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In the accompanying paper we derived a set of principles that, we argue, govern the 
structure of b-sheet barrels. Barrel structures are classified in terms of two integral 
parameters: the number of strands in the /?-sheet, n, and a measure of the stagger in the 
b-sheet, S. We derived a set of equations that show how the (n, S) values of a barrel 
structure determine the arrangement of its strands; its general shape; the twist and coiling 
of the p-sheet, and the arrangement of residues in the barrel interior. This work suggested 
that there are ten different combinations of n and S that form barrels with good /?-sheet 
geometries and interiors close packed by P-sheet residues. 

In this paper we demonstrate the validity of these principles. We analyse in detail the 
observed structures of 39 different B-sheet barrels. These structures include representatives 
of all the different barrel structures currently known and for which atomic co-ordinates are 
available. 

We show that the observed arrangement of the strands, and the extent of the twist and 
coiling of the p-sheets, are very close to those calculated from the (n, S) values for the barrel. 
Of the 39 structures, 34 have one of the ten (n, S) values that we expect to form barrels with 
good p-sheet geometries and interiors close packed by B-sheet residues. The other five have 
one of two (n, S) values that give good P-sheet geometries but radii so large the P-sheet 
residues leave cavities at the centre of the barrels. In at least four of these the cavities have 
a functional role. 

Keywords: analysis of observed protein folds; P-sheet structure; barrel distortions; 
residue packing; ligand binding sites 

1. Introduction 
In the accompanying paper (Murzin et al., 1994; 

referred to here as paper I) we presented a set of 
principles that, we argued, govern the barrel struc- 
tures formed by p-sheets in proteins. In this paper 
we describe the main structural features of all the 
observed /?-sheet barrels that have distinctly 
different amino acid sequences and for which atomic 
co-ordinates are available. This work demonstrates 
the validity of the principles described in paper I. 

2. Structures and Co-ordinates 
The structures discussed in this paper are listed in 

Table 1. With two sets of exceptions, part 1A of this 

t On leave from the Institute of Mathematical 
Problems of Biology, Russian Academy of Sciences, 
142292 Pushchino, Moscow Region, Russia. 

list contains all the barrel structures for which 
atomic co-ordinates were available to us$. The first 
set of exceptions involves large families of proteins 
whose members have clear sequence homology: 
these are represented by a few distantly related 
members. The second set of exceptions involve the 
a//?-barrel and p-trefoil proteins. Though most of 
the proteins within these two large groups have no 
significant sequence similarities, they do have very 
similar structures (Lesk e6 al., 1989; Wilmanns et al., 

$ Not considered here are the sandwich structures, 
formed by the face to face packing of two P-sheets, for 
which the term “barrel structure” has been used 
incorrectly. (The twisted /3-sheets in sandwich structures 
give them the shape of twisted rectangular prisms and 
these are sometimes confused with the shapes formed by 
P-sheet barrels.) We also do not consider structures in 
which single B-sheets fold upon themselves but have no 
significant contacts between the two edge strands. 

0022-2836/94/101382-19 $08.00/O 
1382 

0 1994 Academic Press Limited 



Observed Structure of B-Sheet Barrels 

Table 1 

1383 

Proteins containing B-sheet barrels 

Protein, protein family 
or common fold 

PDB file 
entry Reference Barrel location in the structuret 

A. Closed barrels 
Ovomucoid domain III 
Alcohol dehydrogenaae 
Inorganic pyrophosphatase 
Purine nucleotide phosphorylaae 
Major cold shock protein 
Rhinovirus 14 coat protein 
Staphylococcal nucleaae 
Verotoxin-1 B subunit 
Asp-tRNA synthetase 
Serine proteases 

y-chymotrypsin 
a-lytic proteaae 
Sindbis virus capsid protein 

Di-ubiquitin 
Reductase Family 

Ferredoxin reductase 
Phthalate dioxygenase reductase 

Acid protesses 
HIV proteaae 
penicillopepsin 

Elongation factor Tu 
Gin-tRNA synthetaae 
P-Trefoil fold 

Erythrina trypsin inhibitor 
interleukin-l/3 
fibroblaat growth factor 

Cellobiohydrolaae 
Aconitase 
a/p Barrels 

glycolate oxidase 
RuBisCO 
TIM (chicken) 

Catalase 
Streptavidin 
Cyclophilin A 
Lipocalin binding proteins 

retinol-binding protein 
bilin-binding protein 
major urinary protein 

E2 DNA-binding protein 
Porin 

B. Partly open barrels 
Alcohol dehydrogenase 
SH3-homology domain 
Photoreaction centre 

H-chain 
Heat-labile enterotoxin 

B-Subunit (monomer) 
Acid proteinases 

Penicillopepsin (C-domain) 

3ovo Musil et al. (1991) 
5ADH Eklund et al. (1976) 
1PYP Arutiunian el al. (1981) 
1ULB Ealick el al. (1991) 
1csq Schindelin et al. (1993) 
4RHV Arnold & Rossmann (1990) 
1SNC Loll & Lattman. (1989) 
lBOV§ Stein el al. (1992) 
DRf% Cavarelli el al. (1993) 

2GCH Cohen ef al. (1981) 
2ALP Fujinaga et al. (1985) 
2SNV Tong ef al. (1993) 
1AAR Cook et al. (1992) 

1FNR Karplus et al. (1991) 
2PIA Correll el al. (1992) 

3HVP 
3APP 
ETU$ 
1 GSG 

Wlodawer el al. (1989) 
James & Sielecki (1983) 
Kjeldgaard & Nyborg (1992) 
Rould el al. (1989) 

1TIE 
111s 
ISARI) 
3CBHg 
5ACN 

Onesti el al. (1991) 
Finzel el al. (1989) 
Zhu et al. (1991) 
Rouvinen el al. (1990) 
Robbins & Stout (1989) 

1GOX 
SRLJB 
ITIM 
8CAT 
S’W  
lCPI& 

Lindqvist (1989) 
Schneider ef al. (1990) 
Banner et al. (1975) 
Fita & Rossmann (1985) 
Hendrickson el al. (1989) 
Ke ef al. (1991) 

lRBP§ Cowan ef al. (1990) 
1BBP Huber ef al. (1987) 
1MUP Bocskei ef al. (1992) 
1soq Hegde et al. (1992) 
2POR5 Weiss & Schulz (1992) 

8ADH 
lSHG$ 

1PRC 

1 LTT§ 

3APP 

Eklund ef al. (1976) 
Musacchio ef al. (1992) 

Deisenhofer ef al. (1985) 

Sixma ef al. (1992) 

James & Sielecki (1983) 

Oligomer of N-terminal regions 
Barrel 2#: b-sheet S3 
/-Sheet BAR 
B-Sheets A + B 
D-Sheet 
Oligomer of N-terminal regions 
B-Sheets Sl + S2 
B-Sheets BlA+B2A 
b-Sheet of N-terminal domain 

Barrel l$: /?-sheet 1; barrel 2$: /?-sheet 2 
Barrels 1 and 21: b-sheets of both domains 
B-Sheet A2 
Dimer of subunit B-sheets (A + B) 

B-Sheet Sl 
b-Sheet BBl 

/?-Sheet COR 
Barrel 11: B-sheets II + VI 
Barrel 1 and 2$: b-sheets of domains 2 and 3 
Barrel 1 and 21: /?-sheets of the last 2 domains 

/?-Sheet Bl 
/?-Sheet BRL 
“Barrel” part of fold 
/%-Sheet 
B-Sheets S5 + S6 

/?-Sheet BAR 
B-Sheet ACT 
B-Sheet A 
B-Sheet Sl A 
B-Sheet 
b-Sheet 

/l-Sheet A 
B-Sheets SlA + S2A 
B-Sheet 
Dimer of subunit b-sheets 
/?-Sheet Sl 

Barrel 11: j-sheets Sl + S2 
B-Sheet 

/?-Sheet of C-terminal domain 

b-Sheet(s) of one subunit 

B-Sheets III + VII 

Structures are listed here in the same order as they appear in Table 3. 
t When assigned a PDB file (as of October 1993). names of /?-sheets that make the barrel are given. 
$ Barrel number in the structures with more than one barrel; it is added to the 3-letter protein name in the text and the other Tables. 
5 Co-ordinate files were given to us by their authors: those without the first digit have not been deposited with PDB before this 

publication. 

1991; Murzin et al., 1992) and we have taken, for 
each group, three examples to be adequate 

contain one strand which has its N-terminal region 
hydrogen bonded to one neighbour, its C-terminal 

representatives. region to the other neighbour and these two regions 
The set of proteins considered here contains 39 separated by two or more residues in a non-b con- 

different barrel structures; four of the 35 different formation. As will be shown at the end of the paper, 
proteins contain two barrel structures (see the geometries of the partly open barrels are, to a 
Table 1A). close approximation, the same as the related fully 

We list in Table 1B proteins that contain what we closed structures. 
call partly open barrel structures. These are P-sheet Note that the barrel structures in these proteins 
barrels that are not fully closed because they are found in very different structural contexts. In 
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(a) 

(b) barrel axis 

C-direction 

h H-direction 

1 2 3 l l n(=6) 1 
Figure 1. The structural features of /&sheet barrels and their symbols. (a) Part of the P-sheet that forms a barrel 

structure is shown with open circles for residues t,hat point out of the barrel and filled circles for residues that point, in. 
The general shape of the barrel structure is indicated by the line drawing. On this part of t,he Figure we mark the mean 
radius of the barrel, R; the mean slope of the strands to the barrel axis, a; the C” to C” distance along the strands. (I 
(3.3 A), and the interstrand distance, b (44 A). (b) A plan of the P-sheet that forms the barrel structure produced b> 
cutting along strand 1 and unrolling it onto a flat surface. The first strand is shown twice to illustrate how its hydrogen 
bonding t,o the second and last strands closes the barrel structure. On this part of the Figure we mark the number of 
strands in the B-sheet, n (6 here) and the measure of its stagger: the shear number S. S can be determined by starting 
from residue k in strand l7 move around the barrel, in a direction perpendicular to the direction of the strand. until 
strand 1 is reached again. Because of the stagger the point of return will not be residue k but one displaced from it. 1 . The 
shear number is IZ-kl (in this example S = 8). Note that along a strand consecutive residues alternate in the direction of 
their hydrogen bonding; this means that S must be an even integer. (c) We show a small section of the P-sheet: residues, 
D, E, F in strand 1, N, 0, P in strand 2 and X, Y, Z in st,rand 3. The small open circles represent the position of these 
residues when projected on to the surface of the barrel. On this part of the Figure we show the angles used to characterize 
the twisting and coiling of /?-sheets: the mean twist of the /I-sheet about an axis perpendicular to the strand direction, 0: 
the mean twist of the j-sheet about an axis parallel to the strand direction, T (it is related to the twist angle 0 by the 
equation 7 = (a/b)@; the mean coiling of the /l-sheet along the strands, E, and the mean coiling of the P-sheet along a line 
perpendicular to the strands, q. 
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some they form almost the whole protein; in others 
only a small part. They include barrels formed by 
both parallel and anti-parallel P-sheets. Four barrels 
are formed by the association of subunits. 

All calculations in this paper were carried out by 
the methods described either here or in our previous 
publications (Lesk et al., 1989; Murzin et al., 1992). 
We determined the residues that form P-sheet 
barrels by calculating from atomic co-ordinates of 
each protein the main-chain torsion angles and 
hydrogen bonds. 

3. Summary of the Principles Governing 
B-Barrel Structures 

1; the accompanying paper I, we presented on 
the basis of our own work and that of previous 
authors, pa.rticularly McLachlan (1979), a set of 
principles for the structure of P-barrels. These prin- 
ciples are in two parts. The first part is a set of 
equations that relate the main structural character- 
istics of barrels (Table 2A). The second part is a 
geometrical description of those barrel structures 
that are most likely to occur in protein structures 
(Table 213). 

The main st,ructural characteristics of barrel 
structures are defined in Figure 1 and the relation- 
ships between them given by the equations (1) to (5) 
in Table 2A. These relationships arise from the 
general stereochemical properties of P-sheets and 
the specific constraints arising from the formation of 
closed structures in which the first strand hydrogen 
bonds to the last.. 

The structural features of a barrel are determined 
mainly by the number of strands that form the 
B-sheet, n, and its shear number, S. Other features 
can be calculated from n and S using equations (1) 
to (6). This means that structures with the same 
n, S have very similar structures and that n, S 
values can be used to classify barrel structures. 

The equations, by themselves, define a wide 
variety of structures. The structures actually found 
in proteins fit the equations and also usually satisfy 
the requirement that the residues of the /?-sheet that 
point into the interior are close packed. (Exceptions 
can occur if proteins have ligand binding sites in 
their interior, or if they form pores.) In Table 2B we 
describe the ten barrel structures that, we argued, 
fit the equations and whose interiors can be close 
packed by the inward pointing residues of the 
P-sheet (see paper I). 

As was discussed in paper I, the residue packing 
in barrels with S = n or S = 2n is different from 
that in barrels with S between n and 2n. We refer to 
the former as “true” barrels and the latter as 
“orthogonal” barrels. 

The analysis of the observed structures reported 
here shows that all the proteins in Table 1 have 
geometries that are well described by equations (1) 
to (6). In addition we find that all but five of the 
proteins belong to one of the ideal classes listed in 
Table 2I3. The exceptions are proteins that 
accommodate other molecules or a segment of poly- 
peptide in their interior. This allows them to have 
geometries that go beyond the limits imposed by the 
close packing of P-sheet residues alone. 

Table 2 
Relationships between the structural characteristics of P-sheet barrels and ideal 

geometries for P-barrels 

.-I. f&pzlioth~ relating the slntclural characteristics of /?-sheet barrels 
tan a = Sa/nb 
R=[(Sa)2+(nb)2]“2/[2nsin (n/n)] 
nB+Ss=Znsina 
S(a/b)B + nq = 2n cos a 
(&B”)Z+~Z+q2=constreined minimum, 

(1) 
(2) 
(3) 
(4) 
(5) 

\vhere n is the number of strands in the sheet: S is the sheer number (see Figure 1); 
a is the mean slope of the strands (Figure 1); H is the mean radius of the barrel; 
n is the C” to CY distance along the strands, 33 A; 

b is the interstrand distance, 44 A; 
0 is the mean twist of the sheet: E is the mean coiling of the strands; 
q is the mean roiling of the /?-sheet about a direction perpendicular to the strands. 

Class Ideal geometries 

B. Ideal gemneltiea for ~-barrels 

I; 
s 44 a(O) W) E(O) cm 
8 5.6 56 32 21 1 

True barrels 5 10 6.7 56 27 16 -1 
6 I2 7.9 56 24 13 -2 
8 8 7.2 37 29 -3 15 

5 8 5.8 50 34 13 5 
Orthogonel 6 8 62 45 33 7 10 
barrels 6 10 7.0 51 29 11 2 

7 8 6.7 41 32 2 12 
7 10 7.4 47 29 6 4 
8 10 7.9 43 28 2 7 
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. 
4. Strands, Shear Number, Mean Radius and 

Mean Strand Tilt in the Barrel’Structures 
The theoretical analysis of barrel structures that 

can be formed by b-sheets (McLachlan, 1979; 
paper I) indicated that in such structures: 

tan a = Sa/nb (1) 

’ R = [(Sa)2+(nb)2]1’2/[2n sin (n/n)], (2) 
where n is the number of strands in the P-sheet; S, 
the shear number, is a measure of the extent to 
which the strands in the /?-sheet are staggered 
(Figure 1); a is the mean slope of the strands to the 
barrel axis (Figure 1); R is the mean radius of the 
barrel; a is the C” to C!” distance along the strands 
(33 A) and b is the interstrand distance (44 A). We 
measured the values of n, S, R and a in the observed 
barrel proteins to determine how well these 
equations described the relations between these 
quantities, 

(a) Determination of the strand number shear 
number, strand tilt and mean radius 

Strands: The determination of the number of 
strands in a sheet, n, is straightforward and unam- 
biguous given the convention that any P-strand, 
even when it is interrupted by a P-bulge 
(Richardson et al., 1978), is considered to be a single 
strand. 

Shear number: To determine the shear number in 
each barrel structure , _ the main-chain hydrogen 
bonds were calculated and the plan of each p-sheet 
drawn. Residues bulging out from the strand were 
not included. Shear numbers were then read from 
the sheet plan, see Figure 1. 

Strand tilt: For each structure, the tilt of the 
strands to the barrel axis was determined by first 
transforming the co-ordinates by a rotation and 
translation that put the barrel axis along the z-axis 
and its waist in the xy plane. Each strand of the 
barrel was approximated by a least-squares line 
through the main-chain N, C” and C atoms. The 
dihedral angles between these lines and z-axis were 
then calculated and averaged for all strands in the 
barrel to give the mean tilt of the strands, a. 

Mean radius: The mean radius of the each barrel, 
R, was determined by fitting a least-squares 
cylinder, the axis of which is fixed in the z direction, 
to the straight line segments fitted to the strands. 

The value for the mean barrel radius is sensitive 
to the choice of the length of the strands used in the 
calculation. On one hand, barrels usually widen at 
both ends (see paper I) which means that the use of 
longer strands may give a larger mean radius. On 
the other hand, the approximation by straight lines 
of strands that are coiled effectively reduces the 
calculated mean radius. To avoid these complica- 
tions the cylinder was fitted to the three residues in 
each strand that are closest to the waist of the 
barrel. 

The barrels were classified by their n, S values. In 
Table 3 we list for each structure the observed 
values of the strand and shear numbers, the mean 
radius and the mean tilt of the strands. We also list 
the “ideal” values of the radius and tilt calculated 
from n, S by equations (1) and (2). 

(b) The fit of the observed strand numbers, 
shear numbers, strand tilts and barrel radii to the 

theoretical relationships 

(i) Stra.nd and shear numbers 
The number of strands forming the closed barrel 

structures, n, ranges between 4 and 16. Their shear 
numbers, S, are 8, 10, 12 or 20. (Recall that the 
shea.r number has to be an even integer, see paper 
I.) For each structure the values of n and S are 
given in Table 2. Of the 39 observed combinations 
of n and S, 34 are within the range the theoretical 
analysis had indicated as being favourable. The five 
exceptions have larger n, S values: 8, 12 or 16, 20. 
As already mentioned, these structures can be 
formed because ligands, water molecules or external 
loops of polypeptide contribute to the close packing 
of the barrel interior. 

(ii) Mean tilt of the strands to the barrel axis 
In Table 3 we list both the observed mean tilt 

angles, a, and those calculated from the equation: 

tan a = Salnb. (1) 

The individual results (Table 3) show close agree- 
ment between the theoretical values and the 
observed: most differ by no more than 4”, and the 
average difference is 2.5”. 

(iii) The mean radius of the barrels 
The observed values of the mean barrel radii are 

given in Table 3 together with the theoretical values 
calculated from the equation: 

R = [(Sa)2 + (nb)2]“2/[2n sin (n/n)]. (2) 
The agreement of the observed and theoretical 
values is very close: no difference is greater than 
0.4 a and the average difference is 0.12 A. 

A simpler form of the equation t,hat is sym- 
metrical with respect to n and S: 

R, = [(Sa)2 + (nb)2]1/2/2n 

gives radii that are smaller than those observed by 
0.4 A on average. A discrepancy of this size was 
anticipated for this equation (see paper I). 

5. Twist and Coiling of the Strands in 
the Barrels 

To form a barrel structure P-sheets have to twist 
and coil. The theoretical analysis (paper I) 
suggested that if 8 is the mean twist of the sheet, E is 
the mean coiling of the strands and q is the mean 
coiling of the P-sheet about a direction perpen- 
dicular to the strands; the twisting and coiling 
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Table 3 
P-Sheet barrels: ideal and observed geometries 

Uarrel class Ideal geometries Observed geometries 
n s M) a(“) W) E(O) Protein R(A) a(‘) W Y  NP A.R. 

4 8 

5 8 

-5 10 

6 x 

6 IO 

6 I2 

7 8 

7 IO 

H 8 

H IO 

x I2 

I6 20 

35% 

58 

67 

(k2 

7.0 

7.9 

6.7 

74 

7.2 

7.9 

8.7 

I55 

56 32 21 

.io 34 13 

56 27 I6 

45 33 7 

5 1 29 II 

.56 24 I 3 

41 3" 2 

47 29 6 

3i 29 -3 

43 28 

46 2i 

43 Ii 

2 

3 

-I 

ovo *5..5 

ADHf 58 
PYP 58 
ULB 57 
CSP 6.1 

RHV 6.6 
SNC 7.1 
BOV 69 
DRS 69 

GCH 1 6.4 
GCH2 62 
ALPI 62 
ALP2 62 
SNV 6.2 
AAR 62 

FNR 6.9 
PIA 7.0 
APPI 6.9 
HVP 7.1 
ETUI 69 
Jgyi;2 7.1 
fxsc 1 7.1 
BS(‘2 69 

TIE 8.1 
11s BO 
BAR 7.9 

CHB 6.7 

ACS 7.4 

00X 7.3 
RUB 7.3 
TIM 70 

CAT 7.7 
STR 7.7 
(‘PL 7.8 

RBP 86 
BBP 85 
BIrP 86 
UOP 86 

POR 158 

50 30 21 I .05 

43 44 3 I.10 
49 36 II I .25 
49 32 14 I .25 
51 38 10 I.15 

59 43 10 1~00 
57 37 12 1.15 
51 33 14 I .45 
55 28 I6 I.20 

42 31 9 I.40 
42 36 4 I.30 
44 34 8 I.10 
43 30 10 I .25 
47 33 4 1.25 
42 47 -7 1.30 

44 
49 
44 
47 
46 
49 
45 
49 

59 
55 
57 

28 10 1.35 
32 10 1.45 
29 8 1.40 
34 6 1.30 
31 8 1.30 
29 II I.15 
33 8 I.10 
28 12 1.25 

42 

46 

36 
35 
36 

42 
40 
43 

46 
46 
47 
42 

42 

44 
38 
45 

33 

30 

24 
30 
24 

24 
21 
27 

22 
23 
24 
22 

13 

2 
5 
I 

1 

6 

3 
-3 
3 

7- 
9 
5 

6 

ii 
7 

2 

I .05 
lao 
1.15 

I.10 

1.45 

1.05 
1.10 
I.55 

1.25 
I.20 
1.20 

I .35 
I .20 
1.25 
1.35 

1.15 

II. S. R, a. 0. and E  are defined in Table 2. A.R.. the axial ratio of the barrel cross-section, is defined in 
section 6(a), Full names of the proteins aw given in Table 1 where they are listed in t.he same order. 

Ideal geometries were calculated from n. $ values using the equations in Table 2A. Observed 
geometries were calculated using the atomic co-ordinates using the procedures described in sections 4,5 
kd 6. 

. 

angles in a barrel structure are related to each other, 
and to the other geometrical features, by the 
equations: 

n,0+Se = 271 sin a (3) 
S(a/b)B + nq = 2x cos a. (4) 

It also indicated that for given values of n and S 
there a.re ideal values of 8, E, and r] (Table 2B) and 
that depart,ures from these ideal values should be 
correlated. 

(a) Determination of the twist and coiling of the 
strands and B-sheets 

Twist: To determine the twist between adjacent 
strands, each strand was divided first into overlap- 

ping segments four residues long. (Residues in 
p-bulges were not included.) The twist angle 
between two strands was then calculated by taking 
the average value of the angles between the 
segments that are in register in the two strands. The 
values for each pair of strands were then averaged 
to give the mean twist of the B-sheet, 8. 

C-Coiling: The same four residue segments were 
used to determine the coiling of the strands. For 
each strand the angles between all its constituent 
segments were calculated. These angles were then 
averaged to give a value for the mean strand coiling 
E. Tn the averaging, the angles were given weights 
corresponding to the number of residues by which 
the segments were shifted relative to each other: 1 
for the angles between segments shifted by one 
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Table 4 
Correlation of the diffetences between the ideal and the observed values of the twist 

and coiling angles (“) 

Correlation of 
the differences 

Ideal values for Observed values for between ideal and 
Barrel class twist and coiling twist and coiling observed values 
I S 9 & 1 Protein e & rl AO+As A0+Aq 

I 10 29 6 4 ACN 30 6 4 -I -I 
8 8 29 -3 I5 GOX 24 3 19 +I -I 
8 8 29 -3 15 RUR 29 -3 I7 -3 +2 
8 IO 28 2 7 CAT 24 7 10 +I -I 
8 IO 28 2 7 STR 21 9 I5 0 +1 
8 I2 27 3 -1 RBP 22 6 9 -2 +5 
8 I2 27 3 -1 BBP 23 5 5 - 3 +2 

16 20 17 -I 0 POR I3 2 5 -I +I 

residue, 2 for two residue shifts and 3 for three 
residue shifts. The sign of each angle is that of the 
triple product (s, xs3.z where s, and s2 are unit 
vectors determining the two segments and z is the 
unit vector in the z direction. Long strands were 
truncated to seven residues with the middle one 
being the closest to the waist of the barrel. 

(Note that this method does not distinguish 
between the cases where the coiling is smoothly 
spread over several residues and those where it 
arises from a sharp bend produced by a single 
residue.) 

H-Coiling: The coiling of the b-sheets in a direc- 
tion perpendicular to that of the strands, that is, the 
direction of the hydrogen bonds, was determined by 
a method similar to that for determining the coiling 
along the strands. The peptides along lines perpen- 
dicular to the strand direction were divided into sets 
each containing an overlapping set of three 
peptides. A least-squares line was fitted to each set. 
The angles between all constituent sets were calcu- 
lated and averaged with the weighting scheme 
described above to give the mean value for the 
H-coiling, q. 

This method of calculating q requires at least four 
peptide groups in each H line; a condition found 
only in certain of the larger barrel structures. This 
means that it was possible to calculate q values for 
only eight of the barrel structures discussed here 
(Table 4). 

(b) The observed values of the twist and coiling of 
the strands and the relations among these quantities 

and to other aspects of the structures 

(i) The twist of the /?-sheets 
The average value of the twist angle, 8, is 32” and 

its standard deviation is 8”. This means the twist of 
the b-sheets in barrel structures is greater than is 
generally found in the two other major classes of 
structures in which P-sheets are found. In the a/p 
structures, where a-helices pack on one or both sides 
of a /?-sheet, the mean twist angle is about 19” 
(Janin & Chothia, 1980). In the aligned class, where 

P-sheets pack face to face, the mean twist angle is 
17” (Chothia & Janin, 1981). 

For individual strands, the extent of the twist is 
related to the number of B-sheet hydrogen bonds 
they form. In the majority of cases the strands in 
the barrel structures are linked to each other by 
three to six hydrogen bonds. The distribution of 
twist angles and the number of inter&and hydro- 
gen bonds is shown in Figure 2(a). For the set. with 
four or more hydrogen bonds the twist angles tend 
to be smaller and the distribution of angles more 
compact. This is because very large t.wists prevent 
the formation of more than a few hydrogen bonds. 
Strands that have twists 8 > 45” form on average 
just two hydrogen bonds to each other. Thus barrels 
with high mean twist angles have /?-sheets with 
several strands linked by only a few hydrogen 
bonds; for example, Erythrina trypsin inhibitor with 
n = 6 and a mean 8 of 44” ha.s a B-sheet in which 
three pairs of strands have only two hydrogen 
bonds linking them (Onesti et al., 1991; Murzin et al.. 
1992). 

(ii) C-Coiling of the B-sheet strands 
The different structures have mean strand coiling 

angles, E, between -7” and 21” (Table 3). Most 
values, however, are between 1 o and 14” and the 
average value is 7”. 

Strong coiling is produced by values of the main- 
chain torsion angles (4, @) that produce, alterna- 
tely, small and large values of I4-$I (see paper I). 
For such strands there is a strong tendency for (1) 
residues pointing into the barrel to be small and to 
have (9, $) angles in the upper left corner of the 
p-region (and hence large I4-$I values) and (2) 
residues pointing out of the barrel to be large with 
(4, I+G) near the centre of the B-region (and hence 
small values of @-I&). This suggests that the 
coiling is sequence-dependent. However, though 
this pattern of residues may facilitate coiling, it is 
not a necessity as there are a few cases of strands 
that have strong regular coiling and large residues 
pointing in and out of the barrel. 

Strong coiling of a strand tends to reduce the 
number of P-sheet hydrogen bonds that it makes. In 
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nH 

0” 4’ 8’ 12’ 16’ 20’ 24’ 28’ 32’ 36” 40’ 44’ 48’ 52’ 56’ 60 Tota 

1 1 1 1 1 4 
2 1 1 1 1 1 4 5 3 3 20 
3 1 3 11 6 3 4 3 112 26 
4 2 2 6 4 12 11 5 7 2 51 
5 1 1 9 9 10 8 7 1 46 
6 1 3 4549311 31 

>6 3 5 7 9 9 10 9 3 4 1 66 
ITotal 0 4 10 10 13 32 35 36 38 23 15 10 7 5 3 3 1244 

(a) 

E 

I 
0 
1 
2 

m 3 

I_ 4 
5 

>5 

0’ 3’ 6’ 9” 12’ 15’ 18’ 21’ 24’ 27’ 30 Total 

1125211 1 14 
2 4 6 3 15 

2 9 14 16 15 3 5 4 68 
2 8 12 9 4 6 2 2 1 46 
6 9 9 6 4 5 39 
3 6 8 5 1 23 
7 10 13 4 1 4 39 

1 Total 20 45 61 42 29 27 11 7 0 2 0 1 244 

(b) 

Figure 2. Interstrand hydrogen bonds and strand geometry. (a) For each pair of adjacent strands, we show the joint 
distribution of their twist angles, 8, and the number of interstrand hydrogen bonds, n8. (b) For all individual strands, we 
show the joint distribution of their coiling angles E and the number of peptides that make hydrogen bonds to both 
adjacent neighbours, nP. 

Figure 2(b) we plot the coiling angle, E, of each 
strand against the number of peptides that make 
hydrogen bonds to both neighbouring strands, nP. 
The larger the value of nP the smaller the mean 
value of E. Inspection of the few strongly coiled 
strands with nP > 3 shows that most of these hydro- 
gen bond to strands with bulges or some other 
irregularity. 

In several cases, large values of E are produced by 
a sharp bend at a single site in a strand. Residues at 
such sites are invariably glycines in extended con- 
formations with 4, @ values outside the normally 
allowed /?-sheet region. These “Gly-kinks” allow the 
regular hydrogen bonding to be maintained on both 
sides of the kinked strand; unlike P-bulges. The 
coiling in most of the strands for which E> 15” and 
nP > 4 is produced by Gly-kinks. 

(iii) H-Coiling of the /I-sheets 
The individual 8 barrel structures for which 

H-coiling of the B-sheets can be calculated have 
mean coiling angles, q, between 5” and 19” 
(Table 4). The average value for all the structures 
is 11”. 

(iv) The observed and ideal values for the twist and 
coiling angles 

The theoretical analysis presented in paper I 
suggested that, if barrels with given values of n and 
S have ideal isotropic stressed B-sheets, the ideal 
values of the twist angle, 9, and coiling angles, E and 
‘I, can be calculated by minimizing the function: 

f = (e-e8,)2+&2+rf2, (5) 

subject to the conditions imposed by equations (3) 
and (4). The ideal values of 8, E and u for different 
barrel structures are given in Table 2. 

The analysis also predicts that for individual 
structures the differences between the ideal and 
observed values of the twist and coiling angles will 
be nearly complementary so that: 

AB+As x 0 
and 

AO+Aq x 0. 
Comparison of the observed and ideal values of 6’ 

and E (Table 3) shows that in most structures they 
are very close. For 31 of the structures, A@ and AE 
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-iI -io 0 lb 

Figure 3. The differences between the ideal and 
observed values of the twist and coiling angles are small 
and correlated. We plot the difference between the 
observed and calculated values of the twist (A& and 
coiling angles (AE and for those structures where there is 
data, Aq) (see Tables 3 and 4). Points relating values of 
AtJ and AE a.re indicated by + and those relating values of 
A0 and Aq are indicated by 0. Most of the differences are 
small and the few larger differences are discussed in the 
text, see section B(b)(iv). The theoretical analysis 
predicted that for individual structures the differences 
between the ideal and observed values of the twist and 
coiling angles will be nearly complementary so that: 

A8+A& z 0 
and 

AB+Aq z 0 
as is generally observed. 

are no more than 7” and average 3” and 2.5”, respec- 
tively. The largest deviations are found in the class 
of structures for which n = 6 and S = 12. These 
have A0 = 14” to 21” and BE= -8” to -12” 
(Table 3). Inspection of these structures shows tha.t 
at one end of the barrel the strands twist and coil 
away to become parts of different P-sheet structures 
(see Murzin et al., 1992). 

For each structure the values of AtI and BE are 
plotted in Figure 3. This clearly shows that the 
differences are correlated and tend to cancel; for 30 
of the structures the value of IAe+ A&( is 2” or less. 
Large values are found only in the n = 6, S = 12 
structures discussed in the last paragraph. 

The values observed for the coiling of the P-sheet 
perpendicular to the strand direction, q, exceed the 
ideal values by up to 10”; the average difference is 
5”. As with E, the differences in q are correlated with 
departures of the twist angle from the ideal values 
so that the values of Ad+ Aq are less than 2” 
(Table 4). 

65 

60 

ad a ) 

Figure 4. The observed and calculafed values of the tilt 
angle a. The theoretical analysis showed that thr tilt 
angle a is related to the other geometrical frat.urrs by the 
equations: 

n0 + ~5% = Zn sin z 
ancl 

S(n/b)B + n.rj = 271 cos a 

Here we show the observed values a0 plotted against 
those calculated from the observed values of the -other 
geometrical features, a,. The a, calculated from the first 
equation are indicated b.v + and those calculated from 
the second equation are indicated by 0. 

(v) The relation between the twist nnd coilirLg md the 
tilt of the strmds to the bnrrel axis 

The mean twist of t.he p-sheet, 0, t,he mean coiling 
of its strands, E, and the tilt of the strands t.o the 
barrel axis, a, should be linked by the approximate 
equation: 

n8+Se = 2n sin u. (3) 
To determine how well this relationship applies to 
real structures, we calculated, for each barrel. 
values of u using the observed values of n. 0. S and 
E. In Figure 4 these calculated values of a are 
plotted against the observed values. This Figure 
shows clearly that the two sets of values are very 
similar: the average difference between them is less 
than 3”. 

A similar equation should relate 0 and 4 to a: 

S(n/b)B + nq = 271 ~0s a. (4) 

For the eight struct,ures for which we are able to 
calculate a value of q, we used eyuation (4) to 
determine a. The results are given in Figure 4. 
These u values differ from the observed values bJ 
between 0” and 4” and the average difference is less 
than 2”. 
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Strand 
Figure 5. The effect of local variations in the twist angle. 0, and coiling angle E on the shape of barrel cross-sections. 

Here. for 3 barrels wit.h tz = 8. A’ = 10: streptavidin (STR), catatase (CAT) and cyctophitin (CPL), we give on the left. of 
the Figure the value of O+E for each individual stranct and interstrand region. For the individual strands, the value of 
O+E is the sum of the mean value of E and of the average of the 0 values given the strand’s 2 neighbours. For the regions 
between 2 strands the value of O+E is the sum of their twist angle. 0. and of the mean value of their coiling angles E. On 
the right. we use the positions of the C” of 3 residues from the central region of each strand to ittustrat,e the shape of the 
equatorial cross-sections in the 3 barrels. The order of the strands counted clockwise from the top of each diagram 
corresponds to the order of the strands in the plots. C!omparisons of the left and right sides of the Figure shows how 
“corners” and “flat sides” in the distorted barrels correspond to maxima and minima in the function ~(O,E) = O+E. 

6. Barrel Deformations 

The previous sections have shown that the 
equations in Table 2 accurat,ely relate and describe 
t,he principal structural features of P-barrels. 
Detailed inspection of the structures shows, 
however, that they have local depart,ures from ideal 
geometry most of which are not reflected in the 
lnean values of the structural features. They arise 
from the changes in P-sheet conformat,ion that 
facilitate t,he packing of residues in the barrel 
interior, as will be discussed in section 7. Their most 
striking effect is on the shape of t.he equatorial 
cross-section of the barrels. In this section we first 
describe the extent to which t.he P-barrel structures 

treated here are deformed and then discuss how the 
deformations are facilitated by modifications in the 
conformation and hydrogen bonding of the barrel 
P-sheet. 

(a) The axial ratios of the cross-sections of 
P-barrel structures 

Inspection of the barrel structures shows that 
most, of them are distorted so that their cross- 
sections are not circular. Usually they are elliptical; 
though in a few of the larger structures they are 
more like a rounded triangle (Figure 5). A general 
measure of the extent of this sort of distortion in the 
barrel structures is given by fitting an ellipse to the 
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cross-iections of the barrels and determining the 
axial ratio: the ratio of the major an&minor axes of 
the ellipse. 

A set of residues that defines the “waist” of ea.ch 
barrel was chosen and the molecule oriented so that 
the z axis was perpendicular to a least-squares plane 
through the C” atoms of these residues. For all waist 
residues i the atoms c”‘-‘, C’-‘, N’, Cai, C’, N”+l, 
C”‘+’ ivere projected onto the zy plane and a least- 
squares ellipse fitted to this set of points. We give, 
in Table 3, the,axial ratio of the barrel cross-section 
in each structure. The values vary between 1.00 and 
1.55. 

Most of the true barrel structures, those where 
S = n or S = 2n, have little or no distortion 
(Table 3). Of the 11 true barrel structures discussed 
here, nine have axial ratios between l*OO and 1.20 
and a mean value of 1.10. However, the two excep- 
tions, TIM and BOV, are among the most distorted 
of all the barrels with values of 1.55 and 1.45, 
respectively. 

Distortions are much more common in the ortho- 
gonal barrels, those where n < S < 2n. They have 
axial ratios of between 1.10 and I.45 with a mean 
value of 1.25 (Table 3). This difference in the beha- 
viour of the two sets of barrels is discussed below in 
the section on residue packing. 

(b) Changes in shape through variations in twist 
and coiling 

For the barrels to have elliptical or triangular 
cross-sections, rather than circular, the local curva- 
ture of the P-sheet has to be variable. In paper I we 
showed that the radius of curvature at each point 
on the equatorial cross-section is roughly propor- 
tional to the sum of the local values of the twist and 
coiling angles, O+E. This means a representation of 
the shape of the equatorial cross-section should be 
given by a plot of the sum of O+E versus the strand 
number. Regions with high values of O+E will have 
high curvature and correspond to “corners”; those 
with low values will have low curvature and corre- 
spond to flatter “sides” (Figure 5). 

As described above most P-barrels have elliptical 
cross-sections with two corners and two sides as in, 
for example, cyclophilin. In a few cases they have 
three corners giving a triangular cross-section, as 
occurs in catalase. In Figure 5 we plot the values of 
tl+ E versus strand number for these two proteins. 

In cyclophilin one corner is located between 
strands 3 and 8 and the second in strand 7 
(Figure 5). In each of these strands strong local 
coiling is produced by B-bulges. In catalase 
(Figure 5) one corner is between strands 1 and 2 and 
is produced by a Gly-kink in strand 1; a second 
corner is between strands 4 and 5 which are strongly 
twisted with 8 = 49”, and the third corner is 
between strands 6 and 7 and results from the com- 
bination of moderate twist and coiling in both 
strands. 

(c) Hydrogen bonding in corner strands 

Strong coiling or twisting limits the extent of the 
hydrogen bonding possible between a strand and 
one or both of its neighbours. This means that 
corner strands usually have disruptions in the 
patterns of hydrogen bonds. In most cases this 
takes one of two forms: either an unusually small 
number of hydrogen bonds is formed by the corner 
strand to one of the neighbouring strands; or the 
first part of the strand hydrogen bonds to one 
neighbour and the second part hydrogen bonds to 
the other. 

In most barrels, corners are not equally affected 
by the distortions of the structure: there is a strong 
tendency for the defects to accumulate in just one 
corner where the hydrogen bonding pattern is 
disrupted. Thus, in the examples just discussed. 
strands 4 and 5 in catalase have only two hydrogen 
bonds between them, and the two halves of strand 3 
in cyclophilin hydrogen bond to different. neigh- 
hours. The most extreme cases are found in cellobio- 
hydrolase (CBH), cold shock protein (CSP) and t,he 
reductases (FNR and PTA) where the barrels are 
closed by only a single hydrogen bond from the end 
residue of a short strand. 

(d) Unrelated prote,ins in the same (n, S) class 
‘may have si,milar distortions and relnted prokim- 

can ha,ve different distortions 

In the previous section we described how t.he 
catalase barrel has three corners so that the cross- 
section of the barrel is triangular in shape. A very 
similar distortion is found in a barrel that belongs to 
the same class (n = 8, S = 10) as catalase: strepta- 
vidin. Although their cross-sections are very similar 
in appearance the distortions occur in different posi- 
tions. In catalase the corners are found at strands l- 
2, 4-5 and 6-7; in streptavidin they occur at strands 
3-4, 6 and 8-l. 

The close similarity of the distortions in the two 
proteins is demonstrated by a least-squares fit of 
their atomic co-ordinates. If strands 1, 2, 3...., 8 of 
streptavidin are superposed on strands 7, 8, 1,...6 of 
catalase, respectively, the r.m.s. difference in the 
position of the main-chain atoms of 41 P-sheet 
residues is 1.26 8. 

Conversely, proteins that are related but whose 
sequences have diverged greatly can have quite 
different distortions. For example, the distantly 
related retinol and bilin binding proteins have, 
respectively, elliptical and triangular cross-sections. 

7. Structural Comparisons of B-Sheet Barrels 
with the Same Number of Strands 

Similarities in the structures of certain P-sheet 
barrels have been noted previously (Ke, 1992; 
Flower, 1993). Now the n, S values of an ideal barrel 
determine its radius, the slope of the strands 
relative to the barrel axis and other geometrical 
features. This means that ideal barrels with the 
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same n, S values will have the same structure. In 
practice, however, the general shape of most barrels 
will be deformed so as not to have a circular cross- 
section, as was discussed in the last section. In 
addition, the residues at the ends of strands often 
have local differences in the extent of their twist and 
coiling. To determine the effects of these features we 
calculated the differences in the atomic co-ordinates 
of some barrels that have the same values of n, S. 

The structures of all examples of eight-stranded 
barrels were compared: that is the four with n = 8, 
S = 12, the three with n = 8, S = 10, and the three 
with n = 8, S = 12 (Table 3). For barrels with the 
same ?r, S values, the /?-sheets were superposed and 
the r.m.s. difference in position of c” atoms of the 
common P-sheet regions calculated. We also calcu- 
lated the r.m.s. differences for all main-chain atoms. 
We could do this because all the structures that we 
use here with n = 8 and S = 10 and 12 have anti- 
parallel P-sheets and all those with n = 8 S = 8 have 
parallel P-sheets. These differences are the same as, 
or only marginally larger than those for the C 
at.oms (Table 5A). 

These calculations show that for groups of pro- 
teins with the same n, S values the r.m.s. differences 
in the co-ordinates of their main-chain atoms are 
between 1.3 and 2.3 .h (Table 5). The larger differ- 

Table 5 
Structural comparisons of eight stranded 

P-sheet barrels 
A. Barrels nil/r lhr xamc n and s volws 

RBP I3BP MUP SOP 

RUP - 1.4 (1.5) 1.6 (1.7) I.8 (1.8) 
II =8 UBP 45 21 (2.1) 2.1 (2.2) 
S=I” MZTP 44 44 - 2.2 (2.3) 

UOP 49 45 44 ~ 

CAT CJPL STR 

(‘AT - 1.7 (1%) 1.5 (1.6) 
,I =x. s= 10 (‘PI, 49 1.6 (1%) 

STR 48 46 

GOX RUR TIM 

GOX -~ 1.2 (1.3) 1.5 (15) 
n=8, S=8 RlTll 37 1.5 (1.6) 

TIM 36 39 

B. Barrels with lhe .~amc n but difleerent S aalueu 

GOX STR SOP 

n=8. S=8 
n=s, S=lO 
n=8. Is=12 

GOX - 
STR 41 
ROP 34 

1.9 (-) 37 (-) 
2.2 (2.2) 

41 

Full protein names are given in Table 1. In the comparison 
tables we give for each pair of proteins 2 or 3 numbers. On the 
lower left we give the number of residues in the /?-sheet common 
to both proteins. On the top right we give, in A, the r.m.s. 
difference in position of the c” atoms of these residues and, in 
parenthesis, the difference for all main-chain atoms where 
possible. 

ences are mainly the result of a strand accommo- 
dating a P-bulge in one structure but not the other. 
Removing residues at the ends of strands from the 
comparisons reduces the size of the differences: if we 
take for each strand just the three residues that 
form the waist of the barrel (see section 6(a) and 
Figure 5) the r.m.s. differences are mostly in the 
range I.0 to 1.2 A. 

The results in Table 5A show that barrels with 
the same n, S values have very similar structures. 
This is in spite of some of the barrels having very 
different structural features. In several cases the 
strands are connected quite differently. The glyco- 
late oxidase (GOX) barrel is almost circular in cross- 
section (the axial ratio is 1.05) but that in triose 
phosphate isomerase (TIM) has the largest axial 
ratio of the structures considered here (1.55): the 
r.m.s. difference of the main-chain atoms of the 36 
residues that form their common P-sheet is I.5 A. 
The retinol binding protein (RBP) barrel is formed 
by a large single P-sheet; that in E2 DNA-binding 
protein (BOP) is formed at the interface between 
two subunits by two four stranded P-sheets that 
have a-helices packed on their surfaces: the r.m.s. 
difference for the 49 residues that form their 
common P-sheet is 1.8 A. 

We also compared structures that have the same 
value for n but different values for S. For a given n, 
different S values produce different radii and strand 
tilts (Table 3). If A0 is the mean r.m.s. difference 
between barrels with the same S values, the r.m.s. 
difference between barrels with different S values, 
As can be estimated from the equation: 

As” = A; + (AR# + (llrA~r,/720)~, 

where AR, and Au, are the differences in the radius 
and the tilt, respectively; and 2 is the mean length of 
a strand, typically I = 18 A (five residues). This 
means: 

A; = A; + (ARs)’ + (608A~1,)~. 

From the values of R and a in Table 3 we would 
expect that the contributions of AR, and Aas terms 
will be comparable with A0 only when S values 
differ by 4 or more. 

Examination of the observed values (Table 5B) 
shows that this is indeed the case. When the S 
values differ by 2 (i.e. 8 versus 10 and 10 versus 12) 
the r.m.s. differences are the same as or slightly 
larger than the values found for structures with the 
same S value; but when the S values differ by 4, the 
r.m.s. differences are roughly twice as great. 

8. Residue Packing in the Barrel Interiors 
Although the structural details of the packing 

within any particular barrel structure are compli- 
cated and probably unique, some generalizations 
can be made. These concern (1) the arrangement of 
the residues in barrel interiors, (2) their role in 
barrel distortions and (3) the relation between the 
barrel radius and the mean volume of the interior 
residues. The residue arrangements in true barrels, 
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Ovomucoid third domain 
(a) 

Rhinovirus 
(b) 

Glycolate oxidase 
(cl 

Figure 6. Residue packing in true barrels. On the left, we show plans of the /I-sheets that form barrel structures in (a) 
ovomucoid (b) rhinovirus and (c) glycolate oxidase. On the right, we use serial sec*tions cut perpendicular to the barrel 
axes to show the residue packing at the centre. In these structures where 5’ = 2n. in the first 2 cases and S = n. in the 
third case, the residues in the interior pack in clear layers. 
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y-chymotrypsin 

(a) 

Catalase 
(b) 

Retinol-binding protein 
(C) 

Figure 7. R,esidue packing in orthogonal barrels. On the left, we show plans of t,he P-sheets that form barrel structures 
in (a) chymotrypsin. (b) catalase and (c) retinol binding protein. On the right, we use serial sections cut perpendicular to 
the barrel axes t,o show the residue pa.cking at the centre. In chymotrypsin ancl ratalase the barrels are distorted to bring 
residues on opposite faces close toget,her. In retinol binding protein the n. S values of the barrel are 8, I1 which produce a 
barrel with a large radius and a binding pocket for retinol. 

where S = 12. or S = 2n, are simpler than. and When S = 271 and a z 56”, each strand contri- 
distinct from. those in orthogonal barrels, where S butes one residue to each layer. This means that for 
has a value between n and 2n. We discuss separately n = 4, 5 or 6 there are 4, 5 or 6 residues in each 
these two groups of barrels. layer. An example of each of these types of packing 

is illustrated in Figure 6. When S = n and a z 36”, 

(a) Residue packing in true barrels 
the strands are tilted so that alternate strands 
contribute residues to alternate layers. In practice 

In true barrel structures, t,he tilt of the strands only n = S = 8 is found and in these structures each 
places the interior residues in layers normal to the layer has four residues. An example of this type of 
barrel axis (Figure 6). packing is shown in Figure 6. 
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In section 6 we saw that most true barrels have 
little distortion. This is because ;f the interior 
residues are similar in size the symmetric packing 
arrangement gives undistorted barrels. In some 
cases (OVO and RHV) the symmetry is exact 
,because different subunits provide strands of the 
same sequence to give barrels with the rotational 
symmetry of the oligomers (Musil et al., 1991; 
Arnold & Rossmann, 1990). In the /.&trefoil proteins 
the large diameter of the barrel is filled by large 
residues pack&g in an arrangement that has pseudo 
three-fold symmetry (Murzin et al., 1992). 

Barrel distortions have the effect of moving 
opposing faces relative to one another and so allow 
heterogeneous sets of side-chains to close pack. TIM 
has the most distorted of all the barrels discussed 
here. Inspection of its structure shows that it has a 
large cavity in the centre of the barrel next to a Gly 
residue. The large distortion in the barrel brings the 
side with the Gly residue closer to that, on the 
opposite side to reduce the size of the cavity. (An 
inspection of the TIM sequences from different 
species shows that residues around this cavity are 
mostly conserved (unpublished results). This 
suggests that the cavity and the concomitant distor- 
tion are important for the structure of the active 
site.) 

(b) Residue packing in orthogonal barrels 

When n < S < 2n the tilt of the strands is such 
that residues in the interior do not form layers that 
have any simple relation to the symmetry of the 
barrel. The rows of residues that form the layers in 
the true barrel structures are, in the orthogonal 
barrels, at an angle to the plane perpendicular to 
the barrel axis (Figure 7). 

This irregular arrangement of residues, when 
combined with the normal heterogeneous nature of 
side-chains, means that there is a strong tendency 
for orthogonal barrels to be distorted; as was 
described in section 6. The most common distortion 
gives the barrel an elliptical cross section. This has 
the effect of moving the two long “sides” closer 
together and large residues on these sides come into 
contact. The patterns of these contacts are 
discussed in the caption to Figure 7. The “corners” 
tend to be occupied by small residues and the 
residues making contacts between the sides tend to 
form irregular layers that fill the interior. 

(c) Relation between the mean volume of interior 
residues and the barrel radius 

In paper I it was proposed that if the barrel was 
filled just by the interior P-sheet residues the mean 
radius of the barrel should be related to the mean 
volume of the residues by the equation: 

V- V, = abR, (6) 
where a = 33 A and b = 4.4 A (see Table 2) and V, 
is the volume of the part of the interior residue’s 
main-chain that lies outside the perimeter of the 

Figure 8. A plot of the weighted mean volume of 
residues buried in barrel interiors, V, against the barrel 
radius, R (see section 7(c)). The values for the 10 barrels 
classes in which the interior is close packed by /?-sheet 
residues are shown by + symbols. The values for the 
barrels with n = 8, S = 12 are shown by 0 symbols. 
The line on the graph corresponds to the equation 
V = abR+ I’,, where ab = 15 AZ and 1’ = 40 A3 (see 
section 7(c)). 

barrel. To analyse the accuracy of this equation we 
determined, for each barrel structure, the mean 
volumes of interior residues and plotted the values 
against those of the mean radii (Figure 8). 

Mean residue volumes were calculated using the 
residues that formed the three central layers of the 
barrels. There is some tendency in the outer layers 
for large residues to protrude from the barrel or, if 
some interior residues are small, for external 
residues to pack into the barrel. In calculating the 
mean volumes, therefore, we gave residues on the 
central layer (i.e. those near the equatorial plane) 
twice the weight of those in the outer layers. 

The plot of the mean volume of the interior 
residues versus radius is shown in Figure 8. The 
correlation coefficient between V and R is 0%. Thus 
there is only a weak relation between 17 and R. 
Inspection of the structures shows that, on a more 
detailed level, those lying above the theoretical line 
in Figure 8, i.e. those with “excess” volume have 
residues that protrude from the barrel. In nearly all 
cases, those that lie below the line will either have 
external residues fill the space or have it filled by 
distortions of the barrel. 

9. Barrels With Large Radii 

Five of the barrel structures have (n, S) values 
that are not one of the ten combinations we 
described as consistent with structures having good 
P-sheet geometries and interiors closed packed by 
P-sheet residues. Four of these, RBP, BBP, MUP 
and BOP have n = 8 and S = 12. The fifth, POR, 
has n = 16 and S = 20. 

The structures with n = 8, S = 12 have radii of 
%5 to %6 A. This means that the P-sheet residues 
cannot fill the barrel and must leave a channel at 
the centre. Three, RBP, BBP and MUP are 
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members of the lipocalin family of transport pro- 
teins. Their binding sites are at one end of the 
channel; the other is filled by large side-chains from 
a segment of polypeptide that folds across the ends 
of their barrels. In the apo form of RBP water 
molecules occupy the space that is occupied by 
retinal in the holo form (Zanotti et al., 1993). A 
similar set of water molecules is seen in the axial 
channel of the BOP barrel. This barrel is formed by 
the association of two subunits of which the barrel is 
only a small part (Hegde et al., 1992). 

The fifth structure is the largest barrel known at 
present, porin, which has n = 16 and S = 20 and a 
radius of 15.8 A. This integral membrane protein 
f&ms pores (hence its name). The pore structure is 
formed mainly by a large loop of polypept,ide that 
fills much of the space left at the centre by the 
P-sheet residues. 

For all five of these large barrels the values H. U, 
8, E and q are very close to those calculated from 
t.heir (71, S) values (Tables 3 and 4). We showed in 
paper I that, if the packing of the internal /I-sheet 
residues is not taken into considerat,ion. the va.lue of 
S that gives t,he least st.ressed barrel is related to n 
and is an even number close to that given by the 
equation: 

s = n+42. 

These five structures in which the large radii reduce 
the extent of the interactions between the internal 

P-sheet residues have (n, S) values that fit this 
equation: 8, 12 and 16, 20. 

10. Chain Topology in Barrel Structures 
(a) Strand connections 

A variety of studies, reviewed in paper I, have 
shown that the topological regularities found in 
protein structures can be expressed in terms of three 
rules that hold in almost all cases: 

(1) pieces of secondary structure that are 
adjacent in the sequence are also often in contact in 
three dimensions; 

(2) the connections in P-X-P units (where the fls 
are parallel strands in the same p-sheet, though not 
necessarily adjacent, and X is an a helix, a strand in 
a different P-sheet or an extended piece of poly- 
peptide) are right-handed; and 

(3) the connections between secondary structures 
neither cross each other nor make knots in the 
chain. 

Tnspection of Table 6, in which we describe the 
frequency of different types of interstrand connec- 
tions occurring in the 39 barrel structures, shows 
that the three rules accurately describe what occurs. 
More than 80% of the connections are between 
adjacent strands (rule 1). All but one of the connec- 
tions between parallel strands are right-handed (rule 
2). 

Table 6 
Ch,ain topology isl th.e barrel structures 

Type of interstrand connection 

I. Adjwent antiparallel strands 
2. Son-adjwent antiparallel (wross the ends of the barrels) 
3. Non-ndjwent antiparallel (across the outside of the barrels) 
4. Adjawnt parallel strands (right handecl ronneetions) 
5. Adjacent parallel strands (left handed connections) 
6. Son-adjacent parallel strands (right handed connections) 
7. Son-adjacent parallel strands (left hunded wnneetions) 

Total number of eonneetions: 

Number of 

133 
27 

3; 
0 
2 
1 

202 

Ik-rel rlass Number of Sumber of different 
,, s strwtures topologies 

T: trypsin family of proteases. 
A: acid protease family. 
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(b) Cha,in topologies in each II. S class 

In Table 6B we list the number otdifferent topo- 
logies known at present for the structures in each 7~, 
S class. The number of observed topologies is only a 
small fraction of the possible number. All st(ructures 

.in the 6, 12 class have the topology of the p-trefoil 
fold (Murzin et al., 1992). Of the 23 or so structures 
in the 8, 8 class, all but one structure has the same 
a/P barrel fold with an S-fold alternation of strands 
and helices: (pa),. The exception is enolase which 
begins with two strands and then two helices: 
~,az(j.?~), (Lebioda et al.. 1989). In the 5, 10 class all 
members ha.ve the topology of the OB fold (Murzin, 
1993) except for the RHV barrel formed around a 5 
fold axis in rhinovirus by the five N-terminal 
peptides. 

The tendency of certain topologies to cluster in 
particular 12, S classes probably arises from bio- 
logical reasons; for example, very distant evolu- 
tionary relationships or the natural selection of 
topologies that have functional sdvantages. 

11. Barrels Formed by Partly Open B-Sheets 
As mentioned in the Introduction, certain barrel 

structures are not fully closed because they have 
one strand which has its N-terminal region hydro- 
gen bonded to one neighbour. its C-terminal region 
to the other neighbour and these t’wo regions are 
separated by a linking segment of two or more 
residues. Proteins that contain such structures are 
listed in Table 1B. 

Though the linking segment in the strand means 
that such barrels are not quite as constrained as 
those formed by completely closed /?-sheets. their 
structures are described to a good approximation by 
the same principles. 

(a) The conformations of th,e knkinq seqnzen,ts 

The linking segment. in LTT consists of a two- 
residue bulge. In ADHl. SHG and PRC the link 
contains four residues that form one turn of a 3,0 
helix. In APP2 the link contains 19 residues some of 
which form a hairpin in another P-sheet. These 
linking regions produce large sharp kinks, up to 
about 90”, between the two parts of the strand that 
form the barrel structure. The linking regions them- 
selves make few contacts with the barrel interior. 

(b) The geometry of the partly open barrels 

To compare the partly open barrels with the fully 
closed we need to determine effective numbers for 
the strand count and the shear, n* and S*. The 
strand with the long link is counted as one strand in 
calculating the effective number of strands, n*. The 
effective shear number, AS*, can be calculated in the 
normal manner if the linking region is simply 
deleted from the H-bond plan of the P-sheet. The 
values of n*, S* for the partly open structures a.re 
given in Table 7. 

The observed values of the tilt angles, a, and their 

Table 7 
Geometry of partly 1~pe.n bnrrels 

mean radii, R, were determined by the same pro- 
cedures as for t,he ordinary barrels. and are given in 
Table 5. The tilt angles are the same as. or slightly 
larger than, the ideal values for fully closed barrels. 
The values for the radii are about. 1 .A greater. 

The partly open barrels also have larger mean 
residue volumes for the residues in the barrel 
int’erior. Indeed. the linking region. increa.sed radius 
and increased residue size are all interdependent 
features of partly open barrel structures. 

APPS. the second domain of the acid proteases, 
has a st,ructure closely related to the fully closed 
first domain. APPl, and there is good evidence that 
they result.ed from gene duplication (Tang et 0.1.. 
1978). This clearly implies that partly open struc- 
tures can evolve from fully closed, and vice versa, by 
the co-ordinated evolution of the size of their 
interior residues and linking regions. 

12. Conclusion: A Limited Repertoire for the 
Barrel Structures Formed by B-Sheets 

/?-Sheet barrels can be classified by two integral 
parameters, n and 8 (McLachlan, 1979). In paper I 
we argued that the mean values of the main geo- 
metrical features of barrels can be accurately calcu- 
lated from the TL, S values and this means that 
barrels in the same class have very similar struc- 
tures; their main differences being strand direction 
and connectivity and the extent of distortions from 
ideal geometries. We argued further that, structures 
in which P-sheets have low energy conformations. 
and whose interiors are filled by p-sheet residues. 
are likely to belong to one of ten (n, 8) classes. Good 
/?-sheet geometries can also occur in certain barrels 
too large to be filled by the p-sheet residues. 

In this paper we have described an analysis of all 
the observed barrel structures that have distinctly 
different amino acid sequences and for which atomic 
co-ordinates are available. The results reported here 
clearly show that the principles presented in 
paper T, and summarized here in Table 2, do ac(‘ur- 
ately describe the main features of the /?-sheet 
barrels. They all have geometries whose features can 
be calculated from their (n, A’) values. Of the 39 
structures treated here, 34 fall into one of the ten 
expected (,n, 8) classes. The other five have good 
P-sheet geometries and cavities at their centre. In 
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four of these the cavity has been shown to play a 
funrt,ional role. 
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