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The A3 3-Pyroglutamyl and 11-Pyroglutamyl Peptides Found in Senile Plaque
Have Greate3-Sheet Forming and Aggregation Propensities in Vitro than
Full-Length AT
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ABSTRACT: Ap isolated from neuritic plaque and vascular walls of the brains of patients with Alzheimer’s
disease has been shown to contain significant quantitieg3gbetides which begin at residd€lu or

HGlu in the form of pyroglutamyl residues (8pE and A811pE). To investigate the effects of these
N-terminal modifications on the biophysical properties ¢f, Aeptides £1—40, AG3pE-40, AB11pE-

40, AB1-28, A33pE—-28, and A811pE-28 were synthesized. Using circular dichroism spectroscopy, we
determined that the pyroglutamyl-containing peptides fgirsheet structure more readily than the
corresponding full-length A peptides, both in aqueous solutions and in 10% sodium dodecyl! sulfate
micelles. Trifluoroethanol spectra indicated that the relgthaheet toa-helical stability is higher for the
pyroglutamyl-containing peptides. Sedimentation experiments show that the pyroglutamyl-containing
peptides have greater aggregation propensities than the corresponding full-length peptides. Comparison
between the B40 and the 428 series indicated that the greajgessheet forming and aggregation
propensities of the pyroglutamyl peptides are not simply due to an increase in hydrophobicity.

Alzheimer's disease (AD)s a neurodegenerative disorder Ap peptide conformationally sensitive to external influences
characterized pathologically by the progressive deposition such as pH and ionic strength, and is probably the region
of amyloid{ peptide (AG) both intraneuronally and extra- involved in binding to both metals and other protei. (
cellularly in the brain ). The extracellular deposits include A number of N-terminally modified & species have
amyloid senile plaque and cerebrovascular amyl@id3J. recently been identified in the amyloid of AD patients. These
The deposition of amyloid appears to be a critical factor in modifications include isomerization of aspartic acid 1 and 7
disease development, ang Kself appears to be neurotoxic  (12—15) and pyroglutamate formatiod g, 14—19). In fact,

(4, 5). AS is derived proteolytically from the A precursor the major component of AD senile plague may not be full-
protein (APP) in generating mainly two/Aforms, A1— length AB, but instead N-terminally modified /& beginning

40 and As1—-42, which differ in the position of their  at glutamate 3 and post-translationally modified through
C-terminal cleavage from APP. APP has a single membrane-intramolecular dehydration to contain an N-terminal pyro-
spanning domain near its C-terminus. Within APIB, gpans glutamate 14, 16, 17). Pyroglutamyl forms of #&, termed

the extracellular spaeemembrane interface, with the N-  AS3pE and A11pE here, were shown to constitute more
terminal 28 amino acid residues on the outside of the cell than 50% of the /& in neuritic plaque in some individuals.
and the C-terminal residues within the hydrophobic domain The loss of three charges, including an N-terminal charge,
(6). Both A31—40 and A31—42 have been widely studied for AS3pE, and six charges for /L1pE, could have a

in efforts to determine the influence of factors such as pH significant effect on the conformational behavior and de-
on their ability to form thes-sheet structure of amyloid ¢ positability of these peptides. In addition, the N-terminal
9), their relative depositabilityl(0), and neurotoxicity 11). pyroglutamate would be expected to offer some protection
All the charged residues in theffsequence fall within the  against in vivo proteolysis of these peptides, increasing their
28 N-terminal residues, and it is this region that makes the importance as potential seeds for amyloid formatiti).(
Such decreased protease susceptibility has been observed
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1 Abbreviations: A8, amyloid3-peptide; AD, Alzheimer’s disease; . .
Glu, glutamic acid; A3pE, 3-pyroglutamyl £&; AB11pE, 11-pyro- 28, A33pE-28, and A311pE-28 (Figure 1). The relative

glutamyl A8; SDS, sodium dodecyl sulfate; APPBArecursor protein; pB-sheet forming propensities of these peptides were inves-
CD, circular dichroism; HBTU, 2-(-benzotriazol-1-yl)-1,1,3,3-tetra-  tigated using circular dichroism (CD) in aqueous solution

methyluronium hexafluorophosphate; HOBt, 1-hydroxybenzotriazole; ; ; ; ;
DIPEA. diisopropylethylamine: HFIP, 1.1.1.3.3.3-hexafluoro-2-pro- and in sodium dodecyl sulfate (SDS) micelles. The influence

panol; HPLC, high-performance liquid chromatography; TFA, trifluo-  Of PH on the conformation of each peptide was also
roacetic acid; TFE, trifluoroethanol; DS, Down’s syndrome. investigated. The ability of trifluoroethanol (TFE) to induce

10.1021/bi990563r CCC: $18.00 © 1999 American Chemical Society
Published on Web 08/17/1999



10872 Biochemistry, Vol. 38, No. 33, 1999 He and Barrow

IDAEFRHDSGYEVHHQKLVFFAEDVGSNKGATIGLMVGGVV40 6
3pyroEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGV V40 pH5 A: Ap1-40
1pyroEVHHQKLVFFAEDVGSNKGAIIGLMVGGV V40 41 A
IDAEFRHDSGYEVHHQKLVFFAEDVGSNK28 2 W et
3pyroEFRHDSGYEVHHQKLVFFAEDVGSNK28
pyroEVHHQKLVFFAEDVGSNK?28 0
FiGure 1: One-letter code sequences for the peptides synthesized 2]
during this study.
4
an a-helical conformation for each peptide was determined
as an indication of relativex-helix to S-sheet stability. _ 14;
Relative aggregation propensities for these peptides were then g pH5 B: ABpE3-40
determined using sedimentation. S 10 4
MATERIALS AND METHODS "g 5
Peptide SynthesiPeptides were synthesized using manual g'»
solid-phase Boc amino acid chemistry with in situ neutraliza- © 0 ™y R o
tion (21). Acylations were performed using 5 equiv of the %
Boc-protected amino acid, 4.9 equiv of 2-zbenzotriazol- : 5
1-y)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), = 10
5 equiv of 1-hydroxybenzotriazole (HOBt), and 7.5 equiv. =™ "3
of diisopropylethylamine (DIPEA). Each acylation was pH S C: ABpE11-40
monitored using ninhydrin monitorin@®), and couplings 18 IFPa
were repeated if necessary. Peptides were cleaved from the 10 775
resin using anhydrous hydrogen fluoride wytcresol and 5
p-thiocresol as scavengers. After hydrogen fluoride removal, i
peptides were dissolved in trifluoroacetic acid (TFA) and 013 RN e
precipitated with ether. Peptides were purified using an -5 -
acetonitrile/water (0.01% TFA) gradient on a reverse-phase 40 |
preparative Zorbax HPLC column heated to 8D. The .

peptide purity and identity were confirmed using analytical
high-performance liquid chromatography (HPLC), electro-
spray mass spectrometry, and amino acid analysis. Wavelength (nm)

Circular Dichroism SpectroscopyCD spectra were ob-  Figure 2: CD spectra showing the pH dependence @fLA40
tained under a variety of solution conditions using a model (A), AB3pE-40 (B), and A811pE-40 (C) in aqueous phosphate-
62DS CD spectropolarimeter (AVIV, Lakewood, NJ). The buffered solutions. A3pE—40 and A311pE-40 exhibit increased
method that we used was similar to that previously described?-Sheet content as compared t@1-40. The number near each

- - . curve denotes the pH value at which that curve was obtained.
for AS (8). Briefly, peptide stock solutions were prepared
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) for thg40
series and acetonitrile in water (1:1) for thegg28 series.
The concentrations of the stock solutions were determined
using quantitative amino acid analysis. A known amount of
this stock solution, normally #L, was injected into 30@L RESULTS
of the appropriate CD buffer directly in the 1 mm path length
quartz cell. The solution was mixed and allowed to stand Influence of pH and SDS on the Conformation gflA
for 5 min before the spectrum was recorded. Measurements40, A33pE—40, and A811pE-40.In aqueous solution at pH
were taken at 0.5 nm steps over a $2%0 nm wavelength 7.2, A31-40 is a mixture of random coil an@-sheet
range; the baseline was subtracted, and the resulting spectratructure (Figure 2). At pH 4.0 and 5.0, the peptides becomes
were smoothed. predominantly3-sheet, while at higher and lower pH values,

Sedimentation Assayhe proportion of pelletable peptide the fS-sheet structure is destabilized. Maximyfasheet
was determined using a modified literature meth&8a).( structure is observed at pH 5.0, which is consistent with what
Briefly, peptide stock solutions were diluted to 50 and 100 has been reported previously, (9). The most obvious
uM in 50 mM sodium phosphate buffer at pH 5.0 and 7.2. difference for the aqueous CD spectra gf3pE-40 and
The resulting diluted peptide solutions were separated into AB11pE-40, as compared with that of/A—40, is that the
three equal portions and aliquoted into 1.5 mL microtubes. pyroglutamyl-containing peptides are mairflysheet at all
Each aliquot was incubated for 20 min, 3 h, and 24 h at pH values. The increased amount/&heet structure for
room temperature. The solutions were then centrifuged for both the AS3pE—40 and AS11pE-40, over that of A£1—

10 min at 10 000 rpm. The ratio of peptide concentrations, 40, is supported by significantly more intense minima close
as determined by fluorescamine assay, of the supernatanto 217 nm. Decreased random coil content is supported by
relative to noncentrifuged peptide was used to calculate thethe observation of no minima near 195 nni3pE—-40 has
levels of sedimentation peptide. For the fluorescamine assaythe most intense 217 nm minimum at pH 5.0, while the
a Molecular Devices f-max Fluorescence Microplate Reader -sheet minimum for £11pE-40 is most intense at pH 4.0.

190 200 210 220 230 240 250

with a 355 nm excitation wavelength filter and a 460 nm
emission filter was used. All experiments were performed
in triplicate with 250uL samples in 96-well plates.
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Ficure 3: CD spectra of £1—40, A33pE—40, and A811pE-40
in 10% SDS micelles at pH 5.0.#8pE-40 and A311pE-40 have
lower a-helical content than doesfA—40.

190 200 250

In SDS micelles, all three peptides contain saxrleelical

structure, as determined by the presence of distinctive double

minima close to 208 and 222 nr24). On the basis of the
molar ellipticities at 208 nm from the CD spectrum obtained
at pH 7.2, theo-helical content of each peptide is 45, 24,
and 36% for A61—40, ASG3pE-40, and AG11pE-40,
respectively (data not shown)4). The corresponding
o-helical contents at pH 5.0 are 42, 10, and 11% fgiA
40, AB3pE-40, and A811pE-40, respectively (Figure 3).
At both pH 5.0 and pH 7.2, A3pE-40 and AS11pE-40
have significantly lowen-helical content than doesfA—
40, indicating lower helical stability for these pyroglutamate-
containing peptides in SDS micelles.

To determine the relativg-sheet toa-helix stability,

spectra were obtained in increasing amounts of TFE, a known

o-helix-inducing solvent for & (8). A1—40 at pH 7.2 has

a small-sheet minimum with 10% TFE, but is predomi-
nantly a-helical with 20% or more TFE (Figure 4). This
result is similar to that obtained for—39 previously 8),

is consistent with previous NMR and CD data obtained for
ApB1-40 (25—-27), and indicates that the propensityff—

40 peptide to fornp-sheet at pH 7.2 is relatively low. This
is consistent with the low amount @gfsheet observed for
this peptide in aqueous solution at pH 7.2 (Figure 2). In
contrast, AA3pE—40 is predominantlys-sheet at 20% TFE
and is induced intao-helix at =30% TFE. ThefS-sheet
structure of AG11pE-40 is even more stable, with this
peptide remaining predominant+sheet at 30% TFE and
not being induced inta-helix until the TFE level reaches
>40% (Figure 4).

The A51—42 peptide, which formg-sheet structure much
more readily than £1—40, was previously shown to be
predominantlys-sheet at 20% TFE and induced intehelix
at =30% TFE B). These results indicate thatBBpE—40
has relatives-sheet tan-helix stability that is similar to that
of Ap1—42, while A311pE-40 forms even more stable
f-sheet structure. Both #8pE—40 and AG11pE-40 form
significantly more stablg-sheet structure at pH 7.2 than
does AG1-40. At pH 5.0, all three peptides exhibited
increased3-sheet stability compared to that at pH 7.2, and
the order off-sheet stability was as follows: /A1pE-40
> B3pE-40 > AB1—-40 (results not shown).

Influence of pH and SDS on the Conformation @fLA
28, A33pE—-28, and A11pE-28. Consistent with published
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FiIGURE 4: Relative stability of3-sheet toa-helix in the presence

of the helix-inducing solvent TFE at pH 7.2, forfA—40 (A),

AB3pE-40 (B), and A811pE-40 (C). A51—-40 is most readily

induced intoa-helix, AB3pE-40 intermediately, and AL1pE-

40 least readily, indicating that N-terminal truncation and pyro-

glutamyl formation increas@-sheet stability relative to that of

a-helix. The percentage of TFE that is used is denoted on the figure

for each curve.
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results for this peptide, AL—28 is completely random coll

at all pH values in aqueous solution, even after 248h (
(Figure 5). However, both A3pE-28 and AS11pE-28
exhibit a decrease in the random coil 195 nm minima and
an increase in the 217 nflasheet minima near pH 5.0. This

is particularly noticeable for A3pE—28, which has a clear
pB-sheet minimum at pH 5.0. This indicates that the pyro-
glutamyl-containing peptides have a propensity to form
fB-sheet structure in aqueous solution, even in the absence
of the hydrophobic C-terminal residues.

In 10% SDS micelles, A1—28 contains significant
a-helix, with 208 and 222 nm minima observed at each pH
(Figure 6 shows pH 5.0 data only). Interestingly, in contrast
to that for A31—40, helical content is increased rather than
decreased for A1—28 near pH 5.0, as compared to that at
pH 7.2 (data not shown). This is probably because both
o-helical andg-sheet structure are stabilized near pH 5.0,
which is close to the isoelectric point of both peptides.
However, -sheet structure predominates for thg1A-40
peptide, whereas for theA—28 peptide, which has a low
propensity to formpB-sheet structuray-helix predominates.
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Ficure 5: CD spectra showing the pH dependence @fLA28

(A), AB3pE-28 (B), and A811pE-28 (C) in aqueous phosphate-
buffered solutions. 81—28 is random coil at all pH values, while
AB3pE-28 and A311pE-28 exhibit somes-sheet structure near
pH 5.0. The number near each curve denotes the pH value at whic
that curve was obtained.

The A311pE-28 peptide gives spectra similar to those of
ApB1-28 at both pH 5.0 and 7.2, based on molar ellipticities.
The CD spectra for A3pE-28 near pH 7.2 and at more
basic pH values are similar to those obtained f@1A28.
However, the CD spectra for@8pE-28 at pH 4.0 and 5.0
in SDS micelles exhibit a clegi-sheet minimum at 220 nm,

indicating that at these pH values this peptide is predomi-

He and Barrow
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FIGURe 6: CD spectra of £1—28, A33pE—-28, and A311pE-28
in 10% SDS micelles at pH 5.0.#8pE—28 forms mainlyj-sheet
structure, while £1-28 and A311pE-28 exhibit significant
a-helical structure.

250

more stable at pH 5.0 than at pH 7.2, indicating that both
o-helix and s-sheet are stabilized near pH 5.0, which is
consistent with the results obtained in SDS micelles. In
contrast to A81—28, the pyroglutamyl peptides readily form
pB-sheet, rather thaa-helix on the addition of TFE (Figure
7). For A311pE-28, the 3-sheet structure breaks down
between 40 and 60% TFE, anchelix predominates at 90%
TFE. However, &3pE-28 remains essentially-sheet
irrespective of the percentage of TFE. Both peptides exhibit
more-sheet structure at pH 5.0 than at pH 7.2, irrespective
of the percentage of TFE added.

Comparison of the Aggregation Propensity g31A-40,
AB3pE-40, A311pE-40, AG1-28, A33pE-28, and
AB11pE-28. The extent of sedimentation of each peptide
was determined at pH values of 5.0 and 7.2, and at
concentrations of 50 and 1QaM (50 M data shown in
Figure 8, 10QuM data not shown). At both pH values, each

npeptide exhibited time-dependent aggregation. Each peptide

aggregated more rapidly at pH 5.0 than at pH 7.2 and at the
higher concentration. The amount of sedimented peptide was
similar for A33pE—28 and AS11pE-28, with both peptides
aggregating more extensively thapp&-28. For the 41—

40 series, the pyroglutamyl-containing peptides sedimented
within 20 min at both concentrations and pH values, while
Ap1—-40 aggregated much more slowly, with no detectable
aggregation occurring in the first 20 min. These results
indicate that N-terminal truncation and the pyroglutamyl

nantly 5-sheet, even in the presence of an SDS membrane-group significantly increase the aggregation propensity of

like environment (Figure 6 shows pH 5.0 data). Therefore,
ApB3pE-28, in particular, has a much greatgrsheet
propensity than does /A—28 in an acidic, hydrophobic
membrane-like environment.

At both pH 5.0 and 7.2, AZ1—28 is readily induced into
ano-helical conformation by the addition of small amounts
of TFE (8, 28). Addition of 20% TFE induces significant
helical content in £1—28, which is maximized at close to
60% o-helix with >30% TFE (results not shown). Interest-
ingly, in this study, we found that-helix in A31—28 was

2Using the program General Protein Mass Analysis for Windows
(GPMAW) version 2.13, the isoelectric points are pH 5.2 f@1A 28
and—40, pH 6.2 for AS3pE-28 and—40, and pH 7.9 for f11pE-
28 and—40.

both A31—-28 and A31—-40.

DISCUSSION

For both the 440 and A28 series, the pyroglutamyl-
containing N-terminal truncated peptides forfirsheet
structure and aggregate more readily than the full-length
forms. The pyroglutamyl peptides have an increased ag-
gregation propensity in both aqueous solutions and SDS
micelles. In addition, the increased aggregation propensity
observed for A3pE-28 and AG11pE-28 at pH 5 as
compared with those at pH 7.2 (Figure 8), together with the
increase@-sheet content of all peptides at pH 5 (Figures 2
and 5), indicates that acidolysis during Alzheimer’s disease
(8) may increase the extent of deposition not only of full-
length A3 but also of the pyroglutamyl forms. Also, the high
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FiGUrRe 7: Relative stability of3-sheet tan-helix in the presence of the helix-inducing solvent TFE, f#3fAE—-28 at pH 5.0 (A), AS3pE—

28 at pH 7.2 (B), #11pE-28 at pH 5.0 (C), and A11pE-28 at pH 7.2 (D). A81—28 is readily induced inta-helix (data not shown),
while Af11pE-28 is helical only in 90% TFE. A3pE—28 remained in g-sheet conformation at all TFE concentrations. Phsheet
stability of AG3pE-28 and A311pE-28 is greater at pH 5.0 than at pH 7.2, and neither peptide readily farimaslical structure, in
contrast to A81—28 which readily forms helical structure in TFE)( The percentage of TFE that is used is denoted on the figure for each

curve.
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Ficure 8: Time-dependent aggregation of M Ap1-28,
AB3pE-28, A311pE-28, AB1—-40, AB3pE-40, and AG11pE-

deprotonation of acidic residues within this region promoted
a helix—coil conformational transition in A1—40 (27).

Although most studies of the aggregation behavior gf A
have been performed with untruncated AAS1—40 or
ApL1—42), recent protein-chemical analyses of AD brain
amyloid show that pyroglutamyl-containing forms gf Are
major components of amyloid in both Down’s syndrome
(DS) and AD brain. For example,pE has been reported
to comprise 51% of & in the neuritic plaques from nine
AD brains (4). Also, A33pE and untruncated/Aare dis-
tributed in different areas of the brain, with the concentration
of AB3pE plaques exceeding the concentration of untruncated
Ap plagues in frontal and temporal lobe%7). A recent
guantitation of A6 in the frontal cortex also identified #8pE
as the most abundant form@). The different evolution of
plaque in different brain regions indicates thafB3pE
deposition probably preceded untruncateggideposition in
the course of plaque development. In addition, diffuse plaque
contains mainly A3pE, indicating that A3pE rather than

40 as measured by fluorescamine assay of the nonsedimented taintruncated A& is present in the early stages of amyloid

total peptide (100%) at pH 7.2 (A) and pH 5.0 (B), after 20 min
(black bars)3 h (hatched gray bars), and 24 h (white bars). Error
bars represent the standard deviation from three repeat experiment
The pyroglutamyl-containing peptides aggregate significantly more
rapidly than the full-length peptides.

aggregation propensities of botlBA1pE-28 and AG11pE-

S

deposition 17). The second N-terminal pyroglutamyl form

of AB, AB11pE, was identified as a minor component of
plague and diffuse amyloid in both DS and AD brailb,(

19). The abundance of pyroglutamylpAvariants in both
plaque core and diffuse plaque indicates that understanding
the aggregation behavior of these peptides may be critical

40 indicate that the amino acid region between residues 11to investigations of amyloid formation in DS and AD. The

and 28 is critical to aggregation and plays an important role
in its pH dependence. The importance of this region for pH-

results from our study indicating that pyroglutamyl peptides
form -sheet and aggregate more rapidly than full-lengéh A

dependent aggregation is also supported by previous reportsupport the contention that these N-terminal modified pep-

where a peptide corresponding to residues23 was shown
to adopt3-sheet structure in aqueous solutid?8); and

tides play a critical role in the early stage of amyloid
formation in AD. The ability of these peptides to form fibrils
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was not demonstrated in this study, although the determinantbioassays for screening for aggregation inhibitors.

factor of Ag fibrillogenesis is believed to be the secondary
structure adopted by the peptide in its soluble stag. (
It has been proposed that both32pE and AS11pE,

catabolism and clearancg8). These 4 variants would be
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clearance, together with an increased aggregation propensity,
could explain why the ratio of A3pE to untruncated A
increases with age in DS brain. A similar explanation has
been given for the increased abundance of aspartic acid-
isomerized 48 peptides found in AD-infected brai2(@, 30).

Our results clearly show that although both full-length and
pyroglutamate-containing/Apeptides will form monomeric
o-helical structure in a hydrophobic membrane-like environ-
ment such as SDS micelles or TFE, the pyroglutamyl variants
have a much greater tendency than full-length t& form
p-sheet structure in hydrophobic environments. TI38pE-

28 peptide forms particularly stahfesheet structure in SDS
micelles and in TFE. The fact that the328 pyroglutamyl
peptides and the more hydrophobig340 pyroglutamyl
peptides have a tendency to foffrsheet structure in both
aqueous hydrophilic and membrane-like hydrophobic envi-
ronments indicates that the increased aggregation propensity

of these pyroglutamyl-containing peptides is not simply due 10.

to increased hydrophobicity.

The structural reasons for the greater propensityfsheet
formation and deposition of pyroglutamyl peptides are not
clear, especially as the structure gf Amyloid is not known.

If the AB fibril is a hydrogen-bonded parall¢l-sheet as
previously suggeste®(), then the loss of N-terminal charges
may facilitate3-sheet formation by decreasing the level of
unfavorable interstrand charge repulsion. Also, the loss of
the two carboxylic acid functionalities from near the N-
terminus, aspartic acid at position 1 and glutamic acid at
position 3, may destabilize helix formation by eliminating
favorable charge dipole interactior&2. However, this loss

of stabilization would be at least partially offset by an
increase in helical stability due to the loss of the unfavorable
N-terminal positive charge. Therefore, it is likely that the
increased aggregation propensity of the pyroglutamyl-
containing peptides is a result of stabilizegheet formation,
rather than a destabilization ofhelical structure.

It is not known whether the post-translational modifications
that form A33pE and AG11pE occur intracellularly and/or
intercellularly (L4). Secreted £ produced by cultured cells
contained a number of N-terminal truncated peptides but no
detectable pyroglutamyl forms8). Although AS3pE ap-
pears to predate untruncateqh An plaque formation, no
obvious protease or microglial activity correlates with its
appearance3f) The formation of pyroglutamyl-containing
Ap peptides may be a direct result of early AD pathological
processes. Because pyroglutamyl-containifig/ériants both
are abundant in AD brain and have a high propensity to
aggregate, then the identification and inhibition of the
mechanism of N-terminal truncation of full-lengthsAnay
be a potential therapeutic strategy for AD. At the very least,
the presence of, and possible pathological role of, these
pyroglutamyl forms of A& should be taken into account when
studying A8 depositability and in the development of
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