Designing Folded Structure

overview from protein to non-peptide oligomer

what | cannot create, | do not understand - Richard Feynman
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1-1. Hypothesis of protein folding

protein folding hypothesis: correct folding would be energy minimum
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1-2. Introduction of Rosetta

1990~

accumulation of protein structure +
(PDB: data base of protein structure)

120,879 entry (16/07/27)

struture prediction method

1. homology modeling
based on template 3D-structure

2. ab initio modeling
based on physical principle

CASP (critical assessment of structure prediction)

1994~ every 2 year
Rosetta by Baker group:

improved predictability
from CASP3

based on

fragment alignment approach

+
Monte Carlo simulation

100

60 1

Best models

Correcltly aligned, ALO_P, %

O CASP9 ® CAsP10
——CASP1  ——CASP2

1 cAsP3 casPa

CASPS CASPE
——CASPT  ——CASPE
——CASPY  ===CASP10

Easy Target difficulty
result of CASP 10 (2014)
target difficulty and predictability

Difficult

Kryshtafovych, A.; Fidelis, K.; Moult, J. Protein, 2014, 82, 164.

1-4. Ramachandran plot: basis of local geometry

secondary structure —>— different set of rotamer library

helix
sheet
random coil

helix: intrastrand H-bonding
a-helix: i, i+4 H-bonding

sheet interstrand H- bonding

%%%N%
%ﬁ%w%

Lin, Y-R.; Koga, N.; Koga, R. T; Liu, G.; Couser, A. F.; Montelione, G.T.; Baker, D. PNAS, 2015, 112, E5478.
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Ramachandran plot

G, E: positive ¢ region

A: o region, B: f region

1-3. Hierarchical view of protein folding

primary structure

v

secondary structure

’

tertiary structure

ab initio
folding
prediction

PDB ID: 1RHP

(amino acid sequence)

(defined by H-bonding pattern)

EAEEDGDLQCLCVKTTSQVRPRHITSLEVIKAGPH
CPTAQLIATLKNGRKICLDLQAPLYKKIIKKLLES

CCCCCCCCCCCCCCCCCCCCHHH ccccc
cccc cccc CCCCCHHHHHHHHHHCCC

helix (H)
a-helix(4-turn)

340 helix (3-turn)

7 helix (5 turn) etc.

strand () random coil (C)

parallel
anti-parallel

in protein...
helix: 30%, strand: 20%, coil: 50%
prediction based on database: ~85%

formation time scale (computer simulation)
helix: <100 ns, p-turn: 1 ps, helical bundle: 50 ys

Problem: reducing calculation cost

Baker's concept:

determination of the rule to align fragment in
the known library to predict target structure

Figure http://bio-info.biz/protein/structure_hierarchical_structure.html (viewed 16/08/01) &

Dobson, C.M. Nature, 2003, 426, 884.

1 -5. Fundamental rules used in Rosetta (1)
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chirality of p-hairpins is determined by loop length

Koga, N.; Koga, R.T.; Liu, G.; Xiao, R.; Acton, T.B.; Montelione, G.T.; Baker, D. Nature, 2012, 491, 222. 8
Lin, Y-R.; Koga, N.; Koga, R. T.; Liu, G.; Couser, A. F.; Montelione, G.T.; Baker, D. PNAS, 2015, 112, E5478.



1-6. Fundamental rules used in Rosetta (2)

native protein
G : five protei H as p Simuation
F . Para |J GBB §
Para Anti » B by o A
@, ¢ . 5 8
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Helix direction is determined by direction of the last residue and loop length

native protein
Para

ap-rule M cB )
0 Simulation
2 BAAB = P
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B
- :
F P A
A
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G
% = 5 5 3 a
Loop length Lesap langth

Pleat of the first strand residue points away from helix
Koga, N.; Koga, R.T.; Liu, G.; Xiao, R.; Acton, T.B.; Montelione, G.T.; Baker, D. Nature, 2012, 491, 222. °
Lin, Y-R.; Koga, N.; Koga, R. T; Liu, G.; Couser, A. F.; Montelione, G.T.; Baker, D. PNAS, 2015, 112, E5478.

1-8. Results and short summary

design expressed soluble stable good NMRJ success

Fold | 1 9 8 3 1 (9%)
Fold 1l 12 12 12 10 4 (33%)
Fold lll 14 13 1" 3 (21%)
Fold IV 5 4 4

Fold V 12 1" 10

as for helix-rich, short loop protein,
rational design of de novo protein
enabled by improvement of
predictability

1"
Koga, N.; Koga, R.T; Liu, G.; Xiao, R.; Acton, T.B.; Montelione, G.T.; Baker, D. Nature, 2012, 491, 222.

1-7. Baker’s evaluation experiment

protein structure database —3—fragment liborary —> build structure
and
simulation

comparison
and evaluation
additional

energy term
observed "rules" by comparing simulation and database

= a guiding principle of the Rosetta algorithm to bias preffered folding

evaluation of method:
designing 5 ideal protein by simulation (each Fold BLAST E-value<0.02
for NCBI nr database)

expression of protein and structure determination
+ Fold-I: pafificf Fold-II: PeBofapo Fold-lll: poefiafp Fold-IV: Bafopafa  Fold-V: Be%u[jaDﬁn
2 3, 2 3 2 3 H Y

3
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Koga, N.; Koga, R.T; Liu, G.; Xiao, R.; Acton, T.B.; Montelione, G.T.; Baker, D. Nature, 2012, 491, 222. 10
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2-1. Designing folded peptide mimetics
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Gellman and Horne:

from “foldamer” to protein-like tertiary folding based on o/B-peptide

* foldamer = artificial folded molecular architecture

Gellman, S. H. Acc. Chem. Res. 1998, 31, 173.
Horne, W. S.; Gellman, S. H. Acc. Chem. Res. 2008, 41, 1399.



2-2. Difficulty of peptide folding

protein —»—folding occur and construct function

synthetic peptide —>—difficulty exist to make folding

polypeptide libraries: fewer than one in a billion exemplars is folded

major problem of synthetic peptide to fold:
1. high flexibility of folding process
= many energetically equivalent conformer exist

A —/——= B — C —_— D ——— and so many...

2. aggregation
= difficulty of controlling intra- and intermolecular interaction

3. low stability of folding structure (related to 1)
= in case of helix, free energy of folding is justa few H-bonds

Lupas, A. N. Science, 2014, 346, 1455.

2-4. B-peptide: well studied oligomer
B-amino acid: one of the simplest and synthetically accessible monomer
mid 1990s:

Gellman : ——
o y
o]
OBn — 3 7
t-BuO H ;
6

FIG. 2 Space-illing and line representations of Gellman's 14-
helix’, showing the periodicity and consequent stacking of
cyclohexyl units.

Seebach
1. CICO.Et cat. PhCO,Ag
EtsN, 15 °C;  Et;N/MeOH o
Boc-Leucin
2. CH,N,, -5°C Boc SN OMe
H

Boc-f-HLeu-OMe

H-(-HVal-3-HAla-p-HLeu), -OH ————»—

many helical o/B-peptide were then synthesized and evaluated

Gellman, S. H. et al. J. Am. Chem. Soc. 1998, 31, 173. 15
Seebach, D. et al. Helv. Chim. Acta., 1996, 73, 913.

2-3. Design strategy of foldamer

1. bottom up approach
= expansion of backbone (local constraints or modification of H-Bonding)

peptoid B3 peptide B2 peptide oligourea p-amino acid

. . R O o R
‘N/\n' H etc.
1 N .. Y v N N_. -°
RO N N N i
R o

aminoxy acid

2. top-down (sequence-based) approach
= modification of folding sequence

heterogeneous backbone

global constraints (side chain bridge, cyclization)

B '
) - Cyr - o
~ s i s—S NH
- ’ A)\ /@\
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1 2(rmsd 049 A)

r M v Ty
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For constrained peptide, see also 081122_LS_Hiroaki_ltoh

Guichard, G.; Huc, |. Chem. Commun. 2011, 47, 5933. 14
Horne, W. S.; Gellman, S. H. Acc. Chem. Res. 2008, 41, 1399.

2-5. a/B-peptide: synthesized sequences

@ | ®) o=
incorporated amino acid into sequence (by Gellman) t(\f‘f‘
2004~ :
p23 > p3 > p2 3 o > helixbundle iy
sequece-based % 4 P X
ca. 100 p-containing peptides were synthesized by 2009 ¢ y ‘
2007-2009 crystallographic analysis of o/f-helix (X-ray) &?f gg

Chart 1. Crystallized o/3-Peptides

4 Boc-AL-ACPC-AIb-ACPC-OBn — 3 Boc-Aib-Aib-ACPC-Aib-Aib-OBn .
5 Boc-Aib-AGPC-Ab-ACPC-AL-OBn T ”:xf 3% >4 4 Boc-Alb-Aib-ACPC-Aib-Aib-ACPC-OBn TR
8 Boc-Alb-ACPC-Aib-ACPC-Aib-ACPC-OBn " 9| 5 Boc-ACPC-AID-Aib-ACPC-Aib-Aib-AGPC-OBn 1, ";ﬁkg'(
6a Boc-Ala-ACPC-AIb-ACPC-AD-ACPC-OBn —ACPC__ A Al . .
6b Boc-Aib-ACPC-Ala-ACPC-Aib-ACPC-OBn 6  Boc-ACPC-(Aib-Ala-ACPC)-Aib-OPBB ACPC Aib
7 Boc-Aib-ACPC-Aib-ACPC-Aib-ACPC-Aib-OBn T Boc-ACPC-(Aib-Ala-ACPC)e-Alb-OF BB
7a Boo-Ala-ACPC-Alb-ACPC-Ab-ACPC-Ab-OBn S i %
8 Boc-Aib-ACPC-Aib-ACPC-Aib-ACPC-Aib-ACPC-OBn a v Al
8a Boc-Ala-ACPC-Ala-ACPC-Ab-ACPC-Ab-ACPC-OBN S *u’%&’ Y
8b Boc-Ala-ACPC-Alb-ACPC-Ab-ACPC-Ab-ACPC-OBN b — =
8C Boo-Ala-ACPC-Alb-ACPC-Ala-ACPC-Ab-ACPC-OB!
o B AGPO AL ACPO AL ACPO AL ACPOAL OB 11 Boc-Alb-ACPC-ACPC-Ala-ACPC-ACPC-Ab-OPBE

oc-Ala: -Aib-ACPC-Aib- -Aib-ACPC-Aib-OBn 12 Boc-Ala-ACPC-ACPC-Aib-ACPC-ACPC-Ala-ACPC-ACPC-Aib-OPBB
B e R A CAAACTC AR 13 Boc-Aib-ACPC-ACPC-Aib-ACPC-ACPC-Ala-ACPC-ACPC-Aib-OPBB
10 Boc-Ala-ACPC-Ala-ACPC-Aib-ACPC-Ab-ACPC-Ab-ACPC-OBn 14 Boc-Aib-ACPC-ACPG-Aib-ACPC-ACPC-Alb-ACPC-ACPC-Aib-OPBB

a/p=1:1 a/p=1:2, 2:1

J. Am. Chem. Soc., 2008, 130, 6544.

J. Am. Chem. Soc., 2009, 131, 2917.

NMR, X-ray analysis ——3— accumulation of structure information

(including dihydral angle)



2-6. a/B-peptide: summary of helix property

average parameters for H-bonding in helices

tide backb .
pepiide bac orlereslturn,n rise/turn, p (A) riselres, d (A) radius, r(A)

(helix type)
(ot-hoélix) 3.5 5.4 15 23
m ﬁﬁzlix) 29 5.8 20 2.0
(11-?1[ilix) 28 56 20 2.4 e
(14/1(5l-[5he|ix) 3.6 5.8 1.8 2.0 8<
b 2.9 5.8 2.0 2.0

(11,/12-helix)

design of a-helix mimic by o/B-peptide:

afo = considered important to mimic a-helix
+

helical wheel diagram of a-helix '@’G
0!649
63582

evaluation by incorporating into well studied helical bundle
(sequence-based approach)

Horne, W. S.; Gellman, S. H. Acc. Chem. Res. 2008, 41, 1399.

2-8. Designed heterogeneous sequences

gabcdefgabcdefgabcdefgabcdefga

GCN4-pLI AC-RMKQIEDKLEEILSKLYHIENELARIKKLLGER-OH

1 Ac@MHQIHOXIEE 105 Y HOENELARX KELIGER-OH
AcQMIEI FOK QY 105 KOy HEENELARI K@Y IGER-OH
Ac QM@ FRK QY 1Q6 KO HOENQLADI KELIQER-OH
Ac @M@ FOKIE: 105 KOy HOENELARX KELIGER-OH
AcRMHQX FOKLEF 106 KOY HOENELARE KELIGER-OH
Ac@MrQr FOX 1Ex 185 HBY HOE N ELARX KELIGER-OH
AcBMHOX FOKLEF IB KOy HEF NELABX KEL LGF R-OH
Ac@MrQr FOX 1@k 105 HOY HOE QAR KELIGER-OH
AcOMKERX FOKIEE 105 KEY HYENELARI KZLIEGER-OH  yellow: a-amino acid
AC@d@EE@(I@ZI@SI@I—@ZI\@.P@[I@I@R-OH blue: f-amino acid

1 5 10 15 20 25 30
substitution was designed based on ofo repeat (11/33 res substituged)

© 00 NG hAWN

-
o

building block (Fmoc AA was used for SPPS) HN N
HoN ® = HN
AT 0 t/u ©= Uf» ®= Mg
®= ‘fN s
i (- h0m09lutam|ne - hommsoleucme [33 homolysnne ;F homoarglnlne
BN 1\{‘5‘
= - = HO 0 -
AN ©= A; /\)L; @ = A @ ® = o
APC 15 -alanine N
(B-homoglycine) pe-homoleucine B2 homoaspamc acid B homoglutamlc acid

Price. J. L.: Horne, W. S.: Gellman, S. H. J. Am. Chem. Soc. 2010, 132, 12378.

2-7. GCN4-pLl: X-ray analyzed helix bundle

GCN4-pLl: 33-residue peptide forming parallel coiled-coil dimer
gabcdefgabcdefgabcdefgabcdefga

AC-RMKQIEDKLEEILSKLYHIENELARIKKLLGER-OH
HP PHP PP repeat (H = hydrophobic, P = poler residues)

= all parallel tetramer (left N, right C’)

basic amino acid hydrophobic amino acid
R=Arg,K=Lys,H=His L=Leu,l=lle

acidic amino acid other neutral amino acid in pLI
E =Glu,D = Asp G =Gly, A= Ala, S = Ser, M = Met
Y=Tyr,N =Asn,Q=GIn
O’Shea, E. et al. Science, 1991, 254, 539.
Harbury, P. B. et al. Science, 1993, 262, 1401.

2-9. Results and short summary

( ﬁ)\,‘ 3 o/pB-peptide:
08 L 4 wellinvestigated and enabled

poresidues Qg =-113£2° 0, =-82£1° v, =-107£2° to mimic a-helix

avg

bottom-up and sequence-based

[o}
;«<¢ & S N approach both improved
i : \;\QP\ ?‘\ \JNH” accessibility of targeted foldamer
ﬁ-r%gicclliﬁes Fag =~ oz 9m' B7£4° 1, =-106+2°

Price, J. L.; Horne, W. S.; Gellman, S. H. J. Am. Chem. Soc. 2010, 132, 12378. 20



3-1. Main article

main article:
shaping quarternary assemblies of water-soluble non-peptide
helical foldamers by sequence manipulation

research overview

oligourea helix

quarternary assembly

Collie, G. W.; Pulka-Ziach, K.; Lombardo, C. M.; Fremaux, J.; Rosu, F.; Decossas, M.; Mauran, L.;
Lambert, O.; Gabelica, V.; Mackereth, C. D. Guichard, G. Nat. Chem. 2015, 7, 871. 8

3-3. Synthesis of oligourea (1)

solid-phase synthesis liquid-phase synthesis
(H1, 3, 4, 5) (H2)
<:I J\/N I:> Boc{ J\/N
N3 “N
Boc-OSu o
synthe5|s of monomer for solid-phase synthesis
R 1. PPh;, DIAD R
N3SOzlm-HCI phthalimid;
)\/ H———— )\/OH —> )\/N"'z DSC
HoN K,COs, Cuso, N3 2. NHgH,0 3 ~a
b, MeOH 1. N3SOmeHCI R 0
R 1. PPh;, DIAD R K,CO3, CusSO, )\/n o
)\/OH phthalimid; )\/NPhth > N \n/ N
BocHN _2 o PH N 2.N,HH,0 o
’ 3.DSC N;-OSu O

protocol of solid-phase synthesis
1) N53-OSu (3)

DIEA (6), DMF, 50 °C )\ H
HzN_O N NH,

2) 7/3 dioxane/H,0 swell;
Me3P (10)/THF, 50 °C
with N, (repeat 1,2 x n)
3) isopropyl isocyanate, DIEA
4) 95/2.5/2.5 TFA/H,OITIS

3-2. Oligourea as a building block
R H * non peptide
\NJ\/N ‘\n«' « chemical accessibility
R R H
aliphatic oligourea PG—N J\/OH ; N3)\/N
(Xv) H

* robust and tunable helicity (as short as 4 residues)
stable H-bonding

o Biopolymer, 2013, 100, 687.

tide backb .
pep(;];ix T;pe)o "® resiturn, n risefturn, p (A) radius, r (A)

P 35 54 23 platform to design
(a-helix) ) ’ foldamer assembly in water
oligourea 25 5.1 2.7

(12/14-helix) 22

3-4. Synthesis of oligourea (2)

Fragment coupling step of H2 synthesis

TR e g
>Laﬁ\n’gn\gn\/\u g ? bz.DIEA. >r°\£fN\/\" E\KN\/\N N/é N?

CHiCN Ny

\(Z

(68%) (65%) (16)

(15)
|
HNﬁ\O/\é

0,0
PPh; on solid support DpSC
i § H 2 H H 2 H
ioxane/ H,0 (8:2) CH,Cl, °\rr" N JLN N N~y )LN N o
>r § & HOH \g/N i H H \g/ JOL 2?
Y N Yo"
H o

'7/

(quant) (17)  FRAGMENT2

a: TFA
b FRAGuEuTzlm DIEA, CH,CN E /{
FRAGMENT 1
1
an R N\/\N N\/\N o
H
.y

(56%) I

H
J\/NT
o
(18) : R = OtBu o TEA
b: IPINCO, DIEA, o °/\©
(19): R = NH IPr CHiCN HN O



3-5. Evaluation of controllability of packing

design strategy of helix bundle formation:
maximizing polar and hydrophobic interaction

= distribution of polar and hydrophobic region

proof of concept design of H1 and H2
H1 PrN-LY-EY-KY-LY-YY-LUY-EY-KY-LY-AY-LY-NH,
a,d=LeuY, b=GluY, ¢ =Lys", e = TyrY, Ala"

H2 jPrN-LY-EY-LY-KY-PY-LY-EY-LY-KY-AY-NHMe

a,c =LeuY, b=GluY, d=Lys", e =ProY, Ala"

estimated formation of hexamer

(zipper)

25

17 A 3-7. Crystal structure of H2

Helix 3

N’
Helix 2

Helix 1
H2 was a super helix

to create channel-type assembly
(composed of anti parallel helices)

observed key interaction:
(1) Leuv-Leu zipper at exterior
(2) salt-bridge inside pore

27

N-termini b

“.
Leu,,

N-terminal

N-termini

H1 was a non-cylindrical hexamer formed by anti-pararell helices

observed key driving force of packing:

(1) Leuv-Leu zipper (helices dimer)

(2) H-bond between free C=0 of Leu“11 and Lys"8 (helices dimer)
(3) hydrophobic packing to form of Leu" rich core (as anticipated)

26

3-8. Design of H3: negative control of H1
designed to evaluate importance of Leu E: Nu

H3 iPrN-LY-EY-KY-LY-YUY-NU-EY-KY-LY-AY-LY-NH, _
AV Ly Lo L

Leu'6 to Asn"6 substitution:
insertion of hydrophilic residue £u Lu
into hydrophobic helical face

NOESY NOESY of H1, H3
(98% D,0, 20 mM sodium acetate, pH 4.0)
b

i Tyr's| [H3 Tyr's

H1 showed corresponding
intermolecular interaction

] &2 2
11 M'Leulﬂ:gf ]

] $.Lys~‘3m2$

1 st L
ol v

] n‘,lGlu“? Y

18 LN H
3 eelysmame |

H (pam)

H3 showed no specific
intermolecular interaction

1 o o
1 n' Gu“7 g
| a o

& e & e

LeuY to Asn" substitution affected
helix assembly formation

72 70 B8 T2 7O B&

28

'H1 crystal structure



3-9. Design of H4: control experiment for H3

H4 iPrN-SY-EY-KY-LUY-YY-LY-EY-KY-LU-AY-LY-NH, :: .
Leu'1 to Ser'1 substitution:

1: not contribute to the hydrophobic packing ALY Lo Lo
2. possible H-bonding at LY1-EY2

X-ray crystal of H4 (1.69 A) e

H4 showed helical bundle identical to that of H1

o

80° A

-

I TR W o2 Tea  HE guw Aes
. %—’ ) q‘ - Q ys
o ] -

Lot * 4 = { et Nl

099 0%

MRE,,, (x109
© - m e . a @ @

LU
L
\\\m

He
h

*
H1 (blue) vs H4 (red}

r.m.s.d. (Ca) = 0.470 A N

o 100

20 40 60 80
Temperature /°C

e Ler"1 to Ser"1 substitution retained self-assembly

* thermal stability seemed lower than H1

29

3-11. Summary

aliphatic oligourea helix (10~12 residue)
R
A W0
N \g a",ﬁ O (=)
R lie?
= = 2.5-helix

'

Structure information quaternary assembly in water

;TR

3 =y

rational functional modification @ ga

31

3-10. Design of H5: modification of H2

a b c d e a b c d e a b
H2 PrN-LY-EY-LY-KY-PY-LY-EY-LY-KY-AY-NHMe

H5 jPrN-AY-LY-KY-LY-EY-YU-LYU-EY-LU-KY-AY-LU-NH,

4 x 6 helices

modification design: A1
1. chain length: 10 to 12 (+1 for both N', C’) . - -
2. exchanged N'-side Glu" and Lys" s % e
3. Pro" to Tyr" substitution o <,
Ky L
L
X-ray crystal of H5 (1.47 A)

* formed from six interwined helices

H5 was multistranded superhelical channel Nmig

(composed of antiparallel dimer)

il
¢ 24-mer superhelix per complete turn _(,(:h\
« changed pore diameter (17 to 26 A ) (1'

Future perspective

expand predictability?

folded structure non-folded structure
(especially helix) (such as loop, cyclic peptide)

structure library
(design & synthesis)

L '

structure prediction appropriate screening method
& evaluation

l '

function design function design

randam screening

Expansion of predictability of non-predictable is a continuous challenge
32



Appendix
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A-2. Rosetta Energy terms

Energy terms using in standard.wts

fa_atr
fa_rep

fa_sol
fa_intra_rep
fa_pair
fa_plane
fa_dun

ref
hbond_Ir_bb
hbond_sr_bb
hbond_bb_sc
hbond_sc
p—aa_pp
dslf_ss_dst
dslf_cs_ang
dslf_ss_dih
dslf_ca_dih
pro_close

lennard-jones attractive
lennard-jones repulsive
lazaridis-jarplus solvation energy
lennard-jones repulsive between atoms in the same residue
statistics based pair term, favors salt bridges
pi-pi interaction between aromatic groups, by default = 0
internal energy of sidechain rotamers as derived from Dunbrack's statistics
reference energy for each amino acid
backbone-backbone hbonds distant in primary sequence
backbone-backbone hbonds close in primary sequence
sidechain-backbone hydrogen bond energy
sidechain-sidechain hydrogen bond energy
Probability of amino acid at phipsi
distance score in current disulfide
csangles score in current disulfide
dihedral score in current disulfide
ca dihedral score in current disulfide
proline ring closure energy

Energy Terms using in score12.wts_patch

rama
omega

https://www.rosettacommons.org/manuals/rosetta3_user_guide/score_types.html (160802 viewed)

ramachandran preferences

omega dihedral in the backbone 5

A-1. David Baker

David Baker is Professor of Biochemistry, Director of the Institute for
Protein Design, Investigator of the Howard Hughes Medical Institute, and
adjunct professor of Genome Sciences, Bioengineering, Chemical
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A-3. Characterization of Baker’s ideal protein
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A-4. Seebach’s synthesis of B-peptide
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A-6. Knobs-into-the-holes packing

helical net diagram of

side chain of hydrophobic a, d
knob-into-the-holes packing

position at "hole" surrounded by
counterpart's a’, d’

v

helical bundle formation in water
by stabilized hydrophobic interaction

18°
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A 5. H-bonding pattern of a/B-peptide
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A-7. Salt bridge of GCN4-pLlI
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A-10. NOESY of H1
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A-11. Biophysical characterization of H3
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A-12. Biophysical characterization of H4 A-13. Biophysical characterization of H2, H5
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