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Solution Structures of B Peptide and Its Constituent
Fragments: Relation to Amyloid Deposition

CoLIN J. BARROW* AND MICHAEL G. ZAGORSKIT

The secondary structures in solution of the synthetic, naturally occurring, amyloid B
peptides, residues 1 to 42 [B(1-42)] and B(1-39), and related fragments, B(1-28) and
B(29-42), have been studied by circular dichroism and two-dimensional nuclear
magnetic resonance spectroscopy. In patients with Alzheimer’s disease, extracellular
amyloid plaque core is primarily composed of P(1-42), whereas cerebrovascular
amyloid contains the more soluble B(1-39). In aqueous trifluoroethanol solution, the
B(1-28), B(1-39), and B(1-42) peptides adopt monomeric a-helical structures at both
low and high pH, whereas at intermediate pH (4 to 7) an oligomeric B structure (the
probable structure in plaques) predominates. Thus, B peptide is not by itself an
insoluble protein (as originally thought), and localized or normal age-related alter-
ations of pH may be necessary for the self-assembly and deposition of B peptide. The
hydrophobic carboxyl-terminal segment, B(29-42), exists exclusively as an oligomeric
B sheet in solution, regardless of differences in solvent, pH, or temperature, suggesting
that this segment directs the folding of the complete B(1-42) peptide to produce the

B-pleated sheet found in amyloid plaques.

LZHEIMER’S DISEASE (AD) 1s

characterized by extracellular depos-

its in the form of amyloid plaques
(1). The major protein constituent of
plaques is B peptide (Fig. 1), which is a
small (39 to 43 amino acids) polypeptide (2,
3) derived from a larger (695, 714, 751, or
770 amino acids) amyloid precursor protein
(APP) (4). The majority of recent research
into AD has focused on APP; that is, inves-
tigations have focused on the relations of
different APP forms to AD (5) and the
normal and alternative pathways by which
APP molecules can be proteolytically pro-
cessed (6). However, less information is
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known about the amyloid B peptide than
about APP, especially on a molecular level
(7, 8), because B peptide is extremely insol-
uble and has a high propensity to aggregate.
This latter property is presumably related to
its tendency to produce oligomeric B struc-
tures, the probable conformation in plaques
9, 10).

The circular dichroism (CD) spectra for
freshly prepared solutions of B peptide and
some fragments, in aqueous 5 mM phos-
phate buffer at- pH 7.3 and 22.0°C, are
shown in Fig. 2A. Analysis of these spectra
by the method of Greenfield and Fasman
(11), together with computer ﬁttmg (12) to
polylysine standard curves, gives approxi-

‘mately 90 and 100% B-sheet structure for

the B(1-42) and B(29-42) peptides, respec-
tively. In contrast, the B(1-28) peptide is
essentially random coil, and the B(1-39)
peptide is a mixture of random coil and
B-sheet structures in an approximate ratio of
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gated in this study (25). T B(1-28) B139) it B(29-42)— -

The parent B pepride | B(1-42) M
[B(1-42)] found in amy-

loid plaques generally consists of 42 residues (2, 3). Peptides were synthesized by solid-phase methods
on an automated (Applied Biosystems 430A) synthesizer with the use of standard methodology (26).
The crude peptides were deprotected in anhydrous HF and then purified by trituration in ether and
reverse-phase high-performance liquid chromatography with C, columns (Cosmasil 5C4-300 and

Vydac 214TP510). Peptide identity was verified by amino acid analysis and mass spectroscopy.

1:1. In solutions containing up to 50%
trifluoroethanol (TFE), which promotes in-
tramolecular hydrogen bonding (13), the
B(29-42) peptide remains in a B-sheet con-
formation. However, TFE stabilizes the for-
mation of a-helical structures in the B(1-
28), PB(1-39), and P(1-42) peptides,
indicating that the hydrophilic NH,-termi-
nal region of B peptide can form random
coil, B-sheet or a-helical structures depend-
ing on external solution conditions. Under
equivalent conditions, an a-helical structure
is more easily formed in B(1-39) than in
B(1-42), indicating that B(1-42) forms a
more stable B-sheet structure than does B(1-
39) (Fig. 2, B and C). The secondary struc-
ture of B(1-39) in aqueous solution contain-
ing TFE is similar to that of B(1-28),
although for B(1-42) the COOH-terminal
amino acids appear to encourage P-sheet
formation.

The CD spectra for B(1-39) and B(1-42)
in Fig. 2 were taken 20 min after dissolu-
tion. When CD spectra were remeasured
consecutively at 20-min intervals, the curves
for both low and high pH solutions re-
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mained essentially unchanged, whereas for
solutions at pH 4 to 7 there was a progres-
sive change in the CD curve corresponding
to complete B-sheet formation and then a
shift in the single minimum at 217 nm to
higher wavelength and lower intensity, until
finally only baseline spectra were observed.
Centrifugation at this point revealed the
presence of solid material consistent with
the formation of plaque-like aggregates. The
most rapid rate of aggregation occurred at
approximately pH 5.5, and aggregation was
more rapid for B(1-42) than for B(1-39).
Aqueous solutions of B(1-42), in the ab-
sence of TFE, at either low or high pH gave
CD curves with one minimum at 217 nm,
which is consistent with 100% B sheet.
These results indicate that a decrease in pH
from 7.3 (blood pH) causes an increase in
the rate of aggregation of B peptide, with a
maximum occurring at approximately pH
5.5.

The amount of B-sheet structure formed
by B(29-42) was concentration-dependent
over the range from 0.03 to 3.0 mM, and
alterations of temperature or pH did not

Fig. 2. The CD spectra of amyloid B peptides
taken at 22.0°C in buffered water (5 mM potas-
sium phosphate) or buffered water plus TFE
solutions. Peptides B(1-42) and B(29-42) are
sparingly soluble in aqueous solution. Therefore,
to overcome problems related to the insolubility
of:the peptides in aqueous solution, we prepared
stock solutions in hexafluoro-2-propanol, re-
moved aliquots from these stock solutions, and
diluted these aliquots 1000-fold in the buffered
water or buffered water plus TFE solutions used
for CD analysis. Spectra were taken on a Jasco
spectropolarimeter (model J-600) 20 min after
peptide dissolution and are reported in units of
mean residue ellipticity (degrees cm?® dmol ™).
Data were taken with a 0.2-nm step size and a 1-s
average time and were averaged over four scans.
(A) B(29-42) (curve 1), B(1-42) (curve 2), B(1-
39) (curve 3), and B(1-28) (curve 4) peptides in
water, pH 7.3. Peptide concentrations were 15
pM. (B) B(1-42) in TFE:H,O (1:3) at pH
values, as indicated. Peptide concentration was 15
uM. Data obtained at pH 3.0 and 9.6 were
identical to the data shown at pH 1.4 and 8.3,
respectively. (C) B(1-39) in TFE:H,O (1:3) at
different pH values, as indicated. Peptide concen-
tration was 5 pM. Variations of CD spectra with
pH for B(1-28) were similar to those observed for
B(1-39), whereas data for B(29-42) were insensi-
tive to pH.

show any observable changes by CD. In
contrast, for B(1-28) at pH 2.8 and 7.4, we
observed no concentration dependence for
the a-helical structure, indicating that helix
formation is monomeric. However, B(1-28)
can form a plaque-like intermolecular
B-sheet structure (10). The conformational
behavior of this region of B peptide is
complex, with ratios of B structure, a helix,
and random coil being strongly dependent
on solution conditions. To understand the
contribution of this region to plaque forma-
tion, we further investigated the solution
behavior of the B(1-28) peptide by nuclear
magnetic resonance (NMR) spectroscopy.

The solution behavior of B(1-28) is sim-
ilar to that of B(1-39) and B(1-42) in that
the a helix is destabilized at pH 4 to 7 and at
increased temperature. The B sheet is
formed preferentially to the a-helical struc-
ture in this midrange pH region for these
peptides. We used a more concentrated sam-
ple (3.5 mM) of B(1-28) for the NMR
spectroscopic work than for the CD studies.
For this 3.5-mM solution, when the pH was
raised from 3.0 to 4.5 or decreased from 7.3
to 6.8, the solution immediately turned into
a gel that could only be dissolved in concen-
trated acid. This result demonstrates that the
B-sheet structure observed at pH 4 to 7 is
intermolecular. Similar behavior was report-
ed for B peptide isolated from plaques (3),
where it was determined by gel permeation
chromatography that monomeric forms ex-
ist at low pH. All of the proton NMR
spectra were obtained with a 6-mg (3.5-
mM) sample of B(1-28) prepared in a TFE-
d,:H,O (6:4) buffered solution at 25.0°C
and pH 3.0. A one-dimensional (1D) spec-
trum obtained at a protein concentration of
0.35 mM was virtually identical to that
obtained at 3.5 mM. Therefore, as previous-
ly shown by CD, at pH 3.0 it appears that
no further aggregation occurs with increas-
ing concentration. If B(1-28) were associat-
ing at higher concentrations, large changes
in both the line widths and chemical shifts of
the amide resonances should be observed
(14).

The complete proton NMR spectrum was
assigned with the use of standard method-
ology (15). Figure 3 shows an expanded
region of a 2D nuclear Overhauser enhance-
ment spectroscopy (NOESY) spectrum
where cross-peaks correspond to through-
space interactions [nuclear Overhauser ef-
fects (NOEs)] among the amides (NHs) of
neighboring amino acid residues. A com-
plete listing of the interresidue NOEs is
shown in Fig. 4; the NOEs between neigh-
boring amides are listed as NN(i, i + 1).
These latter NOEs, together with the weak-
er intensity aN(i, ¢ + 1) and medium inten-
sity aN(i, i + 2), aN(i, i + 3), and aB(i, i +
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3) NOEs, indicate that a helical segment is
present from Tyr' or Glu'! to Ser®®. The
presence of aN(i, i + 4) NOEs rules out the
possibility of a 3, helix. Another less stable
and shorter helix is present at the NH,
terminus within the Ala? to His® stretch, as
indicated with medium intensity NN(i, i +
1) NOEs and weaker intensity aN(i, i + 1)
NOE:s but the lack of additional aN(i, i + 3)
and o (i, i + 3) NOEs suggests a mixture of
extended chain and helical conformations.
Predictions (10) indicate that the Asp” to
Tyr'® segment, which connects the two
helices, probably exists in a reverse turn,
given the presence of the polar Ser® at
position i + 1 [Ser is the amino acid most
frequently found in reverse turns (16)] and
Gly® at position i + 2'(17). However, if a
reverse turn is present, additional NOE and
coupling constant data are needed to more
clearly define its exact type.

The ability of B peptide to exist either in a
monomeric a-helical or an oligomeric
B-sheet conformation may be relevant in
vivo to the production of plaques in AD.
Indeed, B peptide is known to exist in
distinct states of aggregation in different
lesions (18). One possibility is that, in nor-
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Fig. 3. Expanded phase-sensitive NOESY (1024
by 1024 points) contour plot of the NH-NH
region. Spectra were recorded at 500 MHz on a
GN-500 spectrometer from a 3.5-mM sample of
B(1-28) in buffered (5 mM potassium phos-
phate) CF;CD,0OD:H,0 (6:4) solution at pH
3.0 and 25.0°C. The data were acquired with the
following parameters: spectral widths of 2500
Hz, 2048 points in the ¢, dimension and 256
complex points in the ¢, dimension, recycle delay
2s, mixing time 150 ms. H,O was suppressed by
presaturation. Data were processed on a Sun
3/60 computer with the use of NMR2 software
(New Methods Research, Syracuse, New York)
with minor modifications. Assignments of NHs
are shown along the diagonal. Cross-peaks are
diagnostic for NN(i, i + 1) NOEs, or interac-
tions between protons close in space (2.4 to 3.6
A) (15). Connections between NHs of residues
within the Ala? to Asp® and Tyr'® to Ser?®
segments are shown with dotted and solid lines,
respectively.
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Fig. 4. A summary of 1 5
the sequential NOEs in-
volving NH, «CH, and
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peak overlap, NOE connections are drawn with dotted boxes. Appropriate corrections for the
intensities of NOEs among the exchangeable NHs were made because the solvent mixture (60%
CF;CD,OD and 40% H,O) contains 43% exchangeable deuterium. The secondary structures deduced

from the NOE data are shown at the bottom.

mal individuals, B peptides in blood (19)
and other “preamyloid” deposits (20),
which may naturally occur as normal prote-
olytic processing products of APP, are solu-
ble and do not precipitate as plaques rapidly
enough to avoid breakdown by further pro-
teolysis. However, in normal, aged individ-
uals and AD patients, localized changes in
pH or temperature or inclusion of nonpro-
teinaceous materials such as aluminum, sili-
con, and carbohydrates [components co-
localized in the central region of senile
plaques (21)] may speed up plaque forma-
tion so that proteolysis of B peptide is no
longer possible. The sensitivity of B peptide
conformation to pH is especially significant
because in degenerating neurons, typically
found in AD patients, a lack of oxygen can
cause localized alterations of pH (22). Thus
perhaps a decrease in the supply of oxygen,
changes in localized neurotransmitter con-
centrations, or degenerating neurons, which
are known to alter extracellular pH by re-
leasing lysosomes and other cathepsin-laden
vesicles (23), are responsible for the changes
in pH that may cause B peptide to deposit as
plaques (24).

In addition, at pH 4 to 7 the B(1-42)
peptide forms an aggregated B-sheet struc-
ture faster than the B(1-39) peptide, sug-
gesting that the Val*® to Ala*? segment is
critical for stabilization in solution of the B
sheet, which is probably the structure
formed before formation of the B-pleated
sheet structure of the amyloid plaques. Re-
cent work by Halverson and co-workers (8)
also supports this view because B(34-42),
but not B(29-33), adopts an antiparallel
B-sheet structure in the solid state. Thus,
perhaps the less soluble B(1-42) peptide,
which is the predominant form in plaques
and fibrils, is the product from a defective
proteolysis of APP that may occur during
AD, whereas the B(1-39) peptide, found

predominantly in blood, is the product from
a normal proteolysis of APP.
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Novel Enzymic Hydrolytic Dehalogenation of a
Chlorinated Aromatic

JEFFREY D. SCHOLTEN, KA1-HsUAN CHANG, PATRICIA C. BABBITT,
HuGuEs CHAREST, MICHEL SYLVESTRE, DEBRA DUNAWAY-MARIANO*

Microbial enzyme systems may be used in the biodegradation of persistent environmental
pollutants. The three ide components of one such system, the 4-chlorobenzoate

dehalogenase system, have been isolated, and the chemical steps of the 4-hydroxybenzoate—
forming reaction that they catalyze have been identified. The genes contained within a
4.5-kilobase Pseudomonas sp. strain CBS3 chromosomal DNA fragment that encode
dechalogenase activity were selectively expressed in transformed Escherichia coli. Oligonu-
cleotide sequencing revealed a stretch of homology between the 57-kilodalton (kD)
that allowed MgATP and coenzyme A (CoA) to be identified as the dehalogenase
cosubstrate and cofactor, respectively. The dehalogenase activity arises from two compo-

nents, a 4-chlorobenzoate:CoA li

ligase—dehalogenase
polypeptides) and a thioesterase (the 16-kD polypeptide).

HLOROAROMATICS RANK AMONG
the most prevalent and environmen-
tally persistent class of synthetic
chemicals. Because standard methodolo-

gies have proved ineffective in removing
these pollutants from the environment,.

other strategies are evolving. One strategy
involves the isolation of microbes that,
through a catabolic process, can transform
these compounds to harmless end prod-
ucts. Microbial biodegradation of chloro-
aromatics (1) is, however, complicated in
that the chlorine atoms interfere with the
enzymatic breakdown of the aromatic ring.
Some strains of bacteria have overcome
this problem by incorporating a dehaloge-
nation step at the start of the catabolic
pathway.

Studies have shown that 4-chloroben-
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(an off dimer of the 57- and 30-kD

zoate (4-CBA) dehalogenase activity exists
in Pseudomonas sp. strain CBS3 (2), Nocardia
sp. (3), Alcaligenes sp. NTP-1 (4), and Ar-

A

throbacter sp. (5). These bacteria were isolated
from soil based on their ability to survive on
4-CBA as a sole carbon source. In each of these
microbes, 4-CBA is first converted to 4-hy-
droxybenzoate (4-HBA), which in turn is de-
graded by the enzymes of the protocatechuate
branch of the B-keto-adipate pathway. Sub-
strates labeled with 180, in conjunction with
crude protein powders, were used to demon-
strate that in Pseudomonas sp. strain CBS3 (6)
and Arthrobacter sp. (7) the conversion of
4-CBA to 4-HBA occurs by a hydrolytic pro-
cess (Eq. 1), as opposed to an oxidative one.
This observation suggested to us that the
4-CBA dehalogenase of these strains catalyzes a
novel aromatic substitution reaction, one that
conceivably might be expanded, through active
site modification, to other halogenated aromat-

[ic substrates. We report the purification and

characterization of an enzyme capable of cata-
lyzing hydrolytic dechlorination of chlorinated
aromatics.

Earlier attempts to purify active 4-CBA
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Fig. 1. (A) Construction of the pT7.5 clones and pT7.5 and pT7.6 subclones from the 4.5-kb fragment
encoding the 4-CBA dehalogenase derived from the chromosomal DNA of Pseudomonas sp. strain
CBS3. We generated the subclones by, and named them according to, the restriction enzymes indicated.
The positions of the open reading frames ORF I, ORF II, and ORF III (identified with oligonucleotide
sequencing) that encode the 30-, 57-, and 16-kD polypeptides are shown. (B) The autoradiogram of
a 12% SDS-PAGE chromatogram of soluble cellular proteins produced by the E. coli k38 treated with
[35S]Met. Lanes are as follows: pGP1-2 and the 4.5-kb DNA-pT7.5 (lane 1), the Sma I-Sal I-pT7.5
digest (lane 2), the Sal I-Nhe I-pT7.5 digest (lane 3), or the Pst I-Pst I-pT7.6 digest (lane 4). The
running positions of commercial stained molecular mass markers are indicated at left in kilodaltons.
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