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SUMMARY

An accurate, improved cation-exchange chromatographic method using o-phthalaldehyde
and ultraviolet detection at 280 nm for the determination of free polyamines (putrescine,
spermidine, spermine) has been developed. Different samples, such as the 105,000 g super-
natant of reticulocyte or heart muscle, and KCl ribosomal wash containing initiation factors,
can be analysed. The minor modification of reagents results in a good precision and sensitivi-
ty, which is demonstrated by a relative standard deviation of 5—9% and recoveries of 98%.
This technique is of particular interest hecause it allows polyamine determination in piolog-
ical samples with high coneentrations of salt.

INTRODUCTION

In many situations such as heart hypertrophy, cell growth, or regenerating
rat liver, the polyamine pool increases within a few hours of either chemical
or pharmacological treatment [1, 2].

Polyamines are involved in many steps of the replication and transcription
processes. Because of their polyanionic nature they interact with DNA and
RNA and increase protein synthesis in cell-free systems [3--6]. The stimula-
tory effects occurring under such conditions could be due to a rapid accumula-
tion of newly synthesized free polyamines [7].

Therefore the relationship between these molecules and the events involved
in the regulation of cell growth or differentiation requires an improvement of
the sensitivity of the analytical and quantitative techniques for polyamine
determination in biological samples.
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Associé No. 85 au Centre National de la Recherche Secientifique.
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High-speed amino-acid autoanalysers coupled with continuous fluorescence
monitoring allow a good quantitative separation [8—11]. Other methods such
as gas chromatography, mass spectrometry or radioimmunoassay -[12] are fast
and sensitive. However, all these techniques require sophisticated equipment
which might not be available in all laboratories for routine analysis. Moreover,
common quantitation techniques involving butanol extraction before high-
voltage paper electrophoresis or thin-layer chromatography, followed by
specific staining, are very dependent on ionic strength and might result in an
underestimation of the amount of polyamine [13].

This paper describes a simple specific method which requires neither ex-
pensive instrumentation nor many extraction steps. We have developed an easy,
efficient procedure which can be applied to biological samples of high ionic
strencth, utilizing a cation-exchange chromatographic method for separation,
and o-phthalaldehyde (OPA) for detection (because of its good aqueous solubil-
ity and high sensitivity), followed by detection of the reaction by their absor-
bance at 280 nm.

The sensitivity of this method was sufficient to enable us to establish a rela-
tionship between induction of cardiac hypertrophy induced by L-trilodothy-
ronine (T;3;) treatment and the amo'nt of free polyamines in different cell
compartments.

EXPERIMENTAL

Reagenis

Putrescine, sarcosine, spermidine and spermine from Sigma (St. Louis, Mo.,
U.S.A.) were dissolved in water to make 10 mM stock solutions which were
kept at 4°. More dilute solutions were not stable. All reagents used for the
buffers were from Merck (Darmstadt, G.F.R.), except o-phthalaldehyde (OPA).
which was obtained from Sigma or from Fluka (Buchs, Switzerland), and fluo-
rescamine which was a gift from Roche (Basel, Switzerland). Buffers for the
fluorescamine solution and reaction were prepared according to the description
of Felix et al. [14]. The method and buffer when OPA was used, were as de-
scribed in refs. 15 and 16 with some modifications.

For the assays with different buffers and pH conditions the reagent was
prepared with 1 M boric acid, adjusted to pH 10.3 with 2 M potassium hydrox-
ide, then g-mercaptoethanol was added to 1:1000, and Brij 30% to 1.5:1000.
The OPA, dissolved in a few millilitres of methanol, was diluted in the buffer
to a final concentration of 40 mg/ml. Under these conditions the pH is kept at
9.8—10. :

The reaction mixture has a final volume of 2 ml; 1 ml of the reagent solution
is added to the samples of polyamines. Phosphate or pyridine buffer is, in some
cases, added to obtain the desired pH. The volume of the sample never exceeds
0.5 ml. .

For chromatography and assays with KCl, OPA is at a concentration of 125
mg/ml in 0.5 M boric acid dissolved in 2 M potassium hydroxide to give pH
10.2. Brij 30% is then added at 1.5:1000 and B-mercaptoethanol at 1:1000,
then 0.16 M pyridine—acetic acid buffer from a 2 M (pH 5.5) stock solution
is added to obtain a final pH of 8.65—8.7. The stability under nitrogen is very
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good for many days. After 45 min reaction, the loss of absorbancy was 2%
lower than after 25 min.

Tissue extracts, preparation of polysores and initiation factors

Polysome and reticulocyte initiation factors were prepared as described
previously [17]. The ribosomes and soluble fractions from normal and treated
rat hearts (daily intraperitoneal injection of T3 at the dose of 15 ug per 100 g)
were prepared as previously described [18], except that phosphate buffer (pH
7.6) was used instead of Hepes buffer.

The initiation factors were prepared according to the method of Heywood
and Rich [19] ; however, the ribosomes were washed for 1 h at 4°.

Polyamine extraction

The supernatant and the crude initiation factors were dialysed for 24 h at
4° against 20 volumes of distilled water. The dialysate was lyophilized and re-
dissolved in water. KCl was precipitated with 1 M perchloric acid while the pH
was kept above 4.0, and removed by centrifugation at 2500 g for 10 min.
An aliquot of the supernatant was applied to a Dowex column.

Chromatograephy

A 0.5 X 9 cm column was packed with Dowex 50W-X4, 206—400 mesh,
from Bio-Rad Labs. (Richmond, Calif., U.S.A.). The first step of the analy-
sis of the polyamines on this cation-exchange column is as described by Katz
and Comb [20] for the separation of nucleosides. The experimental procedure
is given in Fig. 1A and B. After regeneration of the column, the sample is
applied onto the column in 0.05 M HCI. The column is washed for 0.5 h with
water then with 20 mM phosphate (pH 8.0) for 0.5 h, and finally equilibrated
with 20 mM phosphate—0.5 M KC' buffer for 1 h. The polyamines are eluted
with 30 ml of a linear KCl gradient from 0.5 to 3.0 M in 20 mM pnosphate
buffer. Putrescine is eluted at 1.3 M KCl, spermidine at 2.25 M KCl and sper-
mine at 2.75 M KC1 (Fig. 1B).

Automatic monitoring was obtained, as shown in Fig. 1A using an Isco
spectrophotometer (absorbance monitor U A,) with a standard flow-cell of
76 pul illuminated volume and an Isco 950 digital integrator.

RESULTS AND DISCUSSION

Recovery of polyamines and accuracy

Known amounts of polyamines were loaded on the Dowex column and elu-
ted. The areas under the peaks were determined with the 950 Isco integrator.
Areas and concentrations are related in Fig. 2. The standard plots in Fig. 2
were used afterwards in all the biological experiments. The relative standard
deviation is less than 9% for putrescine, 7% for spermidine and 5% for sper-
mine. Recovery was between 90 and 98% and was determined by adding
known amounts of polyamines to the biological samples. Reproducibility is
good when the ionic concentration does not exceed 1.0 M, whatever the
biological fluid. Other amines such as lysine, arginine or sarcosine do not inter-
fere. -
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Fig. 1. Calibration experiments: chromatography on Dowex 50W-X4 with automatic moni-
toring at 280 or 335 nm. (A) Experimental procedure. Flowrates: gradient mixer (A),
9.54 mi/h; reagent (B), 19.2 ml/h; nitrogen (C), 2.54 ml/h; final effluent (D), 25.2 ml/h.
(B) Elution curve obtained by cation-exchange liquid chromatography of a calibration
mixture of 62.5 nmoles of each polyamine. Elution gradxent was 0.5—3.0 M KCl in 20 mM
nhosphate
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Fig. 2. 'Standard curves for determination of polyamines:’ qtiantit‘ation of putrescine ( o );
‘spermidine ( 4 }; and spermine ( a ). Peak areas (expressed in arbitrary units) were plotted
against known amounts of polyamines (in nmoles).
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Choice of reagents and wavelength

According to Benson and Hare [21], OPA in the presence of 2-mercapto-
ethanol reacts with primary amines to form highly fluorescent products, the
nature of which has not yet been determined. In contrast, neither OPA nor
fluorescamine forms fluorophors with secondary amines.

We have examined the reaction of fluorescamine and OPA with three poly-
amines of biological interest; putrescine, spermidine and spermine. The two re-
agenis have been compared for sensitivity and reaction rates when used in ten-
fold exc-ss: OPA is seven and five times more sensitive than fluorescamine
with spermidine and spermine, respectively (Fig. 3). Similar results have been
published by other authors [9, 21, 22].

Fig. 4 shows that spermidine and spermine have two significant absorbance
levels, at 335 nm, used for fluorescence detection, and at 280 nm. The molar

_ 250 300 350 am ' )
Fig. 3. Ultraviolet and visible spectra of reaction products of spermine 5.0 X 10*M with
fluorescamine ( - - - - ) and spermine 1 X 10™* M with o-phthalaldehyde ( ). Fluoresca-

mine and OPA are in tenfold excess. Spectra are recorded against blanks containing reagents
alone. Equilibrium is reached immediately with fluorescamine and after 15 min with QPA.,
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Fig. 4. Ultrav.ole: and visible spectra of the reaction producis of o-phthalaldehyde with
spermine 1 X 10°* M (----- ) and spermidine 1 X 107 M ( ).

extinetion coefficient after 20-min reaction of OPA and the three polyamines
{Table I), indicatez that for spermine in particular, the sensitivity is higher at
280 nm than at 335 nm.

Kinetics of the reaction in phosphate buffer

In 50 mM phosphate (pH 8.0, which gave a pH of 9.8 in the final reaction
mixture), with each of the three polyamines examined we observed a hypo-
chrcmicity at 280 nm and at 335 nm, both reaching a plateau after 20—25
min (Figs. 5—7).

Kinetics of the reaction in pyridine buffer

As polyamines were isolated on a CM-cellulose column, eluted with a 0—0.5
M pyridine—acetic acid gradient, it was necessary to determine the influence of
this buffer on the OPA reaction [9]. There is still hypochromicity at 335 nm
with spermine and spermidine (Eigs. 5 and 6), but a hyperchromic effect ap-
pears with putrescine at this wavelength (Fig. 7). A plateau is reached faster
than in phosphate buffer.

All these results, summarized in Table I, show that the best sensitivity for
the determination of spermine in pyridine buffer is obtained at 280 nm, where-
as for spermidine and putrescine there is little difference compared with
determination in phosphate buifer.

The major advantage is the better sensxtmty in spermme determmatlon
whlch is the more mtetestmg problem from a blologlcal pomt of v1ew

-~
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Fig. 5. Kinetics of the reaction of spermidine 1 X 10™* M with tenfold excess of GPA, Phos-
phate buffer (50 mM, pH 8.0; final pH 9.8) at 335 nm (a) and 280 nm (¢). Pyridine—acetic
acid buffer (250 mM, pH 5.0; final pH 8.6) at 335 nm (») and at 280 nm (¢).
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Fig. 6. Kinetics of the reaction of spermidine 1 X 10™* M with OPA. Phosphate buffer (50
mM, pH 8.0; final pH 9.8) at 335 nm (a) and at 280 nm (e). Pyridine—acetic acid buffer
(250 mM, pH 5.0; fmal pH 8.6) at 335 nm (2) and at 280 nm (o).
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Fig. 7. Kinetics of the reaction of putrescine 1 X 10™* M with OPA. Phosphate buifer (50
mM, pH 8.0; final pH 9.8) at 335 nm (4) and at 280 nm (e). Pyridine—acetie acid buffer
(250 mM, pH 5.0; final pH 8.6) at 335 nm (2 ) and at 280 nm (o).

TABLE I

COMPARISON OF OPA REACTICN PRODUCTS WITH POLYAMINES IN TWO BUF-
FERS AND AT TWO WAVELENGTHS

Reaction time, 20 min. Buffers: 50 mM phosphate (final pH 9.8); pyridine—acetic acid, 250
mM (final pH 8.6).

Molar absorbance index (M~! -cm™ - 10°%)
Phosphate buffer Pyridine buffer
335 nm 280 nm 335 nm 280 nm

Putrescine 63.5 70 78.5 60

Spermidine 59 48 24.5 - 31
Spermine 35 37.5 14.5 50.5

Influence of ionic strength, pH, and nature of the ions

The jonic strength conditions are those of the chromatographic conditions
on Dowex 50W-X4, and elution by a linear 0.5—3.0 M KCl gradient (Fig. 1B).
Actually, this chromatographic procedure was chosen because it was not possi-
ble to use CM—cellulose mthout butanol extractlon when analysmg blologlcal
samples.

20 mM phosphate buffer with KClL 1t can be seen from Flg 8 and Flg 9A
that strong hypochromicify at 280 nm is accompanied by hyperchromicity at
335 nm for spermine and spermidine. -
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Fig. 8. Ultraviolet and visible spectra in 20 mM phosphate buffer, of reaction products of
OPA with: (A) spermidine 1 x 107* M with 2.0 M KCI ( ), without KC1 ( ----- ); and
(B) spermine 1 X 10™¢ M with 3.0 M KCI ( ), without KCl (- ---- )-
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Fig. 9. Ultraviolet and visible spectra of reaction products of OPA with: (A) putrescine, 1 X
), without KC1 ( - - - - - )

10-* M in 20 mM phosphate buffer, with 1.5 M KCI (
(B) pyridine—acetic acid 160 m¥ (final pH 8. 5) (polyamine concentration 1 x 10™* M). (o),

Putrescine with or without KCl, 1.5 M; (= ), spermidine with or without KCI, 2.0 M;(---),
spermine with 3.0 M KCI; ( ), spermine without KCI.
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When varying the-pH with acetic acid in the above conditions, putrescine
has a. higher absorbancy at a slightly alkaline pH, whereas spermine and sper-
midine absorb more at a higher pH (Fig. 10A).

As the data presented above showed better results with the use of pyridine
buffer, we examined the effect of the addition of pyridine to the 20 mM
phosphate—KCl1 buffer.

Action of 20 mM phosphate—160 mM pyridine buffer. At pH 10.0 better
reactivity was obtained at 160 mM pyridine with a good stability. When the pH
is varied in the presence of 160 mM pyridine, the maximum absorbance at 280
nm is obtamned at pH 8.5 for spermine and spermidine, whereas no change
occurs with putrescine (Fig. 10B).

Under these conditions (pH 8.5, 20 mM phosphate, 160 mM pyridine—acetic
acid) large concentrations of KCl have almost no influence on the spectra, as
shown in Fig. 9B.

"The decrease in molar extinction coefficient at 335 nm for the reaction of
spermine with OPA in phosphate buffer alone could be due to an influence
of secondary amino groups on the reaction with primary amino groups. The
new reaction products will be more stable in the presence of pyridine buffer
at 280 nm.

Therefore, while the three polyamines are eluted with different KCl concen-
trations, the conditions determined above allowed quantitative analysis after
a simple and reproducible separation on a column of Dowex 50W-X4 ion-
exchange resin.
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Fig. 10. Effect of pH on absorbance of the reaction products of OPA (at 335 nm ciosed
symbols, at 280 nm open symbols) with puirescine (4), spermidine (=), and spermine (o),
(A) in the presence of 20. mM phosphate buffer, (the pH was adjusted with acetic acid)
and {B) in the presence of 160 mM pyridine (the pH was adjusted with acetic acid or potas-
sium hydroxide).
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Application to the determination of free polyamine levels in three cases

The procedure described is particularly useful for biological samples contain-
ing a high salt concentration as, for example, a 0.5 M KCI ribosomal wash,
in which the polyamine concentrations have been determined successfully by
this rapid ion-exchange technique.

Refticulocyte polyamines. No free putrescine was detected in the different
cell fractions with the experimental procedure. This confirms the results of
other authors [23] (Table ITI). The extraction of free polyamines by dialysis
becomes quantifative when the ribosomal wash protein concentration is lower
than Z0 mg/ml. If the concentration is higher, the spermidine—spermine ratio
in the dialysate is modified.

The amount of polyamines found in the initiation factors corresponds to
35 nmoles per mg of ribosomes. The results have been confirmed with biolog-
ical tests in a cell-free system: the amount of polyamines needed for maximal
activity in a cell-free protein synthesis assay [6] corresponds exactly to the
amount found after dialysis of the crude initiation factors (unpublished re-
sults).

This confirms that the simple technique described here is well adapted to
the determination, with a good reproducibility, of free cytoplasmic poly-
amines that play a fundamental role in the control of protein synthesis.

Rat heart polyamines. No free polyamines were detectable in the crude
initiation factors, perhaps because the amount of myosin present in our prepa-
rations retains some polyamines in a non-specific way. However, accumulation
of newly synthesized polyamines can be detected by this experimental proce-
dure. The level of each polyamine is comparable to other published data [24]
(Table II). Spermidine—spermine ratios in the supernatants of reticulocytes
and muscle show great differences.

Polyamine levels during T;-induced rat heart hypertrophy in high-speed
supernatants. Just after the first injection, the level of free polyamines synthe-
sized increases, then it decreases over a period of six days (Fig. 11); but the
spermidine—spermine ratio shows that the synthesis rates are different. During

treatment there is no accumulation of putrescine, and particularly at 6 and 12
h.

TABLE i1 .

SPERMIDINE AND SPERMINE CONCENTRATIONS IN DIFFERENT CELLULAR
COMPARTMENTS

Spermidine Spermine

k]

Reticulocyte
Initiation factors 35.2 3.85
(nmoles/mg protein)
Supernatant 15 0.12

(nmoles/mg protein)

Cardiac muscle supernatant
(nmoles/g) : 91 50.5
{(nmoles/mg protein) 3.8 1.9
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Fig. 11. Polyamine concentration in rat heart post-ribosomal supernatant during triiodothy-
ronine treatment. (&—= ), spermidine, (0---0), spermine,

It has been shaown that after any cellular modifications following administra-
tion of drugs the spermidine level increases more than the spermine level, and
maximal activity of the amine biosynthesis pathway is quickly reached {25,
261.

For example, T; treatment produces a rapid increase of heart ormthme
decarboxylase activity and this first enzyme in polyamine synthesis has a short
halflife [27].

CONCLUSION

The procedure developed to determine polyamines is an easy,. efficient
routine cation-exchange chromatographic method, highly sensitive and repro-
ducible, using a common spectrophotometer (absorbance at 280 nm) and a
common reagent, o-phthalaldehyde.

This improved technique is particularly useful in the measurement of free
poiyamines from dialysed salt extracts, as for example the 0.5 M KCl ribo-
somal wash and high-speed supernatant. It does not involve several tedious
isolation steps and enzymes can be studied with the same preparation.

The concentration of free polyamines in reticulocytes, cells and heart
muscle have been determined successfully by this rapid chromatographic
procedure and demonstrates the utility of the method for a.ny blologlcal
samples even in the presence of hlgh ionic-strength buffer.
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