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Abstract—Interleukin-13 (IL-13) is one of the cytokines involved in the development of Th2-type immune response. It plays
an important role in the pathogenesis of asthma and other allergic diseases. Two deletion forms of 1L.-13 were constructed
on a basis of informational structure analysis and expressed in E. coli cells. They were found to differ in ability to stimulate
proliferation of TF-1 cell line. Deletion variant 146 (DV146) completely lacks such activity, whereas DV148 provides about
50% of the proliferation stimulation. The simultaneous addition of DV146 with full-length IL-13 suppresses proliferation
depending on the concentration of the deletion form. Thus, the designed protein acts as an antagonist of IL-13.
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Interleukin-13 (IL-13) is secreted by allergen-acti-
vated T-helpers, mastocytes, basophiles, and memory T-
cells and affects various cell types (monocytes and
macrophages, endothelial and mesothelial cells, B-lym-
phocytes, etc.) [1-3]. The physiological role of IL-13 is
mediated by the interaction with membrane receptors of
normal cells that incorporate IL-4Ro and IL-13a1 as
subunits [4].

1L-13 regulates the expression of CD23 and MHC
(major histocompatibility complex) antigens on naive B-
cells and stimulates their proliferation and IgE and IgG4
synthesis [5]. Overexpression of this cytokine accompa-
nies various allergic disorders, in particular asthma [6, 7],
thus making the design of artificial IL-13 antagonists a
promising trend in bioengineering.

Abbreviations: ANIS, analysis of informational structure; DV,
deletion variant; ELIS, elements of informational structure;
IDIC, increased degree of information coordination; IDIC-
sites, sites with a locally increased degree of information coor-
dination between residues; 1L-13, interleukin-13; IPTG, iso-
propyl-p-D-thiogalactoside; IS, informational structure; U,
informational units; SOE, splice overlap extension.

* To whom correspondence should be addressed.

Synthesis of the deletion variants is a natural way to
regulate the activity of a-helical cytokines, to which IL-
13 belongs [8]. In particular, alternative splicing results in
the formation of 1L-4 variant 11.-482, which is a natural
antagonist of this cytokine, i.e. it suppresses I1L-4 stimu-
lated T-cell proliferation [9]. The existence of two trun-
cated IL-2 variants (IL-262 and IL-263) was shown
experimentally [10]. Both of these variants are concurrent
inhibitors of full-length protein suppressing IL-2 binding
to its high-affinity receptor.

So far, there is no evidence of natural variants of IL-
13 acting as antagonists. This prompted us to design such a
form using informational structure analysis and protein
engineering techniques. The previously proposed ANIS-
method (Analysis of Informational Structure), which relies
only upon amino acid sequence of a protein, allows con-
sidering protein primary structure as a hierarchy of ELIS
(Elements of Informational Structure) [11]. It was shown
that it is possible to obtain functionally active truncated
forms of proteins by the removal of sequence fragments
corresponding to the high-ranking ELIS [12]. The ANIS
method was applied to design two IL-13 deletion variants,
which were expressed in E. coli and studied in experiments
with a cell line carrying specific 1L-13/1L-4 receptor.
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MATERIALS AND METHODS

Informational structure analysis. Graphic represen-
tation of informational structure (IS) (IDIC-diagrams)
can be composed using the following algorithm:

— the amino acid sequence of a given protein is
encoded as a set of informational units (1U);

— the population profile of the target protein struc-
ture by IU is determined;

— sites with a locally increased degree of information
coordination between residues (IDIC-sites) are localized
within the protein sequence;

— a graphic representation of IS is constructed.

Encoding protein sequences as 1U sets. Let R be the set
of all standard amino acid residues forming primary struc-
ture of native protein sequences, i.e. R ={A4,C, D, E, F, G,
H LK, L, M,N,P,Q R,S,T,V, W, Y} Then the func-
tion B: {l...N} EN R, where N is the number of residues,
corresponds to the protein sequence. In the previous work
[13], it was shown that in native protein sequences neigh-
boring residues have a high level of coordination with
Ry cp distance. On the basis of these data we have pro-
posed the new method of encoding the protein sequences
by a set of informational units (IU) U;= (B._s, ..., Biss)
each representing a group of € neighboring residues, where
¢ =20+ 1land 6 =1, ..., N. All the informational units of
k type (Uy,), which are the elements of the set 3, are char-
acterized by the occurrence frequency Py,. The occur-
rence frequencies of IUs were used for the analysis of
informational structure of studied protein sequences.

Composition of population profile of a protein sequence
by IU. The next step in the study of protein information-
al structure is the composition of the profile F' = {F(j)} of
a protein sequence populated by 1U:

o ZPU, if UjeS, "
()= e it U e3,

wherej=1+0..N—03,& =25+ 1, and J is the set of
all possible IU from all non-homologous protein
sequences comprising the database of the software WHAT
IF [14]. Informational units belong to T if 80% of U
forming residues are equal to the elements of 3.

Localization of IDIC-sites in informational structure.
IU encoding can be used to compute a value of IU corre-
lation in protein sites having different size. Sites with
local high coordination level were called IDIC-sites [11].
To identify the location of IDIC-sites, we introduced a
function f{(j') foreach j=1, ..., N:

-5

f(jH=De * 2

determined for all valuesj=1,2..N,p=1+3 .. N—29,
which complies with the condition:
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FG)=1G")=>0. 3)

The latter condition is the limitation of f{;") function
D parameter value.

Foreachj=1, ..., N, the D = D(j) parameter is cho-
sen to be the maximal of D satisfying condition (3).
During the computation, the p values were matching
interval 8 < p < N — 9, where N is the length of the tar-
get sequence. At the same time,

_G=i)

o(j,p)=Y.D(Ne 7, )
J'

can be computed for each f{j') function, where j is the
position of IDIC-site in the protein sequence and p is the
length of the IDIC-site.

Graphic representation of a protein 1S (the IDIC-dia-
gram). The IS of a protein can be graphically represented
as a surface I', defined by the function ® = o(j, p). A sim-
pler and more convenient representation of IS (the IDIC-
diagram) can be constructed by plotting only sites with a
locally increased degree of coordination between residues
(IDIC-sites) of various length [11]. In this case, instead of
the I', surface only the values of function ®(j, p) remain
that comply with the condition of the local maximum
existence:

{w(J,p )

o(j,p

As a result of such approximation the structurally
complicated I', surface is reduced to a limited set of
points. By connecting the closest points, which corre-
spond to positions of IDIC-sites of different length p,
hierarchical graphs of ELIS will be produced. The ELIS
is characterized by its position in the protein sequence
and in the hierarchy (rank). The rank is equal to the num-
ber of node points along the most distant path from low-
est-level element to a target node point. The ELIS locat-
ed at the lowest level of hierarchy is assigned a rank equal
to 1.

The WEB-service ANIS-TREES, based on the
described method of informational structure analysis, is
available at anis.ibch.ru/trees.

Recombinant DNA construction. DNA was cloned
according to the standard protocols [15] using XL-1 Blue
E. coli strain (Stratagene, USA) and enzymes produced
by Fermentas (Lithuania). Oligonucleotides were synthe-
sized by Evrogen (Russia). The pHIL13 vector was con-
structed by cloning the synthetic duplex carrying the
hexahistidine tag and the enterokinase cleavage site,
HEKS51 5'-CGATATGCATCACCATCACCATCACG-
GTACCGACGACGACGAC; HEK52 5'-AAGGGTC-
CAGTTCCACCATCTACTGCATTGAGAGAGCT;
HEKS53 5'-ATATGCATCACCATCACCATCACGGTA-
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CCGAC; HEK54 5'-GACGACGACAAGGGTCCAGTT-
CCACCATCTACTGCATTGAGAG, into the pTrcTREN
plasmid [16] by Clal/Sacl sites, together with the encod-
ing sequence produced by the artificial splicing of the
human IL-13 gene [17].

Deletion variant genes were constructed by the splice
overlap extension PCR method (SOE-PCR) using Pfu-
polymerase (Fermentas). We first amplified fragments of
the human IL-13 gene flanking the deletion with one of
the universal primers complementary to the vector and
the primer containing the spliced sequence of the dele-
tion variant.

To obtain the fragments of DV146 mutant gene we
used primers 13D2BF 5'-TGGCAGCATGGTATACTGT-
GCAGCCCTGGAATCCC (the part of the primer corre-
sponding to the first ELIS is shown with italic and to the
third ELIS with standard font) together with TrcR3 5'-
AGACCGCTTCTGCGTTCTGA, which is complemen-
tary to the vector sequence downstream to 1L-13 gene,
and 13D2BR 5'-CAGGGCTGCACAGTATACCATGCT-
GCCATTGCAG together with ClalF13 5'-CCACCAATC-
GATATGGGTCCAGTTCCACCATC, which corre-
sponds to the 5" part of the IL-13 gene. The fragments
containing overlapping regions at the site of the intro-
duced deletion were amplified on pHIL13 matrix, puri-
fied from 1.5% agarose gel, and combined in the next
PCR round with primers TrcR3 and ClalF13. The PCR
conditions were as follows: initial denaturation at 95°C
for 3 min; 25 cycles (denaturation at 95°C for 45 sec,
primer annealing at 52-55°C for 45 sec, elongation at
72°C for 1 min), final extension at 72°C for 5 min.

To obtain the fragments of the DV148 mutant gene,
we used primers 13D3BF 5'-TGACCGCTGGCATGTGCC-
CGCACAAGGTCTC (the part of the primer correspon-
ding to the second ELIS is shown with italic and to the
fourth ELIS with standard font) together with TrcR3 and
the 13D3BR 5'-GACCTTGTGCGGGCACATGCCA-
GCGGTCAGGTTG and ClalF13. SOE-PCR was conduct-
ed as described above for DV146.

The coding sequences for the deletion variants
DV146 and DV148 were thus constructed. After cleavage
by Sacl and HindIlI and purification in 1.5% agarose gel,
they were cloned to the vector pHILI13 treated with the
same enzymes.

Protein expression and purification. Escherichia coli
BL21(DE3) cells (Novagen, USA) were transformed by
pHIL13, pDV156, or pDV148 plasmids and cultivated at
37°Cin 200 ml of LB medium up to A5y 0.5-0.7. The cells
were induced by addition of 0.5 mM isopropyl-3-D-thio-
galactoside (IPTG) followed by 3-h incubation. Then
cells were resuspended in buffer A (50 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 100 mM NaCl) and subjected to
ultrasonic disintegration. The pellet was washed in buffer
A containing 0.5% Triton X-100 and 2 M urea and dis-
solved in 2 ml of buffer B (20 mM Tris-HCI, pH 8.8,
0.4 M sodium sulfite, 0.15 M potassium tetrathionate,
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6 M guanidinium chloride) for 16 h at room temperature
with stirring. After centrifugation, the supernatant was
diluted fourfold with buffer C (20 mM Tris-HCI, pH 8.0,
6 M guanidinium chloride, 10 mM imidazole) and trans-
ferred to a Ni-Sepharose (GE Healthcare, Sweden) col-
umn equilibrated with the same buffer. The column was
washed with buffer D (20 mM Tris-HCI, pH 8.0, 8 M
urea, 0.5 M NaCl, 20 mM imidazole), and the same
buffer containing 300 mM imidazole was used for elution.
The eluted protein was applied to a Sephadex G-100 col-
umn equilibrated with buffer E (20 mM Tris-HCI,
pH 8.0, 8 M urea, 20 mM NaCl, 1 mM EDTA). The
chromatography employed the same buffer at 2 ml/h rate.
The protein purified by gel filtration was diluted to
100 pg/ml in renaturation buffer (20 mM Tris-HCI,
pH 9.0, 1 M glycine, ] mM EDTA, 0.1 M NaCl, 3 mM
cysteine, 1.5 mM 2-mercaptoethanol), incubated at 4°C
for 12 h, and dialyzed three times against 25 mM
Na,HPO,, pH 8.0, 1 mM EDTA, 100 mM NacCl buffer.
The protein preparations were concentrated in an
Amicon cell on YM3 membrane whenever required.

Activity assay. The biological activity of IL-13 and its
deletion variants was tested by stimulation of proliferation
of TF-1 erythroleukemia cell line [18], which was
obtained from the American Type Culture Collection
(CRL-2003). Proliferation assays were performed as
described previously [19]. Briefly, 15,000 TF-1 cells/well
were cultured in 96-well plates in RPMI-1640 with 2%
fetal bovine serum. Various concentrations of wild-type
IL-13 or mutant DV148 or DV146 were added to the
wells, and the cells were cultured for 5 days. Tritiated
thymidine (1 pCi) was added to each well 18 h before the
plates were harvested, and filter mats were counted in a
RackBeta pB-counter (LKB, Sweden).

RESULTS

Informational structure of IL-13. Informational
structure of IL-13 (Fig. 1) is represented by three ELIS,
separated by W34, Y43, and C70 residues, and one first-
rank tree. The high-ranking ELIS are located in the N-
and C-terminal regions of the IL-13 sequence. The frag-
ment corresponding to the first-rank tree is flanked by the
W34 and Y43 residues.

According to NMR spectroscopy data [8], IL-13isa
globular protein consisting of four a-helixes (A-D) con-
nected with loops (Fig. 2a). Comparison of secondary
structure and informational structure elements in 1L-13
elucidates the following correlation: the first ELIS
includes helix A, helixes B and C comprise the third
ELIS, and helix D is a part of the fourth ELIS (Fig. 2b).
Extended loops connecting helixes A with B and C with
D are located in the second and fourth ELIS, corre-
spondingly. It should be mentioned that this comparison
is provided for illustrative purposes only; the ANIS
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method is fully based on the primary sequence data and  corresponding to the individual elements of information-
does not require any spatial structure information. al structure (Fig. 1, ¢ and d). According to the data

Construction of deletion variants. The artificial IL-13  derived from point mutagenesis and IL-13/receptor com-
deletion mutants were constructed by removal of regions  plex simulation, residues of helixes A and D make the

q GPVPPSTALR ELIEELVNIT QNQKAPLCNG SMVWSINLTA GMYCAALESL INVSGCSAIE KTQRMLSGFC
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Fig. 1. Outline of IL-13 informational analysis. a) Amino acid sequence of human IL-13. b) Surface I',, calculated using the ANIS method. ¢)
IDIC-diagram of human IL-13. High-ranking ELIS (1-4) are depicted by different shades of gray. The axes in (b) and (c) are: horizontal, p/2
(site length/2), and vertical, N, amino acid residue position in the protein sequence. d) Ribbon diagrams of human IL-13 and its deletion vari-
ants. Arrows indicate residues (W34, Y43, and C70) corresponding to the boundaries between high-ranking ELIS.

Fig. 2. a) The 3D structure of human IL-13 (1ijz.pdb). a.-Helixes are designated A-D. b) Elements of IL-13 3D structure and corresponding
high-ranking ELIS (1-4 as on Fig. Ic). ELIS 2 and 3 were deleted in DV146 and DV148, respectively.
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Fig. 3. a) Schematic diagram of human IL-13 and mutant DV146
and DV148 expression cassettes. The hexahistidine affinity tag
and enterokinase cleavage site are in gray. TREN is the T7 bacte-
riophage gene /0 translation enhancer. The sites of annealing of
primers TrcR3 and ClalF13 are shown. b) SDS-PAGE analysis of
BL21(DE3) cells without plasmid (2), transformed with pHIL13
(3), pDV146 (4), and pDVI148 (5) after induction with IPTG.
Lane 7, molecular weight markers (Fermentas).

principal contribution to such interaction [20, 21]. Since
the novel deletion forms should posses an ability to bind
the receptor, the primary structure regions responsible for
formation of a-helixes A and D (i.e. N- and C-terminal
ELIS) must remain unaltered.

We created the following deletion variants of 1L-13:
DV146 lacking fragment W35-M43 and DV148 lacking
fragment Y44-F70. Such deletion boundaries correspond
to the individual elements of 1L-13 informational struc-
ture (Fig. 1d). We used the SOE-PCR method with a set
of overlapping deletion primers and a pair of flanking
primers to construct the genes of 1L-13 deletion variants.
The encoding sequences of IL-13 modified forms were
cloned into pHIL13 plasmid (Fig. 3a) carrying full-length
IL-13 gene under the control of the trc-promoter and
TREN translation enhancer.

The SDS-PAGE analysis of pDV146/pDV148-trans-
formed E. coli BL21(DE3) culture samples indicated that
IPTG induction promotes efficient synthesis of IL-13
deletion variants in the form of inclusion bodies (Fig. 3b,
lanes 3-5). The electrophoretic mobilities of DV146/
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DV148 mutants match the expected values (13.0 and
11.2 kDa, respectively).

After solubilization in denaturing conditions, the
proteins were purified by metal chelating chromatogra-
phy and gel filtration and then renatured by dilution in
buffer containing redox reagents. The yield of the purifi-
cation procedure is about 2-3 mg/liter.

Biological activity of IL-13 deletion variants. Bio-
logical activity of the preparations was tested by addition
of titrated quantities of protein to the TF-1 cell line cul-
ture expressing heterodimeric 1L-13/IL-4 receptor [22].
Previously obtained recombinant IL-13 was used as a
control sample. The rate of proliferation stimulation was
measured by *H-labeled thymidine incorporation.
Maximal stimulation rate (1068%) is achieved by the
addition of IL-13 to 300 ng/ml, whereas the dose neces-
sary for 50% stimulation is 75 ng/ml (Fig. 4). The DV146
mutant lacks the ability to stimulate TF-1 cell prolifera-
tion in the studied range of dilutions (0.01-1000 ng/ml),
while DV148 variant displays ~50% activity compared to
the control sample. The dose of DV148 required for 50%
stimulation is 160 ng/ml, which is 63% higher than in the
case of the full-length protein.

According to the results, we studied DV146 antago-
nistic activity. The TF-1 cells were cultivated in the
presence of full-length IL-13 (100 and 200 ng/ml) and
different dilutions of the deletion variant. It was found
that the addition of DV146 to 500 ng/ml concentration
leads to suppression of IL-13 mitogenic activity, where
the degree of suppression depends on DVI146/1L-13
ratio. A 2.5-fold excess of DV146 inhibits 57% of 1L-13
activity, while 5-fold excess suppresses up to 80% (Fig.
5).
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Fig. 4. Proliferation of TF-1 cells induced by wild-type IL-13 and
mutants DV148 and DV146.
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Fig. 5. Suppression of TF-1 cells proliferation induced by DV146. a) Cells were cultured in the presence of 200 ng/ml of IL-13 £+ 500 ng/ml
of DV146. b) Cells were cultured in the presence of 100 ng/ml of IL-13 £ 500 ng/ml of DV146.

DISCUSSION

The current manuscript describes design, cloning,
and isolation of recombinant IL-13 deletion variants,
which suppress TF-1 cell line proliferation induced by
IL-13. The ANIS method was used to divide the amino
acid sequence of IL-13 into fragments corresponding to
high-ranking ELIS. We have shown previously that these
structurally stable protein fragments could be removed
without significant disturbances in protein folding [12].

The study of the biological activity of IL-13 deletion
variants indicated that they differ in ability to stimulate
the proliferation of TF-1 cell line. DV146 mutant (miss-
ing the W35-M43 region) completely lacks any ability to
stimulate proliferation, while DV148 deletion form (Y44-
F70 region removed) retains about 50% of full-length
protein activity. The first deletion region (W35-M43),
which is nine residues in length, is a part of a loop con-
necting the first and second a-helixes in the cytokine
molecule, whereas the second region (Y44-F70), 27
residues in length, includes the second and the third (par-
tially) helixes [8]. The results provide evidence of the
importance of the W35-M43 region for the interaction
between IL-13 and its receptor, since the removal of the
Y44-F70 region, which is three times longer, leads to a
relatively small decrease in cytokine activity. Also, it is
possible that the W35-M43 deletion may have caused the
spatial structure alterations of the IL-13 molecule.
However, we suppose that such modification should not
affect protein structure in general, for it was shown that
high-ranking ELIS are relatively independent and struc-
turally stable elements [12, 23].

The mutagenesis of individual residues of IL-13
provides support for the fundamental impact of A and D
helixes in the association with the receptor [20, 21].

Mutations R66D and S69D targeting C helix residues
lead to remarkable decrease in activity of the mutants,
but this effect is not as pronounced as in the case of
mutants E13K and R109D [20]. Thus, our results con-
cerning 50% activity preservation of the Y44-F70 dele-
tion variant are consistent with the point mutagenesis
data.

We have determined that the simultaneous addition
of full-length IL-13 and DV146 deletion variant to a TF-
1 cell culture leads to decrease in proliferation rate, i.e.
the mutant form manifests antagonistic behavior relative
to the full-length protein. The mechanism of such effect
is unknown; however, we speculate that the deletion
slightly alters the protein surface in such a way that it still
binds the receptor, but the signal transduction becomes
impossible. Such a protein might be of use to counter the
negative effects of IL-13 concentration increase, for
example, in the case of asthma or other disorders of aller-
gic nature.

According to our results, the ANIS method is an
effective tool for protein structure and function study, and
it can be applied to the design of truncated forms of native
proteins, including receptor antagonists, by the removal
of sequence fragments corresponding to predicted high-
ranking ELIS.
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