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ABSTRACT: Passive peptide transport across lipid membranes is governed by the energetics of partitioning
into the ordered chain interior coupled with the rate of diffusion across this region. A hydrophobicity
scale for peptide transfer into the barrier region of membranes derived from permeability coefficients
would be useful to predict passive permeation of peptides across biomembranes and for determining the
thermodynamics of peptide/protein insertion into the membrane interior. This study reports transport rates
across large unilamellar vesicles (LUVs) composed of egg lecithin &E36r a series of peptides having

the general structure pHoluyl-(X), (n =1—3), where X is glycine, alanine, or sarcosine. Apparent residue
group contributions were calculated from permeability coefficieRts, using the equatioA(AG®)x =
—RTIn(Prx/Pru). Multiple linear least-squares regression analysis performed for the set of 14 permeants
yielded the best correlatiom?(= 0.9993) when the following permeant descriptors were utilized: side-
chain nonpolar surface area, number-a€ONH-— residues, number of toluyl-CON(Me)residues, and
number of other—CON(Me)— residues. The backboneCONH-— residue contribution in peptides, 4.6
kcal/mol, is significantly lower than that obtained for a single isolat€ONH— (>6 kcal/mol), suggesting

a possible influence of intramolecular hydrogen bonding. Under closer scraing°)x for the Ala and

Gly residues decrease with increasing peptide length. The effétrmdthylation is also highly dependent

on position and number ¢d-methyl groups on the molecul&A(AG®)x = —0.5 to—2.2 kcal/mol). These
nonadditivities may be rationalized by considering the effects of peptide lengtiN-enethylation on
membrane-induced intramolecular hydrogen bonding leading to various folded conformations.

A quantitative understanding of the thermodynamics of free energy change accompanying the transfer of the fully
peptide partitioning and folding in various regions of lipid extended peptide from water into the hydrocarbon interior,
membranes is important in unraveling the membrane affinity AG,,—-n¢ and (b) intramolecular hydrogen bond formation,
of a variety of membrane-active peptides and membrane AGq,qing, leading to helix formation in peptides of sufficient
proteins, and the mechanisms by which they perform their |ength. We are interested in the energies governing both of
biological function. Such information would also be useful these processes. Although this thermodynamic cycle is
in developing reliable methods for the computational predic- attractive for its conceptual simplicity, experimental deter-
tion of membrane transport properties of pharmacologically mination of the energies associated with each of the above
active peptides and peptidomimetics, an area that is becomingyocesses has proven to be far from simple. Traditionally,

increasingly important in drug discovery as the number of feq energies of transfer of model compounds varying in a
drug candidates emerging from various high-throughput gjngie amino acid residue or amino acid side chain from

Sc'rl'ieenivzcr)gltll?rlézse;oefsc%ﬁgsertion of & pentide or protein water into various bulk organic solvents have served as a
9y pep P basis for estimating individual residue contributions (i.e.,

into the hydro_carbo_n core of a me”ﬁb.r ane can b_e viewed solvation parameters) to the overall transfer free energy for
thermodynamically in terms of two distinct events: (a) the . . :
fully extended peptides or proteins from water into mem-
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against those for octanol/water partitioning. While they containing peptides gi#-toluic acid (TOL-G, TOL-A,, TOL-
pointed out that the interface is chemically heterogeneous Sag-Gn-Sar), wheren = 0—3, m = 0—2, and|l = 0-2.
and no unique hydrophobicity scale could account for the These small peptides have the likely advantage of being
depth dependent properties of this region, the interfacial predominantly in their random coil state in aqueous solution
region clearly permits substantial hydrogen bonding to the and are limited in terms of the folded conformations that
polar peptide residues. On the basis of the fact that thethey can adopt in the bilayer interior due to their size. Since
peptides chosen for their investigations remain fully extended portions of the backbone or side chain residues in a peptide
on binding, the interfacial hydrophobicity scale of Wimley may not be fully exposed to the solvent even in fully
and White provides the free energy for interfacial binding extended peptides due to occlusion by neighboring side
of the unfolded peptided]. chains, atomic solvation parameters are typically normalized
Quantifying the thermodynamic parameters governing to solvent-accessible surface areds Z, 19). We have
peptide or protein transfer from water to the hydrocarbon adopted this approach to determine the solvation parameter
core of a membrane poses a more difficult problem. The for nonpolar residues in the bilayer interior using nonpolar

energetic cost for partitioning a peptide boreGONH-) residue accessible surface areas obtained from an AcGG-
into the hydrocarbon core has been estimated to be 6.12 kcalX-GG peptide as reported by Wimley et al9j.
mol by Rosemani(0) from the partitioning ofN-methyl- A dynamic equilibrium exists between unfolded and

acetamide from water to CLtorrected by the fragmental  extended structures even in relatively small peptides with
constants for the N-C¢anda-CHs groups. This substantial  folded structures being favored in nonpolar solvents (similar
energetic cost can be significantly reduced by intramolecular tg the environment within the barrier domain). Thus, in-
hydrogen bonding leading to helix formation in large tramolecularly H-bonded £conformers of AcProNHMe
peptides, a process referred to as partitioning-folding coupling dominate in nonpolar solvent&@), while tripeptide amides
(8). Though clearly important, the energy per residue gained (e g.,N-acetyl+-Pro+-Leu-Gly-NH;) exhibit 3—1 and 41
from helix formation is a matter of controversgl). As intramolecular H-bonds corresponding to 10-membered and
pointed out by White and WimleyJ, accurate experimental  13-membered rings resembligigturns ando-helices com-
values for the energetics of CONH— partitioning and mon in polypeptide chain2(, 22). Foldedpl type turns
hydrogen bond formation are crucial for predicting membrane have been implicated in the unusual blood-brain barrier
helices in hydropathy plot analyses in addition to their value permeability of the)-sleep-inducing peptide, an endogenous
in predicting peptide drug permeabilities. ~ charged, hydrophilic nonapeptid23). Nonadditivity in the
Previous membrane transport experiments have establishegeptide bond contribution may occur with increasing peptide
that the bilayer barrier domain resides within the ordered |ength due to shifts in conformational states as additional
acyl chain region of lipid bilayers, the selectivity of which  peptide residues are added allowing more secondary struc-
to variations in permeant polarity resembles that of a tyre, The effects oN-methylation on peptide affinity for
nonpolar hydrocarbon solvent such as 1,9-decadiene (for egghe bilayer interior are of particular interest. The removal of
PC) (12 13) or hexadecane (for DPPC)4). The effects of  potential H-bonding sites througk-methylation increases
several well-isolated functional groups attacheg-fluic the intrinsic lipophilicity of the peptide bond but may also
acid andp-methylhippuric acid on permeability have been reduce intramolecular hydrogen-bonding and alter the dis-
shown to be independent of the molecule to which the tripution of folded conformational states. Certainly intramo-
substituent is attached. Assuming that diffusivity is ap- |ecularly H-bonded species may be further diminished in
proximately constant, a reasonable assumption for moleculesy-methylated peptides due to their significant populations
having similar minimum cross-sectional surface arda8, ( of cis isomers 24). These subtle effects are revealed in a
one can derive apparet(AG®)x values representing the  supstantial dependence of th&AG®)x for N-methylation

substituent’s contribution to the free energy of transfer into on the position and number of such substituents in the model
the barrier domain from the ratio of permeability coefficients peptides explored.

for the substituted Rrx) to the unsubstituted reference
compound Prp), as described in eq 1: EXPERIMENTAL PROCEDURES

R Prx Materials. Egg lecithin-phosphatidylcholine (egg-PC,
A(AGY)y = —RTIn(P—) (1) >99%) and phosphatidic acid (egg-PA99%) were ob-
RA tained from Avanti Polar-Lipids, Inc. (Pelham, AL). All
TheseA(AG®)x values offer the means for generating a commercially obtained reagents were used as received. Any
new hydrophobicity scale representing the selectivity of the Peptides used as permeants in these experiments that were
ordered hydrocarbon core of ||p|d bi|ayersy a region that not CommerCial!y available were SyntheSized as -described
cannot be easily probed in equilibrium partitioning experi- below. Preparative scale HPLC was performed using a C-18
ments which either sample the interfacial region at various column (Partisil 10, ODS-3, 25.4 mm i.dx 300 mm,
immersion depths7( 8, 15, 16) or, when a transmembrane Whatman, Fairfield, NJ) with acetonitrile:water varying from
location can be demonstrateti7( 18), yield free energies ~ 10% to 20% organic at a flow rate of 5.0 mL/min. The
composed of several contributions includin®Guy--ne, aqueous phase.for the preparati.ve scale HPLC was pure water
AGrouing, plus possible interfacial contributions and uncor- With the pH adjusted to 3.0 using HCI.
rected effects of conformation or aggregation in the aqueous p-Toluyldiglycine (Tol-G-G, [2-(4-methyl-benzoylamino)-
phase and are thus very difficult to interpret. acetylamino]-acetic acidyvas synthesized by the Department
This report extends our previous bilayer transport studies of Medicinal Chemistry, University of Utah, using a standard
to a series of glycine- (G), alanine- (A), and sarcosine- (SAR) F-MOC solid-phase chemistry synthetic procedure and was
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used as receivedH NMR (D,0): ¢ 7.64 (d, 2H,0), 7.28

(d, 2H, m), 4.05 (s, 2H, CH), 3.80 (s, 2H, CH), and 2.31

(s 3H, p-CHs). The mass spectrum was consistent with the
indicated structure, having a parent ion peaknat = 250.
Purity was>95% by HPLC.

indicated structure, having a parent ion peakniat = 349.
Purity was>99% by HPLC.

p-Toluylsarcosine (Tol-SAR, [methyl-(4-methyl-benzoyl)-
amino]-acetic acid), p-toluylglycylsarcosine (Tol-G-SAR,
{ methyl-[2-(4-methyl-benzoylamino)-acetyl]-aniiracetic

p-Toluyltriglycine (Tol-G-G-G{2-[2-(4-methyl-benzoyl-  acid), and p-toluylglycylglycylsarcosine (Tol-GG-SAR, (methyl-
amino)-acetylamino]-acetylamifeacetic acid)was synthe- { 2-[2-(4-methyl-benzoylamino)-acetylamino]-acggimino)-
sized by the Department of Medicinal Chemistry, University acetic acid)were synthesized by dissolving known amounts
of Utah, using a standard F-MOC solid-phase chemistry of p-toluic acid (0.170.53 g) into sufficient volumes of dry
procedure and was used as receivedNMR (D,0): 6 7.64 DMF to dissolve in a vessel sealed to prevent exposure to
(d, 2H,0), 7.28 (d, 2H,m), 4.06 (s, 2H, CH), 3.91 (s, 2H, water vapor. The synthesis procedures were the same as
CHyp), 3.73 (s, 2H, CH) and 2.31 (s 3Hp-CHs). The mass above for Tol-A, but 1.5 equiv of the appropriate amino acid/
spectrum was consistent with the indicated structure, havingpeptide were added via the following aqueous solutions:
a parent ion peak at/z = 307. Purity was>95% by HPLC. sarcosine, 5.2 M at pH 10.65; glycylsarcosine, 2.2 M at pH

p-Toluylalanine (Tol-A, 2-(4-methyl-benzoylamino)-pro- 10.0; and glycylglycylsarcosine, 1.3 M at pH 9.5. The
pionic acid)was synthesized by dissolvimgtoluic acid (2.0 reaction products were purified by preparative HPLC as
g) into 20 mL of dry DMF in a vessel sealed to prevent described above. The collected fractions were dried in vacuo
exposure to water vapor. The solution was cooled te10 yielding clear, colorless films that were then dissolved in
°C in an acetone/liquid nitrogen bath and a 20% molar excesswater. Tol-Sar crystallized as a white solid at®. Tol-G-
each of diisopropylethylamine and isobutyl chloroformate SAR and Tol-GG-SAR solutions were lyophilized yielding
were added. The solution was allowed to react for 10 min glassy solids. The proton NMRH NMR) spectra of the
with gentle agitation. The reaction flask was then transferred sarcosine containing compounds were complicated by the
to an ice water bath, and 2 equiv of an aqueous solution of presence of both cis and trans isomers of Xhmethylated
alanine (1.3 M @ pH10.5, adjusted w/NaOH) were added peptide bonds which caused splitting of many peaks into
and allowed to react for 10 min. The reaction product, Tol- doublets of unequal size corresponding to the fractions of
A, was isolated by the preparative scale HPLC method cis and trans presentd NMR (D,0) spectra are described
described above. The product was dried in vacuo, yielding as specifically as possible when the peaks are not overlap-

1.2 g of needle shaped crystalsl. NMR (D,0): 6 7.60 (d,
2H,0), 7.25 (d, 2Hm), 4.41 (g, 1H, CH), 2.30 (s, 3H)-CH)
and 1.41 (d, 3H, -CkJ. The mass spectrum was consistent
with the indicated structure, having a parent ion peakvat
= 207. Purity was>99% by HPLC.

p-Toluyldialanine (Tol-A-A, 2-[2-(4-methyl-benzoylamino)-
propionylamino]-propionic acidwas synthesized by dis-
solvingp-toluic acid (0.2 g) in 4 mL of dry DMF in a vessel

ping. Tol-SAR: ¢ 7.2 (8-peaks, 4H, benzene ring), 4.02 (d,
2H, CH), 2.97 (d, 3H, N-CHg), and 2.28 (d, 3H;~CHy);
Tol-G-SAR: 6 7.62 (q, 2H,0), 7.27 (d, 2H,m), 4.14 (q,
4H, 2-CH,), 2.98 (d, 3H, N-CHj), and 2.30 (s, 3H;-CHy);
Tol-GG-SAR: ¢ 7.64 (d, 2H,0), 7.27 (d, 2H,m), 4.05 (6-
peaks, 6H, 3-Ch), 2.93 (d, 3H, N-CHs), and 2.30 (s, 3H,
—CHs). The mass spectra were consistent with the indicated
structures with parent ion peaksratz = 207, 264 and 321

sealed to prevent exposure to water vapor. The procedurefor Tol-SAR, Tol-G-SAR and Tol-GG-SAR, respectively.
was the same as above for synthesis of Tol-A, but the Purity was>99% by HPLC for all three compounds.
aqueous dialanine reactant solution was 1.75 M at pH 10.2. p-Toluylsarcosylglycine (Tol-SAR-&-[methyl-(4-meth-

The reaction product, Tol-AA, was isolated by preparative

yl-benzoyl)-amino]-acetylamifeacetic acid), p-Toluylsar-

HPLC as above. The product was dried in vacuo then cosyldiglycine (Tol-SAR-GG, {2-[methyl-(4-methyl-benzoyl)-

recrystallized from warm acetonitrile, yielding 0.14 g of
platelike birefringent crystalsH NMR (DO): 6 7.60 (d,
2H,0), 7.25 (g, 2Hm), 4.40 (q, 1H, CH), 4.27 (g, 1H, CH),
2.29 (s, 3H,p-CHg), 1.38 (d, 3H,—CHjs), and 1.33 (d, 3H,

amino]-acetylaminp-acetylamino)-acetic acid), p-Toluylglycyl-
sarcosyl-glycine (Tol-G-SAR-G, (2nethyl-[2-(4-methyl-
benzoylamino)-acetyl]-amifeacetylamino)-acetic acid), and
p-Toluyldisarcosylglycine (Tol-SARSAR-G, (2-(methy]2-

-CHs). The mass spectrum was consistent with the indicated [methyl-(4-methyl-benzoyl)-amino]-acetyamino)-acetyl-

structure, having a parent ion peaknalz = 278. Purity was
>99% by HPLC.

p-Toluyltrialanine (Tol-AAA, Z2-[2-(4-methyl-benzoyl-
amino)-propionylamino]-propionylaminepropionic acid)
was synthesized by dissolvingtoluic acid (0.1 g) into 3
mL of dry DMF in a vessel sealed to prevent exposure to

amino)-acetic acidwere synthesized by the Department of
Medicinal Chemistry, University of Utah, using a standard
F-MOC solid-phase chemistry synthetic procedure and were
then isolated by preparative scale HPLC as described above.
The products were dried in vacuo yielding: a white solid
for Tol-SAR-GG and clear, colorless films for Tol-SAR-G,

water vapor. The synthetic procedure was the same as forTol-G-SAR-G, and Tol-SAR-SAR-G, which were subse-
Tol-A, but 1.5 equiv of trialanine were added as an aqueous quently dissolved in water then lyophilized leaving glassy
solution (0.6 M at pH 10.0). The reaction product, Tol-AAA, solids. The mass spectra were consistent with the indicated
was isolated by preparative scale HPLC as above. Thestructures!H NMR (D,O) spectra are described as specif-
combined product from two such syntheses was dried in ically as possible when the peaks are not overlapping. Tol-
vacuo and then recrystallized from methanol/water in a SAR-G: 6 7.3 (5-peaks (overlapped), 4H, benzene ring), 4.01

freezer, yielding 0.2 g of platelike birefringent crystaid.
NMR (D.0O): 6 7.60 (d, 2H,0), 7.25 (q, 2H,m), 4.38 (q,
1H, CH), 4.25 (g, 1H, CH), 4.19 (g, 1H, CH), 2.30 (s, 3H,
p-CHs), 1.39 (d, 3H,—CHj3), 1.31 (d, 3H,—CHj), and 1.29

(d, 3H, —CHzs). The mass spectrum was consistent with the

(g, 4H, 2-CH), 2.99 (d, 3H, N-CHg), and 2.28 (d, 3H,
—CHs); Tol-SAR-GG: 6 7.3 (5-peaks (overlapped), 4H,
benzene ring), 3.97 (5-peaks, 6H, 3-gH3.00 (s, 3H,
N—CHj3), and 2.28 (s, 3H, -Ck}; Tol-G-SAR-G: 6 7.62 (t
(overlapped), 2Hp), 7.27 (d, 2H,m), 4.09 (6-peaks, 6H,
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3-CH), 2.99 (d, 3H, N-CHj3), and 2.30 (s, 3H;-CHj); Tol- coefficients for Tol-A, Tol-AA, Tol-S, and Tol-G-SAR and
SAR—-SAR-G: ¢ 7.2 (11-peaks (overlapped), 4H, benzene for the p-tolyl acetic acid series were determined by the
ring), 4.07 (12-peaks, 6H, 3-GH 2.92 (8-peaks, 6H, 2-(N shake-flask method2{). Aliquots of aqueous solutions of
CHg)), and 2.28 (d, 3H,—CHz). The mass spectra were peptide in 0.1 N HCI I = 0.1 adjusted with NaCl) were
consistent with the indicated structures with parent ion peaksadded to volumes of 1,9-decadiene in triplicate. The partition
atm/z= 264, 321, 321, and 335 for Tol-SAR-G, Tol-SAR- coefficient for Tol-SAR was measured using three different
GG, Tol-G-SAR-G, and Tol-SARSAR-G, respectively.  starting concentrations to test for the possibility of concentra-
Purity was>99% by HPLC for all compounds. tion dependence, which was found to not be a factor. All
(4-Methylcarbamoylmethyl-phenyl)-acetic acid and (4- samples were allowed to equilibrate foR4 h at 25°C with
dimethylcarbamoylmethyl-phenyl)-acetic agigre synthe- occasional agitation. The phases were separated, and the
sized by dissolving 0.5 g 1,4-phenylenediacetic acid (PDAA) compound in the 1,9-decadiene phase was collected and
in 20 mL of dry DMF and cooling the resulting solution to concentrated by extraction back to a fresh agueous sample
<—10°C in a dry ice/acetone bath. Diisopropylethylamine and analyzed by HPLC.
(1.2 equiv) was added into the solution followed by iso-  Determination of Permeability Coefficients. LUV Prepara-
butyl chloroformate (1 equiv). The solution was stirred at tion. The procedure employed to prepare LUVs was adapted
<—10 °C for 10 min; then methylamine or dimethylamine from an earlier study 28). In short, accurately weighed
(0.8 equiv) was added, and the reaction mixture was stirredquantities of egg-PC and egg-PA (for peptides) or DOPC/
at room temperature for 30 min. The product was purified DOPA (p-tolyl acetic acid series) were dissolved in chloro-
by preparative HPLC and characterized by mass spectralform at a 96/4 (PC/PA) ratio. Aliquots of this solution were
analysis. then transferred into 12 75 mm culture tubes to provide
pKa MeasurementsThe ionization constant fgo-meth- 11.25 mg total lipid per tube. The chloroform was then
ylhippuric acid was reported earliedd). The ionization removed under a dry nitrogen stream and the lipid samples
constants for Tol-GG, Tol-GGG, Tol-SAR-G, Tol-SAR-GG, were further dried in vacuo at50 °C for >30 min. An
Tol-G-SAR-G, and Tol-SAR-SAR-G were determined at 25 aqueous permeant solution (1.5 mL) in 0.04 M buftess
°C using a microtitration techniqu%) in which 150uL 0.1 (adjusted with NaCl) was added to the lipid film for a
aliquots of 0.00+0.01 M solutions of each compound were lipid concentration of 7.5 mg/mL. The aqueous solutions used
titrated with NaOH. The 4, values of Tol-A, Tol-AA, Tol- the appropriate buffer species for each pH value (i.eN-2-(
AAA, Tol-SAR, Tol-G-SAR, and Tol-GG-SAR and the morpholino)ethanesulfonic acid (MES), phosphate, carbon-
p-tolyl acetic acid series were each titrated using larger ate, tris(hydroxymethyl)amino-methane (Tris), and glycine).
solution volumes, 1.63.6 mL, ranging in concentration from  The lipids were suspended in the buffer solution by repeated
0.004 to 0.032 M. Each sample was prepared in distilled/ vortexing at room temperature until the entire lipid film was
deionized water and stirred with water-saturated nitrogen gasremoved from the glass surface. These lipid suspensions were
during the titration with NaOH solution. Plots of pH versus then forced through 0.2m polycarbonate filters (Nuclepore,
volume of titrant were fitted to determine the thermodynamic Pleasanton, CA) 17 times each at room temperature to form
pKa values (i.e., corrected for ionic strength) using the the LUVs.
appropriate model. The average vesicle hydrodynamic diametérin each
The sarcosine-containing compounds were present as bottvesicle solution was measured by dynamic light scattering
trans and cis isomers, while unsubstituted peptides exist(DLS). The DLS apparatus consisted of a goniometer/
primarily in the trans configuration due to the differences in autocorrelator (Model BI-2030AT, Brookhaven, Holtsville,
energy between the two state®6). N-Methylated amino NY) and an Ar ion laser (M95, Cooper Laser Sonics, Palo
acids, however, reduce the differences between these twoAlto, CA) operated at 514.5 nm wavelength. The solutions
states, allowing both isomers to exist. Evans and Rabensteinused in the DLS measurements were prepared by adeig 1
(24) showed that the two conformations create an environ- drops of LUV solution to 2.0 mL of the respective buffer
ment different enough for the atoms surrounding the peptide solution. The sample was then placed in a cuvette holder
bond that nearby ionizable groups may have different with a toluene index-matching bath at room temperature.
ionization constants in the two isomers. The cis isomer was Autocorrelation functions were determined for a period of
found to be the more acidic of the two, suggesting that the 100 seconds with a 2@s duration at a 90angle and
protonated form of the trans isomer may be stabilized by analyzed by the method of cumulants.
intramolecular hydrogen bonding of the terminal carboxy  Transport ExperimentsA 600 uL aliquot of an LUV
with the carbonyl of the peptide bond, a conformation that solution prepared as described above was loaded onto a size-
is not possible in the cis configuration. In the present study, exclusion column packed with Sephadex G-25M (PD-10
this effect appeared to be significant only whenthmethyl Sephadex G-25M, Supelco, Bellefonte, PA) in a 10 mL
substituent is in the terminal position. Th&values for syringe which was thoroughly equilibrated with the same
these peptides measured by titration are macroscdgpic p buffer (without permeant) that was used to prepare the LUV
values. lonization constants for the individual conformers solution to ensure that the pH of the solutions inside and
were derived from NMR spectra in,D at two different pD outside the LUVs was the same. The LUVs were then eluted
values such that the spectra represented the completelyby centrifugation (Model CL, IEC, Needham Hts., MA) at
ionized and un-ionized species of these weak acids accordingwo successive speeds (2 min at §00 min at 50@). The
to the method of Evans and Rabensteld)( void volume of the size exclusion column contained the
Partition Coefficient Determinationg.he 1,9-decadiene/  vesicles with entrapped permeant sufficiently separated from
water partition coefficient fop-methylhippuric acid was  free permeant in solution. The LUV solution was collected
determined earlierlQ), and the 1,9-decadiene/water partition into a 12 mL glass vial that was capped and placed
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Table 1: Structures and Physicochemical Properties of Peptides, Including the Number of Hydrogen Bonding Groups, Nonpolar Surface Areas
of Amino Acid Side Chain ResiduesKp Values, Intrinsic PermeabilitieB,a, 1,9-Decadiene/Water Partition Coefficients, and Functional

O
HaC —< >_<
X

Group Contributions

A(AG®)x (kcal/mol)

AARR no. of Pua £ S.D. 1,9-decadiene/
—X (A2 H-bonds KL (cml/s) water PC+ SD fromPua from PC
—OH 0 2 4.36 1L.H 0.2 0.9+ 0.0r 0 0
—-GLY 43.3 4 3.85 (6.4 0.5)x 104 (3.4+1.2¢x 10 4.4 4.7
—GLY—-GLY 86.6 6 3.87 (4.2-0.5)x 1077 ND 8.7 ND
—GLY—-GLY-GLY 129.9 8 3.93 (1.2 0.3)x 10°° ND 12.0 ND
—ALA 80 4 3.83 (2.3 0.2)x 1073 (2240.1)x 108 3.7 3.6
—ALA —ALA 160 6 3.94 (1.1£0.1) x 10°5 (1.1£0.3)x 10°5 6.8 6.7
—ALA —ALA —ALA 240 8 3.99 (9.5+0.8)x 1078 ND 9.6 ND
—SAR 43.3 3 3.37 (1.50.1)x 103 (1.0+£0.2)x 103 3.9 4.0
(3.60, 3.15)
—SAR-GLY 86.6 5 3.65 (3.260.3)x 106 ND 7.5 ND
—GLY—-SAR 86.6 5 3.42 (1.2 0.1)x 10°° (1.6+0.3)x 10°° 6.5 6.5
(3.54,3.18)
—SAR-GLY-GLY 129.9 7 3.59 (1.4:0.1)x 1078 ND 10.8 ND
—GLY—-SAR-GLY 129.9 7 3.62 (4.8:0.4)x 10°8 ND 10.0 ND
—GLY—-GLY—-SAR 129.9 7 3.40 (4.20.1)x 10°8 ND 10.0 ND
(3.51,3.14)
—SAR-SAR-GLY 129.9 6 3.61 (7.6: 0.6) x 1078 ND 9.8 ND

a Solvent accessible surface areas for nonpolar amino acid side-chain residues from Wimley9gtfallécroscopic K, values (from titration).
Values in parentheses are microscopiG palues for trans and cis isomers, respectively, determined by NMR using the method of Evans and

RabensteinZ4). ¢ From Xiang et al. {3). 4 From Mayer (2).

immediately in a 25°C water bath. After elution of the

the concentration of permeant on the outside of the vesicles

vesicles from the size-exclusion columns, there existed ameasured by HPLCC:, was fit versus time using eq 2:
permeant concentration gradient resulting in a net flux across
the LUVs from inside to outside. To measure this flux the

extravesicular permeant concentration was monitored at

various time points. Aliquots (356L) of the LUV solution

after gel filtration were loaded onto Centricon-100 filters
(MWCO = 100 000; Amicon, Beverly, MA). The loaded

filter was then centrifuged at 16Q0for 6—8 min. The

Centricon-100 filters did not significantly affect permeant
concentration when the filters were prerinsed with water and
dried prior to use. Concentrations of the peptide permeants
in the collected filtrates were analyzed by HPLC. The
samples for HPLC analysis were analyzed without dilution
except for the addition of a known quantity of concentrated

hydrochloric acid to lower the pH of the solution t&3 for

optimal compatibility with the mobile phase. The concentra-

tions of p-methylhippuric acid att. (equilibrium) were
measured by lysing a 354 aliquot of the LUV solution
after gel filtration with 8uL of Triton X-100 surfactant

(Sigma, 10% in water) prior to HPLC analysis. For the other

RESULTS

C;=C, — (C, — Cpe

(2)

In eq 2,kopsis the first-order rate constant imh andC.,
andC, are the concentrations of permeant on the outside of
the vesicle at equilibrium and = 0, respectively. The
transport data were fit to this equation by nonlinear least
squares regression analysis using Scientist (Micromath Inc.,
Salt Lake City, UT) to solve fokgps

The apparent permeability coefficieRt,,, associated with
each permeant at any pH can be obtained from this first-
order rate constant and the ratio between the entrapped
volume and surface area of the LUMB.f{p = Kobs* Vin/A),
where Vin/A is obtained from the vesicle hydrodynamic
diameter,d (Vio/A = d/6).

Physicochemical Properties of Peptid@$e structures of

compounds of these peptide series, no special samples weréhe peptides employed in these studies are shown in Table 1
prepared fot.. Rather, the sampling times for the concentra- along withp-toluic acid (X= —OH) andp-methylhippuric
tion versus time profiles were carried out to approximately acid (X= —GLY). Solvent-accessible surface areas for the
nonpolar portions of the peptide fragment side-chain residues,
AA, were based on values obtained by Wimley et B9) (
for AcGG-X-GG peptides. The number of potential hydrogen
bonds that could be formed by each peptide were counted
Phenomenex, Torrance, CA) were used for all analyses. Thefollowing a previously published procedur8Q( 31). To
mobile phase consisted of acetonitrile:water varying from calculate the fraction of un-ionized speciés, present in
20% to 33% organic phase depending on the lipophilicity each transport experiment at the various pH values, ther-
of the compound. The aqueous phase was buffered to a pHmodynamic K, values were determined for each peptide at
25°C. These K, values as well as that f@r-toluic acid are
The mathematical model used to fit the concentration also included in Table 1 along with the microscopi€.p
versus time data of the transport experiments has beenvalues for the trans and cis isomers of toluylsarcosine,
toluylglycylsarcosine, and toluyldiglycylsarcosine determined

10 half-lives.

A modular HPLC system described previoush@) and a
reversed-phase column packed with arf, C-18, 300 A
stationary phase (Jupiter column 4.6 mm ixd.300 mm,

of 3.0 using 0.01 M ammonium phosphate.

described in detail in an earlier publicatioh?]. In short,
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Table 2: Structures andkp Values, Intrinsic PermeabilitieBya, 1,9-Decadiene/Water Partition Coefficients, and Functional Group
Contributions forp-Tolylacetic Acid anda-Methyl Substituted Analogs
o}

HO
CH,-X

Pya & S.D. 1,9-decadiene/ A(AG)x (cal/mol)
-X pKa (cml/s) water PC+ SD fromPya from PC
—H 4.40 0.71+£ 0.07 0.40 0 0
—CONH(CHs) 4.25 (3.4+0.3)x 10°° 2.6x10°° 5890+ 70 5710
—CON(CHy)2 433 (3.3+0.2) x 107 (2.54+0.2) x 104 4540+ 70 4370
4.0E-06 - 1.0E-08 -
S 3.5E-06 é 8
S 3.0E-06 _1.0E-09 - \ . l\‘{‘:
® 2 ®
‘.c: 2.5E-06 - » o
& 2.0E-06 - S 1.0E-10 -
S 15E-06 n.§ \‘5\
E 1.0E-06 1 1.0E-11
é 5.0E-07 4
0.0E+00 — ; ‘ 1.08-12 ‘ ‘ i i ‘ ‘ ‘
4 5 6 7 8 9 10 1
0 5 10 15 20
pH

Time (hours)

) ] FIGURE 2: 109 PappVs pH for all nonN-methylated peptides (toluyl-
Ficure 1. Concentration of Tol-AAA released from unilamellar ~ X). Legend: B, X = —GLY; ®, X = —GLY—GLY; 4, X =

vesicles vs time in suspensions at 25 and pH 6.28. —GLY—GLY-GLY; O, X = —ALA; O, X = —ALA—ALA; A,
X = —ALA-ALA-ALA.

by NMR. Also included in Table 1 are the 1,9-decadiene/ 1.0E-08 .
water partition coefficients of the compounds that could be

measured by the shake-flask method described above. The 1.0E08 | Y \

partition coefficients of the more polar compounds could not 0

be determined in this manner because of the extremely low
concentrations present in the 1,9-decadiene phase. Table 2
contains additional data for the seriespetolylacetic acids,

including thermodynamick, values at 25C and decadiene/ 1.0E-11 ‘ ‘ I
water partition coefficients. 4 5 & 7 8 9 10 N

Egg Lecithin Bilayer Permeability CoefficientBransport PH
experiments were carried out using the egg lecithin LUV Figure 3: log Pyy,vs pH for allN-methylated peptides (toluyl-X).
system at 25C for all peptides while DOPC/DOPA LUVs  Legend: ¢, X = —SAR; A, X = —GLY—SAR; &, X = =GLY~—
were used in determining permeability coefficients of the SAR—GLY; O, X = ~SAR-SAR-GLY; ®, X = —SAR—GLY;
p-tolylacetic acids. Figure 1 shows a representative plot of W, X =—SAR-GLY—GLY; O, X = —GLY—-GLY—SAR.
C; versus time for Tol-AAA at pH 6.28 along with the
nonlinear least-squares fit of the data to eq 2. Such fits wereare determined by the pH and the ionization constegit]
used to generate first-order rate constatsassociated with  adjusted for an ionic strength of 0.1 using the Guntelberg
each compound at each pH. Apparent permeability coef- approximation 85):
ficients, P4y, Were calculated from thie,s values using the
average diameters (from DLS measurements) of the LUVs Papp= fua * Pya T (1 — fya) * Pa_ (3)
of each individual experiment as described above. The size
of the LUVs ranged from 156 to 202 nm in diameter. The Plots of IogPapp) versus pH are shown in Figures 2
characterization and Stabl'lty of the LUV systems over the (g|ycine and alanine Series) and 3 (Sarcosine_containing
wide range of pH values used in these studies has beencompounds) along with the nonlinear least-squares fits using
reported earlier32—34). The permeability coefficients of  eq 3. The slopes of-1.0 with only slight curvature at the

Ppp (cm/sec)

-
(=]
m
4
-
o

polar nonelectrolytes such as acetamide ammhannitol  |ower end of the permeability range indicate that the neutral
across egg lecithin bilayers have been shown to be indepenspecies of each peptide, the concentration of which decreases
dent of solution pH 32, 34). 10-fold per unit increase in pH, accounts for the transport

The pH ranges selected for transport experiments wereover the pH range explored. The intrinsic permeability
chosen such that the transport was membrane-controlledcoefficients for the un-ionized peptide species determined
rather than aqueous diffusion-controlled. At a given pH, the by nonlinear least squares regression analyses are shown in
apparent permeability coefficient of a weak acid permeant Table 1 along with the intrinsic permeability coefficient for
can be expressed in terms of the relative contributions of p-toluic acid determined in an earlier studg2j. Intrinsic
the un-ionizedRya) and ionized P4-) species to the overall  permeability coefficients for the un-ionizgetolylacetic acids
value as described in eq 3 where the fraction of un-ionized across DOPC/DOPA bilayers determined by nonlinear least
(fua = HY/(HT + Ky/y)) and ionized fa— = 1 — fua) Species squares regression analyses are shown in Table 2.
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DISCUSSION :) ] SI;)pe:LOO#—D.DZS.D.
Barrier Domain for Peptide Transporin contrast to early 2"
descriptions of membrane transport that assumed a membrane - j ]
could be approximated by a homogeneous layer of bulk & 5] s
solvent into which a given permeant dissolved and diffused g 6 | T TAesar
(36, 37), more accurate depictions recognize the inhomoge- :;: S TA-AA
neous and anisotropic nature of lipid bilayer membranes. The -9 -
influence of membrane heterogeneity on the permeability -10 " : : : ; :

coefficient, P, of a compound at absolute temperatire
can be described8, 39) in terms of the depth dependence ) ) _ o
of the excess chemical potential and diffusion coefficient of FiIGUrRe 4: Linear correlation of the logarithms of intrinsic perme-

. ability coefficients across egg lecithin bilayers with logarithms of
the permeant in the membrane.(z) andD(2), as shown 1,9-decadiene/water partition coefficients for various substituted

by eq 4, wherekg is the Boltzmann constant armlis the p-toluic andp-methylhippuric acids (filled symbols) and peptides

log (PC)

depth: from the present study (open symbols).
expl(A 2 — Au)/ bilayer heterogeneity while retaining the simplicity of the
P, = 1/[/‘ZZ PlAed?) Hexd/ke ] dz (4 homogeneous solubility-diffusion theory.
“ D@ Experimental support for eq 5 is provided in Figure 4,

where the logarithms of the egg lecithin bilayer permeability
coefficients for a subset of the peptides listed in Table 1 are
plotted versus the logarithms of their 1,9-decadiene/water
partition coefficients (open symbols). (Peptides that were
excluded from Figure 4 were those for which we were unable
to obtain decadiene/water partition coefficients.) These results
are superimposed on data from previous work for various
substituted p-toluic and p-methylhippuric acids (closed
symbols) (3, 34, 53). Remarkably, these permeability data
spanning a range of approximately 8 orders-of-magnitude
Ycan be described by a simple linear free energy relationship
described in eq 6:

Recent statistical mechanical calculatiod®)(and mo-
lecular dynamics simulations of the permeation of small
molecules across lipid bilayer membranes also indicate the
need for an inhomogeneous solubility-diffusion model to
describe both the position dependent diffusion and partition-
ing of small molecules41—46). Experimentally, the inho-
mogeneous solubility-diffusion model is consistent with the
preferential location of hexane within the relatively disor-
dered bilayer center at equilibrium?), while small peptides
such as those employed in this study are located preferentiall
at the bilayer-water interface at equilibrium. For example,
Jacobs and White7( 48, 49) and later Brown and Huestis
(50 demo_nstrated that the tripeptides Ala-X-Alat€tbutyl log(Pyy) = SH10g(PCyrgp) + i (6)
(where X= —GLY, ALA, LEU, PHE, or TRP) are confined
primarily to the interfacial region with nonpolar residues  The slope of the line in Figure 4 has a value of %0
partially inserted into the hydrocarbon region. Equilibrium o 02 (SD). This slope, referred to as the selectivity coefficient
partitioning studies of peptide binding to bilayei 8, 19) (54), is a measure of the relative chemical affinities of a
thus probe the bilayer interface rather than the hydrocarbongeries of solutes for the barrier domain of the bilayer in
core region. Of interest in this study are the free energies ofcomp‘—ﬂrisOn to the bulk organic solvent chosen for the
transfer of peptides into the hydrocarbon core region correlation. The excellent correlation and slope of 1.0 in this
information that cannot be readily obtained from equilibrium - p|ot establishes the hydrocarbon interior as the barrier domain
partitioning studies. o for peptide permeability for permeants varying by over 8

“While the inhomogeneous solubility-diffusion model pro- - grders-of-magnitude in lipophilicity. Figure 4 further suggests
vides a more accurate depiction of the diffusion and that differences in permeability coefficients reflect primarily
concentration gradients observed both experimentally andthe energetics of partitioning rather than differential changes
computationally within lipid bilayer membranes, there is jj giffusion coefficients in egg PC versus decadiene for the
general agreement that among the various regions the denseyeptides in this series, as increases in size and conformational
more ordered hydrocarbon chain region of the membranefjexibility did not result in deviations from the line in Figure
poses the greatest resistance to transport of polar moleculeg, previous experiments in these laboratories to explore the
such as the peptides of interest in this study and thus serves;jze and shape dependence of permeabilities across lipid

as the barrier domain for these molecul@2<14, 45, 51, bilayers (L4) as well as theoretical calculations of the size-
52). In_tegrating only over thg _reIativer homogeneous barrier dependence of relatively large solut&)have suggested
domain, eq 4 can be simplified to eq 5: an exponential dependence of permeability on the minimum
cross-sectional surface areas of the permeant. Studies of
p — PCoamPod (5) diffusion coefficients for dissolved gases in bulk solvents
m dpg (56, 57) and G hydrocarbons in polyisobutylen&®) have

similarly revealed a dependence of the diffusion coefficient
where PGqy is the barrier domain/water partition coefficient, on cross-sectional surface areas. The peptides in this study
Dyq is the diffusion coefficient of the permeant in the barrier have similar minimum cross sectional surface areas in their
domain, anddyg is the thickness of this region. Thus, the fully extended conformationslp).
assumption that the rates of transport of peptides across Hydrogen Bond Potential as a Predictor of Peptide
bilayers are governed by the dense hydrocarbon region ofPermeability The importance of the desolvation of hydrogen-
the bilayer provides a model consistent with the known bonding groups accompanying the transfer of peptides from
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8

S Toluic Adids i The next level of complexity beyond assuming that transfer
* Methylhippuric Acids | free energies reflect only hydrogen-bond desolvation is to
;ﬁl'zs::: :zp::giz ‘ assume that the polar and nonpolar portions of the peptides
 Sarcosine Peptides | contribute additively to the overall solvation energies.
Eisenberg et al.1{ 2) calculated the free energy difference
between the folded state and unfolded state of proteins by
expressing the standard free energy of transfer in terms of
accessible surface areds)(of each atom (AG° = Y AgiA),
where theAg; values were derived from the octanol/water
partition coefficients of acetyl amino acid amides measured

1 y=-1.4'N+24
R’ =0.92

log(P )
o ®W O N O s, WON = O

1 2 3 4 5 6 7 8 9 10

o

# of Hydrogen Bonding Groups by Fauchee and Pliga (3) and the accessible surface areas
FiGURE 5: Plot of logPwa) Vs the number of hydrogen bonding ~Were calculated from the amino acid residues, X, in a Gly-
sites on each permeant. X-Gly sequence in an extended conformation. Recent ap-

plications of this approach for neutral compounds have
water into the membrane interior is widely acknowledged employed a simplified treatment in terms of only two
(30). Roseman estimated the energetic cost of transferring asolvation parameters reflecting the additive contributions of
single peptide backboneCONH- residue from water into  polar and nonpolar residues without regard to the specific
CCl, to be 6.1 kcal 10). This substantial penalty suggests nhature of the substituent ¥, 62).
that desolvation of hydrogen bonding groups may be a We calculated solvation parameters for the peptides in
dominant force governing peptide permeability. Conradi et Table 1 by fitting the transfer free energies to eq 7:
al. reached this conclusion in an examination of the Caco-2
cell permeabilities of a series of Phe-containing peptides up A(AG®)x = const+ o, AA + N_cony- AAG_cony +
to the tetrapeptide, in which they demonstrated a linear Nyy_conme- AAGTo_conme- T N-conme- AAG_conme—
relationship between the logarithm of monolayer permeability (7)
and the number of potential hydrogen-bonding sites in the
solute B1, 59). They further argued that hydrogen-bonding where solvent-accessible surface areas for the nonpolar
number or an experimental measure of the hydrogen-bondingportions of the peptide fragment side-chain residues,,,
potential such asAlog PC, the difference between the were taken from Wimley et al. for AcGG-X-GG peptides
logarithms of the octanol/water and hydrocarbon/water (19). We considered separately the peptide bortSQNH—
partition coefficients, were superior to organic solvent/water and—CON(Me)—) and allowed the solvation parameters for
partition coefficients for correlating their permeability data N-methylated peptide bonds attached directly to toluic acid
(60). (AAGro-conmve-) to differ from those elsewhere in the
The number of hydrogen bonding sites for the peptides peptide.
investigated in this study are listed in Table 1, calculated as A(AG®)x values calculated from the above equation are
described by Chikhale et al6f). Shown in Figure 5 is the  compared to the experimental values in Figure 6. The
relationship between egg lecithin bilayer permeability and solvation parameters obtained from this regression analysis
hydrogen-bond number for the peptides of this study plus are listed in Table 3 and compared to literature values for
the methyl-substitute@-toluic andp-methylhippuric acids peptide partitioning into octanol or interfacial binding to the
for which the intrinsic permeability coefficients were pub- bilayer. The coefficient of determination for this regression
lished earlier 12, 13). Although the correlation in Figure 5  analysis was 0.9928. Inclusion of a constant term (censt
is quite good I> = 0.92), it is clear that the correlation with 926+ 245 cal/mol) significantly improved the fit of the data.
decadiene/water partition coefficients in Figure 4 is superior. This constant term may be necessary to account for the
Decadiene/water partitioning appears to capture not only thechange in solvation energy when the terminal carboxylic acid
effects of hydrogen-bond desolvation but other forces that residue is an aliphatic rather than an aromatic substituent.
also play a significant, though perhaps not a dominant role, Nonpolar Residue Sgdtion Parameter.Several groups
in the overall permeability. The slope ofl.4 in the have estimated the nonpolar residue solvation parameter,
regression line in Figure 5 is significantly more negative than typically expressed as a positive quantity to represent solute
that (~—0.35) reported by Conradi et al. in their studies of transfer from organic solvent to water. The results reported
Caco-2 cell permeability3Q1). Evidently the egg lecithin  in Table 3 refer to the transfer of permeant from water to
bilayers exhibit substantially greater selectivity toward the organic phase and are therefore negative quantities for
hydrogen-bonding groups than the Caco-2 membrane barriernonpolar residues. Reynolds et &3) estimated a value of
Residue Contributions to the Apparent Free Energies of —21 to —25 cal/mol/& from hydrocarbon solubility data;
Peptide TransferA closer examination of the data in Figure Chothia 64) obtained a value of-22 cal/mol/& from
5 reveals that, for a given number of H-bonding sites, transfer free energies of amino acids from water to organic
deviations of more thatt1 order of magnitude are frequently  solvent generated by Nozaki and Tanfo6b); while Rose
observed, indicating that structural features in addition to et al. 66) obtained—18.9 cal/mol/& from the same data
the number of hydrogen-bonding sites must also be consid-set. More recently, Wimley et al8(19) have generated the
ered. results shown in Table 3 for octanol/water partitioning of
The contributions to the apparent free energies of transferpeptides £22.8 and —20.9 cal/mol/&) and —13.9 for
from water into the barrier domail\(AG®)x, due to each interfacial binding to phospholipid bilayers. Our result for
amino acid residue were calculated using eq 1 versus toluicon, (—20.8 cal/mol/&) representing the transfer of permeant
acid as the reference permeant. from water to the dense hydrocarbon chain region of egg



1632 Biochemistry, Vol. 42, No. 6, 2003 Mayer et al.

Table 3: Calculated Solvation Parameters from Regression Analysis of Peptide Permeability Coefficients According to Eq 7
A(AG®)x (cal/mol)

Onp
transfer from HO — (cal/mol/A?) —CONH- Tol-CON(Me)— —CON(Me)-
bilayer interior (this work) —20.8+2.8 45604 190 3830+ 210 2820+ 180
bilayer interface —13.1+£ 0.8 1200+ 100* - -
octanol -22.84+ 0.8 2000+ 110 - -
—209+ 2.5 — — _

a AcWL—X—LL transfer @). ° AcWLp, (m = 1-6) (19). ¢ Ac—X amide transfer 19).

" ‘ ’ ’ ’ Table 4: Apparent Free Energy of Transfer ValuagAG®)x,
Derived from Transport Measurements across Egg Lecithin Bilayers
127 ] for Glycine and Alanine-Containing Peptides
- TolGGSar Ticee - -
'g 10 TolGSarG ] entry reference  substituted subst_lt_uent A(AG®)x + S.D.
= TolSarsarG line  compound compound addition (cal/mol)
O
< g : 1 Tol Tol-G Btglycine 4410+ 80
¢ 2 Tol-G Tol-GG 2dglycine 4360+ 90
0§ ] 3 Tol-GG Tol-GGG  Fglycine 3220+ 100
3 4 Tol Tol-A 1stalanine 3650t 80
™ ] 5 Tol-A Tol-AA 2" alanine 3250t 90
TolSer 6 Tol-AA Tol-AAA  3™alanine 280Gt 90
2 T T T T T

contribution of the methylene group attached to the amide
MG (kealmo) nitrogen. This is less than the normal methylene group

Ficure 6: Correlation between calculated (eq 7) vs experimentally contribution reported in_ €99 Iec;ithin bilaygrs at 5, 76.4
observed peptide residue contributions for peptide transfer from =+ 54 cal/mol 6,7)' consistent with Squesuons, by Davis et
water to the egg lecithin bilayer barrier domain. al. (68) that the incremental transfer free energies for methyl
groups attached to nitrogen centers may not contribute their
PC bilayers is comparable to these literature values, indicat-normal values. If the normal value were to be used in the
ing that in each of these processes the nonpolar residues areorrection, we would obtain A(AG®)_conn- Of 6.6 kcal/
located in nonpolar microenvironments where the hydro- mol. Thus, the value of 4.6 kcal/mol for the backbone
phobic effect is the dominant factor governing the transfer —CONH-— in peptides seems to be at least-15kcal/mol
free energy. smaller than that obtained for an “isolated®CONH—
Peptide Bond Contributionin contrast to the similarity  residue.
of onp in a variety of transfer processes, the polar peptide  Nonadditvity in —CONH— Transfer Free Energieg.able
backbone residue{CONH-) contribution is highly sensi- 4 gives the appareft(AG°)x values for the glycyl and alanyl
tive to the environment. Although the value we have obtained residues obtained from transport of the peptides containing
for the —CONH-— bond transfer from water to the bilayer only gly or ala across egg lecithin bilayers. The values in
barrier domain (4.6 kcal/mol) is substantially smaller than Table 4 indicate that there is a downward driftAQAG®)x
the estimate of 6.1 kcal/mol provided by Rosema®) for with increasing peptide length in both series that is not clearly
the transfer of a single isolated peptide bond from water to revealed in the regression analyses summarized in Table 3.
CCl,, these results confirm that the barrier domain is (Nonadditivity in residue contributions should cause devia-
substantially less polar than the bilayer interfacial region or tions from the regression line in Figure 6. Though such
than octanol where-CONH- residue contributions of 1.2  effects are subtle, they can be discerned by the concave-
and 2 kcal/mol, respectively, have been obtained. Previously,upward curvature in the lines generated by connecting the
we have determined(AG®)x for —CONH— from the lipid data for Tol-G, Tol-GG, and Tol-GGG or Tol-A, Tol-AA,
bilayer permeability coefficients and decadiene/water parti- and Tol-AAA in Figure 6.) These reduced increments cannot
tion coefficients for the carbamoyl-substituted analogues of be due to molecular volume increases, as increasing permeant
p-toluic acid (L3) or p-methylhippuric acid 4) to be 6.1 size, if significant, would result in largeA(AG®)x values
and 6.4 kcal/mol, respectively. More recently, we have (14, 40, 46, 69). Interestingly, the average alanyl methylene
determinedA(AG®)x for the transfer of the-CONHCH; group contribution determined by comparing the glycyl
substituted at thpara-methyl position ofp-tolylacetic acid contributions listed in Table 4 with the corresponding alanyl
from water to 1,9-decadiene on the basis of partition group valuesA(AG®)_cuz- = 760+ 345 cal/mol, is nearly
coefficient measurements at 2&8 and appareni\(AG®)x identical to the “normal” value reported by Walter and
for the transfer of the same substituent from water to the Gutknecht §7), though the standard deviation is much greater
barrier domain of DOPC/DOPA bilayers based on perme- than one would expect from experimental variability alone.
ability experiments (Table 2). These values, 5.7 and 5.9 kcal/  While an expanded data set that includes larger peptides
mol, respectively, require correction for the additional and peptides composed entirely of aliphatic amide residues
—CH,— attached to the amide nitrogen. Comparing the mean will be necessary to assess the ultimate importance of residue
values ofA(AG°)x for the apparent- CONH— contribution nonadditivity, the observations in Table 4 challenge the
in —CONH; (6.25 kcal/mol) with the—=CONHCH,— con- implicit assumption in the group contribution approach that
tribution (5.8 kcal/mol) obtained from the CONH(CH) a single value exists for the contribution of a peptide bond
substituent, we estimate a value of 0.45 kcal/mol for the to the transfer free energy from water into the interior of a
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Table 5: Effect ofN-Methylation on the Incremental Free Energies of Transfer from Water into the Egg Lecithin Bilayer Barrier Domain,
A(AG®)x, Obtained by Comparing Sarcosine-Containing Peptides with Their Glycine-Containing Counterparts

entry reference substituted substituent A(AG®)x = S.D.

line compound compound alteration (cal/mol)
1 Tol-G Tol-SAR N-H — N—CHjz —503+ 67
2 Tol-G—-G Tol-SAR-G N-H— N—CHjs —1240+ 80
3 Tol-G-G-G Tol-SAR-G-G N-H — N—CHjz —12304+ 100
4 Tol-G-SAR-G Tol-SAR-SAR-G N-H— N—-CHjs —288+ 70
5 Tol-G-G Tol-G-SAR N-H — N—CHjs —2220+ 70
6 Tol-G-G-G Tol-G-SAR-G N-H — N—CHjs —1950+ 80
7 Tol-G-G-G Tol-G-G-SAR N-H — N—CHs —1970+ 60
8 Tol-SAR-G-G Tol-SAR-SAR-G N-H— N—CHjs —1010+ 80
9 Tol-A Tol-SAR C-CHz;— N—CHjs 310+ 80

lipid bilayer. Both the nonadditivity and the reduced incre- both *H NMR and IR spectroscopy7®). Infrared spectra
mental free energy contribution for the CONH— in a for Ac-Pro-Leu-Gly-NH and trifluoroacetyl-Pro-Leu-Gly-
peptide backbone compared to its “isolated” contribution may NH; in chloroform have been interpreted in terms of an
be rationalized by considering the possible role of confor- equilibrium between a hydrogen-bond free conformer and
mational effects and the increased intramolecular hydrogentwo hydrogen-bonded conformers with 10- and 13-membered
bonding accompanying the transfer of a peptide from water rings corresponding to thé-turn anda-helix, respectively

to a nonpolar environment. We first consider the possible (21, 22). Decreases inA(AG®)x for the Gly and Ala
role of the seven-membered ring formed by-3L intramo- contributions noted in Table 4 may reflect the likely
lecular hydrogen bonding between the carboxylic acid participation of—~CONH- residues in increasingly favorable
terminus and the carbonyl group adjacent to the C terminusintramolecularly hydrogen-bonded conformers with increas-
(the G conformer). ing peptide length.

Madison and Kopple20) analyzed the conformational Nonadditwity in A(AG®)x for N-Methylation.The results
distributions of AcProNHMe and AcAlaNHMe using circular  of the regression analysis shown in Table 3 suggest that a
dichroism,*3C chemical shifts, andH nuclear Overhauser  singleN-methylation of a normal (i.e., aliphatic) peptide bond
experiments to confirm conclusions from infrared analyses reduces the peptide bond-CONH—) contribution by
of N—H stretching in dilute CGlsolution that the intramo-  approximately 1.7 kcal/mol, resulting in a20-fold more
lecularly hydrogen bonded/Gonformations predominate favorable permeability coefficient. As a point of reference,
in nonpolar solvents (e.g., AcAlaNHMe exists about 70% the incremental contribution of a secomMdmethyl on a
in the G form in CCly) while in water the @ conformer is completely isolated-CONHCH; substituent at theara-
probably absent. Madison and Delané@)(demonstrated  methyl position ofp-tolylacetic acid is~1340-1350 cal/
that thesyn andanti-Ac-3-Me-ProNHMe differ significantly mol when calculated either from bilayer permeability coef-
in fraction of G conformer, with the anti isomer 90%; @ ficients or 1,9-decadiene/water partition coefficients (Table
CCl, while the syn isomer is only 60%;CThe free energies  2), significantly smaller than that found for the average
of transfer from carbon tetrachloride to water wer. 1 kcal/ N-methyl contribution within the peptides explored in this
mol for the anti isomer and-4.7 kcal/mol forsynAc-3- study. The impact oN-methylation appears to be substan-
Me-ProNHMe, which they concluded were attributable to tially reduced (less favorable) when tRemethylation occurs
differences in the population of the intramolecularly hydrogen- at the toluamide nitrogen (i.e., the first amide bond), reducing
bonded G conformer. Evidence for {onformers involving the incremental free energy contribution of the peptide bond
a—COOH terminus also exists. Toniolo et al1f examined by only 0.7 kcal/mol, as determined by regression analysis
the temperature dependence of-disns isomerism of the  (Table 3). These observations again challenge the notion of
—CONH— bond in the t-BOC derivatives of-valine, additivity implicit in attempts to obtain a single value for
L-alanine, and.-phenylalanine in deuteriochloroform using the contribution of a peptide bond to the transfer free energy.
proton magnetic resonance and infrared absorption spectros- More dramatic evidence of nonadditivity can be found in
copy, concluding that the-Ala and L-Phe exhibited a  the position dependence A{AG®)x for N-methyl substitu-

markedly higher population of the trans form than theal tion obtained by examining the sarcosine-containing peptides
derivative due to stabilization of the trans form by381 shown in Table 5. While thA(AG®)x values are all negative,
intramolecular hydrogen bonding to form a seven-memberedindicating that the replacement of N with N—CHjs

ring. These observations suggest that the backb@®NH— increases the rate of transport in all cases, the range of

contribution obtained in Table 3, even that for the smallest increase in flux varies frony1.6- to 42-fold. In each of these
peptides in our study (e.g., Tol-A and Tol-G), reflects the comparisons, the compounds vary only slightly and by the
contribution of intramolecularly hydrogen-bonded states same increment in molecular weight so differences in the
Increasing peptide length allows the formation of more stable apparent free energy contributions are not due to molecular
intramolecularly hydrogen-bonded conformations. Model volume effects, though shape effects cannot be ruled out.
dipeptides having the sequence t-BO®ro-Xaa-NHMe Interpretation of the effects dd-methylation are compli-
(Xaa = L- or p-Leu, Val, Cys, Met, Phe, and Tyr), the cated by the fact that whereas secondary amides exist only
smallest molecules capable of formifigolded conformers in the trans configuration2@), N-methylation results in a
through formation of a 10-membered ring involving iatt significant population of the cis isomer apparently induced
3 — i intramolecular hydrogen bond, have been shown to by a bulky substituent on the amide nitroge4,(73). Since
exist predominantly iff-folded conformations in CHGby the rate of rotation about theC—N peptide bonds is slow
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on the NMR time scale, the fraction of peptide bonds present The apparent contributions féi-methylation beyond the
as cis isomers can be obtained from the cis/trans peak ratiodirst peptide bond are generally greater than the “reference”
detected byH NMR measurement4). At high pD values A(AG®)x for N-methylation. While it is tempting to speculate
(pD = 9.1-11.1), the percentage of cis isomer for the that intramolecular hydrogen bonding may be promoted by
compounds in Table 1 was found to range from a low value N-methylation in these cases, we are not aware of any
of 29% for Tol-G-SAR-G to a high of 65% for Tol-SAR. In  experimental evidence pertaining to this question.

all of the peptides then, there are significant fractions of the

molecules existing as the cis isomers. Due to the positions SUMMARY

of atoms around the peptide bond, the intramolecular
hydrogen-bonded £conformer can exist only in the trans
isomer. Yet, despite the fact that intramolecular hydrogen-
bonding is precluded for the cis fraction, several lines of
evidence support the existence of €onformers in N-
alkylated peptides. Variable-temperature infrared studies in
relatively nonpolar organic solvents (e.g., @QCkhow
significant populations of the internally hydrogen-bonded
species of acetyN-methyl-oL-norleucineN-methylamide and
acetylsarcosin&l-methylamide T4). Gerig (/5) suggested
that intramolecular hydrogen-bonding leads to a predomi-
nance of the trans isomer of theCOOH forms of acetyl
sarcosine and Gly-Sar and may be sufficiently strong to
compete with water molecules in aqueous solutions. As
demonstrated in Table 1, different microsopi€,pralues

We have demonstrated that functional group effects on
peptide transport across lipid bilayer membranes can provide
useful information pertaining to the free energies of peptide
transfer from water into the hydrocarbon chain interior of
lipid membranes (i.e., the barrier domain). Whereas the
solvation parameter derived from the atomic solvent-acces-
sible surface areas of nonpolar amino acid residues (this
study) resembles those obtained from peptide partitioning
from water to the bilayer interface or from octanol/water
partition coefficients, our result for the apparent incremental
free energy contribution for the transfer of the peptide bond
(—CONH-) from water to the barrier domain (4.6 kcal/mol)
reveals that the barrier domain is substantially more nonpolar
than the region probed in peptide bilayer/water partition
coefficient measurements. The present method may have

were evident for the cis and trans isomers of compounds g eater yiility in estimating thermodynamic quantities for
containing a sarcosine terminus from the pH dependence ofyapiige/protein insertion into the hydrocarbon core of
the cis/trans peak ratios. The highétfor the trans isomer  ,ambranes.

has been taken as evidence for intramolecular hydrogen The value 0fA(AG®)_conir- (= 4.6 kcallmol) for peptide

bonding in the trans isome24). bond transfer into the egg lecithin lipid bilayer barrier domain

The presence of cis isomers and the accompanyingresembles that for peptide partitioning from water to 1,9-
disruption of G conformers that are likely to promote gecadiene but is significantly less than théAG®)_con-
partitioning into the bilayer interior (due to nonpolar solvent (~6.1 kcal/mol) estimated for an isolatedCONH— in non-
induced folding) may account for the substantially more peptides. This reduced value for the peptide backbone
positive than expected(AG°)x (—0.5 kcal/mol) for the ~ —CONH-, nonadditivities observed iN(AG®)-conn-, and
conversion of Tol-G to Tol-Sar. The surprising nature of this dramatic variability in the effects ®f-methylation depending
result can be further appreciated by comparing the effect of on position within the peptide may reflect the influence of
an additional-CHjs substituent in Tol-G~ Tol-A with that membrane induced or enhanced intramolecular hydrogen
in Tol-G — Tol-SAR (Table 3). Relocation of the methyl  bonding to form folded conformations having more favorable
group from theo-methylene of Tol-A to the amide nitrogen  free energies in the nonpolar hydrocarbon region of lipid
in Tol-SAR results in an incremental change in its contribu- pilayers. Simple predictive relationships based on the as-
tion of +310 cal/mol, indicating that despite the loss of a sumption of additivity and independence of peptide fragment
polar hydrogen bond donating group dhmethylation in  contributions fail to accurately predict the thermodynamics
the case of Tol-SAR, its rate of transport is actually slower of peptide partitioning into the hydrocarbon region of lipid
than that of Tol-A. This supports the viewpoint that the membranes without a consideration of membrane induced
relatively less favorabl&(AG®)x for N-methylation to form  changes in conformation and the distribution of various
Tol-Sar may be rationalized by disruption of intramolecular conformational states in the membrane and water. We are
hydrogen bonding accompanying the shift from predomi- exploring these questions in further experimental studies and
nantly trans isomers to a mixture of cis and trans configura- in molecular dynamics simulations of peptide conformation
tions. in membrane bilayers and in water.
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