
The search for previously unstudied endogenous bio-

logically active substances and identification of their

structural features is an important problem of modern

bioorganic chemistry. Some of these substances are previ-

ously unstudied protein bioregulators that have been

found in different animal and plant tissues [1-14]. Their

identification has become possible owing to the develop-

ment of a new experimental approach, including the orig-

inal procedure of isolation (extraction) of bioregulators

from tissues in combination with classical purification

procedures and biotesting method development [1-3].

New models of organotypic cultivation of tissues in vitro

have been developed to study the specific activity of

bioregulators of this group [6-14]. It has been shown that

these bioregulators in ultralow doses (ULD) influence the

course and directedness of the most important biological

processes (migration, adhesion, differentiation, prolifera-

tion of cells) and stimulate tissue neogenesis and repara-

tion [1-3, 6-14]. The bioregulators demonstrate similar

physicochemical properties: they are present as nanopar-

ticles (50-200 nm) in aqueous solutions; they are com-

posed of low molecular weight proteins (regulatory pro-

teins, RP); and their activity is resistant to the action of

various physicochemical factors [7-13]. A typical proper-

ty of bioregulators of this group is high calcium binding

activity [5].

It has been shown that different tissues of vertebrates

contain proteins modulating RP activity, termed modula-

tor proteins. One such protein modulating the activity of

serum RP was identified as a representative of the multi-

family of blood serum albumins [15]. Regulatory protein

and modulator interact by the mechanism of lectin–car-

bohydrate recognition, and the modulator protein bind-

ing to the oligomannoside component of RP plays the

role of lectin [15].

The study of mammalian eye tissue has shown it to

contain bioregulators of this group, the activity of which

is characterized by the presence of tissue but absence of

species specificity [5, 7]. Bioregulators of the tissues of
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the back of the eye (retina, pigmented epithelium (PE))

differ from those isolated from other (including eye) tis-

sues, i.e. lens, cornea, and sclera, in the high RP affinity

to modulators. Therefore, the bioregulators isolated from

retina and PE have been studied previously in fractions

containing “RP–modulator” complexes [5, 6]. These

studies show that the bioregulator isolated from PE has an

effect on stabilization of differentiation of PE cells of the

eye of adult tritons and maintains the viability of bipolar

and Muller cells in vitro [6]. However, the regulator iso-

lated from neutral retina, i.e. tissue homogenous to and

functionally associated with PE, had no effect on the state

of PE cells but contributed to the maintenance of viabili-

ty of Muller glia cells in vitro [6].

In the present work, conditions for separation of

RP–modulator complex have been found and the sepa-

rate components of the complex have been obtained, the

biological activities of RP fractions, modulator, and

RP–modulator complex have been studied, and compo-

sitions of the components of the complex have been

assessed using mass spectrometry. The bioregulator isolat-

ed from eye PE has been studied as well.

MATERIALS AND METHODS

Bioregulator isolation and purification. Pigmented

epithelium was preparatively separated from other tissues

of freshly denucleated eyes of young bull calves (Tagansky

Meat Processing Industrial Complex, Russia) and put for

3 h at 4°C into an extracting solution containing: NaCl,

0.15 M; CaCl2, 1 mM; Hepes, 1 mM. After centrifugation

of the tissue extract at 3000g for 30 min, the supernatant

was collected and salted out by the use of dry ammonium

sulfate (780 g/liter) in the presence of 10–2 M EDTA. The

resulting protein suspension was centrifuged at 105,000g

for 45 min, and the following three fractions were collect-

ed: (1) supernatant; (2) floating fraction; and (3) precipi-

tate. Then these fractions were dialyzed against water to

complete elimination of ammonium ions, and the mem-

branotropic activity was determined by adhesiometry [3].

Reversed-phase high performance liquid chromatog-

raphy of PE supernatant fraction was carried out using an

Agilent 1100 Series high-pressure liquid chromatograph-

er (USA) using BioKhimMak C8 column (4.6 × 150 mm,

200 Å). Tested sample, 100 µl, was applied to the column.

A 0.1% trifluoroacetic acid (TFA)–acetonitrile mixture

was used as an eluent; the mixture was fed to the column

in the acetonitrile concentration gradient of 5 to 80% at a

rate of 0.5 ml/min at 25°C. Protein fractions were detect-

ed at 210 and 280 nm.

The hydrophilic PE fraction with retention time

3.1 min was rechromatographed on a Luna C18 column

(2 × 150 mm, 100 Å) (Phenomenex, USA) pre-equili-

brated in the starting buffer (0.1% TFA). Chromatography

was carried out at a rate of 0.3 ml/min in a gradient of

acetonitrile concentration 0→30% during 70 min. The

yield of fractions was determined using spectrophotome-

try, by optical absorption at 210 and 280 nm. The result-

ing fraction (retention time 59.8 min) was harvested and

lyophilized, followed by mass-spectrometric analysis.

Reversed-phase HPLC of the components obtained

after PAGE of the hydrophobic fraction with retention

time 14.23 min was carried out on a column of the Jupiter

C5 series (2 × 150 mm, 300 Å) (Phenomenex) pre-equil-

ibrated with the starting buffer (0.1% TFA).

Chromatography was carried out at a rate of 0.3 ml/min

using the linear acetonitrile gradient: 0→70% during

70 min. The yield of fractions was determined using spec-

trophotometry by the optical absorption at 210 and

280 nm. The resulting fractions were harvested and

lyophilized, followed by mass-spectrometric analysis.

SDS-PAGE was carried out according to Laemmli

[16] in vertical polyacrylamide gel plates, 0.75 mm thick,

with acrylamide concentrations of 15 and 5% for separat-

ing and concentrating gel, respectively. Electrophoresis

was carried out for 1 h under DC, 20-30 mA. After com-

pletion of the electrophoresis, the gel was fixed and

stained with Coomassie R250. Fragments corresponding

to proteins with molecular masses of 67-70, 60-66, and

30-35 kDa were cut out. Marker proteins of 14.4-94 kDa

were used (Helicon, Russia).

Affinity chromatography was used to study two frac-

tions obtained after the reversed-phase chromatography

of the supernatant isolated from PE tissue extract. This

examination followed the procedure developed previous-

ly during the study of RP and modulator protein isolated

from cattle blood serum [15]. The hydrophilic fraction

(4 ml) was applied by recirculation to a column with

ConA-Sepharose 4B at 4°C for 100 h at the rate of 1-

2 ml/min. The sorbent was washed with 0.15 M NaCl for

36 h, and then RP was eluted for 100 h by recirculation

feed of a solution containing α-methyl-D-mannoside,

1 M; CaCl2, 10 mM; MnCl2, 0.1 mM; and sodium azide,

0.1 mM. Thus resulting fraction was harvested, dialyzed

against solution containing 10 mM CaCl2, and used for

determination of membranotropic activity.

The hydrophobic fraction (10 ml) was applied by

recirculation to a column with mannose-Sepharose 4B at

4°C during 100 h at a rate of 1-2 ml/min. Then the sor-

bent was washed with 0.15 M NaCl for 36 h, and the

modulator protein was eluted by recirculation feed during

100 h of a solution containing α-methyl-D-mannoside,

1 M; CaCl2, 10 mM; MnCl2, 0.1 mM; and sodium azide,

0.1 mM. The resulting protein fraction was harvested and

dialyzed against the solution containing 10 mM CaCl2;

the membranotropic activity was determined.

MALDI-TOF spectrometry. Molecular masses of

proteins were analyzed by the MALDI-TOF method on a

UltraFlex 2 time-of-flight mass spectrometer (Bruker

Daltonic, Germany). The time-of-flight mass spectra

were fixed in the linear mode and in the reflector mode.
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The samples for mass-spectrometric analysis were dried

and the residue was dissolved in 70% acetonitrile contain-

ing 0.1% TFA to obtain no less than 10 pmol/µl solution.

The matrices used in the work were sinapic acid and 2-

cyano-4-hydroxycinnamic acid.

Size of particles in PE bioregulator solutions was

determined by the methods of dynamic laser light scatter-

ing [17] and atomic-force microscopy (AFM) [18].

Specific activity of PE bioregulator and its components

was studied with a model of organotypic cultivation of PE

as a component of the back of the eye of the triton

Pleurodeles waltl [6]. Mature adult individuals of both

sexes were taken from the aquarium of the Koltzov

Institute of Developmental Biology, Russian Academy of

Sciences. No less than 10 animals (20 eyes) were used in

each cultivation experiment. Tritons were narcotized in

0.1% MS-222 solution.

The medium for eye tissue isolation and cultivation

contained: 350 ml of medium 199, 150 ml of bidistilled

water, 0.15 ml of 1 M Hepes buffer, and 1 ml of 4% gen-

tamycin sulfate solution. Before placing into vials, the

cultivation medium was exposed to cold sterilization

through GV membrane filter with the pore diameter of

0.22 µm (Millipore, USA).

Triton eye tissues were isolated using a binocular

microscope in the following sequence. First, an eye was

released from cutaneous covering and fat and then cut

along the circumference, more proximally than the lim-

bus. The growth zone of the retina together with iris,

cornea, and lens was removed. The back of the eye

including retina, PE, vascular membrane, and sclera was

used for subsequent cultivation. The obtained back of the

eye was placed into penicillin vials filled with serum-free

medium on A/E cellulose filters (Gelman, USA) washed

in 70% ethanol and rinsed in the culture medium. The

fraction of the bioregulator or its components in tested

concentrations was added into experimental vials. In the

control vials, the corresponding amount of saline solution

was added to the culture medium.

All vials were closed with sterile caps and then with

Parafilm M, covered with aluminum foil, and put into a

thermostat. Cultivation was carried out under stationary

conditions in the dark at 20-22°C for 3 days. The culture

medium was not replaced during that period.

RESULTS AND DISCUSSION

As a result of salting-out of PE tissue extract

(37.5 mg protein) by ammonium sulfate in the presence

of EDTA, the following three factions were obtained: the

supernatant, the precipitate, and the fraction floating

after centrifugation. The biotesting showed that the pre-

cipitate fraction was inactive, so it was not studied in fur-

ther experiments. Membranotropic activity was exhibited

by two fractions: the supernatant and the floating fraction

in the concentrations corresponding to 10–11 and 10–14-

10–15 mg/ml. Protein amount was 0.5 mg in the super-

natant and 20 mg in the floating fraction. Dynamic laser

light scattering and AFM showed that the water solutions

of the supernatant and floating fraction contained parti-

cles of 100-200 nm (Fig. 1).

The same situation was observed after separation of

both the supernatant and the floating fraction by the

Fig. 1. Study of particle size in the supernatant fraction isolated from pigment epithelium by dynamic laser light scattering (a) and atomic

force microscopy (b). a) Distribution of particles (scattering angle 90°) present in the aqueous solution of the supernatant fraction isolated

from PE. Rh, hydrodynamic radius. b) Particles of the supernatant fraction isolated from PE on the mica chip surface (contact mode scan-

ning). Axes, linear particle sizes, nm.
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method of reversed-phase HPLC: two resulting fractions

were identified as hydrophilic (retention time 3-5 min,

protein amount corresponding to 0.035 mg for the super-

natant and to 0.046 mg for the floating fraction) and

hydrophobic (retention time 14-17 min, protein amount

corresponding to 0.02 mg for the supernatant and to

0.2 mg for the floating fraction) (Fig. 2). The method of

biotesting showed that the membranotropic activity was

exhibited by the former fraction only, but in concentra-

tions higher than ULD and corresponding to the lig-

and–receptor mechanism (10–5-10–6 mg/ml) [19] (Fig.

3). The latter fraction showed no membranotropic activ-

ity. The findings demonstrate that the hydrophilic frac-

tion displays membranotropic activity in a higher con-

centration as compared with the initial fractions – float-

ing and supernatant. It should be noted that nano-sized

protein aggregates were not found in the aqueous solu-

tions of these fractions.

Previously, the study of the bioregulator isolated

from cattle blood serum has shown the presence in the

latter of a protein modulating the activity of serum RP

[15]. Based on those results, it has been supposed that the

bioregulator isolated from PE also contains a modulator

influencing the RP activity, which is present in the

hydrophobic HPLC fraction. The method of biotesting

showed that the RP–modulator complex restored by way

of combining both HPLC fractions in the presence of

Ca2+ exhibited the membranotropic activity in ULD,

which was of polymodal character (Fig. 3). The results

show that the hydrophobic fraction influences the mem-

branotropic activity of RP and can be considered as its

modulator [15]. An important result is the finding of pro-

tein aggregates of 100-300 nm in the aqueous solution of

the RP–modulator complex isolated from PE.

It was interesting to study the components of the

hydrophilic HPLC fraction (retention time 3-5 min) and

hydrophobic HPLC fraction (retention time 14-17 min).

This was done by MALDI-TOF mass spectrometry. With

this purpose, the HPLC fraction with retention time 3-

5 min isolated from PE tissue extract was rechro-

Fig. 2. Reversed-phase HPLC of the supernatant (a) and floating at 105,000g (b) fractions isolated from PE.
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matographed on the C18 column. MALDI-TOF mass

spectrometry was used to study the HPLC fraction with

retention time 59.8 min (Fig. 4). According to the results,

the identified signal corresponds to a peptide with molec-

ular mass of 4372.705 Da. It should be noted that no

other signals equivalent in intensity were revealed. These

data indicate, first, the high degree of purification of this

fraction obtained as a result of repeated reversed-phase

HPLC and, second, the presence of a peptide with the

mentioned mass.

For identification of proteins composing the HPLC

fraction with retention time 14-17 min, this fraction was

separated by PAGE. The molecular mass values of three

isolated fractions corresponded to 67-70, 60-66, and 30-

35 kDa. These fractions were separated by reversed-phase

HPLC on the C5 column (Fig. 5). The analysis of chro-

matographic elution profiles of the studied fractions

showed the complete identity of these three fractions. The

most quantitatively represented components (marked by

numerals in Fig. 5) were collected for the study of homo-

geneity and molecular mass by MALDI-TOF mass spec-

trometry. The main components of peaks 4-7 are proteins

with the molecular masses of 14980.432, 15108.818,

15115.328, and 15101.022 Da, respectively. The mass

spectrum of peak 8 is characterized by the presence of two

signals corresponding to the molecular masses of

15141.220 and 29269.781 Da. The mass spectra of peaks

9 and 10 are identical; their major components are two

proteins with molecular masses of 15111.771 and

66283.202 Da. Figure 6 (a and b) exemplifies mass-spec-

tra of peaks 6 and 10, respectively.

The results show that the major components of all

identified peaks are proteins with molecular mass values

varying around 15 kDa. These are probably isoforms of a

single protein or a few proteins having different chro-

matographic mobility under the conditions of reversed-

phase HPLC. It should be noted that the identified high

molecular weight protein (66283.202 Da) corresponds to

BSA in molecular mass.

Thus, the MALDI-TOF mass spectrometric data has

shown that the PE bioregulator includes a regulatory pep-

tide (4372.705 Da) possessing membranotropic activity.

The modulator fraction contains proteins with molecular

Fig. 4. Regulatory peptide mass spectrum obtained by MALDI-TOF mass spectrometry on an Ultraflex 2 (Bruker, Germany).
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mass values within 14980-66283 Da. The yield of target

proteins used after rechromatography for the analysis by

MALDI-TOF mass spectrometry was 0.8-2.0 µg.

These data are in agreement with the results of the

study of cattle blood serum bioregulator showing that its

biologically active component is a small peptide (with

molecular ion value of 1338.7 Da) whose activity in blood

serum is reversibly inactivated by the modulator, which is

a previously unstudied protein – representative of the

multifamily of blood serum albumins [3, 15]. The affinity

chromatography used in this research showed that the

interaction between serum regulatory peptide and its

modulator proceeded by the mechanism of carbohy-

drate–protein interaction. In the present work, the

molecular mechanism underlying the interaction of regu-

latory peptide and the modulator isolated from PE has

also been studied by affinity chromatography [15]. The

hydrophilic fraction (retention time 3-5 min) was studied

in a column with Sepharose 4B containing immobilized

concanavalin A (ConA-Sepharose 4B); the hydrophobic

fraction (retention time 14-17 min) was studied in a col-

umn with Sepharose 4B containing immobilized man-

nose (man-Sepharose 4B).

The fractions, collected after the affinity chromatog-

raphy, were studied by the method of biotesting. It was

shown that membranotropic activity was exhibited by the

fraction obtained after chromatography on a sorbent,

which was ConA immobilized on Sepharose 4B, and only

in the concentrations corresponding to 10–5-10–6 mg/ml.

After the interaction of this fraction and the fraction

obtained after chromatography on mannose immobilized

on Sepharose 4B, the membranotropic activity of the

formed complex was exhibited in ULD and had poly-

modal dose dependence.

The findings demonstrate that the interaction

between regulatory peptide of the eye PE and the modu-

lator develops by the carbohydrate–protein mechanism,

according to which the modulator plays the role of lectin

that binds the carbohydrate component of regulatory

peptide. It should be noted that regulatory peptides have

been found in all bioregulators of this group identified in

different mammalian tissues [7-9, 11-13] and the exis-

tence of their modulators in tissues has been shown as

well [1, 2, 4, 8]. These data suggest that, first, there is a

single mechanism of interaction of regulatory peptides of

this group with their modulators (Scheme), and, second,

the character of action of modulators on regulatory pep-

tide activity is determined by the functional peculiarities

of respective tissue. For example, the serum bioregulator

is present in blood in the inactive state due to the interac-

tion of regulatory peptide and the modulator protein [3,

15], and the formation of regulatory peptide complex

with modulators determines the tissue-specific character

of activity for the bioregulators isolated from liver, lung,

cornea, and eye lens [7-9, 11-13]. In case of tissues of the

back of the eye, including the bioregulator isolated from

PE, it was unclear how the formation of regulatory pep-

tide–modulator complex influenced the specific activity

of this bioregulator. Hence, we have studied the specific

activity of regulatory peptide, modulator, and restored

regulatory peptide–modulator complex isolated from PE

using the model of stationary cultivation of tissues of the

back of the eye of adult tritons Pleurodeles waltl [7]. The

bioregulator isolated from PE has been chosen as an

object of research because the state of PE monitored by

Fig. 6. Mass spectra of the proteins isolated from PE (peaks 6 (a) and 10 (b) obtained by MALDI-TOF mass spectrometry on Ultraflex 2).
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light microscopy makes it possible to assess simply but

reliably the state of adhesion, differentiation status, pro-

liferative activity, and viability of retina pigment cells.

The following fractions were examined: hydrophilic

HPLC fraction in a dose corresponding to the concentra-

tion of 10–7 mg protein/ml; hydrophobic HPLC fraction

in a dose corresponding to 10–7 mg protein/ml; regulato-

ry peptide–modulator complex in a dose corresponding

to 10–7 mg protein/ml; regulatory peptide–modulator

complex in a dose corresponding to 10–17 mg protein/ml.

Cultivation was carried out for 3 days. During that

time, gradual degradation of all eye tissues took place in

the control (Fig. 7a; see color insert). The retina con-

tained a considerable number of apoptotic cells, the

adhesion between the retina, PE, and choroid was dis-

turbed, and the state, i.e. differentiation status, of PE

cells was changed as assessed by the shift of pigment to the

apical side of monolayer cells, disturbance of adhesion

between them, and cell death. The formation of notice-

able cavities was noted in sclera as a result of degradation

of collagen fibers.

The regulatory peptide-containing hydrophilic

HPLC fraction had a certain protective effect on the state

of PE. The contact interactions between PE and choroid

were maintained, though detachment of the retina took

place in any case. In the monolayer, PE cells looked more

viable than in the control: the nuclei were rounded, with

evenly distributed chromatin, and the shift of pigment in

the cell cytoplasm was not so marked. The sclera retained

spatial arrangement of collagen fibers and had no cavities

(Fig. 7b).

The state of tissues of the back of the eye after culti-

vation with addition of hydrophobic modulator-contain-

ing HPLC fraction corresponded to the state of tissues of

the back of the eye in the control (Fig. 7c).

On cultivation of tissues of the back of the eye with

the addition of regulatory peptide–modulator complex in

a dose corresponding to 10–7 mg/ml (ligand–receptor

interaction), the effect on tissue state in the experiment

was less marked (Fig. 7e). In contrast to the control, there

were adhesive interactions between retina, PE, and

choroid in an extensive area of the back of the eye with

insignificant disturbances in some regions. Most retina

cells were in the apoptotic state as in the control. It should

be noted that in the monolayer of PE cells, adhesive inter-

actions were maintained and pigment granules were even-

ly distributed in the cytoplasm of cells, indicating stable

differentiation of these cells under the above conditions as

compared with the control. The state of scleral coat did

not differ from the control.

Quite another situation was observed on addition of

the regulatory peptide–modulator complex to the medi-

um in ULD (10–17 mg protein/ml) (Fig. 7d). This exper-

iment revealed the maximum integrity of tissues of the

back of the eye. Close adhesive interactions were regis-

tered between photoreceptor processes, PE monolayer,

and choroid. In contrast to other experiments, the num-

ber of apoptotic cells in the retina was insignificant. The

status of PE cell differentiation stabilized as shown by the

even distribution of pigment in these cells and mainte-

nance of intact monolayer structure. The state of sclera

tissue was close to that of intact tissue: the compact struc-

ture of collagen fibers was preserved.

Thus, the regulatory peptide–modulator complex

isolated from PE has the most marked protector effect on

the tissues of the back of the eye in ULD (10–17 mg pro-

tein/ml).

The study of biological activity of the fractions con-

taining PE regulatory peptide, modulator, and regulatory

peptide–modulator complex shows that the bioregulator

has a complicated structure. It comprises a regulatory

peptide responsible for membranotropic effect of the

bioregulator and a modulator influencing the regulatory

peptide activity. The regulatory peptide–modulator com-

plex formed by calcium ions is a functional basis of the

PE bioregulator. The significance of nanocondition of the

bioregulator isolated from pigment epithelium has been

demonstrated by exhibition of its activity, both membra-

notropic and specific, in ultralow doses.
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Fig. 7. (V. P. Yamskova et al.) Microphotographs of tissues of the back of the eye of triton Pl. waltl after 3-day stationary cultivation. Left, mag-

nification ×40; right, magnification ×200. a) Without the bioregulator isolated from pigment epithelium (control); b) with the regulatory pep-

tide isolated from pigment epithelium, at a concentration of 10–7 mg/ml (experiment); c) with the modulator isolated from pigment epithe-

lium, at a concentration of 10–7 mg/ml (experiment); d) with the regulatory peptide–modulator complex isolated from pigment epithelium,

at a concentration of 10–17 mg/ml (experiment); e) with the regulatory peptide–modulator complex isolated from pigment epithelium, at a

concentration of 10–7 mg/ml (experiment).
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