 5. Linearity is observed in both

cases from one to 50 ng.

Data in Figure 6 represent original recordings of sequentially

lower amounts of somatostatin injected. Good peak shapes are





730 DESIDERIO AND CUNNINGHAM

observed. These data illustrate femtomo1e sensitivity obtain

able with a O.04M TEAF buffer system. In the more dilute

solutions used in this study vis-a-vis more concentrated

solutions (O.25~) of other studies, it can be seen UV transpar

ency, sensitivity and resolution properties of the current TEAF

buffer are excellent.

CONCLUSIONS

A volatile TEAF buffer system capable of high resolution

and femtomo1e sensitivity is described. Regression lines were

obtained enabling quantification of endogenous levels of

biologic oligopeptides. The ability to remove TEAF buffer by

lyophilization permits analysis of underivatized oligopeptides by

FD-MS where three pmo1 of 1eu-enkepha1in have been quantified

recently (21).

Work is in progress in our laboratory with extraction,

purification and quantification of biologic oligopeptides in

hypothalamic, dental and brain tissue. After protein precipita

tion with perch10ric acid, samples are prepurified with RP

Sep-Paks (R) (35-38). Samples may be directed to either FD-MS

quantification or, on the other hand, to further chromatographic

purification and/or quantification with HPLC. HPLC eluates can

also be collected and subjected to FD-MS quantification. This

research program is being undertaken to provide an independent

assay method to verify radioimmunoassay (RIA) results (39).

FD-MS quantitative data are based upon intact molecular structure

of the peptide while RIA may be sensitive only to a portion of the
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peptide. Development of the described TEAF buffer system is an

obligatory component in this overall research scheme. TEAF
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buffer has been shown to possess sufficient resolving power, speed

of analysis, sensitivity, volatility and UV transparency. Equipment

and columns are long-lasting and no degradation of resolution

is observed even after injection of several biologic samples.

Fmol sensitivity is obtainable and no derivatization is required

as UV detection at 190-210 nm is universal for peptide bonds.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge generous financial

support from USPHS (NIH GM 26666).

REFERENCES

1. W.S. Hancock, C.A. Bishop, L.J. Meyer and D.R.K.
Harding, J. Chrom., 161, 291 (1978).

2. W.S. Hancock, C.A. Bishop, R.L. Prestidge, D.R.K.
Harding and M.T.W. Hearn, J. Chrom., 153, 391 (1978).

3. W.S. Hancock, C.A. Bishop, R.L. Prestidge and M.T.W.
Hearn, Anal. Biochem., 89, 203 (1978).

4. W.S. Hancock, C.A. Bishop and M.T.W. Hearn, FEBS
Letters, 11, 139 (1976).

5. M.T.W. Hearn, W.S. Hancock, J.G.R. Hurrell, R.J.
Fleming and B. Kemp, J. Liq. Chrom., l, 919 (1979).

6. J.A. Feldman, M.L. Cohn and D. Blair, J. Liq. Chrom.,
1, 833 (1978).

7. E. Lundanes and T. Greibrokk, J. Chrom., 149, 241 (1978).

8. J. Rivier, R. Wolbers and R. Burgus, Proc. Fifth Amer.
Pept. Sympos., 52 (1977).

9. J.E. Rivier, J. Liq. Chrom., 1, 343 (1978).



732 DESIDERIO AND CUNNINGHAM

10. H.R. Morris, A.T. Etienne, A. Dell and R. Albuquerque,
J. Neurochem., 34, 574 (1980).

11. D.D. Blevins, M.F. Burke and V.J. Hruby, Anal. Chem.,
52, 420 (1980).

12. B. Larsen, V. Viswanatha, S.Y. Chang and V.J. Hruby, J.
Chromo Sci., 16, 207 (1978).

13. W.A. Schroder, J.B. Shelton, J.R. Shelton and D. Powars,
J. Chrom., 174, 385 (1979).

14. T.A. Stoming, F.A. Garver, M.A. Gangarosa, J.M. Harrison
and T.H.J. Huisman, Anal. Biochem., 96, 113 (1979).

15. R.A. Martinelli and H.A. Scherage, Anal. Biochem., 96,
246 (1979).

16. H.P.J. Bennett, C.A. Browne, P.L. Brubaker and S. Solomon,
Proc. Third Int1. Liq. Chromatog. Symp., 1979 (in press).

17. W. Monch and W. Dehnen, J. Chrom., 147, 415 (1978).

18. I. Molnar and C. Horvath, J. Chrom., 142, 623 (1977).

19. M.J. O'Hare and E.C. Nice, J. Chrom., 171, 209 (1979).

20. M.E.F. Biemond, W.A. Sipman and . 01ivie, J. Liq. Chrom.,
l, 1407 (1979).

21. D.M. Desiderio, S. Yamada, F. Tanzer and J.Z.
Sabbatini, Biomed. Mass Spectrom., (submitted).

22. D.M. Desiderio, J.L. Stein, M.D. Cunningham and
J.Z. Sabbatini, J. Chrom., (in press).

23. R.V. Lewis, S. Stein and S. Udenfriend, Int. J.
Pept. Prot. Res., 13, 493 (1979).

24. A.S. Stern, R.V. Lewis, S. Kimura, J. Rossier, L.D.
Gerber, L. Brink, S. Stein and S. Udenfriend, Proc.
Nat1. Acad. Sci., ~, 6680 (1979).

25. S. Gentleman, L.I. Lowney, B.M. Cox and A. Goldstein,
J. Chrom., 153, 274 (1978).

26. C.E. Dunlap, S. Gentleman and L.I. Lowney, J. Chrom.,
160, 191 (1978).

27. J. Spiess, J.E. Rivier, J.A. Rodkey, C.D. Bennett and
W. Vale, Proc. Nat1. Acad. Sci., ~, 2974 (1979).



TRIETHYLAMINE FORMATE BUFFER FOR OLIGOPEPTIDES

28. B.L. Currie, J.K. Chang and B. Cooley, J. Liq. Chrom.,
1, 513 (1980).

29. D. Voscamp, C. Olieman and H.C. Beyerman, Reel. Trav.
Chim. Pays-Bays~, 105 (1980).

30. M. Abrammson and K. Groningsson, J. Liq. Chrom., 1,
495 (1980).

31. M.M. Mayer and J.A. Miller, Anal. Biochem., 36, 91
(1970) •

32. B.A. Bidlingmeyer, S.N. Deming, W.P. Price, B. Sachok
and M. Petrusek, J. Chromatog. 186, 419 (1979).

33. Chromatography, D. Heftman (Ed), Van Nostrand-Reinhold,
New York (1975).

34. L.L. Iversen, R.A. Nicoll and W.W. Vale, Neurosci. Res.
Prog. Bull. 16, 211 (1978).

35. H.P.J. Bennett, C.A. Browne, P.L. Brubaker and S. Solomon,
Proc. Third Int. Liq. Chromo Symp. (G. Hawk, Ed), in
press.

36. R.A. Hartwick, D. Van Haverbeke, M. McKeag and P.R. Brown,
J. Liq. Chromatog. £, '725 (1979).

37. J.O. Whitney and M.M. Thaler, J. Liq. Chromatog., 1, 545
(1980).

38. M.J. Fasco, M.J. Cashin and L.S. Kaminsky, J. Liq.
Chromatog., £, 565 (1979).

39. See, for example, W.W. Youngblood, M.A. Lipton and J.
S. Kizer, Brain. Res., 151, 99 (1978).

733





JOURNAL OF LIQUID CHROMATOGRAPHY, 4(4), 735-736 (1981)

LC NEWS

SAFETY BOTTLE COVER FOR HAZARDOUS LIQUIDS to protect gallon
glass bottles and minimize risks of handling dangerous mater
ials fits over the bottle without interfering with pouring.
It reduces breakage and contains spills for safe and proper
disposal. Burdick and Jackson Laboratories. Inc •• JLC/81/4.
1953 South Harvey Street, Muskegon. MI, 49442, USA.

HIGH FLOW-RATE PUMPS are offered for preparative scale liquid
chromatography. Liquid ends are easily interchangeable with
analytical-scale liquid ends. LDC Corp., JLC/81/4, P. O. Box
10235, Riviera Beach. FL, 33404, USA.

WATER ANALYSIS BY HPLC describes on-line trace enrichment using
a pre-column or reverse phase analytical column. Trace en
richment is an improvement over classical techniques such as
freeze drying. extraction. and steam distillation. Very low
levels of priority pollutants can be determined. Varian
Instrument Group. JLC/81/4, 10060 Bubb Road, Cupertino, CA,
95014, USA.

POLYACRYLAMIDE GEL ELECTROPHORESIS MANUAL (72 pp.) describes
gradient, disc, and 2-dimensional techniques, specific staining
procedures, and several applications including determination of
DNA fragments and protein molecular weights. Pharmacia Fine
Chemicals. Inc., JLC/81/4, 800 Centennial Avenue, Piscataway, NJ.
08854, USA.

PRODUCTS FOR CHROMATOGRAPHY CATALOG describes materials for
TLC, HPTLC, HPLC, and Prep LC. Included are columns for
protein and enzyme analysis. pre-concentrating zone TLC-HPTLC
and PrepTLC, sorbents for dry column chromatography, and micro
slides for TLC. MCB Mfg. Chern., Inc., JLC/81/4, 2909 Highland
Avenue, Cincinnatti. OH, 45212, USA.

TRIGLYCERIDE ANALYSIS is described in a recent technical
bulletin. Separations can be made on the basis of degree of
unsaturation and acyl chain length in one step. by elution
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from a high efficiency column with a non-aqueous mobile
phase. Supelco, Inc., JLC/81/4, Supelco Park, Bellefonte,
PA, 16823, USA.

LC COLUMN & PACKING GUIDE contains specifications and perfor
mance data for a complete line of products. In this new edi
tion are recently announced preparative columns designed for
operation at 40-50 cm3/min. They are available in SIL, ODS,
C-8, and NH2 types. DuPont Company, JLC/81/4, Anal. Inst.
Div., McKean Building-Concord Plaza, Wilmington, DE, 19898, USA.
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LC CALENDAR

1981

March 29-April 3

March 29-April 3

March 29-April 3

March 29-April 3

April 28

May 11-15

May 17-19

May 18-20

May 20-22

June 4-5

June 22-26

July 13-17

July 20-24

"National Am. Chern. Soc. Meetingll
, Atlanta, GA, USA. Contact: Am.

Chem. Soc., 1155 Sixteenth Streeet, NW, Washington, DC 20036, USA.

"Advances in Separation Technology", Nat'l ACS Heeting, Atlanta, GA,
USA. Contact: N. Li, Exxon Res. & Eng. Co., P. O. Box 8, Linden, NJ
07036, USA.

IIChromatographic Separations of Coal-Derived Materials", "Nat'l ACS
Meeting, Atlanta, GA USA. Contact: L. Taylor, Chem. Dept.,
Virginia Polytechnic lnst. & State Univ., Blacksburg, VA 24601, USA.

IIStandardized Materials for Chromatography", Nat'l ACS Meeting,
Atlanta, GA USA. Contact: L. S. Ettre, Perkin-Elmer Corp., Main
Avenue, Norwalk, CT 06856, USA.

"Detectors in Chromatography", Chromo &: Electrophoresis Grp. The
Royal Society of Chemistry, College of Technology, Southend, U.K.
Contact: Dr. D. Simpson, Anal. for Industry, Bosworth House, High
Street, Thorpe-le-Soken, Essex CO 16 OEA, U.K.

IlS t h International Symposium on Column Liquid Chromatography",
Avignon, France. Contact: G. Guiochon, Lab de Chim. Anal. Phys.,
Ecole Poly technique, Rte. de Sac lay, 91128 Palaiseau, France.

IISymposium on Environmental and Industrial Applications of LCEC and
Voitannnetry", Indianapolis, Indiana, USA. Contact: LCEC Symposium,
1205 Kent Avenue, West Lafayette, IN 47906, USA.

"1lth Annual Symposium on the Analytical Chemistry of Pollutants",
Jekyll Island, Georgia, USA. Contact: Mrs. E. McGarity, U.S.E.P.A.,
Environmental Research Lab, College Station Road, Athens, GA 30613,
USA.

"Symposium on the AnaL of Steroids ll
J sponsored by The Hungarian

Chemical Society, Eger, Hungary. Contract: Prof. S. Gorog,
Hungarian Chem. Soc., 1061 Budapest VI, Anker koz 1, Hungary.

"4th World Chromatography Conference", Aerogolf Sheraton Hotel,
Luxembourg. Contact: V.M. Bhatnagar, Alena Enterprises of Canada,
P.O. Box 1779, Cornwall, Ontario, K6H SV7, Canada.

"4th Int '1 Symposium on Affinity Chromatography and Related
Techniques", Katholieke Universiteit, Nijmegen, The Netherlands.
Contact: Dr. T.C.J. Gribnau, Organon Scientific Development Group,
P.O. Box 20, 5340 BH OSS, The Netherlands.

Workshop: "Checking Foodstuffs for Trace Organics", Guildford, U.K.
Contact: Dr. E. Reid, Wolfson BioanBlytical Unit, Robens lnst.,
Univ. of Surrey, Guildford, GU2 5XH, U.K.

"Second International Flavor Conference ll
, National Hellenic Research

Foundation, Athens, Greece. Contact: Dr. S.J. Kazeniac, Campbell
Institute for Food Research, Campbell Place Camden, N.J. 08101, USA.
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August 23-28

August 30
September 5

September 7-10

September 10-12

September 15-19

September 20-25

October 1-2

LIQUID CHROMATOGRAPHY CALENDAR

"National Am. Chern. Soc. Meeting", New York, NY, USA. Contact: Am.
Chern. Soc., 1155 Sixteenth Street, NW, Washington, DC 20036, USA.

"XI Int'l Congress, IV European Congress of Clinical Chemistry",
Vienna, Austria. Contact: 11th Intll Congress of Clinical Chern., P.
O. Box 105, A-1014 Wien, Austria.

"4th Intll Bioanalytical Forumll
, Guildford, U.K. Contact: Dr. E.

Reid, Wolfson Bioanalytical Unit, Robens Inst., Vniv. of Surrey,
Guildford, GU2 5XH, U.K.

Workshop: "Some Approaches to the Anal. of Biological Specimens",
Guildford, U.K. Contact: Dr. E. Reid, Wolfson Bioanalytical Unit,
Robens Inst., Univ. of Surrey, Guildford, GU2 5XH, U.K.

Workshop: lIIntroduction to Determination of Drugs in Biological
Fluids", Guildford, U.K. Contact: Dr. E. Reid, Wolfson
Bioanalytical Uoit, Robens Inst., Vnivo of Surrey, Guildford, GU2
5XH, U.K.

"8th Annual FACSS Meeting", Philadelphia, PA USA. Contact: R. A.
Barford, USDA, 600 E. Mermaid Lane, Philadelphia, PA 19118, USA.

"Japan Conference on Chromatography", Palace Hotel, Tokyo, Japan.
Contact: V.M. Bhatnagar, Alena Enterprises of Canada, P.O. Box 1779,
Cornwall, Ontario, K6H 5V7, Canada.

October 4-9 "Symposium on Novel Separation Processes ll
,

of Chemical Engineering, Montreal, Canada.
Secretariat, 151 Slater Street, Suite 906,
5H3.

at the 2nd World Congress
Contact: Congress

Ottawa, Ont., Canada, KIP

Oc tober 12-15

November 19-20

March 28-April 2

April 14-16

June 28-30

July 12-16

August 15-21

September 12-17

"EXPOCHEM '81", Houston, TX. Contact: Dr. A. Zlatkis, Chern. Dept.,
University Houston, Houston, TX 77004, USA.

"1981 International Chromatography Conference ll
, Carillon Hotel, Miami

Beach, Florida, USA. Contact: V.M. Bhatnagar, Alena Enterprises of
Canada, P.O. Box 1779, Cornwall, Ontario, K6H 5V7.

1982

"National American Chern. Soc. Meetingll
, Las Vegas, NV USA.

Contact: A. T. Winstead, Am. Chern. Sco., 1155 Sixteenth St., NW,
Washington, DC 20036, USA.

"12th Annual Symposium on the Anal. Chern. of Pollutants", Amsterdam,
The Netherlands. Contact: Prof. R. W. Frei, Congress Office, Vrije
Universiteit, P. O. Box 7161, 1007-MC Amsterdam, The Netherlands.

"Ana1ytical Summer Symposium", Michigan State Univ., East Lansing,
MI USA. Contact: A. I. Popov, Chern. Dept., Michigan State Univ.,
East Lansing, MI 48824, USA.

"2nd Int'l Symposium on Macromo1ecules ll
, - IUPAC, University of

Massachusetts, Amherst, Massachusetts, USA.

1t12th Int l l Congress of Biochemistry", Perth, Western Australia.
Contact: Brian Thorpe, Dept. of Biochemistry, Faculty of Science
Australian National University, Canberra A.C.T. 2600, Australia.

"National American Chern. Soc. Meeting", Kansas City, MO USA.
Contact: A. T. Winstead, American Chern. Soc., 1155 Sixteenth St.,
NW, Washington, DC 20036, USA.
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March 20-25 IlNational American Chern. Soc. Meeting", Seattle, WA USA. Contact:
A. T. Winstead, American Chern. Soc., 1155 Sixteenth St., NW,
Washington, DC 20036, USA.

The Journal of Liquid Chromatography will publish announcements of LC meetings and
symposia in each issue of the Journal. To be listed in the LC Calendar, we will
need to know: Name of meeting or symposium, sponsoring organization, when and where
it will be held, and whom to contact for additional details. You are invited to
send announcements for inclusion in the LC Calendar to Dr. Jack Cazes, Editor,
Journal of Liquid Chromatography, P. O. Box 127, Hopedale, Massachusetts 01747, USA.





a new volume in a remarkable series . ..

Analysis of Drugs and Metabolites by
Gas Chromatography- Mass Spectrometry

BENJAMIN J. GUDZINOWICZ. Rhode [.land Hospital. Providence
MICHAEL J. GUDZINOWICZ. Vanderbilt University. Na.hvil/e. Tenne"ee

VOLUME 7
Natural, Pyrolytic, and Metabolic Products

of Tobacco and Marijuana
August, 1980 576 pages, illustrated

In the past two decades, remarkable progress has been made in
the analysis of drugs, phannaceuticals, and related toxicological
materials. This noteworthy development can be attributed largely
to technological advances in two specific areas of analytical instru
mentation; gas chromatography and integrated gas chromato
graphy·mass spectrometry.

These volumes offer the most complete and up-to-date cover
age available for the analysis of drugs and metabolites by either
instrumental technique. Among numerous important features,
they include:

• chronological compilations from existing literature of the
various GC and/or GC-MS procedures available for the
analysis of specific drugs and their metabolites

• detailed descriptions of instrumental conditions and of
many quantitative and qualitative procedures, which enable
the researcher to reproduce and evaluate most procedures in
his or her own laboratory

• indications of the results, precision, accurary. and limits of
detection achieved by a given procedure, as well as its pos
sible applicability to phannacokinetic studies

Each section of the text is well referenced, containing many
illustrations of actual applications and tables of data for each in
strumental technique.

Reflecting years of arduous research by eminent scientists
throughout the world, Analysis ofDlUgs and Metabolites by Ga.
Olromatography-Mass Spectrometry is essential reading for ana
lytical, medicinal, and clinical chemists, pharmacologists, mass
spectroscopists, anesthesiologists, pathologists, physiologists,
forensic scientists, and all others concerned with the manufacture,
metabolism, persistence, and general use of drugs.

CONTENTS

NatJJ'al, Pyrolytic, and CArcinogenic Product! of Tobacco

Chemical Composition of Tobacco Lear
Nicotine and Other Tobacco Alkaloids
Nl-Nitrosonornicotine
Hydrocarbons
Alcohols of Tobacco
Sterols
Fatty Acids and Esters
Ammonia and Hydrazine

Chemical Composition of Tobacco Smoke
Tobacco Alkaloids in Smoke and Biological Fluids
Low-Boiling Volatiles (General)
Hydrocarbons
Ketones
Phenolic Constituents
Acidic Components
Polynuclear Aromatic Hydrocarbons and Related Compounds
Sulfur-Containing Compounds
Analysis of Specific Miscellaneous Compounds

NatJJral, Pyrolytlc, and Metabolic Products ofMiJrijuana
Cannabinoid Patterns and Their Use in Determining Chemical

Race and Origin
Chemical Composition of the Marijuana Plant
Some Chemical Constituents of Marijuana Smoke
Cannabinoids and Metabolic Products in Biological Media

ISBN, 0-8247-6861-2

&e re••rse !Ide for content! of~
olh~, volumes in this ~rl~J ,.

MARCEL [)EJ(J(ER, IOC- 270 MADISON AVENUE, NEW YORK, N.Y. 10016



ANALYSIS or DRUGS AND METABOLITES BY
GAS CffROMATOGRAPUY-MASS SPECTROMETRY

and don't forget Volumes 1-6 of this comprehensive series ...

VOLUMES

CIIrdloYMCUlar. AnU·ttypert.......
Hypoglycemic, and Thyroid-Related AQtnIa

1979 464 pages

CONTENTS: CudJovasculu Drugs. Digitalis-Type Glycosides.
Antiarrhythmic Agents. Coronary Vasodilators. Coumarin-Type
Anticoagulants. Diuretics. Antisclerosis (Antihyperlipidemia)
Drugs. Antihypertensive, Hypoalycemic, and Thyroid-Related
Drugs. Antihypertensive Drugs. Hypoglycemic Agents. Thyroid
Hormones and Drugs. ISBN: 0-8247-6757-8

VOLUMES

AnalgeslCl, Locel Aneethetlc:s and Antlblotlca
1978 560 pages

CONTENTS: Nucotics, Nucotic Antagonists, and Synthetic
Opiate-like Drugs. Natural Opium Alkaloids and Related Com·
pounds. Synthetic Derivatives of Opiates and Related Drugs. Syn
thetic Opiate-like Drugs. Narcotic Antagonists. Analgesics, Local
Anesthetics, and Antibiotics. Antipyretic, Antlintlammatory, and
Antihyperuricemic Agents. Local Anesthetics. Antibiotics.
ISBN: 0-8247-6651-2

VOLUME 4

Central Nervou. Syatem Slimulanll

1978 472 pa8es

CONTENTS: Amphetamines, Xanthines, and Related Compounds.
Amphetamines and Related Com~ounds. The Xanthines. Pentyl
enetetrazol. Phenylethylamine-, Tryptamine-, and Propranolol-re
lated Compounds. Phenylethylamine-related Compounds. Trypt
amine-related Compounds. Propranolol-related Compounds.
ISBN: 0-8247-66t4-8

VOLUME 3

Antipsychotic. Antlem.tlc. and
Antld.pr....nt Drug.

1977 280 pages

CONTENTS: Antipsychotic and Antiemetic Drugs: Phenothiazine,
Butyrophenone, and Thioxanthene Derivatives. Phenothiazine De-

rivatives. Substituted Butyrophenones and Related Compounds.
Thioxanthene Derivatives. Antidepreaant Drugs: Monoamine Oxi
due Inhlbiton. Tricyclic Antidepreaants, and Several Related
Compounds. Monoamine Oxidase Inhibitors. Tricyclic Antidepres
sants. ISBN: 0-8247-6586-9

VOLUME 2

HypnoUca. AnUconvulaanta, and S4k1allv..

1977 512 pages

CONTENTS: Hypnotics, Anticonvulsants,and Sedatives: Bubitu
rate Compounds. General Methods for Isolating Drugs and Their
Metabolites from Biological Media. Barbiturates. Hypnotics, Anti
convulsants, and Sedatives: Nonbubiturate Compounds. Chloral
Derivatives. Tertiary Acetylenic Alcohols. Cyclic Ether. Carba
mate-type Compounds and Ureides. Piperidinediones. Quina
zalones: Mecloqualone and Methaqualone. Benzodiazepine Com
pounds. Carbamazepine. Hypnotics, Anticonvulsants, and Seda<
lives: Nonbubiturate Compounds (continued). Hydantointype
Drugs. Succinimide-type Drugs. Primidone. Paramethadione and
Trimethadione. Miscellaneous Anticonvulsant Drugs.
ISBN: 0-8247-6585-0

VOLUME 1

R..piratoryG_.Volatile Anesthetic.,
Ethyl Alcohol. and Related
Toxicological Mat.rlall

1977 240 pages

CONTENTS: Respiratory Gases, Volatile Aneslhelics, and Re
lated Toxicological Materials. Respiratory and Blood Gases.
Volatile, Low-molecular-weight Anesthetics. Sterilizing Agents.
Common Organic Solvents in Blood, and Riot-control Aerosol
Irritants. Ethyl Alcohol and Volatile Trace Components in Breath,
Body Fluids, and Body Tissues. Ethyl Alcohol. Volatile Const;t
uents in Human Breath, Fluids, and Tissues. ISBN: 0-8247-6576-1



a book addressed to today's problems in
polymer research, development, and processing . ..

Liquid Chronlatographg of
Poigmers and Related Materials II

(Chromatographic Science Series, Volume 13)

edited by JACK CAZES, Waters Associates, Inc., Milford, Massachusetts

XAVIER DELAMARE, Waters Associates, S.A., Paris, France

June, 1980 272 pages, illustrated

This timely volume brings together papers presented at
the International liqUid Chromatography Symposium IV
on Liquid Chromatographic Analysis of Polymers and
Related Materials. The papers describe new techniques of
gel penneation chromatography, and include data that
have never before been published.

Liquid Chromatography ofPolymers and Related
Materials II will provide polymer scientists and technol
ogists in both industrial and academic settings with better
insight into the development of new polymers and plastics,
as well as means for the quality control of polymers cur
rently in production.

This volume will be of utmost interest to researchers and
polymer processors who need to control the quality of
polymer products, to liquid chromatographers, and to
other analytical chemists dealing with polymers and
polymer additives.

CONTENTS: Problems Encountered in the Determination of Average
Molecular Weights by GPC Viscometry, J. Lesec. High Performance Gel
Permeation Chromatography of Polymers, J. V. Dawkins. Investigations
Concerning the Mechanism of GPC, A. M. Basedow and K. H. Ebert. Poly
mer Retention Mechanisms in GPC on Active Gels, J. E. Figueruelo, V. Soria
and A. Campos. Problems in Multiple Detection of GPC Eluents, R. Bressau.
Aqueous Gel Permeation Chromatography: The Separation of Neutral Poly
mers on Silicagel, J. A. P. P. van Dijk, J. P. M. Roels and J. A. M. Smit.
Utilization of Multidetector System for Gel Permeation Chromatography,
Z, Gal/at. Molecular Characterization of Degraded Polymers, K. B. Abbas.
Characterization of Polymers with Long Chain Branching-Development of
the Molecular Weight and Branching Distribution, G. N. Foster, T. B.
MacRury and A. E. Hamielec. Gel Permeation Chromatography of Nitro
cellulose,A. F. Cunningham, C. Heathcote, D. E. Hillman and J. I. Paul.
GPC and Viscometric Investigations on Grafting Reaction of SAN onto
EPM Elastomer, A. DeChirico. S. Arrighetti and M. Bruzzone. GPC of Poly
amides, D. J. Goedhart. J. B. Hussem and B. P. M. Smeets. Contribution of
Gel Permeation Chromatography (GPC) to the Characterization of Asphalts,
B. Brule.
ISBN: 0-8247-6985-6

and don't forget this outstanding collection of papers
from the First International Symposium on Liquid
Chromatographic Analysis of Polymers and Related Materials . ..

Liquid Chromatography of Polymers and Related Materials
(Chromatographic Science Series, Volume 8)

edited bv
JACKCAZES
Waters ASJociates, Inc.
Milford, Massachusetts

192 pages, illustrated

"Dr. Cazes of Waters Associates, Inc. has done a fine job in bringing this
col/ection together for (he benefit of both academic and industrial poly
mer chemists, analytical chemists and students ofpolymeric processes. ..

Polymer News

ISBN, 0-8247-6592-3

MARCEL DEKKER.INC.
270 MADISON AVENUE, NEW YORK, N.Y. 10016 • (212) 889-9595



announcing the proceedings of the second
Liquid Chromatography Symposium . ..

Biological/Biomedical Applications
of Liquid Chromatography n
(Chromatographic Science Series, Volume 12)·

oltering researchers a comprehensive, multidisciplinary approach to the use of
liquid chromatography in clinical diagnostic, monitoring, and research studies . ..

CONTENTS

edited by GERALD L. HAWK
Walers Associates, Inc.
Milford, Massachusetts

associate editors
PAUL B. CHAMPLIN

ROBERT F. HUTTON
HOWARD C. JORDI

Walers Associates, Inc,
Milford, MasSQchusetts

CHRIS MOL
Walers Associates B. V.

Etten-Leur, Holland

520 pages, illustrated

Biulugical/Biumedical Applications of
Liquid Chromatography lll:ontains 24
selected papers presented at the second
Liquid Chromatography Symposium, held
in October, 1978, in Boston, Massa
l:husetts. Covered in this volume is a
broad, interdisciplinary range of topics of
interest 10 those involved in the fraction
ation ,characterization. and quantification
of materials of biological interest. Written
by an international group of expert con
tributors. the papers show the usefulness
of liquid chromatography in therapeutic
drug monitoring, and clinical and bio
chemical studies that involve the separa
tion of

• proteins, peptides, amino acids

• carbohydrates
elipids

• purines and pyrimidines
• drugs and drug metabolites
• neurochemicals
• enzymes
• vitamins
• steroids
• estrogens and prostaglandins

Biological/Biumedical Applications uf
Liquid Chromatography II is an impor
tant source of up-to-date information for
clinical chemists, cancer researchers. neu
robiologists, microbiologists, pathologists,
biochemists, immunologists, protein
chemists, biologists, chromatographers,
pharmacologists, and pharmaceutical
chemists.

Clinical Antibiotic Assays by HPLC
J. P. Anhalt

A Liquid Chromatographic Procedure for the
Analysis of Methylphenidate (Methy!-Q-Phenyl
2-Piperidine Acetate) and Ritalinic Acid (Q
Phenyl-2-Piperidine Acetic Acid) in Serum

S. J. Soldi", Y-P. M. Cha", B. M. Hill, alld
J. M. Swanson

The Estimation of Chlorambucil, Phenyl Acetic
Mustard and Prednimustine in Human Plasma by
High Pressure Liquid Chromatography

D. R. Newell, I.. J. Hart. H. Calpert, T. J.
McElwa;'J, and K. R. Harrap

HPLC in the Community Hospital Clinical Labo
ratory

C. H. Altshuler, W. N. HolliSTer, and J. C.
Neicheril

Analysis of Urinary and Plasma Catecholamines
by High-Performance Liquid Chromatography
with Amperometric Detection

T. P. Moyer, N-S. Jiang, and D. Machacek
HPLC as a Clinical Method for Monitoring
Hemodialysis of Renal Patients

H. Veening
Viability Studies of Perfused Rabbit Kidneys
and Their Relevance to Clinical Transplantation

K. M. Taylor, L. Chase, and M. Bewick
The Determination of Neurochemicals in Tissue
Samples at Subpicomole Levels

H. D. Christensen and C. L. Blank
Continuously Referenced, On-Line Monitoring
of Creatine Kinase and Lactate Dehydrogenase
Isocnzymes for Use in Clinical Diagnostics

M. S. Denton, W. D. Bostick, S. R. DillSmore,
and J. E. Mrocheck

Carbohydrate Analysis - A Challenge to HPLC
R. Schwarzenbadr

Application of HPLC in the Isolation of Unpro
tected Peptides

J. Rivier, J. Spiess, M. Perrin, and W. Vale
The Role of lon-Pair Reversed-Phase HPLC in
Peptide and Protein Chemistry

M. T. W. Hearn alld W. S. Hancock
High Performance Liquid Chromatographic
Analysis of Peptide Hormones

P. Ril'ail/e, D. Raulais, alld G. Milhaud
Determination of Purity of Large Synthetic Pep
tides Using HPLC

D. H. Coy
Continuous-Flow Solid-Phase Peptide Synthesis
Using an HPLC System

B. W. h'rickson a,rd M. B. Prysrowsky

Methods of Peak Identification for Biological
Samples Analyzed by High Performance Liquid
Chromatography

P. R. Brown, A. M. Krstulm'ic, and R. A.
Hartwick

Urinary Purines and Pyrimidines in a Patient
with Purine Nucleoside PhosphorYlase Defi
ciency - The Application of HPLC

A. H. van Gennip. J. Grift, S. K. Wadman, and
P. K. de Bree

Purification and Quantitation of Plasma Protein
Bound Vi tamms and Steroids by Combined
Affinity and High-Performance Liquid Chroma
tography Techniques

B. Nilsson, L. Tejler, and J. f: Dymling
Quantltation of Bile Acids in Biological Fluids
by HPLC

T. Nambara, J. (;oto. M. Hasegawa, and
H. Koto

Purification of Mono and Diunsaturated Cn
C47 Fatty Acids from Mycobacten'um Tuber·
culosis H37Ra as Their p-Bromophenacyl Esters
by High Performance Liquid Chromatography

K. Takayama, N. Qureshi, H. C. Jordi, and
H. K. Schnoes

The Metabolism of the Ethynyl Estrogens Pre
parative HPLC Proming of Radiolabeled Urinary
Estrogens

M. C. Williams and J. W. Goldzieher
Separation and Isolation of 19-Hydroxy-Pros
taglandins from Human Semen by Reversed
Phase High Pressure Liquid Chromatography

W. G. A ndersOfr, D. E. Piccolo, and D. Kupfer
Quantitation of Prostaglandins in Human Semen
by Reverse-Phase High Pressure Liquid Chroma
tography

D. E. Piccolo and D. Kupfer
The Study of the Degradation of Dye Molecules
of Biological Importance Using HPLC

W. A. Peeples, II alld J. R. Heitz
Glossary of Liquid Chromatography Terms
Author Index
Subject Index

Subject Category: 02.1. Analytical Chemistry
ISDN: 0·8247-69t5·5

Chromatographic Science is a series of
individual volumes under lhe general edi
lorial direction of Jack Cazes. Waters Asso
ciates, Inc., Milford, Massachusetts.

MARCEL DEKKER, INC. 270 MADISON AVENUE, NEW YORK, N.Y. 10016



INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Liquid Chromatography is a bimonthly
publication in the English language for the rapid com
munication of liquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
(2) copies of the manuscript must be submitted. Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance will result
in return of the manuscript to the authors and delay
its publication. To avoid creasing, manuscripts should
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jac k Cazes
Journal of Liquid Chromatography
P. O. Box 127
Hopedale, Massachusetts 01 747

Reprints

Owing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in quantities
of 100 and multiples thereof. For orders of 100 or
more reprints, twenty (20) free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital letters and centered on the width of the typing
area at least 2 inches (5.1 em) from the top of the
page. This should be followed by three I ines of space
and then by the names and addresses of the authors in
the following way (also centered):

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF

BARIUM AND STRONTIUM IN SURFACE WATERS
BY ION EXCHANGE CHROMATOGRAPHY AND

ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory

520 Wakra Way
Salt Lake City, Utah 84108

3. Abstract: Three lines below the addresses, the
title ABSTRACT should be typed (capitalized and cen
tered on the page). This should be followed by a
single-spaced, concise, abstract comprising less than
10% of the length of the text of the article. Allow three
lines of space below the abstract before beginning the
article itself.

4. Text Discussion: Whenever possible, the text dis
cussion should be divided into such major sections as
INTRODUCTION, MATERIALS, METHODS, RE
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and
REFERENCES. These major headings should be sepa
rated from the text by two I ines of space above and
one line of space below. Each heading should be in
capital letters, centered, and underl incd. Secondary
headings, if any, should be flush with the left margin,
underscored, and have the first letter of all main words
capitalized. Leave two lines of space above and one
line of space below secondary headings.

5. Paragraphs should be indented five (5) typewriter
spaces.

6. Acknowledgment of collaboration, sources of re
search funds, and address changes for an author should
be listed in a separate section at the end of the paper.

7. References (including footnotes) in the text will
be numbered consecutively by numbers in parentheses.
All references (and footnotes) should then be aggre
gated in sequence at the end of the communication.
No footnotes should be shown at the bottom of pages.
The reference list follows immediately after the text.
The word REFERENCES should be capitalized and
centered above the reference list. It should be noted
that all reference lists should contain initials and names
of all authors; et al. will not be used in reference lists.
Abbreviations of journal titles and styles of reference
lists will follow the American Chemical Society's
Chemical Abstracts List of Periodicals. References
should be typed single-spaced with one line spaCe be
tween each reference.

8. Each page of manuscript should be numbered
lightly at the bottom of the sheet with a light blue
pencil.

9. Only standard symbols and nomenclature ap
proved by the International Union of Pure and Ap
plied Chemistry should be used.

10. Any material that cannot be typed, such as Greek
letters, script letters, and structural formulae, should
be drawn carefully in black India ink (do not use blue
ink).

Typing Instructions

1. The manuscript must be typewritten on good
quality white bond paper measuring approximately 8)1,
x 11 inches (21.6 cm x 27.9 em). Do not use Corrasi
ble bond or its equivalent. The typing area of the
article opening page, including the title, should be 5)1,
inches wide by 7 inches deep (14 em x 18 em). The
typing area of all other pages should be no more than
5)1, inches wide by 8)1, inches deep (14cm x 21.6cm).

2. In general, the chapter title and the abstract, as
well as the tables and references, are typed single
spaced. All other text discussion should be typed 1)1,
line spaced, if available, or double-spaced. Prestige elite
'characters (12 per inch) are recommended, if available.



3. It is essential to use black typewriter ribbon (car
bon film is preferred) in good condition so that a clean,
clear impression of the letters is obtained. Erasure
marks, smudges, creases, etc., may result in return of
the manuscript to the authors for retyping.

4. Tables should be typed as part of the text but in
such a way as to separate them from the text by a
three-line space at both top and bottom of each table.
Tables shou Id be inserted in the text as close to the
point of reference as possible, but authors must make
sure that one table does not run over to the next page,
that is, no table may exceed one page. The word TA
BLE (capitalized and followed by an Arabic numbed
should precede the table and be centered on the page.
The table title should have the first letters of all main
words in capitals. Titles should be typed single-spaced.
Use the full width of the type page for the table title.

5. Drawings, graphs, and other numbered figures
should be professionally drawn in black India ink (do
not use blue ink) on separate sheets of white paper and
placed at the end of text. Figures should not be placed
within the body of the text. They should be sized to
fit within the width and/or height of the type page,
including any legend, label, or number associated with
them. Photographs should be glossy prints. A type
writer or lettering set should be used for all lahels on
the figures or photographs; they may not be h.and
drawn. Captions for the pictures should be typed single
spaced on a separate sheet, along the full width of the

type page, and preceded by the word F IGUR E an,
number in arabic numerals. All figures and letter
must be of a size to remain legible after a 20% red
tion from original size. Figure numbers, name of sen
author, and arrow indicating "top" should be writ1
in light blue pencil on the back or typed on a gumrr
label, which should be attached to the back of 1

illustration. Indicate approximate placement of the
lustrations in the text by a marginal note in light bl
pencil.

6. The reference list should be typed single-spac
although separated from one another by an extra Ii
of space. Use Chemical Abstract abbreviations for jOi
nal titles. References to jou rnal articles should I

elude (1) the last name of all author(s) to any 0

paper, followed by their initials, (2) article title, (
journal, (4) volume number (underlined), (5) first pa[
and (6) year, in that order. Books should be cit,
similarly and include (1) author, surname, first a,
middle initials, (2) title of book, (3) editor of book
applicable), (4) edition of book (if any), (5) publishl
(6) city of publication, (7) year of publication, and (
page reference (if applicable). E.g., Journals: Cra
L. C. and Konigsber, W.• Use of Catechol Oxygena
and Determination of Catechol, Chromatogr., 10,42
1963. Books: Albertsson, P. A., Partition of Cell Par
cles and Macromolecules, Wiley, New York, 196
Article in a Book: Walter, H., Proceedings of the Pr
tides of Biological Fluids, XVth Colloquim, Pteeter!
H., eds., Elsevier, Amsterdam, 1968, p. 367.
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Specially purified to B&,J's high standards:
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greater than cOllventionallab water supplies
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