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ABSTRACT. The interactions of three peptides, which correspond to presequences that direct mitochondrial
protein import, with model membrane systems were characterized using NMR, fluorescence, and circular
dichroism spectroscopies. The positively charged peptides adopted an ordered secondary structure only
when the negatively charged phospholipid, cardiolipin, was present in small unilamellar vesicles.
Conversely, the peptides adopted an ordered secondary structure in the presence of micelles formed from
both formally neutral and negatively charged detergents. The peptides had the same relative affinity for
micelles and small unilamellar vesicles containing 20% cardiolipin. Amide proton exchange rates showed
that the region of the helical structure which had the greatest hydrophobic moment interacted most readily
with micelles. Therefore, it appears that a major determinant of binding to lipid surfaces is the ability of
the peptide to attain the correct orientation of hydrophobic and hydrophilic groups. For the three peptides
studied, affinity also correlated with the length of the helix, but not with hydrophobic surface area. In
each case, the interacting segment of the peptide was toward the C-terminal end of the helix. Previous
work has allowed us to postulate that the N-terminus of the presequence is vital for import [Wang, Y., &
Weiner, H. (1993). Biol. Chem. 2684759-4765] and the C-terminal end is essential for membrane
interaction [Karslake, C., Piotto, M., Pak, Y. K., Weiner, H., & Gorenstein, D. G. (18&}hemistry

29, 9872-9878]. On the basis of the data that are now available, it appears that the interaction with
membrane surfaces may depend on the location of an amphiphilic region of the sequence that is near but
not necessarily at the C-terminus.

Polypeptides interact with membranes in numerous bio- polypeptide and nonpolar side chains about the opposite
logical processes. These include the translocation of proteinssurface (von Heijne, 1986; Rois# al., 1988). Due to the
across membranes (Wickner, 1988), the insertion of mem- organization of phospholipids in the membrane, the am-
brane proteins into the membrane (Saieal,, 1989; Cramer  phiphilic polypeptides are well-suited for interaction at a
et al, 1992), and the action of peptide hormones at the membrane surface.
membrane surface (Schwyzer, 1991). Significant effort has . . -
been devoted to studying the peptiteembrane interaction _Presgquence; must b,e capable of interacting spgmﬁcally
(Roise, 1993), yet it is not completely understood. One type with mitochondrial protein components other than just the
of protein that is capable of interacting with membranes is Membranes. Results from competition experiments with
the family of nuclear-encoded proteins that are synthesizedPresequence peptides suggest that they interact with import
in the cytosol and subsequently translocated across one ofeceptor proteins located in the outer membrane (Glaser &
both mitochondrial membranes. These proteins possessCumsky, 1990; Palet al, 1990; Valletteet al, 1994).
N-terminal presequences which are required for protein Binding experiments show that the interaction of some
translocation. Upon comparison, they display no primary precursor proteins with yeast mitochondria is eliminated upon
sequence homology but generally have a net positive chargedeletion of the receptor gene and that this interaction is
It has been proposed that the presequences must be able tdependent on salt concentration (Hauekal,, 1995). The
form amphiphilic secondary structures, with charged and presequence also interacts with the processing protease that
hydrophilic side chains distributed about one surface of the removes it after import (Owet al, 1989). Secondary
structure is believed to be important for these interactions,
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secondary structure formation in mitochondrial presequenceswheel diagrams which are also shown in Figure 1. They
will be useful for understanding how the presequences indicate that, in the experimentally observedhelical
function. regions, the three peptides display very different distributions

Bi0|ogica| membranes typ|ca||y contain a Comp|ex mixture of hydrOphObiC and hydrOphlllC side chains about the helical
of phospholipids, cholesterol, proteins, and various other axis. These patterns suggest different amphiphilic charac-
substances. Because of this diversity, it is difficult to study teristics which should lead to a corresponding difference in
peptide binding to intact biological membranes and obtain their abilities to interact with membrane-mimetic materials.
results that can be attributed to a specific interaction. We have compared and evaluated the interaction of these
Artificial membrane materials such as monolayer films or peptides with micelles and SUVs to ascertain common
phospholipid vesicles provide a more clearly defined ex- features and present experimental evidence that the am-
perimental system (De Krooet al, 1993). With these  phiphilicity of the peptides is the major factor that determines
artificial membrane systems, information has been obtainedthe affinity of interaction with these model membrane
on binding thermodynamics (Myeet al,, 1987; Kimet al., systems.

1991) and on the orientation of the peptide when bound (Snel

et al, 1995). Due to their large mass and irregular nature, MATERIALS AND METHODS

these model systems are generally not conducive to high- ) .
resolution structural techniques such as NMR spectroscopy Che”?'c_a's- CL and SDS were pur_chased from Sigma.
or X-ray crystallography. For this reason, detergent micelles L"%-Lecithin was from Avanti Polar Lipids. DP@Gss was
have been used as a membrane-mimetic material in NMR PUrchased from MSD Isotopes. Deuterium oxide (99.9%
studies (Brauret al., 1981; Gierasckt al, 1982). Micelles ~ Minimum isotope enrichment) was purchased from Cam-
provide a lipid-like site for interaction of peptides while Pridge Isotope Laboratories.

maintaining a size that is amenable to high-resolution NMR  Peptide Synthesis and PurificatiorPeptides were syn-
methods. The limitations of micelles are that they do not thesized in the Purdue University Biochemistry Department
form a lipid bilayer, that they have a more highly curved Laboratory for Macromolecular Structure using an ABI 430A
surface than the typical membrane due to their small size, solid state peptide synthesizer. The peptides were purified
and that lipid molecules do not pack together as tightly as using a semipreparative VydagdZeverse phase (20 cm
they do in a bilayer (Dill & Flory, 1981). Although 1 cm diameter) high-performance liquid chromatography
reasonable peptide NMR spectra are often obtained fromcolumn. Peptide elution was achieved by the application of
studies with micelles, it is not always clear to what extent a linear acetonitrile gradient of 5 to 60% at a rate of
micelles accurately represent more realistic membrane approximately 2%/min. Peptide authenticity was determined
models. For example, peptides have been shown to formby mass spectrometry in the Purdue University Campus-Wide
distorteda-helices upon interaction with micelles (Braah Mass Spectrometry Center and verified by amino acid
al., 1981; Thornton & Gorenstein, 1994). It is not certain analysis in the laboratory of Prof. Michael Laskowski of
whether these distortions are a conformational characteristicthe Purdue University Department of Chemistry. Peptide
of the peptide or a consequence of the interaction with concentrations in aqueous buffer were calculated from the
micelles that is somehow different from the interaction that amino acid concentrations determined by the amino acid
would occur with a lipid bilayer at a flatter membrane analysis.

surface. Circular Dichroism. Circular dichroism (CD) spectra were

In this study, we have utilized NMR, circular dichroism, obtained on a Jasco J-600 spectropolarimeter, which was
and fluorescence spectroscopies to investigate mitochondriakypically scanned from 250 to 190 nm at 26. The path
presequence characteristics in the presence of structuretength for the samples was 0.1 cm. Baseline spectra for
inducing model membrane systems. Three different peptideseach solvent were obtained prior to the peptide spectra.
were used which, when located at the N-terminus, share thepeptide concentrations in these measurements were 10, 28,
function of targeting precursor proteins to mitochondria for and 30 uM for rhodanese[+23], thiolase[t21], and

import. Each has been shown to form a continumireelical ~ ALDH(—RGP), respectively. The concentration of lipid in
structure containing at least three turns when in contact with the micellar solutions was 20 mM, which was above the
DPC' micelles (Thorntoret al, 1993; Hammeet al, 1994).  critical micelle concentration and was sufficient to ensure

Two of the peptides correspond to the N-terminal segments an excess of micelles to peptide molecules. For solutions
from rat mitochondrial rhodanese and from 3-oxoacyl-CoA of SUVs, the lipid concentration could not exceed 0.25 mM
thiolase, and the third represents a deletion mutant of thepecause of the noise in the CD spectrum caused by the
presequence of rat liver mitochondrial aldehyde dehydroge-yesicles. The secondary structure analyses were carried out
nase [ALDHECRGP)]. The amino acid sequences are shown ysing a nonlinear least squares fit of the experimental spectra

in Figure 1. While the sequences all function in import, there {5 standard values derived from a data base of protein CD
are significant differences among them. The lengths of the gpectra (Yanget al, 1986).

helical segments of thiolasefR1], ALDH(—RGP), and
rhodanese[+23] are approximately three, four, and five
turns, respectively. Another difference can be seen in helical

Nuclear Magnetic ResonanceAll nuclear magnetic
resonance spectra were obtained on a Varian VXR-500
spectrometer. Peptide samples were approximately 2 mM,
DPC-dss was 200 mM, and the solution was buffered with
! Abbreviations: ALDH, aldehyde dehydrogenase; DPC, dodecyl- 50 mM phosphate (pH 3.3). The high concentration of

phosphocholine; DP@z, perdeuterated dodecylphosphocholine; SUV, - jetergent was to assure that an excess of micelles would be
small unilamellar vesicle; SDS, sodium dodecyl sulfate; CL, cardiolipin; . . )
TOCSY, total coherence spectroscopy; NOESY, nuclear OverhauserPresent in the solution (Opellet al, 1994). No sign of

effect spectroscopy. multiple conformers was apparent in any of the spectra.
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A rhodanese[1-23] M-V-H-Q-V-L-Y-R-A-L-V-S-T-K-W-L-A-E-S-I-R-S-G
thiolase[1-21] ~ M-A-L-L-R-G-V-F-1-V-A-A-K-R-T-P-F-G-A-Y-G
ALDH(-RGP) M-L-R-A-A-L-S-T-A-R-R-L-S-R-L-L-S-Y-A

et Leuts .~
Ser22

Gin4 Leu 16
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Ficure 1: (A) Amino acid sequences of the presequence peptides used. Underlined portions of the sequences have been determined to be

helical in the presence of micelles (Thorntenal, 1993; Hammeret al, 1994). (B) Helical wheel diagrams representing the helical

portion of each sequence. Three-letter abbreviations for the amino acids along with the sequence number are used at each position of the

helical wheel. Hydrophobic residues appear in bold print.

Spectral assignments were made for rhodanes23] in min, after which it was transferred to a NMR tube. For
the presence of micelles, using data in DQF-COSY (Piatini method II, protonated peptide was dissolved in 0.35 mL of
et al, 1982), TOCSY (Braunschweiler & Ernst, 1983; Bax 2H,O. This solution was immediately added to a 0.35 mL
& Davis, 1985), and NOESY (Jeenet al., 1979) spectra.  solution which contained 0.4 M DP@gs dissolved irtH,0.
The two-dimensional spectra were obtained with a spectral After a short period of gentle mixing, the solution was
width of 6000 Hz in both fand £ in 2K complex data sets.  transferred to a NMR tube. This procedure typically took
A total of 300 t increments, 32 scans each, were obtained 2—4 min.

using the hypercomplex method to achieve quadrature sing these methods, two different initial states were
detection in the fdimension (Statest al.,, 1982). TOCSY generated. The first state was the preformed peptideelle
data were obtained using a 32 ms MLEV-16 mixing sequence complex (method I). The second involved uncomplexed
to achieve coherence transfer. NOESY data were obtainedmijcelle and peptide, initially, and monitored exchange in
with a 150 ms mixing time. Fourier transformation was competition with the formation of the complex (method I1).
weighted with a sine-bell function shifted 0All chemical Measuring NH exchange of the peptidmicelle complex
shifts were referenced to an internal standard of perdeuterionder these two conditions allowed the distinction between
sodium 3-(trimethylsilyl)-1-propane sulfonate (DSS). The the complex at equilibrium and in the presence of transiently
temperature for all NMR spectra was 20. Data setswere  formed states. Method | was used to observe characteristics
processed on SUN 4 workstations using VNMR software of the intact peptide micelle complex. Method Il monitored
provided by Varian Associates, Inc. the formation of the complex as well as exchange within
Measurements of amide proton exchange were made bythe complex. If complex formation was very rapid compared
two different procedures which will be referred to as method to the rate of amide proton exchange, the same protons
I and method Il. The principal difference between the two observed to be protected from solvent in method | would
methods was in the state of the peptide when it was dissolvedappear to be protected in method Il (Scheme 1). However,
in 2H,0O. For method I, the protonated peptide was dissolved if complex formation was rapid compared to amide proton
in aqueous phosphate buffer (0.050 M, pH 4.2) which exchange and there was an intermediate state with a lifetime
contained DPGQGis  The solution was lyophilized and  on the order of amide proton exchange, a different pattern
redissolved in 0.7 mL ofH,O which gave an uncorrected of amide proton protection could be observed in method I
pH of 3.5. The solid material typically dissolved in-2 (Scheme 2).
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Scheme 1

P+M=PM A

Scheme 2
P+M=P-M=PM

For both methods | and Il, after mixing, the sample was
inserted into the magnetic field, the probe was tuned, and
low-order axial shims were optimized. Acquisition param-
eters specific to the sample were optimized, and data
collection was begun. Each two-dimensional data set, either
TOCSY or NOESY, required 2 h for acquisition. Upon
completion of one data set, the acquisition of the next was
begun. The final experiment for thiolasef21] and ALDH-
(—RGP) was obtained after 12 h and for rhodanesf]
after 20 h from the time of mixing. After data processing,
intensities were measured for individual NHla cross-
peaks. Rate constant estimates were obtained by plotting
In I; versus time and fitting the points to the linear equation

Inl,=—k,t+Inl,

(I-1o)/To

[lipid] uM

Iy is the measured intensity at tintewvhich is the time at
which each experiment was started.

For the exchange experiments, the two-dimensional spectra
were obtained with a spectral width of 6000 Hz in both f
and £ in 2K complex data sets. A total of 256ihcrements,

8 scans each, were obtained using the hypercomplex method
to achieve quadrature detection in thelimension. TOCSY
data were obtained using a 30 ms MLEV-16 mixing sequence
to achieve coherence transfer. NOESY data were obtained

(1I-10)/To

250
[lipid] pM
with a 100 ms mixing time. Fourier transformation was Figure 2: Fluorescence differences for (A) rhodanese?3] (O)

50 100 150 200 300 350 400

weighted with a sine-bell function shifted €0 Where and (B) thiolase[+21] (@) and ALDH(—RGP) (») when titrated
necessary, interference from the solvent resonance wagVith SUVs containing 100% egg-a-lecithin (open symbols) or
reduced by identification and subtraction low-frequency 20% CL/80% ega-a-lecithin (closed symbols) at 2. Peptides

. . were dissolved in 2 mL of aqueous phosphate buffer (50 mM, pH
Components from the free induction decay before transfor- 5.2) to a final concentration of-12 uM. Vesicle solutions were
mation (Smallcombe, 1993). added in aliquots ranging from 1 to/4_ until the fluorescence

SUVs. SUVs were prepared as previously described change neared zero. The data for egg-lecithin SUVs with
(Hammenet al., 1994). The one exception was in the CL ALDH(—RGP) were taken from the Ph.D. Dissertation of Yi Wang
solution, which was 10 mg/mL in CHgl The SUvs  (Wang, 1994).
contained 20% CL, by weight.

Fluorescence Spectroscopyluorescence spectra were
obtained at 25°C using a Hitachi F-2000 fluorescence
spectrophotometer as previously described (Wang & Weiner,
1994). The tyrosine excitation wavelength was 272 nm. RESULTS
Tyrosine emission was monitored from 290 to 350 hm, with
maxima between 304 and 308 nm. The excitation wave- Fluorescence MeasurementBifferences in the fluores-
length used for the tryptophan in rhodanese?B] was 288 cence of either tyrosine or tryptophan side chains were used
nm. This wavelength was selected to excite Trpl5 and to measure the relative affinity of the three peptides for
minimize the excitation due to Tyr7 in the peptide. Tryp- SUVs. Two different lipid compositions were used in the
tophan emission was monitored between 320 and 400 nm,preparation of the SUVs, 0% CL/100%uo-lecithin and 20%
with maxima between 335 and 355 nm, depending on the CL/80%L-a-lecithin. Percentages are on the basis of mass.
lipid concentration. The peptide concentrations were be- The SUVs that contain only-a-lecithin should have a net

Silicon Graphics Indigbworkstation. For solvent accessible
surface area calculations, a probe with a radius 1.4 A was
rolled over the surface of the molecular structure.

tween 1 and 2«M. For some titrations, the total solution

volume increased by 5%. Therefore, corrections were madeshould have a negative surface charge.

for dilution effects in all the titrations. When the peptide
lipid interaction had reached a state of saturation1@

surface charge of zero, while those that contain 20% CL
The tyrosine
fluorescence of ALDH{RGP) and thiolaseft21] was

enhanced upon interaction with SUVs, while the tryptophan

additional data points were obtained. The change in intensity fluorescence of rhodanesef23] was quenched. For each
with concentration, observed for these points, was linear. Theof the peptides, the fluorescence change in the presence of
slope of this line was used to make a correction for the effects L-a-lecithin SUVs was smaller than what was observed with
of addition of lipid alone to the cuvette. 20% CL (Figure 2). This relationship was most notable for
Molecular Modeling. Structures were generated and thiolase[t-21] and ALDH(—RGP), clearly indicating that
calculations were carried out using QUANTA 4.1 on a these peptides interacted more readily with vesicles contain-
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Table 1: Secondary Structure of Rhodanes&]], Thiolase[+21] and ALDH(RGP) in Structure-Promoting Media

medium
buffer (50 MM R) SDS (20 mM) DPC (20 mM) SUVs (0% CL) SUVs (20% CL)
peptide o p o B o p o B o B
rhodanese[%23] 10 nde 66 0 75 5 28 nd 70 1
thiolase[+-21] 4p nd 32 31 29 34 1 36 15 62
ALDH(—RGP) 12 nd 23 5 25 18 4 45 34 0

aValues under each heading aréhelix andj-strand percentages, respectively, calculated as described ineYahd1986).° Percent helicity
calculated from the mean residue ellipticity, as described in the 9gt. determined.

ing a negative charge. All of the peptides interacted with observed in the presence of CL. Each of the peptides formed
SUVs containing 20% CL, but with different affinities. The regular secondary structure in the presence of the other
concentrations of half-maximal fluorescence change span anmembrane-mimetic lipids. Rhodanesef3] and ALDH-
approximately 10-fold range. RhodanesepB] appeared  (—RGP) were predominantly helical in all the structure-
to have the greatest affinity for the SUVs, followed by promoting environments. In contrast, thiolasepil] had
ALDH(—RGP) and thiolase[#21]. However, the stoichi-  a-helical andg-strand content that appeared to be nearly
ometry of the interaction between rhodanese?2] and 20% equivalent in micellar solutions and contained mainly
CL SUVs appeared to be 1 peptide molecule to only five B-structure when bound to SUVs.

lipid molecules. To investigate the cause of this unusually ~ The extent of helix in 20% CL SUVs cannot be compared
high peptide/lipid ratio, the peptide was titrated with an among the three peptides, since under the experimental
aqueous suspension of lipids (80%u-lecithin/20% CL). conditions required to measure CD spectra insufficient lipid
With the lipid suspension, a similar titration curve was Wwas present for ALDH{RGP) and thiolase[t21] to be in
observed. In addition, a solution of 20% CL SUVs was a sState of maximal binding (see Materials and Methods).
titrated with rhodanesefd23], resulting in data that showed ~Within this limitation, surface charge appeared to be
the same stoichiometry. These results seem to indicate thaimportant for helix formation with SUVs, while there was
rhodanese[+23], but not the other peptides, was able to little dependence on head group charge in the micellar
interact with lipids that were not preformed into bilayers. Interaction.

The nature of the interaction of this peptide with lipids is ~ NMR Spectroscopy.The chemical shifts of protons in

somehow different from the interaction that occurs with the ALDH(—RGP) (Thorntoret al, 1993) and thiolase[121]
other peptides. (Hammeret al., 1994) in the presence of micelles have been
Fluorescence titrations with detergents were difficult to ;%F;?/\Zfsdcﬁ]r;gg?esrliié dTgr?I)l/\lil\rfz ;8;():'[(?/3]) Z;ngiin:ji[tilon
interpret because, at the beginning of the titration, when of trifluoroethanol (TFE) (Hammeet al, 1994). Specira

detergent concentrations were low, the detergent had 8of rhodanese[123] with micelles have now been obtained.

denaturant effect on peptide secondary structure. When th ; . . .
" ) . roton chemical shifts appear in Table 2. Sequential and
critical micelle concentration was reached, and the detergent ; .
medium-range contacts were found in the NOESY spectrum

forr_ned micelles, th(_are was already a Iar_ge Excess of mlcelles,and are shown in Figure 3. The deduced secondary structure
so it was only possible to observe the titration end point and

; . ; ..~ wasa-helical between residues Val2 and Ser22.
not the qurmaﬂve paft of the expenmen.t that preceded it. For all three peptides, the rate of amide proton exchange
e ae " il sont was observed n he presence of DRE-
quen’ched gr?d t%e tyrosine fluorescence of ALBRGP) micelles. Two different initial states were used for these
. oo 4 m rements. The fir was the preform i
and thiolase[t21] was enhanced at the titration end points. easurements e first state was the preformed peptide

Th ¢l h istent with th micelle complex (method 1). The second began with
e net fluorescence changes were consistent wi euncomplexed micelle and peptide, and monitored exchange
titrations involving SUVSs.

in competition with the formation of the complex (method
Circular Dichroism. Circular dichroism spectra were ||).
obtained for all of the peptides in aqueous buffer, the  To ensure that the final state of the system was in
presence of SDS micelles, DPC micelles, SUVs composedequilibrium and that the complex formed was independent
of only L-a-lecithin, and SUVs made from a 80/20 mixture of the method used for complex preparation, the chemical
of L-o-lecithin and CL. The calculatedr-helical and  shifts of a-protons were measured for the spectra of each
B-strand contents of the peptides for each condition are peptide in methods | and Il. These shifts are used routinely
presented in Table 1. The peptides formed only a small to assess secondary structure in polypeptides (Wishatt,
amount of regular secondary structure when dissolved in 1992). Chemical shift differences observed between the two
phosphate buffer. Only rhodanesefa3] displayed second-  protocols would indicate that the-protons experience
ary structure characteristics in the presence of the lecithin different environments and therefore the peptidscelle
SUVs. The spectrum could only be observed at wavelengthscomplexes are not the same. When methods | and Il were
greater than 200 nm, so the helical content had to be compared, thex-proton chemical shifts were essentially
estimated from the ellipticity at 222 nm. Using standard identical. The largest single difference was 0.02 ppm, and
values of P].z, for entirely helical and coiled peptides (Park the majority were 0.00 ppm. The negligible differences
et al, 1993), the helix/coil ratio was calculated, giving a between spectra obtained using methods | and Il are evidence
helical content for rhodanesef23] of approximately 23%  that the peptides are in the same final equilibrium conforma-
in this environment, a value much less than what was tion when observed by the two methods.
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Table 2: Chemical Shift Assignments for Rhodanes&]3] in the
Presence of DPC Micelles

Table 3: Exchange Rate Constantsl(®* min—t) Observed for
Amide Protons in Rhodanesef23], ALDH(—RGP), and
Thiolase[+-21]

residue NH  H Hp Hy others
Kex Kex Kex
Metl NC' 4.15  2.19,2.19 2.53,2.53 residue (TFE) r2 (methodIl) r2 (methodl) r2
Val2 8.98 3.95 2.12 1.01,0.89
His3 8.34 452 3.26,3.21 7.28;7.15 rhodanese(+23)
Gind 841 414 214,214 251236 7.68, vals >100  nc  >60 ne roone
vals 814 374 2.24 1.06,0.94 N #?76 lZ 75 8C979 Zgg 22 224 %6966
Leus 801 403 178162 1.760r1.16 0.88,0.74 JRars 602 0872 467 0995 171 os82
Tyr7  8.24 4.12 3.10,3.10 7.04;6.78 Alag 705 0.978 35 ne 232  (.994
Arg8 8.02 3.93 1.99,1.99 1.85,1.72 7.56;3.21,3.21 LeulO 27 0.995 3.71 0.992 1.88 0.960
Ala9 833 391 144 valll 0.35 0.667 0.58 0.981 1.31  0.940
Leul0 8.13 4.03 1.80,1.63 1.76 0.89;0.85 Serl12 2.2 0.994 3.39 0.842 165 0.963
Valll 8.10 3.62 2.05 0.83,0.76 Thrl3 75 0988 >60 nc >30 nc
Serl2 8.05 4.41  4.02,3.92 Lys14 8.89 0.997 >60 nc 1.68  0.997
Thri3 7.96 3.96 4.20 1.15 Trpl5 2.07 0.992 28 nc 6 nc
Lysl4 8.17 3.93 1.99,1.86 1.46,1.37 2.88,2.88;1.68,1.68 Leul6 1.27 0.954 103 0.984 171 0.987
Trpl5 7.95 430 3.51,3.41 NO;7.58;7.49;7.35; Alal7 146 0.948 >60 nc 2.72 0979
7.12:6.98 Glu1s 2.7 0.970 0.55 0.987 0.37 0.964
Leul6 8.16 3.66 1.73,1.68 1.61 0.87:0.87 perd 494 0975 7 - nc r.oone
e20 2.39 0.941 3.8 0.935 35 nc
Alal7 8.34 4.06 1.49 Arg21 9 ne 6 ne 7 ne
Glul8 8.22 4.04 2.08,2.08 2.61,2.49 Ser22 ~100 ne 31 0.998 7 ne
Serl9 7.95 4.11 3.63,3.54 ALDH(—RGP¥
lle20 7.83 3.84 1.88 1.64,1.12,0.87 0.79 Leul? 20 nc 20 nc
Arg21 7.93 4.14 1.94,1.81 1.73,1.65 7.57;3.14,3.14 Leul5 1.8 0.890 1.8 0.995
Ser22 8.05 436 3.91,3.91 Leul6 2.1 0.920 1.1 0973
Gly23 8.18 4.04, b b Tyrl8 30 nc 30 nc
3.03 - Alal9 30 nc 30 nc
- thiolase[1-21]
aNot observed® Not assigned. val7 30 nc 30 nc
Phe8 30 nc 30 nc
Rdn[1-23) MVHQVLYRALVSTKWLAESIRSG e ¥ e N ne
Alall 30 nc 30 nc
NENH, el s —wmll Alal2 0 nc 0 nc
aNot calculated because there were fewer than three data points.
The rate constant was obtained from an estimation of the half-time for
HB;/NH;,, PN BN () (.. peak disappearance determined from inspection of the speétipeak
was not observed, so the value has a lower bound due to the time
. between mixing and the acquisition of the first spectr@ata for
aN@Li+3) e —_—— T ALDH(—RGP) and thiolase[421] were not obtained in TFE.
.. 2.5
ap(i,i+3)

Ficure 3: Sequential NOE contacts observed for rhodanese[1 20
23] in the presence of DPC micelles. The heights of bars in the
NHi/NH;+1 andi/NHi+, rows indicate relative cross-peak intensity.
Shaded areas indicate resolved cross-peaks with a unique assign-
ment, while unshaded areas indicate that the cross-peak was present
but the assignment was not unique. For ithe3 interactions, the

solid line indicates the unique assignment while the dashed line
indicates that a unique assignment could not be made.

15

1.0

The rate constants for exchange with solvent are shown
for each peptide in Table 3 along with the correlation
coefficient for the linear fit of the data. Some of the most
slowly exchanging NHs, such as Valll of rhodanese[l
23] did not have high correlation coefficients because few
data points were obtained at large time values, when the
intensities were changing. Regardless of the poor linear fit Ficure 4: Logarithm of exchange protection factors plotted against
of the data, these resonances exchange very slowly, sincgmino acid position for rhodanese{23] (®), ALDH(—RGP) (),
the cross-peak intensities had changed to only a small degre nd thiolase[*+21] (@) from rate constants measured using method
after 20 h. From the rate constanks,( and the amino acid

sequences, exchange protection factors (PF) were calculated . I
(Bai et al, 1993). The intrinsic rate constantg.) used with method | are plotted versus sequence position in Figure

4; protection factors obtained using method Il are plotted in
PF= K /Koy Figure 5. Of the three peptides, rhodanese]3] made the

strongest contact with the micelles, judging the extensive
were for buffered aqueous solution (0.1 M ionic strength) at amount of exchange protection. The differences among the
25°C, which are similar to the conditions used in the present largest protection factors for each peptide, in Figure 4, show
study. Protection factors obtained for each of the peptidesthat the interaction affinities span about 1 order of magnitude.

0.5
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residue
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FicurRe 5: Logarithm of exchange protection factors plotted against FIGURE6: Logarithm of exchange protection factors plotted against
amino acid position for rhodanesef23] (@), ALDH(—RGP) @), amino acid position for rhodanesef23] in a 50% (v/v) mixture

and thiolase[+21] () from rate constants measured using method of 50 mM potassium phosphate buffer (pH 3.3) and trifluoroethanol.
1.

that were protected from exchange. The significant protec-

rhodanese[123] when exchange was measured by the two :'r?n Ct’f LEUl‘:’ an(: L?M’ti ?EOWS. thﬁ‘t thest(; rgsllduez made
different methods. In the data obtained from method I, the € strongest contact wi e micelle (method 1) and were

: ; Iso the first to interact with the micelle (method Il). The
broad pattern of protection of the residues from Val5 to Ser22 a .
is consistent with the burial of this section of the peptide Iack.of protection for Serl3 and Argl4 suggests that the
within the micelle, rather than its lying along the micelle peptide was located near the surface of the micelle and that

surface. With this type of interaction, consecutive amide the amide protons on the solvent-exposed, hydrophilic face

protons can be excluded from contact with solvent. Among Of. the helical peptide were available for exchange. For
the protons with the fastest exchange rates were Val5, Leu6,th'°|ase[1_ 21], the region of the peptide around \(allO
Thrl3, Serl9, Arg21, and Ser22. Intrinsic rates predicted appeared to ”.‘ake the only obgervable contact with the
for Serl9, Arg21, and Ser22 are fast because functionalm'ce”e' Relatllvely little protection from exchange was
groups in adjacent side chains are able to catalyze theobserved by either method 1 or Il.
exchange reactiqn (Moldast al., 1972). Thereforg, even  11SCUSSION
though these amide protons were observed only in the first
spectra of each experiment, their protection factors were high. The three peptides employed in this study all function as
In contrast, the poorest exchange protection was found for presequences which allow a protein to enter mitochondria.
Val5, Leu6, and Thr13. Small protection factors for Val5 Previous work showed that each was essentially structureless
and Leu6 can be explained as effects on exchange near thén aqueous solution but would form a helix in trifluoroeth-
ends of the helix where the contact with solvent is likely to anol/water mixtures or in the presence of detergent micelles
be greatest. When the exchange experiment was carried oufThorntonet al., 1993; Hammert al,, 1994). Though it is
in a 1/1 (v/v) mixture of trifluoroethanol and water, a medium not known if the presequence actually forms an ordered
in which the peptide is known to be helical (Hamnedral., structure when it binds to the mitochondrial membrane or
1994), a similar protection pattern was observed (Figure 6). protein translocator, other sequences which we found not to
In solvent, the observed exchange protection can be attributedunction in import did not form ordered structures in the same
to stable hydrogen bond formation in the helical structure. helix-stabilizing milieu (Wang & Weiner, 1994). Thus, the
In aqueous buffer alone, no cross-peaks were observed imability of the presequence peptides to form an ordered
the first spectrum of the experiment, showing that there was structure and bind to lipid bilayers appears to correlate with
no observable intrinsic helical structure in this peptide. In their ability to perform import as part of a precursor
the presence of micelles, resistance to exchange is due tgrotein.
the combination of hydrogen bonding and reduced solvent From a thermodynamic perspective, the interaction be-
exposure. There was greater variation in the protection tween a positively charged polypeptide and a membrane can
factors from method Il (Figure 5). The broad pattern of be separated into ionic and hydrophobic components. The
protection seen for the preformed complex and in the aqueousionic contribution to the peptidemembrane interaction has
TFE solution was not evident. The residues most protectedbeen shown to depend on the electrostatic surface potential,
from exchange in this experiment were Arg8, Valll, Ser12, W (Swanson & Roise, 1992; Thorgeirssetal., 1995). The
Leul6, Glul8, Serl9, and Ser22. The distribution of these magnitude of the hydrophobic contribution should be pro-
residues about the helical axis is restricted to approximately portional to the hydrophobic surface area that can be buried
one-half of the circumference of the helical wheel shown in in the lipid bilayer, although the amount of stabilization
Figure 1. achieved per unit of surface area is under debate (Reynolds
Both ALDH(—RGP) and thiolaseft21] showed similar et al,, 1974; Sharget al, 1991; White & Wimley, 1994). It
protection patterns regardless of whether the data werehas been proposed that the initial interaction between a
gathered by method | or Il. The C-terminal portion, residues positively charged polypeptide and the membrane surface
12—16, of ALDH(—RGP) contained the only amide protons is governed by a diffusion-controlled electrostatic attraction

Somewhat different patterns of protection resulted for
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(Wang & Weiner, 1994). The subsequent insertion of the L0
hydrophobic portion of the peptide into the bilayer is i
energetically favorable (Engelman & Steitz, 1981). The 08 |-

stage in this process at which secondary structure is adopted
is not clearly understood. Since the free energy difference
of the helix-coil transformation in aqueous solution is near
zero, the formation of secondary structure prior to insertion
is reasonable {#mig, 1983; Engelman & Steitz, 1981). It
has been suggested, however, that the formation of an ordered :
structure is promoted by the interaction of the peptide with 02 |-
the membrane surface (Jacobs & White, 1989). According ]
to this model of interaction, when insertion of the amphiphilic oo L iy
peptide is complete, nonpolar side chains are located 12345678 91011121314151617 181920212223
preferentially within the lipid bilayer, essentially removing position
them from ContaCt. with the So'.vem (quse’ 1993, T.horr_]ton FiGure 7: Plots of helical hydrophobic moment versus amino acid
et al, 1993). Amino acid residues with hydrophilic side sequence for rhodanese[1-28)( ALDH(—RGP) (), and thiolase-
chains maintain positions near the membrane surface, which[1—21] (@). The hydrophobic moments were calculated for eight
allows them to form necessary stabilizing hydrogen bonds. residue segments. The moment for each segment is plotted above
The surface charge of micelles and SUVs appears to havethe central fifth residue of that segment.
a different influence on the binding of the peptides used in surface area was computed for the helical portion of each
this study. The fluorescence and CD data showed anpeptide in its experimentally determined conformation using
enhancement of the interaction when the SUVs had acomputer-assisted molecular modeling. It was calculated that
negative surface charge provided by CL. Both binding and thiolase[1-21] had the largest exposed hydrophobic surface
helical structure formation are significantly lowered in the area, at 1854 A Rhodaneseft23] and ALDH(RGP) had
absence of CL, as we have shown with other presequencel781 and 1421 Aof exposed hydrophobic surface area,
peptides (Wang & Weiner, 1993; Hammenal., 1994). In respectively. If hydrophobic surface area were the most
contrast to the case involving peptides and SUVSs, the CD important factor in determination of binding affinity, thiolase-
spectra of peptidemicelle mixtures show no clear depen- [1—21] would have had the greatest affinity for micelles and
dence on head group charge, since regular secondanSuUVs.
structures are formed in the presence of both negative and Hydrophobic surface alone is not sufficient for the peptide
formally neutral detergents. This difference suggests thatto bind effectively. The helical wheel diagrams in Figure 1
electrostatic attraction is not as critical for peptidricelle indicate that the helical structures of rhodanes&2] and
complex formation as it is for the peptidilayer interaction. ALDH(—RGP) should be more amphiphilic than that of
The lack of influence by surface charge on peptidgcelle thiolase[1-21]. Therefore, it appears that amphiphilicity
complex formation could be due to the lower packing density may correlate with binding affinity. A more quantitative
of phospholipids in micelles as compared to that in SUVs assessment of amphiphilicity is the hydrophobic moment
(Dill & Flory, 1981) or the reorganization of uniform (Eisenberget al, 1982). Helical hydrophobic moments of
micelles into mixed micellar aggregates that include the the peptides, calculated in eight residue segments, are plotted
peptide. The micellar surface may be more readily pen- versus sequence position in Figure 7. The helical regions
etrated by nonpolar peptide side chains as the complex forms.of rhodanese[+23] and ALDH(RGP) that have maximal
In this way, the thermodynamic benefits of removal of the hydrophobic moment are also the segments that show the
hydrophobic groups from contact with solvent may be greatest protection from exchange upon interaction with
realized without passage of the peptide through a layer of micelles. No segment of thiolasefR1] that is part of the
charged functional groups at the vesicle surface. helical structure has a comparable hydrophobic moment, and
Although micelles and SUVs show a different head group this peptide shows the lowest affinity for both micelles and
charge dependence in their interaction with rhodanese[l SUVs. On the basis of the exchange data, it is the most
23], ALDH(—RGP), and thiolaseft21], they exhibit the hydrophobic segment of thiolasef21], as calculated by the
same relative affinity for the three peptides. Fluorescence Kyte—Doolittle hydropathy scale (Kyte & Doolittle, 1982),
titrations with SUVs containing 20% CL show that rhodanese- that interacts with the micelles.
[1—23] has the greatest affinity for the vesicles and that It appears that the affinity of the interaction between
ALDH(—RGP) and thiolaseft21] have lesser affinities, peptides and micelles may be determined by the amphiphi-
respectively. Amide proton exchange experiments utilizing licity of the peptide. In this case, affinity would not be
method | exhibit the same relative affinity in the peptide  simply a matter of hydrophobic surface or charge distribution,
micelle interaction. The protection factors for rhodanese- but the ability of the peptide to adopt an ordered structure
[1—23] are greatest, followed by those for ALDHRGP) which segregates hydrophilic from hydrophobic surfaces.
and then thiolasef21]. The trend follows the number of  Following this reasoning, the low affinity of thiolasef21]
helical turns adopted by the three peptides (five, four, and for both micelles and SUVs is due to the fact that the peptide
three). can adopt many conformations that allow the insertion of
The hydrophobic contribution to the interaction between hydrophobic side chains but none that include a regular
the peptides and micelles or SUVs should depend on thesecondary structure and proper orientation of the hydrophilic
amount of hydrophobic surface area that is inserted into aside chains.
lipid environment (Jorgenseet al., 1985). To assess the On the basis of the exchange data, each peptide in this
potential for hydrophobic surface burial, the solvent-exposed study uses the C-terminal portion of its helix for interaction

0.6 -

0.4 |-

hydrophobic moment
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with micelles. The N-terminus of the peptide does not appear affinity of the three peptides to micelles and SUVs. The
to be involved in the initial complex formation or in the surface charge of the SUVs appeared to be more critical for
complex that is eventually formed. The protection patterns the interaction with the peptides than head group charge of
obtained from the two different methods span a similar the detergents which formed micelles. Furthermore, this
number of residues. In the complex measured by method I, study has presented data that are consistent with the emerging
the central part of rhodanesef23] appeared to be buried view that amphiphilicity is a determining factor in peptide
within the micelle with the exception of Thrl3. One membrane interactions (Roise, 1993). The data also indi-
explanation for this observation is that the peptide must bend cated that rhodanesef23] adopted a helical conformation

to allow it to remain buried in the micelle, and it bends near before entering the complex with the micelle. It was
Thr13, disrupting the continuous stretch of helical hydrogen interesting to note that rhodanesefd3] appeared to make
bonds. If the bend occurs near the solvent-exposed surfacenitial contact with micelles using a relatively hydrophilic
of the complex, the amide proton of Thrl3 would be better surface, while ALDHERGP) and thiolaseft21] appear to
able to exchange. The quenching of Trp15 fluorescence inmake initial contact with hydrophobic residues. This dif-
rhodanese[123] upon interaction with 20% CL SUVs ference may reflect a variation in the type of interaction
suggests that this residue is not buried in the lipid bilayer among the three peptides which was also observed in their
but is located near the surface of the vesicle. In the databinding to SUVs. Our earlier hypothesis, based on one
from method II, Arg8, Valll, Serl2, Leul6, Glul8, Serl9, presequence, was that the C-terminal portion of the prese-
and Ser22 are the most protected amide protons. On thequence was involved with membrane interaction (Karslake
helical wheel diagram in Figure 1, these residues are all onet al, 1991). On the basis of the data we now have, it
one face of the helix. As shown in Figure 7, these positions appears that the interaction with membrane surfaces may
also correspond to the peptide regions that have the largestiepend on the location of an amphiphilic region of the
helical hydrophobic moment. The peptide must be in a sequence that is near but not necessarily at the C-terminus.
helical conformation when it enters the micelle initially for
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