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Abstract 

@Strands as constituents  of P-pleated sheets in protein  tertiary  structures  often display considerable distortion 
from  a purely extended conformation. The dislocation types are often characterized as “bulging,” “twisting,” and 
“bending.” The former  2  properties have been extensively studied and classified. In this work an investigation of 
bent p-structures is undertaken.  The  structural  characteristics examined included the bending angles within and 
out of the principal strand plane,  their  distribution among various strand types such as parallel and antiparallel, 
the  amino acid preferences at bend sites, and  the usage of charged and polar residues for stabilization  through 
interactive anchoring with other  atoms of the &sheet within which the bent strand lies. 
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P-Pleated sheets in protein tertiary structures have been the sub- 
ject of considerable study, especially given their major  status as 
1 of the 2 important secondary structural types along with a- 
helices. Sheets are composed of &strands, which are individual 
oligopeptide segments that align in a side-by-side fashion and 
adjacently hydrogen bond through  interaction of their main- 
chain NH and  CO  groups. Though strands  are typically in ex- 
tended conformation with backbone (4, $) dihedral angles near 
(-122”, 143”) (Richardson et al., 1978), they often display con- 
siderable structural distortion characterized by “bulging,” “twist- 
ing,”  and “bending” (Fig. 1). 

P-Bulges were first extensively studied by Richardson et al. 
(1978) and more recently by Chan et al. (1993).  Bulges are those 
peptide segments (generally 2 residues in length) that pucker out 
from  an extended substructure between 2 consecutive 0-type hy- 
drogen  bonds  joining  adjacent strands. The residues that splay 
out  are opposite  a single residue on the  adjacent  nonbulged 
strand (Fig. 1). Twisting is concerned with distortions from a 
classical flat P-sheet of hydrogen bonds such that  the local ex- 
tended strand chain dislocates (or twists) relative to  the direc- 
tion of its adjacent strand neighbor (Fig.  1). Salemme (1983) has 
described in detail such sheet properties. Both Chan et al. (1993) 
and Salemme (1983), through  their thorough  and systematic 
studies and classification schemes, have also aimed to explain 
the etiology of the distortions. Chothia  and  Janin (1981, 1982) 
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have carefully examined the relative orientations of interacting 
P-pleated sheets. 

In  this  work, similar efforts will be undertaken for bends 
where the extended strand  conformation does  not follow a line 
but  rather curves (or bends) at discrete sites resulting in a uni- 
formly bent or nlultiply contorted strand (Fig. 2). The signifi- 
cance and pervasiveness of bent strand segments in protein 
architecture is amply exemplified in a recent minireview of 
Chothia  and Murzin (1993), who discuss many interesting and 
surprising all-&stranded topologies. A particularly salient ex- 
ample relying heavily on bent 0-substructures is the parallel p- 
helix of pectate lyases (Yoder et al., 1993). All the  illustrations 
of newly discovered protein  folds shown by Chothia  and Mur- 
zin (1993) contain at least 1 strongly curved strand  and gener- 
ally many more. 

The bent substructures in the present work are characterized 
by their bending angles within and  out of the overall strand 
plane, their distribution  among various strand types, the com- 
positional preference for particular amino acid  types at the point 
of bend,  preferred positions of bends within strands,  and  the 
use of charged and polar residues at  the bend for stabilization. 
The latter salt bridges and hydrogen bonds may well  be respon- 
sible for  the bend during  protein  folding.  The results presented 
here should prove useful in designing and engineering protein 
3-dimensional structures. 

Results and discussion 

Bend angle distributions 
A total of 946 strands with length 4 residues or more was ex- 
amined from  the 247 protein  tertiary  structure data set. The 
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Fig. 1. Structural  distortion of &strands.  @-Strands are indicated by 
thick arrows from the N- to C-terminus along the polypeptide chain se- 
quence. Blackened ellipses illustrate successive C, positions along  the 
backbone, whereas thin arrows refer to an NH to  CO hydrogen bond 
between main-chain atoms. A: A C+ 2-residue @-bulge in 1 of 2 anti- 
parallel strands, which represents the most observed class (Chan et al., 
1993). B: Two  antiparallel  strands twisted  relative to  each  other 
(Salemme, 1983). C: Two bent antiparallel  strands. 

strands were constituted by 4.466 amino acids. Table 1 lists the 
distribution of the extended segments among  the various strand 
structural types. Antiparallel strands  at 71 070 of the  total domi- 
nate, as do  strands  that  are without bulges (88Vo), and  are uni- 
formly bent (85%) and appear in sheets composed of more  than 

Table 1 .  Distribution of strands in  the data set composed of 
946 members  according to structural type 

Strand type 
Fraction of sample 

(TO) 

Antiparallel 
Parallel 
Short (less than 5 residues) 
Long (more than 5) 
Inside 
Edge 
With bulges 
Without bulges 
Singly bent 
Multiply bent 
In large sheet (more than  3  strands) 
In small sheet (3 or fewer) 
Total bend greater  than 25" 
Total bend greater  than 50" 

71 
29 
53 
41 
50 
50 
12 
88 
85 
15 
13 
21 
31 
10 
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Fig. 2. Different strand types considered in this  work. A: Antiparallel 
strand pair. B: Parallel strand pair. C: Inside and edge &sheet strands. 
D: Singly bent strands. E Multiply bent strands. In  all cases, C, atoms 
are indicated by open circles with arrows connecting successive atoms 
along  the N- to C-terminus of the hypothetical polypeptide chain.  Ar- 
rows across  strands  indicate hydrogen bonds  (NH to CO).  

3 extended segments (73%). Strands with a total bend angle 
greater than 25" make up 31% of the sample, whereas only 10% 
have total bend angle  greater  than 50". Strands with at least 1 
local bend angle greater than 20" make up  about 19% of the to- 
tal strand  count; if the angle is reduced to 15". the fraction be- 
comes 38%. 

The frequency distribution of total bend angles within the 
strand planes is shown in Figure 3A,  and Figure 3C shows sim- 
ilar statistics for  the  total bend component out of the  major 
strand plane. The 2 distributions  correlate at  the level of 0.65 
according to Pearson  statistics  (Press et al., 1988:484-488). 
Thus,  strands  that bend strongly in the plane also tend to bend 
more  out of the plane. Clearly, strands bend more in their 
planes, with the most  frequent  angle at 11 ", rather than  out 
of their planes where the most observed angle is 2". Figure 3B 
and D relate similar distributions for local bend angles; however, 
there is much less correlation between strong local bend angles 
in and  out of the  strand plane (0.15). 

Preferred  structural  characteristics of bent  strands 

Tables 2 and 3 list, respectively, the composition of  strand struc- 
tural types among extended segments with in-the-plane total 
bend angle greater than 25" and with at least 1 in-the-plane lo- 
cal bend angle  greater than 20". It is clear that  strands  that  are 
highly distorted globally and locally are antiparallel, long (more 
than 5 residues), not bulged, uniformly bent, and in large sheet 



878 C. Daffner et al. 

A. total  bends,  in  plane B. local  bends, in plane 

0 30 60 90 120 150 
Angle, in degrees 

0 9 18 27 36 45  54 63 72 

Angle,  in degrees 

c. total  bends,  out of plane D. local  bends, out of plane 

0 

al C 

3 

ii 

240 

21 0 

180 

150 

120 

90 

60 

30 

0 
0 30 60 90 120 150 

Angle, in degrees 

21 240 0 8 
180 

2 150 

2 

> 

a2 
8 120 
LL 90 

60 

30 

0 
0 9 18 27 36 45  54 63 72 

Angle, in degrees 

Fig. 3. Frequency distribution for various bend  angles. A: Total bend angle component within major plane defined by the strand 
C, positions. B: Local bend angle component within the  major  strand plane. C: Total bend component out of the major plane 
delineated by the  strand C ,  atom sites. D: Local bend component  out of the major strand  plane. 

structures,  composed of more than 3 strands. Even though 
about 45% of strands displaying at least 1 local bend greater 
than 20” are bulged, only 20% of these  local bends occur directly 
across the bulge. 

Preferred strand position for bends 

Each strand  constituted by 6 or more residues was sectioned ac- 
cording to  the position of local bend: N-terminus, middle, and 
C-terminus. If the N-terminal residue is numbered  2 and  the 
C-terminal as c, then the N- or C-terminal bends are, respec- 
tively, between strand sites (2, 3) and (c - 2, c - 1). All other 
possible local bend sites are designated “middle.” Of all local 
bends greater than 20°, 31 %, 60%,  and  9% were observed to 
be at N-terminal, middle, or  C-terminal sites, whereas the re- 

spective  expected  percentages  were 17.5%, 65070, and 17.5070, re- 
sulting in respective preferences of 1.8, 0.9, and 1.1. Though 
most strong bends occur in the middle of extended structures, 
clearly there is a skewed preference for  the N-terminus. This phe- 
nomenon may correlate with the process of protein folding and 
suggests their early involvement. 

Preferred amino acids at bend sites 

Table 4 lists amino acid preferences for residues appearing at 
either side of a large local bend (greater than  20”). Because  res- 
idue sets ( i  to i + 2) and ( i  + 1 to i + 3) form the plane  contain- 
ing major axes used to determine the local bend angle, the 
residue types residing at positions ( i+  1) and ( i +  2) were counted 
and referred to as “inside” the  bend, whereas ( i )  and ( i  + 3) are 
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Table 2. Observed  counts among strand structural types 
for extended segments with total in-the-plane 
bend greater than 25” 

Structural type Count 

Antiparallel 
Parallel 
Short 
Long 
Inside 
Edge 
Bulged 
Not bulged 
Singly bent 
Multiply bent 
In large sheet 
In small sheet 

247 
38 
28 

257 
154 
131 
85 

200 
236 
49 

215 
70 

called “next-to.” Amino acid type preferences are given in Ta- 
ble 4 for inside, next-to, inside plus next-to, loop (taken from 
Palau et al., 1982), and  strand (calculated from  the present data 
set) conformations. Actual observed and expected counts are 
listed for  the inside plus next-to case. 

The  strong local bend amino acid preferences, quite consis- 
tent between the “inside” and “next-to’’ categories and measured 
relative to residue type  composition found in @-strands, focus 
on  the  turn residues Gly and  Pro,  the exceptional residues Cys 
and  Trp,  and  the charged and polar types Asp, Arg, Lys, His, 
Ser, and  Thr. Only 2 of the  latter group  are also preferred by 
loop-  or  turn-configured residues in proteins; namely, Asp and 
Ser (Table 4). The  @-strand preferences are  for hydrophobic 
amino acids and share in preference only Thr  and  Trp with 
bends.  Clearly, residue types preferred near strand bends are 
mostly not those inclined to be  in turn conformations, are rarely 
preferred in extended substructures, and  are concentrated on 
charged  (Asp, Lys, Arg, His) and polar (Ser, Thr)  amino acids 
as well as the  important loop residues Gly and  Pro. The  unique 
status of bend residues within @-strand  structures is emphasized 

Table 3. Observed  counts among strand structural types 
with extended segments having at least 1 local bend 
angle greater than 20” 

Structural type Count 

Antiparallel 
Parallel 
Short 
Long 
Inside 
Edge 
Bulged 
Not bulged 
Singly bent 
Multiply bent 
In large sheet 
In small sheet 

155 
28 
39 

144 
81 

102 
84 
99 

147 
36 

123 
60 

Table 4. Amino acid type preferences 
for various conformationsa 

Preference 

Inside 
Amino Observed Expected plus 
acid count  count Inside Next-to next-to Turn Strand 

Ala 
CYS 
ASP 
Glu 
Phe 
GIY 
His 
Ile 
LYS 
Leu 
Met 
Asn 
Pro 
Gln 
Arg 
Ser 
Thr 
Val 1 
TrP 
TYr 

~~ 

47 61 0.67 0.87 0.77 0.84 0.83 
10 8 1.00 1.50 1.25 0.69 0.95 
28 17 2.00 1.50 1.65 1.28 0.33 
27 30 1.00 0.80 0.90 0.78 0.64 
44 51 0.76 0.96 0.86 0.88 1.57 
75 42 2.38 1.14 1.79 1.76 0.59 
23 15 1.28 1.75 1.53 0.53 0.84 
61 78 0.55 1.00 0.78 0.55 1.72 
43 42 1.05 1.05 1.02 0.95 0.80 
63 85 0.59 0.91 0.74 0.49 1.27 
20 22 1.00 0.82 0.91 0.52 1.36 
12 15 1.14 0.50 0.80 1.48 0.41 
29 11 3.67 1.17 2.60 1.47 0.29 
21 26 1.00 0.62 0.81 1.00 0.89 
34 26 1.23 1.38 1.31 0.91 0.79 
56 50 0.92 1.31 1.12 1.29 0.86 
74 65 1.44 0.84 1.14 1.05 1.20 

I04 123 0.77 0.92 0.85 0.51 2.05 
19 18 0.67 1.44 1.06 0.88 1.47 
40 46 0.72 1.04 0.87 1.28 1.53 

a “Inside” refers to the residues flanking a large in-the-plane local 
bend greater than 20”, whereas “next-to” are the 2 residues neighbor- 
ing the inside ones. Counts are given for  the inside plus next-to case. 
Preferences are also given for residues  in turn conformations taken from 
Palau et al. (1982) and in extended configurations calculated from data 
used  in the present work. A preference value less than 1 .OO indicates rel- 
ative avoidance of the residue type, 1 .OO neutrality, and greater than 
1 .00, preference. The preferences are normalized relative to the  entire 
data sample for  turn  and strand and relative to strands  for  the remain- 
ing preferences. 

by the fact that the average bend preference for charged and po- 
lar residues is l .  14, whereas for  the same  amino acid types in 
extended structures, the mean preference is only 0.75. The res- 
idue types included His, Lys, Arg, Asp, Glu, Gln, Ser, and  Thr. 
Of the local strand bends with  angles greater than 20°, 62% had 
at least 1 polar residue at  the inside or next-to sites, 53% simi- 
larly had at least 1 charged amino  acid,  and 89% had at least 
1 charged or polar  type in 1 of the 4 positions. Obviously such 
residues are important for the structural stabilization of the bend 
through not only their presence but also through interaction with 
other  groups, the most significant likely to be salt bridging and 
hydrogen bonding. It is also possible during protein folding that 
such interactions help establish the bend and  are thus essential 
in achieving the final  protein  topology. 

The interactions of the polar and charged side chains at strong 
local bends with other protein atoms were investigated in detail 
for those sheets that contained at least 3 strands  and  at least 1 
bend angle greater than 20” in each of  3 or  more strands. All 
polar or charged atoms within 4.00 A of similar atoms in side 
groups at flanking bend sites were listed and classified as main 
chain or side chain and within the  strand containing the flank- 
ing side group, in an adjacent strand, elsewhere within the @- 
pleated sheet containing the bend, or in flanking loops at the 
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Table 5. Counts of interactions (salt  bridges  and  hydrogen bonds) 
between side groups in bent strands and atoms in various 
regions of the encompassing  &pleated  sheet 

Interaction with 

Interacting Same Opposite Other residues, Flanking turns 
side group strand strand(s) mostly in sheet of bent strand 

ASP 13 12 2 12 
Glu 1 9 5 6 
‘4% 2 4 5 2 
His 4 10  3 7 
LYS 1 8 9 0 
Asn 12 21 2  6 
G l U  4 2 4 1 
Ser 17 8  8 1 
Thr 15 14 5 0 
TYr 1 6 8 1 
Total 70 94 51 36 

Interacting 
main-chainside-chain 
atoms 55:15 36:58 21:30 28:8 

- - 

termini of the bent strand. Table 5 lists the  counts for each side- 
group type. Most  of the interactions (salt bridges or hydrogen 
bonds) between the bend participating side group  and other at- 
oms involve those in adjacent strands of the sheet (38Vo), and 
most of these (62%) are with other side chains. Nonetheless, 
28% of the interactions between the bend side chain and  other 
atoms  are within the same bent strand where main-chain asso- 
ciations with the bend side group predominate (79%). The re- 
maining 34% of the interactions are with remaining sheet  regions 
(mostly  involving other side groups) or flanking turns of the bent 
strand segment  (most  involving main-chain atoms of loops). The 
side-chainhide-chain associating pairs are not unexpected and 
those with counts  greater than 5 included Glu-Lys, Asp-Arg, 
Asp-His, Asn-Tyr, Asp-Lys, Tyr-Asp, and Thr-Thr. Though in- 
teractions between hydrophobic residues must also be signifi- 
cant for bend stabilization, the  strong preferences for charged 
and polar residues at bend sites point to their special importance 
to bend stability. For purposes of protein design and engineer- 
ing, side-grouphide-group interactions between the bent and op- 
posite strand side chains are recommended to  promote  and 
stabilize any  intended bend of  an extended substructure.  Two 

structural examples of bent strands and their stabilizing side 
groups and respective interactions are shown as stereo drawings 
in Figures 4 and 5 and Kinemages 1 and 2. 

Data and methods 

Protein structures studied 

A data set of 247 known 3-dimensional protein  structures was 
examined. Their atomic coordinates were taken from the Brook- 
haven Protein Data Bank (Bernstein et al., 1977), and they were 
selected by the  procedure of Heringa et al. (1992) such that 
the largest possible subset of structures  from  those known is 
found  under the constraint that  the  amino acid sequences of 
no protein  pair be no greater than 50% in residue identity over 
all matched amino acids after alignment by an appropriate 
method, The 4-letter Brookhaven codes associated with each 
protein file containing the coordinate  records are subsequently 
listed, with chain identity indicated in parentheses if there was 
information given for more than 1 polypeptide such as for oligo- 
meric proteins: 

Fig. 4. Stereo illustration of an exemplary lo- 
cal bend of more than 20” taken from retinol 
binding protein (Cowan et al., 1990). The cen- 
tral strand shown encompasses  residues 100-106 
with  single-letter-coded  sequence GNDDHWI. 
Asp 102 and Asp 103 constitute  the residues 
closest to  the bend  region shown as thick  lines, 
whereas His 104 is in the  “next-to” site (see 
text). The bend is stabilized by interactions of 
His 104 with Gln 1 1  7 appearing in a  strand ad- 
jacent to the bent strand, Asp 103 with both 
Trp 105 of the same strand and Lys  87 of an 
adjacent  strand, and Asp 102 with Tyr 133 ap- 
pearing in a  strand of the sheet containing  the 
bent segment. The main- and side-chain atom 
sites are indicated for each residue noted. 
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Fig. 5. Stereo illustration of a strand segment (residues 87-94 with single-letter-coded sequence KIYHKLTY) containing 2 local 
bends greater than 20" from bilin binding protein  (Huber et al., 1987). The bends are  on either side of Leu 92, and the  corre- 
sponding  bent region is shown in thick lines. The bends are stabilized by interactions between His  90 and Tyr 23 contained in 
a  flanking loop of a  strand in the sheet containing  the bend strand, Lys  91 and Tyr 75 of an adjacent strand,  and  Thr 93 and 
Thr 90 of an adjacent strand. 

ACTl(A),  ACTl(D),  ROM7, SODO(Y), ZIFl(C), 155C, 
IAAP(A), IAAT, lACE,  lACX,  lADA, 1AK3(B), IALC, 
lALD, IATX, lBBP(C), IBDS, 1BN2(1), 1BP2, lCBP, lCC5, 
lCDT(A),  lCOX,  ICPB,  lCPK(E),  lCPK(I),  ICRN, 
lCRO(A),  ICTF,  ICTX, 1CY3, lDPI,  lDRF,  IDTX,  IECD, 
lEFM, 1F19(H), lFCl(A), 1FC2(C), lFCB(A),  lFDX, lFKF, 
IFNR,  IFXI,  lFXI(A),  IGCR,  lGDl(R),  IGOX,  lGPD(R), 
lGSG(P),  lHCC,  lHCO(A),  lHCO(B),  lHDD(D),  lHIP, 
lHRH(A),  lHSC,  lHSD(A),  IIFB,  lLAP,  ILDB,  lLDM, 
1LRD(3), lLYM(B), lMAD(H),  lMAD(L), lMCA(B), IMLE, 
lMON(E),  lMON(H),  IMRT,  lMSB(A),  INRD,  lOMD, 
lOVA(A),  lPAD,  lPAL,  lPCD(A),  lPCD(B),  lPFK(A), 
lPHV(I),  IPHY,  1PP2(L),  lPPT,  lPRC(C),  lPRC(L), 
lPRC(M),  lPRC(H),  lPTE, 1R09(1), lR09(3),  lRlE(E), 
lRBP, lRHD,  IRIG,  lRNH, lRNS(S), IRNS, IRNT, lRSL(C), 
ISDG,  ISGC, ISGT, 1SH1, 1SN3, lTAB(I), lTEC(I),  lTGC, 
ITGL,  lTGS(I),  lTNF(A),  ITPT,  lVSG(A),  lWSY(A), 
lWSY(B), IZNF, 256B(A), 2ABX(A), 2ACT, 2APR,  2BJL(l), 
2BLM(A), 2BUS, 2CA2, ZCBH, 2CCP, 2CCY(A),  2CD4, 
ZCDV,  ZCHY, 2CNA, 2ET1, 2FBJ(H), 2FCR, ZFXB, 2GN5, 
2HFL(L), 2HLA(B), 2HMZ(D), 2IL8(B), ZLBP, 2LH1, ZLHB, 
2LTN(A),  2LTN(D), 2MB5, 2MHR, 2MLT(A),  2MRT, 
2PAB(B), 2PHH, 2PKA(B), 2PKA(X), 2PLV(l), 2PLV(2), 
2PLV(3), 2PLV(4), ZPRK, 2RSP(A),  2RUS(A), 2SAR(B), 
2SC2(A),  2SC2(B), 2SDH(B),  2SNI(E),  2SNI(I), ZSNS, 
2SOD(3), 2STV, 2TBV(C), 2TEC(E), 2TIM(B), 2TMV(B), 
2TRX(B), 2TSC(A),  2UTG(B), 2YHX, 31B1, 351C, 3ADK, 
3AIT, 3APP, 3ATl(A),  3ATl(D), 3B5C, 3BCL, 3BLM, 3C2C, 
3CBH,  3CLN,  3CRO(R), 3CSC, 3CYT(O), 3DFR,  3DPA, 
3ER3(E),  3FBP(B), 3FGF, 3GAP(B),  3GBP(O),  3HLA(A), 
3HMG(B), 3HMG(C), 3ICB, 3INS(D),  3LZM, 3MBA, 3PEP, 
3PGK,  3PGM,  3PHV,  3RP2(A),  3TRX, 3WRP, 3ZNF, 
4CHA(B), 4CPA(I), 4DFR(A), 4FD1,4FXN,  4GR1,4INS(C), 
4MDH(A), 4PCY, 4SBV(C), 4SGB(I), 4TGF, 4TNC,  4TSl(A), 
SEBX, SENL, SICD, 5P21,  SRXN, BACN, 6ADH(B), 6CPA, 
6CPP, 6EST, BHIR, 6PTI,6RXN, 7ABP, 7TLN, 7WGA(A), 
8CAT(B), 9XIA. 

Delineation of secondary  structure  and  hydrogen  bonds 

Residues participating in extended &strand  conformations were 
detected by the computer program DSSP of Kabsch and Sander 
(1983),  which generally relies on recognition of hydrogen bonds 

through  threshold  properties (such as distance) of main-chain 
NH  and  CO interactions. DSSP also lists hydrogen bond part- 
ners, allowing delineation of @-pleated sheet structures. Bulges 
were detected by deviation in typical hydrogen bond patterns of 
adjacent strands (see Fig. 1 for  an example and  Chan et al. 
[1993] for a discussion).  Local  bend  angles  were measured across 
bulges by simply excluding the puckered residues; for example, 
if residues 4 and 5 in an 8-residue strand were bulged, then the 
local bend angles across the bulge were defined by the 2 local 
major axes (see  below) of principal planes defined by the main- 
chain atoms of the residue triplets (1, 2, 3) and (2, 3, 6); (2, 3, 
6) and  (3,6, 7); and (3, 6, 7) and (6, 7, 8). The local bend angle 
directly across the bulge is defined with the sets (2, 3, 6) and 
(3, 6, 7). 

Definition of strand  bends 

For  purposes  of  this  work, each residue was assigned 3  main- 
chain  atoms: namely, C',  C,, and  N, where C' is the carbonyl 
carbon, C, is the carbon atom  to which the residue side group 
is covalently bonded, and  N is the peptide nitrogen. Several bend 
angle characterizations were considered: local bend angle within 
a strand,  total bend angle over an  entire strand,  and bend an- 
gle components within and  out of the principal strand plane. 

The  principal  plane  through given strand atoms (3 per resi- 
due) is determined by the method of Chelvanayagam et al. 
(1992), who applied principal component analysis (Press et al., 
1988:353-397) to  the positions of atoms intended to lie in the 
plane.  This  plane will define  a  major axis representing the best 
line through the main-chain strand  atoms  and with direction 
from the N- to C-terminus along the  amino acid sequence, a mi- 
nor axis, which is orthogonal to  the  major axis and within the 
principal plane, and the normal perpendicular to the latter 2 axes 
and  the principal plane (Chelvanayagam et ai., 1992). The lo- 
cal bend angle is defined as that angle made by the intersection 
of  2 major axes associated with the planes defined by 2 consec- 
utive sets of 3 residues (9 atoms) along the  strand; for instance, 
the angle between major axes of strand residues ( i  to i + 2) and 
residues (i + 1 to i + 3) (see  Fig. 6 for  an illustration). This lo- 
cal bend angle has 2  components: namely, that within the ma- 
jor plane defined by all backbone atoms in the entire strand  and 
that component outside or deviant from the overall strand plane. 
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Fig. 6.  Hypothetical  local  and  total  bend  angles.  The  open  circles  re- 
fer to successive C, atoms  along  the  strand  counted  from  the N- to  C- 
termini of the  polypeptide  chain. MA,,, indicates  the  major  axis  of  the 
plane  containing  backbone  atoms  (3  per C,) encompassing  consecutive 
residues i to  j .  A: A local  bend  angle, 6, which is always  defined as  a 
positive  angle less than 180". B: The  total  strand  bend  angle,  TB, which 
is taken  as a positive value; angles above  the  major  strand axis are  taken 
as  positive (+a) and  those  below  are  negative ( -7 ) .  See text for  fur- 
ther  details. 

Chelvanayagam et al. (1992) described in detail and diagram- 
matically how these components were determined. 

The  total bend angle of a  strand is defined as the absolute dif- 
ference of the 2 bend angles defined by the  major axes of the 
N- and C-terminal  3 residues, respectively, and  the  major axis 
of the entire strand (Fig. 6). Positive (negative) angles were de- 
fined by counterclockwise (clockwise) rotations relative to  the 
strand  major axis. Consecutive local bend angles for 3 residues 
measured relative to the  strand  major axis should monotonically 
increase or decrease for a  curved,  uniformly bending (singly 
bent) strand; when this was not the case, creating a zig-zag (mul- 
tiply bent) type strand,  the  total bend angle of the  strand was 
taken as the difference between the maximum and minimum an- 
gles  achieved at the intersection of the  major  strand axis and the 
local 3-residue line (Fig. 2). Components of the total bend an- 
gle  were taken to be within and without the  major  strand plane 
as also determined for local bends. 

Strand types 

In this work, strands with various characteristics are considered. 
Extended conformations in @-sheets can be parallel or  antipar- 
allel, edge or inside strands,  and singly or multiply bent. These 
types are illustrated in Figure 2.  Strands were also considered 
with and without bulges and as long (more than 5 residues in 
length) or  short (less than or equal to 5 residues); 5 provided 
the demarcation because it was near the average strand length 
(4.7) of the sample used here. Extended substructures in large 
(more than 3-stranded) and small (2- or 3-stranded) sheets were 
also distinguished. 

C. Daffner et al. 

Amino acid preferences 

Preferences were always based on an observed count divided by 
the expected number such that resulting ratios greater than 1 .OO 
indicated an affinity for the residue type, equal to 1 .OO, neutral- 
ity, and less than 1 .OO, avoidance. Preferences were calculated 
for amino acid  types to be in @-strands and to be at specific  sites 
surrounding large bends in strands.  The expected number of a 
particular  amino acid type to be in a  strand  structure was de- 
fined as the product of the number of residues of that type in 
the entire database of structures and  the fraction of residues in 
the entire database  that  appear in 0-strands. The expected num- 
ber for particular residue types to be at sites such  as those flank- 
ing a strand bend (inside sites) was taken as the product of the 
number of residues of that type in all  &strands examined and 
the fraction of residues in all strands that  appear at  the  appro- 
priate bend sites. 
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