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Insulin receptor�related receptor (IRR) is a recep�
tor tyrosine kinase and belongs to the insulin receptor
family, which includes the insulin receptor (IR) itself
and the insulin�like growth factor receptor (IGF�IR).
We have previously shown that IRR receptor is acti�
vated when the pH of the extracellular fluid increases
above 8.0. Thus it may serve as an extracellular alkaline
pH sensor in the body. Notably, the cooperativity of
the receptor activation with an IRR agonist is positive,
whereas for the insulin receptor it is negative. In this
study, we analyzed the ability of a chimeric IRR mole�
cule containing three domains of the IGF�IR receptor
in the extracellular region to be activated by alkaline
pH. This chimeric receptor retains the ability to be
activated by alkaline pH, but the cooperativity of acti�
vation is greatly reduced.

The insulin receptor family consists of the insulin
receptor (IR), insulin�like growth factor receptor
(IGF�IR), and insulin receptor�related receptor (IRR).
All three receptors are highly homologous [1, 2]. The
extracellular N�terminal part of the α�subunit of the
three receptors contains domains L1 and L2 (leucine�
rich), between which domain C (furin�like, cysteine�
rich) is located. The tyrosine kinase domain is located
in the cytoplasmic moiety of β�subunit.

It was assumed that the duplication and segregation
of the genes coding for IGF�IR and IRR occurred
evolutionarily later than the segregation o the insulin
receptor gene [2]. For this reason, the degree of
homology between IGF�IR and IRR is somewhat
higher than between IR and IRR [1].

The binding of the peptide ligand to the extracellu�
lar part of IR or IGF�IR causes conformational
changes that result in autophosphorylation of the
tyrosine residues located in the cytoplasmic tyrosine
kinase domain. It was shown by various methods that
the functional regions responsible for ligand binding to

IR and IGF�IR are located in the extracellular
domains of L1 and C (for review, see [3]). We have
shown that IRR, unlike its homologues, can be acti�
vated by an increase in the extracellular fluid pH to
more than 8.0 rather by a natural protein ligand [4, 5].
In mice with a targeted inactivation of the insrr,
encoding the IRR receptor, the regulation of acid–
base balance was disturbed [8].

We have shown that the major sites that determine
the pH sensitivity are located in the first two domains
L1 and C [5]. Moreover, unlike the homologous IR
and IGF�IR, the activation of IRR proceeds with a
positive cooperativity (the Hill coefficient of about 3)
[5], whereas the activation of respective receptors by
insulin and insulin�like growth factor is characterized
by a negative cooperativity [6, 7].

In this study, we investigated the structural deter�
minants in the IRR molecule that define the receptor
sensitivity to alkaline pH using a chimeric receptor in
which the first three domains in the extracellular part
of IRR were replaced with the corresponding domains
of its closest homologue IGF�IR. This chimeric
receptor has partially retained the sensitivity to slightly
alkaline medium. However, the comparative analysis
of the curves of pH�dependence of activation of IRR
and the obtained chimeric receptor showed a marked
decrease in the positive cooperativity (almost a two�
fold decrease in the Hill coefficient) of interaction
with the hydroxyls of the chimeric receptor. This find�
ing indicates a multipoint mechanism of conforma�
tional changes in the IRR ectodomain in response to
an increase in pH.

MATERIALS AND METHODS

Constructing the chimeric receptor. The chimeric
receptor L1CL2(IGF�IR)IRR�HA was constructed by
polymerase chain reaction (PCR) using the following
primers: 5'�gggGGTACCGAATTCATGAAGTCTG�
GCTCCGGAGGAG and 5'�cccGGtACcCGT�
CACTTCCTCCATGCGGTAA. The correctness of
the construct was tested by sequencing.
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Transfection of eukaryotic cells, biotinylation, and
receptor activation. HEK293 cells were grown in
DMEM medium containing 10% fetal calf serum,
1% penicillin/streptomycin, and 2 mM L�glutamine
under the standard conditions (37°C, 5% CO2). Cells
were transfected with pcDNA3.1 plasmids encoding
IRR�HA or the chimeric receptor. Transfection was
performed using unifectin�56 (UnifectGroup)
according to the recommendations provided by the
manufacturer. Then, 28–40 h after transfection, the
cells were incubated in a serum�free growth medium
for 2–3 h under the standard conditions. For biotiny�
lation of the extracellular region of the proteins, cells
were incubated in PBS supplemented with 0.5 mM
EZ�Link NHS�LC�Biotin (Pierce) for 30 min in a
CO2 incubator, washed 3 times with PBS containing
100 mM glycine, and then lysed in a buffer containing
20 mM HEPES�KOH (pH 7.3), 150 mM NaCl,
1% Triton X�100, 5 mM EDTA, and 1 mM PMSF.
The undissolved material was pelleted by centrifuga�
tion for 20 min at 15000 g and 4°C. An aliquot of the
supernatant was used for analysis by SDS�PAGE or for
precipitation with anti�IRR antibodies. In the last
case, the supernatant was supplemented with a rabbit
serum containing antibodies to the C terminus of IRR
(dilution, 1 : 500), and the mixture was incubated
overnight with moderate stirring at 4°C. Then, the
formed immune complexes were precipitated using
the protein A agarose.

To confirm the activation of receptors and plot
activation curve, HEK293 cells expressing the recep�
tors were starved in a serum�free medium and then
incubated in PBS containing 60 mM Tris�HCl with
the indicated pH value for 10 min at room tempera�
ture. Then, the buffer was removed and the cells were
immediately lysed in 1x buffer for SDS�PAGE.

Western blot analysis and plotting of activation
curves. SDS�PAGE in 8% polyacrylamide gel and sub�
sequent Western blot analysis were performed by the
standard protocol as described in [9]. To detect the
total amount of receptors, we used a rabbit serum to
the cytoplasmic region of IRR (anti�C�IRR serum),
and the phosphorylated form of the receptor was
detected using rabbit serum to the phosphorylated
IRR (anti�pIRR serum). IRR antibodies were
obtained in our laboratory and described in [5]. Goat
anti�rabbit immunoglobulins conjugated with horse
radish peroxidase (HRP) (Jackson ImmunoResearch)
were used as the secondary antibodies. The biotiny�
lated proteins were detected with streptavidin conju�
gated to HRP (Sigma, United States).

The resulting blots were scanned, and the specific
signals were processed using the ImageJ software. The
signal from the antibodies against the phosphorylated
IRR was normalized to the signal from the antibody
against the C terminus of the IRR receptor. Then, the
obtained normalized signals for each pH (n ≥ 3) were
processed with the GraphPad Prism 5 software using

the Hill equation interpolation (One site—Specific
binding with Hill slope analysis).

RESULTS AND DISCUSSION 

To identify the domain in IRR that is responsible
for the pH sensitivity, we obtained a chimeric receptor
in which the first three domains (L1CL2) in IRR were
replaced with the corresponding domains of the IGF�IR
receptor. As mentioned above, IGF�IR is a closer IRR
homolog compared to the insulin receptor (IR). This
fact suggests that the structure of the resulting chi�
meric protein will be disrupted as little as possible.
Schematically, the IRR and the resulting chimera
L1CL2(IGF�IR)IRR are shown in Fig. 1a.

The proteins were expressed in eukaryotic HEK293
cells. The cells transfected with the constructs indi�
cated in Figs. 1b and 1c were biotinylated and then
lysed. Figure 1b shows an immunoblot of total cell
proteins with the antibodies against the β�subunit of
IRR receptor. It can be seen that the chimeric receptor
is expressed in eukaryotic cells and is successfully pro�
cessed by endoprotease. To make sure that the result�
ing chimeric receptor comes to the surface of cells, the
extracellular parts of proteins, after expression in
eukaryotic cells, were biotinylated. After the lysis of
the cells, the receptors were immunoprecipitated with
the antibodies to the intracellular part of IRR and
detected by Western blot analysis with the use of
streptavidin–HRP (Fig. 1c). Thus, we confirmed that
the obtained chimeric receptor expressed in eukary�
otic cells was processed and came to the cell surface.

We also tested whether the obtained chimeric recep�
tor can be activated in response to an increase in the pH
of the extracellular medium. For this purpose, eukaryotic
cells in which IRR or L1CL2(IGF�IR)IRR were
expressed, were treated with a buffer with pH 7.3
or 9.0. The cells were then lysed, and the proteins were
separated by SDS�PAGE and transferred onto a nitro�
cellulose membrane for Western blot analysis with the
antibodies against the β subunit of receptors (Fig. 2a)
or the phosphorylated form of the receptor (Fig. 2b).

As was previously shown, IRR was activated when
the pH of the extracellular fluid increased above 8.0 [4].
It can be seen that the level of activation of the L1CL2
chimera was also high (Fig. 2b). We compared the
ability of IRR and the obtained chimera to be acti�
vated when the pH of the extracellular medium
increases. For this purpose, HEK293 cells expressing
the receptors were incubated in buffer with different
pH values ranging from 7.3 to 9.4 (7.3, 7.8, 8.0, 8.2,
8.4, 8.7, 9.0, 9.2, and 9.4) and lysed. The proteins were
separated by SDS�PAGE and transferred onto a nitro�
cellulose membrane for Western blot analysis. The β�
subunits of the receptors were detected with the anti�
bodies against the C�terminal region of IRR, and the
phosphorylated receptor was detected with the anti�
bodies against the phosphorylated form of IRR. For
each pH value, the amount of the phosphorylated
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receptor was normalized to the total amount of recep�
tor (the signal from the β�subunit of the receptor).

Thus, for each receptor we have constructed the
dependence curve of the degree of activation on pH

(or on the concentration of hydroxyl ions) (Fig. 3a). In
addition, using the GraphPad Prism 5 software, we
calculated the Hill coefficient (H) and the half�effect
concentration (K1/2) for each receptor, which allowed
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Fig. 1. Schematic representation and expression of receptors in eukaryotic cells. (a) White rectangles designate the domains of
IRR; gray rectangles, the domains of IGF�IR. Other designations: L1 and L2, L�domains; C, furin�like cysteine�rich domain;
TM, transmembrane domain; TRK, tyrosine kinase domain; HA, hemagglutinin tag. (b) Immunoblot hybridization of total cell
proteins with the antibodies against β�subunit of IRR receptor. (c) Streptavidin staining of samples after immunoprecipitation
with the antibodies against IRR. C, HEK293 cells without transfection; β, β�subunit of IRR.
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Fig. 2. Activation of receptors with alkaline pH. HEK293 cells expressing the specified proteins were treated with a buffer with
pH 7.3 or 9.0. (a) β�Subunits of receptors were detected with the antibodies to the C�terminal region of IRR, and (b) the phos�
phorylated receptor was detected with the antibodies against the phosphorylated form of IRR. C, HEK293 cells without trans�
fection; β, β�subunit of IRR.
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us to assess the pH�sensitivity of the receptor and the
cooperativity of its interaction with the agonist (table).
The analysis of the curves showed that the replacement
of all three domains in L1CL2 resulted in a marked
change in the activation curve pattern, which was
accompanied by an almost twofold decrease in the Hill
coefficient and an increase in the half�effect concen�
tration. Interestingly, the chimeric receptor IRR, in
which the domains of L1CL2 were replaced with the
corresponding domains of IR, did not respond at all to
an increase in pH [5]. Thus, the systematic study of
chimeric IRR and the closest homologue IGF�IR is
more promising for studying the mechanism of activa�
tion of IRR. The properties of the obtained chimera
suggest that, in response to an increase in pH, the
extracellular region of the receptor undergoes a con�
formational rearrangement due to parallel mutually
enhancing changes in different domains rather than
the result of a point charge change in a single amino
acid residue or in a microdomain.
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Fig. 3. Activation curves for IRR and the chimeric receptor L1CL2(IGF�IR)IRR. HEK293 cells expressing (a) IRR or
(b) L1CL2(IGF�IR)IRR were treated with a buffer with pH ranging from 7.3 to 9.4. For each pH value, the amount of the phos�
phorylated receptor was normalized to the total amount of the receptor (the signal from the β�subunit of the receptor).

Hill coefficient (H) and the half�effect concentration (K1/2)
for two receptors

Receptor Hill coefficient 
(H)

Half�effect con�
centration (pH)

IRR 3.1 ± 0.4 8.55 ± 0.03

L1CL2(IGF�IR)IRR 1.6 ± 0.3 8.98 ± 0.08
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