
Free Rod. Res. Comms.. Vol. 9, No. 3-6, pp. 361-366 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1990 Hatwood Academic Publishrrs GmbH 
Printed in the United Kingdom 

SPIN-LABELLING STUDIES OF THE INTERACTION 
OF 9-AMINO-1,2,3,4-TETRAHYDROACRIDINE (THA), 

A PROPOSED DRUG FOR THE TREATMENT OF 
ALZHEIMER’S DISEASE, WITH ERYTHROCYTE 

MEMBRANES 

D. ALLAN BUTTERFIELD* and DONNA A. PALMIER1 

Department of Chemistry and Center of Membrane Sciences, University of 
Kentucky, Lexington, Kentucky 40506-00.55, USA 

ESR spin labels specific for skeletal proteins or  cell-surface sialic acid have been used to monitor the 
interaction of 9-amino-1,2,3,4-tetrahydroacridine (THA) and its structural analogs with human eryth- 
rocyte membranes. The results suggest that T H A  significantly increases skeletal protein-protein interac- 
tions and may secondarily alter the physical state of the opposite side of the membrane. The fully aromatic 
analog of THA, 9-aminoacridine, showed even more pronounced effects on skeletal proteins than did THA. 
These results are discussed in relation to possible interaction sites of T H A  in erythrocyte ghosts and to 
potential mechanisms by which THA reportedly increases mental function of victims of Alzheimer’s 
disease. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the major dementing disorder of the elderly in the United 
States that typically affects between one and three million people annually.’ Clinically, 
AD is characterized by a gradual loss of mental function, principally memory. 
Pathologically, brain tissue from AD patients possesses high concentrations of senile 
plaques and neurofibrillary tangles.’v3 In addition to these aspects of AD, several 
neurochemical abnormalities, including cortical cholinergic deficits, are associated 
with this disorder. From post-mortem studies, it was demonstrated that the activity 
of choline acetyltransferase (CAT), an anabolic enzyme for the neurotransmitter 
acetylcholine (ACh), is diminished by as much as 90% of  control^.^ This enzyme 
is the primary pathway for the production of ACh, and the loss of CAT activity could 
account for the decreased ACh levels in the cortex.’ 

Recent clinical treatments for AD have primarily focused on increasing cortical 
ACh concentrations by the administration of acetylcholinesterase (AChE) inhibitors. 
Following this strategy, Summers, et a f .  reported that the oral administration of the 
anti-cholinesterase 9-amino- 1,2,3,4-tetrahydroacndine (THA) (Compound # 1, Fig- 
ure 1) induced marked improvements in the mental capacity and response of AD 

*Correspondence: D. Allan Butterfield, Department of Chemistry and Center of Membrane Sciences, 
University of Kentucky, Lexington, Kentucky 40506-0055, USA. 
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FIGURE 1 Structural formulae of compounds used in this study. 

patients.' However, the use of other anti- cholinesterases, such as physostigmine, 
elicited only marginal improvement.2 Therefore, it has been postulated that the 
purported increase in mental function generated by THA must be by mechanisms 
other than simple AChE inhibition. 

In the following report, we have investigated the interaction of THA with human 
erythrocyte (RBC) membrane skeletal proteins and cell-surface carbohydrates via 
electron spin resonance (ESR) spin-labelling methods. There is an extensive homol- 
ogy between erythrocyte membrane proteins, including spectrin, the principal skeletal 
protein, and neuronal membrane proteins.+" Added insight into the molecular 
mechanism(s) of THA with both erythrocyte and neurons is invisaged. 

METHODS 

Blood was collected from healthy volunteers by venipuncture into heparinized tubes, 
immediately placed on ice, and processed within 30 minutes of acquisition. Intact 
erythrocytes or ghosts (isolated RBC membranes) were prepared and spin labeled as 
previously described.' '." 

Membrane proteins were labeled through the use of the protein-specific spin label 
2,2,6,6-tetramethyl-4-maleimidopiperidine- 1 -oxyl (MAL-6)."*" This probe primarily 
binds to sulfhydryl groups of cysteine residues via covalent interactions. It has been 
demonstrated that 70-90% of the MAL-6 is bound to spectrin and the cytoplasmic 
portion of Band 3 using our labeling pro~edure."-'~*'' Using antibodies to MAL-6, 
Barber el U / . ' ~  showed that most of the spin label was bound to spectrin. The 
parameter used to characterize a spectrum of MAL-6 bound to membrane proteins 
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is the W/S ratio. The W/S ratio is a convenient and sensitive monitor of membrane- 
protein conformational changes." We recently showed that decreased (increased) 
skeletal protein-protein interactions led to increased (decreased) values of the W/S 
ratio of MAL-6.I6 This labeling procedure and data analysis have also been confirmed 
by others to be highly repr0ducib1e.l~ 

Sialic acid, a negatively-charged carbohydrate moiety at physiological pH, was 
selectively and covalently labeled with 2,2,6,6-[2H12] tetramethyl-4-amino ['H, , "N] 
piperidine-1-oxyl ("N-Tempamine-[d,,]) under conditions of reductive amination.'* 
Nearly seventy percent of the RBC membrane sialic acid is located on the external 
portion of the transmembrane protein, glycophorin A.I9 The parameter used to 
characterize this spectrum, the apparent rotational correlation time, q, can be con- 
ceptualized as the time required for a spin-labeled sialic acid residue to rotate through 
an angle of one radian in space." A decrease in the value of T~ reflects increased 
rotational rates of the spin-labeled carbohydrate residues. 

ESR spectra were obtained employing a Varian E-109 X-band ESR spectrometer 
with computerized data acquisition and analysis capabilities. All spectrometer par- 
ameters and other data collection information were employed as summarized else- 
where." Membrane protein content and AChE activity were assessed by literature 

Alterations in spectrin aggregation were performed as previously des- 
cribed." 

RESULTS 

The effect of THA on the erythrocyte membrane protein skeletal network, located on 
the cytoplasmic face of the bilayer leaflet, was examined with the protein-specific spin 
label, (MAL-6), as previously described.".13 Approximately 90% of the ESR signal 
intensity of MAL-6 is derived from the spin label bound to skeletal proteins, princip- 
ally spe~ t r in . " .~~  

THA, in a concentration-dependent manner, significantly increased skeletal pro- 
tein-protein interactions as evidenced by a decrease in the W/S ratio, a parameter used 
to characterize the ESR spectrum of MAL-6 covalently bound to membrane proteins 
(Table 1). At concentrations greater than 1.5mM, the W/S ratio is so low as to be 
essentially immeasurable. As shown in previous publications from our laboratory, a 
decrease in the W/S ratio is indicative of decreased protein segmental motion and 
increased protein-protein However, other anti-cholinesterases, 
such as NaAsOz," did not affect this parameter (data not shown). 

TABLE I 
Effects of THA on Erythrocyte Membrane Components 

Control ( N ) "  THA (N) '  Pb 

Protein ( I  .5 mM THA) 
(W/S Ratio) 
Sialic Acid Present 
Sialic Acid Absent 

4.88 & 0.33 (6) 2.24 & 0.11 (6) < 0.000001 
4.76 0.12 (4) 2.10 & 0.13 (4) < 0.000001 

Sialic Acid (5.0mM THA) 
(T, in nsec) 0.488 f 0.025 (6) 0.188 k 0.015 (6) < 0.000001 

'Mean Std. Dev. ( #  of samples) are presented. 
bp-value calculated by a two-tailed Student's t-test. 
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We have previously demonstrated that alterations in the physical state of one side 
of the membrane can induce changes in the physical state of the opposite side of the 
membrar~e.’~*’~ Employing terminal sialic acid spin-labeling methods,”-’* the effects of 
THA on this cell-surface carbohydrate were investigated. The addition of THA 
significantly decreased rC (Table I), suggesting that the anti-cholinesterase induces 
faster motion of labeled cell-surface sialic acid residues. However, the onset of this 
effect occurs at  higher concentrations than the observed protein results, implying that 
this alteration in sialic acid motion may be secondary to the protein effect. 

To investigate this latter hypothesis, sialic acid was enzymatically cleaved with 
neuraminidase and ghosts were subsequently labeled with MAL-6. Upon addition of 
THA to both sialic acid-depleted and sialic acid-rich membranes, no differences in the 
W/S ratios were observed (Table 1), suggesting that the primary interaction site of 
THA is with the membrane skeleton. 

In order to gain further insight into the mechanism of interaction of THA with the 
skeleton, the effects of THA on membranes with altered spectrin aggregation were 
performed. Spectrin normally exists in the tetrameric state, but can be chemically 
modified to produce membranes with elevated dimer concentrations.’’ Membranes 
with spectrin in the tetrameric or dimeric states were labeled with MAL-6, and the 
effects of THA addition were monitored. The magnitude of the decrease in the W/S 
ratio were statistically identical, implying that the interaction of THA with the 
skeleton is independent of the state of spectrin aggregation. In addition, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of Triton 
shells of control and THA-treated membranes suggest that THA does not crosslink 
spectrin with the bilayer framework. ESR studies have also shown that the interaction 
of THA with the membrane is reversible and weakly electrostatic. 

In an attempt to correlate the structure of THA with its interaction with the 
membrane, various analogs of this molecule (Figure 1) were added to MAL-6-labeled 
ghosts. Of these compounds, only 9-aminoacridine (compound # 7, Figure 1) signifi- 
cantly decreased the W/S ratio. This decrease in protein segmental motion was more 
pronounced for 9-aminoacridine than THA (Figure 2). 

DISCUSSION 

THA, a potential drug in the treatment of AD, drastically and significantly increased 
skeletal protein-protein interactions. Changes in cell-surface sialic acid motion were 
also observed; however, nearly three times the concentration of THA necessary to 
induce protein changes were required to elicit these alterations in sialic acid motion. 
These results suggest that the increase in the rotational motion of carbohydrate 
residues may be secondary to the protein effect induced by THA. The principal 
interaction site of THA is most likely with the membrane skeleton as implied from the 
neuraminidase studies (Table 1). 

Other anti-cholinesterases, such as NaAsO,, do not seem to significantly affect the 
skeletal proteins. This observation is consistent with the original premise that the 
mechanism of action of THA in AD can not be accounted for by simply inhibiting 
AChE. 

The structure-function studies suggest that the positive charge at  the 9-position of 
THA and the planarity of the molecule are important in the mechanism of membrane 
interaction. It seems that the presence of a positively-charged functional group in the 
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FIGURE 2 Comparison of the effects of THA and 9-amino-acridine on the physical state of membrane 
skeletal proteins in human erythrocyte ghosts as monitored by the W/S ratio of MAL-6. The data points 
illustrated for the THA-treated samples were the average of 4, 6, and 6 trials for 0.05, 0.5, and 1.0mM 
samples, respectively. Statistical significance between THA and 9-AA was demonstrated for the 0.05 mM 
(p < 0.005) and 1.0mM (p i 0.OOOl) cases, but not for the intermediate 0.50mM samples. 

9-position of the parent molecule, as well as the number of rings and planarity 
(aromaticity) may play important roles in the mechanism. 

One possible mechanism by which THA may associate with spectrin is via intercala- 
tion into the highly negatively charged and highly a-helical framework of this protein. 
Acridines are known to insert into the grooves of DNA a - h e l i ~ e s . ~ ~  The more pro- 
nounced effect of 9-aminoacridine on the W/S ratio (Figure 2) lends support to this 
hypothesis because its structure is more planar, and therefore, probably more capable 
of inserting into the helical grooves of spectrin. The positive charge that appears to 
be necessary for the interaction of THA with the membrane may serve as a guide to 
the anionic protein, spectrin. This explanation is merely speculative at present. 

In other studies in our laboratory, it was suggested that there was a defect in the 
skeletal network of proteins in  erythrocytes from AD patienk2’ The erythrocyte 
skeletal proteins are reported to be highly similar or identical to those of neurons,”” 
and the neuronal homologue of spectrin, fodrin, has been implicated in a mechanism 
of memory.26 If THA interacts with nervous tissue as it does with RBC’s and if the 
skeletal defect observed in AD erythrocytes is present in AD brain tissue, then it is 
conceivable that THA acts to correct this membrane defect. This may then lead to the 
purported increase of mental function in AD patients after the administration of 
THA. Studies to test this idea are in progress. 
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Note Added in Proof: Consistent with the results presented here, we recently demon- 
strated that 9-amino-acridine was more potent that THA in altering the morphology 
of red blood cell ghost membranes [Palmieri, Jacob, and Butterfield, Biochem. 
Biophys. Res. Commun. 163, 1351-1355 (19891. Spectrin and the skeletal network of 
proteins, the principal binding sites of MAL-6, are the major determinants of red cell 
morphology. 
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