
SUPPLEMENTARY  DATA 

Marc Farag, Cédric Messaoudi, and Liliane Mouawad*

ASC-G4, an algorithm to calculate advanced 

structural characteristics of G-quadruplexes

CONTENTS

p. 2 Figure S1. A G4 structure made of 4 tetrads separated into two blocks.

p. 3 Figure S2. Structural issues for the detection of tetrads. 

p. 4 Figure S3. Output file of distances. 

p. 5 Figure S4. Structural issues for the detection of strands. 

p. 7 Figure S6. The two extreme guanosines with the C1’ atom out of the base plane. 

p. 8 Figure S7. Output file of configurations. 

p. 9 Figure S8. Part of the results of ASC-G4 for 7D5E.

p. 15 Figure S12. The two extreme non-coplanar Hoogsteen base-pairs of guanines.

p. 18 Figure S14. Representative structure of a two-block parallel/− topology, 6C64.

p. 19 Figure S15. Histogram of GBA depicted according to two different ranges.

p. 10 Figure S9. The torsional twist angle and the tilt angle.

p. 6 Figure S5. Output file of stacking nucleotides of structure 2KPR. 

p. 11 Figure S10. Output file of the minimum groove widths. 

p. 13 Table S1. Distribution of the topologies of the 192 one-block and interlaced structures.

p. 14 Table S2. Distribution of the topologies of the 15 two-block structures.

p. 16 Figure S13 (part 1). Investigation of the difference in the topologies with both clockwise 
and anticlockwise orientations of the strand numbering. 

1

p. 20 Figure S16. Illustration of the discrepancies between the different characteristics of the
configuration.

p. 12 Figure S11. Output of the main chain and sugar torsion angles.

p. 17 Figure S13 (part 2). Same as S13 (part 1) but for hybrid topologies.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/5/2087/7041953 by guest on 20 Septem

ber 2023



Figure S1. A G4 structure made of 4 tetrads separated into two blocks. Left panel: structure PDB ID 2MS9, with
the following color code, 1st tetrad in light green, 2nd tetrad in pink, 3rd tetrad in purple, and 4th tetrad in bright
green; the rest is a gray tube. Right panel: schematic representation of 2MS9 where the tetrads are represented
as gray planes and the strands as blue arrows for down, and orange arrows for up. The bold numbers on the top
are the strand numbers and the topologies below are those of the two blocks. In this case, the two blocks are
parallel but in opposite directions. Block 1 consists of tetrads 1-2 and block 2, of tetrads 3-4.
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Figure S2. Structural issues for the detection of tetrads. (A) Very loose H-bonds in a Hoogsteen base-pair in
structure 1OZ8. (B) The example of 2LPW illustrates the case where a guanine of a tetrad (here dG24) is closer
to the facing guanine from another tetrad (dG3) than to the facing guanine of the same tetrad (dG4). The color
code of atoms is as follows: C (cyan), N (blue), O (red), and P (tan). (C) The two tetrads of 148D are drawn, the
first in light green and the second in pink. As observed they are not planar. (D) In 6QJO, chain B, the distance
between the planes of dG11 and dG6 is greater than the distance between dG11 and dG8, although dG6 and
dG11 are part of the same tetrad (light green), and dG8 (yellow) is in a loop. The blue plain line represents the
base plane and the black dashed line the distance of O6 to this plane. Hydrogen atoms are omitted for clarity.
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Figure S3. Output file of distances. Upper part: Hoogsteen distances, d1, d2, < d >, dO6-O6 and distance to
plane[i,j]. The latter corresponds to the distance from O6 of the H-bond acceptor [j] to the plane of the H-bond
donor [i] defined by atoms, N1, O6, and N7. Lower part: list of the facing guanines and their C3’-C3’, C5’-C5’,
and P-P distances. This file corresponds to structure 2KPR.
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Figure S4. Structural issues for the detection of strands. (A) Two adjacent strands (the penultimate and ultimate
ones) of 5J05 are represented as yellow and blue sticks. The C1’ atoms are orange and red spheres. Normally,
the C1’-C1’ distance between successive guanines of the same strand (dashed black lines) should be smaller
than between two adjacent strands (dashed gray line), whereas here, d C1’(15)-C1’(18) < d C1’(15)-C1’(16). (B) Two
stacking guanines in a strand. They are expected to be parallel, but the plane-plane angle is equal to 50.5°. (C)
Structure 6B3K consists of two tetrads. Each strand is colored and numbered differently. As can be observed,
whereas in strands 1 and 2 (purple and green, respectively) guanines of the top tetrad stack well over those of
the bottom tetrad, in strands 3 and 4 (orange and red, respectively) the upper guanines are shifted relative to the
lower ones. Therefore, the upper G of strand 3 stacks over nothing, and that of strand 4, stacks over the lower G
of strand 3, leaving the lower G of strand 4 without an upper stack.
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Figure S5. Output file of stacking nucleotides of structure 2KPR. CG is the center of gravity of the purine heavy
atoms of G, A, and I, and of the pyrimidine heavy atoms of C, T, and U. Cos (base-plane-angle) is the cosine of
the angle between the base planes of the two stacking nucleotides. The rise is the distance between the two
base planes.
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Figure S6. The two extreme guanosines with the C1’ atom out of the base plane. (A) 5NYT:dG4 has the
smallest distance (C1’-base plane) visually detectable. (B) 6SUU:dG4 has the largest distance (C1’-base
plane) of our set of G4 structures. The atoms' color code is C (cyan), N (blue), O (red), and P (tan). Hydrogen
atoms are omitted for clarity.
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Figure S7. Output file of configurations. For each stem guanosine, the c angle is given followed by the
configuration based on its value, then the distances d N3-O5’ and d H1’-H8 followed by their respective predicted
configuration, the distance of C1’ to the base plane represented by atoms (N9-C4-C8) and finally the retained
configuration based on all these elements. This file corresponds to structure 2KPR. Note that dG12 has an
undetermined configuration based on its c angle and this indeterminacy is removed thanks to the distance
calculations.
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Figure S8. Part of the results of ASC-G4 for 7D5E. In the Table the distribution of the stem guanines in the
tetrads and strands is given, as well as the glycosidic configuration. In the columns, A refers to the chain name,
followed by the guanine identification number. As observed, this 4-tetrad structure presents important
discontinuities between tetrads 2 and 3 in strands 1, 2, and 3, which separate the two blocks. In the second
block (tetrads 3 and 4), strand 4 consists of two nts: A15 and the snapback A26. Therefore, the direction of the
strand is not obvious. However, since all gcs in this block are anti (without considering the snapback), indicating
a parallel topology, and the direction of strands 1, 2, and 3 is up, it was deduced that the direction of strand 4 in
block 2 is also up, resulting in a parallel topology. In the two blocks, the strands are connected by 7 loops. A
linker, which is also a bulge between A13 and A15, connects the two blocks.
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Figure S9. The torsional twist angle and the tilt angle. (A) The torsional twist angle is the pseudo-dihedral angle
C1’(i)-CG(i)-CG(i+1)-C1’(i+1), where the first C1’ and CG belong to tetrad i (in light green) and the second C1’
and CG to tetrad i+1 (in pink). CG is the center of gravity of the four O6 atoms of a tetrad. The torsional twist
angle is directional. (B) The tilt angle is the tetrad-strand angle calculated between vectors and , the
former corresponding to the tetrad and the latter to the strand. CG and C1’ are shown as hard spheres.
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Figure S10. Output file of the minimum groove widths. The groove widths are calculated from C3’ atoms (upper
part) and C5’ atoms (lower part). For each groove and each tetrad, the minimum distance between guanine i of
strand n (first guanine identification) and guanine j of strand n+1 (second guanine identification), is given. The
interest of this file is not the minimum distance itself, which is also found in the final output file, but the nt
identification of the closest guanines in each groove. This file corresponds to structure 2KPR.
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Figure S11. Output of the main chain and sugar torsion angles. This file corresponds to structure 2KPR.
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Topology Number of 

structures

PDB ID

Parallel 85

1KF1, 1MY9D, 1MYQD, 1XAV, 1Y8DI, 2A5P3’b, 2A5R3’b, 
2KQG, 2KQH, 2KYP, 2KZE, 2L7V, 2L88, 2LBY, 2LD8, 
2LE6D, 2LEE, 2LK7, 2LPW, 2LXQ, 2LXVD, 2M27, 
2M27, 2M4P, 2M53, 2M905’t, 2M923’b, 2M93, 2MB2, 
2MB4D,5’b, 2MGN3’b, 2N21, 2N4Y, 2N60, 2N6C3’b, 
2O3M3’b, 2RQJD, 2RSKD, 2RU7D, 3CDM, 3QXR3’b, 
3R6R, 3SC8, 3T5E, 3UYH, 4DA3, 4DAQ, 4FXM, 4G0F, 
4WO2D,3’b, 4WO3, 5BJO, 5BJP, 5CCW, 5DWWD, 
5DWX, 5I2V, 5LIG, 5NYS, 5NYT, 5NYU, 5UA3D, 5VHE, 
5W77, 6AU4, 6E80, 6E81, 6E84, 6ERL, 6FQ2D,L,3’t,5’b, 
6H5R, 6IP3, 6IP7, 6ISW, 6JJ0, 6JWE, 6K3Y, 6NEB, 
6O2L, 6SUU3’b, 6T2G, 6T51, 7CLS, 7KBV, 7LL0

Antiparallel-chair 37

148D, 1BUB, 1C32, 1C34, 1C35, 1C38, 1HAO, 1HAP, 
1HUT, 1QDF, 1QDH, 1RDE, 2IDN, 2KM3, 2LYG, 
2M8Z, 2N2D, 3QLP, 4DIH, 4DII, 4LZ1, 4LZ4, 4NI7, 
4NI9, 5CMX, 5EW1, 5EW2, 5MJX, 5OPH, 5YEY, 
6EO6, 6EO7, 6EVV, 6FC9, 6GH0, 6GN7, 6JKN

Antiparallel-basket 19
143D, 1I34, 201D, 230D, 2KF7, 2KF8, 2KKA, 2M6V, 
2M6W, 2M91, 2MCCRL, 2MCO, 2MFT, 5J05, 5J4P, 
5J4W, 5J6U, 5LQG, 6GZN

Antiparallel-basket2 12
2KOW, 2MBJ, 4KZD, 4KZE, 4Q9Q, 4Q9R, 5LQH, 
5OB3, 6B14, 6B3K, 6F4Z, 6FTU

Hybrid1 12
2E4I, 2GKU, 2HY9, 2JSK, 2JSM, 2MAY, 2MB3, 2MWZ, 
5MBR, 5Z80, 6IA4, 6XT75’t

Hybrid2 11
2LOD, 5MCR, 5MTA, 5MTG, 5OV2, 6E8S, 6E8T, 
6E8U, 6FFR, 6JCD3’t, 6L92

Hybrid3 11
186D, 2F8U, 2JPZ, 2JSL, 2JSQ, 2KZD, 2MFU, 5MVB, 
6AC7, 6CCW, 6IA0

Hybrid4 5 2KPR5’b, 5O4D5’b, 6H1K5’b, 6L8M5’b, 6R9L

Table S1. Distribution of the topologies of the 192 one-block and interlaced structures.

L Left-handed helix
RL Hybrid Right-handed / Left-handed helix
D Stacking-stem dimer
I Interlaced dimer
3’b Structure with a 3’-bottom snapback
3’t Structure with a 3’-top snapback
5’b Structure with a 5’-bottom snapback
5’t Structure with a 5’-top snapback
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Topology Number of 

structures

PDB ID

Parallel / Parallel
dddd / dddd

1 2N3M

Parallel / Parallel
dddd / uuuu

4
2MS9L,3’b, 4U5ML,3’b, 6GZ6L,3’b,5’b, 
7D5EL,3’b

Parallel / Parallel
uuuu / dddd

1 1OZ8RL

Parallel / Hybrid2
uuuu / dddu

1 6KVB3’t,5’b

Parallel / −
dddd / one tetrad

4 5V3FD, 6C63D, 6C64D, 6C65D

− / Parallel
one tetrad / uuuu

4 2LA5RL, 5DE5RL, 5DE8RL, 5DEARL

Table S2. Distribution of the topologies of the 15 two-block structures. The topology and
the direction of the strands correspond to Block 1 / Block2.

L Left-handed helix
RL Hybrid Right-handed / Left-handed helix
D Stacking-stem dimer
I Interlaced dimer
3’b Structure with a 3’-bottom snapback
3’t Structure with a 3’-top snapback
5’b Structure with a 5’-bottom snapback
5’t Structure with a 5’-top snapback
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Distance of dG12:O6  to  dG16:plane (N1-O6-N7) = 1.0 Å

Figure S12. The two extreme non-coplanar Hoogsteen base-pairs of guanines. (A) 6CCW has the smallest
distance between atom O6 and the facing base plane in our range of visually detectable non-coplanar pairs.
(B) 1OZ8 has the largest distance O6 to the facing base plane in our set of G4 structures. The atoms' color
code: C (cyan), N (blue), O (red), and P (tan). The blue plain line represents the base plane and the black
dashed line the distance of O6 to this plane. Hydrogen atoms are omitted for clarity.
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Figure S13 (part1). Investigation of the difference in the topologies with both clockwise (green arrows) and
anticlockwise (red arrows) orientations of the strand numbering. This is a schematic representation of G4
viewed from the top of the tetrad that contains the first stem-guanine. Each circle represents a strand. The first
strand (in purple), which is always down, is indicated with the number 1. The strands are colored according to
their position in the stem. The direction of the strands (down, d, and up, u) are indicated near them. On the right
of each G4, the strands are dispatched linearly according to the direction of their numbering (clockwise, green
arrow, and anticlockwise, red arrow). The number attributed to each strand is written above the dispatched
strands. This is followed by the direction of the strands (d and u) and the resulting topology. As observed, in four
cases, numbering the strands in the clockwise or the anticlockwise orientation yields to an unambiguous
topology, parallel, antiparallel-chair, hybrid1, and hybrid4 (see next page for the hybrid topologies). Whereas in
four other cases, numbering in one orientation or the other yields two different topologies that are currently
confused, antiparallel-basket with antiparallel-basket2 and hybrid2 with hybrid3. These topologies are grouped
using black square brackets. Please note that here, the clockwise and anticlockwise orientations are only used
to help understand the drawing, whereas, in ASC-G4, the orientation of the strand numbering is based on the
configuration of the first stem-guanine: it follows the H-bond donors for an anti-G and the H-bond acceptors for a
syn-G. For most G4s this orientation corresponds to a clockwise direction.
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Figure S13 (part 2). Same as S13 (part 1) but for hybrid topologies.
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G13

6C64

Figure S14. Representative structure of a two-block parallel/− topology, 6C64. (A) Lateral view of the structure.
(B) Top view of the first strand, showing that although the three guanines are anti, they are nevertheless, with
reversed orientations. Indeed, whereas the bases of G10 and G11 are oriented as usual to the left, the base of
G13 is oriented to the right. In (A) and (B) the backbone is depicted as a gray tube, tetrad 1 is in light green,
tetrad 2 in pink, and tetrad 3 in purple. Hydrogen atoms are omitted for clarity.
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Figure S15. Histogram of GBA depicted according to two different ranges. (A) The same histogram as in Figure
4 of the main text is presented here for comparison. The peaks of the bimodal distribution are surrounded by red
boxes. (B) The same histogram as in (A) shifted to coincide with the IUPAC-IUB ranges of syn-G and anti-G.
The high-syn and high-anti intervals are indicated with arrows. They correspond to the tails of the unimodal
distributions. The center of each range is surrounded by a red box. In (A) and (B), the intervals are delimited by
red and orange vertical lines.
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Figure S16. Illustration of the discrepancies between the different characteristics of the configuration. Two
guanosines to illustrate the discrepancy between the configuration given by the c angle, when following the
IUPAC-IUB definition, i.e., syn for 0 ± 90° (]270°,90°]) and anti for 180 ± 90° (]90°,270°]), and the distances
between atoms N3 and O5’, and H1’ and H8. These discrepancies are removed when the c angle is in the
ranges we finally adopted, i.e., syn for ]0°,140°] and anti for ]152°,300°]. The atoms' color code is C (cyan), N
(blue), O (red), P (tan), and H (white).
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