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Abstract

Polycomb group (PcG) proteins are required for maintaining cell identity and stem cell self-

renewal. RING1B and Polycomb (Pc) are two components of a multiprotein complex called 

polycomb repression complex 1 (PRC1) that is essential for establishing and maintaining long-

term repressed gene states. Here we characterize the interaction between the C-terminal region of 

RING1B (C-RING1B) and the Pc cbox domain. The C-RING1B–cbox interaction displays a 1:1 

stoichiometry with dissociation constants ranging from 9.2 to 180 nM for the different Pc 

orthologues. NMR analysis of C-RING1B alone reveals line broadening. However, when it is in 

complex with the cbox domain, there is a striking change to the NMR spectrum indicative of 

conformational tightening. This conformational change may arise from the organization of the C-

RING1B subdomains. The C-terminal regions of all PcG RING1 proteins are composed of two 

stretches of conserved sequences separated by a variable linker sequence. While the entire C-

RING1B region is required for cbox binding, the N- and C-terminal halves of C-RING1B can be 

separated and are able to interact, suggesting the presence of an intramolecular interaction within 

C-RING1B. The flexibility within the C-RING1B structure allowing transitions between the 

intramolecular bound and unbound states may cause the broadened peaks of the C-RING1B NMR 

spectrum. Binding the cbox domain stabilizes C-RING1B, whereby broadening is eliminated. The 

presence of flexible regions could allow C-RING1B to bind a variety of different factors, 

ultimately recruiting RING1B and its associated PcG proteins to different genomic loci.

Polycomb group (PcG)1 proteins are gene regulatory proteins that control hundreds of genes 

that are important for development, stem cell regulation, and cancer (1, 2). They function as 

multiprotein complexes that act at the level of chromatin, maintaining the repressed state of 

genes over many cell divisions. PcG proteins are known to silence genes through multiple 
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mechanisms, including the post-translational modification of histones (methylation and 

ubiquitination) and the creation of repressive higher-order chromatin structures.

Each PcG protein functions within the context of a multiprotein complex. For example, 

polycomb repression complex 2 (PRC2) is a multiprotein complex which possesses 

methyltransferase activity (3–6). PRC2 core members include the enhancer of zeste [E(z)], 

extra sex combs [Esc; embryonic ectoderm development (EED) is the mammalian 

orthologue], the suppressor of zeste 12 [Su(z)12], and P55. While the SET domain within 

E(z) is responsible for catalyzing the methyl transfer, this activity is dependent on the 

presence of the other components of PRC2. The core members of a different PcG complex 

called polycomb repression complex 1 (PRC1) are polyhomeotic (Ph), posterior sex combs 

(Psc) (Bmi-1 and Mel-18 are two mammalian orthologues), RING1 (RING1A and RING1B 

in mammals), and polycomb (Pc) (7, 8). PRC1 has the ability to compact chromatin (9) and 

inhibit the action of chromatin remodeling enzymes (10). In addition, the RING finger 

domains found in the RING1 proteins and Bmi-1 (and Mel-18) associate to form a 

heterodimer which acts as a ubiquitin ligase for the ubiquitination of histone H2A lysine 119 

(11, 12). PRC1 has also been observed to be associated with proteins involved in promoting 

transcription such as TBP, TFIIF, and TFIIB (13, 14), perhaps indicative of an alternative 

mode of repression that targets the general transcriptional machinery.

Pc, the original member of the PcG, contains two conserved domains: the N-terminal 

chromo domain and an ~40-amino acid region at the C-terminus termed the cbox domain 

(Figure 1). The Drosophila Pc chromo domain is primarily targeted to trimethylated lysine 

27 of histone 3 (H3K27me3) (15, 16), but a recent study has shown that among the 

mammalian Pc orthologues, the binding preferences for different methylated lysines on H3 

can vary (17). The C-terminal cbox domain, like the chromo domain, is required for proper 

Drosophila development (18). Yeast twohybrid studies have shown that the cbox domain is 

sufficient for binding to the PcG RING1 proteins (19, 20). Drosophila RING1 and its two 

mammalian orthologues, RING1A and RING1B, have two conserved regions: an N-terminal 

RING finger domain that functions as a ubiquitin ligase and a conserved C-terminal region 

(C-RING1). C-RING1 binds the Pc cbox domain and is composed of two conserved 

stretches of 50–60 amino acids separated by a variable linker sequence (Figure 1). The 

interaction between C-RING1 and Pc cbox may represent a means of recruiting the 

repressive functions of the RING finger heterodimer ubiquitin ligase activity to chromatin.

In this study, we analyzed the interaction between the Pc cbox domain and human C-

RING1B. We show that C-RING1B binds the cbox domain in a 1:1 stoichiometry with high 

affinity for all five human Pc orthologues: cbx2 Pc1 or M33 in mice), cbx4 (Pc2), cbx6, 

cbx7, and cbx8 (Pc3). We also show that C-RING1B in the absence of the cbox domain 

possesses some internal flexibility stemming from the linker sequence that separates the two 

subdomains within C-RING1B. The subdomains can interact in trans, suggesting that within 

the context of the entire C-RING1B region, they are likely to interact in an intramolecular 

fashion. Upon binding the Pc cbox domain, a single C-RING1B conformation is stabilized. 

The interaction between C-RING1B and the Pc cbox domain also induces Pc cbox structure, 

which is mostly disordered in the absence of C-RING1B. The use of intrinsically disordered 

regions for protein–protein interactions can expand the repertoire of binding partners by 
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creating a discrete interaction surface for different binding partners which a nonflexible 

protein is unable to do. Protein “hubs” are proteins that have not just several but many 

binding partners (21) and frequently use unstructured protein regions in binding reactions 

(22, 23). C-RING1B may function in a similar manner to bind the Pc cbox domain and other 

proteins. These associations would allow RING1B and the repressive activity of PcG 

proteins associated with RING1B also to be targeted to different genomic sites that are 

targeted by RING1B’s binding partner.

EXPERIMENTAL PROCEDURES

Protein Preparation

C-RING1B (residues 222–336) and the cbox domains from cbx6, cbx7, and cbx8 were 

cloned into a modified pET-3c vector which incorporates a MEKTR leader sequence and a 

C-terminal SRHHHHHH tag to facilitate purification. A C-RING1B clone with the same 

leader sequence but an alternative C-terminal SRD sequence was cloned into pET-30a for 

coexpression with the cbx7 cbox domain. The hexahistidine tag on the cbx7 cbox domain 

was utilized for purification of the C-RING1B–cbx7 cbox domain complex. The CN- and 

CC-RING1B residues used for the two bacterial hybrids are residues 222–274 and 284–336, 

respectively. The amino acid residues used for all the cbox subcloning into the above-

mentioned pET vectors, pBADM-41 + (EMBL) for expression as a fusion with maltose 

binding protein (MBP) and the two bacterial hybrid vectors pBT and pTRG, are shown in 

Figure 1C.

All pET vector constructs were expressed in BL21- Gold(DE3) cells (Stratagene) 

pretransformed with pRARE (Novagen). The C-RING1B–cbox domain complexes were 

isolated via cotransformation of both the C-RING1B and cbox constructs and then 

maintenance of the bacterial cells in the presence of both kanamycin and ampicillin along 

with chloramphenicol to maintain the pRARE plasmid. The pBADM-41 + constructs were 

expressed in ARI814 cells (24) and induced with 0.2% arabinose. A typical purification of 

proteins involved resuspending cells from a 1 L culture in 10 mL of 50 mM Tris (pH 8.0), 

200 mM NaCl, 25 mM imidazole (pH 7.5), and 1 mM PMSF. The cells were lysed by 

sonication and all proteins extracted from the soluble lysate using Ni affinity 

chromatography followed by ion exchange chromatography. All proteins were purified to 

greater than 99% purity according to their SDS–PAGE analysis.

Native Gel Electrophoresis

The native gel electrophoresis experiments were performed with C-RING1B and the cbox 

domain from cbx6. We mixed varying molar ratios of both components as indicated in 

Figure 2A. The binding reaction mixtures were allowed to equilibrate over 30 min at room 

temperature in 10 mM Tris-HCl (pH 7.8), 50 mM NaCl, and 5 mM β-mercaptoethanol prior 

to separation of the different species on a 12% native polyacrylamide gel.

Surface Plasmon Resonance

All surface plasmon resonance (SPR) data were collected at room temperature using a 

Biacore 3000 instrument and analyzed using BIAevaluation 3.0. Solution competition SPR 

Wang et al. Page 3

Biochemistry. Author manuscript; available in PMC 2015 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was used to measure the apparent equilibrium dissociation constants (Kd) for the binding 

reactions between C-RING1B and all the cbox domains. By this method, the interactants are 

allowed to come to equilibrium in solution, and then the surface is used to separate bound 

from free (25). C-RING1B was immobilized on a Biacore Pioneer research-grade CM5 

sensor chip at a density of approximately 1500 response units (RU) using amine coupling 

chemistry (Biacore Inc. amine coupling kit). First, a titration was performed in which 

varying concentrations of MBP–cbox fusion proteins were introduced into the mobile phase 

at a rate of 5 µL/min in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 1 mM DTT, 

and 0.005% Surfactant P20 running buffer to determine the best MBP–cbox protein 

concentration to be used in the competition experiment. The MBP–cbox protein 

concentration within the linear range of this initial titration was used in the competition 

experiments to determine the Kd. For the competition experiments, a series of binding 

reactions were first set up with the same amount of MBP–cbox protein, determined from the 

previous titration, mixed with varying amounts of C-RING1B. The reaction mixtures were 

incubated at room temperature for 2 h to allow equilibrium to be reached before introduction 

of the solutions over cross-linked C-RING1B. The competition titrations and binding curves 

are shown in Figure 2B. The plots were fit to a hyperbolic function (Origin 7), and the 

apparent equilibrium dissociation constants (Kd) were determined from the concentration of 

C-RING1B at 50% inhibition.

Bacterial Two-Hybrid Assay

Chemical competent Bacteriomatch reporter cells (Stratagene) were transformed with 

miniprepped DNA and plated out onto LB agar plates with 100 µg/mL ampicillin, 50 µg/mL 

tetracycline, and 25 µg/ mL chloramphenicol. Plates were observed for colonies after the 

plates had been incubated for 16 h at 37 °C.

NMR Spectroscopy

NMR samples for both C-RING1B alone and the C-RING1B–cbx7 cbox complex were 

prepared in M9 minimal medium containing 0.1% 15NH4Cl. The samples were prepared to a 

concentration of 1 mM for panels A and B of Figure 4, 100 µM for panels C and D of Figure 

4, and 300 µM for panel E of Figure 4. All samples were prepared in 10 mM NaPO4 buffer 

(pH 6.0), 50 mM NaCl, and 5% D2O. All spectra were recorded on a Bruker Av700 

spectrometer equipped with an actively shielded z-gradient triple-resonance probe at 310 K. 

Spectra were processed with NMRPipe (26).

Analytical Ultracentrifugation

All sedimentation experiments were performed with a Beckman Optima XL-I instrument at 

the Center for Analytical Ultracentrifugation of Macromolecular Assemblies (CAUMA) at 

the University of Texas Health Science Center at San Antonio. Sedimentation equilibrium 

data were analyzed with UltraScan, version 9.4 (27). Hydrodynamic corrections for buffer 

conditions were made according to data published by Laue et al. (28), and as implemented in 

UltraScan. The partial specific volumes of C-RING1B and cbx7 were estimated from 

peptide sequence according to the method of Durchschlag (29), and as implemented in 

UltraScan, and were found to be 0.7279 and 0.7127 cm3/g, respectively, and 0.7248 cm3/g 
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for the 1:1 complex. Rayleigh interference scans were collected at equilibrium at four speeds 

(28.4K, 34.0K, 38.7K, and 43.0K rpm). Data from all speeds were fitted globally with the 

fixed molecular mass distribution method (27) by using 50 molecular mass slots ranging 

between 1 and 50 kDa. The loading concentration for these experiments was approximately 

450 µM for both C-RING1B alone and C-RING1B in complex with the cbx7 cbox domain. 

All samples were spun in two-channel Epon-filled centerpieces (Beckman Coulter) in an 

AN-60-TI rotor.

RESULTS

C-RING1B Binds the cbox Domain in a 1:1 Molar Ratio with High Affinity

In our analysis of the C-RING1B–cbox interactions, we wished to first establish the 

stoichiometry between C-RING1B and the cbox domain. We used native gel electrophoresis 

with varying ratios of C-RING1B and the cbox domain from cbx6 (Figure 2A). A 1:1 molar 

ratio of the two components results in a single band that migrates slower than the cbx6 cbox 

domain and faster than C-RING1B. Experiments performed with a molar excess of either 

the cbx6 cbox domain or C-RING1B resulted in the appearance of the band corresponding 

to that of the excess component alone. This result suggests C-RING1B and the cbx6 cbox 

domain form a stable complex with a 1:1 molar ratio. Additional data in support of this 

stoichiometry were obtained from analytical ultracentrifugation experiments described 

below.

We next sought to measure the strength of the interactions. For this purpose, we used 

solution competition surface plasmon resonance (SPR) to determine the equilibrium 

dissociation constant (Kd). In these experiments, we incubated varying concentrations of C-

RING1B with a fixed concentration of a maltose binding protein-fused cbox domain and 

allowed the reactions to come to equilibrium in solution. We then injected these reaction 

mixtures over a surface with immobilized C-RING1B to separate bound MBP–cbox 

complex from free. The concentration of C-RING1B in solution required to inhibit half of 

the binding to immobilized C-RING1B is equivalent to the Kd (25). While MBP alone did 

not bind to the immobilized C-RING1B surface, all the cbox domain MBP fusion proteins 

exhibited strong interaction with immobilized C-RING1B which was inhibited by 

introduction of varying amounts of C-RING1B in the mobile phase. Figure 2B shows the 

competition titration experiments for the C-RING1B–cbox domain interactions along with 

the plots of the percent inhibition versus the C-RING1B concentration in solution. The plots 

are fit to a hyperbolic function, and Kd values are determined from the concentration of C-

RING1B at 50% inhibition. The Kd values for the interaction between C-RING1B and the 

various cbox domains range from a very stable 9.2 nM for cbx7 to 180 nM for cbx8 and 

cbx6. Interestingly, the Drosophila Pc cbox domain also shows a very strong interaction 

(Kd) 38 nM) indicative of the conserved binding function between the Drosophila and 

human proteins. This conserved function over evolution is perhaps not surprising as ectopic 

expression of the closely related human RING1A is able to rescue a Drosophila phenotype 

associated with missing the Drosophila RING1 protein (30).

Wang et al. Page 5

Biochemistry. Author manuscript; available in PMC 2015 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C-RING1B Is Composed of Two Interacting Subdomains

The C-RING1 region of the PcG RING1 proteins contains two conserved blocks of 

sequences separated by a variable-length linker sequence (Figure 1B). We sought to 

determine the role of each of the subdomains in the binding reaction with the cbox domain. 

To carry out biochemical characterization of each subdomain, we first attempted to isolate 

the individual subdomains, CN-RING1B and CC-RING1B for the N- and C-terminal halves 

of C-RING1B, respectively. While the entire C-RING1B can be expressed in soluble form 

in bacteria and prepared at high concentrations, neither of the two C-RING1B subdomains 

could be isolated for biochemical analysis. We turned to a bacterial two-hybrid assay to 

assess which of the two subdomains is responsible for binding the cbox domain. The 

bacterial two-hybrid assay offers an advantage in that even a small percentage of active 

proteins within the bacterial cell can lead to expression of the reporter gene. We fused CN-

and CC-RING1B and the cbx7 cbox domain to both the λ cI DNA binding protein and the 

N-terminal transactivation domain of Escherichiacoli RNA polyermase (RNAP) and carried 

out bacterial twohybrid experiments testing for interaction between all combinations of the 

three proteins, including their ability to self-associate (Figure 3A). Neither CN-RING1B nor 

CC-RING1B alone is able to interact with the cbx7 cbox domain as indicated by the inability 

of each to express the β-lactamase reporter gene and survive on the ampicillin agar medium. 

The interaction between the entire C-RING1B and the cbx7 cbox domain is strong (Kd) 9.2 

nM) and can easily be detected using the bacterial two-hybrid assay (Figure 3B), and thus, 

the negative results for the interaction between the C-RING1B subdomains and the cbx7 

cbox domain appear not to be due to assay limitations but rather the inability of either CN-

RING1B or CC-RING1B to bind cbox on its own. Surprisingly, we observed bacterial 

growth that tests the association between CN-RING1B and CC-RING1B. These results show 

that C-RING1B is composed of two domains which can interact in trans, and both of these 

domains are required to bind cbox.

The cbox Domain Stabilizes C-RING1B

Given that the two subdomains of C-RING1B are required to bind the cbox domain, we 

sought to monitor any structural changes that may occur in binding the cbox domain. We 

monitored the structure of C-RING1B using NMR spectroscopy. We isolated isotopically 

labeled C-RING1B as well as the entire C-RING1B–cbx7 cbox complex with 15N. The 

complex was obtained from bacterial cells coexpressing both proteins and purified utilizing 

a hexahistidine tag present only on the cbox domain. We chose the cbx7 cbox domain 

because it demonstrated the greatest affinity for the C-RING1B domain in the SPR 

experiments described above. The two-dimensional 1H–15N HSQC spectrum of C-RING1B 

alone displays a disperse pattern of cross-peaks indicative of a structured protein but exhibits 

fewer resonances [84 of 118 possible (Figure 4A)] than expected. The C-RING1B–cbx7 

cbox domain complex shows considerable differences in the HSQC spectrum (Figure 4B). 

The chemical shifts of the spectrum of the C-RING1B–cbx7 cbox domain complex are even 

more dispersed than those of C-RING1B alone. Furthermore, there is a striking increase in 

the number of observed resonances. We observe 167 of a possible 170 backbone amide 

signals for the C-RING1B–cbx7 cbox domain complex. Thus, resonances not observed in 

the spectrum of C-RING1B alone appear in the presence of the cbx7 cbox domain. To 
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confirm that the chemical shift dispersion occurs within C-RING1B, we recorded the HSQC 

spectrum on a sample of 15N-labeled C-RING1B alone (Figure 4C) and then re-recorded an 

HSQC spectrum after adding an equimolar amount of unlabeled cbx8 domain to the same C-

RING1B sample (Figure 4D). Even with the weaker affinity for C-RING1B, the cbx8 cbox 

domain also causes dispersion of the chemical shifts which was observed with cbx7. As only 

C-RING1B is labeled with 15N, the dispersion seen in Figure 4D can be attributed to only C-

RING1B.

The C-RING1B–cbox interaction also has a stabilizing affect on the cbox domain. The one-

dimensional 1H NMR spectra of the cbox domains from both cbx6 and cbx8 show little to 

no evidence of tertiary structure as indicated by the lack of signals that are shifted either 

downfield or upfield relative to the random coil limits for backbone amides or side chain 

methyls, respectively (Figure 4E). Due to the lack of solubility, we were unable to obtain 

NMR samples for any of the other cbox domains. As noted above, the 1H–15N HSQC 

spectrum of the co-expressed, copurified C-RING1B–cbx7 cbox domain complex is well-

dispersed, indicative of a very well-ordered complex. Thus, it would seem likely that the 

cbox domain exists in a single structured conformation only when associated with the C-

RING1B domain.

C-RING1B Dimerization Inhibited by Interaction with the cbox Domain

A recent report demonstrated the ability of C-RING1B to dimerize with an equilibrium 

dissociation constant (Kd) of approximately 200 µM (31). Yeast two-hybrid results have also 

shown that C-RING1A can self-associate (32). Given the effect of cbox on C-RING1B as 

observed in their 1H–15N HSQC spectra, we wondered how cbox binding to C-RING1B 

influences its oligomerization. We analyzed both C-RING1B alone and in complex with the 

cbx7 cbox domain using analytical ultracentrifugation (Figure 5). Over an approximate 

concentration range from 0 to 500 µM in the sedimenting sample, C-RING1B alone shows a 

molecular mass distribution between 16000 and 24000 Da (Figure 5A), indicative of a 

monomer–dimer equilibrium for 14 kDa C-RING1B and consistent with reports of C-

RING1B homodimerization (31). In contrast, the C-RING1B–cbx7 cbox domain complex 

over an equivalent concentration range shows a molecular mass distribution from 16000 to 

19000 Da, indicative of a 1:1 heterodimer complex (Figure 5B). Importantly, not only is the 

molecular mass distribution considerably narrower than that of C-RING1B alone, but it also 

does not exceed 19000 Da for the complex. These results clearly indicate C-RING1B–cbx7 

cbox domain interaction precludes C-RING1B homodimerization and the stoichiometry is 

1:1, consistent with the stoichiometry determined from the native gel analysis.

DISCUSSION

We have biochemically characterized the interaction between C-RING1B and the cbox 

domain. The stoichiometry of the C-RING1B–cbox domain interaction is 1:1 with 

dissociation constants ranging from 9.2 to 180 nM for all Pc orthologue cbox domains. C-

RING1B exists as two separate subdomains that are able to interact, and both of these are 

required for the interaction with the cbox domain. There are three structural consequences of 

the C-RING1B–cbox domain interaction. First, C-RING1B undergoes a transition from a 

Wang et al. Page 7

Biochemistry. Author manuscript; available in PMC 2015 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nonrigid, flexible structure to a more rigid state upon binding the cbox domain. Second, the 

nonstructured cbox peptide also undergoes a transition from a random coil to an ordered 

state. Third, homodimerization of C-RING1B is inhibited by the interaction with the cbx7 

cbox domain.

C-RING1B Organization

Our analysis of C-RING1B alone revealed only 84 of a possible 118 backbone N–H 

correlations in its 1H–15N HSQC NMR spectrum. The absence of some signals is consistent 

with previously reported observations for C-RING1B whose TOCSY and NOESY spectra 

exhibited peak broadening (31). One possible cause of the missing peaks is rapid exchange 

between the backbone amide hydrogens and solvent. This appears unlikely because the 

spectrum of the C-RING1B–cbx7 cbox domain complex is entirely different, showing 

nearly all possible peaks despite the NMR sample being under conditions identical to those 

of C-RING1B alone. An alternative reason for the missing peaks could be conformational 

exchange broadening. There are two possible causes for C-RING1B conformational 

exchange broadening. One possibility is the monomer–dimer equilibrium of C-RING1B. 

However, due to the unusually large proportion of the C-RING1B residues with broadened 

peaks, it does not seem likely that dimerization alone would account for the broadening. An 

alternative source of conformational exchange broadening is the intramolecular interaction 

within C-RING1B made possible by the flexible linker that separates the two subdomains 

within C-RING1B.

The sequence alignment of the PcG RING1 proteins (Figure 1B) shows two subdomains 

separated by a variable length linker sequence. Both subdomains are unstable when 

expressed individually and cannot be isolated in a soluble form. Using a bacterial two-

hybrid assay, we observe that while neither of the two subdomains, CN-RING1B and 

CCRING1B, is able to bind the cbox domain, CN-RING1B can associate with CC-RING1B 

in trans (Figure 3A). These results suggest that rather than being a single domain where the 

variable length linker sequence is a loop within the structure, C-RING1B possesses intrinsic 

flexibility and is composed of two separate halves that are able to independently fold or be 

induced to fold upon their interaction. If this intramolecular interaction lacks sufficient 

binding energy to maintain a fully defined structure and freely undergoes transitions 

between its “open” and “closed” states, NMR peak broadening would occur.

The interaction between C-RING1B and the cbox domains results in a considerable 

conformational change to both proteins. In addition to the intrinsic flexibility of C-RING1B 

described above, the one-dimensional NMR spectra of the cbox domains show little or no 

evidence of tertiary structure. However, when C-RING1B binds the cbox domain, a 

conformational “tightening” occurs in which both proteins are now very much ordered as 

indicated by the dispersed nature and the appearance of nearly all possible 1H–15N 

correlation peaks in the HSQC spectrum of the complex compared to those of the individual 

components. Furthermore, dimerization of C-RING1B is precluded by cbox binding.

Wang et al. Page 8

Biochemistry. Author manuscript; available in PMC 2015 May 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C-RING1B Binds Other Proteins

The intrinsic flexibility within both C-RING1B and its binding partners could enable C-

RING1B to interact with numerous targets, as observed for “hub” proteins (22, 23). Hubs 

frequently utilize unstructured regions in binding reactions to facilitate binding diversity. 

One category of hubs involves the use of a flexible linker between functional domains, not 

unlike the two subdomains of C-RING1B. The ability to associate with numerous binding 

partners may enable the PcG RING1 proteins to be targeted to a variety of genomic loci 

depending on the identity of its binding partner. For example, when associated with the Pc 

cbox domain, RING1B, along with Bmi-1 and Ph, can be recruited to modified chromatin by 

the recognition of the Pc chromo domain for methylated histones. Other C-RING1B binding 

partners that have been identified include the E2F-associated factors YAF2 and RYBP and 

methylated DNA binding protein MBD1 (33–35). Additionally, a recent proteomic study 

identified 20 new proteins that associate with RING1B (36). Whether these new binding 

partners directly interact with C-RING1B is not known but remains a possibility. While the 

Pc cbox domains are highly conserved in their sequence (Figure 1C), the other proteins that 

associate with C-RING1B exhibit little sequence similarity with the cbox domains. Despite 

this lack of sequence conservation, it remains possible that proteins like YAF2 and RYBP 

bind to C-RING1B in a fashion similar to those of the cbox domains and stabilize the C-

RING1B disorder. The intrinsic flexibility of C-RING1B and its binding partner may 

provide new protein–protein contacts that are different from the ones utilized in theC-

RING1B–cbox interactions but still leads to overall stabilization of the complex like the 

cbox domains. The consequence of having a diverse array of binding partners would allow 

the PcG RING1 proteins to be recruited to different locations in the genome.

Summary

We have characterized a binding reaction that is important for the assembly of PRC1. C-

RING1B binds to the cbox domains of all Pc orthologues with high affinity. In the absence 

of the cbox domain, C-RING1B contains two subregions that are able to interact. When C-

RING1B binds the Pc cbox domain, its conformation is stabilized into a single ordered state. 

Rather than using a lock-and-key mode of binding, the use of a binding mechanism that 

resembles the induced fit interaction may allow C-RING1B to have more binding partners. 

The consequences of having multiple binding partners would allow the PcG RING1 proteins 

to be recruited to different locations in the genome.
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Figure 1. 
RING1 and Pc proteins. (A) Domain structure of RING1B and the Pc proteins. (B) 

Sequence alignment of human RING1A and RING1B and Drosophila RING1 (dRING1). 

Identical residues in the alignment are highlighted in dark gray, and functionally similar 

residues are highlighted in light gray. The C-RING1 sequence alignment is divided into 

three segments: the N-terminal half (or CNRING1), the variable linker, and the C-terminal 

half (CC-RING1). (C) Sequence alignment of the human Pc cbox domains and the 

Drosophila Pc cbox domain (Pc). The residues shown here are the ones used in this study. 

The shading is the same as in panel B.
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Figure 2. 
Analysis of the C-RING1B–cbox domain interaction. (A) Native gel electrophoresis to 

determine the binding stoichiometry of C-RING1B to cbox. The gel lanes indicate the C-

RING1B:cbx6 cbox molar ratios. The first four gel lanes use 0.68 nmol of C-RING1B, and 

the last two use 0.68 nmol of the cbx6 cbox domain. The gel bands are identified by the 

arrows. (B) Solution competition titrations of the MBP–cbox domain proteins binding to C-

RING1B cross-linked onto the immobile phase competed away with varying amounts of C-

RING1B in the mobile phase are shown for each of the Pc cbox proteins. The fits of the 

competition titration experiments to a hyperbolic function are shown to the right of the raw 

SPR data. The inset in the binding curve identifies the Pc orthologue. The standard error and 

r2 values for the fit are also shown in the insets.
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Figure 3. 
C-RING1B is composed of two interacting subregions. (A) The bacterial two-hybrid assay 

utilizes the DNA binding properties of λ cI and the transcriptional activation properties of 

the N-terminal domain of RNA polymerase (RNAP). The two subregions of C-RING1B, 

CN-RING1B and CC-RING1B, are cloned as a fusion with either λ cI or RNAP and 

cotransformed into Bacteriomatch reporter cells (Strategene). Interaction between λ cI and 

RNAP fusion proteins results in the recruitment of RNAP to the promoter, activating 

transcription of the β-lactamase gene and conferring ampicillin resistance to the transformed 
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bacteria. (B) Positive control showing the interaction between the entire C-RING1B and the 

cbx7 cbox domain.
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Figure 4. 
NMR characterization of C-RING1B and the cbox domain. Two-dimensional 1H–15N 

HSQC spectroscopy of (A) C-RING1B alone and (B) the C-RING1B–cbx7 cbox domain 

complex. (C) Same as panel A but at 100 mM C-RING1B. (D) Same protein sample that 

was used for panel C but with unlabeled equimolar cbx8 cbox added. The lighter shaded 

chemical shifts are “folded” peaks corresponding to chemical shifts which occur beyond the 

indicated spectral width. (E) One-dimensional 1H NMR spectra of the cbx6 and cbx8 cbox 

domains.
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Figure 5. 
Sedimentation equilibrium analysis of C-RING1B alone (A) and the C-RING1B–cbx7 cbox 

domain complex (B). Data from multiple rotor speeds and loading concentrations were fitted 

globally with UltraScan. In the top panel of both figures, the residuals of each fit are shown. 

In the center panels, the experimental data (○) and the fitted model (—) are shown as 

overlays. The bottom panels show the molecular mass distributions derived from the fits 

using a fixed molecular mass distribution model.
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