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ABSTRACT. Octanol-to-water solvation free energies of acetyl amino acid amides (Ac-X-amides) [Fgauche

J. L., & Pli¥&a, V. (1983)Eur. J. Med. Chem-Chim. Ther 18, 369] form the basis for computational
comparisons of protein stabilities by means of the atomic solvation parameter formalism of Eisenberg
and McLachlan [(1986Nature 319 199]. In order to explore this approach for more complex systems,

we have determined by octanol-to-water partitioning the solvation energies of (1) the guest (X) side chains
in the host-guest pentapeptides AcCWL-X-LL, (2) the carboxy terminus of the pentapeptides, and (3) the
peptide bonds of the homologous series of peptides Ag\¥h = 1—6). Solvation parameters were
derived from the solvation energies using estimates of the solvent-accessible surface areas (ASA) obtained
from hard-sphere Monte Carlo simulations. The measurements lead to a side chain solvation-energy
scale for the pentapeptides and suggest the need for modifying the Asp, Glu, and Cys values of the
“Fauchee—Pliska” solvation-energy scale for the Ac-X-amides. We find that the unfavorable solvation
energy of nonpolar residues can be calculated accurately by a solvation parameter &f @3.&al/

mol/A2, which agrees satisfactorily with the Ac-X-amide data and thereby validates the Monte Carlo
ASA results. Unlike the Ac-X-amide data, the apparent solvation energies of the uncharged polar residues
are also largely unfavorable. This unexpected finding probably results, primarily, from differences in
conformation and hydrogen bonding in octanol and buffer but may also be due to the additional flanking
peptide bonds of the pentapeptides. The atomic solvation parameter (ASP) for the peptide bond is
comparable to the ASP of the charged carboxy terminus which is an order of magnitude larger than the
ASP of the uncharged polar side chains of the Ac-X-amides. The very large peptide bone- 8GR,

6 cal/mol/22, profoundly affects the results of computational comparisons of protein stability which use
ASPs derived from octanelwater partitioning data.

The free energy\Gs. of transferring amino side chains such thaiAG = 3 AciA where theA are the atomic solvent-
from an organic phase to water, the solvation energy, is accessible surface areas and Mg are the ASP for atomic
generally derived from studies of the partitioning of model groupi (Eisenberg et al., 1989; Eisenberg & McLachlan,
compounds that approximate single residues (Radzicka &1986). Even though this formalism excludes important
Wolfenden, 1988; Fauche & Pliska, 1983; Nozaki &  thermodynamic details of protein stabilitg.¢, entropy and
Tanford, 1971), the free energies of transfer of acetyl amino heat capacity) and the use of octanol as a model for the
acid amides (Ac-X-amide) from octanol into water being interior of proteins has not been fully validated, the solvation
most commonly used (Eisenberg et al., 1989; Eisenberg & narameter approach has nevertheless proven to be useful in

McLachlan, 1986; $hirley et al., 1992; Fauqdm& Plika, . computational analyses of protein stability (Juffer et al., 1995;
1983). Such solvation energies form the basis for computing Wang et al., 1995; Wesson & Eisenberg, 1992; Yeates et

so-called atomic solvation parameters (AS®hich involves __al., 1987; Eisenberg et al., 1989: Eisenberg & McLachlan,
parameterizing the octanol-to-water transfer free energies . .
1986). The general idea is to calculate the free energy
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1992; Eisenberg et al., 1989; Chiche et al., 1990). Three
issues thus arise with this approach which we consider in
this paper. First, the chemical environment of each side
chain in an unfolded protein depends on its neighbors and
possibly its covalent linkage to a multipeptide backbone
(Roseman, 1988). Second, the side chains are never fully
exposed to the water in the unfolded protein because of the
conformational flexibility of the polypeptide chain and the
presence of neighboring side chains (Creamer et al., 1995;
Rose et al., 1985). Third, the solvation energy of the peptide
bond is uncertain.

To examine the first two issues, we have determined the
solvation free energies of amino acid side chains in pen- .
tapeptide models which have some of the features expected ~accessible surface locus—s=". .
of unfolded proteins. Specifically, we have measured the Ficure 1: Computed conformation of the Phe member of the
octanol-to-water transfer free energies of the twenty natural ACWL-X-LL peptides used in this study to estimate the energetics
amino acids (X) in the guest position of the host pentapeptide of solvating the 20 natural amino acids in unfolded protein chains.

- " . . - To derive the atomic solvation parameters from octanol-to-water
ACWL-X-LL that provides neighboring nonpolar side chains 5 iion coefficients, the solvent-accessible surface areas (ASA)

of moderate size. Kim and Szoka (1992) performed similar of the peptides must be estimated. The locus of points derived from
measurements using the tripeptide host Ac-Ala-Xaa-Ala-NH- rolling a 1.4 A radius sphere over the van der Waals surface is

tert-butyl but examined only eight amino acids in the guest Shown as the dotted surface. The average ASAs were obtained by

position. In addition to the partitioning measurements, we S2MPling large numbers of pentapeptide conformers produced by
h .f d hard-soh lo simulati ,f h hard-sphere Monte Carlo simulations. As shown in this example,
ave performed hard-sphere Monte Carlo simulations of the the conformations are generally quite extended but nevertheless

pentapeptides in order to estimate ASAs which are necessaryprovide excellent estimates of ASA based upon the atomic solvation
for evaluating the effects of occlusion by neighboring side parameter results (Figure 3). An important feature of both unfolded
chains. Such measurements permit a comparison of the sidérotein chains and our peptides is occlusion of nonpolar ASA by

: . . : : neighboring residues. In this example, Phe3 and Leu5 mutually
chain solvation energies of the pentapeptides with those Ofocclude each other's ASA. The image was created using the

the Ac-X-amides before and after occlusion effects are mojecular graphics software package GRASP (Nicholls et al., 1991).
accounted for. The comparison reveals that the uncharged

polar residues are apparently less polar in the pentapeptidegneasurable for all of the peptides and that the peptides not
and suggests that the Ac-X-amide transfer free energies ofaggregate or suffer obvious changes in secondary structure.
the Glu, Asp, and Cys side chains should be revised. Finally, We found that the host peptide AcWL-X-LL and the family
the pentapeptide measurements yield a direct measuremerdCWL, constituted such systems. A structure taken from a
of the ionization free energy of the carboxy terminus. Monte Carlo computer simulation of the AcWL-F-LL peptide

The third issue,i.e., backbone solvation energy, was is shown in Figure 1. As we discuss in detail below, all of
examined through measurements of octanol-to-water parti-the peptides appear to be monomeric in solution and to form
tioning of the homologous series of peptides AcWm = random coils in both water and in octanol under the
1—-6) from which we obtain the solvation free energies of conditions of the partitioning experiments.
the peptide bond and the glycyl unit. Early ethanol-to-water ~ Peptide SynthesisAll of the peptides were synthesized
partitioning studies of simple model compounds suggestedon Wang resin using standard FMOC methodology (Atherton
that the glycyl unit—-CH,—CONH-— has a solvation energy & Sheppard, 1989) and were cleaved for 2 h under argon in
of about —1.14 kcal/mol (Cohn & Edsall, 1943). This 90% trifluoroacetic acid, 5% thioanisole, 3% ethanedithiol,
estimate leads to a peptide bond (CONH) ASP of ap- 2% anisole. After cleavage, peptides were extracted into
proximately—50 cal/mol/& (1 A= 0.1 nm), whereas avalue 1% ammonium hydroxide from dichloromethane, lyophi-
of —9 is expected based upon the solvation of side chain lized, and then purified using C18 reverse-phase HPLC and
carbonyl and amide groups (Eisenberg et al., 1989). This water/acetonitrile gradients with either 0.1% trifluoroacetic
smaller ASP value predicts that the solvation energy of the acid or 0.1% ammonium acetate. All peptides were better
glycyl unit should be+0.5 (Eisenberg et al., 1989). Our than 99% pure in both solvent systems and had the correct
measurement reveals that the Cohn and Edsall (1943)molecular weight by fast-atom-bombardment mass spec-
estimate is remarkably accurate. We show that, in compu- trometry. Concentrations of stock solutions in methanol were
tational comparisons of protein stability based upon octanol determined by UV absorbance.
water ASPs, the opposing solvation free energies of the Spectroscopy Fluorescence spectroscopy was performed
peptide backbone and nonpolar surface are approximatelyon an upgraded SPEX Fluorolog spectrometer interfaced to
equal in magnitude. This is consistent with the recent a computer by OLIS (Jefferson, GA) and was used to
findings of Liu and Bolen (1995) that the peptide backbone examine peptide aggregation in solution. Tryptophan emis-
plays a crucial role in determining the stability of proteins Sion spectra of the peptides were measured jéth= 288,
in organic solvents used for denaturing or stabilizing proteins. slits 10 nm.

Circular dichroism spectra were measured on a Jasco J720

MATERIALS AND METHODS CD spectrometer on samples of-5000uM peptide in either
50 mM phosphate buffer (pH 7.0) or in HEPES buffer-
saturated octanol. All spectra were very similar and had a

Peptide Design Criteria. The design criteria for both  positive ellipticity at 225 nm that probably arises from the
families of peptides were that the partition coefficients be B-band absorption of the tryptophan residue (Woody, 1994)

occlusion

Chemistry and Spectroscopy
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and a minimum at 197 nm in buffer~(~22,000 deg/dmol/  solution. For all of the peptides, the fluorescence spectra at
cn?) and in octanol £—17,000 deg/dmol/cA that arises pH 2 were nearly identical to acetyltryptophan in shape and
from peptide bond absorption. The variation between in the wavelength of the intensity maximum. The possibility
peptides in the ellipticity at 197 nm is about 3000 deg/dmol/ of aggregation was also assessed by potassium iodide (KI)
cn?. The shape of the spectra in both solvents and the quenching of 1QuM peptide solutions by titrating with Ki
observation that all the peptides had similar spectra suggestup to 0.1 M KI. The SterirVVolmer quenching constaif,

that the peptides have a random coil conformation in both for KI quenching of the pentapeptides was found to be 6.9

solvents. + 0.2 M1 at pH 2, which is very similar to the value for
. . _ 3 acetyltryptophan (6.4 M, pH 2). At pH 8,Ks, was found
Peptide Aggregation and Chemical Stability to be 8.1+ 0.5 M1, which is similar to the value for

acetyltryptophan at the same pH (8.2 These results

Aggregation can seriously complicate experiments with ; .
hydrophobic peptides. Although we designed these peptidesStrongly suggest that the peptides do not aggregate in

to minimize solubility and aggregation problems, we nev- solution, even at pH 2 where they are uncharged.
ertheless examined the aggregation state of the peptides in_ The possibility of aggregation of the AcVMlpeptides i

the aqueous and octanol phases as discussed below. With 1-6) was also examined using fluorescence. First, the

. i . . position and normalized intensity of the tryptophan peak of
only one exception, we find no evidence for peptide , :
SR the peptides was compared to those of acetyltryptophan in
aggregation in either phase. . X . . _
. . solution. At peptide concentrationsofLOuM, the intensity
Solubility. All of the host-guest peptides and all of the 54 emission maximum of the tryptophan fluorescence were
ACWL peptides wittm < 5 are soluble up to approximately a1y jgentical to acetyltryptophan for all peptides except
1 mM in buffer. For example, AcCWL-W-LL, the most

, . . AcWLs. The possibility of peptide aggregation was also
hydrpphob|c of the pentapeptldes, has a solubility O,f,0'95 assessed by potassium iodide (KI) quenching as described
mM in buffer at pH 9 while AcWL-G-LL has a solubility

_y above. The SteraVolmer quenching constant (Lakowicz,
of 3.7 mM. The aqueous-phase solubilities are at least 100'1983) for KI quenching of the peptides Ac\Wl(m = 1—5)
fold higher than the concentrations used in the partitioning ;g Ke = 8.4 + 0.3, which is very similar that of free

experiments. For many of the peptides, the difference was,. _ _ ;

. L , yptophan K, = 9.3) and acetyltryptophatk{, = 8.2). This
even greater. Peptide solubility in octanol can be surmised result, and t?{e spectroscopy above, suggvests strongly that
from the aqueous solubility and the partition coefficients. It ACWL, peptides do not aggregate in solution far< 5.
is at least as high, for the hesguest peptides with charged ;g s consistent with our observation that partitioning is
side chains, as the solubility of the hydrophobic members j,qehendent of concentration for all these peptides (see

.Of the family in water. At low pH, the octanol sglubilitx below). For AcWL, the fluorescence experiments indicate
increases dramatically as expected. The relatively high i the peptide aggregates in aqueous solution at concentra-
solubility at high pH combined with the increased charge tions above 0.5uM. First, the normalized fluorescence
repulsion in the low dielectric environment leads us to believe intensity at 5«M peptide is 1.4-fold higher and the emission
that aggregation in the octanol phase does not occur. Then avimum is blue shifted by 5 nm to 359 nm compared to
circular dichroism measurements discussed below SUpPOrty| of the shorter peptides( < 5). Second, the Stefn

this belief. _ o Volmer quenching constant is much smaller thanrfos 5

Titration Calorimetry In order to determine if ACWL-  peptides and is dependent on peptide concentration such that
W-LL is aggregated at high concentration in buffer, we k. = ~5at0.54M and~1 at 1.5uM. We do not know if
filtered a visibly turbid solution of ACWL-W-LL with a  aggregation of AcWk occurs at the equilibrium aqueous-
nominal 2 mM peptide concentration to obtain a saturated phase concentration of 0.8.054M used in the partitioning
solution of 0.95 mM and then used a MicroCal (North experiments. Because of the possibility of aggregation, the
Hampton, MA) isothermal titration calorimeter to examine partitioning data for AcWk are not used in any of the
the heat of dilution of the peptide. Multiple titrations of 10  analyses presented here. Our ability to detect very easily
L of the saturated solution of ACWL-W-LL were made at the aggregation of AcWdand other more hydrophobic
25 °C into a cell containing 1.35 mL of buffer. These peptides (unpublished observations) with these fluorescence
titrations gave rise to no detectable heat effeet.( kcal/  methods gives us confidence in our conclusion that the-host
mol). We concluded that there is probably no significant gyest and AcWl, (m < 6) peptides do not aggregate under
aggregation of the peptide even in a saturated solution.  the conditions of the partitioning experiments.

Fluorescence Spectroscopjfluorescence emission spec- Circular Dichroism. The CD spectra of all peptides in
tra for all of the host-guest pentapeptides were determined octanol and in buffer are consistent with a random coil
at 25 and 1uM peptide concentration in buffer. After structure of the peptides in both solvents (see above). Spectra
correction for the concentration difference, the position and were measured at concentrations approximately@Gfold
intensity maxima of the two measurements were found to higher than the concentrations in the partitioning experiments
be identical to each other for all twenty peptides and very and were independent of concentration between 10 and 100
similar to free tryptophan in solution. We concluded, M. The CD spectra for aggregates of Ac\and AcWLs
therefore, that the peptides probably did not aggregate inwere measured in visibly turbid solutions prepared above
these concentration ranges which are approximately the samene solubility limit of the peptides. The CD spectra of both
concentrations as were used in the partitioning experiments.peptides in such solutions were found to have a large negative

We also measured the fluorescence spectra of\Vb peak at approximately 225 nm and a large maximum at 200
solutions of AcWL-X-LL pentapeptides at pH 2 with the nm, whereas nonaggregated peptides have a small maximum
side chains X= Gly, Ala, Ser, Thr, Phe, Trp, and Glu and at 225 nm and a minimum at 200 nm. The CD spectrum of
compared them with the spectra of acetyltryptophan in the AcWLs filtrate, however, is indistinguishable from spectra
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taken at much lower concentrations. Spectra could not beassayed by quantitative reverse-phase HPLC (Wimley &
obtained from AcWi; filtrate because the concentration of White, 1993a). Volume fraction partition coefficients are
the peptide was too low. We assumed from these resultsdefined byK, = Py/P,, whereP, and P, are the peptide
that peptide aggregates should generally have spectra thatoncentrations in the buffer and octanol phases, respectively.
differ significantly from monomeric peptide. Except possibly In many experiments, the peptide concentration in the octanol
for AcWLe, we found no evidence of aggregation from the phase was determined indirectly by comparing the concen-
CD spectra of any of the peptides even in saturated solutionstration in the buffer phase with that of the peptide stock
Concentration Dependence of PartitioningVith one  solution so thaK, = (Vo/Vb)(Py)/(Ps — Py) whereV, andV,
exception, we did not examine systematically the partitioning are the volumes of the octanol and buffer phases, respec-
of all of the peptides as functions of concentration. However, tively, andPs is the relative concentration of the peptide in
in the course of the studies the starting peptide concentrationghe stock buffer solution. The direct and indirect determina-
and volumes of the phases were varied so that the equilibriumtions ofK, always gave identical results. The latter method
aqueous phase concentrations varied between approximatelyvas used more frequently because octanol interferes with
1 and 20uM. All partition coefficients were found to be  the HPLC analysis if volumes greater tharnid0are injected.
independent of peptide concentration over this range. TheThe volume of buffer phase that can be used in the HPLC
concentration dependence for one of the peptides, AcWL- analysis is unlimited. Water-to-octanol volume ratios, rang-
K-LL, was systematically examined for concentration effects ing between 20 and 0.05, were chosen such that the
as part of our recent study of the salt bridge between the concentration of peptide in the buffer phase was about half
side chain and carboxyl terminus (Wimley et al., 1996), and that of the stock solution. Total volumes ranged from 1 to
we found no concentration dependence of partitioning 20 mL. Partition coefficients were measured B times
between 2 and 108M. for each peptide and were always found to be independent
Chemical Stability of the PeptidesPeptide solutions in  Of peptide concentration €125 «M), water-to-octanol vol-
buffer were prepared from concentrated methanol solutions Ume ratio, and area of the interface between the bulk phases.
by evaporating the methanol under a stream p&hd then Free Energies of TransferMole-fraction partition coef-
adding buffer. All peptides dissolved readily under these ficients Ky) were calculated from the volume fractiol,j
conditions, and were used in partitioning experiments within values byKy = K(vwalvoc) Where vyafvoee = 0.114 is the
2—3 days. Peptide stability was judged by reverse-phaseratio of the molar volumes of water and octanol. All the
HPLC. All peptides, except AcWL-C-LL, were stable in free energies in Table 1 are in mole-fraction units and are
buffer for extended periods at°’® and at room temperature given by AG = —RT In K. While mole-fraction free
for the duration of the partitioning experiments. Specifically, energies are generally used in Results and Discussion, we
buffer solutions containing Asn and GIn were examined for also provide Flory-Huggins-corrected volume-fraction units
impurities which might result from side chain deamidation. (Sharp et al., 1991) in some cases in the Appendix.
We also examined the potential of Met to oxidize and found
that oxidation did not occur in buffer. This is despite the Computations
fact that we could readily observe the oxidation products

which formed rapidly from Met in the presence of 10%04 Monte Carlo Simulations Ideally, one would like to
A very hydrophobic compound forms over a period of simulate the conformations and molecular interactions of the

hours to days at the expense of the pentapeptide in solution@Eptldes in both water and. pptanol. Su_ch S'm“'?t"’”s are
of AGWL-C-LL. Formation of this compound was prevented presently beyond the capabilities of existing force fields and

by replacing molecular oxygen with an inert gas or by adding compqters: We therefore adopted the more achievable goal
a reducing agent such as dithiothreitol. Therefore, the of estimating bY Monte Carlo methods the amount of
compound is probably a disulfide-linked dimer of ACWL- nonpolar accessible surface area that can be removed from
C-LL. In partitioning experiments, the stock solutions of contact with water upon transfer of the peptides into the

ACWL-C-LL were freshly made just before each experiment, octanol phase. _If the nonpolar surface is completely removed
so the maximum amount of dimer that formed during the from contact with water, then one needs only to know the

partitioning experiment was about 39%5%. Dimer forma- a_rnOlett_ of cor:_tgct in fthe z%{queoystrf)han anld ﬁan avé"d
tion does not affect the partition coefficient of AcWL-C- simula 'n? E)(ep ! ed%?n (i_rma lons 1n the 0(; anl(:) P lf\se.t ?/
LL, however, because the monomer and dimer are distin- means of A-ray difiraction measurements, Franks et al.

guished by the HPLC method we used to determine peptide(1993.) _have shown that wet octanol consists of micelles
concentration in these experiments containing clusters of octanol molecules surrounding a core

of water molecules that hydrate the hydroxyl groups. Franks
Partition Coefficients and Free Energies of Transfer et al._ conclud_ed that hydrated octanol “possesse_s arange of
localized environments” capable of accommodating a wide

Partition Coefficients Volume fraction octanol-to-water  range of solutes. One can therefore reasonably assume that
partition coefficients were measured using HEPES buffer (10 the peptides can arrange themselves in a localized nonpolar
mM HEPES, 50 mM KCI, 1 mM EDTA, 3 mM Na}y at environment of the octanol in such a way that nonpolar
pH 9.0 and pH 1.0 by incubating an aliquot of 20 uM surface is completely removed from contact with water. This
peptide stock solution in octanol-saturated buffer with buffer- assumption can be tested by comparing the nonpolar solva-
saturated octanol overnight at 25°QG while rotating the tion parameters obtained from partitioning of nonpolar
sample vials at 20 rpm. Typically, the concentration in the solutes into octanol with those obtained from partitioning
buffer phase after equilibration was—25 uM. After into apolar phases such asalkanes. We show in Results
equilibration, the concentration of peptide in the buffer phase, and Discussion that the agreement in the two cases is
in the octanol phase, and in the stock buffer solution were excellent.
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Table 1: Experimental Values for the Solvation of AcWL-X-LL Peptides
partitioning of ACWL-X-LL? total ASA of AcWL-X-LL (A2 ASA of X in ACWL-X-LL (A 2 ASA of X in AcGG-X-GG (A?)¢

X residue AGwixiL® pH ATnp ATp Arpp Axﬂp Axp Axﬂp Axp

Ala 0.87+0.02 9 794.1 28.7 193.0 67.2 0 80.0 0
5.81+ 0.03 1

Arg 2.99+ 0.01 9 780.6 150.5 182.3 71.1 122.3 85.3 130.7
387004 1

Asn 0.30+£0.03 9 748.8 110.0 186.1 31.0 81.5 37.8 93.2

Asp —246+0.15 9 751.9 101.7 186.7 32.6 73.2 39.8 84.1
547+004 1

Cys 1.23+0.04 9 813.5 28.5 188.4 92.9 0 108.4 0

GIn 0.30+£0.03 9 764.9 116.8 184.4 50.6 88.5 61.9 97.5

Glu —253+0.13 9 768.1 107.7 184.6 52.4 79.3 64.0 88.0
5.71+ 0.03 1

Gly 1.01+0.02 9 772.2 28.6 201.3 374 0 43.3 0
5.73+ 0.03 1

His 0.92+0.02 9 812.8 71.0 183.2 100.6 42.8 116.5 47.8
3.41+0.02 1

lle 216+ 001 9 846.2 28.3 180.0 133.0 0 158.1 0

Leu 2.29+£001 9 849.7 28.3 182.3 137.0 0 159.3 0

Lys 249+ 0.02 9 809.5 95.6 182.8 98.6 67.4 116.0 72.3
2.91+0.03 1

Met 1.714+ 0.02 9 858.2 28.2 183.7 145.2 0 166.9 0

Phe 268002 9 874.1 28.3 181.6 164.1 0 187.0 0

Pro 0.90+£0.02 9 811.6 28.9 185.8 98.7 0 119.8 0

Ser 0.85+0.02 9 768.2 64.0 190.5 434 354 51.7 41.5
552+ 005 1

Thr 0.95+0.02 9 791.4 56.8 185.1 71.3 28.3 85.2 34.7
5.74+ 0.03 1

Trp 296+ 0.01 9 882.4 54.2 178.6 177.0 26.0 199.6 28.9

Tyr 1.67+001 9 840.2 7.7 181.1 130.6 49.4 151.8 51.3

Val 1.61+001 9 828.3 28.4 182.9 110.2 0 133.1 0

a A complete set of pentapeptides of the form AcWL-X-LL was synthesized for these experiments using standard FMOC solid-phase peptide
synthesis methodology (Atherton & Sheppard, 1989) and were purified with reverse-phase HPLC (see MeTlvals3olvent-accessible surface
areas (ASA)Ar for nonpolar { = np), polar { = p), and backbone & bb) were determined using a 1.4 A radius sphere by sampling peptide
conformations generated in Monte Carlo simulations using hard-sphere potentials (see Methods). Included in the backbone are the peptide bonds
and the carboxy terminus. The ASA of the carboxy terminus shows little variation with X and is approximately 6eh& nonpolar and polar
ASAs Ay of each residue in an AcWL-X-LL peptidé <€ np or p; see notb). The ASA values for AcWL-X-LL are smaller than the AcGG-X-GG
ASA by 18%4 3%. 9 The polar and nonpolar ASA contribution of each side chain in an AcGG-X-GG peptide. These values are taken as the
maximum ASA of a side chain with full solvent exposure in flexible peptide chain and are very similar to the stochastic GXG areas of Rose et al.
(Lesser & Rose, 1990; Rose et al., 1985Jhe solvation free energy of each homologue was determined by measuring its partitioning between
n-octanol and buffer at pH 9.0 and in some cases pH 1. Free energies (kcal/mol) are for transfer from octanol to water and are calculated using
mole-fraction partition coefficient units (see Methods). Uncertainties are estimated from the scatter in replicate experiments.

The pentapeptides were modeled using Monte Carlo calculated using the method of Richmond (1984) with a
computer simulations with the Metropolis sampling algorithm probe radius set to that of a water molecule (1.4 A).
(Metropolis et al., 1953) as previously described (Creamer Conformations of the peptides were generated by making
& Rose, 1994). The Metropolis algorithm is a widely used rotations about randomly selected torsions by random
method for generating molecular configurations from the amounts (from 0 tat180°) and displacing atoms by small
Boltzmann distribution. Briefly, a molecular system is random distances~0.005 A). All of the simulations
perturbed randomly from some initial configuration to employed an equilibration period of 3Monte Carlo

produce a new (trial) configuration and the difference iterations, with data being collected every 3000 steps from
between initial and new configuration is calculated. AE the subsequent 8 107 steps. Thus, Hxonformations were

< 0 or if AE > 0 and a normal random deviate between 0 sampled.

and 1 is less than the Boltzmann energy exfE/RT), then ASAs were determined for all atoms in the AcWL-X-LL

the trial configuration is accepted and thereby becomes theand AcWL, peptides for each of the i1@onformations
new initial configuration. If neither condition is satisfied, sampled. The means and standard deviations (SD) of the
then the trial configuration is rejected.€, the initial ASAs were accumulated in order to establish for each peptide
configuration is retained). The distribution of configurations the average ASAs and their fluctuations. Total ASAs ranged
obtained in this way will satisfy the Boltzmann distribution. from 1002 & (SD = 39 A2 or 3.89%) for X= Gly to 1115

The interactions between atoms within the peptides were A2 (SD = 42 A? 3.77%) for X = Trp. The standard
described by a hard-sphere potential in which atoms havedeviations of about 4% do not, of course, measure uncertain-
only excluded volume with no attractive components. United ties in the mean values. Rather, they measure the range of
atoms were employed: CH, GHand CH groups were  values sampled;e., the width of the density of ASA values.
treated as single atoms with inflated radii. The atomic radii The typical per cent standard error of the mean (SEMnfor
used were scaled to 90% of their van der Waals values = 10*is %SDh"?or 4 x 10~*. Standard statistical methods
(Bondi, 1968). The bond lengths and angles were fixed at can be used to compare the Gly and Trp ASA densities. The
their standard values, and the peptide units were kept rigid expected range of the Trp %SD for authat includes 95%
and planard® = 18C°). Accessible surface area (ASA) was of the observations is 3.7 0.05. The width of the Gly
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distribution is therefore, with statistical significance, some- pancreatic trypsin inhibitor (58, 4PTI), Ca-binding protein
what broader, as might be expected from its greater confor- (75, 3CIB), plastocyanin (99, 2PCY), parvalbumin (108,
mational flexibility. 5CPV), ribonuclease A (124, 3RN3), hen lysozyme (129,
ASAs were also determined for AcGG-X-GG in order to 2LZT), myoglobin (153, 4MBN), phage T4 lysozyme (164,
estimate the exposure of side chains in peptides without 3LZM), papain (212, 9PAP), trypsin (223, 2PTN), elastase
interfering neighboring side chains. The ASAs of Ac-X- (240, 3EST), boving-trypsin (245, 1TLD)a-chymotrypsin
amides could not be determined for technical reasons. (245, 2CHA), carbonic anhydrase (256, 2CAB), carboxy-
However, an examination of the ASAs of several Ac-X-Gly peptidase (307, 5CPA), penicillopepsin (323, 3APP), and
peptides yielded ASA values for X which were only 3% phosphoglycerate kinase (416, 3PGK).
larger than the values obtained from AcGG-X-GG. We  The ASAs of the side chains and backbones of the residues
therefore used the AcGG-X-GG values in calculations in the “unfolded” state were taken as the ASAs determined
involving the Ac-X-amides. for the X-residue and backbone of the AcWL-X-LL peptides
Corrections for Host Side Chain OcclusioiThe residues  because exposures in the pentapeptides appear to give more
of the peptides occlude one another's ASA so that their total realistic estimates for proteins than the exposures in G-X-G
nonpolar ASA is not equal to the sum of the fully-exposed or A-X-A models (see Results and Discussion). The ASAs
side chain ASA values estimated from AcGG-X-GG. The of residues in the folded state were determined from the
simulations revealed that occlusion of the host residues crystallographic coordinates using the program ACCESS
depended upon the residue in the X position. The guest-(Lee & Richards, 1971; Richards, 1977). The primary
dependent occlusion of the nonpolar (np) ASA of the host difference between our computation and the computations
residues therefore causes the hydrophobic-effect contributionof others was that we separated the peptide bond backbone
of the host to vary in the partitioning experiments. We atoms from all others in order to evaluate their specific
therefore corrected for host occlusion in the following way. contributions to the change in the solvation energy upon
For reasons described in Results and Discussion, the“folding”. The solvation free energy changes were computed
reference pentapeptide is taken as an ACWL-X-LL pentapep-using side chain solvation parameters determined from our
tide containing a so-called virtual glycine (GLY* or G*) in  modified Fauchee—Pliska solvation-energy scale and the
the X position. The host nonpolar ASA of AcWL-X-LL is  solvation parameter we determined for the peptide bond (see
defined a$nos(X) = Amng(WLXLL) — Axnp(WLXLL), where Results and Discussion). Two computations were performed
Tnp refers to the total nonpolar ASA of the pentapeptide for each protein based upon a low and a high value of peptide
and Xnp refers to the nonpolar ASA of X. The change in bond solvation energy: (1) the change in solvation free
the host nonpolar ASA for a G*-to-X substitution will be  energy,AGss, assuming the peptide bond had the same
APnost = Anos(X) — Anos(G*). The corrected relative free  solvation energy as the uncharged polar groups determined
energy contribution of the X side chain in the context of for the side chains and (2) the changeGygs, Using our

bulky neighbors is measured peptide bond solvation parameter. We did not
distinguish between cysteine and cystine because the col-
AGY = AGyx. — AGyignL T AT AALe (1) lective contribution of sulfur atoms to stability is negligible

in the calculations compared to the contributions of other
whereAaoy, is the nonpolar solvation parameter determined atoms.

from pentapeptides partitioning (see Results and Discussion).
AG" accounts for the occlusion of the host by the guest RESULTS AND DISCUSSION
residue X but does not account for the occlusion of the guest
by the host. It therefore represents the free energy contribu-
tion of the X side chain when occluded by the neighboring
host residues.

Corrections for Guest Side Chain Occlusiom order to
compare the X side chain free enefy$s; of ACWL-X-LL
with that of Ac-X-amide, one must further adjusG;" for
occlusion by the host residues. The fully adjusted AcWL-
X-LL value for AGs is defined as

Octanol-to-Water Pentapeptide Free Energies: Compari-
son with Ac-X-Amides The octanol-to-water transfer free
energie$ AG for all of the host-guest pentapeptides were
measured at pH 9 where the carboxyl terminus is fully
deprotonated. Some of the peptides were also examined at
pH 1 where the carboxyl group is protonated in order to
evaluate the energetics of deprotonation. The experimental
values ofAG are summarized in Table 1. The differences
in AG between the pH 9 and pH 1 data for the pentapeptides
GXG cor with the uncharged residues=X Gly, Ala, Ser, and Thr are

AGY™ = AGy™ + Agp AAy ) virtually equal with mean value of4.78 + 0.06 (SEM)
WhereAAx = Aa(WLXLL) — Agy(GGXGG). kcal/mol. We take this value to be the free energy cost of

. . . . deprotonating a carboxy terminus charge.

Computational Comparisons of Protein Stabilityn order ‘I?he AcWLQ:]X-LL datayof Table 1 areg compared to the
to examine the effect of the choice of the backbone atomic .y »mjige data of Fauche and Piika (1983) (referred to
solvation parameter on computational comparisons of protein, . o tter as FP)n Figure 2. The side chain free energies
stability, we examined a set of proteins drawn from the sets for both peptides are computed relative to the=xXAla
used in the thermodynamic/computational study of Khe- peptides so thah\Ge = AGx — AGa. Although the
chinashvili et al. (1995) and the computational study of Juffer : ¢ L hiah |
et al. (1995). The high-resolution crystallographic coordi- correlation between the two data sets is high, severa
nates of all of the proteins were available in the Brookhaven

; ; ; 2Free energies are calculated using mole-fraction partition coef-
Protein Data Bank (Bernstein et al,, 1977). The proteins ficients (see Methods). The use of Fleriiuggins-corrected volume-

used, including their size (number of residues) and PDB fraction partition coefficients for computing free energies is discussed
identifiers, were the following: crambin (46, 1CRN), in the Appendix.
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3.0 T — T T Four additional, but more subtle, differences between the
- R v T pentapeptide and Ac-X-amideGg values are also apparent
20 Eoom 4 in Figure 2. First, our cysteine value is much more
2 L 1 hydrophilic than that of FP. We note, however, that our
E 1o} = value is consistent with the results of other workers.
Gl - . Radzicka and Wolfenden (1988) found for cyclohexane/water
< 00 partitioning that hydrophobicity increased in the order Cys
g - J < Ala < Val < Leu. On the basis of the burial of side
= 10 [ chains in proteins, Rose et al. (1985) found AlaCys <
£ - . Val < Leu, which agrees with our measurements. The FP
8 20 - data, on the other hand, follow the series Aldval < Cys
o - . < Leu. Furthermore, Saunders et al. (1993) have found
J 30 | D - cystine to more hydrophobic than cysteine whereas FP
- @i . obtained the opposite result. We thus suggest, as Roseman
-4.0 L T ———— did earlier (1988), that the FP value for Cys is problematic.
20 1.0 0.0 10 20 3.0 Second, our Gly value is more hydrophobic than the Ac-G-
AG, for Ac-X-Amide (kcal/mol) amide value. This difference is probably a result of the effect

FIGURE 2: Comparison of the side chain free energies of transfer 0f Gly on the conformation of the pentapeptide (see below).
for the AcCWL-X-LL peptides reported in this paper with those for  Third, a linear regression of the pentapeptide data against
It_he Ac-Xltamides reporjtedtl?]y Fal{?hl?nd' Ptn'ka (198t3%- -II;heDSO“dd g the Ac-X-amide data (excluding Asp, Glu, Lys, and Arg)
ine is a linear regression through all points except K, R, D, and E. . PP . .

Its slope is 0.63.gThe dashed Iigrlle haga slope ofp0.8 as determinec}”e'ds a} slope of 0.63 0.06 (solid line, Figure 2). Thls.

by a linear regression through the A, V, I, L, F, and W points. The slope differs from a value of 1 because of mutual occlusion
slopes are less than 1 primarily because of side chain occlusion inof the ASA of the guest and host residues and because of
the pentapeptides (see text). The values of K, R, D, and E for the differences in theapparentsolvation energies of the un-
pentapeptides are grossly different from the Ac-X-amide values. charged polar side chains (see below). The occlusion effect

The K and R values differ because of a salt bridge between the - : .
side chain and the carboxy terminus (Wimley et al., 1996) (see becomes apparent by performing a linear regression for the

text). The D and E values probably differ because of the lack of hydrophobic residues Ala, Val, Leu, lle, Phe, and Trp. The
buffer in the aqueous phase of the experiments of Faeched resulting straight line (dashed line, Figure 2) has a slope of
Pliska (1983). 0.80 & 0.10, which is consistent with occlusion of the
nonpolar surface of X by its neighbors.
important differences are apparent. The two most striking  The fourth difference between the pentapeptide and Ac-
differences are seen for the charged side chains. First, Argx-amide data revealed by Figure 2 is the discordance of the
and Lys in the pentapeptides appear to be about assplvation energies of the uncharged polar side chains: The
hydrophobic as tryptophan. At pH 1, however, both side magnitudes of Asn, GIn, Gly, Ser, His, and Thr are smaller
chains are very hydrophilic (Table 1). We have ud#d for ACWL-X-LL than for Ac-X-amide, and Gly, His, and
NMR to examine this effect and find that it is due to an Thr have opposite signs. Furthermore, the pentapepiiEle
ionic interaction (salt bridge) in the octanol phase between values for Ser, Gly, His, and Thr are all approximately equal
the basic side chain and the acidic carboxy terminus thatto Ala. Why is the solvation energy of these polar side
occurs when both groups are charged (Wimley et al., 1996). chains apparently more unfavorable than the Ac-X-amide
The NMR data indicate that this interaction is absent when values? The simplest explanation is that the flanking peptide
the carboxyl group is protonated at pH 1. We therefore use bonds reduce side chain polarity, as suggested by Roseman
the pH 1 data for Arg and Lys in our calculations of the (1988). Interestingly, Kim and Szoka (1992) found for AcA-
residue solvation energies (see below). Second, Glu and AspX-AtBu thatAG. (Table 2, relative to Ala) equaled0.13
are much more hydrophilic in the pentapeptides than the Ac- and+0.03 kcal/mol for Gly and His, respectively, compared
X-amides. This may be because the aqueous phase in theo the respective FP values 6f0.42 and—0.24. That is,
FP experiments was unbuffered. Although FP reported thatthe Kim and Szoka values are also very close to Ala and are
they adjusted the pH of the aqueous phase to pH 7.1, ourless polar than the FP values. However, octanol is a complex
experience is that this is difficult to accomplish reliably interfacial phase (Franks et al., 1993) that is likely to affect
without the use of buffers. Furthermore, partition coefficients the conformation and hydrogen bond formation of oligopep-
determined by radiolabeling can be strongly affected by tracetides. Subtle differences in conformation between water and
impurities for compounds such as Ac-Asp-amide and Ac- octanol, which are unlikely to be revealed by CD spectros-
Glu-amide, which have very high octanol-to-water partition copy or accounted for by the hard-sphere simulations, could
coefficients. In any case, unlike our data, the/&®Bs. values have significant effects on apparent solvation energies. The
for Asp and Glu are surprisingly close to values for Asn anomalous behavior of the Gly peptide, discussed below, is
and GIn. The differences in the pentapeptide valueA®f consistent with strong effects of conformation on apparent
for X = Glu and Asp between pH 9 and pH 1 (Table 1) are solvation energies. NMR measurements such as those of
approximately twice the value determined for the carboxy Kemmink et al. (1993) should reveal such differences. One
terminus because two carboxyl groups are titrated. Further-scenario is that the proximity of neighboring nonpolar
more, Kim and Szoka (1992) found in their study of Ac- residues combined with peptide conformation effects could
Ala-Xaa-Ala-NH-+ert-butyl (henceforth referred to as AcA- interfere with watetside chain hydrogen bond formation
X-AtBu)! that the Asp and Glu side chains were about 2 for the polar side chains. Alternatively, the polar side chains
kcal/mol more hydrophilic than the FP values (Table 2). This might cause greater exposure of the host nonpolar ASA.
gives us confidence in our values A&t for Asp and Glu. Another possibility is very favorable side chaibackbone



5116 Biochemistry, Vol. 35, No. 16, 1996 Wimley et al.

Table 2: Solvation Free Energies of the Side Chains (X) of the 20 Natural Amino Acids in AcWL-X-LL and Ac-X-Amide

mole fractio® Flory—Huggin$

residué charge AGY'd AGSXCe AG! AGSS 9 AGY"d AGS*Ce
Ala +0.65 +0.81 +0.42 +0.13 +0.69 +0.99
Arg +1 —0.66 —0.47 —-1.37 +1.44 +1.81
Asn +0.30 +0.32 —0.79 +1.06 +1.10
Asp 0 +0.72 +0.75 +1.33 +1.39
Asp -1 —2.49 —2.46 —2.46 (-1.05) —3.50 -1.88 -1.83
Cys +1.17 +1.39 +1.39 (-2.10) +1.72 +2.14
GIn +0.38 +0.50 —0.30 +1.66 +1.90
Glu 0 +1.04 +1.17 +2.19 +2.44
Glu -1 —2.48 —2.35 —2.35(-0.87) —-3.12 —-1.33 —1.08
GLY* 0 0 on o o o

His +1 —1.18 —0.96 +0.24 +0.68
His 0 +1.04 +1.27 +0.18 +0.16 +2.46 +2.90
lle +2.27 +2.70 +2.46 +3.72 +4.56
Leu +2.40 +2.77 +2.30 +4.20 +4.92
Lys +1 —1.65 —1.39 —-1.35 +0.17 +0.67
Met +1.82 +2.18 +1.68 +3.45 +4.14
Phe +2.86 +3.24 +2.44 +2.19 +4.96 +5.71
Pro +1.01 +1.35 +0.67 +0.29 +1.59 +2.25
Ser +0.69 +0.74 —0.05 +0.78 +0.89
Thr +0.90 +1.08 +0.35 +1.58 +1.93
Trp +3.24 +3.62 +3.07 +2.52 +6.15 +6.88
Tyr +1.86 +2.21 +1.31 +4.08 +4.75
Val +1.61 +1.99 +1.66 +2.86 +3.61

2 Residue solvation free energies of the 20 natural amino acids relative to glycine calculated from the data in Table 1. Free energies were
corrected for the occlusion of neighboring residue areas (see text) and for the anomalous properties of glycine {sRedigkty solvation free
energies calculated with mole-fraction unitsResidue solvation free energy calculated with the Fidfyiggins correction (Sharp et al., 1991; De
Young & Dill, 1990) (see Appendix). Constituent molar volumes were taken from Makhatadze et. al. (1B88)due solvation free energies for
the X residue in the context of a AcWL-X-LL peptide calculated from the free energies in Table 1 using the virtual glycine (GLY*) as the reference
(see text). AGY" = AGwixie — AGwiciL + A0npAAnestWhereAnos(X) = Amp(WLXLL) — Axnp(WLXLL). These “corrected” values account for
X-dependent changes in the nonpolar ASA of the host peptide. Values for Arg and Lys were calculated from experimental free energies measured
at pH 1 where the ionic interaction between the side chain and carboxyl group does not AGfiris the best estimate of the solvation energy
of residues occluded by neighboring residues of moderate 8iResidue solvation free energies for the X residue in the context of a AcGG-X-GG
peptide calculated fromAGY" and the data in Table 1AGY® = AGY" + 22.8AAx where AAx = Axnp(WLXLL) — Axnp(GGXGG). This
additional correction accounts for occlusion of the guest residue by the host (seeAé)ﬁ)‘.G is the best estimate of the solvation energy of the
fully exposed residu€.Modified Fauchiee and Pliga (1983) solvation energies, relative to Gly, for the transfer of acetyl amino acid amides from
n-octanol to unbuffered aqueous phase. In this modified scale, the original values of FP for Asp, Glu, and Cys have been replaced by the
AGSXG in the left-hand adjacent column (see text). The original values of FP for Asp, Glu, and Cys are shown in parérfesseise solvation
free energies relative, relative to Gly, for the transfer of AcA-¥A tripeptides frorm-octanol to buffer, pH 7.2. Data are those of Kim and
Szoka (1992)" Reference state is the experimentally determined Gly value rather than GLY*.

hydrogen bonding in the octanol phase. Our data do not= YA) of the AcWL-X-LL peptides. The subscripts=
permit us to distinguish among these possibilities. Indeed, np, p, and bb refer to nonpolar, polar, and bb atoms,
all of them may be occurring. All we can say at present is respectively. Thex carbon is included in the nonpolar ASA
that theapparentsolvation energies of uncharged polar side so that the backbone ASA includes only the peptide bond
chains in the pentapeptide can be unfavorable. and the C-terminus carboxyl. Also included in Table 1 are
Sobent-Accessible Surface Areas (ASA) and thecBioin guest-side chain ASA values for the peptide AcGG-X-GG.
Parameter Formalism Eisenberg (1989, 1986) has general- Compared to these values, the X-residue values in AcWL-
ized the model compound approach to solvation energies byX-LL are 18% + 3% smaller because of the presence of
parameterizing the octanol-to-watAG values of the Ac- leucine and tryptophan neighbors. Similar differences in
X-amides (Fauche & Pliska, 1983) in terms of atomic  ASA are seen when protein sequences in an extended chain
solvation parametersAg;) and atomic solvent-accessible are compared with the sum of ideal areas based upon

surface areasX) for atomic group so thatAG = Y AgiA. tripeptide G-X-G areas (Rose et al., 1985; Lesser & Rose,
In order to assess the solvation parameters in the AcWL- 1990; Livingstone et al., 1991; Khechinashvili et al., 1995).
X-LL host—guest system, we estimated theby sampling Nonpolar Residues From hydrocarbon solubility data

conformations generated through hard-sphere Monte Carlo(mole-fraction units) and calculations of ASA, Reynolds et
simulations. An example conformation and the ASA locus al. (1974) found a linear relationship betwe&6 and ASA

for AcWL-F-LL are shown in Figure 1. In general, the from which they estimated tha#o,, has a value of 2125
conformations of all of the simulated peptides are expected cal/mol/A2. Chothia (1974) estimated from the amino acid
to be more extended than peptides in solution because ofsolubility measurements of Nozaki and Tanford (1971) for
the hard-sphere potentials used in the simulations. NevertheAla, Val, Leu, and Phe a value of 22 cal/mot/Assuming
less, the simulations appear to provide reasonable estimatesnaximum exposure for each side chain. Rose et al. (1985)
of A for nonpolar residues because the resulting values ofincluded the Nozaki Tanford Gly and Trp data and arrived
Ao for nonpolar atoms agree well with generally accepted at a value of 18.9t 0.7 using so-called stochastic ASA
values (see below). Presented in Table 1 are values for themeasurements of X in G-X-G. Although estimates\af,,

total ASAs (At = Y A) and the guestside chain ASAsAx; such as these have been discussed exhaustively in the
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| e I B S in the pentapeptides is the same as in the Ac-X-amides and
A that our hard-sphere Monte Carlo method for estimating the
ASA of nonpolar residues is satisfactory.

An interesting feature of the data included in Figure 3A
is that AAG for the Gly peptide is anomalous: It is more
_ hydrophobic than the Ala peptide, which is contrary to our
expectations from the Ac-X-amide data of FP (Figure 3B).
We hypothesized that this anomaly resulted from confor-
mational effects arising from the presence of Gly in the
middle position of the pentapeptide. To examine that
possibility, we synthesized the peptides AcWLLL-A and
BR- s B ACWLXLL | ACWLLL-G in order to minimize the effect of Gly on
1.0 L AR i et conformation. The values cAAG and AAry, for those
40 -20 0 20 40 60 80 100 peptides are included in Figure 3A. As can be seen, the
peptides have the “normal” behavior expected and thereby
support our hypothesis. The conformational effect of Gly
may be due to a favorable interaction in the aqueous phase
between Trp and the Gly amide. NMR measurements by
Kemmink et al. (1993) revealed such an interaction in
tetrapeptides when an aromatic residue is separated from a
Gly residue by one intervening residue, as in ACWL-G-LL.
_ Because computations of solvation free energies are logically
divided into side chain and backbone contributions in which
] glycine is taken as the fundamental backbone unit, we define
‘ a virtual glycine, GLY*, as shown in Figure 3A, that has
Gly the AAr,, of ACWL-G-LL but a value ofAAG that is 0.62
- . . kcal mol? smaller.
do bl T T T Polar Residues The solvation energies of the polar side
40 20 0 20 40 60 80 100 120 140 chains are generally assumed to arise from additive contribu-

AAL, (AY) tions from the polar and nonpolar parts of the side chain. If

FIGURE 3: Free energy of solvatioMAG) for the hydrophobic that assumption is correct, thep in a plot SAG against
amino acids as a function of the nonpolar relative ASW{,). AAqy, for all twenty of the peptides, one would expect to
(A) Measurements reported in this paper for ACWL-X-Ll)(and find the nonpolar side chains to lie on a straight line with
ACWLLL-X peptides (J). The diameters of the data points are about ' slopeAon, as defined by Figure 3A,B. The uncharged polar
equal to the experimental uncertainties. Free energies and ASASagidues (including protonated Asp and Glu) should be offset

are relative to the Ala pentapeptides so tA&AG = AGxpeptide — . 0
AGnapepiceand AArnp = Arn(XPeptide)— Arn(AlaPeptide). The from the line by amounts equal to the contributions to

straight line is a least-squares fit of the dataAnG = K + partitioning of their polar moietiese(g, —OH, —CONH,,
AonpAArnp, excluding ACWL-G-LL, whereAoy, is the nonpolar or —COOH). If the contribution of the polar moiety (p) is
solvation parameter\on, = 22.8+ 0.8 cal/mol/&. Note that the described by a solvation parametes,, then one should be

value for AcCWL-G-LL is anomalous in that it is considerably more ; ;
hydrophobic than expected from its ASA. The origin of this effect Eble to acco:cm; for the foseté.of thbe polar r?SKiue data points
is unknown but the observation that ACWLLL-G is not anomalous PY means of the equation (Eisenberg et al., 1989)

indicates that it is not a property of glyciper sebut instead results _
from glycine occupying the middle position in AcWL-G-LL. AAG = AOHPAAHD + AODAAD ©)

Because of the glycine anomaly, we define a virtual glyciag ( This approach is tested in Figures 4 and 5 for the Ac-X-

GLY*, to use as a reference state (see text). (B) Measurements . . .
reported by Fauche and Plika (1983). In this Caseson, = 20.9 amide and the pentapeptide data sets, respectively. For the

+ 2.5 cal/mol/R. The excellent agreement with the AcwWL-X-LL  Ac-X-amides (Figure 4), a|'| of the polar residues lie b?|0W
value indicates that the Monte Carlo simulations of the AcWL-X- the nonpolar reference line as expected. Interestingly,
LL peptides give reasonable estimates of ASA. however, the offsets from the reference line of the hydroxy-

literature (Yu et al., 1995; Nozaki & Tanford, 1971; Richards, lated side chains appear to be length dependent while the
1977; Eisenberg & McLachlan, 1986; Reynolds et al., 1974), amidated side chains do not (inset, Figure 4). The fact that
the only consensus on the value is that it lies between 1gall of the polar side chains lie below the reference line makes
and 28 cal/mol/& If our Monte Carlo-based estimates of it possible to compute consistent values/af, using eq 3

ASA are correct, then we should expect our data to yield a (Eisenberg et al., 1989; Eisenberg & McLachlan, 1986).
value Aoy, that is within that range. As shown in Figure However, the apparent length dependence of the hydroxy-

1.0 -

AAG (kcal/mol)

0.0

3.0 ———

2.0 -

1.0

AAG (kcal/mol)

0.0

3A, our AG andAr, data for X= Ala, Val, Leu, lle, Phe, lated side chains will introduce uncertainties into the values.
and Trp (Table 1) yield a good fit to a straight line with As might be expected from their relatively unfavorable
slope Aoy, = 22.8 + 0.8 whenAAG = AGacwixit — solvation energies, the behavior of the pentapeptide polar
AGacwialL is plotted againstAArp = Arng(ACWLLXLL) side chains (Figure 5) is quite different: Many of the polar

— Amnp(ACWLALL). Shown in Figure 3B is a similar  residues, specifically Asn, Asp, GIn, Glu, Ser, and Thr, lie

treatment of the FP data using the GGX®,, values of above the nonpolar reference line and therefore appear to
Table 1. In this cas&\oy,, has a value of 20.9- 2.5. Our have unfavorable free energies of solvation. Note that the
value of Aoy is thus well within the expected range. We sulfur-containing residue Met, which is often considered as
therefore conclude that the solvation of nonpolar residues hydrophobic, lies below the line and thus appears to have
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. . Ficure 5: Free energy of solvatiodMAG) for uncharged amino
FiGUre 4: Free energy of solvatioM\(AG) for uncharged amino acids as a function (?fythe nonpolar (ﬁelzztive ASAA(r,g) for the

acids as a function of the nonpolar relative ASAXr,;) for the ACWL-X-LL peptides. Free energies and ASAs are relative to the
Ac-X-amides. Free energies and ASAs are relative to the Ala ;4| glycine GLY* (see text and Figure 3A) so thAAG =

peptide so thahAG = AGx — AGa (Table 2) andAArn, = Amng- AGacwixit — AGacwiari andAAm, = Aras(ACWLXLL) — Ao

* P Tnp Tnp
(ACGEXGG)_l ATnP(A(;:GGX(f;G.) (Table 1).dC|osed squarel)( (ACWLG*LL). Closed squaresl) are the nonpolar residues of
are the nonpolar residues of Figure 3B and open squUBIE®1€  Figure 3A, open squares]) are the polar residues, and closed
polar residues. The straight line corresponds to the hydrophobiC 4izmonds #) are those that are sometimes considered to be

solvation parameter of 20.9 cal/mofiArom Figure 3B. Points nonpolar or moderately polar. The straight line corresponds to the
above the line indicate unfavorable solvation free energies of the hydrophobic solvation parameter of 22.8 cal/mélffom Figure

polar moieties .of polar side chai.ns. while those below indicate 33 The values oAAG on this plot for Asp and Glu are fromG
favorable contributions of the moieties. (Inset) The bars are the | 5 es determined at pH 1 and thus correspond to the uncharged

distance of theAAG values of the polar residues above or below - gjge chains. Plotting the data in this fashion compensates for the
the 20.9 line. Here the polar moiety contributions are all favorable. g ation free energy of the nonpolar atoms of the polar residues.

polar character consistent with the ability of the Met sulfur Points above the line indicate unfavorable solvation free energies
to form hydrogen bonds in some proteins (Schulz & of the polar moieties of polar side chains while those below indicate

. . . favorable contributions of the moieties. (Inset) The bars are the
Schirmer, 1979). This is true for Ac-M-amide as well distance of theAAG values of the polar residues above or below

(Figure 4). We considered the possibility that the hydro- the 22.8 line. The polar moiety contributions are highly variable
philicity was due to oxidation of the Met sulfur (Creighton, and, remarkably, the aqueous solvation of all of the nonaromatic
1984), but control experiments showed that significant polar groups isunfavorable and depends strongly on the size of
oxidation did not occur in our experiments (see Methods). the side chain.

Tyr, His, and Pro also lie below the line and therefore have The apparent unfavorable polar moiety solvation energies
relatively favorable free energies of solvation. The fact that of the pentapeptides, considered apart from the whole-residue
polar residues are found both above and below the nonpolarenergies, may indicate a failure of the hard-sphere Monte
line indicates that the pentapeptide data cannot be adequatelZarlo simulations to model the conformational behavior of
reconciled through theAop,AA, term in eq 3. This is  the polar residues accurately. Notice in Figure 5 that an error
confirmed by the fact that the nonpolar line alone provides in AArm, of —25 to—50 A2 could account for the appearance
as good a fit, judged by? values, as the best fit of the data of the polar residues above the reference line. Such errors
to eq 3. Another difficulty with the two-parameter model could be accounted for by systematic errors of-38%6 in

is shown in the inset of Figure 5, where the apparent polar the estimation ofAr,, which is about 800 A for the
moiety contributions, defined as the offset from the nonpolar pentapeptides (Table 1). Systematic errors for polar side
reference line, are compared on the basis of polar moiety chains could occur for the obvious reason that the hard-sphere
type. The contributions of all of the nonaromatic polar potential does notinclude electrostatic and hydrogen bonding
groups are unfavorable and depend strongly on the size ofeffects. Such difficulties emphasize the problems inherent
the side chain. Interestingly, the smallest polar side chainsto computational approaches to comparisons of protein
have the most unfavorable apparent polar moiety solvation stability and thus the value of experimental studies of
energies. polypeptide models.

The partitioning of the tryptophan side chain requires  Side Chain Occlusion and the Energetics of Peptide
comment. We found earlier (Wimley & White, 1992, 1993b) Sobation. The contribution of the free energy of solvation
from studies of the partitioning of indole compounds from to protein stability is generally calculated under the assump-
cyclohexane to water that the solvation energy of the Trp tion that the side chains are fully exposed to solvent in the
imide group was-1.2 kcal/mol. Nevertheless, there is no unfolded protein. If the assumption were correct, then the
significant deviation of Trp from the nonpolar reference lines solvation free energies obtained from the Ac-X-amide
in Figures 3-5. A logical explanation is that the imide group partitioning data would suffice for the calculation. The
and/or the indole ring can form equally good hydrogen bonds nonpolar ASA data shown in Table 1 show that that
in the octanol and buffer phases. This is consistent with assumption is incorrect because of mutual occlusion of ASA
the notion of Radzicka and Wolfenden (1988) that octanol between the X residue and its neighbors. Consider, for
exerts a “specific attraction” on Trp. example, the Phe peptidéixn, for Phe in AcGG-F-GG is
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144 AR whereas in AcWL-F-LL it is 127 A because the — T — T

neighbors occlude some of the nonpolar surface of Phe (see 30 . M
Figure 1). But, Phe also occludes nonpolar surface of its [ 4 1
neighbors, directly through immediate proximity and indi- 3 %°[ v M 7
rectly through effects on peptide conformation. Because of § I By T
these mutual occlusion effects, the net change in the nonpolarg 0 ' oy 5 v ¢ ]
ASA accompanying the replacement of Gly by Phég- > 0.0 s W
(ACWLFLL) — A (AcWLGLL) = 102 A2 (Table 1). Thus, g ‘;’,g' ) 43 |
in a protein sequence, the true hydrophobic free energy of at’; 10 b R W _
Gly-to-Phe substitution could easily be reduced by (344 & L * i
102)22.8 ~ 1 kcal/mol compared to the fully-exposed & .0 |- _
assumption. This analysis explains why we calculatew, ] L '
using AAm, rather thamAAx,, data (Figure 3A). g a0l % J
Occlusion-Corrected Side Chain ation Energies A 1
desirable goal in the calculation of the contributions of 4.0 »2'0 ' _1'0 o0 1'0 ! 2'0 o

solvation free energy to protein stability is to be able to
perform a simple sum of the individual contributions of each
residue without regard to a residue’s neighbors_ One can Ficure 6: Comparison of the side chain free energies of transfer

; i ; ; ianafor ACGG-X-GG with those for the Ac-X-amides. The AcGG-X-
arrive at a useful single-residue estimate for such calculations ;" r = & = i he ACWL-X-LL data by correcting

using the data of Table 1 through a simple correction o sige chain occlusion (see text). The=XGly used for AcGG-
procedure that involves determining the effect of a G-to-X X-GG is the “virtual” glycine (G*, see text). The solid line passing

substitution on the nonpolar ASA of the host pentapeptide through the origin has a slope of 1. The dashed line has a slope of

as described in Methods (eq 1). The corrected side chain0-9 as determined by a linear regression through the N, Q, S, H, T,
L cor . . P, and Y points which are offset from the solid line by ab&0t5
contributionsAGy" are given in Table 2.

kcal/mol. This offset reveals clearly that uncharged polar residues
Examination of theAGy” values in the first column of  in the pentapeptides appear to be less hydrophilic than in the Ac-
numbers in Table 2 reveals that all uncharged polar side Xt-)amtl(ie'S'dThet factLtiﬁthmost poollnts I:(e along I|?es }"”th a?Iope of
chains now have unfavorable apparent solvation free energieg e ‘e The ZZp (aD)’ glﬁr?g’: and %rygo(rggcgg%tgra?gcouust:ioer;s's
relative to GLY*. This result, as noted earlier, contradicts propably because of experimental conditions in the Ac-X-amide
our expectations based upon the partitioning of the Ac-X- experiments (see text).
amides which have a single fully-exposed side chain. To
assess the extent of the contradiction, however, one musiwater that are not accounted for in the Monte Carlo
adjust theAGY" values to account for the occlusion of X by ~ simulations. However, the differences could also be due to
neighboring residues as described in Methods (eq 2). Theseghe effect of flanking peptide bonds which Roseman (1988)
adjusted Va|ue$G>((3XG' are shown as the second column Suggests should reduce the polarity of polar side chains. The
of numbers in Table 2. They indicate that correction for true origin of the effect will remain uncertain until NMR
the occlusion of X increases the apparent unfavorable energystudies of the peptide conformations are completed. For the

of solvation of the uncharged polar residues and, of course,Present, we attribute the effect to conformational differences
the nonpolar residues. and use the FP values until additional information is

Modified Fauchee—Pligka Side Chain Sohtion Energies.  available.
The accuracy of these corrections for occlusion is uncertain, The second major difference is that our Cys value is much
especially for the polar side chains, because of the limitations more polar than the corresponding FP value. The prepon-
of the hard-sphere Monte Carlo simulations. Nevertheless,derance of evidence, as discussed earlier, suggests that the
the correction process is useful because it reveals thepentapeptide value is more reasonable. We therefore recom-
complexities of the unfolded state that must be accountedmend that our value be used instead of the FP value.
for in computational comparisons of protein stability. The  The third significant difference is seen for Asp and Glu,
efficacy of the corrections can be assessed by comparingwhich are much more polar than the values of FP. We
the AGS*® data with the FPAG.’ data (Table 2, see believe that the pentapeptide values are more reasonable for
footnotes). This has been done in Figure 6 where we again,two reasons, discussed earlier. First, they are more consistent
as in Figure 2, plotAGs. values using X= Ala as the with the free energy cost of deprotonating the terminal
reference. carboxyl group. Second, the Kim and Szoka (1992) tripep-

The solid line passing through the origin of Figure 6 has tide values for Asp and Glu are similar to those of the
a slope of 1 and broadly describes the relationship betweenPentapeptides. We are thus forced to conclude that the FP
the two data sets and especially so for the Lys, GLY*, Ala, Values for Asp and Glu are certainly too low and should be
Val, Met, Leu, lle, Phe, and Trp residues. However, as in 'eplaced by either our values or those of Kim and Szoka
Figure 2, in which the uncorrected pentapeptide data were(1992) (Table 2). Because the Kim and Szoka values do
compared with the FP data, there are several striking NOtaccountfor occlusion effects, we choose to use our values
differences. First, the uncharged polar residues are shiftedfor Asp and Glu. The revised FP scale using our values for
upward by about 0.5 kcal/mol (dashed line, Figure 6), Asp, Glu, and Cys is presented in Table 2/&6{" (the
consistent with the polar side chains in the pentapeptidesoriginal FP values for Asp, Glu, and Cys are shown in
being apparently less polar than in the Ac-X-amides. As parentheses).
discussed earlier, this shift may be due to subtle conforma- Backbone Sehtion Energy We determined the octanol-
tional differences between the pentapeptides in octanol andto-water partition coefficients for the homologous series of

AG,. for Ac-X-Amide (kcal/mol)
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— T T T T T T T T T T T T g§ with the ethanol-to-water value 6f1.14 obtained by Cohn
and Edsall (1943) from the partitioning of model compounds.
It also agrees well with the values 6f0.98 to—1.33 kcal/
0 e mol estimated by Tanford (1970) from peptide ethanol/water
e - solubility data (Cohn & Edsall, 1943). Liu and Bolen (1995)
have discussed extensively the importance of the backbone’s
preference for water compared to mixed organic solvents
(such as wet octanol) for understanding protein stabilization
or destabilization in various solvents.

How reliable is our estimate &Gcony? TO answer that
question, we performed two additional experiments. First,
we measured the partitioning of acetate (solid diamand,
Figure 7) from which we calculated the solvation energy of
COOH by subtracting the hydrophobic-effect contribution
b=t 1111 of the CH group. The agreement with the valueABcoon
0 ! 2 3 4 > 6 7 determined from the partitioning of the Leu peptides is

Number of Residues (n) satisfactory (open diamond}, Figure 7). Second, we

Floure T A'-(‘;r(‘gtlh dh) det?el”)dfence Of[ the tmeasturedf tf\:\leefenﬁrgies determined the solvation energies of Acwand AcW\s
of transferAG (solid symbols) from octanol to water of two families . ; ;

of homologous peptit)iles and the calculated free energies of transfer‘SOIId CIrCl?S’.’ Figure 7) from which we calculated the
(open symbols) of their peptide bonds. Solid squams AcWLn, free energies of transfer of (CON4OOH and (CONHy
(m=n — 1= 1-6) peptides; solid circles®), AcCWV, (m = 2 COOH (open circles©O, Figure 7). The agreement is
and 6). The peptide bond contributions of the peptides were reasonably satisfactory, although the (CONE{)OH point
calculated by subtracting from the measured free energies the fregg statistically different from the equivalent Leu-determined

energy of deprotonation of the carboxy termiri4.78 kcal/mol) - . P .
and the hydrophobic-effect contribution of the Leu side chains and point. This could indicate a dependence of peptide bond

a carbons calculated from 228, The result is the free energy ~ Solvation energy on the side chain, but we caution that the
of transfer of (CONH)COOH. Open squaresdj are values valine peptide measurements are difficult to accomplish and

calculated from the Leu peptides, and the open circlgsafe the are near the limits of experimental feasibility.
values calculated from the Val peptides. Similarly, the free energy  \ye considered the possibility that length-dependent changes

of transfer of a COOH group—2.7 + 0.05 kcal mot?, open in the ionizati fth b - e f
diamond, %), was calculated from the free energy of transfer of !N the lonization of the carboxy terminus, arisiregg, from

acetate (solid diamond$) by accounting for the hydrophobic ~ Steric effects (Creighton, 1984), might have affected our
contribution of the methyl group. The best straight line through measurements and their interpretation. The aqueous insolu-
the n = 2—5 backbone points yielded a slope 62.00 + 0.11 bility of the longer Leu peptides precluded the possibility

kcal/mol per CONH and an intercept ef2.31+ 0.41 kcal/mol. ; ; ; ;
The CONH values for Val agree reasonably well with the Leu of measuring directly the carboxyl solvation energies of all

values and, combined with the acetate results, validate the Leu®f them. However, two experiments indicate that the
measurements. carboxyl solvation energy is independent of length. First,

measurements at pH 1 and pH 9 of AcWL and AcWLL
peptides AcWI,COO™ for m= 1—6 (pH 9) for the purpose  showed that their carboxyl solvation energies agreed within
of determining the solvation energy of the peptide backbone. experimental error with the value of4.78 kcal/mol used
The resulting free energies of transfer are plotted as ain our computation. Second, the differences in the free
function of peptide lengthn(= m + 1) in Figure 7 (solid energies of transfer at pH 7 and pH 9 were virtually identical
squaresHll). The data are accurately linear for= 2—5 but for all of the Leu peptides. This indicates that there was no
break upward forn > 5. Although CD spectroscopy apparent change in solvation energy & pvith length. We
measurements reveal no secondary structure for the longethus believe that there were no length-dependent changes in
peptides, Monte Carlo simulations using the OPLS force field the ionization of the carboxy terminus in our measurements.
suggest that the longer peptides can collapse by forming The —2 kcal/mol solvation energy of the peptide bond is
hydrogen bonds between backbone atoms (data not shown)considerably larger than the polar moiety solvation energies
The apparent increase in hydrophobicity for> 5 is of Ser, Thr, Tyr, Asn, GIn, and His (Figure 4) but is roughly
consistent with that possibility. Our computation of the equivalent to the polar moiety solvation energies of Asp,
solvation free energy of the backbone is therefore based uporGlu, Arg, Lys, and His, which we estimate to be?2.36,
then = 2—5 (m = 1-4) data points. The computation is —2.80, —1.63, —3.25, and—1.25 kcal/mol, respectively
done by subtracting from th\G of each peptide the (Wimley et al., 1996). Itis somewhat larger than the value
ionization free energy the carboxy terminus4(78) and the of —1.74 kcal/mol estimated by Roseman (1988) from the
hydrophobic-effect contribution of the total nonpolar ASA FP data for Ac-X-amide peptide bonds but smaller than the
of the peptide (22 8r,p). This results in the calculated free  value of —2.71 kcal/mol that he calculated by means of
energy of transfer of (CONHEOOH because the carbons Hansch and Leo fragmental constants [see Hansch (1993)].
and the acetyl CHare included irAm,. The result of this ~ Roseman (1988) suggested that in polypeptides the flanking
computation is shown in Figure 7 by the open squal®s (  peptide bonds could further reduce the peptide bond free
A nonlinear least-squares fit of the pointsA& = AGcoon energy to—0.76 kcal/mol, which is considerably smaller than
+ NAGcony Yielded AGcoon = —2.3 + 0.4 kcal/mol and our value.
AGconn = —2.00£ 0.11 kcal/mol. The solvation energy From our value oAGgyycy = —1.15+ 0.11 kcal/mol and
of the glycyl unit —CH,—CONH- is obtained by adding the side chain solvation energy values of Table 2, one can
the hydrophobic effect contribution of a Gly methylene. The estimate the solvation energy of a complete amino acid
result isAGgycy = —1.15 £ 0.11 kcal/mol which agrees residue. For the pentapeptide side chain values of Table 2,

<

-10

AG (kcal/mol)

Backbone (calculated)\\\

15
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all residues faVQr the aqueous phase except for_ Val, CyS’TabIe 3: Computed Solvation Parameters from Partitioning of
lle, Leu, Met, His, Tyr, Phe, and Trp. The FP side chain AcwL-X-LL and Ac-X-Amide from Octanol to Water

values behave similarly except for His, which is predicted —, J~c group ACWLX-LEE  AcXamid®  EWYSY
to favor the aqueous phase.

nonpolaf 22.84+0.8 20.9+ 2.5 18+ 1
The very favorable octanol-to-water transfer free energy gyfyre 167+ 8.4 195+ 6.6 ‘546
of the peptide bond indicates that wet octanol provides a polarf 40430 —6.55+3.0 -9+3
rather poor hydrogen bonding environment for the peptide positive? —25.0+44 —223+36 —38+4
backbone. This suggests that octanol may not be a good Negativé —341+51  —27.4+4.0 37T
del f he | b f . . f backb residual 27+ 47 113+ 204
model for the interior of proteins in terms of backbone ,chige bond —96+6 ~— 5O

hydrogen bonding. The often debated issue of the contribu- carboxy terminus —102+ 6

tion (_)f backbone hydrogen bonding to protem stability a Solvation parameters in units of cal/mo¥/determined using eq 6
remains unresolved. One must thus be cautious aboutand the pentapeptide free energit& of Table 1. Side chain free
incorporating octanetwater-derived peptide bond solvation  energiesAGey, relative to the Ala peptide were used in the determina-
energies into computational comparisons of protein stability ions: AGep = AGwix.. — AGwau - ° Solvation parameters in units

[see below and extensive discussion of Liu and Bolen of cal/mol/A? determined using eq 6 and the modified FP side chain
(1995)] solvation energie\Gex, = AGY” of Table 2.¢ Equivalent solvation
: parameters determined by Eisenberg, Wesson, and Yamashita (EWY)
Computation of the Octanol-to-Water Free Energies of (1989).¢ Nonpolar includes aliphatic (CH, GHand CH) and aromatic

Transfer of Hydrophobic PeptidesThe above considerations ~ carbons of Trp and Phe in the determination of the solvation parameter,

lead to the formula Aonp. Nonpolar also included the aromatic and aliphatic carbons of
Tyr when finding the polar, charged, and sulfur solvation parameters.

AG = —4.78+ AGcoon + NAGeony T AOnpAnp e Sulfur includes—SH in Cys and-S— in Met. f Polar atomic groups:

(4) —OH of Ser, Thr, and Tyr—CONH, of Asn and GIn;—COOH of

protonated Asp and Gly§.Positively charged groups: entireNH-
for computing the free energies of transfer (kcal/mol) of short C(NH)" guanido group of Arg and theNHs" of Lys. " Negatively
N-acetyl hydrophobic peptides (esidues) from octanol to ?r?:?:r?)og;;l:grsr%isﬂgggggnofeﬁrsg i";‘]”quS'U- S'Zgisexfgoég‘NCHde
water Whefeqﬂp is determined from Monte Carlo S'm_UIatlonS KValue estimated by Eisenberg and McLachlan (1986) from data of
of accessible surface areas anrdl.78 kcal/mol is the  conn and Edsall (1943) Determined from the free energy of depro-
ionization free energy of COOH. The accuracy of the tonation and free energy of transfer of COOH (see text).

formula forn = 5 is easily verified using the data of Table
1. It should be accurate far < 5 but may be inaccurate  (X). This helps reveal systematic variations of the calculated

for n > 5 if there is significant collapse of peptides into Vvalues from the experimental ones in the manner of Figure

more compact structures. 3. The nonpolar ASP was held constant because Figure 3
suggests that it is accurately estimated from eq 5. The value
Sobation Parameters of Aonp obtained from a completely unconstrained fit is

invariably smaller than the one obtained using eq 5 which
) | ) - causes theAGgdX) values for the hydrophobes to be
both the pentapeptides and the acetyl amino acid amidesgystematically smaller thahGeg(X). For the pentapeptides,
(modified FP solvation energies, Table 2) in the manner of \ o'\ ,sed the direct experimental data of Table 1 taken relative
Eisenberg and McLachlan (1986) with three modifications. i, the Ala peptide to avoid the glycine anomaly. For the
First, we determined the solvation parameter for the “ali- Ac-X-amides. we used the modified FP values of Table 2
phatic” groups as in Figure 3 by fitting the solvatiqn energies p .+ referenced them to the Ala peptide in order to be
for Ala, Val, lle, Leu, Phe, and Trp to the equation consistent with the pentapeptide calculation.

AG,, =K+ Ag, AA, (5) The side chain solvation parameters for the pentapeptides

) o and Ac-X-amides are summarized in Table 3 and the
whereK is a constant. Second, we classified the uncharged c5\cyjated side chain solvation energies compared to the

and charged polar moieties pf the side c_hgins as Si”gle_atom'cexperimental ones in Figure 8. The two sets of solvation
groups rather than attempting to subdivide the moieties by parameters are in good agreement exceptia, which is

atom type (see footnotes of Table 3). The groups are yqgjtive for AcWL-X-LL and negative for Ac-X-amide. The
designated as polar (pol, uncharged polar groups), positivegjgn reversal occurs, of course, because the polar side chains

(pos, positively charged moieties), and negative (neg, of the pentapeptides are apparently less polar for reasons
negatively charged moieties). Sulfur (S) was treated as ayegcriped earlier (Figures 4 and 5). For comparison, the
distinct group. Third, we determined the solvation param- qq|yation parameters of Eisenberg et al. (1989) determined
eters using standard nonlinear least-square methods 1Gyom the FP Ac-X-amide data are included in Table 3 under
minimize the differences between the experimentally deter- o heading EWY89. The primary differences are that our
mined solvation free energiésGe,{X) and those computed  Ac_x-amide value for theAoy, is larger (see above) while
from the solvation parameters using the Adpol, A0pos and Acneq values are smaller. The latter

= differences occur because we attributed the solvation energy
AGeadX) = K+ Adngfnp + A T Adpofyo + to the entire polar moiety rather than attempting to subdivide

ATpodpos T AGnedneg ©) the moiety into specific atom types. The subdivision

K and Aoy, are held constant during the fit at the values attributes, in effect, the free energy to a smaller ASA which
determined using eq 5. For want of a better term, we refer increases the solvation parameter. The biggest difference
to K as the residual. Our purpose in retaining it in eq 6 was occurs forAgs probably because of the modification of the
to force the nonpolar residues to fall along a line of slope 1 FP data to include our pentapeptide value for Cys. Despite
when the values oAG:q{X) were plotted againsAGey- these differences, however, the agreement between the

Side Chains We determined the solvation parameters for
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3.0 ——1——T1——T7—— — peptide bonds of 10 Abetween two peptides would result

- A Phe 1 in a 1 kcal/mol difference in free energy that might be
20 - mMet LLeu TP attributed erroneously to the side chains. Such a difference
o i Ga e ] in peptide bond exposure exists (Table 1) between the Ala
= e and Val pentapeptides, yet their difference in free energy

3 L mHis mcy E . . .

£ o0l _ appeatrs to be explained entirely by the changes in nonpolar
= L Cy T i accessible surface area (Figure 3A). Considerations of the
& a0} s g, - other pentapeptides in this vein does not reveal any system-

3 mAsn 1 atic differences iMAGq (Figure 5) that can be attributed to
g 20t . changes in exposure of the peptide backbone. Two possible
Cly mAE ] explanations for the apparent lack of a backbone effect are

30 mAP 7] errors in ASA estimates arising from deficiencies of the

40 P N e T Monte Carlo simulations or failure of the peptide bond

40 30 20 1.0 00 1.0 2.0 3.0 solvation energy to be described ByconiAAconn The

latter explanation would call into question the use of the

3.0

L - 1~ 1 1 T 17 solvation parameter formalism for computing peptide bond
20 i B ) 1 contributions in computational comparisons of protein sta-
| Met | bilities were it not for the fact that about 80% of the peptide
10 b \2’1" e _ bonds are fully buried in folded proteins (see below). That
3 L i | - is, the peptide bond contribution is given approximately by
é 0.0 | Gﬁu(*nlf‘ Bcys - NAGconn, Wheren is the number of residues.
g Lo _ Gl:mlAsp(mG‘y A Computational Comparisons of Protein Stabilityin
g Lysm | computational comparisons of protein stability using solva-
2“ 20 kb _ tion parameters derived from octanabater partitioning, the
oo ] solvation energy of the peptide backbone is generally
30 m Argm - calculated using solvation parameters computed from the side
‘o w0 ] chain solvation energies (Juffer et al., 1995; Holm & Sander,

1992; Eisenberg et al., 1989; Chiche et al., 1990). The results

-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 .- . . .
AG.. (kcal/mol) presented above indicate that that assumption is not valid.

exp How large an effect will the use of the correct peptide bond

Ficure 8: Comparisons of the side chain free energies calculated golvation parameter have on such calculations? We explored

using solvation parameterAG.adX); eq 6 and Table 3] with the : ; ;
measured valuesGe(X). (A) Results for the modified Ac-X- that question for a number proteins by calculating the

amide values (Table 2). (B) Results for the AcWL-X-LL peptides difference in sqlvation free energy betV\_/een the foId_ed state
(Table 1) including the data for both protonated (n) Asp and Glu and a hypothetical unfolded state in which the protein chain

and deprotonated-) Asp and Glu. See text. is fully extended (see Methods). We determined the solva-
tion free energy differencedGogs and AGygg for the
calculated and experimental values of side chain solvation proteins using-6.55 and—96 cal/mol/&, respectively, for
energies is about equivalent to the agreement observed bythe peptide bond solvation parameter (Table 3) by means of
Eisenberg and his colleagues (Eisenberg et al., 1989eq 6. The results are summarized in Figure 9. Whereas
Eisenberg & McLachlan, 1986). AGiss always favors the folded statAGngs never does.
Charged Terminal Carboxyl The hard-sphere Monte Furthermore, the use of the correct peptide bond solvation
Carlo calculations indicate that the accessible surface aregarameter leads to the conclusion that the favorable contribu-
of the carboxy terminus is 694 0.4 A2. The free energy  tion of the nonpolar ASA to stability is about equal in
of transfer of the terminal carboxyl equals the free energy magnitude to the unfavorable contribution of the peptide
of transfer of—~COOH (—2.3 kcal/mol, see above) plus the backbone.AGgs is approximately given by the sum of the
free energy cost of deprotonation4.78 kcal/mol) or=7.08  solvation energy differences of the polar and charged
+ 0.40 kecal/mol. From these numbers the solvation param- moieties of the side chains as a result (Figure 9). Because
eterAacoo for the charged carboxy terminus is found to be the solvation parameter formalism for computing protein
—102 + 6 cal/mol/A&, which is considerably larger than stability does not include the entropy of folding, which will
Aonegdetermined from the Asp and Glu of the pentapeptides. pe unfavorable, one must suspect that the free energy cost
This is consistent with Roseman’s (1988) conclusion that of exchanging the backbone:water hydrogen bonds of an
terminal polar groups should be much more hydrophilic than ynfolded protein for backbone:backbone hydrogen bonds in
interior polar groups. a folded protein is likely to be smaller than the value
Peptide Bond The average ASA of the Leu peptide bonds suggested by octaneivater partitioning. Our computations
in the AcWLn peptides is 20.8t 1.2 A% which leads to a indicate that about 80% of the peptide bonds are completely
CONH solvation parametehoconn of =96 £ 6 cal/mol/ buried in the folded protein, consistent with the observation
A2 This value is about twice as large as that estimated by of Stickle et al. (1992) that 68% of the hydrogen bonds in
Eisenberg and McLachlan (1986) and only slightly smaller folded proteins are of the backbone:backbone type. Thus,
than the carboxy terminus solvation parameter. even modest reductions, in the free energy cost of transferring
The large magnitude afocony raises a concern about peptide bonds from water to the interior of proteins, relative
the interpretation of theAGs. values determined for the to the water-to-octanol values, could dramatically alter the
pentapeptides. For example, a difference in exposure of theresults of Figure 9.
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T T T T T T T T T T T T T T or both. NMR measurements of peptide conformations in

S Toattosnh) octanol and water may allow the role of conformational

Backbone (96) effects to be evaluated. _

Sum plar o ®o Analyses of the accessible surface areas of the pentapep-
tides determined by hard-sphere Monte Carlo simulations
show how mutual occlusion of nonpolar surface area among
the side chains can affect peptide solvation energies. The

analyses confirm that it is inappropriate to assume that the

solvent exposure of side chains in unfolded proteins is
equivalent to the exposure found in Gly-X-Gly or Ala-X-

Ala tripeptides. This conclusion is supported by the obser-

vation that the apparent side chain solvation energies of

residue X in AcWL-X-LL are reduced by 20%10%

compared to the Ac-X-amides.

The measurement of the solvation energy of the peptide
bond is consistent with the early estimate of Cohn and Edsall

Ficure 9: Computational comparisons of the stabilities of proteins (1943) and reveals that the peptide bond is extremely polar.
of known structure using two different values for the peptide bond Wheﬁ the splvatlon energies of the peptide bacl_<bone_ and
solvation parameter. The meanings of the symbols are indicated inthe side chains are combined, only the hydrophobic residues
the upper left-hand corner of the figure. The solvation free energy larger than Ala are found to favor the octanol phase
is calculated by means of eq 6 from the differences in the accessibleynequivocally. The peptide bond solvation parameter, which

surface areas between the native state determined from theyqormga)izes the solvation energy for accessible surface area,
crystallographic coordinates and an unfolded state defined as the.

fully-extended protein chain (see Methods). The contribution to the is about equal to the solvation parameter of the carboxy

free energy of the peptide bonds assuming solvation parameters of€rminus and is much larger than the solvation parameters
—6.55 and—96 cal/mol/& are indicated by open squarés) @and of the uncharged polar side chains. In computational

open d_iamonds<§), respectively. The total solvation free energies comparisons of protein stability which use mole-fraction-
assuming solvation parameters-66.55 and—96 cal/mol/& are based solvation parameters derived from octamaiter

indicated by closed squared) and closed diamonds®(, o h f bl \vation f .
respectively. Solvation energies calculated using the larger solvationPartitioning, the unfavorable solvation free energy arising

parameter always disfavor the folded state. Notice that the from the burial of peptide bonds is found to be approximately
magnitude of the nonpolar contribution (open trianglesis about eqgual in magnitude to the favorable contribution arising from
equal in magnitude to the unfavorable contribution (open diamonds, the burial of nonpolar surface. This result suggests that
Q) of the peptide bonds calculated using the larger value of the octanol-water partitioning of peptide bonds may greatly
solvation parameter. . - - .
overestimate the cost of burying peptide bonds in folded
ComputingAGyigs With the set of pentapeptide solvation proteins. Solvation parameters derived from FleHug-
parameters (Table 3), which has a positive solvation param-gins-corrected free energies, on the other hand, lead to the
eter for uncharged polar groups, has no significant effect on conclusion that the free energy decrease arising from the
the results. However, we note that the use of Hery burial of nonpolar surface is much larger than the increase
Huggins-corrected solvation parameters (see Appendix) leadsarising from burial of peptide bonds. However, we do not
to large negative values &Gigg rather than the positive  believe that this finding supports the use of Fleiyuggins
values obtained with the mole-fraction-based units used corrections because of uncertainties about the implementation
throughout this paper. This occurs because the Hory of Flory—Huggins corrections, the appropriateness of octanol
Huggins correction doubles the nonpolar solvation parameteras a model for the interior of folded proteins, and the
without significantly affecting the polar solvation parameters. adequacy of the solvation parameter formalism as a means
Does this result support the use of the FleRuggins of computing the free energy of folding.
formalism? We do not believe that question can be answered
for three reasons: (1) The standard formalism probably over ACKNOWLEDGMENT
estimates the correction, and there is no agreement as to how
the correction should be made in practical cases (see
Appendix); (2) octanol may not be a good model for the
interior of folded proteins; and (3) the solvation parameter
formalism ignores important thermodynamic details of
protein folding such as entropy and heat capacity changes
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. . .__calorimeter.
The overall agreement between the side chain solvation

energies of the AcWL-X-LL pentapeptides and the acetyl AppeNDIX

amino acid amides is excellent except for the uncharged polar

residues which are apparently much less polar (Table 2). The Shown in the last two columns of Table 2 are values of
same conclusion is reached when the solvation parameters\Gy andAGSXG computed using the FloryHuggins (FH)

for the two classes of peptides are compared (Table 3). Theformalism (Sharp et al., 1991; De Young & Dill, 1990) for
difference in the behaviors of the uncharged polar groups calculating values ofAG which includes a free energy
may be due to the presence of a larger number of flanking correction for solute and solvent molar volumes. These data
peptide bonds (Roseman, 1988) or conformational effectsare given relative to the experimental Gly rather than a GLY*
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because the glycine anomaly is less apparent for the FH-
corrected values A AG for the hydrophobes than for mole-
fraction unit values.

The need for the FH correction to solvent partitioning was
supported by experiments reported by de Young and Dill
(1990) and subsequently by a theoretical analysis of the
formalism by Sharp et al. (1991). The applicability of FH
partitioning free energies to protein folding is highly
controversial (Sitkoff et al., 1994a,b; Lee, 1994b; Holtzer,
1994, 1995b). Two recent analyses provide convincing
support (Kumar et al., 1995; Chan & Dill, 1994) but suggest
that the standard formalism probably overestimates the

Wimley et al.

Holm, L., & Sander, C. (1992). Mol. Biol. 225 93—105.

Holtzer, A. (1994)Biopolymers 34315-320.

Holtzer, A. (1995)Biopolymers 35595-602.

Juffer, A. H., Eisenhaber, F., Hubbard, S. J., Walther, D., & Argos,
P. (1995)Protein Sci. 4 2499-2509.

Kemmink, J., van Mierlo, C. P. M., Scheek, R. M., & Creighton,
T. E. (1993)J. Mol. Biol. 23Q 312-322.

Khechinashvili, N. N., Janin, J., & Rodier, F. (199Bjotein Sci.
4, 1315-1324.

Kim, A., & Szoka, F. C. (1992Pharm. Res. 9504-514.

Kumar, S. K., Szleifer, ., Sharp, K., Rossky, P. J., Friedman, R.,
& Honig, B. (1995)J. Phys. Chem. 98382-8391.

Lakowicz, J. R. (1983) ifPrinciples of Fluorescence Spectroscppy
Plenum Press, New York.

correction. Because there is no agreement on precisely how-e€, B. (1994)Biophys. Chem. 51263-269.

the correction should be made in practical cases, we include
the standard formalism FH side chain free energies in Table
2 and caution that the true FH solvation free energies are
probably smaller. The qualitative conclusions of our work
are unchanged, however, by the use of the FH formalism.
Hydrophobic free energies remain proportionalMAar,, as

in Figure 3, and the apparent solvation energies for all of
the polar side chains remain unfavorable as in Figure 5. The
effects of FH corrections are strictly quantitative ones: The
solvation parameters derived from the pentapeptide solvation-
energy scale (Table 3) become, in units of cal/mal/A
nonpolar,+43.94+ 2.3; sulfur,+31.3+ 9.2; polar+17.3+

3.3; positive,—11.4+ 4.7; negative;~19.8+ 5.6; CONH,
—85.6; COO, —144. The solvation parameters derived
from the modified FP scale become, in units of cal/méJ/A
nonpolar,+39.2 + 3.5; sulfur,+35.5+ 8.6; polar—6.6 +

3.8; positive,—10.5 + 4.6; negative,-13.5+ 5.1.
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