Biochemistry2004,43, 10127410137 10127

NMR Backbone Dynamics of the Human Type | Interferon Binding Subunit, a
Representative Cytokine Receptor

Jordan H. Chill,* Sabine R. Quadt, and Jacob Anglister
Department of Structural Biology, Weizmann Institute of Science, ®ReA6100, Israel
Receied February 26, 2004; Résed Manuscript Receéd May 19, 2004

ABSTRACT. The antiviral and antiproliferative activities of type | interferons (IFNs) are mediated by a
common receptor, and its second subunit (IFNAR2) exhibits nanomolar affinity to both #r IFN3
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. (2003tructure 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 U8igelaxation 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 | interferons (IFNS)assume a pivotal role in several single membrane spanning domain, and an intracellular
important cellular processes, notably, inhibition of cell domain.
growth and viral replication and control of apoptosts. ( The crucial step of the IFN signaling cascade is the
These activities have motivated extensive biomedical re- formation of the ternary complex between IFNAR1, IF-
search focused upon the biology of IFNs and their potential NAR2, and the IFN ligand, which assembles in sequential
pharmaceutical application®)( Currently, IFNs are widely  fashion. Initially, IFNAR2 binds type I IFNs with nanomolar
used for treatment of several viral diseases, notably, hepatitisaffinity to form the IFNAR2/IFN complex. This intermediate
(3), various types of cancer4(5), relapsing-remitting  then recruits the IFNAR1 subunit into a ternary complex,
multiple sclerosis@), and, recently, arthritis7j. The cellular  for which affinity increases up to 20-fold. Notably, the
activity of type I IFNs is mediated by a common receptor, intrinsic affinity of IFNAR1 to type | IFNs is low Kp >
consisting of two subunits, IFNAR18] and IFNAR2 ), 100 nM). Upon formation of the ternary assembly, the IFN
both members of the class Il hehcal_cytokln_e receptor_(HCR) signal is transported to the nucleus by way of a phospho-
family (10). Each receptor subunit consists of a ligand- rylation cascade involving the intracellular domains of the
binding extracellular repeat of fibronectin (FNIII) domains two subunits {1). Key participants in this process are
(four and two for IFNAR1 and IFNAR2, respectively), a tyrosine kinase 2 (Tyk2) and Janus kinase 1 (Jak1), which
" This stud od by the Isracl Acad oo g are preassociated with the cytoplasmic domains of IFNAR1
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Professor of Chemistry. activators of transcription (STATs) bound to IFNAR2. After
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interaction; EPOR, erythropoietin receptor; FNIII, fibronectin-lll .
module; GHR, growth hormone receptor; HCR, helical cytokine IS transported into the cell nucleus, (12).

receptor; hetNOE, heteronuclédN-{'H}-NOE; HSQC, heteronuclear This sequence of eventsigand-binding by a high-affinity
single-quantum coherence; IFN, interferon; IFNAR2, subunit 2 of the . o . s
IFNg-a r%ceptor; IFNAR2-EC, extracellular domain of IFNAR2; IFR, subunit, association of a low-affinity subunit into a ternary

IFN-y receptor; IL-10R, interleukin-10 receptor; ms, millisecond; NOE, complex, followed by an intracellular cross-phosphorylation
nuclear Overhauser effect; NOESY, NOE spectroscopy; NMR, nuclear cascade-is common to the members of the cytokine receptor

magnetic resonance; ns, nanosecond; ppm, parts per million; PRLR, g herfamily. The structures of several of these receptors have
prolactin receptor; ps, picosecori; longitudinal relaxation timeR;,

transverse relaxation time; RDC, residual dipolar coupling; rmsd, root- been solved by X-ray crystallography. NOt.ab|e examples are
mean-square deviation. the growth hormone (GHR)LE), the prolactin (PRLR)X4),
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the erythropoietin (EPOR)LE), the interleukin-10 (IL-10R) is described by generalized order paramet&rs,and S?,
(16), and the IFNy receptors (IFNR) (17). All members describing the amplitude of motion, and correlation times
of this receptor superfamily share the double FNIII motif in andz;. In this mannerN relaxation measurements provide
their extracellular ligand-binding domains. The interactions residue-specific information on the dynamic behavior of the
between cytokines and receptor subunits have been studiegbrotein backbone.

extensively. Despite the overall similarity of their signaling In this study, we use NMR to investigate the dynamics of
processes, it is the nature of the pivotal ternary signaling the 25-kDa IFNAR2-EC (212 residuesiN spin relaxation
complex that determines the characteristics of receptorrates were measured at 11.74 and 18.79 T for backbone
biological activity. Differences in the affinity and duration amides of IFNAR2-EC. Model-free-based analysis of the
of the receptorligand interaction 18 19), as well as  relaxational data, together with residual dipolar coupling
extracellular {6, 19) and intracellular 18) organizational (RDC) measurements, shed light upon IFNAR2-EC back-
diversity of the signaling complexes between receptors arepone dynamics. Dynamics of the IFNAR2-EC binding site
factors influencing signaling processes by different ligands. reveal highly flexible loop segments and a malleable binding
The biological function of proteins is often related to their surface interacting with the IFN ligand supported by a more
dynamic properties20). However, since cytokine receptor rigid scaffold which stabilizes the binding site conformation.
structures have been invariably solved by X-ray crystal- The interdomain hinge region, located at the heart of the
lography, this aspect of their activity has not been explored. interface between the two FNIII domains, is shown to be
Furthermore, most receptors could not be crystallized in the rigid on the picosecond to nanosecond time scale. This
unliganded state, further limiting the ability to understand rigidity indicates that ligand binding does not involve changes
the factors governing the formation of the signaling complex. in the interdomain orientation, and may ensure efficient
The structure of IFNAR2-EC, a stable 25-kDa polypeptide signaling by optimally orienting the components of the
that retains the full binding activity of IFNAR22() was signaling complex. As a first report on the dynamics of a
recently elucidated by NMR, representing the first cytokine free hematopoietic receptor in solution, this study not only
receptor structure determined in its free state and in solutionilluminates important features of IFNAR2-EC function, but
(22). It therefore provides an opportunity to investigate the may provide previously unavailable information on the
dynamic behavior of these receptors. Study of IFNAR2-EC dynamic behavior of related receptors.
is of particular interest due to its several unique character-
istics. Whereas receptor binding sites typically involve loop MATERIALS AND METHODS
segments from both FNIII domains (N- and C-domains), the ) ) o
IFNAR2-EC binding site has been mapped by mutagenesis Sample PreparationExpression and purification dfN-
(23, 24), immunoblocking 25), and NMR @6) studies to a labeled IFNAR2-EC, as well as preparation of tHel-
contiguous surface formed by N-domain loops only. The lack [FNAR2-EC/U-IFNa2 complex, are described elsewhere
of C-domain involvement is consistent with the perpendicular (26)- NMR samples were prepared in 20 mM deuterated Tris
interdomain orientation observed for IFNAR2-EQ2), buffer (pH 8.0) with 0.02% sodium azide and 5%
which retracts the C-domain loops from the binding surface Protein concentrations were 0:26.3 mM. Weakly aligned
upon the N-domain. An inherent flexibility of the IFNAR2- ~ Samples of *N-IFNAR2-EC in HO were prepared in
EC binding surface has been suggested by its a|iphaticpolyacryla}m|de gell(monomer:cro_ss—llnker ratio of 37.5:1)
character??) and supported by a previously observed ligand- swelled with a.SO|l..ltI0n of the protein as prewously described
induced tightening of the N-domain of IFNAR2-EC, which (36, 37). Longitudinal pressure was applied on the swelled
was not limited to the binding site26). In contrast, ~ 9€l in a Shigemi NMR tube using the insert.
intermolecular interactions involving key aromatic residues ~ NMR SpectroscopiMR spectra were recorded on Bruker
appear to be required for signaling in other receptors. This DMX 500 MHz (cryoprobe-equipped) and DRX 800 MHz
distinction is important in light of the cross-reactivity of ~spectrometers, using triple-resonance probes inclugigs
IFNAR2, which exhibits comparable affinity with all IF& and triple axis gradients, respectively. All measurements of
isotypes and IFH (24). Binding sites of these ligands have N relaxational parameters were performed at 304 K. Sample
been shown to overlap, but differ in contribution of the temperature was verified using a standard calibration sample
various residues to binding energ®3( 27). The ability of ~ of 80% ethylene glycol in DMS@k. Quadrature detection
IFNAR to mediate distinct and ligand-specific signaling was obtained using the States-TPPI metf88). (Pulsed field
profiles remains enigmatic to dat2g—30). gradients were used to suppress magnetization originating
Dynamical properties of biomacromolecules in solution from water or unwanted transfer pathwaj® decoupling
can be described by measuring relaxation rate constants ofluring acquisition was effected using a GARP decoupling
backbone amide’™N nuclei, typically, longitudinal and  Ssequence. Water suppression was effected using a WATER-
transverse autorelaxation ratBs and R,, and the hetero- ~ GATE block @9). In all experiments, théH carrier coincided
nuclear'N-{ *H}-NOE (hetNOE), and analyzing the results With the HO signal, and thé*N carrier was set at 118 ppm
based on a model of molecular motioB1{33). 1°N- and referenced as described previoudl) (Processing and
relaxation data is typically interpreted in the context of the analysis of NMR data and peak-picking were performed on
model-free approacl84). The relaxation rates are determined an Octane station (Silicon Graphics) using XWINNMR 3.1
by the overall global tumbling time, typically on the ns time (Bruker Biospin) and the NMRPipe/NMRDraw packagé)(
scale for proteins, and one (in the original model-free >N Relaxation Measurementsleasurements oR;, Ry,
approach)34) or two (in the extended model-free approach) and hetNOEs were performed using previously reported
(35) local motions. The traditional model-free approach sequencesi@—44), including HO flip-back pulses44, 45)
assumes that the dynamics of backb&i€°N bond-vectors  to minimize water saturation. Complex points acquired were
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Table 1: >N Relaxation Rates, NOEs, and Order Parameters at 500 and 808 MHz
500 MHz 800 MHz
residues R: R> NOE N3 R: R. NOE <

coré 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
coref (N) 1.03£0.03 16.3+£ 0.7 0.74£ 0.04 0.79+0.03 0.614+0.02 21.6+0.9 0.79£ 0.05 0.85+0.03
core (C) 1.03+0.03 16.3+£ 0.7 0.75£ 0.04 0.794+0.03 0.604+ 0.02 21.7+0.9 0.80£ 0.05 0.844+0.03

hinge 0.994+ 0.03 17.2+£0.7 0.74£ 0.04 0.794+0.02 0.584+0.03 23.2+0.9 0.77£0.04 0.864+0.03
loops 1.03£ 0.04 15.3+£ 0.7 0.54+ 0.04 0.714+0.03 0.674+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 0.364+ 0.02 0.984+ 0.05 8.7+ 0.7 0.19+ 0.03 0.284+0.03

aMeasuredR; andR; rates (in s%) 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&@oveellesidues were defined as
residues with NOE> 0.65 (0.70) at 500 (800) MHz and located in a well-defined secondary elefié¢naind C-domains include residues-1800
and 111203, respectively? Hinge residues include the S166107—E108 segment and all residues whose HN bond-vector liesrwithi A
radius from it. This includes 19 residues: 182, 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.

1024 and 126140 (180-200), and spectral widths were Table 2: Diffusion Tensor Parameters of IFNAR2-EC at 11.74 T

6.98 (11.16) and 1.218 (1.95) kHz in the, and F; HN Dies?
dimensions, respectively, for the 11.74 (18.79) T field. A domairt sites (10's™) D/D® O (degf ¢ (degy
total of 32-80 transients pet; experiment were acquired g 78 1.09+ 004 159+ 005 14+2 241+6

for measurements &; andR,. Ry measurements were based N-domain 41 1.08:0.04 1.63+0.08 15+3 258+ 12

on seven (six) collected timepoints with parametric delays C-domain 37 1.08:0.04 1.67+0.09 16+3 229412

of 24—1560 (24-2160) ms on the 500 (800) MHz spec- aDomains were defined as residues106 (N-domain) and 107

trometers.R, measurements were similarly based on six 212 (C-domain)® For a prolate axial rotator with diffusion tensor with

collected timepoints with parametric delays of & (8— e'r?c;"iini‘r?\?;sz{w %rétzgjo'iﬁeml:bgy{;mgﬁ; Ditsi;; (szé'??}

72) ms. The del,ay betwe?n scans was set ,at 16 _(2'0) S. I_DatgPoIar anglesa?lzp) describing th% orientation o% the usr[;ique dicffusion

from the relaxation experiments were apodized with a cosine axisD,, in the inertial frame of IFNAR2-EC. The angle between unique

(cosine-bell) window function i, (t;). The determination  axes of the inertia and diffusion tensor®) (s ~15°. ¢ Errors were

of uncertainties in peak intensity was based upon S/N ratios estimated using Monte Carlo simulations.

in the spectra. hetNOEs were determined by recording pairs

of interleaved spectra with and without proton saturation which local-motion- and conformational-exchange-affected

during the recycle delay. Saturation was achieved by applying residues were eliminated§—50). These served as input for

a 120 'H-pulse every 5 ms. A total of 96 transients were cajculation of the diffusion tensor for overall rotational

collected pett; experiment and delays between scans were reprientation using the R2R1_DIFFUSION (A. Palmer,

6.0 s. Data were processed as describedRprand R, Columbia University) and ROTDIFF5() programs. Monte

measurements. Carlo simulations of errors and graphic presentation of the
Calculation of Relaxation ParameterBeak intensities at  results employed the program TENSORS2)(

different delays inRy, R, and hetNOE measurements were  Model-Free Analysis of Relaxation DafEhe expressions

obtained using NMRDraw Tcl peak-picking scrip&l). Ru ~ for 15N heteronuclear relaxation parameté®s R, and
andR, values were determined by nonlinear least-squares hetNOE are well knowng3) and will not be reiterated here.
fitting of the data to an exponential curif¢) = lo exp(—Rt) The average internucledid-1N distanceryy was assumed

(i = 1, 2) using the modelXY packagdl) and in-house  to be 1.02 A and théN chemical shift anisotropy (CSA)
MATLAB scripts. Uncertainties irR; and R, values were tensor was approximated te172 ppm, and assumed to be
estimated by Monte Carlo simulation$3j. hetNOEs were  axially symmetric and coaxial with the dipolar interaction
estimated by calculating the ratio of intensities in spectra (54). Model-free analysis was performed using the programs
recorded with and without proton saturation, and errors DYNAMICS (55, 56) and ModelFree4.05(). Relaxation
extracted from the uncertainties of the individual measure- rate constants were fitted to five different models of motion

ments. (see Table 2) following the protocol outlined by Mandel et
Hydrodynamic CalculationsThe inertia tensor of IF-  al. (57).
NAR2-EC (PDB accession code 1N6%2)) was calculated Residual Dipolar Coupling Measurements and Analysis.

using the program PDBINERTIA (A. Palmer, Columbia RDCs for backbonéH-15N moieties were estimated by
University). Hydrodynamic analysis for IFNAR2-EC was comparing the DSSE4,*5N]-IPAP—HSQC spectra 58)
performed at 304 K using HYDRONMRA). Viscosity was  acquired at 18.79 T and 308 K for IFNAR2-EC in isotropic
assumed to be 0.80 cP, based upon a viscosity of 0.78 forand anisotropic samples. Complex points acquired were 2048
H-O at 304 K, protein concentration of 8 mg/mL, specific and 200, and spectral widths were 9.62 and 1.95 kHz in the
volume of 0.75 mL/g, and a shape factorlof- 4 (47). F, andF; dimensions, respectively. A total of 16 transients
Anisotropic Global Diffusion Interpretation of *5N- pert; experiment were acquired in interleaved fashion, and
relaxation data is greatly complicated by the presence of split later into the two spectra using XWINNMR (Bruker).
diffusional anisotropy in the examined protein. In such Data were apodized with a cosine (cosine-bell) window
systems, >N relaxation is heavily dependent upon the function int; (t,). Peak-picking and extrapolation of RDCs
orientation of the'H-5N bond-vector relative to the diffu- was performed using NMRView5@). Couplings were
sional tensor. Reduced setsRfR; ratios were created, in  normalized by dividing all values by the order param&er
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Ficure 1: Relaxation measurements for IFNAR2-EC. (T8p)(middle)R,, and (bottom}H-5N NOEs for backbonéN 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, f¢trands andx-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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obtained from the model-free analysis at 18.79 T. The unstructured, a finding consistent with the averaged RDCs

cumulative error of normalized couplings was estimated at
4 Hz. Fitting of alignment tensors and error analysis were
performed using the program MODULBQ).

RESULTS

Backbone!®N Relaxation Rates of IFNAR2-EEN Ry,
R,, 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 thE-N-HSQC

and lack of long-range NOESs observed for these regi®®s (
Several residues exhibit a significantly higher {8D%) R,

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 AnisotropyRelative 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

spectrum and assigned, and only 173 could be detected witrn axially symmetric body with/I ~ 3. The unique inertial

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 broadeningrélation which holds for prolate ellipsoid®/Dr ~ (Ii/I

by solvent exchange beyond the detection lindi)( Fol-
lowing a strict policy of excluding fully or partially overlap-

omitted, leaving 147 available backboft-1°N sites which

axis lies along an imaginary line connecting the hydrophobic
cores of both FNIII domains (Figure 2). Using the empirical
D)70.707
(61), a diffusional anisotropy of+2.1 would be predicted
for IFNAR2-EC. However, the surrounding hydration layer

|
tensor. The program HYDRONMRIG, 62) yielded typical

were analyzed. Relaxation rates acquired at both fields areDi/Do ratios of 1.94 0.1 for an aqueous viscosity of 0.80
summarized in Figure 1. Average values and errors calculatedcP. in agreement with the elongated structure of IFNAR2-

by Monte Carlo simulation for various domains of IFNAR2-
EC appear in Table 1. Typically, errors were on the order
of 4% for Ry andR,, 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\BCCly,

BCc, CEc, and FG loops; the two BC loops are the longest
and least ordered in the IFNAR2-EC structure. (Labeling of
p-strands of IFNAR2-EC A-G follows the convention for
immunoglobulin folds, and loops are referred to by their
adjacentf-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

EC.

Properly filteredR,/R; 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 tiR/R; 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~df5°
between their unique axes (Figure 2). The axial model was
preferred over the isotropic modeF, & 37.1, orP < 10719,
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
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Table 3: Model-Free Analysis of Relaxation Parameters at 500 and 80¢ MHz

500 MHz 800 MHz
modef 2 79 (ps) Rex (s71) modef 52 79 (ps) Rex (s
1 23 4 5 1 2 3 4 5
all 61 32 8 17 27 74 20 9 8 34
cor 53 17 3 2 0 0.79£0.03 30+ 10 [19] 61 9 3 2 0 0.85%0.03 27+10[11]
hing¢ 12 0 2 1 0 0.79:0.03 13 1 1 0 0 0.8&0.03
loop¥ 8 15 3 14 21 0.7%0.03 30+ 8[29] 3.6+0.9([17] 13 1L 6 7 24 0.78+0.03 100+ 20°[18] 7+ 1.3[13]
1300+ 250 [21] 800+ 120 [24]

2 Average values of fitted dynamic parameters in various domains are shown. Errors were calculated from Monte Carlo sirhDatiwais.
definitions are identical to those in Table®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 paran®ténternal motion correlation time, and exchange contributidRey.
Fitted parameters in the various models are model%; model 2— <, 7;; model 3— &, Rey, model 4— £, 7j, Rex;, model 5— S? (order parameter
for slow motion),S? (order parameter for fast motio® = S2S?), 7i. 9In models 2 and 4; 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 insigeificant and ar
omitted.® Calculated for residues assigned to models 2 aricCalculated for residues assigned to model 5.

that the two domains tumble as a single entity, and therefore
are connected by a rigid hinge domain. It also follows that
R./R; ratios are not consistent with an interdomain angle of
120-13C as is seen in IFNR, but rather support our
previously reported perpendicular interdomain orientation
(22).
Model-Free Approach Accounting for Axial Global Dif-
fusion.The Lipari-Szabo model-free approa@)was used
to analyze the backbone relaxation data, following well-
g established protocol$7). The analysis was performed using
it ® the DYNAMICS (55, 56) and ModelFree4.05(7) programs,
: which consider anisotropic tumbling throughout the model
selection process. Optimal valueswf D\/Dg, 6 and¢ of
1, the global diffusion tensor were employed as initial condi-
o tions for calculations, and further optimized in iterative
Ficure 2: Inertia and diffusion tensors of IFNAR2-EC. The fashion after model selection. Final values used wef@pp)
principal axes of the optimal diffusion tensor (blue, dendggl,) = 15.3 ns,Dy/Dy = 1.58 for the 11.74 T data, and(app)
and the inertia tensor (gray, denotggl,) of IFNAR2-EC are shown. = 14.7 nsD\/Dy = 1.54 for the 18.79 T data. Both programs
The two unique axes, andD,, form an angle of-15°. Properly ~yielded highly similar results, and the model-free analysis

trimmed R,/R; data acquired at 500 MHz for 78 sites in the - . P
IENAR2-EC backbone were used to calculate the optimized converged for practically all analyzed residues. The micro

rotational diffusion tensor. The figure was created using the program dynamic parameters derived f"_om this ané}'VSisj (generalized
TENSOR?2 b62). order paramete®, internal motion correlation time, and

exchange rat®&.,) are shown in Figures 3 and 4. Average

the external field strength. Therefore, the diffusion tensor < yalues for various domains of interest in IENAR2-RC
obtained from the 11.74 T data alone was used in the ensuinggppear in Tables 1 and 3.

model-free analysis. The discrepancy between fittedl.§)

: . —_ The profiles of model selection and microdynamic pa-
and predicted (1.9p/D; ratios may result from deviations rameters are very similar in the two datasets (Table 3). The

from a prolate ellipsoid shape, an underestimated solvation = .~ ) . X
P P P majority of residues in structured regions90% for both

layer, or from the presence of unstructured segments at the . .
te)r/mini of IFNARZF-)EC 64, g datasets) are assigned to model 1 or model 2 with sk@® (

The correlation betweeR./R; ratios in anisotropically ps) i values (hereby co!lective_:ly referred to as rigid models).
tumbling proteins and théH-15N bond-vector orientation [N contrast, several residues in loop segments-(8%/) are
presents a source of long-range structural information that fittéd to model 5 (the Clore extended modely), indicating
has been used for the refinement of structusd).(We a reorientation of a protein or motions of the_ protein main
utilized this property to validate the interdomain orientation Chain with a correlation time of 0:22 ns. Residues 150
of IFNAR2-EC. Data acquired at 11.74 T were divided into 153 are assigned to this model, suggesting a long: @0p
two sets, containin@./R; ratios for the N- and C-domains and short G S-strand as observed for the N-domain.
of IFNAR2-EC. Each set was analyzed separately and fit to Residues of the two unstructured termini (residue4 @ and
a rotational diffusion tensor without further filtering as 206-212) are invariably fitted to this model as well. No
described above. The differences betwegeandD,/Dg for difference of statistical significance in model selection was
the two tensors obtained were below the experimental error.observed between the two domains of IFNAR2-EC. Average
Furthermore, the unique axes of diffusion as predicted by values forS$ are 0.79+ 0.03 (0.85+ 0.03) for the core
each dataset and were collinear at the level of accuracyregions of IFNAR2-EC, and 0.6& 0.04 (0.71+ 0.03) for
obtained in the fit (Table 2). These findings strongly argue the flexible regions in the data acquired at 11.74 (18.79) T.
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Ficure 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— 9), whereS is the generalized order parameter. Middle, internal correlation timfes 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 contributio&, (in s1). Secondary structure elements appear above, fvittrands andi-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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Ficure 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- &), where% is the generalized order parameter. Bars for residues of the mobile terminal segments are truncated for clarity of
presentation. Middle, internal correlation timggor residues assigned to models 2, 4 (small bar§,15 ns), and 5 (large bars, 0.5 ns);

Bottom, exchange contributiori&y (in s™1). Secondary structure elements appear above,fvitttands andt-helices designated by black

and gray bars, respectively. Segments of IFNAR2-EC forming the ligand binding site are marked with hatched bars.

Of particular interest is the interdomain region, an interface (0.86+ 0.03) for 500 (800) MHz data. The vast majority of
between the two FNIII domains measuring 16a0.00 A2 hinge residues (12 of 15) are assigned to model 1. Residues
for various HCRs. At the heart of this hydrophobic region S17, R22, and E108 are the only residues containing an
lies the three-residue segment S106-F107-E108, which formsexchange contribution to their relaxation. Another intriguing
a parallels-strand interacting with the ABE3-sheet, a motif region is the IFN binding site, comprised of the 'GCER\
common to all type Il HCRs. Residues of the hinge region loop segments and interdomain helix. Residues D50-E51-
(defined as the 106108 segment antH-1°N bond-vectors  L52 of the CCy loop, and residues EZ7A78 of the Ek
within a 7 Aradius around it) average & of 0.79+ 0.03 loop, which form the binding site for IFN, are characterized
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Table 4: Alignment Tensor Parameters of IFNAR2-EC

domairt 1Dy couplings Da(Hz) D, (Hz) o (degy B (degy y (degy
all 110 —6.3+ 0.3 —3.6+£04 48+ 14 172+ 2 131+ 13
N-domain 52 —6.4+0.4 —-34+0.5 47+ 21 171+ 3 129+ 20
C-domain 58 —6.0£ 0.5 —-39+04 47+ 20 1744+ 3 128+ 20

apDomains were defined as residues106 (N-domain) and 107212 (C-domain)® The axial and rhombic components of the alignment tensor
are defined a®, = D™[A;; — (A + Ay)/2]/3 andD, = D™(Axx — AW)/3. |Ad > |Ayl > |Axl are the elements of the diagonalized alignment tensor,
and D™ the dipolar interaction at full alignmenD™ = —(uohynyn/87%)(run) 2. yn and yy are the gyromagnetic ratios &fl and >N, uo is the
permeability of free spacé, is Planck’s constant, angly is the average internuclear distance. Hoyiy couplings,D™ ~ 21.7 kHz.¢ Euler angles
(o, B, y) describing the orientation of the unique alignment aisin 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 tensrs' Brrors were estimated using Monte Carlo
simulations.

by low order parameter§t ~ 0.6). In the interdomain helix 40
(residues W100D104), residues W106L101 are located 30
in the hydrophobic core of the N-domain and are rigid, while §
residues A1021103 are more exposed. Overall, the micro- 520
dynamic parameters are consistent with secondary structure p=

-
[=]

elements of the previously determined structure.

Residual Dipolar Coupling Analysi®DCs for backbone
1H-15N moieties were measured using &iN-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 15 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 dR = 0.56+ 0.08,
and its long axis forms an angle of 8ith 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 106, 52
couplings) and C-domain (residues 712, 58 couplings)
sets, each of which were independently fitted to an optimal o “10 o 10 20
alignment tensor. As shown in Table 4, these alignment N-domain
tensors describing subsets of the original data show only Ficure 5: RDCs in IFNAR2-EC support hinge rigidity. Top,
small variations when compared to the overall alignment histogram showing the characteristic distribution of RDCs. Middle,
tensor. Error analysis indicates that the introduction of two correlation between measuree(y) and calculatedcai) RDCs

. .- of IFNAR2-EC based upon the alignment tensor of the entire
new parameters (magnitude and rhombicity of the second molecule. RDCs of the NFi and C-do%wains are shown as blue and

tensor) is not statistically justified. The collinearity of the yeq markers, respectively. The rmsd value is 2.6 Hz. Bottom, RDC
alignment frames for both domains is further demonstrated values back-calculated from the N-domain tensor are plotted against
in Figure 5, as back-calculated values using the single- those back-calculated from the C-domain tensor. The rmsd between
domain and overallalignment tensors could not be lstin- 1 16 becceneeter sot = bnder L e, Solneanty ol e
guished. Moreover, the root-mean-square dev_'at'on (rms_d)tumble as a single body, and are rigidly linked at the interdomain
between back-calculated values from the single-domain pinge.
alignment tensors is under 1 Hz. Overall, RDC data confirm
the relative perpendicular orientation observed between thecha”enging system foiPN relaxation measurements, due to
two domains of IFNAR2-EC, and indicate that they tumble |imited sample concentrations and basic pH measurement
in solution as a rigid body with no flexibility at the conditions. Here we use the model-free approach to analyze
interdomain hinge. 15N spin relaxation measurements and describe the backbone
dynamics of IFNAR2-EC, a first study of its kind for a
DISCUSSION cytokine receptor. Model-free analysis is also a prerequisite
It is commonly accepted that only a combination of for accurate interpretation of RDC measurements. Since
structural and dynamic factors can comprehensively accountpicosecond to nanosecond motions in the protein backbone
for protein function. One of the great advantages of NMR- affect its average orientation, the observed residual couplings
based structural study of proteins is the ability to examine are modulated by backbone order parameters. Moreover,
them in their native environment and follow dynamic RDC-based refinement of interdomain orientations requires
processes, rather than describe a snapshot selected from eorroborative evidence excluding mobility at the interface
variety of possible conformations. IFNAR2-EC presented a between domains. It is therefore the combinatiofPfspin

0
-20-16-12 -8 -4 DU 4 8 12 16 20

, D (calc)
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0.78-0.84
0.72-0.78
| o0e6-0.72
<0.66

Ficure 6: Dynamics of the ligand binding site upon IFNAR2-EC. Backbone order paramé&f@raré plotted in color-code upon the

ligand binding site of IFNAR2-EC, revealing two distinct surfaces. Left (front view), the surface of tHeGg@-sheet directly interacts

with the IFN ligand and exhibits some mobility, with an average valu&of 0.72. Right (reverse view), the opposite surface of the

CCFGy f3-sheet stabilizes the binding site conformation and is more rigid, aver&jing).82. IFNAR2-EC residues on both surfaces are
labeled.& vall#gzs represent an average between calculated order parameters at both fields. Each color step spans two standard deviations
in the value of$.

relaxation and RDC measurements that validates our conclu-face which interacts with the incoming ligand, and the
sions regarding IFNAR2-EC. posterior face which maintains the integrity of the binding
Model-Free Analysis of IFNAR2-E®odel-free analysis  site 22). Backbone dynamics provide a first quantitative
describes molecular motions on the picosecond to nanosecdistinction between these two surfaces, as demonstrated
ond time scale. Longer microsecond to millisecond scale strikingly in Figure 6. Averagé&? values for residues in the
motions are identified through the conformational exchange anterior face (including residues M46, L52, A78, V80, W100,
contribution,Rey, to Rx. At pH 8.0, this phenomenological and 1103) are 0.7& 0.03 (0.744 0.03), and for residue of
parameter absorbs the effects of solvent exchange broadenthe posterior face (including Y43, 145, L68, W72, Y79, F99,
ing, as well as various errors accumulated throughout theand L101) 0.79t 0.03 (0.86+ 0.03) for the 11.74 (18.79)
calculation. Since at pH 8.0 solvent exchange rates for T data. This description of an “adaptable” binding site
proteins with well-defined secondary structure are typically buttressed by a rigid support is consistent with several
104-10"! min~! (63), amide protons of IFNAR2-EC are previous observations. The extensive hydrophobic patch in
at the slow-exchange limit. NeverthelesR,x must be the IFNAR2-EC hinding site and its aliphatic character hint
considered less reliable th&handz;, as has been suggested to an ability to accommodate various ligan@®2)( Amide
previously 64). Model-free analysis of IFNAR2-EC was proton temperature coefficient measurements (data not
conducted following commonly accepted model selection shown) and previous solvent exchange experiments suggest
protocols for data acquired at 500 and 800 MHz. The values that ligand binding is accompanied by a rigidification which
of & are typically higher at 800 MHz, differing from those is propogated by the FNIIl domain to residues outside the
at 500 MHz by 2 standard deviations. This phenomenon binding site £6). Moreover, a malleable binding site would
has been previously observest], and may originate from  account for our previous observation that infiestrand NOE
the manner in which the model-free approach addresses locainteractions were generally weaker than typical distances in
dynamics, particularly at higher field§%). Generally, the secondary structure elements would predict (Chill and
fitting is more discriminating at 500 MHz than at 800 MHz. Anglister, unpublished results). It is important to note that
However, the profile of order parameters and model selec- while our study focuses upon backbone dynamics, several
tion, as well as the qualitative description of IFNAR2-EC of the receptorligand interactions involve side-chain groups.
mobility emerging from both datasets, are very similar in However, the qualitative description presented here remains
both datasets. valid, since backbone dynamics of the IFNAR2-EC binding
Dynamics of the IFNAR2-EC Binding Sitehe type | IFN site reflect the roles played by the various residues that
binding site is formed by three segments of IFNAR2-EC, contribute to its structure and function.
the CCy (residues 4552) and Elg (residues 74-82) loops The Interdomain Hinge Is Rigidin IFNAR2-EC the hinge
and the interdomain helix (residues 10004). Model-free region is formed by the AR -hairpin (residues 1622),
analysis for these segments underlines their relative mobility. and the & S-strand and Fgloop (residues 183185, 194~
In the CCy loop residues 5652 are fitted to model 5 with  196) packing against the hinge segment itself (residues 104
< values in the 0.50.6 range. In the BFloop residues 111). This region forms direct contacts with the structural
E77 and A78 are assigned to model 5, and the mobility of cores of the two FNIII domains, together forming a hydro-
residues T75 and H76 is evidenced by their absence fromphobic domain which spans the entire recep?®.(Model-

theH-1N HSQC spectrum of IFNAR2-EC. These two loops
form an alternating charge motif shown to interact with a
congruent pattern upon IFR (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

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,

site to comprise of two hydrophobic surfaces, the anterior which are typically an extensive hydrophobic interface with
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a total buried area of 10861100 A, strongly indicate that  the rate and efficiency of phosphorylation. Studies of various
interdomain rigidity is common to this receptor superfamily. EPOR complexes have provided compelling evidence that
Indeed, temperature factors for the hinge region of human optimal receptor orientation in the ternary signaling complex
tissue factor were consistent with a rigid structués)( is essential for signal transductio®8( 69). This mechanism
Obtained for a soluble protein, this conclusion carries special may also contribute to ligand-specific signaling pathways.
significance, since structures determined by crystallography, Subtle variations in the signaling complexes formed with

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 oR,/R; ratios and their interpretation in
terms of IFNAR2-EC rotational diffusion further substantiate
the rigidity of the hinge region. Statistically insignificant
differences ircc andD,/D were observed for the two tensors
independently fitted to N- and C-domaiR,/R; ratios.
Moreover, these tensors were mutually collinear, and their
unique axes formed an angle-efL5° with the unique inertia
axis of IFNAR2-EC, whereas a rotation of 450° was
necessary to co-align them with the unique inertia axes of
the single FNIIl domains. As diffusion is closely related to

IFNo. and IFN3 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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SUPPORTING INFORMATION AVAILABLE
R, R, and ®>N-{*H} NOE data measured at 11.74 T

molecular shape, this result strongly supports the hypothesis(Supplement 1) and 18.79 T (Supplement 2), and model-
of rigidly linked, rather than independently tumbling, per- frée analysis of relaxation data at 11.74 T (Supplement 3)
pendicular FNIIl domains. Overal®N spin relaxation and ~ @nd 18.79 T (Supplement 4), including a comparison to
RDC measurements of IFNAR2-EC provide conclusive backbone rmsd values. This material is available free of

evidence for a rigidly held two-domain structure for IF-
NAR2-EC.

Implications for Cytokine Signalingignaling 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 IFNARZ 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 @7).

In the context of the ternary signaling complex, hinge
rigidity ensures the correct orientation of the initially formed
IFNARZ2/IFN complex relative to the incoming IFNAR1. A

contact surface between C-domains of the receptor subunits

has been established for the class | 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

charge via the Internet at http://pubs.acs.org.
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