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Core histones are the building block
of chromatin and among the most
highly conserved proteins in eukaryotes.
The related “deviant” histones share
the histone-fold domain, and serve vari-
ous roles in DNA metabolism. We pro-
vide here a structural and functional
outlook of H2A/H2B-like deviant his-
tones in transcription, replication and
remodeling.

The nucleosome is formed by “core” his-
tones (H2A/H2B/H3/H4) assembled in
an octameric protein core around which
146 nucleotides of DNA are wrapped.!
Histones are composed of a central his-
tone-fold domain (HFD), directly respon-
sible for the formation of the octamer and
DNA contacts, and of N- and C-terminal
tails. The HFD is formed by a minimum
of 3 helices (a1, @2 and a3) separated by
two loops (L1 and L2). Histones undergo
extensive post-translational modifications
(PTMs), defining chromatin territories
that regulate DNA accessibility to DNA-
metabolizing enzymes.” A set of “variant”
histones, showing > 90% sequence iden-
tity to core histones, mark nucleosomes in
specific genomic regions and play impor-
tant roles in specific DNA metabolisms.
The HFD module can be recognized in
several other nuclear proteins. Collectively,
these proteins can be viewed as “deviant”
histones: typically, only 15-18% sequence
identity with core histones is observed
along the 65—-80 aminoacids of the HFDs.
We will focus here on the deviant histones
of the H2A-H2B subtype, for which struc-
tural studies documented the presence of
bona fide HFDs (Fig. 1): (i) the sequence-
specific transcription factor NF-Y, (77) the
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TBP/TATA-binding NC2, (7i7) the small
subunits of the chromatin remodeling
complex CHRAC and DNA Polymerase
g, and (iv) the TBP-Associated Factors
TAF4/TAF12, components of the general
transcription factor TFIID.>¢ Of these,
NC2a/B, Pole3/Pole4, Pole3/CHRACI15
and NF-YB/NF-YC
sequence identities of 25-35% over the

subunits  show
HFD module, extending to an additional
o helix (aC) at the HFD C-terminus
(Fig. 2).

NF-Y

NE-Y consists of three subunits: the HFD
dimer NF-YB/NF-YC and NF-YA” We
recently unraveled the architecture of the
NF-Y/DNA assembly by solving the crys-
tal structure of NF-Y in complex with a
25 bp CCAAT box oligonucleotide.® The
NEF-Y heterotrimer is based on a head-to-
tail assembly of NF-YB and NF-YC, to
which the NF-YA subunit associates as an
extended structure, hosting two helices.
Helix Al mediates trimerization with the
HEFD heterodimer; helix A2 and a novel
GxGGRF motif provide sequence-specific
contacts to the CCAAT box, widening the
DNA minor groove. NF-YC and NF-YB
interact extensively with the DNA phos-
phates, in a way that is extremely simi-
lar to H2A/H2B-DNA assembly in the
nucleosome (Fig. 1).

The knowledge of genomic binding of
NEF-Y is derived by ENCODE:® 25% of
NE-Y sites are in promoters and a compa-
rable number are located at tissue specific
enhancers. In promoters, NF-Y is at -60/-
100 from the transcriptional start site
(TSS). In general, NF-Y cooperates with
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POINT-OF-VIEW

/CHRAC14 /TAF12

Figure 1. Structural comparison of HFD proteins. (A) Electrostatic surface of nucleosome H2A/H2B dimer in complex with DNA (PDB-code 1AOI).

For clarity, histone tails are not shown. The blue and red colors highlight positively and negatively charged surfaces, respectively. The bound DNA
molecule is shown in gray. (B-F) Ribbon representation of the H2A/H2B and deviant histones dimers (H2A-like in yellow, H2B-like in green). The protein
electrostatic surface is displayed in semitransparent colors, allowing the view of underlying secondary structure elements. The a1, L1, and L2 regions
are indicated, with positively charged residues highlighted as sticks and labeled. For clarity, all HFD proteins are shown in the same orientation. The
positively charged (DNA-interacting) surface falls on the top of each protein molecule. In panels (B-D) the DNA present in the crystal structures is
omitted for clarity, and Arg/Lys residues whose side chain is in direct contact with DNA are indicated in red color. (B) The Xenopus H2A/H2B dimer
(PDB-code 1AOlI), with indicated residues numbered accordingly' (see Fig. 2B, note three residues difference with human H2B). (C) The NF-YB/NF-YC
dimer (PDB-code 4AWL).° (D) NC2a/B (PDB-code 1JFI). The L2 loop is disordered in NC2a (labeled in gray color) due to the absence of DNA contacts.*
(E) CHRAC-14/CHRAC-16 (PDB-code 2BYK; DNA not present in the crystal structure). The a1 region is disordered in CHRAC-16 (gray color). (F) TAF4/
TAF12 (PDB-code 1H30; DNA not present in the crystal structure). The C-terminal 26 residues of TAF4, including the L2 loop (gray color), are disordered
within the crystal lattice.?
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neighboring transcription factors (TFs),
including growth-controlling and onco-
genic ones,® consistent with the enrich-
ment of CCAAT motifs in the promoters
of genes overexpressed in cancer.’” As for
binding to other deviant HFDs, NFE-Y
was reported to bind to TAF11/TAFI13,
TAFG6/TAF9 and TAF4/TAF12; how-
ever, the interactions were not mediated
by HFDs, but by other domains, or by
NE-YA."

NC2

Originally characterized biochemically
as a TBP-binding co-repressor, cloning
of NC2 genes (also named DrI/DRAPI)
highlighted the presence of HFDs. In
vitro work indicated that NC2 displaces
TFIIA and TFIIB interactions with TBP/
TATA.2 The crystal structure of the
TBP/NC2/TATA trimeric complex is
illustrative of how NC2 prevents bind-
ing of TFIIB to TBP with consequent
repression of the TATA-dependent tran-
scription. The structure shows that
NC2a and NC2f dimerize and interact
with DNA in a H2A/H2B-like man-
ner, but the limited length of the bound
oligo prevents a complete understanding
of the HFD-DNA interactions (Fig. 1).
Interestingly, the NEF-Y/CCAAT and
NC2/TBP/TATA complexes share two
common features: first, sequence-spec-
ificity relies on minor groove binding of
a non-HFD protein (NF-YA and TBP,
respectively), and, despite completely dif-
ferent structures, there is a resemblance in
the way Phe residues of TBP and NF-YA
read the DNA sequence, by inserting
deeply between bases.® The second is the
severe bending of DNA imparted by TBP
and NF-YA, stabilized on the sides by the
HFD subunits which interact with the
DNA phosphates backbone. In general,
CCAAT promoters tend to be TATA-
less,” so one could imagine that NF-Y and
NC2 serve a similar architectural role on
non-overlapping sets of promoters, close
to the TSS.

NC2 also activates promoters with
downstream promoter elements (DPEs).
Work in yeast, Drosophila and human
cells has shown a positive effect of
NC2 on large sets of genes: how this is
achieved mechanistically is not clear, but
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genome-wide experiments further cement
the idea that NC2 is largely associated
to core promoters of actively transcribed
genes.”” One key NC2 associated factor
regulating TATA vs. DPE transcription
is Motlp, which serves the role of mobi-
lizing TATA-binding complexes, shifting
the balance toward TFIID-binding DPEs.
Apparently, NC2f is released in the pro-
cess, and since only HFD heterodimers
have been characterized so far, this poses
an interesting structural question regard-
ing the (NC2) HFD composition; one
possibility is that NC2B is substituted
with a different H2B-like partner in the
complex with NC2a.

Pole3/Pole4, Pole3/CHRAC15

Small HFD proteins were identified upon
purification of at least three different
complexes: () Pole3/Pole4 (Dpb4/Dpb3
in yeast) are associated to the catalytic
subunit of DNA Polymerase &, one of the
major enzymes involved in DNA repli-
cation, which is also involved in DNA
repair;' (7) Pole3/Pole4 were reported to
be part of the histone acetylating ATAC

5 although in other purifica-

complex,
tion schemes only Pole3 was present,'® or
they were absent; (77) Pole3/ CHRACI15
dimers are associated to the ISWT chroma-
tin assembly factor ACF, in the remodel-
ing complex CHRAC.>"®

In S. cerevisiae, DPB4 and DPB3 are
non essential genes, but dpb4Adpb3A
strains show an increased rate of muta-
tions, because of defects in the proofread-
ing capacity of DNA Polymerase 8. The
mechanism is apparently linked to desta-
bilization of the DNA Polymerase e/DNA
contacts during replication. Indeed, the
HFD subunits are important for DNA-
binding of the complex: mutations in the
al, L1 and L2 regions of the HFDs—Dbased
on the nucleosomal H2A/H2B-DNA
contacts—Ilead to a loss of DNA-binding
in EMSAs, and to a decrease in telo-
meric silencing in vivo.” In S. Pombe,
Dpb4 is not essential,® but dpb4A cells
are synthetically lethal with several genes
involved in DNA replication (¢dc20, cuz5/
dpbll, sna4l and cdc21/mcem4), signaling
DNA replication defects; Dpb3, instead,
is essential for cell cycle progression, as

dpb3A cells accumulate in S-phase. As
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for the Pole3/CHRACIS5 incorporated
in CHRAC, they facilitate nucleosome
sliding mediated by the ATP-dependent
ISWI/Acf1 subunits.>!8

TAF4/TAF12

Originally identified in TBP-containing
TFIID, several TAFs were later found as
subunits of TBP-less complexes with ace-
tyl-transferase activity.> The HFD mod-
ule has been identified in nine TAFs, and
implicated in their heterodimerization,
with TAF4/TAF12 being the H2A/H2B-
likes of the lot. TAFs are present in the
SAGA complex as well, which has histone
acetylation capacity: specifically, TAF4
is replaced by Adal found in partner-
ship with TAF12. TAF4 has an unusual
configuration, with an extra domain of
unknown structure inserted between the
HFD «2 and «3 helices, absent in the
other H2A-like.> Genetic and biochemi-
cal experiments indicate that TAF4 plays
an important role in transcription of spe-
cific sets of genes, specifically enriched
in TATA-less Initiator (Inr) units.??> The
HFDs are essential for interactions with
other TAFs, and indeed required for the
formation of a “core” TFIID complex,
which consists of two copies of TAF4/
TAF12, of H3/H4-like TAFG6/TAF9
and of TAF5.% The presence of a TAF-
mediated nucleosome-like structure in
TFIID was not confirmed by the recent
EM investigations of “core” TFIID com-
plexes containing HFD TAFs.** DNA-
binding of TFIID to DPE elements was
detected in Drosophila and ascribed to
direct contacts of TAF6/TAF9 with the
DPE.” Interestingly, the TAF4/TAF12
dimer was also shown to be able to bind
to DNA in vitro,?? with the TAF4 extra
domain being important, in addition to
the HFDs. A certain sequence preference
for DNA was reported, but this was less
important than the length of the DNA (>
70 bps). The current model is that TFIID
associates to Inr and DPE elements,?® and
TAF4/TAF12, along with TAF6/TAF9,
might be in part responsible for these con-
tacts. In this respect, we notice that while
the a1 and L2 DNA-binding regions dis-
play a high level of similarity with the bona
fide DNA-binding relatives, including

basic residues contacting the phosphates
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A H2A-like aN ol L1 o2 L2 ad aC
I I L J |
| | I 1 | | | | |. I |
K9 K13K15 K36  R42 KT4KT75 R77 R88 K95 R99
* * *% * & *k kE
10 20 30 a0 50 60 70 0 90 100
H2A hs KARAKAKTRS SRAGLOF P VGRVHRLL.RKGNES ERVGAGAP VY LAAVLEVLTAET LELAGNAARDN- -~ —-——— KKTRIIPRHLOLAIRN- --DEELNKLLGRVTI
H2A sc SAAKAS OSRS AKAGLTFPVGRVHRLLRRGNYAQR IGSGAPVYLTAVLEYLAAETLELAGNAARDN - —— —— ——— KKTRIIPRHLOLAIRN- --DDELNKLLGNVTT
H2A x1 KTRAKAKTRS SRAGLOFPVGRVHRLLRKGNYAERVGAGAPVYLAAVIEYL TAETLELAGNAARDN -~~~ ————~ KKTRIIPRHLOLAVRN- - -DEELNKLLGRVTT
khkkdk ki * &k kk kkk *
30 40 50 60 70 80 90 100 110 120
NF-YC hs MEE IRNLTVKDFRVQELP LARIKKIMKLDEDVKMIS AEAPVLFAKARQTF ITELTLRAWI HTEDN - —— -~ — - KRRTLORNDIAMAITK- --FDOFDFLIDIVPR
HAP5 sc TNEP GSEHODDFKSHS LPFARTRKVMKTDEDVKMISAEAP ITFAKACE IF ITELTMRAWCVAERN -~~~ ——— KRRTLOKAD TAEALOK- -~ SDMF DF LI DVVPR
* k% *
1 10 20 30 40 50 60 70 80
NC2a hs MP SKKKKYN-—-—- ARFPPARIKKIMOTDEEIGKVAAAVPVIISRALELF LESLLKKACQVTQSRN —- -~ —-—— AKTMTTSHLKQCIE---LEQQFDFLKDLVAS
BURGp sc NNNNELGDVFDRIKTHFPPAKVKKIMQTDEDIGKVS QATPVIAGRS LEFF IALLVKKS GEMARGQG -~ —— —— —— TKRITAEILKKTIL---NDEKFDFLREGLCV
1 30 0 7 80 90
CHRAC15 hs DVVVGKDKGGEQRLISLPLSRIRVIMKSSPEVSS INOEALVLTAKATELFVOCLATYS YRHGSGK-—-—-—-- EKKVLTYSDLANTAQQ- - -SETFQF LADILPK
CHRAC16 dm  PRSQPPVERPPTAETFLPLSRVRTIMKSSMDTGL ITNEVLF LMTKCTE LF VRHLAGAAYTEEF GOR - —— - - PGEALKYEHLS QVVNK- - -NKNLEFLLOIVPQ
30 40 50 60 70 80 90 100 110
POLE4 hs SQPQAPTSVPGARLSRLP LARVKALVKADP DVTLAGQEAIF I LARAAE LFVETIAKDAYCCAQQG— ——————— KRKTLORRDLDNATIEA---VDEFAFLEGTLD -
Dpb3p SC¢  MSNLUKEKAPV--—-- FP ISKVKKIAKCDPEYVITSNVAISATAFAAELF VONLVEES LVLAQLNS - —— - - KGKTS LRLS LNS I EECVEKRDNFRF LEDATKQ

Dlsl sC  ErSGKETASAPLCSPKLPVEKVORIAKNDPEYMDTSDDAFVATAFATEFFVQVLTHES LHROOQQOQQQOVPPLP DELTLS YDDISAAIVHSSDGHLOF LNDVIPT

860 870 880 890 900 910 920 1050 1060 1070 1080
TAF4 hs VGTLTRSCKDETFLLOAP LORRILEIGKKHGITE LHPDVVSYVS HATQORLONLVEKISETAQQ -~/ / ——TROR ITRVNLRDLIFCLENERETSHSLLLYKAFLK
B H2B-like al L1 o? L2 ad aC
K34 K43 K46 K57 R79 K85 R99 K108 K116 K120
* *k & * & *k kK
30 4 .. 50 60 70 80 0 100 110 120

H2B hs KRKRSRKEE¥s VHPDTG----~ ISSKAMGIMNSFVNDIFERIAGEASRLAHYNKRSTITSREIQTAVRLLL --PGELARKHAVEEGTRAVIRYTS

H2B sc KRSKVRKETYSSYIYKVLKQTHPDTG-~ ~IS0KSMS ILNSFVNDIFERIATEASKLAAYNKKSTISAREIQOTAVRLIL--PGELAKHAVSEGTRAVTEYSS

H2B x1 KRRKTRKESYAIYVYKVLEQVHPDTG-~---~ ISSKAMS IMNSFVNDVFERIAGEASRLAHYNKRSTITSREIQTAVRLLL --PGELAKHAVSEGTKAVTKYTS

* W ko * ko k * *
50 60 70 80 90 100 110 120 130 140
NF-YB hs SFREQDIYLP IANVARIMENAIPQOTG-~---KIAKDAKECVOECVSEFISF ITSEASERCHOEKRKTINGEDILFAMSTLG -~~~ ~~ FDS!VEPLKL!LEFRE
HAP3 sc TLREQDRWLP INNVARLMENTLPPSA----KVSKDAKECMQECVSELISFVITSEASDRCAADKRKTINGEDILISLHALG-----— FENYAEVLKIYLAKYRO
AL A A A bkl
10 20 30 40 50 60 70 80 90
NC2f hs SGNDDDLTIPRAAINKMIKETLP -~~~ NVRVANDARE LVVNCCTEFIHLISSEANEICNKSEKKTISPEHVIQALESLG -~ -~~~ FGSYISEVKEVLQECKT
Drlp sc AGDSDNVSLPRATVOKMISEILDQ-~---DLMFTKDAREIIINSGIEFIMILSSMASEMADNEAKKT IAPEHVIKALEELE -~ -~~~ YNEFIPFLEEILLNFKG
10 20 3 10 50 60 70 80 90

POLE3 hs AERPEDLNLPNAVITRIIKEALPDGVN----ISKEARSAISRAASVFVLYATSCANNF AMKGKRKTLNASDVLSAMEEME —— -——- FQRF\.’IIEALE:A!RR
Dpbdp sc NITIQDLLFPKSTIVNLAREVPQOSGK-KLLINKDASLALORGATVFVNHLLLFAREIAKSQDKKS CSVDDVLSALDHIG------ HSALKGPVRDKLDEYQA
CHRAC14 dm VERIEDLNLPNAVIGRLIKEALPESA----SVSKEARAATARAASVFAIFVTSSSTALAHKONHKT ITAKDILOTLTELD -~ ———- FESFVPSLTODLEVYRK

Sg.P iﬁ 70 80 90 100 110 120 130 140
TAF12 hs ENNOQV: KLODLVREVDPN -~ -~~~ EQLDEDVEEMLLOIADDF IESVVTAACQOLARHRKS STLEVKDVQLHLERQWNMWIPGFGS -~ ~-EEIRP YKKACTT

C PTMs: ac/me plglyc/ch fo/kr multiple alternative / Ub
HFD modified residues:
H2A K@: ac, me; K13: ac, Ub; K15: ac, Ub; K36: ac, kr, fo; ¥39: oh; R42: me; K74: me; K75: me; (R77: Kme in Bt); R88: me; K95: fo; (R99: K99me3 in Bf)
NF-YC K36: Ub
H2B K34: ac, me, me2 (Sc), Ub, kr, fo; S36: p (Hs, Mm), glyc (Hs); Y37: oh; Y40,Y42: p; K43: ac, me, me2 (Hs, Bt), Ub, fo; K46: ac, me, Ub, fo; K57: me, me2;
(R79: Kac in Sc): Y83: oh; K85: ac, me; R99: me; K108: ac, me, me2, Ub, fo; S113: glyc (Hs); K116: ac, me, Ub, fo; K120: ac, me, Ub, fo
NF-YB K138: Ub
POLE3 A2: ac; K20: ac (Mm); K31: ac, Ub; T83:p; K86 Ub
TAF12 S51: p; T59: p

Figure 2. For figure legend, see page 118. ‘

backbone, the L1 loops of both TAF4 Open Questions NC28 is found in ATAC complexes, with-
and TAF12 show important differences, out a conventional H2A-like partner,'® but
notably the presence of acidic residues in ~ Mixed dimers. Core and variant histones  together with YEATS2, another histone
TAF12 (Figs. 1 and 2). Further biochemi-  are strict in their heterodimeric partner-  fold protein;® indeed, a bona fide het-
cal work is required to tackle the daunting  ships. This is apparently not the case for erodimerization of the two recombinant
task of determining the relative contribu-  the deviant ones, as exemplified by Pole3 HFDs was reported. The NC2a subunit
tion of HFD heterodimers to the TFIID  being incorporated in different complexes  was shown to have additional functions
DNA-binding capacity and specificity. by dimerizing with Pole4 or CHRACI5. distinct from NC2f in yeast;?’ the tissue
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and/or ubiquitylation (Ub) in green.

Figure 2. (See previous page) Sequence alignment of the HFD of H2A and H2B with deviant histones proteins. The secondary structure arrangement
of the histone-fold domain of human H2A or H2B [panels (A) and (B), respectively] is shown above their sequences, with post-translationally modified
K/R residues indicated. Sequence alignment of the deviant histone proteins discussed in the text, from human, S. cerevisiae, X. laevis and D. melanogas-
ter (hs, sc, xl and dm, respectively) is shown below, according to secondary structure determination (helical residues underlined),"** including gaps to
optimize the alignment; in TAF4 the predicted a3 in the CCTD sequence is also aligned, separated by two slashes indicating the ~100 aa loop.* Font
color indicates aminoacid side chain properties. Residue numbering is shown on top of each human sequence, with asterisks indicating aminoacids
involved in DNA contacts as determined in the crystal structures of H2A/H2B dimers, NF-YC/NF-YB and NC2a/NC2f (from PDB codes: 1A0I, 4AWL,
1H30, respectively). Triangles indicate NC23 DNA contacts with a symmetry related oligonucleotide.* Regions not present in crystallized proteins, or
whose structure was disordered and not determined are in plain font. Identified modified residues in the HFD of histones and histone-like proteins are
color shaded for the different PTMs as indicated in (C); in (A) and (B), H2A and H2B modified residues are color shaded only on the human sequences.
In Dpb3p and Dpb4p yellow color highlights HFD mutations described by Tsubota et al."” (C) Color coding and list of post-translational modifications
identified in the HFDs (from UniProtKB databank, and Wagner, et al.?): alternative acetylation (ac) or methylation (me) are indicated in blue; phosphor-
ylation (p), hydroxylation (oh), or glycosylation (glyc) in orange; krotonylation (kr) or formylation (fo) in magenta; multiple alternative modifications

distribution of the two subunits in mam-
mals is only partially overlapping, suggest-
ing that they can have roles independent
of their established partner. TAF12 also
has alternative partners: TAF4 in the
“core” TFIID and Adal in SAGA. As for
NF-Y HFDs they have yet to be found
in unorthodox partnerships in mam-
mals, but systematic Y2H analysis of the
large families of NF-Y genes in A. thali-
ana did identify promiscuous interactions
between At-NC2a and At-NF-YB2/9,
and between At-Pole3 and A+-NF-YC8.%
It is difficult to say whether this finding
is related to the emergence of “middle-of-
the-road” partners in the vast catalog of
NEF-Y plant genes, or whether this feature
is shared in metazoans.

Deviant histones PTMs.

Core histones mediate regional organi-
zation of chromatin through their PTMs:?
specifically, HFD residues involved in
important functional switches are known
in H3 (K56 and K79). Thus, a relevant
point is to verify how conserved, in struc-
ture and function, are modified residues
in deviant histones. We showed that
NE-YB is ubiquitinated at residue K138
of aC, which corresponds to H2BK120
(K123 in yeast), and that this PTM is
important for transcriptional activation.®
The H2BK120Ub is genetically and bio-
chemically upstream of important histone
methylations, notably H3K4me3 and
H3K79me2/3,* and indeed NF-Y binding
is required for deposition of these PTMs,”
as well as NF-YB-Ub.® This is the proof of
principle that at least one PTM has been
conserved in a deviant histone. Hence, it
is possible that other PTMs are shared by
core, variant, and deviant histones.

Inspection of available data sets of
ubiquitinated proteins indicates that the

118

H2B-like Pole3 is also ubiquitinated in
the aC K86.” Alignment of H2B-like
proteins highlights two notable simi-
larities (Fig. 2): () the DNA-contacting
L2 of H2B (KRST) is similar in NF-YB
and Pole3 (KRKT), NC2B (EKKT)
and TAF12 (KSST), with lysines being
involved in DNA-binding. In particular,

H2BKSS5 is also a site of alternative acety-
lation or methylation. (7) In helix a1, the
H2B K46 is not involved in direct DNA-
contacts but is target of different alterna-
tive PTMs, including ubiquitylation. Such
lysine is conserved in NF-YB and NC2p,
where it is also not involved in DNA-
contacts. Additional post-translationally
modified residues conserved in this sub-
family are o1 H2BK43 (present in NC2f3,
an R in NF-YB and Pole3), a2 H2BK57
(methylated, present in an adjacent posi-
tion in Pole3K31 and NF-YBK78), a3
H2BR99 (methylated, present in TAF12).
The exercise for H2A conveys a similar
picture: widespread conservation in L2,
with H2AK74 and K75 being methylated;
in the al, H2AK36, targeted by different
PTMs and involved in DNA-binding, is
conserved in TAF4, as the adjacent K53
in NF-YC, also conserved in CHRACI15
and Pole4. In summary, we propose that
conservation of certain residues might
be due not only to their local structural
importance, but also to their specific
modifications.

Specificity  for  different DNA
metabolisms?

So far, NF-Y, NC2, TAF4/TAF12 have
been mostly implicated in transcription,
but this might merely reflect the histori-
cal background of the assays employed
in their study. Different examples indi-
cate today that these proteins might
also impact other DNA metabolisms,
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notably DNA repair. The variant his-
tones included in CHRAC/ACF remod-
eling complexes were shown to physically
associate with the KU proteins and were
implicated in DNA double-strand break
recognition/repair mechanisms.’® TAF12
was shown to recruit proteins of the NER
complex on rRNA genes.”’ Checkpoint
activation in response to replication stress
and DNA damage is influenced by chro-
matin structure, and the cellular response
acts through two different mechanisms.
The first pathway is modulated by RAD6/
BREI1-mediated H2B ubiquitination, and
by Dotl-mediated H3K79 methylation;
the second is histone independent and
requires Dpbl1l. DNA Polymerase € bio-
chemically and genetically interacts with
Dpbl1 (TopBP1 in human cells), sensing
replication stress caused by unbalanced
dNTP pools due to hydroxyurea treat-
ment.”? The finding of ubiquitylation of
Pole3 in the HFD «aC helix (Fig. 2) could
lead to the hypothesis that it is involved
in the both mechanisms, via the H2B-
like PTM, and the association to DNA
Polymerase &. Given the requirement of
NF-YB-Ub for H2B-Ub and H3K79me2
in active CCAAT genes, one should also
wonder whether NF-Y is involved in
DNA repair of such transcribed genes
following DNA damage. Should a simi-
lar modification be identified on NC2f,
a similar scenario could also operate in
parallel on TATA genes, controlled by
NC2. Furthermore, links between NFE-Y
and TopBP1 recently surfaced:” TopBP1
is required for the activation of NF-Y-
dependent growth promoting genes by
mutp53, leading to decreased sensitivity
to DNA-damaging agents in mutp53-
bearing cancer cells, and tumor forma-

tion in vivo: indeed, mutp53, NF-YA and
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TopBP1 directly interact. Since cells tran-
siently eliminated of NF-YA show S-phase
progression defects,” one can hypothesize
that NF-Y might be directly involved in
DNA replication or, during such process,
in DNA repair.

Conclusions

A large set of genetic and biochemical
data indicate that the interpretation of
the expansion of HFDs as solely being
protein-protein interaction modules is
not correct. Rather, the H2A/H2B-likes
evolved to maintain features of core his-
tones, notably the capacity to bind DNA
and to be modified post-translationally,
providing the complexes they are inserted
in with a direct link to core chromatin
structures. Deviant histone dimers play a
role at the interface between their assem-
blies and chromatin, and they are most
likely involved in the complex set of modi-
fications, exploiting and expanding the
“histone code” of their distant relatives.
Their reciprocal interplay, specialization
in terms of protein interactions, modifi-
cations and implication in specific DNA
metabolisms, as well as their interplay
with core histones, are all areas for future
investigations.
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