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Abstract—The syntheses of five sulfone analogues of taurine are described: 2-aminoethylmethyl sulfone
(AEMS), thiomorpholine-1,1-dioxide (TMS), N-methylthiomorpholine-1,1-dioxide (M-TMS), (*)3-
aminotetrahydrothiopyran-1,1-dioxide (APS), and (+)3-aminotetrahydrothiophene-1,1-dioxide (ATS).
When these compounds were evaluated in the rat retina as modulators of ATP-dependent calcium ion
uptake at low calcium ion concentrations (10 uM), AEMS, ATS, and APS were found to be more potent
stimulators of ATP-dependent calcium ion uptake than taurine. TMS and M-TMS had no effect. At
high concentrations of calcium ions (1.44 mM), taurine, AEMS, ATS, APS, and TMS inhibited ATP-
independent calcium ion uptake; AEMS, ATS, and APS were more potent inhibitors than taurine. ATS
was the only compound tested (including taurine) that inhibited ATP-dependent calcium ion uptake at
high calcium ion concentrations. The effects of the sulfone analogues of taurine on the incorporation
of phosphate into retinal proteins were also studied. Taurine, AEMS, ATS, APS, and TMS were
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equipotent inhibitors of phosphate incorporation (30-45%). M-TMS had no effect.

The role of taurine in the central nervous system is
unknown. However, there are numerous suggestions
that, in the brain, taurine is either a neurotransmitter
[14] and/or a neuromodulator and may affect
(1) interactions (uptake and release) with neuro-
transmitters or their receptors [5-7], (2) sup-
pression of neuronal activity by stabilizing excitable
membranes [8], or (3) regulation of intraterminal
calcium levels [5, 6, 9-11]. In the retina, specifically
in the amacrine cells, it has been proposed that
taurine may be an inhibitory neurotransmitter
released by light or depolarizing stimuli [12]. Taurine
also appears to be important for retinal membrane
integrity by preventing both lipid peroxidation in
photoreceptors and membrane destabilization
[13,14].

The necessity for dietary taurine for normal retinal
morphology and function has been demonstratedin a
number of animal species including human. Taurine
deficiency has resulted in severe retinal dysfunction
in the cat [15], rat [16], and monkey [17]. In addition,
Geggel and associates [18] have reported that chil-
dren demonstrate abnormal electroretinograms
when receiving long-term parenteral nutrition defi-
cient in taurine.

At the molecular level taurine appears to influence
the binding and transport of calcium ions in retinal
membrane preparations. Taurine stimulates ATP-
dependent calcium ion uptake in bicarbonate buffers
at micromolar concentrations of calcium [19-21],
whereas at millimolar concentrations of calcium
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taurine inhibits the ATP-independent uptake of cal-
cium [22].

Taurine also inhibits the phosphorylation of
specific retinal proteins [23]. Analogues of taurine
that stimulate ATP-dependent calcium ion uptake
inhibit protein phosphorylation [23); analogues that
have no effect on calcium ion uptake likewise have
no effect on protein phosphorylation [23]; and ana-
logues that inhibit calcium ion uptake stimulate pro-
tein phosphorylation [24, 25]. These results suggest a
causal relationship between protein phosphorylation
and calcium ion uptake; inhibition of membrane
phosphorylation may be a mechanism by which
taurine affects ATP-dependent calcium ion uptake
[26] or vice versa. In addition, the hypothesis that
taurine may be a membrane stabilizer, initially pro-
posed by Huxtable and Bressler [27] and restated by
Huxtable and Sebring [28], is further supported by
the recent repert that taurine affects the transition
temperature and activation energy of Arrhenius pro-
files of ATP-dependent calcium ion uptake [29].

The aim of the present study was to examine a
series of sulfone analogues since it has been reported
that 6-(aminomethyl)-3-methyl-4H-1,2,4-benzothia-
diazine-1,1-dioxide (TAG) is a taurine antagonist
[30]. In this study five sulfone analogues of taurine
were compared to taurine with regard to their abili-
ties to affect calcium ion uptake at low and high
calcium concentrations and for their effects on pro-
tein phosphorylation.

MATERIALS AND METHODS

Materials. Taurine was purchased from the Sigma
Chemical Co. *Calcium chioride (25 mCi/mg) was
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purchased from New England Nuclear. [y-**P]JATP
(25Ci/mmol)  was purchased from ICN
Radiochemicals.

Preparation of membrane homogenate. Retinas
obtained from adult Wistar rats were homogenized
in bicarbonate buffer-A [NaHCO; (50 mM), KCl
(50 mM), NaCl (50 mM), KH,PO, (1.2 mM), MgCl,
{2 mM), and ouabain (50 uM) (pH 7.4)] for calcium
ion uptake experiments at low calcium ion con-
centration (10 uM) as described previously by Lom-
bardini [23]. For calcium ion uptake experiments
utilizing high calcium ion concentrations (1.4 mM),
bicarbonate buffer-B  [NaCl (118 mM), KClI
(4.7mM), MgSO, (1.4 mM), KH,PO, (1.2 mM),
NaHCO; (25 mM), glucose (5.6 mM), gassed with
95% 0,/5% CO,, (pH 7.4)] was utilized. Protein
was determined by the procedure of Lowry et al. [31]
with bovine serum albumin as the standard.

Calcium ion uptake assay. In general, the uptake
of 45Ca%* by the retinal membrane preparation was
measured as previously described [23]. The incu-
bation system contained either bicarbonate buffer-
A or bicarbonate buffer-B (depending upon the cal-
cium ion concentration), **Ca®* (0.5 uCi), calcium
chloride (10 uM or 1.4 mM), = ATP (1.2 mM), and
retinal preparation (~0.07 to 0.2 mg protein). The
reaction was started after a 2-min preincubation
period (37°) with the addition of the membrane
preparation, incubated for a specified time period
(usually 1 to 1.5 min), and then stopped by collection
of the membrane homogenate which contained the
4Ca?* on Whatman GF/B filters.

The buffer systems utilized in the following experi-
ments did not contain ethyleneglycolbis(amino-
ethylether)tetra acetate (EGTA), a calcium ion
chelator that has been used to maintain the free
calcium ion concentration at a contrast level.
However, in a preliminary experiment, we compared
the specific activity of the retinal preparation for its
ability to take up calcium ions in the presence and
absence of EGTA. The quantity of EGTA required
to maintain the free calcium ion concentration at
10 uM was calculated by the method of Katz et al.
[32]. The results indicated that taurine stimulates
calcium ion uptake in buffer-A by approximately 2-
fold regardless of the presence or absence of EGTA.
However, in the presence of EGTA, the ATP-depen-
dent calcium ion uptake activity was approximately
35% lower than in its absence (1.24 = 0.02 vs
1.95 + 0.08 nmol/mg/min). Similarly, the ATP-
dependent taurine-stimulated activity was reduced
by 35% in the presence of EGTA (2.51 £0.03 vs
3.87 = 0.07 nmol/mg/min).

Phosphorylation of proteins in the membrane
preparation. The incorporation of [*PO,] into reti-
nal membrane proteins was determined as previously
described [23].

Synthesis of (x)3-Aminotetrahydrothiophene-1,1-
dioxide hydrochloride (ATS). A degassed solution
of sulfolene (10.8 g, 91.4 mmol) in dry methanol
(102 ml) at 0° was saturated with ammonia (22.7 g,
2.34 mol). The vessel was capped, and the solution
was heated to 55° and stirred for 14 days. Con-
centration of the reaction mixture in vacuo produced
a semi-solid material (12 g, 98% crude). One gram
of the crude material was eluted on 50g silica

(methylene chloride:methanol, 30:1) which after
concentration under high vacuum (0.01 mm Hg) for
24 hr yielded 0.95 g (95%) of pure amine: m.p. 79—
80°. 'H NMR (D,O) 82.35 (m,IH,CH,;). 2.80
(m,1H,CH,), 3.20-3.90 (m.4H,CH,S), 4.20
(m,IH.HCN); IR (KBr) 3420 (N—H), 1320
(sulfone), 1120 (sulfone) cm™'. HCI salt appears as
white needles from ethanol: m.p. 218-219° [tit. 33,
m.p. 220°].

Synthesis of thiomorpholine-1,1-dioxide hydro-
chloride (TMS). A solution of 70% H,0, (1.5g,
31.2 mmol) in acetic acid (5 ml) was added dropwise
with stirring to a cooled (0°) solution of thio-
morpholine hydrochloride (1.45g, 10.4 mmol) in
acetic acid (10 ml}. The mixture was heated gradually
to 100° while stirring continued. After the complete
disappearance of sulfoxide as detected by thin-layer
chromatography, the reaction mixture was con-
centrated in vacuo. The resultant viscous oil was
triturated in ethanol to produce a white precipitate.
Recrystallization from ethanol produced 1.6 g (90%)
of TMS as white needles: m.p. 240° (dec) [lit. 34,
m.p. 239° (dec). 'H NMR (D.,O) 63.63
(m,4H,CH,N), 3.70 (m,4H,CH,S); IR (KBr) 3440
(N—H), 3200-3400 (2° amine salt), 1590 (2° N—H),
1295 (sulfone), 1120 (sulfone) em™'.

Synthesis of N-methylthiomorpholine-1,1-dioxide
hydrochloride (M-TMS). A solution of commercial
grade N-methylthiomorpholine-1,1-dioxide (1.49 g,
10.0 mmol) in methylene chtoride (100 ml) at 0° was
treated with a stream of dry HCI gas with stirring.
The resultant white precipitate was filtered, dried in
vacuo, and recrystallized from methanol to produce
1.8 g (97%) of the product as white needles, m.p.
260° (dec) [lit. 35, m.p. 262° (dec)]. IR (KBr) 3400
(N—H), 27002300 (3° amine salt). 1310 (sulfone),
1150 (3° C—N), 1115 (suifone) cm .

Synthesis of (*)3-aminotetrahydrothiopyran-1,1-
dioxide hydrochloride (APS). Neat tetrahydrothio-
pyran (14.9 g, 0.146 mol) was cooled (0°) with stirring
while 30% H,0, (16.5g, 0.146 mol) was added
dropwise. The slurry was stirred overnight. The
resultant solution was concentrated in vacuo and
vacuum distilled to produce 16.2 g (94%) of tetra-
hydrothiopyran-1-oxide: b.p. 85°, 0.005 mm Hg;
m.p. 45-46° (lit. 36, m.p. 44-46°). '"H NMR (CDCl;)
61.65 (m_2H,CH,), 220 (m2H,CH,), 2.85
(m,4H,CH,S); IR (neat) 2920 (C-—H), 1440 (sul-
foxide), 1025 (sulfoxide) cm™!; MS, m/e calcd. for
CjH]()OS (M+) 118, found 118

A solution of the tetrahydrothiopyran-1-oxide
(1.0 g, 8.5mmol) in acetic acid (4 ml) at 110° was
treated with acetic anhydride (3ml, 25.5 mmol)
dropwise with stirring over a period of 30 min. After
complete disappearance of sulfoxide, as detected by
thin-layer chromatography, the reaction mixture was
diluted with ether (50 ml) and the excess acetic anhy-
dride and acetic acid were neutralized with 10%
sodium carbonate. The neutral ether layer was dried
(MgSQO,). cautiously concentrated in vacuo, and the
residue vacuum distilled to produce 0.8 g (94%) of
4H-2,3-dihydrothiopyran as a clear oil: b.p. 65-66°
at57 mm Hg (lit. 37, b.p. 66° at 57 mm Hg). 'H NMR
(CDCl3) 62.10 (m,4H,CH,), 2,90 (m,2H,CH,S),
5.80 (m,1H,CH), 6.10 (d,1H,CHS}; IR (neat) 2930
(C—H), 1610 (C=C), 1440, 1285, 945cm™".
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A solution of potassium peroxymonosulfate
(Oxone®) (30.4 g, 49.5 mmol, 3 mEq of oxidant) in
water (120 ml) was added dropwise with stirring to
a cooled (0°) solution of 4H-2,3-dihydrothiopyran
(3.3 g, 33 mmol) in methanol (120 ml). The stirred
mixture was warmed to 25°. After the complete
disappearance of intermediate sulfoxide was deter-
mined by thin-layer chromatography, the precipitate
was filtered and washed with methanol. The meth-
anol was removed in vacuo and the resultant solution
was extracted with methylene chloride. The com-
bined organic extracts were washed with brine
(1 x 30 ml), dried (MgSO,), and concentrated in
vacuo to produce 4.0 g (92%) of 4H-2,3-dihydrothio-
pyran-1,1-dioxide as a white solid: m.p. 4546° (lit.
38, m.p. 44-46°).

A solution of 4H-2,3-dihydrothiopyran-1,1-diox-
ide (1.0g, 7.6 mmol) in dry ethanol (20 ml) was
degassed in a Parr reactor vessel and subjected to
ammonia gas (100 psi) for 14 days. After complete
disappearance of olefin as determined by thin-layer
chromatography, the reaction mixture was filtered
and concentrated in vacuo. The crude amine was
taken up in dry ether (100 ml), cooled to 0°, and
treated with dry HCl with stirring. The resultant
white precipitate was filtered, washed with dry ether,
and recrystallized from ethanol to produce 1.2g
(85%) of (%)3-aminotetrahydrothiopyran-1,1-diox-
ide hydrochloride as white needles: m.p. 228-230°.
'H NMR (D,O) 61.78 (m,lH,CH,), 2.06
(m,1H,CH,), 2.25 (m,1H,CH,), 2.35 (m,1H,CH,),
3.30 (m,2H,CH,S), 3.45 (m,1H,CH,S), 3.65
(m,1H,CH,S), 3.89 (m,1H,CHN); IR (KBr) 3400
(N—H), 3200-2600 (1° amine salt), 1600, 1500, 1315
(sulfone), 1130 (sulfone) cm™!. Anal. Caled. for
CsH,CINO,S: C,H,N (see Appendix I).

Synthesis of 2-aminoethylmethyl sulfone hydro-
chloride (AEMS). 2-Chloroethylmethyl sulfide
(2.70 g, 24.3 mmol) was added to a stirred slurry of
freshly prepared potassium phthalimide (5.0g, 27
mmol) in dimethylformamide (13 ml). The mixture
was heated to 110° and stirred until the complete
disappearance of starting chloride was determined
by thin-layer chromatography. The reaction mixture
was cooled, diluted with water (15 ml), and extracted
with methylene chloride. The combined organic
extracts were washed with brine (1 x 30 ml), dried
(MgSO,), concentrated in vacuo, and the resultant
crude solid recrystallized from ethanol to yield 3.9 g
(75%) of 2-phthalimidoethylmethyl sulfide as white
crystals: m.p. 88-89°. 'H NMR (DMSOys) 62.08
(s,3H,CHs;), 2.78 (t,2H,CH,S), 3.81 (t,2H,CH,N),
791 (s,4H,ArH); IR (KBr) 1707 (C=0), 1615
(amide), 719 (C—S) cm™!. Anal. Calcd. for
C;H,;NO,S: C,H,N (see Appendix I).

A solution of 2-phthalimidoethylmethyl sulfide
(0.5 g, 2.26 mmol) in 5 ml acetic acid was degassed
with nitrogen. To this solution 70% hydrogen per-
oxide (4 Eq, 9.04 mmol) was added dropwise. The
mixture was refluxed for 1 hr, cooled, quenched with
dry acetone, taken to 0°, and the resultant precipitate
filtered. Recrystallization from ethanol afforded
0.54 g (94%) of pure 2-phthalimidoethylmethy! sul-
fone: m.p. 174-175°. '"H NMR (DMSOe) 63.06
(s.3H,CH,), 3.50 (t,2H,CH,S), 4.05 (t,2H,CH,N),
7.90 (s,4H,ArH); IR (KBr) 1705 (C=0), 1303

(5s—0), 1131 (S—O) cm™!. Anal
C,;H,;NO,S: C,H,N (see Appendix I).
Hydrazine hydrate (85%) (0.95 g, 25.0 mmol) was
added to a solution of 2-phthalimidoethylmethyl sul-
fone (6.33g, 25.0 mmol) in 60 ml methanol. The
mixture was refluxed for 1 hr and then cooled, 35 ml
of water was added, and the methanol was removed
in vacuo. Concentrated HCI (35 ml) was added and
the mixture was refluxed for 1 hr. The reaction mix-
ture was taken to dryness in vacuo and the resultant
precipitate was recrystallized twice from ethanol to
produce 3.35g (84%) of AEMS: m.p. 169-170°.
'H NMR (DMSOgs) 83.13 (s,3H,CH;),
3.22(t,2H,CH,S), 3.58 (t,2H,CH,N), 8.5
(broad,3H,NH,-HCI); IR (KBr) 3430 (N—H), 1595
{(N—H), 1285 (sulfone), 1135 (sulfone) cm™!. Anal.
Caled. for C;H(CINO,S: C,H,N (see Appendix I).

Caled. for

RESULTS

The structures and abbreviations of the taurine
analogues used in this study are shown in Fig. 1.

Figure 2 shows the uptake of calcium ions at low
calcium ion concentration (10 uM) as a function of
the protein concentration (A) and time (B). In all
subsequent experiments utilizing 10 uM calcium ion
concentration, an incubation period of 1 min and
approximately 0.07 mg of protein were used.

The effects of the sulfone taurine analogues on
ATP-dependent calcium ion uptake at low calcium
ion concentration (10 uM) are shown in Fig. 3. Three
of the sulfone derivatives (AEMS, ATS, and APS)
stimulated ATP-dependent calcium ion uptake to a
greater extent than did taurine. ATS was the most
potent of the analogues, whereas TMS and M-TMS
lacked activity.

When the calcium ion concentration was varied
over a range from 0.01 to 2.0 mM, a sharp increase
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Fig. 1. Structural formulas of taurine and taurine analogues.
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Fig. 2. Calcium ion uptake in rat retinal membrane prep-

arations as a function of the quantity of protein and time

at low calcium ion concentration (10 uM). Incubations were

performed in the presence of buffer-A and 1.2 mM ATP.

(A) Time of incubation was 1 min. (B) Amount of protein
was approximately 0.07 mg.

in calcium ion uptake was observed between 1.44
and 1.75mM (Fig. 4). Taurine (20 mM) inhibited
calcium ion uptake at calcium ion concentrations
of 1.44mM and above. Calcium ion uptake was
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b
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Fig. 3. Effects of taurine (TAU) and taurine analogues on
ATP-dependent calcium ion uptake in rat retinal mem-
brane preparations. The incubation system contained bicar-
bonate buffer-A, 10 uM calcium chloride, 1.2 mM ATP,
and 20 mM taurine or taurine analogue. Data are expressed
as means = SEM. The numbers of experiments are shown
in the parentheses. Analysis of variance and Duncan’s
multiple range test were used to describe significant dif-
ferences between the groups (means with different super-
scripts are different; P < 0.05).
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Fig. 4. Calcium ion uptake in rat retinal membrane prep-
arations as a function of various calcium ion concentrations
(0.01 to 2.0 mM). The incubation system contained bicar-
bonate buffer-B; (@) = no additions (CON); (A) = 20 mM
taurine (TAU); (O) = L.2mM ATP; (O) = 1.2mM ATP
plus 20 mM taurine {TAU). All data points represent the
mean of five to seven experiments performed in duplicate.
Analysis of variance and Duncan’s multiple-range test were
used to determine significant differences (P < 0.05). Means
with superscript “a”, calcium ion uptake in the presence of
both 1.2mM ATP and 20 mM taurine, are significantly
different from calcium ion uptake in the presence of 1.2 mM
ATP. Means with superscript “‘b”, control, are significantly
different from calcium ion uptake in the presence of 20 mM
taurine.

stimulated by ATP (1.2mM) at calcium ion con-
centrations up to and including 1.44 mM. Taurine
(20 mM) further stimulated the ATP-dependent cal-
cium ion uptake at calcium ion concentrations from
0.01 to 0.5 mM. In these experiments in which cal-
cium ion uptake was measured as a function of the
calcium ion concentration, a discontinuity was
observed under control conditions, but was not
demonstrated subsequent to the addition of ATP,
taurine, or ATP plus taurine. We have no expla-
nation as to the cause of this discontinuity.

Figure 5 shows the uptake of calcium ions at high
calcium ion concentration (1.44 mM) as a function
of the protein concentration (A) and time (B). In all
subsequent experiments utilizing 1.44 mM calcium
ion concentration, an incubation period of 1.5 min
and approximately 0.2 mg of protein were used.

The effects of the sulfone analogues of taurine on
calcium ion uptake at high calcium ion con-
centrations (1.44 mM) and in the absence and pres-
ence of 1.2 mM ATP are shown in Fig. 6. In the
absence of ATP, taurine and TMS inhibited calcium
ion uptake by 26 and 28% respectively. AEMS, ATS
and APS had a significantly greater inhibitory effect
than taurine (55-62%). whereas M-TMS had no
effect. In the presence of 1.2 mM ATP, only ATS
significantly inhibited calcium ion uptake.

When the effects of taurine (20 mM) and the
taurine analogues (20 mM) on phosphate incor-
poration into retinal proteins were studied (Fig. 7),
taurine, AEMS, ATS, APS, and TMS were all
inhibitory. M-TMS had no effect on phosphate
incorporation.
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Fig. 5. Calcium ion uptake in rat retinal membrane prep-
arations as a function of the quantity of protein and time
at high calcium ion concentration (1.44 mM). Incubations
were performed in the presence of buffer-B. (+)ATP
equals 1.2 mM. (A) Time of incubation was 1.5 min. (B)
Amount of protein was approximately 0.2 mg.
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Fig. 6. Effects of taurine and taurine analogues on calcium
jon uptake in rat retinal membrane preparations. The incu-
bation system contained bicarbonate buffer-B, 1.44 mM
calcium chloride, =1.2mM ATP, and 20 mM taurine or
taurine analogue. Data are presented as means * SEM.
The numbers in parentheses equal the number of
experiments. Analysis of variance and Duncan’s multiple-
range test were used to determine significant differences
(means with different superscripts are different; P < 0.05).
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Fig. 7. Effects of taurine and taurine analogues on phos-
phate incorporation in rat retinal membrane preparations.
The incubation system contained bicarbonate buffer-A,
10 uM calcium chloride, 3.2 uM ATP (20 uCi), and 20 mM
taurine or taurine analogue. Values are the means of four
experiments + SEM. Analysis of variance and Duncan’s
multiple-range test were used to determine significant dif-
ferences (°P < 0.05).

The effects of ATS (20 mM) on phosphorylation
of specific retinal membrane proteins are demon-
strated in the autoradiogram of a sodium dodecyl
sulfate (SDS)-polyacrylamide gel (Fig. 8). Auto-
radiography revealed that numerous proteins were
phosphorylated in the absence of the taurine ana-
logue (CON). However, in the presence of ATS, at
least five proteins with molecular weights ranging
from 20,000 to 48,000 (labeled a—e) incorporated less
radioactive phosphate than the control.

DISCUSSION

This study was designed to examine the effects of
a series of analogues of taurine, which were not
sulfonic acids but sulfone derivatives, on calcium ion
uptake in rat retinal membrane preparations. It is
now well established that taurine has a stimulatory
effect on ATP-dependent calcium ion uptake at low
concentrations of calcium ions [19-21] and an inhibi-
tory effect on ATP-independent calcium ion uptake
at high concentrations of calcium ions [22].

To determine the structural requirements for
activity in the calcium ion uptake systems, our lab-
oratories have been actively involved in both the
synthesizing and the testing of a number of new
taurine analogues. Various compounds which con-
tain the taurine structure in a restricted ring con-
figuration have been synthesized. Interestingly, two
compounds, (*)trans-2-aminocyclopentane sulfonic
acid and (% }trans-2-aminocyclohexane sulfonic acid,
are potent inhibitors of ATP-dependent calcium ion
uptake rather than stimulators, whereas (*)cis-2-
aminocyclohexane sulfonic acid is a stimulator,
although weaker than taurine [24]. A fourth com-
pound in this series, (*)cis-2-aminocyclopentane sul-
fonic acid, is a weak inhibitor of ATP-dependent
calcium ion uptake [25].

It has been reported that TAG, a sulfone con-
taining structure, antagonizes the taurine-induced
inhibition of the spontaneous firing of rat-cerebellar
Purkinje cells [30]. Thus, analogues of taurine con-
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Fig. 8. SDS-polyacrylamide gel electrophoresis and auto-
radiography of phosphorylated membrane proteins
obtained from rat retinal homogenates The phOSpho-
rylation reaction was carried out in incubation tubes con-
taining 1.0 mg protein and 20 uCi [y-**PJATP. The column
designated ATS contained a 20 mM concentration of the
sulfone apalogue. Each well for the polyacrylamide gel
electrophoresis contained equal quantities of radioactivity
(9500 cpm), as determined by TCA precipitation, but
unequal amounts of protein (CON = 59.8 ug;, ATS =
138 pg). Marker proteins with molecular weights ranging
from 14,400 to 92,500 are indicated. The regions in the
vicinity of 20,000-48,000 molecular weight that contained
proteins phosphorylated to a lesser degree in the presence
of ATS are indicated by the letters a-e.

taining a sulfone moiety in lieu of a sulfonic acid
moiety were synthesized. It has also been demon-

strated that TAG antagonizes the hypotensive and
bradycardic effects of taurine in the cat and by itself
has hypertensive and tachycardiac effects when

ddmmlstered directly into the lateral ventricle of this
species {39]. Furthermore, TAG has been shown to
anmgnm—n: the enhancing effect of taurine on

ethanol-induced Slee;;t;me mnrAthvsv[40]. ________
However, while TAG has no effect in the ATP-

dpnpndpnf calcinm ion nnmlze system [741} we have

recently synthesized and reported that AEMS is a

more potent stimulator than taurine of ATP-depen-
dent calcium ton uptake [41]. We now report that
two additional aminosulfones, APS and ATS. also

stimulate ATP-dependent calcium ion uptake to a
greater extent than does taurine. Unlike AEMS,

which has the same degrees of freedom as taurine,

1as R0 Sailic LLRIees TCCUON a8 aunn

APS and ATS are conformatlonally restricted cychc

structures. TMS and M-TMS are also cyclic struc-
tures and cimilar to ADQ and ATS

10, Sliaiial O S T S S, HOLOL

sulfone moiety into the ring configuration. These
two derivatives, however, lack activity. Biological

inantivity of TMC and M_TMCQ may ha tho racnlt
Macuvily O 1Mo ala Mi-1vid inay oc the restat

of steric hindrance. The inactive derivatives, TAG,
TMS, and M-TMS, are either secondary or tertiary
amines, whereas the active derivatives, AEMS, APS
and ATS, are all primary amines. The additional
steric bulk about the nitrogen may prevent inactive
derivatives from interacting with the tissue sites that
result in biological activity. On this basis, the
dimethylamino analogues of APS and ATS would
be predicted to be less potent stimulators of ATP-
dependent calcium ion uptake than APS and ATS
respectively.

In the present study, additionali suifone derivatives
of taurine were synthesized. In assessing the sulfone
derivatives of taurine on ATP-dependent calcium
ion uptake at low concentrations (10 uM) of calcium
ions, we found AEMS, ATS, and APS to be more
potent stimulators than taurine. In contrast, taurine
and four of the five sulfone analogues {AEMS, ATS,
APS, TMS) inhibited protein phosphorylation.
These data further support our previous conclusion
[23-25] that taurine analogues which stimulate cal-
cium ion uptake also inhibit protein phosphorylation.
However, whether the taurine effect on protein
phosphorylation is the mechanism by which calcium
ion uptake is affected or vice versa is presently not
known.

At high concentrations (1.44 mM) of calcium ions,
taurine, AEMS, ATS, APS, and TMS all inhibited
ATP-independent calcium ion uptake. AEMS, ATS
and APS were more potent inhibitors than taurine.
However, in the ATP-dependent calcium ion uptake
system at high calcium ion concentrations only ATS
demonstrated inhibition.

The finding that aminosulfone analogues of taurine
were modulators of calcium ion uptake and protein
phosphorylation, rivaling and even exceeding taurine
in potency, is of considerable interest. The sulfonic
acid moiety of taurine is exceedingly more acidic
(estimates of the pK, of taurine range from —1.0 to
1.5) [42, 43] than methyl sulfones (the hydrogens on
the methyl group adjacent to the sulfur have an
approximate pK, of 31.0) [44]. At physiological con-
ditions sulfonic acids are ionized, whereas methyl-
sulfones are un-ionized. While the aminosulfone
analogues of taurine had the same effect on calcium
ion uptake (stimulation) and protein phospho-
rylation (inhibition), it is not clear if these effects are
exerted through the same mechanism.

Sulfonic acids and sulfones are. not considered to
be classical isosteric functional groups. However, it

has been suggested that sulfones are 1sosteric to

carbonyls and not sulfonic acids because of their
similar steric and electronic rnnﬁonmhnns M'ﬂ

Recently [46], sulfate sequestered in the sulfate bmd-

incornorate the
prate ine
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ing protein of Salmonella typhimurium has been
reported to be bound solely by hydrogen bonds. No
positively charged residues, cations or water mol-
ecules are reported to be within van der Waal’s
distance of the sulfate. This indicates that the sulfate
charge is not neutralized by the formation of any salt
bridges. These findings further suggest that strong
acids, e.g. sulfonic acids, can be stabilized within a
protein by nonionic bonds, i.e. hydrogen bonding or
dipole-dipole interactions. The calcium mediating
effects exerted by taurine and aminosulfone deriva-
tives may possibly be elicited via the same binding
site. Further studies to identify the commonality of
the binding sites will be necessary to address this
question.
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APPENDIX I: ELEMENTAL ANALYSES

Calculated Found
CsH,,CINO,S C 32.35 32.41
H 6.51 6.76
N 7.54 7.42
C,;;H,NO,S C 59.71 59.66
H 5.01 5.06
N 6.33 6.30
C;H;\NOS C 52.17 52.19
H 4,38 4,38
N 5.53 5.52
C;H,CINO,S C 22.57 22.92
H 6.31 6.15
N 8.77 8.89
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