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ABSTRACT: The antiviral and antiproliferative activities of type I interferons (IFNs) are mediated by a
common receptor, and its second subunit (IFNAR2) exhibits nanomolar affinity to both IFNR and IFNâ
subtypes. We have previously determined the structure of the IFN-binding extracellular domain of IFNAR2
(IFNAR2-EC) using multidimensional NMR [Chill, J. H., Quadt, S. R., Levy, R., Schreiber, G. E., and
Anglister, J. (2003)Structure 11, 791-802], showing it to comprise two fibronectin domains linked by
a hinge. As the first cytokine receptor structure determined in the unliganded state and in solution, IFNAR2-
EC offers an opportunity to characterize the dynamics of the cytokine receptor family and their correlation
to biological function. Backbone dynamics of IFNAR2-EC were investigated using15N relaxation at 11.74
and 18.79 T, and measurements of residual dipolar couplings (RDCs). Dynamics of the binding site
distinguish between rigid structural domains, which stabilize the binding site conformation, and a more
flexible binding interface which interacts with the ligand. Measurements of diffusional anisotropy and
RDCs and model-free analysis all show that the backbone of the hinge interdomain region of IFNAR2-
EC is rigid on the picosecond to nanosecond time scale. Signal transduction in cytokines receptors is
initiated by ligand-induced juxtaposition of the two receptor subunits, triggering the mutual phosphorylation
of kinases associated to their cytoplasmic domains. The rigidity of the hinge ensures correct positioning
of the receptor subunits in the ternary signaling complex and modulates the interaction between kinases
in the cytoplasm, thereby controlling the rate and efficiency of phosphorylation.

Type I interferons (IFNs)1 assume a pivotal role in several
important cellular processes, notably, inhibition of cell
growth and viral replication and control of apoptosis (1).
These activities have motivated extensive biomedical re-
search focused upon the biology of IFNs and their potential
pharmaceutical applications (2). Currently, IFNs are widely
used for treatment of several viral diseases, notably, hepatitis
(3), various types of cancer (4, 5), relapsing-remitting
multiple sclerosis (6), and, recently, arthritis (7). The cellular
activity of type I IFNs is mediated by a common receptor,
consisting of two subunits, IFNAR1 (8) and IFNAR2 (9),
both members of the class II helical cytokine receptor (HCR)
family (10). Each receptor subunit consists of a ligand-
binding extracellular repeat of fibronectin (FNIII) domains
(four and two for IFNAR1 and IFNAR2, respectively), a

single membrane spanning domain, and an intracellular
domain.

The crucial step of the IFN signaling cascade is the
formation of the ternary complex between IFNAR1, IF-
NAR2, and the IFN ligand, which assembles in sequential
fashion. Initially, IFNAR2 binds type I IFNs with nanomolar
affinity to form the IFNAR2/IFN complex. This intermediate
then recruits the IFNAR1 subunit into a ternary complex,
for which affinity increases up to 20-fold. Notably, the
intrinsic affinity of IFNAR1 to type I IFNs is low (KD >
100 nM). Upon formation of the ternary assembly, the IFN
signal is transported to the nucleus by way of a phospho-
rylation cascade involving the intracellular domains of the
two subunits (11). Key participants in this process are
tyrosine kinase 2 (Tyk2) and Janus kinase 1 (Jak1), which
are preassociated with the cytoplasmic domains of IFNAR1
and IFNAR2, respectively, and signal transducers and
activators of transcription (STATs) bound to IFNAR2. After
mutual cross-phosphorylations of Jak1 and Tyk2, the final
outcome of this pathway is a heterodimer of phosphorylated
STAT1 and STAT2, which dissociates from the receptor and
is transported into the cell nucleus (1, 12).

This sequence of eventssligand-binding by a high-affinity
subunit, association of a low-affinity subunit into a ternary
complex, followed by an intracellular cross-phosphorylation
cascadesis common to the members of the cytokine receptor
superfamily. The structures of several of these receptors have
been solved by X-ray crystallography. Notable examples are
the growth hormone (GHR) (13), the prolactin (PRLR) (14),
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the erythropoietin (EPOR) (15), the interleukin-10 (IL-10R)
(16), and the IFN-γ receptors (IFNγR) (17). All members
of this receptor superfamily share the double FNIII motif in
their extracellular ligand-binding domains. The interactions
between cytokines and receptor subunits have been studied
extensively. Despite the overall similarity of their signaling
processes, it is the nature of the pivotal ternary signaling
complex that determines the characteristics of receptor
biological activity. Differences in the affinity and duration
of the receptor-ligand interaction (18, 19), as well as
extracellular (16, 19) and intracellular (18) organizational
diversity of the signaling complexes between receptors are
factors influencing signaling processes by different ligands.

The biological function of proteins is often related to their
dynamic properties (20). However, since cytokine receptor
structures have been invariably solved by X-ray crystal-
lography, this aspect of their activity has not been explored.
Furthermore, most receptors could not be crystallized in the
unliganded state, further limiting the ability to understand
the factors governing the formation of the signaling complex.
The structure of IFNAR2-EC, a stable 25-kDa polypeptide
that retains the full binding activity of IFNAR2 (21) was
recently elucidated by NMR, representing the first cytokine
receptor structure determined in its free state and in solution
(22). It therefore provides an opportunity to investigate the
dynamic behavior of these receptors. Study of IFNAR2-EC
is of particular interest due to its several unique character-
istics. Whereas receptor binding sites typically involve loop
segments from both FNIII domains (N- and C-domains), the
IFNAR2-EC binding site has been mapped by mutagenesis
(23, 24), immunoblocking (25), and NMR (26) studies to a
contiguous surface formed by N-domain loops only. The lack
of C-domain involvement is consistent with the perpendicular
interdomain orientation observed for IFNAR2-EC (22),
which retracts the C-domain loops from the binding surface
upon the N-domain. An inherent flexibility of the IFNAR2-
EC binding surface has been suggested by its aliphatic
character (22) and supported by a previously observed ligand-
induced tightening of the N-domain of IFNAR2-EC, which
was not limited to the binding site (26). In contrast,
intermolecular interactions involving key aromatic residues
appear to be required for signaling in other receptors. This
distinction is important in light of the cross-reactivity of
IFNAR2, which exhibits comparable affinity with all IFNR
isotypes and IFNâ (24). Binding sites of these ligands have
been shown to overlap, but differ in contribution of the
various residues to binding energy (23, 27). The ability of
IFNAR to mediate distinct and ligand-specific signaling
profiles remains enigmatic to date (28-30).

Dynamical properties of biomacromolecules in solution
can be described by measuring relaxation rate constants of
backbone amide15N nuclei, typically, longitudinal and
transverse autorelaxation ratesR1 and R2, and the hetero-
nuclear15N-{1H}-NOE (hetNOE), and analyzing the results
based on a model of molecular motion (31-33). 15N-
relaxation data is typically interpreted in the context of the
model-free approach (34). The relaxation rates are determined
by the overall global tumbling time, typically on the ns time
scale for proteins, and one (in the original model-free
approach) (34) or two (in the extended model-free approach)
(35) local motions. The traditional model-free approach
assumes that the dynamics of backbone1H-15N bond-vectors

is described by generalized order parameters,Sf
2 and Ss

2,
describing the amplitude of motion, and correlation timesτi

andτf. In this manner,15N relaxation measurements provide
residue-specific information on the dynamic behavior of the
protein backbone.

In this study, we use NMR to investigate the dynamics of
the 25-kDa IFNAR2-EC (212 residues).15N spin relaxation
rates were measured at 11.74 and 18.79 T for backbone
amides of IFNAR2-EC. Model-free-based analysis of the
relaxational data, together with residual dipolar coupling
(RDC) measurements, shed light upon IFNAR2-EC back-
bone dynamics. Dynamics of the IFNAR2-EC binding site
reveal highly flexible loop segments and a malleable binding
surface interacting with the IFN ligand supported by a more
rigid scaffold which stabilizes the binding site conformation.
The interdomain hinge region, located at the heart of the
interface between the two FNIII domains, is shown to be
rigid on the picosecond to nanosecond time scale. This
rigidity indicates that ligand binding does not involve changes
in the interdomain orientation, and may ensure efficient
signaling by optimally orienting the components of the
signaling complex. As a first report on the dynamics of a
free hematopoietic receptor in solution, this study not only
illuminates important features of IFNAR2-EC function, but
may provide previously unavailable information on the
dynamic behavior of related receptors.

MATERIALS AND METHODS

Sample Preparation.Expression and purification of15N-
labeled IFNAR2-EC, as well as preparation of the15N-
IFNAR2-EC/U-IFNR2 complex, are described elsewhere
(26). NMR samples were prepared in 20 mM deuterated Tris
buffer (pH 8.0) with 0.02% sodium azide and 5% D2O.
Protein concentrations were 0.25-0.3 mM. Weakly aligned
samples of 15N-IFNAR2-EC in H2O were prepared in
polyacrylamide gel (monomer:cross-linker ratio of 37.5:1)
swelled with a solution of the protein as previously described
(36, 37). Longitudinal pressure was applied on the swelled
gel in a Shigemi NMR tube using the insert.

NMR Spectroscopy.NMR spectra were recorded on Bruker
DMX 500 MHz (cryoprobe-equipped) and DRX 800 MHz
spectrometers, using triple-resonance probes includingz-axis
and triple axis gradients, respectively. All measurements of
15N relaxational parameters were performed at 304 K. Sample
temperature was verified using a standard calibration sample
of 80% ethylene glycol in DMSO-d6. Quadrature detection
was obtained using the States-TPPI method (38). Pulsed field
gradients were used to suppress magnetization originating
from water or unwanted transfer pathways.15N decoupling
during acquisition was effected using a GARP decoupling
sequence. Water suppression was effected using a WATER-
GATE block (39). In all experiments, the1H carrier coincided
with the H2O signal, and the15N carrier was set at 118 ppm
and referenced as described previously (40). Processing and
analysis of NMR data and peak-picking were performed on
an Octane station (Silicon Graphics) using XWINNMR 3.1
(Bruker Biospin) and the NMRPipe/NMRDraw package (41).

15N Relaxation Measurements.Measurements ofR1, R2,
and hetNOEs were performed using previously reported
sequences (42-44), including H2O flip-back pulses (44, 45)
to minimize water saturation. Complex points acquired were
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1024 and 120-140 (180-200), and spectral widths were
6.98 (11.16) and 1.218 (1.95) kHz in theF2 and F1

dimensions, respectively, for the 11.74 (18.79) T field. A
total of 32-80 transients pert1 experiment were acquired
for measurements ofR1 andR2. R1 measurements were based
on seven (six) collected timepoints with parametric delays
of 24-1560 (24-2160) ms on the 500 (800) MHz spec-
trometers.R2 measurements were similarly based on six
collected timepoints with parametric delays of 8-80 (8-
72) ms. The delay between scans was set at 1.6 (2.0) s. Data
from the relaxation experiments were apodized with a cosine
(cosine-bell) window function int1 (t2). The determination
of uncertainties in peak intensity was based upon S/N ratios
in the spectra. hetNOEs were determined by recording pairs
of interleaved spectra with and without proton saturation
during the recycle delay. Saturation was achieved by applying
a 120° 1H-pulse every 5 ms. A total of 96 transients were
collected pert1 experiment and delays between scans were
6.0 s. Data were processed as described forR1 and R2

measurements.
Calculation of Relaxation Parameters.Peak intensities at

different delays inR1, R2, and hetNOE measurements were
obtained using NMRDraw Tcl peak-picking scripts (41). R1

and R2 values were determined by nonlinear least-squares
fitting of the data to an exponential curveI(t) ) I0 exp(-Rjt)
(j ) 1, 2) using the modelXY package (41) and in-house
MATLAB scripts. Uncertainties inR1 and R2 values were
estimated by Monte Carlo simulations (43). hetNOEs were
estimated by calculating the ratio of intensities in spectra
recorded with and without proton saturation, and errors
extracted from the uncertainties of the individual measure-
ments.

Hydrodynamic Calculations.The inertia tensor of IF-
NAR2-EC (PDB accession code 1N6V (22)) was calculated
using the program PDBINERTIA (A. Palmer, Columbia
University). Hydrodynamic analysis for IFNAR2-EC was
performed at 304 K using HYDRONMR (46). Viscosity was
assumed to be 0.80 cP, based upon a viscosity of 0.78 for
H2O at 304 K, protein concentration of 8 mg/mL, specific
volume of 0.75 mL/g, and a shape factor ofk ∼ 4 (47).

Anisotropic Global Diffusion. Interpretation of 15N-
relaxation data is greatly complicated by the presence of
diffusional anisotropy in the examined protein. In such
systems,15N relaxation is heavily dependent upon the
orientation of the1H-15N bond-vector relative to the diffu-
sional tensor. Reduced sets ofR2/R1 ratios were created, in

which local-motion- and conformational-exchange-affected
residues were eliminated (48-50). These served as input for
calculation of the diffusion tensor for overall rotational
reorientation using the R2R1_DIFFUSION (A. Palmer,
Columbia University) and ROTDIFF (51) programs. Monte
Carlo simulations of errors and graphic presentation of the
results employed the program TENSOR2 (52).

Model-Free Analysis of Relaxation Data. The expressions
for 15N heteronuclear relaxation parametersR1, R2, and
hetNOE are well known (53) and will not be reiterated here.
The average internuclear1H-15N distancerNH was assumed
to be 1.02 Å and the15N chemical shift anisotropy (CSA)
tensor was approximated to-172 ppm, and assumed to be
axially symmetric and coaxial with the dipolar interaction
(54). Model-free analysis was performed using the programs
DYNAMICS (55, 56) and ModelFree4.0 (57). Relaxation
rate constants were fitted to five different models of motion
(see Table 2) following the protocol outlined by Mandel et
al. (57).

Residual Dipolar Coupling Measurements and Analysis.
RDCs for backbone1H-15N moieties were estimated by
comparing the DSSE-[1H,15N]-IPAP-HSQC spectra (58)
acquired at 18.79 T and 308 K for IFNAR2-EC in isotropic
and anisotropic samples. Complex points acquired were 2048
and 200, and spectral widths were 9.62 and 1.95 kHz in the
F2 andF1 dimensions, respectively. A total of 16 transients
per t1 experiment were acquired in interleaved fashion, and
split later into the two spectra using XWINNMR (Bruker).
Data were apodized with a cosine (cosine-bell) window
function in t1 (t2). Peak-picking and extrapolation of RDCs
was performed using NMRView (59). Couplings were
normalized by dividing all values by the order parameterS

Table 1: 15N Relaxation Rates, NOEs, and Order Parameters at 500 and 800 MHza

500 MHz 800 MHz

residues R1 R2 NOE S2 R1 R2 NOE S2

coreb 1.01( 0.03 16.6( 0.7 0.75( 0.04 0.79( 0.03 0.60( 0.02 22.2( 0.9 0.79( 0.05 0.85( 0.03
corec (N) 1.03( 0.03 16.3( 0.7 0.74( 0.04 0.79( 0.03 0.61( 0.02 21.6( 0.9 0.79( 0.05 0.85( 0.03
corec (C) 1.03( 0.03 16.3( 0.7 0.75( 0.04 0.79( 0.03 0.60( 0.02 21.7( 0.9 0.80( 0.05 0.84( 0.03
hinged 0.99( 0.03 17.2( 0.7 0.74( 0.04 0.79( 0.02 0.58( 0.03 23.2( 0.9 0.77( 0.04 0.86( 0.03
loops 1.03( 0.04 15.3( 0.7 0.54( 0.04 0.71( 0.03 0.67( 0.03 20.8( 0.9 0.62( 0.05 0.78( 0.03
termini 1.20( 0.05 8.7( 0.7 0.20( 0.03 0.36( 0.02 0.98( 0.05 8.7( 0.7 0.19( 0.03 0.28( 0.03

a MeasuredR1 andR2 rates (in s-1) and NOE values, and order parameters derived from model-free analysis, are listed for various domains of
IFNAR2-EC. Standard deviations (based upon Monte Carlo simulations) for each value are presented as well.b Core residues were defined as
residues with NOE> 0.65 (0.70) at 500 (800) MHz and located in a well-defined secondary element.c N- and C-domains include residues 13-100
and 111-203, respectively.d Hinge residues include the S106-F107-E108 segment and all residues whose HN bond-vector lies within a 7 Å
radius from it. This includes 19 residues: 16-22, 104-111, 183, 185, 194 and 196. Of these, relaxation data was unavailable for N20 (below
detection level), M105 (overlap), and the two prolines P109 and P110.

Table 2: Diffusion Tensor Parameters of IFNAR2-EC at 11.74 T

domaina
HN
sites

Diso
b

(107 s-1) D|/D⊥
b θ (deg)c æ (deg)c

all 78 1.09( 0.04d 1.59( 0.05 14( 2 241( 6
N-domain 41 1.08( 0.04 1.63( 0.08 15( 3 258( 12
C-domain 37 1.08( 0.04 1.67( 0.09 16( 3 229( 12

a Domains were defined as residues 1-106 (N-domain) and 107-
212 (C-domain).b For a prolate axial rotator with diffusion tensor with
elementsDzz, Dyy, Dxx, D| ) Dzz, D⊥ ) Dyy ) Dxx. Diso ) (D| + 2D⊥),
and is inversely related to the global tumbling time,Diso ) (6τc)-1.
c Polar angles (θ, æ) describing the orientation of the unique diffusion
axisDzz in the inertial frame of IFNAR2-EC. The angle between unique
axes of the inertia and diffusion tensors (θ) is ∼15°. d Errors were
estimated using Monte Carlo simulations.
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obtained from the model-free analysis at 18.79 T. The
cumulative error of normalized couplings was estimated at
4 Hz. Fitting of alignment tensors and error analysis were
performed using the program MODULE (60).

RESULTS

Backbone15N Relaxation Rates of IFNAR2-EC.15N R1,
R2, and hetNOE measurements were conducted for IFNAR2-
EC at 11.74 and 18.79 T. Of the 201 nonproline residues of
IFNAR2-EC, 183 could be detected in the1H-15N-HSQC
spectrum and assigned, and only 173 could be detected with
sufficient precision to be used in the spin relaxation study.
Missing residues were invariably located in loop segments
of the structure, and their absence is attributed to broadening
by solvent exchange beyond the detection limit (26). Fol-
lowing a strict policy of excluding fully or partially overlap-
ping peaks from the analysis, 13 pairs of such peaks were
omitted, leaving 147 available backbone1H-15N sites which
were analyzed. Relaxation rates acquired at both fields are
summarized in Figure 1. Average values and errors calculated
by Monte Carlo simulation for various domains of IFNAR2-
EC appear in Table 1. Typically, errors were on the order
of 4% for R1 andR2, and 8% for hetNOE measurements.

A few general observations emerge from the data. The
hetNOE is the most sensitive parameter to local motions.
Indeed, regions of lower NOE values closely correlate with
loop segments. This is particularly evident for the BCN, CC′N,
BCC, C′EC, and FGC loops; the two BC loops are the longest
and least ordered in the IFNAR2-EC structure. (Labeling of
â-strands of IFNAR2-EC A-G follows the convention for
immunoglobulin folds, and loops are referred to by their
adjacentâ-strands; the two FNIII domains are designated
by a subscript N or C.) The hinge region and interdomain
interface were found to have relaxation rates similar to those
found in the hydrophobic cores of the FNIII domains. Data
for the two terminal segments clearly demonstrate they are

unstructured, a finding consistent with the averaged RDCs
and lack of long-range NOEs observed for these regions (22).
Several residues exhibit a significantly higher (20-60%)R2

rate when compared to the average value. Since IFNAR2-
EC is elongated in shape, these variations in relaxation rates
do not necessarily evidence backbone mobility, but may
result from the anisotropic tumbling of the protein.

Global Diffusion Anisotropy.Relative principal values of
the IFNAR2-EC inertia tensor are 1.00:0.88:0.31. Therefore,
IFNAR2-EC may be described to a first approximation as
an axially symmetric body withI|/I⊥ ∼ 3. The unique inertial
axis lies along an imaginary line connecting the hydrophobic
cores of both FNIII domains (Figure 2). Using the empirical
relation which holds for prolate ellipsoidsD|/D⊥ ≈ (I|/I⊥)-0.707

(61), a diffusional anisotropy of∼2.1 would be predicted
for IFNAR2-EC. However, the surrounding hydration layer
of solvent decreases the effective anisotropy of the diffusional
tensor. The program HYDRONMR (46, 62) yielded typical
D|/D⊥ ratios of 1.9( 0.1 for an aqueous viscosity of 0.80
cP, in agreement with the elongated structure of IFNAR2-
EC.

Properly filteredR2/R1 ratios were used to determine the
rotational diffusion tensor of IFNAR2-EC. Of 147 residues
with full sets of relaxation parameters, 80 met the trimming
criteria (NOE> 0.65, well-defined structure), 78 of which
were used to fit the diffusion tensor to theR2/R1 data. For
data acquired at 11.74 T this analysis yielded an apparent
global tumbling time of 15.3( 0.4 ns, and an anisotropy
ratio of 1.59( 0.05 for the prolate IFNAR2-EC molecule.
The diffusion and inertia tensors formed an angle of∼15°
between their unique axes (Figure 2). The axial model was
preferred over the isotropic model, (F ) 37.1, orP < 10-14),
while a fully anisotropic model was not sufficiently supported
by the data (P ∼ 0.07). Data at 18.79 T was in general
agreement with these results, but was less amenable to proper
filtering since exchange contributions scale quadratically with

FIGURE 1: Relaxation measurements for IFNAR2-EC. (Top)R1, (middle)R2, and (bottom)1H-15N NOEs for backbone15N nuclei of IFNAR2-
EC. Data obtained at 500 and 800 MHz are indicated in blue and red, respectively, with bars indicating Monte Carlo estimated errors.
Secondary structure elements appear above, withâ-strands andR-helices designated by black and gray bars, respectively. Segments of
IFNAR2-EC forming the ligand binding site are marked with hatched bars.
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the external field strength. Therefore, the diffusion tensor
obtained from the 11.74 T data alone was used in the ensuing
model-free analysis. The discrepancy between fitted (∼1.6)
and predicted (1.9)D|/D⊥ ratios may result from deviations
from a prolate ellipsoid shape, an underestimated solvation
layer, or from the presence of unstructured segments at the
termini of IFNAR2-EC (44).

The correlation betweenR2/R1 ratios in anisotropically
tumbling proteins and the1H-15N bond-vector orientation
presents a source of long-range structural information that
has been used for the refinement of structure (51). We
utilized this property to validate the interdomain orientation
of IFNAR2-EC. Data acquired at 11.74 T were divided into
two sets, containingR2/R1 ratios for the N- and C-domains
of IFNAR2-EC. Each set was analyzed separately and fit to
a rotational diffusion tensor without further filtering as
described above. The differences betweenτC andD|/D⊥ for
the two tensors obtained were below the experimental error.
Furthermore, the unique axes of diffusion as predicted by
each dataset and were collinear at the level of accuracy
obtained in the fit (Table 2). These findings strongly argue

that the two domains tumble as a single entity, and therefore
are connected by a rigid hinge domain. It also follows that
R2/R1 ratios are not consistent with an interdomain angle of
120-130° as is seen in IFNγR, but rather support our
previously reported perpendicular interdomain orientation
(22).

Model-Free Approach Accounting for Axial Global Dif-
fusion.The Lipari-Szabo model-free approach (34) was used
to analyze the backbone relaxation data, following well-
established protocols (57). The analysis was performed using
the DYNAMICS (55, 56) and ModelFree4.0 (57) programs,
which consider anisotropic tumbling throughout the model
selection process. Optimal values ofτC, D|/D⊥, θ andæ of
the global diffusion tensor were employed as initial condi-
tions for calculations, and further optimized in iterative
fashion after model selection. Final values used wereτC(app)
) 15.3 ns,D|/D⊥ ) 1.58 for the 11.74 T data, andτC(app)
) 14.7 ns,D|/D⊥ ) 1.54 for the 18.79 T data. Both programs
yielded highly similar results, and the model-free analysis
converged for practically all analyzed residues. The micro-
dynamic parameters derived from this analysis (generalized
order parameterS2, internal motion correlation timeτi, and
exchange rateRex) are shown in Figures 3 and 4. Average
S2 values for various domains of interest in IFNAR2-RC
appear in Tables 1 and 3.

The profiles of model selection and microdynamic pa-
rameters are very similar in the two datasets (Table 3). The
majority of residues in structured regions (∼90% for both
datasets) are assigned to model 1 or model 2 with short (<30
ps)τi values (hereby collectively referred to as rigid models).
In contrast, several residues in loop segments (35-40%) are
fitted to model 5 (the Clore extended model) (35), indicating
a reorientation of a protein or motions of the protein main
chain with a correlation time of 0.2-2 ns. Residues 150-
153 are assigned to this model, suggesting a long CC′C loop
and short C′C â-strand as observed for the N-domain.
Residues of the two unstructured termini (residues 3-10 and
206-212) are invariably fitted to this model as well. No
difference of statistical significance in model selection was
observed between the two domains of IFNAR2-EC. Average
values forS2 are 0.79( 0.03 (0.85( 0.03) for the core
regions of IFNAR2-EC, and 0.66( 0.04 (0.71( 0.03) for
the flexible regions in the data acquired at 11.74 (18.79) T.

Table 3: Model-Free Analysis of Relaxation Parameters at 500 and 800 MHza

500 MHz 800 MHz

modelc S2 τi
d (ps) Rex (s-1) modelc S2 τi

d (ps) Rex (s-1)

1 2 3 4 5 1 2 3 4 5

all 61 32 8 17 27 74 20 9 8 34
coreb 53 17 3 2 0 0.79( 0.03 30( 10 [19] 61 9 3 2 0 0.85( 0.03 27( 10 [11]
hingeb 12 0 2 1 0 0.79( 0.03 13 1 1 0 0 0.86( 0.03
loopsb 8 15 3 14 21 0.71( 0.03 30( 8e [29] 3.6( 0.9 [17] 13 11 6 7 24 0.78( 0.03 100( 20e [18] 7 ( 1.3 [13]

1300( 250f [21] 800( 120f [24]
a Average values of fitted dynamic parameters in various domains are shown. Errors were calculated from Monte Carlo simulations.b Domain

definitions are identical to those in Table 1.c Presented are the number of residues assigned to each of the models of molecular motion. Relaxation
rates were fitted to five models as in ref 55, yielding the order parameterS2, internal motion correlation timeτi, and exchange contributionRex.
Fitted parameters in the various models are model 1- S2; model 2- S2, τi; model 3- S2, Rex; model 4- S2, τi, Rex; model 5- Ss

2 (order parameter
for slow motion),Sf

2 (order parameter for fast motion,S2 ) Ss
2Sf

2), τi. d In models 2 and 4τi represents a fast local motion, whereas in model 5
it represents a slow local motion and fast motions are assumed to bear a negligible effect upon relaxation. The number of residues for which the
average values was calculated appears in square brackets. Averages of sparsely populated models are considered statistically insignificant and are
omitted.e Calculated for residues assigned to models 2 and 4.f Calculated for residues assigned to model 5.

FIGURE 2: Inertia and diffusion tensors of IFNAR2-EC. The
principal axes of the optimal diffusion tensor (blue, denotedDx,y,z)
and the inertia tensor (gray, denotedIx,y,z) of IFNAR2-EC are shown.
The two unique axes,Iz andDz, form an angle of∼15°. Properly
trimmed R2/R1 data acquired at 500 MHz for 78 sites in the
IFNAR2-EC backbone were used to calculate the optimized
rotational diffusion tensor. The figure was created using the program
TENSOR2 (52).
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Of particular interest is the interdomain region, an interface
between the two FNIII domains measuring 1000-1100 Å2

for various HCRs. At the heart of this hydrophobic region
lies the three-residue segment S106-F107-E108, which forms
a parallelâ-strand interacting with the ABEN â-sheet, a motif
common to all type II HCRs. Residues of the hinge region
(defined as the 106-108 segment and1H-15N bond-vectors
within a 7 Åradius around it) average anS2 of 0.79( 0.03

(0.86( 0.03) for 500 (800) MHz data. The vast majority of
hinge residues (12 of 15) are assigned to model 1. Residues
S17, R22, and E108 are the only residues containing an
exchange contribution to their relaxation. Another intriguing
region is the IFN binding site, comprised of the CC′N, EFN

loop segments and interdomain helix. Residues D50-E51-
L52 of the CC′N loop, and residues E77-A78 of the EFN
loop, which form the binding site for IFN, are characterized

FIGURE 3: Model-free analysis of relaxation measurements at 11.74 T. Microdynamic parameters calculated for 147 backbone sites of
IFNAR2-EC by model-free analysis of relaxation data using the axial diffusional model. Top, relative mobility of a given residue expressed
as (1- S2), whereS2 is the generalized order parameter. Middle, internal correlation timesτi for residues assigned to models 2, 4 (small
bars,< 0.15 ns), and 5 (large bars,> 0.5 ns). Bars for residues E148 and G149 exceed 1.6 ns and are truncated for clarity of presentation.
Bottom, exchange contributionsRex (in s-1). Secondary structure elements appear above, withâ-strands andR-helices designated by black
and gray bars, respectively. Segments of IFNAR2-EC forming the ligand binding site are marked with hatched bars.

FIGURE 4: Model-free analysis of relaxation measurements at 18.79 T. Microdynamic parameters calculated for 147 backbone sites of
IFNAR2-EC by model-free analysis of relaxation data using the axial diffusional model. Top, relative mobility of a given residue expressed
as (1- S2), whereS2 is the generalized order parameter. Bars for residues of the mobile terminal segments are truncated for clarity of
presentation. Middle, internal correlation timesτi for residues assigned to models 2, 4 (small bars,< 0.15 ns), and 5 (large bars,> 0.5 ns);
Bottom, exchange contributionsRex (in s-1). Secondary structure elements appear above, withâ-strands andR-helices designated by black
and gray bars, respectively. Segments of IFNAR2-EC forming the ligand binding site are marked with hatched bars.
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by low order parameters (S2 ∼ 0.6). In the interdomain helix
(residues W100-D104), residues W100-L101 are located
in the hydrophobic core of the N-domain and are rigid, while
residues A102-I103 are more exposed. Overall, the micro-
dynamic parameters are consistent with secondary structure
elements of the previously determined structure.

Residual Dipolar Coupling Analysis.RDCs for backbone
1H-15N moieties were measured using an15N-labeled IF-
NAR2-EC sample in compressed polyacrylamide gel. Be-
cause of spectral overlap only 125 such couplings could be
determined unambiguously. Couplings were weighted by a
factor of 1/S, with S representing the estimated order
parameter at 800 MHz. After exclusion of 12 couplings from
unstructured regions of IFNAR2-EC and three outliers, 110
couplings entered the final analysis (Figure 5, top). The best-
fitting alignment tensor for these couplings has a magnitude
of D ) 6.3 ( 0.4 Hz and a rhombicity ofR ) 0.56( 0.08,
and its long axis forms an angle of 8° with the principal
inertia axis of IFNAR2-EC.

The angular dependence of RDCs can be used to establish
relative domain orientations in multidomain proteins. The
RDC data was split into N-domain (residues 1-106, 52
couplings) and C-domain (residues 107-212, 58 couplings)
sets, each of which were independently fitted to an optimal
alignment tensor. As shown in Table 4, these alignment
tensors describing subsets of the original data show only
small variations when compared to the overall alignment
tensor. Error analysis indicates that the introduction of two
new parameters (magnitude and rhombicity of the second
tensor) is not statistically justified. The collinearity of the
alignment frames for both domains is further demonstrated
in Figure 5, as back-calculated values using the single-
domain and overall alignment tensors could not be distin-
guished. Moreover, the root-mean-square deviation (rmsd)
between back-calculated values from the single-domain
alignment tensors is under 1 Hz. Overall, RDC data confirm
the relative perpendicular orientation observed between the
two domains of IFNAR2-EC, and indicate that they tumble
in solution as a rigid body with no flexibility at the
interdomain hinge.

DISCUSSION

It is commonly accepted that only a combination of
structural and dynamic factors can comprehensively account
for protein function. One of the great advantages of NMR-
based structural study of proteins is the ability to examine
them in their native environment and follow dynamic
processes, rather than describe a snapshot selected from a
variety of possible conformations. IFNAR2-EC presented a

challenging system for15N relaxation measurements, due to
limited sample concentrations and basic pH measurement
conditions. Here we use the model-free approach to analyze
15N spin relaxation measurements and describe the backbone
dynamics of IFNAR2-EC, a first study of its kind for a
cytokine receptor. Model-free analysis is also a prerequisite
for accurate interpretation of RDC measurements. Since
picosecond to nanosecond motions in the protein backbone
affect its average orientation, the observed residual couplings
are modulated by backbone order parameters. Moreover,
RDC-based refinement of interdomain orientations requires
corroborative evidence excluding mobility at the interface
between domains. It is therefore the combination of15N spin

Table 4: Alignment Tensor Parameters of IFNAR2-EC

domaina 1DHN couplings Da(Hz)b Dr (Hz)b R (deg)c â (deg)c γ (deg)c

all 110 -6.3( 0.3d -3.6( 0.4 48( 14 172( 2 131( 13
N-domain 52 -6.4( 0.4 -3.4( 0.5 47( 21 171( 3 129( 20
C-domain 58 -6.0( 0.5 -3.9( 0.4 47( 20 174( 3 128( 20

a Domains were defined as residues 1-106 (N-domain) and 107-212 (C-domain).b The axial and rhombic components of the alignment tensor
are defined asDa ) Dm[Azz - (Axx + Ayy)/2]/3 andDr ) Dm(Axx - Ayy)/3. |Azz| > |Ayy| > |Axx| are the elements of the diagonalized alignment tensor,
and Dm the dipolar interaction at full alignment,Dm ) -(µ0pγHγN/8π2)(rHN)-3. γH and γN are the gyromagnetic ratios of1H and 15N, µ0 is the
permeability of free space,p is Planck’s constant, andrHN is the average internuclear distance. For1DHN couplings,Dm ∼ 21.7 kHz.c Euler angles
(R, â, γ) describing the orientation of the unique alignment axisAzz in the inertial frame of IFNAR2-EC. Because of the 2-fold-degeneracy of the
alignment tensor, the effective angle between unique axes of the inertia and alignment tensors is∼8°. d Errors were estimated using Monte Carlo
simulations.

FIGURE 5: RDCs in IFNAR2-EC support hinge rigidity. Top,
histogram showing the characteristic distribution of RDCs. Middle,
correlation between measured (Dexp) and calculated (Dcalc) RDCs
of IFNAR2-EC based upon the alignment tensor of the entire
molecule. RDCs of the N- and C-domains are shown as blue and
red markers, respectively. The rmsd value is 2.6 Hz. Bottom, RDC
values back-calculated from the N-domain tensor are plotted against
those back-calculated from the C-domain tensor. The rmsd between
the two back-calculated sets is under 1 Hz. Collinearity of the
two single-domain tensors strongly suggests that the two domains
tumble as a single body, and are rigidly linked at the interdomain
hinge.
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relaxation and RDC measurements that validates our conclu-
sions regarding IFNAR2-EC.

Model-Free Analysis of IFNAR2-EC. Model-free analysis
describes molecular motions on the picosecond to nanosec-
ond time scale. Longer microsecond to millisecond scale
motions are identified through the conformational exchange
contribution,Rex, to R2. At pH 8.0, this phenomenological
parameter absorbs the effects of solvent exchange broaden-
ing, as well as various errors accumulated throughout the
calculation. Since at pH 8.0 solvent exchange rates for
proteins with well-defined secondary structure are typically
10-4-10-1 min-1 (63), amide protons of IFNAR2-EC are
at the slow-exchange limit. Nevertheless,Rex must be
considered less reliable thanS2 andτi, as has been suggested
previously (64). Model-free analysis of IFNAR2-EC was
conducted following commonly accepted model selection
protocols for data acquired at 500 and 800 MHz. The values
of S2 are typically higher at 800 MHz, differing from those
at 500 MHz by 1-2 standard deviations. This phenomenon
has been previously observed (54), and may originate from
the manner in which the model-free approach addresses local
dynamics, particularly at higher fields (65). Generally, the
fitting is more discriminating at 500 MHz than at 800 MHz.
However, the profile of order parameters and model selec-
tion, as well as the qualitative description of IFNAR2-EC
mobility emerging from both datasets, are very similar in
both datasets.

Dynamics of the IFNAR2-EC Binding Site. The type I IFN
binding site is formed by three segments of IFNAR2-EC,
the CC′N (residues 45-52) and EFN (residues 74-82) loops
and the interdomain helix (residues 100-104). Model-free
analysis for these segments underlines their relative mobility.
In the CC′N loop residues 50-52 are fitted to model 5 with
S2 values in the 0.5-0.6 range. In the EFN loop residues
E77 and A78 are assigned to model 5, and the mobility of
residues T75 and H76 is evidenced by their absence from
the1H-15N HSQC spectrum of IFNAR2-EC. These two loops
form an alternating charge motif shown to interact with a
congruent pattern upon IFNR2 (22). Mobility of this region
allows the receptor binding site to adopt an optimal
conformation for binding its ligands.

We have previously suggested the IFNAR2-EC binding
site to comprise of two hydrophobic surfaces, the anterior

face which interacts with the incoming ligand, and the
posterior face which maintains the integrity of the binding
site (22). Backbone dynamics provide a first quantitative
distinction between these two surfaces, as demonstrated
strikingly in Figure 6. AverageS2 values for residues in the
anterior face (including residues M46, L52, A78, V80, W100,
and I103) are 0.70( 0.03 (0.74( 0.03), and for residue of
the posterior face (including Y43, I45, L68, W72, Y79, F99,
and L101) 0.79( 0.03 (0.86( 0.03) for the 11.74 (18.79)
T data. This description of an “adaptable” binding site
buttressed by a rigid support is consistent with several
previous observations. The extensive hydrophobic patch in
the IFNAR2-EC binding site and its aliphatic character hint
to an ability to accommodate various ligands (22). Amide
proton temperature coefficient measurements (data not
shown) and previous solvent exchange experiments suggest
that ligand binding is accompanied by a rigidification which
is propogated by the FNIII domain to residues outside the
binding site (26). Moreover, a malleable binding site would
account for our previous observation that inter-â-strand NOE
interactions were generally weaker than typical distances in
secondary structure elements would predict (Chill and
Anglister, unpublished results). It is important to note that
while our study focuses upon backbone dynamics, several
of the receptor-ligand interactions involve side-chain groups.
However, the qualitative description presented here remains
valid, since backbone dynamics of the IFNAR2-EC binding
site reflect the roles played by the various residues that
contribute to its structure and function.

The Interdomain Hinge Is Rigid.In IFNAR2-EC the hinge
region is formed by the ABN â-hairpin (residues 16-22),
and the FC â-strand and FGC loop (residues 183-185, 194-
196) packing against the hinge segment itself (residues 104-
111). This region forms direct contacts with the structural
cores of the two FNIII domains, together forming a hydro-
phobic domain which spans the entire receptor (22). Model-
free analysis of IFNAR2-EC is the first to provide quanti-
tative experimental evidence that the hinge region is rigid,
as the vast majority of its residues were associated with rigid
models in the analysis, and none were associated with
significant internal motion or the Clore extended model.
Structural similarities of cytokine receptor hinge regions,
which are typically an extensive hydrophobic interface with

FIGURE 6: Dynamics of the ligand binding site upon IFNAR2-EC. Backbone order parameters (S2) are plotted in color-code upon the
ligand binding site of IFNAR2-EC, revealing two distinct surfaces. Left (front view), the surface of the CC′FGN â-sheet directly interacts
with the IFN ligand and exhibits some mobility, with an average value ofS2 ) 0.72. Right (reverse view), the opposite surface of the
CC′FGN â-sheet stabilizes the binding site conformation and is more rigid, averagingS2 ) 0.82. IFNAR2-EC residues on both surfaces are
labeled.S2 values represent an average between calculated order parameters at both fields. Each color step spans two standard deviations
in the value ofS2.
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a total buried area of 1000-1100 Å2, strongly indicate that
interdomain rigidity is common to this receptor superfamily.
Indeed, temperature factors for the hinge region of human
tissue factor were consistent with a rigid structure (66).
Obtained for a soluble protein, this conclusion carries special
significance, since structures determined by crystallography,
particularly those of multidomain proteins, may suffer from
crystal packing effects. Notable in this respect is the finding
of different interdomain angles for two molecules of the
asymmetric unit (18, 67).

Further evidence for the rigidity of the hinge region and
perpendicular interdomain angle in IFNAR2-EC is offered
by its diffusional anisotropy and RDC measurements.
Independent fitting of RDC data from each FNIII domain
resulted in approximately collinear alignment tensors with
highly similar magnitudes, whereas a flexible hinge region
would dictate an averaging of RDCs and poorly correlated
tensors. Analysis ofR2/R1 ratios and their interpretation in
terms of IFNAR2-EC rotational diffusion further substantiate
the rigidity of the hinge region. Statistically insignificant
differences inτC andD|/D⊥ were observed for the two tensors
independently fitted to N- and C-domainR2/R1 ratios.
Moreover, these tensors were mutually collinear, and their
unique axes formed an angle of∼15° with the unique inertia
axis of IFNAR2-EC, whereas a rotation of 45-50° was
necessary to co-align them with the unique inertia axes of
the single FNIII domains. As diffusion is closely related to
molecular shape, this result strongly supports the hypothesis
of rigidly linked, rather than independently tumbling, per-
pendicular FNIII domains. Overall,15N spin relaxation and
RDC measurements of IFNAR2-EC provide conclusive
evidence for a rigidly held two-domain structure for IF-
NAR2-EC.

Implications for Cytokine Signaling.Signaling throughout
the cytokine superfamily is contingent upon formation of a
productive ternary complex between the extracellular do-
mains of the two receptor subunits and the ligand. This study
offers the first opportunity to study a member of this receptor
family in solution and unliganded form, illuminating the
dynamic factors that underlie the initiation of the signaling
cascade. First, our results reveal a ligand binding site
comprised of alternating charged residues mounted upon
mobile loops and an extensive malleable hydrophobic binding
surface. The aliphatic character of the IFNAR2-EC surface
interacting with the ligand further contributes to the versatility
of the receptor. In the case of IFNAR2 this adaptability may
explain the observed cross-reactivity with multiple ligands.
Second, we have established that the interdomain hinge is
rigid. In light of these results, and in conjunction with the
lack of ligand-induced chemical shifts in the hinge region
(26), it seems highly unlikely that IFN signaling involves
any change in interdomain orientation, contrary to previous
claims (67).

In the context of the ternary signaling complex, hinge
rigidity ensures the correct orientation of the initially formed
IFNAR2/IFN complex relative to the incoming IFNAR1. A
contact surface between C-domains of the receptor subunits
has been established for the class I receptors GHR, EPOR,
and PRLR, and has not been excluded for IFNAR. More
importantly, due to the rigid hinge, variations in the orienta-
tion of receptor extracellular domains modulate the relative
positioning of kinases in the cytoplasm, thereby controlling

the rate and efficiency of phosphorylation. Studies of various
EPOR complexes have provided compelling evidence that
optimal receptor orientation in the ternary signaling complex
is essential for signal transduction (68, 69). This mechanism
may also contribute to ligand-specific signaling pathways.
Subtle variations in the signaling complexes formed with
IFNR and IFNâ may be transformed by the rigidly held
C-domain into different relative orientations of the cellular
participants of the signaling cascade. This could explain the
ligand-specific cellular responses to IFN binding.
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