
Ubiquitin is a small protein (8 kDa) widely distrib-

uted in all eukaryotic cells, where it targets proteins for

subsequent proteasomal degradation [1-4]. The ubiquiti-

nation process includes several sequential stages that

involve several enzymes: ubiquitin activating enzyme

(E1), ubiquitin-conjugating enzyme (E2), and ubiquitin

ligase (E3) [1-5]. Ubiquitin molecules are attached to the

target protein as a polyubiquitin chain, which serves as a

signal for its proteolytic degradation in proteasomes. In

the context of proteasomal degradation of ubiquitinated

proteins, the 19S proteasome Rpn10 subunit plays the

role of the ubiquitin receptor [6] responsible for delivery

of client proteins to the 20S proteolytically active protea-

some, where their subsequent proteolytic degradation

occurs [7].

Recent affinity-based proteomic profiling of mouse

brain preparations using the Rpn10 proteasome subunit as

the ubiquitin receptor revealed a representative group of

proteins that could bind to this affinity ligand [8]. The

presence of the ubiquitin tag in the identified proteins was

not investigated. Taking into consideration that affinity-

based isolation can involve not only direct interaction of

specific partner proteins with the immobilized ligand [9],

the interaction of the identified proteins with the Rpn10

subunit should be confirmed in direct experiments.

Previously, for validation of such interactions between an

immobilized ligand and proteins from complex biological

systems we successfully used biosensor analysis based on

surface plasmon resonance using both low molecular

weight substances [10] and proteins [11] as affinity ligands.

In this biosensor-based study, we investigated the

interaction of the Rpn10 proteasome subunit with highly

purified glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), pyruvate kinase, and histones H2A and H2B
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Abstract—Recent proteomic profiling of mouse brain preparations using the ubiquitin receptor, Rpn10 proteasome subunit,

as an affinity ligand revealed a representative group of proteins bound to this sorbent (Medvedev, A. E., et al. (2017)

Biochemistry (Moscow), 82, 330-339). In the present study, we investigated interaction of the Rpn10 subunit of proteasomes

with some of these identified proteins: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate kinase, and his-

tones H2A and H2B. The study revealed: (i) quantitative affinity interaction of the proteasome subunit immobilized on a

Biacore-3000 optical biosensor cuvette with both the GAPDH (Kd = 2.4·10–6 M) and pyruvate kinase (Kd = 2.8·10–5 M); (ii)

quantitative high-affinity interaction of immobilized histones H2A and H2B with the Rpn10 subunit (Kd values of

6.5·10–8 and 3.2·10–9 M, respectively). Mass spectrometric analysis revealed the presence of the ubiquitin signature (GG)

only in a highly purified preparation of GAPDH. We suggest that binding (especially high-affinity binding) of non-ubiqui-

tinated proteins to the Rpn10 proteasome subunit can both regulate the functioning of this proteasomal ubiquitin receptor

(by competing with ubiquitinated substrates) and promote activation of other pathways for proteolytic degradation of pro-

teins destined to the proteasome.
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identified as Rpn10-binding proteins [8] and performed

mass-spectrometric search for the “ubiquitin signature”

in the studied proteins.

MATERIALS AND METHODS

The following proteins were used in this study: elec-

trophoretically homogeneous GAPDH and pyruvate

kinase (140 and 260 µmol/min per mg protein, respec-

tively) isolated from rabbit skeletal muscles [12], recom-

binant human H2A and H2B histones (New England

Biolabs, USA; electrophoretic purity ≥ 95%), and the

recombinant Rpn10 subunit of 19S proteasomes (Enzo

Life Sciences, USA; electrophoretic purity ≥ 95%).

The HBS buffer (150 mM NaCl, 3 mM EDTA,

0.005% P20 detergent, 10 mM HEPES, pH 7.4), 10 mM

acetate buffer (pH 4.0), 10 mM acetate buffer (pH 4.5),

and reagents for covalent immobilization of proteins for

primary amino groups (1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide-HCl (EDC), N-hydroxysuccin-

imide (NHS), 1 M ethanolamine-HCl (pH 8.5)) were

obtained from GE Healthcare, USA.

Interaction of investigated proteins with their immo-

bilized partners (Rpn10 proteasome subunit, histone

H2A or H2B) was studied using optical SPR biosensors

Biacore 3000 and Biacore T200 and special Biacore

Control software (GE Healthcare). All measurements

were performed at 25°C using standard CM5 (GE

Healthcare) optical chips coated with a carboxymethylat-

ed dextran layer. Molecular interactions were recorded as

sensograms of the time-dependent biosensor signal (in

resonant units, RU).

Immobilization of the Rpn10 subunit and histone

H2A or H2B was performed in accordance with a recent-

ly developed protocol [11] (Fig. 1). Interaction of pro-

teins with immobilized Rpn10 subunit and histone H2A

or H2B was examined for 5 min at flow rate 10 µl/min.

Before subsequent use, the chip surface was regenerated

by washing with 1 M NaCl in 50 mM phosphate buffer

(pH 7.4) for 0.5 min at flow rate 50 µl/min.

The resulting sensorgrams were analyzed using

BIAevaluation version 4.1 software (GE Healthcare).

Mass spectrometry analysis was carried out on an

Orbitrap Fusion instrument (Thermo Scientific, USA)

equipped with an NSI ion source. The instrument was

operated in positive ionization mode; the drying gas tem-

perature (nitrogen) was 280°C and the emitter voltage was

set to 2.1 kV. Precursor ions were surveyed in the range

400-1200 m/z, tandem scanning of fragment ions was

performed with fixed first mass of 110 m/z (upper limit of

m/z was defined by charge state of the fragmented precur-

sor ion, but no more than 2100 m/z). Precursor ions with

charge states from z = 2+ to z = 6+ were triggered for

tandem scanning. The tandem scanning was conducted in

two parallelized ways: conventional MS2 scanning and

MS3 scanning accompanied with synchronous selection

of fragment ions conditioned by monoisotopic mass dif-

ference of either ∆M = 114.0429 u (with asymmetric

selection tolerance –3 ppm/+7 ppm), corresponding to

the ubiquitin tag GG, or ∆M = 383.2281 u (mass toler-

ance –3 ppm/+7 ppm), corresponding to the ubiquitin

tag LRGG. The maximum number of ions for simultane-

ous synchronous selection in MS3 mode was n = 2 in case

of mass difference between ions in a pair. The maximum

integration time for precursor ions was set to 80 ms, for

fragment ions in MS2 110 ms, and for fragment ions in

MS3 250 ms.

Peptides were separated using a UPLC chromato-

graphic system Ultimate 3000 RSLCnano (Thermo

Scientific). Samples were loaded for 3.7 min onto an

enrichment Acclaim µ-Precolumn (0.5 mm × 3 mm,

5 µm) (Thermo Scientific) in isocratic mode of mobile

phase C (2% acetonitrile, 0.1% formic acid, 0.02% acetic

acid, pH 2.63) at flow rate 20 µl/min. Separation was car-

ried out on an Acclaim Pepmap® C18 analytical column

(75 µm × 150 mm, 2 µm) (Thermo Scientific) in a gradi-

ent of mobile phase A (water with 0.1% formic acid and

0.02% acetic acid, pH 2.66) and mobile phase B (aceto-

nitrile with 0.1% formic acid and 0.02% acetic acid) at

flow rate 0.3 µl/min. Analytical separation was performed

in the following gradient: 2-37% of mobile phase B for

45 min following column washing in 90% of mobile phase

B for 8 min and equilibrating the column in initial gradi-

ent conditions (2% of mobile phase B) for 15 min before

starting the next run.

RESULTS AND DISCUSSION

Injection of solutions of GAPDH, pyruvate kinase,

and histones H2A and H2B through the optical biosensor

channel with immobilized 19S proteasome Rpn10 result-

ed in appearance of a clear biosensor signal that depend-

ed on concentrations of the added protein (Fig. 2).

Because of the high nonspecific binding of both histones

to the chip surface, correct calculation of Kd values was

possible only for GAPDH and pyruvate kinase (table).

These results demonstrate significantly higher affinity of

GAPDH for the immobilized Rpn10 than that of pyru-

vate kinase.

Specific interaction of Rpn10 with histones was con-

firmed under conditions when each histone was immobi-

lized on the optical biosensor cuvette as a ligand and

Rpn10 was used as an analyte. Earlier, this approach

(immobilization of histones on the surface of an optical

biosensor chip) was used by Wang et al. studying speci-

ficity of histone binding to various ligands [13]. The Kd

values calculated from resulting sensorgrams (table) were

two or three orders of magnitude lower than for the inter-

action of GAPDH and pyruvate kinase with the immobi-

lized Rpn10 (table).
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Results of biosensor analysis confirmed the fact of

direct interaction of the tested proteins with Rpn10; ear-

lier, these proteins were identified during proteomic

profiling of mouse brain preparations with Rpn10 as an

affinity ligand [8]. Since the presence of the ubiquitin

tag in Rpn10-binding proteins was not investigated dur-

ing that proteomic profiling, we performed mass-spec-

trometric search for the protein signature in the purified

proteins. This search resulted in identification of the

ubiquitin signature only in GAPDH (Fig. 3). Earlier,

this glycolytic enzyme was already identified as a sub-

strate for ubiquitination [14, 15]. Although mass-spec-

trometric analysis used in this study cannot evaluate the

structure of ubiquitin chains, the ubiquitin signature has

been found in seven regions of the GAPDH polypeptide

chain (Fig. 3). All modified peptides of GAPDH con-

tained only the GG type of the ubiquitin signature.

However, despite the common modifying group (GG)

and conservatism of the amino acid sequence, identified

peptides are characterized by some structural hetero-

geneity. For example, the presence of the ubiquitin sig-

nature in the peptide VIHDHFGIVEGLMTTVHAI-

TATQK is always accompanied by the oxidation of the

methionine residue (M173), whereas in the peptide

VIPELNGKLTGMAFR, the methionine residue always

remains intact. The amino acid sequence homology of

human, rabbit, and rat GAPDH exceeds 90%, and pep-

tides containing the ubiquitin signature (Fig. 3) are

Fig. 1. Immobilization of the proteasome Rpn10 subunit (a), histone H2A (b), and histone H2B (c) on the surface of a CM5 optical chip. The

arrows show injections: 1) EDC/NHS; 2) HBS; 3) Rpn10 subunit (50 µg/ml in 10 mM acetate buffer, pH 4.0); 4) 1 M ethanolamine-HCl; 5)

histone H2A (50 µg/ml in 10 mM acetate buffer, pH 4.5); 6) histone H2B (50 µg/ml in 10 mM acetate buffer, pH 4.5).
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highly conservative and with complete identity for these

three species. In this context, the data obtained for the

rabbit enzyme can be extrapolated to human and rat

GAPDH.

Although existence of several ubiquitination sites

does explain higher affinity of GAPDH to immobilized

Rpn10 than that of pyruvate kinase, it should be noted

that affinity of Rpn10 to immobilized histones H2A and

H2B is at least two orders of magnitude higher than in the

ubiquitinated protein.

Thus, the results of this study demonstrate the possi-

bility in principal of interaction of some non-ubiquitinat-

Fig. 2. Typical sensorgrams of binding of GAPDH (a) and pyruvate kinase (b) to immobilized Rpn10 subunit of the proteasome, as well as

binding of the Rpn10 subunit of proteasomes with immobilized histone H2A (c) and histone H2B (d). Concentrations of protein solutions

were as follows. a: 1) 2; 2) 3; 3) 5; 4) 10 µM. b: 1) 1; 2) 5; 3) 7 µM. c: 1) 182; 2) 214; 3) 257; 4) 300 nM. d: 1) 182; 2) 214; 3) 257; 4) 300 nM.
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ed proteins with the ubiquitin receptor, the 19S protea-

some subunit Rpn10, and the affinity of these non-ubiq-

uitinated proteins is significantly higher than in the ubiq-

uitinated proteins.

Known mechanisms of delivery of ubiquitinated pro-

teins to the proteasome include their interaction with

ubiquitin receptors, Rpn10 or Rpn13 [16], and with

adapter proteins like Rad23 [16, 17]. In the context of

delivery of client proteins to the proteasome, Rad23 and

Rpn10 are considered as alternative receptors [17]. The

results obtained in this study suggest that high-affinity

binding of non-ubiquitinated proteins with Rpn10 may

thus regulate functioning of this ubiquitin receptor by

competing with ubiquitinated substrates. On the other

hand, blockade of this ubiquitin receptor may promote

activation of other pathways responsible for delivery of

client proteins to the proteasome for their proteolytic

degradation.
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