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ABSTRACT. ata is a de novo designed 38-residue peptide [Fezoui et al. (1P&Hgin Sci. 4 286-295]

that adopts a helical hairpin conformation in solution [Fezoui et al. (189d¢. Natl. Acad. Sci. U.S.A.

91, 3675-3679; Fezoui et al. (199Brotein Sci 6, 1869-1877]. Sinceata was developed as a model
system for protein folding at the stage where secondary structures interact and become mutually stabilizing,
it is of interest to investigate the increase in stability that occurs with helix associatmmas dissected

into its component helices and the relative stabilities of the individual helices and the parent molecule
were assessed. TheG, of unfolding of ata. measured by guanidine hydrochloride denaturation was
determined to be 3.4 kcal/mol. The equilibrium constant for foldingtef was estimated from thAGg

as 338 and from hydrogen exchange measurements as 259. The stability of the helices itdnoaet

the individual helices increased by a factor of at least 37 based on amide proton exchange measurements.
Sedimentation equilibrium studies showed very little association of the peptides to form either homo- or
heterodimers, suggesting that helix association is stabilized by the high effective concentration of the
helices caused by the presence of the connecting turn. The effects of salt and pH on the helicity of the
component peptides are largely reflected in the intact molecule, implying that short-range interactions
still make important contributions to the conformation of the intact molecule even though significant
stabilization is caused by helix association.

The Levanthal paradox concerns the disparity in the proton exchange experiments indicate that some folding
observed folding time for proteins (18-1(? s) and the time intermediates may resemble the native structurgsithese
calculated from considering folding as a random process experiments all indicate that the secondary and tertiary
(greater than the age of the universd). (The inferred structures of proteins can form quickly and that the inter-
consequence of this calculation is that protein folding must mediates formed seem to resemble native secondary and
be directed in some fashion. This inference has led to thetertiary structures. Further, the outline of the tertiary structure
notion that protein folding must proceed through intermedi- of proteins may be determined at a stage when the individual
ates; thus much of the research in protein folding has beenelements of secondary structures are only partially stable.
directed toward detection and characterization of folding So an understanding of the folding pathway must include a
intermediatesd—4). detailed understanding of events that happen in the very early

Recent experiments on small proteins in the absence ofstages. This has always been problematic because early
kinetic blocks have shown that protein folding can proceed folding intermediates are only transiently populated.

to completion on the time scale of milliseconds. (It has One way to address this problem is to employ peptides as
been recognized for some time that species accruing in themodel systems for early folding intermediates. Monomeric
dead time of stopped-flow refolding experiments contain helices have been extensively studi&d 9. Several other
secondary structure as detected by'@E). Further, amide  systems have been developed, some aimed at determining
aspects of secondary structure stabilizatibd<12), others
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example, stabilizing interactions built into S-peptide helices
carry over into ribonuclease 2). The examination of the
properties of the isolated helicesatix and their comparison

to intact ata provides an opportunity to investigate the
balance between the properties of helices and their properties
modified by the presence of a hydrophobic interface.

ﬁ MATERIALS AND METHODS

Peptide Synthesis and Purificatiomto, al, and a2
(Figure 1) were synthesized by FMOC chemistry on an
Applied Biosystems Model 421A peptide synthesizer and
purified by reversed-phase high-performance liquid chro-
matography essentially as previously descrilds). (Amino
acid compositions were checked by amino acid analysis and
the molecular masses by electrospray mass spectroscopy.

S

ato:

Succinyl-Asp-Trp-Leu-Lys-Ala-Arg-Val-Glu-GIn-Glu-Leu-GIn- Conceptrations ofito. andal were det_ermined Sp.eCtrOp_ho'
Ala-Leu-Glu-Ala-Arg-Gly-Thr-Asp-Ser-Asn-Ala-Glu-Leu-Arg- tometrically €7) and that ofa2 by triplicate amino acid
Ala-Met-Glu-Ala-Lys-Leu-Lys-Ala-Glu-lle-Gin-Lys-NH 5 analysis
al: Temperature, pH, Salt, and GdnHCI Unfolding Ges.
Succinyl-Asp-Trp-Leu-Lys-Ala-Arg-Val-Glu-Gin-Glu-Leu-Gin- These experiments were performed by monitoring the CD
Ala-Leu-Glu-Ala-Arg-Gly-NHo i

response at 222 nm with a Jasco model 710 spectropola-
o2 rimeter aml a 1 mmcircular cell thermostated to 2%C.

Ser-Asn-Ala-Glu-Leu-Arg-Ala-Met-Glu-Ala-Lys-Leu-Lys-Ala-

Glu-le-Gin-Lys-NH,) GdnHCI concentrations were determined by refracti2s).(

. 1 Struct ot and ami " ol Temperature unfolding curves were measured atCs
IGURE 1. Structure olta and amino acid sequencesadly, a.l, intervals by adjusting the temperature manually and allowin
anda2. (Top) Structural diagram ofto. with the helices represented he sam IZ toJe uili?)rate for g min after the sgt tem eraturge
as ribbons and the side chains of the hydrophobic interface rendered p a . P
as space-filling models. The drawing represents the NMR-derived had been reached before measurement. Peptide concentra-
structure closest to average structug€)( The molecular repre-  tions for these experiments were b®. Percent helix was
sentation Wﬁtpmdgc[ﬁ? Wlth_MOtLMQBiil)-h (E?_ottom) Amlln(gl %C)ld calculated using the baselines derived by Rohl and Baldwin
séquences alo, a- [the amino-terminal netix, SUCCIny’-{1.6)- (29). The AG, for the unfolding andn value were obtained
NH 2 [th -terminal heli i (238)-NH,). : 0 ; .

2], anda2 [the carboxyl-terminal helix, residues (238)-Ni] from the GdnHCI denaturation data using the method of

The magnitude of the CD signal efta. at 25°C (18, 20 Santoro and Bolen3(0). o
suggests that the stability afta. is higher than those of ~ CD Spectra and Cue Fitting. CD spectra were recorded
peptides corresponding to individual helices of proteins [see N 0-2 nm increments from 190 to 300 nm fata. anda2
ref 8 for a review of some early peptide work and recent and for 195-300 nm foral. The scan rates were 1 nm/min
papers concerning peptide fragments of myohemerytain ( and the response time was 1.6 s. The CD spectra were reduced
and myoglobin 22)]. Given that ato. consists of two to 195-240 nm in 1 nm increments for analysis. The
interacting helices that are mutually stabilizing, it is of LINCOMB program g1) was used with the Brahms basis
interest to know the stabilities of the individual helices and Set @2) for curve fitting.
compare this to the stability of helices in the intact molecule. ~ Calculation of Accessible Surface Are@he solvent-
Another interesting aspect is the degree to which the accessible surface area toio in each of the NMR-generated
properties of the individual helices affect their association structures20) and in the extended form was calculated with
in the intact molecule. The framework and diffusion ~ MOLMOL (33) with a probe diameter of 1.4 A.
collision—adhesion theories of protein folding predict that  Sedimentation Equilibrium Experimen&olutions of each
the earliest stage of protein folding is the formation of of the peptidesd1l anda2) were prepared from solid in
domains or individual elements of secondary structure that 150 mM NaCl and 20 mM phosphate buffer at pH 7.0 to
interact and are mutually stabilizing-{4, 23, 24. Presum- concentrations of 1.0, 0.3, and 0.09 mg/mL. Approximately
ably these early elements of structure would be of low 300uL of each solution was loaded into the sample channels
stability. As they interact and become more stable, the of six double-sector cells with an optical path length of 12
molecule takes on properties of the folded protein. At some mm, resulting in a solution column height of ca. 7 mm. In
point the protein becomes more than a set of secondaryaddition, about 4QuL of a high-density fluorocarbon oil
structures and takes on properties of its own. It has been(M&M FC-43) was added in order to raise the bottom of
demonstrated for short amino acid sequences that the amindhe solution off the cell bottom in order to increase visibility.
acid sequence alone does not determine the structure in thén total, the solvent channel of each cell was filled with ca.
folded protein but instead tertiary interactions are required. 360 L of solution. The interference optical system of the
The most dramatic demonstration of this is the observation Beckman XLI analytical ultracentrifuge was used for mea-
that a 14 residue sequence can take on either a helical or asuring the concentration gradients. Sapphire windows were
f-sheet structure depending upon the position in which it is used and the cells were “aged34) to set the windows.
engineered into a proteir2®). Yet factors that stabilize  Several waterwater blanks were taken at the experimental
individual units of secondary structure can have their speed and temperature until the fringe pattern was constant.
stabilizing effects carry over into the associated protein. For The cells were centrifuged until the concentration gradients
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were at equilibrium at 48K rpm and°€. Scans were made containing 20 mM NaCl. One-dimensiori&l NMR spectra
every 3-6 h. Sedimentation equilibrium was determined to were collected on a Jeol GX400 spectrometer atd8The
have been achieved when successive scans were undetectabfmide proton region was integrated to give the total amide
different from each other, as determined by a program, proton intensity for each time point.
MATCH (developed by D. Yphantis), that removes distur-  Amide proton exchange can be described by a general two-
bances such as rotor precession. After equilibrium was step mechanisn8g)involving a closed species from which
achieved, the final data sets were taken. Wateaiter blanks amide proton exchange does not occur and an open species
were taken at the experimental speed and were subtractedhat is exchange-competent:
from the data.

Three mixtures of the peptides were made up to contain a C(H) g O(H) g o(D) (1)
total amount of peptide of about 0.25 mg/mL but in such a kel
way that the approximate molar ratios@f/o.2 were about
1:1, 1:1.3, and 1.4:1. A portion (224L) of each mixture
was loaded into three separate cells (ca. 40 of the
fluorocarbon oil was added), producing a solution column
of ca. 5-6 mm. Approximately 28@L of solvent was loaded
into the solvent channels of each cell. The cells were then _
centrifuged to equilibrium at 60K rpm at 4. Scans were Kobs = (Kopknu)/ (kop ey + ki) @

taken evey 3 h and were analyzed for attainment of ynger conditions where the closing rate is faster than the
equilibrium. Other experimental details are the same for the jntrinsic exchange rate > ki) [this is the EX% exchange

separate peptides (above). A second set of experiments Withnechanism 38)], the first-order rate constant can be
mixtures similar to that above, e.g.1 anda2 at the same  gescribed by

molar ratios, were performed at pH 2.5 in 7 mm solution

columns centrifuged at 48K rpm at°€. Kobs = (Kopint/ (Kop T Ke1) (3)
Data analysis was performed with a nonlinear least-squares

program [“Non-Lin” (35)]. Global fits can be achieved by  The protection factorP;, for an individual amide proton is

combining the data sets taken at different loading concentra-the ratio by which exchange is slowed in the closed form as

tions and speeds. The fitting proceeds by one assumingcompared to the open form and can be defined as

various models with which to fit the data, i.e., the ideal single

species model (ISS) and a number of self-association models. Pr = Kint'Kobs (4)

For the ISS model, the program produces the value of the

z-average reduced molecular weight[ = MA1 — vp),

whereM, is the truez-average molecular weighi, is the

specific volume, ang is the density of the solution] of the _ —

molecules and the rms error of fit. If the fit is good, the Pr = (kop + KalTkop = Koilkop + 1 )

value represents the molecular weight of the single species kelkop is just the equilibrium constant for the closed form,

present. If the fit is not good, it represents thaverage of ¢ “ghstituting and rearranging leads to an expression for
all molecules present. For self-association models the valuey,o closed form equilibrium constant as a function of the
of the monomer molecular weighttlg) and other constants protection factor:

related to the model (i.e., equilibrium constants, second virial
coefficient, etc.) and the rms error are produced. The Kg=P;—1 (6)
equilibrium constants are presented a&iwhereK,is in
the units of (U/g)~* andn is the degree of association). To Note that for proteins a second simplifying assumption is
convert values of the reduced molecular weight into molec- usually made, namely, that the protein is mainly present in
ular weight, one needs to know the value woffor the the closed (folded) formK is large). In this instanceK
molecule in its solvent and the density of the solvent. It is andPs are approximately equal.
possible, however, to estimate its value from amino acid It is found for a number of globular proteins thég,y =
composition data3p). A version of Traube’s rules3{) was K¢ for the most slowly exchanging protons (for examples
used to estimate the contribution of the succinate group to see ref39). The interpretation of this correspondence is that
the value ofv for the peptides. It was found that the molar the most slowly exchanging protons exchange by a global
volume of this group was less than 5% of the total volume unfolding mechanism. Protons that exchange more quickly
of the molecule. Therefore, although the calculation of the are considered to exchange by partial unfolding mechanisms.
v of the succinate residue is only an estimate, any errors inln one case where amide protons are observed to exchange
this calculation will affect the value af for the complete  more slowly than predicted b4, the difference has been
molecule only minimally. The values of 0.739, 0.750, and attributed to proline isomerization in the unfolded protein
0.745 mL/g were calculated farl, o2, and the equimolar  (39).
combination of the two peptides, respectively. This leadsto The protection factorsPs, for the slowest exchanging
values of 0.254, 0.243, and 0.249, respectively, for{1  protons ofata, a1, ando2 were estimated by comparing
vp) since the density of the solvent (from density tables) is the slowest decaying components of the exchange data to
about 1.009 g/mL at 20C. the average of the intrinsic exchange rates calculated by the
Amide Proton Exchangell, a2, andata were dissolved method of Bai et al.40). The amide proton intensities of
to 2.0, 3.9, and 3.0 mM, respectively, in,@, pH 3.6, ato, al, ando2 follow multiple-exponential decay functions.

Hereky, is the rate of openind is the closing rate, ank

is the intrinsic exchange rate from the open species. The
observed first-order rate constant for exchange at a particular
position, kops can be written as3@)

Equation 3 can be expressed in terms of the protection factor
as
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line is the curve fitted to the data by the method of Santoro and Ficure 3: CD spectra of the peptides. The per-residue molar
Bolen 30) as described in Materials and Methods. ellipticity of ol (- - -), a2 (— — —), andata (—) at pH 3.6 and 25

°C is shown as a function of wavelength.
Foral anda?2, the slow-decaying components were obtained

by fitting the exchange data to double-exponential functions, O T T T
and for ata, the exchange data were fitted to three- i
exponential functions. = -5f 1
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in Figure 2. The unfolding transition afto in GdnHCl is S-St . © ° . ]
sigmoidal and exhibits a relatively broad transition. The o 1 . * ]
sigmoidal transition and the presence of folded and unfolded : -20 . ! ]
baseline prompted us to analyze these data as a two-state § I .
transition. Although the unfolding of a molecule suchods = I o *
is not likely to be two-state, limits on the stability of the = -25[ + ¢ ]
molecule can be derived from the analysis. The data were ]
analyzed by the method of Santoro and Bolgd)(The AGy Y g S S S AU U S S W
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1.22 kcal/(moiM) and the midpoint of the transition is 2.8

M GdnHCI. The equilibrium constant for folding was ) _ _

calculated fromAG, and was found to be 338. Ficure 4: Temperature unfolding of the peptides. The per-residue
CD Spectra ofata, a1, ando2. The circular dichroism molar ellipticity of al (), a2 (+), andato () is presented as a

| At function of temperature at pH 3.6.

spectra of the three peptides are presented in Figure 3. All
three spectra clearly show helical tendencies. The fraction However, they differ substantially in their minima between
helix can be calculated from the molar ellipticity at 222 nm 200 and 210 nm. The CD spectra were fit with the basis set
on the basis of the molar ellipticity values for unstructured of Brahms and Brahms3p) with the LINCOMB program
peptides and 100% helix. The helical and unstructured (31). ato. ando2 were optimally fit with only the helix and
baselines have been estimated in various ways but have beepandom basis sets. The percentages of the basis sets used to
recently derived for short helices as a function of length and fit atta. were 78.9% helix and 21.1% coil, and fa2, 43.3%
temperature by Luo and Baldwid1). Baseline values for  helix and 56.7% coilod required all four of the basis sets
peptides of 17 residues were used édr anda2. On the for the best fit. The percentages of these were helix, 42.3%;
basis of these values, the estimates for percentage helix argg-sheet, 9.9%p-turn, 7.8%; and coil, 40.0%.
34% and 36% fonl anda2, respectively. On the basis of Temperature Unfolding afta, o, anda2. The changes
the GdnHCI denaturation data, the stability @t is too in molar ellipticity at 222 nm as a function of temperature
high for the baseline method to reflect the helix/coil for the peptides are presented in Figurexd.anda2 seem
equilibrium and for this reason a helical estimate is not to come to a common unfolded baseline between ap-
reported forato. proximately 40 and 50C. In contrastata appears to exhibit

The proportion of various secondary structures in the a slightly sigmoidal transition between 40 and 0.
peptides can also be calculated by fitting the curves to Amide Proton Exchange Experimentie amide proton
spectral basis sets. As can be seen from Figure 3, all threeexchange results are presented in Figure 5. Also presented
peptides show minima near 222 nm, characteristic of helix. is the theoretical exchange curve for the unfoldeid

Temperature (°C)
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Ficure 5: Amide proton exchange measurements. Normalized
amide proton occupancy as a function of time after dilution into
D,0O for ata (a), al (O), anda2 (®) at 25°C and pH 3.6. The
lines represent two-exponentiaty ando2) or three-exponential
(ata) fits to the data. The thick line is the expected exchange from
a structureless peptide calculated by the method of Bai e4@)L. (

calculated by summing the exchange curves of the individual

protons using rates calculated according to Bai et4l). (
Clearly, the protection of amide protons @l anda?2 is
slightly higher than that predicted for the unfolded peptide.
Estimates of the largest protection factors édt and a2

Fezoui et al.

no perceptible systematic error. These values &f.lwould
produce about 2% and 5% dimer (by weight) in a 0.4 mM
solution of the two peptides, respectively. The somewhat
higher values found fol; (especially foral) may be due

to a small error in the calculated value @fas an error of
1% in the estimate of can lead to an error of 3% in the
value of M;.

For mixtures ofol anda2, each set of data (ca. 800 data
points each) covering a concentration range from caV7
to ca. 0.4 mM was fitted with the ISS model. The values of
M, resulting (assuming an average valuevdfor the two
peptides of 0.745) were 2244 41, 2046+ 50, and 2154+
41 for the three mixtures, respectively. The rms errors were
0.021, 0.023, and 0.018 fringes with a small amount of
heterogeneity observable from the systematic error. No other
models returned a significantly better fit with a reasonable
value ofM (i.e., a value at least as large as the known value
for the monomer). These results indicate that there is no
appreciable association of the two subunits over the con-
centration range studied. Similar results were found at pH
2.5.

The ellipticity at 222 nm was examined as a function of
concentration and pH for both individual peptides and for
mixtures of the two. No significant differences in ellipticity
were observed for the isolated peptides or for mixtures of
the two over a concentration range oit®—2 mM at pH

were 7.6 and 7.4, respectively. In contrast, the amide protonsp pH 3.6, and pH 7. These experiments indicate that very

of ata exhibit much higher protection factors than the

little dimerization or aggregation is expected over the

individual peptides. The estimate for the largest protection concentration range examined in this study.

factor in ato is 260. The equilibrium constants for folding

can be approximated from eq 6 and are found to be 6.6, 6.4

and 259 foral, a2, andata respectively.

Aggregation State oftl, a2, and Mixtures of the Two
Peptides. It had been shown previously thatto was
monomeric over a concentration range spanningvb—5

pH Dependence of Peptide Helicifyhe response of the

'CD signal at 222 nm to pH is shown in Figure 7. All three

peptides show striking dependence of helicity on pith

has 15 amino acids with titratable side chains and a succinyl
blocking group. The 15 titratable amino acids break down
as follows: two Asp, six Glu, four Lys, and three Arg. Each

mM as determined by the lack of concentration dependenceyjyaiion curve represents the response of all of these titrating
of NMR and CD signals, by molecular sieve chromatography groups. However, all three peptides seem to have ap-
(18), and by sedimentation equilibrium (unpublished results). proximately biphasic behavior. The pH response curve of

To assess the aggregation statexdf a2, and mixtures of  gach peptide was fit to a two-part Hendersétasselbalch
the two peptides, equilibrium sedimentation studies were g4 ation and the solid lines in the figures represent the fits

performed and the circular dichroism signal as a function of

obtained. The s derived from the fits weret1, 4.9 and

concentration was examined. Three sets of equilibrium g g. 15 46 and 8.6: andta. 3.8 and 10.3.

sedimentation data were produced for each peptide (consist-

ing of a total of about ca. 2769 and 2514 data pointsfbr
anda?2, respectively), covering a concentration range from
ca. 7uM to almost 1.5 mM. The data were first fitted
globally (with Non-Lin) to the ISS model. This fit produced
values ofM, of 2485+ 24 (Figure 6) and 233& 34 (all
molecular weights are reported to 95% confidence limits)

as compared with the known values of 2211 and 2131 for

Salt Dependence of Peptide Ellipticityhe dependence
of the ellipticity at 222 nm on the concentration of NaCl is
presented in Figure 8. The dependence of ellipticity on salt
concentration shows four distinct regions for each of the three
peptides: an initial decrease in ellipticity from 0 to 200 mM
salt, an increase from 200 mM to 1 M, a decrease from 1 M
to 2 M, and then a final increase fro2 M onward.

al ando2, respectively. The rms error associated with these bscussioN

fits was only slightly higher than that associated with the
optical system (i.e., 0.018 and 0.019 fringes or abougb
mL), while the observed small systematic error of the

A major reason for pursuing these studies was to inves-
tigate the stability of the interacting helicesdto. compared

residuals indicated a small amount of molecular heterogene-to those of the individual helices. This is a difficult problem

ity. The fits were improved marginally (in fact, they are not
significantly better as determined Ipytest) by assuming a
monometdimer equilibrium. Foral, the M—D model
produced a value dfl; of 2396+ 34, a value for InK, of
—3.9 + 0.3, and a rms error of 0.017 fringes with little
systematic error apparent. For2, this model produced
respective values of 2176 34,—3.0+ 0.3, and 0.018 with

to address in a simple fashion. Short linear peptides are
usually conformational ensembles in solutio#2,( 43).
Estimates of helicity from circular dichroism measurements
reflect the average helicity of the entire molecule even though
the amount of helix may vary along the length of the peptide
due to helix fraying or side-chain interactions. On the other
hand, the amide proton exchange technique measures equi-
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Hasselbalch equations.

librium constants for closing of the individual amide protons. ©Of the average intrinsic exchange rate to calculate the
By taking the group of slowest exchanging protons, the Protection factors.

stability estimates are skewed toward positions of highest The equilibrium constant for folding ofita. can be
stability. The estimates obtained from CD measurements for calculated from the GdnHCI unfolding curvisy = 338,

the individual helices, 34% and 35% helix fofd ando2, or from the amide proton exchange experimekits= 259.
respectively, represent equilibrium constants for helix forma- Here, as in the peptide experiments discussed above, one
tion of 0.52 and 0.53. The equilibrium constants for folding experiment (GdnHCI denaturation) measures the overall
measured by amide proton exchange are higher, 6.6 and 6.4infolding while the other (amide proton exchange) measures
[corresponding roughly to 87% and 86% folded at the most an equilibrium at one or more of the slowest exchanging
stable position(s)]. The accuracy of the CD measurementssites in the molecule. The two estimates for foldingubd

is likely limited by the suitability of the calculated baselines compare well considering th#l, was calculated from the
(41). The accuracy of the amide proton exchange measure-average intrinsic exchange rate.

ments is limited by the fitting of a small number of The equilibrium constant for folding of the individual
exponentials to a multiexponential process and by the usehelices was approximately 0.5 and 7 by CD and amide proton
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exchange. Foato the estimates are 260 and 340 by amide

Fezoui et al.

°C), and approximately 1 for this peptide at 22 (55). A

proton exchange and GdnHCI denaturation. Taking the two wide range of exchange behaviors are being observed. The
measurements derived from amide proton exchange, 7 andorotection factors for the two protein modeis,and peptide

260, implies a relative increase in equilibrium constant of at

Velcro, are similar, 19and 10, respectively. However, the

least a factor of 37 between the isolated and connectedmaximum protection factors estimated from thA&s of

helices. The other pair of estimates for the equilibrium
constants, 0.5 and 340, yield a much higher upper limit of
680 for the relative increase.

The cooperativity of an unfolding transition can be
expressed by them value, which is the slope of the

unfolding of these two molecules are quite dissimilari®10
for a4 (56) and 10 for peptide Velcro %4). This suggests
that while the stabilities of the helices of these molecules
are quite similar (they exhibit approximately the same
amounts of conformations open to exchange), the exchange

denaturation curve at the midpoint of the transition (measuredfrom a4 is dependent upon significant local fluctuations,

in kilocalories per mole per molar concentration). Myeié) (
recently examinedn values for a large number of globular
proteins and these range from a low of 0.58 kcal/(dl
(ovomucoid third domain) to a high of 9.7 kcal/(rid)
(phosphoglycerate kinase). Thevalue ofato [1.22 kcal/
(mol-M), Figure 2] is on the low side of the range, which

while peptide Velcro has at least a subset of protons that
exchange through global unfolding. The largest protection
factors for the two model peptide systemsgq and Model

AB, are 2-3 orders of magnitude smaller than the protein
models. These model peptides consist of two elements of
interacting secondary structure and have stabilities more in

can be understood in terms of buried surface area of theline with folding intermediates than globular proteins.

different molecules. In various treatments of the effects of
denaturant molecules on proteins, thevalue is related to
the amount of surface area exposed upon unfoldibg46.
Myers et al. 44) also correlated the values of the proteins

A significant finding of the present study is that the
individual helices do not form significant amounts of either
hetero- or homodimers. Wheato. was designed it was
known that short de novo designed coiled-coils did not

to the change in accessible surface area upon unfoldingassociate in solution and that it required a minimum of five
(AASA). The relationship that was derived can be used to heptad repeats for significant dimerization to be observed

calculate them value of ata from its AASA. The AASA
was determined foita by subtracting the ASA of the

(13). Other studies have shown a varied response to
dimerization of helices. Mixtures of coiled-coil peptides will

extended form from the average ASA of the ensemble of preferentially form heterodimers, likely because of charge

NMR structures 20). The AASA for ata. was 1763 & and
the m value calculated from the equation of Figure 2A of
ref 44 was 1.25 kcal/(moeM), which is in excellent agree-
ment with the measurea value of 1.22 kcal/(moM). The
correspondence between the calculated and measured
values suggests that the low cooperativityotd unfolding

interactions 7). The antiparallel coiled-coil region of seryl-
tRNA synthetase forms a stable hairpin but the individual
peptides corresponding to the two helices, absent their
connecting turn, do not dimeriz&&). Designed coiled-coils
have also been shown to be stabilized by the presence of a
disulfide link between the helice§9), although a designed

is expected since the change in the amount of buried surfacehelical hairpin peptide showed no helix association without

area is low.
Although the nature afito. makes it difficult to accurately
assign an equilibrium constant to the folding process, it is

a stabilizing disulfide bond connecting the central parts of
the helices §0). These studies show that the stability and
specificity of helices are related to the length (which affects

possible to compare the protection factors for amide proton the amount of hydrophobic surface area that can be buried
exchange against a range of peptides and proteins. The rangapon binding), to chargecharge interactions, and to the

of behavior extends from a protection factor of approximately
1 in unfolded peptides (by definition) to about?:A(° in

the N-terminal helix of cytochrome (47). Clearly, ata is

at the lower end of this scale along with peptides, molten
globule forms of proteins, and folding intermediates. As
examples, the highest protection factor in the low-pH or
molten globule form of apomyoglobin is 2088); in apamin,

a 17-residue bee venom peptide, approximately 49§ (n
20-residue alanine-based peptides, 58);(in the early
folding intermediates of T4 lysozyme, 2081); and in the
early intermediates of RNase A, increasing from 4 to 1000
(52). This putsata in a stability range comparable to folding
intermediates, which is consistent with the intent of the
original design.

presence of connections between the helices. As previously
noted,ata has a relatively small amount of buried surface
area, which is likely the major contributing factor to the lack
of dimerization of the individual helices.

The lack of dimerization in the absence of the turn region
of ata leads to the idea that the major role of the turn is to
increase the effective concentration of the two helices to the
point where interaction and mutual stabilization can occur.
It may also be involved (passively) in alignment since the
first hydrophobic pair of amino acids after the turn (Leu 14
and Leu 25) would have the highest effective concentration.
It is not possible from the present data to tell whether the
turn also directs the folding in some fashion. These pos-
sibilities can be tested with suitable variantsodé.

Protection factors can also be compared among designed A major point of interest is the manner and degree to

peptides and proteins. Three examples @sea four-helix
bundle protein of 67 residues3), peptide “Velcro”, a

which the properties of the individual helices affect those
of ata. In the situation where the interaction between the

designed heterodimeric coiled-coil peptide of 60 residues helices is only slightly stabilizing, the properties of the

[two monomers of 30 residues ead@¥)] and Model AB, a
model o motif peptide of 20 residuess§). The largest
protection factors for these molecules aré @ o, (pH
5.0, 25°C) (56), approximately 10for peptide Velcro (pH
4.7, 20°C) (54), approximately 210 for Model AB (pH 4, 5

molecule will be balanced between influences arising from
within the helices (local interactions) and from those arising
from helix association (tertiary interactions). Protein have
sufficient stability to allow tertiary interactions to overwhelm

local interactions. A case in point is the study of Minor and
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Kim (25), in which it is shown that an 11 residue segment correspond to the neutralization of favorable salt bridges,
of amino acids adopts am-helix when engineered into one  while the later increase in helicity must correspond to the
portion of a small protein and A-sheet when engineered neutralization of stronger, unfavorable electrostatic interac-
into another. In this example, the tertiary interactions override tions. Finally, in the range between 3cab M salt a general
the native propensity for conformation of the amino acids. decrease in helicity is observed. This has been attributed to
In ato. the amount of energy attributable to the interaction Hofmeister salt effects6@). Since the responses to salt of
between the helices is smaK;{q = 340) compared to that all three peptides are similar, the electrostatic interactions
available in proteins, wheli€, g might be 16—1C°. For this that affect helicity in the individual peptides are still largely
reasonata. might be expected to exhibit properties of the operative inata.
individual helices. To examine this question the pH and salt  During the process of protein folding, the earliest inter-
dependencies of the three molecules were studied. Themediates might be very locajust stretches of a few residues
expectation was that differences in the response to either salstabilized by local side-chain interactions. These sorts of
or pH would indicate the presence of important interactions intermediates would have time to search quite a large part
in the intact molecule that were missing in the individual of the available conformational space [this was a suggestion
helices. made in the diffusiorcollision—adhesion model of protein

The dependence of helicity on pH for the two individual folding (23)]. As these small, very local elements of
helices is very similar. Both exhibit two arms of the titration structures enlarged, the properties important to stabilization
curves corresponding to one acid and one base titration.of helices would become operative. These might be charge
These peptides have five sorts of titrating groups, four arising charge interactions, helixdipole interactions, helix propen-
from amino acid side chairsGlu, Asp, Lys, and Arg-and sities, and capping interactions. As individual helices interact
one arising from the succinyl blocking group. In the through hydrophobic interfaces, different sorts of stabilizing
individual peptides only one acid and one base titration is influences could become important. The hydrophobic inter-
observed despite the different kinds of residues. Both the face is certainly one and the presence and nature of the turn
acid and base titrations yield higher helix content as the pH residues is another. The properties of these ensembles would
is lowered, with the acid arm exhibiting a larger increase in be different from the properties of the individual helices
helicity that the base arm. The increase in helicity in the because of the association. Finally, as the native structure
acid arm of the titration does not seem to be due to of the molecule is achieved, the properties of the ensemble
protonation of the succinyl group blocking group. The might change again as close packing becomes important and
titration observed inta is in the wrong direction since  as charge residues are drawn together on the surface of the
succinyl capping interactions or interactions with the helix molecule.
dipole lead to helix stabilizatior6(). Additionally, removal The purpose of developingto, a model for an early
of the succinyl blocking group fronata leads to a less  folding intermediate, was to provide a system where the
helical peptide, as might be expected if the succinyl group properties of interacting helices could be studied in a structure
were involved in these stabilizing dipole or capping inter- with a stability approximating that of early folding inter-
actions (manuscript in preparation). However, a Glu or Asp mediates. The questions of importance are how stable is the
residue could be involved in an unfavorable dipole interaction molecule, how much stability is developed in the ensemble
in another part of the chain. Alternatively, the increase in as a result of helix association, how much do the different
helicity in the acid arm of the titration could arise from helix-stabilizing factors contribute to stabilization in the
changes in the value for helix formation of Glu. individual helices and in intaetto, and what is the balance

All three molecules exhibit both acid and base titrations between properties of individual helices and properties of
at approximately the samep. The absence of significant the ensemble? The present report is a start toward answering
changes in the positions of acid and base arms of the titrationthese questions. The picture of the molecule that emerges is
suggests that no strong charggharge interactions occur one in which a fair degree of stability is imparted to the
between the helices in the intact molecule. The absence ofindividual helices as a result of being in the intact molecule
change in the I§s also suggests that the structurentd. is (about 37-fold) and yet in which the charge interactions that
strongly influenced by structure in the individual helices from stabilize the individual helices are largely carried over into
which the pH effects largely arise. The overall structure the ensemble. The model system can now be used to test in
results from a balance of effects operating on the helices detail the effects of the hydrophobic interface, the contribu-
and on the association of the helices through the hydrophobiction of the turn, and the detailed effects of charge interactions.
interface. As a beginning, the point by point stability of the molecule

That factors which have an effect on the individual helices is being examined by partidPN labeling and hydrogen
also strongly affect the structure afo is further supported  exchange studies.
by the response to salt (Figure 8). All three peptides have Finally, this study has a fundamental implication for
essentially the same shape for the salt curves. Each curveprotein folding: the tertiary structure is attained at a relatively
has four parts. Between 0 and 100 mM NaCl helicity low stability. The ease with which tertiary structures can be
increases. This has been attributed to the neutralization ofdesigned by considering the hydrophobic/hydrophilic pattern
an unfavorable helix dipole interactio6l). In the 0.1-3 as is done with minimalist desigh3) or the high proportion
M salt range all three peptides show two different salt of folded molecules found using genes designed to give a
behaviors, the first of which (0-11 M) is helix-destabilizing predetermined pattern of polar and nonpolar amino aéi@s (
and the second of which {413 M) is helix-stabilizing. These  imply that code for the overall shape of the molecule is
concentrations of salt usually effect salt bridges or electro- relatively simple. The rapid formation of intermediates
static interactions@2). The early decrease in helicity must suggests that the overall shape can be attained quickly during
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folding (6, 7). The continued use afto. as a model system
for the early stabilization of tertiary structure should allow

the balance of influences among the turn, hydrophobic

interface, electrostatic interactions, intrinsic helix-forming
propensities, and others to be studied systematically.
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