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ABSTRACT OF THE THESIS

Theoretical Model of HP1-STAT Interaction

by

Kangxin Xu

Master of Science in Biology
University of California San Diego, 2022

Professor Willis (Xiaowei) Li, Chair
Professor Cory Root, Co-Chair

HP1(Heterochromatin Protein 1) is a major component of heterochromatin, which is a
highly condensed form of DNA playing an important role in multiple cellular activities
including gene silencing. New research proposes that HP1 proteins could compartmentalize
DNA into compacted chromatin by phase separation, which could be promoted by diverse
HP1-binding proteins. STAT is a promising candidate. Besides its canonical role in JAK-

STAT signaling pathway, previous research in our lab indicated that STAT contains HP1-



binding PXVXI motif. Unphosphorylated STAT could bind to HP1 and maintain the stability
of heterochromatin while phosphorylated STAT disperses from HP1, resulting in
heterochromatin disruption. Thus, I hypothesized that phosphorylation induced
conformational change on STAT, switching it from an HP1-binding state to a DNA-binding
state. In this paper, I constructed computational models among HP1a, STAT3 and DNA to
examine the influence of phosphorylation on STAT3’s binding affinity to both HP1a and
DNA. During the preparation stage, | modified and constructed biomolecular structures for
protein docking by Pymol and SWISS-MODEL. | imported the prepared biomolecular
structures into HADDOCK and the web server provided potential binding complexes as
output. | used the PRODIGY program to measure the Gibbs free energy and equilibrium
constant of binding among unphosphorylated STAT3, HP1a and DNA as well as
phosphorylated STAT3, HP1a. and DNA. Compared to phosphorylated STAT3 homodimers,
unphosphorylated STATA3 homodimers have higher binding affinity to HP1a and lower
binding affinity to DNA. Although computational model has limitations and needs
confirmation by further experiments in vitro, my results support the conclusion that

phosphorylation drives STAT from HP1-binding to DNA-binding.



INTRODUCTION

1. Heterochromatin

Heterochromatin is a highly condensed structure of DNA whose compaction levels could
vary between facultative heterochromatin and constitutive heterochromatin®. Facultative
heterochromatin is normally regarded as transcriptionally silent non-repetitive chromatin which
still conserves the potential to convert back to euchromatin, usually in response to developmental
cues?. Constitutive heterochromatin normally consists of repetitive elements with a higher
condensed level, usually serving structural functions®. The classical position effect variegation
(PEV) in Drosophila is a typical example of constitutive heterochromatin, which shows that the
conformational changes on chromatin could affect the transcription status of white eye gene®.
Constitutive heterochromatin is known to be important for its role in transcription and gene
silencing®. The stability of heterochromatin contributes to the inhibition of undesired
recombination between repeat transposons as well as to the elimination of transcription of active
transposons, and therefore maintains the integrity of the genome!. On the other hand, research
has already identified tumor suppressors, for instance, the breast cancer type 1 susceptibility
protein (BRCAL) and the retino-blastoma protein (RB), exerting their functions by promoting the
formation of heterochromatin or maintaining the stability of constitutive heterochromatin, which
suggests that heterochromatin could plays an essential role in tumor suppression ®°. Figure 1
provides an overview of the important findings that contribute to the development of the concept

of heterochromatin?®.
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Figure 1. The Evolution of Concept of Heterochromatin
The significant findings and technical progress contribute to the evolution of heterochromatin

Figure 1 is from Liu, Jing et al. Annals of the New York Academy of Sciences vol. 1476,1 (2020): 59-77, with permission.

2. The Assembly of Heterochromatin and HP1

The assembly of heterochromatin could be classified into three stages: initiation, spreading
and maintenance!!. Though the mechanism is not fully understood, the initiation stage is
believed to start when some sequence-specific proteins or non-coding RNA (in yeast) bind to the
nucleation centers, in order to recruit histone deacetylases (HDACS) and the SUV39 family
histone H3K9 methyltransferases (HMTs) to produce deacetylated histone and methylated
H3K9!%14, The methylated H3K9 would bind to another important component and a determinant
of heterochromatin, the heterochromatin protein 1 (HP1)*>'®. Abnormal behavior of HP1 is
found in diverse human cancers including breast, colorectal, brain, ovarian, blood, thyroid,
prostate, lung, bone, pancreatic, and liver cancer 123, The structure of HP1 contains three

disordered elements, the N-terminal extension (NTE), the Hinge region (HR) and the C-terminal



extension (CTE) as well as two folded domains; the chromodomain (CD) and the chromoshadow
domain (CSD) 2*. HP1 paralogs share highly conserved sequences, especially among CD and
CSD, which allows them to dimerize and form both homodimers as well as heterodimers?°.
Among all the dimerization, the CSD-mediated dimerization is mainly used in this paper.
Commonly, the CSD-mediated dimerization takes place when the two CSD monomers interact
with each other through their a-helices. This CSD-mediated dimerization enables HP1 to interact
with multiple non-histone proteins with PXVXL, PXVXI, or relative motifs 2. The right panel of
Figure 2 shows the interaction between HP1 and PIWI which possess the PXVXL motif %’. In the
traditional view, HP1 forms static oligomeric networks so as to prevent transcription factors from
accessing silenced genes located in the heterochromatin domain 28. However, research has shown
that HP1 transiently binds to heterochromatin and HP1’s CD-H3K9me3 interaction is not
sufficient for HP1’s binding to heterochromatin 26, By combining these findings, one possible
explanation is that the binding of HP1 to heterochromatin is stabilized by multivalent
interactions transiently. In this paper, 1 will focus specifically on one potential candidate, the

unphosphorylated STAT (USTAT).
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Figure 2. HP1 Structure and Interaction with PxV/xI Motif

Summary of how HP1 dimerize and interact with chromatin. HP1 interact with PIWI with PXVXL motif
Panel left is from Kumar, Amarjeet, and Hidetoshi Kono. Biophysical reviews vol. 12,2 (2020): 387-400. Permission approved
Panel right is from Brower-Toland, Brent et al. Genes & development vol. 21,18 (2007): 2300-11. Permission approved



3. Liquid-liquid Phase Separation and Heterochromatin Formation

Recent research proposes a new possible explanation for the role of HP1 in heterochromatin
formation®. Phosphorylation on the N-terminal extension of HP1a and binding of DNA trigger
higher order oligomerization of HP1a which promotes the formation of phase-separated
droplets®. Specific HP1a (shugoshin and LBR) could promote or reverse the phase separation®’.
Phase-separated droplets compartmentalize heterochromatin, and dynamically expose buried
nucleosomal regions®2. Hypothetically, the reshape of nucleosome core is correlated with histone
modification and could increase multivalent interactions between nucleosomes, promoting phase
separation®2. The formation of phase-separated droplets could be separated into three steps as
observed in DNA curtain assay experiments in vitro®®. Before DNA condensation, HP1a would
bind to distal points of DNA strands simultaneously. The bind HP1a would then capture lateral
DNA fluctuations to start DNA compaction. The process would proceed by trapping more non-
compacted DNA through HP1a-DNA and HPla-HP1a interactions. Further experiments
indicated that the stability of compaction is more susceptible to fluctuations in HP1
concentration than that in DNA level®3.However, how HP1 compact DNA in vivo is not
completely understood. The experiment shows that binding with other proteins could affect the

critical concentration of HP1 for condensate formation®2.

4. STAT and the JAK-STAT Pathway
Signal transducer and activator of transcription (STAT) proteins are latent cytoplasmic
transcription factors which could be activated by diverse extracellular signaling pathways 2.

Normally, STAT proteins contain structural motifs including coil-coil, DNA binding domain, Src



homology as well as C-terminal transactivation domain *°. In the canonical JAK-STAT signaling
pathway, JAK tyrosine kinase is activated by extracellular bindings of cytokines or growth
factors and could phosphorylate specific tyrosine on STAT proteins 3. The phosphorylated
STAT protein could dimerize via interaction between the SH2 domains and enter the nucleus via
the importin o/B ternary complex *2. After entering the nucleus, the dimerized STATSs could bind
to the target DNA sequence and regulate the transcription *2. The JAK-STAT signaling pathway
could thus accept an extracellular cue and translate it into a transcriptional response, which plays
an important role in cell proliferation, differentiation, cell migration, as well as cell apoptosis and

thus the abnormal activities of JAK/STAT signaling pathway could trigger multiple diseases

32

including cancers

Figure 3. JAK-STAT Pathway and STATs Role in Oncogenesis

A simplified description of JAK-STAT signaling pathway
The contradicting role of STAT plays in oncogenesis
Panel left/right are from Owen, Katie L et al.Cancers vol. 11,12 2002. 12 Dec. 2019, Permission approved

5. The Drosophila Model: uSTAT92E Could Stabilize Heterochromatin by Binding
HP1

Previous research in our lab has found that overactivated JAK could disrupt the
formation of heterochromatin in a Drosophila leukemia model 3%, In the canonical JAK-STAT
signaling pathway, JAK would phosphorylate STAT, which induces transcriptional regulation on

specific target genes. Therefore, the overactivated JAK could disrupt the heterochromatin



through phosphorylation of STAT. To further investigate the role of STAT in heterochromatin
formation and stability maintenance, further experiments were performed, and Drosophila was
used as the organism model *°. Drosophila was a perfect fit for this experiment. On the one hand,
Drosophila is the only genome whose constitutive heterochromatin sequences are assembled into
the genome map, and position-effect variegation (PEV) could be used to measure the state of
heterochromatic gene silencing 3’. On the other hand, Drosophila possesses only one JAK and
one STAT, which eliminates the redundancies of paralogs. The experiment revealed that
STAT92E could colocalize with HP1, and the loss of STAT92E would trigger delocalization of
HP1 which impaired the formation and stability of heterochromatin *. It was observed that
decrease of STAT92E and overactivation of JAK would both induce HP1 delocalization and
overall loss of H3mK9, resulting in the disruption of heterochromatin, which seem to be
contradictory since JAK activates STAT through the JAK-STAT pathway 6. Also, it was found
that cells with overexpression of STAT92E would exhibit higher levels of heterochromatin than
wild type cells %. Based on these findings, a hypothesis was proposed that it was
unphosphorylated STAT92E (USTAT92E) that actually maintains the stability of
heterochromatin *. It was identified that STAT92E protein had a perfect and an imperfect HP1-
binding sequence motif PxVxL(x donates any a.a.)®*. Further immunofluorescence experiments
proved that only unphosphorylated STAT92E protein would physically associate with HP1;
phosphorylated STAT92E spread more evenly in the nucleus and did not possess colocalization
with HP1 %, Treatment with pervanadate (H202/vanadate) was used to increase the
phosphorylation level of STAT92E 3. The results confirmed that phosphorylation would
compromise the association between STAT92E and HP1, triggering HP1 dispersal and

destabilizing heterochromatin . To test whether the effect of STAT92E on heterochromatin



involved transcription of other proteins, cycloheximide was used to block protein synthesis and

the result suggested that synthesis of other proteins were not involved in this process *°.

6. The Mammalian Cell: The Non-canonical Role of Human STAT Proteins

The experiments in the Drosophila model demonstrated several essential points.
Traditionally, it is believed that phosphorylation is required for STAT protein to enter the
nucleus, while in the experiments, it was found that unphosphorylated STAT92E would
colocalize with HP1 in the nucleus and it has the PV HP1 binding motif. Moreover,
phosphorylation of STAT92E would trigger dispersal of HP1 which impairs the formation and
stability of the heterochromatin. Therefore, it seems that in Drosophila, STAT92E and
heterochromatin are important to the maintenance of genome integrity. However, further
experiments are necessary to see whether the unphosphorylated STAT in mammalian cells also
has the same non-canonical functions. Thus, our lab performed experiments in human cells and
mouse xenograft models to explore the interaction between STATS5A and HP1a. (also known as
“chromobox protein homolog 5,” or CBX5) ®. It is known that STAT5A has the HP1-binding
motif PxVxI which is located from a.a 465 to 469 *. To test whether STAT5A is physically
associated with HP1, point mutation was introduced to the HP1 binding motif and the result of
ChlIP showed that only STAT5A with intact HP1-binding motif would be co-immunoprecipitated
with HP1a . Also, the result found that the mutations that interrupted the H3K9me binding,
HP1a dimerization, and interaction with the PxVxXL motif of HP1 would also decrease the
affinity between STAT5A and HP 1o 8. Further experiments of point mutation confirmed that

only unphosphorylated STAT5A with intact HP1-binding would physically interact with HP1 38,



Similar to uSTAT92E in Drosophila, uSTATS5A could advance the formation of heterochromatin
through binding to HP1 %, Analysis with fluorescence recovery after photobleaching (FRAP)
indicated that unphosphorylated STATS5A stabilized heterochromatin by inhibiting the mobility
of HP1, consistent with the competition model which suggested that the binding between HP1
and heterochromatin is transiently stabilized by available binding partners 3. In the mouse
xenograft model, it was found that the overexpression of unphosphorylated STAT5A could
suppress tumor development and this ability was strongly correlated with its binding affinity
with HP1 38 The experiment on human colon cancer cells confirmed the same conclusion %,
Moreover, it was found that genes downregulated by overexpression of STAT5A Y4 (mutated
STATSA which could not be phosphorylated) or overexpression of HP1a were largely
overlapped and a majority of which were tumor-promoter genes . By using the cBio Cancer
Genomics Portal, it was found that the underexpression of STATS and HP1a correlate with poor
prognosis in certain human cancers®.

Finally, similar experiments were done for human STAT3 and it was found that
unphosphorylated STAT3 also promotes heterochromatin formation and functions as a tumor

suppressor in mouse xenograft models®

7. A Hypothetical Model

Though the mechanism is still unclear, the research about STAT92E, STAT3 and
STAT5A seems to suggest that besides the canonical JAK-STAT signaling pathway, STAT
could also be involved in gene transcription by heterochromatin maintenance. Recent
preliminary data in our lab indicates that unphosphorylated STAT might also participate in the

initiation stage of heterochromatin formation, in addition to its maintenance. These findings



provide new insight into the role of STAT. Based on this, a hypothetical model could be
proposed that unphosphorylated STAT could both initiate and maintain the stability of
heterochromatin by binding to HP1. During the initiation stage, unphosphorylated STAT
compete with histone to bind to HP1a. Furthermore, unphosphorylated STAT could bind to the
HP1 already associated with heterochromatin and form a complex to promote the formation of
phase-sepa rated droplets. Phosphorylation could trigger conformational change which makes
STAT switch from the HP1-binding state to the DNA-binding state. To construct a theoretical

model, three essential components are involved: HP1, uSTAT and DNA.

8. Thermodynamics
Since the binding between HP1 and heterochromatin is transiently stabilized by STAT,

it is assumed that the binding among DNA, HP1 and STAT is non-covalent and thus reversible
and follows thermodynamic principles. According to the Gibbs energy of reaction, the
change  of free energy (AG) is equal to change in enthalpy minus temperature (T) times the
change in entropy (AS)*.

AG=AH-TAS (1)

When the value of AG is negative, the reaction is spontaneous and proceeds in the
forward direction. When the value of AG is zero, the reaction reaches equilibrium. When the
value of AG is positive, the reaction would proceed in the reverse direction. For the binding of

the model in this paper, the reaction could be summarized as follows:

HP1 + DNA + uSTAT sHP1-uSTAT+DNAsHP1-uSTAT-DNA

After Phosphorylation



HP1 + DNA + pSTAT sHP1+pSTAT-DNA

The equilibrium constant of a chemical reaction is the value of the reaction quotient when
the rate of forward reaction is equal to the rate of reverse reaction. And the equilibrium constant

could be calculated as follows:

_ [Al*[B]Y —
Kd - —[AxBy] fOI‘ AxBy — XA + yB

And thus when there is more free HP1 and uSTAT in the nucleus, the uSTAT3 would
bind to HP1 and stabilize its binding on heterochromatin until the reaction reaches equilibrium.
Furthermore, it suggests that the reaction could be pushed to the forward direction by increasing
one of the reactants. If there is more uSTAT in the nucleus, more HP1 could be stabilized on the
heterochromatin.

9. Residues for the Interface

In this study, STAT3 would be used to construct the theoretical model since its
crystallized structures of phosphorylated state and unphosphorylated state have already been
collected by Nkansah et al. #*. The crystallized structure also suggests that phosphorylation is not
necessary for STAT3 binding to DNA, which partly supports the hypothesis **. STAT3 is first
identified as a DNA-binding protein that can be activated by interleukin 6 #2. STAT3 could be
phosphorylated at Tyrosine 705 and the constitutive activation of STAT3 is observed in many
human cancers including breast and head and neck carcinomas, lymphomas, leukemias,
melanomas, and pancreatic, lung, ovarian, and brain tumors, which also partly confirmed that
unphosphorylated STAT3 might contribute to maintain the stability of heterochromatin 444,

STAT3 is predominantly localized in the nucleus, which might imply higher frequency of

10



interactions with HP1 and DNA “. Since the affinity to HP1 could be influenced by
conformational change, the structure of both unphosphorylated STAT3 and phosphorylated
STAT3 used in the theoretical model would be homodimers. Considering the homology among
STAT3, STAT5A and STAT92E, the HP1-binding motif is identified and will be used to
determine the interface between uSTAT3 and HP1 during binding. Previous experiments with
STATS5A also suggest that dimerized HP1 exhibits higher binding affinity with uSTATA and
thus the structure of homodimers of HP1 would be used to construct the theoretical model . 1t
is already found that an intact chromo shadow domain is required for the HP1 interacting with
PXVXI motif #6. Research on HP1 interacting with other peptides has identified several amino
acids that might be directly involved in the binding. Experiments done by Thiru et al on binding
between HP1 and CAF-1 has found that Ala-125, Phe-163, Arg-167, Leu-168, Trp-170, Thr-126,
Leu-135 and Leu-146 might physically associate with PXVXL motif, and thus those amino acids

would be labelled as active residues that would be part of the interface “°.

Figure 4. Active Residues on uSTAT3 and HP1

Red part highlights the potential active residues that might involve in the interaction. The left panel represent uSTAT3 with DNA
and the right panel represent HP1.

Thus, the paper aims to explore:
e If phosphorylation would change the binding affinity between STAT3 and HP1.

e What is responsible for the change in binding affinity

11



METHODS & MATERIALS
Protein structures

The structure of proteins used in modeling were downloaded from the PDB Structure
database on the NCBI website. The structure of unphosphorylated STAT3 with double stranded
DNA (PDB number 4E38)* and the structure of phosphorylated STAT3 double stranded DNA
(PDB number 1BG1)* were derived from the crystallized structure produced by Nkansah et al.
The structure of HP1 homodimers (PDB number 1S4Z) came from the crystallized structure
produced by Thiru et al“®. The original structure of HP1 was a complex with CAF-1 binding to

HP1, and the CAF-1 was removed through Pymol®'.

SWISS-MODEL

SWISS-MODEL was used in the experiment to generate theoretical HP1a structure*®,
The protein sequence of HP1a was obtained via accession number NP_001120794.1. The
template used HP1p homodimers (PDB number 1S47). The original template is heterotrimers;

pymol was used to remove the CAF factors.

HADDOCK

HADDOCK (High Ambiguity Driven protein-protein DOCKIing) is used in experiments
for modeling*"°%%, Protein structure (PDB number 4E38 and PDB number 1BG1) was trimmed
with PDB tools to remove water molecules, merge peptides and renumber residues to fit in the
format of HADDOCK. Protein structures were uploaded to the HADDOCK web server and
active residues were selected according to the PXVXI binding motif. All parameters were kept as
default values, except setting the number of structures for rigid body docking to 10000, the

number of structures for semi-flexible refinement to 400, the number of structures for the final

12



refinement to 400 and the number of structures to analyze to 400. The docking results were
downloaded for analysis.

HADDOCK perform protein docking through three stages: rigid-body energy
minimization stage (it0), semi flexible simulated annealing stage (it1) and refinement in explicit
solvent stage (itw). During rigid-body energy minimization stage, the system generated several
thousands of models in a short period of time. During the semi flexible simulated annealing
stage, more flexibility is allowed at the interface of rigid-body, side-chain as well as backbone +
side chain. At the refinement in explicit solvent stage, the models are put in explicit solvent to
refine residue-residue contacts, mainly electrostatic, at the interface.

Haddock uses van der Waals (Evaw), electrostatic (Eelec), desolvation (Edesor) and restraint
violation (Eair) energies as well as buried surface area (BSA) to calculate grades of predictive
models. Van der Waals energy refers to the potential energy possessed by the Van der Waal
force. Electrostatic energy refers to the total work done by external agents in bringing the system
of charge to its current configuration. Desolvation energy refers to the energy electrostatic and
van der Waals energy loss of the interaction between protein and solvent due to binding. The
restraints violation energy checks if restraints (distance, dihedral angle, RDC, etc) used in the
model are completely respected. And the calculation equations are listed:

*HADDOCK score-it0 = 0.01 Evaw + 1.0 Eelec + 1.0 Egesort + 0.01 Eair - 0.01 BSA

* HADDOCK core-itl = 1.0 Evaw + 1.0 Eelec + 1.0 Egesot + 0.1 Eair - 0.01 BSA

* HADDOCK core-water = 1.0 Evaw + 0.2 Eelec + 1.0 Egesol + 0.1 Eair

Generally, the more negative the energy, the more reliable the model proposed.

13



PRODIGY

PRODIGY (PROtein binDIng enerGY prediction) was used to predict the binding
affinity®®-*°. The outputs of HADDOCK were imported to PRODIGY and the complexes were
labeled as “A” and “B” bands while the Gibbs free energy and dissociation constants were

calculated.

14



RESULTS

Phosphorylation induces shift of DNA binding domain on STAT3

To construct a plausible model of how HP1 binds to uSTATS3, I first examined the
conformational change on STAT3 induced by phosphorylation. The 3D structure of
phosphorylated STAT3 and unphosphorylated STAT3 was downloaded from the ncbi Structure
database and analyzed with Pymol. According to the experimental design of Nkansah et al,
STAT3 was labeled with spectral variants of GFP, replacing the N-terminal 126 amino acids.
The analysis of the sequence provided several points. First of all, phosphorylation of Tyrosine
705 induced a shift of the DNA binding domain on STAT3. The DNA binding domain on
unphosphorylated STAT3 ranges from a.a 321 to a.a 484, while the DNA binding domain on
phosphorylated STAT3 ranges from a.a 417 to a.a 610. Noticeably, both pSTAT3 and uSTAT3
interact with DNA at a.a 331-332 or a.a 340 or 343-344 or a.a 423 or a.a 465-466 or a.a 469.
Based on the sequence and homology between STAT3 and STAT5A, the HP1-binding motif is
identified from a.a 460 to a.a 464. It is believed that protein structures could interact via a similar
architectural motif even if the overall structures are different. Thus, theoretically, the association
between HP1 and unphosphorylated STAT3 shall also involve the PVVVI HP1 binding motif.
The homodimer of HP1 is also downloaded from the nchi Structure database via the PDB
number 1S4Z. The original structure is a complex in which HP1 binds to a peptide with the
PXVXL motif. The complex was trimmed with Pymol and only the homodimers of HP1 would
be used for modeling. Both pdb files were trimmed with pdbtools to fit in the format of Haddock
and were imported to Haddock for docking. Based on the interactions between CAF-1 and HP1p,
Ala-125, Phe-163, Arg-167, Leu-168, Trp-170, Thr-126, Leu-135 and Leu-146 in HP1 were

labeled as active residues which might participate in binding.

15



Figure 5. Predictive Model of HP1-STAT3(monomer)

Light pink refers to uSTATS3, dark pink refers to HP1 dimers bind to uSTATS3. Light green refers to
pSTAT3. Dark green refers to HP1 dimers binds to pSTAT3.

Phosphorylation Might Influence HP1-STAT3 Binding via Electrostatic Interaction.
| performed protein docking between HP1 and STAT-DNA complex to see if DNA
would affect the interaction between HP1 and STAT3. By comparing HP1-uSTAT3 and HP1-

pSTAT3 models, it is obvious that the conformational change of STAT would influence the

16



orientation of HP1 binding to STAT (Figure 6). Noticeably, the electrostatic energy of uSTAT3-
HP1 is surprisingly lower (more negative) than that of pPSTAT3-HP1. According to Coulomb's

law, the electrostatic energy could be calculated via the equation:

Ny Np

U=, D e
i=1 j=1 Mol
Naand Ng represent the number of point charges in the two biomolecules. From the

equation, the electrostatic energy is proportional to the charge and inversely proportional to the
distance between two charges. Thus, it could be implied that compared to pSTAT3-HP1,
USTAT3-HP1 has either larger charges or smaller distance during the binding. Besides

electrostatic interactions, non-bonded interactions also include van der Waals interactions, which

could be calculated with Lennard-Jones 12-6 functions:

o\ 12 O\ 6
u(r) = 4¢ [(;) - (;) ]

The collision diameters refers to the separation for which the energy is zero and refers to
the well depth. Interestingly, for uSSTAT3-HP1 and DNA-uSTAT3-HP1, the van der Waals
energy did not change much, but the value of electrostatic energy was largely decreased. Thus, it
might imply that the binding of DNA does not influence the distance of two molecules but shifts
the overall charges which result in the different orientation of HP1. The same phenomenon was

observed between DNA-uSTAT3-HP1 and DNA-uSTAT3-2HP1.
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Figure 6. HP1-STAT3(homodimer) Model

Light pink refers to uSTATS3, dark pink refers to HP1 dimers bind to uSTAT3. Light green refers to
pSTAT3. Dark green refers to HP1 dimers binds to pSTAT3.

Phosphorylation might affect the Binding Affinity of STATS.

Normally, the more negative the grade, the better the model. Nonetheless, Haddock score
could only be used to evaluate the quality of a model within the same run; it could not be used to
compare the binding affinity of protein-protein interactions. Thus, | used PRODIGY (PROtein

binDIng enerGY prediction) to measure the free energy and Kd of binding complexes. From the

18



data, it is shown that in monomer state, phosphorylated STAT3 has lower AG and Kd compared
to unphosphorylated STAT3 when binding to HP1. According to the Dissociation Equation:

[A][B]

Ka =Tap]

Thus, Kq[AB] = [A][B]. The AG for both uSTAT3-HP1 and pSTAT3 1 were negative,
which suggests that the equreaction could take place in the forward (association) direction
spontaneously. On the other hand, since pSTAT3 has lower Kq than uSTATS3, it suggests that
under the same circumstance at equilibrium state pPSTAT1-HP1 will be less dissociated than

USTAT3-HP1 at 37 Celsius degrees.

Since the dimerization of STAT is reversible, STAT could also exist as homodimers.
Thus, | also perform protein docking between HP1 and STAT3 in the homodimer state (Figure
6). The superimposition of two complexes shows that the conformational change induced by
phosphorylation would largely affect the orientation of HP1 binding to STAT3 (Figure 6, panel
E, F). The data show that in homodimer state, uSTAT3 exhibits lower AG value (more negative)
and Kd than pSTAT3. Lower AG value shows that under the same circumstance the binding
between uSTAT3 and HP1 are more likely to happen. Lower Kg indicates that at equilibrium

state there should be a higher level of uSTAT3-HP1 complexes than pSTAT3-HP1.
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Figure 7. Predictive Model of DNA-STAT3-HP1

Light pink refers to uSTATS3, dark pink refers to HP1 dimers bind to uSTATS3. Light green refers to
pSTAT3. Dark green refers to HP1 dimers binds to pSTAT3.

Previous research indicates that phosphorylation is not required for STAT3 to bind to
DNA*, which means unphosphorylated STAT3 could also bind to DNA. Therefore, | perform
protein docking between the STAT3-DNA complex and HP1 to see if binding to DNA would
affect the way STAT3 interacts with HP1 (Figure 7). Noticeably, after binding to DNA, HP1
would access USTAT in a different orientation (Figure 7 A, B), while the binding between HP1

and pSTAT remains the same. The data shows that HP1-uSTAT3-DNA has lower AG and Kq
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value than HP1-pSTAT3-DNA, which confirms that the binding between HP1 and uSTAT3-
DNA complexes is more stable than the binding between HP1 and pSTAT3-DNA complexes.
Moreover, I used PreDBA to calculate the binding affinity of STAT to DNA. The AG of
USTAT3-DNA is -6.15 kcal/mol, while the AG of pSTAT3-DNA is -10.46 kcal/mol. Thus,

phosphorylation largely increases the binding affinity of STAT3 to DNA.

Table 1. Gibbs Free Energy and Disociation Constant of Complexes

Parameter/Model AG (kcal mol-1) Kd (M) at 37.0 °C
uSTAT3(monomer)-HP1 -9.5 2.0E-07
pSTAT3(monomer)-HP1 -11.0 1.7E-08
USTAT3-HP1 -12.9 8.7E-10
pSTAT3-HP1 -11.7 5.4E-09
DNA-uSTAT3-HP1 -13.4 3.5E-10
DNA-pSTAT3-HP1 -12.4 1.8E-09
DNA-uSTAT3-2HP1 -13.0 7.0E-10
DNA-pSTAT3-2HP1 -10.6 3.6E-08
DNA-uSTAT3 -6.15 4.64E-05
DNA-pSTAT3 -10.46 4.26E-08
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STAT homodimers have two PXVXI HP1-binding motifs, and only one is used during
each binding between STAT-DNA complexes and HP1. To explore if the first binding HP1
would affect the binding of the second HP1, protein docking was performed between DNA-
STAT3-HP1 complexes and HP1 (Figure 8). The data shows that interaction with second HP1
has higher AG and Kg value than interaction with the first HP1, which implies that the
association with second HP1 might be less preferable.

Though the difference is small, HP1-uSTAT3 (homodimers) and HP1-uSTAT3-DNA
have lower AG values (more free energy) than their pSTAT3 counterparts respectively, which
are consistent with the observation that phosphorylation trigger dispersal of STAT from HP1.
Nonetheless, in monomer state, pPSTAT3 exhibited higher affinity with HP1 than uSTAT3. One
potential explanation for this could be that in monomer state the SH2 domain is exposed and the
SH2 domain of pSTAT3 exhibits higher affinity to a wide range of proteins. I also used PreDBA
to determine how phosphorylation would affect STATs’ affinity with DNA, and the result
suggests that phosphorylation could largely increase STATSs’ affinity with DNA.

Thus, the computational modelling suggest that unphosphorylated STAT3 has higher
binding affinity with HP1 while phosphorylated STAT3 has higher binding affinity with DNA.
Those changes in binding affinity might correlate with changes in electrostatic interactions and
conformational change. To determine if electrostatic change induced by phosphorylation is
responsible for the change of binding affinity, 1 add phosphate to the Tyr705 on uSTAT3-HP1la
complexes and re-calculate the binding affinity of complexes(Table2). The binding affinity of
uSTAT3 did not change significantly after adding the phosphate (only HP1-uSTAT3 complex
showed slight increase in AG), which may suggest that phosphorylation toggle STAT from HP1-

binding state to DNA-binding state through inducing conformational change on STAT.
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Table 2 Gibbs Free Energy and Kd of USTAT3-HPL1 after Adding Phosphate

Complexes Add Phosphate

AG (kcal mol-1)

Kd (M) at 37.0 °C

uUSTAT3-HPla(monomer) -9.5 2.0E-07
USTAT3-HP1a -12.8 8.8E-10
DNA-uSTAT3-HPla -14.2 1.0E-10
DNA-USTAT3-2HP1a -13.0 7.0E-10
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Figure 8. Predictive Model of DNA-STAT3-2HP1(on both PxVxI motif)

Light pink refers to uSTATS3, dark pink refers to HP1 dimers bind to uSTATS3. Light green refers to
pSTAT3. Dark green refers to HP1 dimers binds to pSTAT3.
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DISCUSSION

Protein Docking Provides Insight Into STAT-HPL1 Interaction.

Protein-protein interactions play an important role in multiple biochemical activities. The
interactome of interacting proteins in human cells is over 650000, while the dynamic of
assembly as well as the time and localization of components could add to the complexity. On the
other hand, crystallizing protein complexes and NMR are not easy tasks to perform and
currently, only a few protein-protein complexes have been crystallized. Thus, to improve the
structural understanding of protein-protein complexes, multiple computational tactics have been
developed, including protein-protein docking. Protein-protein docking mainly serves to predict
the structure of protein complexes based on their unbound components. From previous research
in our lab, it is observed that uSTAT could promote the formation of heterochromatin and
maintain the stability of heterochromatin through interacting with HP1. Therefore, protein
docking between HP1 and STAT could help to unveil the details of interaction as well as to
explore the mechanism behind it.

Computational Modelling Provides New Insight into HP1-STAT3 Binding.

Currently, there are several protein-protein docking softwares available and in this paper
| used Haddock due to its broad applicability as well as its allowance of ambiguous
restraints. Haddock could accept multiple biomolecular inputs including protein, ligand, nucleic
acid, peptide, glycan, protein-ligand complex and protein-nucleic acid complex. Moreover,
Haddock could convert the active/passive residues to ambiguous interaction restraints and allow
conformational changes on both side chains and backbones during the modeling #’. From

previous experiments in our lab, point mutation has been used to confirm that PXVXI motif of
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uSTAT3 is required for the binding. For experiments performed by Thiru et al, active amino
acids interacting with the PXVXL motif have been identified on HP1 proteins.

Because dimerization is a reversible process, the monomer structure and homodimers
structure of STAT3 were used in the protein docking respectively. As for HP1, only homodimers
were used since previous research has proved that dimerization is required for HP1 to interact
with PXVXI motif. By computational modeling, I found that phosphorylation increase STAT3’s
binding affinity with DNA while increase STAT3’s binding affinity with HP1a. Such change is
correlated with conformational change since only homodimer STAT3 exhibit such phenomenon.
Moreover, phosphorylation changes the orientation that STAT3 binds to HP1a, mainly through
affecting electrostatic force. Recent research indicates that HP1a with phosphorylated
NTE/hinge tend to expose histone and promote the formation of phase separation. Thus, during
the formation of heterochromatin, uSTAT3 might compete with histone to bind to HP1a and
promote the phase separation. However, currently there is no structure of HP1a with

phosphorylated NTE/hinge in the database, and therefore further experiments are needed.

AlphaFold: Development of Artificial Intelligence Sheds Light on Protein Structure.

The accuracy of computational prediction of protein structures has prevented large-scale
structural bioinformatics, but this situation may not last for long. AlphaFold, a newly developed
computational method in 2021, is able to construct protein three-dimensional structures simply
with protein sequences®’. In the CASP14(an independent mechanism for the assessment of
methods of protein structure modeling)®’, AlphaFold has outcompeted all other computational
modelling techniques in accuracy of protein structure prediction. Despite all its strengths,

AlphaFold is not used in this experiment for multiple reasons. First and foremost, AlphaFold
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could not tell difference between different state of the same protein: it could only produce the
structure that are most likely to appear in the PDB file. Furthermore, AlphaFold currently could
only predict protein structure, it could not predict protein-protein interactions. Hopefully, in the

near future AlphaFold could be taught to perform protein-protein interaction.

Future Direction

Overall, this paper provides a predictive model about interactions between STAT3 and
HP1, yet there are limitations. Previous experiments in our lab have shown that uSTAT5A and
Ustat3 could interact with HP1. In the STATS5A paper, it is HP1a that interacts with uSTATSA,
yet there is no complete HP1a structure available (the one that was used in the model was
constructed by SwissModel with the HP1B-CSD template). On the other hand, though previous
research showed that intact CSD is sufficient for HP1 binding to PXVXI motif, there is evidence
indicating that NLE is also important to determine the function of HP1a. Thus, a full copy of
HP1a could improve the accuracy of protein docking. Furthermore, the HP1-uSTAT3-DNA
exhibited large restraints violation energy, which suggests that the ambiguous restraints
generated to instruct docking were hard to satisfy. Several factors might account for that. The
PXVXI motif on STAT3 is buried, which is hard for HP1 to access. The active residues on HP1
are determined by interactions with CAF-1, but the details remain unclear (distance between
atoms, distortion angle etc), and therefore further experiments are required to measure those
parameters. Also, though the data showed that pSTAT3 exhibited higher affinity with DNA than
uSTATS3, the AG value was smaller than pPSTAT3-HP1. One possible explanation is that the ds
DNA in the binding is not the DNA motif specifically enriched in STAT association. Thus,

EMSA experiments are required to find the DNA STAT exhibit high affinity to and remeasure
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the AG value. The new concept phase separation also sheds light on the interaction between
STAT and HP1. We could test in vivo whether STAT3 could lower the critical concentration of

HP1a via protein titration.
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SUPPLEMENTARY MATERIAL

Besides models, HADDOCK also produced a series of parameters for each set of binding
complexes respectively. The charts below are the van der Waals energy, electrostatic energy,
desolvation energy, restraint’s violation energy and buried surface area the system used to
calculate the Haddock score. The system uses Haddock score to determine which model is the

most credible.

Supplementary Table 3. HADDOCK Output for STAT3(monomer)-HP1

Parameter/Model uSTAT3(monomer)-HP1 | pPSTAT3(monomer)-HP1
Haddock Score -91.7 45.0 -94.1 £9.9

Van der Waals energy -54.9 +6.1 -60.5 +1.3

Electrostatic energy -286.9 £24.4 -222.1 £57.1
Desolvation energy -6.1 +4.1 -55+1.9

Restraint's violation energy | 266.8 £18.1 163.5 +£30.5

Buried Surface Area 1918.8 £70.5 1895.2 +94.0
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Supplementary Table 4 HADDOCK Output for STAT-HP1

Parameter/Model USTAT3-HP1 | pSTAT3-HP1
Haddock Score -105.0 £10.7 |-103.5 5.7
Van der Waals energy -70.4 £54 -66.4 +7.8
Electrostatic energy -448.6 +£58.1 | -385.6 =54.0
Desolvation energy 1.1+5.0 18.3 £8.1
Restraint's violation energy | 540.3 £111.3 | 217.4 £56.2
Buried Surface Area 2749.7 £109.8 | 2309.6 £174.7

Supplementary Table 5. HADDOCK Output for HP1-STAT3 Complexes

Parameter/Model DNA-uSTAT3-HP1 | DNA-pSTAT3-HP1
Haddock Score -74.7 £3.9 -64.3 7.0

Van der Waals energy -100.4 £10.2 -77.9 £6.5
Electrostatic energy -59.5 +33.4 -63.9 +£34.7
Desolvation energy -0.3+2.8 -3.7 4.8
Restraint's violation energy | 380.0 £32.6 300.5 +£37.3

Buried Surface Area 2505.1 +254.2 2056.3 +120.9

30




Supplementary Table 6. Output for 2HP1-STAT3-DNA Complexes

Parameter/Model DNA-USTAT3-2HP1 | DNA-pSTAT3-2HP1
Haddock Score -105.6 £10.3 -115.5 5.5

Van der Waals energy -100.5 7.7 -100.6 +8.8
Electrostatic energy -139.3 +11.6 -235.8 +43.2
Desolvation energy -1.1 %22 114 +6.3

Restraint's violation energy | 237.9 £34.7 208.9 +£96.4

Buried Surface Area 2661.1 +63.3 2409.1 2155
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