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We investigate the interaction between peptide chains at the level of state-of-#iehztio density
functional theory. We propose an interacting periodic polypeptide model for studying the
interactions ing-sheets and apply this to glycine and alanine peptide chains in both parallel and
antiparallel structures. The calculated structures of alanine are compared to x-ray structures of
B-sheets and the model is found to reproduce the geometry of the hydrogen bonds very well both
concerning parallel and antiparalj@isheets. We investigate the structures of both the N-@4=C

and the G—H---O=C hydrogen bonds. The former is thoroughly investigated, whereas the
structure of the latter still is the subject of much discussion. We show that the hydrogen bonds
between peptide chains are considerably weaker than what is found in studies of smaller models,
e.g., the N-methylacetamide molecule. By molecular mechanics calculations we study the effect of
twisting, which is not included in our model. We estimate its contribution to the interaction energy
to be small. ©2003 American Institute of Physic§DOI: 10.1063/1.1570395

I. INTRODUCTION for alanine peptide chains and show that experimentally ob-
served hydrogen bond geometries@gheets are very well
The B-sheet is the second most common secondaryeproduced.
structure element in proteins. Even though its structure was Having verified the validity of IPPM, we concentrate on
first proposed by Pauling and Corey in 195@ere are still  the two different hydrogen bonds presenfgisheets, namely
open questions about the nature of the interactions ithe strong N—H--O=C type and the weaker C~HO=C
B-sheets. Hydrogen bonds between amides of the backbonggpe. We investigate the nature of these bonds for peptide
are known to play a key role in the stabilization @fsheets  chains consisting of glycinéGly) and alaningAla), in both
in proteins? Native B-sheets have been studied statisticallyparallel and antiparallel structures.
using data from x-ray crystallography and evidence has been Furthermore, we present DFT calculations on the
found for two types of hydrogen bond, the strongN-methylacetamidéNMA) molecule, a model system which
N—H- --O=C type and the weaker G H---O=C bonds>~®  previously has been used to describe the hydrogen bonds
Previous theoretical investigations gfsheets fall intwo  in B-sheets. We show that there are significant differences
categories: Quantum mechanical studies have concentratégtween results obtained with the small molecule and with
on small molecules whose structure was assumed to réPPM. This comparison is important, as some parameters in
semble thep-sheet structure to a certain degfe& The force fields like, e.g., Amber94 are based on quantum
other strategy has been to analyze larger and reafissiceet ~mechanical calculations on small molecutéale calculate
structures in proteins with force field methddS Thus there  the structural and energetic properties of our model with the
is either a payoff in method accuracy or in number of atomso\mber94 force field and show that it does not account for
in the model. key structural and energetic features. Furthermore, we use
In the present paper we suggest a different approach b@mber94 to estimate the energy gained by twisting, a feature
introducing a simple and realistic model: the interacting peof B-sheets that cannot be described using IPPM. We do this
riodic polypeptide modellPPM) for studying the interac- PY simulating extended and terminated chains.
tions in B-sheets. The periodicity makes it possible to study
extended systems by quantum mechanical methods. We ify METHODS
vestigate this model usingp initio density functional theory
(DFT). In order to validate the model we present calculationd™ Molecular system

The IPPM setup for gB-sheet structure is depicted in

3Author to whom correspondence should be addressed. Electronic maif 1. 1 for the case of Gly. Figur7e 1 and _a” color figureslglave
norskov@fysik.dtu.dk been prepared witMoLSCRIPT' and with RASTER3D2.6
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code DACAPO,“" which uses a plane-wave expansion of
W the Kohn—Sham wave functions, and the generalized gradi-
ent approximation(PW91)% for the exchange-correlation
term. The performance of the PW91 functional concerning
W nonbonded interactions between small molecules has been
investigated previousK?, and it was found that the interac-

tion energies were more accurate than the ones obtained by
A M other functionals. PW91 reproduced experimental binding
Z ‘ energies for weakly bound systems with errors about 10%. A
[ L. @ & | similar observation was made ¥yconcerning the structure
i _ . x and energies of ice. All energies are calculated self-
15 A f ' . consistently. The main advantage of a plane-wave basis set is
® that convergence only depends on a single parameter, the
: _1...}4% cutoff energy, and can therefore be ensured by choosing a
' sufficiently large energy cutoff. In the present work we in-
Y ' | clude plane waves with kinetic energies up to 25 Ry, and we
e have tested that the results are converged with respect to this
basis set. Because of the plane-wave basis set, we use peri-
FIG. 1. (Colon The interacting periodic polypeptide mod#PM) for Gly.  odic supercells, and hence the model is computationally very
The colored part is one supercell. The supercell length is denotédibgt efficient. Ultrasoft pseudopotentials have been used to de-

ds to the length of t idues. ) . o
corresponds fo the fength 0T two residues scribe scattering due to core electréfidhe Brillouin zone
is sampled by fouk points in the direction of the backbone

The CPK color coddO: red, N: blue, C: gray, H: whijeis chain, i.e., 'along thez axis. Fermi pppulation of the Kohn—
used for all color figures. We consider periodically repeatediham orbitals with an .electronlc temperature .béT
peptide chains. The supercell consists of two peptide chai §O'Ol eVa;';‘”d Pulay mixing of_t_he_ electron density have
each with two residues; there is no terminating group as th een used. In order to _f'nd eqU|I_|br|um structures, the at-
one end of the supercell binds to the other. In this way theMs are relaxed according to their Hellmaaneypman forces
simulations are performed on infinitely long periodic inter- until the ;um of the absolute forces on all ions is less than
acting peptide chains. The direction is chosen along the 0.05 eViA.
chains and the length of the supercell in thelirection is
varied in order to determine the supercell length with th
minimum energy. The supercell length along thdirection
will be denoted byl in the following and is also defined All molecular mechanics calculations are carried out
in Fig. 1. The supercell lengthis often referred to as the with the Molecular Modeling ToolkitMMTK) using the
rise per two residuesln they and z directions, the super- Amber94 force field5° Two models are used for the pep-
cell lengths are chosen sulfficiently large to ensure that theréide chains: the first model is exactly the same as for the DFT
are no interactions from one pair of chain to the next, i.e.calculations, which is depicted in Fig. 1. The second model
15 A. The structure in IPPM resembles th@pleated does not use a periodic supercell, but includes terminated
sheet structure originally proposed by Pauling and Cbfey. peptide chains in the vacuum. This model will be discussed
The model is a reaB-sheet consistent of only a few dif- later. All atoms are relaxed according to their forces, until the
ferent amino-acids, while this is not what is found in total absolute force is less than 0.05 eV/A. For the periodic
nature, the model gives a unique way of identifying themodel, the minimum image convention has been used for
interactions associated with different amino acids. In thisdetermining the Lennard-Jones energy contribution. This in-
paper we only consider one species at a time, i.e., Gly otroduces a small error for the energies, as the cutoff length,
Ala. Another difference to naturally occurring-sheets is beyond which the Lennard-Jones energy contributions can be
that no twisting can be included as the period of a twistneglected, and has been tested to be about 10 A, which is
is much longer than the two residue unit used in thissignificantly larger than the smallest dimension of the unit
paper. In a later section, we investigate the energy gain bgell. We have estimated this energy error to be smaller than
twisting with molecular mechanics and show that this is un-0.03 eV. The estimate was made by taking a particular con-
important for the interactions. A periodic model of a poly- figuration and calculating its energy in periodic systems with
peptide chain has previously been used by Impedtal. for  increasing supercell sizes, until the energy was converged.
the description of single peptide chains and helid&8They =~ We emphasize, however, that for the calculation of the twist-
have not used the model for the description of interactingng energies, where we need high accuracy, the above-
peptide chains. mentioned error has been corrected. This could be done by
repeating the chain configuration and terminating it. By cal-
culating the energy in a nonperiodic supercell for varying
chain lengths, the correct energy per residue has been found.
The density functional calculatiofis?® presented here We note that this problem of course does not apply to the
have been performed with the plane-wave pseudopotentigérminated chains in the extended model.

e . .
C. Molecular mechanics calculations

B. Density functional theory calculations
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FIG. 2. Schematic drawing of the studiedtiparallel configuration. There

are two kinds of hydrogen bonds, the=@---H-N and the €=0O---H-C, FIQ. 4. The energieEsing|e, Epair» aNdEjeraction@s @ function of for the
hydrogen bonds. R represents the sidechain for the respective amino acic@ntiparallel Ala—Ala chains.

compared to all other amino acids. We consider both the
parallel and the antiparallel configurations, which are shown
schematically in Figs. 2 and 3.

A. DFT results for alanine chains It should be noted that Ala is known to be a strong

H 1
Due to its periodic geometry, IPPM calculations are Veryformer of a helixes, as well as a weak former gisheets.

efficient. In this section we show that our model representén IPPM”the fo_rmatl(;n Olf an hellx_olls nothpossmle,das the_
the local structure of @-sheet, i.e., that experimental results SUperce cons_lsts of-only t_WO residues, however due to Its
for the local geometry of g3-sheet are reproduced. The simplicity Alz_i is an instructive model system for hydrogen
available experimental data deduced fr@rsheet structures 20nd formation ing-sheets.

are geometrical bond parameters from x-ray structures aver-

The length of the two residue period ($ee Fig. 1is
aged over structures from different proteins. For a first studye"'Stant during a simulation and the energy dependence with
one has to choose some representative amino acids, as' &

pect to this degree of freedom for this reason has to be
calculation for all amino acids and averaging according totreated separately. Important insight into elastic and binding

the probability of appearance is not possible in a first approperties of the chains can be gained in this way. We inves-
proach. tigate the energy dependence on the supercell length for a

We choose to study the amino acid alaniiea), be- single chain Egj,qd)) and for the pair of interacting chains

cause its sidechain is small and without any special chemica(lEpa"(l))' The binding energAE is defined as

features, e.g., charged or polar groups, and without special AE:Epair(l[,”;E} —ZEsmgm('gi‘%e)- 1)
structural features like proline or cysteine. In addition we

study the amino acid glycin@ly). Gly is even simpler than
Ala, but it has an unusually high conformational freedom

Ill. RESULTS AND DISCUSSION

In the energy diagrams Figs. 4 and 5 we have chosen the
energy zero to be Bgngd | Sngd =0 S0 thatAE is equal to
Epail pain- AS | Gingle @nd 1 o311 are not necessarily the same we
separate the enerdyq{!) into two contributions:

0-8 1 v 1 i 2'E L] M ¥ I
O single N
0.6 aaE type 1 0,-' .
—0.4... 7 S Y0 2 S
= A0 o X% E, teraciion IYPE 1 S
‘2‘ 02 B ++ Einteracﬂon type 2 -
2 Al O, 0O
%1) 0 D
=1 [ |
m-0.2F §
L — _+_+ o
'0.4 B ’x’ 7
L —‘x"x’
0.6k 5= -

64 66 68 7 72 74
1[A]

FIG. 3. Schematic drawing of the studigdrallel configuration. There are  FIG. 5. The energie&gjngie, Epair» @NdEjneraction@s a function of for the
two kinds of hydrogen bonds, the=€0---H-N and the €&=0O---H-C, parallel Ala—Ala chains.E,;; and Ejyeraciionare shown for both the type 1
hydrogen bonds. R represents the sidechain for the respective amino acicand the type 2 structures.
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Epair(I )= 2Esingle(I )+ Einteractiort 1) 2

whereEg,q 1) is the energy of the single chain of lendth
Since we have chosen Egingle(lg;%le)zoi Einteractio 1)
=Ep.ill) —2Egingd 1) is the interaction energy at a giverA
more negativeEeractiof|) Means a stronger bond.

For the antiparallel configuration these energies are
shown in Fig. 4. It is seen that for a single chain the supercell
length with the minimum energhfi.is 7.2 A and that the
supercell length with the minimum energy for two interact-
ing chainsl 3t is 7.0 A. Generally, the structure of the inter-
acting chains can be interpreted as a compromise between
optimizing the hydrogen bonds and minimizing the elastic
energy Egngdl). The interaction energy becomes more
negative wher, decreases, as the hydrogen bond geometry
can be optimized, but on the other hand the compression of
the chains introduces a penalty in elastic eneByge.
Hence although the interaction energy is most favorable for
supercell lengths below 6.8 A, the penalty in elastic energy is
too high for those structures to be favorable.

. For the. paral!el struqture the energy curves are shown i IG. 6. (Color) The structures type 1 and type 2 for tharallel Ala—Ala
Fig. 5. Again the interactions are most favorable for supercelinains at a supercell lengti7.1 A. The atoms colored according to the
lengths below 6.8 A, whereas th&,qe IS @t @ minimum at  CPK color scheme belong to the type 1 structure, where the hydrogen bonds
7.2 A. There is, however, an important difference to the anare close to the experimental geometry. The green atoms belong to the type
tiparallel chains: the geometry of the structures at the twd Structure which forms only weak interactions.
ends of the broad minimum is very different. As the chains
are compressed, they undergo a “transition” from one struc-
ture to another. At the “transition” supercell length at 7.1 A energy penalty of the structural deformations. This is the
there are thus two different structures with the same energgnergy difference between a single chain fixed in the struc-
The rightmost curve in Fig. 5 marks the structures whichture of one of the interacting chains and a relaxed single
have a low elastic energy, but a poor interactipnthe fol-  chain. This calculation has been performed for both chains
lowing referred to as “type 2J. The leftmost curve in Fig. 5 and the sum of the energies correspond to the reorganization
corresponds to structures for which the interactions are strorénergy. At the supercell length 7.1 A, where the two struc-
ger but the elastic energy is high@n the following referred  tures are equally stable, the reorganization energy is 0.16 eV
to as “type 17). The type 2 structures are stable for long for type 1 and 0.03 eV for type 2, which shows that the type
supercells, whereas the type 1 structure is stable for shortdrstructure undergoes reorganization but gains this energy by
cells, as the long parallel chains are sterically unable to fornforming stronger hydrogen bonds, whereas type 2 neither
optimal hydrogen bonds. deforms nor interacts strongly. It is interesting to notice that

Let us now take a closer look at the structural differencegit! =6.5 A the reorganization energy for the type 1 structure
between the type 1 and type 2 structures. In Fig. 6 the type B reduced to 0.03 eV, which means that at this length the
and type 1 structures are shown for a supercell length of chains do not need to modify the structure much in order to
=7.1A, where both structures are equally stable and witform the hydrogen bonds.
the sameE;peraciion@Nd Egingie- The type 1 structure is repre-
sented by the atoms colored according to the CPK color
scheme, whereas the type 2 structure is represented by thBLE I. The dihedral angles in degrees for the parallel and antiparallel
green atoms. The type 2 structure resemb'es Very much tl"@a—Ala chains. The numbering is such that A and B denote the two chains
structure of a single Ala chain and only forms weak anda\nd that the residues which bel(_)ng to angles with the same subscript face

. . each other between the two chains.
relatively long hydrogen bonds. In order to improve the hy-

drogen bond, i.e., to go to the type 1 structure, the chains b, I b, A
move the sidechains such that the backbones can come closer Antiparallel (=7.0 A)

together. The &0 and the N-H group move slightly t0 ~p.in A 147 150 _145 151
form a tighter hydrogen bond, see Fig. 6. The differencechain B —148 150 —145 152

between the two structures can also be seen in the dihedral parallel type 1=6.9A)

angles in Table I, as the angles change significantly from the, .- _140 139 P _137 142

type 1 to the type 2 structure. The dihedral angles of the typehain B 136 141 —140 137

1 structure are also closer to experimentally observed values

than for the type 2 structure. Chain A 1ss Paralnsgtype 2 szlé f) 160
The energy penalty related to the structural conversiory.in g 154 159 155 160

from type 1 to type 2 can be illustrated by considering the.
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TABLE Il. Comparison between IPPM for Ala—Ala and experimental results from x-ray protein structures. The
geometry for both types of hydrogen bonds for parallel and antiparallel structures. Each value occurs twice
within one supercell. The computed values differ less #i@02 A and<2° and thus the average is listed here.

Antiparallel (expt)  Antiparallel  Paralle(Expt) Parallel type 1  Parallel type 2

Lengthl 7.0A 6.9 A 71A

AE2 —0.36 eV -0.31eV —-0.32 eV

NH---OC bond

NH---OC 1.96-0.16 A2 2.10 A 1.97:0.15 A 2.07 A 2.62 A

N---O 2.91+0.14 A 3.07 A 2.92:0.14 A 3.03 A 3.49 A

/N=H---0 160+10°2 157° 161+9°2 155° 143°

/C-0O-H 150+12°2 161° 155-11°2 150° 141°

CH---OC bond

CH---O 2.44+0.14 R 2.35 A 2.410.14 R 2.20 A 2.25 A
2.37+0.13 A¢ 2.36+0.13 A°

£C-H--O 141+6°° 138° 146:6°° 152° 141°

/C-0-H 139.7+8.8°P 136° 134.9-8.1°° 143° 160°

From Ref. 3.

PFrom Ref. 5.

‘From Ref. 6.

From Fig. 5 it is impossible to predict which of the struc- B. The nature of the two hydrogen bonds

tures occur under the conditions in real proteins, due to the . o+ re of the N—H-O—C hydrogen bond has been

small difference in energy. . . . o . . .
In Table Il we compare the DFT results for the Ala—Ala intensively studied, anq it is well established that it contqlns
both an electrostatic and a quantum mechanical

chains with results from statistical analysis of x-ray data 0. g533 )
from protein structures. For the N~HO—C bond we list contribution?=>° Furthermore, it has k_)ecome accep_te_d that
the results from Ref. 3, which agree within the uncertaintied"® G=0-*H-C, hydrogen bond exists and that it is an
with the results in Ref. 6. For the C~HO—C bond we list important force in secondary structure formatidRef. 34,
the results from Refs. 6 and 5. The error bars of all experi@nd references thergirThis hydrogen bond has been studied
mental results are large, as averages of the different amiri§eoretically*~**3 and experimental evidence from x-ray
acids are measured. stuctures exist3.In this section, the €0---H-N and the

For the antiparallel chains, one can see that all geometriC=0--‘H-C, hydrogen bonds are investigated through a
cal features of the hydrogen bonds are very well described bgtudy of the interaction-induced change in the electron den-
the IPPM model, all bond lengths and angle agree with exsity. Figures 7 and 8 depict the change of the electron density
periments within the experimental uncertainties. This suginduced by the interaction between the chains, for the paral-
gests that IPPM mimics the hydrogen bonds in antiparallelel (type 1) and the antiparallel Ala—Ala chains, respectively.
chains very well. For the parallel chains, the type 1 structure\ polarization of both kinds of hydrogen bonds is observed.
compares equally well. The type 2 structure has much longedne notices that the electron density distribution around the
bond lengths and different angles compared to the exper  atom is changed, and that the,-€H, bond becomes
mental structure. olarized along the direction defined by O ang .HThe

The conclusion of this section is that the hydrogen bomﬁame is seen for £0---H-N where the polarization is
betwe_en b_oth parallel and antlparallel_chams_ is very We”along the N—H direction. The induced charge on, e.g., the
described in IPPM and that results obtained using this modqjia’ can be estimated to be of the orde.05 to—0.10 of

would apply to naturap-sheets. an electronic charge, which is a positive charge. It should be

i Conﬁlrellrirt]g trt]e binding e??rgiﬁf :?rr\ ths pdgrallgl alr']dhtl noted that this quantity cannot be uniquely determined. The
antiparafiel structures one notices that the binding 1s sy ysupercell can be divided into four equally sized rectangular

stronger for the antiparallel structure. This is not because thB - )
) . ; oxes each containing one peptide bond and thatGm on
interaction is generally weaker for the parallel chains. Actu-

ally the interaction can be stronger in short parallel chains'Fhe carboxylic end of the peptide bond. The total induced

The minimum forE;eracionis —0.58 eV for the parallel and charged on_such aregionisin the parallel ca€:020 elec.-
—0.53 eV for the antiparallel. This is probably due to largerT®NS and in the antiparallel case0.025 electrons. This
repulsion between the sidechains in antiparallel chains. Thgould be interpreted as a transfer of charge between the in-
explanation for the stronger binding is rather that the antipartéracting chains from the N—H and C~H groups to the@

allel chains can have low elastic energy without a high pengroup in the hydrogen bond. The results are not very depen-
alty in interaction energy. This can also be seen in the reordent on the exact position of the box. It is clear that this
ganization energy. At=6.5 A the penalty is the same 0.03 polarization of the chains must be important for the interac-
eV for both parallel and antiparallel structures. The antipartion. Apart from the induced static polarization shown here,

allel structure is fairly optimal also for longer chaifat | there would also be a dynamic contribution giving rise to the
=7.1A the penalty is only 0.07 eV compared to 0.16 eV forvan der Waals interactions, but this effect is not described
the parallel chains explicitly in the present DFT, GGA calculations.
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FIG. 7. (Color Change in electron
density induced by the interaction of
two antiparallel Ala chains. The CPK
color code is used for the atoms. Yel-
low regions refer to a concentration
and blue regions to a depletion of elec-
tron density, relative to the isolated
chain. The isosurfaces at are0.007
eVIAS,

o

C. Glycine—glycine chains Esingd!) are depicted in Fig. 9 for the antiparallel chains and

Here we present results for the interaction of antiparallef? Fig. 10 for the parallel chains. See also Table Iil.
and parallel Gly chains. The results were obtained in the First we focus on the elastic energy, which is twice the
same way as the Ala results presented earlier. The Gly cha@nergy of a single chain as before. Compaifiigg for Gly
has additional structural freedom compared to other amin@nd Ala one notices that for small supercell lengths the cur-
acids as the sidechains consist of only a hydrogen aton¥ature ofEg,qeis smaller for Ala than for Gly. This means
Therefore it cannot be expected that its hydrogen bond gdhat it costs more energy to compress a Gly chain than an Ala
ometry is similar to the experimental values, which are av-chain, whereas the energy required to stretch a chain is ap-
erages over all amino acids. However, modeling the Glyproximately equal for both amino acids. Another difference
chain gives us a first estimate of the influence of the size ofs that the minimum ofEg;,q. for the Gly chain occurs at
the sidechain. Another reason to analyze Gly chains is that.25 A whereas for the Ala chain it is located at approxi-
Gly peptides have been used to model interactions imately 7.15 A.
B-sheets and thus we can compare the results of IPPM to The increased stiffness of the Gly chains seems at first
results in Ref. 36. The energi€Sq(l), Einteractio!), and  glimpse counterintuitive as Gly is known to be more flexible

FIG. 8. (Color) Change in electron
density induced by the interaction of
two parallel Ala chains. The CPK
color code is used for the atoms. Yel-
low regions refer to a concentration
and blue regions to a depletion of elec-
tron density, relative to the isolated
chain. The isosurfaces are &t0.007
eV/AS,
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0.8 r r —— TABLE lll. The geometry for both types of hydrogen bonds and for parallel
L 2E A and antiparallel structures of the Gly chains. For the antiparallel structure,
0.6+ OO “Ssingle & the geometry of the CH-OC bond alternates.
O"O"‘O"-Q, AFAE air B .
- 0.4} O Ep 1 '.O - Antiparallel Parallel type 1 Parallel type 2
! .. ex k. . - :
E 0.2F .., mteraction o i Length! 7.25 A 7.0 A 72 A
— % ] AE ~0.39 eV ~0.25 eV ~032eV
g0 o gl - NH- --OC bond
o . 1 NH:--0C 213A 218 A 273 A
=-0.2F . N---O 3.08 A 312 A 358 A
X A\A\A\&.\“ /N=H---O 154° 152° 140°
-0.4f xR . £LC-O-H 164° 145° 139°
i mmm =T CH---OC bond
VX< T M T T S R CH---0 2.58/2.74 A 217 A 2.36 A
64 66 68 7 72 74 /C—H -0 114/102° 151° 126°
1[A] £C-O-H 129/134° 144° 162°

FIG. 9. The energie&ginge, Epair» @NdEjneracion@s @ function of for the
antiparallel Gly—Gly chains.

systems, resulting in different structural features for the

in the sense that it has more sterically allowed regions thastable structure, e.g., the=€0---H-C, bond distance,
other amino acids. This flexibility allows the Gly chain to where the Gly chain has a longer distance than Ala, corre-
occupy a structure not allowed for the Ala backbone, and thgponding to no significant-&0O- --H-C, bond for the stable
result is that the chain is harder to compress. Another effeagly chains.
is that the Ala sidechain is less perturbed by the backbone for  For the parallel Gly chains this increasefigq. renders
shorter chains than for the longer ones, making the Ala chaithe type 2 structure more stable than the type 1 structure,
softer and shorter than the Gly chain. This is illustrated bywhereas for Ala the two structures were equally stable. This
calculations performed on the single Gly chain frozen in thechange occurs, becauss,eracion d0€S not change notably
backbone structure of Ala. In Fig. 1&g, for the three  from Ala to Gly. The binding energ E for type 2 in Gly is
cases is depicted: Gly chain relaxed, Gly chain frozen in thehe same as for Ala indicating that the small sidechains of
structure of Ala backbone, and Ala chain relaxed. The differ-Gly and Ala allow the chains to stay in a structure close in
ence between the first two curves illustrates the effect of thenergy to the relaxed single chains. The structural changes
flexible Gly backbone and the difference between the lashetween the type 2 and the type 1 structures are analogous to
two curves is related to the structural perturbation of the Alathe parallel Ala—Ala chain: the sidechains move to the sides
sidechain. The zero energy point of the Ala chain is someso that the backbones can come closer and form shorter hy-
what arbitrary, in this case it has been chosen such that thgrogen bonds. This can be clearly seen in the downshift of
energy of the short Ala chain coincides with the energy forthe dihedral angles in Table IV.
Gly frozen in the Ala backbone structure at the shortest The conclusion is that the Gly chain lacks some of the
where the perturbation of the Ala sidechain is smallest. Or irffeatures of Ala chains ang-sheets due the to the missing
other words: the energy of smallest perturbation of the Alasidechains. In both the parallel and antiparallel cases most of
sidechain is chosen to be zero. the difference between Gly and Ala has to do with the dif-

For the antiparallel Gly chains the binding enetyli is  ference inEgjyge more than inEjyeraction 1-€., the elastic
in the same range as for Ala, u@tﬁ is different for the two  properties of the isolated single chain strongly determines

0.8 —r— — T T
3 I I [0]3) 2Esin le 4 0.5 T T T T 1
06 4. 6. aa Epair Jpe ; I oo Gly relaxed i
0 4< Z O V7 Spair YPE 0] 0.4F »=Gly frozen in Ala backbone structure 4
S | 0. **EieracionYPE2 ] —_ =0 Ala relaxed d/
L.0.2F et Einteraction type 5 - > S
. 1 O 1 2 0.3l 7
[O8 ;
5 O 1 B _
m-0.2f A\A\s\w . 202
i B ‘. ] @
-0.4r - - - 0.1 _
L ———»ea’ .
-0.6t *"‘.‘"6)|(é— ) 6|8 . ‘|7 . 7|2 . 7|4 -
64 6. . . . . ot
1[A] 64 66 68 | [};7] 72 74

FIG. 10. The energieBgnge, Epair» @NdEjneraciion@s @ function of for the

parallel Gly—Gly chains.E,;; and Ejneracion@re shown for both the type 1 FIG. 11. The energy as a function bfor the single Gly chain, for the Gly
and the type 2 structures.

chain frozen in the structure of Ala backbone, and for the single Ala chain.
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TABLE IV. The dihedral angles in degrees for the parallel and antiparallel
Gly-Gly chains. The numbering is such that A and B denote the two chains
and that the residues which belong to angles with the same subscript face
each other between the two chains.

T
o1 " o v /N\ CHy
Antiparallel (=7.25 A) I ! C /

Chain A 177 179 —-178 177
Chain B —-175 176 —=175 176 |
Parallel type 1=7.0 A) O
Chain A 145 —147 142 —149
Chain B 144 —-149 144 —148
Parallel type 2 (=7.2 A) .
Chain A 173 —-174 173 —-175 H

Chain B 171 —-175 173 -173 ‘

the structure of the interacting pair of chains. One could /N\ /CH3
speculate thaEg,qe also determines features likg-sheet C
propensities of the amino acids. I_b
The comparison to results obtained in previous quantum ‘
mechanical studies is somewhat complicated by the fact that
the IPPM geometry and method used differs from the previ-
ous one§*°in several ways. We emphasize that IPPM repro. 12 Hydrogen bond between two molecules ofans-N-
duces experimentaj3-sheet structures without any con- methylacetamidéNMA). The dashed line indicates the hydrogen bond and
straints other than the periodicity. Furthermore the method ifhe dashed angle denotes teH-Oangle.
ab initio concerning both functional and basis set.

D. Small model molecules gained by forming a N—H-O=C bond. But used as a

Here we present calculations of the interaction betweer’inOdeI of the interactions n proteins the NMA_dlmer IS
two N-methylacetamidéNMA) molecules both with density c!early tqo small apd too flexible. The DFT results in Table V
functional theory and with the molecular mechanics forced'® S|m|sl%genergles compared to other quantum mechanical
field Amber94. Due to its resemblance with an amino aci ethods® even though the equilibrium structures are
residue, the interactions between two N-methylacetamidé‘omev\'hat d|ﬁerent._ . .

(NMA) molecules have been assumed to be very similar to The Amper94 binding energies a_nd geometry for the
the interactions between two peptide chains, and partly duEe(anS'\“VIA dimer agree reasonably with the DFT results,

to this the NMA dimer has been studied extensively bothand with thgse of a r-ecent baper by_ Buck and Karplus.
with force fields and quantum mechanical methbti:3 They also find a minimum binding distance of 1.9 A for

Our focus is not to find the globally most stable structuretranSNMA' . , .
An interesting fact is that théransNMA dimer has

of the transNMA dimer, but to estimate the strength of . )
the hydrogen bond that resembles the N~8—C bond been usedlsgc; calculate some of the partial charges in
in B-sheets. We start with two structures, a parallel and?'c€ fields.”"" Complementary to fitting force field param-

an antiparallel, and let them relax to their local energySt€rs 10 systems containing hydrogen bonds, as done for
minima. The structure of the paralléfansNMA dimer Amber94, there have been attemptf to account for hydrogen
is depicted in Fig. 12. There is, however, an important.bondS with a separate energy tetfif: As we in the follow-
difference between an NMA dimer and a peptide chain!"9 presept Amb§r94 Fesu'ts for ofisheet model, the re-
namely that the NMA molecules can reorient freely in sults of this section will hglp one t_o understand the differ-
order to create optimal N—HO=—C hydrogen bonds, ences between the density functional and the molecular

whereas a peptide chain withingsheet is subject to con- mechanics results.

straints. Thus one would expect that the binding energy be-

tween twotrans N-methylacetamide molecules is larger than

between two peptide chains, as energy can be gained IWABLE V. The interaction energy and the N~HO=C distance for the
reorientation. trans-Nmethylacetamide dimer calculated with different approaches.

The DFT binding energies for the#kansNMA dimer

. . . - Parallel Antiparallel
shown in Table V are indeed much higher than the binding
energies found for IPPM. Notice that it is the binding energy DFT Amber94 DFT Amber94
per residue, i.e AE/2 which is always less than 0.2 eV, that =, _f_'g’jgv ?:Sﬁ ZV _g'_:’(;i ?&V _01'_3868?
should be compare to the results in Table V. The NMA bind-, \_y_o 178° 162° 174° 173°

ing energies could be seen as the upper limit for the energy
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2T——T——T" T T T T TABLE VI. The hydrogen bond geometry for the antiparallel and parallel
. P Ala—Ala chains from molecular mechanics Amber94 results. Each interac-
@ 002'E single tion occurs two times in the supercell. For the parallel type 2 configurations
A.AEpa" those values differ significantly and are both indicated. For all other con-
o 1r Q‘ sex E. . figurations these values differ very little<0.02 A and<1°) and they are
% : 0. interaction averagedAE is the interaction energy per residue.
d *e .
g?) % 0.4 o9 Antiparallel Parallel type 1 Parallel type 2
§ 9 Lengthl 73A 6.7 A 73A
m K okt Bt R ol AE —0.66 eV —1.08 eV —0.46 eV
-1F - NH:--OC bond
e NH:--0C 1.95 A 1.88 A 2.44 AJ2.67 A
i 1 N---O 293 A 2.87 A 3.32 A/3.56 A
ol o e L. ZN-H--0 162° 164° 146°/146°
“ 64 66 68 7 12 74 76 78 8 £C-0-H 161° 142° 146°/138°
1[A] CH:---OC bond
CH---0OC 2.52 A 2.45 A 2.36 A12.36 A
FIG. 13. The energieBqngie: Epair» aNdEjneracion@s @ function of for the ~ £C—H--0 126° 140° 132°/140°
antiparallel Ala—Ala chains from the molecular mechanics calculations. £C-0O-H 126° 113° 154°/152°
E. Force field calculations on |nteraCt|ng per|0d|C Beachyet al. have performed quantum mechanical stud-

polypeptide model ies of di- and tetra-alanine dimers and shown that most force

One could pose the question, how many of the DFTfields significantly overestimate the interaction energy be-
results using the IPPM could have been obtained using Bveen alanine dipeptidésAccording to this study, most
molecular mechanics force field, e.g., Amber94, whichforce fields even estimate the interaction energy between ala-
would be much faster. Force fields are extensively used fofine dipeptides to be stronger than the one irtigN-
describing polypeptides or proteins, e.g., for protein dynammethylacetamide dimer. The authors argue that the reason for
ics and folding problems. Therefore it is interesting to know,the poor performance of the force fields is that the atom-
how many features of the DFT characterization of our modeFentered partial charge approach fails to describe the electro-
can be obtained using a force field. Thus, in this section wétatic interactions correctly. The reason could be that atom
present calculations of the interaction between two Ala—Alecentered partial charges always prefer the more linear bond
chains obtained using Amber94. in B-sheets over the bond incds-N-methylacetamide dimer.

The total binding energy between the two peptide chaing®ut in the case of théransNMA dimer the hydrogen bond
is separated in the same way as for the DFT calculations, i.el$ very linear and this argument does not really explain the
according to Eqs(1) and (2). For the case of the Ala—Ala t00 strongg-sheet structures compared to thansNMA
chains, these energies are plotted in Fig. 13 for the antipa€limer. This example shows that there is a need for more
allel configuration and in Fig. 14 for the parallel configura- realistic models of thes-sheet structure, as they cannot be
tion. The first thing to notice is that the binding energies arenodeled correctly by small molecules with the same type of
significantly larger than the DFT results obtained for theinteractions.
same systems. The binding energy is found to be almost as The case of the antiparallel Ala—Ala chain is straightfor-
large as the energies for the NMA dimer. ward to interpret; over a large range of(3+6.8—8 A the

interaction energy is almost constant, and the total energy
Epair is only determined byEgjnge. Thus the minimum of

R — Epair at @ supercell length of,,=7.3 A is only caused by the
O’O 2E single
N AAE , type . . )
Qn‘ < E“‘ type 2 TABLE VII. The dihedral angles in degrees for the parallel and antiparallel
— | o] e x g type 1 Ala—Ala chains. The numbering is such that A and B denote the two chains
> o t g erecter type 2 and that the residues which belong to angles with the same subscript face
[} " O. I Q interaction .
& o R “6 . each other between the two chains.
> () 0.5 gued
5 W é1 no b W
[_E Kk Antiparallel (1=7.3 A)
-1F e Chain A —154 161 —153 162
,x\ Chain B —154 161 —153 162
12 R ) ~- L
e | | Parallel type 11=6.7A)
ot : . Chain A -82 146 —-152 84
64 66 68 7 12 14 7.6 18 8 ot 2 w
1[A]
Parallel type 21=7.3A)
FIG. 14. The energieBgingie, Epair, @NAEineracion@s @ function of, for the Chain A —154 165 —152 164
parallel Ala—Ala chains from the molecular mechanics calculatidg, Chain B —153 162 —154 164

and Ejeraction@re shown for both the type 1 and the type 2 structures.
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(@) (b) which are both local minima d ;. The results are shown
! @ . in Table VI.
] ' Comparing the hydrogen bond geometry for the Ala—Ala
~. . . \:\N/CH3 chains in Table VI to the experimental values listed in Table
Hy : N ' | Il one notes that the values for the antiparallel Ala chains
H \ H compare well. Also the dihedral angles, which are listed in

Table VII, seem reasonable and are in the range of the typical
té\:eert]ztmmauon for the N-end and to the rigi) the termination for the the antiparallel Ala chains Fig. 13 resembles very much the
DFT plot and there are no discontinuities. For the parallel
Ala chains, however, none of the two structures in Table VI
- . . compares well with the experimental structure. The type 2
minimum in Eg,qe- The hydrogen bond geometries and the P expert yp

I 9 X . structure has too weak interactions and corresponds structur-
binding energy forl ,,=7.3A are listed in Table VI. It . . . .
T . ally to two noninteracting single chains. The type 1 structure
should be noted that the decrease in interaction energly for - .
§hows reasonable binding distances, but the angles do not

smaller than 6.5 A corresponds to structures which do no . . :
: match. Also the dihedral angles in Table VII are outside the
resemble g3-sheet any longer, as the chains start to curl u . . .
# y 'ong pange of typical dihedral angles for @sheet. This shows

and interact internally. In this study we are not interested irl. .
this regime y y that the compressed chains do not mod@-sheet well.

The case of the parallel Ala—Ala chaifdepicted in Fig. Thi; is an intgresting conc!usion, since the force fields
14) is more complicated, in analogy with the DFT results '€ designed to give the experlnjeptally observed structgres.
two structures with different hydrogen bond geometry The fact that they do not do this in the present setup is a
emerge. The type 2 structure dominates for supercell |engﬂ.gtrong indication that thg potentlals_ are not robust enoug.h to
larger than 6.8 A and is characterized by a constant anfiandle even the very mild constraints set up by the period-
comparatively small interaction energy. The local minimumiCity- Generally, force fields are optimized to ensure fast con-
in this region, which is located 4&f,,=7.3 A, is exclusively ~Vergence to the eql.J?Iib'rium structure and are not optimized
caused by the minimum iBig,g. The type 1 structure domi- {0 describe nonequilibrium structures. _ o
nates for supercell lengths below 6.8 A with a minimum at  Finally, we observe in Fig. 14 that there are discontinui-
6.7 A. The minimum at 6.4 A is not considered here, as thdies, and the structures change dramatically, whereas this
structure does not resemblg8asheet anymore. The supercell change is much smoother in DFT. There are even disconti-
length 6.8 A is the only point where both structures arenuities in Egnge, Which are completely absent in DFT. In
stable. At this point the starting configuration determines théhat regime, where the chains are compressed, the force field
relaxed structure. For any other supercell length, the result idmber94 is not suitable for describing the chains. One can-
independent of the initial configuration. The structuralnot help wondering if such unphysical behavior could be a
changes between the type 1 and the type 2 structures apgoblem when describing, e.g., the folding process, which
similar to the ones for the DFT results shown in Fig. 6. Thecould involve a local compression of the polypeptide chains.
sidechains move in such a way that the chains can approach We have performed an analogous investigation for anti-
each other. Regarding the hydrogen bond geometry, wparallel and parallel Gly chains. We observe the same kind of
choose to analyze the structures for the supercell lengths 7dscontinuities in energies and structures as for the Ala
A (the type 2 structupeand 6.7 A(the type 1 structupe chains, and therefore we do not reiterate this discussion. The
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FIG. 16. (Color) Upper(a): Two extended antiparallel interacting Ala chains. Low®r Two extended parallel interacting Ala chains. Both chains consist of
20 residues and the termination at both ends.
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TABLE VIII. The energies gained by twisting for the Ala chains. All ener-  3-sheets. We use the model to perfoaiminitio calculations

gies are per double residue. As the chains gain energy by twisting, all enefiith the PW91 exchange-correlation functional. We com-
ies are negative. L .

g 9 pared calculated structures of parallel and antiparallel alanine

Chain Twist energyeV) sheets to x-ray structures. We find that the geometry of the

) hydrogen bonds is well reproduced by our model. We em-
Single Ala —0.06 hasi h del d : . h
Antiparallel Ala—Ala 008 phasize t at'ou.r model does not contain any constraints other
Parallel Ala—Ala ~0.15 than the periodicity. We have shown that smaller models are

not suitable for investigating the interactions@rsheets, as
they predict considerably stronger interactions. By means of

_ ) o ~ molecular mechanics calculations we estimate the effect of
conclusion of this section is that Amber94 does not deSC”b?wisting and find it to be small.

the periodic polypeptides well, with the possible exeption of
the antiparallel Ala—Ala chains. There are discontinuities in
the energy curves which lead to the suspicion that Amber94
may not capture the chemistry of the peptide chain well
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