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The structures of the b-sheets and the b-ribbons have been analysed
using high-resolution protein structure data. Systematic asymmetries
measured in both parallel and antiparallel b-structures include the sheet
twist and the strand shear. In order to determine the origin of these
asymmetries, numerous interactions and correlations were examined. The
strongest correlations are observed for residues in antiparallel b-sheets
and b-ribbons that form non-H-bonded pairs. For these residues, the
sheet twist is correlated to the backbone f angle but not to the c angle.
Our analysis supports the existence of an inter-strand CaHa � � �O weak
H-bond, which, together with the CO � � �HN H-bond, constitutes a bifur-
cated H-bond that links neighbouring b-strands. Residues of b-sheets and
b-ribbons in high-resolution protein structures form a distinct region of
the Ramachandran plot, which is determined by the formation of the
bifurcated H-bond, the formation of an intra-strand O � � �Ha non-bonded
polar interaction, and an intra-strand O � � �Cb steric clash. Using b-strands
parameterised by f-c values from the allowed b-sheet region of the
Ramachandran plot, the shear and the right-hand twist can be repro-
duced in a simple model of the antiparallel and parallel b-ribbon that
models the bifurcated H-bonds speci®cally. The conformations of interior
residues of b-sheets are shown to be subsets of the conformations of resi-
dues of b-ribbons.
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Introduction

The structure of the b-sheet was predicted by
Linus Pauling1 in 1951 by considering planar pep-
tide units, steric clashes and CO � � �HN H-bonds.
Although the Pauling b-sheet is accurate in many
respects, several structural properties have been
observed that are not found in the Pauling b-sheet:
the shear, the right-hand twist and the CaHa � � �O
weak H-bonds.

Pauling assumed that in the antiparallel b-sheet,
linear CO � � �NH H-bonds form between the
strands, which aligns neighbouring strands
(Figure 1(a)). However, in 1973, Fraser & MacRae2

found that in actual antiparallel b-sheets the
strands have slipped along the N to C-terminal
backbone direction with respect to neighbouring
strands (Figure 1(b)).3,4 We call this property the
shear of the antiparallel b-sheet. The shearing in
ing author:

drogen bond; corr-,
antiparallel b-sheets has been shown4 to produce
non-linear CO � � �HN H-bonds.5,6

Ramachandran showed that intra-strand steric
clashes7 result in allowed regions of the f-c plot
(Figure 2(a)), which can be accounted for accu-
rately using Lennard-Jones potentials and electro-
statics.8 However, the region of the f-c plot
containing residues in b-sheets (Figure 2(a)), as
de®ned by H-bonds,9 is signi®cantly smaller than
the traditional b-region of the Ramachandran plot
of all residues.10

Although the concept of the CH � � �O weak
H-bond has been around for some time,11 the
existence of the CH � � �O weak H-bond was not
demonstrated until Taylor & Kennard12 exhaus-
tively analysed CH � � �O contacts in structures of
organic molecules that had been determined by
neutron diffraction. Subsequently, Derewenda and
co-workers13 examined the CH � � �O contact in
high-resolution protein structures and found sys-
tematic CaHa � � �O H-bonds in both parallel and
antiparallel b-sheets.

First observed by Chothia14 in 1973, one of the
most striking properties of b-sheets is the predomi-
# 2002 Elsevier Science Ltd.



Figure 1. The different types of b-sheets and inter-strand pairs. (a) The Pauling antiparallel b-sheet. (b) The sheared
antiparallel b-sheet, where the box encloses an H-bonded (above) and non-H-bonded (below) inter-strand pair. (c)
The parallel b-sheet where the box encloses a parallel inter-strand pair. Once the bifurcated H-bonds are included,
the sheared antiparallel b-sheet (b) resembles the parallel b-sheet (c). (d) A detailed schematic of the H-bonded pair
(left box) coupled to the neighbouring non-H-bonded pair (right box) where the labelled c angles (illustrated) all take
on the same value in the model. (e) A detailed schematic of the parallel pair where the c angle on the left is assumed
to take on the same value as the other labelled c angle.
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nance of the right-hand twist. Previous expla-
nations for the right-hand twist have sought a bias
in the twisting of isolated b-strands: entropy bias-
ing the centroid of the sterically allowed region of
the Ramachandran plot;14 intra-strand van der
Waals interactions involving side-chain;15 intra-
strand O � � �Cb steric clashes;16 long-range intra-
strand electrostatics;17 and the difference between
the N-Ca and C-Ca bonds torsional potentials.18

However, isolated b-strands in molecular dynamics
simulations are not twisted,19 suggesting that the
stabilisation of the right-hand twist must be due to
inter-strand interactions. Another study found that
inter-strand electrostatic interactions induce a
right-hand twist, although a speci®c mechanism
was not given.20

We have made systematic measurements of the
twist and the shear of b-sheets and b-ribbons using
high-resolution structures. We have measured the
high-resolution b-sheet region of the Ramachan-
dran plot and identi®ed the interactions that con-
strain this region, in particular, the intra-strand
O � � �Cb steric clash that results in the residues of
b-structures residing in an asymmetric region of
the Ramachandran plot. By using a simple model
of the antiparallel b-ribbon using bifurcated hydro-



Figure 2. The f-c dihedral angles. (a) Ramachandran
plot of all residues (*) taken from structures in the
PDB with resolution better than <1.3 AÊ . Residues from
b-sheets are shown as (}). (b) A schematic of the back-
bone showing how the intra-strand H � � �Ha and O � � �Cb

distances are parameterised by c; and the O � � �Ha dis-
tance is parameterised by f. (c) The bifurcated H-bond
where the O atom forces the H and Ha atoms into steric
contact.
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gen bonds, we show that there is an intimate con-
nection between the b-sheet region of the Rama-
chandran plot, the twist and the shear. The right-
handed twist is a result of the asymmetry in the
Ramachandran plot, and the shear is a result of the
bifurcated H-bond. Our model reproduces the
observed values of shear and right-hand twist of
the b-sheet as well as the correlations between par-
ameters.

Results

bbb-Sheets and bbb-ribbons

Residues were de®ned as belonging to b-struc-
tures using the program DSSP.9 The b-ribbon resi-
dues were differentiated from b-sheet residues, as
b-ribbons tend to form coiled-coils, whereas
b-sheets form ¯atter, sheet-like structure.21 Edge
residues of b-sheets can form coiled-coils, like
b-ribbons.21 In order to differentiate b-ribbons from
b-sheets, we have used only interior b-sheet resi-
dues for the b-sheet statistics, eliminating edge
strand residues. We have taken measurements
from a non-redundant data set of high-resolution
protein structures, which includes reliable positions
for both the amide and aliphatic hydrogen atoms
(see Methods).

Inter-strand pairs

We have measured the b-sheets and b-ribbons in
terms of inter-strand pairs of residues: adjacent
pairs of residues on neighbouring b-strands. There
are two different types of inter-strand pairs in anti-
parallel b-sheets:20 H-bonded and non-H-bonded
pairs (Figure 1(d)). In H-bonded pair residues (left
box in Figure 1(d)), the CO group of one residue
forms an H-bond with the NH group of the other
residue. In non-H-bonded pair residues (right box
in Figure 1(d)), the CO and NH groups of the two
residues point away from each other. Two non-H-
bonded pairs ¯ank every H-bonded pair and both
the H-bonded pair and the non-H-bonded pair
possess local dyad symmetry (Figure 1(d)).

There is only one type of inter-strand pair in par-
allel b-sheets: the parallel pair (Figure 1(e)). As the
parallel pair does not possess dyad symmetry,
each residue in a parallel pair is distinct. In the
narrow bonding residue (bottom residue in
Figure 1(e)), the CO and NH groups form H-bonds
with residues on the other strand. In the wide
bonding residue (top residue in Figure 1(e)), the
CO and NH groups point away from the other
residue and it is the CO and NH groups of the
intra-strand neighbours of the wide residue that
form H-bonds with the CO and NH groups of the
narrow residue. Neighbouring parallel pairs are
orientated in opposite directions (Figure 1(c)).

Shear

Fraser & McRae2 originally de®ned the shear in
terms of the unit cell of the crystal structure of
poly-L-alanine. This de®nition is unsatisfactory, as
it depends on the underlying crystallographic
parameters and not on the stereochemistry of the
b-sheet. MacCallum and co-workers4 de®ned the
shear in terms of the non-linearity of the CO � � �HN
H-bond, and Shamovsky and co-workers18 de®ned
the shear as the ratio of inter-strand d(O � � �O) to
d(H � � �H) between residues on adjacent b-strands.
In both these de®nitions, if there is a twisting of
the b-sheet but no shearing, an apparent shear is
produced. We have de®ned the shear in terms of
inter-strand pairs, where the shear is the displace-
ment of the Ca atom along the backbone direction
(Figure 3(a); see Methods for a detailed descrip-
tion). This de®nition avoids the artefact due to
twisting.



Figure 3. Shear of the inter-strand pairs. (a) Schematic of the shear of the antiparallel non-H-bonded pair. (b) A net
positive shear of the parallel pairs results in an apparent compression and expansion of alternate peptide units in a
parallel b-ribbon. The shear in b-ribbons for: (c) H-bonded pairs, 0.45(�0.25) AÊ ; (d) non-H-bonded pairs,
0.80(�0.25) AÊ ; and (e) parallel pairs, 0.18(�0.25) AÊ . The shear in b-sheets for: (f) H-bonded pairs, 0.58(�0.25) AÊ ;
(g) non-H-bonded pairs, 0.85(�0.25) AÊ ; and (h) parallel pairs, 0.13(�0.25) AÊ .
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The observed distributions of shear are positive
and placed well away from zero (Figure 3(c)-(h)).
The shear of the non-H-bonded pairs (antiparallel
b-ribbon, Figure 3(d); antiparallel b-sheet,
Figure 3(g)) is larger than the shear of the
H-bonded pairs (antiparallel b-ribbon, Figure 3(c);
antiparallel b-sheet, Figure 3(f)). The positive shear
in both H-bonded and non-H-bonded pairs results
in an asymmetric displacement of neighbouring
strands, where each strand has been displaced
towards its C-terminal end.

The observed shear in parallel b-ribbons
(Figure 3(e)) and parallel b-sheets (Figure 3(h)) is
also positive but smaller than in antiparallel struc-
tures. The net positive parallel shear does not cor-
respond to the global shearing of the b-strands. As
one moves along a pair of parallel strands, the
wide and narrow residue types will alternate along
the strand. Therefore, if average local shear is posi-
tive, each wide residue will be sheared towards the
C terminus of its strand (Figure 3(b)). However,
since successive wide residues alternate between
strands, as one moves along the parallel b-ribbon,
neither strand will have a net or global shear. A
positive net shear corresponds to an apparent com-
pression and extension of alternate peptide units
along a strand. This could be due to peptide units
twisting in three dimensions (Figure 4(a)).

Sheet twist

We have measured the twist in terms of the
sheet twist, a geometric measure of the twisting of
the b-sheet in terms of an inter-strand pair. The
sheet twist is de®ned as the angle between the
backbone vectors of the two residues in the pair



Figure 4. Sheet twist in the antiparallel inter-strand pairs. (a) Schematic of the sheet twist in the non-H-bonded
pair. In the non-H-bonded pair, sheet twist versus f in: (b) b-ribbon, slope 0.85, correlation coef®cient (corr) 0.83;
(c) model, slope 1.30, corr 0.96; and (d) b-sheet, slope 0.57, corr 0.74. In the non-H-bonded pair, sheet twist versus c
in: (e) b-ribbon, (f) model and (g) b-sheet. H-bonded pair sheet twist versus non-H-bonded pair twist in: (h) b-ribbon,
slope 0.68, corr 0.81; (i) model, slope 0.76, corr 0.98; and (j) b-sheet, slope 0.79, corr 0.73.
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(Figure 4(a); see Methods for a detailed descrip-
tion). Since b-strands in a b-sheet are generally at a
®xed distance apart, the magnitude of this angle is
mainly due to the twisting of the b-strands.

The observed sheet twist (Table 1) is strongly
positive, corresponding to a right-hand twist. The
sheet twist in the antiparallel b-ribbon is �10 � lar-
ger than the sheet twist of the antiparallel b-sheet,
and the standard deviation in the antiparallel
b-ribbon non-H-bonded pair is 6 � larger than the
non-H-bonded pair in the antiparallel b-sheet. The
parallel b-ribbon sheet twist is 5 � greater than the
parallel b-sheet sheet twist. These measurements
re¯ect previous observations of the greater twist



Table 1. Parameters of the inter-strand pairs in observed b-sheets, observed b-ribbons and model (see Methods)

Parallel pair Non-H-bonded pair H-bonded pair

Parameter b-Sheets b-Ribbons Model b-Sheets b-Ribbons Model b-Sheets b-Ribbons Model

Sheet twist (deg.) 17 � 7 23 � 9 28 � 8 15 � 10 25 � 16 18 � 22 8 � 8 20 � 10 16 � 18
Shear (AÊ ) 0.1 � 0.2 0.2 � 0.3 0.2 � 0.1 0.9 � 0.2 0.8 � 0.2 0.9 � 0.1 0.6 � 0.2 0.5 � 0.2 0.4 � 0.1
d(Cb � � �Cb) (AÊ ) 4.9 � 0.4 5.1 � 0.6 5.4 � 0.3 5.2 � 0.6 5.4 � 0.6 4.7 � 0.8 4.7 � 0.5 5.1 � 0.6 6.1 � 0.5
d(Ca � � �Ca) (AÊ ) 4.8 � 0.2 4.9 � 0.2 5.1 � 0.1 4.5 � 0.2 4.5 � 0.2 4.4 � 0.2 5.2 � 0.2 5.3 � 0.2 5.7 � 0.1
d(O � � �O) (AÊ ) 3.7 � 0.2 3.7 � 0.2 3.8 � 0.2 4.0 � 0.3 3.9 � 0.2 4.0 � 0.2 3.6 � 0.2 3.5 � 0.2 3.4 � 0.2
d(H � � �H) (AÊ ) 3.8 � 0.3 3.8 � 0.2 3.9 � 0.2 5.2 � 0.5 4.8 � 0.6 5.0 � 0.5 2.8 � 0.2 2.8 � 0.2 3.1 � 0.1
d(H � � �Ha) or
d(Ha � � �Ha) (AÊ )a 2.8 � 0.2 2.7 � 0.3 2.9 � 0.1 2.4 � 0.2 2.4 � 0.2 2.4 � 0.2 7.4 � 0.2 7.4 � 0.1 7.8 � 0.1

a d(H � � �Ha) refers to the inter-strand hydrogen atom to hydrogen atom distance in the parallel pairs; d(Ha � � �Ha) refers to the
hydrogen atom to hydrogen atom distance in the antiparallel pairs.
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and ¯exibility of the b-ribbons compared to the
b-sheet.22 The utility of the sheet twist is that we
have measured signi®cant correlations relating to
the sheet twist (see the next section).

Correlations

We have measured a range of parameters of the
inter-strand pairs in both the b-sheets and b-rib-
bons (some of the parameters are shown in
Table 1). We have focused on correlations that
relate inter-strand parameters with the f-c angles
(Table 2). These correlations are dominated by cor-
relations of the non-H-bonded pairs. In particular,
there is a correlation of sheet twist to f in the non-
H-bonded pairs in both the antiparallel b-ribbon
(Figure 4(b)) and antiparallel b-sheet (Figure 4(d)).
However, it is surprising to ®nd that there is no
correlation of sheet twist to c in both antiparallel
Table 2. Signi®cant correlations (>0.7) in inter-strand
pairs observed between inter-strand parameters and
other inter-strand parameters, and between inter-strand
parameters and the f-c angles

Correlation Value

A. Parallel b-ribbon pair
d(H � � �Ha) versus cw ÿ0.70
Sheet twist versus sheet twistC ÿ 0.71

B. Parallel b-sheet pair None

C. Antiparallel b-ribbon H-bonded pair None

D. Antiparallel b-ribbon non-H-bonded pair
Sheet twist versus f 0.83
Sheet twistnHb versus sheet twistHb 0.82
d(H � � �H) versus f ÿ0.90
�OHa-HaCaCa versus c ÿ0.83

E. Antiparallel b-sheet H-bonded pair None

F. Antiparallel b-sheet non-H-bonded pair
Sheet twist versus f 0.74
Sheet twistnHb versus sheet twistHb 0.74
d(H � � �H) versus f ÿ0.82
�OHa-HaCaCa versus c ÿ0.88

a �OHa-HaCaC is the angle made by the O � � �Ha vector of the
bifurcated H-bond with the plane de®ned by the Ha, CaC
atoms.
b-ribbons (Figure 4(e)) and antiparallel b-sheets
(Figure 4(g)). Furthermore, no signi®cant corre-
lation of sheet twist to the f-c angles was found in
the H-bonded pair or the parallel pair (Table 2).

We also observed a signi®cant correlation of the
sheet twist of the H-bonded pair to the sheet twist
of the non-H-bonded pair in both the antiparallel
b-ribbons (Figure 4(h)) and antiparallel b-sheets
(Figure 4(j)). This correlation indicates that there is
a signi®cant coupling of the H-bonded pair to the
neighbouring non-H-bonded pairs. Finally, we
found correlations of f to c in the H-bonded pair
of the antiparallel b-ribbon (Figure 5(f)) and the
narrow residue of the parallel b-ribbon
(Figure 5(n)). Reproducing the correlations
between the intra-strand parameters would be a
sensitive test for the correct coupling between
strands in a b-sheet.

The bifurcated hydrogen bond

There have been various studies that have
reported the existence of a CaHa � � �O weak hydro-
gen bond in both the parallel and antiparallel
b-sheets.13,23 Consequently, we have measured the
inter-atomic distance between the O and Ha atoms
of the putative CaHa � � �O weak hydrogen bond
and ®nd that d(O � � �Ha) � 2.5(�0.2) AÊ in all
b-structures. Observing the same value of
d(O � � �Ha) in different structures is indicative of an
interaction between the O and Ha atoms, and the
observed values are consistent with the inter-atom-
ic O � � �H distance of the C-H � � �O weak H-bond
reported in a wide variety of different chemical
systems.12

The formation of the CaHa � � �O H-bond com-
bines with the C � O � � �H-N H-bond to form a
bifurcated H-bond, where the carbonyl O atom on
one strand forms a H-bond with both the amide H
and the aliphatic Ha atom on the other strand
(Figure 2(c)).13 The antiparallel b-sheet must be
sheared in order to incorporate the CaHa � � �O
weak H-bond (Figure 1(b)). Once the bifurcated
H-bond is included, the antiparallel b-sheet
(Figure 1(b)) looks remarkably like the parallel
b-sheet (Figure 1(c)).



Figure 5. f-c plots. Antiparallel non-H-bonded pair residue in: (a) b-sheet, slope ÿ0.53, correlation coef®cient
(corr) ÿ0.61; (b) b-ribbon, slope ÿ0.20, corr ÿ0.20; (c) model; and (d) reduced model. Antiparallel H-bonded pair resi-
dues in: (e) b-sheet, slope ÿ0.49, corr ÿ0.53; (f) b-ribbon, slope ÿ0.76, corr ÿ0.63; (g) model, slope ÿ0.85, corr ÿ0.83;
(h) reduced model, slope ÿ0.40, corr ÿ0.47. Parallel wide residue in: (i) b-sheet, slope ÿ0.22, corr ÿ0.27; (j) b-ribbon,
slope ÿ0.25, corr ÿ0.27; (k) model; and (l) reduced model. Parallel narrow residue in: (m) b-sheet, slope ÿ0.18, corr
ÿ0.20; (n) b-ribbon, slope ÿ0.61, corr ÿ0.60; (o) model; and (p) reduced model, slope ÿ0.69, corr ÿ0.83.
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The Ramachandran plot

In our measurements of the Ramachandran
plots, the observed b-sheet region is smaller than
the traditional b-region (Figure 2(a)) which was
®rst observed by MunÄ oz & Serrano.10 However,
our b-sheet region is different from the region
de®ned by MunÄ oz & Serrano, where we have used
a more stringent de®nition of the b-sheet and a
higher-resolution limit for the protein structures.
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The con®ned region of the Ramachandran plot is a
measure of the constraints experienced by residues
embedded in b-sheets. In order to de®ne the range
of f-c in the Ramachandran plots, we have used
the 5th-95th percentile band of the observed data
points of f-c.

In the antiparallel b-ribbons, the Ramachandran
plot of the non-H-bonded pair residue (Figure 5(b))
is different from the Ramachandran plot of the
H-bonded pair residue (Figure 5(f)). In the antipar-
allel b-sheets, in contrast, the Ramachandran plots
of the non-H-bonded pairs (Figure 5(a)) and
H-bonded pair (Figure 5(e)) are indistinguishable.
The identical Ramachandran plots in the antiparal-
lel b-sheets can be shown to be the intersection of
the two antiparallel b-ribbon Ramachandran plots
and signi®cant correlations found in the antiparal-
lel b-ribbons are found also in the antiparallel
b-sheets (see Appendix). In antiparallel b-sheets,
the two Ramachandran plots of H-bonded pairs
and non-H-bonded pairs are similar, because every
residue in a b-sheet belong to two different inter-
strand pairs. A similar analysis also holds (see
Appendix for details) for the parallel b-sheet
(Figure 5(i) and (m)) and b-ribbon (Figure 5(j) and
(n)). Essentially, the conformations of b-sheets can
be understood as the intersection of the confor-
mations of the different residue types in b-ribbons.

The f-c dihedral angles parameterise various
intra-strand inter-atomic distances. We have
analysed the observed intra-strand distances for
the b-ribbons (see Appendix for details) and have
found evidence of novel inter-atomic interactions
that constrain the f-c angles to the observed range
of values.

First, the intra-strand distance d(O � � �Ha) of all
b-residues is restricted to values of 2.4(�0.1) AÊ

(Figure 6(a)-(d); Table 3), which corresponds to a
non-bonded O � � �Ha, polar interaction (see Appen-
dix for details). As d(O � � �Ha) is parameterised by
f, the formation of the non-bonded polar inter-
action restricts f to values of ÿ150 � < f < ÿ90 �.
Second, the intra-strand d(H � � �Ha) distances of
2.3(�0.1) AÊ facing the inside interface of both the
parallel b-ribbons (Figure 6(g)) and antiparallel b-
ribbons (Figure 6(e)) appear to be in steric contact.
As hydrogen atoms do not attract each other elec-
trostatically, this steric interaction must be forced
by another interaction. This is satis®ed by the
inter-strand bifurcated H-bond (Figure 2(c)). As
d(H � � �Ha) parameterises c, the resultant values of
d(H � � �Ha) � 2.3(�0.1) AÊ restricts c to the range
90 � < c < 150 �. The observed values of c are
found within this range.

Third, although the bifurcated H-bonds restrict
c to 90 � < c < 150 �, the observed values of c in all
b-residues are found in the upper half of this
region (Figure 6(i)-(l)). We take the lower limit as
c > 116 �, where this limit corresponds to the 5th
percentile band threshold for the non-H-bonded
pair residues. This limit corresponds to the lower
limit of intra-strand O � � �Cb distance of
d(O � � �Cb) < 2.9 AÊ . As the typical O � � �Cb van der
Waals radius is 3.15 AÊ , we interpret the observed
limit as an intra-strand steric clash between the O
and Cb atoms, which forces c > 116 �. However,
the steric clash between the O and Cb atoms does
not seem to hold for residues that are not part of
b-sheets. In the d(O � � �Cb) versus c distributions for
all residues (Figure 7), there is a drop in density of
data points in the right arm for d(O � � �Cb) < 2.9 AÊ

corresponding to the O � � �Cb steric clash. Never-
theless, there still remain a signi®cant number of
points for d(O � � �Cb) < 2.9 AÊ . For these points,
some other interaction must compensate for the
unfavourable O � � �Cb interaction. There appear to
be no such compensating interactions in b-struc-
tures and, thus, the van der Waals O � � �Cb steric
clash restricts the range of c.

These interactions can be used to de®ne the
allowed region of the Ramachandran plot for resi-
dues in the antiparallel b-ribbon non-H-bonded
pair and the parallel b-ribbon wide residue. The f
angle is restricted to ÿ150 < f < ÿ90 � by the for-
mation of the intra-strand O � � �Ha non-bonded
polar interaction. Two effects result in restrictions
of c. First, the bifurcated inter-strand hydrogen
bond restricts d(H � � �Ha) to 2.3(�0.1) AÊ and thus
90 � < c < 150 �. This is symmetric to the restriction
on f. More signi®cantly, the O � � �Cb steric clash
further restricts c to c > 116 �, thus restricting the
Ramachandran region to 116 � < c < 150 �. The
resulting region of the Ramachandran plot is
(ÿ150 � < f < ÿ90 �; 116 � < c < 150 �), which is
asymmetric with respect to the diagonal
(Figure 5(c) and (k)). This allowed region matches
of the observed non-H-bonded pair Ramachandran
plot (Figure 5(b)). Although the mechanisms that
constrain the allowed region of the Ramachandran
plot, also constrain the parallel b-ribbon wide resi-
due, the allowed region (Figure 5(k);
ÿ150 � < f < ÿ90 �) is noticeably larger in f than
the observed region of the wide residue (Figure 5(j);
ÿ138 � < f < ÿ87 �). This needs to be accounted for.
We also need to account for the correlated f-c
plots observed in the H-bonded pair of the antipar-
allel b-ribbon (Figure 5(f)) and in the narrow resi-
due of the parallel b-ribbon (Figure 5(n)).

Modelling the antiparallel bbb-ribbon

To understand the origin of the observed sheet
twist and shear of the antiparallel b-ribbon, we
modelled the antiparallel b-ribbon using a rep-
resentation of inter-strand interactions consisting of
partial charge electrostatics and distance con-
straints, where the covalent bond lengths and
angles were ®xed to standard values. We modelled
the antiparallel b-ribbon as an H-bonded pair
coupled to a non-H-bonded pair, where we para-
meterised the f-c angles of the non-H-bonded pair
residues with values taken only from the allowed
region of the Ramachandran plot (see the previous
section). For each value of f-c of the non-H-
bonded pair, we minimised the inter-atomic poten-
tials by allowing the translational and rotational



Figure 6. Intra-strand distances and f-c angles in b-ribbons. d(O � � �Ha) versus f in: (a) non-H-bonded pair residue,
inner interface; (b) H-bonded pair residue, outer interface; (c) wide residue, inner interface; and (d) narrow
residue, outer interface. d(H � � �Ha) versus c in: (e) non-H-bonded pair residue, inner interface; (f) H-bonded pair resi-
due, outer interface; (g) wide residue, inner interface; and (h) narrow residue, outer interface. d(O � � �Cb) versus c in:
(i) non-H-bonded pair residue; (j) H-bonded pair residue; (k) wide residue; and (1) narrow residue.
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degrees of freedom between the two strands and
the f-c angles of the residues to vary. This pro-
duced a unique minimum energy conformation of
Table 3. Range of intra-strand inter-atomic distances
that are parameterised by f for the range
ÿ150 � < f < ÿ90 � (see Figure 2(b))

Intra-strand distance Range (AÊ )
van der Waals

contact radii (AÊ )

d(Oi ÿ 1 � � �Cb,i) 3.4-4.2 3.05
d(Oi ÿ 1 � � �Ha,i) 2.3-2.5 2.57
d(Hi � � �Cb,i) 5.4-6.2 2.65
d(Hi � � �Ha,i) 4.8-5.0 2.17

The subscript/superscript on the atoms refers to whether an
atom belongs to the backbone component of residue i, or to the
backbone component of residue i ÿ 1, the neighbouring residue
along the strand in the N-terminal direction. Only the Oi ÿ 1

and Ha,i atoms are in contact for the given range of f.
the coupled H-bonded and non-H-bonded pair
(see Methods). As we sampled over the allowed
region of the f-c plot for the non-H-bonded pair,
the model generated the set of allowed confor-
mations of the coupled H-bonded and non-H-
bonded pair. Distributions of sheet twist and shear
were generated from the ensemble of allowed con-
formations of the model.

There have been two previous interactions that
have been proposed to explain the shear. The ®rst
interaction is the interaction between inter-strand
CO dipoles (Figure 1(d)).4 The second interaction is
essentially an inter-strand O � � �O repulsion in the
H-bonded pair, which we have modelled as an
electrostatic interaction between the CO � � �NH
groups in the H-bonded pair (Figure 1(d)).18 In
addition, as inter-strand CaHa � � �O hydrogen
bonds are always found in b-sheets, we have con-
sidered a model consisting of just CaHa � � �OH-



Figure 7. d(O � � �Cb) versus c for
all residues taken from structures
with resolution better than 1.3 AÊ .
There is a drop in density of points
for d(O � � �Cb) < 2.9 AÊ , especially for
the right branch of the curve.
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bonds. In all three cases, the canonical inter-strand
CO � � �NH H-bond interaction is required to hold
the strands together in the b-ribbon. Although a
full partial charge model of the antiparallel b-rib-
bon would include all three interactions, we have
modelled each of the three interactions separately.
This allows us to identify the speci®c inter-strand
interaction responsible for the observed corre-
lations of twist and shear (see Methods).

The CO dipole interaction produced values of
non-H-bonded shear that match the observed
values to within 0.1 AÊ and the inter-strand O � � �Ha

distance also match to within 0.1 AÊ (Table 4).
However, the H-bonded pair shear match only
within 0.3 AÊ . The interacting CO � � �NH groups
produced conformations that did not reproduce
values of shear that match the observed values
(Table 4). The CaHa � � �O weak H-bond interaction
produced the best values of shear, which match
the observed values to within 0.1 AÊ (Table 4). As
the CaHa � � �O weak H-bond is a direct inter-atomic
interaction, it is a more plausible interaction than
the other two interactions, which are long-range
electrostatic interactions.
Table 4. Parameters of different models of the antiparallel b-

Parameters
Antiparallel b-ribbon data

(AÊ ) Bifurcated H-bo

d(O � � �Ha) 2.5 � 0.2 2.5 � 0.0
Hb shear 0.5 � 0.2 0.4 � 0.1
nHb shear 0.8 � 0.2 0.9 � 0.2
In the next few sections, we show that the model
of the bifurcated H-bond interaction reproduced
the observed correlations in the antiparallel and
parallel b-ribbons. These correlations were not
reproduced by the model using the inter-strand
CO dipole interaction or the inter-strand O � � �O
interaction (data not shown).

The bifurcated H-bond in the anti parallel
bbb-ribbon

The model using the bifurcated H-bond repro-
duced all the signi®cant correlations (second col-
umn in Figures 4 and 8) that were observed in the
antiparallel b-ribbons (®rst column in Figures 4
and 8). In particular, the model produced the bias
of the right-hand twist as the distribution of the
sheet twist of the H-bonded pair versus the non-H-
bonded pair (Figure 4(i)) matches the observed dis-
tribution (Figure 4(h)). The sheet twist distributions
lies mostly in the upper-right quadrant of the
graph, corresponding to the right-hand twist in the
H-bonded and non-H-bonded pairs. The model
produced values that match the observed values to
ribbon compared with data

nd (AÊ )
CO � � �CO dipole-dipole

interaction (AÊ )
Interacting CO � � �HN

groups (AÊ )

2.6 � 0.1 3.2 � 0.1
0.2 � 0.0 ÿ0.5 � 0.1
0.7 � 0.1 0.4 � 0.1



Figure 8. Signi®cant correlations
in the antiparallel non-H-bonded
pair. Inter-strand d(H � � �H) versus
f in: (a) b-ribbon, slope ÿ0.031,
correlation coef®cient (corr) ÿ0.90;
(b) model, slope ÿ0.027, corr ÿ0.97;
and (c) b-sheets, slope ÿ0.031, corr
ÿ0.82, <OHa-HaCaC is the angle
made by the O � � �Ha vector of the
bifurcated hydrogen bond with the
plane de®ned by the Ha, Ca C
atoms. <OHa-HaCaC versus c in:
(a) b-ribbons, slope ÿ0.83, corr
ÿ0.84; (b) model, slope ÿ1.17, corr
ÿ0.99; and (c) b-sheets, slope
ÿ0.92, corr ÿ0.88.
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within 0.1 AÊ for many different parameters of the
antiparallel b-ribbon (Table 1).

The model generated a correlated H-bonded pair
Ramachandran plot (Figure 5(g)) that has approxi-
mately the same shape and slope as the observed
plot (Figure 5(f)). However, the model f-c plot
extends out much further than the observed plot
(f < ÿ146 �). If we make the assumption that the
intra-strand O � � �Ha non-bonded polar interaction
forms also in the H-bonded pair, then we can elim-
inate from the ensemble of allowed conformation
of the model any conformation where the O � � �Ha

non-bonded polar interaction is not formed
(f < ÿ150 �) in the H-bonded pair. This reduces the
Ramachandran plot of the H-bonded pair gener-
ated by the model (Figure 5(h)) that better matches
the observed distribution (Figure 5(f)). As an
added bonus, the non-H-bonded pair f-c distri-
bution is reduced to an ellipsoidal distribution
(Figure 5(d)) that better matches the observed dis-
tribution (Figure 5(b)). Thus, the correlated f-c
plot in the H-bonded pair is simply due to coup-
ling an H-bonded pair to a non-H-bonded pair.

Analysing the sheet twist using the model

Given a reliable model of the antiparallel
b-ribbon, we can explore the relationship between
the Ramachandran plot and the sheet twist. We
recalculated the model using a different region in
f-c of (ÿ150 � < f < ÿ90 �; 90 � < c < 150 �), which
ignores the intra-strand O � � �Cb steric clash
(c < 116 �). This region is symmetric with respect
to f and c, and is not biased towards the upper
region of the main diagonal of the Ramachandran
plot. The resultant sheet twist is 5(�33) �, which is
not biased towards the positive right-hand twist,
suggesting that the right-hand sheet twist depends
on the O � � �Cb steric clash to force the allowed
region above the main diagonal of the Ramachan-
dran plot.

Using the symmetric f-c region, the model pro-
duced a correlation of sheet twist to f of ÿ0.79
and a correlation of sheet twist to c of 0.70. As the
previous model produced a sharp correlation of
ÿ0.96 for sheet twist versus f and a poor corre-
lation of 0.52 for sheet twist versus c, the difference
between f and c has disappeared. By using the
symmetric distribution, we have lost both the cor-
relation of sheet twist to f and the right-hand
twist. We conclude that the correlation of sheet
twist to f is simply due to the allowed region
being wider in f than c (Figure 5(c)).

Modelling the parallel pair

We modelled the parallel pair in order to under-
stand the correlation in the narrow residue f-c
plot and to see if a model of the bifurcated hydro-
gen bonds can reproduce the observed confor-
mations of the parallel pair, including the positive
right-hand sheet twist (Table 1). We modelled a
parallel pair (Figure 1(e)); we ®xed the covalent
bond lengths and angles to standard values. We
modelled the two bifurcated H-bonds in the paral-
lel pair (Figure 1(e)) with the same inter-atomic
potential as in the antiparallel model. We had to
apply an extra constraint to the parallel pair in
order to model the restrictions correctly, due to the
neighbouring pairs in a parallel b-ribbon (see



Figure 9. Schematic of the tight packing in the b-rib-
bon interface in (a) the antiparallel b-ribbon and (b) the
parallel b-ribbon. There is an extra Ha � � �Ha steric con-
tact in the non-H-bonded pair of the antiparallel b-rib-
bon that is not found in the parallel b-ribbon.
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Methods). The variables in the model consist of the
translational and rotational degrees of freedom
between the two strands and the f-c angles of the
residues. For each value of f-c in the wide residue,
minimising the inter-atomic potentials generated a
unique minimum energy conformation of the par-
allel pair (see Methods). As we sampled over the
allowed region of the f-c plot for the wide resi-
due, the model generated the set of allowed con-
formations of the parallel pairs.

From the set of allowed conformations of the
parallel pair, we extracted the narrow residue f-c
plot (Figure 5(o)). The top half of the distribution
approximately matches the observed correlation
(Figure 5(n)), whereas the bottom half does not.
However, the values of c found in the bottom half
correspond to an intra-strand O � � �Cb steric clash.
From the set of allowed conformations of the paral-
lel pair, we eliminated conformations where there
was an O � � �Cb steric clash in the narrow residue
(c < 116 �). The resultant reduced f-c plot in the
narrow residue (Figure 5(p)) better matches the
observed plot (Figure 5(n)). Eliminating such con-
formations also reduces the model wide residue
distribution (Figure 5(l)), which better matches
the observed distribution (Figure 5(j)). The
combination of the bifurcated H-bonds and the
constraints of neighbouring parallel pairs induce
the observed correlated f-c plot in the narrow
residue.

The model produced values of the inter-strand
parameters that match the observed values
(Table 1). The parameters match to within 0.2 AÊ

for distances involving main-chain atoms and
within 0.4 AÊ for the side-chain Cb � � �Cb distance.
The model of the parallel pair produced positive
right-handed values of sheet twist with an average
value that matched the observed values to within
5 � with a comparable standard deviation.

The tightly packed bbb-sheet interface

If we consider the interactions in the interface
between the b-strands (CO � � �NH and CaHa � � �O
H-bonds; intra-strand O � � �Ha interactions and
H � � �Ha steric contacts) the interface of both the
antiparallel b-ribbon (Figure 9(a)) and parallel
b-ribbon (Figure 9(b)) are tightly packed. The main
difference between the antiparallel and parallel
b-ribbon interface is that an inter-strand Ha � � �Ha

steric contact is found in the antiparallel b-ribbon
interface (2.4(�0.2) AÊ ), which is not found in the
analogous H � � �Ha distance in the parallel b-ribbon
interface (2.8(�0.2) AÊ ).

Discussion

The weak CaaaHaaa � � �O H-bond

Although there is already an extensive literature
demonstrating the existence of the CH � � �O weak
H-bond in a wide class of chemical system-
s,12,13,24,25 the existence of the CaHa � � �O weak H-
bond in proteins is still a matter of debate.31 How-
ever, we have shown that the CaHa � � �O weak H-
bond is needed to form the bifurcated H-bonds in
order to constrain c and to shear the antiparallel b-
sheet and antiparallel b-ribbon. The study of an
atomic force-®eld representation of the CaHa � � �O
weak H-bond will be an important next step in the
study of protein structure.

The origin of the right-hand twist

We have found that the bifurcated H-bonds, in
both the antiparallel and parallel b-ribbon, couple
the sheet twist to the f-c angles where the range
of sheet twist depends on the location of the
allowed region of the Ramachandran plot. In pre-
vious studies, it was assumed that there was a
coupling between the twisting of the b-sheet and
the f-c angles.14 ± 18 In this study, we have been
able to measure this coupling directly (Figure 4).

The allowed region of the Ramachandran plot
for both the antiparallel non-H-bonded pair resi-
due and the parallel wide residue, is determined
by: (a) the intra-strand O � � �Ha non-bonded polar
interaction; (b) the inter-strand bifurcated H-bonds;
and (c) the intra-strand O � � �Cb steric clash. Of the
three contributing factors, formation of the O � � �Ha

interaction and the bifurcated H-bond stabilises
the region in f-c of (ÿ150 � < f < ÿ90 �;
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90 � < c < 150 �). This region is symmetric around
the diagonal of the Ramachandran plot and will
not produce a bias for the right-hand twist. It is the
O � � �Cb steric clash that shifts the allowed region
of the Ramachandran plot to (ÿ150 � < f < ÿ90 �;
116 � < c < 150 �). This region is above the diagonal
of the Ramachandran plot and corresponds to
twisted b-strands. Coupling such b-strands with
bifurcated H-bonds will induce a right-hand sheet
twist.

The O � � �Cbbb steric interaction

The role of the O � � �Cb steric clash in the right-
hand twist was ®rst suggested by Yang & Honig,16

who identi®ed a favourable O � � �Cb steric contact
in models of right-hand twisted antiparallel
b-sheets but not in left-hand twisted b-sheets.
However, Wang and co-workers19 found that
intra-strand O � � �Cb van der Waals contacts are
easily broken in molecular dynamics simulations
of b-strands. Consequently, they argued that inter-
strand interactions must stabilise the right-hand
twist and that the O � � �Cb steric clash cannot be
the driving force of the right-hand twist. Our
mechanism for the right-hand twist satis®es these
objections. We have identi®ed an inter-strand inter-
action, the bifurcated H-bond that stabilises part of
the allowed b-sheet region of the Ramachandran
plot of (90 � < c < 150 �). However, only if the intra-
strand O � � �Ha non-bonded polar interaction also
stabilises the region (ÿ150 � < f < ÿ90 �), can the
O � � �Cb steric clash induce a right-hand twist. We
have found that fewer residues are found with
d(O � � �Cb) < 2.9 AÊ in high-resolution structures and
these residues (that are not in b-structures) are pre-
sumably stabilised by other interactions that com-
pensate for the unfavourable O � � �Cb steric clash.

The bbb-sheet region of the Ramachandran plot

By coupling an H-bonded pair to a non-H-
bonded pair with bifurcated H-bonds, we can
reproduce the correlated Ramachandran plot of the
H-bonded pair residues in antiparallel b-ribbons.
Similarly, coupling a narrow residue to a wide resi-
due will account for the correlated Ramachandran
plot of the narrow residue in parallel b-ribbons.
The observed conformations of b-sheets can be
shown to be the intersections of the conformations
of the different residue types in b-ribbons.

Methods

Data set

We used DSSP9 to identify b-sheet and b-ribbon resi-
dues. For b-ribbons, we have used the non-redundant
representative list of protein structures from the PDB26

that include positions for all hydrogen atoms and where
the resolution is better than 1.7 AÊ .31 Unfortunately, the
sample size of this data set was inadequate for interior
b-sheet residues. For b-sheets, we have used the 1996 list
of non-redundant representative protein structures27 in
which no pair of chains in the set exceeds 25 % sequence
identity. As we have restricted the sample size severely
by using only interior b-sheet residues, we use a more
generous resolution limit, better than 2.0 AÊ , to generate a
sample size for the data set comparable with the b-rib-
bon data set. As the positions of projected hydrogen
atoms of high-resolution structures have been shown to
be reliable,31 we projected the positions of missing amide
hydrogen atoms from the backbone using the standard
geometry of the peptide unit,28 and we projected the
position of missing Ha atoms using tetrahedral bonding
at the Ca atom.

We excluded glycine and proline residues, and
b-bulges from the analysis. We considered only interior
residues from b-sheets. For b-sheets, there were 200 anti-
parallel H-bonded pairs, 175 antiparallel non-H-bonded
pairs and 172 parallel pairs. For b-ribbons, there were
134 H-bonded pairs, 106 non-H-bonded pairs and 80
parallel pairs.

Definition of the backbone direction vector

We de®ne the backbone direction vector of a residue
as the vector joining the point equidistant from the N
and C atoms of the two peptide units that form the back-
bone of the residue (see the peptide unit in Figure 3(a)).

Definition of shear

In the antiparallel H-bonded pair and the non-H-
bonded pair, we de®ne the shear as the displacement of
the Ca atom of residue 1 along the backbone direction
b1-b2 from the perpendicular projected from the Ca atom
of residue 2 (Figure 3(a)). The Ca atom is used, since it is
the stereo-chemical centre of the residue. We take the
backbone direction of a pair of inter-strand residues as
the difference of the backbone vectors of the respective
residues, b1 and b2, where b1 is chosen arbitrarily. The
backbone direction points in the N to C-terminal direc-
tion of residue 1. Due to the dyad symmetry of the anti-
parallel pairs, the de®ned shear can take on positive and
negative values where the sign and magnitude of shear
is invariant with respect to the choice of residue 1 and
residue 2.

We de®ne the backbone direction vector of the parallel
inter-strand pair as the sum of the backbone vectors of
the wide and narrow residue, bw and bn. Parallel shear
is de®ned as the displacement of the wide residue Ca,W

atom along the backbone direction with respect to the
Ca,n atom of the narrow residue in the backbone direc-
tion, where both Ca positions are determined by drawing
a perpendicular from the backbone direction. Shear in
the parallel pair can take on positive and negative
values, which are de®ned uniquely.

Definition of sheet twist

We de®ne the sheet twist, in both the antiparallel H-
bonded pair and the non-H-bonded pair as the acute
angle between the backbone vectors, b1 and b2, of a pair
of inter-strand neighbouring residues (Figure 4(a)). If the
inter-strand pair is right-hand twisted, then the cross
product b1 � b2 will be pointing roughly in the direction
of d21, the vector from Ca,2 to Ca,1. Otherwise, the inter-
strand pair is left-hand twisted. Consequently, we have
de®ned the sign of the sheet twist as the sign of the sca-
lar product between b1 � b2 and d21 ((b1 � b2) �d21).
Since both b1 � b2 and d21 change signs if the labels 1
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and 2 are reversed, this de®nition of sheet twist is invar-
iant with respect to the choice of residue 1.

The parallel sheet twist is de®ned as the acute angle
between the backbone vectors, bn and bw, of a pair of
inter-strand neighbouring residues. The sign of the sheet
twist is taken to be the sign of the scalar product
between the vectors, bn � bw and dwn the vector joining
Ca,W to Ca,n ((bn � bw) �dwn). If the sign is negative, the
sheet twist is positive and right-handed; otherwise, the
sheet twist is negative and left-handed.

Modelling the bbb-sheet

In our model, we ®xed the bond lengths and angles of
the backbone to standard values.28 Consequently, the
only degrees of freedom in the backbone are the f-c
dihedral angles and intra-strand inter-atomic distances
are parameterised only by the f-c dihedral angles. We
used alanine side-chains, as this represents the minimal
side-chain. We use the Powell algorithm29 to minimise
the inter-atomic potentials between the two backbone
fragments by varying the translational and rotational
degrees of freedom between the residues of the inter-
strand pairs and by varying any free f-c angles.

Inter-strand inter-atomic potentials

As our models are concerned mainly with geometric
properties, we have used a combination of distance con-
straints and partial charges to model the inter-atomic
interactions. As we have kept our models fairly simple,
the distance constraints are always satis®ed where the
distance constraint energies are zero at the minimum
energy conformation. We have modelled the canonical
CO � � �HN hydrogen bond with:
where we used a distance constraint to force d(O � � �H) to
�1�
take on the observed value of 2.0 AÊ and we use electro-
statics to model the linearity properties of the CO � � �HN
H-bond, where partial charge values taken from
CHARMM30 were used (qc � 0.55e, qH � 0.25e, qN � ÿ
0.35e and qO � ÿ0.55e). We used the distance constraint
because we wanted to look at sub-sets of the interactions
of the antiparallel b-ribbon where the model is unstable.
The distance constraint is arti®cially stable and ade-
quately simulates the van der Waals and partial inter-
action between the O and H atoms in the CO � � �HN
hydrogen bond.

For the antiparallel b-ribbon, we examined three
different inter-strand interactions. (1) We represented the
inter-strand CO � � �CO dipole-dipole interaction as:

ECO���C0O0 � 331
qCqC0

rC���C0
� qOqO0

rO���O0
� qCqO0

rC���O0
� qOqC0

rO���C0

� �
�2�

For the total interaction potential Etotal of the CO � � �CO
dipole-dipole interaction, we have considered only the
interaction of CO dipoles, which will end up aligned:

Etotal �
X3

i�1

ECO���HN�i� �
X3

i�1

ECO���C0O0 �i� �3�
where the indices 1, 2, 3 represent the CO � �CO dipole-
dipole interactions in Figure 1(d) from left to right.

(2) For the interaction between the CO � � �HN group
and the C0O0 � � �H0N0 group, we considered only the
inter-strand components where:

Eint � 331

�
qNqN0

rN���N0
� qHqH0

rH���H0
� qNqH0

rN���H0

� qHqN0

rH���N0
� qCqC0

rC���C0
� qOqO0

rO���O0
� qCqO0

rC���O0
� qOqC0

rO���C0

� �4�

In the case of the interacting CO � � �HN groups, we con-
sider only the interaction between the CO � � �HN groups
within the H-bonded pair and within the non-H-bonded
pair, where the total inter-strand interaction potential is:

Etotal �
X3

i�1

ECO���HN�i� � Eint�1; 2� � Eint�2; 3� �5�

(3) A bifurcated H-bond consists of a CaHa � � �O weak
hydrogen bond and a CO � � �HN H-bond where the O
atom is shared between the two H-bonds (Figure 2(c)).
We have modelled the CaHa � � �O weak H-bond with a
distance constraint:
We used a distance constraint because we could not gen-
erate realistic binding energies using van der Waals
interactions and partial charge electrostatics, especially
since CHARMM does not give a value for the partial
charge of Ha. We have neglected the directional proper-
ties of the CaHa � � �O H-bond. However, this is relatively
unimportant when the CaHa � � �O weak H-bond is part
of a bifurcated H-bond. Consequently, the bifurcated
H-bond interaction is:

Ebif � ECaHa���O � ECO���HN �7�
The resultant inter-strand interaction potential is:

Etotal �
X3

i�1

Ebif�i� �8�

where the indices 1, 2, 3 represent the bifurcated
H-bonds in Figure 1(d) from left to right.

Antiparallel bbb-ribbon model

Our model of the antiparallel b-ribbon consists of a
non-H-bonded pair coupled to an H-bonded pair
(Figure 1(d)). The backbone of the H-bonded pair has to
be extended to include the Ha atom in order to model
the outer bifurcated H-bonds of the H-bonded pair (left-
most bifurcated H-bond in Figure 1(d)). This extension
of the backbone is parameterised by a c dihedral angle.
Assuming dyad symmetry of the H-bonded pair, we
parameterised this c angle with the same value as the c
angle of the non-H-bonded pair (see Figure 1(d)). We
must specify an inter-strand interaction Etotal for the
model. To construct the allowed conformations of the
antiparallel pairs, we proceed as follows. (i) Assuming
dyad symmetry, parameterise both residues of a non-
H-bonded pair with a value of f-c from the allowed dis-
tribution. (ii) Extend the backbone of the non-H-bonded
pair residues to project out an H-bonded pair with arbi-
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trary f-c angles. (iii) Minimise Etotal by varying the
rotational and translational degrees of freedom between
the two strands and the f-c angles of the H-bonded pair
simultaneously; this produces a conformation of the H-
bonded pair coupled to the non-H-bonded pair.
(iv) Repeat (ii)-(iii) for the other values of f-c of the
allowed distribution to generate the allowed set of con-
formations of the non-H-bonded pair and the H-bonded
pair; and (v) from the set of allowed conformations, gen-
erate the f-c distribution of the H-bonded pair residue,
the range of the shear, and the correlations for compari-
son with the observations.

Parallel pair model

In order to model the parallel b-ribbon correctly, we
need to take into account the restrictions due to neigh-
bouring parallel pairs. Although we tried various ways
of modelling two coupled parallel pairs, we found that
the only way to produce a correlated f-c plot in the
narrow residue (Figure 5(n)) was to apply an arti®cial
constraint to a single parallel pair.

This constraint can be understood by considering the
twisting properties of a single parallel pair. A single par-
allel pair can adopt very twisted conformations consist-
ent with the formation of hydrogen bonds. For some
highly twisted conformations of the parallel pair, it is
impossible for a neighbouring parallel pair in the
C-terminal direction to form. One way to see whether
the C-terminal neighbouring pair can form is to measure
the Ca � � �Ca distance of the neighbouring pair:
d(Ca � � �Ca);Cÿ. As the observed range of d(Ca � � �Ca) is
4.9(�0.2) AÊ , the C-terminal neighbouring pair cannot
form unless d(Ca � � �Ca);Cÿ is within the range 4.7 AÊ to
5.1 AÊ .

A model of the parallel pair that is consistent with the
requirement that neighbouring parallel pairs can form
must produce values for both d(Ca � � �Ca) and
d(Ca � � �Ca);Cÿ in the range 4.7 AÊ to 5.1 AÊ . We found that
the best way to model this was by arti®cially forcing
d(Ca � � �Ca);Cÿ to be the same as d(Ca � � �Ca) using:

Econstrain � �d�Ca � � �Ca� ÿ d�Ca � � �Ca�;Cÿ�2 �9�
The advantage of this constraint is that it does not con-
tain any explicit distance parameter.

For the parallel b-ribbon, we modelled a single paral-
lel pair (Figure 1(e)) in which two bifurcated H-bonds
interact between the two strands and we applied a con-
straint due to neighbouring parallel pairs. Consequently,
the inter-strand interaction potential is:

Etotal � Ebif�1� � Ebif�2� � Econstrain �10�
The backbone of the narrow residue has to be extended
to include the Ha atom in order to model the N-terminal
bifurcated H-bond Ebif(1) (left bifurcated H-bond in
Figure 1(e)). This extension of the backbone is parame-
terised by a c angle, which we parameterise with the
same value as the c angle of the wide residue
(Figure 1(e)). To produce the correlations, we proceed as
follows. (i) Parameterise the wide residue with a value
of f-c from the allowed f-c distribution. (ii) Minimise
Etotal of the parallel subunit by varying the translational
and rotational degrees of freedom and (fn, cn); a unique
conformation of the parallel pair is generated. (iii) Repeat
(i)-(ii) for other values of f-c of the wide residue from
the allowed f-c distribution to produce a set of allowed
conformations of the parallel pair; and (iv) from the set
of allowed conformations, generate the f-c distribution
of the narrow bonding residue and the range of the
inter-strand parameters.
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Appendix

Analysis of Ramachandran plots

In antiparallel b-sheets, the Ramachandran plot
of the non-H-bonded pair (see Figure 5(a) of the
main text; slope ÿ0.53; correlation coef®cient
ÿ0.61) resembles the Ramachandran plot of the H-
bonded pair (Figure 5(e) of the main text; slope
ÿ0.49; correlation coef®cient ÿ0.53). Both f-c plots
of the antiparallel b-sheets are weakly correlated
with approximately the same slope, giving a con-
sensus slope of ÿ0.5 and a consensus f-c range of
(ÿ147 � < f < ÿ110 �; 119 � < c < 150 �). The simi-
larity between these two Ramachandran plots
arises from the fact that we have taken the residues
from the interior of the b-sheet. An interior b-sheet
residue is simultaneously part of both an H-
bonded and a non-H-bonded pair, and hence there
is no physical difference between the two types of
residues, even though the two distributions consti-
tute two different sample sets.

In the antiparallel b-ribbon, the Ramachandran
plot of the non-H-bonded pair (Figure 5(b) of the
main text; slope ÿ0.20; correlation coef®cient 0.20)
is different from the Ramachandran plot of the H-
bonded pair (Figure 5(f) of the main text; slope
ÿ0.76; correlation coef®cient ÿ0.63). The f-c
angles of the H-bonded pair residues are corre-
lated, whereas the f-c angles of the non-H-bonded
pair residues are not correlated. The two distri-
butions are different, because H-bonded pair resi-
dues are physically distinct from non-H-bonded
pair residues in the antiparallel b-ribbon.

If the main difference between antiparallel
b-sheets and antiparallel b-ribbons is that b-sheet
residues are shared between an H-bonded pair and
a non-H-bonded pair, then we can interpret the
consensus antiparallel b-sheet Ramachandran plot
as the intersection of the H-bonded pair and non-
H-bonded pair Ramachandran plots of the antipar-
allel b-ribbon. The intersection of the antiparallel
b-ribbon H-bonded pair and non-H-bonded pair
Ramachandran plot has a range in f-c given by
(ÿ142 � < f < ÿ112 �; 121 � < c < 149 �). We calcu-
late the slope of the intersection as the average of
the slope of the H-bonded f-c plot (ÿ0.8) and of
the non-H-bonded f-c plot (ÿ0.2), giving a slope
of ÿ0.5. This compares favourably with the consen-
sus antiparallel b-sheet Ramachandran plot, which
has a range in f-c given by (ÿ147 � < f < ÿ110 �;
119 � < c < 150 �) and a slope of ÿ0.5. The idea that
the conformation of antiparallel b-sheets is a subset
of the conformation of antiparallel b-ribbons can
be seen in that the signi®cant correlations observed
in the antiparallel b-ribbons (®rst column in
Figures 4 and 8 of the main text) are observed also
in the antiparallel b-sheet (third column in
Figures 4 and 8 of the main text).

In parallel b-sheets, both the wide residue Rama-
chandran plot (Figure 5(i) of the main text; slope
ÿ0.22; correlation coef®cient ÿ0.27) and the
narrow residue Ramachandran plot (Figure 5(m) of
the main text; slope ÿ0.18; correlation coef®cient
ÿ0.20) are not correlated. However, the range of
the distributions of the two Ramachandran plots
are similar and the range of f-c of the consensus
Ramachandran plot is given by (ÿ135 � < f < ÿ95 �;
116 � < c < 142 �). Unlike the antiparallel Rama-
chandran plots, the parallel b-sheet Ramachandran
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plots are not correlated; therefore the consensus
parallel Ramachandran plot is not correlated and
only the range of the consensus parallel Ramachan-
dran plot is a useful measure. The similarity
between the two Ramachandran plots is due to the
interior residues of the parallel b-sheet acting as
both a narrow and wide residue in different inter-
strand parallel pairs.

In the parallel b-ribbons, the Ramachandran plot
of the wide residue (Figure 5(j) of the main text;
slope ÿ0.25; correlation coef®cient ÿ0.27) is differ-
ent from the Ramachandran plot of the narrow
residue (Figure 5(n) of the main text; slope ÿ0.61;
correlation coef®cient ÿ0.60). The f-c angles of the
narrow residue are weakly correlated, whereas the
f-c angles of the wide residue are not correlated.
The intersection of f-c plots of the narrow and
wide residue has a range in f-c of
(ÿ138 � < f < ÿ100 �; 118 � < c < 156 �), which com-
pares well with the common parallel b-sheet f-c
range of (ÿ135 � < f < ÿ95 �; 116 � < c < 142 �). The
inter-strand parameters of the parallel pair in par-
allel b-sheets compare favourably with those of
parallel b-ribbons (Table 1 of the main text). The
conformation of the parallel b-sheet residues can
be understood as the intersection of the confor-
mations of the two residue types in the parallel b-
ribbon.

Analysis of intra-strand interactions and fff-ccc

We have analysed the intra-strand distances that
are parameterised by the f-c dihedral angles of
the backbone (Figure 2(b) of the main text), focus-
ing speci®cally on the intra-strand O � � �Ha,
H � � �Ha and O � � �Cb distances. For these atom
pairs, an observed close contact could be due to a
van der Waals repulsion acting as a hard limit, to
an inter-strand interaction, or to an intra-strand
interaction. In a b-ribbon, a pair of intra-strand
atoms can be located on the inner interface or an
outer interface of the b-ribbon as indicated in
Figure 1(d) and (e) of the main text. Inter-strand
interactions will act only on the inner interface. For
instance, the attraction of an O atom on the oppo-
site strand forces the H and Ha atoms on the inner
interface together into a steric contact (see below).
However, there is no equivalent interaction that
forces the H and Ha atoms together on the outer
interface, resulting in a different distribution of the
d(H � � �Ha) distances on the outer interface com-
pared to the distribution on the inner interface of
the b-ribbon. If an inter-atomic contact is induced
by an intra-strand interaction, then the same distri-
bution of inter-atomic distances will be found on
both the inner and outer interface of the b-ribbon.

Intra-strand d(O � � �Haaa) and fff

By ®xing the covalent bond lengths and angles
of the backbone (see Methods), the inter-atomic
distance between O and Ha along the backbone is
dependent on the f angle (Figure 2(b) of the main
text). This produces a curve of d(O � � �Ha) versus f,
which has a minimum at d(O � � �Ha) � 2.33 AÊ and
f � 120 �. The observed distributions of intra-
strand d(O � � �Ha) versus f sit near the bottom of
the curve in all b-ribbon residues (Figure 6 of the
main text: (a) antiparallel non-H-bonded pair resi-
due; (b) antiparallel H-bonded pair residue; (c) par-
allel wide residue; and (d) parallel narrow
residues). As the distributions lie near the mini-
mum, large variations in f correspond to small
deviations in d(O � � �Ha).

The most striking property of the intra-strand
O � � �Ha distance is that d(O � � �Ha) � 2.40(�0.1) AÊ

in all b-sheet residues (data not shown) and b-rib-
bon residues (Figure 6(a)-(d) of the main text). The
fact that the same value of d(O � � �Ha) is observed,
both on the inside interface and the outside inter-
face of the b-ribbons, suggests that this is an intra-
strand effect. As d(O � � �Ha) is correlated to f, the
restricted values of d(O � � �Ha) could be constrained
by any of the other intra-strand inter-atomic inter-
actions that are parameterised by f. However, of
these intra-strand distances (Table 3 of the main
text; where d(Oi ÿ 1 � � �Ha,i) corresponds to the
intra-strand d(O � � �Ha) distance), only d(O � � �Ha) is
within range of a steric contact over the observed
f range of ÿ150 � < f < ÿ90 �, leaving d(O � � �Ha)
as the only plausible source of an intra-strand
effect.

Given that O and Ha are polarised atoms (as
indicated by the formation of the inter-strand
CaHa � � �O hydrogen bond), there must be an intra-
strand electrostatic interaction between the O and
Ha, atoms. The question remains as to the strength
of this interaction, which can be answered only by
a detailed quantum mechanical calculation. How-
ever, two interesting measurements shed light on
this question. First, the standard deviation of the
O � � �Ha, distance is 0.1 AÊ in all cases. This stan-
dard deviation is comparable to that of H-bonded
and covalent-bonded distances. Second, as
d(O � � �Ha) � 2.5 AÊ of the inter-strand CaHa � � �O H-
bond represents a signi®cant interaction,A1 the
intra-strand values of d(O � � �Ha) � 2.4 AÊ suggests
that the intra-strand O � � �Ha interaction may be of
comparable magnitude.

Fortunately, the conformation energy of
b-strands using density functional theory bas been
calculated by Shamovsky and co-workers.A2 They
found that `` � � � the rotational potential of f in VIII
[backbone with alanine sidechain] has a remark-
ably ¯at minimum between ÿ90 � and ÿ150 �.``
However, they did not give a physical mechanism
for this minimum. As the range of
f(ÿ150 � < f < ÿ90 �) corresponds to
d(O � � �Ha) � 2.4(�0.1) AÊ , we can re-interpret the
results of the quantum mechanical calculation as a
remarkably ¯at potential of the backbone for
d(O � � �Ha) � 2.4(�0.1) AÊ . This supports the exist-
ence of an intra-strand O � � �Ha non-bonded polar
interaction.



308 Twist and Shear in �-Sheets and �-Ribbons
Intra-strand d(H � � �Haaa) and ccc

We also calculated the ideal curve of intra-strand
d(H � � �Ha) as a function of c (Figure 2(b) of the
main text), which has a minimum value of 2.22 AÊ

at c � 120 �. The observed distributions of
d(H � � �Ha) versus c also sit near the bottom of the
curve in all b-ribbon residues (Figure 6 of the main
text: (e) antiparallel non-H-bonded pair residue; (f)
antiparallel H-bonded pair residue; (g) parallel
wide residue; and (h) parallel narrow residues).
However, the most striking feature is that in all
cases, the distributions lie asymmetrically to the
right of the minimum of the curve where the
values of c are biased towards c > 116 �.

In the antiparallel b-ribbons, the distribution in
d(H � � �Ha) versus c facing the inner interface (non-
H-bonded pair; Figure 6(e) of the main text) is
more constrained than the distribution facing the
outer interface (H-bonded pair; Figure 6(f) of the
main text). Similarly in parallel b-ribbons, the dis-
tribution of d(H � � �Ha) versus c facing the inner
interface (wide residue; Figure 6(g) of the main
text) is more constrained than the distribution
facing the outer interface (narrow residue;
Figure 6(h) of the main text). The values of inner
d(H � � �Ha) in the parallel b-ribbons (2.29(�0.09) AÊ )
and in the antiparallel b-ribbons (2.28(�0.07) AÊ )
are both near the van der WaalsA3 contact distance
of 2.17 AÊ , suggesting that the H and Ha atoms are
in steric contact. As both H and Ha are positively
charged atoms, another interaction must be forcing
the two atoms together.

The formation of the bifurcated H-bond gives a
plausible explanation for the H � � �Ha steric contact
observed on the inner interface of b-ribbons. The O
atom in the bifurcated H-bond forms H-bonds
with neighbouring H and Ha, atoms where the
resultant electrostatic attraction of the O atom to
the H and Ha atoms forces the two H-atoms
together (Figure 2(c) of the main text). If forcing
the H and Ha atoms together is the only constraint
on the c angles, then restricting d(H � � �Ha) to
2.29(�0.09) AÊ would result in the restricted values
of 90 � < c < 150 �. However, observed c angles are
always biased to the right-half of this region
(c > 116 �). Another mechanism is required to
account for this bias.

Intra-strand d(O � � �Cbbb) and ccc

The asymmetry of the c angles with respect to
the d(H � � �Ha) versus c curve is found for all resi-
dues in b-ribbons (Figure 6(i)-(l) of the main text)
and b-sheets (data not shown), suggesting that this
is an intra-strand effect. The intra-strand O � � �Cb

distance is parameterised by the c dihedral angle
(Figure 2(b) of the main text). By comparing the
ideal curve of d(O � � �Cb) versus c to the observed
distributions, it can be seen that the values of
c > 116 � correlate to d(O � � �Cb) > 2.9 AÊ in all b-rib-
bon residues (Figure 6 of the main text: (i) antipar-
allel non-H-bonded pair residue; (j) antiparallel H-
bonded pair residue; (k) parallel wide residue; and
(l) parallel narrow residues). Since the O � � �Cb van
der WaalsA3 radius is 3.15 AÊ , the observed limit of
d(O � � �Cb) � 2.9 AÊ is consistent with the lower
limit of a steric contact, suggesting that the bias of
c > 116 � is due to an intra-strand O � � �Cb steric
clash destabilising residues with values of c in the
region <116 �.
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