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Abstract

Several de novo designed ionic peptides that are able to undergo conformational change under the influence of
temperature and pH were studied. These peptides have two distinct surfaces with regular repeats of alternating hydro-
philic and hydrophobic side chains. This permits extensive ionic and hydrophobic interactions resulting in the formation
of stableB-sheet assemblies. The other defining characteristic of this type of peptide is a cluster of negatively charged
aspartic or glutamic acid residues located toward the N-terminus and positively charged arginine or lysine residues
located toward the C-terminus. This arrangement of charge balanceshblécal dipole momen(C — N), resulting

in a strong tendency to form stabdehelices as well. Therefore, these peptides can form both stahkdices and
B-sheets. They are also able to undergo abrupt structural transformations between these structures induced by temper-
ature and pH changes. The amino acid sequence of these peptides permits botB-shegeandy-helix formation,

resulting in a balance between these two forms as governed by the environment. Some segments in proteins may also
undergo conformational changes in response to environmental changes. Analyzing the plasticity and dynamics of this
type of peptide may provide insight into amyloid formation. Since these peptides have dynamic secondary structure, they
will serve to refine our general understanding of protein structure.

Keywords: a-helix; alternating ionic sequenceg:sheet; conformation plasticity; de novo design; temperature- and
pH-induced structural change

One of the assumptions in studying protein structure has been th&blded proteingPauling, 1960; Schulz & Schirmer, 1979; Creigh-
protein secondary structure is stable once formed, while tertiargon, 1993. Recent analyses using high-speed computer simula-
structure is flexible to accommodate biological function. This as-tions and using a variety of experimental approaches suggest that
sumption, central to the study of protein structure and function, iprotein structures are dynamic and they can undergo structural
important for many reasons. An overwhelming number of exam-changes to accommodate their biological functiBoutonnet et al.,
ples support this assumption, in which drastic changes in tertiart995; Cao et al., 1998; Kurzynski, 1998; Reddy et al., 1998; Yon
structure can result from small changes in the environment, such &t al., 1998. These include receptor-ligand interactions, enzyme
the receptor binding of a ligand or the catalytic action of enzymescatalysis and protein interactions with other molecules, including
Although this approximation is widely accepted, accumulated ex-other proteins, nucleic acids, small molecules, cofactors, metal
perimental observations have revealed increasing examples of coiens, neurotransmitters, and other substré@sson et al., 1998;
formational changes in secondary structure leading to newHaouz et al., 1998; Rigney et al., 1998his body of data suggests
functionality (Abel et al., 1996; Jardetzky, 1996; Minor & Kim, that the solved crystal structure of a protein may represent only a
1996; Prusiner, 1996; Tan & Richmond, 1998hese new findings  single frame of a movie image of proteins.
challenge the current assumption that secondary structures are rel-Here, we report several additional de novo designed ionic self-
atively static in proteins. complementary oligopeptides that exhibit remarkable secondary
It is recognized that slight conformational changes of secondargtructure plasticity and multifaceted behavior. These findings con-
structural unitse-helices angB-sheets, could have significant con- firm our previous report that the DAR16-IV peptide with alternat-
sequences in determining the overall protein structure and theréng hydrophobic and hydrophilic residues and distinct dipoles can
fore its biological function. Alpha-helices apdsheets are generally form stableB-sheet andr-helix structures under the influence of
believed to be stable structural units after they have formed irtemperature and pkZhang & Rich, 1997. They not only extend
our early findings, but also demonstrate that this type of flexibility

Reprint requests to: Shuguang Zhang, Center for Biomedical Engineerj-.s not isolated to unique cases, but rather describes the conforma-
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a-helix in response to changes in temperature or pH. Once in thby the supporting medi@aMutter et al., 1985 Other types of
a-helical form, these peptides return fasheet assemblies over peptide structural transition betweerhelix andB-sheet have also
extended time. The peptides that undergo this kind of conformabeen reported by Dado and Gellm@d®93 through incorporating
tional change have similar charge distributions. They are eaclseveral regularly spaced methionines in an 18 residue peptide,
composed of alternating hydrophobic and hydrophilic residuesYLKAMLEAMAKLMAKLMA. When these methionines are in
with a clustering of negative charge toward the N-terminus, and dhe native state, i.e., lipophilic state, the peptide forms an amphi-
clustering of positive charge toward the C-terminus. These sephilic a-helix. Upon oxidation of the methionine to methionine
quence characteristics provide these peptides with two distincsulfone, it becomes more hydrophilic and the peptide transforms
faces, one hydrophobic and the other hydrophilic when they exisits structure into a stablg-sheet.

in B-sheet form, and two distinct poles, one negatively charged and The structural properties of the self-complementary ionic oligo-
the other positively charged when they exist in helical form. There-peptides in this study also resemble those of proteins and protein
fore, these sequences not only have propensity to formdabilix fragments that are involved in amyloid formation. Both these pep-
and B-sheets, but also provide the peptides with interesting phystides and amyloid peptides can exist as stableelices or coils

ical properties. It has previously been reported that these peptideantil changes in the environment induce the formatioBefheet
when in theB-sheet form, have the ability to form macroscopic aggregatesKirschner et al., 1987; Han et al., 1995; Harper et al.,
lamellar matrices after the peptide solution is brought to physio-1997; Harper & Lansbury, 1997; Kelly, 1997; Dobson, 19%is
logical salt concentratiofizhang & Rich, 1997. This property is  conversion process is very slow in both cases, leading to the pos-
perhaps related to their primary sequence. They contain hydrophgibility that they are mechanistically similar or perhaps governed
bic faces that are important to the formation@$gheet assemblies by similar thermodynamic and kinetic constrairitduang et al.,
(Rippon et al., 1973; Brack & Orgel, 1975; Osterman & Kaiser, 1995.

1981; Zhang et al., 1993; Xiong et al., 1995; Zhang & Rich, 1997;

West et al., 1999 as well as a dipole charge distribution and helix Results

capping consistent with-helical stability(Blagdon & Goodman,
1975; Hol et al., 1981; Hol, 1985; Presta & Rose, 1988; Harper & . .

Rose, 1993; Huyghues-Despointes et al., 1993; Parthasarathy et a&(’)rrelatmn between peptide structure and sequence

1995; Aurora & Rose, 19981t has also been reported that se- The self-complementary ionic oligopeptidéEable 1) have many
guence dependence of secondary structure formation in host-gudsteresting sequence and structure properties. EAK12 a-d and
peptides with eithew-helix or B-sheet structure can be influenced the EAK16-IV series are derivatives from the original EAK16-II

Table 1. lonic self-complementary peptides and derivatives used in this study

Name SequenceN — C) Structure Direct conversion Matrix formation
+ 4+ - - + +
EAK12-a AKAKAEAEAKAK r.ch No No
+ - -+ +
EAK12-b AKASAEAEAKAK r.c. No No
+ - - -+ +
EAK12-c AKAEAEAEAKAK r.c. No No
- - - -+ +
EAK12-d AEAEAEAEAKAK a/B Yes Yes
- - - -+ + + +
DAR16-1V n-ADADADADARARARAR a/B Yes Yes
- - - — 4+ + + +
DAR16-1V* n-DADADADARARARARA a/B Yes Yes
- - - -+ + + +
DAR32-1V¢ (ADADADADARARARAR) a/B No Yes
+ o+ - = = =
RAD16-IV RARARARADADADADA B No Yes
+ 4+ - = = =
KAE16-1V KAKAKAKAEAEAEAEA B No Yes
- - - -+ 4+ 4 +
EAK16-IV AEAEAEAEAKAKAKAK B Yes Yes

aThe peptides were made by solid-phase synthesis on either an Applied Biosystems Model 430A or Rainin Model PS3. N- and
C-termini of the oligopeptides are acetylated and amidated, respectively. The peptides were purified by reversed-phase HPLC. The
purity was determined by analytical HPLC. Composition was confirmed by mass spectroscgpyamiho acid analysis as described
previously. Direct conversion occurs when there is no detectable intermediate by CD spectroscopy. Matrix formation indicates whether
or not the peptide solution forms macroscopic matrices upon exposure to saline conditiang et al., 1993, 1995The number
following each name indicates the chain length of the oligopeptides.

br.c, random coil.

°DAR32-IV was purified in two distinct forms with reversed-phase HPLC, arfeelical, and the otheB-sheet.



Peptide structural transition

1097

peptide,(AEAEAKAKAEAEAKAK ), a repeated segment found Structural transition with temperature

in a yeast protein, Zuotin, which was initially characterized by
its preferential binding to left-handed Z-DN&hang et al., 1992
The DAR, RAD, KAE, and EAK series are de novo designed
peptides created to systematically study the properties of ionic
self-complementary oligopeptides and to develop a biologica
matrix scaffold for cell attachment in tissue engineeri@pang
et al., 1995; Zhang & Altman, 1999Most of the peptides form
hydrogels when exposed to physiological concentration of mono-
valent alkaline salts. Almost all of these peptides have alternat-
ing hydrophilic charged residues and hydrophobic alanine residues.
The negatively charged residues are either glutamic @€jdor
aspartic acidD) and positively charged residues are either lysine
(K) and argining R). For example, EAK12-a is a direct truncation
of the original EAK16-II peptide, in which a four-residue AEAE
sequence has been removed from the N-terminal end, resulting in
a peptide with a net positive charge near the N-terminus. EAK12-b
is similar to EAK12-a except one of the glutamates has been
replaced with sering€S), so that one negative charge is missing
near the N-terminus. In the case of EAK12-c, the second positively
charged lysine has been substituted by a negatively charged glu-
tamate. The peptides EAK12-a, b, and c all have a random coil
structure and cannot form visible matrices in the presence of salt.
However, the situation is quite different when both positively charged
lysines near the N-terminus of EAK12-d are substituted by two
glutamates, thereby creating a cluster of negatively charged resi-
dues toward the N-terminus. This peptide can undergo a secondary
structure transformation frora-sheet toe-helix with either tem-
perature or pH.

Similarly, the peptides DAR16-1V, DAR16-IV*, and DAR32-IV
all have a cluster of negatively charged residues toward the
N-terminus. Both DAR16-IV and DAR16-IV* can also undergo
secondary structure transformation frggasheet toa-helix. It
should be pointed out that the only difference between DAR16-1V
and DAR16-IV* is a frameshift of the first residue. In DAR16-
IV, the first amino acid is alanine, but in the DAR16-IV*, the
first residue is aspartic aci@Table 1. There are no detectable
differences between the two in terms of structural conversion,
indicating that the terminal residues play a less critical role than
charge distribution and helix capping in this case. On the other
hand, DAR32-1V can exist as either a stabinelix or ap-sheet
but is unable to undergo a direct structural conversion. DAR32-1V
was purified in two distinct forms with high-performance liquid
chromatography(HPLC), one a-helical and the othep-sheet,
indicating that even reversed-phase HPLC conditions were in-
sufficient to rapidly interconvert the two forms. This is probably
due to the increased peptide length, solubility, and the increased
possibility of more complex intermolecular interactions. When
positive and negative charge clusters are reversed, as in RAD16-
IV, the peptide can no longer undergo secondary structure con-
version. RAD16-1V, KAE16-1V, and EAK16-IV all form extremely
stableB-sheet structures even at 9D and after extended incu-
bation time(Zhang & Rich, 1997. It is interesting that DAR16-IV
has a high structural plasticity but EAK16-IV does not, even
though the amino acids residues E, A, and K have relativel
high propensity to form helical structuré€antor & Schimmel,
1980. It is likely that EAK16-1V forms unusually stablg-sheets
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For both EAK12-d and DAR16-1V*, there exists a strong corre-
lation between peptide structure and temperature as seen in the
.circular dichroism(CD). In both cases, an increase in temperature
esulted an abrupt structural transition frgdrsheet toa-helix.
AK12-d (Figs. 1, 2 exhibits a small loss i-sheet content upon
heating to 60C, as indicated by the ellipticity at 218 nm. In
addition, the shift to 60C may result a change fsrbackbone twist
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Fig. 1. Temperature effect on EAK12-d structural transitions. EAK12-d
peptide solution was aliquoted into nine identical samples. The samples
were incubated at indicated temperatures for 10 min and CD was measured
at the same temperaturd: CD of EAK12-d from 25-90C. At 25°C, it
Yorms a stablgd-sheet. ThisB-sheet structure is stable until 70. It then
underwent two distinctive transitions. During the first transition Bkgheet
content was not only reduced, but also changed its degree, which may be

and did not disassemble under the conditions used. It has ald§lated to changes in right-handed twi&. Fasman, pers. commThe

been observed that EAK peptides form more stable hydroge

econd structural transition occurs drastically between 88=9Here, the
-sheet structure is converted to arhelical structureB: EAK12-d ex-

matrices than that of the RAD series suggesting there may Dbipits three distinctive structures at three different temperatures, 30, 85, and

structural differences between theihang et al., 1996

90°C. The isodichromic point at 213 nm.
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Fig. 2.

Note there is an imperfect isodichromic point at 213 nm.

as shown by a reduced ellipticity at 195 ni@. Fasman, pers.

comm). At 70°C, the beginnings of a structural conversion are
observed as the 218 nm valley widens toward 210 nm. In addition,
the ellipticity values at 195 nm begin to take arhelical charac-

Incubation at various time points induces EAK12-d structural
transition.A: EAK12-d was incubated at 8& for 0, 1, 2, 4, 8, 16, and
32 min. It also underwent two phase transitions. Incubation from 0, 1, 2,
and 4 min did not result in drastic structural changes. The first transition
occurs at 8 min when the stablesheet became less stable and showed
signs of structural change. After further incubation at@5it abruptly
converted from g-sheet to amx-helix by 16 min. Further incubation for
32 min did not additionally change the structuB:. EAK12-d exhibits
three distinctive structures during incubation for different time periods.

M. Altman et al.

formation (Fig. 3). The profiles in Figure 3B show two distinct
spectra at 25 and 9C, typical B-sheet andx-helix at 25 and
90°C, respectively. However, the CD profiles of DAR-IV* have
noticeable differences from those of EAK12-d. First, DAR16-IV*
begins and completes its structural transition at a lower tempera-
ture, 65-75C. In addition, the structural conversion seems to be
much more abrupt in DAR16-IV*. It is interesting to note that the
CD profile at 90°C appears to have a higher helical content than
the profile at 75C. These features are consistent with previously
proposed structural properties of DAR16-¥hang & Rich, 1997.
Both EAK12-d and DAR16-1V* exhibit isodichromic points at 213
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Fig. 3. Temperature effect on DAR16-IV* structural transition. DAR16-

teristics. Upon heating to 8&, a spectrum is obtained showing a |v* was incubated at various temperatures for 10 min and measured at
profile betweenB-sheet andy-helix. There is still a considerable 25°C. A: Structures of DAR16-1V* at from 25-91C. At 25°C, it forms a
amount of sheet content, yet the widening of the valley towargstables-sheet. Thig-sheet structure is stable until %5. Here, theg-sheet

205 nm indicates increasing helical content. By’G0the struc-

structure is abruptly converted to arhelical structure with no detectable
.intermediate. The conversion in DAR16-IV* is much more abrupt than in

tural conversion is complete, and a characteristic helical curve igak12-c, as only two distinct spectra forms are obsenB:dDAR16-IV
observed. Likewise, peptide DAR16-IV* undergoes a similar trans-exhibits two distinctive spectra at two different temperatures, 25 af@.90



Peptide structural transition 1099

and 211 nm, respectively, where the ellipticity is constant regard-p ~ 6%%
less of temperature. This was somewhat surprising since the classic

work by Greenfield and Fasman showed that a two-state transition
between theB-sheet anda-helix has an isodichromic point of 40000 84 . EpH 4
198 nm(Greenfield & Fasman, 1969This may be partly due to :‘;::
the composition differences between their early observations and 30000 pH7
the observations reported here. Their substrate wasiphlgine, X opH 8
but the peptide composition here is more heterogeneous. Addi- xpH2
tional experiments are required to clarify the differences. The ap- "u teH 10
pearance of an isodichromic point suggests that the transition is

direct betweerB-sheet andv-helix, without other detectable struc-
tures. Generally, the presence of an isodichromic point indicates
that only two species exist in the pathway and that they intercon-
vert directly. The lack of an isodichromic point would suggest an 20000 L Ko
intermediate with a detectable lifetime and struct(@antor & o) A" Copged
Schimmel, 198D -30000 -+ )
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All chemical and enzymatic reactions are time dependent, and
structural transitions are no exception. When EAK12-d was heateqg 50000 PyTTE
at 85°C (Fig. 2), there was no considerable difference between o apH 4
heating for 1 or 2 min. There is a slight increase of ellipticity at 40000 Te % OpH 8
218 nm compared to the sample without heating. When it was .

heated for 4 min, there was a significant increase in ellipticity at 80000 7 .

218 nm, from—22,000 to—35,000. Although the CD spectrum 20000 4 o

remains largely3-sheet, it showed a slightly atypical profile due to o -

a shift toward far-ultravioletUV ) wavelengths. A similar situation
was observed for the previously reported DAR16-1V peptidieang

& Rich, 1997). After incubation for 8 min, the CD spectrum shifted
further toward the far U\Mblue shify. With further incubation for
16 min, the spectrum completely changed from a typ#zaheet to -10000 + oy
a characteristic helical profile. Additional incubation had no effect o
as indicated by a constant ellipticity at 222 nm. This observation is -20000 ST

also consistent with the previously characterized DAR16-1V peptide. ° &°
-30000 + o o

10000 + My,
a
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Structural flexibility with pH change
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EAK12-d can also undergo conformational changes as a function
Wavelength (nm)

of pH. At pH 1-3, this peptide exhibited a typigadsheet spectrum
with minimum ellipticity at 218 nm and a maximum at 195 nm Fig. 4. pH effect on the EAK12-d structural transition. EAK12-d was
(Fig. 4). However, when the pH was changed from 1 to 3, thereincubated in solutions of various pH from 1-1&. The structural prop-

; : i : rties suggested by the spectra of EAK12-d in different pH are variable.
W‘.Elllsfa nOtlgeabLe Chang:]e IE thEbpeptlde'CD proflr:e. AlthﬁUQh t;eﬁheﬁ-sheet content is different at pH 1 and 2-3. EAK12-d at pH 2 has a
still formed g-sheets, the "T‘C. lon.e twist may have change aﬁigh B-sheet content. ThB-sheet content is essentially identical at pH 1
suggested by decreased ellipticity in the 195 nm red®nFas-  and 3. There exists a difference in the backbone twist among pH 1, 2, and
man, pers. comm.When EAK12-d was incubated at pH 4, a very 3 as shown in the 195 nm region. EAK12-d at pH 4 exhibits a very different

different spectrum was observed, consisting of a beta-type prof”épectrum. There seems to be an intermediate structure, with both helical

. and sheet character. When EAK12-d is incubated at pH 5-10, it exhibits an
with greatly reduceg-sheet content and further altered baCkbOnea-helical spectrum with about 30% helical content. There is an isodichro-

conformation. This profile suggests that there might exsstrand  mic point at 214 nm except at pH&: The spectra of EAK12-d suggest
structural intermediate, or both sheet and helical structures mashree different structures at pH 1, 4, and 8.

coexist. When EAK12-d was incubated at pH 5, it underwent a

completely structural transition into a conformation witf80%

helical content. Additional changes from pH 6-10 did not result in . . ]

a significant alteration of the peptide conformation suggesting that©Sion process is very slow, and months are required to observe
it has a stable structuréFig. 4 within this range. Figure 4B 'eemergence of the initigh-sheet content. After six months of

summarizes the structural transitions of EAK12-d, and its ability to'ncuPation, only a small amount of increased sheet content was
exist in three distinct states due to the influence of pH. observed(not shown. One of the initial observations about the

reconversion was that the rate seems to increase as a function of
time. This leads to the possibility that the reconversion process is
autocatalytic or cooperative, with the presencg3efheet having
Some experiments have been conducted to studythelix to the ability to recruita-helices into an assembly. Similar findings
B-sheet reconversion process in DAR16-IV*. Overall, the recon-have been reported previously that aggregated amyloid proteins

a-Helix to B-sheet reconversion with time
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can recruit other properly folded amyloid proteins by inducing same trend as the well-characterized polylysine, in which higher
changes in secondary structufidan et al., 1995; Wood et al., pH values increase the tendency to form ahmelix. Although
1996; Harper & Lansbury, 1997; Harper et al., 1997, TakahashEAK12-d and DAR16-1V can undergo conformational change in
et al., 1999. response to pH, their pH-induced structural transitions follow
two different paths. In the case of DAR16-IV, at pH 1-2, it
forms a helical structure, with a transition at pH 3 and a change

Discussion to B-sheet at pH 5 and higher. EAK12-d forms @asheet at
pH 1-3 with a transition at pH 4, changing to a more helical
Comparison of structural transitions structure at pH 5 and above. Although both undergo pH depen-

o ) dent structural transitions, they are almost exactly reversed in
Several of the ionic oligopeptides can undergo secondary structurg ir structures at a given pH. Again, this illustrates that the

transformation; frorvs-gheet tox-helix and re_turn back tg-sheet nature of the charge on the different amino acids plays more of
over a long period of time. However, they differ from one another, e than sequence alone in determining peptide structure, due
in the ease with which the conversion takes place. For example, the correlation between pH and charge. Further studies will

the same concentration in water, DAR16-1V and DAR16-IV* un- o heeded to obtain a broad understanding the conformations of
derwent a structural transition at 80, whereas EAK12-d did not  j,hic peptides with other combinations of charged amino acids.

undergo the transition until 8%, a significantly higher tempera-
ture. The higher temperature requirement for the EAK12-d struc-
tural transition suggests that tifesheet form of this molecule is Proposed structure g6-sheet assembly

more stable. This higher temperature requirement for the tra”smof\‘/lonomeric peptides with an extendegisheet backbongs-

also suggests why EAK16-1V did not change at all under thegyan g3 are inherently unstable and therefore must be stabilized on
conditions tested. Although the time needed for conversion Withy, ,h, 4 ces to form an assembly. Self-complementary ionic peptides
both DAR16-IV and EAK12-d is similar, 1-4 min of heating did ,ntain hoth a hydrophobic and hydrophilic face. Consequently, it
not result in significant deformation. In both cases, a noticeableg o, oseqd that one face is stabilized by intermolecular ionic
transition took place by about 8 min and by the 16 min mark thej, e 4ction, while the other is stabilized by intermolecular hydro-
transition is complete. Additional heating up to 32 min at the e interaction in addition to conventional backbone hydrogen
respective conversion temperature did not result in increased h%‘onding. Due to the alternating hydrophilic and hydrophobic res-
lical content with either peptide. There is no observable eIIipticityiduesl it is possible for overlapping to occur between molecules
increase at 222 nm after 16 min, the characteristic signature Oéreating a network complex. A proposed assembly structure of
helical content. To ascertain if the helix is a monomer or multi- DAR16-IV* (Fig. 50 schematically illustrates an explanation for
meric assembly, analytic ultracentrifugation experiments was Calfe possibility of the previously observed physical properties of
ried out(not shown. The calculated molecular weight of acetylated these peptides. These include strong resistance to proteases and
EAK12-d is 1,260 Da, and the analytic ultracentrifugation eXper'denaturing agents due to unexposed side chgirsheet thermo-

iment indicated that there was a molecule with a molecular weighky,pijiy due to extensive ionic and hydrophobic bonding, and the
near 1,330 Da, thus suggesting the EAK12-d formed a monomerigy aiion of hydrogel matrices upon exposure to salt conditions

helix. This regult ?s consistent with the previous observatigp Ofwhen these assemblies are precipitated out of solutiirang
DAR16-1V, which is also a monomer under the same conditions,; al., 1993, 1995; Zhang & Rich, 1997

examined(Zhang & Rich, 1997.

Proposed mechanism f@-sheet toa-helix
The role of pH changes in peptide structure structural conversion

It is well known that pH changes have drastic effects on proteinOur experimental observations suggest that change in the twist of
and peptide structures. Much of this work has been systematithe 8-sheet backbon€G. Fasman, pers. compmay take place a
cally carried out using polymeric peptides. For example, polyly-few minutes after raising the temperatyfég. 1). This suggests
sine can undergo structural change freahelix to 8-sheet near that thep-sheet structure is becoming destabilized before there is
pH 10 and higher when 95% of the lysine residues have becomany evidence of helical conversion. These observations lead to the
deprotonated Applequist & Doty, 1962; Greenfield & Fasman, proposal of two possible mechanisms for the structural changes,
1969. This conformational change is reversible when the pH isone involving a well-defined monomeric intermediate, and the
lowered allowing for reprotonation. In the same manner, theother involving a complex intermediate. In the first mechanism, as
B-amyloid peptide[ BA1-42] also undergoes conformational theB-sheets in solution are heated, a monomeric ungi-eheet, a
change as a function of pH. At pH 1.3 and 8.3, it has a helicalg-strand, breaks away from the assembiig. 6A). Once free
structure, whereas at pH 5.4 it hasBasheet structuréBarrow  from intermolecular forces, this beta strand can coil up into a helix
& Zagorski, 199). EAK12-d has a calculated pl of 4.5 and a due to intramolecular forces. The chang@isheet backbone twist
molecular weight of 1,260 Da. It is interesting to note that whenobserved with CD spectroscopy might be associated with-#teeet

it is fully protonated below pH 3, it has g#-sheet structure, to g-strand conversion. This situation may not be uncommon in
similar to the case of polylysine mentioned above. The EAK12-dproteins. For example, interactions between other parts of the pro-
structural transition takes place at about pH 4, near its pl valuetein, or with other molecules during transport and catalysis, may
with an intermediate spectrurtFig. 4B). When the pH is in- cause one of thg-strands in g3-sheet to break away from the
creased, the molecules become deprotonated, and the structyrack. In the second model, a segment of a peptide molecule begins
becomes more helical, again mirroring the situation observed foto convert to helix while the other part of it is still bound to the
polylysine (Greenfield & Fasman, 1969EAK12-d follows the  B-sheet assemblyFig. 6B). This may result an intermediate that is
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Fig. 5. Molecular models of self-complementary ionic peptidesEAK12-d in the extende@-strand andx-helix forms.B: DAR16-

IV* in the B-sheet andr-helix forms.C: The proposeg@-sheet assembly structure of DAR16-IV*. Note the two distinct faces, one
hydrophobic and the other hydrophilic, as well as the extensive hydrophobic and ionic bonding. The conventional backbone hydrogen
bonds between amino and carbonyl groups pointing toward the vigweshown. Molecular overlap is expected due to the highly
repetitive nature of these peptide sequences on both hydrophobic and hydrophilic sides somewhat resemblance of repeated DNA
sequences.

partially helix and partially extended, remaining complexed to the

assembly. Eventually, the entire molecule becomes helical an

separates from the assembly. In this case, the observed change in : > [: >
backbone twist may be accounted for by the peptide of mixed

secondary structure. Although it is not possible at this point to

determine which model is correct, the second model is energeti-

cally favorable because it does not involve a higher engrgirand

intermediate. Both mechanisms are reversible, and the reverse patg

ways can result in the reassembly@&heet over time.

Thermodynamics and kinetics of structural dynamics I I | I | II | Ii

Since it was observed that thehelical peptides eventually return Fig. 6. Two possible scenarios for thgsheet toa-helix conversion pro-
to the B-sheet form over extended periods of time, it can be asCessA: Amonomerics-strand leaves thg-sheet assembly and is then free

. to undergo intramolecular hydrogen bond formation to coil into a helix.
sumed that th@-sheet is in a lower energy state. Even though theB: A peptide molecule begins the helical conversion while still attached to

a-helix is stabilized by its dipole moment, hydrogen bonding, andhe g-sheet assembly. Eventually, the molecule becomes completely helical
solvation energy, the extensive hydrophobic and ionic bondingand free from the assemblies.
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makes thes-sheet formation more favorable. This suggests that the
reason for the extended time periods in tadelix to B-sheet
reassembly is kinetic rather than thermodynamic. In other words,
the kinetic pathway for thex-helix to B-sheet transition is ener-
getically inaccessible, forcing the overall process to be extremely
slow. This is possible because regardless of the mechanism, a large
energy penalty must be paid to uncoil a stabklaelix structure.
Therefore, the reassembly of tigesheet occurs with a very low
probability. We can propose a hypothetical energy diagram repre- B
senting the two states of these oligopeptides, linked by a theoret- Time
ical well-defined intermediatéFig. 7). This hypothetical diagram C

provides a representation of the observed properties of these pep-
tides. In both directions, there exists a large activation energy. The
forward conversion frong-sheet tax-helix requires a large amount

of thermal energy, while the reverse pathway of conversion from
a-helix to B-sheet is kinetically inaccessible due to the large en-
ergy barrier that must be overcome without the aid of heat. This
diagram also accounts for the possibility that excessively heating
the a-helical structure, to the point where minimal helical charac-
ter remaingabove the activation energy for thehelix to 3-sheet
transitior), would allow formation of3-sheet structure upon cool-

ing the system. In addition, this diagram also displays the struc-
tural dichotomy that exists in these ionic self-complementary
oligopeptides. These peptides form very stgbigheets as well as
a-helices, but once one form is “selected,” a very |arge amount of:ig. 8. Hypothetical diagram for three modes of inhibition of #aéhelix

energy is required to overcome the stability of one state to changl® £-Sheet amyloid structural transitioA: Stabilizing thea-helical form

0 increase the activation energy of transiti@n.Destabilizing the struc-
to the other. tural intermediate to again increase the activation energy of transition.
C: Sequestering the structural intermediate into a form that is more stable
than theB-sheet assemblies, preventing it from continuing on the pathway.

< og 7t O3t

<o o B

Sequestered
Intermediate

2

Time

Implications for inhibitors of amyloid formation

Another feature of this hypothetical energy diagram is that it may

aid in the selection of target molecules when looking for inhibitors

of the a-helix to B-sheet amyloid conversion. Overall, there are yeast overexpression of chaperone proteins can strongly inhibit
three general ways to inhibit this structural transit{@ig. 8). The amyloid/prion formation in cell§DeBurman et al., 1997; Schirmer
first mode of inhibition is to lower the energgtabilize thea-helical & Lindquist, 1997. Through genetics or drug action, it may be
form (Fig. 8A). This would increase the activation energy, therebypossible to regulate chaperone activity, making an increaséilix
slowing down the rate of alpha to beta conversion. This is thestability an efficient mode of amyloid inhibition. A second mech-
preferred method found in biological systems to prevent amyloidanism of amyloid inhibition would be to increase the energy of the
formation in vivo. For example, chaperone proteins are known tdransition state by destabilizing the structural intermediBig. 8B).
promote correct protein conformation by binding nonspecifically This also has the effect of increasing activation energy and slowing
to solvent exposed hydrophobic patches of unfolded, partially foldedthe rate ofe-helix to 8-sheet transition. Although the exact nature
or misfolded proteins in an effort to prevent aggregation and allowof the intermediatés) is not clear at this point, there is a possibility
proteins to attain the correct structure. It has been shown that ithat a drug may exist having the ability to interfere with the for-
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mation of, or degrade intermediates on, the amyloid formation3-amyloid (Barrow & Zagorski, 1991 and a voltage-dependent,
pathway. The third mode af-helix to 8-sheet amyloid inhibition  anion-selective channel proteiVDAC) (Mannella, 1998 Fur-

is the “sequestering” of structural intermediates into a state that ithermore, it has been found that a yeast proteiragglutinin,
more stable than thg-sheet amyloid produdiFig. 8C). Creating  contains three distinct regions that have the ability to undergo
this highly stable intermediary complex removes the intermediatestructural transitions fronB-sheet toa-helix in response to tem-
from the amyloid pathway and traps it in a form that preventsperature or pH change@. Zhao, pers. comm., 1998 Protein
further aggregation. The idea is very similar to adding a chelatingSociety Symposium AbstragtsThe segment with the greatest pro-
agent to a reaction that requires metal ions to proceed. Overalpensity to undergo this conversion, region lll, has the sequence
these self-complementary ionic peptides may be a good modefEYELENAKFFK. It contains a similar charge distribution, as
system for study of amyloid formation and may assist in under-well as alternating hydrophobic and hydrophilic residues as com-
standing possible common mechanisms of formation. It may als@ared to the peptides studied here. Region III's response to changes
be used to screen for possible inhibitors of this process. This mode temperature or pH is similar to EAK12-d, with temperatures
of inhibition has already been demonstrated, for the addition ofabove 55C and with pH< 5 resulting in structural transition.
“decoy peptides” can substantially inhibit large amyloid formation =~ Systematic alterations of proteins through genetic manipulations
(Blanchard et al., 1997 These decoy peptides are antagonistic forand protein engineering have accelerated our understanding of
the aggregation regions in amyloid peptides and therefore traprotein structures and provided us with a great deal of detailed
amyloid peptides into more stable and soluble aggregates. Thi@formation about protein structures and their critical biological
ultimate goal of this mode of inhibition would be to find either an functions(Cunningham et al., 1990; Blundell, 1994; Shakhnovich,
antagonistic peptide or drug that binds strongly to the intermediate]l 998. The rapid accumulation of protein sequences and structures
forming a soluble low-order complex that is incapable of furtherdeposited in the databases will likely provide us with critical in-
aggregation. Natural processes could then degrade this complex farmation to improve and to refine our knowledge of protein struc-
biological systems. ture, stability, plasticity, and complex conformational behavior.

Other aspects of structural plasticity Materials and methods

a-Helices have a helical dipole moment along the backbone thapeptide design and synthesis

possesses a directionality from -6 N. Many a-helices have a

preference for negatively charged residues located at the N-termindg€ Peptides EAK16-IV, KAE16-IV, DAR16-IV, RAD16-IV, and
and positively charged residues located at the C-terminus calle AK12-a through EAK12-d were synthesized on an Applied Bio-

helix capping(Blagdon & Goodman, 1975 Hol, 1985; Presta & SYStems(Foster City, California automated peptide synthesizer
Rose, 1988; Parthasarathy et al., 1995; Aurora & Rose, 1998 using t-Boc chemlstry, and subsequently purified with reversed-
has been postulated that thehelix may be considered as an array pha_se HPLC at the Blopolymt_ars Laboratpry at the Massachusetts
of dipoles arranged in such a way in that they orient along the axiénStItUte O,f Technology as previously descrii@thang et al.,' 1994

of the helix with the negative pole at the C-terminus and theTh(_3 _pepndes DAR16-IV* and DARB_Z'N were synthe&_zed on a
positive pole at the N-terminuéBlagdon & Goodman, 1975 Rainin Model PS3 automated peptide synthesizer using F-moc

Therefore, it is presumed that amino acid sequences with negati\fg‘em'suy and a|SO.p.UI’Ier(.1 W'th reversejd-pha.se HPLC',A” peptide
charges at the N-terminus and positive charges at the C-terminLFéerOIUCtS were verified with elth_er amino ac_ld analys_,ls or mass
can enhance and stabilize the helical dipole moment, and in turfPectroscopy or both. The peptides were dissolved in deionized
the helix itself. This phenomenon has been found to be statisticalI)\/"ater and stored at room temperature.

significant, and many helices in proteins agree with this prediction

(Hol, 1985; Parthasarathy et al., 199% should be emphasized Circular dichroism analysis

that not all helices have such a charge arrangement. All CD spectroscopy was performed on 20M solutions of
Protein secondary structures have recently been shown to quKlZ-d in water or DAR16-IV* diluted fran a 3 mM stock in
dynamic entities. A recent report showed that a segment of eighfater that was incubated at room temperature for at least one
residues(QDMINKST) in a yeast Maw2 protein could adopt \yeek. CD data were corrected by conversion to mean residue
either ana-helix or ag-strand conformation in crystal structures  gjjipticity to account for differences in molecular weight and con-
resulting in different interactionéTan & Richmond, 199B An-  cantration. The effect of temperature on peptide structure was de-

other example_is the_ translational elongation facto_r EF-Tu in whichyarmined by either taking CD scans at different temperatures from
a segment of six residuéBEEKAR) formed amx-helical structure 25 to 90°C, or by taking scans at sequential time intervals up to

in the GTP complex and changedﬂestrand structure inthe GDP 35 min at a constant temperature of°85 The effect of pH on
complex(Abel et al., 1996 Wei et al.(1994 showed that a seg-  peptide structure was determined by incubating the®0peptide
me_nt in one of the serine protease inhibitors Wa&a'_rellx inthe  goutions from pH 1-12 overnight before measuring with CD.
native uncleaved form, but underwent a conformational change tgjtia| experiments to analyze the-helix to 8-sheet reconversion
ap-strand upon cleavagéiVei et al., 1994; Wright, 1996Minor  55cess were conducted by taking 28 solutions of DAR16-

and Kim (1996 also reported an 11 residue segment in the GIV*, heating them at 96C for 15 min, and then measuring them
protein of an IgG binding domain that can fold into either an ith cD on a weekly basis for several months.

a-helix or aB-strand in the appropriate location of the protein.

High resolution structures of prion proteins in different forms have
been recently elucidatgdNguyen et al., 1995a, 1995b; Riek et al.,

1996, 1998 «-Helix and B-sheet conformational changes in re- For determination of molecular weight, the EAK12-d oligopeptide
sponse to pH have also been observed in other proteins includingas heated in water to 9C for 30 min and itsx-helical structure

Sedimentation equilibrium analysis



1104 M. Altman et al.

was confirmed by CD. Three different concentrations of the oli- Creighton TE. 1993Proteins: Structures and molecular principle2nd ed.

opeptide were then loaded into a hexa-cell chamber with threg  New York: WF Freeman & Co.
gopep - %unningham BC, Henner DJ, Wells JA. 1990. Engineering human prolactin to
cells containing water as the references. The samples were then y;,4'to the human growth hormone recep@cience 2474611465,

centrifuged at 50,000 rpm at 286 for 24 h to sedimentation equi- Dado GP, Gellman SH. 1993. Redox control of secondary in a designed peptide.
librium. Each sample was then measured several time indepen- JAm Chem Soc 1152609-12610.

. eBurman SK, Raymond GJ, Caughey B, Lindquist S. 1997. Chaperone-
dently. All points were collected and analyzed. In all cases, thé) supervised conversion of prion protein to its protease-resistant foroc.

samples showed an average molecular weight 1,330 Da that iS Natl Acad Sci USA 943938-13943.
close to the calculated monomeric molecular weight of 1,260 Da oPobson C. 1999. Protein misfolding, evolution and dise@send Biochem Sci
EAK12-d. We therefore concluded the helical form of EAK12-d is __ 24:329-332. . o
X ter i . t Greenfield N, Fasman GD. 1969. Computed circular dichroism spectra for the
a monomer In water In our experiment. evaluation of protein conformatiomiochemistry 84108—-4116.
Han H, Weinreb PH, Lansbury PT Jr. 1995. The core Alzheimer’s peptide NAC
forms amyloid fibrils which seed and are seeded@gmyloid: Is NAC a
Database searching common trigger or target in neurodegenerative dise@betn Biol 2163-169.
Haouz A, Glandieres JM, Zentz C, Pin S, Ramstein J, Tauc P, Brochon JC,
A search of all current protein databases was performed using Alpert B. 1998. Solvent effects on horse apomyoglobin dynariizahem-
BLAST to identify sequences similar to any of the peptides that _istry 37:3013-3019.

. arper ET, Rose GD. 1993. Helix stop signals in proteins and peptides: The
undergo structural transition. Although an exact match was no{_| capping boxBiochemistry 327605-7609.

found, there exist many examples of protein segments with similaHarper JD, Lieber CM, Lansbury PT Jr. 1997. Atomic force microscopic im-
charge distributions, along with alternating hydrophobic and hy- aging of seeded fibril formation and fibril branching by the Alzheimer’s
drophilic residues disease amyloid-beta protei@hem Biol 4951-959.

’ Harper JD, Lansbury PT Jr. 1997. Models of amyloid seeding in Alzheimer’s
disease and scrapie: Mechanistic truths and physiological consequences of
the time-dependent solubility of amyloid proteinrd&nnu Rev Biochem

Molecular modeling and simulation 66:385-407.

. . . . Hol WG. 1985. The role of the-helix dipole in protein function and structure.
All molecular modeling and simulation were performed with the  prog Biophys Mol Biol 45149-195.
Quanta software package from Molecular Simulations (Bur- Hol WG, Halie LM, Sander C. 1981. Dipoles of thehelix andB-sheet: Their

; ; role in protein folding.Nature 294532-536.
lington, Massachusetsn SGI machines at the MIT Center for Huang Z, Prusiner SB, Cohen FE. 1995. Scrapie prions: A three-dimensional

Biomedical Engineering computing cluster. model of an infectious fragmenfold Des 113-19.

Huyghues-Despointes BM, Scholtz JM, Baldwin RL. 1993. Helical peptides

with three pairs of Asp-Arg and Glu-Arg residues in different orientations
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