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Abstract: The aggregation of thg-peptide into amyloid is a key pathological event in Alzheimer’s disease.
This processf{-amyloidosis) involves the conversion of soluble random eoliglical or-sheet conformations

into insoluble, aggregateftpleated sheet structures. The pH is a significant extrinsic factor that influences
pB-amyloidosis, which must be related to the presence of ionizable groupsfpéptide. To further evaluate

this effect, we determined the dissociation constarks)(pf the side chains for the aspartic acid (Asp), glutamic

acid (Glu), histidine (His), and tyrosine (Tyr) amino acid residues using NMR spectroscopy. The measurements
were performed under different solution conditions, where the predominant conformation is either random
coil or a-helix. We have used a peptide fragment that comprises residu28 [3-(1—28)] of the natural
B-(1—40) or 5-(1—42) peptides, which is an appropriate model since the remainirgl@®r 29-42 regions

are devoid of polar and charged amino acid residues. The results demonstrate that the Glu and His residues
have larger l, values in sodium dodecyl sulfate solution, suggesting that electrostatic interactions are important
in stabilizing thea-helix and preventing am-helix — f-sheet rearrangement. A mechanism involving
unfavorable interactions of the charged groups withdHeelix macrodipole is proposed for the pH-induced
o-helix — -sheet transformation in watetrifluoroethanol solution.

Introduction loidosis. As a result, major research efforts are focused on
uncovering a therapeutic procedure that stabilizesithelical
or random coil structures, and thus prevent fhgeptide from
precipitating into amyloid and becoming toxic to nerve cells.
The relative proportions of the solution structures, as well as
the aggregation rates and fibril morphologies of fhpeptide,
are highly pH dependerit® 1! (Table 1). At acidic and basic
pH, the S-peptide is mostly unstructured in aqueous solution,
but becomest-helical in membrane mimetic environments such
as trifluoroethanol (TFE). At pH 47, the peptide produces
aggregate@-sheet structure in water alone or water with TFE.
We recently demonstrated large structure variations with pH
and the charge of a micelle headgroup, in that charged micelles
stabilize thea-helical structure over a wide pH rangeTaken
together, these results demonstrate that the protonation states
of the ionizable side-chain groups are important factors in

The major cause of adult-onset dementia is Alzheimer’'s
disease (AD), a devastating disorder now affecting approxi-
mately 15 and 50% of the adult population in the United States
over the ages 65 and 85, respectiveljhe ultimate diagnosis
of AD relies on an abundance of amyloid deposits in the brains
of afflicted individuals. The major protein component of the
amyloid deposits is thg-peptide, a small peptide composed of
39—42 amino acids. Recent studies demonstrated thatiep-
tide becomes neurotoxic to cortical cell cultures when aggre-
gated as amyloid-likgs-sheet structurek;* thus establishing
that this f-amyloidosis process is an important pathological
event.

It is well-known that extrinsic or environmental factors such
as the pH, peptide concentration, ionic strength, metal ions,
membrane-like surfaces, and solvent hydrophobicity influence oo
the relative proportions of the random cail;helix, and - f-amyloidosis. . .
sheet solution structures and modulate the aggregation of the TO_ better gn_der_stapd the relationship be_tween structure a.’?d
B-peptide into amyloid (random coi- 3-sheet ora-helix — the side-chain ionization states, we determined the site-specific
B-sheet)~° Many of these extrinsic factors could conceivably (6) Fraser, P. E.. Nguyen, J. T.; Surewicz, W. K.: Kirschner, D. A.

occur in brain microenvironments and thus may initjgdamy- Biophys. J.1991, 60, 1190-1201.
(7) Hilbich, C.; Kisters-Woike, B.; Reed, J.; Masters, C. L.; Beyreuther,
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T Case Western Reserve University. Henschen, A.; Yates, J.; Cotman, C.; GlabeJCBiol. Chem1992 267,
* Lubrizol, Inc. 546-554.
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Table 1. Distribution of Solution Structures for the(1—28) Peptide

Solvent Predominate Structure
Conditions
pH 1-4 pH 4-7 pH 7-8 pH 8-12
water —
N\/\/\/C —_— N\/\/\/C N\/\/\/C
C——
. ——-
Random Coil Random Coil Random Coil
N\/\/\/C
Random Coil & B-Sheet
SDS-water 16 P 16 5%
aE—— a— N\/\/\/C
. ,J_( L ,f( Random Coil
N N
a-Hglix a-Helix a-Helix
(residues 2-7 & 10-28) (residues 10-28) (residues 10-28)
DPC-water 10 28
N\/\/\/C N\/\/\/C N\/\/\/C
Random Coil Random Coil Random Coil
a-Helix
(residues 2-7 & 10-28)
60% TFE- 10 28 — id PL: 16 38
water > G
-
—— 1 (JJ 1
-Sheet N N
o-Helix o-Helix o-Helix
(residues 2-7 & 10-2_8) (residues 10-28) (residues 10-28)
TTaken from the previous results.12.18,75  The a-helical structure is monomeric and shown with darkened cylinders,

while the B-sheet structure is aggregated and antiparallel (arrows in opposite directions) 15.

dissociation constants Kg) of the aspartic acid (Aspl, Asp7, studies. Despite its inability to deposit onto preformed plad@ies,
Asp23), glutamic acid (Glu3, Glull, Glu22), histidine (His6, theS-(1—28) still produces oligomeriB-sheet structures similar
His13, His14), and tyrosine (Tyr10) residues. TH&, palues to those found in natural amyloid deposifsSIn addition, the
were obtained under different solution conditions, which 1—28 region contains key structural features that are important
included water, 60% TFE (v/v), sodium dodecyl sulfate (SDS), in mediating amyloid fibrillogenesis by electrostatic interac-
and dodecylphosphocholine (DPC) micelle solutions. Experi- tions6-17 The remaining 2940 or 29-42 regions are devoid
mental data consisted of 1D and 2D NMR chemical shifts for of polar and charged amino acid residues and in solution produce
a peptide fragment comprising residues2B [3-(1—28)] of almost exclusively oligomerif-sheet structure that is unaffected
the naturally occurringg-(1—40) andf-(1—42) peptides. The by pH and temperature alteratiot?dt is generally thought that
NMR approach is ideally suited for determining the site-specific the 29-40 or 29-42 regions nucleate and direct folding of the
pK, of ionizable side-chain groups of peptides and proteins. completes-peptides into theg-amyloid deposit$:8:19.20

The present results establish that the Glu and His residues A potential problem is that the organic cosolvent TFE or the
have larger [, in SDS solution, compared with those in 60% micelles (SDS and DPC) can create inaccurate pH measure-
TFE, DPC, and water. These results suggest that electrostatianents, due to liquid junction potential effects at the pH electrode
interactions are important for bott-helix stabilization and and a reduction in the ionization rate of watéf2 To address
preventing the formation of the amyloid-likksheet structure.  these issues, control studies were set up to determine the side-
In SDS, complete loss of the-helix occurs above pH 7.8, which  chain K, values for the free amino acids Glu, Asp, His, and
corresponds to thely of the His13 and His14 residues. Below Tyrin D,O, SDS, DPC, and 60% TFE. We felt that these studies
pH 7.8, the His side chains are predominantly positively charged
and bind strongly with the negatively charged SDS surface.  (13) Maggio, J. E.; Mantyh, P. \Brain Pathol.1996 6, 147—162.
Mechanisms are put forth to account for the pH-induced Biééﬁ))/f?{g’g'&3&&%%%”&%'8'\44;_58?2@&" R.; FrangioneBchem.
variations in structures, which primarily involve interactions (15) Kirschner, D. A.; Inouye, H.; Duffy, L. K.; Sinclair, A.; Lind, M.;
among the charged side chains, the micelle surface, and theSelkoe, D. JProc. Natl. Acad. Sci. U.S.A.987, 84, 6953-6957.

_heli i (16) Fraser, P. E.; McLachlan, D. R.; Surewicz, W. K.; Mizzen, C. A;
a-helix macrodipole. Snow, A. D.; Nguyen, J. T.; Kirschner, D. A. Mol. Biol. 1994 244, 64—
73.
Results (17) Huang, T. H. J.; Fraser, P. E.; Chakrabartty,JAMol. Biol. 1997,
o . . . . 269 214-224.
Preliminary Considerations. The5-(1—28) is an appropriate (18) Barrow, C. J.; Yasuda, A.; Kenny, P. T. M.; Zagorski, M. B.

peptide segment for the present study, since it is mostly Mol. Biol. 1992 225 1075-1093.

P, : : : : (19) Halverson, K.; Fraser, P. E.; Kirschner, D. A.; Lansbury, P. T.
hydrophilic and contains a high proportion of charged residues Biochemistry199Q 29, 2639-2644.

(46%) that are responsible for promoting or inhibitifegag- (20) Jarrett, J. T.; Beger, E. P.; Lansbury, PBlochemistry1993 32,
gregation rates in response to environmental variables such ag693-4697.

the pH and solvent polarity. It is also less susceptible to 195(9%1) Fra3”9£'4'\g- SHow to Measure pH in Mixed & Nonagueous Solutions
; . ; pp 39-42.
aggregation than the natuyai(1—40) andj-(1-42) peptides, (22) Barbosa, J.; Hefnadez-Cassou, S.; Sanz-Nebot, V.; Toro,JI.

indicating thes-(1—28) is a more amenable for solution NMR  Peptide Res1997, 50, 14—24.
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Table 2. Measured K, Values under Different Solution Conditions

control studie$ glutamic acid histidine aspartic acid tyrosine
DO 4.2+0.1 6.2+ 0.1 3.4+0.1 10.2+ 0.1
SDS 4.4+ 0.1 6.3+ 0.1 41+0.1 10.2+ 0.1
DPC 4.0+0.2 6.3+ 0.2 3.4+0.1 9.4+ 0.1
60% TFE 49+ 0.1 5.6+ 0.1 3.7+ 0.2 10.2+ 0.1
Glu3 Glull Glu22 His6 His13 His14 Aspl Asp7 Asp23 Tyr10
p-(1—28yp
D>O 45+0.1 45+01 45+01 65+01 66+01 65+01 43+01 43+02 43+0.2 104+0.1
SDS 6.2+0.1 55+01 6.2+01 7.1+01 7.7+01 7.8+01 56+01 57+01 56+01 11.1+0.1
DPC 44+ 0.1 45+01 44+01 64+01 6.4+01 6.6+01 38+0.1 N/D 49+0.1 10.7+14
60% TFE 46+02 53+02 53+02 6.2+£01 57+01 57+01 35+02 37+£02 39+02 N/D
B-(1—28)GIn22
60% TFE 49+02 51+01 N/A 6.1+0.2 6.1+0.2 59+02 3.0+£02 34+02 5.0+02 N/D

a Control samples contained 5 mM aspartic acid, glutamic acid, histidine, and tyrosin®irt Bample of 0.5 mNB-(1—28) or3-(1—28)GIn22
dissolved in the indicated solvent mixture in@ For thes-(1—28), the K, of Asp7 in DPC and Tyr10 in 60% TFE could not be determined
(N/D) due to NMR spectral overlap.

were appropriate, since the goal of the present work was to
determine the ionization states of {hi¢1—28) side chains rather
than the effect of the micelles or TFE on the pH. The results of
these control studies are presented in Table 2.

As shown, the [, values of free Glu, Asp, and His are very
similar in D;O, SDS, and DPC solutions, varying at ma$.4.
Exceptions occur in 60% TFE, where relative to standai@ D
values, the K, of His is reduced (6.6~ 5.6) while that for Glu
is elevated (4.3~ 4.9). Comparable changes of Gligvalues
in aqueous TFE or other organic solvent mixtures were
noted?3-25 Despite these differences, the control studies establish
that the solution conditions exert relatively modest effects on . .
the NMR-derived [, values. . . )

Determination of the f-(1—28) pK, from the NMR Data. . ' e
In general, the NMR approach involves recording chemical shift
data as a function of apparent pH and then fitting the data to | 'ﬁ"’
sigmoidal curves using the Hendersdrdasselbalch equation. el
For the present study, 1D and 2D NMR techniques were .
sufficient to monitor the changes in chemical shifts for the Asp- | # N
BCHy, Glu-yCH,, His-2H, His-4H, and Tyr-3,5H signals. 8 0 6.0 20 - >0
Altogether, increases in pH near th& pbring about upfield DI (ppm)
shifts of these NMR resonanc&sAt pH 3—5 the side chains )
of Asp and Glu deprotonate (COOH COO"), while depro- Figure 1. The complete 2D TOCSY spectrum (600 MHz) for 0.50

; S . mM $-(1—28) in 6:4 TFE-D-O at pH 2.4 and 28C. The experiment
tonat;)rgaof the His .S'de :hﬁms (3NHE 3N|)hoccurslat pH used a DIPSI-PFG pulse sequence (mixing time 60 ms) and the residual
6—8.27:28 Deprotonation of the Tyr10 phenol hydroxyl (OH HDO peak was suppressed by presaturation. The boxed-in region shows

O7) occurs at pH 9-12 causing an upfield shift of the 3,5-H  through-bond direct (two- and three-bornuki-gH, BH-H, etc.) and

signals. relayed (greater than three bonds) connectivities. Chemical shifts are
Because the sequence-specific NMR assignments for thereferenced to internal TSP.

f-(1—28) in 60% TFE, SDS, and DPC solutions are already

known!22%identification of the Asg3CH,, Glu-yCH,, His-2H, resolved to be followed by 1D methods, so that at neutral and

His-4H, and Tyr-3,5H spin systems was relatively straightfor- higher pH, 2D spectra were not required. When the predominant

ward. A representative full 2D TOCSY spectrum in 60% TFE conformation for the3-(1—28) was random coil, many NMR

and expanded regions are presented in Figures 1 and 2signals became degenerate and sequence-spe€ifidgpermi-

respectively. The expanded plots were obtained at pH 2.4, 3.5,nations were not possible. This situation occurred at ptd 1

4.3, and 4.6, and these illustrate the gradual upfield shifts for and 712 in D,O, and at pH 412 in DPC solutions (Table 1).

the AspfCH, and GluyCH; signals with increasing pH. The  For example, in RO the yCH; signals of Glu3, Glull, and

aromatic Tyr-3,5H, His-2H, and His-4H signals are sufficiently Glu22 all overlapped, which provided identicakpvalues of

4.5 (Table 2). Graphs showing the variation of chemical shifts

(23) Norwood, T. J.; Crawford, D. A.; Steventon, M. E.; Driscoll, P. C.;

Campbell, I. D.Biochemistry1992 31, 6285-6290. with pH for the GluyCH,, His-2H, and Asp3CH, are depicted
(24) Assadi-Porter, F. M.; Fillingame, R. HBiochemistry1995 34, in Figure 3 and the computed linear least-squares fit of the NMR
16186-16193. data provided the appareri{pvalues (Table 2). A representative

ggg 'éﬂ?]’dr'ﬁav'\‘mﬂ’cﬁ'&‘%%Cph;g]n'fggg% ig’ gggrzgz;n. comparison of the experimental and computed titration curves

(27) Cantor, C. R.; Schimmel, P. Biophysical Chemistry: Part |, The for the His-2H in SDS solution is shown in Figure 4. Overall,
Conformation of Biological Macromoleculgd/. H. Freeman: New York, most of the calculated best fit curves were valid, as reflected

1980.
(28) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin, by the reported errors (Table 2)' . .
R. L. Nature 1987 326, 563-567. The K, values for the Arg5, Lys16, and Lys28 side chains

(29) Zagorski, M. G.; Barrow, C. Biochemistry1992 31, 5621-5631. were not determined since thei{pvalues are greater than 20,
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Figure 2. Expanded aliphatic TOCSY region for tjfe(1—28) (0.5 mM) in 6:4 TFE-D,O at 25°C. The spectra were obtained at pH 2.4 (A), 3.5

(B), 4.3 (C), and 4.6 (D), in which the spectrum at pH 2.4 corresponds to the boxed-in region of Figure 1. These spectra illustrate the gradual

upfield shifts for the Asg3CH, and GluyCH, signals with increasing pH.

which is in a range where structural variation does not occur a useful prototype for comparison with the wild typ€1—28)
(Table 1). As discussed before, at pH A significant structure (Vassilev and Zagorski, unpublished results). Unlike the wild
rearrangements can take place, establishing the importance ofype 5-(1—28) peptide, which undergoes a conformational
the Asp, Glu, and His side chains fhamyloid formation. rearrangementot-helix — S-sheet) at pH 47 in 60% TFE
Repeating the measurements lwi. M NaCl did not (Table 1), thes-(1—28)GIn22 adopts a stablke-helix within
significantly alter the K, values @0.2), suggesting that the the Tyrl0-Lys28 region at pH-112.
Glu, Asp, and His side chains do not form salt bridges. Above  The K, for the -(1—28)GIn22 were determined in an
pH 4, the two Gluy-CH, protons were chemically shift —analogous manner as done with th€1—28). As shown in
equivalent, while below pH 3 their chemical shifts often differed Table 2, the Glu and Hisiy, values for thes-(1—28) ands-(1—
up to 0.09 ppnt?29Again, these results are consistent with the 28)GIn22 are very similar¥0.4). The only major difference is
absence of salt-bridge interactions and solvent-exposed sidewith Asp23, which has an elevateKp (3.9 — 5.0) for the
chains. When unprotonated, the GlGH,—CH,—COO— has p-(1—28)GIn22. This may be due to its location near the
complete rotational freedom, consistent with no backbone negatively charged C-terminal pole of thehelix macrodipole?®
hydrogen bonding and the chemical shift equivalence. Nearly Overall, the lack of any other major differences between the
identical His and Asp i, values were obtained by monitoring  3-(1—28) andS-(1—28)GIn22 K, values establishes that the
the chemical shifts of either the His-2H or His-4H, as well as conformational changes do not significantly affect the chemical
either of the diastereotopic A§fEH, signals, respectively, thus  shifts, in support of our previous conclusions.
establishing uniformity of the NMR data.
An important issue is whether the observed pH-dependent Discussion
chemical shifts originate solely from protonation/deprotonation

or also from conformational changes of tfie(1—28). For le of rapidly i . .
lobular proteins, a prerequisite foKpmeasurements by NMR gngemb €o rapidly interconverting structures, some at equi-
9 ' librium while others such as thzamyloid deposit representing

is that protein should have the same three-dimensional structure . ) . .
L . an end point. The intention of the present study was to provide
within the pH ranges needed to measure tkg Pur previous

NMR studies of thes-(1—28) indicated that thg-sheet struc- site-specific information about the pH-induced structural changes

ture is NMR invisible, due to the rapid interconversions among and the role of electrostatics framyloidosis.

the different sized aggregates as well as the subsequent Eelsa}[tlontshlps gurrour;dlng “‘I? F}Ea: Solution COﬂdItIF:Q(S,
precipitation. Therefore, during the-helix — f-sheet and " ructures. several complications can occur Wittt

random coil — f(-sheet conversions, only the-helix and deterr_ninatio_n of pept_ides and proteins from NMR détahe
random coil structures are NMR detectaBlayhich suggests chemical shlft_ for_a given NMR resonance reflects an average
that thes-(1—28) conformational conversions should not affect value for all titrating groups (protonated_ and nonprotonqted),
the chemical shifts or theka. To confirm this interpretation, as well as the averaging .Of two.qr more dlﬁgrgnt conformat!onal
additional control experiments were undertaken to explore the states that may be in rapid equilibrium. Additionally, for a given

effects of conformational rearrangements on the chemical shifts conf_ormat|on the microenvironment ?r"“”d ?aCh side Ch?"” can
and the [Ka be different, such as the electrostatic interactions from neighbor-

For this control proiect. we determined the Asp. Glu. and ing ionizable groups and the heterogeneous dielectric environ-
His pKa values fol? aJ m[JtantB (1—28)GIn22 peth)i’de ti,1at ment in the protein, all of which can affect th&p However,
a a

contains glutamine (GIn) at position 22 instead of Glu. This most'of these mhe_rent_pro_blems oceur W'th large, globular
mutation is associated with hereditary cerebral hemorrhage with proteins, where ”?“'“p'e titrating groups can mflugnce. each other
amyloidosis-Dutch type (HCHWA-D), which is a disease from long-range interactions within the protein interior. These

(analogous to AD) characterized by extensive amyloid deposi- groups u_sually produce t_itration curves that are difficqlt to
tion within the cerebral arteriol€8:3! The -(1-28)GIn22 interpret in terms of a single Ky value. Fortunately, with
adopts a stable structure over a wide pH range, and therefore isrelatlvely small peptides, such as Wl‘ZS): these Iong-range
interactions are absent and the side chains are predominantly
(30) Haan, J.; Roos, R. A. C.; Briet, P. E.; Herpers, M. J. H. M.; isolated and in solvent-accessible states. Unlike the hydrophobic
Luyendijk, W.; Bots, G. T. A. M.Clin. Neurol. Neurosurg1989 91—4,
285-290. (32) Forman-Kay, J. D.; Clore, G. M.; Gronenborn, A. Blochemistry
(31) Levy, E.; Carman, MSciencel99Q 248 1124-1126. 1992 31, 3442-3452.

In solution, the amyloids-peptide exists as a dynamic
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Figure 3. Graphical representation of the pD dependence of the chemical shifts for the@#y, His-2H, and Asp3-CH; of the 3-(1—28). The

plots for the Tyr10 3,5H are not included. The solvent conditions shown at the left are described in more detail in the text. The secondary structures
for each condition are summarized in Table 1. The points for Glu3, His6, and Aspl are shown with diamonds; Glul1l, His13, and Asp7 with circles;
and His14, Glu22, and Asp23 with squares.

interior of a globular protein, when thg(1—28) is folded as the expected range of 1 pH unit when comparing side chains
an a-helix or in a random coil conformation, the side chains of proteins and free amino aciéf6A more prominent elevation
are solvent accessible. Our control study of fhe—28)GIn22 takes place in DPC solution, where the AspX3, s 1.5 units
reinforced this conclusion, in that the conformational rearrange- higher. This effect may be the consequence of the accompanying
ments (random coit~ S-sheet andx-helix — -sheet) do not o-helix — random coil conversion that occurs within the pH
greatly influence the g, (Table 2). Moreover, the three- 4—5 range (Table 1). Since the Asp23 has a high€ryalue
dimensional structures of thg-(1—28) andfS-(1—28)GIn22 relative to the other Asp and Glu residues, its side chain probably
peptides are virtually indistinguishable at acidic and basic pH dissociates immediately before thehelix — random coil
(i.e., predominantly random coil in water anehelical in 60% conversion. In DPC at pk 4, the-(1—28) is predominantly
TFE), which further establishes that other charged groups in random coil allowing the His side chains greater access to sol-
the microenvironment do not contribute to either the chemical vent molecules (Table 1), which is reflected in their more normal
shift changes or theka. pKa values (0.+0.3 units greater than the free amino acid).

In general, thg-(1—28) pK, values are slightly elevated rela- In DO at pH +-4.5 and 6.6-12, the$3-(1—28) is monomeric
tive to those for the free amino acids (Table 2), which are within and predominantly in extended forms based on the Kis6b—
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interior1244The present I, data support this interpretation, in
which the highly negatively charged environment around the
SDS surface hinders both the deprotonation of the Hisldkd
generation of the negatively charged Asp-CCid Glu-COO.

An internal location of these side chains would not be consistent
with the higher K, constants. The His6 side chain has a slightly
lower K, (7.1), relative to His13 (82 7.7) and His14 (K, 7.8).
This may result from the greater side-chain mobility of His6,
which is within a disordered region while His13 and His14 are
within an a-helix (Table 1). Once the His13 and His14 side
chains deprotonate, thehelix breaks down generating random-

Figure 4. Representative titration curves for the His6 (circles), His13 COIl structure. This process is lrzeversible, since reductions in pH
(diamonds), and His14 (squares) in SDS solution showing the pD below 8 regenerate the-helix.

dependence of the His-2H chemical shifts. Shown are both the raw

With the exception of the Asp residues, thg1—-28) K,

experimental data curves (A) and the calculated best fit curves (B) that values in BO and DPC are nearly identical(.2), consistent

were fit to an ideal titration curve.

6.6, Glu K, 4.3, and Asp K, 4.5. Thus,j-aggregation is
probably maximized at pH 4-56.6, where the Glu, Asp, and

with solvent-exposed side chains (random-coil structure), and
weak hydrophobic interactions between h¢1—28) and the
neutral DPC micelle. However, at pH-Z the-sheet structure
forms in D,O solution, but not in BO containing DPC (Table

His side chains are all charged, in accordance with reports 1). The lack of$-sheet in DPC solution suggests that hydro-

showing that the aggregatgdsheet structure is stabilized by
intermolecular ion-pairing interactiod&”
In 60% TFE at pH +4 and 712, the backbone is largely

phobic interactions may be important for preventinggksheet
formation. Because in water solution the Phel9 and Phe20
residues are important for promotifigsheet structuré>-+° one

o-helical causing the side chains to adopt more pronouncedpossibility is that these residues interact weakly with the

nonrandom spatial arrangemet$? The organic solvent TFE
lowers the His and raises the Gl pvalues (Table 2). Similar
elevations of Glu 4 values in aqueous TFE or other organic
solvent mixtures were noted; 2> and these were partly at-
tributed to the lower dielectric constant of TFE (1/3 that of
water). However, the formation of predominantffrsheet
structure in both water and 60% TFE at midrange pH74

hydrophobic chains of the DPC micelle in a manner that
prevents intermolecula#-aggregatiort?

In summary, both electrostatic and hydrophobic interactions
between thg-(1—28) and the negatively charged shell of SDS
and the hydrophobic chains of the DPC micelles, respectively,
prevents-sheet aggregation. These interactions are not possible
in D,O and 60% TFE and, as a resytsheet aggregation occurs

establishes that structure formation and aggregation are not dueat midrange pH 47 (Table 1).

exclusively to dielectric effects. This interpretation is consistent

Mechanism of the pH-Inducedo-Helix — f-Sheet Rear-

with studies of the pH-dependent stability of ribonuclease A rangement.Interactions of charged side-chain groups to form

S-peptide® It is also possible that the TFE binds to the Glu

salt bridges or with the-helix macrodipole are important factors

and His side chain®3¢and the bound TFE may be less capable affecting a-helix stability?®50-53 The salt-bridge interactions

of stabilizing the charged Glu-COQor His-NH* by solvation.

could involve intramolecular Glu- - -His or Asp- - -His that

This conclusion is supported by reports that TFE stabilizes might contribute toa-helix formation®4-56 However, because

a-helices by binding or interacting directly with the charged
peptide surface®.37

Micelle Binding Prevents f-Sheet Formation. For the
B-(1—28), the data in SDS solution shows that th&, palues
for the Glu, Asp, and His are all significantly higher, by about

1.1-1.6 units relative to the free amino acids (Table 2). Such
large increases cannot be solely attributed to reduced solvation%3
and most likely also involve electrostatic contributions. Similar

salt bridges would be expected to form when both the side chains
are charged at pH47, they are not likely involved witlke-helix
formation at pH +4 or 7-10. Instead, salt bridging is important
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More recently, thg8-(1—40) in SDS solution likewise had higher
pKa values for the Glu22 and Asp23Kpin the 6-7 range)?
consistent with the present data of th&1—28).

Shown in Figure 5 is a proposed mechanism for the

association of thg-(1—28) with the SDS micelle. Our previous
NMR data revealed that, when folded ascahelix, the-(1—
28), p-(1—40), andp-(1—42) peptides associate at the lipid/

water interface, rather than within the hydrophobic SDS micelle
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Figure 5. Mechanism for the association of tife(1—28) with the SDS micelle and the related pH-induced structural changes. Based on 2D
NMR,*? the Tyr10-Lys28 region isi-helical, while the random coil regions are depicted with wavy lines. dtrelical structure corresponds to

the actual averaged, energy-minimized NMR-derived tertiary structure ¢f-{tie-28) 32 in which the helix backbone is drawn with a ribbon and

the His-3N, AspyCOO, and GlusCOO side-chain atoms are shown in their correctly charged state (depending orKtheirdpthe external pH).

The structures are not scaled according to their true sizes, as the SDS micelle is much larger fhéh-®®)*° This scheme highlights the
importance of electrostatic contributions to tadielix stability. When protonated, the His13 and His14 side chains become bound to the negatively
charged SDS surface. Because the His13 and His14 are withie-ltiedix, they have higherk, values than the His6 side chain that is located in

an unstructured region (more solvent exposed). The SDS prevents formation of the amylgidtiget structure, suggesting that both electrostatic
and hydrophobic interactions between the micelle andstie—28) may be occurring (see text).

for B-sheet fibril stability!>16:57since disruption of these salt These interactions are strongest for charged side chains located
bridges promotes fibril dissolutioH. Although high salt con- within the first and second-helical turns and longt-helices
centrations increase aggregation r&tefsthe present data  are not required for significant dipol&€3%1Thus, because Glul1l,
showed that they do not affect the experimenté} palues for His13, His14, Glu22, and Asp23 are located within the second

the solublex-helix and random coil structures. Thus, tdelix turns of the Tyrl0-Lys2&-helix, their ionization states can

is stabilized by local interactions, whereas the aggregatgtbet either reinforce or oppose the helix macrodipole. Because of

is stabilized by long-range effects such as salt bridges. their longer length, the positively charged side chains of Lys16
Figure 6 depicts a mechanism showing the possible charge-and Lys28 are highly solvated and can adopt conformations that

helix macrodipole interactions that could account fordHeelix reduce interactions with the helix macrodipéte.

— p-sheet conversion. We had previously proposed that the When His13 and His14 are protonated, an unfavorable charge

largest contributors ta-helix destabilization at pH 47 are interaction is possible between the positively charged His side

unfavorable interactions between charged amino acid side chaingchains and the positively charged N-terminal pole (Figure 6).
and thea-helix macrodipole?® The alignment of peptide bonds  Likewise, when Glu22 and Asp23 are deprotonated, an unfavor-
within ana-helix creates a macrodipole, in which the negative able charge interaction can exist between the negatively charged
pole is at the C-terminus and the positive pole is at the side chains and the negatively charged C-terminal pole. Only
N-terminus. The field of ano-helix macrodipole is ap-  the negatively charged Glull has a favorable interaction with
proximately equal to the field of a half positive unit charge at the a-helix macrodipole.

the N-terminus and a half negative unit charge at the C-  Within the Tyr10-Lys28a-helix, the His13 and His14

terminus®® Hence,a-helix formation is favored if one pole of  protonate at identical valueskp5.7), whereas in the pH-36

the macrodipole and a nearby charged residue have oppositeange, the Asp23 first dissociatedg3.9) followed by Glu22

signs, and oppose-helix formation if they are of like sign.  (pK,5.3) and Glull (K, 5.3) (Table 2). Remarkably, the Glu11,
(54) Marqusee, S.; Baldwin, R. [Broc. Natl. Acad. Sci. U.S.A987, which has a favorable interaction with thehelix macrodipole,

84, 8898-8902. has an elevatedif (5.3) relative to the control studies (4.9).
(55) Yang, A.-S.; Honig, BJ. Mol. Biol. 1993 231, 459-474. This may be due to a slightly reduced solvation or weak
(56) Huyghues-Despointes, B. M. P.; Baldwin, R Biochemistryl997, intramolecular hydrogen bonding effects from the nearby

36, 1965-1970. " X ) . .
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M.; Timms, W.; Maggio, J. EBiochemistry1995 34, 5191-5200.
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Figure 6. Mechanism for thex-helix — -sheet and random coit 5-sheet conversions, which is an extension of our previous model and now
includes more specific pH rangé&sUsing the NMR-derived tertiary structure of t3e(1—28) 32 the a-helix backbone is drawn with a ribbon and
the His-3N, AspyCOO, and GlusCOO side-chain atoms are shown in their correctly charged state (depending on the pH and the sid€schain p
At acidic pH 1-3, there are twar-helical regions (Ala2-Asp7 and Tyrl10-Lys28) while at pH-3%0 and 6.510.0 the shortea-helix breaks
down. When the side chains of Glul1, Glu22, and Asp23 deprotod@®QH— 6COO-) above pH 5.3, and the side chains of His13 and His14
protonate (3NH— 3N*) below pH 5.7, a rearrangement takes plazénélix — 3-sheet). This rearrangement is very rapid and comes about from
the unfavorable charged interactions (same sign) between the side chains argethemacrodipole. Since the-(1—28) is random coil in water
solution, a similar-helix-macrodipole effect is not possible, resulting in a slower aggregation rate.

ionization (K4 3.9), but rather by the subsequent ionization of deposits in vivo and, in these mammaispeptide contains an

the Glu22 side chain ¢ 5.3). These results suggest that Argl3 rather than His1%

disruption of thea-helix is caused by the ionization of His13, Conclusions. The present studies are the first to provide
His14, and Glu22, and their resultant unfavorable charged residue-specific data about the pH-dependent structural changes
interactions with thex-helix macrodipole. This hypothesis is  of the amyloidj-peptide.The distinct pK for the side chains
supported by our studies with tiie(1—28)GIn22, which does  of the His13, His14, and Glu22 imply that these residues possess
not undergo a related-helix — -sheet rearrangement at pH especially critical roles in thex-helix — S-sheet conersion

4—7. This greatera-helix stability can be attributed to the that may be important in AD pathogenesihe o-helix —
absence of the unfavorable interchange between the negatively3-sheet conversion is supported by a mechanism involving
charged Glu22 and the-helix macrodipole. The predominantly — unfavorable electrostatic interactions betweendaHeelix mac-

a-helical structure of thg-(1—28)GIn22 is supported by other ~ rodipole and the charged side chains. The Glu and His side
NMR studies in dimethyl sulfoxidé chains have elevatedp constants in SDS solution, indicating

that they are bound to the negatively charged SDS surface.
Because both the negatively charged SDS and the neutral DPC
prevent -sheet formation, a weak hydrophobic interaction
between the DPC micelle and hydrophobic amino acid residues
may be occurring. This idea implies that the charged and polar
residues make stronger contacts with negatively charged micelle
surfaces, while hydrophobic peptide regions may interact with
the neutral micelle lipid chains.

Additional support for the mechanism outlined in Figure 6
comes from a comparison of th&pvalues within the amino
acid types (Table 2). For example, in 60% TFE the Asp&3 p
is 0.2 and 0.4 units higher than those for Asp7 and Aspl,
respectively (Table 2). The higherkp for Asp23 can be
explained by its location near the C-terminus of tdhelix
macrodipole, while the Aspl and Asp7 have more nornkal p
values (identical or close to the control study); the Aspl and
Asp7 occupy unstructured regions and are not interacting with Experimental Section
an a-helix macrodipole (Figure 6). In related studies of other
short peptidex-helices, the Asp Ig, values were higher when
positioned near the C-terminus relative to the N-termfiius. : :
similar explanation can explain why the Hisgis 0.5 units ((3?1%1) Joshi, H. V.; Meier, M. SJ. Am. Chem. S0d.996 118 12038
higher than His13 and His14, as the His6 is also located in a (63)' Sorimachi, K.: Craik, D. JEur. J. Biochem1994 219, 237—251.
random coil region. Both the His and Asp residues play  (64) Schwarzman, A. L.; Gregori, L.; Vitek, M. P.; Lyubski, S.;

important roles ing-amyloid fibril production and stability. E”ﬁtmgggl"evl‘:’ é Egggr”sdk?d é %g‘l";guf 5 Sngsengbag:gJMWSeésugnrggresr

Many physiological constituents such as transthyretin and zinc o' Roses, A. D.; Goldgaber, Broc. Natl. Acad. Sci. U.S.A994 91,

can prevent or promote aggregation by their affinities for the 8368-8372.

i i _ i]@64,65 i i iq i (65) Bush, A. |.; Pettingell, W. H.; Paradis, M. D.; Tanzi, R.EBiol.
His remdqes_oﬁ peptide®4®> The I_-||sl3 residue is |mp0r_tant Chen 1994 269, 12152 12158,
for amyloid fibril assembly and disassembly as a function of (66) Johnstone, E. M.; M. O., C.; Norris, F. H.; Pascual, R.; Little, S. P.

pH.% In addition, rat and mice do not develop mature amyloid Mol. Brain Res.1991, 10, 299-305.

Peptide Synthesis and Purification.The 5-(1—28) peptide was
prepared and purified as described previotfsiyd its primary amino
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acid sequence is as follows: 3N"-D*-A-E-F-R?-H-D-S-G-Y1%-E-V- The carrier was placed near the center of the spectrum at the position
H-H-Q-K-L-V-F-F2°-A-E-D-V-G?>-S-N-K-COO'". of the residual protium absorption of,0 (HDO). The HDO signal
Sample Preparation.Perdeuterated SD&s, DPCdss, TFE-d3 (CFs- was suppressed by low-power irradiation during the recycle delay. For

CD-,OD), and DO were obtained from Isotec, Inc. (Miamisburg, OH) 1D NMR spectra, 64 scans were acquired with a total recycle delay of
or Cambridge Isotopes, Inc. (Andover, MA). Samples were prepared 4.5 s, which included an acquisition time and recycle delay of 2.5 and

for NMR measurements by dissolving th€1—28) (0.9 mg, 0.2mol, 2.0 s, respectively. Typically, the digital resolution of the acquired data
0.5 mM) in a solution (0.5 mL) of BD, TFE-d;—D-0 (6:4, v:v), SDS- was 0.20 Hz/pt, which was reduced to 0.10 Hz/pt by zero-filling the
dzs (120 mM) in DO, or DPCédss (120 mM) in D,O. For the latter data once before processing. Before Fourier transformation, spectra were

two solutions, the SDS and DPC quantities were intentionally set well multiplied by either exponential line broadening or Lorentzian-to-
above their critical micelle concentrations and their average aggre- Gaussian weighting factors.
gation number4? This ensured that at least one micelle molecule was For the 2D homonuclear Hartman#iahn or total-correlation spec-
present per molecule ¢f-(1—28). All solutions also contained trace  troscopy (TOCSY)}72 suppression of the HDO signal was done by
amounts of sodium 3-(trimethylsilyl)propiona®2,3,3-d, (TSP), 0.5 presaturation. Depending on the signal-to-noise, the NMR data were
mM NaEDTA (removes trace metal contaminants), and 0.05 mM{NaN apodized by a skewed sine-bell squared or exponential line broadening
(prevents microbial growth). window functions inF; and 90 sine-bell squared if;. The TOCSY
The three control solutions (0.5 mL) were prepared by dissolving employed a DIPSI pulse sequeficeith a mixing time of 70 ms, and
L-tyrosine (0.45 mg, 2.zmol, 5.0 mM),L-aspartic acid (0.33 mg, 2.5  two trim pulses located at the beginning and end of the DIPSI sequence.
umol, 5.0 mM), L-histidine (0.39 mg, 2.5umol, 5.0 mM), and Acquisition parameters included 5050 and 6600 Hz sweep widths for
L-glutamic acid (0.37 mg, 2.zmol, 5.0 mM) in SDS (120 mM) in the 500 and 600 MHz instruments, with 4096 and 256 complex points
D,0O, DPC (120 mM) in RO, and TFEes;—D,0 (6:4, v/v). These three (each consisting of 32 scans) for theandF; dimensions, respectively.
solutions were placed into three, 5 mm NMR tubes and the pH Usually 2-4 dummy scans were used for each increment and the
measurements and adjustments were done as described above for theelaxation delay was set to 1.5 s. After zero-fillingHg, the final 2D
-(1—28) peptide. The amino acids were obtained ir-98% purity matrices contained 2048 2048 points.
levels (Aldrich, Inc.), and the solutions also contained trace amounts  Apparent pK, Determinations. The K, values were determined
of TSP, 0.5 mM NgEDTA, and 0.05 mM Nahl by simulating the pH and chemical shift data to the Henderson
The pH values were measured with a pH meter (Corning 340) Hasselbalch equaticfi,/* assuming that theky, values are indepen-
equipped with an electrode (Model MI-412, Microelectrodes, Inc.) that dent3? For peptides and proteins, the shapes of the titration curves are
was calibrated with pH 4.00, 7.00, and 12.00 buffers. Similar pH logarithmic expressions of th&p(Figure 3), according to the following
readings were obtained with an Accumet combination glass electrode equation:
(pH range 6-14) that used a Calomel reference (Fisher, Inc.). The
desired apparent pD values were obtained at room temperature by pK, = pH + log[(d, — 5exp)/(6exp_ )
adding micoliter amounts of dilute DCI or NaOD. The pH-meter reading
is approximately 0.40 pH units lower in,D than in HO, suggesting
that a correction may be need€d-dowever, since the isotope effects
on glass electrodes and the measurid yalues of proteins nearly
invalidate each othéef,corrections for pH-induced isotope effects were

wheredex, On, @andd; are experimental chemical shifts and the individual
chemical shifts at high and low pH values, respectively. Using a
computer program (kindly provided by Dr. Milo Westler, NMRFAM,
University of Wisconsin-Madison) and a nonlinear least-squares method,

not required. After corrections for temperature, we estimate that the (€ €xperimental data were fit to an ideal titration curve that cor-
pH readings are accurated.1. Readjustments of the pH for the effects responded to the titration of each individual side chain (for example,
of TFE were not performed, since previous studies showed that TFE S€€ the experimental and ideal titration curves in Figure 4). From the
has only minor effects0.07 units) on the apparent . ideal curves, the g, values were obtained using the above equation
To address the potential problems related to the time-dependent@d the computer program. Typically, the single titration curves
structure and aggregation changes at pH7 68 for the studies in employed a Hill coefficient set to unity. Error limits are reported from
D,O and TFEe;—D,0 (6:4, v/v), two peptide solutions were prepared, the convergence inaccuracies obtained from the program (differences
one at low pH and the other at high pH, where time-dependent structural 26tween the experimental and ideal curves), which also incorporated
changes did not occur. This involved dividingg1—28) solution (1 the uncertainties in the measured chemical shifts and the pH.

mL, 0.5 mM) into two equal portions that were placed separately into .
two, 5 mm NMR tubes. The pH was adjusted to approximatehp 2 Acknowledgment. Supported in part by grants from the
and 16-12 for the two solutions. The NMR spectra were recorded AMerican Federation of Aging Research, the National Institutes

within 10 min after the pH adjustment, and thereafter the pH was Of Aging (AG-08992-06 and AG-14363-01), a Claire Boothe
increased or decreased for the low and high pH solutions, respectively.Luce Graduate Fellowship (E.L.C.), Philip Morris, Inc., and a
The pH was obtained prior to NMR measurements and then remeasured=aculty Scholars Award from the Alzheimer's Association
after the experiments were completed to ensure that it remained constan{M.G.Z.). The 600 MHz NMR spectrometer was purchased with
during the data acquisition; the two readings usually agreed to within funds provided by the National Science Foundation, the National
£0.05 pH unit. For the NMR measurements in SDS and DPC solutions, |nstitutes of Health, and the Ohio Board of Regents. We would
onef-(1—28) solution was prepared, since the time-dependent variations like to thank Milo Westler (NMRFAM, University of Wisconsin-

do not occuf? . : :
NMR Measurements.The NMR spectra were obtained with either Madison), Haiyan Shao, and Anita Hong (Anaspec, Inc.) for

a Bruker AMX-2 500 MHz or a Varian Inova-600 MHz spectrometer. helpful discussions.
The NMR data were transferred to Indigo XS24 computer workstations ja9908640

(Silicon Graphics, Inc.) and processed using the FELIX program
(version 95, Biosym, Inc.). Chemical shifts were referenced to an  (69) De Marco, A.J. Magn. Resonl977, 26, 527-528.

internal standard of TSP and probe temperatures were calibrated using g% g;ﬂdk ADan:;hrlg:hGS ﬂgg?}'ygssrgﬁggalgszggsfétls'o

neat r.nethancﬂ..AII measurements were cqnducted at 2520 Control (72) Rance, MJ. Magn. Resorl987, 74, 557—564.

experiments using a sample of TSP and dioxane (as a reference) showed (73) Shaka, A. J.; Lee, C. J.; Pines, A.Magn. ResorlL98§ 77, 274—

minimal chemical shift variations0.01 ppm) of the TSP signal with 293.

alterations in pH, indicating that chemical shift corrections for TSP (74) Caceci, M. S.; Cacheris, W. Byte 1984 9, 340-342.

were not require@7 (75) Shao, H.; Marcinowski, K. J.; Clancy, E. L.; Salomon, A. R,;

Zagorski, M. G.The Solution Structures of tlieAmyloid Peptide Proide

(67) Primrose, W. USample PreparatigrRoberts, G. C. K., Ed.; Oxford a Molecular Approach for the Treatment of Alzheimer's Disedgbal,

University Press: Oxford, 1993; pp-B4. K., Winblad, B., Nishimura, T., Takeda, M., Wisniewski, H. M., Eds.; John
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