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ABSTRACT:. The human interferon receptor (IFNAR) mediates the antiviral and antiproliferative activities

of type | interferons (IFNs). This receptor is comprised of subunits IFNAR1 and IFNAR2, the latter
exhibiting nanomolar affinity for IFNs. Here the extracellular domain of IFNAR2 (IFNAR2-EC), a soluble

25 kDa IFN-binding polypeptide, and its complex with IF- were studied using multidimensional
NMR. IFNAR2-EC is comprised of two fibronectin-1ll (FN-III) domains connected by a helical hinge
region. The deduced global fold was utilized to improve the alignment of IFNAR2-EC against structurally
related receptors and to model its structure. A striking feature of IFNAR2-EC is the limited and localized
deviations in chemical shifts exhibited upon ligand binding, observed for only 15% of its backbone
1H and!®N nuclei. Analysis of these deviations maps the I&R-binding site upon IFNAR2-EC to a
contiguous surface on the N-terminal domain, including the- S8 loop (residues 4453), the S5-S6

loop and S&3-strand (residues 7482), and the SB-strand and the hinge region (residues-985). The
C-terminal domain contributes only marginally to ligand binding, and no change in the hypothesized
interdomain interface is observed. The proposed binding domain encompasses all residues implicated by
mutagenesis studies in IFN binding, and suggests adjacent residues cooperate in forming the binding
surface. DO-exchange experiments indicate that binding of &Rinduces tightening of the N-terminal
domain of IFNAR2-EC. This increase in receptor rigidity may play an important role in initiating the
intracellular stage of the IFN signaling cascade.

Type | interferons are a family of homologous helical identity observed between IFN-sotypes and a 50% level
cytokines secreted by lymphocytes and fibroblasts in re- of identity between IFN3 and a consensus IFd-sequence
sponse to viral infection and cancer. They provide an early (3, 4). Type | IFNs share a common cell-surface receptor in
line of antiviral defense and are essential for the survival of humans, consisting of two subunits, IFNARB) (and
higher vertebratesi( 2). IFNs! also have several important IFNAR2 (6), which associate upon IFN bindin@)( The
pharmaceutical applications, notably, in cancer therapy andassociation of IFNAR2 and IFNAR1 effected by IFN binding
treatment of certain viral diseases. In humans, this family triggers a cascade of events, which activates a multitude of
of cytokines consists of 12 different IF&-species, one IFN-  proteins that inhibit viral replication and cell growth and
B, one IFN<, and one IFN». Members of this family exhibit ~ control apoptosis2). IFNAR2 alone can bind both IFN-
significant sequence homology, with an80% level of and IFN$ subtypes, and is the major ligand-binding
component of the receptor complex, exhibiting a high affinity
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IFN-3 (16, 17), no structure has been proposed for either

Chill et al.

of unlabeled IFNAR2-EC have been previously described

receptor component. Sequence alignment suggests botl{22). Uniformly *N-labeled and3C*N-doubly labeled

IFNAR1 and IFNAR2 belong to the family of helical
cytokine class Il receptors (hCRIIL®). On the basis of
sequence homology with receptors of this family with known
structures, such as the IFNreceptor (IFNVR) (19) and the
tissue factor receptor (TFR2(), the extracellular N-terminus
of IFNAR2 has been postulated to consist of two immuno-
globulin fold subdomains of the FN-III type, each comprised
of severp-strands divided into tw@-sheets21). Structural
study of IFNAR2 and its binding of IFN ligands has recently

IFNAR2-EC were overexpressed using appropriately labeled
Celtone medium (Martek Biosciences) supplemented with
0.375% glycerol?C-labeled for the doubly labeled polypep-
tide), RPMI 1640 vitamin cocktail (Gibco), 1 mM MgS0O

50 mM KH,PQO,, and 50 mM KHPO,. Optimal yields were
obtained using 50 mL cultures iL L flasks grown at 37C.
IFNAR2-EC expression was induced by 0.5 mM isopropyl
p-b-thiogalactopyranoside and 1:1000 (v/v) M13 phage. Cells
were harvested after-31 h. For expression of 50%-,U-

become feasible, as Schreiber and co-workers successfully*C,'>N-labeled IFNAR2-EC, cells were adapted to the

expressed and purified the extracellular domain of IFNAR2
(IFNAR2-EC). IFNAR2-EC is a soluble 25 kDa polypeptide
that retains full binding activity of IFNAR2 and competitively
inhibits the cellular antiviral activity of IFNx2 (22). The
binding site for IFN ligands upon cellular IFNAR2, as well

deuterated environment through multiple steps with progres-
sively higher percentages o£O and deuteration in nutrients,
and cells were harvested-1Q6 h after induction. Cells were
lysed using lysosyme, followed by a freezithaw cycle and
sonication, and inclusion bodies were washed and resonicated

as specific residues involved in binding, has been establishedusing a urea-containing buffer. The inclusion bodies were

by site-directed mutagenesid0j and immunoblocking
studies 12). Studies conducted with both intact IFNAR2 and
IFNAR2-EC suggest partially overlapping binding sites for
IFN-a. and IFN# subtypes but different contributions of
specific residues to the exhibited affinity.

The structure of IFNAR2-EC was modeled on the basis
of its homology to TFR (21% sequence identity) and JiRN
(17% sequence identity). In this model, all residues impli-
cated in IFNei2 binding are located on a contiguous surface
formed by two protruding loops of the N-terminal immu-
noglobulin domain and the segment connecting the two
domains {1). The C-terminal domain does not contribute
significantly to IFN-a2 binding. Homology modeling of the
IFNAR2—IFN-a8 complex according to the known structure
of the growth hormone (GH) in complex with its class |

then dissolved in excessive amount9dV urea at pH 8.4,
maintaining an Ok, of <0.5 to ensure efficient refolding.
IFNAR2-EC was refolded by double dialysis against Tris
buffer at pH 8.4. Refolded IFNAR2-EC was purified to
>98% homogeneity on an AKTA FPLC system using the
HiTrap QSFF anion-exchange and Superdex 75 HR 10/30
size-exclusion columns (all from Pharmacia). The protein
was concentrated by centrifugation in Vivaspin tubes (Viva-
sciences, molecular mass cutoff of 10 kDa), and desalination
effected by repeated dilutions with an appropriate buffer.
Activity of IFNAR2-EC was assayed prior to sample
preparation by incubation with IFM2 for 10 min at ambient
temperature and detection of the 43 kDa IFNAR2-BEN-

o2 complex using size-exclusion chromatography. This
protocol produced 48 mg of IFNAR2-EC per liter of

receptor (12% sequence identity between the receptor extra-Celtone medium.

cellular domains) postulates a binding site comprised by
segments of residues 430, 70-78, 100-110, 1306-137,
and 189-194 of IFNAR2 @3). This proposed binding site

is in agreement with the results of an alanine scanning
mutagenesis study performed on TFERI)

A detailed structural analysis of IFNAR2-EC and its
complexes with type | IFNs could greatly enhance our
molecular understanding of IFN binding and signaling in this
intriguing system. This is especially true in light of the
limitations that the low level of sequence identity between

IFNAR2-EC and related receptors places upon attempts to

model its structure. In this study, we map the IBR-binding
site and determine global changes in IFNAR2-EC conforma-
tion upon ligand binding. A new model for IFNAR2-EC has

been calculated using the secondary structure and the globaP

fold deduced from a multidimensional NMR study of
IFNAR2-EC and its complex with IFNe2. Deuterium-
exchange experiments show that IFN binding induces
considerable tightening of the structure of the IFNAR2-EC
N-terminal domain. The implications of our results are
discussed in the context of previously reported structural an
biological aspects of IFN binding to IFNAR2.

MATERIALS AND METHODS

Protein Expression and PurificationThe pTZT7U18
plasmid containing the gene encoding the IFNAR2-EC

Preparation and Purification of the IFNAR2-EGQFN-
o2 ComplexIFN-02 was expressed in milligram quantities
as described elsewher2?j and purified using the HiTrap
QSFF anion-exchange and Superdex 75 HR 10/30 size-
exclusion columns (both from Pharmacia) with Tris buffer
at pH 8.4 followed by RP-HPLC using an acetonitrile
gradient. IFNAR2-EC (at +1.5uM) and IFN-a2 (in 10%
excess) were incubated in 25 mM Tris buffer (pH 8.2)
containing 0.02% Napfor 1—2 h at ambient temperature.
After being concentrated 10-fold, the IFNAR2-EG-N-a.2
complex was purified using a preparative Superdex 75 size-
exclusion column (Pharmacia), with 250 mM NaCl and
0.02% NaN in 25 mM Tris (pH 8) as the running buffer.
The complex elutes at a volume corresponding to a 43 kDa
rotein, confirming its 1:1 stoichiometry.

Optimization of Measurement Conditions and Sample
Preparation Samples used for NMR measurements included
uniformly *N- and3C-labeled IFNAR2-EC and 50%H,-
98%-5N,*°C-labeled IFNAR2-EC both in the free form and
in complex with unlabeled IFNt2. A combinatorial array

¢©°f 0.5 mM IFNAR2-EC microsamples in 25 mM Tris buffer

(containing 0.02% NapNas a bacteriocide) at 37TC was
designed to determine the optimal measurement conditions
for this polypeptide. Variables that were studied were pH
(7.0-8.0), NaCl concentration (6200 mM), and the stabi-
lizing effects of the organic cosolvents DMSO and ethanol-
amine and the chaotropic additive CHAPS. IFNAR2-EC

polypeptide and protocols for heterologous overexpressionstability was monitored by the ratio of active monomeric to
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aggregated protein as seen in a size-exclusion chromatogranmfor 3D '5N-separated*H,!H]NOESY, and 7.5 ms and 60
Optimal conditions used for preparation of NMR samples complex points for théH dimension and 2.9 ms and 14
were a 95% HO/5% D,O mixture and 25 mM Tris buffer ~ complex points for thé3C dimension (four scans) for 4D
(pH 8.0) (98% deuterated if necessary) containing 0.02% 3C/**N-separated *H,'H]NOESY. For the 4D 3C/3C-
NaN; as a bacteriocide, with the NaCl concentration kept separated'H,'"H]NOESY experiment, the acquisition time
below 1 mM. Desalination was effected by repeated dilution and the number of complex points were 10.8 ms and 54 for
with 25 mM Tris (pH 8) and 0.02% NaNbuffer and the'H dimension and 2.5 ms and 10 for edé@ dimension
concentration in Fugisep tubes (Intersep, molecular mass(12 scans)3J.n coupling constants were estimated using the
cutoff of 10 kDa). Samples in D were similarly prepared 3D HNHA experiment 86) with an acquisition time of 9.3

by repeated dilution and concentration using 99.99% Bnd ms and 52 complex points (16 scans). This experiment used
perdeuterated (98% deuterated) Tris buffer. All samples werea dephasing period of 19 ms, addalues were scaled by a
concentrated to volumes of 36350 uL (final IFNAR2- factor of 1.2 to account foiH spin flips during the dephasing
EC concentration of 0:30.5 mM). IFNAR2-EC samples  and rephasing period8€). 2D [*H,'>N]TROSY-HSQC 87)
were stable under these conditions and at@%or a period spectra were recorded in a manner similar to that of the non-
of 2—3 months, with negligible aggregation or denaturation. TROSY experiment. Triple-resonance NMR experiments
The IFNAR2-EC-IFN-a2 complex was stable under these involving detection of amide protons used the enhanced
conditions at 40C for more than 30 days. Amide protdn sensitivity approach, achieving coherence pathway transfer
relaxation times for free IFNAR2-EC under these conditions selection with pulsed field gradients. The acute effects of
were 13-16 ms, typical values for a monomeric 25 kDa solvent exchange at pH 8 were mitigated by employing a

protein. Amide protoiT, values for the IFNAR2-EE€IFN- series of selective flipback pulses on the water resonance,
a2 complex under these conditions were®8and 9.5-11 thereby keeping water magnetization aligned alongtheis

ms at 35 and 40C, respectively, typical values for a 43 throughout the experiment and minimizing the effects of
kDa polypeptide. solvent exchange on amide protons as described previously

NMR Measurements for Free IFNAR2-E@II NMR (38, 39). Alternatively, the WATERGATE (WATER sup-
spectra for free'3C- and *N-labeled IFNAR2-EC were  pression by gradient-tailored excitation) or 3-9-19 sequences
acquired at 35C on Bruker DRX 800 MHz and DMX 600 (40, 41) were applied. For BD-exchange experiments, 0.35
MHz spectrometers equipped with zgradient triple- mM unlabeled IFNAR2-EC was diluted 3-fold with,D-
resonance probe (Bruker). Data were processed and analyzefiased 25 mM Tris (pH 8) containing 0.02% Naldnd then
on an Octane workstation (Silicon Graphics) using XWIN- concentrated back to its initial volume in a Fugisep concen-
NMR and AURELIA (25 and NMRPipe 26). Measure- tration tube. This process was repeated four times and was
ments of amide protof, relaxation times utilized a 1,1 echo completed in less than 90 min. The sample was immediately
sequence. For the two-dimensional (20H[°NJHSQC transferred to the previously tuned and shimmed 800 MHz
experiment, 25@; increments at a sweep width of 1946 Hz spectrometer. Short 2D NOESY experiments with an acqui-
and 350 points at a sweep width of 9600 Hz were acquired. sition time of 10 ms, 200 complex points, 16 scans per
The following experiments were carried out for free IF- hypercomplex points, and a mixing time of 80 ms (total
NAR2-EC (on the 800 MHz spectrometer unless otherwise experiment time of 3.5 h) were then carried out successively.
stated): three-dimensional (3D) HNCO and 3D HNCX&,( Amide proton cross-peaks detected 10 h later were consid-
28), 3D CBCA(CO)NH on the DMX 600 MHz spectrometer ered to be slowly exchanging, and assigned using the
(29), 3D HNCACB (30), 3D (H)-C-(CCO)NH TOCSY on  characteristic NOE interactions between the amide proton
the DMX 600 MHz spectrometer3(), and 3D HBHA- and its two neighboring Hprotons.

(CBCACO)NH 32). Experiments used to derive NOESY Typical carrier positions for all experiments were 118 ppm
connectivities and internuclear distances were 3N- for N, 176 ppm for3CO, 55 ppm for*3C,, 45 ppm for
separated'H,"H]INOESY (33), four-dimensional (4D}3C/ 13C,/13Cs, and 4.67 ppm fotH. For TROSY experiments,
15N-separatedH,'H]NOESY (34), and 4D*3C/3C-separated  the >N carrier was shifted to 118.5 ppm to facilitate later
[*H,'HINOESY (35) experiments, the latter in D. The comparison with non-TROSY experiments. A DIPSI-2 train
mixing time for the 3D '*N-separated H,'H]NOESY pulse @2) was used for thé3C TOCSY experiment. A
experiment was 100 ms, and for 4D spectra, the mixing time WALTZ-16 (43) train pulse was used for proton and
was 65-70 ms. In all experiments, an acquisition time of deuterium decoupling, and a GAR® train pulse was used
15-20 ms and 3640 complex points (7.2 ms and 14 for heteronuclear decoupling. SelectivéC pulses were
complex points for the 4D experiment) were used in'fine applied as soft G4- and G3-shaped pulses or rectangular
dimension and an acquisition time of 22.9 ms and 256 pulses at 6.5 and 13.9 kHz for 9Gand 180 pulses,
complex points were used in the observed dimension. Therespectively. Data were acquired in the Stat€RPI mode
acquisition time and number of complex points in the for the3C dimension in triple-resonance experiments or the
remaining dimension(s) as well as the number of scans perindirectH dimension in NOESY-type experiment45] or
hypercomplex increment were as follows: 23.2 ms and 42 Echo-Antiecho (for thé>N dimension of sensitivity-enhanced
complex points on the 600 MHz spectrometer (24 scans) foror TROSY experiments)46) as required for quadrature
HNCO, 9.2 ms and 48 complex points (32 scans) for HNCA, detection. Chemical shifts were referenced as described
6.3 ms and 48 complex points (24 scans) for CBCA(CO)- previously &7).

NH, 5.3 ms and 56 complex points (32 scans) for HNCACB, = NMR Measurements for the IFNAR2-EG-N-a2 Com-

4.2 ms and 40 complex points (32 scans) for (H)-C-(CCO)- plex.NMR data for IFNAR2-EC in complex with unlabeled
NH, 10.2 ms and 46 complex points (32 scans) for HBHA- IFN-o2 were measured at £€C. The 2D [H,'>N]TROSY-
(CBCACO)NH, 8.75 ms and 70 complex points (16 scans) HSQC @7) and 3D HNCA-TROSY experiments were
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carried out using &°C- and!*N-labeled IFNAR2-EC-U- 15y
IFN-02 complex, and the 3D HNCACB-TROSY experiment 1163 1164 1288 1257 1149  114.0
(48) was carried out using a 509%+,13C '>N-IFNAR2-EC— -
U-IFN-a2 complex. Data for thé®N and observed dimen- Y39 | T40 | L41 | L42 | Y43 | T44
sions were acquired as described for free IFNAR2-EC. R -
Acquisition times and the number of complex points as well ¢ )
as the number of scans per hypercomplex point fort@e -
dimension of these experiments were as follows: 6.1 ms and -
32 complex points (40 scans) for HNCA-TROSY and 1.8
ms and 20 complex points (176 scans) for HNCACB-
TROSY. For DO-exchange experiments, 0.25 m¥N- 8}
labeled IFNAR2-EC complexed with unlabeled Ifel2-was . -
transferred to BO-based buffer as described for free IF-
NAR2-EC. 2D [H,'>NJTROSY-HSQC experiments with 60 &
scans per hypercomplex point (total experiment time of 4.5 -
h) were then carried out successively as described earlier.
Amide proton cross-peaks detected 10 h later were consid- © of @
ered to be slowly exchanging. @
Modeling IFNAR2-ECThe sequences of of hCRII extra-
cellular domains with available three-dimensional structures
were aligned against the IFNAR2-EC sequence using the
CLUSTALW program. The models for the N-terminal and
C-terminal FN-III domains of IFNAR2-EC were based on
the three-dimensional structures of the homologous TFR
N-terminal domain (22% sequence identity, PDB entry 1FAK
at 2.10 A resolution) and IFpR C-terminal domain (17%
sequence identity, PDB entry 1FYH at 2.04 A resolution),
respectively. Alignment of IFNAR2-EC and superposition
of the two template structures, as well as all steps toward F R
refinement of the final model, were performed using the
Insightll software package (Accelrys). Random loop genera-
tion was performed using the Homology module, and refine- 926 913 802 953 901
ment of the model using iterative energy minimization and 'H

dynamics steps employed the Discover3 and Biopolymer FIGURE 1. Sequential walk along the HNCACB spectrum for
modules. IFNAR2-EC. Strips taken from the HNCACB spectrum acquired

for 0.35 mM uniformly 13C- and*®N-labeled IFNAR2-EC in 25
RESULTS mM Tris (pH 8) and 0.02% NafNat 35°C. Each strip represents
the correlations of a backbone amitté—15N pair with two 13C,
Backbone Assignmnents for Free and Complexed IFNAR2-nuclei and two*Cs nuclei. Alignment of intra- and interresidue

EC. Standard multidimensional NMR spectra were applied correlations arranges the strips sequentially and allows assignment.
P bp [This is demonstrated for residues Y3944, with horizontal bars

to assign backbone resonance frequ_e_nmes ?f free _andconnecting peaks with identiclIC shifts establishing the sequential
complexed IFNAR2-EC. Figure 1 exemplifies the “sequential connectivities. Thé3C,~1 peak of L41 is below the plotted contour
walk” in the HNCACB spectrum along the polypeptide chain Ilevel.

for free IFNAR2-EC, demonstrating the methodology used

to link adjacent residues and assign backbone chemical shiftvapid solvent exchange and consequent line broadening.
using triple-resonance experiments. More than 90% of the Significantly, all amide protons forming hydrogen bonds in
amide protons of free IFNAR2-EC (183 of 201 non-proline the postulateds-sheets were detectable. Despite these
residues) could be assigned using these data. In assigninglifficulties, levels of backbone assignment are satisfactory
backbone nuclei of the IFNAR2-EQFN-a2 complex, we when considering the high pH of the sample, and comparable
made use of the high level of similarity between 2D to those previously reported under similar measurement
[*H,’>NJTROSY-HSQC spectra of free and IFd2-bound conditions 89).

IFNAR2-EC as described below. The TROSY-HNCA ex- Secondary Structure and Global Fold of IFNAR2-EC
periment 48), normally insufficient for backbone assignment Several NMR-derived parameters are closely correlated to
of a 43 kDa protein because of the low dispersiori3af, protein secondary structure, and are therefore reliable predic-
chemical shifts and their weak correlation to residue type, tors of such motifs in polypeptides. Most prominent are the
was used to verify the identity of residues whdseand deviation of chemical shifts from random coil valuek),

15N chemical shifts remained unchanged upon formation of 3Jy, coupling constants and characteristic sequential and
the complex. Together with the TROSY-HNCACB experi- medium-range NOE connectivities, as well a®©Bexchange
ment, more than 85% of the amide protons of the IFNAR2- data £0). Figure 2 summarizes these NMR parameters and
EC—IFN-02 complex (172 of 201 non-proline residues) suggested structural motifs for IFNAR2-EC. These data
could be assigned using these data. In both cases, unassignesliggest the existence of 14-strands (seven in each
residues were invariably located fhturns or unstructured  immunoglobulin domain) as expected for receptors of this
loops as postulated by NMR data, mobile regions subject to family. N-Terminal subdomai-strands were formed by
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FIGURE 2: Secondary structure data for IFNAR2-EC. Summary of all data for sequential NOEs involving' taedHH* protons,3Jy
couplings,*3C, and *3C; secondary shifts, and A-exchange rates observed for residues of IFNAR2-E€ouplings were estimated
where possible using the 3D HNHA experiment. NOE interactions were extracted from th&3{@parated and 4BC/'5N-separated
NOESY spectra. Empty circles denote amide protons detectable 10 h after exposure of free IFNAR2-JEC Eill&d circles denote
amide protons unobserved in free IFNAR2-EC but detected in the IFNAR2HEE-a2 complex (all slowly exchanging protons in free
IFNAR2-EC were observed in the complex as well). The suggested secondary structure appears below the dettranith and helices
represented by arrows and sawtooth patterns, respectively3-blge in strand S7 is represented by a hatched box.

segments of residues +39, 22-28, 39-45, 53-55, 65-
68, 79-87, and 96-99, the latter including g-bulge at s 53
residues 91493. C-Terminal subdomairf-strands were
formed by segments of residues HP17, 126-125, 140~
147, 156-155, 166-170, 179-186, and 199-202. Location

of fp-sheets is consistent with the fact that all slowly
exchanging amide protons of free IFNAR2-EC and the
IFNAR2-EC—IFN-02 complex (observable after exposure
to D,O for 8-12 h) are included in these segments. The

=
90 99
spatial arrangement of the 14 establishgdtrands was il ;:l e
13 19
28 22
8 (0

determined using multidimensional heteronuclear-separated
NOESY experiments. Connectivities obtained from these
experiments (56860 in each subdomain) established the
global fold for both subdomains, and assisted in determining
the borders ofs-strands in cases of ambiguity. Figure 3

; _ FiIGUrRe 3: Secondary structure and global fold of IFNAR2-EC. A
demonstrates the fold established for IFNAR2-EC. Both chematic representation of the topology of IFNAR2-EC shows its

subdomains possess very similar topological features, and§ouble immunoglobulin fold. Sequentially numbergdsheets
can be classified as type s immunoglobulin fol8%)( each appear as arrows, and helices are depicted as cylinders. Disulfide
containing severB-strands arranged in two sheets with an bonds are not shown, and selected residues are numbered for clarity.
all-antiparallel configuration. Tight turns were identified by

their characteristic NOE fingerprint and seen for segments absence of amide protons of residues N20, G88, N89, and
of residues 1922, 8790, 117120, and 14#150. Resi- N119 from the HSQC spectrum. The presence of Gly or Asn
dues in the second and third positions of such turns areresidues at the apex of such turns is highly characteristic
typically exposed to solvent exchange, accounting for the (52). NOE data indicate that the $¥#strand is interrupted

12: 120

65 6® 72 166 170
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IFNAR2 SYDSPDYTDESCTFKISLRNFRSILSWELKN--HSIVPTHYTLLYTIMSKPED. T 61
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TFR TDI L TDEIVKDVKQTYLARVFSYPAGNVESTGSAGEPLYENSPEFT PYLETNL. 111
IFNgR SHHYENTI SDHVGDP-SNSLWVRVKARV~GQ——————- KE SAYAKSEEFAVCRDGKI 116
S5 Hi S6 S7 H2
IFNAR2 EFEIVGFT-NHINVMVKFPSIV~——~—~-— EEELQF-———————m—————— DLSLVIEEQSE- 148
TFR TIQSFEQVGTKVNVTVEDERTLVRRNNTFLS LRDVF-~——~==—=——=—= GKDLIYTLYYWKS 160
IFNgR KLDIRKEE-KQIMIDIFHP-—-————=-———== SVFVNGDEQEVDYDPETTCY IRVYNVYVRM 164
S8 S9 H3 S10
IFNAR2 ———GIVKKHKPEIKGNM-—-SGNFTYIIDKLIPN-T SVYLEHSDEQAVIKSPL~—-] 202
TFR SSSGKKTAKTN-——-————- TNEFLIDVDKG-~--EN 'SVQAVIPSRTVNRKSTDSP - 211
IFNgR N--GSEIQYKILTQKEDDCDEIQCQLATIPVSSLNSQ SAEGVLHVWGVTTEKSK-~ T 220
S11 S12 S13 H4 S14
IFNAR2 LPPGQESEFS 212
TFR == 211
IFNgR IFNSSIKGS- 229

Ficure 4: Sequence alignment of IFNAR2-EC. The sequences of IFNAR2-EC and related receptor extracellular domains were aligned

using thes-strands predicted by NMR data and additional structural data (details in the text). Resigustsands appear in boldface and
are based on PDB entries 1FAK from &0 and 1FYH from refl9 for TFR and IFN/R, respectively. Helical segments are italicized and

underlined. The double-proline motif of the interdomain hinge and the conserved cysteines are boxed. Secondary structure motifs of IFNAR2-

EC are sequentially numbered-S%14 and H+H4. Amino acids are numbered-212 for IFNAR2-EC, 1-211 for TFR, and 9229 for
IFNyR. Residues prior to the IFNAR2-EC N-terminus are omitted for clarity.

by a p-bulge at residues 9193. This is supported by the
sequential Ij—Hy interaction observed for residues 92 and
93 and the strong interaction between F93ahd T91 H.
In addition, the*C, and **Cs chemical shifts of T91 and
L92 are inconsistent with g-conformation. The appearance
of inter3-strand NOEs between residues E84 and S94-(H
H,) indicates they return to formfasheet. Sequential+
Hy and typical Hi—Hy "2 or H,/—H\'™ NOE interactions
are observed for the short segments including residues 69
72, 101105 (the interdomain hinge region), 13837, and
190-193, suggesting they adopt helical conformatids@).(
Modeling the Structure of IFNAR2-EElomology model-
ing of IFNAR2-EC suffers from the low levels of identity
IFNAR2-EC exhibits with related receptors and other FN-
Il domains. We therefore utilized the NMR-derived second-
ary structure information to improve the alignment of
IFNAR2-EC and template structures. In this structural

IFNyR, were chosen for purposes of coordinate assignment
and modeling. On the basis of the structural similarity and
location of-strands and loops throughout the domains, the
N-terminal (residues-1106) and C-terminal (residues 167
212) domains of IFNAR2-EC were assigned the coordinates
of the N-terminal domain of TFR and the C-terminal domain
of IFNyR, respectively. The two domains were then linked,
maintaining the interdomain angle characteristic of the hCRII
family, and all refinement steps were applied to modeled
IFNAR2-EC as a whole. NMR-derived constraints, including
interproton distances, established hydrogen bonds, and
dihedral constraints, were applied during the refinement
process, ensuring the consistency of the calculated model
with experimental NMR data. This modeled structure of
IFNAR2-EC is shown in Figure 5. The proposed model
features the double-FN-11l domain fold with a characteristic
arrangement of3-sheets and helical segments commonly

alignment, secondary structure motifs obtained from our observed in the hCRII family. The C3Z295 disulfide bond,

NMR study were aligned with known structural elements in

the templates, and structural similarity was generally pre-

unique to IFNAR2-EC among hCRII extracellular domains,
bridges the3-sheets in the N-terminal domain correctly and

ferred over sequence homology in segments with contradic-maintains the proper orientation of hydrophilic and hydro-
tory alignments. The resulting alignment used for modeling phobic side chains in the Si-strand on the edge of the

IFNAR2-EC is shown in Figure 4. The two template

p-sheet. In addition, 95% of the backbone angles of the

structures that are most similar to IFNAR2-EC, TFR and IFNAR2-EC model are within the allowed regions of the
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Ficure 5: Modeled structure of IFNAR2-EC. The NMR-derived — ac g -
homology model of IFNAR2-EC is presente@-Strands are = - 1:.” :. = L 112
depicted as blue arrows and helices as red coils. This figure was -_"" - 15
! = V- a
generated using Rasmol. e , =¥ -120 N
Ramachandran plot. This model has pairwise rmsd values a :..,;%. -::" - 122
of 3.7 and 6.3 A for the N- and C-terminal domains, - % ‘é o
respectively, when compared to a previously suggested mode - e .‘.-_- - 124
(12). The C-terminal domain exhibits a lower sequence - _,:'ﬁ ™" | i5s
identity level, resulting in a larger contribution of the - "'; - "ewm ”
structural alignment and accounting for its higher rmsd value. - -, * ':-' - - 128
Overall, the introduction of NMR-derived data and con- | gL r o<
straints into the modeling process has alleviated the difficul- “ PR - 130
I I I I I I I

ties presented by low homology levels and resulted in an
improved modeled structure for IFNAR2-EC.

Mapping of the IFNei2 Binding Site on IFNARDiffer- HN
ences in chemical shift are indicative of a Changing (_:hemical Ficure 6: Effects of IFNe2 binding on the chemical shifts of
environment, and are therefore useful in following the |ENAR2-EC. Shown is an overlay of the 2DH,NJTROSY-
formation of complexes. Once the assignment of backboneHSQC spectra for free IFNAR2-EC (blue) and its complex with
nuclei is completed, such changes accompanying complexlFN-ct% rrs(re?gr).(BSrSkegrt)r?orvgeg; rﬁ:\:ﬂqﬂﬁgr n%gC aar%%ﬁ |ggglel\éle
formation can be traced to specific residues and related toSplsg\Rz_EC and 0.25 MmN FNARZ-ECLU1FN-02 complex,
structural elements. Analysis of these changes enables us t oth in 25 mM Tris (pH 8) and 0.02% Nahat 35°C.
map the binding site in such a compleX3). We applied
the 2D [H,'SN]JTROSY-HSQC B87) experiment to the 15
IFNAR2-EC—IFN-02 complex, in which only IFNAR2-EC
was labeled with®N. Strikingly, 85% of the'H—°N cross-
peaks exhibited little or no change in chemical shifts when 1] ———— S5/56loop
compared to free IFNARZ-EC, making this methqd an a $7, hinge
excellent tool for probing structural aspects of the binding @ '
site of IFNs. Figure 6 compares the TROSY-HSQC spectra 05 |
for free and complexed IFNAR2-EC. When plotted against
their position along the polypeptide chain, these changes in

95 90 &5 80 75 70 65 ppio

I S3/S84 loop

chemical shift upon IFNx2 binding localize to three well- 0|

defined regions as shown in Figure 7, allowing several °© 2 2 g $ 8 8 2 8 8 8
structural conclusions to be drawn. Residues unaffected by - < - - - o
IFN-0.2 binding encompassed the-S$2—S53-sheet in the Residue number

N-terminal subdomain, and essentially the entire C-terminal Ficure 7: Position of chemical shift deviations induced by IFN-
subdomain. Binding of IFNx2 resulted in large changes in 2 binding along IFNAR2-EC. Comparison of chemical shifts in

; ; : ; ; the 2D [H,5NJTROSY-HSQC spectra for free IFNAR2-EC and
chemical shift (defined as a weighted change exceeding 0'2its complex with IFNei2. Shown are the chemical shift deviations

ppm; see Figure 7) or unassignable triple-resonance crossicspy as a function of residue number. CSD values were calculated
peaks for 29 residues. The three main regions of change inusing the formula/[A(6H)2 + A(ON/5)3, whereA(SH) andA(SN)
chemical shift are residues T4&53 (the S3S4 loop), are the changes it and'>N chemical shifts, respectively. Missing
7482 (i S5 56 loop and adiacent Sband) and e . T v e o
C9.5_M105 (the S7 s_trand ahd _mterdomaln hinge region chanpge, corresponding to three segments forminJg thengN-
helix), all corresponding to binding hot spots reported in pinging 'site, are appropriately labeled.

cellular and biophysical studies. Residues giving rise to weak

cross-peaks in free IFNAR2-EC were often undetectable in

the spectra of the complex, and their absence in the spectrasubdomain to the interaction with IF&2. The only region

of the complex must be attributed to low signal to noise rather affected by IFNe2 binding is the helical segment of residues
than to the effects of ligand binding. Other residues 190-194. While a significant change in chemical shifts is
implicated in IFNe2 binding such as K48 and 1103 could not exhibited, a noticeable attenuation in signal occurs for
not be assigned for reasons stated above, and the amidamide protons of these residues. Cross-peaks of residues
proton of H76 was undetectable even for free IFNAR2-EC. 192—194 are weak in the TROSY-HSQC spectra, and those
Another finding is the minute contribution of the C-terminal of residues 190 and 191 are absent. The binding site mapped
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; interdomain
Lo e? hinge

Ficure 8: Mapping of the IFNe2 binding site upon IFNAR2-EC. Results of the mapping analysis are juxtaposed on the modeled structure

of IFNAR2-EC and compared to mutagenesis studies. At the left are labeled and shown in green residues implicated by mutagenesis in
binding of IFN-a.2. At the right are highlighted residues exhibiting significant change in chemical shifts upon complex formation. The three
segments forming the contiguous binding surface are shown in different shades of green. Unassigned residues within the affected regions
are highlighted as well.

by this analysis of chemical shift deviations is consistent with domain. Certain differences, however, should be mentioned.
the results of mutagenesis studies, as shown in Figure 8. The short S43-strand of IFNAR2-EC (residues 5%5) is

IFN-02-Induced Structural Change in IFNAR2-ED,0- similar to the homologous strand in GHR and the TFR
exchange measurements performed oftdFNAR2-EC— sequence used for modeling, but other TFR sequences and
IFN-a.2 complex were instrumental in further characterizing IFNyR have a longer strand, encompassing the conserved
the complex and the structural implications of ligand binding. Cys residue. Therefore, the conserved disulfide bond {C49
IFN-02 binding was shown by these experiments to have a C57 and C63-C71 for TFR and IFIMR, respectively) tightly
strong effect on the kinetics of solvent exchange of IFNAR2- constrains the twg-sheets of this domain. In contrast, the
EC amide protons. In free IFNAR2-EC, a total of 14 slowly S4-S5 loop of IFNAR2-EC is longer and the C5&66
exchanging amide protons are detected, only one of whichdisulfide bond less constraining. The amide protons of K56
is located on the N-terminal subdomain. In contrast, in the and N57 of IFNAR2-EC were unobservable in triple-
IFNAR2-EC-IFN-a2 complex, 32 such protons are detected, resonance spectra, supporting the proposition that they are
and the N-terminal domain contains 15 of these, as indicatedsolvent-exposed and part of the flexible loop that traverses
by the exchange data depicted in Figure 2. Therefore, thethe gap between the tw®sheets. This difference between
vast majority of amide protons protected from exchange by IFNAR2-EC and its hCRII counterparts is expected to affect
IFN-02 binding (14 of 17) are concentrated in the N-terminal the relative positioning of thg-sheets in the N-terminal
subdomain. All of the slowly exchanging protons in both domain, and therefore also the structure of the ligand binding
subdomains are located withfiasheets determined by NMR  sites. Another important contribution of the NMR data is at
data for free IFNAR2-EC, and more than 80% are located the S9-S10 loop, which has posed difficulties in previous
in inner g-strands of the3-sheets, e.g., in the S2, S3, S6, homology modeling studiesl(, 11), since it contains the

S9, S10, or S13 strands. largest deletion in IFNAR2-EC sequence when aligned
against TFR and IFXR. NMR-derived parameters precisely
DISCUSSION locate this loop at residues 12439, including the helical

segment at residues 13337. One interesting feature of the
proposed model for IFNAR2-EC is thebulge in the S7
strand, including residues 9B3. The backbone of this
segment adopts a polyproline helix conformation exhibited
by the well-known WSXWS box characteristic of the last
p-strand of the C-terminal FN-I1l domain of the hCRI family.
A similar motif is homologously located in the N-terminal
domain of IFN/R. Significantly, this segment in both

Structural Comparison of IFNAR2-EC and Related Cy-
tokine Receptordn this study, we determine the global fold
of IFNAR2-EC for the first time using state-of-the-art
multidimensional NMR techniques. The global fold and
additional structural considerations were used to align the
sequence of IFNAR2-EC with those of the related receptors
TFR and IFN/R, enabling us to calculate an improved model

for the structure of IFNAR2-EC. The NMR-determined receptors shares some degree of sequence homology with
topology of IFNAR2-EC is generally similar to the folds the WSXWS motif (TTLFS and ESAYA in IFNAR2-EC and

exhibited by these polypeptides. The short helical segments ) —
of IFNAR2-EC can all be compared to homologous motifs IFNyR_,.r.espectlver). T_hese findings cI_earIy demor?strate the
capabilities of NMR in complementing, extending, and

in other members of the hCRII family. The helices at residues ~°F< . . . .
6972 and 10+105 are common to all receptors of this refining currently available structural information regarding
class, and the helix at residues ¥3®7 has homologues in (e IFNAR=IFN system.

both TFR and IFNR. While absent in many members of Identification of the IFNo2 Binding Site on IFNAREC.

the hCRII family, the helix at residues 19293 has been  Deviations in backbone NH chemical shifts between free and
observed in the interleukin-4 receptor (IL-4R). Theheet complexed IFNAR2-EC were used in this study to identify
topology of IFNAR2-EC is also highly characteristic of the the binding site of IFNa2 on its receptor. This mapping
hCRII family, particularly in the conservefisheets com-  method is very informative in cases where the changes in
prised of strands S1, S2, and S5 in the N-terminal FN-III chemical shift are localized in the binding site, and the
domain and strands S8, S9, and S12 in the C-terminal majority of residues remain unaffected by binding. The
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IFNAR2-EC—IFN-02 system is therefore perfectly suited

Biochemistry, Vol. 41, No. 11, 2003583
when applied to the 50% deuterated 43 kDa IFNAR2-EC

for application of this method, since the chemical shifts of IFN-o.2 complex. However, all unassigned correlations were

85% of its residues are unaffected by IFl®-binding. Our
results establish three domains that form the deAbinding
surface on IFNAR2-EC: the S354 loop, including the
TIMSK motif (residues 43-53); the S5-S6 loop and the
S6 -strand, including the HEAY motif (residues #82);

analyzed and compared to those of missing residues,
establishing a lower limit for their deviation in chemical shift.
All unassigned residues located in regions exhibiting large
chemical shift deviations were thus shown to participate in
the IFN-0.2 binding site. The binding site of IFN2 upon

and the interdomain hinge and adjacent residues in the ST7its receptor suggested by NMR is in excellent agreement with

f-strand (residues 95105). The three protruding loops along
with the helical interdomain hinge are shown by the

IFNAR2-EC model to form a contiguous surface upon the

N-terminal immunoglobulin domain accessible to Iei2-
The contribution of5-strands to ligand binding differentiates

this family of receptors from antibodies, where the antigen-
binding site is formed by loops alone. The binding site also
handsomely overlaps regions previously implicated in IFN-

results of previous studies, forming a binding surface on the
N-terminal FN-IIl domain and including the S£¥14 loop
which exhibits a minor contribution to binding. This cor-
relation between the NMR data and previously reported
biological findings emphasizes the utility of this approach
in the study of structural aspects of the IFNAR2-EXEN-
o2 complex and other IFN complexes.

Tightening of the IFNAR2-EC Structure upon |fel2-

o2 binding. Site-directed mutagenesis and immunoblocking Binding The binding site mapping of IFNAR2-EC clearly

studies of cellular IFNAR2 established significant contribu-
tions to IFN-a2 binding for residues T44, M46, and K48 of
the S3-S4 loop, H76, E77, and Y79 of the S56 loop
and S6 g-strand, and W100, 1103, and D104 of the
interdomain hinge regiorlQ—12). Mutational studies of the
kinetics and thermodynamics of IFNAR2-E@FN-02 com-
plex formation found additional contributions for residues
145 and S47 as welll(l). Deviations in chemical shift for

determines that IFNAR2-EC does not experience a global
conformational change upon IF&2 binding. IFNAR2-EC
exhibits large localized changes in chemical shifts, as
opposed to smaller changes throughout the sequence that
have been observed in other complexa4).(However, the
evidence presented by this qualitative study of solvent-
exchange kinetics suggests that IB®-binding induces
considerable tightening and stabilization of the N-terminal

residues on the periphery of the binding site are expectedFN-IIl domain in IFNAR2-EC. The change in the distribution
due to the long-range character of factors influencing of slowly exchanging amide protons is especially telling, with

chemical shift, but an indirect contribution to binding by

the vast majority of amide protons protected from exchange

these residues cannot be ruled out. Although chemical shiftby IFN-a2 binding located in the N-terminal subdomain
deviations should generally be interpreted only qualitatively, containing the binding site. Notably, slowly exchanging
most deviations may be explained in structural terms basedamide protons in the N-terminal subdomain of the complex
upon the proximity of specific residues to the binding site are distributed throughout the inngtstrands (S2, S3, and
and the topology established by NMR. Thus, residue Y79 is S6) and include but are not limited to residues involved in

part of the HEAY maotif strongly implicated in IFN2

binding, and it exhibits one of the largest deviations in
chemical shift. The NH moiety of T81 is co-oriented by the
p-structure with that of Y79, accounting for its larger

IFN-02 binding. Amide proton exchange is an indicator of
the microstability of a polypeptidesb), and the change in
solvent-exchange kinetics should therefore be attributed to
a general “tightening” of the immunoglobulin scaffold, rather

deviation, as opposed to residues V80 and V82 which facethan to an extension of th@-strands or formation of
the opposite direction and experience more moderate changesntermolecular hydrogen bonds. Analysis of secondary

W100 is another residue contributing significantly to IFN-

chemical shifts oft3C, and *3C; nuclei in the N-terminal

o2 binding, and together with the adjacent F99 exhibits large subdomain of the IFNAR2-E€IFN-a2 complex did not
chemical shift changes, while those of C95, D104, or M105 discover any change in the location or length of fh&trands,
are less pronounced. Similar profiles of change in chemical and significant changes in chemical shifts were seen only

shift upon IFNe2 binding were observed for tHé€C, and
13CO nuclei (data not shown).

for residues involved in IFNt2 binding. In addition, the
intensity of interg-strand NOE contacts observed for free

NMR data also exhibit an attenuation of signals originating IFNAR2-EC was weaker than expected, further supporting

from residues in the helical segment of residues-1B¥4,

this hypothesis. These results are consistent with a previous

beyond that expected for the increase in the molecular massstudy describing changes in amide proton exchange for an
upon complex formation. Since the intensities of other cross- Fv fragment of an antibody induced by antigen binding.
peaks do not exhibit this effect to such an extent, the Solvent exchange rates along the Fv fragment were closely
observed attenuation should be attributed to local binding- correlated to their proximity to the binding site, and
induced causes. This region has been previously shown toprotection from solvent exchange was propagated throughout
participate in GHR binding of its ligan®8), and is proximal the polypeptide, diminishing with increasing distance from
to the interdomain hinge in the IFNAR2-EC model. Site- the binding site $6). We conclude that it is a relatively
directed mutagenesis has suggested only minor involvementflexible N-terminal domain that binds the incoming IFN-

of E190 in ligand binding X0, 11). A possible explanation
for the NMR findings is that IFN+2 binding affects the

o2, and the binding event leads to an increase in its rigidity.
The results of solvent-exchange experiments are intriguing

helical character of this segment and exposes it to solventwhen the structure of IFNAR2-EC in its biological context

exchange.
Comprehensive mapping of the IFA2 binding site upon
IFNAR2-EC suffers from the relative insensitivity of triple-

is considered. IFNAR2 is known to bind a multitude of IFN
molecules, each initiating a distinct signaling cascade, and
its versatility is a central question of IFN resear&. (The

resonance experiments required for backbone assignmenbbserved flexibility may offer an explanation for this enigma.
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The flexible N-terminal domain of IFNAR2 could adapt to
meet the structural binding requirements of various ligands, _ ) ]

thereby inducing specific structural changes in the receptor. 11';3',$h'er' J., and Schreiber, G. (1999Mol. Biol. 294, 223~
The aqigptable interdomain region may_also cqntripute to this 1, Chdntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S.,
capability of the receptor. Even more interesting is the role Ashkenazi, A., De Vos, A., and Jin Kim, K. (1998)immunol
that tightening of IFNAR2-EC may play in propagation of 163 766-773.

the IFN signaling cascade. IFNs trigger the signaling pathway 13. Runkel, L., deDios, C., Karpusas, M., Betzenhauser, M.,
by inducing the association of the two subunits of the IFNAR M”":lowney’ C., Zafa(‘j”' '\ﬂ Benjamin, C. E-’ Miller, S.,
system, leading to cross-phosphorylation of kinases that are ;iggs_n;aSrls,l.P. S., and Whitty, A. (200@iochemistry 39
initially bound to the intracellular domains of both receptor Klaus, W., Gsell, B., Labhardt, A. M., Wipf, B., and Senn, H.
components. The IFN-induced ternary receptor complex must

10. Lewerenz, M., Mogensen, K. E., and Uze, G. (1928Ylol.
Biol. 282 585-599.

14.

therefore adopt a spatially well-defined conformation, if these 15.
preassociated kinases are to be correctly oriented for cross-

activation. The increase in receptor rigidity may fix the

16

receptor intracellular domains and kinases in the desired =
conformation and lead to phosphorylation, whereas such a 17.
productive encounter would have been unlikely for a more

mobile receptor. Particularly significant is the involvement

18.

of the interdomain hinge region in IFN binding. A structural

change in this segment induced by ligand binding would have

19.

a large effect on the interdomain angle and domain orienta-

tion, and could effectively lock IFNARZ2 in the conformation

20.

necessary for further propagation of the IFN signal. The
different binding sites for various IFN ligands upon the

accounting for their specific signaling pathways. The possible ,,
biological implications of the results of this study once again
underline their relevance to the characterization of the 23.
function of IFN ligands and the receptor in this important

biological system.
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