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1 ewka ¢ iccelb, ch o‘gfé-f ¢ codes eligd ¢ict fe yii¢ 2 d fecs e dicssid ¢ he, cd & icald d ait! hi' ¢ & a ededs -
1,

geefs g¢ .}C&r abil 12 He,, efge < icall dée ¥ ed ch ® ya-
Tistde ae o(agéed},odaughe celb dnt'g i ® 5,4 a @ eces
te v‘edeﬁgd ¢ict heid ce,5 @ cof hechalle gt g (no' ids ¥
“hech eyt o delige ¢ is field** O eke @ eoces cet- bt g
+eoelge ¢ict hedd ces as e qbly off het™uclee o yeit he ba ic
~eleit gw4i of ch o yi1 . The? “iclew o ye cd's bfs of 145 147
ba e #is of DNA,, a88da ¢4 dahi ¢ cet ayge céfal 4 gd e
hit ¢ e (H3 H4),f ¢ aye dfy, e hst ¢ e H2A H2B div‘es S
4 -wclee oo s cx ba- ies fo DNA- eld ed € eces &+ he '»"\sf
fist beds s e"bledf e alle,, DNA- edlici i¢ ,DNA-ebai ¢ & ¢ -
scilid yacht e ie @ accas he DNA. Felle, g DNA- edica-
+ig dnt gS éhaef wclew oy acasepybled,? co % 41 gbéh
& ¢talhst d & o & el s 1 haizedhs' @ & ,4 a @ ocas called
- edlicd i@ -condled! ~wclee o yeas e wbl  Nuclew o we as e ybl dw -
1 gge & dscifid ¢ dhit @ eevchd geoccns h enghest he cell
c.clet a edicd id 4 dels de-t it e b2
Ea lyﬁf'«die sagga’ ed hds aclee @ yeas e ybl occis 4 ast ebie
a7 € hehit & e (H3 H4)t ¢ ane ,1 clndt'gbé heldd & e,
H3 H4,5 deleiedfis , ¢ d hi 5- aédl felle,, ed b delai i¢ of
+\,0 H2A H2Bdi yes 6.8 llyt 4 ¢ hi "ogel;f ¢ "RCYCQ oyaltie-
"edi‘é o cdfal 1 g(H3 H4)y ¢ a yes ¢ dDNA, called ¢- & oxs,
aefo yedy he hif @ ¢ aet cubded,ihDNAL! he lad ccof
hit @ echale @ & invitro”. Hs' @ echale ¢ & a eke @6 et st hd
e ¢id 4 “]wl ifest ¢ € off wcles ® xe fo “ﬁ i¢ (Box 1; Table 1).
Cd ¢ icalhs' @ eH3 (;, hich,? highe ewka _é iccelb, efest @ H3.2
#¢ d H3.1,,, hich diffe b @ e a"l e acid ¢ h‘n“as) 3 dede-i ed
¢t e DNA bt hehif @ echale ¢ e CAF-1dw+ gDNA- edich id
condled nclee ® neads e“b (Fig. 1a,b). The hst ¢ e H3 ! ig+ H3.3,
diffe + gf @ yct @ ical H3'b fon o fieaxt eacid,s de e ed,
ald g\-ihhs @ e H4, b+ hehst @ echale ¢ & HIRA 2 d Davvd
- cllich i 4 de® det 4 acles o ye as e".b].y8 0.2+ hi- e ey, y,e
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New H3-H4 dimers bind various histone chaperones. Ne,, | sg,' -
+ he ized H3 H4 goleculs aa- o fo pdptd £ Léet co ‘devs
she! 1 felle, 1 g~r hei s #4 he s 4 he ! 0 . Pw ificd id of
hin wt” cd @ ical hi' & & H3.1 f @ 5 Hela ¢ & olic c4: ats, fol-
lo,,ed b sefadid of he €6 et con deve’ b_ ch o yi og aéh
snggat edt hd 4 e, H3.1 asecid & ‘;i hthe #é et chale ¢ e
b c70 befe e bet gas e ybled @ala ge ce ‘deycd~r at 4 ghs -
+d echale @ e -NASP, hit @ e Hd ¢t d Lé et chale & e s &0
{ ef. 18). H3 H4' he asecides yihfhelst? eacé 1 dsfeae
Hd 1 RbAG, fo acé liid , 2 d hi' @ ¢ chale ¢'c A fl 2 d
‘(ﬁ'f -4 befe ef ~uclea iy %! 18 Mo ¢ ecet] i, 3 ebe ved
+hé dedé¢ i of NASP- ewls 1 - edwced ayeis of fechil ¢ o
H3 H4 ¢ dt hd NASP @éeés hit ¢ & fey degaddid b
chale ¢ e- yedid ed a oéhag ;t h evgh 4 hibi i@ of IE &0 ¢
Hc70ad it 0. Ths f e, H3.1 Hdfe w5 aies co‘ﬁevcs vih
dlffe ¢t har ¢ echale ¢ ot e eguldefeehst & eabv det ced d
4 ~uclea 1,'& sy, hich € ebabl_affeé¢st he de e id off e, H3 H4
¢f e edlicdit g DNA.

How are new (H3-H4), tetramers formed? @ ce be+# df e 4 f1,
1 ¢, H3 H4s 1"0J edf o g hecy 0ds 4 o het “wcles . Va ies
stwdis haeshe? Thi ¢ e ‘olecale of Afl bt d ¢ H3 H4
hé e odl‘e~r ofe yahéed igeicce, ﬂevl‘”o yvihAflbt d-
1 g he H34 e face? ol ed? fo yd i¢ ofa(HS H4)t ¢ aye 21
(Fig. 2a,b). Si ‘1lal - ha bee sho‘;ﬁr hd4 HJURP (Sc ‘3-1 eal ),
+ he chae ¢ e fo He ce- o ye ichdt @ eH3 a itt CENP- 2 24
bt & he CENP-A #+ e face? ol ed? ¢ aye fo yiid 25,6
(Fig. 2¢). Ths , /s f1 ¢ d HJURPE e}ss ¢+ aclas of H3 H4chate -
¢ ot hd bt dfhedl“e ic fe “ofH3 H4.
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@ e ke - 65.1 ed (vofi¢ 5 he, (H3 H4), ¢ ages ae
fo yedfoyt e, H3 H4d1 es comfleved i h A fl. E ide ce
£ LR ios st udie s Ol s a ‘odel-f h1ch H3 H4 off heAsfl
H3 H4 cov',‘devthr #s fe- ed @ @ he h'sf ¢ echa® ¢ & ,swcha

CAF-1 ¢ d Rf 106, fe acleso‘e esse‘bl Fist ,4 hw » celb,

5 fl- eguld et he fool of H3 H4 a ailable’ @ CAF-1dn 4 g edica-
tid st es?7.2 buddt g eat, A fls as ¢t ialfe acé ldi¢ ef H3
l);-! e 56 (H3K56ac)128] a ¥ k off e, 1 s #4 ha ized'H3 ( ef. 29).

"oi #t 1, fla4 dH3K56aca e e (#i edfe+ heefficiet @s ecia-

+i¢ ef H3 'H4,AhRt 1064 d CAF-linvitrod dinvivo®. Bt all
M fldieél -Ne aés |4 hf he hw » 0 (_eat Cac2)swba 4 ef

CAF-1{ ef :31,32). Invitro, A f1 bt & H3 I¥4‘;i h51‘1la afft i

s CAF-le R' 106bt df g @ H3 H4( ef.33 35),, hich as &t he

(o i¢ eof he, H3 H4cd be'- dsfe- edf @ /s fH @ 6 he hs -
+ ¢ echale ¢ &. A eced stwd_1 dicd & hd RbA'48 asb¥ i ef

CAF-1,bt & hé e odi ye ICH:‘?,H4$ d hd Asflcd asecide,ih
+ he RbA#8 H3 H4 co ylev. +4 e a4 glyt heafft 4 of 4 f1 fo

RbA®S H3 H4 5 le,, e~ ha+ hd fo H3 'H4( ef. 36),, hichsng-

gafst hdf het! e a¢ i@ bé, ed Afld dH3 H4s , cakd edd ce
- he A f1 H3 H4ce ‘deyss ocid & yAhéhe hit ¢ echale ¢ .
Tegé he  he e & wls s uggatt hdt he-1~r eat id bé, ed Afld d
éhe hit ¢ echale ¢ & » facili 4 et he'- ¢ s fe of H3 H4fo‘
- he A f1 H3 H4co‘ﬁew‘ eéhe hit ¢ ecchale ¢ .

H3K56ac 5 lecd ed fa a,a fo‘r he H3 #f e facet ol ed
(H3 H4);' ¢ aye fo ydi@™>, | hichsuggefs-t hd R' 106 # d
CAF-1 ade® a diffe ¢+ ‘ode of tfe aéid Ahhitd s ce ¥
&, edt of hd of A f1 (Fig. 2b). ¥ deed, ece 31“-1di65 4 dicd ef hd
(H3 H4) ¢- agesa e € ebabl_fe ed@ R 1064 d CAF-1befe e
delsiid of H3 H4 ‘olecals 4+ he edic i@ fo k. R 106 c# -

tats adl‘e izd id do‘ at 44 he Rt 106 Nf e s d d a dewble

declst- 1 he !olog (PH) de yat + hdl 5 cdical fo. ecog i id of
H3K56ac3%37 39 (Flg 2d). In vitro, bé ht he Rt 106 di ye izd id
do' at # df he # de"PHdo:'a-fs bt d H3 H4,, hf he Rt 106
di ye izd i@ de yat bt df g« acé ldedH3 H4d df hef ¢ de,
PH de yat s - eceg izt g H3K56ac3®. ¥ addii¢ , Rt 106 bt & a
(H3 HA4)
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Table 1 Histone chaperones and their functions during nucleosome assembly

Histone chaperone Histone cargo

Function during nucleosome assembly Key references

Anti-silencing factor 1 (Asfl) H3-H4
Chromatin assembly factor 1 (CAF-1) H3.1-H4
Death domain—associated protein (Daxx) H3.3-H4

Histone import; histone transfer to CAF-1 and HIRA; 14,20,30
regulation of H3K56ac
H3.1-H4 deposition; (H3-H4), formation 8,12,34,116

H3.1 H4 dess é yiv il e H3.1 H4' o fo x wyiveds “uclee-
seys dnd gS éh35 e of he cell cycle”.

H3 and H4 modifications regulate replication-coupled nucleo-
some assembly. Hi' @ e Pécts ae ¥ ked,b_hst & e- "odif 1 g
¢z »o i h let i #sldid al “odificé ids,swcha acé ldid ,
i hldie ,éhe he lii¢ ¢ dwbid lii¢ .Thee "a¥s ha e
dif 4 ¢ 4 ¢ ids o d eguld eaf “w ybe of cellnla 2 ecas & 2. Ney,,
H3 H4i yedified 4o+ o s i@ all swch hd4 & dif ¢ g=s hable
£ °n & ¢t alhit @ e H3 H4( ef.27,29,43). Recet stwdis 4 dicd e
T hi yedificd i¢s ¢ 7 ¢, H3 H4affed- edlic i@ -conded “wcles-
sexeasewbl 1 aiew as,t cladl gl he eguldid of hi' ¢ e
Léect foldt gt d Lecast g'%7, hit ¢ e ~aclea iyler 4 d he
tfe atid bé,ed hs' @ s & dhif ¢ echale ¢ 0%
Mé¢ oyt h ldid efhs'¢ e H3 151 €9
(H3K9 v‘el)ﬁ # el wma kels e Ved ¢ ¢,
s ?N heized hi' ¢ e'H31 ya  walid celb’.

Al hewgh yelecula 15sigh 11 of he f# ¢ i¢ off hi yedificd i¢
1 4 wclew @ ne &5 e"bl B st ill lackt g, H3K9 "el ¥ bet Volved
1 hit @ e Pocast g f};llow-f ghst & es 7t hes o X/o‘r he ce -
V&8 i¢ off ¢, H3K9 “eF of- i"é h.y}é edyH3 l);-f e 9 (H3K9 "e3),
a ya ke hé¢e eoch ov‘é‘! 18,46 Gw &byt ¢ g e l&t e idea, N‘i a-
Tids 4 H3K9 yellst e ¢ h};l ¢sfea e ha ebed fou d' eaffe
hé e och oy 4 +egd .
Diacé l4 id ef hs' j eH44 1514 & 54 d 12 (H4K5,12ac),

o alyzedyb Hd 1 RDAIG( 6. 43.48), b dé et ed @ 1 ey, s 1 -
Theiedhi @ e Haf oy e o dhougd celb o d likel) o be
2 eal wodificd id eccn- 1 g 4 e, H3 H4( ef 18). Hi ¢ ¢
H4 yd’df's ha be 4 g yoi 4 i®s 4 H4K5 ¢ dH4K12a eiylot ed
les efficie- 1 44 ot hes ~uclew~ hd a e, ildt & hit & & *.
Me co e, Hé’'1 RbA®6 ¢ d H4 K5,12ac eguld eyhe ®s ocid id
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ha es hey+ hd Davy,, hichfe x ace Y‘dey‘/;i h hech o yi 1 -

off he e yodificd ids- eguld ehit ¢ e hi' ¢ ¢ chale ¢ et e ac-

- eyodelt gfat @ ATRX,5 aH33hi' ¢ e cha®e ¢ %10 Al hewgh < ids 4. edicd id -conded “acles o ye as ezbl 4 & s ible! hd

i- eyatst ebedé e ot edy hé he Davy eguld e H3.3 occ® ¢
dfcloye ichée och oyt .4 5 K o7 hd celb lackt g ATR
evhibi defe¢s 4 H3.3 eccnét c 4+ cloges ¢ d & icet- ic DNA
- egi@s 10, hichswggafs! hi Da¥y ATRX 1 el edt H3.3dede-
siid 4+ ele »e ic egid#s.? addii¢+ e HIRA#¢ dDaxvf helm Y‘d
he yeleg ef D. melanogaster DEK & .’obably 4 ¢ he H3.3hs' & ¢
chale ¢ eyiha elet yatfat 4 ghée och oyt 11 egd .4
&t it h ewgh4s e aé ids |4 h HPlo ( ef . 66,67). Togé he 3t he e
st-udies 4 dicd ¢ hd H3.35 deled ed4 diffe ¢4 ch oxdf .- egids
b, dst4 ¢ hit @ echale ¢ &.

Whd fa¢ @s aid 4+ he ec i we¢t of H3.3 hit & e chale ¢
ce "ﬁey&f e diffe ¢ ch o yi ¢ leci? HIRAD! & dewbles'- ¢ ded
DNA # d RNA 4l yeade, v hich f.vides a %&s ible “echd 5 »
ywhe eb, HIRA- yedid ed? ~sclee o ye as e ybl of H3.3 5 H ked" @
g¢ . dsc i®id © The Davybt df g it e ATRX bt & c4 i,e
DNAs e (¢ ce ©,4 & he ADD de yat of ATRX: eceg ize hall ya k
ch o“é-f sig 4w & ofh¢ e och o“é-f swcha H3K9 Y‘e3, MeCP2
¢ d HP1o.{ ef. 70). Ths 4 5 %es ible! hd ATRX. ecwis Davx o

-t ele xe ich¢ e och o"ﬁ-! fo H3.3dclsi id . Tegé he { he esfwd-
ie swgga'' hd HIRA# dDavvae ec™ied odif ¥ ¢ ch oyt
lecit h ewgh diffe ¢4 yechd 5 x5t o eguld e H3.3 eccw & cyé
de' 1 edch ey loci.

54 e, H33 Hideleiedas adige o4 age 1 5 K o7

thd dut gS éhae, as “all fatid of €1 ¢t al (H3.3 H4)it ¢ a-
yess 4 1t oty 0 diges of H3.3 Hid dfe y wived “uclee o yo
cetat 4 gbéh e, o deldH3.3 H4 hs 51 ce- aff e & ¢t a]
H3.1 H4 yeleculs, hich- a el s & 17 3 badd g eat, pived

1 acles o ye ae .’i“a il_ lecalized! @ highl - # s ¢ ibed- egid s
o - cgnld e  cle ydts 7. The efe e, 4 ce-- "a'+ of ¢, H3.1 H4
“OICC“ISJ hd a e likel+ @ be deei ed® af ¢- axe ic fe Y‘;f ey,
H3.3 H4 ya, be delsiedt béh dige icd df ¢ aye icfe x
T, ecdt -}I de¢ det st-wdis ha e she + hd L he hi ¢ e-
bt dt g deyat (HBD) ef Davy fo s a ce yélex, i hf he H3.3 H4
hé e odi ye 7273, Re ya kabl ;¥ @ H3.3s cific- & idws, G190
a4 d Ala87 of H3.3,a ¢ €4 ci);l dé e I’ #ts fo Davd @efe einal

- ecegiid ofH33e e H3.1. Ala875- eced izedb as halle,, hyd o
ebic %ecké of Davy,, he ex Gl 90bt & ea fela ¢ Ji e et

Thd dbcigt de agatst Mé 900f¥13.1.( ef. 72). Thes!- ~wéw e of he
DayyHBD H3.3 H4ce yfevab e e eabs hd DavyHBD H3.3 H4
coyf s \ih DNAfo hit ¢ ebt dt g1 faé,# like full-l¢ ¢ h
Davryt he Davy HBD H3.3 H4 co"dem ct? ¢ fo 3 F. T 0 NS 73,
yyhichsuggatst hd-f he ols e eds!- ~w¢-w e of Dary HBD H3.3 H4
co yfeve % 4 de go yaje c# fo yi i¢ alchd ge dwt g he
®s e ybl, of H3.3 H4 41 of uclew @ ya . Foin est-udie a ef eeded

tedée pt ey héhe HIRA®s & asigila yechd 5 yf o eced ize
H3.3 H4 ¢ d' e elucidd e he, HIRA & d Davy Lo yécfo yi id
of H3.3 H4 ce!at 1 gf wclew @ g .

Histone modifications in replication-independent assembly.
Ac¢ H id » Is ¢+ ehlys +f heizedhst ¢ & a ei;"&f af 7 &
¢ ] ‘fef he eguld id of- eﬁicﬁ i¢ -cendled? ncles o ye Bs € -
bl b ab e fe - edlick i@ 4 del¢ de-+ wclew ® ye &5 e"bly Fe
eva Y‘ﬁe, 1 addi id < e-is- elet - edicd id -cen zedl “wcled o xe
@5 ev‘bly, H3K56ac .(o"‘ & hit & eevchd ged d'ns o e 1 bud-
dt g oeal 7570 RN 1094 dGe 5y e¢ z o cdal A gacé M id
of? ¢, H3 ( ef. 30,53), have bed she? +eacé ldehitd e H3
1 e4(H3K4ac),a ya kce- el ed, i H- ds¢ ili¢ alat ij4ie 76
s, acé i e ¢is & 4 ¢, H3 affe¢ bé h- edicd id -cendled
a4 d edicg i¢ 4 de¢ det 4 wclee o e &s e"bly, Becas es o ye

sigila wechd 5 x aevsedf o egulde el iczid 4 dele de+
4 “wcle® @ e 3s e ybl
¥ addi ¢t eacé ldid ,é he v‘odific*é i¢ s € ebabl_affeét he
dela i¢ ofH33 Hd.Fe eva yle, the éhe I i¢ of hit ¢ ¢H4
sed e47 (H4S47 ), cd al_zed bt he €21-a¢ iA edkt & e2(Pak2),s
€a¢i ¢ hi' @ cH4 hi'ce- & ifis \ihisflag disflbt way-
walit  celb. H4547 én .’o' ¢ &7 uclew @ ye 3s e wbl of H3.3 H4

¢ d1 hibis/ uclee o ye as e"blyofH&I H4by-f c edt ¢ hebt d-
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yedid ed yat l};r h ewgh S16,,, he es SSRP1 £ efe ¢+ iallyM &
H3 H4( ef. 86).7 bwddt g _ea'+ heNte ‘JI % of S€16 hx bed
she#+ ebt dH3 H4invitro®,4 d Peb3f he SSRP1 he yeleg, cd -
Tatstd de‘PHdo',afsss,a ¢ ifab o few dt+ heH3 H4 chae -
¢ e R 106 ef . 35,38,39). Thos , FACT pay e tid & achate ¢ e
fe bé hH3 H44¢ d H2A H2B.
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Msididst codd + -laeaseocided,ihce g¢daldse L he-
Loié ic o e‘m«r % 1 (CDAI), a- ae dso de. Evagt di¢ of
edhecleieyCDAI & igts. e caled defeés + hé e ‘och o yit
sf-"wéw éd d HPI lecalizd i¢ 112 Rece< 1 ,coedd + -1, & fot d' e
co-8aif \ihAsflag dAflb( ef.45113). Coddt 1 -1bt & A fl

+h ewght hesa‘eﬁs flsw faces de HIRA# d CAF-1,y,hich i e

coyféiid \FhHIRA# d CAF-1fe A flbt df g!!% Cedd 4 -1
- & idwe ‘*Hied-f CDAI & i¢4s aefa. eyo.ed f oyt he A5 f1
bt dt gs{e,yé codd 1 -1 yot att @écts habet gthse ¥ia-
+id's evhibi ed defe¢s + A f1 bt dt g!!3. The e &wls swggaf-r hd
CDAI xa, becased b aledids 4 4 uclew o ye aseybl ¢ d
highligh'he i y et ¢ ce of Lole . egnli ig of dit 4 ¢ st c€ of
1 wcles @ ye @s e ybl

Ft all , aledids t hitd e chale o e exPas id ha e be¢
dec y¢ ed & &% ¢ ial Log &' ic ya kes fo diffe ¢4 cd ces.
%5 flb, @ ceof he'y o5 ofe w5 of /5 f11 wa w walid celb,b- e (ni ed
fo cell #elife 4 i# , 2 d highe A flbs @secid edy,ih4 c esed
péaab o dshete sw ial ef beal ct ce @iw‘fs 114 High
CAF-1 40 ce- el & -1 had eseeicons 4 ¢ al, ¢ deyé ial
¢ dce jicalct ce ' Becads essflbd dCAF-1aet ol edt cell
fohfeéld 4 ceaed ®éet ab¥ dd ceeof he e fad os-f cd ce
celb cenldbe dwef o he¢ het ced € olife 4 id st 45 of ct ce celb .
Aet digel t cesedayetss of ha echate ¢ & ya,al e uclee-
someaseybl, et g gt o yet st abili o &he'o,‘ld of
Ta e igt &b Fulhe 1 o igdid 34 ceded’ o dé ¢ ¢ heet ¢t
+ o, hich he al e ed abw dd ce of h#' @ e chale ¢ s ebe e
hx wt cd ce 51 hecdse(*¢ cee hecaseeoff« yo igd 65

Concluding remarks

G ed o' ide hae be¢ yadet @ des' o df g he,,- edicd id -
condled ¢ d- e&cﬁ i@ 4 dele det - wclew o ye @s e bl 4 h-
was a e eguliedb hst & echale ¢ & o dhi' ¢ e ‘leflci ids.
1 addiid , c#+ elids bé, ed defeés 4 4 wcle® o ye &5 e“bl

20 VOLUME 20 NUMBER 1

JANUARY 2013 NATURE STRUCTURAL & MOLECULAR BIOLOGY


http://www.nature.com/doifinder/10.1038/nsmb.2461
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html

© 2013 Nature America, Inc. All rights reserved.

&

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Xu, M. et al. Partitioning of histone H3-H4 tetramers during DNA replication-
dependent chromatin assembly. Science 328, 94-98 (2010).

Campos, E.l. et al. The program for processing newly synthesized histones H3.1
and H4. Nat. Struct. Mol. Biol. 17, 1343-1351 (2010).

Suggests that predeposition histone H3.1-H4 associates with multiple chaperones,
aiding in histone synthesis or stability, modification and nuclear import.

Cook, A.J., Gurard-Levin, Z.A., Vassias, |. & Almouzni, G. A specific function for
the histone chaperone NASP to fine-tune a reservoir of soluble H3-H4 in the
histone supply chain. Mol. Cell 44, 918-927 (2011).

English, C.M., Adkins, M.W., Carson, J.J., Churchill, M.E. & Tyler, J.K.
Structural basis for the histone chaperone activity of Asfl. Cell 127, 495-508
(2006).

Structural and functional analyses of Asfl-H3-H4 reveal that Asfl forms a
complex with the H3-H4 heterodimer through the H3 interface involved in the
formation of a (H3-H4), tetramer.

English, C.M., Maluf, N.K., Tripet, B., Churchill, M.E. & Tyler, J.K. ASF1 binds
to a heterodimer of histones H3 and H4: a two-step mechanism for the assembly
of the H3-H4 heterotetramer on DNA. Biochemistry 44, 13673-13682
(2005).

Mizuguchi, G., Xiao, H., Wisniewski, J., Smith, M.M. & Wu, C. Nonhistone Scm3
and histones CenH3-H4 assemble the core of centromere-specific nucleosomes.
Cell 129, 1153-1164 (2007).

Dunleavy, E.M. et al. HJURP is a cell-cycle-dependent maintenance and deposition
factor of CENP-A at centromeres. Cell 137, 485-497 (2009).

Foltz, D.R. et al. Centromere-specific assembly of CENP-a nucleosomes is
mediated by HIURP. Cell 137, 472-484 (2009).

Hu, H. et al. Structure of a CENP-A-histone H4 heterodimer in complex with
chaperone HJURP. Genes Dev. 25, 901-906 (2011).

Zhou, Z. et al. Structural basis for recognition of centromere histone variant
CenH3 by the chaperone Scm3. Nature 472, 234-237 (2011).

Refs. 25,26 demonstrate that HJURP and its yeast counterpart Scm3 bind to
the dimeric form of CenH3-H4 and prevent the spontaneous association of
CenH3-H4 with DNA.

Jasencakova, Z. et al. Replication stress interferes with histone recycling and
predeposition marking of new histones. Mol. Cell 37, 736-743 (2010).
Driscoll, R., Hudson, A. & Jackson, S.P. Yeast Rtt109 promotes genome
stability by acetylating histone H3 on lysine 56. Science 315, 649-652
(2007).

Masumoto, H., Hawke, D., Kobayashi, R. & Verreault, A. A role for cell-cycle-
regulated histone H3 lysine 56 acetylation in the DNA damage response.
Nature 436, 294-298 (2005).

Li, Q. et al. Acetylation of histone H3 lysine 56 regulates replication-coupled
nucleosome assembly. Cell 134, 244-255 (2008).

Tyler, J.K. et al. Interaction between the Drosophila CAF-1 and ASF1 chromatin
assembly factors. Mol. Cell. Biol. 21, 6574-6584 (2001).

Krawitz, D.C., Kama, T. & Kaufman, P.D. Chromatin assembly factor | mutants
defective for PCNA binding require Asf1/Hir proteins for silencing. Mol. Cell. Biol. 22,
614-625 (2002).

Donham, D.C. Il., Scorgie, J.K. & Churchill, M.E. The activity of the histone
chaperone yeast Asfl in the assembly and disassembly of histone H3/H4-DNA
complexes. Nucleic Acids Res. 39, 5449-5458 (2011).

Winkler, D.D., Zhou, H., Dar, M.A., Zhang, Z. & Luger, K. Yeast CAF-1 assembles
histone (H3-H4), tetramers prior to DNA deposition. Nucleic Acids Res. 40,
10139-10149 (2012).

Su, D. et al. Structural basis for recognition of H3K56-acetylated histone H3-H4
by the chaperone Rtt106. Nature 483, 104-107 (2012).

Shows that Rtt106 binds (H3-H4), tetramers and contains two histone-binding
domains, an N-terminal oligomerization domain and tandem PH domains, which
recognize H3 acetylated at lysine 56.

Zhang, W. et al. Structural plasticity of histones H3-H4 facilitates their allosteric
exchange between RbAp48 and ASF1. Nat. Struct. Mol. Biol. 19, aaa-bbb (2012).
Fazly, A. et al. Histone chaperone Rtt106 promotes nucleosome formation using
(H3-H4)2 tetramers. J. Biol. Chem. 287, 10753-10760 (2012).

Zunder, R.M., Antczak, A.J., Berger, J.M. & Rine, J. Two surfaces on the histone
chaperone Rtt106 mediate histone binding, replication, and silencing. Proc. Natl.
Acad. Sci. USA 109, E144-E153 (2012).

Liu, Y. et al. Structural analysis of Rtt106p reveals a DNA binding role required
for heterochromatin silencing. J. Biol. Chem. 285, 4251-4262 (2010).

Quivy, J.P., Grandi, P. & Almouzni, G. Dimerization of the largest subunit of
chromatin assembly factor 1: importance in vitro and during Xenopus early
development. EMBO J. 20, 2015-2027 (2001).

Nakano, S., Stillman, B. & Horvitz, H.R. Replication-coupled chromatin assembly
generates a neuronal bilateral asymmetry in C. elegans. Cell 147, 1525-1536
(2011).

Strahl, B.D. & Allis, C.D. The language of covalent histone modifications.
Nature 403, 41-45 (2000).

Sobel, R.E., Cook, R.G., Perry, C.A., Annunziato, A.T. & Allis, C.D. Conservation
of deposition-related acetylation sites in newly synthesized histones H3 and H4.
Proc. Natl. Acad. Sci. USA 92, 1237-1241 (1995).

Alvarez, F. et al. Sequential establishment of marks on soluble histones H3 and
H4. J. Biol. Chem. 286, 17714-17721 (2011).

Kang, B. et al. Phosphorylation of H4 Ser 47 promotes HIRA-mediated nucleosome
assembly. Genes Dev. 25, 1359-1364 (2011).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

REVIEW

Shows that phosphorylation of histone H4 Ser47 by Pak2 differentially regulates
H3.1-H4 and H3.3-H4 deposition by promoting the association of HIRA with
H3.3-H4 and inhibiting the association of CAF-1 with H3.1-H4.

Loyola, A. et al. The HP1a-CAF1-SetDB1-containing complex provides H3K9mel
for Suv39-mediated K9me3 in pericentric heterochromatin. EMBO Rep. 10,
769-775 (2009).

Pinheiro, I. et al. Prdm3 and Prdm16 are H3K9mel methyltransferases required
for mammalian heterochromatin integrity. Cell 150, 948-960 (2012).

Parthun, M.R., Widom, J. & Gottschling, D.E. The major cytoplasmic histone
acetyltransferase in yeast: links to chromatin replication and histone metabolism.
Cell 87, 85-94 (1996).

Ejlassi-Lassallette, A., Mocquard, E., Arnaud, M.C. & Thiriet, C. H4 replication-
dependent diacetylation and Hatl promote S-phase chromatin assembly in vivo.
Mol. Biol. Cell 22, 245-255 (2011).

Zhang, H., Han, J., Kang, B., Burgess, R. & Zhang, Z. Human histone
acetyltransferase HAT1 preferentially acetylates H4 molecules in H3.1-H4 dimers
over H3.3-H4 dimers. J. Biol. Chem. 287, 6573-6581 (2012).

Ye, J. et al. Histone H4 lysine 91 acetylation a core domain modification
associated with chromatin assembly. Mol. Cell 18, 123-130 (2005).

Yang, X. et al. HAT4, a Golgi apparatus-anchored B-type histone acetyltransferase,
acetylates free histone H4 and facilitates chromatin assembly. Mol. Cell 44,
39-50 (2011).

Shows that HAT4 is a new histone acetyltransferase that may be involved in
replication-coupled nucleosome assembly in human cells.

Burgess, R.J., Zhou, H., Han, J. & Zhang, Z. A role for Genb in replication-coupled
nucleosome assembly. Mol. Cell 37, 469-480 (2010).

Das, C., Lucia, M.S., Hansen, K.C. & Tyler, J.K. CBP/p300-mediated acetylation
of histone H3 on lysine 56. Nature 459, 113-117 (2009).

Shibahara, K. & Stillman, B. Replication-dependent marking of DNA by PCNA
facilitates CAF-1-coupled inheritance of chromatin. Cell 96, 575-585 (1999).
Zhang, Z., Shibahara, K. & Stillman, B. PCNA connects DNA replication to
epigenetic inheritance in yeast. Nature 408, 221-225 (2000).

Moggs, J.G. et al. A CAF-1-PCNA-mediated chromatin assembly pathway triggered
by sensing DNA damage. Mol. Cell. Biol. 20, 1206-1218 (2000).

Groth, A. et al. Regulation of replication fork progression through histone supply
and demand. Science 318, 1928-1931 (2007).

Franco, A.A., Lam, W.M., Burgers, P.M. & Kaufman, P.D. Histone deposition
protein Asfl maintains DNA replisome integrity and interacts with replication
factor C. Genes Dev. 19, 1365-1375 (2005).

Schulz, L.L. & Tyler, J.K. The histone chaperone ASF1 localizes to active DNA
replication forks to mediate efficient DNA replication. FASEB J. 20, 488-490
(2006).

Tan, B.C., Chien, C.T., Hirose, S. & Lee, S.C. Functional cooperation between
FACT and MCM helicase facilitates initiation of chromatin DNA replication.
EMBO J. 25, 3975-3985 (2006).

Wittmeyer, J., Joss, L. & Formosa, T. Spt16 and Pob3 of Saccharomyces cerevisiae
form an essential, abundant heterodimer that is nuclear, chromatin-associated, and
copurifies with DNA polymerase alpha. Biochemistry 38, 8961-8971 (1999).
Deal, R.B., Henikoff, J.G. & Henikoff, S. Genome-wide kinetics of nucleosome
turnover determined by metabolic labeling of histones. Science 328, 1161-1164
(2010).

Szenker, E., Ray-Gallet, D. & Almouzni, G. The double face of the histone variant
H3.3. Cell Res. 21, 421-434 (2011).

Ray-Gallet, D. et al. HIRA is critical for a nucleosome assembly pathway
independent of DNA synthesis. Mol. Cell 9, 1091-1100 (2002).

Kappes, F. et al. The DEK oncoprotein is a Su(var) that is essential to
heterochromatin integrity. Genes Dev. 25, 673-678 (2011).

Sawatsubashi, S. et al. A histone chaperone, DEK, transcriptionally coactivates
a nuclear receptor. Genes Dev. 24, 159-170 (2010).

Ray-Gallet, D. et al. Dynamics of histone H3 deposition in vivo reveal a nucleosome
gap-filling mechanism for H3.3 to maintain chromatin integrity. Mol. Cell 44,
928-941 (2011).

Describes a SNAP-based assay to monitor H3.1 and H3.3 deposition in real time
and shows that HIRA binds RNA polymerase Il and DNA, aiding in the coordination
of HIRA-mediated H3.3-H4 deposition and gene transcription.

Law, M.J. et al. ATR-X syndrome protein targets tandem repeats and influences
allele-specific expression in a size-dependent manner. Cell 143, 367-378
(2010).

lwase, S. et al. ATRX ADD domain links an atypical histone methylation recognition
mechanism to human mental-retardation syndrome. Nat. Struct. Mol. Biol. 18,
769-776 (2011).

Katan-Khaykovich, Y. & Struhl, K. Splitting of H3-H4 tetramers at transcriptionally
active genes undergoing dynamic histone exchange. Proc. Natl. Acad. Sci. USA 108,
1296-1301 (2011).

Liu, C.P. et al. Structure of the variant histone H3.3-H4 heterodimer in complex
with its chaperone DAXX. Nat. Struct. Mol. Biol. 19, 1287-1292 (2012).
Elsasser, S.J. et al. DAXX envelops an H3.3-H4 dimer for H3.3-specific
recognition. Nature 491, 560-565 (2012).

Refs. 72,73 show that Daxx binds an H3.3-H4 heterodimer and describe how
the histone-binding domain of Daxx recognizes H3.3 preferentially over H3.1.
Rufiange, A., Jacques, P.E., Bhat, W., Robert, F. & Nourani, A. Genome-wide
replication-independent histone H3 exchange occurs predominantly at promoters
and implicates H3 K56 acetylation and Asfl. Mol. Cell 27, 393-405 (2007).

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 20 NUMBER 1

JANUARY 2013 21



© 2013 Nature America, Inc. All rights reserved.

&

REVIEW

75.  Williams, S.K., Truong, D. & Tyler, J.K. Acetylation in the globular core of histone ~ 97. Mizuguchi, G. et al. ATP-driven exchange of histone H2AZ variant catalyzed by
H3 on lysine-56 promotes chromatin disassembly during transcriptional activation. SWR1 chromatin remodeling complex. Science 303, 343-348 (2004).

Proc. Natl. Acad. Sci. USA 105, 9000-9005 (2008). 98. Luk, E. et al. Chzl, a nuclear chaperone for histone H2AZ. Mol. Cell 25, 357-368

76. Guillemette, B. et al. H3 lysine 4 is acetylated at active gene promoters and is (2007).
regulated by H3 lysine 4 methylation. PLoS Genet. 7, e1001354 (2011). 99. Straube, K., Blackwell, J.S. Jr. & Pemberton, L.F. Napl and Chzl have separate

77. Bokoch, G.M. Biology of the p21l-activated kinases. Annu. Rev. Biochem. 72, Htz1l nuclear import and assembly functions. Traffic 11, 185-197 (2010).
743-781 (2003). 100. Costanzi, C. & Pehrson, J.R. Histone macroH2A1 is concentrated in the inactive

78. Zee, B.M., Levin, R.S., Dimaggio, P.A. & Garcia, B.A. Global turnover of histone X chromosome of female mammals. Nature 393, 599-601 (1998).
post-translational modifications and variants in human cells. Epigenetics  101. Zhang, R. et al. Formation of MacroH2A-containing senescence-associated
Chromatin 3, 22 (2010). heterochromatin foci and senescence driven by ASFla and HIRA. Dev. Cell 8,

79. Jamai, A., Imoberdorf, R.M. & Strubin, M. Continuous histone H2B and 19-30 (2005).
transcription-dependent histone H3 exchange in yeast cells outside of replication. 102. lles, N., Rulten, S., El-Khamisy, S.F. & Caldecott, K.W. APLF (C20rf13) is a novel
Mol. Cell 25, 345-355 (2007). human protein involved in the cellular response to chromosomal DNA strand

80. Selth, L. & Svejstrup, J.Q. Vps75, a new yeast member of the NAP histone breaks. Mol. Cell. Biol. 27, 3793-3803 (2007).
chaperone family. J. Biol. Chem. 282, 12358-12362 (2007). 103. Mehrotra, P.V. et al. DNA repair factor APLF is a histone chaperone. Mol. Cell

81. Andrews, A.J., Downing, G., Brown, K., Park, Y.J. & Luger, K. A thermodynamic 41, 46-55 (2011).
model for Napl-histone interactions. J. Biol. Chem. 283, 32412-32418 104. Lorain, S. et al. Structural organization of the WD repeat protein-encoding gene
(2008). HIRA in the DiGeorge syndrome critical region of human chromosome 22. Genome

82. Mosammaparast, N., Ewart, C.S. & Pemberton, L.F. A role for nucleosome Res. 6, 43-50 (1996).
assembly protein 1 in the nuclear transport of histones H2A and H2B. EMBO J. 21, 105. Farrell, M.J. et al. HIRA, a DiGeorge syndrome candidate gene, is required for
6527-6538 (2002). cardiac outflow tract septation. Circ. Res. 84, 127-135 (1999).

83. lto, T., Bulger, M., Pazin, M.J., Kobayashi, R. & Kadonaga, J.T. ACF, an ISWI- 106. Wilming, L.G., Snoeren, C.A., van Rijswijk, A., Grosveld, F. & Meijers, C. The
containing and ATP-utilizing chromatin assembly and remodeling factor. Cell 90, murine homologue of HIRA, a DiGeorge syndrome candidate gene, is expressed
145-155 (1997). in embryonic structures affected in human CATCH22 patients. Hum. Mol. Genet.

84. Andrews, A.J., Chen, X., Zevin, A., Stargell, L.A. & Luger, K. The histone 6, 247-258 (1997).
chaperone Napl promotes nucleosome assembly by eliminating nonnucleosomal 107. Jiao, Y. et al. DAXX/ATRX, MEN1, and mTOR pathway genes are frequently altered
histone DNA interactions. Mol. Cell 37, 834-842 (2010). in pancreatic neuroendocrine tumors. Science 331, 1199-1203 (2011).

85. Belotserkovskaya, R. et al. FACT facilitates transcription-dependent nucleosome  108. Heaphy, C.M. et al. Altered telomeres in tumors with ATRX and DAXX mutations.
alteration. Science 301, 1090-1093 (2003). Science 333, 425 (2011).

86. Winkler, D.D., Muthurajan, U.M., Hieb, A.R. & Luger, K. Histone chaperone FACT 109. Schwartzentruber, J. et al. Driver mutations in histone H3.3 and chromatin
coordinates nucleosome interaction through multiple synergistic binding events. remodelling genes in paediatric glioblastoma. Nature 482, 226-231 (2012).

J. Biol. Chem. 286, 41883-41892 (2011). Refs. 107-109 reveal mutations or alterations of the Daxx—-ATRX-H3.3 deposition

87. Stuwe, T. et al. The FACT Sptl6 “peptidase” domain is a histone H3-H4 binding pathway in various cancers and describe the association of these mutations with
module. Proc. Natl. Acad. Sci. USA 105, 8884-8889 (2008). alterations in telomeres and gene expression.

88. VanDemark, A.P. et al. The structure of the yFACT Pob3-M domain, its interaction 110. Wise-Draper, T.M. et al. Overexpression of the cellular DEK protein promotes epithelial
with the DNA replication factor RPA, and a potential role in nucleosome deposition. transformation in vitro and in vivo. Cancer Res. 69, 1792-1799 (2009).

Mol. Cell 22, 363-374 (2006). 111. Soekarman, D. et al. The translocation (6;9) (p23;934) shows consistent

89. Xin, H. et al. yFACT induces global accessibility of nucleosomal DNA without rearrangement of two genes and defines a myeloproliferative disorder with specific
H2A-H2B displacement. Mol. Cell 35, 365-376 (2009). clinical features. Blood 79, 2990-2997 (1992).

90. Jamai, A., Puglisi, A. & Strubin, M. Histone chaperone spt16 promotes redeposition =~ 112. Renella, R. et al. Codanin-1 mutations in congenital dyserythropoietic anemia
of the original h3-h4 histones evicted by elongating RNA polymerase. Mol. Cell type 1 affect HPlo localization in erythroblasts. Blood 117, 6928-6938
35, 377-383 (2009). (2011).

91. Batta, K., Zhang, Z., Yen, K., Goffman, D.B. & Pugh, B.F. Genome-wide function = 113. Ask, K. et al. Codanin-1, mutated in the anaemic disease CDAI, regulates Asfl
of H2B ubiquitylation in promoter and genic regions. Genes Dev. 25, 2254-2265 function in S-phase histone supply. EMBO J. 31, 2013-2023 (2012).

(2011). 114. Corpet, A. et al. Asflb, the necessary Asfl isoform for proliferation, is predictive

92. Pavri, R. et al. Histone H2B monoubiquitination functions cooperatively with FACT of outcome in breast cancer. EMBO J. 30, 480-493 (2011).
to regulate elongation by RNA polymerase II. Cell 125, 703-717 (2006). 115. Polo, S.E. et al. Clinical significance and prognostic value of chromatin assembly

93. VYuan, J., Adamski, R. & Chen, J. Focus on histone variant H2AX: to be or not to factor-1 overexpression in human solid tumours. Histopathology 57, 716-724
be. FEBS Lett. 584, 3717-3724 (2010). (2010).

94. Heo, K. et al. FACT-mediated exchange of histone variant H2AX regulated by 116. Verreault, A., Kaufman, P.D., Kobayashi, R. & Stillman, B. Nucleosome assembly
phosphorylation of H2AX and ADP-ribosylation of Sptl6. Mol. Cell 30, 86-97 by a complex of CAF-1 and acetylated histones H3/H4. Cell 87, 95-104
(2008). (1996).

95. Zhang, H., Roberts, D.N. & Cairns, B.R. Genome-wide dynamics of Htz1, a histone 117. Laskey, R.A., Honda, B.M., Mills, A.D. & Finch, J.T. Nucleosomes are assembled
H2A variant that poises repressed/basal promoters for activation through histone by an acidic protein which binds histones and transfers them to DNA. Nature
loss. Cell 123, 219-231 (2005). 275, 416-420 (1978).

96. lJin, C. et al. H3.3/H2A.Z double variant-containing nucleosomes mark 118. Han, J., Zhou, H., Li, Z., Xu, R.M. & Zhang, Z. Acetylation of lysine 56 of histone
‘nucleosome-free regions’ of active promoters and other regulatory regions. H3 catalyzed by RTT109 and regulated by ASF1 is required for replisome integrity.
Nat. Genet. 41, 941-945 (2009). J. Biol. Chem. 282, 28587-28596 (2007).

22 VOLUME 20  NUMBER 1 JANUARY 2013 NATURE STRUCTURAL & MOLECULAR BIOLOGY



	Histone chaperones in nucleosome assembly and human disease
	Replication-coupled nucleosome assembly
	New H3–H4 dimers bind various histone chaperones.
	How are new (H3–H4)2 tetramers formed?
	H3 and H4 modifications regulate replication-coupled nucleosome assembly.
	Interactions with the DNA replication machinery.

	Replication-independent assembly and histone exchange
	Histone chaperones facilitate replication-independent assembly.
	Histone modifications in replication-independent assembly.

	Deposition and exchange of H2A–H2B dimers
	Histone chaperones for H2A–H2B deposition and exchange.
	Histone chaperones for H2A variants.

	Alterations in nucleosome-assembly factors in human disease
	Concluding remarks
	Acknowledgments
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Histone chaperones are key regulators of replication-coupled and replication-independent nucleosome assembly.
	Figure 2 H3–H4 histone chaperones bind a H3–H4 
dimer or a (H3–H4)2 tetramer.
	Table 1  Histone chaperones and their functions during nucleosome assembly


	Button 1: 
	Page 1: Off



