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Abstract

Polyamines, particularly spermine, in physiological concentrations interact with mag-fura-2 and the mag-fura-2/Mg?*

complex, resulting in reduced values of free Mg2™*
free Mg?™*
of spermine.

concentration. Similarly, polyamines interact with ATP and MgATP. Thus,
concentration, as measured by 3'P_NMR or mag-fura-2, is underestimated in the presence of polyamines, particularly
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1. Introduction

The concentration of intracellular free Mg?*
(IMg?*],) has been measured for 25 years with differ-
ent methods in various cell types. These measurements
were done by means of Mg?*-dependent enzymes,
Mg?*-sensitive electrodes, null-point method, 3p.
NMR, and Mg?*-binding fluorescent dyes [1,2]. The
two latter methods are now predominantly being used.
In these methods, Mg2™ is bound to negatively charged
mag-fura-2, changing its fluorescence, or Mg?* is
bound to ATP*~, changing its *'P-NMR spectrum.
Both methods require specificity of Mg2* binding to
mag-fura-2 or ATP*~. However, it is well known that
polyamines have similar binding properties to nega-
tively charged ligands as Mg?* [3,4] and may compete
with Mg?* in ATP binding.

At pH 7.5 putrescine, spermidine and spermine are
bound to ATP*~ with apparent binding constants of
290 M1 900 M~ and 9500 M~ !. For comparison, the
MgATP complex binding constant amounted to 17 200
M~! when measured by the same method [S]. More-
over, a second spermidine and spermine molecule is
bound to ATP with an apparent binding constant of
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280 M~! and 2400 M L. With similar affinity as Mg?™,
polyamines are also bound to ADP (5], which was also
used to measure [Mg?*], by means of *' P-NMR [6].

Since intracellular concentrations of polyamines are
in the millimolar range and fluctuate in response to
stimuli (for references, see ref. 5), we investigated the
interaction of Mg?* and polyamines with mag-fura-2
and the interaction of polyamines with ATP and
MgATP in the estimation of free Mg2* by *'P-NMR
and mag-fura-2.

2. Materials and methods
2.1. Fluorescence spectra

Mag-fura-2 (0.2 M) was dissolved in K™ medium
containing: 140 mM KCIl, 10 mM NacCl, 30 mM Hepes-
Tris (pH 7.4). MgCl, and polyamines were added as
indicated.

Fluorescence spectra were recorded with a Perkin
Elmer LS 50 Luminescence Spectrometer. Excitation:
300-400 nm, Emission: 505 nm.

2.2. Measurement of free Mg~ concentration

Mag-fura-2 (0.2 uM) was dissolved in K* medium
(see above). Every 50 s, 0.2 mM MgCl, was added in
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the presence of various concentrations of spermine as Maximal fluorescences were measured after addition
indicated. of 1.2 mM CaCl, and minimal fluorescences after
Fluorescence ratios of the mag-fura-2/Mg>* com- addition of 5 mM EDTA.

plex at excitation 335 and 378 nm and emission 505 nm

were measured at 37°C with a Perkin Elmer LS 50 2.3. ’’P.NMR spectra

Luminescence Spectrometer using the ‘Intracellular

Biochemistry’ software of the producer. For the mag- The solutions contained (in mM): 5 Na,ATP, or 5
fura-2/Mg?* complex a K, of 1.5 mM [7] was used. Na,ATP plus 5 MgCl, or 12.5 MgCl, without
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Fig. 1. Fluorescence spectra of mag-fura-2. Mag-fura-2 (0.2 uM) was dissolved in dimethyl sulfoxide and diluted in K* medium. (A) Mag-fura-2
plus various spermine concentrations (mM) as indicated; (B) mag-fura-2 plus various MgCl, concentrations (mM) as indicated; (C) mag-fura-2
with 3 mM spermine plus various MgCl, concentrations (mM) as indicated.
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polyamines or with 5 putrescine - 2 HCl, 5 spermidine -
3 HCI or 5 spermine - 4 HCI as indicated, dissolved in
140 KCl, 20 TrisCl (pH 7.2). Na, ATP was neutralized
with Tris. To 2.0 ml of the solutions 0.7 ml D,0O was
added to permit heteronuclear field frequency locking
on deuterium.

3'p.NMR measurements were done on a Bruker
AMS500 spectrometer with a 31p_resonance of 202 MHz.
All measurements used a one-pulse sequence (90°
pulse) without proton decoupling. The probe head
temperature was held constant at 310 K and 128 acqui-
sitions were recorded with a pulse repetition delay of 1
s and a sweep width of 20 kHz. Prior to the fast
Fourier transformation an exponential multiplication
(line broadening factor = 1.2 Hz) of the 64 Kbyte time
domain data points was carried out and yielded a
digital resolution of 0.31 Hz/point. The resonances
were referenced to external H;PO,.

Free Mg?* concentration ((Mg?*];..) in the solu-
tions was calculated according to Eq. (1) [6,8]:

[Mg?*] .. = KMATP (471 - 1) (1)

For KMeATF (dissociation constant of MgATP) 50
M was taken [8].

@ was calculated from the chemical shift differences
between the a-and B-phosphoryl group resonances of
ATP (8,5), MgATP (5T, Mg?* excess) and shift
difference in the presence and absence of polyamines
((8) according to Eq. (2):

® = (37, - S34°T7) (337 - 33) e)

Additionally, [Mg?*],,.. was calculated from the af
and By shift difference according to Eq. (3) [9]:

P P )
2\ )

(5, =30 |
o

For the calculation of the shift differences, the
arithmetic means of the a (a;, a,) and y (y,, y,)
peaks and the B, and B peak respectively (in ppm)
were used.

Furthermore, [Mg?*];.. of the equimolar MgATP
solution was calculated according to Eq. (4):

[Mg2+]free =~ %([A’I‘P]tm - [Mg2+]tot + Klb)AgATP)
+ (H(IATP)o — [Mg?* ], + KN#AT)
+ [Mg2+]tot . K]l\)dgATp)l/Z (4)

(ATP),, = total ATP concentration, [Mg?*],, =
total Mg?* concentration).

3. Results

3.1. Interaction of polyamines with mag-fura-2 and
Mg?*/mag-fura-2

As can be seen from Fig. 1A, spermine alone had
only a small effect on the fluorescence of mag-fura-2 in
the range of 378 nm and 335 nm, which are used to
determine [Mg®*]; .. [6,7]. Putrescine and spermidine
did not have any significant effect on mag-fura-2 fluo-
rescence either alone or in the presence of Mg2* (not
shown). However, the fluorescence of the Mg?* /mag-
fura-2 complex (Fig. 1B) was considerably changed in
the presence of spermine (Fig. 1C). The interaction of
spermine in the fluorescence of mag-fura-2 and
Mg?* /mag-fura-2 was caused by reaction of spermine
with mag-fura-2, since spermine itself did not fluoresce
or absorb at the wavelengths where measurements
were done (data not shown).

To ascertain the interaction of spermine with the
Mg?* /mag-fura-2 complex quantitatively, every 50 s
0.2 mM MgCl, was added to a solution of mag-fura-2
in K* medium (pH 7.4) and the concentration of free
Mg?* was measured. As shown in Fig. 2 (curve A), in
the absence of spermine correct values of [Mg?*];..
were obtained as expected. However, in the presence
of 0.5 mM spermine (curve B), 30% and in the pres-
ence of 3 mM spermine (curve C) 50% lower values of
[Mg?*];,. were determined.

3.2. Interaction of polyamines with ATP and MgATP in
p_NMR

As can be seen from Table 1A, there was only a

slight interaction of the polyamines with ATP, accord-
ing to the series putrescine < spermidine < spermine.
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Fig. 2. Effect of spermine on [Mg2?*];,,,. Mag-fura-2 (0.2 4M) was
dissolved in dimethyl sulfoxide and diluted in K* medium. Every 50
s 0.2 mM MgCl, were added. (A) In the absence of spermine; (B) in
the presence of 0.5 mM spermine; (C) in the presence of 3 mM
spermine.
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Table 1A

Effect of polyamines (3.7 mM) on *'P-resonances of ATP (3.7 mM)
SIp. ATP  ATP MgATP * ATP+ ATP+ ATP +
resonance putrescine spermidine spermine
v ** -6.59 —-5.25 -6.59 —6.58 -6.52
Y2 —-6.68 —5.33 —6.68 —6.68 —6.62
a —10.80 —10.40 —10.81 -10.82 —10.84
a, —10.90 -~10.48 -10.91 —10.92 -10.94
B —21.63 —18.67 —21.64 —21.67 —21.66
B —-21.73 -18.75 -21.73 -21.75 —-21.75
B —-21.83 —-18.83 —-21.83 —21.84 —21.85

Values in ppm. Mean of two experiments.

* MgATP, 9.25 mM Mg?* plus 3.7 mM ATP.

*K Y1 Y2, @1, @, By, B, B3 mean « and y doublets and B triplets
of *'P-ATP resonances.

Table 1B
Effect of polyamines (3.7 mM) on >'P-resonances of MgATP
(Mg2* ], = 3.7 mM; [ATP),,, = 3.7 mM)

IPATP  MgATP MgATP+ MgATP+  MgATP+
resonance putrescine  spermidine  spermine
v —~5.24 —526 —5.34 —5.44
v, —5.32 —-5.34 —-542 —5.52
a, —10.34 -10.35 —10.40 -10.46
a, ~10.42 -10.43 —10.47 —-10.54

B ~18.92 —18.96 —19.07 -19.33

Values in ppm. Mean of two experiments

The interaction of Mg?* with ATP was particularly
seen from the shift of the B peak (Table 1B). In the
presence of equimolar Mg?* and ATP concentrations
the B peak is broadened which is due to Mg?* ex-
change between MgATP and ATP [10]. Hence B, B,
and B, could not be differentiated. When Mg?* was in
excess to ATP, again 3 B peaks occurred (Table 1A).

The polyamines interacted with MgATP. The inter-
action between polyamines and MgATP again corre-
sponded to the series putrescine < spermidine <
spermine (Table 1B) which is in agreement with their
ATP complex binding constants [5].

For a quantitative analysis of the interaction with
MgATP in *'P-NMR, the concentrations of free Mg?+
were calculated according to the above given Eq. (1).

Table 2

Concentration of free Mg?* (IMg?* I,...) in solutions with 3.7 mM
MgCl, and 3.7 mM ATP in the absence and presence of 3.7 mM
polyamines measured by 31p.NMR

Polyamine [Mg2* ). (mM) [Mg?* 1o (mM)
(Egs. (1), (2)) (Egs. (1), 3)

- 0.509 0.455

Putrescine 0.444 0.395

Spermidine 0.345 0.325

Spermine 0.197 0.177

[Mg?* ], was calculated according to Egs. (1), (2) and (3) (see Section
2).

Table 3

Concentration of free Mg?* ((Mg?*],,..) in solutions with 3.7 mM
MgCl, and 3.7 mM ATP in the absence and presence of 3.7 mM
polyamines measured at 37°C by mag-fura— 2 (see Section 2)

Polyamine [Mg?* I (mM)
- 0.51+0.01
Putrescine 0.44+0.01
Spermidine 0.35+0.02
Spermine 0.24 +0.01

Mean + S.E.M. of three experiments.

[Mg?* ] calculated according to Eq. (4) amounted to
0.41 mM. Table 2 shows that the values of [Mg?*];..
determined by *'P.NMR are in agreement with the
value of [Mg?*];.. calculated according to Eq. (4). The
values of [Mg?*], .. were reduced by the polyamines
according to the series putrescine < spermidine <
spermine.

3.3. Effect of polyamines on [Mg®*],,, of MgATP
solutions measured by mag-fura-2

In order to compare the effects of polyamines on
the measurement of [Mg2*],__ by *'P-NMR, in analo-
gous experiments {Mg2*]. .. of MgATP solutions was
measured by mag-fura-2. As shown in Table 3, mea-
surement of [Mg?*]; .. by mag-fura-2 yielded the same
values of [Mg?*];.. as measured by °'P-NMR.
(Mg?*];,.. measured by mag-fura-2 was similarly re-
duced as when measured by ' P.NMR.

4. Discussion

During the last few years mag-fura-2 and *'P-NMR
were the most frequently used methods to measure
[Mg2"],. The interaction of Ca?* and H* were consid-
ered in both methods [6,8]. The interaction of
polyamines, particularly of spermine, has not yet been
taken into account in these measurements.

The intracellular content of polyamines amounts to
1-5 mmol spermine /kg wet weight for liver, pancreas
and prostate and to 8-9 mmol spermidine /kg wet
weight for prostate and pancreas [3,4,11,12] and corre-
spond to total intracellular Mg?* content. Cellular
polyamines are compartmentalized, and a part of the
polyamines within the various compartments is bound
to negatively charged ligands [3,4,13,14]. As yet there is
no method available to determine the concentration of
free polyamines besides bound polyamines. The com-
plex binding constants of spermine are about half of
the Mg?* complex binding constants [5]. Therefore, in
analogy to intracellular Mg?™, it may be supposed that
approximately 20% of total spermine is free. For pu-
trescine and spermidine the rate of free polyamine may
be higher than for spermine because of their lower
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complex binding constants [5]. In Figs. 1 and 2 the used
spermine concentrations varied between 0.5 and 3 mM
and in Tables 2 and 3 the used polyamine concentra-
tions amounted to 3.7 mM and may be within or near
the physiological range in some cell types. Thus,
[Mg2*], measured by these two methods is underesti-
mated in the presence of polyamines, particularly in
the presence of spermine. This effect must be consid-
ered when values for [Mg?*]. measured by mag-fura-2
and *P-NMR are compared with those measured by
the null-point method or Mg?*-sensitive electrodes.
The mechanism by which polyamines reduce the
measured values of [Mg®*],.. can be attributed to
competition of polyamines with Mg?* for common
binding sites of mag-fura-2 and ATP*~, and to lower
responses in fluorescence or JP.NMR of the
polyamine-mag-fura-2 and polyamine-ATP complex
than the corresponding Mg?* complexes. The alterna-
tive mechanism may be binding of Mg2* to polyamines
and thus reducing [Mg?*];,... When Mg?* binding to
spermine was investigated by proton magnetic reso-
nance, it was found that most of the spermine existed
in a free form [15). This result implies that there is no
significant binding of Mg?* to spermine. Hence, re-
duction of measured [Mg2*];.. by binding of Mg** to
polyamines can be neglected. Also, an association con-
stant for Mg?* binding to spermine is not available.
Using mag-fura-2, it was found that some cell types
showed an increase in [Mg?*]; after stimulation with
various effectors, such as epidermal growth factor
[16,17], insulin [16], vasopressin [18], endothelin {18],
carbachol [19], cGMP [20] and atrial natriuretic pep-
tide [20]. An increase in [Mg2*]. was also found by
isoproterenol in heart muscle cells as measured by
P_.NMR [21]. A decrease of [Mg2*], was induced by
cAMP, PTH and calcitonin [20]. From these results it
was concluded that [Mg?*], may play a role in the
intracellular mechanisms of these effectors. In these
experiments the alterations of [Mg“]i were very small
and amounted to 0.1 to 0.2 mM. However, the concen-
tration of polyamines (besides Ca?* or HT) is also
changed by some of these effectors [3,13,14,22].
Hence, the interaction of polyamines in the mea-
surement of [Mg2*], cannot be defined quantitatively

and the real alterations in [Mg?*]; by effectors remain
uncertain.

Acknowledgements

Supported by the Deutsche Forschungsgemeinschaft
(Sfb 174). Financial support of P.K. by the Institut fiir
Diagnostik-Forschung (IDF), Berlin, is gratefully ac-
knowledged.

References

[1] Giinther, T. (1981) Magnesium Bull. 3, 91-101.
[2] Romani, A. and Scarpa, A. (1992) Arch. Biochem. Biophys. 298,
1-12.
[3] Tabor, C.W. and Tabor, H. (1976) Annu. Rev. Biochem. 45,
285-306.
[4] Tabor, H. and Tabor, C.W. (1972) Adv. Enzymol. 36, 203-268.
{5] Nakai, C. and Glinsmann, W. (1977) Biochemistry 16, 5636-5641.
[6] London, R.E. (1991) Annu. Rev. Physiol. 53, 241-258.
[7] Raju, B., Murphy, E., Levy, L.A., Hall, R.D. and London R.E
(1989) Am. J. Physiol. 256, C540-C548.
[8] Gupta, R.K. and Gupta, P. (1984) Annu. Rev. Biophys. Bioeng.
13, 221-246.
[9] Gupta, R.K. and Moore, R.D. (1980) J. Biol. Chem. 255, 3987-
3993.
[10] Misawa, K., Lee, T.M. and Ogawa, S. (1982) Biochim. Biophys.
Acta 718, 227-229.
[11] Russell, D.H.,, Medina, V.J. and Snyders, S.H. (1970) J. Biol.
Chem. 245, 6732-6738.
[12] Russell, D.H. and Lombardini, J.B. (1971) Biochim. Biophys.
Acta 240, 273-286.
[13] Sj6holm, A. (1993) Am. J. Physiol. 264, C501-C518.
[14] Schuber, F. (1989) Biochem. J. 260, 1-10.
[15] He, Y., Kashiwagi, K., Fukuchi, J., Terao, K., Shirahata, A. and
Igarashi, K. (1993) Eur. J. Biochem. 217, 89-96.
[16] Ishijima, S., Sonoda, T. and Tatibana, M. (1991) Am. J. Physiol.
261, C1074-C1080.
[17] Grubbs, R.D. (1991) Am. J. Physiol. 260, C1158-C1164.
[18] Okada, K., Ishikawa, S. and Saito, T. (1992) Am. J. Physiol. 263,
C873-C878.
[19] Zhang, G.H. and Melvin, J.E. (1992) J. Biol. Chem. 267, 20721-
20727.
[20] Dai, L.-J. and Quamme, G.A. (1992) Am. J. Physiol. 262,
F1100-F1104.
[21] Nishimura, H., Matsubara, T., Ikoma, Y., Nakayama, S. and
Sakamoto, N. (1993) Brit. J. Pharmacol. 109, 443448,
[22] Koenig, H., Goldstone, A.D. and Lu, C.F. (1988) Biochem.
Biophys. Res. Comm. 153, 1179-1185.



