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Supplemental Information

Methods

Calculation scheme of triple helical step parameters

The six step parameters relating collagen triplets are computed with respect to a middle
reference frame using the matrix-based algorithm developed by El Hassan and Calladine
(ElI Hassan and Calladine 1995), defined by Dickerson (Dickerson 1989) and
implemented within the 3DNA suite of programs (Lu and Olson 2003) . The middle
reference frame is set up by transforming the two Ca triangle reference frames into the
middle one with a series of Euler-angle-based movements. For two Ca triangle reference
frames, T; and T;,.,, [ is the dihedral angle between their x,y-planes. The T; and
T;+1X%, y-planes are rotated by '/2 and —I/2 around the plane intersection line to align
their z-axes, and thereby locate the z-axis of the middle frame, T,,:. The rotation angle
needed to align the x-axes (or y-axes) of the rotated T; and T;,,frame is defined as the
absolute value of Twist, denoted as Q, and the middle vector of these corresponding
axes is set as the T,,s:x-axis (or y-axis). The angle between the intersection line and the
TseY-axis is denoted as ¢. The projections of 'on theT,,:X- and y-axes with phase
angle ¢ are defined as Tilt and Roll, respectively. The T, origin is the middle point
between the T; and T;,; origins. The translational parameters, Shift, Slide, and Rise
are the components of the vector between the T; and T;,, origins projected on the
TseX-, Y-, and z-axes, respectively.

The calculation scheme of the algorithm is summarized as follows:

Ti = |[R,G - $)R,(DR,G+D|T:, (S
Tmst =[RS — $)R, DR, ()| T:, (S2)
Oiy1 = 0; + DyXppst + Dyymst + D, Zpst- (S3)

Constructing schematic models of the triple helix and computing helical
periodicity

Given a set of step parameters and a starting reference frame, a Ca-triangle reference
frame is deduced with the reversed procedure mentioned above (Eq. (S1-S3)). The
schematic triangular slab models in Fig. 2 are generated with modified code of the 3DNA

software package (Lu and Olson 2008).



An averaged Ca-triangle shape of GP2 and GPo is placed on the rebuilt reference frames
in order to obtain Ca atom coordinates. As this is an ideally repeated model, the Gly Ca
atom coordinates from four successive Ca-triangles are used to deduce triple-helical
periodicity (Miyazawa 1961, Sugeta and Miyazawa 1967). The corresponding Gly Ca
atoms are connected by three uniform pseudo-bonds. The cylindrical angle 6 and
displacement d of the triple helices are deduced from the pseudo bond length r,
pseudo valence angle ¢, and pseudo dihedral angler with Egs. (S4) and (S5).

sin (g) = cos(%) sin(%), (S4)

dsin (2) = rsin(3) sin(6/2). (S5)
Data selection procedure
Forty well-resolved X-ray crystal structures of collagen were selected from the Protein
Data Bank and listed at Table S1.Triple-helical steps located at N- and C-termini, which
may not be well folded or whose conformation may be distorted by crystal lattice packing,
are not included in the dataset. The total number of accepted steps is 864. Severely
distorted steps with extreme values are eliminated by a “culling” procedure (Olson, Gorin
et al. 1998). We observed distorted steps due to receptor binding and lattice packing.
The values outside three root-mean-square deviations, 3ag, are considered to be outliers.
The outliers are iteratively removed from the dataset until all the values are tightly
clustered within the 3¢ limit as a quasi-Gaussian distribution. The root-mean-square

deviation, o, of a dataset containing n samples is calculated as below:
o= [H=ED (s6)

where X is the mean value over all of the n samples

Plotting an equi-potential contour of the elastic function

The scoring function of the six geometric parameters can be considered as an energy
surface in six-dimensional space. When the multi-dimensional space is projected onto a
two-dimensional plane of any two parameters, it forms an equi-potential contour, on
which any point has the same deformation energy (Olson, Gorin et al. 1998). For any two

of the six step parameters i, j, the equi-potential contour is expressed as below:

E=2fi(0; — 002+ (fis + £,)(0: — 60)(6; — 6) + = £;,,(8; — 67)2,  (S7)



This equation shows that the contour is an ellipse and its geometric properties are
calculated as below:

Length of the two axes

2 2
Ll:/E, LZZ/Ei (88)

Inclination angle of the ellipse
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Here f;; andf; ;, diagonal terms of the force constant matrix F, are the force constants

impeding deformations of individual parameters. The force constants, f; ; and f;;,

measure the coupling between the i!" and ;" parameters and are cross terms of the
symmetric matrix, i.e..f; j = fj ;.

If the inclination of an ellipse is 45£25° and the major/minor axis ratio is greater than 1.2,
the corresponding parameters are defined as highly coupled.

Linear correlation coefficients

The linear correlation coefficients between step parameters are calculated as below.

po ZLGO0ED (g0

[T KR S (P
where X; and Y; represent corresponding data in two groups, n is the number of
samples, XandY are the mean values.
Fourier Transformation analysis of natural collagen type |
All-atom models of collagen, kindly provided by Dr. Orgel and Dr. Varma, were
constructed from fiber diffraction data (PDB ID: 3HR2) with THeBuScr, a collagen
rebuilding tool and optimized by CNS 1.1 (Brunger, Adams et al. 1998, Rainey and Goh
2004, Orgel, Irving et al. 2006, Varma, Botlani et al. 2015). The step parameters and
deformation scores of the 1008 steps contained in the collagenous region (chains A and
C 17-1025, chain B 9-1017) were computed and analyzed with the fast Fourier
Transformation function of the Matlab software package. The highest frequency peak is
associated with the most predominant periodicity.
Calculation of DNA deformation scores
The step parameters of DNA were calculated with the 3DNA software package (Lu and
Olson 2008). The DNA deformation scores were computed with knowledge-based



elastic functions (Olson, Gorin et al. 1998) and the force constants were derived from an

updated dataset of protein-DNA interactions (Balasubramanian, Xu et al. 2009).
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Supplementary figures and Tales:

Table S1. Collagen structures used to generate knowledge-based potentials.

No. PDB Description* Resolution  Literature Citation
ID (A)
1 1WZB (OOG)1o collagen peptide. 1.50 (Kawahara, Nishi et
al. 2005)
2 3DMW Cystine knotted collagen containing human type 11l collagen 2.30 (Boudko, Engel et al.
fragment Gly991-Gly1032. The sequence is 2008)
IGPOGPRGNRGERGSEGSOGHOGMOGPOGAOGPC.
3 2CUO (PPG)g collagen peptide. 1.33 (Hongo, Noguchi et
al. 2005)

4 1YM8 (GOO)9 collagen peptide. 1.55 (Schumacher,
Mizuno et al. 2005)

5 1CGD (POG)sAOG(POG)s collagen peptide. 1.85 (Bella, Brodsky et al.
1995)

6 2D3H (PPG)sO0G(PPG)4 collagen peptide. 1.22 (Okuyama, Hongo et
al. 2009)

7 2D3F (PPG)4POG(PPG)4 collagen peptide. 1.26 (Okuyama, Hongo et
al. 2009)

8 1BKV  (GPO)sGITGARGLA(GPO)s collagen peptide. 2.00 (Kramer, Bella et al.
1999)

9 1ITT GPPGPPG collagen peptide. 1.00 (Hongo, Nagarajan et
al. 2001)

10 2DRT (POG)4LOG(POG)s collagen peptide. 1.60 (Okuyama, Narita et
al. 2007)

11 2DRX (POG)4LOG(POG)4 collagen peptide. 1.40 (Okuyama, Narita et
al. 2007)

12 1K6F (PPG)io collagen peptide. 1.30 (Berisio, Vitagliano et
al. 2002)

13 2G66 (GPO)3(GO0)2(GPO)4 collagen peptide. 1.80 (Schumacher,
Mizuno et al. 2006)

14 INAY (GPP)1o peptide linked to trimeric domain foldon from 2.60 (Stetefeld, Frank et
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27
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29

30

1V7H

2WUH

1QSU
2V53
1X1K
3P46
1EI8
3T4F
3U29
3POB
2F6A
5CJB
5EIV
3WNS8
4BKL

4L0OR

bacteriophage T4 fibritin with a short Gly-Ser linker.
GPOGPOG collagen peptide.

DDR2 (Discoidin Domain Receptor) and collagen binding
complex with the collagen sequence
(GPO)sPRGQOGVNIeGFO(GPO)2G, where Nle is norleucine.
(POG)4EKG(POG)s collagen peptide.

Collagen-SPARC binding complex containing
(GPO)2GPSGPRGQOGVMGFOGAO collagen peptides.
(PPG)4PXG(PPG)4 collagen peptide, where X is non-natural
isomer 4S-hydroxy-proline.

(GPO)2GLOGEA(GPO): collagen peptide.

Collagen peptide (POG)4PG(POG)s with a sequence disruption.
Collagen peptide (POG)sPKGEOG(POG)s.
Collagen peptide (POG)3sPKGDOG(POG)s.

Mannan-binding lectin and collagen binding complex with the
collagen sequence (GPO)3:GKL(GPO)s .

Staphylococcus aureus CAN-collagen binding complex with the
collagen sequence (GPO)4sGPRGRT(GPO)4GP.

Human osteoclast associated receptor-collagen binding complex
with the collagen sequence (GPO)sGPOGPAGFO(GPO).G
Human osteoclast associated receptor-collagen binding complex
with the collagen sequence (GPP)sGPAGFP(GPP):2
(POG)3sPRG(POG)4 collagen peptide

Arthritogenic antibody M2139-collagen binding complex with the
collagen sequence (GPP)sGMPGERGAAGIAGPK(GPP)2G
CUB1-EGF-CUB2 complexed with (GPP)4GKL(GPP)4 collagen

1.25

1.60

1.75

3.20

1.10

1.70

2.00

1.68

2.00

1.80

3.29

2.40

2.41

1.45

3.25

2.50

al. 2003)

(Okuyama, Hongo et
al. 2004)

(Carafoli, Bihan et al.
2009)

(Kramer, Venugopal
et al. 2000)
(Hohenester, Sasaki
et al. 2008)
(Jiravanichanun,
Hongo et al. 2005)
(Byrne, McEwan et
al. 2011)

(Bella, Liu et al.
2006)

(Fallas, Dong et al.
2012)

(Fallas, Dong et al.
2012)

(Gingras, Girija et al.
2011)

(Zong, Xu et al.
2005)

(Haywood, Qi et al.
2016)

(Zhou, Hinerman et
al. 2015)

(Okuyama, Haga et
al. 2014)

(Bruno, Doreen et al.
2014)

(Venkatraman Girija,



peptide

Gingras et al. 2013)

31 3ZHA Hsp47 SERPINH1-conllagen complex with the collagen 2.55 (Christine, Gebauer
sequence (PPG):PTGPR(GPP)2 et al. 2012)
32 4AXY (PPG):PTGPR(GPP): collagen peptide 1.24 (Christine, Gebauer
et al. 2012)
33 4GYX (GPP):GPRGQPGVMGFP(GPP)2.GPCCGGYV collagen peptide 1.49 (Boudko and Hans
Peter 2012)
34 4AU2 Hsp47 SERPINH1-conllagen complex with the collagen 2.30 (Christine, Gebauer
sequence PPGPPGPRGPPGPP et al. 2012)
35 2Y5T Pathogenic autoantibody CIIC1-collagen complex with the 2.20 (Dobritzsch, Lindh et
collagen sequence (GPP)sGARGLTGRPGDA(GPP)2G al. 2011)
36 3ADM Collagen peptide (PPG)4s0OSG(PPG)4 1.18 (Okuyama, Miyama
et al. 2011)
37 3P46 Collagen peptide (GPP).GLPGEA(GPP)2 1.70 (Byrne, McEwan et
al. 2011)
38 3ABN Collagen peptide (PPG)4sODG(PPG)4 1.02 (Okuyama, Miyama
et al. 2011)
39 3A1H Collagen peptide (PPG)4OTG(PPG)4 1.08 (Okuyama, Miyama
et al. 2011)
40 3POD Collagen peptide (GPP)sGKL(GPP)4 1.50 (Gingras, Girija et al.

2011)

* O is hydroxy-proline.
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Figure S1. The side length of Ca triangles of the three imino-groups GP2-GP2,
GPx-GPy (x<2 or y<2) and GPo-GPo, where subscripts in GP2, GP1 and GPo are the
numbers of either Pro or Hyp in a Gly/X/Y triad.
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Table S2. Helical parameters of the average structure models.

Models Superhelical Steps Superhelical Superhelical
Twist (° ) per turn Rise (A) pitch (A)
GP,-GP» -103.08 3.49 2.93 10.23
GPx-GPy -104.82 3.43 2.96 10.16
(x<2 or y<2)
GPo-GPo -107.25 3.36 3.04 10.19

* Subscripts are the numbers of imino (Pro/Hyp) in aGly/X/Y triad

Tilt (°) Tilt (°)

Figure S2. Scatter plots of Tilt-Roll and the derived energy contours (a) before, and (b)
after culling procedure. The data points, which are excluded with the culling procedure,

are shown as filled black dots.
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Table S3. Force constants impeding triangle steps deformation of collagen triple helix
are listed in (a). Because the energies are in kgT, the units of the force constants for

angular, translational and angular-translational deformation are kzTdeg 2, kzTA *,

kBTdeg_lA_l. The shape and orientation of derived elliptical contours show the coupling
between the parameters in Fig. 3. Inclination angles and axis ratios of the elliptical
contours are listed in (b). If inclination of an ellipsis is 45£25° and the long/short axis ratio
is greater than 1.2, the corresponding parameters are defined as highly coupled and

highlighted in bold.

€Y
Relationship  GP2-GP2" (XSZP ngyF;yz) GPo-GPo
Shift-Shift 539.66 536.62 444.86
Shift-Slide —278.46 —219.25 ~178.07
Shift-Rise —746.38 —704.24 —650.89
Shift-Tilt -21.1 ~16.61 ~15.46
Shift-Roll -8.44 —7.4 —6.34
Shift-Twist —-24.03 —20.21 ~13.09
Slide-Slide 228.69 146.60 115.60
Slide-Rise 411.47 321.56 304.11
Slide-Tilt 11.49 6.43 4.49
Slide-Roll 1.7 1.07 1.62
Slide-Twist 14.26 8.39 4.12
Rise-Rise 1452.36 1199.75 1189.51
Rise-Tilt 27.3 20.87 16.46
Rise-Roll 12.88 10.36 9.69
Rise-Twist 27.6 22.44 13.13
Tilt-Tilt 1.75 1.14 1.15
Tilt-Roll 0.5 0.3 0.21
Tilt-Twist 1.24 0.85 0.81
Roll-Roll 0.69 0.47 0.42
Roll-Twist 0.28 0.15 0.11
Twist-Twist 1.47 1.11 0.72

* Subscripts are the numbers of imino (Pro/Hyp) in a Gly/X/Y triad
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(b)

. . GP2-GP2* GPx-GPy (x<2 or y<2) GPo-GPo

Relationship L . L . - :
Inclination Axis Inclination Axis Inclination Axis
angle (° ) ratio angle (° ) ratio angle (° ) ratio
Shift-Slide 59.6 3.28 65.8 3.63 66.4 3.72
Shift-Rise 29.3 3.93 324 4.28 30.1 4.82
Shift-Tilt 87.8 24.18 88.2 29.22 88.0 26.96
Shift-Roll 89.1 31.19 89.2 37.97 89.2 36.73
Shift-Twist 87.5 36.72 87.8 394 88.3 36.62
Slide-Rise 17.0 3.91 15.7 4.79 14.8 5.98
Slide-Tilt 87.1 13.99 87.5 13.07 87.8 10.9
Slide-Roll 89.6 18.41 89.6 17.72 89.2 17.06
Slide-Twist 86.4 19.89 86.7 15.32 88.0 14.25
Rise-Tilt 88.9 34.27 89.0 39.21 89.2 35.9
Rise-Roll 89.5 50.35 89.5 55.82 89.5 59.05
Rise-Twist 88.9 39.16 88.9 41.77 89.4 45.57
Tilt-Roll 68.5 1.99 69.2 1.86 75.2 1.82
Tilt-Twist 48.2 2.79 45.6 2.7 52.5 4.31
Roll-Twist 17.7 1.62 13.0 1.61 18.7 1.41

*Subscripts are the numbers of imino (Pro/Hyp) in a Gly/X/Y triad
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Table S4. Linear correlation coefficients of the step parameters in three imino-content
groups. The correlation values at the 0.001 significance level are approximately 0.35 for
sample number greater than 100, and 0.5 for sample number greater than 40,
respectively (Young 1962). There are 642, 180 and 42 data points in GP2-GPz,
GPx-GPy(x<2 or y<2) and GPo-GPo, respectively. The coefficients representing highly
correlated step parameters are highlighted in bold.

GPx-GPy

Relationship GP2-GP>' (x<2 or y<2) GPo-GPo
Shift-Slide -0.1 0.19 -0.04
Shift-Rise 0.67 0.69 0.83

Shift-Tilt -0.16 —0.33 -0.39
Shift-Roll 0.2 0.42 0.33
Shift-Twist 0.74 0.68 0.72
Slide-Rise —0.36 —0.35 -0.49
Slide-Tilt 0.13 -0.11 0.19
Slide-Roll 0.39 0.24 0.26
Slide-Twist -0.41 -0.17 -0.16

Rise-Tilt -0.1 -0.24 -0.47
Rise-Roll -0.11 0.11 0.05
Rise-Twist 0.51 0.53 0.63

Tilt-Roll -0.33 —0.39 -0.32
Tilt-Twist —-0.54 -0.6 -0.78
Roll-Twist 0.15 0.49 0.34

*Subscripts are the numbers of imino (Pro/Hyp) in a Gly/X/Y triad
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Table S5. Average values of step parameters from the ‘culled’ dataset. These values are used as ‘equilibrium’ states, 6,,

in Equation (1) to compute deformation energy scores.

Step Step Shift Tilt Roll Twist
number (A) (°) ") (")
GP2-GP>’ 642 -4.25+0.18 0.84+0.17 3.25#0.07 -11.14+1.51 9.46+1.94 -101.72+2.84
(ng’g?yzyz) 180 -4.40+0.20 0.75+#0.21 3.14+0.15 -9.73+1.84  7.65+2.19  -104.25+3.24
GPo-GPo 42 -4.56+0.24 0.75+0.21 3.14+0.15 -7.89+2.63 5.97+2.25 -107.48+3.86

* Subscripts are the numbers of imino (Pro/Hyp) in a Gly/X/Y triad

Table S6. The mean values and standard deviation of the step parameters of natural collagen type I.

Step Shift Slide Roll Twist
number (A) (A) (") ()
1008 -3.37+£0.93 0.65+0.91 3.03+0.47 -8.62+8.72 7.13+10.07 -103.20+9.62
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Figure S3. Deformation scores of (a) integrin-bound, (b) VWF-bound, and (c)

MMP1-bound collagen structures (PDB ID: 1DZI, 4AUO, 4DMU) with the atom
coordinates randomly disturbed with 0.1 A compared to the original ones.
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Figure S4. (a) Slide, (b) Tilt, (c) Roll, and (d) VRoll? + Tilt? (bending) of
integrin-bound complexes (PDB: 1DZI, 4BJ3) and integrin-free (DPB: 1Q7D) triple
helices with the same sequence (13, 33, 34). The mean step parameter values, or
‘equilibrium states’ are listed in Table S5.The integrin-bound region is shaded in grey.
The sequences are aligned by step number. The Phe and Hyp residues contacted by
integrin Asn154 and Leu296 are framed by color-coded rectangles: black for the 1:1
complex; green for integrin molecule A; light blue for integrin molecule B (contact only to
Phe).
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Figure S5. (a) Rise, (b) Roll, and (c) Tilt of the two states in integrin matrix
metalloproteinase 1(MMP1)-bound triple helix structures (PDB: 4AUQ). The mean step
parameter values, or ‘equilibrium states’ are listed in Table S3. The sequences bound by
MMP1 N-terminal catalytic (Cat) and C-terminal hemopexin (Hpx) domains were shaded
in light cyan and grey, respectively. The sequences are aligned along the step number.
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Figure S6. Sensitivity of Fourier transformation to numerically perturbed Type |
collagen models (cyan) compared to the original one (black). Each time, the Ca atom
coordinates of five residues are randomly disturbed by 5 A affecting the deformation

scores of ten steps compared to the original model. The major peak at 4 is preserved.
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