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We designed a library of short peptides using standard rules for coiled-coil assembly. Depending on the composition
of amino acids in the non-interacting region of the coiled coil (positions b, c, and f) these peptides are able to
convert froma-helical tof3-sheet secondary structure. This type of transition is observed in amyloid-like proteins
and is a key feature associated with many types of neurodegenerative diseases. Studies on peptides that are 14
amino acids in length indicated that positioning hydrophobic amino acids at an f position within a heptad repeat
accelerated the rate of conformational conversion as compared td thatposition. We believe that this occurs
because of the formation of a hydrophobic pocket that preferentially stakfiligheets ovea-helices. This effect

was also observed in longer 21 amino acid peptides. Our study shows that the relative rates of structural conversion
correlate with the formation of a continuous three-amino-acid hydrophobic patch consisting of amino acids in the
d, f, and a positions and not on the secondary structure propensities of the individual amino acids. The sequence
structure relationship observed in this study will be used to help understand the mechanism of amyloid fiber
formation and design future coiled-coil apidsheet-forming peptide systems.

Introduction by changing the order of the residues on model peptides so as
) _ _ to create hydrophobic repeating units that favor certain types
Both the assembly ofi-helical coiled coils and3-sheet  of protein secondary structure. Later, others also reported on
amyloids are in large part driven by the packing of hydrophobic systems where the conformations of designed peptides can be
amino acids to form their characteristic structure. Coiled coils cqntrolled by changing the solvent medidfredox states of
are formed by the packing of two (or morejhelices against  the residue?14 pH.? peptide chain lengtk and the addition
one anothg%. This packing is .driven to bury the exposed of metal iondt17 based on the same idea of patterning
hydrophobic face of each helix at the interface of the two pyqrophobic and hydrophilic residues periodically to stabilize
peptides and reinforces the intramolecular backbone hydrogen-gpe type of secondary structure. It is worth emphasizing that
bonding network of both-helices. In coiled-coil design a seven-  the peptides mentioned above adopt one specific stable con-
amino-acid repeat (a “heptad” whose amino acids can be labeledcormatio, unless the solvent or other environmental factors are
a—q) is found in which amino acids in the a and d positions changed. Recently, Mihara’s group developed a series of
are hydrophobic and typically leucine, isoleucine, or vafife. peptides that showed structural conversion fromhelix to
Because seven amino acids make approximately two turns of g gheegs-21 The transition between the two conformations is
an o-helix, the a and d positions align along one face of the ggt jnitiated and without the need for an environmental trigger
a-helix making it highly hydrophobic (Figures 1a and 1b).  qihough elevated temperature may accelerate the process of
Amyloid-like fi-sheets are also facial amphiphiles but achieve g1 conversion). However, these peptides were modified
their amphiphilic nature by a simple alternation of hydrophobic by hydrophobic “defects” mostly consisting of non-amino-acid
and hydrophilic amino acids, which, in a fully extended components at the N-termini. Some stu8is2 have shown
conformation, leads to one face of the peptide being hydrophobicthat by rational design, one can manipulate peptide conforma-
and one being hydrophil_'ft:g Si”_‘”ar to the coiled-coil structure, tioné as well as structurél transitiéf23 The structural transition,
the hydrophobic packing reinforces the hydrogen-bonding specifically, fromo-helix to S-sheet is associated with many

network, although here the hydrogen bonds are mtermoleculartypes of neurodegenerative diseases and has attracted attention

as opposed to intramolecufé.If a coiled-coil sequence is g0 both theoretical and experimental perspect®&é8in this
mapped to an extended conformation, then one sees that it doeﬁaper we design a peptide system that exhibits dynamic

not match the necessary requirements for amyloidfisheet formation of secondary structures mimicking the natural disease-

formation. Likewise an alternating hydrophobic/hydrophilic . . . :
X ) . related peptide (amyloid-beta peptide). This work helps to
sequence mapped to arhelix does not satisfy the requirements elucidate the mechanisms of structural polymorphism in amy-

for a coiled caoill. . ; . . .
o . . . loid-forming proteins and should help to guide the design of
The specific pattern of hydrophobic and hydrophilic residues both coiledqcpc))il and-sheet peptide a?chit(gctures. 9

in the sequence allows one to design a protein with predeter- ) . -
mined secondary structure. Early examples include the work ~Recently we have investigated the minimum length necessary
done by DeGradé! which focused on the formation of static 0 form a stable coiled coil. In that study, a 14-amino-acid
secondary structures (e.g., random cailhelix, andg-sheet) peptide (peptidd) was found to form a dlmerl_c coiled coll at

5 °C, but at elevated temperatures thehelical structure
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10.1021/bm060871m CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/18/2007
CDhVv



618 Biomacromolecules, Vol. 8, No. 2, 2007 Dong and Hartgerink

1 Q E E S L Q I Y E E S L Q
C. T T TS d [ L 1 7 1 "7
N-term g/u\,,/c\d/e\f/g\“/I’\L/d\(/} C-term N-term g,/“\h/K \d/"\f/’“\u/ N7 \u’J C-term
| \ f T f I | \ | | I | \ |
E A L Y 1 Q E E A L Q 1 Q E
Hydrophobic Core
i Ny BSOS SO

| | |
Com LN, PN PN NI AT o e Clem AN PN PN N AN AN o e
O o Lo L by
Figure 1. Structural arrangement of peptides 1 (a and c¢) and 3 (b and d) in the coiled-coil or amyloid-like 3-sheet packing motifs. Amino acids
are represented with the standard, upper-case, single-letter code while the position in the heptad repeat is indicated in lower-case italics. In all
cases the hydrogen-bonding network is formed normal to the figure. Similar comparisons can be made for the larger three-heptad peptides 5
and 6.

Table 1. Peptide Primary Sequences Studied in This Paper Table 2. Comparison of Peptides’ Initial Helicity and Rate of

sequence? Structural Transition
peptideno. gabcdefgabcdefgabcdef temperature
1 EIAQLEYEISQLEQ? percent helicity for transition lag time/time to 50%
2 EIAQLESEISQLEOQ peptide no. at5 °C to -sheet transition at 50 °C
1 70 55 20.5/30 min
3 EIAYLEQEISQLEQ 2 75 76 >300 min
4 EIAQLEYEISQLEQEIQALES® i gg 69 167/174 min
a a
5 EIAQLEYEISQLEYEIQALES 5 62 53 2.5/4.4 min
6 EIAYLEQEISYLEQEIQALES 6 1 a a _
7 66 43 1.5/2.5 min
7 EIAQLEFEISQLEFEIQALES 8 66 49 0/4.0 min
8 EIAQLELEISQLELEIQALES

2 These peptides do not undergo an a-to-f transition but instead unfold.

2The N- and C-termini of all peptides are acetylated and amidated,

respectively. © The initial description of these peptides is in ref 26. approximately 5 nm in diameter and hundreds of nanometers

in length as revealed by transmission electron microscopy

structural instability by the examination of 8 peptides of different (TEM). The structural transition is highly temperature-dependent
sequences containing 14 or 21 amino acids. Our hypothesis is_and takes place following au_tocatalytlc klnetlc_s. Circular dlch_ro-
that positioning a hydrophobic amino acid in the f position of iSM (CD) after an appropriate amount of time or after mild
a heptad repeat leads to the formation of a continuous Neating reveals A-sheet signature characterized by a minimum
hydrophobic patch composed of the amino acids in positions & 216 nm. Specifically, thei-helical structure of peptid&

d, f, and a, which all lie on one side of the peptide when the CONVerts tof-sheet in 30 min at 50C (Table 2). Fourier
peptide is in a fully extended conformation (Figure 1c). Two transform infrared (FT-IR) spectroscopy of a dried film confirms

such peptides can then pack against one another in an extendetis structural transition with a shift of the amide | band from
conformation, burying the hydrophobic patch to form the 1654 to 1623 and 1611 cth A weak shoulder at 1692 cm

nucleus for g8-sheet hydrogen-bonded structure. suggests that the-sheet structure being formed has a significant

To test this hypothesis, we prepared two sets of peptides with antiparallel component (Figure 2d).
a general coiled-coil motif. The first set is only 14 amino acids
(two heptads) in length while the second set is 21 amino acids
(three heptads) in length (Table 1). The general design To test the idea that the dfa hydrophobic patch is responsible
incorporates lle and Leu in the a and d positions, respectively, for the instability of thea-helical structure, peptid® was
and hydrophilic ora-helix-inducing amino acids in the b, ¢,  prepared in which tyrosine (in position f) was replaced with
and f positions. The e and g positions are filled with glutamic the hydrophilic amino acid serine. This substitution increases
acid to allow pH-controlled assembly and disassembly of the the observed helicity from 70% to 75% (Figure 2b, Table 2)
peptides depending on the charge of the carboxylic acid. On and substantially inhibits the formation of tHesheet structure.
the basis of these design criteria, derivatives were prepared toa|though S-sheet structure can still be observed by FT-IR after
test the importance of a dfa hydrophobic patch in which amino hoiling a solution and examining a dried film of this material,
acids in the f position incorporate Ser, Gln, Tyr, Phe, or Leu. CD shows that the peptide does not undergo conversion within

Peptidel?® incorporates a dfa hydrophobic patch. It is a stable 300 min at 50°C. At 70 °C the peptide is still weakly helical,
dimeric coiled coil when the pH is below 5 and at’6. At and only at 90°C do we begin to see signs of a weadsheet
room temperature this peptide slowly converts to an amyloid- developing. This is evidence that the dfa hydrophobic patch is
like B-sheet nanofiber. The nanofibers reveal green-yellow largely responsible for stabilizing thifesheet structure. However,
birefringence in the presence of congo red dye and are one may also suggest that overall hydrophobicity, or the hi%{/

Results
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Figure 2. CD spectra of peptides 1—3 (a—c, respectively), at different
temperatures. Concentration: 0.8 mg/mL. ATR FT-IR spectra of

Fraction Converted

0.2

peptides 1-3 (d—f, respectively) before and after boiling. IR spectra 0 T pepide 5
were observed as dried films. ——— peptide 7

peptide 8
preference of serine foo-helix structure as compared to 02 j |
tyrosine, is more important than the specific positioning of the 0 5 ) 10 15
hydrophobic amino acids. To clarify this, pepti8levas prepared time (minutes)
in which instead of simply replacing tyrosine it is swapped with Figure 3. Change from a-helix to 5-sheet monitoring at 205 nm and
the glutamine occupying position c. Comparing peptidto 50 °C. (a) Two-heptad peptides 1 and 3. (b) Three-heptad peptides

peptide3, we can see that the overall hydrophobicity and sec- 5 7. and 8. Peptide 2 (not shown) does convert to f-sheet under
ondary structure preference should be identical since the aminothese conditions but requires in excess of 5 h. Peptides 4 and 6 do
. N . L not undergo helix-to-sheet transitions under the conditions tested.
acid composition is identical and only the order is different.
The CD spectrum of peptidgreveals similar helicity (Figure  hydrophobic patch between the first and second heptad. This
2c, Table 2) compared to peptide(68% vs 70%) but has a  peptide is highly helical as a coiled-coil dimer as indicated by
substantially greater resistancesheet conversion. At 6TC the CD spectrum at 8C (90%, Table 2, Figure 4a). Heating
peptidel hasf-sheet structure while peptideis still helical the peptide results in simple unfolding rather than structural
(compare Figures 2a and 2c). The characteristic lag time beforetransition as indicated by the CD spectrum (Figure 4a). Even
transition to-sheet and the total time required for transition boiling the peptide and examining a dried film by attenuated
dramatically increase from peptideto peptide3 (Figure 3a, total reflectance (ATR) FT-IR shows only major absorptions
Table 2). characteristic of am-helix (1649 cm?, Figure 4f). A second
These three peptides might be considered unusual or notdfa hydrophobic patch was incorporated between the second
representative of coiled coils in general because of their very and the third heptad in peptide This peptide continues to show
short length. The stability ofi-helical structure is strongly  o-helical character at 3C by CD (62%), but the IR spectrum
dependent on the length of the helix since the four amino acids reveals that this peptide converts tg3aheet structure upon
on each termini of the helix will only have half of their potential heating by the presence of a strong peak at 1623 amith a
hydrogen bonds satisfied. This is in contrast to an amyloid-like significant antiparallel component as indicated by a secondary
B-sheet nanofiber in which all hydrogen bonds will be satisfied peak at 1693 cmt (Figure 4 g). The CD spectrum at 5C
with the exception of the peptides at the very tips of the fibers shows that the helical structure convertgstsheet in only 4.4
which are in the extreme minority when the length of the fiber min (Figure 3b). Peptid® was further analyzed by TEM to
is on the order of hundreds of nanometers. To determine if inspect the microscopic structure change upon heating. Two
structural transitions could be induced in longer coiled-coil distinct structural morphologies were obtained as shown in
peptides, five additional peptides, 21 amino acids (three heptads)Figures 5a and 5b and Figure 3 of the Supporting Information,
in length, were studied. with amorphous-helical aggregates in the unheated solution
Peptide4?8 incorporates the same general amino acid selection and longj-sheet fibers present in the heated sample. As in the
criteria used in the shorter peptides and has a single dfacase of the two-heptad peptides, moving the hydrophobic a@B{)/
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Figure 5. Representative negative stain TEM images. Peptide 5 (a)
before heating as an amorphous o-helical aggregate and (b) after
heating and conversion to -sheet nanofibers. See Figure 3 of the
Supporting Information for additional images.

transmission and grazing angle experiments. By orienting the
peptide fibers with respect to the IR beam one can achieve a
bias in the amide | versus amide Il absorption. Examination of
the bias allows one to determine the orientation of the amide
bond and thus the orientation of the hydrogen-bonding network
with respect to the nanofib&f:2® Attenuation of the amide |
band with respect to the amide Il band as seen in grazing angle
FT-IR (Figure 4 of the Supporting Information) versus the
transmission IR spectrum demonstrates that the hydrogen-
bonding network is parallel to the fiber axis. Taken together,
(1) the TEM demonstrates the nanofibrous nature of the self-
assembled structure, (2) the IR demonstrates that the fiber is
acid tyrosine to the c position strongly inhibits the transition to composed of3-sheets, and (3) oriented IR demonstrates that
pB-sheet. Peptid6é (otherwise identical with peptidg but with the S-sheet orientation is “cross-spine” in that the peptide
tyrosine swapped into the ¢ positions and glutamine into the f backbone is perpendicular to the fiber axis (hydrogen-bonding
positions in the first and second heptad repeat) does not convernetwork is parallel to the fiber axis) and therefore is consistent
to B-sheet at 50°C as observed by CD. FT-IR experiments with the proposed characteristic structure of amyloid-like
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Figure 4. (a—e) CD spectra of peptides 4—8 (respectively) at 0.4
mg/mL and different temperatures. (f—j) FT-IR spectra of peptides
4—8 (respectively) before and after heating to the indicated temper-
atures and examined as dried films.

reveal that after heating to 6% the peptide is still entirely
a-helical while peptideés contained a substantial population of

peptides
Two additional peptides were prepared to examine the

pB-sheet structure (compare Figures 4g and 4h). Only uponimportance of tyrosine as thesheet-inducing amino acid or if

heating to 95°C does peptid& show a similar population of

this is simply a hydrophobic effect. Peptidésand 8 replace

antiparallel-sheet conformation with absorbances at 1621 and tyrosine with phenylalanine and leucine, respectively. Both of

1693 cnti(Figure 4h).

these peptides were found to be even more prong-sbeet

To explore the orientation of these peptide backbones (andformation. For example, the ATR FT-IR spectrum shows that
thus the hydrogen-bonding network) with respect to the fiber even at room temperature a small fraction of pepfidenverts

axis, we performed additional FT-IR experiments including

to -sheet upon drying for analysis. Drying results in a v&resv
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high peptide concentration, which drives the peptide toward the Considering the higher hydrophobicity of Phe and Leu as
more thermodynamically stabjé-sheet structure. Heating to  compared to Ty a strengthened hydrophobic cluster should
50 °C converts the majority of the peptide to the antiparallel be created to direct the self-assembly of the peptides toward
pB-sheet conformation as indicated by peaks at 1622 and 1692formation of 5-sheet. Phenylalanine-containing peptid&as
cmt (Figure 4i). The presence gfsheet in peptid® even at the minimum transition temperature required to accomplish
room temperature eliminates the lag time seen in other peptidesconversion (Table 2), likely because not only is Phe highly
and conversion t@-sheet is complete in 4.0 min (Figure 3b). hydrophobic but it also can have—x interaction between
CD measurements correlated with the FT-IR data (Figures 4d chains during peptide aggregationdesheets. Recently, many
and 4e). other studies have implicated aromatic interactions in the early
stages of self-assembly of disease-related peptidéis terms
Discussion of their ability to provide order and directionality within amyloid
fibers. Other studié$38specifically design peptides with a pair
Recent studies on short peptides that can undergo confor-of Phe residues that may bind to the amyloid-like peptide, taking
mational change fromu to 8 structures have suggested two advantage of aromatic interaction between each other, such that
possible rationalizations for these mixed personalities. One amyloid formation was inhibited. The study presented here is
suggests that the introduction of amino acids with a high consistent with these observations, although the sequences of
propensity for3-sheet secondary structure in a sequence that is peptides varies dramatically from the well-known amyloid-beta
otherwise designed fam-helical character allows the second peptide. The peptide transition froszhelix to f-sheet and the
structural motif to become possitfié® The other studysuggests  helix-inducing ability shown by the Phe and 138¢° residues
that the key factor is instead the regular alternation between justify our above statement that the structural conversion is not
hydrophobic and hydrophilic amino acids. This alternation related to the introduction of amino acids with higksheet-
produces a facial amphiphile when the peptide is in the fully forming propensity but rather the patterning of hydrophobic and
extended conformation that can be stabilized when two of thesehydrophilic amino acids. It has been believed that changing the
amphiphiles pack their hydrophobic faces against one another.amino acid in the f position does not affect the stability of the
Our work supports the alternating hydrophobic/hydrophilic native helical structure as long as its sequence conforms to the
model. Comparisons of peptidewith 3 and peptided with 6 general hydrophilic/nydrophobic profile of the heptad repeating
show that although the peptides have identical amino acid pattern since they lie away from the hydrophobic core of coiled
compositions and therefore identical secondary structural pro- coils; however, in the course of our investigation, this tolerance
pensities the pattern of hydrophobic and hydrophilic amino acids of amino acid substitution on coiled coils was in fact limited
has been altered favoring-helices in the cases of peptid®s  due to the competition betweerhelix ands-sheet structure.
and 6 and-sheets in the cases of peptideand5.

In situations in which hydrophobic and hydrophilic amino Conclusion
acids regularly alternate with one another a facial amphiphile
is formed that is stabilized in the cross-beta fiber struéfi®e In this paper we have prepared a series of short peptides that

observed in amyloids. In this fiber, hydrophobic amino acids uniformly contain the canonicak-helical coiled-coil motif.
can easily pack against one another, leaving hydrophilic amino These peptides can all adopt thehelical conformation.
acids on the exterior that can interact with water or form However, when additional hydrophobic amino acids are incor-
hydrogen bonds and/or salt bridges with additional peptide porated into the non-interacting region of the coiled coil, in
lamellae. In particular this theory is upheld by experiments in position f of the heptad, the peptides can convert to amyloid-
which the hydrophobic and hydrophilic amino acids in the ¢ like -sheets. Moving this hydrophobic amino acid to the ¢
and f positions are swapped, leaving the peptides with identical position, another non-interacting portion of the coiled-coll,
amino acid compositions and only changing the hydrophobic/ significantly reduces the rate at which this conversion takes place
hydrophilic patterning. This type of alternation of hydrophobic and indicates that the hydrophobic/hydrophilic alternating pattern
and hydrophilic amino acids has previously been used to designthat is established when f is hydrophobic is responsible for the
synthetic amyloid-like nanofibers that are composed of regularly structural polymorphism. This work helps to elucidate the
alternating hydrophobic and hydrophilic amino acids. mechanisms of structural polymorphism in amyloid-forming
Within the context ofx-helical coiled coils, the f position in ~ proteins and should help to guide the design of both coiled-
a heptad repeat is uniquely situated between the requiredcoil and3-sheet peptide architectures.
hydrophobic amino acids in positions d and a such that mutation
of this position to a hydrophobic amino acid clusters three Experimental Methods
contiguous hydrophobic amino acids on one face of the molecule
when it is in an extended conformation. The fact that patterning
of hydrophobic and hydrophilic amino acids plays such a large
role in determining secondary structure should not be surprising
since this is exactly how-helical coiled coils are generated,;
the patterning of hydrophobic amino acids in the a and d

Peptide Synthesis and Purification Peptides were synthesized on
an Advanced Chemtech Apex 396 peptide synthesizer using FMOC
solid-phase chemistry witD-benzotriazoleN,N,N',N'- tetramethyl-
uronium hexafluorophosphate (HBTU), 1-hydroxybenzotriazole hydrate
(HoBt), andN,N-diisopropylethylamine (DIEA) as coupling reagents

o hich Vb ked i icallv bl based on a 0.3 or 0.15 mmol scale. After completion of the peptide
positions, which can only be packed in an energetically favorable sequence, the peptide was acetylated in the presence of acetic anhydride

way within ano-helix, drives its formation regardless of the ;.4 piEA at a molar ratio of 8.3:1 in dichloromethane and then was
fact that these hydrophobic amino acids (Val, lle, and Leu) have ¢jeayed and deprotected with a mixture of trifluoroacetic acid (TFA)/
a highg-sheet propensity. Furthermore, recent studies of coiled apjisole/triisopropanolsilane/water (30:1:1:1 by volume). Purification
coils have shown that nearly any hydrophobic amino acid is of the peptides was carried out by reverse-phase high-performance
able to be substituted into these positions, including phenyla- liquid chromatography (HPLC) using a C-18 column with a linear
lanine and hexafluoroleucirf=23Incorporating a hydrophobic  gradient of acetonitrile and water containing 0.05% TFA. Matrix-
amino acid in the f position allows a second conformation, the assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
[-sheet, to stabilize the hydrophobic d and a amino acids. spectrometry was used to characterize the mass of the final prot&s@
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Peptidel, expected mass [M- Na]*: 1757. Observed mass: 1757. (Grant No. W911NF-04-01-0203). J.D.H. is a recipient of the
Peptide2, expected mass [M- NaJ": 1680. Observed mass: 1680. Searle Scholar Award.

Peptide3, expected mass [M- Na]*: 1757 Observed mass: 1758. S ing Inf ion Availabl HPLC
Peptide4, expected mass [M- NaJ": 2527. Observed mass: 2528. upporting Information Available. » Iass spectrom-

Peptide5, expected mass [M- NaJ*: 2563. Observed mass: 2564. etry, o_rier_1ted FT-IR, and analytical uItra_centrifugation data. This
Peptide6, expected mass [M- NaJ*: 2563. Observed mass: 2563. Material is available free of charge via the Internet at http://
Peptide7, expected mass [M- Na]*: 2531. Observed mass: 2532. Pubs.acs.org.

Peptide8, expected mass [M- NaJ': 2463. Observed mass: 24}64. References and Notes

HPLC and mass spectrometry for pepti@8, and5—8 are shown in

Figure 1 of the Supporting Information. (1) Crick, F. H. C.Acta Crystallogr.1953 6, 689-697.
. ) . (2) McLachlan, A. D.; Stewart, MJ. Mol. Biol. 1975 98, 293-304.
Circular Dichroism Spectroscopy. CD measurements were per- (3) O'Shea, E. K.: Rutkowski, R.; Kim, P. Sciencel989 243 538—
formed with a Jasco-J810 spectropolarimeter using quartz cells with 542.
0.1 or 1 mm path lengths depending on sample concentration. (4) Serpell, L. C.; Blake, C. C. F.; Fraser, P.Eochemistry200Q 39,
Concentrations of peptides were calculated based on their absorption 13269-13275.

(5) Hwang, W.; Zhang, S.; Kamm, R. D.; Karplus, Froc. Natl. Acad.
Sci. U.S.A2004 101, 12916-12921.
(6) Makin, O. S.; Atkins, E.; Sikorski, P.; Johansson, J.; Serpell, L. C.

at 280 nm, except for peptidzdue to the lack of aromatic residues in
the sequence. Final concentrations of peptitie8 and peptideg—8

were 0.8 and 0.4 mg/mL, respectively. In the cases of all peptides the Proc. Natl. Acad. Sci U.S.£2005 102, 315-320.

pH was first adjusted to 10 to break up any aggregations and then (7) Kammerer, R. A.; Kostrewa, D.; Zurdo, J.; Detken, A.; Gascl
adjusted by addition of 0.1 mM HCI until the desired value was Echeverta, C.; Green, J. D.; Mler, S. A.; Meier, B. H.; Winkler,
obtained. CD spectra were recorded in millidegrees and converted to F. K.; Dobson, C. M.; Steinmetz, M. ®roc. Natl. Acad. Sci. U.S.A.

2004 101, 4435-4440.
(8) Lamm, M. S.; Rajagopal, K.; Schneider, J. P.; Pochan, D. Am.
Chem. Soc2005 127, 16692-16700.

residual molar ellipticity. Thermal unfolding curves were obtained
through an increase of IC/min. Results of kinetics studies shown in

Figure 3 are expressed as the fraction converted &dmlix to 5-sheet (9) Pagel, K.; Wagner, S. C.; Samedov, K.; von Berlepsch, H.; Bottcher,
secondary structure, which is calculated fra-( Oinitia)/(Oend — Oinitial) C.; Koksch, B.J. Am. Chem. So@006 128 2196-2197.
wherebiniia, Oena @and6 represent the initial, final, and any-given time ~ (10) Luhrs, T.; Ritter, C.; Adrian, M.; Riek-Loher, D.; Bohrmann, B.;
ellipticities monitored at 205 nm. Dobeli, H.; Schubert, D.; Riek, PProc. Natl. Acad. Sci. U.S.2005

. . . 102 17342-17347.
Analytical Ultracentrifugation. The apparent molar masses of (11) DeGrado, W. F.; Lear, J. O. Am. Chem. Sot985 107, 7684

peptidesl, 3, and 4 were determined in a Beckman Optical XL-A 7689.

analytical ultracentrifuge equipped with a Ti60 titanium four-hole rotor ~ (12) Mutter, M.; Hersperger, RAngew. Chem., Int. EA.99Q 29, 185
with a six-channel and 12 mm path length centerpiece. Equilibrium 187.

experiments were performed at 5 or 2@ using three different (13) 1Dzégj106 G. P.; Gellman, S. H. Am. Chem. Sot993 115 12609~
concentrations (peptiddsand3, 0.17, 0.35, 0.56 mM; peptide 0.21, ) )y ‘S i 14 | - pado, G. P.: Gellman, S.JHAM. Chem. SAE996
0.42, 0.67 mM). Samples were run at three different rotor speeds: 118 12487-12494.

50 000, 55 000 rpm, and 60 000 rpm. Loading volumes of the sample (15) Dzwolak, W.; Muraki, T.; Kato, M.; Taniguchi, \Biopolymers2004
and reference were 95 and 114, respectively. The sample was 73, 463-469.

believed to be at equilibrium when the peptide distribution remained (16) Pagel, K.; Vagt, T.; Kohajda, T.; Koksch, Brg. Biomol. Chem.
constant ove2 h at agiven rotor speed (typically 14 h of rotation). 2005 3, 2500-2502.

- - . : B : .1 (17) Cerasoli, E.; Sharpe, B. K.; Woolfson, D. NAAm. Chem. So2005
Data analysis was carried out using a single-species model function 127 15008-15000.
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