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Relation between peptide backbone solvation and the energetics of
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Abstract

The H-bond inventory approach is used commonly to interpret data involving changes in the number or types of
protein hydrogen bonds. | point out here that this approach gives an incorrect answer either for the standard free
energy or enthalpy of the reaction between simple amides and water. On the other hand, an electrostatic solvation
approach fits almost within error the polar solvation free energies of small molecules, including amides. The
electrostatic solvation approach is used here to discuss the relation between peptide backbone solvation and the

enthalpy change for forming an alanine helix.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

For a long time, it has been controversial how
much peptide hydrogen bonds contribute to protein
stability and even whether they are stabilizing or
destabilizing. A commonly used approach is to
take an inventory of protein—water H-bonds made
by the unfolded protein and of peptide H-bonds
made by the folded protein, and then to use
auxiliary data to deduce the difference between
their H-bond energies, or else to argue that the
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difference is small and can be neglected. A newer
approach is based on calculating the solvation free
energy of the peptide backbone, both in the folded
and unfolded forms of the protein, by using an

electrostatic algorithm and parameters that have
been calibrated from experimental polar solvation
free energies of small molecules. The two

approaches are compared here first by applying
them to experimental data for the standard free
energy and enthalpy of polar solvation of amides,

and then to interpret the enthalpy of alanine helix

formation.

2. Early studies of models for the peptide H-
bond in water

John Schellman’s 1955 modHl] for the stabil-
ity of an a-helix in aqueous solution proposes that

0301-4622/02/$ - see front matt@€r 2002 Elsevier Science B.V. All rights reserved.

PIl: S0301-462202)00195-3



204 R.L. Baldwin / Biophysical Chemistry 101-102 (2002) 203-210

helix formation should be driven by the net enthal- backbone itself is stable, in agreement with Schell-
py of the peptide H-bond, with the n&tH being man’s model. Moreover, alanine helix formation
approximately —6.3 kJmol per H-bond. This is enthalpy-driven withAH= —3.8+0.4 kJ'mol
value is based on interpreting heat of dilution data per residue[13]. The favorable enthalpy change
for urea solutions in terms of putative urea dimers, has been measured recently as a function of tem-
and assuming that the CO and NH groups also perature by isothermal titration calorimetry; the
form competing H-bonds to water. The change in results show thatCp is small andAH is essen-
backbone conformational entropy, which opposes tially independent of temperaturel3]. The AH
helix formation, lies between-13 and —29 J/ found by isothermal titration calorimetry13]
mol K per residue in Schellman’s model, based on agrees satisfactorily with values from some older
low and high estimates for the number of backbone studies by differential scanning calorimefd#,19
conformations available in the coil form. The in which it was not possible to separate the heat
model includes an end effect, a stability deficit, effects arising fromACp vs.AH.
arising primarily from 4 unmade peptide H-bonds
at the helix ends, plus a backbone entropy bonus 3 Enthalpy balance for the alanine helix found
equivalent to one unconstrained residue, arising from the hydrogen bond inventory
from a free backbone bond at each end of the
helix. The overall result is that short peptide
helices are predicted to be either marginally stable
or else unstable in water. Specific interactions
between pairs of side chains were found later to
be an important factor contributing to helix stabil-
ity [2,3]; they are not included in the model.
Schellman’s proposal that helix formation is
driven by peptide H-bonds was adopted in both
the Zimm-Bragg[4] and Lifson—Roig[5] treat-
ments of helix formation by statistical mechanics.

Klotz and Franzeri6] later used the dimerization X ; ;
of N-methylacetamide as a model system for deter- POnd inventory approachig], which predicts there

mining the strength of the peptide H-bond. They shou_ld be only a small free energy (_jifference when
found that the dimerization reaction is too weak Peptide H-bonds are made. In using the H-bond
to measure and afterwards the energetic status ofinventory approach, the exchange of H-bond part-
the peptide H-bond in protein folding has been Ners on forming the helix is written
obscure gnd controversifif—9. NHessW + COmes\WW < NHeseOC-+ WessW (1)
The discovery by Marqusee et al1(0] that
alanine-based peptides form moderately stable hel-where W represents water and the peptide CO
ices in water without the aid of helix-stabilizing group is assumed to make only one H-bond to
side chain interactions gave hope that alanine water. The enthalpy of the water—water H-bond in
helices would reveal the energetic role of peptide liquid water at 25°C is —22 kJ/mol, as estimated
H-bonds. Of the 20 naturally occurring amino from dividing the heat of vaporization of water by
acids, only alanine forms a stable helix in water two, for two H-bonds per water moleculgd9].
without the aid of side chain interactiorfd1]. Using this value in the H-bond inventory together
Some polar residues are needed to make alaninewith the measured enthalpy of alanine helix for-
helices water soluble, but as few as two ornithine mation (—3.8 kJ/mol), gives the sum of the two
residues at either end of a 13-residue alanine enthalpies of forming th&lHeW an@GO-W H-
sequence will suffice[12]. Because alanine has bonds as—28—-22+4= —46 kJ/mol. This esti-
only a —CH, group for a side chain, its ability to mate agrees satisfactorily with a quantum
form a stable helix in water indicates that the helix mechanics study indicating that the individual H-

The enthalpy change for forming an isolated
peptide H-bond in the gas phase-28 kJ/mol,
according to a recent ab initio quantum mechanics
study [16]. Other quantum mechanics calculations
indicate that the enthalpies of amide—amide,
amide—water, and water—water H-bonds are close
to each other, within+4 kJ/mol [17]. Thus, the
modest enthalpy change found for unfolding the
alanine helix(3.8 kJmol residug might reasona-
bly be attributed to the success of the hydrogen
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bond energies of thilHes\WW an@dO~W H-bonds
lie between—20 and—25 kJ/mol [17].

4. Standard free energy and enthalpy of polar
interaction of N-methylacetamide with water

There is a standard approach in physical chem-

istry for measuring the solvation free energy of a
solute. Equilibrium is established as the solute is
transferred from the vapor phase to the liquid, and
the Gibbs free energy of transfer is obtained from
the distribution coefficient of the solute between
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Table 1
Data for the standard free energy and enthalpy of polar sol-
vation of amides, and comparison with calculated free energies

Amide —AGP? —AH? —AGgg?
Acetamide 48.7 48.7 49.2
N-methyl' 51.2 48.1 51.0
N,N-dimethyl’ 45.4 43.1 ND
Propionamide 48.1 50.4 48.4

agxperimental values of standard free enef%°), enthal-
py (AH) and calculated values of standard free energy
(AGggp), in units of kYmol, for polar solvation, the interaction
between water and the polar groups of the amide. Values are
reprinted from[24] and refer to 25°C. Experimental values

the gas and liquid phases. The transfer enthalpy have been obtained from the measured transfer free energy or
can be measured calorimetrically. There is a large enthalpy by correcting to a standard state of 1 fhot both

difference in the free energy of liberation of the

solute in the gas phase vs. the liquid phase. It

affects particularly the entropy of vaporization of

the solute, and it opposes transfer from the gas to

the liquid phase; it must be taken into account.
There is also a small difference in the enthalpy of

liberation of the solute between the two phases.

The thermodynamics of solute liberation can be

the gas and liquid phas§®0,2], and by subtracting the cavity
and van der Waals terms with the use of a combined correction
term based on hydrocarbon data at the same value of ASA

(22

transfer free energy vs. ASAThus, the combined
correction term is assumed to depend only on
ASA. Likewise, the enthalpy of polar solvation is

eliminated, when using the transfer energetics to obtained from the calorimetrically measured trans-

obtain the energetics of solvation of the polar
groups, by using standard states of 1 phah both
the gas and liquid phasg&0]. In doing this, it is

fer enthalpy by subtracting a combined correction
term [24] given by transfer data for alkanes. The
error in assuming that the cavity term depends

convenient to treat the gas as being ideal in the 1 ONly on ASAis believed to be smal24], whereas

M standard statd21]—see equations 11 and 13
of [21].
When determining the energetics of the inter-

action between water and the solute’s polar groups,
i.e. the polar solvation, from the transfer energetics,

the error involved in approximating the van der
Waals term by this assumption has not yet been
evaluated.

The overall transfer free energy of an amide can
be measured directly in a distribution experiment

two other terms must be taken into account. The Py using isotopic labeling to provide sensitive

first term is the cavity term, which arises from the
work required to make a cavity in water for the
solute; it is chiefly entropic—seR21]. The second
term, arising from the van der Waals interactions
between the solute and water, is enthalpic.

The sum of the cavity and van der Waals terms

detection of the solute in the gas phd&&]. The
transfer enthalpy is obtained by combining results
from two experiments, in which the heat of vapor-
ization of the liquid amide and its heat of solution
in water are measureg@6]. Polar solvation enthal-
pies for 4 amides in water, obtained previously

has been evaluated approximately by using data[24], are given in Table 1. The polar solvation
for uncharged hydrocarbons, whose polar solvation enthalpy forN-methylacetamidéNMA ) is —48.1

is zero, by Sitkoff et al.[22] and also indepen-
dently by Makhatadze and Privaloi23]. The
combined correction term for the sum of the cavity

and van der Waals terms is taken from the transfer

kJ/mol and the average enthalpy of polar solvation
for the 4 amides in Table 1 is-47.6+3.1(S.D))
kJ/mol.

Note the following two properties of the polar

free energy of an alkane with the same solvent- solvation of amides shown in Table 1. First, the

accessible surface aréASA) as the polar mole-
cule. (Interpolation is made in a linear plot of

enthalpy and free energy of polar solvation are
nearly equal, as reportd@4], so that the entropy
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change when water interacts with an amide must The two H-bonds between water and the NH
be small. At first sight, this is surprising but it is and CO groups have a total enthalpy change-of
known that the entropy changes accompanying the 46.0 kJmol, according to the enthalpy balance for
formation of hydrates of inorganic salts are small the alanine heliXsee abovg and the enthalpy of
[27]. Moreover, the Born model, which interprets the water—water H-bond is—22 kJ/mol (see
polar solvation by comparing the work of charging above. Thus, the predicted enthalpy of polar
a sphere in vacuum vs. in water, predicts that the solvation of NMA is —46+22= —24 kcal/mol,
free energy of polar solvation should be almost whereas the observed value is48.5 kJymol, a
entirely enthalpic if the solvent is watel2g]. two-fold error. This discrepancy indicates that
Second, the enthalpies of polar solvation are nearly something is seriously wrong with applying the H-
the same for the 4 amides in Table 1, and so are bond inventory to the interaction between water
the free energies of polar solvation. Neither the and the polar groups of NMA. Whatever is wrong
enthalpy nor the free energy is well correlated in this simple case is likely also to be wrong when
with the solvent-accessible surface area of the the H-bond inventory is applied to the more
polar groups, which differs substantially among complex problem of forming the alanine helix.

the 4 amideq24]. A main point from Table 1 is

that the results for NMA are typical for amides 6. Electrostatic solvation of N-methylacetamide
and are not exceptional. Another main point is that in water

the close agreement between the experimental

enthalpy and standard free energy of polar solva- Most of the problems and successes of using
tion, which are measured by independent methods, electrostatic models to interpret the polar solvation
indicates that the ASA-dependent correction for energetics of small molecules in water can be
the sum of the cavity and van der Waals terms is illustrated by using the Born model to interpret
reasonably reliable, because the correction is quite the solvation enthalpies of simple iof28], which
different for the enthalpy vs. the standard free are reliably modeled as spheres. The solvation
energy[24]. As mentioned above, the Born equa- enthalpies can be measured easily and accurately
tion can be used to show that the standard free by calorimetry, although a reference value must be
energy is closely equal to the enthalpy if the assigned arbitrarily to one ion, usually the hydro-

solvent is watel[28]. gen ion. The measured enthalpy is huge for real
ions, even monovalent ones: the solvation enthalpy

5. H-bond inventory for the interaction of N- of NaCl is —770 k¥mol [28]. A major problem

methylacetamide with water in applying the Born model to solvation is the

treatment of water as a continuum solvent, which
neglects both the polarization of water dipoles
close to the ion(dielectric saturationand hydro-
gen bonding between water and the ion. Neverthe-
less, the solvation enthalpies of simple anions and
: cations can be fitted with good success if the ionic
aqueous solutiofiag) and forms H-bonds to water radius is carefully defined and if the ions consid-

XVith its NH and CO groups. If I_iqgid_ water at 25 ered do not form chemical complexes with water
C is completely H-bonded, as it is in the random [28]

network model of watef29], and if the amide NH
and CO groups both make only single H-bonds to
water, then dissolving the amide in water disrupts
one water—water H-bond and there is a net gain
of one H-bond.

The measured enthalpy for the interaction of
NMA with water may be compared with the value
predicted from an H-bond inventory as follows.
An exchange of H-bond partners occurs as the
unsolvated amidéAm) in the gas phaség) enters

For molecules more complex than simple ions,
methods of performing the electrostatic calculation
are still being developed and tested. They have in
common the assignment of partial charges on the
NH and CO groups as key parameters determining
HN—-AmM-CO (g) +WeW (ag) the polar solvation free energies of amides. The

= WessHN-AM—-CO+W (ag) 2 FDPB (finite difference Poisson—Boltzmajn
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method of Honig and coworkel22], which uses  between biological molecules. They analyzed the
the DelPhi algorithm and PARSE parameter set crystal structures of H-bonded amides and carbox-
together with the ASA-dependent correction for ylic acids, in conjunction with data such as heats
the cavity and van der Waals terms, reproduces of sublimation, and found that a simple potential
the hydration free energies of 67 small molecules function of the Lennard—Jones—Coulomb type suc-
with an average error of 0.4 kgahol. Because  cessfully describes the non-bonded interaction
the PARSE parameter set has been calibratedenergy between two atoms(r), as a function of
against a substantial experimental data base, it mayr, the distance separating their centers.

be used to predict polar solvation free energies for

new compounds of the same type. The partial v(r)=A/r*=C/r+qq;/r )
charges assigned in this way should be regarded, A and C are coefficients of the repulsive and
however, as empirical parameters, not to be usedattractive terms of the van der Waals interaction
for other purposes, because of the continuum andg;, ¢; are the partial charges on the two atoms
solvent approximation. describing their coulombic interaction.

Two different electrostatic approaches for com-  These authors found that different bond energies
puting solvation free energies have been found to and bond lengths of N+ O and G+ O H-bonds
give similar results[30] when the same partial are a natural consequence of the different van der
charges are used in both methods. The LangevinWaals radii of N and O. Moreover, they found that
dipoles method of Warshel and coworkel31] the simple potential function in Eq3) reproduces
and the FDPB method of Honig and coworkers closely the torsion angles of the H-bonds in crystal
[22] both give free energies of polar solvation structures, which include H-bonded dimers as well
which agree within 4—8 klmol for a large set of  as chains of H-bonded monomers. Modern work
tripeptides of varying sequences and backbone [35,36 continues to hold open, however, the rel-
conformations [30]. The PARSE parameter set ative sizes of the contributions to the peptide
used with DelPhi reproduces closely the free ener- hydrogen bond from covalency and from simple
gies of polar solvation of the 4 amides in Table 1, electrostatics, of the type shown in E@).
as expected: the partial charges of the PARSE

parameter set have been optimized for a set of 8. Electrostatic solvation approach to the enthal-

model compounds that includes these ami@5. py of alanine helix formation
7. Amide H-bonds represented by partial The electrostatic solvation approach can be used
charges to estimate the enthalpy of alanine helix formation,

) ) ] _as indicated schematically in this cycle
The interaction of water with polar groups in

small molecules can be represented successfullyhelix (g) <> coil (9)
by electrostatic models based on partial chargesII '
assigned to the polar aton{22,31,32. Can the @
peptide hydrogen bond itself be described by an ,__. :

electrostatic model based on partial charges helix (ag) < coil (ag)

assigned to the N, H, O and C atoms of the peptide The hydratiofdehydration steps indicated Ly
group?(The NH and CO groups are customarily are given by calculated values f&Gggr of the
assumed neutral, so that placing-eharge on O  peptide group in the helix and coil states. The
or a + charge on N is equivalent to placing approximation AGgse~AH gives the enthalpy
dipoles on the CO and NH groups.This long- change from the calculatebiGes.. The net enthal-
standing questiofisee Pauling33]) was analyzed py change for heli¢ag) — coil(ag) is known
by Lifson, Hagler and coworker4], who in the experimentally (3.8+0.1 kJmol [13]) and the
early 1970s undertook the development of a con- enthalpy change for helixg) < coil (g) can in
sistent force field for representing interactions principle be found by quantum mechanics calcu-



208

R.L. Baldwin / Biophysical Chemistry 101-102 (2002) 203-210

lations for the gas phase. When the enthalpy Most of the interaction energy is with the peptide
changes for all four steps of the cycle have been CO group: AGege= —8.4 kJmol [24]. (2) N-

found, the results provide a test of the self-
consistency of this approach.

There are some problems, however. The(cmjl
conformation must be known accurately before its
AGegr can be calculated and likewise the €g)l
conformation must be known accurately before
guantum calculations can be performed on it. A
solution to these problems is provided, in principle,
by writing out the coil conformation explicitly as

methylacetamide is a poor model for the interac-
tion between water and the peptide group in the
coil state, becaus&Geggr is —51.0 kJmol for N-
methylacetamidéTable 1 but is only —33.1 kJ

mol for an interior peptide group in &-strand
peptide[24]. (3). The energy of a helical peptide
H-bond, in a solvent-exposed helix, should depend
substantially on the number of neighboring helical
H-bonds because of the long-range nature of the

an ensemble of species without peptide H-bonds dipole—dipole interactions among the peptide NH

whose backbone conformations are known.

helix () <= alg) <= B@ <= P(Q <>
g g g i
helixag <= «a(ag = B@aq = Pi(aq <> o=
(5)

In scheme (5), o is the a-helix backbone
conformation in a species without peptide H-
bonds,a is the extended, i.g3-strand, conforma-
tion, and R is the backbone conformation of the
polyproline 1l helix. The problem of determining
the actual distribution of backbone conformations
of alanine peptides without H-bonds is currently
being studied by NMR method&N. Kallenbach,
personal communication There is a problem in
determiningAGgge in the a-backbone conforma-
tion if the value for an interior residue in a long

peptide without H-bonds is desired, because pep-
tide H-bonds are formed when 4 or more consec-

utive residues are in the-backbone conformation.

ESF calculations have been reported for some

alanine peptides with either the or B-backbone
conformation in peptides without H-bonds
[24][40] and for two helices with either 5 or 15
alanine residueg24]. The results provide infor-
mation about steps in schenB). (1) The inter-
action with water of the peptide group in an alanine
helix has AGgge= —10.5 kJ¥mol for the central
residue (number 8 in a 15-residue helix[24].
Consequently, water still interacts rather strongly
with the peptide group in a helix even though the
peptide H-bond is formed. This finding contradicts

and CO dipoles. This effect is evident from the
change in the value afGggr with residue number
near either end of the 15-residue alanine helix
[24], when considering only residues both of
whose peptide NH and CO groups are H-bonded.
A recent report states that the amide H-bond
energies in chains of H-bonded formamide mole-
cules depend strongly on both the length of the
chain and H-bond position in the chala7].

Known information about steps in scherfi®)
can be combined to give a very approximate
estimate ofAH for alanine helix formation, by
connecting the upper and lower rows of the cycle
through the stepg(ag) — B(g) and heliXg) —
helix(ag), and then omitting the other steps(is),
notably the steps involving(ag) and a(g). This
shortened cycle gives-33.1 —27.6—-10.5-AH=
0, or AH= +5.0 kJ/mol for helix(ag) = B(ag), in
satisfactory agreement with the measured value for
helix (ag) — coil(ag) of +3.8 kImol [13].

9. Concluding comments

Taking a H-bond inventory has been a standard
approach to understanding the role of peptide H-
bonds in protein folding18]. Evaluating backbone
solvation via an electrostatic approach provides an
alternative approach to understanding peptide H-
bonds. The use of an electrostatic approach to
represent the polar solvation free energies of small
molecules is now well establishefP2,31,32,
although discussion continues about how to
improve the calculations. Experimental solvation
data for small molecules suggest that backbone

the common assumption that there is no interaction solvation should be a major factor in the energetics

with water once the peptide H-bond is made.

of protein folding [23—-29. The electrostatic
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approach shows by calculation how backbone sol-

vation should affect the energetics of protein fold-
ing [16,24,30,38 Two major predictions are(1)
the H-bonded peptide group still interacts strongly
with water, in both solvent-exposed helicE4]
and B-hairpins[38], and(2) non-polar side chains

reduce the interaction between water and the back-

bone substantially, and this effect is likely to be
the major cause of differences in both helg4]
and B-structure [38] propensities (see also
[30,39).
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