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ABSTRACT The past decade illuminated the H2A-H2B acidic patch as a cornerstone
for both nucleosome recognition and chromatin structure regulation. Higher-order
folding of chromatin arrays is mediated by interactions of histone H4 tail with an ad-
jacent nucleosome acidic patch. Dynamic chromatin folding ensures a proper regula-
tion of nuclear functions fundamental to cellular homeostasis. Many cellular factors
have been shown to act on chromatin by tethering nucleosomes via an arginine
anchor binding to the acidic patch. This tethering mechanism has also been
described for several viral proteins. In this minireview, we will discuss the structural
basis for acidic patch engagement by viral proteins and the implications during re-
spective viral infections. We will also discuss a model in which acidic patch occu-
pancy by these non-self viral proteins alters the local chromatin state by preventing
H4 tail-mediated higher-order chromatin folding.
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he DNA of eukaryotic genomes is tightly packed in a nucleoprotein structure called

chromatin. The subunit of chromatin, the nucleosome, is composed of approxi-
mately 146 bp of DNA wrapped around an octamer of protein histones (H2A, H2B,
H3, and H4) (Fig. 1A) (1). Compaction or relaxation of an array of nucleosomes gen-
erates a variety of chromatin assemblies that will be more or less permissive to dif-
ferent nuclear functions, like transcription, replication, and DNA repair (2, 3). The
interaction between the H4 N-terminal tail and a charged contoured surface of H2A-
H2B, called the acidic patch, has been shown to play a central role in the modulation
of higher-order chromatin structures (4, 5). A tight regulation of these chromatin
assemblies is crucial to maintain balanced cellular functions and avoid developmen-
tal diseases and cancers (6, 7).

To maintain cellular homeostasis, many proteins operate on chromatin, requiring a
timely engagement of the nucleosome (5). The recent surge of cryoelectron microscopy
(cryo-EM) structures revealed key molecular determinants for nucleosome recognition (8,
9). First, chromatin factors often make multivalent interactions with the nucleosome (core
histones, histone tails, or DNA). Second, the H2A-H2B acidic patch serves as a hot spot for
nucleosome binding. Third, many chromatin proteins use a conserved arginine residue,
called arginine anchor, to associate with the acidic patch. Modulations on the accessibility
of any of these three layers of interaction with the nucleosome offer leverages to finely
tune the activities of the cellular proteins on chromatin.

However, nucleosome and acidic patch engagement is not restricted to cellular pro-
teins. Penetrating the nuclear milieu is a mandatory step for many viruses, as they of-
ten rely on nuclear transactions to fulfill their replication cycle (10). However, as the nu-
clear envelope breaks down during cell division, maintenance of the viral genome in
the nucleus can be compromised (11). To ensure adequate delivery and conservation
of the viral genome during mitosis, viruses evolved strategies to tether their genome
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FIG 1 Nucleosome core particle and acidic patch. (A) Surface representation of the nucleosome core.
Histones H2A, H2B, H3, and H4 are colored yellow, red, blue, and green, respectively, with DNA in
light gray. (B) Electrostatic (coulombic) surface representation with H2A-H2B acidic patch indicated.
Potentials were calculated using ChimeraX.

to the host chromatin. These include direct or indirect binding to genomic DNA or his-
tone components (11, 12). Structural details for the direct engagement of the nucleo-
some are available for four viral proteins: Kaposi's sarcoma-associated herpesvirus
(KSHV) latency-associated nuclear antigen (LANA) protein, human cytomegalovirus
(hCMV) immediate-early 1 (IET) protein, prototype foamy virus (PFV) group antigen
(Gag) protein, and integration complex (intasome). Except for the latter, all of them
involve a conserved arginine anchor binding the acidic patch.

As a common interface crucial for chromatin structure and function, occupancy of
the acidic patch by a foreign protein could compete with the H4 N-terminal tail and
affect higher-order chromatin structure. In this minireview, we will discuss the struc-
tural basis for nucleosome acidic patch tethering by viral proteins and discuss a model
in which, while maintaining their genome in the nucleus, the viruses hijack the acidic
patch to remodel the intrinsic nucleosome-nucleosome dynamics, leading to an
altered chromatin state beneficial for their replication.

THE NUCLEOSOME ACIDIC PATCH

The fundamental unit of chromatin, the nucleosome, is a nucleoprotein complex
of multiple functions (5). First, it allows the first layer of genomic compaction by
wrapping around 146 bp of DNA. Second, nucleosomes can self-assemble into
higher-order chromatin arrays to provide further degree of compaction of the ge-
nome. Third, the nucleosome acts as a signaling platform for chromatin transac-
tions by offering a binding scaffold for chromatin factors (13). These interactions
are fundamental in the regulation of the global chromatin architecture, which in
turn modulates DNA processes.

The nucleosome offers a variety of binding surfaces: the central octameric histone
core, the highly basic and flexible histone tails, and the exposed wrapped DNA (5, 9).
The central histone core presents the largest surface area with a notable acidic patch: a
cluster of negatively charged residues E56, E61, E64, D90, E91, and E92 of H2A as well
as E102 and E110 of H2B (Fig. 1B). The acidic patch forms a groove where the acidic
residues project within the pocket, forming a hydrophobic surface.

The recent plethora of nucleosome complex structures solved by cryo-EM provided
a compelling source of information on the structural basis governing nucleosome rec-
ognition (9). These studies illuminated the central role of the acidic patch as a hot spot
for chromatin factors. They also revealed that acidic patch binding commonly involves
an arginine anchor motif. The canonical arginine anchor projects into the deeper acidic
patch pocket comprised of the H2A acidic triad E61, D90, and E92. Careful examination
of the landscape of the H2A-H2B acidic patch revealed additional binding zones that
could accommodate variant arginine anchors as well as distinct chromatin factor-
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specific residues (9, 14). In addition to these high-resolution structures of nucleosome-
bound protein complexes, a large-scale proteomic screen of nucleosome interacting
factors was recently described and showed that more than 50% of nucleosome interac-
tions are mediated by the acidic patch (15). These data confirm the importance of the
acidic patch as a major hot spot for nucleosome recognition.

Chromatin is a dynamic structure subject to high structural plasticity. One current
concept in chromatin dynamics is that an array of nucleosomes separated by linker
DNA can fold into a more condensed structure called chromatin fiber (3). Several gen-
eral factors influence the formation of higher-order chromatin folding (16). Among
these, the dominant internucleosome interaction mechanism is driven by the interac-
tion between the H4 tail and the acidic patch of a neighboring nucleosome (4, 17, 18).
The H4 positively charged residues 16 to 23 mediate the internucleosomal interaction
with the acidic patch and are required for higher-order chromatin organization. Cryo-
EM structure of 30-nm chromatin fibers reconstituted in the presence of linker H1 pro-
vided important insights on the mechanisms of higher-order chromatin fiber folding
(19). The structure reveals the molecular details of internucleosomal interactions medi-
ated by H4 tail and the H2A-H2B acidic patch. However, the physiological relevance of
the 30-nm fiber is still under debate, as several groups failed to observe such a struc-
ture in cellulo (20, 21). Although it cannot be ruled out that 30-nm chromatin fibers
might exist under specific cellular contexts, several pieces of data suggest a long-range
interdigitation model of nucleosome fiber folding (22). (For recent reviews on chroma-
tin fiber see references 3 and 23). Additionally, some studies underline the central role of
H4-tail/acidic patch in short-range and long-range nucleosome interaction (24, 25).
Overall, it becomes clear that acidic patch occlusion by chromatin factors is incompatible
with H4 tail-mediated internucleosome interactions. The functional implications underly-
ing nucleosome-nucleosome destabilization that could result from the acidic patch com-
petition are currently unclear. However, a hypothesis can be made from a recent study
elucidating the structural basis for nucleosome binding by pioneer transcription factors.
Pioneer transcription factors are specific transcription factors that bind and induce gene
expression within condensed chromatin. Cramer and colleagues showed that binding of
pioneer factor SOX to nucleosomal DNA induces a displacement of H4 tail incompatible
with the formation of the canonical internucleosome array (26). The authors proposed
that this H4 repositioning could destabilize chromatin packing and initiate its opening,
thereby facilitating chromatin remodeling and transcription.

The balance between ground state (H4 tail-acidic patch-mediated nucleosome-
nucleosome contacts) and protein-bound state (competition for the acidic patch)
offers the possibility of modulating genomic architecture and fine-tuning chromatin
transactions. Conversely, imbalance in acidic patch occupancy is a driver of diseases
and cancer (6, 7).

THE NUCLEOSOME ACIDIC PATCH AS A DOCKING STATION FOR VIRUSES

During viral infections, cellular homeostasis is disturbed. Viral proteins hijack cellular
pathways and factors to reprogram the cell into a virus-producing factory. For some
viruses, the nuclear compartment represents a mandatory step (10). However, delivery
of the viral genome to the host chromatin as well as nuclear retention can be compro-
mised during mitosis. Indeed, some viruses rely on a brief period during cellular divi-
sion and nuclear envelope breakdown to access host chromatin (27). As the nuclear
envelope disappears during cell mitosis, the viral genome also must be maintained in
the nucleus. Chromatin tethering is then crucial to ensure delivery to and maintenance
of the viral genome in the nucleus. Reviewing the virus families requiring a chromatin-
tethering step, we can identify two strategies. The first one involves the interaction
between viral components and cellular chromatin-binding factor. This way, the virus
does not directly interact with chromatin but relies on cellular proteins that do so.
Such a strategy has been described for viruses such as the gammaherpesviruses Epstein-
Barr virus (EBV), Kaposi's sarcoma-associated herpesvirus (KSHV), and papillomaviruses
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(11, 12). In the second strategy, viral proteins directly interact with the nucleosome. So
far, retroviruses and DNA virus from the herpesviridae family have been shown to bind
nucleosomes with determinants reminiscent of canonical cellular chromatin factors. Cryo-
EM structure of the spumaretroviral prototype foamy virus intasome bound to the nucle-
osome highlighted the multivalency of the interaction with the nucleosome (9, 28). Other
high-resolution structures of virus-nucleosome interaction involved short fragments of
the viral proteins but captured the essence of the central role of arginine anchors and the
acidic patch. In the following sections, we will focus on viral proteins that directly target
the nucleosome acidic patch. We will describe the molecular mechanisms of viral protein
tethering to host chromatin and the functional relevance during their respective replica-
tion cycle.

KAPOSI’'S SARCOMA-ASSOCIATED HERPESVIRUS LANA

Human herpesvirus 8, also known as Kaposi's sarcoma-associated herpesvirus, is the
causative agent of Kaposi's sarcoma, the predominant malignancy associated with
AIDS but also primary effusion lymphoma and multicentric Castleman’s disease. Like
all herpesviruses, KSHV can persist in a latent form in the infected cells (29). One main
actor in the establishment of latency is LANA protein (30). LANA functions as a chroma-
tin tether allowing retention and segregation of the viral genome during cell divisions.
The protein also promotes viral DNA replication by recruiting cellular components of
the replication machinery (31, 32). LANA-mediated chromatin binding of the KSHV ge-
nome is essential for virus survival (33). The first 22 amino acids of LANA contain the
chromatin-tethering domain while the C-terminal domain mediates interaction with
the tandem repeats of the viral genome (34, 35). Biochemical analysis suggested that
the H2A-H2B dimer of the nucleosome is the target for LANA (36). In 2006, the struc-
ture of the first 23 residues of LANA bound to a nucleosome was solved using X-ray
crystallography and revealed the molecular basis for LANA-nucleosome tethering (36).
The peptide forms a hairpin structure and nicely accommodates the acidic patch, mak-
ing several contacts with both H2A and H2B residues. Notably, the conserved arginine
anchor 9 (R9) of LANA forms salt bridges with the acidic pocket made by E61, D90, and
E92 of H2A (Fig. 2, top). The interaction is stabilized by additional salt bridges between
LANA R7 and H2B alpha helix C (aC) residue E110 as well as hydrophobic contacts
between LANA M6 and L8 with the hydrophobic pocket created along H2A a2 helix
residues Y50, V54, Y57, and aliphatic portion of E56. Alanine substitutions within the
first 13 amino acids abolish nucleosome binding, KSHV genome maintenance, and viral
DNA replication, highlighting the central role of LANA in KSHV episome persistence
during viral replication.

HUMAN CYTOMEGALOVIRUS IE1 PROTEIN

The betaherpesvirus human cytomegalovirus is a widespread infectious agent caus-
ing serious pathologies in immunocompromised individuals, such as AIDS patients,
organ transplant recipients, and children with primary and secondary immunodeficien-
cies (37, 38). The viral protein IE1 is a regulatory protein of 72 kDa expressed at the
onset of infection whose functions have been associated with transcriptional regula-
tion and innate immunity modulation (39, 40). Additionally, IE1 has been shown to as-
sociate with mitotic chromatin via a C-terminal chromatin-tethering domain (CTD;
amino acids 476 to 491). The interaction involves H2A-H2B dimers and can be com-
peted for by LANA, suggesting the same binding interface (14, 41). More recently, Fang
et al. explored the structural basis for IE1 binding to the nucleosome core particle (14).
Solved by X-ray crystallography, the structure of the IE1 chromatin tethering domain
(amino acids 476 to 491) bound to a nucleosome shows that the viral protein occupies
the acidic patch. The short peptide adopts a V-shaped conformation offering a network
of interactions with H2A and H2B residues (Fig. 2, middle). Similar to LANA and many
cellular chromatin factors, IE1 employs an arginine anchor, R486, to interact with the
highly conserved acidic triad E61, D90, and E92 of H2A. Although distinctly folded,
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FIG 2 Detailed view of the interaction between H2A-H2B acidic patch and viral proteins. Histones are represented as electrostatic surface (left) or cartoon
(right), with LANA peptide in cyan (PDB entry 1ZLA), IE1 peptide in orange (PDB entry 5E5A), and Gag peptide in magenta (PDVB entry 5MLU). Interacting
residues are shown as sticks. Cartoon histones H2A, H2B, H3, and H4 are shown in yellow, red, blue, and green, respectively.

LANA and IET-CTD share some common binding interfaces. Notably, similar to LANA
M6, IE1 M483 is buried within the hydrophobic pocket formed between H2A «2 and
histone H2B a1 and «C. The interaction is supported by hydrogen bonding between
IE1 H481 and H2A residue E56 as well as hydrogen bonding between T485 and S487
with H2A E64. IET makes additional contacts with T480, interacting with H2B a1 helix
Q44 and V484 binding with H2B «C H106 and E110. Amino acid substitutions in the
IE1-nucleosome interface subsequently affect viral protein affinity for chromatin.
However, the tethering domain of IE1 has been found to be dispensable during pro-
ductive infection, raising the question of IET1-chromatin interaction function (41).

SPUMARETROVIRUS GROUP ANTIGEN GAG PROTEIN

Historically called foamy viruses (FV) due to the foamy appearance of the infected
cells, spumaretroviruses are retroviruses belonging to the distinct subfamily of
Spumaretrovirinae. They are prevalent in several mammals, like nonhuman primates
(Prosimiispumavirus and Simiispumavirus), felines (Felispumavirus), equines (Equispumavirus),
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and bovines (Bovispumavirus) (42). To this day, the physiopathology of this subfamily of
retrovirus is understudied, yet infections appear apathogenic. Zoonotic transmissions
between simiispumavirus and humans have been described and contributed to the isola-
tion of the prototype foamy virus strain PFV. In addition to orthoretrovirinae human im-
munodeficiency virus 1 and 2 (HIV-1/2) and human T-lymphotropic virus 1 to 4 (HTLV1-4),
PFV infections in humans arose from zoonotic transmission (43). Retroviral Gag proteins
are encoded by the gag gene and constitute the main structural component of the viral
particle. Gag is a polyprotein that will be matured by the retroviral protease. The cleaved
protein products act at various steps during infection, such as intracellular trafficking, inte-
gration site selection, packaging, and viral assembly (44). Despite sharing some functional
similarities, FV Gag proteins are quite divergent from their orthoretrovirinae homologs
(45). Notably, the canonical nucleocapsid domain of the orthoretrovirus Gag C termini is
absent from FV Gag. Instead, the protein harbors a disordered region containing stretches
of glycine-arginine (GR) motifs. Pioneering works by Saib and Lindemann laboratories
revealed the chromatin tethering ability of simiispumavirus PFV Gag protein (46, 47). The
same observation was made more recently with felispumavirus Gag (48). As FVs only
infect dividing cells, it was first suggested that chromatin tethering would promote nu-
clear translocation and retention of the viral particles in a manner similar to that of the
DNA viruses described previously. Mutagenesis experiments isolated the chromatin-bind-
ing site (CBS) in the second GR motif of the PFV Gag C-terminal domain (46, 47). More
recently, the crystal structure of PFV Gag CBS bound to a nucleosome was solved and
shed light on the molecular mechanisms governing chromatin binding (49) (Fig. 2, bot-
tom). The Gag CBS peptide adopts an extended conformation spanning the nucleosome
side, contacting H2A, H2B, and both H3 chains. The H2A-H2B dimer contributes to most
of the interface with Gag and hosts the canonical Gag arginine anchor R540, projecting
into the acidic pocket made by H2A E61, D90, and E92. The interaction is supported by
hydrophobic contacts between Gag Y537 and L539 with H2A a2 Y57 and A60 as well as
H2B a1 V41 and V45. Further interactions involve hydrogen bonds between the hydroxyl
group of Gag Y537 and the side chains of H2B Q44 and H2A E56 and between the main-
chain carbonyl of Gag Y544 and the amide of H2A E91. As opposed to LANA and IE1, PFV
Gag CBS reaches beyond the H2A-H2B acidic patch. Notably, Gag Y549 makes hydropho-
bic interactions with histone H3 L109, L126, and R129 as well as hydrogen bonds with
H113 and the main-chain carboxylate of A135.

In contrast to herpesviridae that maintain viral genomes as episomes, retroviruses
integrate their viral DNA into host chromatin (50). Several studies showed that selec-
tion of the integration site into the host chromatin is not random. Instead, integration
displays retroviral genus-specific genomic preferences. The molecular mechanisms re-
sponsible for integration site selection are not fully described, but major determinants
point to a critical role of interaction between retroviral integrase and Gag products
with specific cellular proteins (51). For example, in the case of the lentivirus HIV-1 the
interaction between the viral capsid (a Gag product) and the cellular protein cleavage
and polyadenylation specificity factor subunit 6 (CPSF6) plays a central role in targeting
the integration into gene-dense regions (52). Subsequent layers of integration site
selections imply the interaction between the HIV-1 integrase with lens epithelium-
derived growth factor protein (LEDGF/p75) as well as nucleosome components (53—
55). The mechanisms governing FV integration site selection are still obscure. However,
abolishment of the chromatin binding ability of PFV Gag protein induces a dramatic
redistribution of integration sites, indicating a central role of Gag-chromatin interaction
in FV integration site selection (49).

MURINE LEUKEMIA VIRUS P12 PROTEIN

Murine leukemia virus (MLV) is a retrovirus of the orthoretrovirinae subfamily and
belongs to the gammaretrovirus genus. MLVs are among the simplest retroviruses,
encoding only three polyproteins (Gag, Pol, and Env) used for the production of prog-
eny particles. Although infection by MLV does not show obvious physiological effects
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on cells, infected hosts develop tumors with long latency periods (56). Transformation
of cells was shown to be the result of the activation of cellular proto-oncogenes follow-
ing integration (insertional mutagenesis). The study of MLVs has provided many
insights on cancer biology, retrovirology and for the development of medical tools like
gene therapy vectors.

Like FVs, gammaretroviruses are dependent on nuclear envelope breakdown during
mitosis for gaining access to host chromatin. An early study identified a role of the gag
cleavage product, p12, in nuclear retention of MLV DNA (57). Additional characteriza-
tion studies of MLV preintegration complexes (PICs) confirmed the role of p12 in teth-
ering host chromatin and revealed its importance in both early and late stages of viral
replication (58, 59). p12 is composed of two functional domains, the N-terminal do-
main, which binds and stabilizes the capsid lattice, and the C-terminal domain, respon-
sible for chromatin tethering (60). Chromatin capture by MLV p12 protein seems to be
finely regulated, as several works pointed to a role of p12 phosphorylation in modulat-
ing chromatin affinity (61-63). To this day, the exact functions of this posttranslational
modification remain elusive. However, alteration of p12’s ability to interact with chro-
matin by mutating the C-terminal domain shows profound deleterious effects on infec-
tion. These defective viruses can be partially rescued by complementation with a het-
erologous chromatin-binding motif like LANA or PFV CBS (64).

The exact structural mechanisms underlying nucleosome interaction by viral p12
are still not fully understood. However, recent biophysical approaches show that p12
binding to chromatin assembled in vitro can be competed for by PFV Gag CBS but not
by chromatin-binding deficient substitution R540Q, suggesting that p12 binds directly
to the nucleosome and targets the H2A-H2B acidic patch (63). Future work on the
structural basis for p12 binding to the nucleosome will be of great interest to dissect
the exact molecular details of p12-chromatin interactions and the role of p12
phosphorylation.

THE NEXUS BETWEEN VIRAL PROTEIN TETHERING TO NUCLEOSOME AND
ALTERATION OF CHROMATIN STRUCTURE

As described in the previous section, some viruses require a tight entanglement with
host chromatin during specific steps of their replication cycle. These examples are prob-
ably just the tip of the iceberg, as transactions in the host cell nucleus are a hallmark of
many more viruses. Increasing knowledge on virus biology and evolution showed that
they are master manipulators of the infected cells. This requires an extreme condensation
of functions into the smallest possible unit. This is exemplified by overlapping gene
sequences, host machinery hijacking, and multifunctional viral proteins. As mentioned
above, the H2A-H2B acidic patch has been implicated in mediating nucleosome-nucleo-
some contacts via interaction with the H4 N-terminal tail. Since viral proteins occupy the
same interface, it is conceivable that their binding prevents or modulates nucleosome-
nucleosome interactions. However, such interference might require a significant amount
of nuclear protein to shift the binding equilibrium. Interestingly, LANA, IE1, and the retro-
viral Gag products all traffic inside the nucleus and are among the most abundant pro-
teins expressed during respective viral replication (65-67). The quantity of incoming viral
proteins required to affect the global chromatin architecture is currently unknown; how-
ever, local alterations by a minimal amount of viral proteins can be of biological relevance
during specific replication steps.

In the following section, we will examine the available facts showing that acidic
patch occupancy by viral proteins can interfere with higher-order chromatin structures
and then discuss the opening questions.

First, using biochemical experiments, Luger and colleagues showed that KHSV
LANA could promote nucleosome-nucleosome interactions and chromatin oligomeri-
zation in vitro (68). By measuring the ability of a chromatin array to oligomerize as a
function of divalent cation MgCl, concentration, they monitored the effect of LANA
peptides. Wild-type LANA peptide could promote chromatin self-association, whereas
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mutant LANA peptide unable to bind the nucleosome showed no effect. This effect
seems independent of H4 tail, as a similar phenotype was observed on chromatin
arrays assembled without H4 tails. The author hypothesized that LANA-mediated chro-
matin compaction acts through quenching specific charged surfaces on the histone
core, promoting oligonucleosome formation. Indeed, by mutating the charged resi-
dues of H2A that contribute to LANA binding, they could partly recapitulate the effect
of LANA addition on wild-type arrays. The functional relevance of this phenotype was
also investigated in cellulo. LANA peptides fused to green fluorescent protein were
expressed in U20S cells, and the integrity of chromatin was monitored by Hoechst
33258 staining. As opposed to nucleosome binding-deficient LANA peptides, wild-type
LANA expression induces large regions of Hoechst exclusion, suggesting an alteration
of the chromatin structure. Of note, similar results were obtained with a short peptide
derived from interleukin-33 (IL-33) which chromatin-binding motif shares striking simi-
larity with LANA. (69).

It was then suggested that the capacity of an array of nucleosomes to self-associate
results from the balance between attractive and repulsive domains on the histone
cores. Such balance can be modulated by differential acidic patch binding, as seen
with LANA and H4 tail.

With the recent breakthroughs on in vitro chromatin fiber assembly and structure,
Li and colleagues investigated further the interference induced by viral acidic patch
binders (14). Using analytical ultracentrifugation in sedimentation velocity analyses,
they compared the effect of IE1 and LANA on both 10-nm and 30-nm chromatin fibers
assembled in vitro. While the 10-nm fiber sedimentation was unaffected by IE1, the vi-
ral protein induced a lower sedimentation coefficient of the 30-nm fiber, consistent
with decondensation of the assembled chromatin. Quantitative measurements showed
that the altered folding state of the chromatin array in the presence of IE1 constitutes
a unique remodeled structure, resembling neither 10-nm nor 30-nm fiber. Conversely,
LANA does not affect the folding of the 30-nm fiber but, consistent with the previously
published observations, induces a condensation of the 10-nm array. The opposite effect
of these two acidic patch binders suggests that distinct contacts made within the acidic
patch could influence the outcome of chromatin folding modulation. These first reports
of chromatin remodeling by viral proteins point to a complex role of the acidic patch in
the mechanics of higher-order chromatin folding. It was then suggested that despite the
common arginine anchor motif interacting with H2A acidic triad, the differential binding
interface between viral proteins and core histones generates various occluded and acces-
sible zones that, in turn, regulate the chromatin-folding capacity (Fig. 3A). The question of
whether other viral proteins like PFV Gag and MLV p12 can exert the same remodeling
action on chromatin templates is still open.

Besides physical accessibility and competition with H4 tail, binding of viral proteins
can change the electrostatic potential of the nucleosome surface, creating an additional
layer of potential regulation. Analysis of the charge distribution shows that the presence
of viral proteins can selectively quench or invert charges on the histone core surface
(Fig. 3B). For example, PFV Gag makes extensive contacts with the histone core and
almost completely masks the H2A-H2B acidic patch, neutralizing the surface charges.
LANA presence masks and inverts the exposed charges, while |E1 exposes both basic
and acidic surfaces. These modifications can be detrimental for long-range chromatin
interactions (70) and may underline virus-specific chromatin alteration beyond the short-
range H4 tail-acidic patch interaction. Additionally, changes in the electrostatic potential
may alter the recruitment of chromatin factors that bind away from the acidic patch.
Many of these factors are DNA binding, chromatin remodeling, or modifying complexes.
These complexes are regulators of the chromatin architecture and are key in processes
like DNA transcription, replication, and repair (9, 71). Failure in their chromatin interac-
tion has been linked to diseases and cancers (72).

It is tempting to speculate that chromatin architecture modulation by the presence
of viral proteins can have profound physiological expressions, like alteration of cellular
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FIG 3 Chromatin structure alteration by viral protein tethers. (A) H4 tail-acidic patch competition model. Transitions between a 10-nm chromatin structure
and higher-order chromatin structure involve binding of H4 tail to neighboring nucleosome acidic patches. This interaction can be competed for by viral
proteins interacting with H2A-H2B acidic patch, subsequently shifting the equilibrium state toward a more open or folded chromatin. (B) Electrostatic

surface representation of the nucleosome engaged by viral proteins (indicated by an arrow).

gene expression, spreading of modified chromatin state, or even generation of phase-
separated chromatin domains (73). Such virally induced chromatin territories could
result in the creation of optimal viral replications centers (or viral factories) within the
nucleus. Although more examples of higher-order chromatin structure alteration in
vitro by viral proteins will be of great interest, the field now needs to generate assays
aiming at unraveling the mechanisms involved during chromatin tethering by viral
proteins at the cellular level.

CONCLUSION

Over the past 5 years, the abundance of high-resolution structures of nucleosomes
in complex with chromatin factors has provided great insights into the molecular
mechanisms governing nucleosome capture. Tethering of proteins to chromatin is fun-
damental in the maintenance of genome integrity and cellular homeostasis. The H2A-
H2B acidic patch is a hot spot for nucleosome recognition by chromatin factors con-
taining a shared motif of interaction called an arginine anchor. Additionally, evidence
shows that interactions between histone H4 tail and the H2A-H2B acidic patch is a cen-
tral determinant for short- and long-range chromatin structure organization.

Nucleosome capture is a hallmark of several viral proteins. Careful examination of
the binding interface revealed a shared mechanism of interaction to the nucleosome
acidic patch via an arginine anchor. Initially believed to be only involved in nuclear
retention, several studies point to a more complex role in various replication steps.

Disruption of the H4 tail-acidic patch interaction by the presence of non-self viral
proteins has been shown to cause interference in chromatin folding in vitro. Future
research will be of great interest to characterize further the interplay between viruses
and host chromatin. Expanding the repertoire of known virus-nucleosome tethers as
well as unraveling the cellular consequences of their acidic patch occupancy will be
key in a better comprehension of virus evolution and chromatin biology while opening
a potential new area of antiviral strategies.
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