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Supporting Tables

Table S1: Grouping of the amino acids for CG mapping. Amino acid
residues are divided into five CG bead types in the NCP model.
Mapping amino acids into CG types and the integer charge of each

CG type are listed.

Amino acid

CG type

Charge (e)

ARG
LYS

Positive (POS)

+1.0

GLU
ASP

Negative (NEG)

-1.0

ASN
CYS
GLN
HIS
THR
SER

Polar (POL)

0.0

ALA
ILE
LEU
MET
PHE
PRO
TYR
TRP
VAL

Non-polar (NPL)

0.0

GLY

Glycine (GLY)

0.0

Table S2: Assignment of the amino acids to histone tail and core regions in the

CG NCP model.
Histone Tail region(s) Core region
H3 ALA1-PRO43 GLY44-ALA135
H4 SER1-ASP24 ASN25-GLY102
H2A SER1-GLN24, PRO117-LYS128 PHE25-LEU116
H2B PRO1-GLU35 SER36-LYS125

S2



Table S3: Effective radii of histone core bead types to
account for the excluded volume interaction.

Core bead type Effective radius o (A)
GLY 4.0
NEG 4.0
POS 5.2
NPL 4.0
POL 4.0

Table S4: Setup of the all-atom MD simulations. Numbers in the columns to the ions indicate the number of

ions in respective simulations.

Box size
System DNA Peptide CoHex®* | Mg(H20)e** | K* Na* cl- Trajectories
(nm?)

DNA + CoHex3* 4x36 bp - 140 - 140 95 375 16.53 3x1.0 ps
DNA + Mg(H20)¢** 4x36 bp - - 140 210 | 165 375 16.6° 1x1.0 ps
DNA + Peptides 8x16 bp 48x8 AA - - 134 261 275 15.13 10x1.5 ps
Peptide + CoHex?* - 48x8 AA 30 - 47 48 305 15.23 1x1.5 ps
Peptide + Mg(H20)e2* - 48x8 AA - 45 47 48 305 15.13 1x2.0 ps

Table S5: DNA sequences in the all-atom MD simulations of the DNA-
multivalent ion systems.

No Sequence
1 5’-ATTAATGGAACGTAGCATATTCTTCAAGTTGTCACG-3’
2 5’-CAAAACCTGATGCACACTGTAACATGAGATCCCGCG-3’
3 5’-TCGGCTTATAGAGGGCCAGCTCGTATCGACGGACCG-3’
4 5’-GCTAGTACCCCACCAATTTAGGCGAAAGGAGTCTGC-3’
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Table S6: Amino acid sequences used in the DNA +
peptide all-atom MD simulations.

No. | Peptide sequence | No. Peptide sequence
1 AKRHRKVL 25 PKKGSKKA
2 AKSAPAPK 26 PKKTESSK
3 APKKGSKK 27 PRKQLATK
4 ARTKQTAR 28 PRQQLATH
5 ATGGVKKP 29 QLATKPRK
6 ESSKPKKT 30 RHEKVLRD
7 GAKRHRDV 31 RHRKGHAK
8 GAKRHRKV 32 RHRKVLRD
9 GGAKRHRK 33 RKSAPKAA
10 GGKAPRKQ 34 RKSTGGKA
11 GGKTRAKA 35 SAPAPKKG
12 GKGLGKGG 36 SAPATGRV
13 HRKVLRDQ 37 SGRGKGGK
14 KAARKSAP 38 SGRGKQGG
15 KAKTRSSR 39 SKDAPKHG
16 KAVTKTQK 40 SKKAPKKG
17 KGGEGLHK 41 SRHGKQGG
18 KGGKGLGK 42 SSKSAKSK
19 KKAVTKTQ 43 TESSKSAK
20 KKDGKERR 44 TEVVKSAL
21 KKDGKKRR 45 TKTQKKDG
22 KSAPATGR 46 VKKPATGG
23 KTQEKDGK 47 VLRDRHEK
24 KTQKKDGK 48 VLRDSGRG

Table S7: Sequences of the double-helical DNA used in
the DNA + peptide all-atom MD simulations.
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Sequence
5’-TAATGGAACGTAGCAT-3’
5’-ATTCTTCAAGTTGTCA-3’
5’-AAACCTGATGCACACT-3’
5’-GTAACATGAGATCCCG-3’
5-GGCTTATAGAGGGCCA-3’
5’-GCTCGTATCGACGGAC-3’
5’-TAGTACCCCACCAATT-3’
5-TAGGCGAAAGGAGTCT-3’




Table S8: Construction of the CG NCP model. The interaction potentials of the CG NCP model were
determined by the IMC method using the data from several all-atom MD simulations of the simplified
subsystems (see Table S4). Here blue cells indicate the presence of the given interaction terms in the
specific subsystem. Ticks indicate the interaction potentials used in the CG NCP model. An exception is
made for the potential in the histone core since it is structurally well-defined and modeled by an elastic
network and excluded volume interactions (see main text for details).

Potential term DNA-Co DNA-Mg DNA-Peptide Peptide-Co Peptide-Mg
Non-bonded D-D

D-P
D-POL
D-NPL
D-POS
D-NEG
D-GLY

D-Co
D-Mg
D-K
D-Na
D-CI

P-pP
P-POL
P-NPL
P-POS
P-NEG
P-GLY

P-Co
P-Mg
P-K
P-Na
P-Cl
POL-POL
POL-NPL
POL-POS
POL-NEG
POL-GLY
POL-Co
POL-Mg
POL-K
POL-Na
POL-CI
NPL-NPL
NPL-POS
NPL-NEG
NPL-GLY
NPL-Co
NPL-NG
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NPL-K

NPL-Na

NPL-CI

POS-POS

POS-NEG

POS-GLY

POS-Co

POS-Mg

POS-K

POS-Na

POS-CI

NEG-NEG

NEG-GLY

NEG-Co

NEG-Mg

NEG-K

NEG-Na

NEG-CI

GLY-GLY

GLY-Co

GLY-Mg

GLY-K

GLY-Na

GLY-Cl
Co-Co
Co-K
Co-Na
Co-Cl
Mg-Mg

Mg-K

Mg-Na

Mg-Cl
K-K
K-Na
K-Cl
Na-Na
Na-Cl
Cl-Cl
Core-Core

Excluded Volume (Eqgn 4)

Bonds

D-P
P-P (strand)
D-D
P-P (groove)
Peptide
Chain

DNA-Core

Elastic Network (see main text)

Core-Core

Elastic Network (see main text)
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Angles

X-PRO-X

X-GLY-X

Other X-X-X

Table S9: Setups of the multi-NCP CG simulations. Numbers in the columns to the ions indicate the

number of ions in respective simulations.

Box size High
Simulation NCP Mg* CoHex* K* Na* cr temp
(nm) (K)*
NCP + Monovalent ions 70.0 20 0 0 4565 4565 6210 N.A.
70.0 20 730 0 3105 3105 4750 520
. 70.0 20 1460 0 3105 3105 6210 550
NCP + Mg(H.0)s* 70.0 20 2190 0 3105 3105 7670 550
70.0 20 0 485 3105 3105 4745 360
. 70.0 20 0 970 3105 3105 6200 600
NCP + CoHex™ 70.0 20 0 1460 3105 3105 7670 700

*Temperatures used in the annealing procedure.
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Supporting Figures

Figure S1
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Figure S1: Non-bonded interaction potential if arginine and lysine were treated as respective bead
types. In one of the subsystems, Peptide-Mg, arginine, and lysine are assigned to two nonidentical CG
bead types before calculating the effective potential with IMC. The non-bonded effective potential (sum
of short-range and electrostatic potentials) is compared between arginine (black curves) and lysine (red
curves) beads. In general, arginine and lysine display similar interactions with other CG beads, validating
the bead type definition in the CG NCP model.
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Figure S2
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Figure S2: Normalized distribution of CG angle types. The angle distribution of every X-AA-X,
where AA is any amino acid residue, is plotted on the left. CG angle distributions are shown on
the right. Proline presents distinctive X-AA-X angle distributions than other amino acids.
Glycine shows a peak between 120 and 140 degrees instead of a plateau shown by other
amino acids. Hence three angle types are used in the CG NCP model along the histone tail
chains, namely Angle PRO, Angle GLY, and Angle Other.
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Figure S3

Figure S3: Comparison of the effective potentials shared in more than one all-atom MD system.
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Figure S4
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Figure S4: Comparison of the RMSD (top) Dmax (middle), and R, (bottom) dependence on salt concentration
recorded for the two variants of the NCP model, with all DNA beads connected to the histone core (CG
NCP) and with four terminal DNA beads released (R4 CG NCP). See also Figure 5 in the main text.
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Figure S5
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Figure S5: Root mean square fluctuation of block averaged RDF relative to the final RDF for all

subsystems. The final RDF is calculated from the last 500 ns of each trajectory. Each block used for
the RDF averaging is 50-ns long.
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Figure S6
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Figure S6: RDFs, angle distributions (red), and effective potentials (blue) calculated for the CG NCP particles from
the all-atom MD simulations in the DNA-Mg system.
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Figure S7
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Figure S7: RDFs, angle distributions (red), and effective potentials (blue) calculated for the CG NCP particles from
the all-atom MD simulations in the DNA-Co system.
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Figure S8

Distribution

10]
'

DNA - Peptide

25 g 4 = 25 =
& 0 £ =N b 25 q10g E*" 1oz
= 2 & 2 = b=

10 =i I (=] 0.0 =1

DT-DT Distance (A) DT-PT Distance (A) DT-D Distance (A) DT-P Distance (&)

= 202 10 20 B 152

l(: }-2&5 3 g !L/ \=\ E oy E

=4 = = 2 = 2 & =

0 D= 03 0l 0= =
020

1
T-POS Distance (A)

=]

- =

T-PT Distance (.‘\)

RDF

- =
L

> =

10 20
T-NEG Distance (A)

]

=]

RDF
= o
= w
L i ;
I o
n

5
2
g
g
8
=

D-K Distance (A)

RDF
o
=
U (ol

U (kifmol)

RDF
ol
-
i; .
G
U (kt/mal)
RDF
9
N_
i .
=—=
J (khmal)

U (kJ/mol)

020
DT-NEG Distance (A)

1020
DT-GLY Distance (A

g
1020
DT-K Distance (A

= =

5 5[ 3 25 z 15z

:.; oz é 105 é 10 =

o= 03 00 05 0>
PT-D Distance (A) PT-P Distance (A) PT-POL Distance (A)

=

RDF
= \
S '

E

N i

E

L

U (ksfol)
I~

=]

U (ko)

PT-GLY Dlslance (A)

PT-K Distance (A)

'
g
=

PT-Na Distance (. A)

10 210 lioz )
5 1 ; ;-WE 5 \é ;ws 510 e
&= = & A =

= 0 N =
0= 0 20
D-POL Distance (A) D-NPL Distance (A) D-POS Distance (A)

D-Na Distance (A)

RDE
=
U (ki/mol}

0.0
D-Cl Distance (A)

RDF
=)
ﬁ
L
U (ky/mol)

RDF
Pl
= b

ET

[*R

=

.
U fRyitsly

RDF

S

olj A
U (kl/mol)
RDF

=

Oi ] .
U (ki)

P-P Distance (A)

25 = 10) o= = . =
5 TE s E g 28 L2
g 2 B2 02 02 2 2

0> =] = 0.0
P-POS Distance (A) P-NEG Distance (A) P-GLY Distance (A) P-K Distance (A)

RDF
3
Oi .
U (/mdT)

10 20
POL-POL Distance

RDF
E o
S =

POL-Na Distance (A)

RDF

S
NPL-K Distance (.3\)

RDF
Di . i
U (Wol)

POS-K Distance (A)

RDF
==
U (KJfmolT
DF
o
i L :
T(kiiol)

A

L
=

U (kifimol)

RDF
.

=

U (kJ/mal)

U (ki/mol)

RDF
o
T (kFfmol)

NEG-Na Distance (A)

RDF_
U ®imolf’

i .

o
U @mal)

K-K Distance (A)

105
[|=]

20 Jioz 10 z 3z
E E E —H5E E]O —H5E
= 2 = e = )

0 03 B 05

020
POL-NPL Distance (A’

=

20
POL-POS Distance (A

1020
POL-NEG Distance (.

z

0.0
POL-CI Distance (A)

20
NPL-Na Distance (A)

=10
=

i‘ L
UTk/ibl)y

=5

5
l‘ \
UTky/oly

NPL-NPL Distance (A) NPL-POS Distance (A)
X 10= T=
w0 Eown Vs
2 2 B 2
0. 0= 0=

10 20
NPL-CI Distance (A)

10 20
POS-POS Distance (A)

UTkI/lol)

[\

POS-Na Distance (A)

0.5
ry
g
=4

0.0 0

POS-CI Distance (A)

1

=4
0.0
NEG-CI Distance (A)

U (kJiniol)

o
O
L
=

U (kJ/mol)

—
U (ki/md)

RDF

=

NEG-NEG Distance (A

RDF
2
; .
L
U (kJfmol)

GLY-GLY Distance (A’

RDF
L ]
U (kJ/mio)

GLY-K Distance (A)

L0
P
205

K-Na Distance (A)

RDF _
U?»us‘mélﬂ

K-Cl Distance (A)

RDF
= =
J (kiimof].

=]
Na-Na Distance (A)

=5 g 1255 g 255 5
RE ) I E 2 i: :m_a
5 =) 5 B =
2 E 2 E 2 =2
[IE=] =0 0= a0 0= =
¥ - F s 7 = T % 0=
D-P Bond (A) P-P Bond (A) D-D Bond (A) P-P_groove Bond (A)
Tsz £099 55 5005 P52 <
0.025F E = E = £ E
< F < el <
M= HT=TR0 = AN > RO i 0=

P-P-P Angle (degree)

T73
D-D-D Angle (degree)

PRO Angle (degree)

GLY Angle (degree)

10 5 10 20z
=  [LER £
8 2 g 2

05 05

DT-POL Distance (A) DT-NPL Distance (A)

2.5 — —

=7 J253 05 sz
g £ 5 =
=4 2 0=

= ol =

005 R e

DT-Na Dlsmnce (A) DT-CI Distance (A)

Jio= 20) 5

10 RER g
2 2 2 2
0 5 05

PT-NPL Distance (A) PT-POS Distance (A)
03 102 =
.5 25
& E g2 o
[ 2= 2
0 S 3
00 o o Ve
PT-CI Distance (A) D-D Distance (A)

0|
;.._

R —
Qﬁ
U (kJfmol)

D-NEG Distance (A)

P-POL Distance (A)

RDF
Oﬁ ; .
T (kifimol)

10

D-GLY Distance (A)

P-NPL Distance (A)

RDF
M :

=3 t\l.)

U (kJ/mol)

P-Na Dls[ance (A

= =)
s o
j: i . ;
U fRuimol)

P-Cl Distance (A

RDF
=
o] ‘ A

U (kd/mol}

=

20
POL-GLY Distance (A

RDF

U (kJ/mol)

=3
=

20
POL-K Distance (. A)

3 quo5
= 10 HJi0E  E19) £
= 2z = u —| =

e
NPL-NEG Distance (A) NPL-GLY Distance (A)
Pz Y 02
= loillc/: E o £
= 2 = =
0ol 0 = o L 1 0 =}
1020 020

POS-NEG Distance (A)

POS-GLY Distance (. &)

210
g
=3

NEG-GLY Distance (A

=

0 >
NEG-K Distance (A)

RDF
1 .
(kJ/mol)

0

™
=}
e~

0.0
GLY-Na Distance (A)

n
-
U (kfmol)
i .;

Kiiol)

RDF
55
U (kJimol)

Na-Cl Distance (A)

[

4
0.0

05
’ 108

o=
GLY-Cl Distance (A)

RDF

| i

o
U (kJ/mol)

CI-CI Distance (. A)

1=
1
>

U (kl/mol}

ES T
U (ki/mol}'

=3

e
2]

38
Peptide Bond (&)

£0.025
0.000
Other Angle (degree)

jE fl
=] =]
U (kl/mal)

P-D-P Angle (degree]

Figure S8: RDFs, angle distributions (red), and effective potentials (blue) calculated for the CG NCP particles from
the all-atom MD simulations in the DNA-Peptide system.
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Figure S9
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Figure S9: RDFs, angle distributions (red), and effective potentials (blue) calculated for the CG NCP particles from
the all-atom MD simulations in the Peptide-Co system.
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Figure S10
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Figure S10: RDFs, angle distributions (red), and effective potentials (blue) calculated for the CG NCP particles from
the all-atom MD simulations in the Peptide-Mg system.
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Figure S11
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Figure S11: Core-core RDFs in dependence of different multivalent ion concentrations for the Co-20NCP
(top) and Mg-20NCP (bottom) CG MD simulations.
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Figure S12

Na+ K+ Cl-

Figure S12: Comparison of monovalent ions spatial distribution function near NCP in three simulations.
The presence of multivalent cations reduces the probability of finding monovalent cations near NCP. All
isosurfaces are drawn with the same isovalue, representing an equal probability of finding a specific
monovalent ion.
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