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Abstract: Oxidative stress induced by amylgidpeptide (AS) has been implicated in the neurodegeneration
observed in Alzheimer’s disease (AD) brain. However, the mechanism by which the predominant fofm of A
found in AD brains, A4(1—42), causes oxidative stress and neurotoxicity remains unknown. Numerous
laboratories have used the smaller 11-amino acid fragment of the full-length pei@&,/85), as a convenient
alternative in AD investigations since the smaller peptide mimics several of the toxicological and oxidative
stress properties of the native full-length peptide. Our observation that the truncated peptide is more rapidly
toxic and causes more oxidative damage than the parg(t-A12) led us to investigate the cause for this
enhanced toxicity of £(25—35) in order to gain insight into the mechanism of action of these peptides. These
studies reveal that two different mechanisms may be operative in the two peptides; however, the single
methionine residue in the peptides appears to play a crucial role in both mechanisms. That methionine is
C-terminal in A3(25—35) seems to be the cause for its exaggerated effects. When the next amino acid in the
sequence of A(1-42) (valine) is appended to #A25—35), the resultant peptide, #25—36), in which
methionine is no longer C-terminal, is neither toxic to cultured neurons nor does it cause oxidative damage.
Additionally, oxidizing the sulfur of methionine to a sulfoxide abrogates the damaging effects of feth A
(25—35) and A3(1—42). The putative mechanistic role of methionine in the observed propertigs péptides

is discussed in the context of the obtained results as is the rolg@-Al2)-induced oxidative stress in the
neurodegeneration found in AD brain.

Introduction (2) H,N-Asp'-Ala2-Glu’-Phe*-Arg’-His’-Asp -Ser®-
Gly’-Tyr'*-Glu"'-Val'?-His"*-His"*-GIn">-Lys'°-

Alzheimer’s disease (AD) brain is characterized by extensive
(AD) y Leu'’-Val'®-Phe'’-Phe®-Ala?'-Glu®-Asp®’-Val**-

oxidative stress, and amylofipeptide (A9) is thought by many

25 26 27 28 29 30 371 32
researchers to be central to the pathogenesis of this disofder. Gly. j-Ser Asn” -Lys Gl ~Ala 3§118 ;9118 "o
Oxidative stress induced by fAis widely believed to be Gly"-Leu -Met”-Val"*-Gly"-Gly*-Val™-Val*-
implicated as one means for the neurodegeneration associated Ile”-Ala™-COOH

with AD. Ap, typically a 40- or 42-amino acid peptide (Figure ’ 2 ’ 2 " 0 o 31 e 3
1a) formed in excess in AD brain by processing of the amyloid ~ (b) H;N-Gly”-Ser™-Asn™'-Lys™-Gly~-Ala™-Ile” -Ile™-

precursor protein, is a major insoluble component of senile Gly*-Leu**-Met”>-CONH,
plaques in AD. Numerous experiments with synthetji(—
42) have established that this peptide, in ways that are inhibited (¢) CH,CH,SCHj; (d) CH,CH,S(O)CH;

by free-radical antioxidants, induces protein oxidation, causes
lipid peroxidation, exerts oxidative stress in a cellular environ- (e) CH,CH,CH,CH;

ment, and s toxic to culiured neurons (reviewed in ref 3). Figure 1. Various peptides used in this study. (a) Amino acid sequence

A smalle.r 11-amino acid fragment of _tthApept'de’ ,'96' of AB(1—42) with the single crucial methionine residue 35 underlined.
(25-35) (Figure 1a), though not found in the AD brain, has The 11-amino acid fragment#25—-35) widely used in experiments
often been studied as the potent component of the full-length as a substitute for A(1—42) is shown in bold. Note that methionine is
peptide following the observation that this peptide produces toxic C-terminal in this peptide. Shown in italics is the peptidé(26—36)
used in our experiments in which the methionine residue is no longer

* Corresponding author: (phone) (859) 257-3184; (fax) (859) 257-5876; C-terminal. (b) A3(25—35)amide in which the C-terminal carboxylate
(e'?“a") dabcns@pop.uky.edu. functionality of methionine in &(25—35) is converted into an amide

* g:ﬁta e Moo o functionality. (c) The side chain of methionine in which the sulfur atom
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peroxidation in cell cultures. Similar to the case with the full-
length peptid€;8 replacement of the methionine residue 35 with
structurally similar norleucine (in which the sulfur of methionine
is replaced by a methylene group) ilB@®5—35) abolishes the
oxidative stress and neurotoxic properties of the peftide.
Despite the numerous similarities in the properties gF A
(1—42) and A8(25—35), there are some subtle differences

Varadarajan et al.

(a) Assessment of Neuronal SurvivalNeuronal survival of 9-11-
day-old hippocampal neuronal cultures was evaluated by the trypan
blue exclusion assay. Cells were rinsed 3 times with 1 mL of phosphate-
buffered saline (PBS; pH 7.4) after exposure to the peptides. Trypan
blue (0.4%, Sigma) was added to cells along with 300 mL of PBS and
the resultant mixture incubated for 10 min. Sixteen different microscopic
areas were counted for uptake of trypan blue. Dead neurons (with a
damaged cell membrane) internalize the dye while competent neurons

between the two peptides: the shorter peptide is more rapidly 4o not. Data are given as percentages of corresponding vehicle-treated

toxic than the full-length peptide; in addition 525—35) often
causes more oxidative damage thafi(®-42). Furthermore,
Ap(1—42) has been shown to strongly bind Cu(ll) ions and
reduce these metal ions to Cu(l), whereg®25—35) lacks the
Cu(ll) binding motif that was identified in A(1—42)1° These
observations led us to investigate the possibility that the
mechanism of the oxidative stress induced 8(Z5—35) may

be different from that of g£(1—-42). Since the methionine

values.

(b) Assessment of Mitochondrial Function Mitochondrial function
in 9—11-day-old hippocampal neuronal cultures was evaluated by the
3-[(4,5-dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide (MTT)
reduction assa¥? MTT is reduced to blue formazan by dehydrogenases
in functional mitochondria3* Cells were incubated with MTT at 37
°C for 4 h. After incubation, the unreacted dye and the medium were
removed by inverting the plate. Into each well, 1 mL of 0.04 M HCI
in 2-propanol was added to solubilize MTT formazan. Absorbance was

residue is implicated in damaging effects of both peptides, we easured by Uwvtvisible spectrophotometry at a wavelength of 570
wondered whether the environment of the methionine plays a nm and a reference wavelength of 630 nm. The data are presented as

role in the observed differences. The most obvious difference a percentage of corresponding control values.

is the fact that the methionine in the shorter peptide is

(c) Protein Carbonyl Assay (Oxyblot Method). To determine the

C-terminal. In this report, we describe experiments that elucidate level of protein oxidation an oxidized protein detection kit (Intergen)

the role of the terminal methionine in the toxic properties of

AB(25—35) and discuss the possible differences in the mech-

anism of action of £(1—42) and A3(25—35).

Materials and Methods

General Information. Peptides used in these studies were obtained

from Bachem Chemical (Torrence, CA) or AnaSpec (San Jose, CA).

Purity was certified by HPLEMS for each of the peptides. The
peptides were stored in the dry state, as received2&t°C until use.
N-tert-Butyl-o-phenylnitrone (PBN) was synthesized as desctilauld

was used. This kit is based on immunochemical detection of protein
carbonyl groups derivatized with 2,4-dinitrophenylhydrazine (DN-
PH)1516The experimental procedure used is described elsetibat
are given as percentages of corresponding vehicle-treated values.
EPR Spin Trapping. The purity of the PBN used in these studies
was extensively verified as described elsewHefbe peptides were
solubilized (165«M for the full-length peptides, 1 mM for the shorter
peptides) in PBS buffer (150 mM NacCl, 5 mM sodium phosphate, pH
7.4) containing PBN (50 mM). The buffer was stirred overnight in the
presence of Chelex 100 resin, and the divalent metal ion chelator
deferroxamine mesylate (2 mM) was dissolved in the buffer prior to

rigorously purified by repeated recrystallizations and vacuum sublima- peptide addition. The peptide solutions and control solutions lacking

tions. All batches of PBN were verified to be pure by NMR, HPLC,
and MS before use in order to eliminate the possibility that impurities

peptides were then incubated in a water bath afG7or different
periods varying between 0 and 72 h as required. Aliquots of@06f

may give rise to any EPR spectra. Deferroxamine and Chelex 100 werethese solutions were placed into an EPR flat cell at appropriate time

obtained from Sigma (St. Louis, MO). The protein carbonyl Oxyblot

kit was purchased from Intergen, Catalog No. S7150 (Purchase, NY).

All other chemicals were of reagent grade or better.
Cell Culture Experiments. All experiments were conducted in
accordance with national legislation, with the National Institutes of

points for EPR analysis. The EPR spectra were acquired on a Bruker
(Billerica, MA) EMX EPR spectrometer. Instrumental parameters were
as follows: microwave power 20 mW, modulation amplitude-0L3
G, gain 1x 10°, and conversion time 10.28 ms.

Metal Reduction AssaysThe ability of A3 peptides to reduce Cu-

Health Guide regarding the care and use of animals for experimental (1) was assessed by an assay based upon modifi¢atbrstablished

procedures, and with the approval of the University of Kentucky Animal

protocolst® Briefly, freshly solubilized peptides (140M) or vitamin C

Care and Use Committee. Neuronal cultures were prepared from 18-(10 uM), Cu(ll) (25 uM), and the Cu(l) indicator bicinchoninic acid

day-old SpragueDawley rat fetuses as described elsewli&gnthetic
Ap peptides were first solubilized in double-distilled sterile water that

(BCA, 250uM) were coincubated in Dulbecco’s phosphate-buffered
saline (PBS: CaGl1.19 mM, MgC} 0.6 mM, KCI 2.7 mM, KHPO,

had been stirred over Chelex 100 resin by indirect sonication in a cold 1.4 mM, NaCl 137 mM, NgHPO, 7.68 mM, pH 7.4), in 96-well

water bath for a few minutes. The full-length peptide solutions were
preincubated for 24 h before addition to cultures, while the shorter

microtiter plates (Costar Corp., Cambridge MA) at 32, for 1 h.
Absorbances were then measured using a plate reader (PowerWaveX,

peptides were added to cultures immediately after dissolution. The final Bio-Tek Instruments, Inc., Winooski, VT). The net absorban¢es) (

peptide concentration in the cell cultures wasuM0 in all cases. The

were recorded after subtracting out the appropriate absorbance for

same volume of sterile deionized water was added to control cultures. controls lacking peptide, Cu(ll), and BCA, respectively. Cu(l) con-
The effects of the full-length peptides on neurons was measured aftercentration ¢M) was then calculated asA x 10f/ML, whereM is the
24 h of exposure, while those of the smaller peptides were measuredknown molar absorptivity for Cu()BC (7700 Mcm™ at 562 nm)

after 6 h of exposure.

(4) Yankner, B. A.; Dawes, L. R.; Fisher, S.; Villa-Komaroff, L.; Oster-
Granite, M. L.; Neve, R. LSciencel989 245, 417—420.

(5) Pike, C. J.; Walencewicz-Wasserman, A. J.; Kosmoski, D.; Cribbs,
H.; Glabe, C. G.; Cotman, C. W. Neurochem1995,64, 253-265.

(6) Yatin, S. M.; Aksenov, M.; Butterfield, D. ANeurochem. Re4999
24, 427-435.

(7) Yatin, S. M.; Varadarajan, S.; Link, C.; Butterfield, D. Weurobiol.
Aging 1999 20, 325-330.

(8) Butterfield, D. A.; Varadarajan, S.; Aksenova, M.; Link, C.; Yatin,
S. M. Neurobiol. Aging1999 20, 339-342.

(9) Varadarajan, S.; Yatin, S.; Kanski, J.; Jahanshahi, F.; Butterfield, D.
A. Brain Res. Bull1999 50, 133-141.

(10) Atwood, C. S.; Moair, R. D.; Huang, X.; Bacarra, N. M. E.; Scarpa,
R. C.; Romano, D. M.; Hartshorn, M. A.; Tanzi, R. E.; Bush, Al.IBiol.
Chem 1998 273 1281712826.

(11) Huie, R.; Cherry, W. RJ. Org. Chem1985 50, 1531-1532.

andL is the vertical path length (cm).
Electron Microscopy. The ability of the full-length 4 peptides to
form fibrils upon incubation in solution for 2448 h was assessed by

(12) Shearman, M. S.; Hawtin, S. R.; Tailor, V.JJ.Neurochem1995
65, 218-227.

(13) Green, L. M.; Reade, J. L.; Ware, C.J-Immunol. Method$984
70, 257-268.

(14) Mosmann, TJ. Immunol. Method4983 65, 55-63.

(15) Levine, R. L.; Garland, D.; Oliver, C. N.; Amici, A.; Climent, |.;
Lenz, A. G.; Ahn, B. W,; Shaltiel, S.; Stadtman, E. Rethods Enzymol.
199Q 186, 464-478.

(16) Levine, R. L.; Williams, J. A.; Stadtman, E. R.; ShacterViethods
Enzymol.1994 233 346-357.

(17) Huang, X.; Atwood, C. S.; Hartshorn, M. A.; Multhaup, G.;
Goldstein, L. E.; Scarpa, R. C.; Cuajungco, M. P.; Gray, D. N.; Lim, J,;
Moir, R. D.; Tanzi, R. E.; Bush, A. IBiochemistry1999 38, 7609-16.

(18) Brenner, A. J.; Harris, E. DAnal. Biochem1995 226, 80—84.
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Figure 2. Neurotoxicity in 9-11-day-old hippocampal neurons treated  Figure 3. Changes in mitochondrial function, as measured by the MTT
with the various peptides. Neurotoxicity was measured by the trypan reduction assay, in-911-day-old cultured hippocampal neurons treated
blue assay. Dead neurons internalize the dye. The two full-length with the various peptides. Neurons with impaired mitochondrial function
peptides were preincubated for 24 h before addition to the cell cultures are unable to reduce the MTT dye effectively relative to healthy cells.
while the smaller peptides were added without any preincubation. The two full-length peptides were preincubated for 24 h before addition
Neuronal toxicity was evaluated 24 h after addition of the full-length  to the cell cultures while the smaller peptides were added without any
peptides ad 6 h after addition of the smaller peptides. Data shown are preincubation. Mitochondrial function was evaluated 24 h after addition
the mean of two to four different experiments with each experimental of the full-length peptides ah6 h after addition of the smaller peptides.
value being the average of three trials. Statistical comparisons were Data shown are the mean of two to four different experiments with
made using the Studentigest. Error bars represent SD values. Only  each experimental value being the average of three trials. Statistical
the native A8(1-42) and unmodified £(25-35) were significantly comparisons were made using the Studeriést. Error bars represent
toxic with AB(25—35) exhibiting levels of toxicityn 6 h that were SD values. The neurotoxic A1—42) and A3(25—35) significantly
comparable to those exhibited by the native full-lengif(#-42) in inhibited mitochondrial function. The sulfoxidespfl—42)Sox and
24 h. (*,p < 0.001 compared to control values). ApB(25—35) also lowered mitochondrial function, although to a lesser
extent than the corresponding parent peptidesp (% 0.01 for A3-

electron microscopy. Aliquots of AL of the peptide solutions that (1—42), A3(25—-35), and A8(25—35)Sox compared to controlg; <
were used for the cell culture experiments were placed on a copper0.13 for A3(1—42)Sox vs control). Neither A(25—35)amide nor -
Formvar carbon-coated grid. After-1L.5 min of incubation at room (25—36) had any effect on mitochondrial function.
temperature, excess liquid was drawn off, and samples were counter-
stained with 2% uranyl acetate. Air-dried samples were examined in a which the C-terminal carboxylic acid is replaced by an amide,
Hitachi 7000 transmission electron microscope at 75 kV. were nontoxic to cells by either assay.

Statistical Analysis. A two-tailed Student'st-test was used to
compare mean values of the various parameters measungedaiie
of <0.05 was considered statistically significant.
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Peptide-Induced Neuronal Protein Oxidation. Oxidative
stress-induced protein oxidation is usually manifested by an
increase in the levels of protein carboniisThe effect of the
Results various peptides on neuronal protein oxidation is represented

) . as protein carbonyl levels in Figure 4. The two toxic peptides

Peptlde-lnduced l\!euronal Toxicity. The effect pf the 8 AB(1—42) and AB(25-35) caused a significant increase in
peptides on cell survival was measured by exposing 19 membrane protein oxidation, with the effect g8¢®5—35) being
day-old cultured hippocampal neurons to various peptides and . ch more robust (2.5 times control values). None of the other

measuring the cell viability after a certain time. The full-length peptides that were examined caused any significant increase in
peptide A3(1—42) and its methionine sulfoxide analoguespA protein oxidation.

(1—42)Sox] were preincubated for 24 h prior to addition to cells,
and their effect on cell viability was measured 24 h after
addition. The shorter peptidespf5—35), A3(25—36), the
methionine sulfoxide analogue/#25—35)Sox, and &(25—
35)amide (where the C-terminal carboxylate is replaced by an
amide functionality) were added to cell cultures immediately
after dissolution, and their effects were meadu6eh after
addition. The values for cell viability were measured by two
different methods: the trypan blue exclusion assay, which
measures cell membrane integrity, and the MTT assay, which
measures mitochondrial function. These results are presente
in Figures 2 and 3, respectively. As has been reported béfbre,
both A5(25—35) and A3(1—42) were toxic to cells by the trypan
blue assay and inhibited mitochondrial function, witi(25—

35) exhibiting toxicity levelsn 6 h that were comparable to
toxicity levels exhibited by £(1—42) in 24 h. Interestingly,
while the two sulfoxides A(1—42)Sox and #8(25—35)Sox
were nontoxic by the trypan blue assay, they both compromise

mitochondrial function to some extent. 525—36), with (19) Butterfield, D. A.; Stadtman, E. Rdv. Cell Aging Gerontal1997,
methionine no longer C-terminal, andff5—35)amide, in 2, 161-191.

Spin Trapping Experiments. The electron paramagnetic
resonance (EPR) spectra of the reaction productssgiéptides
with PBN are shown in Figure 5. Confirming earlier studies,
both the toxic A(1—42) and A3(25—35) produced a four-line
spectrum oftert-butylhydronitroxide resulting from the break-
down of the PBN-peptide adduct as described elsewligre.
Interestingly, A6(1—42)Sox and £(25—35)Sox, the two pep-
tides that inhibit mitochondrial function, but exhibit no toxicity
indexed by trypan blue, nor protein oxidation, also produced
he same four-line EPR spectrum. However, in the case of the
ulfoxides, the spectra were generated at a slower rate and were
less intense than those generated by the corresponding parent
peptides. No spectra were generated with the nontog{@38—
36) and A3(25—35)amide even upon prolonged incubation.
Cu(ll) Reduction by the Peptides. The ability of A3(1—
42) to reduce redox metal ions such as Fe(lll) and Cu(ll) has
dbeen implicated in its toxicity? While one or more of the three
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Figure 4. Protein oxidation induced by the peptides as measured by
the changes of protein carbonyl content ir2d-day-old cultured
hippocampal neurons treated within the varioysgeptides. The two
full-length peptides were preincubated for 24 h before addition to the
cell cultures while the smaller peptides were added without any
preincubation. Changes in protein carbonyl levels were evaluated 24 h
after addition of the full-length peptides @® h after addition of the
smaller peptides. Data shown are the mean of two to four different
experiments with each experimental value being the average of three
trials. Statistical comparisons were made using the Studetetss. Error

bars represent SD valuess@—42) and A5(25—35) induced significant
protein oxidation, with the smaller peptide being much more damaging.
(*, p < 0.00001 vs controls). There was no significant increase in
protein carbonyl content compared to control values for the other
peptides.
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Figure 5. EPR spectra obtained in various spin-trapping experiments
with PBN (50 mM) upon incubation at 37C in chelexed PBS for
varying times. All solutions contained deferroxamine (2 mM). (A)
Control PBN solution, lacking peptide, after 72 h. (BpA—42) (165
uM) after 60 h. (C) A3(25—35) (1 mM) after 24 h. (D) £(25—36) (1
mM) after 48 h. (E) 48(25—35)amide (1 mM) after 48 h. (F) A1—
42)Sox (165:M) after 72 h. (G) A3(25—35)Sox (1 mM) after 48 h.
Instrumental parameters were as follows: microwave power 20 mW,
modulation amplitude 0:31 G; gain 1x 10 conversion time 10.28
ms. All the peptides that inhibited mitochondrial functionjA—42),
AB(25-35), A3(1-42)Sox, and £(25—35)Sox] yielded a four-line
EPR spectrum.

histidine residues (Figure 1a) is believed to be involved in the
strong Cu(ll) binding by the peptidé the source of the electron

Varadarajan et al.

Cu(l) produced (uM)

T e S |
VItC  AB(1-42) AB(1-42) AB(25-35) AB(25-36)AB(25-35) AB(25-35) AB(1-42)
Sox Sox amide 24h

= T

Peptides
Figure 6. Reduction of Cu(ll) by peptides. Freshly solubilized peptides
(10 uM) or vitamin C (10uM), Cu(ll) (25 uM), and the Cu(l) indicator
BCA (250 uM) were coincubated in Dulbecco’s PBS (pH 7.4), at 37
°C, for 1 h, and the absorbance of the BEBu(l) complex was
measured. The net absorbancA#\( were recorded after subtracting
out the appropriate absorbances for controls lacking peptide, Cu(ll),
and BCA, respectively. Cu(l) concentratiqu\) was then calculated
asAA x 10°/LM, whereL is the vertical path length (cm) aid is the
known molar absorptivity for Cu(fyBCA (7700 Mlcm™* at 562 nM).
Freshly solubilized £(1—42) reduced Cu(ll) with about 65% efficiency
within 1 h, while A3(1—42) that had been preincubated for 24 h did
not reduce any significant amount of Cu(ll). None of the oth¢gr A
peptides reduced Cu(ll). Data are expressed as the average of three
replicate wells from a single microplate. Error bars represent SD values.

transferred to Cu(ll) was not identified. Only a few amino acids,
viz. tyrosine, tryptophan, methionine, and cysteine, are oxidized
at modest potentials. Of these, only the methionine and tyrosine
residues are present ingfLl—42) and are likely candidates for
the electron-transfer reaction. We measured the ability of various
peptides to reduce Cu(ll), relative to vitamin C (as a positive
control). The results of these experiments are shown in Figure
6. Confirming previous findings of othetséfreshly solubilized
Ap(1—-42) reduced Cu(ll) to Cu(l) with about 65% efficiency
within 1 h. Only freshly solubilized A(1—-42) was able to
reduce Cu(ll); peptide solutions that had been incubated for over
24 h did not reduce any Cu(ll). The freshly solubilized(A—
42)Sox, containing oxidized methionine, did not reduce any Cu-
(). All the smaller peptides, A(25—36), A3(25—35)amide,
and the toxic 4(25—35), that contain methionine but lack the
tyrosine and the Cu(ll) binding histidines did not reduce any
Cu(ll). As reported?® AB(1—28), which contains the histidine
residues of £(1—42) and the tyrosine, but no methionine, did
not reduce Cu(ll) (data not shown).

Fibril Formation. The ability of A3(1—42) to form fibrils
in solution has often been linked to its toxicky? Therefore,
we investigated the ability of the nontoxiggfl—42)Sox to form
fibrils in solution. Upon incubation for 2448 h (the time frame
in which cell toxicity is measured in our experiments)j(A—
42)Sox formed an extensive network of fibrils similar to native
AfS(1-42) as shown in Figure 7.

(20) Huang, X.; Atwood, C. S.; Cuajungco, M. P.; Hartshorn, M. A,
Tyndall, J.; Hanson G. R.; Stokes, K. C.; Leopold, M.; Multhaup, G.;
Goldstein, L. E.; Scarpa, R. C.; Saunders: A. J.; Lim, J.; Moir, R. D.; Glabe,
C.; Bowden, E. F.; Masters, C. L.; Fairlie, D. P.; Tanzi, R. E.; Bush, A. |.
J. Biol. Chem 1999 274, 37111+-37116.

(21) Atwood, C. S.; Moir, R. D.; Huang, X.; Bacarra, N. M. E.; Scarpa,
R. C.; Romano, D. M.; Hartshorn, M. A,; Tanzi, R. E.; Bush, AJIBiol.
Chem 1998 273 12817-12826.

(22) Lorenzo, A.; Yankner, B. AProc. Natl. Acad. Sci. U.S.A.994
91, 12243-12247.
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of methionine is indeed important to these properties of the
e . _ b smaller peptide. In contrast, such a simple increase in the length
T i 1 of the native A(1—40) to A3(1—42) does not significantly
. e = TN L affect its toxicological propertie®?3
Figure 7. Electron microscopy of (A) A(1—42) and (B) A3(1—42)- The role of methionine in the toxicological properties ¢f A
Sox incubated at 37C for 48 h. Both peptides form an extensive most likely involves an oxidative event at the sulfur atom. We
network of fibrils. therefore investigated the effect of oxidizing the sulfide of
Di . methionine to a sulfoxide (Figure 1c,d) in botlt@—42) and
IScussion ApB(25-35) on their behavior. The result of this modification

AB(25—35) has been frequently used in investigations f A was similar in both cases. While cellular toxicity and membrane
properties since it is a less expensive and more easily manipu-protein oxidation were blocked, mitochondrial function was still
lated substitute for the native full-length peptidef(A—42), affected, albeit to a lesser extent than the corresponding parent
the latter being implicated in the pathogenesis of AD. Implicit peptides. Interestingly, all the peptides that inhibit mitochondrial
in these experiments is the assumption that the mechanism offunction also generate an EPR spectrum upon incubation with
action of A3(25—35) is similar to that of £(1—42). Indeed, PBN in cell free solutions.

AS(25—35) mimics the toxicological and aggregation properties ~ The event that may initiate the oxidation of methionine is
of the full-length peptide, though these characteristics are not yet clear. One or more of several reactive oxygen species
exaggerated; i.e., the shorter peptide is more toxic to cultured present in biological systems may play a role. Also, Cu(ll),
neurons, exhibits toxicity earlier, causes more membrane proteinpostulated to bind to histidines of#f1—42), may be involved.
oxidation, and aggregates faster than the natigélA42). The single electron oxidation of a sulfide to a sulfuranyl radical

We reasoned that studying the factors that cause the smallercation may be represented as in Scheme 1. Usually such
peptide to be much more potent than the full-length peptide S-oxidized radical cation species form reversible complexes via
may help us understand the mechanism of toxicity. Earlier three-electron, two-center bonding to water, sulfides, or other
studies from our laboratory established the link between the Lewis bases and tend to be very short-livédt this radical
methionine residue of A(25—35), A3(1—40), and A3(1—42) cation is sufficiently long-lived, it can cause oxidative damage
and the oxidative stress and neurotoxicity caused by theseby several mechanisms that have been theoretically examined
peptides ™ It followed that factors that enhance the deleterious in the literature?> For example, such sulfuranyl radical cations
effects in the smaller A(25—35) may involve the environment ~ can abstraca H atom from other proteins (leading to protein
of the methionine residue. The main difference in the environ- oxidation) or lipids (leading to lipid peroxidation) in the
ment of methionine betweend{1—42) and A3(25—35) is that membrane bilayer as shown in Scheme 2. The resultant
methionine is a C-terminal residue in the smaller peptide (Figure sulfonium ion is highly acidic (K. = —5)?° and can be easily
1a). To investigate whether the terminal nature of the methionine deprotonated even by weak bases to restore the methionine. Such
plays a role in its enhanced toxicity, we teste@(25—36) a catalytic role for methionine, coupled with compromised free-
(Figure 1a), in which the next amino acid in the series (valine : : " P—
is added to the C-terminus of methionine, arﬁZG—SS)angide ) Dis(_zgég(?g,”'lzs'}“’{‘él’_aradara’a“’ S- and Butterfield, D.JAAlzheimer's
(Figure 1b), in which the terminal carboxylate functionality is W'I(24) Agmsstrong, D.A. Irf:?(-CenterethadicalsAIfassi, Z.B., Ed,; John
converted into an amide functionality. Both these modifications ! (?é)algauk(,)g\s_;. A’\r‘ren";’t:g%: é?i%lzgirﬁgfeé_zg_ Am. Chem. So200Q
completely blocked the oxidative stress and neurotoxicity 177 9761-9767.
properties of the peptide, confirming that the terminal nature  (26) Arnett, E. M.Prog. Phys. Org. Chenl963 1, 223-403.
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Scheme 3 toxicity.?8 Therefore, although the oxidation of3&l—42) by a
0 redox metal ion may explain the origin of the free-radical
N process that we believe to be involved in the oxidative stress
R o veeor B (f exerted by the peptide, the role of metal ion reduction i+ A
) N (1—42) toxicity is not clear. Other amino acids, such as tyrosine
Q (residue 10), conceivably could be involved in Cu(ll) reduction.
However, other factors must be involved in the metal ion
1 reduction since A(1—28), which does not contain methionine,
. but does have tyrosine and the Cu(ll) binding histidines, does
not reduce Cu(ll) nor does (A1—42)Sox. More research is
R oy r” o necessary to address this issue. But reduction of transition metal
® ¥ ions clearly plays no role in the toxicity of 25—35), which
> ™ does not contain the strong Cu(ll) binding sites identified in
AB(1-42), since, unlike A(1—42), this shorter peptide does
radical antioxidant mechanisms in AD victims, could explain not reduce Cu(ll) to Cu(l).
the vast amount of neuronal damage observed around amyloid Fibril formation by the A8 peptides has often been postulated
deposits in the AD brain. to be an essential prerequisite for their toxic effects on neurons.
The ease of oxidation of the methionine sulfur and the AS @ consequence, much research has been devoted toward
stability of the resultant radical cation can be expected to affect inhibiting fibril formation as a tactic to prevent/Atoxicity.
the ability of the peptide to mediate oxidative damage. In the Indeed, several such approaches have succeeded in inhibiting
case of A3(25—35), the methionine is a terminal residue. At the lethal effects of these peptides. However, we earlier reported
neutral pH, the C-terminus of the peptide is a carboxylate anion. that replacing the methionine in/#1—42) with structurally
The negatively charged oxygen can aid in the oxidation of the Similar norleucine (S replaced by GHhad no effect on fibril
sulfur and in the subsequent stabilization of the resultant radical formation but completely abrogated the damage to é@lls.
cation as shown in Scheme 3. Six-membered sulfuranyl radical Similarly, we now show that A(1—42)Sox (in which the sulfur

Cann |ntermed|ates have been repoﬁéSuchstrongne|gh_ Of meth|0n|ne |S 0X|d|zed to SU|f0XIde) fOI’mS an eXtenSiVe
boring group assistance to oxidation would not be possible in network of fibrils (Figure 7) similar to the native/K1—-42),
AB(25—36), where methionine is not C-terminal, or ifB@5— but the former peptide is not lethal to cells, nor does it cause

35)amide, which contains the neutral amide terminus. Consistentincreased protein oxidation, unlikeff1—42). Furthermore,
with this notion, Figures 25 show that neither of these ~Minor modifications around the methionine residue (26—
modified AB(25—35) peptides is toxic to cells, causes mito- 35). such as increasing its length by one amino acid (valine) in
chondrial dysfunction, induces neuronal protein oxidation, or AS(25—36) or converting the carboxylate terminal to an amide
leads to an EPR spectrum in the presence of the spin trap PBN s in A3(25—35)amide, completely block the poisonous effects
Also, in the case of (25—35)Sox, since the methionine is of the peptide. Our results seem to suggest that the factors that
already in the oxidized form, further oxidation, though possible, govern the toxicity of these peptides may be molecular in nature.
would be difficult. While insight into the mechanism of Prevention of toxicity of 4 peptides in other studies by

oxidative damage and neurotoxicity of the shortgi(26—35) modifying their aggregation properties conceivably could be due
has been gained, the exact identity of the oxidizing species of t0 the change in the electronic nature of the environment
this non-AD peptide remains unknown. surrounding methionine caused by these modifications.

With respect to the full-length A(1—42), since the methio- Since not all methionine-containing peptides are lethal, it

nine is not terminal and therefore lacks the nearby carboxylate follows that additional contributing factors must be present in
functionality, there is less neighboring group assistance for A8 Peptides that render the methionine harmful. These supple-
oxidation of the sulfur, and consequently, the methionine is Mentary factors in & could be structural, due to the unique
likely to be more difficult to oxidize. As noted above, perhaps S€duence of amino acids relative to methionine. It has been
redox metal ions such as Cu(ll) play a role in the oxidation of Suggested that perhaps the proximity of this methioninefin A
methionine in this case. There is no evidence as yet to indicatePEPtides to a glycine (residue 33) on an adjacent peptide chain
that methionine is the source (direct or indirect) of the electron May be the critical factof? The hypothesis was that if the
transferred to Cu(ll) during the reduction of the metal ion by lifetime of the highly reactive sulfuranyl radical cation generated

freshly solubilized A(1—42). However, we previously showed UPON oxidation of the methionine sulfu_r was directly propor-
that the single atom substitution of S in methionine residue 35 tional to the damage caused by the peptide, then perhaps H atom

to CHy, i.e., norleucine in place of methionine in3&—42) abstraction by the sulfuranyl radical from thecarbon of
resulted in a peptide that is nonoxidative and nonneurotoxic 91YCine, resulting in the formation of a glycyl radical, would
even in the presence of added Cufll)This norleucine- prolong the life of a radical species and thus increase the

substituted /8(1—42) still contains the purported Cu(ll) binding 9@mage. Such am-H atom abstraction, which in the presence
histidines and the easily oxidizable tyrosine. Thus, in the absence®f 0Xygen would form a peroxy! free radical, would not be
of methionine, Cu(ll) appears to be a bystartidence, if redox ~ POssible from other amino acids in a hydrophofisheet
metal ions such as Cu(ll) do play a role ifB@L—42) toxicity, environment since the formation of a radical species at the
then the mechanism of metal ion-mediated toxicity has to ©-Carbon requires that the geometry around thisarbon be
involve methionine. However, &(1—42) incubated in solution planar. All other amino acids with bulky side chains Wo_uld be
for more than 24 h no longer reduces metal ion, while it has Unable to adopt this planar geometry arounddhearbon in a
been well documented that incubation oB@—42) for long /-sheetenvironment. Studies to test this notion are in progress.
periods (up to 7 days) prior to exposure to cells enhances its (28) Pike, C. J.; Walenzcewicz, A. J.; Glabe, C. G.; Cotman, CBk&in

Res 1991, 563 311-314.

(27) Schoneich, C.; Pogocki, D.; Wisniowski, P.; Hug, G. L.; Bobrowski, (29) Varadarajan, S.; Yatin, S.; Butterfield, D. Alzheimer's Re200Q
K. J.J. Am. Chem. So00Q 122, 1022410225 3, 71-76.
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Conclusion ment around the methionine residue. Studies conductedfen A
Ap(1—42)-associated oxidative stress and neurotoxicity may .(25_35) may be i.nvaluable 'in. obtaining some molecular ir!sights
unite the known oxidative stress under which the AD brain exists |n_to the mechanism of tOX|c_|ty. I_—iowever,_glven th_e d|_st|nctly
and the centrality of £(1—42) to the pathogenesis of this different .molecula.r mecha}nlsm |nvolveq in t.he OX|dat|v§ and
neurodegenerative disorder Although the toxicological and _neurotoxm propertle_s of this shorter pept'de’. It may b? mislead-
oxidative stress effects of &1—42) and A3(25—35) are quite ing and nonproducltl.v(.e to explore therapeutic ;trateglgs for the
similar, our experiments reveal that there may be two different éatment of AD utilizing the smaller, non-native peptide.
mechanisms that govern their toxicological properties. Only one
of these mechanisms is probably operative in the truncated Acknowledgment. This work was supported in part by NIH
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mechanisms may be operative in the full-length peptide. Both

mechanisms seem to be intimately associated with the environ-JA010452R



