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ABSTRACT. Thez-helix is a secondary structure with 4.4 amino acids per helical turn. Although it was
proposed in 1952, no experimental support for its existence was obtained until the mid-1980s. While
short peptides are unlikely to assume a marginally stable secondary structure spontaneously, they might
do so in the presence of appropriate structural constraints. In this paper, we describe a peptide that is
designed to assumemhelical conformation when stabilized by cetyltrimethylammonium bromide (CTAB)
micelles and ZA". In the designed peptide, lipophilic amino acids are placed such that it would be
amphiphilic in therr-helical, but not in thex-helical, conformation. Also, two His residues are incorporated

with i, i + 5 spacing, designed to allow binding ofZrin az-helical but not arx-helical conformation.

The peptide was found to form moderately stable monolayers at thevater interface, with a collapse
pressure that almost doubled when there was"Z2n the subphase. Also, CTAB micelles induced a
marked increase in the helicity of the peptide. In 50% TFE, the peptide had a CD spectrum consistent
with an a-helical structure. The addition of 1 mM Znto this solvent caused a saturable decline in
ellipticity to approximately half of its original value. The peptide also bounéZwhen it was bound to

CTAB micelles, with Z&* again inducing a decrease in ellipticity. The peptide had slightly greater affinity

for Zn?t in the presence of the CTAB than in a 50% TFE solutika 3.1 x 1004 M in CTAB and 2.3

x 104 M in TFE). van't Hoff analysis indicated that thermal denaturation of the peptide in 50% TFE
containing 1 mM ZA" was associated with both enthalpic and entropic changes that were greater than
those in the absence of Zn These observations are all consistent with the proposal that the peptide
assumed a-helical conformation in the presence ofZrand CTAB micelles, and has allowed the stability

of this rare conformation to be assessed.

The concept of secondary structure preceded the developeither were extremely rare or did not exist. These observa-
ment of methods for protein structure determination. Thus, tions, as well as theoretical considerations, led to the idea
in 1951, Pauling proposed thehelix as a likely secondary  that thes-helix was inherently unstable, but the factors that
structure {) and thep-sheet as a structure of silk fibroin  could account for its instability are unclear. Among the
(2). Other secondary structures were proposed at the samédactors that have been suggested to destabilibelices are
time, but these have been observed uncommonly or not atthe following. First, the packing of atoms into the interior
all. One such structure, the-helix, was proposed by Low  of the z-helix leaves a central cavityd). No such cavity
and Baybutt in 19523). Like the a-helix, thes-helix was exists in theo-helix; maintaining such a cavity ina-helix
proposed to be stabilized by hydrogen bonds, but instead ofwould result in the loss of van der Waals contacts. Second,
hydrogen bonds occurring between residuasdi + 4 and steric hindrance increases inmahelix, as shown in Ram-
yielding a helical repeat unit of 3.6 amino acids/turn as they achandran plots, which place thehelix in a marginally
do in ana-helix, in az-helix, they occur between residues stable region of conformational spac#.(Third, although
i andi + 5 and yield a helical repeat of 4.4 amino acids per the hydrogen bond distances between amide protons and
turn. carbonyl oxygens are slightly shorter in thehelix than in

As protein structures were determined, it was observed the a-helix, the hydrogen bond dipoles are angled with
that a-helices were extremely common, but thahelices respect to one another, rather than collinear, as they tend to
be in thea-helix (3, 5). Finally, the organization of a single
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The magnitude of these energetic costs is not certain, confirmed by electrospray mass spectrometry. Lyophilized
however, and estimates have ranged from trivial to prohibi- peptide was stored at20 °C. Peptide was dissolved in pure
tive. For approximately the first 30 years of protein structure water at high concentrations immediately before use, and
determination, nat-helices were identified in the protein  stock solutions were prepared from dilutions of this prepara-
crystal structure literature. In the past 15 years, however, tion. Peptide concentrations were determined by measuring
well-characterizedz-helical turns have been identified in the absorbance of the first solution at 280 nm, using a Hitachi
catalase®), fumaraseT), P450 cytochrome]j, and soybean  spectrophotometer and anof 5600 Mt cm™ for the
lipoxygenaseq, 10). In soybean lipoxygenase, there are, in tryptophan residue.
fact, two z-helices, one of which is continuous over 14 Circular Dichroism.Circular dichroic spectra were mea-
consecutive residues. Additionallys-helices have been  sured using a JASCO J715 spectropolarimeter containing 1
observed in molecular dynamics simulatiodd-13). or 0.1 mm path length cells. Spectra were collected between

Thus,z-helices do exist and, indeed, may be much more 250 and 200 nm, with a step size of 0.2 nm, and at a speed
common than had previously been assumed. In a 1996 survey?f 20 nm/s. Three spectra were recorded and averaged
of the Protein Data Bank fdr i + 5 hydrogen bonding in ~ automatically by the instrument. Due to the presence of
helices, Ramakumar found-helical turns to occur, on ~ CTAB micelles, the response time was sefts tosmooth
average, once in every protein, including left-handed and the data, and a large bandwidth, 10 nm, was used. The
right-handed variantsl@). If they are relatively unstable, temperature was maintained at 25 for 5 min before the
then z-helices are likely to occur only in special circum- Spectrum was recorded. All data for the binding curves were
stances in which they can be stabilized by other groups within recorded in single-wavelength mode, signal averaging at 222
the protein, or by other molecules in their environment, or nm for 1 min.
because they serve some evolutionarily selected function Zr*" Binding in 50% TrifluoroethanoBinding of peptide
(15). This suggestion may help explain why in Ramakumar's in 50% (v/v) TFE to ZA" was assessed by CD spectroscopy
survey, z-helices were observed mainly at the ends of as described inthe Results. For these measurements, mixtures
a-helices, leading to his speculation that they serve as helix Of two solutions in 50% TFE (v/v) were made, one containing
termination Signa|s_ 1mM peptide, 1 mM HEPES (pH 6.0), and 100 mM NacCl
and the other containing, in addition, 1 mM ZaCThe

Kaiser and Kedy proposed that amphiphilig-helices ; -
solution containing only 50% TFE (v/v) buffer and NaCl

might be stabilized by an interfacial environment (e.g., hpid X 5
water or air-water interface) 16). The-helix of soybean  Will be termed 50% TFE.

lipoxygenase appears to be stabilized by the binding of an  Cetyltrimethylammonium Bromide BindingD spectra of
Fe* ion by histidine residues with this spacint0}. In this peptide were measured at CTAB concentrations above and

paper, we exploit both of these features and describe thebelow the cr_itical micelle.concentration. The CMC of CTAB
design, synthesis, and characterization oflelix peptide. ~ Was determined, according to the method of Chattopadhyay
Characterization of this peptide demonstrates that+ 5 (17), to be 32.7uM under the buffer and salt condi-
interactions are suitably stable to be prepared in a shorttions used for samples described herein [100 mM NaCl and
polypeptide, and will be used to make an experimental 1 MM HEPES (pH 6.0)]. Binding of peptide to CTAB in

measure of the difference in stability between and the absence of Zf1 was assessed using the following
z-helical turns. procedure. One stock solution was made containing 0.1 mM

peptide, 2 mM CTAB, 100 mM NacCl, and 1 mM HEPES
MATERIALS AND METHODS (pH 6.0). This solution was diluted with various volumes of
another stock solution, identical except that it contained no
peptide. Mixtures of these solutions yielded a range of
peptide concentrations. To assess the effect of addéd Zn
the same procedure was used except that each solution also
contained 0.1 mM ZnGl(Aldrich). To assess the binding
of Zn?* to the peptide-CTAB complex, the stock solutions
were 0.1 mM peptide, 2 mM CTAB, 100 mM NaCl, and 1
mM HEPES (pH 6.0), and another of the same composition
but also containing 1 mM Zngl Each binding experiment
was performed twice, with identical but independently
prepared stock solutions and mixtures of them, to assess
error. Binding curves report the mean data of the replica-
tions.

Thermal DenaturationThermal denaturation experiments
were performed using a sample cell regulated by a Pelletier
controller in the spectropolarimeter. Data were collected
between 5 and 9%C in 5 °C intervals. After the temperature
had been within 0.5C of the desired temperature for a
continuous period of 30 s, an additional 5 min period of
! Abbreviations: CD, circular dichroism; CTAB, cetyltrimethyl-  thermal equilibration was allowed. The CD cell was filled

ammonium bromide; CMC, critical micelle concentration; TFE, tri- ; ; ;
fluoroethanol; FMOC, 9-fluorenylmethoxycarbonyl; TFA, trifluoro- almost completely with the solution that was being analyzed,

acetic acid; HEPES, hydroxyethylpiperazineethanesulfonate; Apok, 8nd Sea|e_d with a Teflon P!Ug to prevent Cha_nges in
apolipoprotein E. concentration due to evaporation during the experiment.

Peptide Synthesis and PurificatioReptides were synthe-
sized on an FMOC-amide resin (Perkin-Elmer, Applied
Biosystems) in a quantity of 0.25 mmol using standard
FMOC peptide synthesis protocols with an Applied Biosys-
tems ABI 431 peptide synthesizer. Peptide was cleaved from
resin using 0.75 g of phenol, 0.25 mL of ethanedithiol, 0.5
mL of thioanisole, 0.5 mL of water, and 10 mL of TEfor
1.5 h at room temperature. Peptide was precipitated from
the above mixture using an excess of ice-cold diethyl ether.
Peptide was repeatedly washed with ice-cold ether, dried
under nitrogen, and then dissolved in a 0.1% TFA/water
mixture for purification by reverse phase HPLC using a
preparative Zorbax C-18 column. Peptide eluted at ap-
proximately 33% acetonitrile from a 60 min gradient from
0 to 60% acetonitrile, all containing 0.1% TFA. The peptide
eluted from the column as one main peak comprisi®$%
of the total absorbance. The identity of the peptide was
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Ficure 1: z- and a-helical wheels of the designed amphiphilic?ZZfbinding peptide. Hydrophobic amino acids are emphasized (bold,
capital, and italic); His residues are circled to show potenti&zrinding sites. In thez-helical conformation, the hydrophobic amino

acids would be aligned on one face of the helical cylinder, and thus, the peptide is predicted to be amphiphilic in this conformation. In the
a-helical conformation, no such organization occurs.

Chart 1
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Surface IsothermsSurface isotherms (surface presstre  tryptophan, to facilitate concentration determination. Third,
area curves) were measured using a Nima Surface Balancehe ends of the peptide were “capped” by Gly residues; the
equipped with a Pt Wilhelmy plate. Data were collected and N-terminus was acetylated, and the C-terminus was amidated.
stored using Nima Software. The subphase composition wasFourth, the Glu at position 11 was replaced with Ala to
1 mM HEPES and 100 mM NacCl (pH 6.0), with 0, 1, or 10 preclude the formation of a competing + 4 metal binding
mM ZnCl,. motif between Glull and His15. Fifth, Ser at position 14

Curve Fitting. Data were fitted to the equations described was changed to GIn to avoid a possible “end-capping”
in the Results using a nonlinear least-squares methodinteraction by Ser which might terminate a C-terminal
provided by the curve fitting functions in IGOR Pro o-helix, an interaction proposed by Luo et &0) to occur
(Wavemetrics) or Kaleidagraph. in a homologous peptide.

The overall charge of the original sequence (i.e., when
pH > pK, of the histidine residues) was preserved by
reincorporating the two glutamic acid residues removed by
the above modifications into positions 9 and 16, flanking
the metal binding motif. Although 2 is a potential ligand
for the glutamate residues in the peptide, the affinity of
glutamic acid side chains (i.e., acetic acid) foPZis weaker
than that of the histidine side chains (i.e., imidazole) for the
first metal-ligand association, and significantly weaker
(=100-fold) for subsequent coordination even?d)( Ad-
ditionally, previous work on related peptides containipng

RESULTS

Peptide DesignAmino acids 4161 of human apolipo-
protein E, when modeled asmahelix, are predicted to form
an amphiphilic structure; i.e., all of the lipophilic residues
align on one face of the putativehelix (18). Although the
crystal structure of a thrombolytic fragment of human
apolipoprotein E19) shows this domain to consist of a short
a-helix linker between two longen-helices, this sequence
was proposed to forma-helix when ApoE associates with
lipoprotein particles Z0). To promote the formation of a  + 5 histidine residues had verified the direct involvement
continuous amphphilia-helix, the following modifications ~ of these residues in 2h binding through pH dependence
were made to this sequence, and are shown as parent (topjtudies (data not shown). Consequently, in this peptide,
and daughter (bottom) sequences in Chart 1. The relativecompetition for the Z#" from residues other than histidine
placement of the hydrophobic and hydrophilic residues in was expected to be minimal.
the parent sequence has been retained such that, as shown Zr?* Binding to Peptide in 50% TFErigure 2A shows
in Figure 1, all the hydrophobic residues appear to be CD spectra of the peptide in 50% TFE, 1 mM HEPES, 100

clustered on one face of the helical cylinder in théelical,
but not in the o-helical, conformation. A number of
modifications were introduced. First, ani + 5 divalent

mM NaCl (pH 6), and variable concentrations ofZZnThe
CD spectrum of the peptide in 50% TFE shows two minima,
at 208 and 222 nm, consistent with a helical structure. The

metal binding motif consisting of histidine residues at introduction of increasing concentrations of 2ZZnto the
positions 10 and 15 was incorporated. Second, the Leu atpeptide in 50% TFE results in a large, progressive, and

position 13 was replaced with another lipophilic amino acid,

saturable decrease in negative ellipticity. The data were
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Ficure 2: (A) CD spectra of the peptide in 50% TFE, at various
concentrations of Zt ranging from 0 to 1 mM. The buffer is 1
mM peptide, 1 mM HEPES (pH 6.0), and 100 mM NacCl;
measurements are taken at®a The CD spectrum of the peptide
in 50% TFE (v/v) exhibits two minima, at 208 and 222 nm,
consistent with a helical structure. (B) As the?Zrtoncentration
increases, there is a significant decline in ellipticity at 222 nm. Data
were analyzed as reflecting binding of Znto the peptide.
Nonlinear least-squares analysis as described in the text gaye a
of (3.1+ 0.5) x 1074 M.

analyzed according to the following equilibrium:

peptide+ Zn*" = complex

_ [peptide][Zrf1]

d [complex]

The equilibrium constant was calculated by noting that
the observed ellipticity was composed of contributions from
the free peptide in solution and from the Znpeptide
complex:

[9] obs — fcomple)[ 9] complex + ffree[ 0] free

where feompiex and free are the mole fractions of peptide
associated with Zi or free in solution, respectively, and
[Ocomplex @Nd Pliee are the corresponding mean residue
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ellipticities of the peptide, all at 222 nm. Sin€@mpiex +
free = 1, it follows that

f _ [e]obs_ [e]free
complex [e]complex_ [e]free

_ [freellZn™] _ ((8)complex— [Flopd[Zn*"]
[complex] [e]obs - [e]free

d

Nonlinear least-squares analysis of the data, shown in Figure
2B, yields aKq of 3.1 x 1074 M.

The peptide was observed to have a CD spectrum
consistent with a random coil conformation in aqueous buffer
at pH 7, and that spectrum was not observed to change with
Zn?* concentration up to 10 mM (data not shown). This
observation suggests that, in aqueous buffer alon&, ion
does not bind, and hence, does not alter the structure of or
induce structure in the peptide.

Effect of CTAB on the Peptid&he peptide was designed
so that the hydrophobic and hydrophilic side chains would
be spatially segregated to separate faces of-lzelical
structure. Initial experiments indicated that the addition of
egg lecithin vesicles to the peptide did not induce a change
in ellipticity. This was not surprising in view of the negative
charge of the peptide and the fact that lecithin vesicles have
a negative surface potential. Accordingly, we investigated
the effect of the cationic detergent CTAB on the CD spectra
of the peptide.

As shown in Figure 3A, the CD spectrum of the peptide
(80uM) in aqueous buffer is consistent with that of a random
coil with a low helical content, and this is also true in buffer
containing submicellar CTAB (0.025 mM). In fact, these two
are essentially superimposable, suggesting that the peptide
does not interact with the CTAB monomer. In contrast, and
as also shown in Figure 3A, the peptide undergoes a
significant increase in helical content in the presence of
micellar CTAB (2 mM), suggesting that the peptide interacts
with the micellar form of the detergent. However, a priori,
it is possible that an increase in helicity at 2 mM CTAB
could be due to the availability of additional monomeric
CTAB arising through dissociation of micelles when the
peptide is added to the solution. To confirm that the peptide
does not interact with the CTAB monomer, the concentration
dependence of the peptide’s ellipticity was assessed in
aqueous buffer containing submicellar (0.025 mM) CTAB.
These data (Figure 3B) show that even when the CTAB
monomer is present in excess of peptide, the mean residue
ellipticity of the peptide does not change with peptide
concentration and, even at the relatively high CTAB:peptide
ratios, does not approach the value attained in the presence
of CTAB micelles. Thus, the data in Figure 3A are most
consistent with the notion that the peptide binds to micelles
per se, and this binding induces helical structure.

CD spectra of the peptide at various concentrations in the
presence of 2 mM CTAB were measured, and the results
are shown in Figure 3C, where mean residue ellipticity is
plotted as a function of peptide concentration. At the higher
peptide:CTAB ratios, CTAB micelles become saturated with
peptide and the signal due to the unbound peptide predomi-
nates, resulting in a reduction @]p... At increasing peptide
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Ficure 3: (A) CD spectra of 8«M peptide in buffer [0) 1 mM
HEPES and 100 mM NacCl (pH 6.0)], in the same buffer in the
presence of 0.025 mM CTAHEX), and in the same buffer in the
presence of 2 mM CTABX), all at 25°C. For ease of viewing,
every fourth data point is shown. (B) Ellipticity at 222 nm of the
peptide in 1 mM HEPES and 100 mM NacCl (pH 6.0) containing
0.025 mM CTAB, as a function of peptide concentration. The
observed ellipticity is a linear function of peptide concentration,
indicating no binding to the CTAB monomer or self-association.
The mean residue ellipticity for these points wa2770 + 104
deg cn? dmol~! (mean+ standard deviation). (C) Mean residue
ellipticity (222 nm) of the peptide at various concentrations, all in
the presence of 2 mM CTAB [1 mM HEPES (pH 6.0) and 100
mM NacCl], at 25°C. The ordinate shows ellipticity at 222 nm.

Data were analyzed using the equation derived in the text. Nonlinear

least-squares analysis gav&aof (2.3 + 0.3) x 1074 M.

Morgan et al.
found in the presence of the CTAB monomer:
peptidet+ CTAB = complex

_ [peptide][CTAB]
~ [complex]

where K is the equilibrium constant for the interaction.
(K is not a perfectly rigorous thermodynamic parameter for
two reasons. First, the ordinate axis actually represents two
species: the CTAB monomer and CTAB micelles. Second,
the concentration of CTAB monomer may be a function of
peptide; that is, mixed micelles may form between the
peptide and the detergent. In other words, multiple equilibria,
of which K is an observable average, are possilfewas
calculated as before, i.e., from the relationship between the
observed mean residue ellipticity and its contributing mole
fractions. Nonlinear least-squares analysis of the data, shown
in Figure 3C, yields & of 2.3 x 107* M.

Binding of Zri#* to Peptide-CTAB Complexed.o assess
the ability of the CTAB-associated peptide to bincPZrthe
ellipticity of the peptide was measured in the presence of 2
mM CTAB and at various concentrations of Zndh these
experiments, the peptide was present at 0.1 mM, conditions
under which, as the previous data show, the helical content
of the peptide is close to the maximum shown in Figure 3C.
Experiments indicated that the addition of 2ZZnto the
CTAB—peptide mixture induced a small but reproducible
decrease in the negative ellipticity. As shown in Figure 4A,
the CD spectra remained most consistent with that of a helix,
but the negative ellipticities became progressively smaller
as the ZA" concentration increased.

These data were analyzed according to the following
equilibrium:

CTAB—peptide complex- Zn*" =
Zn**—CTAB—peptide ternary complex

where Z&"—CTAB—peptide ternary complex refers to the
complex described in the previous section. Accordingly, the
Kgq is given by the equation

_[CTAB—peptide][zd*] _ ([0l — [0op9lZn*"]
B [ternary complex] B (6] obs [e]complex

where Plcompiex @gain refers to the mean residue ellipticity
of the CTAB—peptide complex, buf]] .« refers to the mean
residue ellipticity of a CTAB-peptide-Zn®" ternary com-
plex. Nonlinear least-squares analysis of the data, shown in
Figure 4B, yields &4 of 2.1 x 1074 M.

A priori, two explanations might account for the fact that
Zn?t lowers the mean residue ellipticity of the peptide
associated with CTAB micelles. Zh could promote a
structural transition toward a state of lesser negative ellip-
ticity. Alternatively, Zr?* could promote dissociation of the
peptide from the detergent micelle. That the?Zeffect is
saturable suggests the former; however, to confirm that Zn

Ka

concentrations, the mean residue ellipticity approaches apromotes a structural transition in the bound peptide, and

value of approximately-2800 deg crhidmol™?, the value

not dissociation from the micelle, the affinity of the peptide

found for the peptide in the presence of CTAB monomers for the detergent was measured in the presence &f Zm
(see Figure 3B). The data in Figure 3C were analyzed asthat the level of binding of the peptide to CTAB would be

representing an equilibrium between a CTAB micelle-

measured under conditions in which the ternary complex

induced helical structure and a mostly random coil peptide would be present. The fact that strong solutions of the peptide
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Ficure 5: Binding of peptide to CTAB in the presence of 0.1 mM
B 108000 — ‘ ‘ : : : ZnCl,. Nonlinear least-squares analysis of the data indicatés a

of (1.7 4+ 0.4) x 10* M. Although suggesting an increase in the
peptide’s affinity for CTAB in the presence of Zhcompared to

its affinity in the absence, the equilibrium constants are not
distinguishable within experimental error. Nevertheless, this result
confirms that the binding of Zt to the peptide CTAB complex
induces a structural change associated with a loss of ellipticity, and
not dissociation of peptide, which would have been associated with
a decline in the peptide’s affinity for CTAB.
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Table 1: Summary of Parameters Obtained from Analysis of
Surface Pressur€Area Isotherms

'11800'05 ‘ o2 04 06 o8 1 0mMm 10 mM
subphase Z1 subphase 4t

-11600.0 £

[Zn*3, mM
L collapse pressure (mN/M) 10.8 18.8
FiGURe 4: (A) CD spectra of the peptide in the presence of CTAB, A (excluded area, #amino acid) 28.3 225
at various Zf* concentrations. Conditions were chosen so that the . (compressibility, M/mN) 0.029 0.019

preponderance of peptide would be associated with CTAB micelles.
(B) As the Zr#+ concentration increases, the CD spectra remain )
most consistent with that of a helix, but the negative ellipticites pressure to approximately 14 mN/m at 1 mM?Zn(not
became progressively smaller. Ellipticities at 222 nm were analyzed shown) and to approximately 18.8 mN/M at 10 mM?Zn
as described in the text. Nonlinear least-squares analysis yielded g=or surface pressures of1 mN/m, the isotherms were

4
Kq Of (2.14 0.4) x 107 M. analyzed using the equation of a two-dimensional gas

and Zr#* did not remain soluble imposed certain constraints 7(A— nA) = nRT
on this experiment. Specifically, it was impossible to perform
this experiment under conditions in which Znwould in which 7 is the surface pressure (millinewtons per meter),

saturate the peptideCTAB complex, i.e., at Zff concentra- i the area (square centimeters)s the number of moles
tions of >1 mM. Consequently, this experiment was carried o the peptide at the interfacy is the molar exclusion area,
out at 0.1 mM ZA", which is well below saturation. The  Rjs the gas constant, afids the absolute temperature. When
data, shown in Figure 5, were analyzed as described z,aboven is greater than 1 mN/m, surface isotherms usually deviate
and indicated & of (1.7+ 0.4) x 10°* M for the peptide’s  from the above equation, as was observed for this peptide.

association with CTAB in the presence ofZnThis value Accordingly, whenr was greater than 1 mN/M, data were
is smaller than the measured value in the absence 8f Zn analyzed ac,cording to the equatic®) '

[K = (2.3 4 0.3) x 10* M], but within the error in the
curve fitting routine, the two values are not distinguishable. [A — nAy(1 — k)] = nkT
Nevertheless, it seems clear thafZdoes not decrease the
affinity of the peptide for CTAB, and therefore, the above whereAy is the molar exclusion area of the peptide at the
data are most consistent with a Zrinduced structural  gyrface, extrapolated to = 0. The termk has the units of
change in the peptideCTAB complex. compressibility, and is a constant with the same units as
Peptide Surface Isotherms in the Presence and Absencdahe gas constant. As shown in Figure 6A, the isotherm fit
of Zr**. The peptide was designed to be amphiphilic in the this equation for values oft between 1 mN/M and the
m-helical, but not in thex-helical, conformation. To assess monolayer collapse pressure. The peptide became more
directly whether the peptide was amphiphilic, the surface compact at the interface in the presence of'Zas shown
isotherms of the peptide at the -aiwater interface were by the reduction of the excluded area from 28.3 to 2225 A
measured using subphases with and withodt ZAs shown per amino acid. Whereas random coil peptides typically have
in Figure 6A, the peptide formed moderately stable mono- areas of approximately 5024per amino acid, a value of
layers when spread over a subphase of buffer withoét,Zzn  22.5 A2 per amino acid is compatible with the existence of
as shown by a monolayer collapse pressure of approximatelysecondary structure at the interfac23)( These values,
10.8 mN/M. Figure 6B shows the effect of adding?Ziio summarized in Table 1, suggest that the peptide adopts a
the subphase. The addition of Znincreased the collapse secondary structure at the surface, and that the addition of
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FIGURE 6: Surface isotherms of peptide spread over a subphase of fi+f,=1
1 mM HEPES and 100 mM NaCl (pH 6.0) (A), and also containing

10 mM zZnCk (B). For both curves, fitting was as described in the

Oyps— 0
text, and symbols are as followsOYxz < 1 mN/M, Q) = > 1 y= Zobs  TH
mN/M and below the collapse pressure, and ¢ollapsed mono- 0, — 0,
layer.
6, —06
Zn?* alters that conformation, rendering it more amphiphilic L H

; : . PR

In the_ Process. Most |mp9rt§ntly, since the*Zrbinding where 645 is the experimentally measured ellipticity. The
h|St|d|ne reqdues OC,(.:ur\,th' + 5 spacing, these d'ata'are equilibrium constant, written in terms of the unfolding
consistent with stabilization of a-helical conformation in

- . . . process, is
the amphiphilic environment of the aiwater interface.

Thermal Stability.The thermal stabilities of the peptide fu Ogps— O4
species in 50% TFE were assessed by comparing the thermal Keqg= P 0 —0.
denaturation profiles of the peptide in 50% TFE, and in 50% - L obs

TFE containing 1 mM ZnGl T_he ellipticity _of the peptide  from which van't Hoff plots (Figure 7B) were made
declined as the temperature increased (Figure 7A). In 50%according to the equation
TFE, the transition was not a sharp one, although the addition

of Zn?* made the transition somewhat sharper. As a first AG= —RTInK,,= AH — TAS
approximation, van't Hoff analyses were carried out by

modeling the transition as an equilibrium between a low- In(gobs_ QH) __AH_AS
temperature (L) (i.e., helical) and high-temperature (i.e., coil) 0, — 0y RT R

state (H) of the peptide:

Heating of the peptide in 50% TFE, in the presence or
L=H absence of Zit, induced a helix to coil transition. In the

absence of Z&t, thermal unfolding of the peptide is
The fraction of the low- and high-temperature species can associated with &AH of 5.2 kcal/mol and a\S of 15.9 cal
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1.5 A along it (1). Therefore, in a canonicali + 4 o-helical

Table 2: Summary of Thermodynamic Parameters ’ e - g !
metal ion binding motif, the two ligating residues would be

in gg‘(?/z'ie,:E in 50% TFpsgtr']gel mM Z# separated by 4QQi.e., 40) of rotatiqn and by approximate]y
AR (kealimol) 52 6,08 6. A .of tran_slatlon glong the hehcgl axis. If a metal ion
AS(cal mol K1) 159 20.8 b|n_d|ng motlf_con5|st|ng of, i + 5 residues were to preserve
AGagc (kcal/mol) 0.55 —0.01 typical a-helical geometry, the backbone atoms of the
AGasc (kcal/mol) 0.48 —-0.12 ligating residues would be separated from each other by 500

(i.e., 140) of rotation and by a translation of 7.5 A. While
K- mol-%. Adding Zr?* results in an increase in both of it would be possible for residues with sufficiently long side
these parametersAH = 6.1 kcal/mol andAS = 20.8 cal chains to accommodate this longer distance, they would
K-1 mol-%. This increase is especially notable KS pro_ject from nearly oppo_site faces of the helix,_ making it
consistent with the idea that Zndecreases the entropy of Unlikely that they could bind a metal. Therefore,ian+ 5

the folded state by stabilizing a structure of the peptide. The Metal binding motif cannot preserve-helical backbone
thermodynamic parameters are summarized in Table 2. 980metry. Thus, an i + 5 structure must be distorted, and
by the reasoning above, for the CD observation associated

DISCUSSION with that distortion there must be a reduction in the intensity
of the helical signature. A, i + 5 interaction is equally
One of the remarkable features that emerges from the pasunlikely to be accommodated by the other common peptide
50 years of structural biology is that amino acid polymers secondary structures. For example, ig-3elices,i, i + 5
exist in a narrow range of secondary structures. As our residues would be separated by a potentially manageable
analytical techniques improve, however, and as the numbergo(® (i.e., 120) of rotation, but by an unmanageable
of solved protein and peptide structures increases, we areranslation of 10 A 25). Canonicaly-turns involve three
likely to see other structures emerge. As noncanonical amino acids making ahi + 2 hydrogen bond, ang-turns
structures appear, questions about their stability will naturally (types +VIIl) employ four residues making, i + 3
arise. This paper addresses the occurrence and stability ohydrogen bonds25), and positioni, i + 5 side chains on
mr-helical structure in an amphiphilic, metal-binding poly- opposite faces of the structure. Thus, none of these structures

peptide. are capable of accommodating Bri + 5 metal binding
The peptide described herein was designed to be amaotif.
mr-helical amphiphile and to bind Zhin az-helical fashion. Geometric reasoning like that described above helps to

Consistent with that design, the peptide formed relatively explain the decline in the negative ellipticity when this
stable monolayers at the aiwater interface, and underwent  peptide binds Z# as the introduction of distortion. However,
a random coil to helix transition when interacting with the additional information about the structure is available through
detergent CTAB. Z# binding was used as a probe of the ~ comparison of the manner in which theZrbinding occurs
i + 5 di-histidine metal binding motif, and indeed, the peptide in 50% TFE and in the peptideCTAB complex. In 50%
was found to bind Z# in three independent experiments. TFE, the mean residue ellipticity of the peptide at 222 nm
First, in 50% TFE, ano-helix-promoting solvent, it was  was—23000 deg crhdmol . The addition of ZA* caused
found to undergo a Zi binding event that reduced its mean  a large, progressive, and saturable decrease in the negative
residue ellipticity. Second, the peptid€TAB complex was  ellipticity, to a limiting value of—15400 deg crhdmol .
found to undergo a similar 2nh binding event that also  As described above, this decrease in ellipticity is consistent
reduced its mean residue ellipticity, although the magnitude with the induction of az-helical turn in the center of the
of the effect was smaller in this case. Finally, the peptide’s peptide, i.e., in the vicinity of the two His residues. In the
surface activity was modulated by the presence ¢t Zn case of ZA* binding by the peptide CTAB complex, the
the subphase. Specifically, Znpromoted the formation of  transition is from a state whose limiting mean residue
a more stable monolayer, reduced the mean area occupielipticity at 222 nm is—11600 deg crhdmol™ to one whose
by the constituent amino acids, and reduced the compressiimiting ellipticity is —10600 deg crhdmolX. Compared
ibility of the monolayer. The effect of 2 was therefore  to the situation in 50% TFE, this is a smaller percentage
both to alter its structure and to render it a better amphiphile. change on Z# binding, indicating that the structural change
Because limited experimental data abouthleelix have is less pronounced. When the observation that the peptide
accumulated, relating the findings described above-teli- CTAB complex has a greater Znaffinity than the peptide
cal structure is a challenge. However, it is possible to be alone in 50% TFE is considered, this suggests that the
guided by theoretical considerations, especially where the CTAB-bound peptide must be in a conformation predisposed
CD measurements are concerned. In CD spectra of polypep+o binding Zr#*. Because the peptide is not predicted to be
tides, the observed signal derives from the sum of the an amphiphilico-helix, but rather a continuous amphiphilic
transitions of the peptide bonds in the molecul)( mt-helix, acquisition ofr-helical structure should render the
Therefore, it is the regularity of a conformation that leads peptide more amphiphilic. Zn binding increases the mono-
to a strong CD signal associated with that conformation. The layer collapse pressure, decreases its surface area per amino
disruption of regularity or, equivalently, the introduction of acid, and decreases its compressibility of the monolayer, all
distortion into an otherwise regular polypeptide structure observations demonstrating greater amphiphilicity and greater
would result in a reduction in the intensity of the CD signal. ordering at the interface in the Zrbound state. Thus, our
In a “canonical’a-helix, the backbone atoms of each residue data suggest that the peptide described in this paper behaves
are separated from adjacent residues by a rotation of 100 as as-helical amphiphile in the presence of CTAB and
about the helical axis, and a translation of approximately ZnCl,.
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Table 3: Dihedral Angles for the-Helix in Soybean

Lipoxygenasg
residue ¢ (deg) v (deg) residue ¢ (deg) v (deg)
Tyr493 —65 -38 Trp500 —67 —56
His494 —64 —50 Leu502? —70 —61
GIn49% —67 —48 Asn502 —65 -19
Leu49& —83 —48 Thr503 —-117 —65
Met497 -92 -59 His 04 —60 —59
Ser498 —63 -37 Ala505 —69 —41
His499 —100 -59 Ala506 —66 -31

a@The data in this table were obtained using the dihedral angle

measure function in the Insight Il software package (Biosym), using

Morgan et al.

those angles are impossible to sustain over a number of
residues, and because distorting those dihedral angles may
actually confer stability.

Thus, in contrast tax-helices,n-helices are unlikely to
have dihedral angles of inherently low conformational
energy, and those-helices that exist are probably stabilized
through other forces, such as tertiary contacts, metal ion
binding, or amphiphilicity. The peptide described in this
paper is stabilized by the latter two factors. The affinity of
the peptide for Z&4" when bound to CTAB, and thus in a
conformation approximating a-helical turn, was equal to

the coordinates for soybean lipoxygenase (PDB entry 2SBL) that were 2-1 X 107 M (Kq). A comparison of this value with that of

available in the Protein Data BanB32). ® These residues are those in
which eitherg, v, or both fall outside of the expected range of dihedral
angles fora-helices.

similar Zr¢™ binding peptides with His residues ini + 4
spacing should reflect the energetic costs of forming a
st-helical turn. Ghadhiri and ChoRg) describe a 17-amino
acid o-helical peptide containing two His residues with

This conclusion then raises the question of the nature of + 4 spacing. The peptide had an affinity forZrof 75uM
a z-helix. Has the peptide described in this paper adopted at pH 8, and an affinity for Cit of 66 uM at pH 5. These

the structure Low and Baybutt proposed in 198?(At this
point, it is not possible to answer this question precisely.
However, some insight into the possibility of that structure
can be gained from the descriptions of existimdnelices.
Backbone distortions are common features of thekelices.

In soybean lipoxygenase§), residues 493506 form a
m-helix, but unlike thea-helical segments around it, the
m-helix has irregular dihedral angles. In the original proposal
(3), the m-helix was defined as having andy angles of
—57° and—70°, respectively. Ramachandran predicted that

values appear to be typical; in a recent review, Re@® (
noted that the affinity of a protein or peptide containing two
ligands for a divalent metal ion is generally in the range from
2 x 10%to 2 x 10°® M. The Zr¢" affinity of the peptide
described in this paper is on the edge of this range,~ahd
order of magnitude above the mean value. Thus, to a first
approximation, the energy difference betweenian+ 4
Zn?*-binding motif (Kg =2 x 1075 M, AG = 6.4 kcal/mol)
and thel, i + 5 Zr?* binding peptide described in this paper
(Kg=2.1x 104M, AG = 5.1 kcal/mol) is on the order of

thesr-helix would be marginally stable because these dihedral 1 kcal/mol. Although it does not appear that the introduction

angles place amino acids in the “extreme limit” region of

of az-helical distortion into am-helical structure has been

conformational space, meaning that atoms are found as closgreviously investigated, Craik30Q) has studied the 2-
together as they had ever been found in the crystal structuresnduced introduction of distortion in a serine protease. The

from the period 4). In fact, none of the amino acids in the

protein was modified so that one of the histidines in the

z-helix in soybean lipoxygenase have these dihedral anglescatalytic triad could form a di-histidine metal binding motif

(Table 3), and the mean values ¢fand vy in this z-helix
are—74.86 and—47.93, respectively. The dihedral angles
in the lipoxygenaser-helix are also outside, and sometimes
far from (26), the range expected faor-helices §p = —55°
to —70°, andy = —30° to —45° (27)]. Among the 14

residues in the structure, there are only four which do have

o-helical dihedral angles (Tyr493, Ser498, Ala505, and
Ala506), and only the serine is in the center of the helix.

if it rotated 90 out of its native position. This work, which
observed an inhibition constant of 1281 for Zn?*, also
suggests that ordinary Zh affinities are lowered by ap-
proximately 1 order of magnitude when coupled with the
distortion of an otherwise native structure.

More direct analysis of the change in stability induced by
i, I + 5 interactions comes from thermal denaturation. As
shown in Table 2, the addition of Zhresults in a moderate

The other three of these residues are at the ends of thencrease inAH. There is a more marked increase A%

m-helix, i.e., are also involved in-helical interactions with
the adjacentr-helices.

Such distortions are not confined to lipoxygenase. In fact,
deviation of dihedral angles from their canonical values
appears to be a common feature of tiibelices which have
been observed. They occur, for example, in thielical
turn in fumarase C froniEscherichia coli(7) in which the

resulting from the addition of 2, consistent with the notion
that Zr*™ binding decreases the entropy of the folded state
of the peptide. This “entropic penalty” probably derives in
part from the organization of the histidine side chains which
occurs upon Z# coordination, and would be expected for
any such restriction of side chain motion. Yet, in this case
the peptide has an additional, locadhelical character; the

helical backbone is distorted around Asn B135, in a manner formation of ani, i + 5 metal binding site organizes six

reminiscent of that found at Thr502 and His499 in lipoxy-

amino acid residues, rather than the five which are organized

genaseZ6). The same pattern is seen at amino acid 311 in in an a-helical metal binding site. Rohl and Doig have

catalase fronPenicillium vitale (6) in z-helix E at Cys157
and at Asp186 in cytochrome P458).(Evidence for these

addressed the issue of entropyqhelix formation theoreti-
cally. They conclude that it is sufficiently destabilizing that

types of distortions has also been presented in molecularspontaneous-helix formation cannot be expectegilj. Our

dynamic simulations(1—13). This common arrangement
may be functional in that it positions the amido hydrogen

data underscore the importance of entropyhelical
situations and, more generally, the importance of compensa-

atom of the affected residue such that it can recover sometory external stabilization.
of the van der Waals contacts lost in the expansion of the Overall indications of the change in peptide stability due

helix. Thus, it may be that the amino acids involved in
m-helices do not havest-helical” dihedral angles because

to Zr** binding can be gleaned from the values fo® at
25°C (Table 2). WhereaAG for the peptide in 50% TFE
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is 0.48 kcal/mol (i.e., more of the peptide is in the folded

state than in the unfolded state\G after the addition of
Zn?" is —0.12 kcal/mol. Thus, the effect of Zhon the
stability of the current peptide contrasts with thattielical
situations 28), in which binding of Z@" clearly enhances

the peptide’s stability, and our data indicate that the basis 1q.
for the change in stability is significantly entropic in nature.
m-Helices are relatively unstable, but they are not so
unstable that they cannot be constrained to form, and hence 11
are found in proteins; in this work, we have investigated a

shortz-helix peptide. The relative instability of the-helix

may account for its rarity and the necessity of constraining

it to form. But what accounts for its occurrenceelices

could confer a number of potentially useful properties upon
the proteins in which they occur. Because of their reduced

stability, they could relax to an-helical state or could be
capable of switching betweew- and z-helical states

attendant upon association with ligands or metal ions. Weaver
(15) has suggested thathelices are evolutionary responses
to specific demands at protein binding sites, and that they
lead to functional and unique structural interactions. As
suggested abova;helices can modulate amphiphilicity, and
hence, one such functional interaction may occur in the

region of apolipoprotein E (amino acids 4@1), to which

the peptide discussed in this paper is distantly related. ApoE
must function in a lipid-associated state and also in a lipid-
free state. The crystal structure of the N-terminal throm-
bolytic domain in its delipidated form shows this region to
consist of a shorti-helix separated by turns from two long

a-helices in a four-helix bundlel@). The structure in the

lipid-bound form is unknown, but has been shown to undergo
reorientation as the protein moves between the lipidated and

delipidated states3@), and amino acids 4161 have been
proposed to be important in that proce26)( The peptide

described in this paper switches between conformational

states, and a marginally stabtehelical conformation may
facilitate such switching in a context like that of ApoE.
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