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Crystallization and preliminary X-ray diffraction
analysis of human IL-22 bound to the extracellular
IL-22R1 chain

Interleukin-22 (IL-22) is a potent mediator of cellular inflammatory responses.
Crystals of IL-22 bound to the extracellular high-affinity cell-surface receptor
sIL-22R1 have been grown from polyethylene glycol solutions. Crystals suitable
for X-ray diffraction analysis were only obtained with mutants of IL-22 and
sIL-22R1 that removed the N-linked glycosylation sites found in the wild-type
amino-acid sequences. The crystals belonged to space group P2, with unit-cell
parameters a = 50.43, b =76.33, c=114.92 A, B=92.45°, and diffracted X-rays to
3.2 A resolution. The crystallographic asymmetric unit contained two IL-22—
sIL-22R1 complexes, corresponding to a solvent content of approximately 52%.

1. Introduction

Interleukin-22 (IL-22) is an a-helical cytokine produced by activated
T cells, including the recently identified Th17 lineage (Dumoutier,
Louahed et al., 2000; Xie et al., 2000; Liang et al., 2006; Harrington et
al., 2005). IL-22 up-regulates the production of early systemically
circulated defense proteins (acute phase proteins) such as serum
amyloid A, «al-antichymotrypsin and haptoglobin in liver cells
(Dumoutier, Van Roost et al, 2000). In contrast to its pro-
inflammatory functions, IL-22 appears to have a protective effect on
the liver by promoting hepatocyte survival (Pan et al., 2004; Radaeva
et al., 2004; Zenewicz et al., 2007). IL-22 also up-regulates gene
expression of pancreatitis-associated protein PAP1 in acinar cells
(Aggarwal et al., 2001) and induces the production of reactive oxygen
species (ROS) in B-cells (Wei et al., 2003). More recently, IL-22
expression levels have been shown to be elevated in active Crohn’s
disease and IL-22 has been shown to contribute to the dermal
inflammation associated with psoriasis (Zheng et al., 2007; Brand et
al., 2006).

IL-22 is a member of the class 2 cytokine family, which includes
IL-10, IL-19, IL-20, IL-24, IL-26, IL-28 and IL-29 (Walter, 2002;
Fickenscher et al., 2002; Pestka et al., 2004; Langer et al., 2004). IL-22
cellular responses are initiated by the assembly of a cell-surface
heterodimeric complex consisting of IL-22R1 and IL-10R2 chains
(Xie et al., 2000; Kotenko et al., 2001a). IL-22R1 (SWISS-PROT ID
QI9HB22) is a 574-amino-acid protein that contains an extracellular
ligand-binding domain, a membrane-spanning helix and an intra-
cellular domain (Xie et al, 2000). IL-10R2 (SWISS-PROT ID
QO08334) shares a similar organization, but its intracellular domain
consists of only ~76 residues, compared with ~320 for IL-22R1
(Kotenko et al., 1997). Although IL-22 is produced by T cells,
IL-22R1 is predominantly expressed on skin and mucosal epithelia
(Wolk & Sabat, 2006; Nagalakshmi et al., 2004). In contrast, IL-10R2
is expressed on all cell types, which reflects its role as a shared
receptor in IL-10, IL-26, IL-28 and IL-29 receptor complexes (Langer
et al., 2004). The binding affinities obtained using soluble extra-
cellular IL-22R1 (sIL-22R1) and IL-10R2 (sIL-10R2) chains suggest
that complex formation is sequential (Logsdon et al, 2002). For
example, IL-22R1 first forms a high-affinity complex with IL-22,
followed by relatively weak interactions with the signal-transducing
IL-10R2 chain. Formation of the IL-22-1L-22R1-IL-10R2 cell-
surface complex activates kinases (JAK1, Tyk2 and MAP kinases)
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and transcription factors, especially STAT3, leading to IL-22-specific
cellular responses (Lejeune et al., 2002).

The IL-22 amino-acid sequence contains three N-linked glycosyl-
ation sites (Asn-X-Ser/Thr, where X is any amino acid) at Asn54,
Asn68 and Asn97 denoted by the convention IL-22ynn (Logsdon et
al., 2004). Point mutants of Asn54 (IL22onn Or IL-22,nn), but not
Asn68 (IL-22n0n) or Asn97 (IL-22xn0), disrupt IL-10R2 binding and
IL-22 signaling (Logsdon et al., 2004; Wolk et al., 2004). The crystal
structures of IL-22 produced in Escherichia coli (IL-22g.) as well as
glycosylated IL-22 expressed in insect cells have been determined
(Nagem et al., 2002; Xu et al., 2005). IL-22 folds into a compact
monomeric structure that resembles one subunit of the IL-10 dimer
(Walter & Nagabhushan, 1995; Zdanov et al., 1995). Although IL-22
adopts a monomeric structure, recent X-ray scattering data suggest
that IL-22 forms dimeric structures similar to IL-10 in solution (de
Oliveira Neto er al., 2008). Although crystallographic and other
biophysical studies have been performed on IL-22 itself, structural
studies on sIL-22R1 or sIL-10R2, alone or in complex with 1L-22,
have not been reported. Owing to the importance of the IL-22 in
human disease, we have initiated structural studies on the complex
between IL-22 and sIL-22R1. Here, we report the crystallization of
the IL-22—sIL-22R1 complex, which may aid in the understanding of
the structural basis for IL-22-mediated cross-talk between the
immune system and epithelial cells.
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Figure 1

Separation and expression of IL-22 and sIL-22R1 glycosylation variants. (a) Anion-
exchange chromatogram demonstrating the separation of IL-22y,00 and
IL-22n_qq and SDS-PAGE gel analysis of IL-22yqq fractions obtained from the
chromatogram. (b) Expression analysis of sIL-22R1 mutants. The protein was
detected by Western blotting with an anti-His antibody. Gel lanes correspond to
NB8OK, N87K (A), N80D, N87D (B), N80D, N87D, T89Q (C), N80S, N87S (D),
NB8OA, N87A (E), T82A, T89A (F) and sIL-10R1-His, positive control (G).

2. Materials and methods
2.1. Expression and purification

The expression plasmids pAHF/IL-22y00 and pMT/sIL-22R1 have
previously been described (Logsdon et al., 2002, 2004). IL-22x00 and
sIL-22R1ppo expressed from these vectors contain N- and C-term-
inal Hise tags, respectively, that can be removed using encoded factor
Xa cleavage sites. Site-directed mutants of pMT/sIL-22R1 glycosyl-
ation sites were produced using the QuikChange mutagenesis kit
(Stratagene). IL-22500 and sIL-22R1ppo Were expressed in insect
cells as described previously (Logsdon et al., 2004). Briefly, cells were
expanded and induced at a cell density of 5 x 10° cells ml~" in serum-
free media (Lonza) containing 20 mM L-glutamine by the addition of
0.5 mM Cu,SO, After 7 d, the expression media containing IL-22x00
or sIL-22R1ppo was clarified by centrifugation followed by dialysis
into a binding buffer consisting of 20 mM Tris-HCI pH 7.9, 0.5 M
NaCl and 5.0 mM imidazole.

11 of dialyzed medium containing I1L.-22y00 or sIL-22R1ppo Was
applied to separate 7.5 ml nickel columns (Novagen) at 277 K. The
bound proteins were washed with five column volumes of binding
buffer containing 15 mM imidazole followed by elution with 1 M
imidizole. Column fractions containing IL-22Ny00 or sIL-22R1ppo
were dialyzed overnight into a factor Xa cleavage buffer containing
20 mM Tris—HCI pH 8.0, 1 mM EDTA, 100 mM NaCl, 3 mM CaCl,
and concentrated to 0.5 mg ml~" using Centriprep 10 concentrators
(Millipore).

2.2. Factor Xa cleavage and separation of IL-22y_qq and IL-22\.qq
glycosylation variants

The N-terminal Hisg tag on IL-22500 Was removed by overnight
digestion with factor Xa [1:50(w:w); New England BioLabs].
Digested IL-22500 Was diluted 1:10 into 20 mM PIPES pH 6.5 and
loaded onto a 1.67 ml POROS HS20 column (Perseptive Biosys-
tems). IL-22n.00 (carbohydrate attached at Asn54) and IL-22y o0
(no carbohydrate at Asn54) glycosylation variants were separated
with a 0-1 M NaCl gradient in 20 column volumes. Fractions
containing IL-22N_oo and IL-22y, oo Were identified by SDS-PAGE
and collected for complex formation with sIL-22R1pp0 (Fig. 1).

2.3. Binary IL-22y_qq—sIL-22R1ppq complex formation

sIL-22R1ppq containing the C-terminal Hise tag was mixed with
a 15% molar excess of IL-22y_ oo prepared as in §2.2. The
sIL-22R1ppq Hise tag was removed by overnight incubation of the
IL-22N_0o-sIL-22R1ppo complex with factor Xa (1:50 protease:
complex ratio). The digested complex was concentrated to
10 mg ml™" using a Centricon 10 (Millipore) and injected onto two
Superdex 200 HR10/30 gel-filtration columns (Amersham) connected
in series. The complex was eluted at 0.35 ml min~" in 150 mM NaCl
and 20 mM Tris-HCI pH 8.0. Eluted fractions containing IL-22x_oo—
sIL-22R1ppq were re-concentrated to 10 mg ml~" for crystallization.

2.4. Crystallization

All crystallization experiments employed the hanging-drop vapor-
diffusion method. The hanging drops (2 pl total volume) contained
1 pl TL-225_00-sIL-22R1ppo complex (10 mg ml™") in 20 mM Tris—
HCI pH 8.0, 150 mM NaCl and 1 pl reservoir solution consisting of
0.1 M MgCl,, 13% polyethylene glycol (PEG) 6000 and 0.1 M ADA
pH 6.8. Streak-seeding was performed from new drops prepared with
a reservoir solution containing 0.1 M MgCl,, 11% PEG 6000 and
0.1 M ADA pH 6.8 and equilibrated for 5h. A seed stock was
obtained by crushing one or two crystals in 50 pl reservoir solution.
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2.5. Data collection

The IL-225_oo—sIL-22R1ppo crystals were flash-cooled in a
nitrogen stream at 100 K for low-temperature data collection. The
crystals were cryopreserved in a solution containing 17% PEG 6000,
0.1 M MgCl,, 0.1 M ADA pH 6.8 and 15% glycerol. To prevent
crystal cracking at the final glycerol concentration, the crystals were
serially transferred to solutions containing 17% PEG 6000, 0.1 M
MgCl,, 0.1 M ADA pH 6.8 and 0, 5 and 10% glycerol for 15 min each
before final transfer into the 15% glycerol solution.

Diffraction data were collected at the South Eastern Region
Collaborative Access Team (SER-CAT) beamline ID-22 at the
Advanced Photon Source, Argonne National Laboratory. Data were
collected on a MAR 300 CCD detector using a wavelength of 1 A, an
oscillation range of 1° and an exposure time of 1s. Reflection
intensities were indexed, integrated and scaled using HKL-2000
(Otwinowski & Minor, 1997).

3. Results and discussion
3.1. Protein expression and purification

The IL-22 mutant IL-22y00 (see Logsdon et al., 2004) was chosen
for crystallization studies of the IL-22-sIL-22R1 complex because
two of the three N-linked (NXS/T) carbohydrate-attachment sites
(Asn68 and Asn97) have been mutated to glutamine. The IL-22
glycosylation site at residue Asn54 was not mutated because it had
previously been shown to be important for assembly of the IL-22—
IL-22R1-IL-10R2 cell-surface complex (Logsdon et al., 2004).
Although IL-22yq contains only one N-linked glycosylation site, the
mutant is expressed as a mixture of glycosylated (IL-225,00) and
nonglycosylated (IL-225_oo) molecules. To remove this hetero-
geneity, anion-exchange chromatography methods were developed to
separate IL-22y, 00 from IL-22y_qq (Fig. 1a).

Numerous crystallization screens were performed with receptor
complexes containing IL-22y_ oo and sIL-22R1, which encodes three
N-linked (NXS/T) glycosylation sites at Asn80, Asn87 and Asnl172.
Complexes were also formed between sIL-22R1 and E. coli-produced
IL-22 that was refolded from inclusion bodies. However, no crystals
or crystallization leads were obtained from any of these IL-22-
sIL-22R1 complexes. These results suggested that the glycosylation
present on sIL-22R1 may disrupt potential lattice interactions, as
previously described for the related IL-10-sIL-10R1 complex
(Josephson et al., 2001).

Figure 2
Crystals of IL-225_oo—sIL-22R1ppo obtained by streak-seeding.

Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Space group P2;
Resolution (A) 50-3.2
No. of observations 44091
No. of unique observations 13969
Redundancy 32 (2.6)
Completeness (%) 95.6 (93.7)
Ruerge 0.055 (0.40)
Ilo(I) 224 (22)
Unit-cell parameters

a(A) 50.43

b (A) 76.33

c(A) 114.92

B () 92.45

To remove N-linked glycosylation from sIL-22R1, the three
asparagines involved in carbohydrate attachment (Asn80, Asn87 and
Asnl72) were mutated to glutamine. However, no protein was
expressed for this sIL-22R1 triple mutant. To overcome this problem,
a variety of double mutants that converted sIL-22R1 Asn80 and
Asn87 to lysines (e.g. Lys80, Lys87), aspartic acids, serines or alanines
was performed. Asnl72, which corresponds to the third N-linked
glycosylation site in sIL-22R1, was left unchanged in these experi-
ments. Small-scale expression analysis revealed that only the aspartic
acid double mutant was expressed in insect cells (Fig. 1b). Interest-
ingly, sequence alignment of sIL-22R1 and IL-22BP (SWISS-PROT
ID Q969J5-2; Dumoutier ef al., 2001; Kotenko et al., 2001b) revealed
that sIL-22R1 residues Asn80 and Asn87 are aspartic acid residues in
IL-22BP. Further analysis of the IL-22BP sequence revealed Thr89 in
sIL-22R1 to be a glutamine in IL-22BP. To mimic the glycosylation
site observed in IL-22BP, the triple mutation sIL-22R1 Asn80Asp,
Asn87Asp and Thr89GIn (sIL-22R1ppo) was made and expressed
with a yield of 4.5 mg 1" for crystallization studies.

3.2. Crystallization

In contrast to crystallization trials with fully glycosylated sIL-22R1,
intergrown thin plates of the IL-22y_qo-sIL-22R1ppo complex were
obtained in 3 d from PEG 6000 solutions containing ADA buffer pH
6.8 at 298 K. To improve the thickness of the crystals, streak-seeding
experiments were performed. Specifically, hanging-drop experiments
were prepared as before but with a reservoir solution consisting of
0.1 M ADA, 0.1 M MgCl,, 11% PEG 6000 pH 6.8. After 5 h, streak-
seeding was performed using a seed stock made by crushing a single
IL-22N_qo-sIL-22R1ppo plate in 50 pl reservoir solution. After 10 d,
diamond-shaped plates with maximal dimensions of 100 x 100 x
55 um were obtained (Fig. 2).

3.3. X-ray diffraction

Data collection from IL-22y_oo—sSIL-22R1ppo crystals was
performed at the APS ID-22 beamline (SER-CAT), which resulted in
a complete 32 A resolution data set (Table 1). The HKL-2000
indexing routine, combined with an analysis of systematic absences,
identified the space group as P2, with unit-cell parameters a = 50.43,
b =7633, c = 114.92 A, B = 92.45°. Gel-filtration analysis reveals
that IL-22N_qo-sIL-22R1ppo is a 1:1 complex with a molecular
weight of ~43 096 Da (Logsdon et al., 2002). Using this molecular
weight, solvent estimates of 76% (Vy = 5.1 A? Da™!), 52%
(Vy = 2.6 A>Da™") and 27.5% (Vy = 1.7 A’ Da™") were obtained
corresponding to one, two or three 1:1 complexes in the asymmetric
unit, respectively (Matthews, 1968). Self-rotation function analysis
confirms the presence of a twofold noncrystallographic symmetry axis
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in the data. This analysis suggests the crystals contain two 1:1
IL-22N_0o—sIL-22R1ppo complexes related by a noncrystallographic
twofold axis. This is an interesting result that may allow us to
determine whether IL-22 forms an ‘IL-10 like’ dimeric signaling
complex as previously observed in solution (de Oliveira Neto et al.,
2008). Phasing of the crystals using molecular replacement and
heavy-atom methods is currently under way.

This research was supported by grant A1047300 from the NIH. Use
of the Advanced Photon Source was supported by the US Depart-
ment of Energy, Office of Science, Office of Basic Energy Sciences
under Contract No. W-31-109-Eng-38.
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