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Protein motion plays a key regulatory role in fundamental
cellular processes, such as signaling, molecular recognition,
cell-cycle control, replication, and transcription.[1] In higher
organisms, many proteins contain long flexible tails and
disordered linkers connecting folded domains.[2] Interdomain
mobility is important for the interaction with different
partners as it allows the adjustment of the relative distance
and orientation that is required for binding.[3] In addition,
post-translational modifications, ligand binding, protein–pro-
tein, and protein–nucleic acid interactions induce disorder-to-
order transitions of flexible regions and switch proteins
between different functional modes.[3, 4] Interdomain contacts
and ordering of disordered linkers introduce a correlation
between the rotational motion of the protein domains and
alter their rotational diffusion properties, in particular the
rotational correlation time (tc). Thus, measurement of rota-
tional correlation times by NMR spin relaxation, electric
birefringence, fluorescence depolarization, and dielectric
relaxation can provide insight into the function of biomole-
cules.[5] In addition, several NMR methods have been
developed to describe conformational heterogeneity of flex-
ible multidomain proteins.[6]

Interpretation of experimentally determined rotational
correlation times in terms of protein interactions and
disorder-to-order transitions relies on the ability to predict
tc values from known three-dimensional structures. For rigid
molecules, tc can be accurately determined through standard
bead and boundary element hydrodynamic methods.[7] In
addition, the presence of short disordered segments can be
taken into account using ensemble methods.[7] In contrast, in
flexible multidomain proteins and supramolecular complexes
the overall tumbling of the protein, interdomain mobility, and
local protein dynamics are coupled:[8] interdomain dynamics
can lead to drastic changes in the shape of the biomolecule

and thus its rotational tumbling. If in addition global and
interdomain motions take place on comparable timescales,
hydrodynamic coupling will occur and the protein diffusion
model will be time-dependent.[8b] Thus, for many systems the
extended model-free approach, which relies on the assump-
tion that fast and slow motions are decoupled from each other
and from the overall tumbling,[9] is not applicable. Moreover,
a treatment of interdomain dynamics as jumps between two
distinct conformational states[8a] is successful only if the
overall diffusion tensor of the two states is highly similar and
coupling between overall and interdomain motion is small. In
a general case, rotational motion of rigid domains connected
through flexible linkers is very complex, and parameters
describing their orientational correlation function as a sum of
exponentials do not have the same physical interpretation as
in the model-free approach.[8b]

Herein we describe a method, named HYCUD (HYdro-
dynamic CoUpling of Domains), to calculate the rotational
correlation time of flexible modular biomolecules. We apply
the approach to homodimeric heterochromatin protein 1
(HP1), two and three copper-binding-domain constructs of
Wilson disease protein (ATP7B), and different two-domain
GB1 variants. The calculations demonstrate that HYCUD
can accurately predict rotational correlation times in a wide
variety of complex multidomain proteins. Comparison of
rotational correlation times predicted by HYCUD for the
300 kDa HP1-nucleosome complex with experimental values
revealed that HYCUD is applicable to large and dynamic
supramolecular complexes.

The HYCUD method starts by construction of an
ensemble of conformers for the multidomain protein or
supramolecular complex (Supporting Information, Fig-
ure S1). To this end, a model of the protein/-protein complex
is built using known high-resolution structures of the individ-
ual domains and arbitrary backbone conformations for
flexible segments. Next, a large ensemble of conformations
(up to 5000 conformers) without steric clashes is built using
the flexible-meccano approach of the ensemble optimization
method.[10] Folded domains are treated as rigid bodies, while
random configurations of the Ca backbone are created for
flexible segments using an empirical database of backbone
torsion angles.[11] Borders between folded and disordered
parts are defined on the basis of experimental data, such as
NMR relaxation data. Alternatively disorder predictions may
be used to define domain boundaries.[12] Subsequently, back-
bone and side-chain conformations are reconstituted on the
basis of Ca coordinates using REMO.[13] Next, the rotational
correlation time tc0 and intrinsic viscosity [h] for each globular
domain in its isolated state is calculated using the atomic-level
shell-model implemented in the program HYDROPRO10.[14]
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To this end, non-hydrogen atoms of the protein are replaced
by spheres with the same atomic effective radius (AER). In
the HYCUD calculations reported herein, the adjustable
parameter AER of the globular domains was set to a value
that gave the best agreement with the known experimental tc

of the “isolated” domains. For disordered linkers and tails, an
AER of 3.0 � was used. Disordered segments exceeding
14 residues are divided into non-overlapping fragments of
approximately 14 residues, that is, twice the persistence length
of coil-like polypeptide chains.[15] At the end of this proce-
dure, rotational correlation times and intrinsic viscosities for
each domain or disordered segment in the conformer
ensemble of the multidomain protein are available.

The key step in HYCUD is the calculation of the scaling
factor that approximately describes the “relative viscosity”
experienced by each domain/disordered segment i in the full-
length protein. To this end, the effective concentration of
domain/segment j in the vicinity of domain i is calculated on
the basis of the distance, rij, between the center of mass of the
two domains. The effective concentration of domain j, cj, is
defined as the concentration for which the expected value to
find the domain j at the distance rij from domain i is 1 (see
Supporting Information for further details). The effective
“relative viscosity” (h/h0) is then obtained as a first-order
approximation through Equation (1):

hi

h0
¼ 1þ

X
j 6¼i

h½ �jcj ð1Þ

The rotational correlation time tc of domain i is calculated
according to Equation (2):

tci

tcoi
¼ hi

h0
ð2Þ

tci in the flexible multidomain protein/complex is finally
obtained by taking the average over the ensemble of protein
models.

HYCUD was first applied to heterochromatin protein
HP1. HP1 is a key regulator of chromatin structure and
function and contains two globular domains, chromodomain
(CD) and chromoshadow domain (CSD). The two domains
are connected by a 37-residue linker. In addition, two flexible
tails are attached to the N- and C-terminal sides of the protein
(Figure 1a and Figure S2).[16] The CSD provides an interface
through which HP1 dimerizes.[17] Using NMR spectroscopy,
we recently demonstrated that there are no stable domain–
domain or domain–linker contacts, and the interdomain
linker and the tails are disordered.[18] To investigate the
influence of different modular arrangements of HP1 on the tc

of its CD domain, we compared tc in full-length HP1,[18] with
those of the isolated CD with a short tail (residues 19–79) and
the HP1 variant hHP1bI161A, which is monomeric (Fig-
ure 1a).[17b,19] At 25 8C, the average tc of CD(19–79) was (5.2�
0.3) ns. In monomeric HP1, the tc of CD rose to (9.8� 1.3) ns
(Figure S3), a value similar to that observed for the CD in
wild-type, that is, dimeric, HP1 (tc = (10.2� 1.2) ns).[18] Cor-
responding values for the CSD were (10.5� 1.1) and (24.6�
5.0) ns in monomeric (Figure S3) and dimeric HP1,[18] respec-
tively. The similarity of CD domains’ tc values in monomeric

and dimeric HP1 indicates that the rise of tc with respect to
the isolated CD is mainly caused by the N-terminal tail and
the hinge region of the same HP1 molecule.

Next, the tc values of CD and CSD in the different
multidomain arrangements were predicted using HYCUD.
The predicted tc of CD (19–79), that is, the globular domain
(residues 19–72) with a short C-terminal tail was in agreement
with the experimental value when using an AER of (3.3�
0.2) �. Using the same AER but without the C-terminal
extension, the predicted tc was (4.1� 0.3) ns, indicating that
inclusion of the short C-terminal tail increases tc by about
20%. For CD and CSD in monomeric HP1, HYCUD
predicted tc values of (9.4� 0.7) ns and (10.7� 0.7) ns, respec-
tively, in close agreement with the experimental results
(Figure 1b). In dimeric HP1, tc values of (10.9� 0.7) ns for
CD and (28.6� 2.0) ns for CSD were obtained. Thus, the
HYCUD approach was able to reproduce the non-trivial
similarity of tc of CD in monomeric and dimeric HP1.

Figure 1. Calculation of rotational correlation times in flexible multi-
domain proteins using HYCUD. a) Schematic representation of hetero-
chromatin protein 1 (HP1) variants, containing chromo (CD) and
chromoshadow domains (CSD). b) Effective rotational correlation time
(tc) of CD (green) and CSD (magenta) in three states: CD(19–79),
monomeric HP1, and full-length dimeric HP1. Experimental
tc values (filled columns) and values calculated by HYCUD (dotted
columns). c) Influence of ensemble size on tc values calculated by
HYCUD for CD (green) and CSD (magenta) in monomeric HP1.
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We then investigated how HYCUD results depend on
adjustable parameters, such as ensemble size, AER, and the
size of fragments in disordered segments. Figure 1c demon-
strates that HYCUD calculations converged with 500–
1000 conformers. In addition, HYCUD predictions changed
only slightly when the AER for disordered tails and linkers
was varied between 2.75 and 3.25 � (Figure S4 a). This is an
important finding, because there is little experimental basis
for the selection of the AER for disordered polypeptides—in
contrast to globular protein domains, where the AER can be
chosen on the basis of an experimentally known tc value.
Finally, the specific fragment size in disordered regions in the
range from 6–18 residues showed little impact on HYCUD
predictions (Figure S4 b). Altogether, the data indicate that
HYCUD predictions are robust with respect to the choice of
the available flexible parameters.

Wilson disease protein (ATP7B) is a membrane protein
playing an important role in copper homeostasis.[20] The two-
and three-domain constructs of this protein, WLN56 and
WLN4–6, respectively, have been characterized by NMR
spectroscopy.[21] In WLN4–6, domain 4 (72 residues) is con-
nected to domain 5 (72 residues) through a 58-residue flexible
linker and a short linker of 8 residues joins domain 5 to
domain 6 (69 residues; Figure S5).[21c] An NMR study has
shown that at 25 8C, the isolated domain 6 tumbles with a tc of
(4.5� 0.3) ns, while the two-domain construct (WLN56:
domains 5 and 6) reorients in solution as a single dumbbell-
shaped molecule with a tc of (9.1� 0.6) ns.[21b] In contrast, in
the three-domain protein WLN4–6, domains 4, 5, and 6
follow distinct rotational correlation times of (6.3� 0.1),
(9.7� 0.1), and (8.2� 0.1) ns at 35 8C.[21c] The difference
between the observed tc values of domains 5 and 6 suggests
that the connecting 8-residue linker is at least partially
flexible.[21c]

We used HYCUD to obtain insight into the rotational
motional behavior of the ATP7B domains. Assuming that the
8-residue linker between domains 5 and 6 is fully flexible,
HYCUD estimates the tc values of domain 5 and 6 in WLN56
as (8.1� 0.5) ns and (7.6� 0.5) ns, respectively (Figure S6).
On the other hand, if the linker was fully rigid and domains 5
and 6 moved as a single rigid body (protein databank (PDB)
code: 2EW9), a tc of (10.9� 0.7) ns would be expected. The
experimentally observed tc value (9.1� 0.6) ns is within these
two limits, indicating that the movement of the two domains is
partially coupled. Consistent with this conclusion, 1H,15N-
heteronuclear NOEs (nuclear Overhauser effects) in the
linker are above zero.[21b] For the three-domain construct
WLN4–6, HYCUD predicts at 35 8C tc values of (6.6� 0.4),
(8.9� 0.6), and (7.0� 0.5) ns, for domains 4–6, respectively,
when both interdomain linkers are considered as being fully
flexible (Figure S5). The predicted tc value of domain 4 is in
excellent agreement with the experimental value, but those of
domains 5 and 6 are slightly smaller. We repeated our
calculation assuming this time that the linker between
domains 5 and 6 was fully rigid. The newly calculated values
were (6.7� 0.4) ns for domain 4, with no significant change
with respect to the previous calculation, and (13.8� 0.9) ns
for the combined domains 5 and 6. The predicted combined
tc values of domains 5 and 6 goes far beyond the experimental

values, indicating that the linker between them must be highly
flexible. Partial correlation of reorientational motion of
globular domains could also be caused by short interdomain
linkers, as it is shown in the case of GB1 domains connected
through 3- or 6-residue linkers (see Supporting Information
and Figure S7).

The interaction of HP1 with nucleosomes that are
methylated at Lys9 in histone 3 (H3K9me3) is important for
heterochromatin assembly.[22] We recently demonstrated that
the CD of human HP1b bound to the H3 tail in the context of
the mono-nucleosome particle constitutes the only anchoring
point for the hHP1b-H3K9me3 nucleosome complex.[19]

However, despite the absence of a direct contact between
dimeric CSD of HP1 and the mono-nucleosome (Figure S8),
rotational tumbling of the CSD was significantly slowed down
in the hHP1b-H3K9me3 nucleosome complex.[19] The mea-
sured rates of cross-correlation between 15N chemical shift
anisotropy and 15N, 1H dipole–dipole coupling relaxation
mechanisms suggested that the tc of CSD in the complex is
approximately 2.2 times larger than in free HP1.[19] The
average tc of CSD in free hHP1b has been reported as (24.6�
5.0) ns,[18] therefore tc of CSD in the complex is estimated to
be (54.1� 10.9) ns.

To test if the increased tc value of CSD in the hHP1b-
H3K9me3 nucleosome complex can be explained based on
hydrodynamic coupling, we employed the HYCUD
approach. We treated the nucleosome core (histone octa-
mer + DNA as in 3LZ1.pdb),[23] two CDs in complex with the
two modified H3 tails, which are present in a mono-nucleo-
some (PDB code: 1GUW),[24] and the CSD dimer (chains A,B
of 2FMM.pdb)[25] as rigid bodies. The two hinge regions
between CD and CSD as well as the two H3 tails (residues 18–
38) were modeled as random conformations (Figure S8, see
Supporting Information for further details). Fluorescence
anisotropy decay data have shown that nucleosome core
particles tumble with a tc of approximately 140 ns (in H2O,
25 8C).[26] This value was used to calibrate the AER of mono-
nucleosome, and the translational diffusion coefficient of
nucleosome obtained with this AER was well matched to the
experiment.[27] HYCUD then predicted a tc value of (46.3�
3.0) ns for the CSD within the HP1-nucleosome complex
(Figure 2). Notably, in an alternative scenario, called “bridg-
ing model”, in which one CD of HP1 binds to the H3K9me3
H3-tail of one mono-nucleosome and the second CD binds to
another mono-nucleosome,[19, 28] a similar tc value of (50.9�
3.3) ns was predicted for CSD. The predicted values agree
well with the experimental tc, considering the large exper-
imental error of tc inherent in the NMR analysis of this large
system. We conclude that HYCUD can predict the rotational
behavior of protein domains within supramolecular assem-
blies.

The HYCUD method is distinct from previous
approaches, which modeled the rotational correlation time
of proteins with disordered segments using the boundary
element method.[29] In these previous approaches, the pertur-
bation of the velocity field by the disordered ensemble was
described by an exponential decay. The exponential decay is
characterized by three parameters: d, the distance to the rigid
surface element, e, a modulator for the decay rate for velocity
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correlation, and g, a distance margin that expands the surface
boundary and accounts for possible variations in the hydra-
tion between rigid and disordered parts. The two parameters
e and g are variable, d can be defined in three different ways.
Although prediction of rotational correlation times in pro-
teins with short disordered segments is robust with respect to
the choice of the three parameters, proteins with longer
disordered tails/linkers show a severe dependence on the
choice of the parameters, strongly limiting the predictive
capabilities of these previous approaches. In contrast,
HYCUD has only one variable parameter, the atomic
effective radius AER. The AER can be optimized based on
the experimental tc values observed in the isolated domain.
Alternatively, translational diffusion data of the full-length
protein can be used to estimate the AER. In the latter case,
the relevant thickness of the hydration layer should be
reduced by about 1 � for tc prediction when compared to the
value that fits best to the translational diffusion data.[30] In
addition, the range of physically acceptable AER values is
constrained,[30, 31] and theoretical considerations put a lower
limit on the AER-dependent intrinsic viscosity.[31] Thus,
HYCUD is a very robust method to predict rotational
correlation times in flexible multidomain proteins and
biomolecular complexes (Figures 1 and 2).

The function of supramolecular machines relies on their
translational and rotational motions as a whole and the
relative motions of their different parts with respect to each
other. The complex of HP1 with nucleosome (Figure S8) is
a very modular and dynamic assembly. It comprises several
domains and flexible segments: a rigid nucleosome core,
flexible histone tails, rigid chromo- and chromoshadow
domains of HP1, a flexible linker connecting the CD and
CSD, and flexible N- and C-terminal tails of HP1. In addition,
the chromoshadow domain dimerizes resulting in two CD
domains in each HP1 molecule. In the bridging mode of the
HP1-nucleosome complex, the molecular weight of the
complete complex exceeds 500 kDa. The success of

HYCUD to reproduce the rotational motional behavior of
CSD in the context of the HP1-nucleosome complex opens
the way to analyze functional motions, disorder-to-order
transitions, and interactions in protein–nucleosome com-
plexes and other flexible supramolecular assemblies.

Received: June 13, 2013
Published online: September 2, 2013

.Keywords: hydrodynamic coupling · NMR spectroscopy ·
protein disorder · proteins · rotational diffusion

[1] P. Tompa, Trends Biochem. Sci. 2012, 37, 509 – 516.
[2] V. N. Uversky, Biochim. Biophys. Acta 2013, 1834, 932 – 951.
[3] T. Mittag, L. E. Kay, J. D. Forman-Kay, J. Mol. Recognit. 2010,

23, 105 – 116.
[4] H. J. Dyson, P. E. Wright, Curr. Opin. Struct. Biol. 2002, 12, 54 –

60.
[5] a) A. Krushelnitsky, Phys. Chem. Chem. Phys. 2006, 8, 2117 –

2128; b) P. J. Hagerman, Curr. Opin. Struct. Biol. 1996, 6, 643 –
649; c) L. Stryer, Science 1968, 162, 526 – 533.

[6] a) M. W. Fischer, J. A. Losonczi, J. L. Weaver, J. H. Prestegard,
Biochemistry 1999, 38, 9013 – 9022; b) I. Bertini, A. Giachetti, C.
Luchinat, G. Parigi, M. V. Petoukhov, R. Pierattelli, E. Ravera,
D. I. Svergun, J. Am. Chem. Soc. 2010, 132, 13553 – 13558; c) N. J.
Anthis, M. Doucleff, G. M. Clore, J. Am. Chem. Soc. 2011, 133,
18966 – 18974.

[7] S. R. Aragon, Methods 2011, 54, 101 – 114.
[8] a) Y. E. Ryabov, D. Fushman, J. Am. Chem. Soc. 2007, 129,

3315 – 3327; b) B. Halle, J. Chem. Phys. 2009, 131, 224507.
[9] a) J. L. Baber, A. Szabo, N. Tjandra, J. Am. Chem. Soc. 2001, 123,

3953 – 3959; b) S. L. Chang, A. Szabo, N. Tjandra, J. Am. Chem.
Soc. 2003, 125, 11379 – 11384.

[10] P. Bernad�, E. Mylonas, M. V. Petoukhov, M. Blackledge, D. I.
Svergun, J. Am. Chem. Soc. 2007, 129, 5656 – 5664.

[11] P. Bernado, L. Blanchard, P. Timmins, D. Marion, R. W. Ruigrok,
M. Blackledge, Proc. Natl. Acad. Sci. USA 2005, 102, 17002 –
17007.

[12] Z. Doszt�nyi, V. Csizm�k, P. Tompa, I. Simon, J. Mol. Biol. 2005,
347, 827 – 839.

[13] Y. Li, Y. Zhang, Proteins 2009, 76, 665 – 676.
[14] A. Ortega, D. Amoros, J. Garcia de La Torre, Biophys. J. 2011,

101, 892 – 898.
[15] H. Schwalbe, K. M. Fiebig, M. Buck, J. A. Jones, S. B. Grimshaw,

A. Spencer, S. J. Glaser, L. J. Smith, C. M. Dobson, Biochemistry
1997, 36, 8977 – 8991.

[16] G. Lomberk, L. Wallrath, R. Urrutia, Genome Biol. 2006, 7, 228.
[17] a) A. L. Nielsen, M. Oulad-Abdelghani, J. A. Ortiz, E.

Remboutsika, P. Chambon, R. Losson, Mol. Cell 2001, 7, 729 –
739; b) S. V. Brasher, B. O. Smith, R. H. Fogh, D. Nietlispach, A.
Thiru, P. R. Nielsen, R. W. Broadhurst, L. J. Ball, N. V. Murzina,
E. D. Laue, EMBO J. 2000, 19, 1587 – 1597.

[18] F. Munari, N. Rezaei-Ghaleh, S. Xiang, W. Fischle, M. Zweck-
stetter, PLoS One 2013, 8, e60887.

[19] F. Munari, S. Soeroes, H. M. Zenn, A. Schomburg, N. Kost, S.
Schroder, R. Klingberg, N. Rezaei-Ghaleh, A. Stutzer, K. A.
Gelato, P. J. Walla, S. Becker, D. Schwarzer, B. Zimmermann, W.
Fischle, M. Zweckstetter, J. Biol. Chem. 2012, 287, 33756 – 33765.

[20] R. E. Tanzi, K. Petrukhin, I. Chernov, J. L. Pellequer, W. Wasco,
B. Ross, D. M. Romano, E. Parano, L. Pavone, L. M. Brzusto-
wicz, M. Devoto, J. Peppercorn, A. I. Bush, I. Sternlieb, M.
Pirastu, J. F. Gusella, O. Evgrafov, G. K. Penchaszadeh, B.
Honig, I. S. Edelman, M. B. Soares, I. H. Scheinberg, T. C.
Gilliam, Nat. Genet. 1993, 5, 344 – 350.

Figure 2. Calculation of the rotational correlation time of CSD in the
HP1-nucleosome complex as a function of the number of conformers
in the HP1-nucleosome ensemble. The experimental tc value of CSD in
dimeric HP1[18] (dotted line), the average(�standard deviation) tc value
of CSD in HP1 bound to nucleosome[19] (short dashed lines), and the
tc value measured by fluorescence anisotropy for the nucleosome core
particle at 25 8C in H2O

[26] (long dashed line) are shown.

Angewandte
Chemie

11413Angew. Chem. Int. Ed. 2013, 52, 11410 –11414 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/j.tibs.2012.08.004
http://dx.doi.org/10.1016/S0959-440X(02)00289-0
http://dx.doi.org/10.1016/S0959-440X(02)00289-0
http://dx.doi.org/10.1039/b517448a
http://dx.doi.org/10.1039/b517448a
http://dx.doi.org/10.1016/S0959-440X(96)80031-5
http://dx.doi.org/10.1016/S0959-440X(96)80031-5
http://dx.doi.org/10.1126/science.162.3853.526
http://dx.doi.org/10.1021/bi9905213
http://dx.doi.org/10.1021/ja1063923
http://dx.doi.org/10.1021/ja2082813
http://dx.doi.org/10.1021/ja2082813
http://dx.doi.org/10.1016/j.ymeth.2010.10.005
http://dx.doi.org/10.1021/ja067667r
http://dx.doi.org/10.1021/ja067667r
http://dx.doi.org/10.1063/1.3269991
http://dx.doi.org/10.1021/ja0041876
http://dx.doi.org/10.1021/ja0041876
http://dx.doi.org/10.1021/ja034064w
http://dx.doi.org/10.1021/ja034064w
http://dx.doi.org/10.1021/ja069124n
http://dx.doi.org/10.1073/pnas.0506202102
http://dx.doi.org/10.1073/pnas.0506202102
http://dx.doi.org/10.1016/j.jmb.2005.01.071
http://dx.doi.org/10.1016/j.jmb.2005.01.071
http://dx.doi.org/10.1002/prot.22380
http://dx.doi.org/10.1016/j.bpj.2011.06.046
http://dx.doi.org/10.1016/j.bpj.2011.06.046
http://dx.doi.org/10.1021/bi970049q
http://dx.doi.org/10.1021/bi970049q
http://dx.doi.org/10.1186/gb-2006-7-7-228
http://dx.doi.org/10.1016/S1097-2765(01)00218-0
http://dx.doi.org/10.1016/S1097-2765(01)00218-0
http://dx.doi.org/10.1093/emboj/19.7.1587
http://dx.doi.org/10.1371/journal.pone.0060887
http://dx.doi.org/10.1074/jbc.M112.390849
http://dx.doi.org/10.1038/ng1293-344
http://www.angewandte.org


[21] a) L. Banci, I. Bertini, F. Cantini, C. T. Chasapis, N. Hadjiliadis,
A. Rosato, J Biol Chem. 2005, 280, 38259 – 38263; b) D. Achila,
L. Banci, I. Bertini, J. Bunce, S. Ciofi-Baffoni, D. L. Huffman,
Proc. Natl. Acad. Sci. USA 2006, 103, 5729 – 5734; c) N. Fatemi,
D. M. Korzhnev, A. Velyvis, B. Sarkar, J. D. Forman-Kay,
Biochemistry 2010, 49, 8468 – 8477.

[22] a) A. Ebert, S. Lein, G. Schotta, G. Reuter, Chromosome Res.
2006, 14, 377 – 392; b) W. Fischle, Epigenomics 2012, 4, 641 – 653.

[23] D. Vasudevan, E. Y. Chua, C. A. Davey, J. Mol. Biol. 2010, 403,
1 – 10.

[24] P. R. Nielsen, D. Nietlispach, H. R. Mott, J. Callaghan, A.
Bannister, T. Kouzarides, A. G. Murzin, N. V. Murzina, E. D.
Laue, Nature 2002, 416, 103 – 107.

[25] Y. Huang, M. P. Myers, R. M. Xu, Structure 2006, 14, 703 – 712.
[26] D. W. Brown, L. J. Libertini, E. W. Small, Biochemistry 1991, 30,

5293 – 5303.
[27] S. Mangenot, S. Keller, J. Radler, Biophys. J. 2003, 85, 1817 –

1825.
[28] A. J. Ruthenburg, H. Li, D. J. Patel, C. D. Allis, Nat. Rev. Mol.

Cell Biol. 2007, 8, 983 – 994.
[29] S. H. Bae, H. J. Dyson, P. E. Wright, J. Am. Chem. Soc. 2009, 131,

6814 – 6821.
[30] B. Halle, M. Davidovic, Proc. Natl. Acad. Sci. USA 2003, 100,

12135 – 12140.
[31] J. Garcia De La Torre, M. L. Huertas, B. Carrasco, Biophys. J.

2000, 78, 719 – 730.

.Angewandte
Communications

11414 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 11410 –11414

http://dx.doi.org/10.1074/jbc.M506219200
http://dx.doi.org/10.1073/pnas.0504472103
http://dx.doi.org/10.1021/bi1008535
http://dx.doi.org/10.1007/s10577-006-1066-1
http://dx.doi.org/10.1007/s10577-006-1066-1
http://dx.doi.org/10.2217/epi.12.56
http://dx.doi.org/10.1016/j.jmb.2010.08.039
http://dx.doi.org/10.1016/j.jmb.2010.08.039
http://dx.doi.org/10.1038/nature722
http://dx.doi.org/10.1016/j.str.2006.01.007
http://dx.doi.org/10.1021/bi00235a024
http://dx.doi.org/10.1021/bi00235a024
http://dx.doi.org/10.1016/S0006-3495(03)74610-4
http://dx.doi.org/10.1016/S0006-3495(03)74610-4
http://dx.doi.org/10.1038/nrm2298
http://dx.doi.org/10.1038/nrm2298
http://dx.doi.org/10.1021/ja809687r
http://dx.doi.org/10.1021/ja809687r
http://dx.doi.org/10.1073/pnas.2033320100
http://dx.doi.org/10.1073/pnas.2033320100
http://www.angewandte.org

