β-bulges

Supporting Information
Table S1. β-bulge frequencies. (a) Chan, Hutchinson, Harris and Thornton (Prot Sci, 1993), (b) This study. A: Antiparallel and P: Parallel.

(a)

	1993 - Chan
	A
	P
	Sum

	Classic
	46.69
	4.97
	51.66

	G1
	31.49
	--
	31.49

	Wide
	8.29
	1.66
	9.94

	Bent
	1.66
	1.10
	2.76

	Special
	3.31
	0.83
	4.14

	
	91.44
	8.56
	100.00


(b)

	2012 - Craveur
	A
	P
	Sum

	Classic
	52.62
	4.39
	57.01

	G1
	32.78
	--
	32.78

	Wide
	3.75
	1.18
	4.93

	Bent
	0.63
	1.29
	1.93

	Special
	2.55
	0.80
	3.35

	
	92.33
	7.67
	100.00


The study of Chan and co-workers 1 focus on 362 β-bulges while 24,142 β-bulges are used here.

1.
Chan AW, Hutchinson EG, Harris D, Thornton JM. Identification, classification, and analysis of beta-bulges in proteins. Protein Sci 1993;2(10):1574-1590.

Table S2. Distance between β-bulge residues and the closest β-strand extremities. Are given the frequencies (%) of X-residues β-bulge and bulged region (composed by residues in position 1, 2, 3 and 4) found at a distance between 0 to 12 residues long of the closest β-strand extremities. This data take into account all the β-bulges whatever their residues are found in or out a β-strand.

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	residue X
	28.30
	39.16
	18.89
	8.08
	3.41
	1.39
	0.47
	0.11
	0.09
	0.04
	0.03
	0.01
	0.00

	bulged region
	31.12
	47.44
	12.16
	5.21
	2.38
	1.02
	0.43
	0.12
	0.03
	0.04
	0.02
	0.02
	0.01


Figure S1. Average position of β-bulge residues localized into β-strands. Are given the distribution of the relative location of a) X-residues and b) bulged regions (composed by residues in position 1, 2, 3 and 4) found into β-strands. These data take into account all the β-bulges exclusively composed by residues localized into β-strands. The average location values (from 0.0 to 0.5) for each X-residue (or bulged region) are relative to the closest β-strand extremity and the length of the β-strand. Thereby an average value of 0.0 represent a location on the β-strand extremity, and a value of 0.5 represent a location in the middle of the β-strand.

a)










b)
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Table S3. Localization frequency of β-bulges. Are given the distribution of β-bulge localized, or not, into/between consecutive β-strands. No significant differences are observed between β-bulges composed by residues exclusively localized into β-strands (IN), composed by residues exclusively localized in loop (OUT) and composed by both (IN&OUT).

	(%)
	IN
	IN&OUT
	OUT
	

	not consecutive β-strands
	15.67
	7.44
	1.53
	24.64

	consecutive β-strands
	37.77
	22.98
	14.60
	75.35


Table S4. β-bulge types per SCOP classes. Are given the distribution of β-bulge types for each SCOP classes, and frequencies for each β-strands localization, in, in&out and out (see Table III legend).

	(%)
	A Bent
	P Special
	P Wide
	P Bent
	A Special
	A Wide
	P Classic
	A G1
	A Classic
	in
	in & out
	out

	all- α
	0.5
	--
	--
	--
	2.6
	4.4
	0.2
	54.9
	37.4
	30.7
	37.2
	32.1

	α / β
	0.4
	3.4
	5.0
	2.9
	2.2
	2.7
	20.2
	24.8
	38.5
	64.0
	22.1
	13.9

	α + β
	0.6
	0.2
	0.4
	0.2
	2.9
	2.9
	1.2
	31.0
	60.5
	55.4
	28.4
	16.2

	all- β
	0.7
	0.2
	0.3
	1.4
	2.4
	4.4
	0.4
	35.0
	55.2
	51.9
	33.1
	15.0

	mult. d.
	2.0
	0.4
	0.3
	0.3
	3.4
	4.6
	4.5
	35.0
	49.5
	53.2
	28.6
	18.3

	Small
	0.2
	0.4
	0.2
	1.5
	2.7
	4.6
	--
	53.7
	36.8
	30.2
	39.9
	29.9

	memb+
	--
	--
	--
	--
	2.3
	9.3
	--
	27.8
	60.6
	58.7
	26.3
	15.1


Table S5. Amino acid and Protein Blocks preferences for β-bulges: Are given, for each β-bulge type and for each β-bulge residues position (X, 1, 2, 3 and 4), a) the amino acid over-representation and b) the Protein Blocks over-representation. The data have been normalized in regards to the amino acid and Protein Blocks frequencies of dataset (vs DB) and of dataset β-sheets (vs Strand). These over-represented amino acids and PBs correspond to positive Z-scores (see Materials and Methods section) higher than the threshold value of 1.96 and 4.42. The hatched cases correspond to undefined residue positions.

a)

	β-bulge type
	%
	Normalization case and threshold value
	Amino acid preferences

	
	
	
	X
	1
	2
	3
	4

	A B
	0.63
	vs DB (>1.96)
	 

 
	D, N
	D, E, G, N
	 

 

 

 

 

 

 

 

	
	
	vs Strand (>1.96)
	
	D, G, N
	D, E, G, N, P
	

	
	
	vs DB (>4.42)
	
	D, N
	G
	

	
	
	vs Strand (>4.42)
	
	D, N
	D, G, N
	

	P B
	1.34
	vs DB (>1.96)
	
	D, G, N
	D, N, R
	

	
	
	vs Strand (>1.96)
	
	D, G, N
	D, G, N, P, R
	

	
	
	vs DB (>4.42)
	
	D, G, N
	D, N
	

	
	
	vs Strand (>4.42)
	
	D, G, N
	D, N
	

	A C
	52.59
	vs DB (>1.96)
	I, L, R, V, W, Y
	D, I, L, T, V
	A, C, D, G, H, S, W, Y
	

	
	
	vs Strand (>1.96)
	I, K, L, R, V, W
	D, E, I, K, L, Q, V
	A, D, E, G, H, K, N, R, S
	

	
	
	vs DB (>4.42)
	I, L, V, W, Y
	I, L, T, V
	A, G, H, S, Y
	

	
	
	vs Strand (>4.42)
	I, L, R, V, W
	D, I, K, L
	A, D, E, G, H, K, R, S
	

	P C
	4.46
	vs DB (>1.96)
	C, I, L, V
	C, I, L, V
	K, T, V
	

	
	
	vs Strand (>1.96)
	A, G, I, L, V
	I, L, V
	A, D, G, K, R, S, T
	

	
	
	vs DB (>4.42)
	I, L, V
	I, L, V
	K, T, V
	

	
	
	vs Strand (>4.42)
	V
	I, V
	K
	

	A S
	2.52
	vs DB (>1.96)
	---
	F, G, L, S, T
	E, G, N, P
	E, G, N, P
	E, G, N, P

	
	
	vs Strand (>1.96)
	D, E, G, N, P, R
	G, N, P, S, T
	D, E, G, N, P
	D, E, G, N, P
	D, E, G, N, P

	
	
	vs DB (>4.42)
	---
	T
	G, N, P
	G, N, P
	G, N, P

	
	
	vs Strand (>4.42)
	G, N, P
	G, P, S
	D, E, G, N, P
	D, E, G, N, P
	D, E, G, N, P

	P S
	0.82
	vs DB (>1.96)
	C, D, P
	D, K, N, R
	P, R
	P, R
	P, R

	
	
	vs Strand (>1.96)
	C, D, N, P
	D, K, N, R
	D, E, G, P, R
	D, E, G, P, R
	D, E, G, P, R

	
	
	vs DB (>4.42)
	C, D, P
	K
	P
	P
	P

	
	
	vs Strand (>4.42)
	D, P
	D, K, N
	P
	P
	P

	A W
	3.75
	vs DB (>1.96)
	F, G, N, S, T, W
	D, E, G, N, P
	N, P
	 

 

 

 

 

 

	
	
	vs Strand (>1.96)
	D, G, N, P, S, T, W
	D, E, G, N, P
	D, G, N, P
	

	
	
	vs DB (>4.42)
	S, T, W
	D, N, P
	N, P
	

	
	
	vs Strand (>4.42)
	G, N, S, T, W
	D, E, G, N, P
	D, G, N, P
	

	P W
	1.21
	vs DB (>1.96)
	I, S, T
	M, T
	E, G
	

	
	
	vs Strand (>1.96)
	D, N, S, T
	D, G, M, T
	D, E, G, P
	

	
	
	vs DB (>4.42)
	---
	T
	E, G
	

	
	
	vs Strand (>4.42)
	---
	T
	D, E, G
	

	A G
	32.66
	vs DB (>1.96)
	C, D, N, T, V
	G, N
	D, E, K, N, Q, R, S, T
	

	
	
	vs Strand (>1.96)
	C, D, N, S
	D, G, N
	D, E, K, N, Q, R, S, T
	

	
	
	vs DB (>4.42)
	C, D, N, T, V
	G, N
	D, E, K, Q, R, S, T
	

	
	
	vs Strand (>4.42)
	C, D, N
	D, G, N
	D, E, K, N, Q, R, S, T
	

	
	100.00
	
	
	
	
	
	


b)
	β-bulge type
	%
	Normalization case and threshold value
	Protein block preferences

	
	
	
	X
	1
	2
	3
	4

	A B
	0.63
	vs DB (>1.96)
	 

 

 

 

 

 

 

 
	b, i
	b, i
	 

 

 

 

 

 

 

 

	
	
	vs Strand (>1.96)
	
	b, i
	b, i
	

	
	
	vs DB (>4.42)
	
	b, i
	b, i
	

	
	
	vs Strand (>4.42)
	
	b, i
	b, i
	

	P B
	1.34
	vs DB (>1.96)
	
	b, i
	b, i
	

	
	
	vs Strand (>1.96)
	
	b, i
	b, i
	

	
	
	vs DB (>4.42)
	
	b, i
	b, i
	

	
	
	vs Strand (>4.42)
	
	b, i
	b, i
	

	A C
	52.59
	vs DB (>1.96)
	c, d, e, h
	a, b
	a, c, d, g, j
	

	
	
	vs Strand (>1.96)
	d, h
	a, b
	a, c, d, g, j
	

	
	
	vs DB (>4.42)
	d, e, h
	a, b
	c, d, g, j
	

	
	
	vs Strand (>4.42)
	d, h
	a, b
	c, d, g, j
	

	P C
	4.46
	vs DB (>1.96)
	c, d
	a, e, f, g, n
	b, i
	

	
	
	vs Strand (>1.96)
	c, d, j
	a, e, f, g, n
	b, i
	

	
	
	vs DB (>4.42)
	c, d
	a, f, g
	b, i
	

	
	
	vs Strand (>4.42)
	c
	a, f, g
	b, i
	

	A S
	2.52
	vs DB (>1.96)
	b, d, i
	b, e, f, h, j
	b, h, i, j, k
	b, h, i, j, k
	b, h, i, j, k

	
	
	vs Strand (>1.96)
	b, i, j
	b, e, f, h, j
	b, h, i, j, k
	b, h, i, j, k
	b, h, i, j, k

	
	
	vs DB (>4.42)
	b, d
	b, f, h, j
	b, i, k
	b, i, k
	b, i, k

	
	
	vs Strand (>4.42)
	b, i
	b, f, h, j
	b, i, k
	b, i, k
	b, i, k

	P S
	0.82
	vs DB (>1.96)
	b, d
	e, f, g, h
	b, h, i, k
	b, h, i, k
	b, h, i, k

	
	
	vs Strand (>1.96)
	b, i
	e, f, g, h
	b, h, i, k
	b, h, i, k
	b, h, i, k

	
	
	vs DB (>4.42)
	b
	e, f, g
	b, h, k
	b, h, k
	b, h, k

	
	
	vs Strand (>4.42)
	b
	e, f, g
	b, h, k
	b, h, k
	b, h, k

	A W
	3.75
	vs DB (>1.96)
	b, c, d
	b, f, h, i, j
	a, b, i
	 

 

 

 

 

	
	
	vs Strand (>1.96)
	b, d
	b, f, h, i, j
	a, b, i
	

	
	
	vs DB (>4.42)
	c, d
	b, h, i, j
	a, b, i
	

	
	
	vs Strand (>4.42)
	b, d
	b, h, i, j
	a, b, i
	

	P W
	1.21
	vs DB (>1.96)
	b, d
	b, h, k
	b, d, e, g, i, j
	

	
	
	vs Strand (>1.96)
	b, d, i, k
	b, h, k
	b, d, e, g, i, j
	

	
	
	vs DB (>4.42)
	b, d
	b, h
	b, d, g, i, j
	

	
	
	vs Strand (>4.42)
	b, i
	b, h
	b, d, g, i, j
	

	A G
	32.66
	vs DB (>1.96)
	e, f
	i, p
	a
	

	
	
	vs Strand (>1.96)
	e, f
	i, p
	a
	

	
	
	vs DB (>4.42)
	e, f
	i, p
	a
	

	
	
	vs Strand (>4.42)
	f
	i, p
	a
	

	
	100.00
	
	
	
	
	
	


Figure S2. Distribution of structure superimpositions. This histogram represents the distribution, in term of GDT_TS value, of the 950,793 structure superimpositions computed by iPBA software. The average GDT_TS equals to 33.25 with a peak at 31. The red line represents the chosen GDT_TS threshold (equals to 15) for analyzing the β-bulge conservation. Beyond this value 716,346 superimpositions were kept.
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Figure S3. Correlation between GDT_TS, RMSD, and sequence identity. Are given the correlation between a) GDT_TS and RMSD, and b) GDT_TS and sequence identity.
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Table S6. β-bulges distribution from the three molecular dynamics of α-lytic protease. Are given for each molecular dynamics simulations (temperatures 298, 310 and 353 K) the sequence positions of observed β-bulges, theirs types, and theirs distributions into the simulations frames. Are highlighted in gray the 15 β-bulges assign on the crystal (1SSX), in green interesting low frequencies of stable β-bulges (see Figure S4 for some visual explanations), and in red are highlight examples of possible displacements of β-bulges along the sequence.

	
	β-bulges type
	Observed frequencies (%)

	β-bulges residues positions             (X - First - Last)
	298 K
	310 K
	353 K
	298 K
	310 K
	353 K

	104-107-108
	A C-A G
	A C-A G
	A C-A G
	0.54
	1.02
	1.26

	11-13-14
	A G
	A C
	
	0.04
	0.02
	0.00

	11-14-15
	A C-A G
	A C-A G
	A C-A G
	90.83
	41.40
	92.17

	114-97-98
	A G
	A G
	A G
	98.16
	97.24
	95.76

	117-131-132
	A W
	A W
	A W
	2.52
	2.52
	2.80

	119-130-131
	A C-A G
	A C-A G
	A C-A G
	2.16
	3.94
	9.95

	120-129-130
	A W
	A W
	A W
	98.58
	97.70
	93.47

	123-125-126
	A C-A G
	A C-A G
	A C-A G
	0.08
	0.46
	0.74

	129-119-120
	A W
	
	A W
	0.06
	0.00
	0.02

	130-118-119
	
	A G
	
	0.00
	0.02
	0.00

	131-118-119
	A C-A G
	A C-A G
	A C-A G
	22.30
	27.27
	35.12

	132-117-118
	
	
	A W
	0.00
	0.00
	0.02

	133-115-116
	A C
	A C
	A C
	99.36
	99.64
	98.88

	147-155-156
	A C
	A C
	A C
	100.00
	99.96
	99.90

	149-152-153
	A G
	A G
	A G
	97.54
	97.34
	93.65

	15-11-12
	
	
	A G
	0.00
	0.00
	0.08

	158-144-145
	A G
	A G
	A G
	99.94
	99.82
	99.48

	180-159-160
	A C
	A C
	A C
	99.80
	99.74
	99.38

	181-158-159
	
	A W
	A W
	0.00
	0.04
	0.12

	19-6-7
	A G
	A G
	A G
	99.78
	74.47
	99.02

	25-27-28
	A C
	A C
	A C-A G
	18.14
	22.52
	28.13

	3-75-77
	
	
	P S
	0.00
	0.00
	0.02

	32-20-21
	A C
	A C
	A C
	99.68
	99.38
	96.32

	4-76-78
	P S
	P S
	P S
	98.76
	97.82
	91.89

	44-51-52
	A C
	A C-A W
	A C
	99.68
	99.50
	99.66

	45-50-51
	A W
	A W
	A W
	0.04
	0.02
	0.12

	46-48-49
	A C-A G
	A C-A G
	A C-A G
	7.21
	6.13
	12.17

	54-41-42
	A G
	A G
	A G
	98.04
	96.00
	91.11

	66-55-56
	A C
	A C
	A C
	99.16
	99.14
	98.46

	67-54-55
	A W
	A W
	A W
	0.80
	0.74
	1.40

	76-1-2
	A W
	A W
	A W
	98.78
	97.92
	91.97

	77-1-3
	P S
	P S
	P S-A S
	0.02
	0.10
	0.30

	78-1-4
	P S
	P S
	P S
	0.06
	0.04
	1.30

	81-83-84
	A C-A G
	A C-A G
	A C-A G
	10.81
	12.71
	12.75


Figure S4. Disappearance of β-bulge. The β-bulge assign on residues 11-14-15 are present with low frequency (41,40%) in the 310K molecular dynamic simulation compare with those at 298K and 353K (respectively 90,83% and 92,17%). The observation of the 310K molecular dynamic simulation frames suggests that important local conformational changes could lead to the loss of β-bulges, or reciprocally. The comparison of both frames n°500 (a) and n°4500 (b) zoom on β-bulge 11-14-15 (color in blue) shows the disappearance of the β-bulge is accompanied with the disappearance of the associated β-sheet. In the 310K molecular dynamic simulation, this β-bulge was not observed again after his disappearance.

a)








  b)
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Table S7. Preferences for β-bulges type to be conserved. Are given the probabilities for each β-bulges type to be found superimposed or not.

	
	AB
	AC
	AG
	AS
	AW
	PB
	PC
	PS
	PW

	No-Sup
	82.2
	70.7
	81.1
	84.8
	86.0
	82.4
	88.9
	78.5
	87.8

	Sup
	17.8
	29.3
	18.9
	15.2
	14.0
	17.6
	11.1
	21.5
	12.2


Table S8. Protein Blocks dihedral angle correspondence. The eight successive dihedral angles are given for each corresponding PB.
	PB\dihedral
	psi(n-2)
	phi(n-1)
	psi(n-1)
	phi(n)
	psi(n)
	phi(n+1)
	psi(n+1)
	phi(n+2)

	a
	41.14
	75.53
	13.92
	-99.80
	131.88
	-96.27
	122.08
	-99.68

	b
	108.24
	-90.12
	119.54
	-92.21
	-18.06
	-128.93
	147.04
	-99.90

	c
	-11.61
	-105.66
	94.81
	-106.09
	133.56
	-106.93
	135.97
	-100.63

	d
	141.98
	-112.79
	132.20
	-114.79
	140.11
	-111.05
	139.54
	-103.16

	e
	133.25
	-112.37
	137.64
	-108.13
	133.00
	-87.30
	120.54
	77.40

	f
	116.40
	-105.53
	129.32
	-96.68
	140.72
	-74.19
	-26.65
	-94.51

	g
	0.40
	-81.83
	4.91
	-100.59
	85.50
	-71.65
	130.78
	84.98

	h
	119.14
	-102.58
	130.83
	-67.91
	121.55
	76.25
	-2.95
	-90.88

	i
	130.68
	-56.92
	119.26
	77.85
	10.42
	-99.43
	141.40
	-98.01

	j
	114.32
	-121.47
	118.14
	82.88
	-150.05
	-83.81
	23.35
	-85.82

	k
	117.16
	-95.41
	140.40
	-59.35
	-29.23
	-72.39
	-25.08
	-76.16

	l
	139.20
	-55.96
	-32.70
	-68.51
	-26.09
	-74.44
	-22.60
	-71.74

	m
	-39.62
	-64.73
	-39.52
	-65.54
	-38.88
	-66.89
	-37.76
	-70.19

	n
	-35.34
	-65.03
	-38.12
	-66.34
	-29.51
	-89.10
	-2.91
	77.90

	o
	-45.29
	-67.44
	-27.72
	-87.27
	5.13
	77.49
	30.71
	-93.23

	p
	-27.09
	-86.14
	0.30
	59.85
	21.51
	-96.30
	132.67
	-92.91
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