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Model systems for sheet-rich amyloid oligomer assembly

Closing report

Abstract

Amyloid diseases are all related to the change of the natural conformation of their particular
proteins into a sheet-rich fibrillar form. By now it is apparent that the most toxic amyloid agents
are transient oligomeric assemblies which precede the formation of the non-soluble fibrils. A
recent study has shown that a small toxic amyloid oligomer forms a water-soluble sheet rich
barrel structure, where hydrophobic side chains are clustered in the inner core. The potential
toxicity of membrane associated b-sheet rich structures is well-known as small b-sheet peptides
are a major class of antimicrobial compounds, though their acting mechanism is unclear. Further
on, the sheet-rich b-barrel scaffold is well-known for membrane proteins where the inner part
contains mainly polar side chains. From a structure-function point of view it is particularly
interesting and relevant how the high toxicity may relate to the barrel molecular scaffold.
Understanding this relationship would not only provide mechanistic insight into key stages of
neurodegenerative diseases, but would also aid the improved design of novel antimicrobial
compounds. b-peptides, which have high enzymatic resistance and claim biomedical potential
as novel antibiotics, show high structural similarity to natural peptides. Therefore, to address
the structure-function relationship of oligomer toxicity from a more general perspective, b-
peptides are ideal model systems.

The main objective of this proposal is to computationally design and investigate oligomeric b-
peptide assemblies that are capable of forming the same sheet-derived barrel scaffolds both in
water and in lipid bilayers.
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Initial steps taken in the project period 2015.02.01-2015.07.31.:

The B-peptide constructs that were planned to be constructed were including mostly B-amino
acids, which are particularly suitable for the project as these can have hydrophobic and
hydrophilic side chains at the B*—, 3°— or, both at the same time, on B> —positions (Fig. 1). Most
of these amino acids are commercially available making synthetic tasks much easier.

Fig. 1 LEFT: The general constitution of 3-amino
acids. Side chains can be appended at both BZ and
[33 positions. RIGHT: Our designed triazole amino
acid unit, “5TzI”, with potential to prevent helix
formation and to have a diverse side chain chemistry.

However, acyclic B-peptides have a strong tendency to form helical structures in their monomer
form. To prevent helix formation, we have recently designed 5Tzl, a cyclic peptidomimetic
triazole unit (Fig. 1)."

To evaluate, which 5Tzl units would be best suitable for our aims, | have initiated the theoretical
investigation of the chiral derivatives of triazole amino acids, starting at the simplest level, with
methyl substitutions on the side chain positions. Our initial collaborative efforts have shown
that 5Tzl units are capable to form several conformations which is a requirement to mimic
conformational transitions taking place in peptides with hydrophobic regions during formation
of amyloid oligomers. In this work period | have performed the detailed structural investigation
of 8 chiral trizole amino acid compounds using quantum chemical methods. In parallel, my
swedish collaborators have managed to synthesize 6 compounds with high yields.

The 8 possible configuration is given either by mono, or disubstitution on the methylene groups
of the backbone of the amino acid monomer that are potential side positions. We did not
consider disubstitution on the same methylene group as these compounds would be
scientifically challenging.

In the following figures (Figure 2-9.) and tables (Table 1-8.) The calculation results and the
located conformers for the dipeptide models of the 8 monomers are presented.

! (1) Johansson, J. R.et al. Eur J Org Chem 2014, 2014, 2703.
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Figure 2. The 5Tzl o_R monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory

Table 1. Structural and energetic properties of 5Tzl o_R conformers obtained at thet B3LYP/6-
311++G(2d,2p), M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec. Rel. En.
B Method _
struct. ¢ o ¢ P 4 (kcal.mol™)
B3LYP -139,2 61,7 -5,2 -78,3 -41,8 3,11
1 H14 MO06-2X -141,7 57,0 -4,5 -74,8 -31,7 1,17
®B97X-D -138,8 57,6 -4,6 -74,2 -31,5 1,20
B3LYP 109,0 74,1 -5,8 -75,8 -81,7 0,98
2 c8 MO06-2X 71,8 51,9 -8,4 -67,2 -37,4 0,56
®B97X-D 77,6 59,8 -7,0 -69,3 -49,0 0,51
B3LYP -92,1 94,1 5,4 104,7 33,7 1,25
3 Turn MO06-2X -72,7 102,0 7,0 82,5 119,5 4,29
®B97X-D -77,6 99,9 6,6 99,7 40,3 2,65
B3LYP 1174  -62,2 5,1 103,1 46,8 0,25
4 2-Helix MO06-2X 117,9 -57,9 7,0 84,3 28,5 0,12
®B97X-D 117,6 -60,7 6,3 94,2 35,8 0,19
B3LYP 116,7 167,5 2,0 108,5 29,8 2,52
6 H8 MO06-2X 70,1 -154,7 1,0 74,6 -1,1 2,85
®B97X-D 69,9 -147,2 0,3 94,0 -30,3 3,33
B3LYP -92,1 94,1 5,4 104,7 33,7 1,25
7 Spiral  MO06-2X -69,5 102,2 5,3 102,0 34,2 2,86
H16 ®B97X-D -76,4 100,4 6,5 99,5 40,4 2,65
8 B3LYP -113,1 76,8 3,0 75,0 -116,9 1,47

H10 MO06-2X -114,2 75,7 5,6 72,4 -122,8 2,19
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®BI7X-D 12,7 761 5.1 723 -120,3 2,14
H10  B3LYP 109,1 741 58  -757  -81,7 0,98
10 Turn2  MO06-2X 803 849 -12 556  -64,8 2,22
Turn3  ©B9Y7X-D 776 598 7,0  -69,4  -49,0 0,51
B3LYP 71,4 1469 52  -73,7 2,5 2,99
u H14  MO6-2X 69,3 151,1 32 682 71 2,33
®BI7X-D 686 1485 53  -708 2,2 2,38
B3LYP 921 91 55 1047 338 1,25
13 MO06-2X 31,0 395 -10,0 575 27,6 3,44
®BI7X-D 32,1 40,7 -10,4 60,8 25,5 4,18
B3LYP 71,4 1468 52  -737 2,5 2,99
14 MO06-2X 69,3 1511 31 -69,2 4,3 2,33
®BI7X-D 686 1485 53  -70,9 2,2 2,38
B3LYP 889 839 20 1097 33,4 2,29
20 MO06-2X 781 752 41 74,7 33,5 4,66
©BI7X-D 789 753 2,6  106,6 36,3 4,20
B3LYP 111,9 1643 -47  -709  -7838 3,57
21 MO06-2X 88,5 1648  -66  -698  -62,3 5,39
©BI7X-D 952 1613 61  -681  -643 4,93
B3LYP 71,3 1469 52  -737 2,5 2,99
MO06-2X 69,3 1512 31  -69,2 4,4 2,33
©BI7X-D 686 1485 53  -70,9 2,2 2,38
B3LYP 116,6 167,7 2,0 1086 29,8 2,52
MO06-2X 69,8 -1547 09 74,9 1,6 2,86
©BI7X-D 69,9 -1472 03 939  -30,2 3,33
Non-
- B3LYP 1071 735 61 86,8 65,4 0,00
identified
MO06-2X 675 -564 9,5 74,9 31,1 0,00
©BI7X-D 726 -635 67 78,1 42,9 0,00
B3LYP 1139 -170,9 0,9 1101 34,2 2,16
MO06-2X 87,9 -1757 6,0 87,6 31,1 4,98
®B97X-D 956 -1752 45 95,7 38,7 4,54
B3LYP 161,0 1554 0,2 61,2 -150,5 7,54
MO06-2X 1746 1536  -1,3 51,6  -147,9 8,85
®B97X-D 1759 1512  -1,0 56,8  -149,2 9,39

Figure 3. The 5Tzl o_R monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory
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Table 2. Structural and energetic properties of 5Tzl R_o conformers obtained at thet B3LYP/6-
311++G(2d,2p), M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec. Rel. En.
Conf. Method 0 .
struct. ¢ ¢ P 4 (kcal.mol™)
B3LYP -101,2 51,8 -10,8 -95,8 -46,4 4,83
1 H14 MO06-2X -108,3 51,4 -11,5 -81,8 -29,0 4,75
®B97X-D -104,5 52,0 -11,7 -87,6 -29,4 5,10
B3LYP 122,7 64,4 -85 -83,4 72,1 0,00
2 Cc8 MO06-2X 70,9 49,3 -10,9 -73,7 -26,7 0,00
®B97X-D 73,7 51,5 -9,0 -75,0 -32,6 0,00
B3LYP -92,2 64,1 -7,8 -99,0 -132,7 5,58
3 Turn  MO6-2X 90,7 668 7,9  -795 -1745 5,48
®B97X-D -92,2 64,5 -7,7 -82,6 -173,1 5,82
B3LYP -75,0 87,1 5,5 90,0 155,4 5,92
4 2-Helix MO06-2X -67,5 94,4 4,9 76,3 -172,0 7,78
®B97X-D -72,7 90,3 5,3 79,6 -176,7 7,47
B3LYP 154,6 -56,5 8,2 94,8 126,9 0,15
6 H8 MO06-2X 154,6 -57,6 5,7 97,3 129,8 1,85
®B97X-D 150,8 -56,3 6,9 95,3 132,2 1,58
B3LYP 115,6 23,5 -3,2 73,4 78,4 1,34
7 Spiral  MO06-2X 75,8 32,3 -2,8 64,4 56,4 2,87
H16 ®wB97X-D 86,0 31,5 -3,5 66,8 60,8 2,08
8 B3LYP -69,1 92,7 3,8 91,9 33,5 4,40

H10 MO06-2X -62,4 97,3 4,7 80,4 27,8 5,36
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Figure 4. The 5Tzl o_S monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory

Table 3. Structural and energetic properties of 5Tzl o_S conformers obtained at thet B3LYP/6-
311++G(2d,2p) , M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec. Rel. En.

Conf. struct. Method ¢ o 3 P 4 (kcal.mol™)
B3LYP 1175 621 52 -102,8  -462 0,26
1 H14  MO6-2X 17,9 579 72  -844  -30,3 0,11
®BI7X-D 1176 60,7 -63 -942  -358 0,19
B3LYP 1071 735 -61 -86,8  -654 0,00
2 c8 MO06-2X 676 564 -95 749  -31,1 0,00
®BI7X-D 726 635 -87 -781  -42,9 0,00
B3LYP 87,9 1386 -24 625 86,6 4,92
3 Turn  MO06-2X 780 1393 -63 61,8 1599 6,63
®BI7X-D 844 1366 -58 63,0 1579 6,46
B3LYP 1091 741 58 757 817 0,98
4 2-Helix MO06-2X 718 51,9 84 672 374 0,56
®BI7X-D 776 59,8 70 693 490 0,51
B3LYP 100,6 61,7 -120 493 80,3 3,05
6 H8 MO06-2X 794 635 -97 447 653 3,29
®BI7X-D 848 60,7 -10,3 474 66,2 3,19
B3LYP 87,9 1386 -24 625 866 4,92
7 Spiral  M06-2X 76,2 1449 74 565 375 5,49
H16  ®BI7X-D 80,2 1439 -65 584 376 5,33
8 B3LYP 1180 912 02 562 -110,0 4,65

H10 MO06-2X -122,0 89,5 1,2 51,8 -127,5 4,71
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Figure 5. The 5Tzl S_o monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory

Table 4. Structural and energetic properties of 5Tzl S_o conformers obtained at thet B3LYP/6-
311++G(2d,2p) , M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec. Rel. En.
Conf. struct. Method ¢ o ¢ P 4 (keal.mol™)
B3LYP 1224 600 58 995  -386 0,00
1 H14  M06-2X 1194 556 76 -847 273 0,00
©B97X-D
B3LYP 68,7 783 44 812  -66,0 2,50
2 C8 MO06-2X 61,5 549 86 778  -288 0,52
©B97X-D 60,9 580 -68  -787  -34,1 0,74
B3LYP 108,7 705 2,9  -1044  -1306 1,45
3 Turn  M06-2X 1128 596 40 845 1773 1,09
©B97X-D 1149 603 40  -845 1785 1,29
B3LYP 856 994 3,7 772 142,1 0,70
4 2-Helix M06-2X 73,1 107,7 2,6 71,1 1534 3,00
®B97X-D 80,5 102,0 34 742 1492 2,46
B3LYP (22,6 -64.4 8,5 83,4 72,0 0,52
6 HS MO06-2X 1543 585 13,1 87,9 71,6 2,66
®B97X-D 738 -515 9,0 75,0 32,6 0,00
B3LYP 678 475 -6, 65,1 73,9 3,99
7 Spiral  M06-2X 584 464 34 56,9 553 3,95
H16  ©B97X-D 60,9 459  -40 60,6 60,6 3,75

8 B3LYP -843  101,5 5,8 93,1 36,7 0,92
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Figure 6. The 5Tzl R_R monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory
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Table 5. Structural and energetic properties of 5Tzl R_R conformers obtained at thet B3LYP/6-

311++G(2d,2p) , M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec.

Conf.
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-162,7
-134,9
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29,3

Rel. En.
(keal.mol™)
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7,77
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Figure 7. The 5Tzl R_S monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory
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Table 6. Structural and energetic properties of 5Tzl R_S conformers obtained at thet B3LYP/6-

311++G(2d,2p), M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Conf. ’
struct.

1 H14

2 c8

3 Turn

4 2-Helix

6 H8

7 Spiral
H16

8 H10

Method

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

-103,1
-109,7
-105,7

124,8
71,2
73,6

-102,5
-126,9
-107 1

159,4
154,6
155,1

114,3
86,3
99,8

-102,5
-109,1
-107,1
-63,4
-60,0
-60,1

55,2
53,1
55,8

63,3
50,4
54,0

77,8
78,9
74,5

-62,7
-63,1
-61,1

45,3
45,9
45,3

77,8
73,6
74,5
99,0

101,4
100,1

75
4.4

-101,0
-82,7
-93,4

-86,8
-74,0
-76,5

61,0
67,9
61,5

85,6
88,7
86,9

58,0
54,3
56,2

60,9
60,1
61,5
-136,4

-139,8
-139,0

-48,0
-28,8
-37,6

-62,9
-26,6
-34,3

-128,0
-157,7
-129,8

128,5
138,1
139,2

81,2
67,1
68,6

-128,0
-133,9
-129,8

65,6
60,8
63,1

4,67
4,65
4,88

0,00
0,00
0,00

12,05
13,02
11,29

2,18
3,31
2,61

3,40
4,57
3,64

12,05
11,89
11,29

5,85
6,86
6,66
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Figure 8. The 5Tzl S_R monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory

Table 7. Structural and energetic properties of 5Tzl S_R conformers obtained at thet B3LYP/6-
311++G(2d,2p), M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

Sec. Rel. En.
Conf. struct. Method 1) o I Vel 7 (kca/.mol‘l)
B3LYP 1446 610 48 796  -40,0 2,00
1 H14  MO6-2X 1476 562 46 -759  -30,7 0,24
©®BI7X-D 1450 571 -47 759  -293 0,41
B3LYP 69,6 902 -09 653 -86,7 3,31
2 8 MO06-2X 636 525 68 71,7 -365 113
©®BI7X-D 629 563 63 716 -41,0 1,58
B3LYP 1594 62,7 96 -856 -1285 2,18
3 Turn  MO06-2X 1546 631 -54  -887 -138,1 3,31
®B97X-D
B3LYP 80,9 1034 41 102,22 37,1 0,06
4 2-Helix MO06-2X 70,1 1055 59 791 1255 3,19
®B97X-D 776 1025 44 812 1252 3,23
B3LYP 1248 -632 88 868 629 0,00
6 H8 MO06-2X 1555 592 11,8 912 71,6 2,12
®B97X-D 737 541 83 766 344 0,00
B3LYP 64,7 656 03 1044 367 3,35
7 Spiral  MO06-2X 58,3 48,0 -4,5 56,0 52,1 4,02
H16  ®BI7X-D 60,5 484 53 591 53,0 4,21
B3LYP 80,9 1033 41 102,22 37,1 0,06
8 H1I0  MO06-2X 676 1030 52 994 34,6 2,48

®B97X-D -74,4 1019 6.4 98,6 38,6 2,07
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-73,6

104,4
68,2
93,3

65,3
-54,4
71,6

-62,0
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-86,7
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-41,0

-58,8
0,5
4,0

274
21,6
19,7

62,9
26,6
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0,40
1,78

3,31
3,78
1,58

2,04
2,31
1,87

0,39
2,82
3,65

2,04
2,31
1,85

3,35
6,50
5,79

3,31
3,84
1,58

2,96
2,31
1,85

0,39
3,36
2,18

0,00
0,00
0,00
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Figure 9. The 5Tzl S_S monomer obtained at the B3LYP/6-311++G(2d,2p) level of theory
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Table 8. Structural and energetic properties of 5Tzl S_S conformers obtained at the B3LYP/6-

311++G(2d,2p), M06-2X/6-311++G(2d,2p) and ®B97X-D/6-311++G(2d,2p) levels of theory.

ec.
Conf.

struct.
H14

C8

Turn
2-Helix
H8

Spiral
H16

H10

Method

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

B3LYP
MO06-2X
®B97X-D

-124,3

-124,0

68,3
60,3
60,3

-128,2

-135,0

-143,9
-151,3
-143,7

69,4
61,5
64,1

-116,7
-123,4
-123,5
-73,2
-67,2
-68,7

62,3

60,3

73,6
57,4
60,2

102,7

96,6

-56,6
-63,6
-54,3

63,5
59,6
60,1

96,3
90,3
911

128,8
152,4
148,3

-3,8

-6,2

4,9
-8,0
5,8

54

4,7

14,5
16,1
14,8

10,6
-7,2
-8,5

1,1
0,9
0,5

0,4

2,8

2,2

-104,0

-92,9

-86,4
-77,5
-80,3

67,3

66,0

74,6
73,7
72,4

48,0
43,9
45,8

52,6
50,0
53,3

-117,2
-78,2
-92,4

-43,1

-32,0

-55,9
-30,2
-34,9

136,2

157,4

83,5
69,6
69,6

77,2
63,8
65,5

-117,3
-130,4
-122,0
55,9
7,7
28,4

0,00

0,00

2,94
0,00
1,10

4,21

5,47

3,57
4,00
3,80

6,09
4,40
5,01

4,40
3,97
3,85
1,73
1,68
2,46
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H10  B3LYP 1433 533 -158 505 414 6,00
10 Turn2  MO06-2X 140,9 481 -12,8 46,8 39,1 2,57
Turn3  ©B9I7X-D 1416 498 -142 489 38,1 3,70

B3LYP 732 1287 -04 -1172 56,0 173

u H14  MO6-2X 644 1087 55 -141,8 631 2,78
®BI7X-D 6741 1125 35 -1358 63,0 3,26

B3LYP 67,4 1007 23 653 698 5,99

13 MO06-2X 64,3 1045 00 594 374 5,87
®BI7X-D 659 1040 -03 600 410 6,40

B3LYP 683 736 -49 -864  -56,0 2,94

14 MO06-2X 60,3 57,4 -80 -77,6  -30,0 0,00
©BI7X-D 60,3 602 -58 -803 -349 1,10

B3LYP 732 1287 -04 -1173 559 173

20 MO06-2X 672 1525 2,8 -782 7.7 1,68
®BI7X-D 68,7 1482 -22 924 284 2,46

B3LYP 67,4 1007 23 653 699 5,99

21 MO06-2X 727 1662 6,7 767 326 6,87
©BI7X-D 658 1040 -03 600 411 6,40

Non- B3LYP 89,3 1320 -25 647 943 4,36
identified MO06-2X 725 1398 -42 585 615 4,33
©BI7X-D 778 1395 -49 596 590 4,48

All computations were carried out using the Gaussian 09 software package [2]. The conformers
were selected using those obtained for the non-chiral 5Tzl unit [3]. The calculations were
performed using three different methods. B3LYP is a standard approach using density functional
theory, developed by Becke et al. [4,5]. Head-Gordon’s ®B97X-D functional, was selected
because it includes dispersion correction and long-range electron correlation corrections [6].
Finally, the M06-2X functional was selected as it is a top performing functional of the Minnesota
group for main group non-covalent interactions [7].

The results indicate, that all the 8 chiral derivatives could in principle build several secondary
structures. The second column of the tables indicate the different types of helices, turns or
secondary structure elements that could be built from the particular conformer in question.

This indicates that for final decision for the best suitable chiral 5Tzl unit we need to investigate
longer oligomers, as well as consider synthetic aspects and potential difficulties. This is to be
performed once the synthetic work is done by the collaborators. Since in case of 2 compounds
initial efforts resulted very low yields, they are currently investigating how to approach the
cyclization step on alternative routes.
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The theoretical part of this project (financed by OTKA) was active for a six month period,
starting from 2015.08.01 it was suspended, and then in this year, due to obligations dictated by
my awarded Momentum Grant, it has to be closed. Based on the initial results as well as on the
previous published data, we aim to submit a new manuscript on the structural and synthetic
aspects of these chiral monomers during this year. Though the project was suspended on the
Hungarian part, we have written a review manuscript on the RUAAC reaction, related to these
foldamer units. This was recently submitted: ,The Ruthenium-Catalyzed Azide Alkyne
Cycloaddition (RuAAC) Reaction: Scope, Mechanism and Applications”, Johan R. Johansson,*
Tamas Beke-Somfai,* Anna Said Stalsmeden, and Nina Kann*.

| would like to thank the opportunity to initiate this project and | hope that in the, somewhat
overlapping, Momemntum programme | will have the chance to continue with these initial
results towards and interesting and upcoming area of engineering non-natural biomimetic
constructs.
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