
 

 

 

Analytical aspects to the study of amino acid
metabolism
Citation for published version (APA):

van Eijk, H. M. H. (1999). Analytical aspects to the study of amino acid metabolism. [Doctoral Thesis,
Maastricht University]. https://doi.org/10.26481/dis.19990917he

Document status and date:
Published: 01/01/1999

DOI:
10.26481/dis.19990917he

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.19990917he
https://doi.org/10.26481/dis.19990917he
https://cris.maastrichtuniversity.nl/en/publications/500b44f2-ca4d-4aa3-b785-55466a93d1ad


Analytical aspects to the study of amino acid metabolism

Proefschrift ^ •>• ' ••»• ' "•

ter verkrijging van de graad van doctor "*"' "" * , ^ ^ ,
aan de Universiteit Maastricht,

op gezag van de Rector Magnificus, Prof. Dr. A.C. Nieuwenhuijzen Kruseman
volgens het besluit van het College van Decanen,

in het openbaar te verdedigen •'-•• ' ^ v,*
op vrijdag 17 September 1999 om 14.00 uur > : • "M>>'V

door

Hendrikus Maria Hubertus van Eijk

geboren 16 augustus 1959 te Heerlen



Promotor
Prof.dr. P.B. Soeters

Co-promotor
Dr. N.E.P. Deutz

Beoordelingscommissie
Prof.dr. M.P. van Dieijen-Visser (voorzitter)
Prof.dr. P. Fürst (Universität Hohemheim, Duitsland)
Prof.dr. J.P.M. Geraedts
Prof.dr.ir. W.H.M. Saris
Prof.dr. P.Stehle (Universität Bonn, Duitsland)

ISBN: 90-5681-064-2

iüi ihr
i IUU

The study presented in this thesis was performed at the Nutrition and Toxicology Research Institute Maastricht (NUTRIM).
which participates in the Graduate School VLAG-2 (Food Technology. Agrobiotechnology, Nutrition and Health Sciences)
accredited by the Royal Netherlands Academy of Arts and Sciences.

De druk van dit proefschrift werd financieel mede mogelijk gemaakt door Alltech Applied Science en B&L systems.



Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Addenda

Summary

Dankwoord

Curriculum Vitae

Publications

Introduction

Basic setup for the determination of o-phthaldialdehyde
derived amino acids

Determination of amino acid metabolites

Sample preparation and interpretation

Isolation and quantitation of isotopically labelled amino
acids from biological samples

Automated isolation of high purity plasma albumin for
isotope ratio measurements

Determination of amino acid isotope enrichment using
Liquid Chromatography-Mass Spectrometry

To chapters 1,3 and 4

13

25

37

45

65

73

83

103

107

109

111





Introduction

General Introduction

A basic requirement for the study of protein metabolism is to have access to
techniques, which enable quantification of changes in the biological pathways of
amino acids, their involvement in protein synthesis and breakdown. In this thesis, an
overview is presented of the progress made by us in this field over the last 15 years,
starting from the point were reversed phase chromatography began to take over the
classical ion-exchange separation. The latter technique, first introduced by
Spackman, Moore and Stein in 1956 (1), enabled researchers for the first time to
quantitate plasma and tissue amino acid concentrations, and dominated for a long
time metabolic research techniques. Even today, the technique is applied in many
laboratories. It should therefore be no surprise that initially this technique was also
used to perform our studies (2-5).

The growing number of samples and, especially in the animal experiments, the
demand for a better sensitivity and precision could not be realized by ion-exchange
chromatography. Furthermore, plasma or tissue (free) amino acid concentrations
alone do not give an in-depth insight in metabolic processes. And although they
improved our understanding of what was going on, the development and application
of techniques to measure amino acid metabolites such as ammonia, urea, lactic acid
in combination with the total nitrogen balance alone did not meet our requirements
(6-8). To get a more in-depth knowledge, protein (thus amino acid) production and
degradation need to be quantitated. To enable this at organ level, a technique was
required, precise enough to measure the small differences between arterial and
venous amino acid concentrations in small sample amounts.

Reversed phase chromatography

At that time, the maturation of reversed phase high performance liquid
chromatography (RP-HPLC) presented new alternatives to ion-exchange
chromatography for amino acid concentration measurements. Because the
stationairy phase (the silica matrix) used in this method has a much better
mechanical strength compared to the polystyreen-divinylbenzene matrix of an ion-
exchange column, higher flow-rates were possible (ml/min). This enabled a drastic
decrease of the analysis time. At the same time new derivatization probes were
developed, which compared to ninhydrin, resulted in an enhanced sensitivity. Most
popular probes at this time were fluorescamine (9, 10), dansylchlorine (11-13),
phenylisothiocyanate (PITC) (14, 15), 9-fluorenylchloroformiate (FMOC) (16-19) and
o-phthaldialdehyde OPA (20-35). Application of these derivatization reactions prior to
injection on the column had two effects. First it reduced polarity of the derivative
compared to the unreacted amino acid, which is beneficial for a reversed phase
separation. Furthermore, a post-column dilution with reagent is avoided, not only
improving sensitivity, but also reducing reagent costs.

From the available derivatization reagents, we considered the OPA probe to
be the best choice because of its easy and rapid reaction procedure, the resulting
highly fluorescent derivatives and the non-fluorescent character of the reagent itself.
However, still a number of problems had to be solved. In the eighties, no
commercially available sample processor could execute the derivatization sequence



with sufficient precision. Thus, standard systems were modified to achieve this (25,
28, 29, 35-37). Fortunately, high efficiency columns with a low particle size (3um) just
became available, enabling the development of the complete separation of all major
amino acids (and their metabolites). And lastly, automatic data processing had just
been introduced, but was not yet applied on a wide scale yet. Therefore, all the
ingredients came together enabling us to develop a fully automated amino acid
analysis employing OPA-pre-column derivatization (38).

With the resulting method, our goals discussed above could be reached and
we were able to evaluate the massive amounts of sample data from clinical trials (3,
5) and those obtained from experiments using laboratory animals (4, 39-41). These
measurements allowed calculation of net protein synthesis or breakdown and this
exciting possibility increased the demand for an even more rapid analysis. We
responded to this demand by replacing the analytical column by a continuous search
for new and more efficient packing materials. This search resulted in implementation
of a shorter, more efficient column which, in combination with an adapted gradient
and solvent system, resulted in an almost two-fold reduction of the analysis time (42).

Importance of sample preparation and normal values

An important side effect of these developments was, that the enhanced
analytical capacity provided the opportunity to take a closer look at the process of
sample preparation and storage prior to analysis, both essential aspects of the
analysis cycle. The question arose, how the concentration of especially glutamine, an
important amino acid in metabolic research, is preserved best, because
contradictional papers were published with respect to this subject (43-50). Usually,
plasma deproteinization using 5-sulfosalycilic acid was recommended as being trie
best technique to exclude enzymatic activity. However, the acid pH was suspected to
stimulate the spontaneous degradation to pyroglutamate. To elucidate this questions,
a study was conducted to establish the most optimal sample processing technique.
This study was expanded with the construction of a data base containing normal
plasma amino acid concentrations in humans, because it was our belief that
parameters like age, gender and the effects of feeding would definitely influence
normal values (51). In this way we hoped to reduce the bias of a proper control group
for a given patient population, thus increasing the sensitivity towards the effects of
intervention.

High sensitivity measurements and amino acid metabolites

The increased (automated) analytical capacity also created more possibilities
to broaden the study designs. Methods were designed to enable measurement of low
concentrations of "marker" amino acids like 3-methylhistidine (for muscle protein
breakdown) (52) and plasma y-aminobutyricacid (GABA for hepatic encephalopathy)
(53), because for both metabolites complications were encountered when literature
methods were applied to plasma samples (54-58). Again, the OPA- method was used
for this purpose and due to our increased knowledge with respect to the automated
reaction procedure, only minor modifications were required to reach this goal. A
separate analysis (59) was developed to measure plasma and tissue polyamine
concentrations, important metabolites which are thought to play a role in the
regulation of proliferation of specific tissues (23, 60, 61). This application was
especially challenging, as it required the development of an on-line purification to



remove interfering amino acid derivatives, which had not been accomplished before.
However, by combining our knowledge of the OPA derivatization reaction with the
use of a new packing material, we were able to put the application into effect.

Tracer technology , ,',£•>' ,

The more answers are acquired, the more questions arise. Net protein
synthesis is the resultant of synthesis and breakdown. Therefore, it is very well
possible that the net effect is zero, while major changes occur in both processes. To
answer these questions, it is necessary to get insight in both paths. This can be
accomplished using tracer technology. Using either radioactively labeled amino acids
or those enriched with stable isotopes, both aspects can be studied, first by using
ion-exchange chromatography (62) and later by using semi preparative RP-HPLC
(63). Using either of the two techniques, amino acid (derivatives) can be isolated and
the radioactive or with stable isotopes enriched part can be determined. The
radioactive radioctive application could be realized rather quickly, although the liquid
scintillation process itself presented some unexpected problems.

The stable isotope applications are currently subject to an ongoing exciting
development (64-74). However, due to the introduction of new ionization techniques
like electrospray (66, 75-81), the direct coupling of a liquid Chromatographie system
to a mass spectrometer is now possible. In this way, many of the problems
associated with difficult and expensive derivatization procedures required for the
traditional gas chromatography-mass spectrometry coupling can be avoided and the
full separation power of liquid chromatography can be used. This enables direct
measurement of not only amino acids but of a whole spectrum of (often polar)
metabolites which cannot, or only with a large effort, be studied with a GC-MS
system.

Tracer technology itself opened possibilities to study the synthesis of selected
proteins as a whole. The measurement of isotopically labeled amino acids
incorporated into selected proteins enabled the direct calculation of their synthesis
rates. However, this requires the collection of purified proteins and the development
of biochemical separation techniques had to be developed for this (62, 63). For the
future, we expect that LC-MS will play an increasingly important role in these
applications. The growing mass range, which can be covered by the mass
spectrometer, enables even today the study of intact proteins (76, 82). Together with
the possibilities of MS-MS or even MS" experiments, it might well become possible to
study the incorporation of stable isotopes in intact proteins, without the necessity of a
difficult and laborious purification procedure for either the protein and/or the target
amino acid built into the protein.

Scope of the Thesis

The scope of this thesis is to present an overview of our contribution to the
analytical progress made in metabolic research, starting with the classical ion-
exchange chromatography, going though reversed phase chromatography and
ending with the exiting possibilities modern mass spectrometric methods add to this
research.
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Chapter 1 '

Basic setup for the determination of o-phthaldialdehyde
derived amino acids

Published as.
1) H.M.H. van Eijk, M.A.H van der Heijden. C.L.H. van Berio and P.B. Soeters. Fully automated liquid-chromatographic

determination of amino acids. Clin.Chem. 34/12 (1988) 2510
2) H.M.H. van Eijk, DR. Rooyakkers and N.E.P. Deutz Rapid routine determination of amino acids in plasma by high-

performance liquid chromatography with a 2-3 urn Sphensorb ODS II column. J.Chromatogr. B 620 (1993) 143

Introduction

The analysis of free amino acid concentrations in blood (plasma) and tissue
specimens is of key importance in metabolic research. Traditionally, these
measurements were performed using ion-exchange chromatography combined with
ninhydrin detection (1, 2). This established and reliable method enables the
determination of not only all major plasma and tissue amino and imino acids (praline,
hydroxyproline)(3), but also less common amino acids or metabolites such as
hydroxylysine, y-aminobutyric acid, 3-methylhistidine and glutathione (4).

Unfortunately, this method is not very sensitive, analysis cycle times are long
and dedicated Chromatographie equipment and expensive reagents are required
together with an intensive operator interaction. Especially the low sample throughput
severely limits the number and type of experiments which can be performed, creating
a growing demand for a faster and more sensitive method.

Two alternatives were considered to replace the ion exchange method: gas
chromatography and liquid chromatography. In the mid 1980's, the separation of
amino acids by gas chromatography was still troublesome as it was difficult to
produce volatile derivatives from the polar amino acids with a constant recovery.
Meanwhile, a number of publications already demonstrated the feasibility of a
reversed phase high-performance liquid Chromatographie separation of several
amino acid derivatives (5-20). Furthermore, liquid chromatography was gaining
popularity with the introduction of better and more standardized columns and
equipment as a result of which we diverted our attention towards liquid
chromatography.

In contrast to ion-exchange chromatography, it is difficult to separate amino
acids as such by reversed phase liquid chromatography, as this technique is based
on differences in (a)polarity. A second complication is that with the exception of the
aromatic amino acids, amino acids do not absorb UV-visible light. Therefore, a
reaction with a UV-adsorbing or fluorescent probe is required to enable detection,
while the same probe can be used to decrease the derivative polarity, thus improving
its properties for a reversed phase separation.

As pointed out before, several probes, like fluorescamine, o-phthaldialdehyde,
9-fluorenylchloroformiate, dansyl- and dabsylchlorine, were already available that
could achieve this. From these options o-phthaldialdehyde (OPA) was chosen as it
reacts within minutes at room temperature. Its highly fluorescent reaction products
enable a very low level of detection, while the unreacted reagent does not interfere
with the separation as it does not possess any fluorescence by itself. However, there
are also some drawbacks. Secondary amino acids do not react and the reagent and
its derivatives are not stable.

13



This instability prohibits the processing of a batch of samples prior to J
automatic injection. Instead, optimal reproducibility could only be achieved by |
reacting each sample by hand, prior to its analysis. Considering that it was our |
intention to increase sample throughput, it was clear that we had to develop an |
automated procedure to guarantee an accurate analysis result and a maximal 1
analysis capacity. 5

A second problem which had to be solved, was that at that point in time, there
was no publication available, describing the separation of all major physiological
OPA-amino acid derivatives which are of importance to us. i

And last, we realized that an increase in analytic capacity would require a
proportional increase in the amount of operator time for data processing. Therefore, a
personal computer based integration software package was implemented, speeding
up processing of the produced data.

These efforts, described in the following papers which are incorporated
integrally in their published form, resulted in an increase in analytic capacity and an
improvement in sensitivity. This enabled a reduction in sample volume, in term
allowing the design of intervention studies in small laboratory animals.

However, the sensitive chemistry of the OPA reaction requires a careful
approach to guarantee a successful performance of the analytical methods based on
it. Unfortunately, as the scope of an analytical paper is to describe a successful route
enabling an accurate determination of the target components, it is impossible to
discuss extensively any source of trouble a potential user of the method may run into.
An indept discussion of this subject would be beyond the scope of this thesis also.
Considering its importance however, a summary of the potentially most dominant
sources of problems is incorporated in an addendum at the end of this thesis.
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CLIN. CHEM. 34/12. 2510-2513 (1988)

Fully Automated Liquid-Chromatographic Determination of Amino Acids
Han* M. H. van El)k, Marion A. H. van der Hei|den, Charles L H. van Berio, and Peter B. Soetert'

This inexpensive method (or fully automated amino acid
analysis combines the advantages ol automated precolumn
derivatization with ophthaldialdehyde and favorable analyti-
cal conditions to separate and quantity 30 amino acids found
in normal plasma. The system can run unattended for almost
tour days, during which the data are processed automatically
by a personal computer and a maximum of 76 samples and
19 standards can be processed (cycle time per analysis: 55
min). Only 1 /U. of deproteinized plasma is required per
analysis. Coefficients of variation for retention times and
areas measured for all relevant amino acids are less than 1 %
and 3%, respectively. The system described is well suited for
quick, sensitive operation in daily practice.

Metabolic or clinical studies requiring multiple analyses
of amino acids are generally hindered by the fact that amino
acid determinations are relatively expensive and time con-
luming. Many methods for determining amino acids in
biological samples involve precolumn derivatization with o-
phthaldialdehyde (OPA), followed by high-performance liq-
uid chromatography (1-77). None, however, satisfactorily
separates as many as 30 amino acids, including all the
prominent amino acids in plasma, and has fully automated
precolumn derivatization and data analysis. We describe a
lystem that does have these features and can run unattend-
ed for 87 h. During this period, 76 samples and 19 standards
are processed.

Materials and Methods

p Our HPLC system consists of two pumps
(both Model 2152), a Model 2152 controller, a Model 2156
solvent conditioner, and a Model 2155 column oven, all from
LKB, Woerden, The Netherlands. The separation column is
a Bisschoff Spherisorb ODS 0 column (3-/im particles), 25
cm x 4.6 mm (id.), equipped with a 10 mm x 4.6 mm (i.d.)
guard column filled with the same packing material (Salm
ft Kipp, Breukelen, The Netherlands). For automated preco-
lumn derivatization we use a WISP 712B sample processor
(Millipore/Waters, Etten-Leur, The Netherlands), equipped
with a cooled sample-storage compartment. To monitor
fluorescence we use a fluorescence detector equipped with a
xenon lamp and a 12-;iL flow cell. Measurements are made

University Hospital Maastricht, Department of Surgery, P.O.
Box 1918, 6201 BX Maastricht, The Netherlands.

' Address correspondence to this author.
Received April 20, 1988; accepted September 1, 1988.

at an excitation wavelength of 330 run and an emission
wavelength of 445 nm

Data are collected on-line by a Model 763 SB 192 K
interface (Nelson Analytical, CLJ, Schijndel, The Nether-
lands) and processed by an Olivetti M24SP personal com-
puter (Woltink, Kerkrade, The Netherlands) utilizing Nel-
son Analytical software.

Rea£en& and so/uenis. We use "ultra-pure" water, proc-
essed with a Milli-Q system (Millipore/Waters). All chemi-
cals used are of analytical grade (primarily from Pierce
Chemical Co., Oud Beyerland, The Netherlands). Solvents
are of Chromatographie grade (mostly from Merck, Amster-
dam, The Netherlands). The derivatization reagent is pre-
pared by dissolving 12.5 mg of OPA in 0.25 mL of methanol,
then adding 2.25 mL of potassium borate buffer (1.0 mol/L,
pH 10.4) and 10 /iL of 3-mercaptopropionic acid. Solvent A is
a 12.5 mmol/L phosphate buffer, pH 7.0, containing 9 mL of
tetrahydrofuran per liter. Solvent B consists of the phos-
phate buffer, acetonitnle, and tetrahydrofuran (53/40/7 by
vol). Amino acid standards are prepared by dissolving pure
amino acids in water to give a final concentration for each of
2-50 /imol/L. These are then calibrated against (a) acidic and
neutral amino acid standards and (6) basic amino acid
standards by using a Model 4400 amino acid analyzer (LKB)
with lithium buffers as specified in the LKB operator'«
manual (72). These calibrations require a 2.5-h run.

Sample preparation. Heparinized blood samples are im-
mediately centrifuged at 1500 x g in a Sorvall GLC-2
centrifuge for 10 min at 4 °C. Plasma is deproteinized with
sulfosalicyclic acid, 4 mg per 100 /JL of plasma, and centri-
fuged for 10 min at 10 0000 x g in an Eppendorf 5414
centrifuge at 4 °C.

To obtain data on "normal" plasma amino acid concentra-
tions in humans, we sampled blood from 30 healthy human
volunteers in the postabsorptive (overnight fast) and fed
state (1 h after an unspecified lunch). Samples and stan-
dards were stored at -70 °C; before analysis, we diluted
them 100-fold.

C/inomaiograp/iic eoruft/iorw. During the first 4.6 min of
the run, the sample processor executes the automated
precolumn derivatization. First, 5 /iL of the OPA reagent is
injected into its sample loop, where it remains because the
flow rate is still zero. One minute later, the sampler injects 5
/iL of a sample into the loop, at which point the flow rate is
slowly increased to 1.2 mlVrrun, thus allowing sample and
reagant to mix and react for 2 min before the gradient
elution starts.

The gradient is shown in Table 1.
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The pressure is 2.2 MPa at the start of the gradient,
increases to a maximum of 2.6 MPa during the run, and
returns to 2.2 MPa after initial conditions are restored at
the end of the analysis. From < = 44 to < = 55 min, the
column is equilibrated. Then, after 55 min, flow is stopped
far about 1 min; then the sampler proceeds with the next
cycle. The column is placed in an oven set at 22 °C, because
HOC derivatives (e.g., that of histidine) are very tempera-
ture sensitive.

Data proces«i/i£. The analog signal produced by the fluo-
rescence monitor is digitalized and sent to a disk nie, from
which the software produces a report. The retention times
and response factors used for detection and calculation are
corrected after every four samples by an external standard
method. Results are entered directly into a spreadsheet
program, thus simplifying and speeding data management.

ftowtts „• . ,

We modified the solvents and gradient used by Godel et
•1. (7), to separate 30 amino acids, including tryptophan, in
• plasma-based standard (Figure 1).

Furthermore, we adjusted the automated precolumn deri-
vatization used by Smith and Panico (2) and Pfeifer et al. (3),
combining this with the Chromatographie separation al-
ready achieved. The combination resulted in an excellent
reproducibility of retention times and peak areas for all
amino acids measured (Table 2).

The cooled sample-compartment of the autosampler can
be loaded with sample trays having 48 or 96 positions. As
many as 95 analyses (one position is needed for the OPA
reagent) can be done automatically and unattended.

Using the same OPA reagent, we tested sample and
reagent stability by processing 80 aliquots of a diluted
human plasma, stored in the sample processor for three and
a half davs. During this period, we did not observe any
change in amino acid concentrations measured (Table 2).

We further validated analytical results by measuring
amino acid concentrations in plasma of the 30 healthy
human volunteers, ages 20 to 57 years (Table 2). The values
we obtained correspond well with the literature (7).

We could not detect proline, hydroxyproline, and cysteine
with this method, while aspartic acid was cc-eluted with the
sulfosalicyclic acid used for deproteinization.

Finally, we investigated the fluorescence response for all
amino acids measured. For each amino acid, the response
was linearly related to concentration from at least 1.25 to 50
pmol per injection.

Discussion

We needed a fast, reliable method for determining many
amino acids, so we could perform clinical and

Tim.
•On

0
2.5
2.7
3.0
3.5
4.5
4.6
8.0

10.0
13.0

Table 1.
no»™«,

mL/inln

0
0.02
0.04
0.05
0.10
0.60
1.20
1.20
1.20
1.20

Gradient Conditions

SB

0
0
0
0
0
0
0
6
8 ~
8

Tim«,
rntn

14.0
19.0
26.0
31.0
36.0
39.0
41.0
44 0
54.0
55.0

Flow rat«,
fflUmln

1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
0.60
0

%B

10
13
28
30
40

100
100

0
0
0

'•ulfoaallerlle »el* • a»v«rlte «old

Fig. 1. Separation of amino aads in a plasma-based amino ad
standard (lop) and in a sample human plasma (bottom)
The standard contains 25 pnxH ol eecft ammo «ad per 5 »J. injected

metabolic studies (23-75). Many HPLC methods for amint
acid measurement involving pre- or post-column derivatizt
bon techniques have been described (7-77, 26-28). Froc
these, we chose the OPA precolumn derivatization ted>
nique, because it has several advantages, such as a relativ»
ly simple derivatization procedure and great sensitivity »
compared with other techniques [9-fluorenylmethoxycsr
bonyl chloride (75, 76); phenylisothiocyanate (77)].

Derivatives formed with the OPA technique are unstable
and the fluorescent responses depend, among other factors
on the reaction time with OPA. Consequently, we want«
an automated precolumn derivatization to improve repn>
duability of the method and minimi?» attention required d
the operators. The few published automated techniques (2
3, 6, 27) either gave poor resolution of some importanl
amino acids or involved long cycle times per analysis.

Therefore, we developed the present system, with whid
one sample is processed per 55 nun, which can run unat
tended for almost four days, which measures 30 amino acii
commonly found in plasma, and which requires only
deproteinized sample per analysis.

CUNCAL CHEMISTRY, Vol. 34, No. 12, 1968 251

16



Component

Asparticacid
Glutamic acid
o-Aminoadipic acid
Aaparagine
Sarine
QMamine
Qtycme
Thrsonine
HMdme
1-MathyttiisUdine
CNrulltne
3-Malhythistidine
Alanine
Homoatrulhne
Taurine
Arginine
a-AminobutyTic acid
Camosine
o-Aminobutync acid
Tyrosine
VaKne
Mstfuonjne
Norvaline (int std.)
Ethanolamine
Ammonia
tootoucine
Phanylalanine
Tryptophan
Laucme
Omrtrune
Lyane

Tabla 2. Raprodudbillty and Normal Valuas of Amino Adds

Stai

Rscwitlon Ufnvfti inln

Mean

6.94
7.31
9.50

11.00
11.85
13.85
14.73
15.55
16.13
16.77
17.10
17.37
19.12
21.37
21.95
22.57
23.09
24.37
26.70
27.98
30.49
31.32
31.72
33.00
33.63
34.53
35.17
35.68
36.75
38.18
39.79

SO

.03

.03

.10

.09

.07

.06

.06

.06

.07

.06

.06

.07

.06

.07

.06

.07

.06

.07

.04

.03

.03

.03

.03
06
.06
.08
.08
.14
.11
.11
.08

cv. %
.41
.35
.91
.77
.60
44
.42
.37
.41
.36
.35
.40
.33
.33
.28
.30
.26
.27
.16
.11
.08
08
.09
.18
.18
.22
.23
.40
.30
.28
.20

RaprodudbHIty'

ndmrd

Arsss, arb. count!

Mean

2.46
2.40
1.83
2.13
2.06
2.42
2.28
2.24
1.71
1.53
2.57
2.33
2.13
2.40
2.34
1.54
1.57

.54
2.40
2.50
2.69
2.90
3.23
1.48
—

2.71
2.81
2.67
2.55

.58

.57

SO

.06

.05

.03

.03

.04

.04

.04

.04
08
.11
.08
.10
.04
.10
.05
.11
.03
.05
.07
.06
.11
.07
.06
.11
—
.04
.05
.13
.06
.02
.02

CV, %

2.28
1.98
1.72
1.55
1.93
1.86
1.97
1.68
4.82
7.03
3.09
4.29
1.73
4.17
2.19
6.82
1.98
9.01
3.05
2.20
4.25
2.27
1.99
7.43
—

1.59
1.74
4.87
2.30
3.56
3.15

'AeproduobiMy ol retention times (mm) and measured areas (values divided by 10*.
plasma amino aods upon storage lor three and a ha« days m me sample processor (n =
( a g o 20-57 y) in the postabsorptive and led stale (n = 30)

In Plasma

Plasma concna, pmol/L

Mean

—
34.0
—
45.0

108.0
615.0
205.0
144.0
75.0
—
32.0
—

390.0
—
56.0
91.0
—
—
19.0
53.0

224.0
23.0
—
—
—
51.0
47.0
33.0
83.0
55.0

146.0

SO
—
4.0
—
1.0
3.0

10.0
6.0
3.0
4.0
—
3.0
—

11.0
—
3.0
6.0
—
—
1.0
1.0
3.0
1.0
—
—
—
1.0
1.0
1.0
3.0
1.0
4.0

cv, %
—

12.0
—
2.0
3.0
2.0
3.0
2 0
6.0
—

10.0
—
3.0
—
5.0
7.0
—
—
4.0
2.0
2.0
2.0
—
—
—
2.0
3.0
3.0
4.0
3.0
3.0

Normal value», ' I M M
(and SO), (imoVL

Fasted
—

26(16)
—

64(16)
93(19)

549(90)
219 (54)
117 (22)
74 (13)

—
35(11)

—
334(71)

—
74(41)
75(15)

—
—

20 (9)
52 (12)

206(43)
22 (6)

—
—

63(16)
45 (8)

—
118 (25)

59(23)
149 (25)

Fed
_

21 (15)
—

88 (25)
93 (25)

519 (100)
250 (77)
114 (27)
88 (13)

—
30 (9)

436 (82)
—

56 (12)
106 (24)

—
—

20 (6)
66 (15)

234 (40)
26 (7)

—
—

72 (14)
60 (11)

—
131 (25)
70 (17)

192 (38)

arbitrary units) ol standards (n • tS). indicating stability ol reagent and
60) "Ptasma amino acid concentrations in plasma ol human volunteer!

Reproducibility of the method, both for retention times
and peak-area measurement, is good within one batch of
analyses (Table 2). However, retention times between batch-
es may differ more, probably owing to slight variations in
solvent.

When different batches of columns are used, it may be
necessary to vary the tetrahydrofuran content of solvent A
between 0.7% and 1.1% to optimize separations.

Although the system can run unattended for four days, we
had to deal with two problems. Firstly, the OPA-reagent
deteriorates slowly in time as the 3-mercaptopropionic acid
evaporates and, secondly, some of the analytes (e.g., gluta-
mine, asparagine) degrade spontaneously at a rate that
depends on several other factors, such as the temperature of
the solution. We solved the first problem by storing the
reagent in a sample vial with a self-sealing cap and the
second problem by cooling the sample compartment of the
autosampler to 4 °C. Sample and reagent stability were then
good (Table 2).

Concentrations ranging from 25 to 1000 junol/L in plasma
can be measured accurately.

Chromatographie reports produced by the software are
stored on disk. These reports, which in most published work
(•'-̂ J) are generally the end result of automated data
processing, were incorporated into a spreadsheet or statisti-
cal program, which greatly accelerated evaluation of the
analytical results.

In our laboratory, analysis time and reagent costs of the

2512 CLINICAL CHEMISTRY. Vol. 34. No. 12. 1988

present method are roughly a third those of conventional
amino acid analysis.

Proline, hydroxyproline, and cysteine cannot be detected
with this method; and the aspartic acid in plasma is co-
eluted with the sulfosalicyclic acid used for deproteinization.

The study was supported by the Foundation for Research in
Circulation and Nutrition, Maastricht, The Netherlands
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Rapid routine determination of amino acids in plasma by
high-performance liquid chromatography with a 2-3 /mi
Spherisorb ODS II column
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ABSTRACT

A rapid fully automated method Tor the determination or amino acids is described based on high-performance liquid chromatogra-
phy and pre-column »-phlhaldiaidchydederivalization. Using a ISO mm x 4.6 mm I.D. HPLC column filled with a recently introduced
2-3 /mi Spherisorb ODS II packing material. 30 physiological amino acids could be determined within 28 min (injection lo injection),
while 95 samples could be processed unattended within 45 h. For most ammo acids, the coefficient of variation (C.V.) for the peak areas
measured was below 3%. both in aqueous standards and in plasma Providing a pre-column change every 200-300 runs, the separation
remained unaltered for about I5OO-2OO0 runs on a single column.

INTRODUCTION 3 /wn, exhibiting 30-40% more theoretical plates,
compared to the standard 3-jim material. Using

Numerous methods have been described for this highly efficient packing material, a shorter
the determination of amino acids using o-phthal- column was prepared, enabling the development
dialdehyde (OPA) pre-column derivatization and of a 28-min (injection to injection) plasma amino
high-performance liquid chromatography acid analysis without loss in resolution.
(HPLC). However, only a few describe automat-
ed systems which can run unattended on a rou- EXPERIMENTAL
tine basis [1-8]. Although protein hydrolysates
could be analyzed in these systems within half an fi/w/;m«w
hour [5,8-10], the analysis of plasma samples still The separation column was a custom made
required about one hour [4-8]. Bischoff Spherisorb ODS II column (2-3 ^m par-

Recently, a new batch of Spherisorb ODS II tides) 150 mm x 4.6 mm (I.D.), equipped with a
was introduced with a panicle size between 2 and 10 mm x 4.0 mm (I.D.) pre-column. filled with

the same packing material (Applikon, Schiedam,
the Netherlands). The analytical column was se-

• Corresponding author lected by the manufacturer (BischofT) using the

0378-4347/93/SO6r«0 © 1993 Elscvier Science Publishers B V All rights reserved
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criteria that, in the Bischoff test system, employ-
ing acetonitrile-water 85:15 (v/v) and a flow-rate
of 1.1 ml/min. a minimum of 150 000 theoretical
plates/m should be measured for a toluene con-
taining Bischoff test mixture, while the back-
pressure may not exceed 100 bar. In our system,
using a column temperature set at 25°C. this re-
sulted in a back-pressure of 22 MPa at the start
and 25 MPa at the end of the gradient.

Our HPLC system consisted of a Model 2248
pump, a Model 2252 controller, a Model 2256
solvent conditioner, a Model 2248-201 low pres-
sure binary mixing panel and a model 2155 col-
umn oven, all from Pharmacia (Woerden. the
Netherlands). For the automated pre-column de-
rivatization a WISP 715 sample processor (Milli-
pore/ Waters, Etten-Leur, the Netherlands) was
used, equipped with a cooled sample storage
compartment and a 96 position sample tray. Flu-
orescence was monitored with a Jasco Model
820FP fluorescence detector (B&L systems. Zoe-
termeer, the Netherlands) equipped with a xenon
lamp and a 12 /il flow-cell. Measurements were
made at an excitation wavelength of 335 nm and
an emission wavelength of 440 nm. Data were
collected on-line by a model 900 interface (Per-
kin-Elmer/Nelson, Gouda, the Netherlands) and
processed by a Tandon Model MCS 486/50 per-
sonal computer (Amsterdam, the Netherlands)
running Model 2700 (Turbochrom: version 3.2)
software (Perkin-Elmer/Nelson. Gouda. the
Netherlands) under Microsoft Windows, version
3.1.

All solutions were prepared with ultra-pure
water, generated by a Super-Q system (Millipore/
Waters). All chemicals used were of analytical
grade (Pierce. Oud Beijerland, the Netherlands),
solvents of Chromatographie grade (Janssen
Chimica. Amsterdam. The Netherlands).

The derivatization reagent was prepared by
dissolving 15 mg of OPA in 0.25 ml of methanol,
adding 2.25 ml of potassium borate buffer (1.0
mol/1, pH 10.4) and 15/(I of 3-mercaptopropionic
acid (3-MPA). This reagent was placed in a 1.2-
ml crimp-cap WISP vial with a self-sealing sil-

icone rubber, teflon-coated stopper (Alltech, Bre-
da, the Netherlands). Solvent A was a 12.5
mmol'l sodium phosphate buffer. pH 7.O. con-
taining 7 ml of tetrahydrofuran (THF) per liter.
Solvent B consisted of 12.5 mmol/l phosphate
buffer, acetonitrile and THF. 57:40:3 (v/v).

Amino acid standards were prepared by dis-
solving pure amino acids in water to a final con-
centration of 250 îmol/1 each. These were then
calibrated against a physiological standard (Sig-
ma Brunsch wig. Amsterdam, the Netherlands),
divided into 1-ml portions and stored at — 80°C.

Heparinized blood samples were obtained
from unrestrained, conscious female pigs [11] and
collected on ice followed by immediate centrifu-
gation at 8500 g in a Eppendorf model 5413 cen-
trifuge for 10 min at 4°C. Next, plasma was de-
proteinized with 5-sulfosalicylic acid (SSA), 4
mg/100 /i! plasma, frozen immediately in liquid
nitrogen and stored at - 80°C. Before analysis,
samples were thawed at 4°C, vortex-mixed vigor-
ously and centrifuged as described before. Ten
microliters of the clear supernatant were, to-
gether with 10/ilofa 1000-/jA/norvaline solution
as internal standard, diluted with 980 ^1 ice-cold
water in a 1.2-ml WISP vial.

pre-co/u/nn
Employing the WISP "auto-standards" meth-

od, with the OPA-reagent placed at position 1 of
the tray, the automated pre-column derivatiza-

TABLEI

GRADIENT CONDITIONS

Time
min)

0
2.0
2.5
3.5
3.9
4.0
60
8.0

Flow-rate
(ml/min)

0
0.020
0.050
0.100
0.750
1 500
I 500
1.500

B
(%)

0
0
0
0
0
0

II
15

Time Flow-rate
(mm) (ml/min)

15.0
180
20.5
22.0
23.0
24.0

.500

.500

.500

.500

.500

.500
27.5 0.750
28.0 0

B
(V.)

30
36
48

100
100

0
0
0
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Fig. 1. (a) Separation of 30 physiological amino acids. This standard contains ca. 35 pmol of each amino add.

tion was executed during the first 4.0 min of the
run under stop-flow conditions. First, 5 ^1 of the
OPA reagent was injected into the sample loop.
One min later, 5 /il of a sample was injected into
the loop, at which point the flow-rate was slowly
increased to 1.5 ml/min, thus allowing sample
and reagent to mix and react for 2 min before the
gradient elution started. Gradient conditions are
described in Table I.

RESULTS

In our system [4], we replaced the analytical
column by the new high-efficiency column. Using
a steeper gradient (Table I) and by increasing the
flow-rate from 1.2 ml/min to 1.5 ml/min, we were
able to separate all 30 amino acids present in our
aqueous standard (Fig. la) within 28 min. In

plasma, aspartic acid coelulcd with the sulfosal-
icylic acid used for the deproteinization (Fig. lb).

The samples were placed in a WISP's 96 posi-
tion tray and cooled to 7°C in the sample com-
partment of the system. This system processed
the tray unattended within 45 h, during which 84
samples and 11 standards were analyzed.

In order to determine the coefficient of varia-
tion (C.V.), 40 vials containing the aqueous stan-
dard and 20 vials containing a pooled plasma
sample were randomly placed in a sample tray.
No change in detector response or resolution was
found between the first and last chromatograms
(not shown). The C.V. for the peak areas mea-
sured (and thus the concentration) was below 3%
for most amino acids both for standard and plas-
ma, while the C.V. for most retention times was
below 0.5%. The present method was compared
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Fig. I. (b) Free a m i n o acids in arterial plasma obtained Irom a consc ious unrestrained pig [II ) .

with our previously described technique [4], by
determining the amino acid concentrations in ar-
terial blood of normal unrestrained pigs [11]. The
data were in perfect agreement with each other
(Table II).

Using a single column, the separation was un-
altered during 1500-2000 runs, provided that the
pre-column was changed after every 200-300
runs.

DISCUSSION

Previously, we used a 250 mm x 4.6 mm I.D.
analytical column packed with Spherisorb ODS
II 3 jim to separate 30 amino acids within 55 min
[4]. The introduction of a newly developed highly
efficient Spherisorb ODS II packing material.

with a particle size between 2 and 3 /im enabled
the production of columns with 30-40% more
theoretical plates per meter. Using these col-
umns, we expected an equal reduction in column
length and thus analysis time to be possible. In
order to obtain an optimum resolution we used
the method described by Eslami e; a/. [10] to de-
velop the gradient for this new column and
achieved an excellent separation within 35 min.
The lower back-pressure of the column enabled
us to increase the flow-rate from 1.2 ml/min to
1.5 ml/min resulting in a further reduction of the
analysis time to 28 min.

For routine applications the separation ob-
tained must also be reproducible. Because it has
been described that a rapid decrease in column
efficiency may be found when columns with 3 ^m



TABLE II

REPRODUCIBILITY AND NORMAL VALUES

Determination or the coefficient or variation (C. V ) Tor both aqueous standards and plasma. The normal values are arterial amino acid concentrations or conscious
unrestrained pigs.

Amino acid

Aspartic acid
Glulamic acid
a-Aminoadipic acid
Asparaginc
Scrine
Glulamine
Glycine
Thrconine

Histidinc
Cilrulline
I-Methylhistidine
3-Mcthylhistidine
Alanine
Homocitrulline

Taurine
GABA
Arginine
Carnosine
a-Aminobulyric acid
Tyrosine
Valinc
Mcthionine
Norvaline (i.s.)
Ethanolamine
Isoleucine
Phenylalanine
Tryptophan
Leucine
Ornithinc
Lysine

Aqueous standard (n

Retention times (min)

Mean

5.06
5.19
5.73
689
7.07

843
8.72
8.97

9.56
986

10.04
10.29
10.46
11.28
11.45
11.84

12 15
12 79
13 42
1424
16 17
17.03
17.34
17.89
1959
19.97
20.26
20 94
21 89
22.73

S.D.

0.01
0.03
0.03
0.03
0.04
0.04
003
0.02

003
0.03
0.03
0.03
0.03
0.03
0.03
0.04

0.03
0.04
004
0.04
0.04
004
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.02

= 40)

C.V. (V.)

0.25
0.56
0.44
0.39
0.61
0.51
0.33
0.21
0.29
0.28
0 . »
0.29
0.28
0.29

0.30

0.31
0.27

0.28
0.32
0.26
0.26
0.23
0.23
0.22
0.22
0.21
0.20
0.20
0.12
0.10

Peak area (mV s)

Mean

631.3
567.7

556.8
754.8
677.6
7533
634.0
673.9

595.0
708.2
624 5
489.7
539.7
745.2
723.2
487.2
748.2

243.1
707.6
720 1
767.1
806.5

1499.0
569.9
799.4
780.6
699.6
973.8
192.6
251.5

S.D. (

21.2
17.4
13.1
28.6
24.9
17.1
17.9

20.3
12.1
15.1
16.2
16.6
152
19.8
16.4
12.4

15.1
6.3

16.3
11.8
14.4
13.3
25.9
21.6
13.9
13.4
12.9
32.3
5.9
74

:.v. <%)

.4
I.I

1.8
.7
.3

..8
.0

..1

. 6
.4

.8

!3
!6
.0
.6

.3
.6
9
.7
.7

.8

.7

.7

.9

.3
I.I
!9

Plasma (n - 25)

Cone (/imol/l)

Mean

248

38
150
351
804

98
59
62

346

52

87

19
36

256
59

1001

127
65
16

129
65

118

S.D.

13.1

13
6.2

19.4
15.5

2.0
1.9
2.2

6.5

2.4

4.3

1.3
2.0
6 1
5.2

17.1

4.5
2.7

1.3
4.0
4.4
6.2

C.V. (%)

5.3

3.5
4 1
5.5
19

20
3.2
3.7

19

4.7

4.9

6.8
5.6
2.4
8.7
1.7

3.5
4.1

8.0
3.1
6.7
5.3

Normal values 0imol/l)

This study (n *

Mean

238

38
144
365
685

97

53
61

276

56

81

18
38

241
51

993

110
60
16

120
45
84

S.E.M."

9

2
4

16
35

5
3
4

18

7

5

2
2
7
2
4

4
2
1
3
6

12

15) Ref. | l l ) (n - 9)

Mean

207

35
126
335
650

67

239

55

85

33
233

115
52

109
55
87

S.E.M.

22

2
7

18
57

6

19

4

6

3
9

5 .
3 ':, '•

7
5 .; "

II

*-,

?
,3

O

§

i
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_
to * S.E.M. = standard error of the mean.
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Spherisorb ODS II packing material [8] are used,
the constancy of the resolution was tested. In-
deed, a slight increase in back-pressure and/or
the occurrence of "ghost peaks'" was found when
analyzing plasma samples. However, this prob-
lem could be avoided by changing the pre-col-
umn regularly.

In conclusion, we achieved an excellent resolu-
tion of all major plasma amino acids within 28
min. Combined, with the automated pre-column
derivatization, the method has a good reproduc-
ibility of both retention times as well as peak
areas, making it suitable for routine plasma ami-
no acid analysis. ' ~ ~
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Chapte r 2 •'--•'••

Determination of amino acid metabolites

Published as:
1) H.M H van Eijk, NE.P. Deutz, A.J.M Wagenmakers and P B Soelers 3-Mettiythistidine determined In plasma by

high-performance liquid chromatography Clin. Chem. 36/3 (1990) 556
2) C.L.H. van Berlo, HR. de Jonge. A.E.J.M. van den Bogaard, H.M.H. van Eijk, M.A. Janssen, M.C.F. Bosl and P.B.

Soeters. y-Amino butyric aad production in small and large intestine of normal and germ-free wistar rats.
Gastroenterology 93 (1987) 472

3) H.M.H. van Eijk, DR. Rooyakkers and NE.P Deutz. Automated determination of polyamines by high-performance
liquid chromatography with simple sample preparation. J Chromatogr. A 730 (1996) 115

Introduction

The increase in analytical capacity, which resulted from our studies described
in the previous section, created the possibility to study marker amino acids present in
only a few umolar concentrations in blood plasma. 3-Methylhistidine (3-MH) was
considered an important marker for increased muscle degradation, while y-
aminobutyric acid (GABA) was associated with the pathogenesis of hepatic
encephalopathy (relevant references are incorporated in the resulting papers). Again,
the OPA-derivatization technique to be a powerful tool to enable their quantitation
and in the third paper the setup for the determination of plasma 3-MH is described.
The procedure for the determination of GABA is included in a metabolic paper, which
is beyond the scope of this thesis (21).

However, this paper reported changes in the metabolism of GABA, which in
term pointed into the direction of polyamine metabolism, requiring an analytical
method to quantitate these components. A scan of the literature for a suitable method
revealed that in most papers a laborious extraction procedure was prescribed to
remove the interfering free amino acids (22-24). The extraction procedure itself was
difficult to control, resulting in a variable extraction recovery. We therefore
investigated whether polyamines could be resolved from the bulk of amino acids
using an on-column separation, thus making the extraction procedure redundant.
Unfortunately, the separation of OPA-polyamine derivatives on a conventional
reversed phase column required the use of special solvent formulations to neutralize
the interaction with residual silanol groups, present in the packing material of the
column. These special formulations prohibited the desired separation. With the
introduction of a highly purified packing material this interaction was eliminated, thus
allowing us to develop the integrated method that was aimed for. The result of this
study is presented in the forth paper.
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3MH flux across muscle is preferable to measurement of
the urinary excretion of 3MH, because small pools of 3MH
in nonskeletal muscle tissues have a sufficiently rapid
turnover to contribute to the whole body excretion of 3MH
(7-70). Furthermore, in urine studies, volunteers and pa-
tients must be restricted from meat products, which also
contain 3MH (6. 77. 72).

Although the determination of 3MH in urine is easy and
has been well described (73-77), more difficulties are en-
countered in assays of 3MH in plasma. The concentration of
3MH in plasma is low (1-20 jimol/L) and its peak in a
chromatogram may overlap with those for the more con-
centrated amino acids in plasma. Estimating the 3MH flux
over tissues requires measurement of the 3MH venous-
arterial differences (VA-diff). Because these differences are
very small, a very sensitive and reproducible assay is
necessary. Another important application for such an assay
would be the determination of 3MH in effluent from incu-
bated or perfused muscles (28).

Previously, we described a fully automated, inexpensive,
"high-performance" liquid-chromatographic (HPLC) meth-
od for determining amino acids in plasma (79). We have
adapted this method to completely separate the peak due to
3MH from those of the more concentrated plasma amino
acids. The area of this 3MH peak could be measured with a
CV of 1.6% in human plasma, enabling accurate determi-
nation of a VA-diff of 0.05 /xmol/L or more.

Materials and Methods

Equipment The HPLC system consists of two Model
2152 pumps, a Model 2152 controller, a Model 2156 solvent
conditioner, and a Model 2155 column oven, all from
Pharmacia/LKB, Woerden, The Netherlands. The 25 cm x
4.6 mm (i.d.) separation-column is a Bisschoff Sperisorb
ODS II (3-(im particles), equipped with a 10 mm x 4.6 mm
(i.d.) guard column filled with the same packing material
(Salm & Kipp, Breukelen, The Netherlands). For auto-
mated precolumn derivatization, we used a WISP 712 B
sample processor (Millipore/Waters, Etten Leur, The Neth-
erlands), equipped with a cooled sample compartment. To
monitor fluorescence, we used a Model F1000 fluorescence
detector equipped with a 12-/xL flow cell (Merck/Hitachi,
Amsterdam, The Netherlands). Measurements were made
at an excitation wavelength of 330 nm and an emission
wavelength of 445 nm. Data were collected on-line by a
Model 763 SB 192 K interface (Nelson Analytical, CLI,
Schijndel, The Netherlands) and processed by an Olivetti
M24SP personal computer with use of Nelson Analytical
software.

Äeagente and so/uen<s. We use "ultra-pure" water as
processed with a Milli Q system (Millipore/Waters). All
chemicals were of analytical grade or better (primarily
from Pierce Chemical Co., Oud Beijerland, The Nether-
lands). Solvents were of Chromatographie grade (mostly
from Merck).

The derivatization reagent is prepared by dissolving 12.5
mg of o-phthaldialdehyde (OPA) in 0.25 mL of methanol,
then adding 2.25 mL of potassium borate buffer (1.0 mol/L,
pH 10.4) and 10 /iL of 3-mercaptopropionic acid.

Solvent A is a 12.5 mmol/L phosphate buffer, pH 7.0,
containing 5 mL of tetrahydrofuran (THFl per liter. Sol-
vent B consists of the phosphate buffer, acetonitrile, and
THF (53/40/7 by vol).

Calibration standards for 3MH are prepared by mixing a
25 /xmol/L 3MH standard with a 250 fimol/L plasma-based

standard containing 30 common plasma amino acids.
Samp/e prepara/ion. Immediately after collection, hep-

arinized blood samples were centrifuged at 1500 x g in a
Sorvall GLC-2 centrifuge for 10 min at 4 °C. The plasma
was deproteinized with sulfosaikylic acid, 4 mg per 100 ML
of plasma, and centrifuged for 10 min at 10 000 x g in an
Eppendorf 5414 centrifuge at 4 "C. Samples and standards
were stored at -70 "C; before analysis, the samples (four-
fold) and the standards (12.5-fold) were diluted with water.

C/iromafograp/iic conditions. During the first 4.6 min of
the run, the sample processor executes the automated
precolumn derivatization. First, 5 /xL of OPA reagent is
injected into the sample loop at zero flow rate. After 1 min,
the sampler injects 5 ML of sample into the loop; the flow
rate is slowly increased from 0 to 1.2 mL/min, thus allow-
ing sample and reagent to mix and react for 2 min before
the gradient elution starts. The gradient program is shown
in Table 1. The pressure is 2.2 MPa at the start of the
gradient, increases to a maximum of 2.6 MPa during the
run, and returns to 2.2 MPa after initial conditions are
restored at the end of the analysis. Between 22.0 and 36.0
min after injection, the column is re-equilibrated. After
36.0 min, the flow is stopped for 1 min to let the pressure
drop to zero, after which the sampler proceeds with the next
sample.

Data processing. The analog signal produced by the
fluorescence monitor is digitalized and sent to a disk file,
from which the software produces a report. The retention
times and response factors used for the detection and
calibration are corrected after every four samples by an
external standard method. Results are directly entered into
a spreadsheet program, thus simplifying and accelerating
data management.

Results

Compared with the method used previously to establish
the amino acid profile in plasma (79), the percentage of
THF in solvent A was decreased from 0.9% to 0.5% and the
gradient program (Table 1) was simplified, resulting in a
clearly resolved 3MH peak in the chromatogram (Figure 1).
Quantification of the area of the 3MH peak was improved
by diluting the samples only fourfold instead of the 100-fold

Tim« sine«
injection,

mln

0
2.5
2.7

3.0
3.5
4.5
4.6
8.0
9.0

12.0
17.0
22.0

23.0
2 6 0
35.0
36.0

Table 1. Gradient Conditions

Flow rala,
mL/min

0
0.02
0.04
0.05
0.10
0.60

1.20
.20
.20
.20
.20
.20
.20

1.20
0.60
0
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5
5
5
5
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100

s
6
5

CLINICAL CHEMISTRY, Vol. 36. No. 3, 1990 557

27



TUE (1*0

GLU

>.«.= ASN
= SER

•1» r-

" ' ^ GLN
^r<«»; GLY
= 1 1 « : T>f!

,. „ • HS

rz. " MH

=^-~" OT

• • « • ALA

Fig. 1 HPLC detection of 3MH in plasma: chromatogram for 1 /J- of
deproteinized human plasma _ .

dilution used in the previous method (id). Identification of
the 3MH peak was checked by supplementing a plasma
sample with 3MH standard (not shown). Total analysis
time, including the automated precolumn derivatization
and re-equilibration of the column, was 36 min. The area of
the 3MH peak varied linearly with the amount of analyte
injected over the range of 0 to 20 pmol of 3MH (Ä* = 0.995,
Figure 2). The coefficient of variation (CV) was 1.1% for a
standard containing 50 pmol for each of 30 common plasma
amino acids and 5 pmol of 3MH, and 1.6% for human
plasma (10 injections each).

To show that the method can be used to estimate the
VA-diff of 3MH, we measured the 3MH concentrations in
the plasma of four human volunteers. After their informed
consent had been obtained, arterialized blood was drawn
from a heated superficial vein in the back of a hand. This
method (20) provides a relatively simple and safe technique
for sampling arterial blood. Femoral venous blood was
drawn to estimate the VA-diff of 3MH. The plasma 3MH
concentrations varied between 4.97 and 6.08 /tmol/L and
the VA-diff between 0.09 and 0.47 /unol/L.

p r o 31*4 njected

Fig. 2. Calibration curve for 3MH
Peak areas are expressed as arbitrary units (counts) calculated by the
Chromatographie software

Discussion

In previous estimations of the 3MH VA-diff (27, 22), a
traditional ion-exchange amino acid analyzer was used,
with postcolumn OPA-derivatization and fluorescence de-
tection. Quantification of the*plasma 3MH concentration
was difficult, because a large peak representing histidine
eluted very near to the peak for 3MH However, the
selectivity could be improved by the addition of formalde-
hyde (10 mlVL) to the OPA reagent, because this compound
markedly decreases the high and otherwise interfering
histidine peak in the chromatogram. Despite this compli-
cated sample processing, the reported values for the VA-diff
for 3MH (27,22) agree well with ours.

In the present method, the problem of overlapping peaks
has been solved. The 3MH peak is completely separated
from the neighboring peaks representing citrulline, 1-
methylhistidine, and alanine. In human plasma, the 3MH
peak area was measured with a CV of 1.6%, enabling
accurate determination of a VA-diff of 0.05 ^unol/L or more.
Compared with other methods (27-24), the present method
is more sensitive, is fully automated, and is less expensive.

In conclusion, this automated, inexpensive HPLC
method allows the correct measurement of plasma VA-diff
in 3MH, thus enabling the estimation of acute changes in
myofibrillar protein breakdown.
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Automated determination of polyamines by high-performance liquid
chromatography with simple sample preparation
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Abstract

Recently, a new fully endcapped reversed-phase packing material. Inensil. was introduced, especially suitable for the
determination of basic compounds. We used this packing material to separate o-phthaldialdehyde (OPA) derivatives of ammo
acid derivatives completely from the OPA derivatives of spermine (SPM). spermidine (SPD), putrescine (PUT) and
cadaverine (CAD). The obtained separation made the commonly used off-line extraction procedure redundant and thus an
on-line sample clean-up was introduced. This enabled automation of the procedure resulting in a better reproducibility and a
more efficient use of equipment. Furthermore, no studies are required to determine the extraction recovery.

The present method has a cycle time of 30 min. A linear response for each polyamine was found up to 2S0 pmol. with an
Ä ' ranging from 0.9981 (SPM) to 0.9998 (CAD). The limit of detection, calculated at a signal-to-noise ratio of 3, was 0.1
pmol. corresponding to a plasma concentration of 0.1 /xmol/l. The coefficient of variation (C.V.) for the peak area was below
3 * and for retention times below 0.5% (n = 15).

In order to evaluate the applicability of the method, three different types of sample were chromatographed, e.g. urine
(obtained from healthy human volunteers), pig plasma and sulfosalicylic acid homogenates of pig intestine biopsies. Tissue
homogenates and urine-specimen could easily be quantitated. while plasma concentrations were just above the limit of
detection, resulting in a plasma C.V. ranging from 4.8% (SPM) to 13.6% (SPD) and a tissue C.V. ranging from 2.1% (SPM)
to 8.5% (CAD). The urinary C.V.s were not determined.

In conclusion, the present method provides an easy way to measure polyamine concentrations for most applications.

.' Automation; Polyamines: Amino acids

1. Introduction automatization of the derivatization procedure and
decrease reproducibility. Other methods employ ion-

Polyamines are essential for normal growth and exchange chromatography and post-column derivati-
cellular differentiation. Several methods have been zation. but they lack sensitivity [4.7,11).
described for their determination (1 -12] , but most of Using reversed-phase chromatography, the com-
these methods require an extraction procedure to plete separation of o-phthaldialdehyde (OPA)-poly-
remove interfering amino acid derivatives or reagent amine derivatives from OPA-amino acid derivatives
excess [1-3 ,5 ,6 ,8-10,12] . These features disable has not been accomplished before. The interaction of

OPA-polyamine derivatives with residuing free
silanol groups of most common reversed-phase
packing materials, resulting in broad tailing peaks,

'Corresponding author. prohibited this.
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Recently a new ultra-pure fully endcapped packing
material. Inertsil. was introduced. This material has a
high pH resistance, due to minimal silanol and trace
metal interactions and is therefore ideal for the
analysis of basic compounds. Using this new packing
material, the complete separation of OPA-polyamine
derivatives was obtained from the interfering OPA-
amino acid derivatives of a physiological standard.
Although in urine and plasma some interference of
other unknown components still remains, the re-
sulting separation is sufficient even in these complex
samples. As a result, automatization of the deri-
vatization procedure could be enabled, thereby de-
creasing the work load for analytical staff, increasing
the reproducibility and resulting in a more effective
use of equipment.

2. Experimental

2/.

In the first set of experiments, a 250x3.2 mm I.D.
inertsil 5-/im column (Phenomenex, Bester. Amstel-
veen, Netherlands) was used. The results of these
experiments indicated that a shorter column with a
larger I.D. would be more suitable. Therefore, the
column was replaced later by a 200X4.6 mm I.D.
column, equipped with a 10x4.6 mm I.D. pre-col-
umn. These other dimensions required delivery by
another supplier (Applikon. Schiedam. Netherlands).
The column was placed in a thermostatted Spark
Mistral oven (Emmen. Netherlands) set at 10°C.

Our HPLC system consisted of a Model 2248
pump, a Model 2252 controller, a Model 2256
solvent conditioner, a Model 2248-201 low-pressure
binary mixing panel (all from Pharmacia, Woerden.
Netherlands). The automated pre-column derivatiza-
tion was executed using a WISP 715 sample pro-
cessor (Waters, Etten-Leur. Netherlands), equipped
with a cooled sample storage compartment and a
48-position sample tray. Fluorescence wasmonitored
using a Jasco Model 82OFP fluorescence detector
(B&L systems, Zoetermeer. Netherlands) equipped
with a xenon lamp and a 12-/zl flow-cell. Measure-
ments were made at an excitation wavelength of 330
nm and an emission wavelength of 445 nm. Data

were collected on-line by a Model 900 interface
(Perkin Elmer/Nelson. Gouda, Netherlands) and
processed by a Tandon Model MCS 486/50 personal
computer (Amsterdam. Netherlands) running Model
2700 (Turbochrom: version 3.2) software (Perkin
Elmer/Nelson) under Microsoft Windows, version
3.1.

All solutions were prepared with ultra-pure water,
generated by a Super-Q system (Millipore, Etten-
Leur, Netherlands). All chemicals used were of
analytical grade (Pierce. Oud Beijerland. Nether-
lands), solvents of Chromatographie grade (Janssen
Chimica, Amsterdam, Netherlands).

The o-phthaldialdehyde (OPA) reagent was pre-
pared by dissolving 15 mg OPA in 0.25 ml of
methanol. adding 2.25 ml of potassium borale buffer
(Fluoraldehyde reagent solution: 1.0 mol/1. pH 10.4:
Pierce. Brunschwig, Amsterdam, Netherlands) and
15 /tl of 3-mercaptopropionic acid (3-MPA). This
reagent was placed in a 4.0-ml WISP vial with a
self-sealing silicone rubber. Teflon-coated stopper
(Waters).

Solvent A was a 125 mmol/l sodium citrate
buffer, pH 6.50, containing 50 ml of tetrahydrofuran
(THF) per litre. Solvent B consisted of the citrate
buffer, acetonitrile and THF (45:40:15. v/v/v).

Polyamine standards were prepared by dissolving
pure chemicals (Sigma, Amsterdam. Netherlands) in
water to a final concentration of 250 /*mol/l each.
These standards were divided into I-ml portions and
stored at -80°C.

2.3.

Heparinized pig blood samples were obtained
from pre-implamed catheters and collected on ice.
followed by immediate centrifugation (5 min at 4°C).
The obtained plasma was deproteinized with solid
5-sulfosalicylic acid (SSA) (4 mg/100 /il) plasma,
frozen immediately in liquid nitrogen and stored at
-80°C. Before analysis, samples were thawed at
4°C, vortex-mixed vigorously and centnfuged at

31



WJW tf ion 117

11 000 £ in a Hereaus Model Biofuge for 10 min at
4°C. From the clear supernatant 40 /xl was mixed
with 80 til water and 80 /xl Fluoraldehyde reagent
buffer (end concentrations: 0.5 mol/l potassium
borate, pH 10.4) and stored in the cooled (7°C)
sample compartment of the autosampler until analy-
sis.

Table I
Gradient conditions

Pig jejunal mucosa samples were obtained by
biopsy and immediately frozen in liquid nitrogen and
stored at -80°C. Before analysis, they were trans-
ferred to a preweighed 1.5-ml eppendorf vial, con-
taining 0.1 g of glass beads (1.0-mm diameter) and
100 jxl of an ice-cold 5% sulfosalicyiic acid (SSA)
solution. The vials were weighed again, whereafter
the tissue was homogenized in a mini-bead beater
(Cole Parmer/Applikon, Schiedam, Netherlands), set
at high speed for 1 min. Next, the vials were
centnfuged and processed as described before.

Time (mm)

0
2.5
2.7
3.5
4.5
4.6

10.0
13.0
18.0
21.0
22.0
24.0
30.0
31.0

Row-rale (ml/mini

0
0020
0040
0.100
0.600
1.200
1.200
1.200
1.200
1.200
1.200
1.200
0.600
0.000

* A

65
65
«5
65
65
65
45
43
35
0
0

65
65
65

•S-B

35
35
35
35
35
35
55
57
65

100
too
35
35
35

amino acid adducts elute. In the next 10 min
polyamine derivatives elute. after which regeneration
and equilibration of the column takes place. Gradient
profile is described in Table 1.

After an overnight fast, urine was collected from
healthy male human volunteers. Aliquots were cen-
tn fuged 5 min at 4°C and processed in the same way
as plasma.

24. Automated prr-ro/umn tfcriva/izarion am/

This automated pre-column derivatization proce-
dure has been extensively tested for amino acid
analysis [13.14]. In short, employing the WISP 715
'auto-standards' method with the OPA-reagent
placed at position I of the tray, the automated pre-
column derivatization was executed during the first
4.5 min of the run. First, 5 itl of the OPA reagent is
injected at zero flow, thus the reagent remains in the
sample loop. One minute later (the minimum delay
time of the sampler) 5 /x I of a sample is injected also
into the loop. In the next 2.5 min the pump is
activated and the flow is slowly increased to 0.1
ml /min, thus allowing sample and reagent to mix
and react in the sample loop and the supplying
capillaries of the column, after which the gradient
elution starts. In the first 10 min of the gradient all

3 . R e s u l t s '*•"••'•'

Pilot experiments had revealed that the last-eluting
amino acid of a physiological standard elutes before
the first polyamine OPA derivative, if the solvent pH
is set above pH 6. To study the influence of the
solvent buffer molarity under these circumstances, a
citric acid buffer system, set to pH 6.4 for maximum
buffer capacity, was used in an isocratic solvent
system with 35% acetonitrile on a 250X3.2 mm I.D.
Inertsil 5-/im ODS 2 column (Phenomenex). Within
the range of 25 to 200 mmol/l. the best separation
was found at 125 mmol/l.

Next, the influence of the solvent pH on the
separation was studied in the range between 6 and 8,
using a standard mixture containing all major physio-
logical amino acids (Pierce) and the polyamines
spermine (SPM), spermidine (SPD), putrescine
(PUT) and cadaverine (CAD). At pH 6. the sepa-
ration between the first-eluting polyamine (SPM)
and the last-eluting amino acid, lysine (LYS). was
not complete. Above pH 7, an unknown component
(probably an OPA degradation product) coeluted
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Fig. I. Influence of the temperature on the on-column degradation
of OPA-polyamine denvalives.

with PUT. Therefore, pH 6.5 was considered opti-
mal.

Although the separation was now optimal, the
fluorescence response of especially the SPD deriva-
tive was low and variable, compared to amino acid
derivatives. As it is known that OPA-polyamine

derivatives degrade rapidly after their formation
[1,3), the influence of the temperature on the on-
column degradation rate was studied between 10°C
and 35°C. With a decreasing column temperature, the
fluorescence response increased, reaching a maxi-
mum at 10°C (Fig. 1). At this temperature, the
column back-pressure was too high (30 MPa). For
routine measurements a decrease in flow-rate or
column length was thus required. As the obtained
baseline separation in the standard allowed a de-
crease in column length, from this point the 200X4.6
mm column (Bischoff, Applikon, Schiedam, Nether-
lands) was applied for all further experiments. The
decrease in back-pressure allowed application of a
10X4.6 mm pre-column, filled with the same pack-
ing material (resulting back-pressure 25 MPa), thus
ensuring a longer column life time. For this column,
an optimal gradient profile was developed (Table I),
resulting in an adequate separation (Fig. 2A) from all
amino acids present in a physiological standard.

The linearity of the method was checked by
injecting 5-/xl aliquots of polyamine standards with
increasing concentrations. A linear response was

Fig 2 Separation of polyamines in different sample matrices. Chromatographie conditions are discussed in the text. (A) Separation of a
polyamine standard showing no interference by the presence of a physiological ammo acid standard (25 pmol injecied into each component).
(B) Pig plasma (1 /xl pure plasma injected). (C) Pig intestine biopsy honwgenale (sample amount equivalent to 0.5 mg wet weight). (D)
Human urine (1 >tl pure unne injected).
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Table 2
Rcproducibiluy of Ihc mclhod

Standard Pig mucosa homogcnatc
In =10. pmo!/kg
wci weight)

Pig plasma
(n=IO. j imol/l)

Human senjm {2]
(n=30. ^mol/l)

SPM
SPD
PUT
CAD

MeanlS.D.

12513.5
12513.3
12512.6
125147

C.V. (%l

2.8
2.6
2.1
3.7

MeanlS.D

2140145
1210143
360118
40l5

C.V. ( * )

2.1
3.6
5.2
8.5

MeanlS.D.

0.5610.03
0 1510.02
0.3410.04
0.2610 03

cv. <%)
4.8

13.6
11.8
12.1

MeanlS.D.

0.1810.05
0.2910.06
0.4910.13
0.0510.02

C.V.(%)

28.6
21.0
26.6
38.5

found up to 250 pmol per injection, with a Ä"
ranging from 0.9981 (SPM) to 0.9998 (CAD). The
limit of detection, calculated at a signal-to-noise ratio
of 3, was 0.1 pmol. Considering a five-fold dilution
factor for plasma (see Section 2.3) and an injection
volume of 5 /il, this limit corresponds to a plasma
concentration of 0.1 /imol/l.

The applicability of the method was evaluated by
chromatographing three different types of sample,
pig plasma and homogenates of pig intestine biopsies
(both obtained from conscious unrestrained pigs
recovering from a partial enterectomy or SHAM
operation) and human urine (obtained from healthy
human volunteers) (Fig. 2B, C. D). To exclude
inter-experiment variations all samples were pooled
from ten specimen each. An adequate separation and
sufficient sensitivity was found to measure poly-
amine concentrations in all three matrices (Fig. 2).

The coefficient of variation (C.V.) was determined
by injecting standards (n = 15) and pooled samples
(n=IO) (Table 2). The variation in retention lime
was below 0.5% (not shown). For standards, the
peak-area C.V. ranged from 2.1 to 3.7%, in tissue, it
ranged from 2.1 to 8.5% and in plasma, the C.V.
ranged from 4.8 to 13.6%. For urine, the C.V. was not
determined.

4. Discussion

The liquid Chromatographie separation of basic
compounds and thus of polyamines has always been
difficult. This was mainly due to their interaction
with residuing silanol groups of the packing material,
resulting in broad tailing peaks. To solve this prob-
lem, special solvent systems have been used, con-
taining high salt concentrations and/or amines and

low pH values [1,9.11], These systems, however, do
not allow the on-line separation of OPA polyamine
derivatives from OPA ammo acids. Therefore, it has
become common practice to extract the interfering
ammo acid derivatives before injecting the sample
[1-4]. Not only does this make the method more
laborious, it also introduces two problems.

The recovery of the extraction procedure has to be
established and monitored constantly by the addition
of an internal standard to the samples.

The use of the OPA label in this application
introduces another problem. It is known that OPA-
polyamine derivatives degrade quickly after their
formation [1.3). Stabilization of the formed deriva-
tives was only partially successful, resulting in
recoveries ranging from 31% to 93% after a 30 min
delay time, as compared to immediate injection [3].
Direct injection after derivatization was impossible
to automate as the reaction had to be proceeded by
the extraction procedure. Thus, the coefficients of
variations resulting from the whole process were
relatively large (plasma C.V. ranged from 21% to
38.5%) [2].

The recent introduction of a new generation of
ultra-pure silica, has enabled the production of
reversed-phase packing materials, which allow the
application of a much higher solvent pH (without
degradation) and which exhibit minimal silanol
interactions. These new features enabled the com-
plete on-column separation of OPA amino acid
derivatives from those of polyamines. As a result, the
extraction procedure was no longer required, en-
abling the utilization of the proven automated pre-
column derivatization procedure developed for
amino acid measurements 113.14], Despite the fact
that samples now were injected immediately, the
fluorescence response of especially the SPD deriva-
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live was low and variable. We suspected this to be
caused by on-column degradation, and therefore
attempted to increase derivative stabilily during the
run, by decreasing the column temperature. This
resulted in a large increase of the fluorescence
response, reaching a maximum (3-4 fold) at about
10°C (Fig. 1) and a better reproducibility (Table 2).

The applicability of the resulting method was
investigated, using three different types of sample.
Plasma polyamine concentrations are low (Fig. 2B),
almost reaching the limit of detection, as a result of
which the CV.s are rather large (Table 2). Homoge-
nates from pig intestine biopsies showed a high
concentration for SPM and SPD and a much lower
concentration of PUT and CAD (Fig. 2C. Table 2).
Urinary concentrations are sufficiently high, ensuring
that there are no sensitivity problems, but the com-
plexity of the matrix introduces a number of un-
known peaks near the polyamine peaks, complicating
the interpretation of the chromatogram (Fig. 2D).
However, the separation is still adequate to allow a
correct measurement.

The limit of detection of our method (0.1 pmol)
and its C.V.-values (Table 2) are better as is de-
scribed for most other OPA-applications [ I -4]. Com-
paring our concentrations with literature values is
difficult, as we study polyamine metabolism in pigs,
while most references describe only human data.
Nevertheless, the pig plasma polyamine concentra-
tions we found, are in the same order of magnitude
as reported human concentrations (Table 2).

The better chromatography shown in literature
methods, results from the applied extraction pro-
cedures, removing all interferences and producing a
more concentrated sample. However, it must be

considered that, in contrast to the present application,
these methods also require validation of the ex-
traction recovery and a correction for the rapid
degradation of formed OPA derivatives.

In conclusion, the present method enables an easy
and sensitive determination of polyamines in differ-
ent types of sample, with minimal operator interfer-
ence.
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Introduction

As has been shown in the previous chapter, the techniques are available to
ensure an accurate measurement of amino acid concentrations in a physiological
sample. However, the obtained analytical result reflects only the actual
concentrations in a given sample, but prior to analysis these concentrations may
already have changed due to sampling, processing and storage handling and other
procedures. Therefore, even if the analytical method itself is accurate, it does not
necessarily reflect the true amino acid concentrations present in blood or tissue of a
patient or laboratory animal. A typical example of how large the influence of
(inaccurate) pre-analysis treatment can be, is the rapid degradation of
catecholamines (1). The blood concentrations of these metabolites change drastically
within minutes or even seconds after withdrawal of the sample, when no proper
precautions are taken. For amino acid analysis, these changes are usually not so
dramatic. Still, several factors have been described that influence the analytical
result, but the literature is contradiction regarding how to cope with them to obtain
true plasma or tissue concentrations (2-8).

The intention of this study was therefore to investigate the significance of
these factors, to determine their (potential) influence on the outcome of the total test
procedure. The procedure, which a sample has to pass true, is discussed step by
step. The major part of the study resulted in a publication, which is incorporated in
this section. Other parts, especially the control data with respect to feeding are
shown in a publication incorporated in the first section of this thesis [ ] and in several
other publications resulting from clinical studies [ ]. Because these publications are
not within the scope of this thesis, they are referred to only.

Finally, one has to consider that the nature of the sample matrix and the
analytical method one intends to apply, determine which sample preparation method
is best. An extensive discussion with respect to this subject is going on in the
literature, but again it would be beyond the scope of this thesis to go into details.
Nevertheless, we like to emphasize some important aspects, which will therefore be
given in an addendum at the end of this thesis.
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Influence of storage conditions on normal plasma
amino-acid concentrations
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ABSTRACT—Conflicting information in the literature is given concerning the optimal pre-
paration and storage conditions of plasma samples for amino-acid analysis. To assess the
optimal pre-storage treatment, we compared several methods and studied their influence on
plasma amino-acid levels of rats and humans, stored at different temperatures.

In rat plasma, the frequently reported degradation of glutamine was not measurable at a
storage temperature of -70°C. However, storage of naf/Ve, not deproteinised plasma at this
temperature, resulted in a 32% decrease of arginine and a 30% increase in ornithine after 24
weeks. Deproteinisation prohibited this arginine decay. At -20°C, arginine decay was even
more pronounced, whereas glutamine decreased by 14% in untreated plasma, by 10% in
sulfosalicylic acid deproteinised plasma and by 3% if the deproteinisation was followed by
removal of the protein pellet and subsequent neutralisation.

To confirm these unexpected results in humans, we repeated this experiment with plasma
of 6 volunteers. In contrast to rat plasma, we did not observe any changes in arginine and
ornithine concentrations in human plasma stored at -70°C. At -20°C the reduction in glutamine
was only 4-5%. These results suggest that interspecies differences in enzymatic activity exist
in plasma.

Finally, having assessed the optimal treatment and storage conditions (deproteinisation
followed by storage at -70°C), samples were obtained from a total of 112 human volunteers,
stratified for age and sex, and amino-acids were measured. In the female group, we found a
tendency to a gradual increase in most amino-acid concentrations with advancing age, which
however only reached significance for histidine, citrulline, alanine and leucine.

These observations demonstrate that plasma samples for amino-acid analysis should be
deproteinised and stored at -70°C. Also important interspecies differences appear to exist in
plasma enzymatic activity. Finally, control samples should be taken from an age and sex
matched control group.

Introduction for the preservation of glutamine. an amino-acid
which is the subject of intensive investigations.

The large numbers of plasma samples collected for because a low storage pH accelerates the spontaneous
amino-acid analysis in our research laboratory (1-3) degradation of glutamine to pyroglutamate (4-5. 8,
and the limited capacity for immediate determination 11-16). It has therefore repeatedly been suggested,
makes sample storage inevitable. Because it is well that it may be beneficial not to deproteinise plasma
known that sample storage may affect the concentra- prior to storage (10, 12, 17) or to use organic solvent
lions of free amino-acids, we scanned the literature deproteinisation (5). On the other hand, it is question-
for the effects of pre-storage treatment, storage- able whether freezing alone completely inhibits
duration and storage temperature. For a relatively all enzymatic activity. Because of these apparently
mild storage temperature (-20°C), these influences contradictory recommendations we studied the amino-
are well documented (4-14). However, the mostly acid concentrations of native, deproteinised plasma
recommended method, i.e. acid deproteinisation prior and neutralised deproteinised plasma in time at different
to storage below^-70°C (11-16). may not be optimal storage temperatures in rats as well as in humans.
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It is well known that nutritional status influences
the concentrations of free amino-acids (18). However,
the effects of age and sex are not well known. There-
fore, after having established the optimal sample
processing and storage conditions, we studied these
effects in a group of 112 healthy human volunteers,
hospitalised for minor elective surgery.

Materials and methods

Heparinised blood from 4 overnight fasted, ether
anesthetised male Wistar rats (± 300 g) was obtained
by aortic puncture and collected on ice. Plasma was
obtained by centrifugation and pooled (o rule out inter
individual variation. Samples were further treated as
described below.

Human tfurf/e;

Heparinised blood samples from overnight fasted
healthy human volunteers (n = 112) were collected by
venepuncture from an anlecubital vein using a
vacuum system (Venajecl-system) after informed con-
sent had been obtained. Samples were immediately
put on ice. Volunteers were hospitalised for minor
elective surgery such as hemia surgery, treatment of
varices, plastic surgical minor corrections, removal
of osteosynthetic material, arthroscopies. cataract
extirpation and minor orthopaedic corrections (e.g.
hallux valgus). Patients on chronic medication, those
on a specific diet, and those, with recent large
weight changes or pre-existent chronic disease were
excluded. Patients on sleep medication were also
excluded. Samples were obtained between 08:00-
08:45 h before any anaesthetic or antibiotic had been
administered. The effects of sample treatment and
conditions and duration of storage were studied in 6
patients. Having assessed the optimal conditions, the
remaining 106 elective surgical patients (age 20-90)
were studied in order to obtain a total set of 112 age-
and sex-stratified human amino-acid data, to function
as a control group for future clinical studies.

Samp/s Prepara/ion

Plasma was prepared by centrifugation for 5 min at
11 000 g in a Hereaus Biofuge (Dijkstra Vereenigde.
Amsterdam. The Netherlands) at 4°C. To determine
the effects of sample preparation, storage temperature
and storage duration. 100 u.1 aliquots of (pooled) rat
plasma or human plasma from 6 volunteers were

either frozen immediately in liquid nitrogen, depro-
teinised with 4 mg of solid 5-sulfosalicylic acid
(5-SSA: British Drug Houses. Amsterdam. The
Netherlands) to stop enzymatic activity and frozen
in liquid nitrogen, or deproteinised with 5-SSA
followed by centrifugation (as described above) to
remove the protein. The resulting supernatant was
then neutralized with 2N KHCO, before freezing in
liquid nitrogen. Aliquots of each sample treatment
were subsequently stored at 4°C. -20°C or -70°C.
Free amino-acids were determined in duplicate, imme-
diately and after 1, 2, 4, 6, 12 or 24 weeks storage at
4°C. and after 4, 8, 12, 16, 20 or 24 weeks storage
at -20°C or -70°C, using a fully automated HPLC
method as described previously (18), with a coeffi-
cient of variation (inter- and intra-assay) below 4%.
Having assessed the optimal storage conditions, the
plasma samples of the remaining 106 elective surgical
patients were deproteinised with 5-SSA, immediately
frozen in liquid nitrogen and stored for a maximum of
1 month at -70°C before analysis.

Statistics were performed with a standard statistical
software package (SPSS-PC*) using the non-parametric
Mann-Whitney U test and one-way ANOVA test.
P < 0.05 was considered to signify significance.

Results

The main changes in rat plasma induced by prestorage
treatment, storage temperature and duration of storage
on rat plasma are summarized in Table 1 and Figure 1.
In short. 24 weeks of storage at -70°C caused a 32%
decrease of arginine and a 30% increase of omithine
in rat plasma which had not been treated prior to
storage. Deproteinisation prohibited these changes.
No changes were found in the concentrations of
glutamine and glutamate after storage at -70°C, irres-
pective of the preslorage treatment. At -20°C. the
decrease in arginine and the increase in omithine were
even more pronounced in untreated samples. At this
temperature, glutamine in untreated plasma decreased
more (14%) than in 5-SSA deproteinised plasma
(10%). while in neutralised deproteinised plasma
degradation was negligible (3%). Simultaneously, the
concentrations of glutamate rose both in untreated
plasma and in deproteinised plasma, but the glutamate
rise was not stoichiometnc to the glutamine decrease.
No changes in glutamate were found in neutralised
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Table I Influence of storage temperature and sample
deproteinisaiion, with or without subsequent neutralisation, on rat
plasma glutamine <GLN) and glulamalc (GLU) concentrations
(u.moL/L)

Arginine

Storage
Temp (°C)

4
4
4
4
4
4
4

-20
-20
-20
-20
-20
-20
-20
-70
-70
-70
-70
-70
-70
-70

Time
(weeks)

II
1
2
4
6

12
24
0
4
8

12
16
20
24
0
4
8

12
16
20
24

Untreated
GLU

44
50
59
65
99

112
199
44
47
40
53
59
58
60
44
40
36
48
40
52
41

GLN

629
634
626
539
527
364
210
631
621
588
563
570
550
545
640
637
645
623
654
626
626

Deproleinised
GLU

44
51
80
77
88
93

116
44
48
59
67
68
66
50
44
41
36
47
40
49
43

GLN

629
540
476
360
204
108
19

631
617
600
585
573
573
569
640
645
640
647
644
644
641

Neutralised
GLU

44
44
66
47
40
45
53
44
41
53
38
38
55
54
44
39
46
36
38
50
53

GLN

629
618
587
530
459
168
15

631
641
608
617
634
632
6)3
640
654
637
641
656
659
652

Untreated: Native, not deproleinised plasma, frozen
immediately in liquid nitrogen

Deproleinised: Plasma mixed with sulfosahcylic acid 14 mg/
tOO uXl and frozen immediately in liquid
nitrogen

Neutralised: Plasma mixed with sulfosahcylic acid.
centnfuged (5 mm. 11 000g. 4°C). and the
prepared supernatant neutralised with 2N KHCO,
and fro/en immediately in liquid nitrogen

deproteinised plasma. At 4°C, arginine decreased to
almost zero within 4 weeks, while omithine increased
by 500% during this period in untreated plasma.
Glutamine and glutamate concentrations of untreated
plasma and neutralised deproteinised plasma re-
mained only stable during the first week, but in
deproteinised plasma, glutamine decreased by 14%.
For all other amino-acids (not shown), no changes in
the concentrations were found, with the exception of
untreated plasma stored at 4°C. in which a gradual
increase of all other amino-acid concentrations was
observed.

Human Miuft« -

The influences of storage on human plasma, studied
for only 12 weeks, are described in Table 2. At -70°C,
threonine and methionine were significantly higher
than the prcstorage concentrations. No other changes

Omtthin

- • — -20°C

- * - -70°C

Fig. 1. Influence of storage temperature on untreated rat
plasma: Arginine (ARG) and Omithine (ORN) concentrations
(umol/L).

were found for any amino-acid including glutamine.
arginine and omithine. irrespective of sample treat-
ment. At -20°C, glutamine decreased by 4% in this
period both in untreated and deproteinised plasma,
but this was not statistically significant. In rat plasma,
this decrease was 11% and 7% respectively. Again,
thrconine was significantly higher than the prestorage
concentration. However, this value was not different
from the -70°C value, suggesting that the apparent
rise may be an artefact due to a too low starting value.
Glutamate, arginine and omithine did not change.
From these results, we concluded that storage at
-70°C after deproteinisation with 5-SSA. without
neutralisation was the most convenient and reliable
sample processing technique.

Using this sample preparation and storage tech-
nique, in addition to the already collected data from
the 6 volunteers, samples from 106 healthy human
volunteers, stratified for age and sex, were determined
within 1 month after collection. The results (Table 3)
suggest an increasing amino-acid concentration with
increasing age in the female group, although only the
change in citrulline reached significance (p < 0.05,
oneway ANOVA procedure). In the male group this
relation seemed to be reversed. With increasing age.
asparagine. histidine. valinc. methionine, isoleucine
and leucine decreased significantly. The value for
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Table 2 Influence erf storage temperature and sample dcprtrteimsation on human pla-smii ami nu-acids after a storage period of 12
weeks. Samples wer? taken from 6 healthy elective surgical patients. Daia on: mean;. ± S.EM. Effect of storage; p < 0,05"

Ammo-acid

Gtutamtc acid
Asparagine
Scrine
Glutamine
GJycine
Threomw
Hisüdtne
Citrulltne
Maniac
Taurine
Argtntne
a amino butyric acid
Tyrosinc
V aline
Melhionine
Isoleucinc
Phenylalanine
Tryptoptian
Leucine
Ormthine
Lystne

Before-storsgc

51±6
49±2

112 ±5
615 ± 27
209± 13
112114
81 ±2 ^
» i 4

332 ± 21
3» ±2

115 ±3
22±3
52 ±7

213+ 16
25+ 1

60±4
5«±5
38±2

10918
57 ±4

169±6

-20°C
Plasma

5» ±6
51 ±2

123 ±5
S8813O
216± 13
127 ±13*
83 + 2
35 ± 4

346+22
40± 1

107 ±4
24 ±3
56 ± 8

193 ± 15
26+1
57 ±4
56±5
38 ±3
97 + 8
53 ±3

161 ± 13

-20T
Deprateimsed

5J±5
51 ±2

122±5
583 ±21
212+10
130 i 14*
83 ± 1 .
33 ± 4

337 ± 18
39 ± 1

1O5±3
24 ± 2
5518

191 1 14
24+ 1
5714
5615
3813
%±8
56 + 3

160112

-70"C
Plasma

48±6

IS» 6
626123
226+12
133 ± 16'
88t3
36±4

357120
4512

110±4
H±3
S8±8

200114
291 1*
59±4
S8±3
» ± 2

10017
5013

1571 13

-7Ö"C
Dcproieiflittd

48±5
S6±S

124±5
614 ±26
221111
IWI14»
8612
35 ±4

350121
43 ±2

107 ±4
24±3
5618

1%±15
2911»
5814
5715
3812
98 ±8
4913

155 1 13

valine, methionine, isoleucine, phenylalanine, tryp-
tophan and leucine in women aged 20-50 years were
significantly lower than the corresponding values in
men of a similar age (Mann Whitney U non-parametric
test). Studying the effect of age on the whole group
(man and woman together), only histidine. citrulline.
alanine and leucine reached statistical significance
(one way ANOVA. not shown). An interesting obser-
vation was the gradual increase in branched-chain
amino-acids (BCAA) in women, especially beyond
the age of 40 (Fig. 2). Although this increase did not
attain statistical significance (one way ANOVA).
such a change was not observed in males. As a result,
there was a marked and statistically significant
difference in BCAA concentrations between men and
women in the age groups 20-29, 30-39 and 40-49.
Thereafter, the difference disappeared (Mann Whitney
U non parametric test, men versus women).

Discussion

Clinical studies require a great effort from the attending
staff and from the investigators to obtain valuable
samples and data. The reliability of the collected
data depends on a correct storage and processing pro-
cedure. Because of the duration of these studies
and the often limited capacity to process the samples

immediately, sample treatment and storage conditions
are crucial (4-21). Although the effects of storage,
especially at -20°C. have repeatedly been described,
the data are conflicting. It has been suggested that
storage of native, not deproteinised plasma may yield
more reliable concentrations of glutamine. because
the low storage pH, induced by acid deproteinisation,
may result in an accelerated non-enzymatic degrada-
tion to pyroglutamate (4-5. 8, 11-16). However, it is
questionable whether freezing alone prohibits all
enzymatic activity. Because we perform both clinical
studies (1), and experimental animal studies (2-3), we
also wondered if differences in species require different
sample processing techniques. The present study was
therefore designed to investigate the influence of
sample treatment and storage conditions on the
amino-acid concentrations of rai and human plasma.

As expected, no changes were observed in glu-
tamine concentrations in samples stored a( -70°C.
regardless of species and treatment prior to storage.
However, in untreated rat plasma, arginine decreased
and omithine increased, suggesting a substantial argi-
nase activity, even at this low storage temperature.
Although we did not find this effect in human plasma,
relatively low arginine levels have been reported in
untreated human plasma stored at -80°C (21). This
suggests that arginase activity, which was believed to
be only measurable in hcmolytic plasma (17, 19-20),
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Table 3 Nomul human plasma amino-acid conccntratioas Data are means ± S.E.M Effect of age (one way ANOVA): p < 0.05*;
p < 0 . 0 1 " Effect of gender-men versus women (Mann Whitney U non parametric): p < 0.05': p < 0.01": p < 0.001"'

Age

Glutanuc acid
Asparagine
Serine
Gluumine
Glycine
Threonine
Histidine
Citnilline
Alanine
Tauhne
Arginine
a amino butyric acid
Tyrosine
Valine
Methiomne
lsoleucinc
Phenylalanine
Tryplophan
Leucine
Lysine
BCAA

Age

Gluuunic acid
Asparagine
Serine
Gluumine
Glycine
Threonine
Histidine
Citnilline
Alanine
Tauhne
Axginine
a amino butyric acid
Tyrosine
Valine
Methionine
Isoleucine
Phenylalanine
Tryptophan
Leucine
Lysine
BCAA

20-29
n = 7

39 ±8
51 ±4

104 ± 14
568 ±43
207±54
1441 II
8014
2414

330150
3613
86112
1312
3917

18318
2212
5516
4815
4714

10019
139116
338118

20-29
n » 8

5517
5113

10915
686156
236120
141111
9319
3214

319146
4314
9219
1613
6213

251115"'
2611'
6915'"
63 1 5'"
5514'

1401 14"'
1571 10
460 ±34'"

30-39
n = 7

51 ±8
4814

112113
629 ± 28
231 ± 13
149 ±17
8415
2912

2% ±38
4412
8819
161 1
5016

17315
19 ±2
48 ±2
4313
3816
95 ±4

12217
271149

30-39
n = 8

5315
5413
95 ±7

676139
223 1 16
12317
8715
31 ±2

393 ±51
40±3
8618
1913
6314

247 ±13"
26 ±2'
7314"
6112«
5914"

147 1 9"
1641 10"
467 1 25"

FEMALE GROUP
40-^19
n= 10

4314
4812
971 10

650129
299144
128112
78 ±3
34 + 3

338 1 33
38 ±3
99±6
I8± 1
53 ±3

216 ± 8
21 ±1
57 ±3
5612
4912

121 14
15618
393 1 14

50-59
n = 7

55 ±8
44±3
8919

605 + 33
307167
11418
81 14
3415

351121
4514

105 ±13
IS! 1
6313

222112
2112
5915
5912
5512

12417
162 ±8
405 ±22

MALE GROUP
40-49
n= II

50±6
4713
96±7

693 ±32
228 ±13
124 ± 13
87 1 4 "
3415

335 ± 39
4313
9518
2312'
61 14

253+ 18
2511'
6715
6314'
56 ±2

142 ±8'
171 ±10
462 ± 30'

50-59
n = 9

5916
4914
93 ±9

663131
198 ± 12
114 ±7
8314
3513

353 ± 39
43 ±3
9916
1912
6213

2491 18
26 ±2'
7216
6314
5915

147+ 16
1541 14
467 ±38

60-69
n = 11

52 + 5
47 ±2

107 1 11
689128
238 1 27
12415
8614
35 ±2

400 ±65
47 ±2

10517
2213
6415

228116
2412
5815
5813
4913

11717
163126
403127

60-69
n- 10

4916
4513
95 + 9

658130
197 ± 15
120 ± 14
8113
3916

345141
35 1 3"
9819
2313
54±6

251 ± 17
2312
6615
5513
5013

134 + 9
161 1 14
451 ±26

70-89
n= 10

4917
4514
9519

689132
236139
122115
76 ±9
4014'

399153
4014

10118
2212
6616

251117
2512
6817
6115
5013

12819
170119
403 + 73

70-89
n= 14

62 ±11
4112*
8514

665132
173 ± 14'
10619
7 2 1 5 "
4115

313124
3712
9119
17 ±1*
6014

237 ± 14*
2412
61 ±4*
6514
54±4

125 ±8*
153110
381 +43*

may also be present in non hemolylic human plasma.
This is supported by a recent publication (22). in
which a relation is suggested between enhanced
human plasma arginase activity and disease, and. in
the female population, with increasing age. As the
influences of storage and pre-storage treatment were

mostly studied using healthy and relatively young
volunteers, this may explain why as far as we are
aware the effect has not been reported before. The
above findings point out the necessity for immediate
deproteinisation of plasma prior to storage, even if the
sample is not haemolysed and stored below -70°C.
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Plasma BCAA

600

450

300

150

20-29 30-39 40-49 50-59 60-69 70-79

Age-group
Fig. 2. Influence of age on human plasma branched chain amino acid concentntions (BCAA) in females and males.

Removal of the denatured protein followed by
neutralisation of the clear plasma supernatant did not
give any additional beneficial effect lo addition of
S-SSA to plasma alone, when samples were stored ai
-70°C.

At -20°C. glutamine in untreated rat plasma de-
creased more rapidly than in human plasma (Table I
and 2), suggesting a greater glutaminase activity in rat
plasma. Glutamine concentrations were reduced less
in deproteinised rat plasma, than in untreated plasma.
Glutamatc concentrations increased in both groups
(rat and human), but not in direct proportion to
the loss of glutamine. We therefore conclude that
glutamine degradation is predominantly caused by
non enzymatic hydrolysis leading to the formation of
pyroglulamate. Consequently, the sum of the GLU
and GLN concentrations (10) is not a good estimation
to correct for possible degradation of glutamine. A l -
though neutralisation of deproteinised plasma super-
natant before storage minimised glutamine degradation,
it is laborious, can cause dilution errors and takes
time, in which further degradation can take place. At
4°C, neutralisation of deproteinised plasma supernatant
stabilised all amino-acid concentrations including
glutamine for about I week.

As a result, we conclude that inactivation of
enzymatic activity by acid deproteinisalion. followed
by immediate freezing in liquid nitrogen prior to
storage at -70°C is the mosl convenient and reliable
sample processing and storage technique. If storage at
-70°C is not possible. -20°C may also be appropriate

i f the supernatant of deproteinised samples is neu-
tralised prior to storage. Storage of untreated plasma
should be avoided.

Control amino-acid concentrations are often obtained
by measuring the plasma concentrations of personnel,
thus reflecting a relatively young group of people.
Even if these samples are correctly treated and stored,
such a control group might not be valid, because
the patient population is often much older. As a result,
discrepancies may be missed, or misinterpreted.
Therefore, we studied the influence of age and sex
on the concentration of plasma free amino-acids.
Although age dependent changes were observed,
especially in the female group, only a few of these
changes reached statistical significance due to the
large standard errors (Table 3). It is noteworthy lhat
the differences in amino-acid concentrations belween
man and woman exist especially between the age of
20-50. Although the cause of these changes is not
clear, it may be related to hormonal status differences.
The differences and alterations in BCAA concentra-
tions appear to be of particular importance in studies
during liver disease, when BCAA levels are known
to be decreased.

The implications of our conclusions are evident.
Glutamine and arginine are considered important amino-
acids in clinical and metabolic research (23-25). Our
results show that incorrect storage of plasma samples
can cause a considerable change in the concentrations
of especially these amino-acids. The existence of
interspecies variations in enzymatic activity may also
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cause experimental artifacts and care must therefore
be taken in interpreting the results of an experiment
to another species. Even if the data are collected fol-
lowing conecl prestorage treatment and sufficiently
low storage temperature, discrepancies may be missed
or misinterpreted due to the use of a control group
that is not age- and sex-matched.
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Chapter 4 "

Isolation and quantitation of isotopically labelled amino
acids from biological samples

Published as:
1) H.M.H. van Eijk, M.P.L. Huinck, D.R Rooyakkers and N.E.P. Deutz. Automated simultaneous isolation and

quantitation of labeld amino acid fractions from plasma and tissue by ion-exchange chromatography J.Chromatogr B
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2) H.M.H. van Eijk, D.R. Rooyakkers, A.J.M. Wagenmakers, P.B. Soeters and N.E.P. Deutz. Isolation and quantitation of
isotopically labeled amino acids from biological samples. J.Chromatogr.B 691 (1997) 287

Introduction

In recent decennia, methods have become available allowing the quantitation
of degradation and synthesis of whole body proteins, and also of specific proteins in
tissue and plasma (1-4). To make these calculations possible, it is necessary to
measure the enrichment or specific activity of selected labeled amino acids in blood
or tissue, resulting from the isolation of these amino acids and determination of the
total concentration and its labeled part.

Formerly, the isolation of only a single amino acid required a laborious
procedure and a separate analysis was needed to determine the isolated amount (5,
6). However, metabolic and/or intervention studies do usually not result in large
differences between the concentrations of target metabolites of the study groups.
More likely are differences ranging from a few percent to a factor of two. Therefore, a
relative large number of samples is required to prove statistical significance. Using
the traditional methods, this becomes a problem. It was therefore the intention of this
study to develop an automated system, capable of isolating any major plasma or
tissue amino acid of interest and determining its concentration at the same time.

To enable this approach, three problems had to be solved:
• A method had to be developed to purify the target amino acids
• The concentration of the isolated compounds had to be established
• Measurement of the radioactive or enriched part had to be performed

>4m/no ac/d /so/af/on
A logical procedure to isolate and quantitate target amino acids is

chromatography. The main problem encountered, was that the procedures available
in our laboratory in the beginning of the 1990's, required umol amounts of pure,
underivatized amino acids to determine the enriched part or specific activity of the
isolated fraction. At that time, it was not clear if and to what extent a UV absorbing or
fluorescent probe attached to the isolated amino acid, would interfere with the
specific activity measurement. Furthermore, we did already know that the presence
of a probe prohibited ninhydrin decarboxylation (7), a procedure required to measure
enrichment by means of isotope ratio mass spectrometry (IRMS).

Initially, we therefore used ion-exchange chromatography to isolate the target
amino acids (8). This method allowed the isolation of pure, non-derivatized amino
acids, while, compared to a reversed phase column of the same dimensions, a much
larger sample load is allowed without a notable effect on the separation. This made
measurement of a low enrichment or a low specific activity possible.
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Tf»e success of the method resulted in 3 simitar increase in demand for a
larger eapscdy 35 was observed for the analytical method described in the first
section- We ffierefore ifiibaBy developed short runs, optimized to isolate and

the isötopssafly labeled components Hie remaining amjno ackfe
determined ir« 3 separate analysis (9). However, soon this

afss became insufficient and thus the possibilities of (semi-lpreparatJve
phase ehfornafography were explored, it had been indicated already that

Ws tecfcrÄfye can also he used to isolate undenVatized amino acids (5,10).
Unfortunately, the selectivity with respect to pure amino acids was mediocre,

At the same time, OFA-<iefi¥3tizatk3n was applied for a semi-preparative isolation of
labeled gfejtarrtne from plasma (11). However, the OPA label was suspected to
«iteffefe with liquid scirrtäiafiors counting and the large sample load on the (analytical)
eefumrs prohibited baseline separations for most amino acids. By scaling up the
snslytjsaj separation achieved before, we were able to isolate jimo! quantities of aB
mapr plasirsa amino aads (12).

The application of rsdioactiveiy labeled amino acid tracers requires not only
the cftramatograprtjc isolation of the desired component peak, but also the correct
determination of t ie amount of radioactivity accumulated in the fraction. The
complexity of the latter aspect is often underestimated.

Quenching effects the accuracy of scintillation counting, and especially of the
few energy isotope tritium. Quenching is the process of energy absorption released
from radioactive decay by the solvent in which the radioisotope is dissolved. Thus,
the isotopes energy spectrum shifts to a lower level, resulting in an underestimation
of the activity. To correct for this phenomenon, radioactivity counters are equipped
Wtfh a gyg/?cfttf?g r«&cafc?r (£#P), erafcfing a mathematical correction (13).
Unfortunately, QIP's can only estimate the required correction for the spectral shift
and correctness of this estimation is variable and dependent on the technique used.

In our application, the radioactively labeled amino acids are collected in a 6ml
fraction volume. In view of the fact that most scintillation counters accept only 6 or 20
ml vials, only a two-fold dilution with scintillation cocktail could be maximally applied.
In view of the fact that the number of collected fractions was expected to be large,
some form of removal of the solvent like freeze-drying would become very laborious.
Alternatively we searched for a scintillation cocktail, which accepts a high amount of
solvent, still giving an acceptable efficiency and a low degree of quenching. Because
the results of this study are of major importance to obtain maximal accuracy, they are
added as an addendum at the end of this thesis.

Detemi/naf/bn o/" f/?e enriched part
The determination of a substrate enriched with a stable isotope requires a

different approach compared to radioactive labeled amino acids. In contrast to
radioisotopes the occurrence of stable isotopes is relatively large. '" 'C for instance,
has a natural abundance of about 1%, while '™'C has a natural abundance of less
then 10"'°%. Also, stable isotopes do not posses a physical property, which allows an
easy quantification of their occurrence. The only techniques available are mass
spectrometry (MS) and nuclear magnetic resonance (NMR), both complicated and
expensive techniques, while MS is the most sensitive.

In metabolic studies, the amino acid carboxylic carbon atom is often the target
for label enrichment. Given the high costs of stable isotopic tracers, only low infusion
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rates are applied and thus only a maximal enrichment of a few promille above the
natural abundance is obtained. Combustion of an average amino acid, containing 5
carbon atoms, for mass spectrometric analysis results in a fivefold dilution of this
enrichment. Furthermore, the Chromatographie separation from other amino acids
and the detection of their presence, requires derivatization using a fluorescent or UV-
absorbing probe. Attachment of the probe will increase the dilution of the target
carbon atom even more with an additional number of carbon atoms. The isotope ratio
measurement itself must therefore distinguish a (very) small increase in enrichment
from a large background.

To improve the enrichment ratio, it would therefore be more beneficial to use
underivatized amino acids as can be obtained by means of the ion-exchange
method. Using the [1-"C] label, the enrichment can be increased even more through
liberation of this carbon atom from the amino acid backbone using a decarboxylation
reaction with ninhydrin at low pH. Unfortunately, this reaction requires a free amino
group and this group is occupied after derivatization with the probes used to enable a
reversed phase separation. To solve this problem, we separated the amino acids
after derivatization with 9-fluorenylmethylchloroformate (FMOC). The probe was then
removed from the isolated derivative by acid hydrolysis as is discussed in the second
publication of this section. In view of the effort which is required to isolate a sufficient
amount of target amino acid, it may be clear that we also tried to develop a more
efficient introduction of the sample CO2 into the mass spectrometer.

The decarboxylation reaction is usually performed in a capped glass vial and
only a limited amount is injected from the vial to prevent air contamination (7, 14). In
this respect, it must be noted that not only air CO2 contamination will reduce the
actual enrichment. Nitrogen contamination also influences the measurement as it can
recombine to N2O in the ion-source of the mass spectrometer possessing the same
mass as CO2. Therefore, the CO2 sample introduction into the MS-system is usually
preceded by a gas Chromatographie separation. The relative large gas-flow applied
for this separation would break the vacuum of the mass spectrometer and thus a
large part of the gas-stream has to be discarded through "splitting", and thus also a
large part of the sample CO2. As a result of these considerations, only a very small
part of CO2 produced from the isolated amino acid actually reaches the mass
spectrometer.

Therefore, attempts were made to direct a larger part of the sample into the
mass spectrometer. The results of these studies are discussed also in the addendum
at the end of this thesis.
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Abstract

In order to trace metabolic pathways of amino acids in the body, a known labeled amount of an amino acid is
infused. Dilution in the body pool is measured, using the specific activity and calculated by dividing the labeled
amount of an amino acid (tracer) by its total pool (tracer + tracee). This paper describes a method, which combines
fractionation and quantitation of multiple amino acids in one Chromatographie run. To achieve this, we performed
a classical amino acid ion-exchange separation on standard HPLC equipment. The column effluent ^vas divided
continuously into two solvent streams using a rapidly switching, pump controlled "split-valve". The main part
(90%) was directed to a computer controlled fraction collector, while the remaining 10% was mixed with
o-phlhaldialdehydc reagent after which fluorescence was measured. Using this system. 10-1000 /xl of deproteinized
plasma, representing a maximum of SO nmol of each amino acid, could be fractionated and quantitated in the same
Chromatographie run. In addition to optimal counting efficiency of an off-line radioactivity counter, it enabled easy
measurement of the specific activity of multiple amino acid tracers.

1. Introduction

Labeled amino acids are widely used to de-
termine protein synthesis or degradation rates of
the body or of a specific organ. To enable this, it
is necessary to isolate each amino acid and to
measure the total and the labeled amounts in the
collected fractions. For metabolic studies, the
standard procedures for individual amino acids
are tew laborious and require too much sample
and/or radioactivity [1-11]. Therefore, there is a
need for a universal method for the isolation and

" Corresponding author.

quantitation of amino acids in one Chromato-
graphie run.

Usually, amino acids are quantitated by ion-
exchange or reversed-phase chromatography. As
we wanted to isolate large amounts of pure,
underivatized amino acids, ion-exchange chro-
matography is the separation technique of choice
for this application. However, detection of the
separated amino acids requires a post-column
reaction, thereby converting the isolated pure
amino acids into a derivative, diluting the re-
sulting fraction and complicating counting of the
radioactive part, due to quenching and/or
chemiluminescence. ,

t)37K-4347/94/S07.(irr" © 1994 Elsevier Science B.V. All rights reserved
SAD/ 0378-4347(94 )U02971
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To avoid these problems, we developed a
split-flow technique which divides the column
effluent dynamically into two liquid flows by a
pump-controlled "split-valve". The main part
(90%) is directed to a computer-controlled frac-
tion-collector, while the remaining part (10%) is
used for quantitation by mixing it on-line with
o-phthaldialdehyde reagent and fluorescence
monitoring. Because flow-rates, split-percentage
and collection-windows are known, the amount
of each collected amino acid can be calculated
from the obtained chromatogram.

2. Experimental

2.J.

The HPLC system used (Fig. 1) consisted of a
Model 2248 reagent pump, a Model 2249 gra-
dient pump controlling a Model 2248-201 low
pressure ternary mixing panel and a Model 2256

Ä&".

ANALYTICAL

COLUMN

OFA-REAGENT

HACK PRESSURE

COLUMN

REACTION COIL

FRACTION COLLECTION

Fig. 1. Schematic system description.

solvent conditioner, all from Pharmacia (Woer-
den, Netherlands).

The analytical column was a 200 x 4.6 mm
I.D. ion-exchange column tilled with Ultropac 8
(8 jtm) (Pharmacia). The column was placed in a
programmable Mistral column oven (Spark,
Emmen, Netherlands). The column effluent was
divided dynamically into two solvent streams
using a 24 VDC three-way PTFE split-valve
(Cole-Parmer, Applikon, Schiedam, Nether-
lands) controlled by the Pharmacia Model 2248
reagent pump. The switching time was set to
1400 ms and the switching volume to 1 /i.1 at a
split-percentage of 10%.

For the automated sample injection a WISP
715 sample processor (Millipore/Waters, Etten-
Leur, Netherlands) was used, equipped with a
cooled sample storage compartment and a 48-
position sample tray.

Amino acid fractions were collected, using a
Helifrac fraction collector (Pharmacia) equipped
with a 76-position tray. For a more efficient use,
it was controlled externally by a Model 900
interface (Perkin-Elmer/Nelson, Gouda,
Netherlands). The interface was programmed
from a Tandon 486 personal computer, running
Model 2700 "Turbochrom" software (Version
3.2. Perkin-Elmer/Nelson) under Microsoft Win-
dows (Version 3.1). This interface was also used
for the collection and processing of data pro-
duced by the fluorescence detector.

Fluorescence was monitored with a Jasco
Model 821FP detector (B and L systems,
Zoetermeer, Netherlands) equipped with a
xenon lamp and a 12-jtl flow-cell. Measurements
were made at an excitation wavelength of 330
nm and an emission wavelength of 445 nm.

2.2.

All solutions were prepared with ultra-pure
water, generated by a super-Q system (Mil-
liporc/Waters). All chemicals used were of ana-
lytical grade (Merck, Amsterdam, Netherlands),
solvents of Chromatographie grade (Janssen
Chimica. Amsterdam. Netherlands).

The derivatization reagent was prepared by
dissolving 0.5 g of o-phthaldialdehydc (OPA) in
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12.5 ml of methanol, adding 500 ml of potassium
borate buffer (0.5 mol/l, pH 10.4) and 0.5 ml of
3-mercaptopropionic acid (3-MPA). This reagent
was placed in a 500-ml PTFE-coated brown
Duran glass bottle. The bottle was kept under
0.02 MPa helium pressure using a Pharmacia
solvent degassing cap.

A "short" gradient profile with a binary sol-
vent system was used to isolate isoleucine,
leucine, tyrosine, phenylalanmc and norieucine
(as an internal standard). Solvent A was a 0.3
mol/l lithium citrate buffer pH 3.00, containing
15 ml iso-propanol, while solvent B was 0.3
mol/l lithiumhydroxide. Gradient conditions are
described in Table 1.

Amino acid standards were prepared by dis-
solving pure amino acids in water to a final
concentration of 25 jtmol/l each, and calibrated
against a physiological standard (Sigma, Am-
sterdam, Netherlands), using a standard HPLC
technique [12]. The calibrated standard was
divided in 1-ml portions and stored at -80°C.

2.J. 5amp/e preparation

Heparinized arterial blood samples were ob-
tained from rats and collected on ice, followed
by immediate centrifugation at 11 000 g in a
Hereaus biofuge (Dijkstra. Amsterdam, Nether-
lands) for 10 min at 4°C. Next, plasma was
deproteinized with 5-sulfosalicylic acid (5-SSA),
8 mg/200 /xl plasma, frozen immediately in
liquid nitrogen and stored at -80°C. Before
analysis, samples were thawed at 4°C, vortex-
mixed vigorously and centrifuged as described
before. A 50-/il volume of the clear supernatant
was then mixed with 50 jil of an ice-cold 0.2

Table 1
Gradient conditions

Time
(min)

0-35
35-30
50-55
55-80

Solvent A
(%)

100
100

0
100

Solvent B
(%)

0
0

ion
0

Temperature
<"C)

45
60
60
45

mol/l lithium citrate "loading buffer" pH 2.20
(containing 60 /zmol/l norieucine as internal
standard) in a 300-jil insert and placed in a 4-ml
WISP vial, and sealed with a PTFE seal.

3. Results

Three different three-way valves were tested
to serve as a split-valve: the Lee LFYA 1 bar
ministac valve, the Lee LFYA 4 bar ministac
valve (both Dennis de Ploeg. Valkenburg,
Netherlands) and the 24 VDC Cole Parmer
Teflon PTFE solenoid valve (Applikon,
Schiedam, Netherlands). From these, the Cole
Parmer valve was the cheapest and most reliable
valve. Although its internal volume was higher
compared to the Lee-valves (32 fil versus 18 /xl),
this proved not to be a disadvantage in practice.
Therefore, the Cole Parmer valve was used
throughout our experiments.

Our primary goal was the isolation of
phenylalanine and tyrosine. Therefore, a "short"
isolation gradient was developed using nor-
ieucine as an internal standard. The resulting
chromatograms (Fig. 2) show a baseline sepa-
ration for these peaks.

The correct functioning of the valve was evalu-
ated by programming a value of 8% split and
measuring the resulting flow-rates. Considering
the low back-pressure generated by the reagent
flow-path and the helium over-pressure present
on the OPA reservoir, we suspected this flow to
be too high. Therefore, we measured the splitted
solvent flow-rates with and without the influence
of the reagent flow (direct and indirect method.
Table 2). From the results, we concluded that
the split-percentage was correct and stable, but
the reagent flow was too high and irregular. In
order to stabilize this reagent flow, the back-
pressure had to be increased. Placement of a
back-pressure valve in the reagent flow-path
resulted in a pulsating reagent flow and conse-
quently irregular baseline. Therefore, the re-
agent back-pressure was increased by placing a
150x3 mm I.D. column filled with the cation-
exchange resin Durrum DC-6A in the reagent
flow-path, enabling a stable reagent flow down to
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Fig. 2. Separation of tyrosine and phcnylalaninc in a 100 jtmol/l physiological standard containing all major plasma amino acids
(upper panel) and in plasma (lower panel). Injection volume was 75 /xl for each sample.

0.035 ml /min (not shown) and resulting in a
back-pressure of 0.2 MPa. Using this minimal
OPA flow, an optimal chromatogram was ob-
tained with a solvent flow of 0.050 ml/min. This
limited the minimal applicable split-percentage
in this application to 10% at a total eluent flow

of 0.5 ml/min. So, 90% of the column effluent
could be used for radioactivity counting.

As an optimal reaction time of amino acids
with OPA reagent is reported to be 2-3 min [13],
the present flow-rates required a reactioncoil of
ca. 1.5 m x 0.3 mm I.D. The resulting calculated
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Table 2
Determination or the variation in split-percentage by direct
and indirect measurement

Measurement

1
2
3
4
5
6

Mew
S.D.
C.V.(%)

Direct method

9.87
9.57

t.u
9J6
135
9.01

9J0
0.52
5.66

Indirect method

7.97
7.96
7.97
7.%
7.92
7.92

7.95
0.02
0.30

Both methods are discussed in the text.

difference in delay time of the amino acid
fractions before arrival in the fraction collector
or the detector was checked by measuring the
fraction recoveries of isoleucine, leucine, nor-
leucine, tyrosine and phenylalanine of 10 con-
secutive runs of a 25-̂ iA/ physiological amino
acid standard with the described standard HPLC
technique |12]. A nearly 100% recovery was
obtained, confirming the correctness of the set-
tings (Table 3). The somewhat higher results
may be explained by minor contaminations in
buffers and reagents, playing a significant role at
the low levels in the collected fractions.

Operation of the system with fluorescence
detection, limitatcs the maximum amount which
can be isolated and quantitated at the same time
to 50 nmol per amino acid, above which detector

overload occurs. Using the less sensitive UV-
detection at 330 nm, a 10 times higher amount
can be fractionated. Above this amount, the
reagent concentration becomes limiting, while
the resolution deteriorates due to column over-
load effects (not shown).

In order to determine the accuracy of the
method, 51 rat plasma samples were fractionated
and the concentrations obtained from the re-
sulting chromatogram, were compared to those
obtained with the standard technique [12). The
mean values found for isoleucine, leucine,
tyrosine and phenylalanine were respectively
96%, 96%, 104% and 97% of the standard
method. Considering the coefficients of varia-
tion, which are about 3% for both methods, no
significant difference at the 95% confidence level
could be established when these results were
compared using the method of Bland and Alt-
man [14) (Fig. 3).

4. Discussion * «

Until now it was laborious to perform meta-
bolic studies with multiple amino acid tracers as
numerous specialized techniques were required
to isolate and quantitate these tracers and their
tracees [11). An universal technique for the
isolation and quantitation of all amino acids was
therefore desired. To enable this, we combined
the reliable Chromatographie separation of an
amino acid analyzer with modern HPLC tech-
niques.

Table 3
Determination of recovery percentages and reproducibilily

Ammo
acid

ILE
LEU
NORLEU
TYR
PHF

Recovery ('

Mean

1(12.2
107.3
94.8
107.3
105.8

* )

S D

3.31
6.80
2.64
3.20
5.91

C.V.(%)

3.24
6.34
2.78
2.99
5 59

On-line chromatography

Area (mV min)

Mean

169.2
170.6
166.6
147.6
165.2

S.D.

7.28
4.73
2.57
4.10
4.27

c.v. (%>

4.30
2.77
1.54
2.78
2.59

I , (min)

Mean

70.93
7490
80.22
87.97
96.73

S.D.

0.20
0.12
0.10
0.22
0.17

C.V (%)

0.28
0.16
0.13
0.25
0.18
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Fig. 3. Comparison of results obtained by the standard HPLC technique and the present isolation technique using the method of
Bland and Altman [14]. The results (/xmol/l) are plotted as the difference from the mean (center line) with the 2 S.D. levels «I
95% confidence level (upper and lower lines).

The present method was designed to obtain
maximal recovery of radioactivity with a minimal
amount of sample. We therefore chose to de-
termine radioactivity off-line and not on-line.
On-line counting requires at least 10-15 times
more activity, because the solvent flow passes
through the flow cell of the detector in a short
time, resulting in a lower signal-to-noise ratio
and thus a high background. Using an off-line
determination, the counting time can be much
longer. For tritium, this reduces the required
activity for each desired amino acid to only 50-
100 dpm for an accurate measurement. Because
each amino acid can be isolated within the same

Chromatographie run, the total sample amount
and the total amount of activity can be minimal.

Fluorescence detection was chosen for the
same reason. The maximum amount which can
be quantitated fluorimetrically is 50 nmol Above
this value the detector signal goes off-scale. This
amount represents a maximum of 100-HKIO ^1 of
dcprotcinizcd plasma, depending on the amino
acid in question. These volumes are well within
the range of amounts that can be obtained from
small laboratory animals. Also, it is within the
maximum volume range that can be injected
directly onto the column without a negative
effect on the separation.
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However, column overload effects appear be-
tween 200 and 1000 nmol per amino acid, a
much higher level. Therefore, more concen-
trated samples can be fractionated, or larger
plasma amounts after lyophilization and resus-
pension in a smaller volume. Quantitation may
then be realized by applying the less sensitive
UV-detection instead of fluorescence detection,
enabling the measurement of even lower specific
activities.

In conclusion, the present method offers a
powerful tool for measuring the specific activity
of several amino acids in one sample and in one
Chromatographie run on standard HPLC equip-
ment. In combination with off-line radioactivity
counting, minimal amounts of sample and
radioactivity are required.
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Abstract

To face the problem of simultaneous isolation and quantitation of isotopically labeled amino acids in biological samples,
two semi-preparative Chromatographie methods were developed. One method was especially designed to isolate radioactively
labeled amino acids for which we used derivatization with the fluorophore o-phthaldialdchyde (OPA), which is known to be
easy and reliable. Isolation of amino acids labeled with stable isotopes required another approach as we wanted to use
isotope ratio mass spectroscopy ( IRMS). which can only be performed on pure, non-derivalized ammo acids. Because the
OPA probe cannot be removed after isolation of the derivative, we used 9-fluorenylmethylchloroformatc (FMOC) instead.
This probe is linked lo an amino acid via a peptide bond which can easily be broken by gas-phase acid hydrolysis (103%
recovery after 5 h at 150°C: S.D = 3.5%, n = l4). Run time (injection to injection) was 60 min for the OPA method and 75
min for Ihe FMOC method. Both fluorescence and UV absorbance detection can be employed. The coefficient of variation
(C.V.) for peak area measurement was below 2% for mosl OPA amino acids and below 3% for mosl HMOC amino acids. Al
maximum, a total of 1000 u.1 could be injected, representing approximately 200 u.1 of deproteinized plasma. The methods
were linear up to injection of 0.5 u.mol of all amino acids (OPA: r '=0.995-0.999; FMOC: r' =0.992-0.999). The C.V. of
the IRMS measurement within the range which can he isolated maximally in one Chromatographie run (50-500 nmol). was
less than 3% above 100 nmol. indicating thai Chromatographie isolation fulfils the needs of the IRMS determination. The
resulting methods arc suitable for the isolation and quanlilation of micromolar amounts of labeled ammo acids from
biological samples.

Xeywonfc: Derivatizalion. LC: Amino acids

1. Introduct ion of the change in specific activity of selected radioac-

tively labeled amino acids in blood or tissue. For this

A powerful tool in studying protein synthesis and/ purpose, isolation of these amino acids and de-

or degradation in laboratory animals is quantitation termination of their labeled and total amounts is

required. This was formerly performed through ion-

"Corrcsponding author exchange chromatography 111. However, as this

0378-4J47/97/SI7.00 Copyright © 1997 Elsevier Science B.V All nghls reserved
/ ' / / S0.178-4347(96>00475-6
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technique requires several hours to separate all major
plasma amino acids, short runs were optimized and
used to isolate and quanlitate only the isotopically
labeled components. The remaining amino acids
concentrations had to be determined in a separate
analysis [2].

Alternatively, amino acids can be separated by
reversed-phase chromatography. Although this tech-
nique may also be used to isolate non-derivatised
amino acids [3,4|, the selectivity of a reversed-phase
system with regard to pure amino acids is mediocre.
For analytical applications, selectivity and sensitivity
were therefore commonly improved by denvatization
with o-phthaldialdehyde (OPA) [2,5] or 9-fluorenyl-
methylchloroformiate (FMOC) [5—7]. Recently,
OPA was also applied for a semi-preparative isola-
tion of glutamine from plasma |8).

To study metabolism of slowly tuming-over pro-
teins in humans, the [l-"C|leucine method is fre-
quently used [9]. In this method purified proteins are
hydrolyzed and the leucine fraction is isolated,
mostly by preparative gas chromatography (GO and
then decarboxylated by heating with ninhydrin at low
pH. The "C enrichment in the liberated CO, is then
measured by isotope ratio mass spectroscopy
(IRMS) [10]. Unfortunately, the amounts and purity
of leucine, isolated by preparative GC were variable
in our hands. We therefore investigated whether
liquid chromatography would be a suitable alter-
native. We first used ion-exchange chromatography
[ I ] as, in contrast to most reversed-phase techniques,
it allows direct isolation of pure amino acids needed
for the ninhydrin decarboxylation procedure which is
required for the IRMS measurement. However, the
separation of leucine from isoleucine is difficult and
analysis times are long. An alternative possibility
could be the isolation of FMOC-derived amino acids,
from which the FMOC probe can be removed after
isolation as it couples to the amino acid via a peptide
bond that can easily be broken [II] . Unfortunately,
the FMOC denvatization procedure is more difficult
than the OPA method due to excess reagent interfer-
ence and problems with the recovery of the derived
product [12.13] and this application therefore needed
further development.

Therefore, two new applications were designed.
One. for the isolation of radioactive tracers using the

OPA-probe and another for the isolation of stable
isotope tracers using the FMOC-probe.

2. Experimental

2. / .

Our HPLC system consisted of a Model 2248
reagent pump, a Model 2249 gradient pump control-
ling a Model 2248-201 low pressure ternary mixing
panel and a Model 2256 solvent conditioner, all from
Pharmacia (Woerden, Netherlands). The analytical
column for the OPA application was a 250X10 mm
I.D. column filled with Spherisorb ODS II 5 pirn,
while for the FMOC application the same column
dimensions were used, but filled with Inertsil 5 u.m
(both columns: Chrompack, Bergen op Zoom,
Netherlands). Both columns were placed in a pro-
grammable Mistral column oven (Spark, Emmen.
Netherlands). The Spherisorb column was operated
at 25°C and the inertsil column at 30°C. For the
automated sample processing a WISP Model 715 or
Model 717 sample processor (Waters, Elten-Leur,
Netherlands) was used, equipped with a cooled
sample storage compartment and a 48 position
sample tray. Amino acid fractions were collected,
using a Helifrac fraction collector (Pharmacia)
equipped with a 43 position tray for 18 ml scintilla-
tion vials. For a more efficient use, it was controlled
externally by a Model 900 interface (Perkin-Elmer/
Nelson, Gouda, Netherlands). The interface was
programmed from a Tandon 486 personal computer,
running Model 2700 TURBOCHROM software (version
3.2: Perkin-Elmer/Nelson) under Microsoft Win-
dows 95. The interface was also used for the
collection and processing of data produced by the
fluorescence detector. Fluorescence was monitored
with a Jasco Model 821FP detector (B & L systems,
Maarssen. Netherlands) equipped with a xenon lamp
and a 16 (i.1 flow-cell. Measurements were made at
the excitation wavelengths of 330 and 260 nm and at
the emission wavelengths of 550 and 360 nm for
OPA and FMOC. respectively. Radioactivity was
determined using a Beckman Model LS 3801 Liquid
scintillation counter. The "C enrichment of COj
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was measured on a Model MAT-252 isotope ratio
mass spectrometer (IRMS) (Finnigan, Veenendaal,
Netherlands).

prepara/i'on2.2.

2.2./ .
Amino acid standards were prepared by dissolving

pure amino acids in water to a final concentration of
250 u.mol I ~' each, and calibrated against a physio-
logical standard (Sigma. Amsterdam, Netherlands),
using HPLC [2]. The calibrated standard was divided
in 1 ml portions and stored at -80°C.

Heparinized blood samples were obtained from
laboratory animals and humans and collected on ice.
followed by immediate centrifugation (S min. 11 000
g, 4°C) in a Hereaus biofuge (Dijkstra, Amsterdam,
Netherlands). Next, plasma was deproteinized with
5-sulfosalicylic acid (SSA). 8 mg/200 u.1 plasma,
frozen immediately in liquid nitrogen and stored at
-80°C. Before analysis, samples were thawed at
4°C, vortex-mixed vigorously and centrifuged as
described before.

2.J.

All solutions were prepared with ultra-pure water,
generated by a Super-Q system (Millipore/Waters).
All chemicals used were of analytical grade
(Brunschwig, Amsterdam. Netherlands), solvents of
Chromatographie grade (Across Chimica, 's-Her-
togenbosch, Netherlands).

2.4. O/M

2.4./. O/M
The OPA reagent was prepared daily by dissolving

10 mg of OPA (Fluoraldehyde. Pierce. Brunschwig,
Amsterdam. Netherlands) in 0.50 ml of methanol.
adding 3.00 ml of potassium borate buffer (1.0 mol/
I. pH 10.4) and 12.5 u.1 of 3-mercaplopropionic acid
(3-MPA).

2.4.2.
The OPA-reagent (400 nl) was added by the

WISP autosampler to a vial pre-filled with 200 u.1 of
deproteinized plasma and mixed once. After 2 min.
55 u.1 of citric acid | I M ) was added to adjust the pH
of the reaction mixture to the pH of the eluent. Next.
600 u.1 was injected into the Chromatograph, corre-
sponding to 183 u.1 of pure sample.

2.4.-?.
Solvent A was 25 mmol l~' citrate buffer, pH 6.8

containing 2% (v/v) tetrahydrofuran (THF). Solvent
B was citrate buffer mixed with acetonitrile and THF
(50:40:10, v / v / v ) . Gradient conditions are given in
Table 1.

2.5. FMOC system

2.5. /. FMOC migen /
The FMOC solution was prepared daily by dis-

solving 20 mg of FMOC in 4.0 ml of acetonitrile.
Potassium borate (0.75 M, pH 8.75) served as
reagent buffer.

2.5.2. Denvof/'za/ioM
Deproteinized plasma (see above) (200 u.1) was

added to a 3 ml WISP vial, containing 400 u.1 of
reagent buffer and mixed thoroughly. Samples were
placed in the WISP sample processor and derivatiza-
tion was initiated by the addition of 400 u.1 of FMOC
reagent solution. After 90 s. 200 p.1 of a 50 mAf
1-aminoadamantane (ADAM) in ethanol was added
to neutralize the FMOC excess, after which 1000 jil
was injected into the Chromatograph, corresponding
to about 183 u.1 of pure sample.

2.5..?. So/wnw
Solvent A was a 50 mmol I ~' sodium acetate

buffer, pH 4.2 acelonitrile solution (70:30, v/v).
Solvent B was acetonitrile-waler (75:25, v/v). Gra-
dient conditions are given in Table 1.

2.6.

Amino acid fractions (6 ml) were collected in 18
ml plastic scintillation vials and mixed with 12 ml
Ultima Gold XR (Packard, Groningen. Netherlands).

57



290 . B

Table I

OPA method

Time
(mm)

0
O.I
0.2

44.0
45.0
49.0
50.0
60.0

Flow
(ml/mm)

0
2.00
4.00
4.00
4.00
4.00
4.00
0

A<%)

100
100
100
55
0
0

100
100

B(%)

0
0
0

45
100
100

0
0

FMOC method

Time
(min)

0
0.1
0.2
5.0

10.0
45.0
50.0
53.0
55.0
60.0
65.0
75.0

Row
(inl/min)

0
2.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00 .
4.00
000

A(*>

100
100
100
100
9|
«0
59
SJ
0
0

100
too

B(%)

0
0
0
0
2

40
41
45

100
100

0
0

To eliminate chemoluminescence, samples were
rested overnight at room temperature and 'H and/or

C activity was determined using a Beckman Model
LS 3801 liquid scintillation counter, preset to 20 min
counting lime.

2.7. S/afc/f iso/o/w

2.7./. y y
After isolation of the FMOC amino acid fractions

in 6 ml glass scintillation vials, the samples were
lyophilized after which they were put in a hydrolysis
container of our own design (Fig. I). The container
consisted of a stainless steel outer vial and a Teflon
inner vial and contained a support rack for seven 6
ml vials. A 20-ml portion of 6 Af HCI was put on the
bottom and the rack was tilled with the dried
samples. The container was closed and placed in an
oven for 5 h at I5O°C. Hereafter, samples were
redissolved in 250 u.1 of water, transferred to a 2-ml
crimp cap vial and lyophili/ed again.

2.7.2. Occur/wmVa/ion
A 20-mg portion of ninhydrin. together with 100

u.1 of helium-degassed 0.1 A/ citric acid solution was
added to (he lyophilized samples in a 2-ml vial,
which was flushed with helium and closed with a
crimp cap. Decarboxylation was initiated by heating
to IOO°C for 30 nun. Next, a 500-ji.l portion of
helium was injected into the vial using a 1-ml
gaslight syringe equipped with a gas-light valve
(SGE Bester. Amstelveen. Netherlands), then the

water in the vial was frozen by holding the vial in
solid carbon dioxide. "C enrichment of the liberated
CO, was then measured by a head-space injection of
500 u.1 into the injector of a GC (Hewlett Packard,
Amstelveen, Netherlands: containing a Poroplot col-
umn operated at room-temperature) which was con-
nected on-line to the IRMS via a water trap.

3. Results

Our goal was to process 200 u.1 of deproteinized
plasma or tissue homogenate, requiring an injection
volume (of derivalization mix) of 600-800 u.1. This
volume was too large to apply to an analytical
column. Therefore we used a semi-preparative col-
umn (25OX 10 mm I.D.). which was equipped with a
10X4.6 mm (I.D.) guard column, filled with the
same packing material. For the OPA application we
used Sphcrisorb ODS II 5 u.m packing, while for the
FMOC application we used Inertsil 5 u.m packing.
On both columns, a maximum of about 1000 u.1
could be injected without significant loss of res-
olution. The flow-rate for both methods was 4 ml/
min, resulting in a back-pressure of 16 MPa at the
start of the gradient.

.?. /. O/M

Derivalization with OPA is performed at high pH
(10.5). As large sample volumes are applied to the
column, the stability of the Spherisorb packing
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material is challenged with each injection. This
effect was amplified if peroxide is present in the
telrahydrofuran (THF), used for the solvents. Taking
no precautions, these effects caused a rapid decrease
in the carbon load of the column (12% to 10.5%,
within 100 injections), resulting in a i ' change of
fluroanthene from 8.5 to 6.3 in a mixture of acetoni-
trile-water (70:30, v/v) (determined courteously by
Chrompack, Middelburg. Netherlands). This degra-
dation could be minimized by neutralization of the
reaction-mixture prior to injection and the use of
peroxide free THF (Across Chimica). The use of
butylated hydroxytoluene (BHT) stabilized THF also
slowed down the column degradation but introduced
"'ghost"-peaks. Neutralization of the reaction-mix-
ture was performed by the addition of 55 (il 1 Af
citric acid, prior to injection by the aulosampler. This
addition resulted in the formation of a buffer with a
pH of about 7. also compensating for small differ-
ences in the acidity of samples, due to differences in
their protein content. A beneficial side effect of this
method was that the retention times of especially the

first eluting peaks were stabilized and baseline
separation for most amino acids could be obtained
(Fig. 2A and B). Column performance could thus be
improved to about 500-1000 runs.

Although UV absorbance detection at 330 nm can
also be used, we choose fluorescence detection to get
a better baseline-stability. Response overflow was
prohibited by selecting the optimal excitation wave-
length (330 nm) but a sub-optimal emission wave-
length (550 nm). Linearity of the method was
checked in the range from 50 nmol to 0.5 u.mol
resulting in an r" of 0.992 or belter for all amino
acids. The coefficient of variation (C.V.) was de-
termined for peak area measurement by injection of
10 standards. The C.V. for most peak areas was
below 2% (Table 2).

j?.2 FMOCmrtW

The FMOC-method was primarily designed to
isolate amino acids enriched with stable isotopes in

Table 2

Amino acid

Asp
Glu
Asn

Ser
Gin
His
Gly
Thr
Cil

Ala
Arg
Tau
a ab
Tyr
Val
Mel
NVal
Ik
Ptw
Trp
Leu
On
Lys

OPA method

Area mean

3 082 141
2 830 136
2 987 576
3 403 090
3 338 218
2 502 723
3 078 663
3 208 384
2 719 669
3 154 292
3 156 594
3 285 553
3 968 403
2 778 615
3 393 233
3 193 338
6 720 479
3 251 257
3 078 111
3 069 970
3 239 852

778 829
960 095

Area S.D
(M-V'M

23 203
20 572
25 506
27 335
29 880
31 780
45 799
30 343
24 130
23 811
51 952
39 536
78 705
52 794
27 681
50 596
81 202
35 474
32 620
26 825
29 086
14 574
18 056

Area C.V.
( * )

0.75
073
0.85
0.80
0.90
1.27
1.49
0.95
0.89
0.75
1.65
1.20
198
1.90
0.82
1.58
1.21
1.09
1.06
0.87
0.90
1.87
1.88

FMOC method

Area mean
(liV's)

4 489 578
6 969 069
7 775 923

11 004 208
9 734 687
2 183 421

I I 403 174
8 165 493
7 451300
8 099 607
9 375 717

10 368 836
9014 150
3 350 931
9 605 071
8 906 826

" 17 035 191
9 336 035

I I 621 542

8810612
3 071 869
7 283 754

Area S.D
(|iVs)

I I I 145
164 922
118 187
175 407
114 425
69 615

105 144
128 707
97 202

117904
97 925
82 198

102 358
M 984

104 577
214 798

17013
90 808
96 535

93 213
137 232
293 197

Area C.V.
( * )

2 48
2.37
1.52
1.59
1.18
3.19
0.92
1.58
1.30
1.46
1.04
0.79
1.14
2.54
1.09
2.41
1.00
0.97
0.83

1.06
4.47
4.03
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general and focused more specifically on leucine.
The method development regarded two aspects:

(1) Hydrolysis of the derivative to liberate the
amino acid, enabling isotope ratio mass spec-
trometer analysis.
(2) Adaptation of reagent composition

3 . 2 / . / M f / ;
Two types of acid hydrolysis were studied, namely

hydrolysis in glass vials sealed under vacuum at
110°C and gas-phase hydrolysis at I5O°C in especial-
ly designed containers. Vacuum hydrolysis gave a
maximal recovery of 86% after 34 h at 110°C (not
shown). Shorter or longer hydrolysis times resulted
in a decrease of recovery. Gas-phase hydrolysis
required the development of our own hydrolysis vial
as none of the commercially available containers we
tried could withstand a leak-test at IS0°C. Our

design consisted of a stainless steel outer vial (for
structural strength) and an inert Teflon inner vial,
containing a Teflon rack to support the glass vials
which contained the samples (Fig. 1). Using this
vial, the mean hydrolysis recovery of leucine-FMOC
was 103% (C.V. = 3.5%, n= 14), after 5-6 h at 150°C.

J.2.Z Ad C2>
For a preparative application, the commonly used

reagent prescription (5-7] was not suitable, because
only minimal amounts of amino acids could be
derivatized. Instead of acetone, we therefore used
acetonitrile, thus enabling the preparation of more
concentrated FMOC solutions. For the analysis of
deproteinized plasma, a 7.5-10.0 m m o l l ' FMOC
reagent solution was sufficient. Protein hydrolysates,
which are more concentrated (mmol of each amino
acid), required a more concentrated 50 mmol I
FMOC solution, to guarantee a sufficient reagent
excess. However, the solubility of FMOC derivatives

• Stainless «Ml ou«f wall

Teflon innef wall

. 4 ml glass sampta vial

. Teflon sample holder

lyophilueo sample

6 n hydrocnionc acid

Fig. I. Hydrolysis vial for gas-phase hydrolysis.
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is limiting. Thus, a maximal total amount of 5-10
u.mol of amino acid (250-500 nmol each amino
acid) can be processed in one run. The reagent
solution was stable for at least one week, if stored in
the dark at 4°C in an amber 4 ml WISP vial,
equipped with self-sealing Teflon stopper. After 90 s
reaction time, the excess FMOC was neutralized
with 200 u.1 1-amino adamantane (ADAM, 50 mmol/
I) dissolved in ethanol, thus preventing the formation
of a large FMOC hydroxide peak.

A second factor influencing the response is the
reaction pH. It is known that maximal fluorescence is
obtained at pH 7.7 |7). However, the pH range for
maximal fluorescence is very narrow (pH 7.4-7.8),
while above pH 8.0 most amino acids have a stable
(although some 30% lower) response curve up to pH
10.4. We therefore increased the reaction pH to 8.75,
thus also increasing the capacity of the borate buffer
and ensuring better reproducibility. A three-fold
dilution of acid deproteinized plasma with 0.75 Af

borate buffer (pH 8.75) was sufficient to maintain
this reaction pH. As a result of these adaptations, the
total process volume of a 200 fxl deproteinized
plasma sample (or 50-100 u.1 protein hydrolysale)
was now 1200 ixl. From this, we injected 1000 ixl
which enabled good chromatography (Fig. 2C and
D).

The linearity and C.V. of the method was checked
up to 0.5 u.mol in the same way as for the OPA
method (r" =0.992 or higher). Above this, linearity
was lost due to precipitation of derivatives. The C.V
for peak area measurement was below 3% for most
amino acids (Table 2), which is comparable with the
OPA method.

J.J. /ÄA/5

According to the literature [9,10] a minimum of
250 nmol of amino acid derived CO, is required to
enable a good IRMS measurement. The present

« t t s i s n i«i sftji

C .

8 rSStS«! 5 }! ( S*J r * I >

JJLi
( j {6

B

iiiildfel
; j i_L

Fig. 2. Panel A: Separation of an OPA-amino acid standard (50 nmol injecled each amino acid). Panel B. Separation an OPA derived rat
plasma sample (200 |il pla-sma injected); Panel C: Separation of an FMOC-amino acid standard (SO nmol injecled each amino acid) Panel
D: Separation of an FMOC derived pig plasma sample (200 |il plasma injected)
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FMOC method allows isolation of maximal 250-500
nmol of each ammo acid. To check if these amounts
allow accurate measurements on our IRMS system,
we determined CO, enrichment of naturally enriched
leucine in the range 5 0 - 5 0 0 nmol (n=4) . Mean
enrichment (expressed as the delta value |9 |) was
found to be constant, but the C.V. increased rapidly
below 50 nmol (Fig. 3). We therefore concluded that
the described Chromatographie procedure allows the
isolation of amounts of amino acid large enough to
enable good IRMS measurement.

acriw'ry o / uo/aff^ amino acid's

The Chromatographie separation of amino acids
may result in isotope fractionation of the eluting
peak 114), so we also examined this possibility for
our reversed-phase methods. Therefore. 2 u.mol of
leucine enriched with [l-'^C) was injected (OPA-
method, using a linear gradient to 100% in 60 min)

and the eluting peak was collected in 0.1 min
fractions. The recorded area of the isolated fractions
and their radioactivity were determined. A definite
shift in the retention of the heavier isotope (Fig. 4)
was observed. As a consequence, for stable isotope
measurements it is thus necessary that the peak of
interest elutes freely from surrounding peaks and is
collected completely. To check for this, we injected a
mixture of isoleucine and leucine (both 5 mmol/l).
Isoleucine and leucine fractions were collected in
six-fold and in each fraction, concentrations of both
amino acids were determined [2] (after hydrolysis of
the FMOC derivatives). We found a leucine contami-
nation ranging from 0.83% to 1.77% in the iso-
leucine fractions (mean =1.28%) and an isoleucine
contamination ranging from 0.82% to 1.00% in the
leucine fractions (mean=0.86%). This contamination
was too low to interfere with the interpretation of the
leucine enrichment measurement.

The radioactivity measurement efficiency is
strongly influenced by the scintillation liquid used.

30

I"

r-r

SO 150 200 250 300 350

nmol toucin* dwtvad CO2 ln|«ctad in IRMS

Fig. 3. Precision of IRMS measurement. Relation between the amount of CO, derived from decarboxylated leucine and its enrichment
(«=•I).
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120000

Fig. 4. Influence of isotope incorporation on retention behavior of "C-labeled leucine: evidence for isotope fractionation.

High solvent salt concentrations may cause precipi-
tation and thus underestimation of activity, while an
organic solvent on the other hand, may cause chemi-
luminescence and thus overestimation of activity. In
search for an optimal cocktail, 5 different products
were tested for solubility of the sample, counting
efficiency and chemiluminescence activity. Best
results were obtained if the 4 - 6 ml fractions were
diluted at least twice with Optima Gold (not shown).

4. Discussion

We have described a complex set of techniques
and procedures with the purpose of measuring the
enrichment of stable isotopes or the specific activity
of radioactive amino acids. Our first goal was the
isolation of radioactively labeled amino acids and to
study the Chromatographie limitations of a semi-
preparative column. Pilot experiments had revealed
that an injection volume of >250 u.1 was required to
obtain sufficient material for radioactivity determi-

nation of biological samples obtained from labora-
tory animals. This injection volume is too large to
enable good chromatography on an analytical col-
umn. Considering the maximal flow-rate which could
be delivered by our pumping system, and the re-
quired injection volume, we expected a semi-prep
column ( 2 5 0 x 1 0 mm I.D.) to be appropriate. For
derivatization, we chose the OPA label as this
derivatization reaction can easily be automated and
as we have many years experience with it in an
analytical approach (2]. The resulting separation
enabled simultaneous isolation and quantilation of
each major plasma amino acid from 100-200 u.1
quantities, which was sufficient to allow counting of
its radioactivity.

Unfortunately, the method could not be employed
for an IRMS measurement of the enrichment of
[l-"C]leucine, because the OPA-probe cannot be
removed from the isolated derivatives. Using
radioactive tracers, this is of no concern, but to
enable IRMS measurements of amino acids with a
low degree of "C-enrichment in the carboxylic
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group, the enriched carbon is released from the
amino acid through reaction with ninhydrin [10].
Because this reaction requires the presence of a free
amino group, isolated OPA-amino acid derivatives
are not suitable as the amino group is coupled
irreversibly to the fluorescent label.

For these reasons, another probe was required for
stable isotope measurements and FMOC was consid-
ered to be a good possibility, as the peptide-bond can
easily be broken using acid hydrolysis [8]. Indeed,
we were able to achieve a 100% recovery of free
amino acid using gas-phase hydrolysis.

Next, the chemistry of the derivatization reaction
had to be adapted to enable a semi-preparative
application. A major problem in the use of FMOC
has always been the interference of the unreacted
product and control of the reaction pH. especially
when processing acid deproteinized samples [8.10].
This may be why FMOC has not become as popular
as OPA, despite the capability of the derivatization of
imino acids also. We were able to solve most of these
problems by using acetonitrile to dissolve the FMOC
and by adjusting the pH of the reagent buffer, thus
increasing its buffer capacity. As a result, we are
now able to derivatise 200 u.1 plasma to a final
volume of 1200 u.1.

The resulting FMOC method can in principle also
be used to isolate radioactive amino acids. However,
the OPA method has several advantages. First, the
final volume after derivatizalion of 200 u.1 plasma is
655 u.1 using the OPA method, compared to 1200 u.1
for the FMOC method. This enables easier chroma-
tography. Also, the analysis time of the OPA-method
is substantially lower than the FMOC-method (60
min compared to 75 min). This enables a more
efficient sample throughput. Therefore, we use the
FMOC method only for stable isotope measurements
and the OPA-method to isolate radioactive amino
acids.

These new methods open possibilities for multiple
tracer studies, because relatively large amounts of

amino acid can be isolated and quantilated in one
run, thereby requiring infusion of only low amounts
of tracer necessary to measure their specific activity
(minimum: 100 dpm /10 nmol amino acid) or [ 1 -' *C]
enrichment (minimum: 100 nmol amino acid), thus
reducing costs of these studies.
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Abstract

Measurement of the incorporation of labeled amino acids in plasma albumin, isolated from plasma sampled at different
time points after infusion start is a well-known technique to study human albumin synthesis. Unfortunately, no
Chromatographie method has been described yet, enabling the automated isolation of high-purity albumin from large
numbers of plasma samples as is required to study the kinetics of this process. Therefore, we developed a fast protein liquid
Chromatographie method, capable of processing 200 |j.l amounts of plasma in 74 min (injection to injection). The system can
run unattended as the FPLC system is connected to a sample processor equipped with a polyether ether ketone (PEEK)
sample loop and a cooled sample tray. Albumin isolation was divided into three steps. First, plasma samples were injected
onto a 1-ml Blue Sepharose HiTrap affinity column, equilibrated with SO mmol/l phosphate buffer (pH 7.0). After elution of
non-binding protein, switching the solvent to phosphate buffer with 15 mol/l sodium chloride eluted albumin. The resulting
albumin fraction was desalted on-line by directing it through two consecutive HiTrap 5-ml desalting columns, whereafter it
was retained in the system within a S-ml PTFE loop, connected to a motor valve. After switching this valve, thus bypassing
Ihe sample loop, the phosphate buffers were changed automatically to Tris buffers. Final purification involved elution of the
captured fraction over a 1-ml ion-exchange Resource Q column, using a sodium chloride gradient, ranging from 0 to 0.5
mol/l in Tris buffer (20 mmol/l. pH 7.5) A more than 99% purity of the final albumin fraction was confirmed by capillary
electrophoresis. © 1999 Elsevier Science BY All rights reserved.

Kfv>wr</.t. Isotope ratio. Albumin

1. Introduction understood. Using the decay-curve of injected ['"i]-
labeled albumin [1,2,5], some authors found a de-

Hypoalbuminaemia is a feature associated with crease in albumin synthesis, while others have
malnutrition and disease [1-4] . Although several observed an increase in albumin breakdown. It has
efforts have been made to clarify its mechanism, the been assumed that this discrepancy can be explained
etiology of hypoalbuminaemia is still not completely by the fact that this technique facilitates an indirect

measurement, which is not a good indicator of the
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E-imif <i</<frt.i.r nepdeuu@ahummaasnl (NE.P Deutz) bumin synthesis is through continuous infusion of
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labeled ieucine and determination of its incorporation
rate into albumin [1.6-8]. Accuracy of this method
depends largely on the degree of (im-) purity of the
isolated albumin fraction. Even a small contamina-
tion (a few percent) with a protein possessing a high
fractional synthetic rate (FSR) results in an overesti-
malion of the albumin FSR. Traditional methods like
cold ethanol purification according to Cohn [9] result
in a purity of about 96% as can be seen from the
product guarantee label of chemical suppliers. The
remainders are mostly globulins, which may increase
drastically in the acute phase response. Alternatively,
single-step Chromatographie methods are employed
|6,l0], but these also cannot ensure the desired high
degree of purity [10.11]- In contrast, multi-step
methods, capable of producing the desired purity,
usually require a laborious and time costly re-intro-
duction of collected fractions into the next Chromato-
graphie step (11,12]. Considering the large number
of samples required to reach statistical significance it
may not be a surprise that thus less complicated
isolation methods [13] are favorably used to measure
albumin synthesis rates, which are more sensitive to
protein contamination, especially in the acute phase
response. This may explain (part of the) discrepan-
cies in albumin synthesis rates described in the
literature.

The aim of this study was therefore to develop a
last, automated, low cost, multi-step Chromatograph-
ie method for (he isolation of high-purity plasma
albumin.

This was achieved using a fast protein liquid
chromatography (FPLC) method based on two con-
secutive Chromatographie principles, affinity chroma-
tography and ion-exchange chromatography. The
method enables the purification of mg amounts of
high-purity plasma albumin from a large number of
samples. The fraction's purity was certified by
capillary electrophoresis (CE).

2. Experimental

UVM II UV detector, equipped with a 5 mm
analytical flow cell and a Model Superfrac fraction
collector, all from Pharmacia Biotech (Roosendaal,
The Netherlands). Three PTFE three-way low-pres-
sure solenoid valves (Cole Parmer, Applikon,
Schiedam, The Netherlands) were included in the
system to select the solvents and to divide the flow to
the fraction collector. The FPLC separation program
(Table 1) was written on a personal computer
running FPLC-manager.

Chromatographie data were processed on a sepa-
rate computer running Turbochrom data system
(version 4.12; Perkin-Elmer, Gouda, The Nether-
lands). Samples were introduced using a Model 233
XL Gilson sample processor (Meyvis, Bergen op
Zoom, The Netherlands), equipped with a 200 u.1
polyether ether kelone (PEEK) sample loop and
cooled (4°C) sample trays.

2.2 SO/V«IM and

Our FPLC system consisted of a Model LCC 501
controller, two Model PI pumps, two Model MV8
motor valves, a Model MV7 motor valve, a Model

Two solvent systems were used. The first system
contained phosphate buffer and was used to trap and
elute albumin from the Blue Sepharose affinity
column. Buffer A was 50 mmol/l phosphate buffer,
pH 7.0 and buffer C was phosphate buffer with 1.5
mol/1 sodium chloride. The second solvent system
contained Tris buffer and was used for further
purification on the ion-exchange column. Buffer B
was 20 mmol/l Tris buffer, pH 7.5 and buffer D was
Tris buffer with 0.5 mol/1 sodium chloride.

Three different columns were used to isolate the
albumin fraction. The first column was a 1-ml
HiTrap Blue column. Next, two 5-ml HiTrap desalt-
ing columns were used in series to remove the buffer
salts from the first purification step. The last column
was a 1-ml Resource Q ion-exchange column (all
from Pharmacia Biotech).

2.J.

Heparinized blood samples from human volun-
teers, submitted for the resection of a tumor of the
large bowel, were obtained (after informed consent)
by venapuncture and collected on ice. Samples were
collected after an 8-h period of [l-"C]leucine infu-
sion before and after surgery. Plasma was prepared
immediately by 10 min centrifugation at 8500 £ at

66



von &;* « «i. / V. CfcnwMJogr. a / f JWg) <M0-OW

Table 1
FPLC program

Time fmm)

0
0
0
0
0
0
0
0.1
s
5.1
J.I
7
9

16
16.1
16.1
16.1
16.2
16.3
17
22

Selling

Cone* B
Port sei
Pportset
Port set
Valve.pos
Valve.pos
Valve .pos
ml/nun
Cone* B
Cone* B
Valve.pos
Valvc.pos
Valve.pos
Cone* B
Port.sei
Port set
Cone* B
Wash A B
Valve.pos
Valve.pos
Cone* B

Code

0
0.0

4J0
1.1
2.2
3.1
1
0
100
12
1.1
2.1
100
11
4.1
0
1.1
S3
1.3
0

Time (min)

22.1
28
28.S
28.5
28.5
31
32
32
32
37
40
40.1
50
60
60
60
60.1
60.2
60.3
72
74

Setting

Valve.pos
Cone* B
Port set
Feed tube
Port let
Conc% B
Feed tube
Port set
Pon.sct
Cone* B
Cone* B
Conc% B
Valve pos
Port .set
Port je t
VUvepot
Wish AB
Valve pos
Vmlvepos
Port set
ml/rrun

Code

3.1
35
61

0.1
35

5.1
00
100
100
0
I.I
3.0
40
1.2
1.1
2.2
1.1
0.1
0

4°C and stored at -80°C until analysis. Before
analysis samples were centrifuged again for 5 min.

Albumin standards were prepared weekly by
dissolving weighed amounts (Sigma, Zwijndrecht,
The Netherlands) into 50 mmol/l phosphate buffer
(pH 7) and stored at 4°C until analysis.

24. /.
First, 200 |JL! plasma was injected into the FPLC

system, equilibrated with phosphate buffer (A). Non-
binding protein was cluled to waste by switching a
Model MV8 motor valve. Next, the buffer was
switched to phosphate buffer with 1.5 mol/1 sodium
chloride (C). Solvent lines were flushed with the new
buffer, whereafter the motor valve was switched and
albumin was eluted from the Blue Sepharose col-
umn. The passing albumin fraction was directed
through the desalting columns and stored temporarily
inlo a 5-ml PTFE loop, mounted to a Model MV7
motor injection valve. Solvents were changed to Tris
buffers (B. D) and a motor valve Model MV8
mounted prior to the Blue Sepharose column was
switched to bypass this column and the desalting

columns. Next, the desalted fraction was eluted in
back-flush from the sample loop onto the ion-ex-
change column, which was equilibrated with 20
mmol/l Tris buffer, pH 7.5. Albumin was then
eluted using a gradient between buffer (B) and (D).
The purified albumin fractions were collected in 6-ml
glass scintillation vials.

24.2. DeJennina/ion o/ /Af purify
Purity was confirmed by CE, using a Beckman

Model P/ACE 5500 system, equipped with an un-
fused-silica capillary of 27 cm (effective length of 20
cm)x50 |xm I.D. The system was operated with 100
mmol/l borate buffer, pH 10.2 and set to a detection
wavelength of 200 nm. Samples were introduced
using a pressure injection (34.5 kPa), after which a
10 kV voltage was applied for 5 min.

3. Results and discussion

The determination of albumin synthesis rate under
conditions of metabolic stress has been subject for a
number of investigations [1-6,17,18]. The results of
these studies are not always conclusive, sometimes
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even contradictory. It has been suggested that these
differences in the results may be explained by the
design of the study (direct or indirect measurement),
but also by the analytical method used to isolate
albumin. It is known that albumin purified by the
commonly used ethanol fractionation according to
Cohn. still contains impurities [10,11]. In contrast,
sedimentation of total plasma proteins, followed by
dissolution of albumin in acidified ethanol has been
claimed to produce pure albumin [13]. Combined
with its case of use, the latter method has become
popular in isotope enrichment studies [1,7,8]. How-
ever, it cannot be excluded that this single-step
approach completely prohibits contamination of pro-
teins, which are elevated during the acute phase
response. Furthermore, it has been described that
conformational changes resulting from pathology and
polymerization influence the ability to re-dissolve in
ethanol [11]. Recovery percentages will thus be
lower and it is not known what the consequences are
considering the determination of turnover rates.

In contrast to this approach, a Chromatographie
isolation is a much better guarantee of a pure
fraction. A single-step Chromatographie method has
already been described for this purpose [2], but this
still does not exclude significant contaminations
110,11], A multi-step Chromatographie procedure is
more likely to exclude a high degree of these
remaining impurities, but usually these procedures
arc laborious and have a long cycle time (6 to 8 h),
which therefore do not facilitate efficient processing
ill studies with large numbers of samples.

In the present method, first isolation step involved
affinity chromalography using a Cibacron Blue col-
umn, thus enabling the highest clean-up in one step.
It was our goal to isolate an amount of 10 mg
albumin. Normal human plasma albumin concen-
tration ranges from 40 to 60 g/1. We therefore
expected thai the injection and separation of a 200
(il-plasma portion best could be performed on a 1-ml
Blue Sepharosc HiTrap affinity column, possessing a
binding capacity of about 40 mg (according to the
manufacturer). The first eluting peak consists of
non-binding protein eluted with the 50 mmol/1
phosphate buffer, while the second peak mainly
consists of albumin (Fig. 1). Although it was rec-
ommended to dilute the sample into the starting
buffer (for a better recovery), we found that a direct

so

40

20

10

0 1/

I!
\ \\\

III / . . ^

Fig. 1. Separation of plasma proteins on a Blue Sepharose HiTrap
column-

injection was also adequate. In this way, up to 100
samples could be injected onto the column, after
which its back-pressure increased and the binding-
capacity decreased (notable by a shift in response of
a standard from the second peak to the first peak).
The albumin fraction, eluting from the column in a
high-salt phosphate buffer, still contained impurities.

To remove these impurities, gel-filtration and ion-
exchange chromalography were considered. Because
gel-filtration is known to require long run-times, we
chose to use ion-exchange chromalography. This
choice induced another problem. The albumin-con-
taining fraction eluting from the affinity chromalog-
raphy contains high salt concentrations of the col-
lected fractions, which prohibit the efficient applica-
tion of ion-exchange chromatography. Direct injec-
tion of the collected fraction onto the ion-exchange
column would therefore result in the unrelained
elution of all proteins present. Therefore, a desalting
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step of the obtained fractions is required. Further-
more, best resolution on an ion-exchange column is
obtained using Tris-based buffers. A change in the
buffer system is thus required also.

To automate this step, two consecutive HiTrap
5-ml desalting columns were incorporated into the
FPLC system, mounted in series with a 5-ml PTFE
loop, attached to a motor driven (Model MV-7)
injection valve. This setup prohibited the subjection
of the (disposable) desalting columns to a too high
back-pressure (above 5 bar). Furthermore, it enabled
the on-line storage of the albumin fraction, while the
buffer system was changed to Tris buffers and the
application of a sharp salt gradient to the ion-ex-
change column at a relative high flow-rate (1 ml/
min). The desalting columns lasted for about 100
injections after which they were replaced.

To reduce costs, the final purification involved
separation on a 1 -ml Resource Q column, rather than
using the four-times more expensive 1-ml Mono Q
column. The performance of both columns was
nearly identical, while the back-pressure of the
Resource Q column is only a quarter of the Mono Q
column (not shown). The resulting separation al-
lowed the isolation of a high purity albumin fraction
(Fig. 2), which are collected into 6-ml glass scintilla-
lion vials.

The next problem was how to establish the purity
of the isolated albumin fraction. Most biochemical
methods are designed to identify proteins on the
bases of an activity test. Recovery percentages of
each purification step are also based on these tests.
Our problem was however to determine the amount
of impurities in the isolated fraction, as especially
contamination with quickly turning proteins could
change the results of the enrichment measurement.
Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was found unsuitable (not
shown) as a large amount of sample must be applied
to visualize any contamination, which in turn goes at
the cost of resolution. The resulting albumin spot
could thus easily hide remaining other proteins
110,1 11. Alternatively, CE was considered, a fast and
sensitive method, requiring only small amounts of
sample. Using this technique, we could not detect
any contaminants in the isolated fractions (Fig. 3).

After the methodological setup was now com-
pleted, performing two pilot studies tested the va-

Fig 2 Ion-exchange separation of the Blue Sepharose fraction
(highest peak is albumin; separation conditions as in text)

lidity of the described technique. In the first experi-
ment, a primed continuous infusion of L-[4,5-
'Hjleucine was given to a conscious laboratory pig,
operated previously in conformity to our standard
protocol as is described elsewhere [14]. At r = 0 , 1,
2, 3, 4, S and 6 h arterial plasma samples were
collected on ice. Plasma free and albumin bound
leucine specific activity was determined as is de-
scribed elsewhere (15) Mean plasma free leucine
specific activity was 14 030 desintegrations per
minute (dpm)/u,mol. A mean amount of 111 mg
purified albumin was isolated from 200 u.1 plasma
portions, from which a mean amount of 3.15 u.mol
leucine was isolated after hydrolysis. In these sam-
ples, a linear increase (Ä*=0.99) in activity was
found (Table 2), from which the FSR was calculated
as 7.7%/day.

In the second pilot experiment, a group of five
postabsorptive patients, submitted for gastrointestinal
diseases, received a primed continuous [1-
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Fig 3 Puriiy check of the final albumin fraction by capillary electrophoresis (upper panel: blank Tris buffer: lower panel: purified albumin
fraction).

"C]leucine infusion for 8 h after their informed
consent was obtained. Plasma samples were ice-
chilled immediately and collected in time. Albumin
fractions were isolated, hydrolyzcd and leucine en-
richment was determined on a gas Chromatograph

Table 2
Determination of albumin synthesis rale

Pig pilot

Tune
( h i

1

•>

3
4
5
6

FSR

«i=D

Increase in activity
(DPM)

81

197
329
457
594
726

7.7%/<tay

Patient

Time
(h)

2
3

4
6
8

FSR

pilot (n = 5)

Increase in enrichment
(TTR. %)

0.052 (±0.009)
0084 (±0.014)
0 120 (±0021)
0 192 (±0.033)
0 276 (±0.046)

88%/day

combustion isotope ratio mass spectrometer Model
MAT 252 (Thermoquest, Veenendaal, The Nether-
lands) as their fert.-butyldimethylsily! (TBDMS)
derivatives as is described elsewhere [16]. Again, a
linear increase in enrichment (expressed as the tracer
tracee ratio: TTR) was found (R*=0.99). Mean
plasma precursorpool enrichment (KIC) was 10.2%
TTR (standard error of the mean; S.E.M.=0.5%
TTR), resulting in an albumin synthesis rate (FSR)
of 8.8%/day±l.l% (mean±S.E.M.; Table 2), which
are well within the range of recent literature [17,18].

In conclusion, in contrast to the traditional meth-
ods, the here described method enables the aufo-
ma/ed isolation of high-purity albumin for isotope
incorporation studies. Furthermore, the multi-step
character of the present method minimizes the risk of
isolating an albumin fraction, contaminated with
proteins with a high turnover rate, which would
result in an overcstimation of the FSR. In traditional
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single-step methods, the risk increases when study-
ing patient populations with an acute phase response,
thus possessing elevated concentrations of potential
interfering proteins.

Future studies must distinguish if, and to what
extent differences in the albumin purification method
may explain the described differences in albumin
synthesis rate.
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The change in amino acid enrichment, an indicator
of a change in protein synthesis and/or degradation, is
usually measured using gas chromatography-mass
spectrometry and/or (GC-combustion) isotope ratio
mass spectrometry. Unfortunately, often a complex
and sensitive derivatization procedure and/or a large
amount of sample is required. Also, these techniques
are less suited to study intermediary metabolism, in
which the simultaneous application (and thus mea-
surement) of multiple amino acid tracers is preferred.
Alternatively, in this study the possibilities of the cou-
pling of liquid chromatography and mass spectrome-
try were explored, resulting in the measurement of
both the concentration and isotope enrichment of o-
phthaldialdehyde (OPA)-derivatizated plasma amino
acids in one run. This was achieved by the injection of
OPA-derivatizated amino acids into an automated
HPLC system. After the elution of buffer salts and
reagent excess to drain using column switching, the
column effluent was directed via a fluorescence detec-
tor into a Thermoquest Model LCQ benchtop LC-MS.
Mass spectrometric measurements were performed in
"zoom-scan" mode, employing multiple scan events if
the target components were not baseline separated.
Best signal-to-noise ratio's were obtained using the
LCQ's electrospray probe in the negative mode. Still,
when working under standard conditions the total ion
current of OPA-amino a d d derivatives eluting at the
beginning of the chromatogram (e.g., citrulline, argi-
nine and glycine) was by a factor of 6 lower, compared
to components eluting in the last part of the chromato-
gram (leucine, valine, and ornithine). These differ-
ences could be minimized by increasing the tempera-
ture of the heated capillary to 260'C and by applying
6% collision energy (between the skimmer and the first
octapole) to the first eluting components. A further
improvement could not be obtained by the addition of

' To whom correspondence should be addressed. Fax: +31-43-
3882126. E-mail: nep.deutz@ah.unimaas.nl.

0003-2697/99*30 00
Copyright C 1999 by Academic Pro»
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makeup liquids like ammonia, acetic acid, methanol,
or acetonitrile (up to 26% of column effluent flow).
Considering these results and the fact that the first
eluting amino acid derivatives are the most polar
ones, we hypothesized that hydration of these compo-
nents interferes with the ionization process. A linear
calibration curve was obtained for both fluorescent
response and total ion current (TIC) for all amino ac-
ids in the range from 5 to 1000 pmol per injection. The
coefficient of variation of the fluorescent response was
typically on the order of 1-4%, for the TIC this was
between 4 and 9%. However, measurement of isotope
ratios requires not only the determination of the area
of the base peak, but also of the area of the (enriched)
isotopomeric peak(s), having a much lower abun-
dance. Therefore, isotope ratio measurements require
the injection of at least 26 pmol of the amino acid
derivative of interest (except for ARG 60 pmol) to ob-
tain true ratio's. The accuracy of the isotope enrich-
ment measurement was determined by the injection of
a standard containing all major physiological amino
acids (400 pmol each) and a standard at physiological
concentrations (ranging from 50 pmol (CIT) to 350
pmol (VAL). Standard deviation of the isotopic ratios
ranged from 0.1 to 0.6% for the high (400 pmol) stan-
dards and from 0.2 to 0.8% for the low (physiological)
standard, which is comparable with GC-MS. A plot of
the results against the theoretical values gave a linear
curve for all isotopes studied (A' ranged from 0.9984 to
0.9997). However, the [l-"C]-enriched amino acids
measured (LEU, GLY, and VAL) gave a closer agree-
ment to the expected values as was found for (unruio-
"C-6,5-"H,]-enriched citrulline and Uruanüiino-"N,|-
enriched arginine. We could not determine whether
this was due to the measurement procedure itself or
resulting from an instability of the tracers in solution.
Nevertheless, the results were reproducible and the
theoretical value could be calculated using the tan-
gent of the enrichment curves. Considering the easier
(and cheaper) derivatization procedure and instru-
mentation, the simultaneous collection of isotopo-
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meric distribution spectra (enabling tbe application of
multiple labeled components) and concentration data,
the method presents an attractive alternative to tra-
ditional GC-MS applications, e it«.

The infusion of amino acids enriched with stable
isotopes is a powerful tool to study protein metabolism
in humans (1). Traditionally, the change in enrichment
of these amino acids is measured either by gas chro-
matography-mass spectroscopy (GC-MS) (2-4) or iso-
tope-ratio mass spectroscopy (IRMS),* after isolation of
the target amino acid (1, 5, 6). GC-MS is mostly used
to measure amino acids with a high enrichment, while
those having a low enrichment are mostly studied with
the more precise IRMS technique. Both methods, how-
ever, require either a complex and laborious derivati-
zation procedure (GC-MS) or a large amount of the
purified target amino acid (IRMS), which is difficult to
obtain (1).

In contrast, liquid chromatography offers a range of
procedures through which amino acids can be easily
isolated either as pure amino acids or as their deriva-
tives after reacting with a fluorescent or UV absorption
probe (7-10). In this respect, derivatization is prefera-
ble because it enables both an easier reversed-phase
separation (which is beneficial for LC-MS applica-
tions) and a direct way to quantitate the separated
amino acids using a traditional UV or fluorescence
detector. Application of a mass spectrometer may over-
rule this argument, but determination of the total ion
current (TIC) as a measure for the concentration usu-
ally results in a higher standard deviation. Further-
more, the application of mass scan filters enhances
precision of isotope ratios of the selected amino acids,
but also results in the loss of concentration data of the
filtered amino acids, making a separate analysis nec-
essary, thus increasing costs and labor.

However, formerly the coupling of an LC system to a
mass spectrometer was a problem. The (relatively)
large amounts of buffer salts caused blockages in the
MS inlet, while the introduction of a liquid flow gener-
ated problems for the vacuum system. Therefore, low
flow rates (/xl/min) (11, 12) or splitting techniques (13)
were applied, limiting both chromatography and MS
analysis.

With the introduction of fast atom bombardment
LC/MS (14), atmospheric pressure ionization chemical
ionization (APCI) (15), and electrospray ionization

' Abbreviation« used: IRMS, iaotope-ratio mui spectroscope
APCI, atmospheric pressure ionixation chemical ionization; ESI,
electroapray ionization; OPA, o-phthaldialdehyde; 3-MPA, 3-mercap-
topropionic acid; atmospheric pressure ionization; AGC, automatic
gain control.

(ESI) (16), the interfacing with an HPLC system run-
ning under normal flow conditions (1 ml/min) has be-
come much easier. Furthermore, the introduction of
benchtop systems enabled the application of mass spec-
trometry also in smaller laboratories.

This paper evaluates the possibilities of the LCQ, a
Thermoquest benchtop LC-MS system, equipped with
an iontrap, to measure isotopic ratios of plasma amino
acids. For this purpose, our previously described HPLC
separation and isolation methods for o-phthaldialde-
hyde (OPA)-derived amino acids (1, 10) were adapted
to enable direct introduction into the mass spectrome-
ter. Optimization of the mass spectrometric measure-
ment was performed with respect to detector sensitiv-
ity and precision of the isotopic ratio determination.

To validate the measurement, calibration curves
were constructed to determine the linear ranges of the
concentration and the isotopic ratios. In addition, suit-
ability of the method was evaluated by measuring the
enrichment of plasma samples obtained from animal
experiments.

M A T E R I A L S A N D M E T H O D S % .--! .V-,•>,•,-. ;••••

System

The HPLC system consisted of a Gilson Model 233
XL sample processor equipped with cooled sample and
reagent trays and two Rheodyne sue-way high-pressure
valves (Meyvis, Bergen op Zoom, The Netherlands).
Two Model PU980 pumps, equipped with an internal
membrane low dead volume damper were connected
through a microflow high-pressure mixer (Jasco
Benelux, Maarssen, The Netherlands). In this way, a
steep high-pressure gradient could be produced with
minimal dead volume and pressure pulsation below 1%
throughout the working region, ensuring an optimal
signal-to-noise ratio for the mass spectrometer. On-line
quantitation was performed, using a Model 970 fluo-
rescence detector, equipped with a high-pressure flow
cell (Jasco).

The separation was performed on a 150 X 3.2-mm
(i.d.) Allsphere 3-jim ODS 2 column (Alltech, Breda,
The Netherlands) which was mounted in a Spark Mis-
tral column oven (Separations, Hendrik Ido Ambacht,
The Netherlands).

The benchtop mass spectrometer was a Thermoquest
LCQ (Veenendaal, The Netherlands), equipped with an
electrospray (ESI) probe. The system was operated in
negative mode employing the "zoom-scan" function for
a baseline separation of the isotopomeric peaks and a
better signal-to-noise ratio. Maximal sensitivity was
obtained if the ion time was set to 1000 ms, using 1
jiscan only. The heated capillary was kept at 260°C,
while sheath and auxiliary gas were set to 90 and 20
arbitrary units each. The tube lens offset was - 3 V and
the spray voltage was 4.2 kV.
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C H J - C H J - C O O H

FIG. 1. General «tructure of OPA amino add derivative«. R repre-
•enU the variable side chain of an amino acid.

ative, followed by a slow scan procedure resulting in a
baseline resolution between the isotopomeric peaks.
From the spectrum obtained, the abundance was cal-
culated by dividing the area of the isotopomeric peaks
by the area of the nonenriched base peak. Enrichment
was defined as the calculated sample abundance minus
the natural (measured) abundance of a nonenriched
standard (or plasma) multiplied (if necessary) by the
tangent of the enrichment curve of the isotope of inter-
est.

Precolumn derivatization was performed using a Gil-
son 233 XL sample processor, equipped with 2 Rheod-
yne six-port high-pressure valves. This setup facili-
tated column switching, which had to be applied to
prevent a reaction between ammonium acetate of the
solvent buffers and the OPA-reagent excess. It was
observed that the resulting product of this reaction
binds strongly to the column packing material, degrad-
ing the separation within a few runs. Attempts to clean
the column by flushing it with organic solvents and
dimethyl sulfoxide were not successful. To prohibit
this, the automatic derivatization procedure of the au-
tosampler was adapted and derivatization and separa-
tion were executed on separate columns.

In the adapted procedure, sample and reagent are
injected into a 100-fil sample loop using the autosam-
plers syringe. The loop had been preflushed with 25
mM sodium phosphate buffer. pH 6.8 (Fig. 1). Next,
valve 2 is switched and the reaction mixture is pumped
onto a two consecutive 7.5 X 4.6-mm trap columns
filled with Allsphere ODS 2 5-*un material (Alltech,
Breda, The Netherlands), using the phosphate buffer
delivered by pump C. The trap columns retain amino
acid derivatives and OPA excess. The reagent borate
buffer (pH 10.5) can now be replaced by the phosphate
buffer lowering the pH to 6.8 at which OPA excess does
not react with the ammonium acetate buffer. The trap
column is incorporated into the flow path of the ana-
lytical column by switching valve 1. OPA derivatives
and excess are now eluted onto the analytical column
and separated using the ammoniumacetate containing
solvents (A and B) in a linear gradient from 100 to 37%
A in 28 min. The phosphate buffer front is eluted to
waste by switching valve 3 (LCQ bypass valve), where-
after the components are introduced into the LC-MS
system.

Determtnaiion o/"/sotopic iJafios

Isotopic ratio's were obtained by a zoom-scan mea-
surement of each amino acid derivative of interest.
This involves the collection of a 10 AMU window in the
ion trap around the base peak of the amino acid deriv-

Animal infusion experiments were conducted accord-
ing to our standard research protocol (21). The animal
ethical committee of Maastricht University approved
the experiments (DEC No. 9531). In short, a constant
primed infusion was applied in the vena cava of a 21-kg
female pig. The prime was 1 ml/kg infusion of a tracer
cocktail containing 0.96 mM l-'HJPHE and lring-3,5
*H,)TYR, 5.28 mM [1-"C]VAL, 2.4 mM [1-"C]LEU and
[5,5,5-'H,]LEU, 3.2 mM (guamdino-"N,)ARG, 1.5 mM
lureido-"C.5,5- 'H.ICIT, and 54 mM [l-"C]urea. The
prime was followed by a continuous infusion at 3 ml/
kg/h of a tracer cocktail containing the same tracers at
a lower concentration (e.g., 0.64 mM PHE, TYR, 1.76
mM VAL, 1.6 mM LEU, 2.1 mM ARG, 0.2 mM CIT, and
2 mM urea). Tracers were obtained from Mass Trace
CWobum, MA)

OPA realen*. OPA reagent consisted of 5 mg o-
phthaldialdehyde (fluoraldehyde, Pierce/Omnilabo,
Breda, The Netherlands) dissolved in 0.5ml methanol,
buffered with 3.5 ml 1 M potassium borate buffer, pH
10.4, and with the addition of 8 pd 3-mercaptopropionic
acid (3-MPA).

So/ve/Us. Solvent A was 15 mM ammonium acetate
buffer, containing 0.5% (v/v) of tetrahydrofuran. Sol-
vent B was a mixture of 15 mM ammonium acetate
buffer, acetonitril, and tetrahydrofuran (65/30/5, v/v/v).
Prior to use, helium sparking degassed the solvents.
The trap column was flushed constantly with 25 mM
sodium phosphate buffer, pH 6.8

RESULTS AND DISCUSSION

Genera/. Usually, the concentrations of amino ac-
ids in physiological fluids have been determined
mainly by liquid chromatography. However, the deter-
mination of amino acid isotope enrichment as intended
in this study requires an additional mass spectrometric
analysis. In the past, the coupling between a mass
spectrometer and a LC system was troublesome and so
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gas chromatography was the only real option which
could be applied. However, the development of atmo-
spheric pressure ionization techniques (API) enabled
the direct introduction of high flow rates (up to 1 ml/
min as usually applied in LC applications) into the
mass spectrometer, thus creating interesting possibil-
ities for new applications.

Isotope enrichment measurements of selected amino
acids require a baseline separation of derivatives of
interest which possess the same or nearly the same
molecular weight (e.g., consider isoleudne, leucine and
arginine, citrulline). The separation of nondervatizated
amino acids can only be performed using ion-exchange
chromatography. However, this separation technique
requires the application of solvents with high salt con-
centrations, which does not combine well with the re-
quirements of a mass spectrometer. For this applica-
tion, a reversed-phase technique is better suited, but
this requires derivatization of the amino acids to im-
prove their chemical properties for the separation. In
addition, derivatization also improves the possibilities
to detect and thus quantitate the separated amino acid
derivatives. To reach this goal, a number of different
reagents can be used. From these, OPA was selected
because its use is well described and the derivatization
procedure is easily automated (10, 17).

A disadvantage of OPA is, however, the instability of
its derivatives. Immediately after their formation, an
intramolecular rearrangement is initiated, resulting in
the excision of the thiol's carbon chain from the mole-
cule (18-20). It has been described that the rate at
which the degradation process takes place depends on
the structure of the thiol. To minimize on-column deg-
radation, we used 3-MPA. The general structure of an
OPA-derivatizated amino acid is depicted in Fig. 2.

In view of this degradation process, no good results
can be achieved when OPA-amino acid fractions are
collected on a separate Chromatograph and subse-
quently introduced into the mass spectrometer as was
used previously for radioactively labeled amino acids
(1). The progressive derivative decay does not facilitate
automated injection of the collected fractions.

Instead, the mass spectrometer is coupled directly to
the Chromatographie separation system. This setup
has the advantage of an easy automatization and a
better reproducibility of the whole measurement and
the possibility to determine the enrichment of multiple
amino acids in one Chromatographie run.

C/»romatograp/iJc optimization. To enable direct
introduction of eluting amino acid fractions into the
mass spectrometer, the separating method used previ-
ously (17) was adjusted. This included the use of vola-
tile solvent buffers and redefinition of the Chromato-
graphie system, gradient shape, and solvent
composition.

FIG. 2. Schematic setup or the flowpath of the Bystem: Step 1: load
sample loop (valve 2, syringe to loop); pump C flushes trap column.
Step 2: trapping OPA derivatives, removal of reagent buffer (valve 2
pump C to trap column via loop). Step 3: elution, valve 1 via trap
column to column; pump C via loop and valve 1 to waste. Step 4:
selection of amino add derivatives for MS analysis, valve 3 to MS or
waste.

Pilot experiments had shown that the best signal to
noise ratio for the mass-spectrometer was obtained by
operating the ESI probe in negative mode. The total ion
current obtained by APCI was higher. Despite our ef-
forts, it could not be prohibited that a much larger
degree of fragmentation occurred, which is not favor-
able for isotopic ratio measurements of whole mole-
cules.

Optimal analytical conditions were assured by using
a 150 x 3.2-mm i.d. HPLC column operated at a flow
rate of 400 ^l/min. Because the ESI response is con-
centration dependent, the application of a smaller col-
umn diameter enhances the ESI response even more. It
also severely limits the maximal amount of sample,
which can be chromatographed. Therefore, the 3.2-mm
i.d. column was considered optimal for this application.

After implementation of these modifications and op-
timizing gradient conditions, a baseline separation for
most of the major plasma-free amino acids was ob-
tained (Figs. 3A and 3B).

Alternatively to the previous reaction sequence, a
preprogrammed autosampler program can be used in
which the reagent is transferred to the sample vial and
neutralized with acid. However, this method is less
favorable than the previous method. We found that the
components of a standard reacted in this way gave only
80% response compared to the previous method. Fur-
thermore, the chemical noise monitored by the LC-MS
increased and a much more rapid decay of the chro-
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FIG. 3. (A) Fluorescence trace of the separation of a physiological standard (400 pmol each component); separation conditions in the text.
(B) Fluorescence trace of the separation of a pig plasma sample. (C) Total ion current of selected amino acids derived from the plasma sample
shown in B. Each component peak is determined in a "zoom-scan* window.

matographic separation occurred. We suspected the air
contact during mixing-steps to cause an increased deg-
radation compared to the first method.

Optimization o/"fte /nass spectrometer. After adap-
tation of the amino acid separation, described in the
previous section, optimization of the mass spectrome-
ter settings was required. To fine-tune the instrument,
OPA-derived amino acid fractions were collected using
the preparative HPLC system described previously (1).
Immediately after collection, these fractions were in-
troduced into the LCQ using its syringe pump, set at 10

. The syringe was connected to a PEEK T-piece
to enable mixing with the HPLC effluent, which was
pumped at 0.4 ml/min.

After tuning was performed, the ion-trap settings
were adjusted. The default settings of the instrument
are designed to prohibit space charging (resulting in
molecular rearrangements) and detector overflow. Iso-
topic ratio measurements, however, require the collec-
tion of a sufficient large amount of ions for a// isotopic
peaks of interest to determine correct statistics. Using
the LCQ, this can be achieved by increasing the ion-
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trap's "target value" (a dimensionless value for the
maximal amount of ions, which can be stored into the
trap) at a given maximal ion collection time (the ion
time). The higher the target value, the more ions can be
collected within the programmed maximal ion time.
This increases sensitivity, but also the risk for chemi-
cal reactions (recombinations) in the trap, which inter-
feres with the accuracy. Above an ion time of 2000 ms,
the abundance found for a 500 fiM OPA-tyrosine solu-
tion (used as a model derivative), infused at a rate of 25
/il/min, decreased rapidly if the target value was set
above 5 x 10'. At this target value, the ion time found
for the Chromatographie solvents alone pumped at 400
fxl/min was about 1000 ms. Considering a Chromato-
graphie peak is about 25 s wide in our separation,
sufficient data points can be collected to integrate the
isotopomeric peaks (at a setting of 1 pscan).

When these settings were applied in a Chromato-
graphie run, a very low natural abundance was found
for most OPA-amino acids together with a large coef-
ficient of variation. Apparently, the area of the isoto-
pomeric peaks was underestimated. To enable a better
quantitation of these peaks, an increase of these sig-
nals was required. This could not be achieved through
an increase in the injected amount because this would
result in poor chromatography nor by an increase in
the target value which would result in a too high con-
centration of ions in the trap (space charging). Increas-
ing both target value and the detector gain solved the
Hilommfl This can be explained through the following
equation:

ion time =
prescan time X target value

prescanarea

In this equation, the prescan time is a fixed system
setting (about 10 ms), during which the amount of ions
entering the system is determined (prescan area). The
outcome of the equation is used to calculate the optimal
ion time with a maximal signal-to-noise ratio. An in-
creased amount of ions thus results in a decreased ion
time. This principle is the basis of the automatic gain
control (AGC) system, which is used to enhance the
dynamic range.

For normal operation this is a favorable solution.
However, for isotope ratio measurements it is not. Dur-
ing the calibration procedure of the instrument, the
detector gain is optimized to obtain a maximal signal-
to-noise ratio for a given base peak. But this setting is
not optimal for the much lower concentrated isotopo-
meric peaks, resulting in an underestimation of their
appearance. By increasing the detector gain, the pres-
ence of a small amount of isotopomeric ions is detected
earlier. Normally, the increase in signal would be com-
pensated by a decrease in ion time because both the
target value and the prescan times are constant. This
would result in a reduced number of ions in the trap
and thus a lower percentage of the lower concentrated
isotopomeric ions will cross the detection threshold. By
increasing the target value proportionally to the in-
crease of the TIC, the ion time is kept constant, and
thus the amount of ions in the trap. Using this ap-
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TABLE 1

Influence of the Detector Gain on the Abundance of Selected OPA-Derived Amino Acids, Measured in "Zoom-Scan" Mode

CIT VALARG
IM-t- MM]

IN = 6)

[M

(N - 5)

21.60
19.04
19.65
20.77
2053

±0.62
±055
±0.17
±0.31

CN-6)

LEU
IM+ 11AM1

Theoretical 21.84
Gain 770 V; Target 1*7; 1* 19.10 ± 0.60
G«in 1000 V; Target 1'8; 1:5 20.66 ± 055
Gain 1260 V; Target 5»8; 1:6 20 .64*054
Gain 1260 V; Target 5'8; 1:3 20.50 • 0.31

19.40
17.76 r 0.23
18.34 i 0.13
18.92*0.16
18.71 ± 0.71

20.69
19.08 • 0.18
19.60 ± 0.18
19.84 ± 0.07
19.91 I 0.17

proach, the detection threshold was lowered and a
more accurate quantdtation of the abundance was ob-
tained, resulting also in a decrease of the coefficient of
variation (Table 1).

Increasing the gain from - 7 7 0 to -1250 V resulted
in an increase of the signal area by a factor 100. Ac-
cording to the manufacturer, a further increase, al-
though perhaps resulting in an even better estimation
of the theoretical abundance and/or a better standard
deviation, was expected to result in a more rapid de-
crease of the electron multiplier performance. We
therefore considered -1250 V optimal.

For most amino acid derivatives the fluorescent re-
sponse is comparable (Fig. 3A) In contrast, there is a
large difference (up to a factor of 5) in the ionization
response between these derivatives (Fig. 3C). Espe-
cially the components eluting in the first part of the
chromatogram (e.g., citrulline, arginine) tend to have a
decreased response. We found that increasing the tem-
perature of the heated capillary increased the absolute
response (by as much as 7 times) and decreased the
existing response differences. A further increase (up to
a factor of 3) of the TIC of especially citrulline and
giycine was achieved by the application of 5% (relative
instrument setting) collision energy between the skim-
mer and the first octapole

In an attempt to minimize these differences even more,
the column effluent was mixed with up to 25% of "make-
up' liquids added via a T-piece prior to the ESI inlet
Because an amino add contains both a carboxylic and an
amino function, which can be (de-) protonated, we ex-
pected that a change in the pH would influence the ion-
ization response. However, modification of the pH to 4 (by
addition of acetic add) or 11 (by addition of ammonia) led
to a disproportional increase of the signals, increasing the
relative differences even more. Addition of organic sol-
vents like acetonitrile, methanol, or isopropanol (to com-
pensate for the higher water content of the column efflu-
ent at the first part of the chromatogram) had very little
effect Considering these results and the fact that the
first eluting amino add derivatives are the more polar
ones, we proposed that it is the hydration of the mole-
cules which interferes with the ionization process.

The result of this process is that the lower respond-
ing derivatives and especially arginine require a larger
amount to enable a correct isotopic ratio measurement.
In Fig. 4, the relation between the injected amount and
the isotopic ratio of some example amino add deriva-
tives is investigated. It is shown that typically more
than a 25 pmol injection is required to prevent under-
estimation of the ratio (for 50 pmol arginine), corre-
sponding to a plasma concentration of 15 nM (5-fil
injection in a threefold dilution).

Subsequently, a calibration curve was constructed in
which 5-jil mixtures of naturally enriched amino adds
with increasing concentrations (5-1000 pmol) were in-
jected in triplicate (not shown). Fluorescence and TICs
of both the [M + 1) and [M] ~ ions (negative ionization)
were monitored. A linear correlation was found for all
three signals with a typical Ä' for [M + 1]" of 0.9992
and [M]" of 0.9993 and for the fluorescence response
was 0.9995.

To determine the accuracy of the isotopic ratio mea-
surement, enrichment curves were constructed. Here-
fore, 250 /iM amino add standards were prepared,
containing [l-"C]-enriched amino adds (LEU and
VAL), [uretdo-"C-5,5-'H,)CIT, (ptenyf-'HslPHE, and
Iguanuiino-"Nil-«nriched arginine. To prohibit an
overflow of the Chromatographie system, standards
were injected in a 1:3 dilution. The enrichment curve
was investigated in the range from 0.1 to 5%. A linear
correlation was found for all amino adds (A* ranging
from 0.9984 (CIT, ARG) to 0.9997 (VAL)). Below a 0.5%
enrichment, the precision of especially arginine be-
comes more variable. We therefore consider measure-
ment of 0.25% enrichment the lower limit for most
amino adds, with the exception of arginine with a
lower limit of 0.5% enrichment.

The variation at plasma concentrations levels was
studied by injection of a (5 times diluted) 5% enriched
standard solution W = 10), containing all major phys-
iological amino adds (400 pmol injection each compo-
nent). The coefficient of variation ranged from 1.4 to
5.5% for the fluorescence signal and from 3.7 to 9.1%
for the total ion current. The standard deviation (SD) of
the enrichment varied from 0.1% (leucine) to 0.5% (ar-
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FIG. 4. Relation between the injected amount and isotope ratio measurement of «elected amiso acid derirativea.

ginine). Also, a standard containing all amino acids at
physiological concentrations was prepared with 5% en-
richment and the standard deviation of the isotopic
ratio was determined. The highest SD was found for
citrulline (0.8%), possessing both a low ionizatdon re-
sponse and a low plasma concentration (30 fiM) and
the lowest SD was found for valine (0.2%), which has a
four times higher ionizatdon recovery and a six times
higher plasma concentration (200 >iM).

For iaotopomeric studies the LCQ facilitates another
interesting possibility. The ion trap allows a scan func-
tion comparable to a triple-quad measurement. Within
one scan window, it is possible to monitor the isotopo-
meric distribution of two or more components (up to
M + 8) at the same time. This is especially important
in case of an incomplete Chromatographie separation of
two components of interest, but also when studying
multiple labeled components. Figure 5 illustrates this,
by showing the isotopomeric distribution of the (chro-
matographically) incompletely separated isoleucine
and phenylalanine peaks.

To test the potential of the method described here, a
laboratory pig was infused with a mixture of the follow-
ing tracers: [l-"C]glycine, ["C,5,5-'HJritrulline, feua-
nicüno-"Njlarginine, [rwg-3,5-*Hj]tyrosine, [1-"Ova-

line, (pA«ny-*HJphenylalanine, [l-"C]leucine, and
[5,5,5-*H,]leucine, according to the operating protocol de-
scribed previously (21) and the infusion protocol de-
scribed under Materials and Methods. Arterial blood
samples were collected at several time intervals and en-
richment levels of all the infused amino acids (of each
time point) were determined within one run. Data are
presented as the enrichment of the OPA-derivatizated
amino acids. It is shown that most of the infused tracers
reach steady state within 60-90 min (Fig. 6), confirming
the potential of the here described method.

CONCLUSION

In view of the results presented above, the here de-
scribed benchtop LC-MS system can be used to deter-
mine isotopic ratios on-line of ai/ physiological important
plasma amino acids next to their concentrations in one
run. Accurate isotopic ratios can typically be obtained in
the range from 25 to 500 pmol injection with accuracy
comparable to a GC-MS system (2). Cycle time of the
measurement is 45 min (injection to injection). Consider-
ing also the easy and automated derivatization proce-
dure, the method presents an interesting alternative to
traditional GC-MS applications.
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FIG. 6. Determination of steady state in a laboratory pig infused with the following traten: |l-"CI-glyeine, |ureufo-"C, 6,6-*HJritrulline,
Iguanidino-"NJarginine, lrui#-3,5 'HJtyrosine, !l-"C|valine, (pA«iy{-'H,]phenylalanine, [l-"C]leudne, and [5,5,5 'HJleurine. Infusion
protocol described under Materials and Methods.
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Addendum to Chapter 1 ^

Consequences of the chemistry of OPA based amino acid analysis

AcknoiWedgement For the realization of this section the help of, and discussions with especially Dennis
Rooyakkers is greatly acknowledged.

Introduction i- ' -

As has been shown in the preceding papers, accuracy and reproducibility of OPA based amino acid
analysis can be ensured by automatization of the derivatization procedure (25, 26), while a secondary reaction
with 9-fluorenylchlororformiate (FMOC) can be used to determine the imino acids (27). As a result of these
breakthroughs, the OPA application has gained wide popularity in amino acid research.

However, an often underestimated aspect of the OPA reaction is the instability of both reagent and its
derivatives. Most papers, including ours, refer to the subject only by pointing at the necessity to perform the
denvatization reaction in a reproducible way and to change or "refresh" the reagent regularly. Unfortunately, this
may not be enough to guarantee accurate results.

It is for instance no common knowledge that the chemicals used in the OPA reagent and
Chromatographie solvents have an expiring day. It is usually believed that they degrade only in the completed
denvatization reagent, but are stable in the form supplied by the manufacturers. In reality, OPA crystals are
degraded under the influence of light, oxygen and moisture, while thiols may be oxidized to form disulfides. As a
result, it may well be possible that a "freshly prepared" reagent does not give a stable Chromatographie
separation.

In this addendum the chemistry of the OPA reaction and other parameters will be discussed to give a
better understanding how each of these factors effect the Chromatographie separation.

The OPA reaction

To get a good insight in possible complications with respect to the OPA-based analysis of amino acids it
is necessary to have an understanding of its reaction mechanism. The exact mechanism of the reaction of OPA
with amino acids is still not completely elucidated although several pathways have been suggested. Roth initially
proposed the formation of one reaction product such as formed with ninhydrin (28). Later, Simons and Johnson
(8, 29, 30) showed that this is not the case. Instead, the reaction results in a general iso-indole structure, which is
responsible for the consistently high fluorescent recovery of various amino acid derivatives.

Figure 1: Reaction of an amino acid with o-phthaldialdehyde

CHO
• HS-R'*

CHO

o-phthaldialdehyde thiol amino acid fluorescent iso-indole

The time of addition, the concentration and the structure of the thiol used in the OPA reagent were found
to be crucial in this reaction. In contrast to what was initially thought, the thiol becomes part of the molecule and
its incorporation determines the fluorescent properties of the derivative. If, and to what extent this incorporation
takes place is determined by the moment of addition. If the thiol is added to a mixture of OPA and an amino acid
solution the fluorescent product is not formed (31).

Apparently, an intermediary structure is formed excluding a coupling later with the thiol. The nature of
this structure has been speculated upon, but has not yet been elucidated. Only addition of the thiol together with
OPA results in the formation of the fluorescent derivative. The structure and concentration of the thiol used
determine the rate of the formation reaction.

The degradation of the derivative and thus loss of its fluorescent character is explained by an intra-
molecular reaction resulting in excision of the thiol (in this case ethanethiol) (32).
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Figure 2: Degradation of the fluorescent OPA-ethanethiol derivative

S-CH2-CH2-OH

N-R" —1 N-R"

fluorescent derivative non-fluorescent product polymer

The rate at which the degradation process takes place is also dependent on the structure of the thiol
used, the concentration of the derivative and the environment in which it is present (8, 31, 33-35). The influence of
the thiol's structure on the derivative stability is explained by the lower probability for the intra-molecular
rearrangement to take place if the oxygen of the thiol is separated from the sulfur by an increasing number of
carbon atoms (31, 35). Therefore, the derivatives of mercaptoethanol, ethanethiol, 3-mercaptopropionic acid (3-
MPA) and n-acetyl-cystine are believed to possess a decreasing rate of degradation.

Recent results indicate that the general degradation mechanism proposed for mercaptoethanol and
ethanethiol might perhaps not apply to 3-MPA derivatives. So perhaps another factor also influences the stability
of 3-MPA derivatives. A mass spectrometric analysis of the OPA-derivative of arginine, used as a model for this
purpose, indeed showed the presence of the mass of the predicted fluorescent derivative. However, the mass of
the degraded derivative suggests that the sulfur from the mercaptopropionic acid is not exchanged for an oxygen
from the carboxylic group. Instead, it remains in the derivative structure, while the rest of the 3-MPA molecule is
removed (Figure 3). The existence of this pathway was already suggested by off-line mass spectrometric studies
of the fragmentation route of OPA-amino acid derivatives (36. 37).

Figure 3: Full scan mass spectrum of Arginine-OPA-3-MPA (LCQ + mode: 1h after
formation (panel A) and after complete degradation (Panel B)
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From a practical point of view, it can still be concluded that the 0PA-3-MPA derivatives indeed possess
an enhanced stability compared to ethanethiol and mercaptoethanol derivatives (18, 32). Furthermore, the less
pronounced smell of 3-MPA, compared to ethanethiol and mercaptoethanol, makes this compound a more j
favorable alternative to apply.

However, it cannot be prevented that considerable degradation of the amino acid derivatives takes place
within a 24 hour period. The resulting (time dependent) loss in fluorescence prohibits the automated processing of
a batch of pre-prepared samples (Figure 4). . , . , , , .• •-.-••

Figure 4: UV-trace showing the progressive decay of OPA-arginine from T=0h to T=22h at
room temperature

MO Wwttonglh (ran)

The derivative decay reaction follows an exponential curve and it has been described that the
degradation of certain amino acids starts already after 2min. (32). It is suggested that the presence of the highly
concentrated reagent buffer, and the OPA and thiol excess accelerate the onset of the reaction. Therefore,
attempts have been made to enhance the stability of the amino acid derivatives by extracting the reagent excess
from the reaction mix immediately after completion of the reaction, unfortunately with only little success (23, 24).
The gain in stability was compensated by a more laborious procedure and a decrease in precision resulting from
a variable extraction recovery. Therefore, this adaptation did not become popular.

We have shown that better results can be obtained by minimizing differences in reaction time prior to
injection through automatization, thus enabling high precision measurements (25, 26). In this way. problems
associated with reagent excess, are minimized also as it is washed away directly after injection in a reproducible
way by the HPLC solvents, while the amino acid derivatives are retained on the column material. This method
also allows the application of a highly concentrated reagent buffer, which is required to compensate for the
remaining acid from deproteinized plasma or tissue samples. In this an extra neutralization step in the processing
of these samples is prohibited.

Unfortunately, the degradation process does not only cause a decreased fluorescent response, but also
interferes with the Chromatographie separation. We assume that degraded derivatives and/or reagent are
absorbed onto the packing material of the analytical column, resulting in broad irregular shaped peaks. Under
normal conditions, this process does not significantly contribute to more dominant factors like dissolution of the
silica matrix or stripping of the alkyl chains, which usually determine the column life span. However, both the solid
OPA crystals and the 3-MPA are degraded under the influence of oxygen and light. The rate at which this process
takes place is dependent on the purity of the starting materials, the specific surface and thus the crystalline form
of the OPA and the storage procedure. Especially with respect to OPA crystals, there is a wide range of qualities
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available from different vendors, which unfortunately cannot be distinguished from each other by their purity
specifications alone. It is our experience that products with a high specific area should be avoided, but even then
a product must be considered expired after one year. Therefore, only recent batches should be purchased.
Otherwise, it is not uncommon that one obtains a product which has already expired in the vendors storage

The consequence of using OPA-reagent prepared with "degraded" chemicals may well be a irreversible
loss in resolution after only a few injections, which can only be solved by exchanging the column. Under these
circumstances, it is wise to also use a new batch of chemicals as a restart with "freshly prepared reagent" from
degraded chemicals will again result in quick degradation of the performance of the new column.

Figure 5: Effect of the use of degraded OPA chemicals on the chromatography

Panel A: Physiological amino acid standard (25pmol each component): First injection.
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Panel B: Same standard after ten injections
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But even if all precautions are taken, some on-column degradation still takes place. This was illustrated
in our study on the separation of OPA-polyamines (38). By lowering the column temperature from room
temperature to 1O'C, the fluorescent response of these derivatives was enhanced by a factor 4. Increasing the
column temperature to improve the separation of critical components should therefore be considered cautiously.
The precision and reproducibility of the analysis will therefore benefit from placing the column at a constant
temperature a thermostatic oven. It is also wise to protect the analytical column, using a pre-column filled with the
same packing matenal.

86



1.2 mM
37 mM
18 mM
4 m M

150 mM
75 mM
35 mM

(39)
(10)
(40)
(41)
(42)
(18)
(26)

OPA reagent prescription

As is discussed above, the structure of the thiol is of great influence on the stability of the derivatives. But
not only the thiol's structure is important. Its absolute concentration and its amount in relabon to the OPA
concentration are of great influence too. Furthermore, the buffer capacity and derivatization pH are major factors.
Below we have summarized some of the OPA reagent prescriptions used by other investigators, showing that
there is little agreement on the subject.

Table 1 : OPA-reagent prescriptions used in the literature

Borate buffer Thiol OPA Ref

0.1M;pH9.7 Mercaptoethanol (ME):1.2 mM :'• ' •
0.4M;pH9.5 ME: 50 mM
1.0M:pH9.5 ME:60mM
1.0M;pH9.5 Ethanethiol (ET): 20 mM
0.5 M;pH 10.4 3-Mercaptopropionic acid (3-MPA) 230 mM
1.0 M; pH 9.5 ME, ET or 3-MPA 100 mM
1.0 M; pH 10.4 3-MPA 50 mM

Our reagent prescription was developed taking the following considerations into account.
A highly concentrated borate buffer (1M) is required, to ensure complete neutralization of the acid
residues from deproteinized plasma samples to a pH value above 10, required for a maximal
derivatization recovery (32).
To prevent an increased degradation, the absolute OPA concentration was kept low (35 mmol/l), while a
sufficient OPA excess relative to the total amino acid concentration was ensured by diluting the
deproteinized plasma sample a hundred fold. This dilution step not only decreased the amount of acid
introduced with the sample, but also minimized the interference of sample protein residues.
Instead of the frequently employed ethanethiol or mercaptoethanol we used 3-mercaptopropionic acid (3-
MPA), which does not only form derivatives with a better stability, but also has a less pronounced smell
(18, 43, 44). Furthermore, the higher polarity of the formed derivatives results in a reduced requirement
of organic solvent for elution from the analytical column and thus it reduced costs.
The 3-MPA concentration was kept at only a mild excess (30%) compared to the OPA-concentration, to
prevent an enhanced degradation (35).

Constant quality of prepared reagent was ensured by storing reagent-solution in a chilled (4'C) brown
glass 4 ml autosampler vial equipped with a self sealing rubber stopper. In this way degradation through the
influence of light, heat and oxygen was minimized, enabling a safe use for at least 4 days (enabling weekend-
measurements). Pure chemicals were stored in amber vials under vacuum in an exciscator placed at room
temperature. In this way the action of light, oxygen and moisture was eliminated as much as possible allowing
normally a save use for one year.

Chromatography

So/venf /nteracf/on

Initially, our separation was based on the use of a phosphate buffer in combination with an acetonitril
gradient. However, several critical separations could not be accomplished using this solvent system alone. Only
the addition of tetrahydrofuran (THF) enabled the separation of these physiologically important amino acids (e.g.
isoleucine-tryptophan. asparagine-serine and citrulline-arginine) and thus their quantitation..

Unfortunately, THF progressively forms peroxide upon storage. This peroxide accelerates the on-column
degradation of OPA-amino acid derivatives, resulting in irregular shaped peaks which are also seen when
degraded reagent is used (Figure 4). The manufacturer rarely provides the peroxide levels. Usually, a one-year
expiring period is guaranteed, but although unsaid, this does not apply to the peroxide level, but to the water
content. Therefore, the unsuspecting chromatographist, thinking he (or she) is using high quality THF, might be
using solvent with a high level of peroxide, thus resulting in poor chromatography. It is our experience that the
peroxide build-up may reach values above 10 mg/l even in unopened nitrogen flushed bottles of the highest
quality. It is therefore a necessity to test each bottle before use on peroxide contamination or to use THF
stabilized by butylated hydroxy toluene (BHT). Using the latter, one should be aware that BHT has a low solubility
in aqueous solvent, carrying the risk of precipitation and thus column blockage, ghost peaks or an irregular
baseline.

The use of phosphate buffer in the solvents may also be questioned. There are several papers stating
that phosphate has a more pronounced degrading effect on reversed phase column material, compared to
competitive buffers like citric acid (45). We have tried both solvent systems and did not observe any increased
degradation for this application.
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C/Jo/ceofco/umns •

Originally, we started using Spherisorb ODS * 3pm columns. As column packing techniques and the
production of the bulk material improved, the number of theoretical plates per meter increased. These more
efficient columns allowed us to reduce their length from 25cm to 15cm or even 12.5cm. This reduction could then
be used to increase the flow-rate and gradient steepness, thus shortening the analysis time to a total cycle time of
30min (25 ). Others have described an even further reduction in analysis time down to 17min (46). However, the
separations then become very critical and column life time decreases. Nevertheless, the increased analysis
speed nowadays, allows an almost "bed-side" determination.

Considering the large numbers of samples, which have to be analyzed for our metabolic and clinical
studies, our main interest was to have a stable and reliable separation. Instead, we focussed on the search for a
more stable packing material, able to withstand the high pH of the reagent buffer when a sample is loaded onto
the column. For this we believed Inertsil* to be a good candidate. An application using this packing material
initially resulted in a satisfactory separation (not shown), but the column lifetime was much shorter than with the
Spherisorb' material. We proposed that this might be due to metal ions, derived from the autosampler needle,
which is gradually affected by the OPA-reagent. These metal ions contaminate the high purity Inertsil® silica,
which owes its high pH resistance to the absence of metal ions. The Spherisorb® material has a much higher
metal content, making them less susceptible to this type of pollution. Therefore, in this application these columns
last longer making them preferable to Inertsil'.

Defect/on

The high fluorescent sensitivity requires a high dilution factor of the samples to prevent detector
overflow. This is beneficial, because it reduces the sample requirement and allows the use of low OPA
concentrations, thus enhancing reagent stability (see above). However, it also enhances the possible interference
with contaminating amino acids from sweat or skin (2, 47) and thus care must be taken in preparing the samples
for analysis. It has therefore become a standard procedure in our laboratory to include a blank sample in the
analysis sequence. . . . ...-..,-,• . .

• '. r "i '-' " - -r
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Addendum to Chapter 3 - . . . . . . .

Sample preparation: An overview «.

Introduction

The influence of the sample preparation process on the outcome of an experiment is an often-
underestimated aspect of the analytical cycle. Usually, more attention is focussed to the precision of the method
itself, as a result of which a method can be very reproducible but does not necessarily reflect the true
concentrations of the target metabolite and this also the case for amino acid analysis.

Below, a comprehensive discussion is given which highlights the crucial steps in the sampling process

Collection

To obtain true plasma amino acids concentrations, it is essential to collect blood samples on ice.
Heamolysis must be avoided to prohibit the red blood cell content to mix with plasma. This is usually done by
centrifugation. However, the g-force, which may be applied is dependent on the metabolite to be analyzed (9,10).
Plasma is preferable for amino acid determination compared to serum, as the latter requires a waiting period
during which the clotting process takes place. In this time, enzymatic processes can take place (4, 5, 11, 12). The
choice of anticoagulant has to be considered also, as they can influence amino acid concentrations (8).
Furthermore, it would not be wise to use a coagulant like ammonium heparin if one would like to determine
ammonia concentrations also.

Substrate concentrations in biological samples can otherwise change very rapidly due to enzymatic
reactions (4, 5,10-12) or spontaneous degradation processes (13-15) induced by a low pH and/or too high
temperature. The preparation of plasma requires the removal of the red blood cells. To minimize enzymatic
activity during this procedure, samples have to be kept on ice or must be processed in a chilled (4°C) centrifuge
or in a cold room. Hereafter, plasma is deproteinized and frozen in liquid nitrogen for transport to the laboratory
where they are analyzed immediately or stored at -80°C before analysis. The processing of tissue samples this is
more laborious, which is therefore difficult to perform in the cause of an experiment. To avoid this, small
specimens are usually frozen immediately into liquid nitrogen and processed later in the laboratory. Larger
specimens are freeze-clamped first between a liquid nitrogen chilled pair of Wollenberg tongs (16, 17) before
removal and then transported to the laboratory in liquid nitrogen for further processing. The taking of a
representative biopsy from an inhomogeneous matrix such as muscle presents another problem, which is
discussed below.

Plasma processing

The best way to eliminate plasma enzymatic activity is still subject to an ongoing discussion. Most
common ways are:

• Addition of an acid (3-5, 10, 18-21)
• Addition of organic solvent (10, 20-23)

• Ultracentrifugation (2, 10, 20, 23, 24)

• Use of "cut-off" filters (2, 10, 20, 24)

• Solid phase extraction (10, 25)

/WoVf/onofac/d
This method is based on the unfolding of the quaternary structure of the protein by changing the pH of its

solution. Usually 5-sulfosalicylicacid (5-SSA) (2, 7,10, 21 , 26) is applied for this purpose, but other acids, like tri-
chloroaceticacid (TCA) (7, 10), and perchloroaceticacid (PCA) (10, 21) have been used also. The latter acids are
claimed to result in higher free amino acid concentrations, when compared to 5-SSA. It is suggested that this may
be due to a loss in recovery when applying the 5-SSA method (10). In contrast, it is also suggested that high
amino acid concentrations obtained by a different method as the 5-SSA method may result from at least a partial
hydrolysis of plasma proteins, thus increasing free amino acid concentrations [#!49]. In our view, it can also be
hypothesized that amino acids, bound to transport plasma proteins like albumin, are easier released by the action
of these acids. A typical example of this is tryptophan, which under physiological conditions is bound to albumin
for about half its total concentration (7).

The amount of 5-SSA required for complete deproteinization is also questioned (2, 25). The optimal
amount is supposed to be 4mg 5-SSA (solid) for 100ul of plasma (7, 26). The main reason for using this amount
is that in the past, amino acid concentrations were usually determined by ion-exchange chromatography. For this
technique, the "loading pH" at which the sample is injected onto the column is very critical. Both a too low and too
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high pH result in a bad separation. The optimal acid amount would precipitate most of the protein and result in an
injection pH of about 2.5-3 (2). The amount of protein in the plasma of an overnight fasted subject was hereby
considered to be more or less constant. However, when conducting metabolic studies, the effect of feeding is one
of the questions to answer Thus, samples are presented to the laboratory containing a significantly elevated
protein content, resulting from the ingested meal, and this cannot be precipitated completely using the standard
amount of add (2, 25). This remainder does not affect the more robust ion-exchange separation too much, but a
reversed phase separation is much more sensitive towards this problem. A later study showed that the amount of
5-SSA may be increased by as much as a factor 2 without effecting the free amino acid concentrations. This
increase resulted in the precipitation of a considerable amount of protein and although it complicates an ion-
exchange separation, it is beneficial for a reversed phase method. Therefore, we prefer to use 6mg 5-SSA/100ul
plasma.

AddVtion of orpantc so/venf
The addition of an organic solvent such as acetonitril or methanol also results in the unfolding of the

quaternary structure. Deproteinization using an organic solvent results in a sample matrix, which is more
compatible with an RP-HPLC separation. Organic solvents may also be used to extract lipids. The study of
plasma samples, obtained from patients receiving oral or intravenous administration of large amounts of nutrition
enriched with lipid, enhances the plasma content dramatically. Acid deproteinization does not remove lipid form
the plasma samples. This can become a serious problem for an RP-HPLC separation, as the lipid will be bound
irreversibly to the column packing material. This can degrade a column in a matter of a few analysis cycles (25).
Furthermore, organic solvent addition removes a larger amount of protein (polypeptide), as can be proven by
weighing the pellet (not shown). Considering these advantages, organic solvent deproteinization seemes to be
favorable.

However, free amino acid concentrations in plasma samples deproteinized with organic solvents are
found to be higher compared to those deproteinized with 5-SSA. This makes it difficult to compare data with the
literature. A practical disadvantage for using organic solvents is the necessity to prevent their evaporation prior
and during the sampling procedure and upon storage. Both considerations make the organic solvent method less
attractive.

Uftracenfrift/gaf/on
In contrast to the previous methods, ultracentrifugation does not require any addition to the samples. In

this way there is no risk of contamination or dilution errors, so in principle this technique would result in the most
representative sample. Unfortunately, it requires the presence of a suitable (expensive) centrifuge in the
laboratory and it takes a relatively long time to achieve a protein free sample. As has been discussed before, this
carries the risk of both an enzymatic and temperature dependent degradation of certain amino acids (e.g.
glutamine. arginine).Therefore, this has not become a very popular method in metabolic research.

Cut-off fi/fers
The working of a cut-off filter is explained by its possession of pores of a selected diameter. These pores

allow only molecules below a certain molecular weight to pass, while the larger ones are retained. Usually, the
filtration process takes place in a centrifuge, revolving at low speed (1500-3000 rpm). A higher speed could also
cause proteins, larger than the cut-off value, to be pressed through the filter-membrane. The method results in
purified samples, which are not diluted, and the centrifuge times are usually acceptable. However, only small
amounts of sample can be processed, because the smaller the cut-off value, the easier the filter is blocked. Even
then, the recovery is usually rather low, which is problematic in metabolic studies involving small laboratory
animals Furthermore, the filters are expensive, compared to first two deproteinization techniques, making them
less attractive for this type of research.

So/id phase ex(rac(/on (SPE,)
Solid phase extraction combines the principles of filtration and absorption in one method. There is a wide

range of systems available at the moment and because of their ease of use they are becoming increasingly
popular [ ]. Unfortunately, for metabolic research they posses also some negative properties. First is that they
hold quite a large internal volume, which is occupied by the equilibration liquid and this dilutes the samples,
increasing the risk of contamination and dilution errors. Again, they are relatively expensive.

From a practical point of view, we consider the 5-SSA deproteinization the best option to process plasma
samples for amino acid analysis. In contrast to most literature on this subject, we use a 50% larger amount
(6mg/100ul plasma) to obtain a better deproteinization. The add is added as a solid, to prevent dilution errors.
Test tubes, containing the desired amount, are prepared by filling out a known solution of 5-SSA in water into the
tubes and then evaporate the water overnight in an oven set at 50°C. The dried sample tubes (if closed) can be
stored for weeks before use.

However, 5-SSA is not always an ideal choice. Several biochemical determinations (ammonia, urea,
lactic acid, glucose, keton bodies etc.) are based on the consumption or production of NAD(P)H by measuring the
change in extinction of this component in time. The extinction maximum of NAD(P)H is at 340nm. At this
wavelength. 5-SSA still possesses a considerable absorption (Figure 4). Selecting a higher detection wavelength
(350nm) minimizes the interference, but not every analysis system is equipped with a suitable monochromator or
filter to enable this setting. Therefore, trichloroaceticacid (TCA) is a better candidate for these determinations.
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Figure 1: UV-trace of 5-SSA and NADPH

T7ssue process/ng
Wavelength (nm)

The correct sampling and processing of tissue samples is a difficult and laborious job. Starting with the
sampling itself it can be imagined that the first difficulty is how to obtain a representative sample. In principle, one
likes to estimate the metabolic activity of a whole body compartment, by collecting just a small part of it. Muscle
tissue, for example is not a homogeneous pool like blood, but contains contracting fibers, connective tissue and
blood vessels. Furthermore, it does make a difference if the sample is taken from a leg muscle or from for
instance the heart or the diaphragm. And finally, the larger a sample, the better its concentration estimate will
reflect the actual (total) situation, but the more difficult it is to process the sample.

Thus, estimation of the metabolic activity of a body compartment by means of tissue sampling remains a
difficult task.

To prepare a homogeneous sample, several homogenization techniques can be used. Below, some are
summarized.

• Mechanical fragmentation with a nitrogen chilled mortar and pestle (27-29)
• Mechanical blending using an "Ultra-Turrax" or comparable device (16, 27, 28, 30)

• Grinding with a pestle and tube (27, 30)
H Bead mill homogenization using (27)

Crush/ng in ftgu/d nrtrogen
This technique is usually applied for larger (>100mg) samples. Tissue specimen are chilled in liquid

nitrogen and mechanically crushed in a liquid nitrogen chilled mortar. Next, a portion of the sample powder is
weighed into a pre-weighed acid-containing vial, mixed and centrifuged or homogenized even further by ultra-
turrax mixing (16). The method enables the (visual) removal of connective tissue and blood vessels, but requires
a relative large amount of sample. However, the method is laborious, as all materials have to be chilled constantly
in liquid nitrogen, which evaporates rather quickly.

L/ftra fhorax muring
This method is usually applied in addition to the first method. The space between the two blades of the

blender is relative large, making it difficult to homogenize intact tissue specimens. The "dead volume" of the mixer
is also prone to collect remainders from previous samples and/or liquid used to rinse the instrument (30). This
increases the risk of carryover from previous samples

Trie pesf/e and rube
This system is based on crushing a tissue sample between the wall of a grounded-glass tube and a

motor driven tight fitting glass or Teflon®. The method provides a thorough homogenization, but is very laborious
(30).
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Bead m<// riomooen/zafon
This principle is relative new for the processing of animal tissue. It was designed originally for the

disruption of yeast and microorganisms. However, it potentially combines the thorough homogenization, obtained
by the pestle and tube method, with a less laborious processing. The principle of this system is to crush small
amounts of tissue by vigorous movement (using a mini bead beater) of a vial containing not only the sample, but
also a number of small glass beads and an extracting solution. The shearing forces of the moving beads, which
size is adapted to that of the sample, crush the sample cells, releasing their content into the extraction solution.
Enzymatic activity is eliminated immediately by using an acidic extraction solution. The processed sample only
needs centrifugation. whereafter the desired metabolites can be analyzed directly in the supernatant (27).

Considering the above, we prefer to use the bead mill homogenization. It enables an easy processing of
tissue samples, and because the sample vial is closed during the whole procedure, there is no risk of
contamination or dilution. However, optimal results are obtained with small tissue samples (below 100 mg), but
this is usually not a problem for our studies.

Protein /iydro/ys/s

In the previous section, the attention was focussed on the analysis of free ammo acid concentrations.
Organ balance was estimated by measuring the inflow and outflow of free amino acid concentrations in an
attempt to get insight in the synthesis and degradation of protein. However, this approach provides only the
resultant of these processes. The introduction of tracer technology enabled us to move a step further.
Measurement of the incorporation rate of radioactive or stable amino acid isotopomers in selected proteins can
reveal information about the fractional synthetic rate (FSR). To enable this, proteins of interest have to be purified
(section 4) and the constituting amino acids must be released from the protein backbone. For the latter process,
acid hydrolysis is usually used.

The standard technique for acid hydrolysis (7, 31) is to weight a known amount into a thick walled glass
tube, which is already filled with a known amount of 6M hydrochloric acid. The upper part of the tube is then held
into a flame and a capillary is drawn. Next, the sample is frozen in liquid nitrogen, whereafter the tube is
evacuated using a vacuum pump. Nitrogen is flushed into the tube while the sample is thawed and the process of
freezing and thawing is repeated twice, all with the purpose to eliminate oxygen. Next, the tubes are flame-sealed
under vacuum and heated overnight (18h) in an oven set at 110°C. Hereafter, the hydrochloric acid has to be
removed, before the liberated amino acids can be quantitated.

Although this laborious and time-consuming process is applicable for a regular quality control in the food
industry, it is not suited very well for our purpose. A more suitable technique for our purpose is gas-phase
hydrolysis as can be performed with an adapted microwave oven (32). Although these systems have a high
sample throughput and result in a high recovery (typical above 90%), they are rather expensive (>Dfl 40.000,-).
Considering this, a cheaper alternative was developed, based on the gas-phase hydrolysis principle. In this
concept, a stainless steel outer vial was used for structural strength, equipped with a chemical inert Teflon* inner
vial. In this vial a Teflon* rack was placed, capable of holding 7-15 glass sample tubes (section 3). Pouring 20ml
of 6M hydrochloric acid on the bottom, closing it and heating it to 150°C in an oven for 5-6h performed hydrolysis.
The high temperature enables the evaporating hydrochloric acid gas to break the peptide bonds of the freeze-
dried protein at an enhanced rate, without diluting the sample. The absence of water and the short reaction time
minimizes the degradation of liberated amino acids, resulting also in an comparable overall recovery (Table 1).
Furthermore, the liberated amino acids can now directly react with a denvatization reagent, without this necessity
to remove a large excess of hydrochloric acid.

Tabl* 1: Comparisation of gas-phase and liquid-phase hydrolysis.
Recovery expressed as a percentage of theoretical (albumin, N=6) or as percentage of
manufacturer data (casemate and soy protein, N=3))

ASX GLX SER HIS GLY THR ARG ALA TYR VAL MET HE PHE LEU LYS~

72.2 71.1 46.4 97.2 70.1 84.2 96.1
72.6 74.2 60.2 56.7 72.5 78.1 84.2

CASEINATEGAS 86.5 100.2 67.5 100.8 107 8 75.9 87.0 108.7 82.8 98.7 46.6 103.2 92.6 94.5 101.4
CASEINATE LIQUID 88.5 101.1 80.4 98.9 105.4 90.9 95.5 95.3 89.8 98.3 60.1 101.1 94.5 93.8 92.8

ALBUMIN
ALBUMIN

GAS
LIQUID

87.5
81.6

95.4
88.2

74.9
61.2

79.2
72.2

136.3
114.2

86.1
71.8

70.2
67.8

68.9
82.4

SOY PROTEIN GAS
SOY PROTEIN
LIQUID

84.0
82.8

96.1
95.7

67.2
78.0

91.4
93.0

97.4
91.8

81.3
86.4

73.3
88.3

104.5
93.6

53.6
75.1

96.2
89.6

45.0
55.0

96.9
92.6

79.3
84.5

88.8
87.1

89.0
88.5

However, one should consider that some amino acids are degraded (partially) by acid hydrolysis
(methionine, glutamine, asparagine, tryptophane. cyst(e)ine), if no precautions are taken (33, 34). Usually, a base
hydrolysis is applied to enable accurate determination of tryptophan (23), while amino acids like glutamine
require special procedures (35). Sulfur-containing amino acids require oxidation prior to acid hydrolysis to prohibit
their degradation (23)
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Addendum to Chapter 4

Determination of amino acid specific activity and enrichment

Acfcnow/ec/ge/nent.'For the last two parts, the help of, and discussions with Heleen Erkens, Dennis Rooyakkers,

Gabrie ten Have, Frank van der Vegt and Ton wagenmakers are greatly acknowledged.

Introduction • ' • • • >

This section is divided into two parts. The first part discusses analytical aspects with respect to liquid
scintillation counting, while the second part provides additional data which were acquired to enable a more
efficient sample introduction into the isotope ratio mass spectrometer (I RMS).

Liquid scintillation counting ,

Sc/nW/afion cockta/7 se/ecf/on • • * " . -•;.••

In order to select the best scintillation cocktail for our application, 5 different products (Formula 989,
Hionic Fluor, Ultima Gold AF, Ultima Gold XR and Ulimaflo M; Packard, Groningen, Netherlands) were examined
for their ability to dissolve our solvents for counting efficiency and sensitivity towards chemoluminescence.

Solubility was tested by the addition of increasing amounts of scintillation fluid to a fixed amount of
solvent. Only Ultima Gold XR and Ultimaflo were capable of forming a homogenic solution in a 2:1 dilution with
our solvents (Table 1)

Table 1: Solubility test for different scintillation cocktails ~ *

Ratio buffer/cocktail

1
2
3
4
5
10

Formula 989

Insoluble
Insoluble
Insoluble
Insoluble
Insoluble
Insoluble

Ultimaflo AF

Insoluble
Soluble
Soluble
Soluble
Soluble
Soluble

Scintillation cocktails
Ultima gold XR

slight
soluble
soluble
soluble
soluble
soluble

Ultimaflo M

insoluble
insoluble
insoluble
insoluble
insoluble
insoluble

Hionic Fluor

Insoluble
Insoluble
Insoluble
Slight
Slight
Soluble

At a 2:1 dilution with scintillation fluid, counting efficiency was best for Ultima Gold XR (34.5%) compared
to Ultimaflo AF (26.6%). Ultimaflo AF also exhibited a more pronounced chemoluminescence (Figure 1), which
generates additional "counts", resulting in an overestimation of the actual radioactivity.

Figure 1: Change of activity in time
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Counting accuracy "*-

After selection of the scintillation cocktail, attention was focussed on the counters accuracy, because the
addition of buffer causes quenching effects which may result in an underestimation of the actual activity. For this,
various tritium labeled amino acid batches were mixed with a fixed amount of scintillation fluid (12ml) and diluted
progressively with solvent B (Table 2).

Table 2: Influence of buffer dilution on the recovery of tritium activity

tracer

water
GLN1
GLN2
GLN3
PHE1
PHE2
ARG1
ARG 2
LEU
VAL

mean

Oml

237816
250189
228213
288790
252517
257661
90964

226840
218136
229553

Activity (DPM)
2 ml

236152
249685
225421
284819
254679
251135
90066
227108
219048
230868

4 ml

226477
245068
219188
280002
244074
248525
90403
226336
210095
227426

6 ml

221065
239497
220226
275757
243543
246323
86353
219506
208232
219843

8 ml

213269
226937
208157
266359
231608
238691
82581
212504
200153
202767

Percentage of undiluted (%)
0 ml

100
100
100
100
100
100
100
100
100
100

100

2 ml

99
100
99
99
101
97
99
100
100
101

99

4 ml

95
98
96
97
97
96
99
100
96
99

97

6 ml

93
96
97
95
96
96
95
97
95
96

96

8 ml

90
91
91
92
92
93
91
94
92
88

91

Above a 6:1 dilution a systematic decrease in activity recovery was observed. At the 2:1 dilution used for
our samples, the mean deviation was 4%. As a result, accurate comparing of infusion stock solutions and
samples can only be obtained if both are diluted to the same extent. A further dilution resulted in an increasing
deviation and at the end in incomplete mixing of scintillation fluid and buffer. In view of the Chromatographie
requirements, a 2:1 dilution was therefore considered optimal for this application.

However, another complication may arise when using tritium labeled amino acids The preparation of a
solution results in an interaction with water molecules. This may result in the exchange of tritium with water
hydrogen atoms, thus lowering the amino acids specific activity and increasing the activity of water. This is
especially the case when working with glutamine, an amino acid which is known to decompose spontaneously
(15). Therefore, we determined the chemical purity of amino acid stock solutions and the amount of tritium label
incorporated in the water fraction. This was done by collecting the unretained (water) fraction eluting from the
Chromatograph and the component peak and comparing these with the total activity of the stock solution over a
period of time.

The results clearly indicate a time-related decay of the specific activity of glutamine and arginine but not
of phenylalanine, an amino acid known to be stable. Glutamine decay could be accounted for mostly by the tritium
exchange with water molecules, but for arginine this could only partly explain the change in specific activity. A
large portion (10%) could not be recovered in the water fraction and a chemical decomposition is therefore likely.

Table 3: Influence of storage on tracer purity

Tracer

GLN
GLN
GLN
PHE
PHE
ARG
ARG

Age
Months

7
4.5
2.5
4

0.5
16
6

Fraction

DPM

195235
182843
223847
214581
218718
65872
175458

Water

DPM

24055
16709
16826
763
744

2184
4410

Total

DPM

219290
199552
240673
215344
219462
68056
179868

Stock

DPM

212018
201751
240233
219402
218151
78018
193103

Recovery

%

103
99
100
98
101
87
93

Purity
%

89
92
93
100
100
84
91

/nfluence ofcounf/ng pr/nefp/e

The results described above were all obtained using Beckman scintillation counters. However, most
manufacturers use their own (patented) methods to correct for the effects of quenching. It is known that these
differences in approach may require an adaptation of the counters calibration procedure (13. 16), especially when
measuring heavily quenched tritium samples such as obtained by the methods described in this section.
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In Table 4 the results of two counting systems from different manufacturers measuring in standard mode
calibrated samples, diluted in an 2:1 mixture of Ultima Gold XR and solvent containing an increasing percentage
of organic modifier. . . . - . • .,.:»-••- . •

Table 4: Influence of efficiency correction method

% modifier Actual Wallac Win Spectral 1414 Packard Tri-Carb 1900

0
5

12.5
25

DPM

190855
190855
182043
182043

CPM

56164
54876
52302
51549

efficiency %

34.46
34.03
33.05
32.66

DPM

163018
161251
158255
157847

deviation %

14.6
15.5
13.1
13.3

CPM

57026
55934
52452
51797

Efficiency %

31.37
30.82
29.48
29.40

DPM

181768
181496
177887
176185

deviation %

4.8
4.9
2.2
3.2

These results indicate that although the same counts per minute (CPM) were found, the systems use a
different efficiency calculation method which more or less underestimates the actual activity. Especially the Wallac
correction method, which basically compares the sample's spectrum with library spectra, is sensitive to
deviations. Each new application employing a different scintillation cocktail, a different dilution factor of the buffer
with the cocktail, a different buffer composition and a different type of vial, therefore requires the recording of a
new quenching correction curve to obtain true activities.

But even then, heavily quenched samples mask the sample spectrum, thus an relative high activity
(>1000 DPM) is required before Wallacs systems quality parameter (SAQUM) reaches a value above 95%
indicating a correct measurement (Figure 2).

Figure 2: Relation between radioacitivity and Wallacs SAQUM parameter
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Correction of the sample spectra by the subtraction of a blank spectrum enhances the SAQUM
parameter, but results in a deviation of the internal quenching parameter SQPI. Because our metabolic studies
are performed with only a few hundred DPM in each collected amino acid fraction, it may be clear that a careful
system calibration is required to obtain true specific activities.

Stable isotope measurements

/RMS opt/m/zaf/on

Large vo/ume m/ecf/on: We originally used a minimum of 500nmol leucine, which was processed by the ninhydrin
decarboxylation reaction in a 2 ml vial. After reaction, 100ul of leucine derived CO2 was injected from the vials
headspace into the GC-IRMS system. This amount resulted in a satisfactory measurement of the " c enrichment.
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Using the Chromatographie methods described above, isolation of 500nmol approaches the upper limit.
We therefore tried to reduce this amount by collecting a larger headspace volume from the decarboxylation vial.
Injection of the complete vial headspace using a syringe would create a vacuum in the vial, increasing the risk of
air contamination, sucked in through the penetrated septum. Also, the water from the ninhydrin reagent buffer
would evaporate resulting in an instable IRMS signal. Alternatively, a dual needle system would be required to
flush out the leucine derived CO? into the GC system, but unfortunately such a system is not commercially
available.

We therefore equipped the sample syringe with a gas-tight valve (SGE, Bester, Amstelveen, The
Netherlands), thus preventing inflow of air into the syringe. However, a large volume withdrawal still created a low
enough vacuum to suck air into the vial through the penetrated septum. To prohibit this, the syringe was filled with
the same volume of helium as was intended to be withdrawn from the sample vial for injection. This volume was
injected into the vial, after which the sample was withdrawn and injected.

A progressive increase in sample volume however, only gave a proportional increase in the IRMS
response until 500 ul injection (Figure 3).

Figure 3: Relation between injected volume and mass spectrometer response

(A

10

o

200 400 600

injected volume (pi)

800

We hypothesized that above this volume, the over-pressure created in the vial, and transferred to the
syringe probably resulted in a larger split-off percentage at the inlet splitter of the GC system. This was because
the effect was more pronounced if a sample was injected quickly instead of gently, resulting in a larger deviation
of the recorded peak area We therefore decided the maximal injection volume to be 500 uL. In this way. the
response was increased approximately a four-fold.

/nfluence of ß/anfc va/ue. We tried to lower the blank value to its minimum. A major contamination was found to be
the air dissolved in the citric acid solution used for decarboxylation. Degassing of this solution with helium,
resulted in a reduction by 2 1 % of the blank value. The importance of the blank value and its effect on the samples
delta measurement becomes clear by the construction of a calibration curve using a large volume injection (500
pi) in the range from 50 to 500 nmol decarboxylated leucine.

Table 5: Influence of blank correction

Blank 50 nmol 100 nmol 200 nmol 500 nmol
Mean s.d.

Area
delta measured
delta calculated

0.70
-37.18

0.07
2.08

mean

2.70
312.65
433.73

s.d.

0.28
9.07

25.69

Mean s.d.

4.72
371.89
441.56

0.21
6.90

11.13

mean

8.70
407.46
445.60

s.d.

0.50
3.12
5.47

mean

20.86
430.29
446.20

s.d.

0.60
0.67
0.67
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The measured sample's enrichment, expressed in "delta's" (16), is underestimated when analyzing
small amounts of leucine derived CO2. This is because the blank CO2 dilutes the sample, thus causing this
underestimation. The following equation correct for this effect:

Corrected delta = (sample delta x sample area) - (blank delta x blank area)
(sample area - blank area)

In this way. the measured sample enrichment can be obtained (Table 2). However, it may be clear that
variations in response, both for blank and sample measurement, result in variations in the calculated delta value.
And. the higher the blank response (compared to the sample response), the greater the risk of over or under
correction.

Therefore, we tried to lower the blank value even more. It was found that air, captured between both
seals of the syringe plunger accounted for another major part of the remaining blank. By exchanging the syringe
for a model equipped with a massive plunger (Hamilton) the blank could be reduced by another 48% so that the
original blank value of 0.887VS was reduced to only 0.367Vs (N=5). The remaining part was explained by leakage
through the septa and contaminations in the ninhydrin.

C o n c / u s / o n s . ....-•- . . .

By way of the modifications described above we are able to reduce the amount of amino acid required
for decarboxylation from 500 nmol to about 100 nmol, thereby enabling easier chromatography procedures, while
maintaining reliable IRMS measurement. This was confirmed by measuring the enrichment of the liberated CO2
from natural leucine in the range from 50 to 500nmol. Down to 50nmol decarboxylated leucine the enrichment
(expressed as the per mil value) is still correct, but the coefficient of variation increased rapidly below 100 nmol
(12). We consider 100nmol to be the minimal amount required for a good IRMS measurement.

(.1 "
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Summary „ . .A >,^>*f-

The study of amino acid metabolism requires analytical techniques to study
the metabolites of interest. In most research protocols, attention is mainly focussed
on operating techniques, stratification into study groups, differences in treatment etc.
and only marginally on the underlying techniques, used to collect them. However, the
accuracy of the techniques used, determines to a major extent the outcome of these
studies. To develop a truly working analytical method to provide the desired
(accurate) data, many pitfalls have to be overcome. This thesis intends to give an
overview of the techniques, developed in our laboratory to study changes in amino
acid metabolism resulting from nutrition during health and disease.

In the Introduction the line our research has followed during the last 10 years
is described as well as the questions, which arose and the techniques which were
developed to answer these.

In chapter 1, the basic analytical techniques are outlined which enable high
sensitivity measurements of amino acid concentrations in biological matrices like
plasma and tissue. Although traditional ion-exchange chromatography is capable of
providing this information, this method is slow, expensive and lacks sensitivity.
Therefore, the first goal was to develop a (Chromatographie) method, which would
overcome these problems. The basis of these techniques is the reaction of amino
acids with o-phthaldialdehyde (OPA) to form highly fluorescent iso-indoles. The
resulting methods made the automated high-precision measurement (coefficient of
variation typically below 3%) possible of all major physiological amino acids, with a
cycle rate of 35min (injection to injection). Shorter cycle times are possible also, but
result in less precision.

Soon after the successful development of these methods, it was recognised
that plasma amino acid concentrations alone do not give an in-depth insight in the
ongoing regulatory metabolic processes. In an attempt to unravel these processes
we tried to study amino acid metabolites, which can be used as one of the markers
for tissue proliferation (polyamines), muscle degradation (3-methyl-histidine) and
hepatic encephalopathy (y-aminobutyricacid: GABA). In chapter 2 the problems are
discussed, associated with the determination of these metabolites. The basic
problem which had to be solved, was how to exclude the presence of interfering (and
much higher concentrated) amino acids, without the need to apply a laborious
extraction procedure. This was achieved by designing special gradient-programs. In
the case of the polyamine determination, a new column packing material was
applied. The basis of the underlying analytical methods was the OPA derivatization.

When we had the analytical tools available to determine the actual amino acid
concentrations in a given biological sample, we realised that this is not a guarantee
to obtain the true body concentrations at the moment of sampling. In the literature
there is still an ongoing discussion, which is the best sample processing method.
Enzymatic processes affect free amino acid concentrations (arginine, citrulline and
ornithine), while techniques used for deproteinization affects the degradation rate of
other amino acids (glutamine, asparagine). In chapter 3, it is shown that failure to
perform correct sampling and processing procedures can result in a drastic change in
concentrations prior to the analysis itself, in this chapter it is also shown that the
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impact of factors like nutrition, gender and age on amino acid concentrations must be
considered in the formation of (patient) control groups. These factors can result in a
shift of the "normal" amino acid concentrations, creating a bias, that makes it difficult
to correctly establish the study effects.

In chapter 4 tracer technology is introduced to distinguish between the
processes of protein synthesis, degradation and the intake of nutrition. To get a
better insight if and how these processes change under the influence of disease, it is
necessary to tag the amino acids of interest. The most common form of tagging is to
use radioactive or stable isotopes, incorporated into the amino acid of interest.
Radioactive labels can be detected and quantitated more easily, but cannot be used
in research protocols involving human volunteers. In these studies, stable isotopes
must be used, but they require expensive and complicated equipment (a mass
spectrometer) for their detection.

In chapter 5 a direct approach to study protein synthesis is discussed, in
contrast to the previous sections, in which indirect techniques to measure protein
synthesis are used, through measurement of the precursor pool. A direct
measurement of protein synthesis can only be obtained by isolating a target protein
with a high degree of purity. This approach was used to study albumin synthesis rate.
For this application, a method was developed, combining a sequence of
Chromatographie techniques, resulting in the automated isolation of high-purity
albumin. Together with the hydrolysis and isotopic enrichment measurement
procedures described in the previous section, it allowed the direct measurement of
albumin synthesis rate.

Finally, in chapter 6 a direct coupling of liquid chromatography and mass
spectrometry is investigated. Although the previous methods facilitate both direct and
indirect measurement of protein synthesis, they still require a laborious analytical
procedure. Recently however, the direct coupling of a liquid-chromatograph, operated
under normal flow conditions, with a mass-spectrometer (LC-MS) has become
available. Using this technique, we were able to develop an "on-line" measurement of
both the enrichment and concentration of each major physiological amino acid. The
precision of the resulting method is comparable to GC-MS.

The thesis is completed by a number of addenda. These are intended to
provide the reader with additional data, preventing or solving technical problems in
the performance of one of the analytical methods, described in this thesis.
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Veel research protocollen die handelen over het aminozuur metabolisme
richten de aandacht voornamelijk op (proefdier)model ontwikkeling, operatie
technieken, stratificatie van populaties in groepen, verschillen in behandelwijze en
voeding. De analytische technieken die ingezet worden om deze data te verzamelen,
worden vaak slechts marginaal belicht. De inzet en ontwikkeling van een adequate
analytische techniek vergt echter minimaal even veel aandacht als de opzet van een
research protocol. Immers, een onvolkomenheid in of zelfs ongeschiktheid van een
toegepaste methode kan er gemakkelijk toe leiden dat belangrijke gegevens niet
beschikbaar komen of tot een verkeerde conclusie kunnen leiden. Daarom, is in ons
laboratorium getracht om een solide (analytische) basis te creeeren van technieken
om veranderingen in het aminozuur metabolisme te bestuderen die ontstaan als
gevolg van de inname van voeding bij gezonde en zieke proefdieren en mensen.

In de Introductie wordt een overzicht gegeven van de lijn waarlangs onze
research zieh heeft ontwikkeld gedurende de laatste 10 jaar. Door de toenemende
kennis ontstond een toenemende vraag naar meer en meer gespecialiseerde
analytische technieken. De ontwikkeling hiervan leidde vervolgens weer tot een
toenemende kennis, waardoor de cirkel rond was.

In hoofdstuk 1 worden de basale (chromatografische) analytische
methodieken beschreven die ontwikkeld zijn om een snelle en gevoelige bepaling
van aminozuur concentraties in biologische monsters zoals plasma en weefsel
mogelijk te maken. Dit, omdat de reeds bekende ionenwisselings technieken relatief
ongevoelig, traag en duur zijn. De basis voor deze technieken is de reactie van
aminozuren met o-phthaldialdehyde (OPA) die resulteerd in de vorming van hoog-
fluorescerende iso-indolen. Met de ontwikkelde methoden is het mogelijk om op een
volledig geautomatiseerde manier de concentraties van alle fysiologisch belangrijke
aminozuren te bepalen in 35min. durende cycli met een gemiddelde
variatiecoefficient van 3% of minder. Een snellere analysecyclus behoort tot de
mogelijkheden, maar gaat ten koste van de robuustheid.

Echter, de bepaling van plasma aminozuur concentraties alleen geeft geen
duidelijk beeld van de deelprocessen die ze sturen. Om meer inzicht te krijgen in de
rol van deze deelprocessen werden technieken ontwikkeld om de concentraties van
aminozuur metabolieten te bepalen die kunnen dienen als een "marker" voor
processen als weefsel proliferatie (polyamines), spierweefsel degradatie (3-
methylhistidine) en hepatische encephalopathy (y-amino boterzuur: GABA). In
hoofdstuk 2 worden de problemen bediscussieerd, die overwonnen moesten worden
om de bepaling van deze metabolieten mogelijk te maken. Het belangrijkste
probleem hierbij was het uitsluiten van de interference van de (veel hoger
geconcentreerde) aminozuren, zonder toepassing van een arbeidsintensieve
extractie procedure. Dit werd bereikt door toepassing van speciale gradient
programma's en, in het geval van de polyamine bepaling, de toepassing van een
nieuw kolom pakking materiaal. De basis van deze technieken was de OPA
derivatisering.

De gerealiseerde toename van zowel de precisie als de analytische capaciteit
maakte het mogelijk om meer aandacht te besteden aan het monster
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opwerkingsproces. In de literatuur wordt nog steeds een discussie gevoerd wat de
beste methode hiervoor is. Enzymatische processen veranderen de concentraties
van sommige aminozuren(arginine, omithine, citrulline), terwijl de ontledingssnelheid
van andere aminozuren (asparagine, glutamine) versneld kan worden door de
inwerking van onteiwittingstechnieken. In hoofdstuk 3 wordt aangetoond dat het niet
toepassen van een adequate opwerk en bewaar procedure kan leiden tot een
veranderende aminozuur concentratie. Verder wordt in dit hoofdstuk aangetoond dat
er rekening moet worden gehouden met factoren zoals voeding, geslacht en leeftijd
bij de samenstelling van patient controle groepen. Deze factoren beinvloeden de
"normale" aminozuur concentraties, waardoor er een zekere extra "mis" onstaat, die
het moeilijk maakt om de resultaten van de studie te evalueren. . . . . . .

In hoofdstuk 4 wordt de tracer technologie geintroduceerd. Het gebruik hiervan
maakt het mogelijk om te discrimineren tussen eiwit synthese en degradatie. Dit
gebeurt door een gegeven aminozuur te labelen wordt met een radioactief of stabiel
isotoop. Het percentage radioactief gelabelde aminozuren kan eenvoudig bepaald
worden met vloeistofscintillatie telling, maar deze isotopen kunnen niet gebruikt
worden voor studies in de mens. Hiervoor is het gebruik van stabiele isotopen
noodzakelijk. Deze isotopen vergen echter de inzet van dure en gecompliceerde
apparatuur (massaspectrometers).

In hoofdstuk 5 wordt een andere benadering om eiwitsynthese te bepalen
bediscussieerd. In tegenstelling tot de indirecte methoden, die gebruik maken van
metingen van de precursorpool, is hier getracht om de direkte incorporate van
gelabelde aminozuren in een doeleiwit (albumine) te meten. Om dit mogelijk te
maken is het nodig om het doeleiwit met een hoge zuiverheid te isoleren. Dit is
bereikt door de aaneenschakeling van een aantal chromatografische technieken, met
als resultaat een geautomatiseerde procedure voor de isolatie van albumine met een
hoge zuiverheid. Gekoppeld aan een gasfase hydrolyse methode en de
isotoopverrijkings meetmethode die beschreven is in het vorige hoofdstuk, kan
hierdoorde direkte incorporate van gelabeld leucine in albumine worden gemeten.

Tenslotte wordt in hoofdstuk 6 beschreven welke mogelijkheden de direkte
koppeling vloeistofchromatografie-massaspectrometrie biedt. Hoewel de hiervoor
beschreven methodieken de mogelijkheden bieden om op een direkte en indirekte
manier de eiwitsynthese te meten, vergen ze wel een arbeidsintensieve
monstervoorbewerking. Recent is het echter mogelijk geworden om de relatief hoge
eluens flow van een vloeistofchromatograaf direkt te introduceren in een
massaspectrometer. Door toepassing van dit systeem werd de "on-line" meting van
zowel de concentratie als de verrijking van alle fysiologisch belangrijke aminozuren
mogelijk. De precisie van deze methode is vergelijkbaar met die van een GC-MS
a n a l y s e . . r • » • • > " . •: - • ••• - • . • - • - • • • • • < - . : . ' • ^ - • • ^ . ; . < r - - - . - - i r ' - j . . . - • - . . .

Het proefschrift wordt gecompleteerd met een aantal addenda, die de lezer
van extra gegevens voorziet om voorkomende technische en meet Problemen, die
kunnen optreden bij gebruik van bovenstaande analysetechnieken, te identificeren
en op te lossen.
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