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[1naH

1. HemembpaHHble opraHennbi
2. Muako-dpasHoe paszageneHue B XpomaTuHe

3. Acetylated chromatin only phase separates upon binding multi-
bromodomain proteins (Gibson)

4. Y10 BAMAET Ha pa3aeneHue das (Kpome ANMHbI INHKEpPa, TMCTOHA H1):
PusnKo-xmmmyeckme ceomcTea 6e1KkoB, JOMEHHaA opraHM3aumna 6enkos

XpomaTuHa, IDR
5. HPla, H3K9me — heterochromatin
6. Chromodomain
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a Reaction specificity

b Reaction kinetics
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TEJIBLA KAXAJIA U TEJIBLIA THCTOHOBOI'O JIOKYCA 3
(a) (6)
MoaudHUHPOBaAHHbBIE

CIUIaiiCcOCOMHBIE CILIaiiCOCOMHBIE

MsiPHK (W, M) maPHII
SMN/reMuHbl SMN/remMuHbl reHbl

rMCTOHOB
\ scaPHII /

MoaudULIMpoOBaHUE

u cbopka PHIT-uactuiy
He3peJible

TEJIOMepa3Hbli
M PHIT

KOMIUIEKC (ubpriapun
(TERC) TCABl  auckepuH

/ xomunun \ 3pesible
JI0CTaBKa K mawPHIT

TeJIOMEpaM

MpOLIECCHHT 3'-KOHUA
npe-MPHK rucronos

Puc. 1. CpasHurenbHasi cxema tenen Kaxasa v tesielt riCTOHOBOIO JIOKYCa COMAaTHYECKHMX KJIETOK XKUBOTHBIX. (a) Tesnbue Ka-
xana (TK) npurumaer yuyactue B Mmoaudukaunmu cruailcocomusix MsiPHK (Metuanposanun (M) # nceBAOYypHAHHHINPOBA-
Huu (‘V)) u coopke M PHIT, cospesannu Mt PHIT, onpesensier noctasky TeloMepa3HOro KoMIuiekcea K reiomepas. (6) Teas-
ue rucroHooro siokyca (TTJI) yuactsyer B amHamuke ¢akropos npoueccusra 3'-koxnua npe-mPHK rucronos. TIJ1 accoun-
HMPOBAHO C KJIACTEPOM F€HOB THCTOHOB.

lain A. Sawyer et al., 2018
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Some Examples of Nuclear Condensate

Regulation

methyl-
lysine
(H3K9me3)

Chromo Chromo

HP1a domain  shadow

RNA
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Acetylation
TF binding
site (DNA)
TF
Bromo
domain
protein

Benjamin R. Sabari et al., 2020



BRD4 promotes a new liquid phase of

acetylated chromatin
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DOPMMPOBaAHNE HEMEMDPaHHbBIX OPraHeNn

cation-Jt H %le;:/\/\ -:T[ _ '
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Transient cross-p contacts
and LARKS
O, .

Disordered domain

(RNA, ssDNA, PAR, etc) Folded multivalent
domains (Gomes E, Shorter J, 2019)



DOPMUPOBAHNE HEMEMDPAHHbIX OpraHen
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Veronica H. Ryan et al., 2019



Bifunctional Proteins

Promote Condensate Formation

at Specific Genomic Loci.

(A) Tethering Condensate-

domain promoting domain
DNA-binding IDRILCD
RNA-binding repeats of binding modules
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MeTnnmpoBaHmMe TMCTOHOB U
V3HatoWmMe JOMEHDbI



Histone code hypothesis: multiple histone modifications, acting in
a combinatorial or sequential fashion on one or multiple histone
tails, specify unigue downstream function (Strahl and Allis)

* [ITM — BAMAHME Ha B3anMOAEenCTBme
TMCTOH-TNCTOH, TMCTOH-AHK nawu
npusseyeHne spPeKTopos

* JlomeH y3HaeT pa3Hble MeTKU

* MeTKa y3HaeTcAa pa3HbIMM JOMEHAMMU
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Table 1 Histone readers and their target PTMs

Recognition of Reader Histone PTM
Methyllysine ADD H3KSme3
Ankyrin H3KS%me2, H3KSmel
BAH HAK20me2

Chromo-barrel

Chromodomain

DCD
MBT
PHD
PWWP

TTD
Tudor
wD40
zf-CW
Methylarginine ADD
Tudor
wD40
Bromodomain
DBED
DPF
Double PH
Phosphoserine or 14-3-3

Acetyllysine

phosphothrecnine BIR
Tandem BRCT
Unmodified histone ADD
PHD
wD40

H3K36me3, H3K36me2, HAK20mel,
H3K4mel

H3K%me3, H3K9me2, H3KZ27me3,
H3IK27me2

H3K4dme3, H3Kdme2, H3K4dmel
H3iKmel, H3Kme2, H4Kmel, H4Kme2
H3K4ime3, H3K4Ame2, H3KOme3
H3K36me3, HAK20mel, HAK20me3,
H3K79me3

H3K4me3, H3K9me3, HAK20me2
H3K36me3

H3K27me3, H3KSme3

H3K4me3

H4R3meZs

H3Rme2, H4Rme2

H3RZme2

H3Kac, H4Kac, H2AKac, H2EKac
H3KacKac, HdKacKac

H3Kac

H3K56ac

H3510ph, H3S28ph

H3T3ph

H2AX5139ph

H3un

H3un

H3un

(Musselman et al. 2012)



a b C

. . . Multisubunit
Combinatorial readout in cis Combinatonal readout in trans

complex
Effect of multiple PTMs Reader Fleader
Reader |Reader
Reader === .
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Figure 4 Combinatorial readout of PTMs. (a—c¢) Recognition of a target PTM is influenced by adjacent PTMs on the same histone tail (a) and the combined
action of multiple readers within the same protein (b,c). (d) Multivalent engagement of readers within ipdividual subunits of the complex. The reader-
harboring proteins can also contain the catalytic domains (which act as writers and erasers) or scaffolding domains that bridge their host proteins with other
subunits of the complex. Readers can recognize PTMs on a single histone tail (cis mechanism) or different histone tails (frans mechanism).

(Musselman et al. 2012)



Methyllysine (Kme) readers b2 s
b Kme3-binding pocket C Kme2/1-binding pocket

Aromatic cage Aromatic cage

Upon binding, the histone peptide adopts a B-strand
conformation and inserts between two B-strands of the
chromodomain, completing the five-stranded antiparallel -
barrel. This induced-fit binding mode is stabilized through
backbone hydrogen bonds and electrostatic contacts involving up
to seven residues preceding trimethylated lysine and one residue
following trimethylated lysine of the histone peptide.

Molecular mechanisms for the recognition of methyllysine and methylarginine. (a) Structures of the readers
in complex with histone peptides methylated at lysine residues. The aromatic cage residues and the histone
peptides are colored blue and red, respectively. (b—d) The binding sites for trimethylated lysine (Kme3) (b),
dimethylated lysine (Kme2) (c). PDB codes: 3B95, 4DOW, 1KNE, 2PQW, 2G6Q, 2X4X, 2IGO0, 31IW, 2F6J, 4A7)

and 4A4E.
(Musselman et al. 2012)



HP1a
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Drosophila

* V3naer H3K9me?2/3

 Ecte chromo domain
(1 chromo shadow),
MOQOKCT
JAUMCPHU30BATHCS —
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200

2 140 200
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(Eissenberg and Elgin 2014)



e Polycomb-like CBX members (CBX2,
CBX4, CBX6, CBX7, and CBX8)

e HP1-like CBX members CBX1, CBX3, and
CBX5

H3K27me3

H3K9me3 |




(Musselman et al. 2012)
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Identification of methyllysine peptides binding to
chromobox protein homolog 6 chromodomain in the
human proteome

Nan Li 1, Richard S L Stein, Wei He, Elizabeth Komives, Wei Wang
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e we first characterized the domain—peptide interface using a mutation
matrix generated from molecular dynamics and virtual mutagenesis, which
revealed residues critical for binding and suggested possible ways to
engineer the recognition interface.

(Li et al. 2013)



YTO nenanu B cTaTbe

* B3annm komnnekc CBX6-H3K27me3, monanHammka,

* BupTyanbHbIM MyTareHes Aasa oUeHKn Hanbonee BarkHbIx ocTaTkoB B CBX6 (B3anm 21), Takxke
MYTMPOBaAAM oCcTaTkM H3 (n-9, n+1)

« MM-GBSA a15 oueHKn cBOH6OAHOM IHEPTMM CBA3bIBAHMA KOMMIEKCA (A1A Ka*KA0ro MyTaHTHOrO)
(TpaekTopum ¢ 1 ao 2 He, 100 CHANWOTOB); AEKOMMNO3NLMA SHEPreTUYeckoro Bknaaa (BB,
3/1eKTPOCTaTMKa, CONbBaTaLLMA)

AGing = ""-:G-:-:mple:t.-""" - ["""-.Gpr-:'.eir_:} + = GpEptil}E-:::-::l

G[i:u:u'—|:u|E:nl.-'|:r'-:'.Eir.-'|:-E|:-':i:|E:- — Eele-c LA l'—':'.'u::'-.'u. + Gaclﬁ.-
Gg-:.ln..- - G|:u:|£|r T Gr-:-n|:+:-IE|r

* Microarray (mmmobunmsosaHHblie nentuabl + Cy3 marker, anti-GST mouse monoclonal IgG
antibody, secondary anti-mouse IgG Dylight-488 conjugated antibody)

* [MPOTEOMHbIN CKPUHUHT (A15 HaxoXAeHMA NenTnaos, KoTopble CBX6 Toxke byaeT y3HaBaTb)



TaBLE |
Binding free energies of selected residues in the CBXE-H3K27me3

complex

R E S U LT S Residue G{T;ggbbrﬂgﬁ" Residue Cﬁgbbm”ggn
Trp32 —4.77 = 0.52 Glu4ds —0.99 = 0.28
Phe11 —-3.78 = 0.81 Arg9 —0.79 = 0.94
Leudd —3.62 = 0.47 Glusa —0.61 = 0.04
Asnd7 —3.40 = 0.73 Val3o —0.591 = 0.09
1. a survey of the residue contributions e o SN Py
!n Table.l shows that van der Wgals pose Rl e nee e
interactions are the main force in the Thal o -204-032  HIT22 ~156-043
binding between CBX6 and H3, _ Glaa  isBore  MBAZS 605085
accounting for 73% of the energy that is Aa12  -166+024  HIR26 7222077
. . . Glut4 —1.20 = 0.37 H3K27me3 —11.79 = 0.93
responsible for the complex binding leds  —122:022  H3s28 1732071
Tyr39 —1.04 = 0.30 H3429 —1.14 = 0.53
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Fiz. 2. Mutation matrix for the 10 residues in H3 apart from K27 that occur in the crystal structure used for the simulation. Red cells
indicate mutations relatively unfavorable for binding to CBX6 protein, and green cells show mutations that are favorable relative to wild-type H3.

(Li et al. 2013)



RESULTS

A total of 50 non-histone peptides
were identified as putative binders
for the CBX6 chromodomain with
significant fluorescence intensities
above a statistical cutoff of p < 0.05
(from the background Gaussian
distribution).

Histogram of CBX6 Signals

04

G1 (Background).
v=1.98, 6=0.92

G2 (Signal
v=367,

03

):
c=2.11
Cutoff=3 51

1: H3K27me3
2: H3K9me3
3: H3K27me2
4: H3K9me2

Normalized Density
02

00

T T T T T
2 0 2 4 6 8 10
Mean Fluoresce Intensity (A.U.)
Fic. 4. Gaussian mixture fitting of signal intensities from pep-
tide microarray for the CBX6-GST fusion protein.

Conservation Filter

Mass Spectrometry Filter

Secondary Structure Filter

Accessible Surface Area Filter

Sub-cellular Location Filter

Gene Co-expression Filter

Mutation Score Filter

Proteome Scan

L)

633969 candidate CBMs

_——

T

39631 candidate CBMs

_—

v
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—_——

v

4153 candidate CBMs

_—

v

3423 candidate CBMs

R

L

1228 candidate CBEMs

B —

376 candidate CEMs

—

L4

Final List: 23?7 candidate CEBMs
Fic. 3. Flowchart of the proteomic scan of methyllysine pep-

tides binding to the CBX6 chromodomain.

(Li et al

.2013)
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29 chromodomains and 467 peptides

* 9 chromodomains encoded in the human proteome

* 153 nine—amino acid—long histone peptides with a single trimethylated lysine

e 72 H3 histone peptides with multiple modifications, which includes up to three possible combinations of
modifications adjacent to K4, K9, K27, K36, K56, and K79 of the H3 histone protein

e 232 non-histone peptides

e 10 proline-rich peptides without any modifications

50
1

c8x1 w _-DEPDLIAEFLQ
cax2 -LDPRELEAFQK
c8x3 : L -DEBPELIEAFLN
CBXx4 l-LDPRLLIAFQN
c8X5 : L - DBPEL IBEFMK
c8X6 -LDERLIAAFE-
cax7 w -LDPRLWMANEE
caxe w |- LDARLLAAFEE
MPPE w | HLEDBKEMLLEFRK
covL1 w HEvNBEERIHDENR
covL2 WEPEHHLLHBEEFIDEENG
Suve1 W PREMNL - KEVRILKQFHK
suve2 L-KEPLLLQQESN

interface residues

(Hard et al. 2018)



Results

* (i) a single binding mode where one single chromodomain forms a
binding pocket to accommodate the histone peptide (such as CBX
proteins), HP1-like proteins and Polycomb-like proteins (from Drosophila

melanogaster HP1 and Pc chromodomains)

* (ii) a potential tandem bindin
linked through a loop and b

oth

mode in which two chromodomains are
domains may interact with the peptide

[such as chromodomain-helicase DNA binding (CHD) proteins]

Domain
CBX1
CBX2
CBX3
CBX4
CBXS
CBXé
CBXT
CBX8

H3IKOme3 signal H3K2Tme3d signal K, H3KOme3

4.20
1.57
7.23
2.39
4.45
2.55
4.98
1.62

B KN1actepax U rMCTOHOBbLIE NneTunabl U HETMCTOHOBbIE — KOHKYPEHUNA

0.07
277
-0.03
3.62
0.03
3.1
3.73
1.97

51 2%
>5001%
151 809
TO 2709
30 £ 54
=>E008)
55 & 58
=500

K, H3K27me3
N/Bf#t

185 + 2019
N/B#=t

205 £ 2009
N/BE!

330 £ 1200°
110 £ 17
165 £ 200

HP1-like Polycomb-like CHD tandem

xxxxxxxxxx

Cluster 1

33 H2

1 H3

1 non-histone

Cluster 2
33H2

13H3

5 H4

26 non-histone

| Cluster 3
12 H3K9
1 H3K79

Cluster 4

16 H2

12 H3K27

2 H4

10 non-histone

Cluster 5

35H2

28H3

2 H4

153 non-histone

Cluster 6

10 H2

20H3

2 H4

42 non-histone

(Hard et al. 2018)



Results

Together, these
observations suggest an
absence of PTM patterns
that govern
chromodomains’ binding
specificity.
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(Hard et al. 2018)



we constructed a MIECSVM
model to capture the structural
and energetic patterns critical for
the chromodomain-peptide
binding

Combinatorial Proteome-wide methylation filters
modification library Seuece v T Seoondary
153 Siflgle 7 mU'TEl?- conservation Sp[«;[r{)n]et[y structure
trimethylated modified
histone histone SoM‘ﬂTt_ Cellufar
accessibility compartment
231 sngle-modiied -
non-histone Gene Estimated

Coexpression binding score

Frute e 4 Chromo-methyl
screening of -
; recognition model
chromodomain

Complex structure construction ~~ MIEC-SYM model and
molecular dynamics feature selection

(Hard et al. 2018)



Part VII. MIEC-SVM overview
MIEC-SVM is a computational method to predict protein-peptide and protein-ligand
I\/I | E C S V I\/I interactions. The MIEC (Molecular Interaction Energy Component) profile is used to
- characterize the interactions through the energetic pattern of residue pairs between the
protein and the peptide/ligand. SVM (support vector machine) is a machine learning

method that can make a binary classification on the protein-peptide/protein-ligand
interactions, based on the MIEC profiles.

Build complex structure
(1_model_build.pl)

\ 4

The MIEC-SVM pipeline provides an integrated and user-friendly workflow for the
construction and application of the MIEC-SVM model. It consists of three sections:

Entorgy 1nh zaion fwid oniery model building, MIEC construction, and model training/prediction.

©

decomposition
(2<caIDecomp:py7Server.pl)
! MIEC-SVM manual
Generate MIEC
(3_genMIEC_MMPBSAPY .pl) @
l - AMBER ff03 force field provides force field parameters and
Merge MIEC partial charges for all standard residues and the AMBER gaff

‘K force field defines atom types and force field parameters for
small molecules (ligands). The pipeline provides a lightweight

Pre-prpoess for training Pre-process for prediction
‘5-"6'”'”9'16"“’““"" ‘5-"'9"-°'i°'°°ess'p” @  mutithreading database MolDB (the force field information for non-standard
MIEC-SVM model training MIEC-SVM prediction @ Sun Grid Engine resl d ues an d l Iga n d S Of Inte reSt)
R R - four energy components of MM/GBSA: van de Waals (VDW),
Figure 1. Flow of data for MIEC-SVM pipeline application on servers/workstations. electrostatics ( E LE), genera lized Born (G B), and surface area
(SA).

(Hard et al. 2018)


http://wanglab.ucsd.edu/MIEC-SVM/files/MIEC-SVM_pipeline_v1.1_manual.pdf

Y
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¢ g \
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Mutant 1 A
More mutants
|

1A 28
Bindine  \ow EE 6B SA VOW EE GB  SA

l LASSO feature selection

Binding 14 28 3C
VoW GB GB SA VDW ELE  SA
Mutantl ~Bieder EL B, Ey Bl B, Gk 6 = =
FAIERAE 0 ) G2 e e e e e s Selected MIEC profiles

New mutant o Selected MIEC profiles from other mutants ... ...
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1-A 28 3¢ | J,,QQ v . o
VOW GB 6B SA VOW EE  SA B MIEC-SVM model ) Pra Prediction result
e TR 1 ) T Tl T g [ I i I 2 X \_‘
F o

Flowchart of MIEC-SVM that predicts binding specificity between chromodomains and methyllysine peptides.
Complex structures between 13 chromodomains and 457 peptides were constructed by computationally
mutating peptide sequence from a template complex for each chromodomain (virtual mutagenesis). From the
modeled complex structures, MIEC terms between peptide-protein residues at the binding interface were
computed. The MIECs and the binding/nonbinding label (obtained from microarray experiments) for each
domain-peptide pair were input to a LASSO logistic regression model to select most predictive MIECs (LASSO
feature selection). These selected MIEC features were then used to train an SVM model to discriminate
binding from nonbinding events. VDW, Van der Waals forces; ELE, electrostatic forces; GB, polar contribution to

the desolvation energy; SA, nonpolar contribution to the desolvation energy.
(Hard et al. 2018)



(B)Performance of MIEC-SVM model on three different B

peptide groups (all peptides, singly modified peptides, and 1128 binders

muItipIJ modified peptides). The MIEC-SVM model Single-Kme3 3877 nonbinders
showed consistent performance regardless of the number 385 peptides AUCq, =0.805

of modifications on the peptides, indicating that Troing AUCyop0 = 0.735
chromodomain-\oeptide reco%nition share the same MIEC .
features for singly and multiply modified peptides. All 457 peptides < ALCx{). 192

. . s . 1506 bind : i
(C) SVM decision value distribution of the four classes of 1435 nonbinders \ Multiple modification 378 binders

peptides (binders/nonbinders with single or multiple AUCc,=0.832 72 peptides 558 nonbinders
modifications). Binders and nonbinders are well separated AUC.o00 = 0.766
regardless of the modification number. c

(D) Pairwise Jensen-Shannon (JS) divergences between the
SVM decision value distributions of the four classes. The 05
differences between any binder class and nonbinder class 0.4
(regardless of the PTM number) are large (larger JS
divergence value) singly modified binder—singly modified
nonbinder, JS = 0.468]$P < 1.0 x 10-20); singly modified 0.2

binder—-multiply modified nonbinder, JS =0.396 (P < 1.0 x 0.1

10-19); multiply modified binder—single modified "

nonbinder, JS=0.704 (P < 1.0 x 10-20); and multiply 4 2 0 2 4
modified binder—multiply modified nonbinder, JS = 0.603 SVM decision value

(P < 1.0 x 10-20). In contrast, binder (or nonbinder) D , . R IS
peptides are similar to each other regardless of the PTM e [——0.468—{ Shew-lines ~Single-kme3 nonbinders
numbers: JS values of 0.113 for binders (P = 7.0 x 10-15 , ) Multiple binders
for statistical similarity) and 0.027 for nonbinders (P = 6.1 - =MublplcRonbindees
x 10-10). All P values were calculated on the basis of the :
background distributions of JS divergence of randomly 0.113 : 0.027
selected decision values for the same number of binders 0.396
or nonbinders as the foreground.

0.3

N

Multiple
binder

Multiple
nonbinder

0.603

(Hard et al. 2018)
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The two mutants selected from the
H3K9me3 sorts

(V22E/K25S/D59F and V22E/K25E/D59S)
showed superior binding

to H3K9me3 than the WT domain (Ks:values
of 0.32 and 0.21 uyM

versus 2.78 UM of the WT domain), yet
showed very weak binding

to the similar H3K27me3 peptide. To our
knowledge, the V22E/

K25E/D59S mutant has the strongest
binding affinity of any human
chromodomain toward H3K9me3, even
over that of MPP8.

(Hard et al. 2018)



V22E/K25E/D59S CBX1-PAmCherry in MEF

cells

PALM imaging:

the mutant showed a very high level of nuclear
localization (approximately 85% in MEF and 95% in
Hela cells), which is impressive given the lack of a
nuclear localization sequence (NLS) tag in the
construct.

Measured that an average of 63% of localizations of the CBX1
mutant coclustered with the H3K9me3 antibody, and 94% of
H3K9me3 antibody localizations coclustered with mutant CBX1
(V22E/K25E/D59S). These data are consistent with the peptide
array data and confirm the CBX1 mutant’s specificity for the
H3K9me3 mark within the cellular environment.

(Hard et al. 2018)



CONCLUSION

* We found great degeneracy of chromodomain proteins binding to
modified histone peptides in that one chromodomain can bind to
diverse modifications at different histone sites, while one histone
modification pattern can be bound by different reader proteins.

* We found this recognition degeneracy is not associated with amino
acid sequence or PTM patterns, but rather is rooted in the same
physiochemical properties of the binding interface that are defined by

the PTMs.

(Hard et al. 2018)



