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Abstract

The tryptophan (Trp) fluorescence of Na*,K*-ATPase, Ca®*,Mg?*-ATPase, Ca’*-ATPase enriched microsomal membranes
have been found to be changed by two amphiphilic drugs, i.e., choroquine (anti-malarial) and chlorpromazine (anti-psychotic)
alone or in combination with ligands and /or substrate. The findings suggest that some conformational change possibly in E; and
E, state of the enzymes in presence of these drugs and/or ions and substrate have taken place. The emission maxima of Trp
residues were found to be at 335 nm irrespective of experimental conditions. A different level of fluorescence quenching was
observed in presence of drugs and in combination with ions and/or substrate. By the use of modified Stern Volmer equation, f,,
the effective fraction of tryptophan most exposed to the drug and effective quenching constant, K, have been calculated. The
non-linearity of the Stern-Volmer plots indicate that a fraction of Trp residues remain accessible to the quencher, which may
correspond to highly hydrophobic regions that are normally buried in the membranes. The differences in f, and K, values
calculated from the modified Stern-Volmer plots under various conditions indicate the different extent of exposure of Trp

residues to the quencher.
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1. Introduction

The Na*,K*-ATPase is an E, and E, type of en-
zyme, that is, it oscillates between the two major con-
formations during the transport cycle: the E; state
forms in the presence of Na* or ATP, and the E, state
in the presence of K* [1-4]. Ca?* Mg?*-ATPase is
also an E, and E, type of enzyme [5,6]. The two states
differ in that the affinity for Ca®* is high in the E,
state but low in the E, conformation. The Ca®* bind-
ing sites are exposed to the outer side of the sarco-
plasmic reticulum in E; form but exposed to the inside
in the E, form. [7]. We reported that two amphiphilic
drugs chloroquine (CLQ; anti-malarial) and chlor-
promazine (CPZ; anti-psychotic) inhibit Na*t K-
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ATPase, Ca?*-ATPase and Ca?*,Mg?*-ATPase in vitro
and in vivo [8-11] and that the drug effects are re-
versible in vivo [12,13]). Many reports are available
about the structural change of Nat,K*-ATPase but
different techniques have yielded conflicting estimates
of structural change resulting from the binding of Na™*
or K* [2-4]. The effect of hydrophobic molecules on
the activity of Ca®>*,Mg?*-ATPase can be explained by
the kinetic model of the ATPase [14]. Different probes
and /or ligands have been used to monitor the fluores-
cence pattern of E, and E, states of Na*,K*-ATPase
[15-18] and Ca®’*,Mg?*-ATPase [6,7,19,20].

Previous communications from our laboratory have
described mode and mechanism of inhibition of these
transport enzyme activities by chloroquine and chlor-
promazine in vitro and in vivo in different organs of rat
(8-13]. In the present communication, we describe the
quenching of tryptophan (Trp) fluorescence of Na™,
K*-ATPase, Ca?*,Mg?*-ATPase and Ca’*-ATPase in
various ligand(s), and substrate binding form in the
presence of chloroquine or chlorpromazine and degree
of exposure of the tryptophan residues of these en-
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zymes in various forms in the presence of these drugs.
The study is interesting and important in understand-
ing the correlation between the changes of tryptophan
fluorescence of Na*,K*-ATPase, Ca’* Mg?*-ATPase
and Ca?*-ATPase by CLQ or CPZ alone or in combi-
nation with ligand(s) and /or substrate and the alter-
ation of the enzyme activities by these drugs under
different experimental conditions as described previ-
ously [8-13].

2. Materials and methods
2.1. Materials

Chlorpromazine hydrochloride, chloroquine phos-
phate, ATP, phenyl methyl sulphonyl fluoride (PMSF),
imidazole hydrochloride and histidine hydrochloride
were purchased from Sigma Chemical Co., USA. 8-
Mercaptoethanol (BME) and EDTA were from SISCO
Research Laboratory, Bombay, India and all other
reagents used were of analytical grade either from E.
Merck or BDH, India.

2.2. Methods

2.2.1. Preparation of the enzyme-enriched membranes

The microsomal membranes enriched with Na™,
K*-ATPase were isolated from rat brain according to a
method published earlier [8]). The &« and B8 subunits of
Na* K*-ATPase constituted about 65-70% of the total
protein and more than 95% activity was found to be
sensitive to ouabain when assayed following a method
of Sen et al. [18). The rat testicular membranes en-
riched with Ca®*,Mg?*-ATPase and Ca’*-ATPase were
prepared according to the method of Nag Das et al.
[21] with some modification and found to constitute
70% of the total proteins. Protein was estimated ac-
cording to the method of Lowry et al. [23] using bovine
serum albumin as standard.

2.2.2. Fluorescence measurement

The fluorescence spectra were taken in a perkin
Elmer MDF-44 fluorescence spectrophotometer. The
excitation and emission maxima of Trp residues on
Na* ,K*-ATPase and Ca?*-ATPase in 25 mM Tris-HC|,
0.5 mM EDTA, 25 mM sucrose at pH 7.5 at a protein
concentration of 100 ug/ml were found to be 290 and
335 nm, respectively, at 3 nm bandwidth to minimize
photobleaching. All the subsequent fluorescence mea-
surements were made at an emission of 335 nm and an
excitation of 290 nm to ensure that all the fluorescent
emission was due to tryptophan residues. The effect of
chlorpromazine and chloroquine on fluorescence in-
tensities were determined by continuous monitoring at
335 nm at a given drug concentration or at different

concentrations as specified in the legends. Addition of
drugs was made from a concentrated stock of 1 mM.
Fluorescence intensities were corrected for dilution.
The temperature was maintained at 25°C throughout
the study.

2.3. Data analysis

The fluorescence signal obtained due to Trp residues
on the ATPase was normalized to 100 (control) and the
relative quenching in the presence of either drugs or
ligands or substrate were calculated with respect to the
control.

The fluorescence quenching in the presence of dif-
ferent concentrations of chlorpromazine was analyzed
according to Stern-Volmer relationship: F,/F=1+
K,[Q], where F, and F are the fluorescence in the
absence and in the presence of millimolar concentra-
tion of the quencher [Q] and K, is the Stern-Volmer
quenching constant obtained from the slope of a plot
of F,/F versus [Q] [24]. For multiflurophore proteins,
the Stern-Volmer plot would be non-linear when the
individual fluorophore is not equally accessible to the
quencher. For such heterogeneous systems, a modified
Stern-Volmer equation has been proposed by Lehrer
and Leavis [25] as [F,/(F,— F)1=1/Qf,K,+ 1/f,.
From a plot of [F,/(F, — F)] versus [Q], one could get
the values of f, and K,, the fractional accessible
fluorescence and quenching constant respectively. f,
was calculated from the relation f, = 1/intercept on y
axis (when the graph was extrapolated linearly to y
axis) and K, was calculated from K, =1/f, tan 6 (tan
6 could be calculated from the slope of the graph). In
the case of curved modified plots, extrapolation of
measurements at low quencher concentration yields
information about the most accessible groups. These
values are termed ‘effective’. The values shown were
the mean of at least two independent determinations.
Statistical calculations (standard error, mean, P values
etc.) were done from 2-3 separate values for f, and K,
obtained from 2-3 determinations.

3. Results

The addition of CPZ or CLQ to Na*,K*-ATPase,
Ca?*-ATPase and Ca?* ,Mg?*-ATPase-enriched mem-
branes resulting in quenching of tryptophan fluores-
cence without affecting the emission maxima (Fig. 1A-
D). With increase in concentration of drugs, more and
more quenching of tryptophan fluorescence were ob-
served. The absorption were shown after necessary
corrections due to drugs alone (compared to control,
2-5% absorption at different concentrations of drugs
were observed with low extinction coefficient) were
made. Thus it is expected that quenching observed was
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Fig. 1. Emission spectra of (A) Na* K*-ATPase, (B) Ca’* Mg?*-
ATPase and Ca?*-ATPase-enriched microsomal membranes in the
presence of different concentrations of chlorpromazine, and (C)
Nat K*-ATPase, (D) Ca?* ,Mg?*-ATPase and Ca®*-ATPase in the
presence of different concentrations of chloroquine. 100 pg of
Na*t K*-ATPase-enriched rat brain or Ca’*Mg?*- and Ca?*-
ATPase-enriched rat testicular microsomal membranes in 1 ml of
Tris-HCI buffer containing 25 mM sucrose, 0.5 mM EDTA, pH 7.5 at
25°C were recorded for Trp emission spectra with increasing concen-
tration of drugs. At zero concentration of drugs maximum fluores-
cence was observed. Lowest to highest concentrations of CPZ were
0, 5, 10, 15, 25, 30, 40, 70, 100 and 125 uM and that of CLQ 0, 10, 25,
50, 100 and 125 M. Excitation wavelength was at 290 nm and
emission was scanned from 290 nm to 410 nm. Fluorescence intensity
was plotted against emission wavelength. Fluorescence intensities
were corrected for different concentration of drugs at 290 nm as
described in the text.
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due solely to the effect of drugs on tryptophan fluores-
cence.

The quenching of tryptophan fluorescence was ob-
served in the presence of these drugs and under a
variety of conditions. A typical fluorescence tracing
with Nat K*-ATPase-enriched microsomal mem-
branes from rat brain is shown in Fig. 2. An increase in
quenching of the fluorescence was observed when
Mg?*, Na*, K* and ATP were added sequentially
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Fig. 2. The quenching of tryptophan fluorescence of Nat K*-
ATPase-enriched microsomal membranes of rat brain due to sequen-
tial addition of ligand /substrate (A). In (B) and (C) 50 uM CLQ or
30 uM CPZ respectively was added followed by the same sequence
of addition of ligand and substrate as in (A). 100 ug of the enzyme-
enriched microsomal membranes in 1 ml of Tris-HCI buffer (pH 7.5)
containing 25 mM sucrose, 0.5 mM EDTA at 25°C was taken. To this
sequentially 1.8 mM Mg?*, 130 mM Na*, 20 mM K* and 2.5 mM
ATP at final concentration were added. The Trp fluorescence of the
control was taken as 100 (zero quenching) and percent quenching
(%AF) was calculated with respect to the control.

(Fig. 2A). However, different patterns of fluorescence
were observed in the presence of CLQ or CPZ, thus
CLQ led to about 45% quenching which was reduced
on sequential addition of Mg?*, Na* and K* followed
by a slight increase with the addition of ATP (Fig. 2B).
With CPZ, on the other hand, about 50% quenching
could be seen which was further enhanced on sequen-
tial addition of Mg?*, Na*, K* and ATP (Fig. 2C).
Similarly, with Ca?*,Mg?*-ATPase and Ca?*-ATPase-
enriched membranes from rat testis, addition of CLQ
or CPZ and/or ions, substrate led to different level of
of Trp quenching (data not shown).

The quenching of tryptophan residue due to CLQ
and CPZ in different forms of the enzymes were calcu-
lated from Stern-Volmer plots. The plot at different
concentrations of CLQ with Na*,K*-ATPase-enriched
membranes under different conditions are shown in
Fig. 3a—g. In the presence of optimal concentration of
Na* or ATP, both f,, the ‘effective’ value, and K, the
Stern-Volmer constant, were same, indicating that in
Na* or ATP binding form, the accessible Trp residues
were the same. A summary of the quenching parame-
ters obtained from Fig. 3a—g for Na*, K*-ATPase and
that calculated for CPZ under the above conditions
(plots not shown) is shown in Table 1. The enzyme in
the presence of CLQ alone has an f, value of 1,
indicating that most of the Trp residues were quench-
able by the drug. In the presence of K* and Na*, K*
and ATP, the f, values were 0.88 and 0.83 respec-
tively, indicating that about 88% and 83% Trp residues
were accessible respectively in these forms. In full ion
and substrate binding form, i.e. Mg?*+ Na*t+ K"+
ATP, about 80% Trp residues were available for
quenching by CLQ having f, of 0.79. With CPZ, on
the other hand, an f, value of 0.91 indicates that 91%
of the Trp residues were accessible which is compara-
ble to the full ion and substrate binding form, i.e.
Mg?*+ Na*t+ K*+ ATP (98%). In the presence of
Na™* or ATP about 25% accessibility has been noticed,
whereas in the presence of Mg?* or K* or Na*+ K*
+ ATP about 63%, 48% and 83%, respectively, could
be seen.

The Stern-Volmer plot of Ca?*-ATPase and
Ca’* ,Mg?*-ATPase at different concentrations of CPZ
is shown in Fig. 4a—g, and a summary of the quenching
parameters obtained from those plots and that for
CLQ (plot not shown) is shown in Table 2. In the
presence of optimum concentration of Ca’* about
50% Trp residues of the enzyme were quenchable by
CPZ with Stern-Volmer constant 2.56 mM~™!. The
presence of Ca’* and ATP or Mg?*+ Ca’*+ ATP
increased the accessibility of Trp residues (f, 0.90). In
the presence of CPZ alone about 80% Trp residues
were quenchable with K, =4.82 mM ™! and f, = 0.83.
With CLQ an f, value of 0.81 with a Stern-Volmer
constant of 5.20 could be seen. Comparable f, values
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are obtained in the presence of Ca’* or Mg?*+ ATP
or Mg2?*+ Ca®*+ ATP, which is slightly different from
either Mg?* or ATP. In the presence of Ca?* about
33% accessibility in Trp fluorescence was seen.

4. Discussion

Fluorescence of organic molecules including pro-
teins is weakened, i.e., quenched in the presence of a
certain kind of molecules, called quenchers. This phe-
nomenon is known as ‘fluorescence quenching’. The
quenching phenomena of fluorescent amino acid
residues in proteins and extrinsic fluorescent levels
have been used to investigate the extent of exposure of
the protein surface or microscopic environment around
them. The tertiary structure of a membrane bound
protein and its relationship with the lipid bilayer will
be the determining factor as to which Trp residues are
accessible to quenching. It can also be assumed that
changes in protein conformation would lead to changes
in relative accessibility which will be reflected in
quenching characteristics, since quenching requires
contact between the fluorophore and the quencher.
Chlorpromazine and chloroquine are two amphiphilic
molecules that can penetrate into the biological mem-
brane matrix [26]. The higher level of quenching in the
presence of increasing concentration of these drugs
(Fig. 1A-D) with respect to the control indicate that a
greater portion of tryptophan residue(s) are accessible
to these drugs. It may be noted that emission peak (335
nm) does not shift during quenching. This could be
explained by efficient energy transfer between the Trp
molecules leading to uniform quenching of all the
residues [28,29]. It has been reported that denaturation
of Na* K*-ATPase with detergent also increased the
quenching of fluorescence due to the exposure of more
tryptophan residues [27].

Na*,K*-ATPase in the E, state binds Na* and
ATP with high affinity [1,31]. In the presence of CLQ,
it is evident that accessible Trp residues are quenched
at the lowest drug concentration so that the slope of
the line at that portion of the graph is extraplotted and
the quenching parameters have been determined from
it. K* preferentially binds to E, conformation of
Na* K*-ATPase. It seems reasonable to assume that
several Trp residues contribute equally to the quench-
able fluorescence in E, conformation. The quenching
parameter, f,, indicates that most of the Trp fluores-
cence is quenchable in the presence of CLQ as well as
in the presence of either Na* or ATP (Table 1).
Analysis of data from Table 1 indicates Na®™ or ATP
favours E, conformation of the enzyme, whereas K*
favours E, conformation. CPZ, on the other hand,
seems to favour E, conformation. In some cases higher
values of K, have been observed, suggesting that un-
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Fig. 3. Modified Stern-Volmer plots of Na*,K*-ATPase in different
ligands /substrate binding forms in the presence of different concen-
trations of CLQ. 100 ug of rat brain microsomal membranes were
taken in 1 ml of 25 mM Tris-HCI buffer (pH 7.5) containing 25 mM
sucrose, 0.5 mM EDTA at 25°C. (a) Fluorescence signal recorded
with increasing concentration of CLQ and the result plotted follow-
ing modified Stern-Volmer equation. (b-g) modified Stern-Volmer
plots when fluorescence were measured in the presence of Mg2*
(1.8 mM), Na* (130 mM), K* (20 mM), ATP (2.5 mM), Na* (130
mM)+K* (20 mM)+ATP (2.5 mM) and Mg?* (1.8 mM)+Na™*
(120 mM)+K* (20 mM)+ATP (2.5 mM) respectively, at different
concentrations of CLQ.

der these conditions, a small fraction of the fluores-
cence is very accessible to the quencher. Another rea-
son could be that the exposed Trp has reasonably
higher quantum vyield showing higher K, [25]. The K,
of free N-acetyl-L-tryptophanamide in aqueous solu-
tion was found to be 17.5 [30].

Like Na*,K*-ATPase, Ca?* ,Mg?*-ATPase also has
two conformational states E; and E, [5]. f, and K,
values of the enzymes from Stern-Volmer plot in the
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Table 1

Summary of the quenching parameters determined from the modified Stern-Volmer plots for Na*,K*-ATPase
Conditions fa K, (mM~1)
CLQ 1.00 + 0.04 1.87 +0.15
+Mg?* (1.8.mM) 0.97 + 0.03 1.84 +0.16
+Na* (130 mM) 1.00 + 0.03 1.54 + 0.09
+K* (20 mM) 0.88 + 0.02 (P < 0.01) 2.00 + 0.14
+ATP (2.5 mM) 1.00 + 0.04 1.52+0.11
+Na* (130 mM), K™ (20 mM),

ATP (2.5 mM) 0.83 + 0.02 (P < 0.05) 1.85 + 0.10
+Mg?* (1.8 mM), Na* (120 mM),

K* (20 mM), ATP (2.5 mM) 0.79 + 0.02 (P < 0.05) 1.48 + 0.08
CPZ 0.91 + 0.05 1.76 + 0.20
+Mg?* (1.8.mM) 0.33 + 0.02 (P < 0.01) 1.93 +0.31
+Na* (130 mM) 0.25 + 0.02 (P < 0.01) 492 +0.50
+K* (20 mM) 0.68 + 0.04 (P < 0.03) 0.98 + 0.10
+ATP (2.5 mM) 0.25 + 0.03 (P < 0.01) 3.73+£0.35
+Na®* (130 mM), K* (20 mM),

Mg?* (1.8 mM) 0.83 £ 0.06 2.11 +0.20
+Mg?* (1.8 mM), Na* (130 mM),

K* (20 mM), ATP (2.5 mM) 0.98 + 0.05 1.1+ 0.01

100 ug of Na* K*-ATPase-enriched rat brain microsomal membranes were taken and fluorescence quenching were measured in the presence of
different concentrations of CLQ (Fig. 3a—g) or CPZ (plot not shown) in combinations with various ions/substrate. f, (effective fraction) and K,
(Stern-Volmer constant) were determined as described in Section 2. The results shown are the mean + S.E. (n = 3). P was calculated for f,
under different ligands and /or substrate-induced conditions with respect to the effect of drug alone.

presence of CPZ show that in the presence of either
Mg?*, Ca?* or ATP they are almost similar (Table 2),
indicating that these three ligands favour E; conforma-
tion, whereas in the presence of Ca?*+ ATP or Mg?*
+ ATP or Mg?*+ Ca%*+ ATP, they favour E, confor-
mation of the enzyme. Ca?*, Mg?* or ATP separately
protects quenching, whereas Ca?*+ ATP or Mg?*+
ATP or Mg?*+ Ca?*+ ATP potentiate quenching
could be due to the hydrolysis of ATP to P, under

these conditions, exerting a different effect. CLQ ef-
fect, either alone or in combination of ions and/or

1 1 S - 1 i 1 1 1 i 1
0 40 80 120 |160 200 0 40 B0 120 160 200
[cpz](mM) [cPz](mM)

substrate (Table 1), could be explained the same way.
It has been reported previously that various ions may
affect the behaviour of Na* K*™-ATPase [32,33] and
Ca’?*-ATPase [34,35] and that the fluorescence be-
haviour of the tryptophan on Na*,K*-ATPase and
Ca®*-ATPase could be different [36-38]. The present
findings therefore suggest that with Na®*,K*-ATPase
CLQ favours E, conformation whereas in Ca?*-ATPase
it favours E, conformation. CPZ, on the other hand,
favours E, conformation in both the enzymes. It is
pertinent to mention that the concentration of ions
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Fig. 4. Modified Stern-Volmer plots of testicular membranes enriched with Ca®>*,Mg?*- and Ca®*-ATPase in different ligands /substrate binding
forms at different concentrations of CPZ. (a) CPZ alone, or in combination with: (b) Mg?* (0.1 mM); (c) Ca?* (2.0 mM); (d) ATP (2.5 mM); (e)
Mg?* (0.1 mM) + ATP (2.5 mM); (P Ca’* (4.0 mM) + ATP (2.5 mM); (g) Mg2* (0.1 mM) + Ca?* (2.0 mM) + ATP (2.5 mM). 100 ug of
membrane protein in 1 ml 25 mM Tris-HCI buffer (pH 7.5) containing 25 mM sucrose, 0.5 mM EDTA at 25°C was used.
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Table 2
Summary of the quenching parameters determined from Stern-
Volmer plots for Ca?*-ATPase and Ca?* Mg?*-ATPase

Conditions fa K, (mM~1)
CLQ 0.814+0.03 5.2040.68
+Ca?* (2.0 mM) 0334+0.01 133+0.20
(P <0.01)
+Mg?* (0.1 mM) 0.624+0.04 3.90+0.19
+ATP (2.5 mM) 0.7140.04 1.84+0.15
+Ca?* (4.0.mM), ATP (2.5 mM) 0.91+0.05 1.34+0.10
+Mg2* (0.1 mM), Ca?* (2.0 mM),
ATP (2.5 mM) 0.83+0.04 5.00+0.50
+Mg?* (0.1 mM), ATP (2.5 mM) 0.8340.04 210+0.22
CPZ 0.8340.03 4.82+0.17
+Ca%* (2.0 mM) 0.5340.01 2.56+0.05
(P <0.01)

+Mg?* (0.1 mM) 0.53+0.01  3.02+0.06
(P <0.01)

+ATP (2.5 mM) 0.48+0.02 2.61+0.09
(P <0.01)

+Ca?* (4.0 mM), ATP (2.5 mM) 0.90+0.01 2.39+0.05

+,Mg?* (0.1 mM), Ca®* (2.0 mM),

ATP (2.5 mM) 091+0.02 4.03+0.70
+Mg?* (0.1 mM), ATP (2.5 mM) 0.80+0.02 5.00+0.12

100 pg of Ca®*-ATPase and Ca®*,Mg2*-ATPase-enriched microso-
mal membranes from rat testis were taken and fluorescence quench-
ing were measured in the presence of different concentrations of
CPZ (Fig. 4a-g) or CLQ (plot not shown) in combinations with
various ligands and/or substrate. f, and K, were calculated as
described in Section 2. The results shown as the mean+S.E. (n = 3).
P was calculated for f, under different ligand and /or substrate-in-
duced conditions with respect to the effect of drug alone.

used here is comparable to the one used in the enzyme
activity assay, hence we presume that the effect of ionic
strength if any would be minimal. Moreover, Tris at
different concentrations did not have any effect on Trp
fluorescence change (data not shown). Furthermore, it
has been reported by Chetverin et al. [2] that the shape
of the Trp fluorescence spectra did not get affected by
the ionic strength of the medium.

In conclusion, the present findings could be summa-
rized as, in Na*,K*-ATPase, CLQ effects were seen in
the presence of Na*+ K*+ ATP and Mg*+ Na*+
K*+ ATP, but not when either of the ions was present
alone. On the other hand, CPZ effects were observed
when Nat, K*, Mg?* or ATP were present alone but
not in combination. However for Ca®*-ATPase, the
effects of CLQ and CPZ were parallel, both preferring
conditions when Ca?*, Mg?* or ATP were present
alone and not in combination. Furthermore, since both
Na*,K*-ATPase and Ca?*-ATPase are about 65-70%
pure, it is reasonable to believe that most of the
tryptophan fluorescence originated from ATPases
themselves. Finally, the fact that changes in Trp fluo-
rescence under a variety of experimental conditions
could be due to the different conformational states of
the enzyme may be correlated with our previous find-
ings that the enzyme activities are altered after treat-

ment with these drugs in vitro and in vivo [8~13]. The
finding that the pattern of CLQ/CPZ effect on these
two enzymes are different could be due to their differ-
ent Trp contents and /or the orientation of Trp across
the transmembrane segments leading to different ef-
fects.
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