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We investigated the additivity of the solvation free energy of amino acids in homogeneous helices of different
length in water and in chloroform. Solvation free energies were computed by multiconfiguration thermodynamic
integration involving extended molecular dynamics simulations and by applying the generalized-born surface
area solvation model to static helix geometries. The investigation focused on homogeneous peptides composed
of uncharged amino acids, where the backbone atoms are kept fixed in an ideal helical conformation. We
found nonlinearity especially for short peptides, which does not allow a simple treatment of the interaction
of amino acids with their surroundings. For homogeneous peptides longer than five residues, the results from
both methods are in quite good agreement and solvation energies are to a good extent additive.

1. Introduction render the method computationally very expensive or even
It has been well recognized that solvation effects play a crucial prohibitive when applied to large systems such as proteins.

role in almost every process in molecular biology, for example, Implicit solvent models reduce the .epr|C|t interactions
in protein folding and the molecular recognition among proteins Petween solute and solvent to a mean field property that only
or for the aggregation of transmembrane helic8sAll these ~ 'elies on the solute conformatidit*2* Therefore, they are
processes are associated with the transfer of a solute, mostlyeurrently heavily used in areas comprising protein structure
amino acids or proteins, between a polar solvent with a high Prediction?>=%° protein folding?~#3-% and modeling protein
dielectric constant and a nonpolar medium. During transfer, a Protein/ligand interactiof®>%° All these implicit solvent models
set of noncovalent contacts is formed or broken within the solute @ssume, either in p&#t>*4®4% or completely}*-2 that solvation
molecules and between solute and solvent molecules. Thefrée energy contributions due to neighboring segments are
accurate description of solvation effects is therefore an essentia@dditive. Whereas additivity is certainly not fulfilled for charged
part of any systematic approach aiming at contributing to the @mino acids, this assumption is based on the idea that the
understanding of such processes. interactions of polar and nonpolar side chains affecting the
Over the past decades, many experimental studies haveSolvent structure are of the short-range nature. Supporting
addressed the solvation properties of amino acids as well as ofévidence comes from an experimental study of solubilities of
peptides’~14 However, experimental techniques have not been the peptide backbone unitin various solve"ﬁt*ﬁhgre, backbone
able to determine solvation free energies of the charged aminotransfer free energies were found to be additive. On the other
acids, and it is hard or even impossible to control the backbone hand, a theoretical study of the formation of secondary structure
conformations of the peptides in experiment. Theoretical model- 0bserved nonadditivity for the free energies of the formation
ing of bi0|ogical Systems is thereby h|gh|y desirable to Comp|e_ of shorta-helices Using the finite difference PoissdBoltzmann
ment experimental studiéd518 method®® It appears that this implicit assumption of solvation
When applying computational methods for deriving solvation free energies being additive has not comprehensively been tested
free energies of peptides or proteins, one constantly faces theso far.
dilemma of achieving both physical accuracy and computational Recently, parametric studies of implicit solvent models are
efficiency. The most reliable theoretical methods available today focused on closely matching the data from experimental and
are free energy calculations that have been thoroughly refinedexplicit solvent simulations of small molecul&$*5*However,
during the 1990s allowing for systematic studies of solvation if solvation free energies of neighboring segments are not
properties. Two variants of these are free energy pertubddtion additive, would it still be suitable to extend the parameters
and thermodynamic integratiGARecent studies on the hydra-  derived from data for small molecules to large systems or, the

tion free energies of amino acid side-chain analo§uésusing other way around, to apply models parametrized for large
multiconfiguration thermodynamic integration (MC39)with systems to small molecules?
separation-shifted potential scalfi§’achieved very satisfactory What is an appropriate method to answer these questions?

agreement with experimental studies. However, this method Experimental results suffer from shortcomings when decompos-
requires an explicit representation of solvent molecules, and theing results into sequence-dependent and conformation-dependent
results crucially depend on how complete the relevant parts of contributions. Another problem concerns the solubility of
the conformational space were sampled. These requirementseptides that often requires the addition of blocking groups.
~ Fortunately, such issues are less of a problem in theoretical
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Molecular dynamics simulations were performed in both
backbone (fixed) chloroform and water as the solvents.

B ] All simulations were carried out using the NWChem 4.5

1 H Q| | smsmmmessmsesrs e : package® with the AMBER99 force fielc?® The atomic charges

H, | ‘ ‘ H, of the chloroform model were-0.3847 e for the carbon atom,
_C »N\ /Cx G 0.2659 e for the hydrogen atom, and 0.0396 e for the chlorine

NHZ--""" ~c e SN “~COOH! atoms, respectively. The molecules were solvated in cubic boxes

| H 3 of 4.0 nm side length, using chloroform or TIP3P water

molecules’? respectively, with an initial minimum distance of

at least 1.3 nm between the boundaries of the box and the nearest

solute atom (excluding dummy atoms). All coordinate sets were

S 1 first optimized by 500 steps of steepest-descent energy mini-

/ R4 n\ mization. The solvent and modeled residues were then relaxed

- during a 1 nsmolecular dynamics (MD) simulation at 300 K

side chain / prior to the free energy calculation. The SHAKE proce@tre

gly (dummy) 0 gly (dummy)

(flexible during the simulation) ) 3 N

was applied to constrain all bonds that contained hydrogen
e atoms. The time step of the simulations was 2 fs throughout.
Figure 1. Structure of the system used for MD simulations and MCTI Nonbonded interactions were treated using a cutoff of 1.2 nm.
calculations. The atoms of the central residues are shown in bold andThe temperature and pressure were maintained by weak coupling
dummy atoms are colored in gray. to an external bath in all simulatiofiFor the simulations in
chloroform, the pressure coupling time was set to 5.0 ps and
the isothermal compressibility was set to 9:9840 ~19m2 N-1
For the simulations in water, the coupling time and compress-
ibility were 0.5 ps and 4.5 10 ~19m2 N1, respectively.

Free Energy Calculations.The solvation free energies of

all peptides were calculated according to the following ther-
modynamic cycle

involved, applications of MCT]I to the computation of solvation
free energies were so far restricted to single amino acids. This
study is the first attempt to tackle polypeptide systems up to
nine residues in length. Therefore, an important test was to
compare the results from MCTI calculations with GBSA, one
of the most popular and efficient implicit solvent models.

As an extension of our previous wdpkand in order to
combine this work with an ongoing project in our group, A
designing a residue scale force field for the structure prediction
of transmembrane proteif%we chose homogeneoushelical AGpepiide-dummy sotvenit AGson,dummy (1)

eptides of different lengths as model systems for this study.
'FI)'hIiDs choice was motivate?d by the foIIowin)é considerations: (1))/ AGpepiige -dummy vacuum aNd AGpepiige-dummy sovent are the  free

restricting the peptide backbone to a given conformation energy Q|fferenpes for switching Of.f the sqlu{solvent non-
facilitates sampling during the simulations, (2) focusing on bonded interactions (van der Waals interactions and electrostatic

homogeneous-helical peptides keeps the Sequer]ce_dependentinteractions) while keeping their bonded interactions and atomic

contributions obvious and understandable, and (3) by comparing,[nass’fes .uncgangeAGtsow,dun;my the free eln(targy lchar;gg for
the results for different types of amino acid residues, one may branz ef.rrl'rt{g urgrrlly ?om? rom vacuum |n|o ‘T’Otvgnt’) IS zerﬁ
attempt to dissect the backbone contributions from the side- Y d€finition. solvation iree energies caiculated by suc

chain contributions. We note, though, that backbone and Side_th(?rr?o?ynamlc CyCle; are conbcentratlon mdepen?ﬁefnt.
chain contributions are commonly interdependent and a true 1 _% rezien_erlgyd ! ergngeb ?htwgeﬂ tW.cl)tSt"?‘t?;f{ _agystem
separation is not possible in a strict sense. (4 =0 andZ = 1) described by their Hamiltoniart$(4 = 0)

andH(A = 1) can be obtained by thermodynamic integration

Gsolv, peptide= AGpeptide*dummy,vacuum_

2. Methods (Thzees
Molecular Dynamics Simulations.This study addresses the 8G(/1) 0 aH(,l)
solvation properties of homogeneoashelices composed of AG= fl ( = L/; A Dd/l (2)

uncharged amino acids. The coordinates of sudtelices with
a length of five were modeled using the TINKERpackage.  where/ is a control variable that determines the state of the
Each peptide (Xjis flanked by two glycine residues of the system and the brackets denote taking the ensemble average at
form Gly—(X)a—Gly (see Figure 1). The atoms of the two a particular value of. As the perturbation from = 0 to 1 =
flanking glycine residues were treated as “dummy” atoms (see 1 is performed in discrete steps, the integral is evaluated as a
below under Free Energy Calculations). The systems are namedsum of ensemble averages in the MCTI mefifod
GX5G (X refers to the one letter code of amino acids). For the

cases of alanine and asparagine, we also investigated their H
homogeneous-helices of lengths 2, 3, 4, 5, 6, and 9 (named AG= %D& AZ; ®3)
GXnG, wheren refers to the number of residues). The dihedral

angles of the peptide backbone were set to the values of an
ideala-helix (p = —58°, v = —47°). For comparison, two five-
residue-long homogeneous peptides were also modeled in a
extended conformationg(= —135, v = 135) (named

GASGST and GN5GST). During the simulations, all backbone
atoms were kept fixed in their starting geometry because we E(AG) = /z E2A), (4)
1

wherei is the index of different values of, and AJ; is the
difference between successive valued.ofn estimate for the
"Statistical error of theAG can be computed by

wanted to investigate the effect of the helical geometry. We
note, of course, that an-helix may not be the preferred
conformation in solution for some of the investigated sequences.whereE; = E([AH(1)/0A[) is the statistical error for each window
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at a particular value of;, see eq 3?2 which is determined TABLE 1: Solvation Free Energies of Five-Residue-Long
through a correlation ana|ysis approééh_ Homogenous Peptides Calculated with MCTI

The nonbonded interactions between the initial state and the residue AGS), (kd/mol) ratioc  AGGL, (kd/mol)  ratioc
final state are interpolated by a separation-shifted potential

s_caling}l_ l_Jsinch = 0.075 nm to avoi(_;i the yvell-known origin 2\7\155% _igg?i jig 82; _igg:gi g;’ 8;1
singularities. In our study, separate simulations were performed gvsc ~100.3+ 3.8 1.06 ~117.9+ 26 0.75
at 21 equally spaced points d#ffrom A = 0toi = 1. At each GC5G —139.8+ 3.4 0.93 —142.0+£ 25 1.04
point, the system was first equilibrated for 200 ps and data were GF5G —115.7+ 4.4 1.01 —161.3+3.1 0.78
collected during further 200 ps of simulation. The van der Waals GG5G —-156.1+£28 127  —102.0+1.9 1.05
and Columbic terms were turned off simultaneously. A similar ©1°G —92.7+£40 101  -1258+28  0.74
protocol was previously used to compute solvation free energies gkASSGG __ﬁiii j'(l) 1'82 :iig'éi g'g g'gf
of small model sullast.ancé‘?s.There,AGhydr could be reliably GN5G 29524 3.6 0.89 _1567+ 28 061
computed with statistical errors af1.5 kJ mot . The protocol GT5G —140.4+ 3.9 086  —116.9+2.7 0.83
is also similar to the recent studies of Gu et'alVilla and GS5G —183.8+ 3.6 0.95 —115.3+ 2.4 0.80
Mark,6 Shirts et al1” and Deng and Rou&to computeAGhyqr GA5G —128.44+3.0 128  —106.3+22 0.97
for amino acid side-chain analogues. The convergence of the GASGST  —113.1+11 113  -110.2+21 1.01
derivatives of the Hamiltonian with respecttavas monitored GNSGST ~ —-2622+16 079  —1524+27 0.9

for all individual windows and showed smooth behavior for all
computed values (data not shown).

The MCTI calculations were performed under constant
pressure conditions. Consequently, upon mutation of the peptide AGM
into a dummy molecule, the volume of the simulation box C=——:
shrank. When free energies of solvation are computed, the values nAG™
are concentration independent as noted previdiishs this ] o ) )
study reports for the first time the application of MCTI to ThiS ratio is the solvation free energy of the whole peptide
remove an entire peptide, the volume of the simulation box was (AG™) divided by the solvation free energy of the single amino
checked during the MCTI calculation for GN9G, since GN9G  acids AG® taken from ref 15) multiplied by the number of
has the largest solute volume in this study. In the first window, residuesn. In this casen = 5. o ) )
the volume of the simulation box is 64400.2 nn%. In the last In a couple of cases, a rather surprising result is obtained:
window of the MCTI calculation, in which the solute becomes ratioc is greater than 1. This means that the solvation free energy
invisible to the solvent molecules, the volume of the simulation ©f the entire peptide is larger than the sum of the single
box is 62.9+ 0.2 ni?. The observed volume difference of 1.1  contributing values. Subsequently, we refer to this effect as
+ 0.3 nn? is in reasonable agreement with the volume of the “Superunity”. - o )
simulated asparagine 9-mer of 0.8 ‘hrfcontact/reentrant If one c_on3|ders applying S|mple residue scaled models to
volume, calculated using TINKER with a probe radius of 0.14 the solvation free energy of peptides, one may formulate
nm). The entropy changes due to modification of the water
peptide interactions are all taken into account by the MCTI AG" = z SAGY (6)
method. As long as the peptide atoms are interacting with the !
solvent molecules, the volume occupied by the peptide is @ ) .
inaccessible to the solvent. When the peptide interactions areH€re,AG™ should be the solvation free energy of residuaes
switched off, the volume of the simulation box shrinks by an @ Single residue an§ is the ratio of the solvent accessible
amount comparable to the volume of the peptide as required surfgce area (SASA) of this reS|dug in the pgptlde context in a
by the condition of constant density. Therefore, the translational Particular conformation (here, helical) relative to the SASA

entropy of the bulk water molecules in the box remains Value of the isolated residu& (= 1). When eqs 5 and 6 are
unchanged. combined, it follows that rati@ must be less than 1 and more

or less constant, which implies a linear behavior of the solvation
free energy. We conclude that models that are purely based on
SASA terms fully depend on the linearity of solvation free

of five (both helical and extended conformations) in water and
in chloroform as well as the ratio

(%)

For comparison, one of the most popular implicit solvent
models, the generalized-born surface area model (GBSA)
implemented in the TINKER packagéwas used to calculate .
the solvation free energies of homogeneoukelices from a energes. . . .
length of 1 up to 20 residues. All peptides are capped with ACE- To investigate this effect in more d_etall for two selected
(CHsC=0) at the N-terminus anetNH at the C-terminus. The systems, we performed MCTI calculations for homogeneous

contributions of the capping groups are subtracted from the total a-hehcal_ peptides of 26 and 9 residues in Igngth. Alanine and
solvation free energies. asparagine were selected for the calculations as examples of

nonpolar and polar residues. Due to their different sizes, we
also expected different contributions from the residue backbone
3. Results and the side chain. Water and chloroform were selected as the
solvent environments to study the effects of different dielectric
Solvation free energies of homogeneous helical peptides wereconstants and different sizes of the solvent molecules. In our
computed from molecular dynamics simulations where during previous study on individual amino acitGs values, the two
the simulation the interactions between solute and solvent aresolvents yielded results in very good agreement with experi-
progressively switched off (see Methods ). To derive the mental data. To compare with available implicit solvent models,
solvation free energies of the peptides in water or chloroform, solvation free energies of peptides with lengths 620 residues
respectively, thermodynamic cycles are constructed where thewere computed by the GBSA model as well.
vacuum values are subtracted from those in water or in  MCTI: In Water. Figure 2 shows the results for poly-Ala
chloroform. Table 1 lists the values of all peptides with a length (GAnG, n refers to the number of residues) and poly-Asn
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Figure 2. Solvation free energies for polyalanine peptides (left) and polyasparagine peptides (right) of different lengths in water from MCTI and
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Figure 3. Solvation free energies for polyalanine peptides (left) and polyasparagine peptides (right) of different lengths in chloroform from MCTI

calculations.

(GNNG) of different lengths in aqueous solution using MCTI.

residues in the MCTI calculations, while in the GBSA calcula-

For comparison, corresponding results calculated by GBSA aretions it reaches a value smaller than 1 for 3. For GN1G,
the ratio shows a very similar trend in both calculations: it is
Figure 2 reveals three noteworthy features. First, the curve below 1 forn > 3 and reaches a relatively constant value of

shown as well.

shapes for GAG and GNiG are different: a nonlinear behavior

was found in the GAG calculation, while the plot for GhNG
shows a nearly linear behavior. Second, superumity (1) is

0.8-0.9.

In the two cases investigated for extended conformations
(GA5GST and GN5GST, see Table 1), the superunity of the
observed for both systems but is more strongly emphasized insolvation free energies is more weakly emphasized than those
GANG. Third, the results from the two different approaches in the cases of helical conformation. This indicates that the
(MCTI and GBSA) show surprisingly good agreement, espe- superunity is conformationally dependent in water solution.
cially for GNnG. Sizable differences still exist for Gf& where
ratio c remains greater than 1 up to the maximum length of 9 GAnG and GMG in chloroform solution using MCTI.

MCTI:

In Chloroform.

Figure 3 shows the results for



19004 J. Phys. Chem. B, Vol. 109, No. 40, 2005 Staritzbichler et al.

residues, the solvation free energies still decrease when the
number of residues increases.

lle, Val, and Leu, which contain aliphatic side chains,
constitute the third class. The minimum solvation free energies
reach —140 to —90 kJ mof?* before reversing their slope.
Furthermore, they converge to a linear behavior only for long
peptides f = 10 for Leu andn > 15 for Val and lle). Leu
clearly shows strongly opposing contributions. The linear part
for long peptides shows that Leu is unfavorable in an aqueous
environment. The negative slope for smaller peptides reflects
the effect of unsaturated hydrogen bonds as well as other effects
(see Discussion).

4. Discussion

Nonadditivity and Superunity. Both methods, the MCTI
calculations and GBSA calculations, show nonlinearity for short
peptides in most cases investigated. Basic considerations show
that modeling helical peptides by adding one residue after the
other will lead to some discontinuities in the solvation free
energies. Figure 5 shows the backbones of peptides of different
length i = 1-5).

Up to a length of four residues there exists only next
neighbors in the same turn, and their backbone peptide bonds
do not form direct interactions (hydrogen bonds). Therefore,
the contributions to the solvation free energy of each residue
may be almost independent. From five residues on, there are
additionally next-turn neighbors which will form intermolecular
hydrogen bonds between backbone atoms. The interactions
between the newly added NH group at positiorand the
surrounding solvent molecules are shielded by tkeO3group
of residuen — 4 because of this intermolecular hydrogen bond.
-120 As a consequence, the interactions between #¥©@roup at
positionn — 4 and solvent are shielded by the same hydrogen
bond as well. This means that from four residues on, the number

0 5 10 15 20 of “unsaturated backbone groups” (backboretNor C=0 that
Number of Residues are not involved in intrapeptide hydrogen bonds) does not
Figure 4. Solvation free energies for homogeneaukelical peptides increase when the helix is extended. Tabl_e 2 Ils_ts the number
of different lengths calculated by the GBSA implicit solvent model. Of unsaturated backbone groups as a functiom his number
remains constant whem=> 4.
Solvation free energies of organic molecules are commonly

The results are quite different from those in water as a nearly decomposed into a nonp0|ar term and a p0|ar term. The nonp0|ar
linear behavior was observed in both systems. Ratieaches  term, which includes the energy cost to form a cavity for the
relatively constant values in both systems. ForrGAcalcula- solute in the solvent and to establish van der Waals interactions
tions, it reaches ca. 0.8 for> 6, and for GMG, it approaches  petween the solute and the solvent molecules, is in principle
0.6 for n = 5. Superunity was only found in the G& additive with respect to the number of peptide residueEhe
calculations fom < 5. In the GMG calculation, no superunity  polar term includes electrostatic interactions (monopole, dipole,
was found. In this solvent, the results of GASGST and GN5GST and higher order multipoles). This term is most likely not
are quite close to those of GASG and GN5G (see Table 1). additive per se. In a helical peptide, all dipoles of the backbone
The influences due to different backbone conformations are not point in the same direction and therefore form an overall dipole
as large as those in the water solution. along the helical axi&’ This dipole will align water molecules

GBSA. The solvation free energies of homogeneous helical in the solvation shell around the peptide. Concerning the scaling
peptides from lengths of-120 residues are shown in Figure 4.  of this contribution with the peptide length the first residue

The peptides can be grouped into three classes according tdnduces orientational polarization of all solvent molecules inside
the properties of their amino acids. The first class comprises a shell around the backbone. When the length of the helical
the polar amino acids: Asn, Ser, GIn, Hid (Histidine with a peptide is increased, eventually all solvent molecules will be
proton at Ny/,), Hie (Histidine with a proton at Ny), Thr, Trp, orientationally polarized within a cylinder around the helical
and Tyr that show a very steep descent and reach values betweepeptide. The volume of this cylinder grows proportionallynto
—400 and—1400 kJ mot? for a 20-residue-long peptide. Linear Therefore, the electrostatic contribution of the solvation free
behavior is clearly observed for all members of this classifor  energy should approach a linear dependence with peptide length
> 5, for n = 5—10 while it may display nonlinearity for shorter

The second class is formed by the nonpolar amino acids: Ala, peptides. For amino acids with nonpolar side chains, for
Met, Phe, and Pro. They show a clearly nonlinear behavior for example, class 2 and class 3 in the GBSA calculation, the
small peptides untih > 10 where they converge into a linear contributions of their backbone groups are the dominant terms
regime. Even though the amino acids in this class are nonpolarin water solution. The discontinuity of the solvation free energies

-150
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t 1 |

Figure 5. Backbone structures af-helical peptides of lengths—15. Intermolecular hydrogen bonds are shown in dashed lines.

TABLE 2: Number of Unsaturated Backbone Groups contribution is less important in magnitude. When a residue is
(Nbackbone) @s @ Function of the Number of Residuesn( added to the peptide, a part of the surrounding water molecules
n Nbackbone has already adapted to the overall dipole of the helix. This
1 2 reduces the cost of aligning the nearby solvent molecules
2 4 compared to solvating an individual residue. Therefore, it is
3 g more favorable to add an amino acid at the terminus of a short
>4

peptide than solvate the first amino acid of this peptide. When
] ] ~_ the peptide length increases beyang 4, the involvement of
(see Figures 2 and 4) can thus be traced back to the discontinuitthe packbone group in intrahelical hydrogen bonds reduces the
of the electrostatic contribution of the free backbone groups conripution of the newly added residues. Thus, superunity does
(see Table 2). Clearly, this behavior is more noticeable in water not exist anymore. We note that a 1.2 nm cutoff was applied to
than in chloroform. Through the increase of the number of g nonhonded interactions in the MCTI simulations for technical
residues, the contribution of the dipole term increases linearly easons. Because the central peptide units will thus experience
whereas the overall contribution of the electrostatic term is heir electrostatic environment only within a limited range, the
I|m|ted_ by the number of unsatu_rated groups. Tr_lerefore, the yse of a cutoff may enhance additivity for long peptides. On
solvation free energy as a function nfbecomes linear and  he other hand, the MCTI calculations were only performed for
additive for longer peptides (e.g, = 10). For amino acids  gystems up to nine residues long. The calculations of this study

with pola_r side chain_s or very Iar_ge side chains, the electrostatic 54 ,t additivity for long peptides are mainly based on the GBSA
contribution of the side chains is comparable to that from the (o its where no cutoff was applied.

backbone groups. As the number of side chains and the solvent - . . .
surface area grow approximately linearly with the number of Implications from Nonadditivity. . Hydrophobic fre_e energies
residues, this term is nearly linear. In addition, polar or very are commonly derlved_ from experimentally determined solubili-
large side chains shield the backbone from the solvent mol- t!‘es. of Sm‘.al,l, og?nlc gompounds .suc.h as hydrocarbons
(“microscopic”)®71 In prior parametrizations for the hydro-

ecules, which somehow weakens the contribution of the . .
backbone. Consequently, the nonadditive effect is less pro-phOb'C effect, a correlation was proposed between the hydro-
' phobic free energy changes and the SASA The values

nounced than that for nonpolar amino acids, and linearity or derived for transfer from vacuum to water are typically in the
additivity may be observed for shorter peptides as well. )
y y bep order of 5-7 cal molt A~-2.74 Can the values derived from

G Il king, the shieldi f the backb by | id :
enera y speaiing, Mo SUeing of the Jaciions ly 'arge s esmaII molecules easily be transferred to other scales? Our

chains should, however, be more important for longer peptides . X - . .
than for shorter peptides. In other cases, for example, for Leu calculatlo_ns identified dn‘feren_t slopes for sh_ort peptides ano!
and Ile, where the solvation free energies increase after a certail®"9 Peptides that are due to mixed electrostatic and hydrophobic

inflection, the geometry of their aliphatic side chains leads to a contributions. Deriving a parametrization of the hydrophobic
stronger shielding of the backbone and the side-chain contribu-€&ffect would require a careful decomposition of these. However,
tion becomes dominant. As real systems are composed of ath® good agreement between MCTI and GBSA resullts for longer
mixture of different amino acid types, such deviations from Peptides indicates that the SASA term in GBSA must work quite
linearity may partially compensate each other. well glready, yielding a useful parametrization of the hydro-
The same reasoning can also be applied to the effect of Phobic effe_ct. Nonetheless, these results indicate that one should
different solvent environments. Figure 3 shows that in chloro- @PPly caution when transferring results that were derived for
form, nearly linear behavior of peptide solvation free energies molecules of different sizes. Thg respective parametrization
was observed for both nonpolar and polar amino acids. This is should be chosen based on experimental data for the same scale
understandable because in a less polar or nonpolar solution, thef the problem.
importance of electrostatic interactions decreases. As a result, After accepting the consequences of nonadditivity of solvation
the nonpolar term, which is in principle additive, becomes free energies, it may seem that implicit solvent models based
dominant in this case. on additivity are problematic per se. Nevertheless, in many
The “superunity” effect observed for short peptides with small atomic scaled implicit solvent models, for example, GBSA, the
and nonpolar side chains (e.g., Ala and Gly) can be explained solvation term is decomposed into polar and nonpolar terms
by this reasoning as well. In such peptides, the side-chain which are individually treated at the atomic scale. Therefore,
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o 100, 13916-13921.
nonadditivity. Only such models that fully rely on Ithe SA|SA (8) Nymeyer, H.: Garcia, A. EProc. Natl. Acad. Sci. U.S./2003
term may need some improvements. Here, a newly deve opedloq 13934-13939.

model of calculating nonlocal electrostatics interactions may (9) Fauchere, J. L.; Pliska, \Eur. J. Med. Chem1983 18, 369—
be helpful’® As the implicit solvent models at the atomic scale 375.

; - : ; (10) Kim, A.; Szoka, F. CPharm. Res1992 9, 504-514.
are still quite expensive for large scale problems such as flexible (11) Radzicka, A.: Wolfenden, FBiochemistryl 988 27, 1664-1670.

protein—protein docking, assembly of transmembrane helices, (12) Wolfenden, R.; Andersson, L.; Cullis, P. M.; Southgate, C. C. B.
or protein complexes, we believe that implicit solvent models Biochemistry1981, 20, 849-855.
at the residue scale should have very promising applications in__(13) Wimley, W. C.; Creamer, T. P.; White, S. Biochemistry1996
those areas 85, 5109-5124. . )
: (14) Auton, M.; Bolen, D. WBiochemistry2004 43, 1329-1342.
(15) Gu, W.; Rahi, S. J.; Helms, \J. Phys. Chem. B004 108 5806—
5. Conclusions 5814.
(16) Villa, A.; Mark, A. E.J. Comput. Chen002 23, 548-553.
The conclusions of the present study are restricted to (i) fully ~ (17) Shirts, M. R.; Pitera, J. W.; Swope, W. C.; Pande, VJ.8Chem.
homogeneous peptides composed of uncharged amino acids thathys:2003 119, 5740-5761.

(i) are kept in a frozen backbone helical conformation and (iii) 883 Egﬁ%’a\r{]' ?,:;CEZ%’ S‘;'_ igg% g:? 92"31'9?9(2)211798 16567-16576.

are fully solvated. On the basis of the investigated systems, we (20 Straatsma, T. P.; McCammon, J.JAChem. Physl991, 95, 1175~
find: 1188.

; ; ; ; (21) Zacharias, M.; Straatsma, T. P.; McCammon, .AChem. Phys.
1. Solvation free energies of peptides of various length were 1994 100, 9025-9031.

computeo_l by the MCTI and GB_SA mt_athodologies. For five OF " (22) Beutler, T. C.; van Gunsteren, W. &. Chem. Phys1994 101,
more residues the results are in quite good agreement. This1417-1422. _
observation gives strong support for our strategy of computing _ (23) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson,Jl Am.

. . : : Chem. Soc199Q 112, 6127-6129.
AGhyq for peptides up to nine residues from MCTI calculations. (24) Constanciel, R.; Contreras, Raeor. Chim. Actd.984 65, 1-11.

However, MCTI and GBSA still show sizable differences for (25) Dominy, B. N.; Brooks, C. LJ. Comput. Chen2002, 23, 147—
short helices where MCTI should be quite accurate. Thus, it is 160.

important to consider molecular details of backbone hydration. _ (26) Felts, A. K.; Gallicchio, E.; Wallqvist, A.; Levy, R. Meroteins:
e . . Struct., Funct,. GeneR002 48, 404-422.
2. Nonadditivity is found by both methodologies for peptides (27) Feig, M.; Brooks, C. LProteins: Struct., Funct., Gene2002

shorter than five residues. On the other hand, according to 49, 232-245.
GBSA calculations, additivity appears fulfilled for helices longer ~_ (28) Zhu, J.; Zhu, Q. Q.; Shi, Y. Y.; Liu, H. Yeroteins: Struct., Funct.,

i X . . . Genet.2003 52, 598-608.
than 10 residues. This points toward using caution when (29) Forrest, L. R.; Woolf, T. BProteins: Struct., Funct., Genet003

transferring SASA parameters that are extracted on the basissy 492-509.
of solubilities or partition coefficients of small molecules to (30) Fiser, A.; Feig, M.; Brooks, C. L.; Sali, Acc. Chem. Re2002

large systems. Alternatively, it may be also problematic to use 35'(?%)31492% B Zhang, Z. Y.: Shi. Y. Y.: Liu, H. YJ. Chem. Phys
values that are derived from large systems to small molecules.2003 119 4005-4017. o : :

3. The design of simplified models, where helices are  (32) zagrovic, B.; Sorin, E. J.; Pande, ¥.Mol. Biol.2001, 313 151—
composed of residue beads and interactions are modeledlﬁ?é3) Zhou, R. HProteins: Struct. Funct., Gendi00a 53, 148161
i+ H ou, R. H.FProteins: ruct., Funct., Gen A .
additively, appears challenging. o : (34) Suenaga, AJ. Mol. Struct. (THEOCHEMPOO3 634, 235-241.
Future work is needed that extends investigations of this type  (35) Liu, Y. X.; Beveridge, D. LProteins: Struct., Funct., Genet002

to heterogeneous sequences to see if additivity of solvation 46, 128-146.
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