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An Asymmetric Model for the Nucleosome: 
A Binding Site for Linker Histones Inside the 

DNA Gyres 
Dmitry Pruss, Blaine Bartholomew, Jim Persinger, 

Jeffrey Hayes, Gina Arents, Evangelos N. Moudrianakis, 
Alan P. Wolffe* 

Histone-DNA contacts within a nucleosome influence the function of trans-acting factors 
and the molecular machines required to activate the transcription process. The internal 
architecture of a positioned nucleosome has now been probed with the use of photo- 
activatable cross-linking reagents to determine the placement of histones along the DNA 
molecule. A model for the nucleosome is proposed in which the winged-helix domain of 
the linker histone is asymmetrically located inside the gyres of DNA that also wrap around 
the core histones. This domain extends the path of the protein superhelix to one side of 
the core particle. 

T h e  1li1~1eo~~)11-ie l-iiis '111 actlye role 111 genc 
r e g ~ ~ l a t ~ o n ,  h! l~~ta t~oi- i \  ot tl-ie core l-i~sto~-ics 
have s p e c ~ f ~ c  conwqncnces f ~ j r  tl-ie rrki1-i- 
scr~pt iun p a r t ~ c ~ ~ l ~ r  genes ( I  ) .  T h e  .;pet- 

i t ~ c ~ t ~  o t  these effect, c;111 hi' expla~i-ic'd I1otl-i 
I ~ T .  the  pos~ t~o~- i~ i - ip  o t  i-i~stoncs n.1tl-i respect 
to DNA scijuence ( 2 )  ~ n , l  the potei-itial 

D P r ~ s s  aicl A. F ',Nsltfe, Lab3ratsl-y cf ~ r l ~ l e e ~ . l a r  En:- 
artv31cg;, N s t ~ n a l  Instt.~te cf Cli lo Healtli 2nd H L I ~ ; ~  
C ~ ~ e l c p i i e ~ i t  Nst~snal lnst~t~.tes at ies l t l i  6~11 ld11 is  E, 
?ccm 511-13 Eetliesc:i h,lD 20392-2713. US4 
6 6;rt'lcl3mev. ;,id J Fe.s,iger Depa~tlnent cf lvleclcal 
63clie1n1str$ S3~,tl ier1- 1 1 i 3 1 s  Uii5!elsti st C;~ljc~icI;e 
ScIi3cI 3f l ~ l ed~c~ r i e .  Carlj~liclale, L 62931--313. USA 
J ia;es Cel;altl-lent sf 61scl ia i i1str$.  Sc l isc  ct 'JeciL 
c i ie  alici Deritstr? 1Jii1'1ers1t: cf Rccliester Rac'lester 

Thi. u~~cleosome conta~nr  t ~ v o  moleci~les 
L ~ t  e,ich nt tl-ic four core 11istu1-i~~ (IH2A, IH2l3, 
H3, ~11~1 H4) ,  a si~lgli' 111olcc111c of R liilker 
l-ustone ( H I ,  HI", or H5) ,  ~11d -180 I ~ ~ i r e  
pairs (hp) of DNA (4) .  In i\ol,lt~on, the corc 
h~stc>nes asselnlllc inti] a11 c~ctameric c i ~ m ~ l e s  
(5),0\v110ie ~ ~ I - L I C ~ L I S ~  11;ls heen L lc t e r~n~ne~ l  at  
i . l A  r c s o l i ~ t ~ o ~ ~  (6-8). The exact pdth of 
DK.4 011 tl-ic buri;~cc <)t the l-u\tone oct,lmer, 
thc ~~o.;ltii>11 the linl,er l~ustone moleci~le 

Ts v,1,31,7 CC1res13C17ele11ee sL7CLlld 2ddresse:l, ta ln~n:r  thc Xc'rlojxis bo~riili.\ somatlc 5.5 rl- 
5 - l na .  a, , !~i ie@~iiex n l i  (JCC bo\omal R N X  ( rRNX)  genc to cxamlne 



C + 
Extending an internal primer with a limited 1 dNTP set [including an U - ~ ~ P  NTP (*) and a 
photoactive derivative (+)I by Klenow fragment 

1 Annealing an upstream primer 

1 R - 
Completing the strand synthesis 
wdh T4 DNA polymerase 

Eco Rl Dde I 
I &A 

Restriction enzyme digestion 1 Nucleosome reconstitution 
Linker histone binding 

Eco RI Dde l 
-*+---I 

B 
Probe5 Probe4 Probes 3 and 2 Probe I 

a h  Gel rnobilrly assay ' , ' Photocrosslinking 
LCCAATCPT MNase protection assay 

%7 E7 ;ccscc 73'8 
JLGTATLGTGGGCIC~CACGGGCTATAK~UCTAUKCTTCGGTTCGTCCCAKCCGGCICCIATCPTGU.CCT~CCCTCT~S 

I D Probe 5 Probe 4 Probe 3 Probe 2 Pmbe I 
+lo *A7 *A, & +A, $a -40 & +W +I0 +21 4 1  r41 +51 +6l +7l 4 1  

nucleosomal architecture (1 2, 13). On re- 

Fig. 1. Deslgn of the photoactlve probes. (A) Photoactlve DNA precursors. 
(B) Posltlons of the photoactlve bases (arrows) and 37P-labeled nucleot~des - ~ i ~ L ~ b a " , ~ r , ~ G ~ ~ i f l d f l b & ~ B * ~ & ~  2: 1 

constitution into the nucleosome, linker 
histones bind preferentially to nucleosomal 
DNA compared to naked DNA (1 3). The 
protection of linker DNA from micrococcal 
nuclease digestion after incorporation of 
the linker histone is asymmetric and occurs 
without any detectable alteration in de- 
oxyribonuclease I cleavage (13). Zero 
length histone-DNA cross-linking also sug- 

(asterisks) w~thln the bottom strand of 5S RNA gene. The photoreactlve 
group 1s attached to the bottom of the major groove by a 1.3-nm I~nker. (C) 

gests an asymmetric position for linker his- 
tones at the edge of the nucleosome (I 1 ). 
To further test this asymmetric positioning 
of linker histones in the nucleosome, we 
introduced broad specificity photoaffinity 
probes specific for the major groove of 
DNA (Fig. lA), at defined points, together 
with radioactive nucleosides within the Xe- 
nopus 5s rRNA gene (15) (Fig. 1B). These 
radiolabeled DNA sequences were subse- 
quently reconstituted into nucleosomes 
(16) and assayed for structural integrity 
(1 7), before the histones were cross-linked 
to DNA (18) (Fig. 1, C and D). 

Dyad7 I I I I I I I  2 3 4 5 6 7 

Gel retardation was used to demonstrate 
the eauivalent reconstitution into nucleo- 

Synthes~s and analysls of the photoactlve probes and strategy of nucleo- 
some analysls. The specifically poslt~oned nlcks In the labeled strand proved to be very useful for the preclse nucleosome pos~t~on mapplng (D) Approxlmate 
pos~tlons of the photoactlve azldo moletles w~th respect to the surface of the hlstone octamer (shaded) wlth~n nucleosomes 

some cores of all five DNA fragments con- 
taining distinct radiolabeled photoaffinity 
probes (Fig. 2A). Linker histones were ti- 
trated into the nucleosome, and their pref- 
erential interaction with DNA wrapped 
around a histone octamer was monitored 
(Fig. 2B). A level of linker histone corre- 
sponding to approximately one molecule 
per two nucleosomes, which allows nucleo- 
some reconstitution with minimal binding 
of linker histone to naked DNA (Fig. 2B, 

A B D E @' 
H5 D~gestlon 

Probe 1 2 3 4 5 
Patt~cte. G+O GO'@ 

- time (mln): . i 5 5 15-60 Probe. 2 3 2 3 4 5 --- 7- 

14'-@am ..- 
Chrom.9 if.~- - - . -- 

Core- Core- 
Free- ,2148 

Free* 146 
1 2 3 4 5 6  1 2 3 4  

P 
0 - 0 

V 

Linker 

Digestion 
time (min): 15 45 15 45 15 45 15 45 

=-.- 
Fig. 2. (A) Nucleosome reconstitution on probes 1 to 5, as 

"I m-1 monitored by electrophoresis in 0.7% agarose gel. Lane 1 : A 
nucleosome preparation was dissociated by 0.5% SDS be- 

core--B d fore loading. (B) Preferential linker histone binding to the 
nucleosomes, as exemplified by histone H 5  binding to the 

r . L  5 probe 4 nucleosomes. The concentration of histone H5 in- 
1 2 M 3 4 M 5 6 M 7 8 M creases in twofold increments between the neighboring 

lanes. Lane 2 represents the experimental sample used in 
the cross-linking experiments in which there is one molecule of linker histone per two nucleosomes in the 
reaction. These conditions minimize the potential for linker histone association with naked DNA (13). (C) 
Chromatosome barrier assay. Native electrophoresis of probe 4 nucleosome MNase digestion products. 
Full-length (lanes 3 and 4) and truncated (lanes 5 to 8) linker histones are equally capable of stably 
protecting -168-bp-long DNA (Chrom.) from micrococcal nuclease. In the absence of linker histones 
(lanes 1 and 2) the transiently appearing 165- and 155-bp intermediates are quickly trimmed to the core 
particle size (Core). (D) The unique 5S nucleosome core position remains unchanged during the MNase 
digestion. Denaturing electrophoresis of probe 4 nucleosome MNase digestion products. The length of the 
labeled strand changes by merely one to two nucleotides over the course of digestion. (R Denaturing 
electrophoresis of nucleosome core- (146 to 148 bp) and chromatosome-sized DNA (168 bp) derived from 
probes 2,3, 4, and 5. The shorter labeled strands derived from probes 4 and 5 (1 46 and 11 6 nucleotides, 
respectively), resulting from the internal position of the probe-specific nicks within the 5S nucleosome core. 

lane 2), was used in subsequent experi- helix" central domain flanked by basic 
ments. Several linker histones, chicken NH,- and COOH-terminal tail domains 
erythrocyte H5, and recombinant Xenopus (20, 21 ). Controlled proteolysis or expres- 
histone H1° (19) were used. Each linker sion of mutant proteins allowed us to exam- 
histone consists of a globular "winged- ine the contribution of these different do- 

SCIENCE - VOL: 274 * 25 OCTOBER 1996 61 5 



mains to nucleosome structure. An addi- 
tional 20 bp of linker DNA contiguous to 
the nucleosome core were protected from 
digestion with micrococcal nuclease by 
three different mutant proteins: recombi- 
nant HI0, recombinant H1° A126-C that 
lacks most of the COOH-terminal tail do- 
main, and the globular (winged-helix) do- 
main of histone H5 (GH5) (Fig. 2C). As a 
control. we demonstrated that the   hot oaf- 
finity probes were positioned at the antici- 
~ a t e d  sites within the 5s nucleosome. Each 
nucleosome was trimmed to a core particle 
containing - 147 bp of DNA by controlled 
digestion with micrococcal nuclease (for 
example, Fig. 2D). We then denatured the 
DNA and mapped the distance of the ra- 
diolabeled nucleotide from the edge of the 
core particle (Fig. 2E). The DNA fragment 
sizes obtained indicated the predominance 
of a single nucleosomal position with re- 
spect to DNA sequence (Fig. 2E). 

After confirmine that the five nucleo- " 
somes had the anticipated structural prop- 
erties and were thus reconstituted correctly, 
we mapped the DNA interactions with the 
core and linker histones within the 5s nu- 
cleosomes. We directly compared histone- 
DNA contacts made by three different 
forms of linker histone with three of the 
probes in the 5s nucleosome (Fig. 3). 
Whereas cross-linking the entire HI0 pro- 
tein to nucleosomal DNA occurred with 
approximately equivalent efficiency to all 
of these probes (Fig. 3, asterisks), contacts 
with recombinant H1° A126-C, which lack 
most of the COOH-terminal tail (Fig. 3), 
were reduced from a high level for probe 2 
to a low level for probe 5. This effect was 
even more pronounced for GH5 (Fig. 3), 
reflecting the local structural role for this 
domain in the nucleosome. A more detailed 
comparison of the cross-linking of histone 
H5 (Fig. 4A) with that of GH5 (Fig. 4B) 

Probe: 2 3  5 

.- 2 
Linker 2 9 & 2 9 & 3 2 & 

histone: 6 F F o F F s F F 

1 2 3 4 5 6 7 8 9  

Fig. 3. Photocrosslinking-mediated histone label- 
ing in chromatosomes containing globular domain 
of histone H5 (GH5, closed circles), histone HI0 
with a 72-amino acid deletion in the COOH-termi- 
nal tail (HI "8126-C, open circles), and full-length 
recombinant histone H1 " (asterisks). 

reveals that GH5 shows selective cross- If GH5-DNA interactions are analogous to 
linking to probes 2 and 3 compared with those of HNF3-DNA-that is, GH5 binds 
probes 1,4, and 5. The relative efficiency of within the major groove of DNA-then the 
cross-linking of GH5 to DNA in the 5s 
nucleosome (Table 1, shown schematically 
in Fig. 4C) revealed a preference for major 
groove contacts 60 to 68 bp from the dyad 
axis. This places a favored site for contact 
with the linker histone well within the 
nucleosome core, a region of the nucleo- 
some in which DNA is also wrapped on the 
surface of the core histones. 

We explored the structural implications 
of placing GH5 at this highly asymmetric 
position within the nucleosome. The struc- 
ture of GH5 was modeled at this site within 
the nucleosome core particle. In this mod- 
eling, a number of simultaneously applied 
constraints influenced the positioning of 
GH5 relative to both DNA and the histone 
core of the nucleosome. The crystal strug- - 
ture of GH5 has been determined to 2.5 A 
resolution (20); however, a structure for the 
complex between GH5 and DNA has yet to 
be determined. In our modeling, we chose 
an orientation of GH5 with respect to the 
DNA which simulated that of the HNF3- 
DNA configuration, as a result of the high 
degree of structural homology between 
GH5 and HNF3 (21 ). The location of GH5 
along the major groove of the nucleosomal 
DNA was constrained by our current results 
and earlier data suggesting a specific cross- 
link between GH5 and the 5s nucleosomal 
DNA (1 2) about 64 bp from the dyad axis. 

Probe: 1 2 3 4  5 . A -4 

Fig. 4. Photocrosslinking-mediated 32P labeling 
of histones within nucleosome cores and chroma- 
tosomes containing (A) full-length histone H5 and 
(B) globular domain of histone H5. The globular 
domain (GH5) is indicated by closed circles. (C) 
Relative efficiency of photocrosslinking. Closed 
circles: positions of photoactive nucleotides with 
the 5S nucleosome. The sizes of the circles cor- 
respond to the average GH5 cross-linking yield 
per photoreactive base of the probe (Table 1). The 
pie diagrams show the ratio of GH5 (black) and 
total core histone (white) cross-linking. 
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FQ. 5. M o d  for interaction of the globular domain of 
H5 with the nucleosome core. (A) The locations of the 
probes used in the cross-linking experiments are 
marked by a cdor gradient on one strand (light gray) 
of the DNA; they progress from the nudeosomal dyad 
to the edge of the nudeosome, from gold (probe 5) to 
orange (probe 4), red (probe 3), fuschia @robe 2), and 
red (probe 1) again. Core histones are shown: H3 
(green), H4 (white), H2B (dark blue), and H2A (light 
blue). (B) V w  of the complex down the protdn su- 
phelical axis. GH5 (yellow) is at the lower right sec- 
tor. (C) Wew of the complex down the mdecular two- 
fdd axis with GH5 (yellow) at the upper right sector. 



elohular d o m a i ~ ~  \v111 not he centereii a t  the 
n~lcleosornal iiy:~d (22) ,  hecause at that 
place the major groo1.e o t  the  n~icleosomal 
LINA faces the  histone octamer, anii o~ l lv  
the minor groove faces o ~ ~ t  anii is available 
for ailditional ~nteractions i \ v ~ t h  H 5 )  i 12).  

Tlle GH5 location \ve propose generates a 
Liefinite asymmetry In the nucleoson1e (Fig. 
5). The  locations of the ~~r i>he \  used 111 the 
crohs-l~nk~ng experlmellts are ~narked (Fig. 
5A). One \-le\v sllo\vn ot  the comrles is ilo\vn 
the axis of the proteln superhelix o t  the core. 
GH5 (yello\v) is close to the volume occupieil 
11y H2A (11ght hl~ie) anJ  the exit slte of the 
nucleosomal LINA (Fig. iB). Tlle part~cular 
or~entat l in~ of G H i  ~n the ~najor qroo1.e cho- 
sen allo\vs close contact \ v ~ t l ~  histone H2A 
(23) and extends the path of the pnlteln 
surerhelix of the core. Another rortlon o t  
G H ~  appearsttqenerate an exten&d protell1 
ranlp that might direct a kink in the DNA 
path (24). The  O H - t e r m i ~ ~ a l  tail of the 
GH5 protein points along the ciouble helix at 
the \.erv eiltre o t  the n~icleosome core anii in 
the direction of the adjacent nucleoso1l1e in 
the cl~romatin fiber. The  other view shown IS 

of the GHi-nucleosome core c o m ~ l e x  from 
ahove the molecular t\vofold asi5, \\.it11 
G H 5  (yello\v) a t  the Lipper right-hand hec- 
tor of the picture (Flg. 5 C ) .  I11 t h ~ s  model, 
part of the  G H 5  11,lngs O L I ~  o t  the nucleo- 
so~na l  dom,lln anil may aro\.lde a uniilue , L 

docking elelnellt for the Interactions nltlh 
other ~nacro~nolec~i lar  effectors. 

O L I ~  ~noiiel h r  the nucleosome has se\reral 
lmpl~cations for chromatin structure 2nd 
f ~ i ~ ~ c t i o n .  A n  asymmetric nucleosome ~nlqllt  

Table 1. The hlstone harboring covalently at- 
tached. "P-abeled oligopyrmdne blocks derlved 
from the products of photocrossnking of GHS- 
bound nucleosomes were separated by SDS elec- 
trophoress (Fg.  4A): the bands were scanned and 
the effective yleld of photocrossnking per N-(p- 
az~dobenzoyl)-gycy(ABG)-modf~ed base was cal- 
culated by dvidng the band volume by the nulnber 
of a ~ a z d o  moieties per resdua oligopyrmdne 
block (arrow) and the number of radoactlve phos- 
phates per residual ogopyrimidne block (astersk) 
The follow!ng labeled blocks can be derlved from 
the probes (Fig, 1 B) 1 .'EC;C'B1?C-181?CT-181?CT 
(+85 . .790),  2-A6GdUC and A8GdU ( ~ 7 4 .  . . ~ 7 5 .  
777.  respect~vely). 3-A6GCA8GC and PEG C 
(+70. . , 771  and +74. . ,775. respectvey). 4-'6c 
dUL\""dU (+54. ,755).  5-A6'dU (+16) (the 
""dU resdue at poston + 13 does not gve rse to 
any labeled ogopyrmdne block). 

Y e d  per photoactve base 
Probe 

GHS H4 H2A H ~ B T H ~  

impart a J l r e c t ~ c ) n a l ~ t ~  to the fold~ng of the 
chron~atin fiher, consistent \ v ~ t h  a polar 
Ileaii-to-tall :~rrangement of linker histone 
n~olecules (25). T h e  proyosed orlentation of 
the \vinge~i-hel~s domain \vo~ilii fa\.or inter- 
action of the basic COOH-termlnal mil o t  
the llnker histone \vith llnker LINA, facili- 
t a t q g  c l l ro~nat i~l  comyaction (26). A sec- 
onil pres~i~neii DNA l ~ i n d ~ n g  slte tc~r the 
~vinged-hel~x d o m a ~ n  (22) does not n teract  
~v1t11 n~icleosomal LINA 111 our model, but it 
mlgllt interact nit11 the LINA of adjacent 
nucleusomal units of the chrolnatln tlher, 
facilitating the asseml-rlr of 111gher order 
structures. The  binLilng of the a?~nged-helix 
i lo~nain 111 the major groo\.e coulii account 
for secluellce relectiv~tv of n~~cleosc)me pos~-  
tionlng and rrstrlct~on of ~ l~ ic leoso~ne  mohil- 
~ t y  that are dependent o n  111lker h ~ s t o ~ l e s  
(27).  Re~noval of histone H 1  as seen o n  
tra~lscriptional acti\.ation of in i i~~c i i~ le  yro- 
nroters (28) \voulil remove a major positio~lal 
signal for chromatin o rg~n~za t ion ,  and the 
resulting mol~ility o t  histone octamers lvith 
respect to LIKA sequence could grexly ta- 
cilitate transcriptlo~lal activation. 
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