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Background: The IRR is a member of the insulin receptor family that functions as a sensor of alkaline medium.
Results: We have identified key motifs of IRR ectodomain that are involved in alkali sensing.

Conclusion: IRR activation by alkali is a complex multipoint process.

Significance: Understanding activation of IRR potentially similar to insulin receptor activation.

IRR is a member of the insulin receptor (IR) family that does
not have any known agonist of a peptide nature but can be acti-
vated by mildly alkaline medium and was thus proposed to func-
tion as an extracellular pH sensor. IRR activation by alkali is
defined by its N-terminal extracellular region. To reveal key
structural elements involved in alkali sensing, we developed an
in vitro method to quantify activity of IRR and its mutants.
Replacing the IRR L1C domains (residues 1-333) or L2 domain
(residues 334 —462) or both with the homologous fragments of
IR reduced the receptor activity to 35, 64, and 7% percent,
respectively. Within L1C domains, five amino acid residues
(Leu-135, Gly-188, Arg-244, and vicinal His-318 and Lys-319)
were identified as IRR-specific by species conservation analysis
of the IR family. These residues are exposed and located in junc-
tions between secondary structure folds. The quintuple muta-
tion of these residues to alanine had the same negative effect as
the entire L1C domain replacement, whereas none of the single
mutations was as effective. Separate mutations of these five res-
idues and of L2 produced partial negative effects that were addi-
tive. The pH dependence of cell-expressed mutants (L1C and L2
swap, L2 plus triple LGR mutation, and L2 plus quintuple
LGRHK mutation) was shifted toward alkalinity and, in contrast
with IRR, did not show significant positive cooperativity. Our
data suggest that IRR activation is not based on a single residue
deprotonation in the IRR ectodomain but rather involves syner-
gistic conformational changes at multiple points.

Insulin receptor-related receptor is a member of the mini-
family of three structurally related receptor tyrosine kinases

* This work was supported by the Russian Foundation for Basic Research
(Grants 10-04-01794-a, 11-04-12151-ofi-m-2011, 12-04-01817-a, 12-04-
33190, and 12-04-32099), Basic Sciences to Medicine Program of the Rus-
sian Academy of Sciences, and by the President of the Russian Federation
(Grant MK-127.2012.4).

I This article contains supplemental Figs. ST and S2.

" To whom correspondence should be addressed: Laboratory of Receptor Cell
Biology, Inst. of Bioorganic Chemistry, Russian Federation, 117997 Mos-
cow, GSP-7, Ul. Miklukho-Maklaya 16/10, Russia. Tel.: 7-495-335-4177;
E-mail: deyevie@ibch.ru.

2 Supported by Megagrant 220 to Y. Kotelevtsev (Grant 11.G34.31.0032) from
the Russian Ministry of Education and Science.

33884 JOURNAL OF BIOLOGICAL CHEMISTRY

that includes the insulin receptor (IR)® and insulin-like growth
factor receptor (IGF-IR) (1-4). IRR is not sensitive to insulin
and two insulin-like growth factors, IGF-I and IGF-II. More-
over, multiyear studies failed to discover any IRR agonist of
the protein or peptide nature. Unexpectedly, recent studies
revealed an unusual property of IRR to respond to an increase of
extracellular medium pH (5, 6). This finding suggests that the
hydroxyl anion may represent a natural agonist of IRR (7). The
precise mechanism of the IRR pH sensitivity is not known yet
and participation of other ubiquitously present proteins or lip-
ids cannot be excluded.

The physiological importance of IRR as a component of the
acid-base homeostasis machinery is supported by complemen-
tary in vitro and in vivo studies (5, 8). First, unlike its ubiqui-
tously distributed homologs IR and IGF-IR, IRR is located in
only specific cell sets within some tissues that come in contact
with extracorporeal fluids of extreme pH such as kidney, pan-
creas, and stomach, as reviewed in Ref. 7. Second, in transfected
cells, IRR (but not IR or IGF-IR) can be activated by external
application of mildly alkaline medium independently of its
ionic composition, and this effect is dose-dependent (5). Third,
IRR knock-out mice, seemingly healthy under standard envi-
ronmental conditions, fail to respond properly to an experi-
mentally introduced alkali challenge by kidney secretion of
excessive base as bicarbonate (5, 8). Thus, the knock-out animal
data provide a strong support that the in vitro findings of alkali-
dependent IRR activation are physiologically relevant.

It appears that, despite strong amino acid sequence homol-
ogy, the IRR function and activation mechanism are quite dis-
tinct from those of IR and IGF-IR and therefore represent a
special interest. Generally, receptor tyrosine kinases are acti-
vated due to ligand-induced dimerization followed by auto-
phosphorylation of intracellular catalytic domains (9, 10). In
the case of the insulin receptor minifamily, the receptor mono-
mers are predimerized by disulfide bonds, and ligand binding
induces a major conformational change that eventually results
in the catalytic subunits approaching each other (11, 12). Due to
proteolytic processing, mature receptor monomers consist of

3 The abbreviations used are: IR, insulin receptor; IGF-IR, insulin-like growth
factor receptor.
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disulfide-linked hydrophilic extracellular a-subunit and mem-
brane-bound B-subunit with a phosphotyrosine kinase domain
(13).

We have previously shown that the pH sensitivity of IRR is
defined by its extracellular region, which, similarly to other
members of the IR minifamily, contains two leucine-rich repeat
domains, named L1 and L2, joined by the cysteine-rich C-do-
main, and three C-terminal fibronectin type III repeats 1
(FnlII-1, FnlII-2, and FnlII-3) (1, 13, 14). The site of the endog-
enous cleavage lies within the second FnllII repeat.

The qualitative analysis of IR/IRR chimeras revealed involve-
ment of several extracellular domains in IRR alkali sensing with
the primary role of L1C domains (5). To get further insight into
the mechanism of IRR activation, we have now developed an in
vitro assay of IRR autophosphorylation that could be quanti-
tated. By analyzing a set of IR/IRR chimeras and IRR point
mutants, we have identified key motifs and amino acid residues
involved in IRR alkali sensing and estimated their contribution
to IRR activation.

EXPERIMENTAL PROCEDURES

IRR/IR Chimeric Receptors and Mutagenesis—The chimeras
of human IRR (GenBank™ accession no. NP_055030) and IR
(GenBank™ accession nos. BC117172) with full or partial ecto-
domain swapping were obtained by cloning using PCR strategy
as described in Ref. 5. For generation of additional construc-
tions with point mutations or with tyrosine kinase domain
swapping, we used megaprimer PCR approach with mutated
oligonucleotides. The following primers were used for genera-
tion of TK(N) chimera in the tyrosine kinase domain by
megaprimer PCR approach: IRR_TK_N2, 5'-GGGAGCAGA-
TCTCGATAATCCGAGAGCTGGGGCAGGGC-3'; IRR_TK_
N1, 5'-TCTTGAGGTCCCCACGGGTCATCAGCTCCATC-
ACCACCA-3'. The following primers were used to generate a
TK(C) chimera in the tyrosine kinase domain by megaprimer
PCR approach: IRR_TK_C2, 5'-TCTGGTCATCATGGAGT-
TAATGGCTCACGGAGACCTGAAGAG-3'; IRR_TK C1,
5'-CCAAGATGAGGCCAACCTTCACACACATTCTGGA-
CAGCATAC-3'. The following primers were used to generate a
TK chimera in the tyrosine kinase domain by megaprimer PCR
approach: IRR_TK_N2-5'-GGGAGCAGATCTCGATAATC-
CGAGAGCTGGGGCAGGGC-3;IRR_TK_C1,5'-CCAAGA-
TGAGGCCAACCTTCACACACATTCTGGACAGCATAC-
3'. The following primers were used to generate mutations in
L1C domains of IRR: HK to_AA, 5'-CGGAATTCCAGCAG
CATATTCTGCGCCGCCTGCGAGGGGCTGTGCCCT-3’
(contains artificial EcoRI site in IRR sequence); H_to_A, 5'-
CGGAATTCCAGCAGCATATTCTGCGCCAAGTGCGAG-
GGGCTGTGCCCT-3'; K_to_A, 5'-CGGAATTCCAGCAGC
ATATTCTGCCACGCCTGCGAGGGGCTGTGCCCT-3";
R_to_A, 5'-GCAGCCAGCCAGAAGACCCTGCCGCCTGT-
GTAGCTTGCCGC-3'; G_to_A, 5'-GGTGTGCTGGGTGC-
TGCTGCCGAGCCCTGTGCCAAGACC-3"; L_to_A, 5'-
CACACGCACAGCCCCACGCGCCACGGCCCCAAGTGC-
AGG-3'. Primers HK_to_AA, H_to_A, and K_to_A were used
to generate of a double mutant or single mutations in His-318
and Lys-319 with artificial EcoRI, which coded identical IRR
sequence, by megaprimer PCR approach.
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To generate other mutations in Leu-135, Gly-188, and Arg-
244, we used primers L_to_A, G_to_A, R_to_A, by megaprimer
PCR approach. The sequences of all constructs were confirmed
by DNA sequencing.

Cell Cultures, Transfections, and Tyrosine Phosphorylation
Analysis in Intact Cells—HEK 293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (Hyclone),
1% penicillin/streptomycin, and 2 mm L-glutamine. HEK 293
cells were transfected by unifectin-56 (Unifect Group, Moscow,
Russia), according to the manufacturer’s instructions. Conflu-
ent monolayers of cells on culture dishes were washed with
serum-free F-12 and incubated for 3 h in serum-free F-12 con-
taining 1% penicillin/streptomycin. The cells were further incu-
bated in PBS with 60 mm Tris-HCI of the indicated pH or sup-
plemented with 100 nm insulin for 10 min at room temperature
and lyzed in the loading SDS-electrophoresis buffer.

Autophosphorylation in Vitro Assay—HEK 293 cells were
transfected with plasmids encoding IRR or mutant proteins
with a C-terminal His, tag. In 2 days after transfection, the cells
were washed by serum-free F-12 and incubated for 3 h in
serum-free F-12 containing 1% penicillin/streptomycin. The
cells were then lyzed in ice-cold lysis buffer (50 mm Hepes-
KOH, pH 7.4, 150 mMm NaCl, 1% Triton X-100, and 1 mm
PMSE). Cell extracts were centrifuged at 15,000 X g for 15 min,
and the supernatants were incubated with Ni-NTA-agarose
(Qiagen) at 4 °C for 90 min. The matrices were further washed
three times with the lysis buffer and incubated with cold elution
buffer (100 mm Hepes-KOH, pH 7.4, 150 mMm NaCl, 100 mm
imidazole, 15 mm MgCl,, 0.1% Triton X-100, and 1 mm
NazVO,) at 4 °C for 90 min. Two samples of the eluates (80 ul)
were supplemented with 20 ul of 1 m Tris-HCI, pH 7.1 or 9.1
(at +25 °C), and incubated for 30 min on ice. Furthermore, ATP
was added to the final concentration of 100 nm, and eluates
were placed at 25 °C for 5 min. To stop autophosphorylation
reaction, 5X SDS-loading buffer was added.

Antibodies and Western Blotting—Rabbit anti-IR/IRR anti-
bodies were raised against the IRR C-terminal cytoplasmic
domain (amino acids 961-1297) expressed in bacteria as a
GST-fusion protein. The anti-pIR/IRR antibodies were raised
against KLH-coupled peptide CGMTRDVpYETDpYpYRKG-
GKGL from the activation loop of IRR (5). The lysates and elu-
ates were separated by electrophoresis in 8% SDS-polyacryl-
amide gel followed by transfer onto ECL-grade nitrocellulose
(Amersham Biosciences) as described (15). For detection of
phosphorylated IRS-1 and actin, we used rabbit anti-pIRS-
1(Tyr-896) (Sigma) and mouse anti-actin (Chemicon) antibod-
ies. The bound antibodies were detected with anti-rabbit or
anti-mouse HRP-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories) following visualization with
SuperSignal Chemiluminescent Substrate System (Pierce).
For quantitative analysis of the Western blots, Molecular
Imager VersaDoc MP4000 (Bio-Rad) was used, together with
with Image] and GraphPad 5 software. Hill plots were made
using transform functions in GraphPad software with
approximations of saturations signals from the autophos-
phorylation data.
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FIGURE 1. In vitro phosphorylation of IRR, IR, and their chimeras. A, domain models of the Hiss-tagged IR/IRR chimeras (left panel). Activation of IR/IRR
chimeras by alkali or insulin in the autophosphorylation assay (right panel). Transiently expressed chimeras were purified and activated by 200 mm Tris-HC|
buffer, pH 7.1 or 9.1, or with addition of 100 nm insulin as described under “Experimental Procedures.” Eluted samples were blotted with the indicated
antibodies. B, activation of the IR/IRR chimera by insulin in intact cells. HEK293 cells were transfected with IR/IRR plasmid and incubated for 10 min in PBS with
orwithout 100 nminsulin. The cells were lysed and blotted with anti-pIR/IRR or anti-IR/IRR antibodies. C, domain models of the His,-tagged IRR/IR chimeras with
full or partial tyrosine kinase domain swapping at the indicated boundaries (left panel). Activation of the chimeras by alkali as described in A (right panel). Open
boxes, IRR sequences; filled boxes, IR. All Western blots shown are representative of at least three independent experiments.

RESULTS

We have previously determined the role of IRR ectodomain
and its fragments in its alkali sensitivity by the analysis of exog-
enously expressed IR/IRR chimeras (5). The obtained data
revealed the involvement of multiple motifs but was qualitative
only because the actual amount of surface-expressed receptors
was not known. We therefore designed the in vitro test system
that would allow us to quantify the receptor activation (i.e.
autophosphorylation) as a function of the ligand concentration.
This test was based on the assay performed with immunopre-
cipitated solubilized insulin receptors (16).

We prepared plasmid constructs encoding C-terminally His-
tagged IR and IRR receptors and used them to transfect HEK
293 cells. The expressed proteins were precipitated on Ni-NTA
resin and further tested by the in vitro autophosphorylation
assay. The matrices were incubated in Tris-HCl buffer with
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neutral or alkaline pH or with 100 nM insulin and further ana-
lyzed by blotting with antibodies against IR/IRR (anti-IR/IRR)
and their phosphorylated form (anti-pIR/IRR).

Our preliminary experiments indicated that the in vitro auto-
phosphorylation assay worked well for IR but not for IRR. To
test the possibility that the identity of intracellular catalytic
domain is important for this assay, two chimeras of IRR and IR
were prepared (Fig. 1A, left panel). The first chimera contained
the entire extracellular region of IRR fused with the rest of IR
(IRR/IR), and the second one contained the entire extracellular
region of IR fused with the rest of IRR (IR/IRR). IR and IRR/IR
proteins showed strong response to insulin and alkaline
medium, respectively (Fig. 1A, right panel). However, we could
not detect any phosphorylation of precipitated IRR and IR/IRR
receptors. Essentially, similar results were obtained in the same
assay with the addition of 15 mm MnCl, to the autophosphor-
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FIGURE 2. The role of L1C, L2 domains, and the five residues of L1C domains in IRR activation by alkali. A, domain models of the Hiss-tagged L1C and L2
chimeras, and Leu, Gly, Arg, His, and Lys alanine mutants with partial tyrosine kinase domain swapping TK(N), as described in Fig. 1B. Open boxes, IRR sequences;
filled boxes, IR. B, activation of IRR-TK(N), L1C-TK(N), and L2-TK(N) chimeras by alkali in the in vitro autophosphorylation assay. The Western blots were blotted
with anti-pIR/IRR antibodies and, after stripping, with anti-IR/IRR antibodies. The shown images are representative of four independent experiments. C,
quantitative analysis of the activation of the constructs shown in A by alkali performed as under “Experimental Procedures.” y axis values are shown as

percentage of IRR-TK(N) activation. Values are means = S.E. (n = 4).

ylation reaction (data not shown). It should be noted that the
IR/IRR construct, similarly to endogenous IR, was autophos-
phorylated in intact cells upon the insulin treatment (Fig. 1B).
We also prepared chimeras where only catalytic tyrosine kinase
domain or its fragments of IR were introduced into IRR (Fig. 1C,
left panel). The chimera IRR-TK(N) contained the IR fragment
from Arg-1027 to Met-1103, the other chimera IRR-TK(C)
contained the homologous IR sequence from Thr-1104 to Phe-
1283, and the third chimera IRR-TK contained the entire cata-
Iytic tyrosine kinase domain (supplemental Fig. S1). The auto-
phosphorylation in vitro assay of all three chimeras revealed
their response to alkaline medium (Fig. 1C, right panel). We
concluded that this autophosphorylation test could be used to
analyze IRR activation but only when its catalytic domain is
replaced with the one of IR or its fragments.

Our data are in agreement with the previously reported
deficiency of autophosphorylation of yeast-expressed IRR cyto-
plasmic domain. Under the same conditions, the highly homol-
ogous intracellular domains of IR and IGF-IR were autophos-
phorylated quite well, and the IRR deficiency could be rescued
by entire IGF-IR tyrosine kinase domain replacement or just its
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C-terminal part (17). The reason of this phenomenon is not
clear because the multiple alignment of full IRR, and IR
sequences revealed the highest homology precisely within the
catalytic tyrosine kinase domain ~80%. A simple explanation is
that the catalytic property is sensitive to the detergent extrac-
tion. An alternative possibility is that IRR autophosphorylation
in cells requires additional intracellular components such as
adaptor proteins or lipids that act as co-factors.

Consequently, all chimeric constructs, tested by in vitro phos-
phorylation assay, included either entire IR catalytic domain or its
fragment, depending on expression efficiency of the specific
mutant. Three chimeras, containing L1C or L2 domains of IRR, or
both substituted with the corresponding sequences of IR, were
prepared, and their in vitro activity was measured (Fig. 24). To
normalize the data for the actual receptor protein amount, the
blotting membranes, after staining with anti-pIR/IRR antibodies,
were stripped with stripping solution (50 mm Tris-HCl, pH 6.8, 2%
(w/v) SDS, 100 mm 2-mercaptoethanol) and reprobed with anti-
IR/IRR antibodies (Fig. 2B). The differences of normalized phos-
phosignals after alkaline and neutral pH treatment for L1C-TK(N)
or L2-TK(N) chimeras were compared with the same data for IRR-
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FIGURE 4. The impact of single Leu, Gly, and Arg mutations on the activity of IRR/IR chimeras. A, domain models of the His,-tagged L2 chimeras with
additional mutations in the L1C domains of IRR. B, quantitative analysis of the activation of HK_L2, L HK_L2, R_HK_L2, and G_HK_L2 chimeras by alkali in
comparison with IRR/IR as 100%. Asterisks indicate p < 0.05 in comparison with the HK chimera. Values are means = S.E. (n = 4).

TK(N), which was used as the 100% reference. For L1C-TK(N),
L2-TK(N), and L1CL2-TK(N) chimeras, we observed a significant
reduction of autophosphorylation activity to 35 = 8%, 64 = 3%,
and 7 = 3%, respectively, as compared with chimera with the intact
IRR ectodomain (Fig. 2C).

Because L1C substitution produced the strongest effect on
IRR sensitivity to alkali, we attempted to identify specific resi-
dues in L1C domain that were critically important. We ana-
lyzed the multiple alignment of IR, IGF-IR, and IRR sequences
from different species (supplemental Fig. S2) by searching for
the residues that were conserved in IRR among species but dif-
fered significantly from those of IR or IGF-IR, e.g. by polarity or
charge. Five amino acid residues in L1C domains of IRR were
identified, namely Leu-135 (versus Thr in IR and IGF-IR), Gly-
188 (versus Lys or Met in IR and IGF-IR), Arg-244 (versus Thr
or Ser in IR and IGF-IR), His-318, and Lys-319 (versus TP, IP, or
SP in IR and IGF-IR).

To test the importance of the identified amino acid residues
for pH sensing, we prepared a set of constructs with all five
residues or only some of them mutated to alanine in addition to
a swapped L2 domain (Fig. 24, the fifth from above scheme).
Alanine mutations are traditionally considered as the least dis-
turbing intervention into the receptor structure. These
mutants were expressed at comparable levels and processed
correctly. Also, all of them showed some level of the receptor
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activity, suggesting there was no serious misfolding problem.
The quintuple mutant LGR_HK_L2-TK(N) preserved only 7 =
2% of the original full IRR ectodomain construct activity (Fig.
2C). These five mutations appeared to be as effective as the
replacement of the entire L1C domains (Fig. 2C). To address
the role of specific residues, the activity of constructs with dou-
ble mutation of two ionic residues His-318 and Lys-319
changed to AA or triple mutation of Leu-135, Gly-188, and
Arg-244, together with L2 substitution was further measured
(Fig. 24, the sixth and seventh from above, respectively). Sur-
prisingly, the HK mutation produced low positive effect on IRR
activity, as compared with the L2 chimera. However, the triple
LGR mutation decreased the activity to only 40 * 4%, indicat-
ing synergism of HK and LGR mutations (Fig. 2C).

Because the HK mutation increased the activity of L2 chimera,
a set of similar constructs with also single mutations in His-318
and Lys-319 without L2 swapping was analyzed and compared
(Fig. 3A). The HK mutation decreased the activity by ~29 = 8%,
whereas single mutations of H or K produced less pronounced
effect with activity decrease by 21 = 5% or 25 = 9%, respectively.
The triple LGR mutation appeared to be more efficient with
~42 * 8% reduction. The quintuple mutant activity was essen-
tially the same as of L1C chimera (Fig. 3B). We may therefore
conclude that the combination of these five amino acid residues
play a key role in the L1C pH-sensing machinery.
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the L1C domains of IRR, as indicated. B, HEK 293 cells were transfected with indicated plasmids and incubated for 10 min with PBS medium adjusted to the indicated
pH by 60 mm Tris-HCl buffer, followed by lysis and blotting with anti-pIR/IRR and anti-IR/IRR antibodies after stripping. Western blot phosphorylation signals were
quantified and normalized according to the anti-IR/IRR signals. Phosphosignals were plotted versus pH of the tested solutions. On each plot the y axis shows
percentage of the maximum average value of activation at pH 9.4. The values of ECs, were calculated by GraphPad software. Values are means *+ S.E. (n = 4).

We further tested the effect of individual Leu-135, Gly-188,
and Arg-244 mutations on the HK and L2 background (Fig. 44).
None of these were critical, Leu-135, Arg-244, or Gly-188
mutations decreased the phosphorylation level of chimeras to
43 £ 7%, 39 * 2%, and 25 * 6%, respectively, with the IRR/IR
activity as 100% (Fig. 4B).

To understand the mechanism of the loss of IRR alkali sens-
ing activity in the mutants, we analyzed the pH dependence of
their activation. This assay was performed as described previ-
ously (5) in live transfected cells to ensure “native” environment
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for expressed proteins. All chimeras therefore contained the
native intracellular part of IRR. The transfected cells were incu-
bated with a set of Tris-buffered physiological saline solutions
with varied pH from 7.4 to 9.4 in small increments. Lysates of
transfected cells were directly analyzed by Western blotting
with anti-pIR/IRR antibodies and signal quantitation with the
Molecular Imager. The blots were further stripped and stained
again with anti-IR/IRR C-terminal end antibodies. The ratio of
integral density of the phosphorylated receptor (pIR/IRR sig-
nal) to the total receptor (IR/IRR antibody signal) was plotted
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100%. All data were fitted with linear regression by GraphPad software (version 5). The values of EC5, were calculated by GraphPad software (version 5). Values
are means = S.E. (n = 4). B, Hill plots of mutants activation by alkali. For this analysis, GraphPad software (version 5) was used, and average of replicates for each

pH were plotted with linear regression analysis.

versus pH. The effect is shown as percentile of the strongest
signal at pH 9.4 for each mutant.

Wild-type IRR together with chimeras L1C-IRR and L2-IRR
(5) and two newly constructed chimeras LGR_L2-IRR and
LGR_HK_L2-IRR with three or five point mutations in L1C
domain of IRR and L2 replacement (Fig. 54) were analyzed in
this test. In the case of wild-type IRR, the activation curve in
logarithmic (effect versus pH) coordinates reflected a sharp sig-
moid-shaped response with a half effect at pH 8.5-8.6 (EC,,,
4.3 = 0.5 um), saturation at about pH 9.2, and the Hill slope
2.3 *+ 0.3, as calculated by GraphPad software with nonlinear
regression “one site-specific binding with Hill slope” (Fig. 5B).
All mutant constructs produced pH dependence curves with a
different shape and no signs of saturation were observed (Fig.
5B and see Fig. 6A). EC,, for all tested mutant constructs were
shifted toward alkalinity. In linear (effect versus [OH]) coor-
dinates, all mutants, but not IRR, showed first-order kinetics of
their activation that could be fitted by straight lines. The Hill
plots with average values for each pH points and each con-
structs (Fig. 6B) clearly showed higher cooperativity of wild-
type IRR activation (2.3 = 0.1) in comparison with the mutants
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FIGURE7.IRS-1 phosphorylation by alkaliin IRRand L1CL2 chimera trans-
fected HEK 293 cells. Cells transfected with indicated plasmids were treated
with neutral and alkaline pH. Total lysates of cells were blotted with indicated
antibodies. Western blots shown are representative of at least three inde-
pendent experiments.
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insulin receptor ecodomain
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FIGURE 8. Positions of indicated L1, C, and L2 domains, together with Leu-135, Gly-188, Arg-244, His-318, and Lys-319, and their IR substitutes on a
putative three-dimensional model of IRR built according to the described structure of IR ectodomain (28) with Cn3D software.

(1.3 £ 0.2 for LGR_HK_L2, 1.5 = 0.1 for LGR_L2, 1.6 = 0.1 for
L1C, and 1.2 = 0.1 for L2).

We had previously shown that IRR activation can trigger
insulin-like cellular response, in particular, activation of IRS-1.
We therefore tested whether significant reduction of the IRR
pH-sensing property would also restrain a cellular signaling
response. For this purpose, wild-type IRR and its L1CL2 chi-
mera with partial swapping of L1CL2 first three domains of IR
with the rest of IRR, that shows only a minor response to alkali
treatment (5), were expressed in HEK cells. The cells were
treated with F-12 with pH 7.4 or 9.0 adjusted by 60 mm Tris-
HCI for 20 min at 37 °C and then lyzed and Western blotted
with anti-phospholIRS-1 antibody, with anti-IR/IRR and actin
antibodies as controls of IRR expression and protein loading.
The resulting data indicated only a minor activation of endog-
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enous IRS-1 in the cells expressing the chimera as compared
with wild-type IRR-expressing cells (Fig. 7).

DISCUSSION

The mechanism of IRR activation by alkali is of special inter-
est because of IRR high structural homology with two other
members of the IR family. Their activation requires binding of
hormone to predimerized receptor subunits followed by a
major conformational change eventually leading to autophos-
phorylation of intracellular kinase domains (18). Yet, the pre-
cise mechanism of IR and IGF-IR rearrangement upon ligand
binding remains enigmatic. Understanding of hormone-free
activation of IRR is of interest as a rare example of pH-induced
signaling. It may also shed light on complex events involved in
insulin and insulin-like growth factor action.
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In this study, we searched for specific differences between
IRR and IR that, being relatively minor, generate a unique prop-
erty of alkali sensing. Previously, we demonstrated that IRR pH
sensing is defined by its ectodomain (5). Because IR and IRR
have the same domain structure of their extracellular regions,
we swapped their large independent fragments and tested the
response of chimeras to alkali stimulation in transfected cells. It
appeared that essentially all domains of IRR extracellular region
were involved in alkali sensing, but their role could not be esti-
mated accurately due to method limitations.

We now developed the in vitro assay that allowed us to quan-
tify activity of IRR chimeric mutants with IR swapped domains.
We determined that L1C and L2 domains of IRR are most
important, their replacement with the corresponding IR frag-
ments decreased IRR activity to ~35 and 64%, respectively (Fig.
2).

We next aimed to identify specific amino acid residues
within L1C domains that could be of key importance. By the
multiple alignment analysis of the insulin receptor family
sequences in several species, five residues in L1C domains were
identified that were conserved in species but differed substan-
tially between IRR and IR and IGF-IR, namely Leu-135 (versus
Thr in IR and IGF-IR), Gly-188 (versus Lys or Met in IR and
IGF-IR), Arg-244 (versus Thr or Ser in IR and IGF-IR), His-318
and Lys-319 (versus TP, IP, or SP in IR and IGF-IR) (Fig. 2 and
supplemental Fig. S2).

As the tertiary structure of IRR is not known, the position of
these residues can only be predicted within the known crystal
structure of IR (Fig. 8). It should be noted that amino acids in
the same positions do not map to binding sites for insulin or
IGF-1 in IR and IGF-IR, which were mapped by mutagenesis
scanning approach (supplemental Fig. S2) (19-26) or by crystal
structure of contacts between insulin and L1 domain of insulin
receptor (27). According to the structure of IR ectodomain, the
five mutated residues are not concentrated in a cluster and,
most likely, are exposed to the aqueous phase (Fig. 7). Except for
Leu-135, they are located in predicted loops between primary
folds, raising the possibility that IRR activation involves relative
shifts of structural domains. In particular, Lys-319 in IRR would
allow higher flexibility of the junction than P in the correspond-
ing position of IR.

Mutation of all the five residues was equivalent to replace-
ment of L1C domains; together with the L2 swapping, it
resulted in almost complete loss of the receptor pH sensitivity.
The vicinal His-318 and Lys-319 were of special interest since
those are ionized residues and thus could be at the heart of the
pH sensor. Unexpectedly, His-318/Lys-319 double mutant on
the background of the L2 swap showed higher activity (80%)
than the L2 swap only chimera, perhaps by relieving structural
constraints due to L2 replacement. However, the triple LGR
mutation was less potent than the quintuple one. Also, the HK
mutation without L2 replacement decreased the receptor activ-
ity. Thus, vicinal HK are important for pH sensing but are not
likely to be the key pH-sensing residues.

Single residue mutations of Leu-135, Gly-188, and Arg-244
indicate that they all are involved in IRR pH sensing. However,
none of these are of critical importance. Their contribution is
not precisely additive suggesting they are part of the same
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structural component of the IRR activation machinery. The L2
domain is likely to be another independent unit of this mecha-
nism as L2 replacement with the IR L2 domain produces addi-
tive effect with point mutations in L1C domains.

To confirm the results of the in vitro tests and to determine
the pH dependence of the mutant activation, IRR and four
mutant constructs (L1C or L2 swap only, L2 plus triple muta-
tion of Leu-135, Gly-188, and Arg-244, and L2 plus quintuple
mutation) were transiently expressed and tested in intact cells
without receptor solubilization. In contrast with wild-type IRR,
the pH sensitivity of all three mutants shifted toward alkalinity,
and no saturation was observed at pH values compatible with
cell viability. The shape of the pH dependence curves indicated
the absence of cooperativity in contrast with strong positive
cooperativity of wild-type IRR. Also in intact cells, we showed
that the L1CL2 mutant, in parallel with its low alkaline pH
sensitivity, produced very minor IRS-1 activation in contrast
with wild-type IRR.

Altogether, our data suggest that IRR activation mechanism
is not based on the mere deprotonation of a single residue in a
“pH-sensing center” but represents the combination of at least
two distinct structural changes that act synergistically. This
cooperativity of the conformational change in the IRR ectodo-
main upon deprotonation may be based, at least partially, on
the symmetrical involvement of two IRR subunits that are com-
plexed as a head-to-foot A-shaped dimer.
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