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Abstract: We present extensive density functional theory calculations of the bonding between strands in
f-sheets. We identify a significant cooperative effect whereby the interaction increases in strength with the

number of strands. We show that the effect is related

to a coupling between interstrand bonding and

intrastrand elastic properties. It is found that a direct consequence of this coupling is that the pitch of 5-sheets
should contract with increasing number of strands, and we show that the effect can be observed directly

in experimental data from the Protein Data Bank.

Introduction

p-sheets consist of polypeptide strands held together by
hydrogen bonds. Typically, they consist of-@ strands of
polypeptides and there are-30 residues in each strand, but
larger sheets are present in some native proteins, for example
immunoglobulin and triose phosphate isomera&gperiments
on small designed proteins suggest that the formatighsifeets
is aided by a cooperative effect making the strength of the
interaction between the polypeptide strands increase with the
number of strands:® The size and origin of the cooperative
nature of the bonding iff-sheets is not understood although
cooperativity may be crucial to the formation of molecular
motifs and to the formation gf-amyloid fibrils as observed in
connection with mad-cow disease and Alzheimer’s diséase.

A cooperative bonding effect is a signature of a many-body
interaction between the strands; the strength of a bond depend

cant effectt? Other suggestions on the origin of the cooperative
effect include hydrophobic clustering of side chaifisplvation,
and structural effects!

In the present paper, we show that there is a sizable
cooperative effect in the bond energy between strands in
B-sheets. On the basis of an extensive set of density functional
theory calculations, we show that the cooperative effect
originates from an interplay between the elastic properties of
the single strands and the hydrogen bonds between strands. The
calculations have the additional prediction that the broadest
sheets with the strongest bonds must have the shortest pitch.
We show that this effect can be observed in statistical data based
on protein structures from the Protein Data Bank. The cooper-
ativity we find is intrinsic in the sense that it is related to the
peptides themselves. Effect from water or other part of the

Qrotein is not investigated in this study.

on the number of other bonds formed. It has been suggestedviethod

that the formation of hydrogen bonds induces a charge polariza-
tion within the backbone of the strand, which makes it better
suited for making additional hydrogen bond€ooperative
polarization and quantum effects are well described for the
interactions between molecules of wateand cooperative
resonance effects are important for clusters of small amide
molecules interacting through a single peptide hydrogen B8nd.
Also in a-helix structures, a cooperative effect has been
identified1911 However, recent density functional studies on
modelS-sheets containing polypeptides of Gly find no signifi-
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All calculations are performed at the level of ab initio density
functional theory GGA-(PW91). This functional performs well on
hydrogen-bonded systerisi®We use the plane wave, pseudopotential
codeDacapo?” with periodic boundary conditions. One advantage of
the plane wave basis set is that convergence is controlled by a single
parameter, the cutoff energy. By setting the cutoff energy sufficiently
high, convergence can be ensured. In this work, the cutoff energy is
25 Ryd, at which binding energies are converged within 1 kJ/mol. The
calculations employ ultrasoft pseudopotentidla, Fermi smearing of
0.001 eV, and Pulay mixing is used to obtain the self-consistent electron
density*® All atomic structures are relaxed using a conjugated gradient
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a) b) pair of strands (Figure 1a) and for an infinite sheet (Figure 1b). The
bond energiess?°" are calculated relative to the energy of the relaxed
single strands for both the pair of strands and for the infinite sheet, see
the captions in Figure 1. The pair is the narrowgstheet, and the
infinite sheet is the broadest sheet possible. Any cooperativity should
show up when we compare the bond energy of these two extremes.
In the last section of the paper, we investigate the possible effects
from twisting on the cooperativity. We perform simulations on
terminated molecules applying the same simulation tools as used for
the periodic model. The supercell is so large that the interactions
between molecules in neighboring cells are negligible; hence, the
terminated molecules are totally free to optimize their structures, see
Figure 5. The binding energies for two- and three-strand sheets are

Gly a) g Bond b) E:ond AEBond calculated, for twisted and nontwisted structures, see the table in Figure
— —26 kJ/mol -35 klJ/mol -9 kJ/mol S.

— —-32 klJ/mol =37 kl/mol =5 kl/mol Results and Discussion

Ala

= ‘i' :]]j'“": ‘ig ﬁ?m: -1 é ﬁ?“": We find cooperative effects in all the cases studied (see Figure
v SR e S 1). For the parallel sheets, the additional bonding-+4.7 kJ/

— 41 Kl/mol 48 KJ/mol T kimol mol, which is of the same order of magnitude as the_difference
— —43 kJ/mol —50 kJ/mol —7 kJ/mol in the hydrogen bond strength for different amino acids. Of the

Figure 1. Top: The structures for antiparallel Ala strands. The calculations three amino acu'zls StUd'e_d .here' the cooperative effect is strqngest
are performed on one period of tfiesheet, i.e., two residues, indicated by ~ for Ala. To identify the origin of the effect, we therefore consider
the colored atoms in the dashed box. Periodic boundary conditions are usedparallel strands of Ala in more detail.

The length of the period along the polypeptides (the pitch of the sheet) is ; ; : ; ; : ;
denotedL. () The structure of an interacting pair of strands. (b) The First, we investigate if there is an electronic effect as discussed

structure of an infinite sheet. Bottom: Calculated value of the binding energy for small molecules in a hydrogen-bonded network and proposed
between two strands interacting through two peptide hydrogen bonds is previously for3-sheet$:° We do that by performing calculations
Eond, = Ey(L,) — 2Ey(Ly) and the binding energy per strand in the infinite \yhere we allow the electrons to relax (polarize) but keep the
sheet isEPo"d, =1/2(E.(Lw) — 2Ea(L1)), WhereEn(Ly) is the total energy . o . . .

of the N-stranded sheet at its equilibrium pilglh The convention is such ion positions fixed, such that no e!a§t'c eﬁeCt.S .are 'nCIUd_efj' If
that a more negative value of the energy corresponds to a stronger bondWe calculate the energy cost of splitting the infinite sheet rigidly
The difference betwee&°"%, and E°"d, is denotedAEP® and it is a into pairs and compare that energy to the energy cost for splitting

measure of the cooperativity. the pairs rigidly into single strands, we find that the two bond
energies differ by only 2 kJ/mol for both parallel and antiparallel
structures. We therefore conclude that electronic effects only
contribute slightly to the cooperative effect for the systems

. . s ..~ considered here. These results agree with earlier results for
polypeptide molecules, but also straight, infinitely long periodic

polypeptide strands. This means that the ends of the strands do notte”’mn"’lt('}d glyc_lne polypeptldes_ by Zhao et&lwhere the
influence the results. This periodic model has previously been found EfféCts Of relaxing the polypeptide structures were also not
to reproduce hydrogen bond geometries of jg@aheet® and even included.

the statistical propensiti@sThe periodicity restricts us to consider only Most of the cooperativity that we find is related to structural

a few different amino acids at a time in each polypeptide, and the model effects. The key to understanding how this works is to realize
cannot account for any twisting of the sheets on longer length scales.that the interaction between any two strands of polypeptides is
We show later that the energy related to twisting is negligible. The g strong function of the pitcii,, (see Figure 1). In the present
strands are free to shéarelative to each other. The simulation setup \york, the pitch is chosen as the central parameter in the analysis
is shown in Figure 1. We have studied the bonding between single- po 5,56 it is controllable in the simulations without introducing
type polypeptides consisting of Ala, Val, and Gly. For each type of additional constraints, but other structural parameters could have

amino acid, five different molecular structures are used: the isolated been used such as the local intrastrand distance between carboxvl
single strand, an interacting pair of strands arranged both parallel and u u : ! Xy

antiparallel to each other, and infinitely wide sheets in parallel and and amino groups. The energy gainedigyn forming two peptide
antiparallel structures. The single strand and the pair of strands arenydrogen bonds between TWO strand8; *onqL) = EpailL) —
simulated in a box, which is 15 A in the directions perpendicular to 2EsingidL) = E2(L) — 2Ex(L), is found for all examined structures
the strand, which is large enough to ensure no interactions betweento be larger the shorter the pitch,(see Figure 2). The reason
pairs of strands. The length of the box along the strands is dehoted is that the freedom of the dihedral angles is larger for small
and is relaxed for each configuration, see Figure 1. In this papier, pitches allowing for a better optimization of the hydrogen bond
referred to as the pitch of the strand. For the infinitely wide sheet, the geometry. This effect tends to contract the pair of strands relative
perpendicular distances between the strands are also relaxed. Fogy g single strand, but the effect is opposed by the inherent
sampling thek-space’’ we use twok-points in each direction of the stiffness of the single strands, as defined by the curvature of
sheet and onk-point in the direction perpendicular to the sheet, which . ' n
. = . Ei(L) (see Figure 2). The bond between two strarfei§"d,
is sufficient for this system. We have calculated the bond energy for a . .
therefore is a compromise between the strongest hydrogen bonds

(20) Rossmeisl, J.; Hinnemann, B.; Jacobsen, K. W.; Ngrskov, J. K.; Olsen, O. and the lowest COSt_ n elastlg en,ergy of each 9f the strands.

H.; Pedersen, J. Tl. Chem. Phys2003 118 9783. The two competing contributions to the binding energy
(21) Rossmeisl, J.; Kristensen, I.; Gregensen, M.; Ngrskov, J. K.; Jacobsen, K. directly give rise to a cooperative effect. Imagine first letting

W. J. Am. Chem. So003 125, 16383. i
(22) Ho, B. K.; Curmi, M. G.J. Mol. Biol. 2002 317, 291—-308. two strands interact. To get the best hydrogen bonds, the two

algorithm until the square root of the sum of the absolute forces is less
than 0.05 eV/A.

Unlike earlier such calculations, we do not only consider terminated
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Figure 2. The dependence of the energy of a parallel pair of Ala strands L [A]

on the pitch,L. Ey(L) is the energy of a single strand relative to the
equilibrium energy at. = 7.2 A, Ex(L) is the energy of an interacting pair
of strands, relative to the equilibrium energy of two single straBdisonqL)

is defined as the differendg*bo{L) = Ex(L) — 2E;(L), which is the energy
gained by forming two hydrogen bonds at a giterThe hydrogen bonding

is optimal atL = 6.5 A. The resulting binding energy between the interacting
pair of strandsEP°"Y, is indicated by the arrow. 0.25

Figure 3. The calculated energies of the two-strand parallel Ala sheet and
the infinite parallel Ala sheet as functions of the pitthThe full lines are
polynomial fits to the calculated points. The minimum energiesEares,
andEbPond,, respectively. The minima are shifted frdm= 7.05 A for the
parallel two-strand sheet 1o = 6.83 A for the infinite sheet.

T T T T T T T T T

strands have to shorten a little, and the net binding energy is I 1

weak because it costs energy to shorten the two strands. Now 02 Broader sheets

add a third strand. This strand also has to shorten, but the strand

to which it bonds is shortened already, so the energy cost is g

only about half that of the elastic energy needed to form the £

first bond; thus, a stronger bond results! Three strands have £

two sets of hydrogen bonds and thus tend to shorten the pitch

even further making the bond to a fourth strand even stronger.

This trend will continue as the sheet gets broader, but the extra

bonding becomes smaller and smaller as the result approaches

the limit of an infinite sheet. To put it in a different way: for .

narrow two-strand sheets, there is only one set of hydrogen LAl

bonds but two strands have to be shortened. For a four—strandl-g?uri ﬁ- The c:jistlrlit;)utiog in tr;e distanc(ﬁjég—ca+fz, L, fort\NO-fstrand'sheets

sheet, there are free Sets of bonds 10 carry the energeticall(0Skpar) 6 31 beader S (o, fom st of ey e

cost of shortening four strands. A cooperative effect thus results. gneets show two pronounced peaks, thus two Gaussians are needed (dashed
Our calculations point to a new cooperative mechanism for lines). The broader sheets only have one peak. The pedk =at6.0

the bonding in po|ypept|de sheets. The interaction energies arecqrresponds to azzibbon intrastrand hydrogen bond (24)., not relevar_1t in

signficant on scale of thermal energies, since the cooperatvty 1 SCHEX The pecke ot lnor show be froemint of easte

is additive in the sense that the size of the effect scales with sheets. The shift is0.1 A, which is in the range predicted by the simulation.

the number of residues in the strands. Thus, the effect providesThe standard deviation on the average is 0.026 A and 0.006 A for the two-

a likely explanation of the observed tendencies for cooperative Strand sheets and for the broader sheets, respectively.

bonding in reajs-sheets. The proposed elastic mechanism can ) . .

be directly confirmed for real proteins. The coupling between Nas @ second, smaller peak at low pitches. We associate this

the strength of the hydrogen bonds and the pitgiresults in with two-strand antiparallel sheets fo_rml_ng an intrastrand

a shorter pitch for broad sheets than for narrow sheets, as showrlydrogen bond so that the strands are in-@it#bon structure.

in Figure 3. This can be tested against experimental data from 1his has previously been observed to cause an extra peak in

the Protein Data Bank. The distance betweenadd G the distribution of the intrastrand distance between thartd

measured in protein structures is denoteds this distance is O Which is a parameter closely relatedlt6*

directly comparable to the pitch in the simulation. Figure 4  The antiparalle3-sheets tend to show a smaller cooperative

shows the distribution of for B-sheets with two strands and  effect than the parallel ones, see the table in Figure 1. The reason

with more than two strands. The set of protein structures are is that the tendency foEH®°"qL) to decrease for small is

from ref 23. Clearly, the main peak for two strands has an weaker for the antiparallel strands because here the hydrogen

average value of which is ~0.1 A larger than for the rest.  bonds can become quite strong even without contraction. It has

This is the right order of magnitude compared with the been suggested that cooperativity is crucial for the stability of

predictions of the calculations: We find that Ala strands have parallel sheets, as real parajebheets seldom contain less than

a contraction~0.2 A, see Figure 3, whereas Val strands have four strands. Narrow antiparallel sheets are, on the other hand,

a smaller one~0.05 A. The two-strand distribution in Figure 4

0.05

(24) Shamovsky, I. L.; Ross, G. M.; Riopelle, R.1.Phys. Chem. R00Q
(23) Rost, B.; Sander, C. Mol. Biol. 1993 232, 584-599. 104, 11296-11307.
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often found in native protein® 27 This suggestion is clearly
supported by our model. Wogo o ko
The structural model we use treats idealized periodic polypep- ”‘"1/\;‘ y N‘!,/mS ety
tides and even though the model is considerably more realistic ﬁ' g0 " o "‘((mﬁ,’”‘
than previous models (with small, terminated polypeptides), °'5’”‘°|’(H e 'Y(:’?Y N
there is the possibility that the cooperativity in r@asheets is ® RRP R
also affected by twisting. In native protein structurgsheets
often show a right-hand twist. By applying periodic boundary ~initial twist gBond B AE=E3° _ppBond
conditions, we avoid the effects from the terminating peptide 0° —60 kJ/mol —130kJ/mol  —10kJ/mol
bonds, but on the other hand the boundary conditions constrain 20 =59 kJ/mol —131kJ/mol  —12kJ/mol

the sheets so that no twisting is possible. The twisting is a very figure 5. Top: A schematic representation of the two- and three-strand
soft mode and hence the energy related to this degree of freedonparallel sheets containing terminated polypeptides. Bottom from the left:
is small28 However twisting has an effect on the dihedral angle the initial twist, the binding energy of the two-strand sh&e"d, and of

’ ! A the three-strand shed®°"%. The cooperative binding energy is calculated
_and cc_)uld therefore _affect the cooperativity proposed here. TO 55 the difference\E = Ebond, — 2pbond,
investigate the possible effects of twisting, we have performed
simulations on a molecule containing three peptide bonds andconclusion
terminated with CH groups, see Figure 5. Parallel sheets with . . . .
one, two, and three strands are relaxed. The dimensions of the In summary, density functional calculations directly show that
unit cell are 16x 20 x 12 A2 and there is corrected dipole the hydrogen bond strength if-sheets increases with the
moment of the unit cell in the direction of the sheet perpen- number of strands in the sheet. The calculations allow for a

dicular to the direction of the strands, otherwise, the method is molecular level understanding of the origin of the effect. The
the same as for the periodic model. mechanism can be directly observed as a contraction of the pitch
We find both twisted and nontwisted stable structures. The Of -sheets as the number of strands in the sheet increases. The

calculated energy related to twisting is negligible, see Figure calculations have one final prediction. They show that the local
5. Because of the terminations, the binding per peptide bond isstrength of the cooperative effect depends on the amino acid
clearly stronger than the binding found in the periodic model. involved. This suggests that by varying the sequence of amino
However, the size of the cooperativity per peptide bond is acids in aB-sheet one can control the bonding properties and
conserved. This shows that the constraints from the periodic thus the ability to aggregate.

boundaries do not affect the size of the cooperative effect. .
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