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INTRODUCTION

Research on cellular and molecular aspects of Alzheimer’s disease over the last two decades has resulted in a significantly improved understanding
of this disease. Particular achievements have occurred in the areas of molecular genetics and the biology of amyloid. This research has strengthened
the notion that Ab is a central player in the disease process.1-5 Despite the progress and the data accumulated, the understanding of the
pathophysiological framework remains incipient. Consequently, rational drug design targeting specific pathophysiological events or chemical
entities has seen little or slow progress. Additional difficulties arise from the fact that dynamic processes are difficult to assess in the AD brain as a
number of signal transduction mechanisms are altered by postmortem events.6 In addition, AD brain tissue usually becomes available after a long
period of the disease, at an advanced pathological state. Therefore, significant effort has been devoted to alternative approaches.6-10 A host of
cellular and molecular changes ranging from nucleic acid defects to second messenger alterations have been described in peripheral cells of AD
patients.6-8,10,11 Some alterations have also been observed in neuronal animal cells and brain.12-15 Of the many alterations, PKC seems uniquely
situated in the cascade of events (normal and pathological) interacting with Ab, calcium homeostasis and ion channel function. Herein we propose
a framework as an initial step for drug design targeting PKC.

PROTEIN KINASE C

Protein kinase C is a ubiquitous family of enzymes involved in a number of cellular processes including (but not limited to) growth and
differentiation, ion channel regulation, neuronal plasticity and memory storage.16-20 Some of the functions may be related to specific isozymes and
/or their differential expression in different tissues and organs. PKC has also been the subject of attention in a wide range of pathological processes
from cancer to nervous systems disorders.16, 20-22 A number of reports have identified alterations in protein kinase C in brains and fibroblasts of
AD patients. Reduced levels of the particulate fraction in AD brains as measured by radioactive phorbol ester binding and in vitro phosphorylation
of histone H I was originally reported by Cole et al.23 Phosphorylation of P86 was also found reduced in the cytosolic fraction.23 Additional
reports have indicated that in particular the bII isoform was significantly lower in the particulate fraction from AD hippocampal and cortical
tissues.24 The opposite was true for the cytosolic fraction from cortex. The isoforms bI and a were also reduced in the particulate fraction from
hippocampus of AD patients.24 Shimoama et al. confirmed a predominant involvement of the b isoform in AD brains.25 A more recent report
found attenuated PKC activity and translocation in AD brains.26 However, the immunoreactivity (membranous fraction) of the a and g isozymes
was found increased in the frontal cortex. This finding was attributed to reduced proteolytic activity and/or a compensatory response in AD.26

Some authors have suggested that PKC alterations may be an early event in AD.27 Levels of mRNA for the a isozyme were found somewhat
reduced in AD brains, although there was enough overlap so the differences did not reach statistical significance.28 Other reports have not found
salient differences in brain distribution of PKC in AD compared to controls.29,30 Studies in fibroblasts generally parallel those in brain tissues.
Both immunoreactivity and protein phosphorylation were found reduced in familial and sporadic AD fibroblasts.31 More recently it was reported
that the phorbol ester binding affinity and the phosphorylating activity (histone) were lower in cells from AD patients.32 Immunoblotting analyses
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revealed that the a isoform was primarily affected in AD fibroblasts.33,34

PKC may also play a significant role in APP processing. APP is the precursor protein from which b-amyloid originates and it possesses
phosphorylation.1,35 PKC activators influence the type of secreted APP products. The APP ectodomain can be constitutively secreted by cleavage
within the b-amyloid sequence (a-secretase) thus resulting in "non-amyloidogenic" processing. APP can also be internalized and degraded in an
endosomal/lysosomal compartment generating fragments that contain the intact b-amyloid sequence, therefore resulting in potentially
amyloidogenic (and possibly pathologic) processing.1,34,36 It has been shown that PKC activation can increase the rate of the non-amyloidogenic
processing in cellular models. In addition, some studies have directly shown a reduction of the secretion of the b-amyloid peptide after phorbol
treatment or activation of PKC.34,35,37,38 There are, however, two reports that show an increase in sAPP without changes in Ab.39,40 These
apparently contradictory results could be due to tissue specific differences. In addition, Savage et al.41 reported a phorbol-induced decrease in Ab
species without a noticeable increase in sAPP secretion in mouse brain. Therefore, the general finding of reduced PKC amounts and/or activity in
AD (brain and fibroblasts) is consistent with the apparently normal regulatory role of PKC favoring non-amyloidogenic processing of APP. It is
worth noting that some of the Italian cell lines that showed the K+ channel defect and enhanced IP3 mediated calcium releases were the same ones

in which defective PKC activity and immunoreactivity was demonstrated.32-34,42,43 Interestingly, in these AD fibroblasts the reduced PKC activity
has been correlated with a reduced ability to secrete soluble APP.34,43 We report herein our recently designed novel PKC activators that are
capable of increasing soluble APP.

DESIGN CONCEPT OF PYRROLIDONE ANALOGS

On the basis of the X-ray structure of PKC CRD2 (cysteine-rich domain) in complex with phorbol 13-acetate,44 we have determined how the
high-affinity ligands ILV and the eight-membered ring benzolactam bind through a combination of molecular modeling and site-directed
mutagenesis studies.45 To both simplify and to rigidify the ILV structure, conceptually we considered linking C-9 and N-13, as these atoms are
close to one another in ILV's twist conformation (Figure 1a), to arrive at the pyrrolidone derivatives 6a (Figure 2). In order for this type of
compound to interact efficiently with PKC, modeling studies revealed that the isopropyl and phenyl groups must be cis oriented and trans to the
hydroxymethyl group. With this stereochemistry, the pyrrolidone is capable of engaging in the same hydrogen-bond network to PKC as identified
for ILV (Figure 1). Its isopropyl group interacts with the side chain of Leu 24, thereby mimicking the isopropyl group of ILV. Also, its phenyl
group is parallel to Pro 11, thus allowing for strong hydrophobic interactions. However, the important interaction of the N-methyl group of ILV
with Pro 11 and Leu 20 is absent (the absence of this group in ILV results in a 100-fold reduction in potency46). In addition, the optimal water
solubility values (log WS)47 can be adjusted by introduction of an appropriate substituent. This side chain generally enhances a ligand's binding
affinity through interaction with the lipid membrane.

Figure 1. The overall features of the binding model for the ILV (left) and pyrrolidone derivative (right) in complex with PKCd CRD2.



 

Figure 2. Strategy for design of pyrrolidone derivatives

 

CHEMISTRY

Based on our preliminary result of pyrrolidone 6a,48 molecular modeling suggested that the replacement of the phenyl in 6a by an a-naphthyl can
partially compensate for the absence of the interaction of ILV's N-methyl group with PKC. The synthesis of a series of substituted naphthyl
pyrrolidones started from D-Serine. D-Serine methyl ester hydrochloride was first acylated with a-bromoisovaleryl chloride, followed by protection
of the hydroxyl and amido groups with 2,2-dimethoxypropane. The resulting ester 1 was then reduced to aldehyde by DIBAL-H reduction, and
treated with 4-benzyloxy-1-naphthylmagnesium bromide. The benzyloxy substituent allowed for the introducion of various side chains in later
stages of this synthesis. Perruthenate-catalyzed oxidation of the resulting secondary alcohol furnished the ketone 2. Subsequent SmI2-mediated

ring closure gave diastereoisomer 3, whose stereochemistry was determined by 1H NMR. With the exception of 4-aryl substituent, the 1H NMR
signals of compound 3 are similar to those of the simple naphthyl analog, the structure of which was previously determined by X-ray diffraction.
Fluorination of the tertiary alcohol of compound 3 with DAST gave rise to compound 4. Debenzylation and concurrent defluorination of 4 were
successfully achieved by hydrogenation over 5% Pd/C in methanol affording compound 5. In the 1H NMR spectrum, the methine proton of the
isopropyl group in 5 was shielded by the naphthyl ring to the extent of 0.8 ppm compared to that in 4, supporting the cis-relationship of the
isopropyl and naphthyl substituents. At this stage, esterification with various acyl chlorides was performed to introduce side chains for the purpose
of obtaining optimum interaction with membrane. Final deprotection was achieved through transketalization with ethanedithiol in the presence of
BF3·Et2O to provide designed pyrrolidone analogs 6.

Scheme 1

 
BIOLOGICAL EVALUATION



1. Binding affinity to recombinant PKCa

LQ12, a substituted naphthyl pyrrolidone, was tested for its ability to displace phorbol 12, 13-dibutyrate (PDBU) binding from recombinant
PKCa. BL, an 8-membered benzolactam, was previously synthesized in our laboratory and shown to be a potent PKC activator. As is apparent
from Table 1, LQ12 is a fairly potent PKC activator. It is about four-fold less active than BL.

Table 1. Ki values for inhibition of [3H]-PDBU binding to recombinant PKCa

BL LQ12

Ki ± SEM (nM) 23 ± 4 97 ± 35

 

Figure 3. Chemical structure of benzolactam (BL) and LQ12
 
 2. sAPP secretion

Materials and methods were used as published49 to evaluate sAPP secretion. Our previous results revealed that BL treatment induced elevations in
sAPP among AD cell lines in a dose-dependent manner. Pretreatment with staurosporine, a potent PKC inhibitor, completely prevented the BL-
induced sAPP secretion, supporting the involvement of PKC. As depicted in Figure 3,49 LQ12 significantly increased sAPP secretion in PC-12
cells and was found to be slightly less potent than BL. This effect on amyloid processing mirrors the binding results, further supporting the
involvement of PKC.



Figure 4. Effects of BL and LQ-12 on sAPP secretion in PC-12 cells.49

 
CONCLUSIONS

LQ12, a novel PKC activator, causes increased secretion of non-amyloidogenic sAPP in PC-12 cells. The elevated sAPP secretion may be also
accompanied by a reduction of amyloidogenic fragments. The result further substantiates a key role for PKC in APP processing and, therefore, in
AD pathophysiology. This study also suggests that PKC may be a useful target for preventing or slowing the pathophysiological process in AD.
Furthermore, this novel compound offers the basis for drug design strategies targeted at PKC and APP processing that may significantly and
beneficially alter the progression of this disease. Further studies aimed at optimizing the pyrrolidone structure so as to further maximize its
activation of and therefore to maximize sAPP secretion are underway and will be released in due course.
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