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ABSTRACT: Type I interferons (IFNs) make up a family of homologous helical cytokines initiating strong
antiviral and antiproliferative activity. All type I IFNs bind to a common cell surface receptor consisting of
two subunits, IFNAR1 and IFNAR?2, associating upon binding of interferon. We studied intermolecular
interactions between IFNAR2-EC and IFNa2 using asymmetric reverse-protonation of the different complex
components and two-dimensional homonuclear NOESY. This new approach revealed with an excellent
signal-to-noise ratio 24 new intermolecular NOEs between the two molecules despite the low concentration of
the complex (0.25 mM) and its high molecular mass (44 kDa). Sequential and side chain assignment of
IFNAR2-EC and IFNa2 in their binary complex helped assign the intermolecular NOEs to the correspond-
ing protons. A docking model of the IFNAR2-EC—IFNa2 complex was calculated on the basis of the
intermolecular interactions found in this study as well as four double mutant cycle constraints, previously
observed NOEs between a single pair of residues and the NMR mapping of the binding sites on IFNAR2-EC
and IFNo2. Our docking model doubles the buried surface area of the previous model and significantly
increases the number of intermolecular hydrogen bonds, salt bridges, and van der Waals interactions.
Furthermore, our model reveals the participation of several new regions in the binding site such as the
N-terminus and A helix of IFNo2 and the C domain of IFNAR2-EC. As a result of these additions, the
orientation of IFNAR2-EC relative to IFNa2 has changed by 30° in comparison with a previously calculated
model that was based on NMR mapping of the binding sites and double mutant cycle constraints. In addition,
the new model strongly supports the recently proposed allosteric changes in IFNo2 upon binding of
IFNARI-EC to the binary IFNa2—IFNAR2-EC complex.

Type I IFNs' are a major component of the innate immune
system protecting against viral infection. They provide an early line
of defense, hours to days ahead of the adaptive immune response,
and are essential for the survival of higher vertebrates (/—3). In
addition to a strong antiviral activity, type I IFNs are also assigned
antiproliferative and immunomodulatory properties (4, 5).
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All human type I IFNs elicit their activity through the same cell
surface receptor consisting of two transmembrane protein sub-
units, IFNARI and IFNAR2 (6, 7). IFNAR?2 is the major ligand
binding component and has nanomolar affinity for IFNs in the
absence of IFNARI. The affinity of the IFNARI subunit for
IFNs is much lower, and the dissociation constant is in the
micromolar range (8). The IFN signaling process begins with
IFN-driven dimerization of the receptor subunits which initiates
a tyrosine phosphorylation cascade inside the cell, resulting in
transcription stimulation of genes responsible for the antiviral
and antiproliferative response (9—14).

The three-dimensional structures of several IFNs, namely,
human IFNa2a (15), IFNa2b (16), and IFNS (17), have been
determined. The structure of the 25 kDa extracellular domain of
IFNAR?2 was determined by our group using multidimensional
NMR techniques (/8). Mutagenesis, immunoblocking, and vari-
ous NMR techniques were used to obtain information about
residues in IFNo2 and IFNAR2-EC (hereafter termed IFNAR?2)
which participate in binding (19— 23). The binding site on IFNAR2
was mapped to three loops in the N domain and the hinge region of
the receptor. The binding site on IFNa2 was mapped to the A and
E helices as well as the A—B loop. The binding affinity of the
IFNa2—IFNAR?2 complex is approximately 1 nM (24).
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Several models of the IFNAR2—IFNa2 complex have been
computed recently. Roisman et al. calculated a docking model of
IFNo2 with the modeled structure of IFNAR2-EC using site-
directed mutagenesis mapping of the binding sites as well as five
double mutant cycle (DMC) distance constraints (25). When the
NMR structure of IFNAR2 had become available, Chill et al.
calculated another docking model based on the four most signi-
ficant of the five previously identified DMC constraints (/8). The
fifth DMC interaction, between *?Y43 on IFNAR2 and “*F27
on IFNo2, was omitted from the calculation because it was in-
compatible with the IFNAR2 NMR structure (/8). The latest
docking model of the IFNAR2—IFNa2 complex was derived by
Quadt-Akabayov et al. on the basis of the NMR mapping of the
binding sites on IFNAR2 and IFNoa2, four DMC constraints,
and a single intermolecular NOE (26). The DMC data provided
qualitative information about interactions that could be trans-
lated to distance constraints only very roughly. The DMC cons-
traints, together with the observed NOEs between a single pair of
residues and the NMR mapping of the binding sites, are not
sufficient to define accurately the orientation of the two mole-
cules in the complex.

In this study, we conducted high-resolution NMR investiga-
tions of the IFNAR2—IFNo2 complex to detect a larger number
of intermolecular NOE interactions to better define the structure
of the IFNAR2—IFNa2 complex. Acquiring such information
about the 44 kDa IFNAR2—IFNa2 complex by NMR has pre-
sented considerable challenges because of its size and the condi-
tions under which it is stable.

The size of biomolecules studied by NMR is limited by the
enhanced transverse relaxation of carbon and hydrogen nuclei
and increasing spectral complexity. In the past 10—15 years,
several techniques have been introduced to help overcome
these limitations. '*C and "°N labeling, higher-dimension
spectra (27) as well as uniform deuteration of nonexchange-
able protons (28, 29), and TROSY-based triple-resonance ex-
periments (30) have enabled sequential assignment of backbone
nuclei of large proteins and macromolecular complexes. Back-
bone (HN, Ca, and Cp) resonance assignment of uniformly *H-,
13 C-, and "°N-labeled proteins up to a molecular mass of 100 kDa
has been achieved (37, 32). However, uniform deuteration of
nonlabile protons, while vastly contributing to the increased
signal-to-noise ratio in NMR spectra, eliminates all the proton
probes giving rise to NOE interactions, except for the labile
amide protons. Reverse-protonation of uniformly deuterated
proteins has been applied to recapture distance information in
high-molecular mass systems (32—234). Several approaches have
been used to selectively reverse-label protons in proteins. One
way is to supplement the D,O-based bacterial growth medium
with the desired 'H-labeled, 'H- and "*N-labeled, or 'H-, °N-,
and *C-labeled amino acids. Reverse-protonation of a combina-
tion of aliphatic and aromatic residues such as ILVFY has been
used in several NMR studies of large proteins and protein
complexes to detect intramolecular aromatic—methyl NOEs
instrumental to determination of their structure as well as to
the backbone and side chain assignment (33—42). An additional
method for selective reverse-protonation is 'H and "*C labeling of
the methyl groups of isoleucine, leucine, and valine via addit-
ion of specifically labeled biosynthetic precursors to the growth
medium (31, 43, 44). Low-resolution structures of large proteins
can be obtained using this approach which was demonstrated by
the determination of the global fold of the monomeric 82 kDa
protein malate synthase G (45).
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Despite all recent advances, determination of high-resolution
structures by NMR of proteins larger than 35 kDa is very chal-
lenging. Of 6124 different protein structures determined by NMR
currently deposited in the PDB, only 14 are atomic-resolution
structures of systems larger than 35 kDa. Four of these are pro-
teins and protein complexes smaller than 37 kDa (40, 42, 46, 47);
nine are multimeric proteins (35, 4§—55), and the remaining one
is the 42 kDa maltose binding protein (MBP) that has been
extensively studied by crystallography and NMR (55). To date,
the 65 kDa hemoglobin tetramer is the highest-molecular mass
protein complex for which the high-resolution structure has been
determined by NMR (55). This structure, along with the pre-
viously mentioned MBP structure, was recently redetermined by
Yang and co-workers using their approach for the determination
of the structure of fully protonated large proteins (55). This met-
hod is based on measuring a combination of 4D "*C, '*N sepa-
rated NOESY, 3D TROSY-HNCA, and MQ-CCH-TOCSY (56)
spectra on a uniformly '*C- and '"N-labeled protein without deu-
teration. The 4D "*C, "N separated NOESY experiment when
used for large unlabeled proteins suffers from a poor signal-to-
noise ratio, especially at the low protein concentration used in
this study (0.25 mM). Without this 4D spectrum, it is impossible
to implement the method described above as it was originally
developed. However, several basic concepts from it have been
used in this study.

Determination of the structure of protein complexes at atomic
resolution relies on obtaining a large number of intermolecular
NOE:s. Obtaining intermolecular NOEs is a challenging process
since it is difficult to distinguish between strong intramolecular
and a few weak intermolecular interactions, a problem which is
aggravated in large molecules. One way to overcome the obstacle
in identifying intermolecular interactions is to label one of the
components with >N and/or "*C while leaving the second com-
ponent unlabeled. Using isotope filtered-edited experiments, it is
possible to identify NOEs across interfaces between two pro-
tons, where only one is bonded to a labeled heteroatom (57—61).
However, with the increasing size of protein complexes, these
experiments become much less sensitive and require partial or
complete deuteration of nonexchangeable protons to achieve a
good S/N.

A different approach for the detection of intermolecular NOEs
in large protein complexes has been used in several recent studies.
It is based on selective 'H and '*C labeling of the I(01)LV methyl
groups on a deuterated background of one complex component
while the other component remains unlabeled or reverse-proto-
nated with several aromatic and/or aliphatic amino acids. The
intermolecular NOEs are obtained from a 3D '*C-edited NOESY
spectrum by observing the NOEs involving the I(01)LV methyl
protons (46, 62—64).

High-resolution NMR structural studies of the IFNAR2—
IFNo2 interactions required further development in methodol-
ogy, not only because of the size of the complex but also because
itis stable only at concentrations no higher than 0.25 mM. In this
study, we present a novel approach for the determination of inter-
molecular side chain—side chain NOEs. Our method is based
upon “asymmetric” reverse-protonation of the two complex
components on a deuterated background. In one molecule,
amino acids with aliphatic side chains are reverse-protonated,
and in the other molecule, aromatic amino acids are reverse-
protonated. As a result, the aromatic—aliphatic section of the
2D homonuclear NOESY spectrum measured in D,O shows
in principle only cross-peaks originating from intermolecular
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interactions. The high sensitivity of the 2D NOESY spectrum,
even for large proteins at concentrations as low as 0.25 mM,
enables the detection of these interactions with a high S/N. Using
this technique, we have been able to obtain 24 intermolecular
NOEs which led to a much improved model of the IFNAR2—
IFNo2 complex. The model contains a considerable amount
of new structural information and reveals a 30° change in the
orientation of [IFNAR2 relative to IFNa2 in comparison with the
previously published model (26) as well as a direct involvement of
the C domain of IFNAR?2 in IFNo2 binding.

EXPERIMENTAL PROCEDURES

Expression of IFNAR2 and IFNaZ2. Unlabeled and uni-
formly '"N- and '*C-labeled IFNAR2 and IFNo2 were obtained
following previously published expression and purification pro-
tocols (19, 26, 65). Selectively reverse-protonated samples were
obtained by adding a 4-fold excess of the selected unlabeled
amino acids to otherwise deuterated, '*N-labeled Celtone med-
ium (Spectra Stable Isotopes). The 4-fold excess was calculated
with respect to the amount of amino acids present in the deute-
rated, "’N-labeled Celtone medium. Specifically, unlabeled ami-
no acids His (1.35 mg/mL), Tyr (1.2 mg/mL), Phe (2.4 mg/mL),
and Trp (0.61 mg/mL) were used for samples with protonated
aromatic residues and Ile (2.9 mg/mL), Val (3.36 mg/mL), Leu
(4.57 mg/mL), Met (1.19 mg/mL), Ala (2.9 mg/mL), Lys
(4.24 mg/mL), and Thr (2.44 mg/mL) for samples with proto-
nated aliphatic residues. Otherwise, the protocols for expression
and purification were used as mentioned above.

NMR Sample Preparation. The IFNAR2—IFNo2 com-
plex as well as free IFNAR2 is stable at pH 8 in 25 mM Tris buffer
and 0.02% NaNj3. These measurement conditions are the result
of an optimization study which was previously conducted by our
group (19). IFNa2 is stable at pH 8 only in a =500 mM NaCl
solution. To make the 1:1 complex (in 10% excess for the
unlabeled component), we slowly added 5 mL of concentrated
IFNo2 (500 mM NaCl) to 145 mL of dilute IFNAR2 (25 mM
NaCl). The volumes and salt concentrations of each component
were calculated such that the final salt concentration did not
exceed 50 mM. After incubation for 1—2 h at room temperature,
the dilute complex was concentrated using Amicon Ultra tubes
(Millipore, molecular mass cutoff of 10 kDa). The buffer was
exchanged by repeated dilution—concentration cycles to 25 mM
dy1-Tris (pH 8), 0.02% NaNj, and 5% D,0 or to 25 mM d;;-Tris
(pD 8), 0.02% NaNj3, and 98% D,0. Formation of the complex
was verified using an analytical Superdex 75 size exclusion col-
umn (Pharmacia). The complex elutes at a volume corresponding
to an approximately 44 kDa protein. The final concentration of
the complex in all samples was 0.2—0.3 mM. Under these con-
ditions, the NMR samples are stable for 2—3 months at 35 °C,
with negligible aggregation or denaturation (/9).

Deuterium exchange for several IFNAR2—IFNa2 samples
was achieved by partial unfolding in 4 M dg-urea. For this pro-
cedure, the complex was dissolved in a D,O-based unfolding
buffer [25 mM Tris (pH 8.0), 4 M dj-urea, 0.1% protease inhi-
bitor cocktail (Sigma), and 50 mM glycylglycine] to a final con-
centration of 0.1 mg/mL, incubated for 4 h at room temperature
while being shaken gently, and refolded by being dialyzed twice
against a 25-fold volume of D,O-based refolding buffer [25 mM
Tris (pH 8.0), 0.1% protease inhibitor cocktail (Sigma), and
50 mM glycylglycine]. To check that the structural integrity of the
complex is not compromised by the partial unfolding and
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refolding procedures, these were performed first on
['>NJIFNAR2—-IFNa2 and [’N]JIFNo2—IFNAR2 samples in
H,0, and the structural integrity was checked by measuring the
2D TROSY 'H—"°N HSQC spectra before and after the treat-
ment as well as by size exclusion chromatography.

NMR Measurements. All NMR spectra were recorded at
305 K on a Bruker DRX 800 MHz spectrometer equipped with a
5 mm triple-resonance TCI CryoProbe with z gradients and a 5 mm z
gradient triple-resonance TXI probe. Data were processed and
analyzed using NMRDraw/NMRPipe (66) and NMRView (67).

The 2D TROSY 'H—""N HSQC spectra of free and bound
IFNAR?2 (numbers in parentheses are for TROSY 'H—""N HSQC
spectra of free and bound IFNa2) were recorded using 256 (256)
t; increments with a sweep width of 1979 (1622) Hz and 1280
(1024) 1, points with a sweep width of 11161 (10417) Hz. The
TROSY 'H—""N HSQC pulse sequence (68) was modified to
produce greater sensitivity by suppressing the anti-TROSY
component without lengthening the pulse sequence or introduc-
ing a spin-state selective filter (69). The following experiments
were conducted for bound IFNAR2 (numbers in parentheses
indicate the number of complex points and sweep width in hertz
for each dimension): CT 'H—"*C HSQC (H, 1280 and 10417; C,
512 and 14085), 3D TROSY HNCA (55, 68, 70) (H, 1024 and
11161; C, 50 and 4024; N, 106 and 2108), 3D TROSY HNCO-
CA (68, 70) (H, 1280 and 11161; C, 50 and 4024; N, 100 and
1979), 3D ""N-edited NOESY (H, 1280 and 11161; H, 148 and
8803; N, 78 and 1979), 3D MQ-(H)CCH TOCSY (71) (H, 1280
and 11161; C, 68 and 4427; C, 182 and 13280), 3D MQ-(H)-
CCmHm TOCSY (72) (H, 1280 and 8013; C, 122 and 2516; C,
140 and 8299), and 3D (H)CCmHm TOCSY (71) (H, 1280 and
7003; C, 122 and 2516; C, 140 and 7003). The following ex-
periments were conducted for free IFNAR2: CT "H—"*C HSQC
(H, 2048 and 10417; C, 512 and 14085), 3D ""N-edited NOESY
(H, 768 and 11161; H, 160 and 8237; N, 72 and 1946), and 3D
MQ-(H)CCmHm TOCSY (72) (H, 1280 and 8013; C, 120 and
2516; C, 136 and 8299). The following experiments were con-
ducted for bound and free IFNa2: 3D *N-edited NOESY
(bound IFNa2, H, 1280 and 11161; H, 146 and 8803; N,
78 and 1622) (free IFNa2, H, 1024 and 9615; H, 140 and 8001; N,
72 and 1622). 2D NOESY experiments for all samples were con-
ducted using 400 ¢, increments with a sweep width of 10417 Hz
and 1024 1, points with a sweep width of 10417 Hz.

An interscan delay of 1.5 s was applied in experiments
performed on fully protonated samples, and a delay of 2 s was
used for partially deuterated samples. The 3D '*N-edited NOESY
experiments were conducted with a mixing time of 100 ms, while
the 2D NOESY experiments were conducted with mixing times of
25-200 ms. Water suppression was achieved with the use of flip-
back and gradient pulses (73, 74). Residual water magnetization
was suppressed using the WATERGATE sequence in the final
INEPT transfer to protons immediately before the acquisition of
data (75). All experiments were optimized for large proteins by
applying minimum delays for transverse 'H magnetization and
optimal water flip-back pulses. Carrier positions for all experi-
ments were 118.5 ppm for °N, 174 ppm for '*CO, 54 ppm for
3Ca., 43 ppm for *Ca/**Cp, and 4.7 ppm for 'H. Proton decoup-
ling was achieved using WALTZ-16 (76) or GARP (77) train
pulses. Quadrature detection was conducted by acquiring the
data in States—TPPI mode (78) or Echo—Antiecho (79, 80).

Docking. The docking of the IFNAR2—IFNa2 complex was
performed using HADDOCK2.0 (8 1) which utilizes CNS (82, 83).
The docking was based on the chemical shift perturbation data for
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IFNAR?2, the cross-saturation data for IFNo2, NOE interac-
tions, and mutagenesis data (18, 19, 25, 26). Starting structures
for the docking were the published structures of IFNAR2 [PDB
entry IN6U] (/8) and IFNa2 [PDB entry 11TF (15)]. Active and
passive residues in IFNa2 and IFNAR?2 were selected using the
strategy outlined by Dominguez et al. (8/) based on the binding
sites mapped in previous studies by our group (19, 26). Solvent
accessibility was calculated using NACCESS (84, 85). Additional
pairwise distance restraints were defined on the basis of double
mutant cycle analysis data conducted by Roisman et al. (25). All
ambiguous distance restraints were defined with a maximum
effective distance of 2 A. A total of 1000 structures were cal-
culated in the rigid body minimization. Semiflexible simulated
annealing followed by refinement in explicit water was performed
for the best 200 solutions based on the HADDOCK score
(weighted sum of all the energy terms and the buried surface
area). Violation analysis of the final 200 structures showed that
all the unambiguous distance restraints were maintained for
99.5% of the structures. Solutions were clustered using a 7.5 A
interface rmsd cutoff; 197 of 200 structures were included in the
seven clusters found. Cluster analysis was performed on the four
best structures in each cluster to remove the dependency of cluster
averages upon their size. The cluster with the lowest average
HADDOCK score was considered to be the best solution.

Structure Analysis. The structure of the IFNAR2—IFNa2
complex and the interface were analyzed with PISA (protein
interfaces, surfaces, and assembly service at the European
Bioinformatics Institute) (86), CMA (contact map analysis from
space, tools for protein structure prediction and analysis based on
complementarity and environment) (§7), and MOLMOL (analy-
sisand display of molecules) (88). All molecular pictures were crea-
ted with Pymol (89).

RESULTS

Intermolecular NOEs between IFNAR2 and IFNo.2 in
the Complex. Aromatic amino acids play an important role in
protein—protein interactions. The region of the proton NMR
spectrum showing aromatic proton resonances is usually less
crowded and better dispersed in comparison to the aliphatic
region of the spectrum. Of special interest is the region of the
NOESY spectrum showing interactions between aromatic and
aliphatic protons. Specific amino acid labeling can be used to
assign intermolecular interactions involving aromatic amino
acids in large protein complexes as was demonstrated by previous
studies in our group (90—94). In these experiments, we took
advantage of the high sensitivity of 2D homonuclear NOESY
even for large protein complexes.

The region of a 2D NOESY spectrum of a complex showing
aromatic—aliphatic proton interactions can be considerably
simplified to show only intermolecular interactions by using
asymmetric reverse labeling of the two proteins forming the
complex. If one protein is reverse-protonated in the aromatic
amino acids on a perdeuterated background and the other protein
is reverse-protonated in selected aliphatic amino acids on a
perdeuterated background, the upper left quarter of the complex
2D NOESY spectrum in D>O will show, in principle, intermo-
lecular interactions between aromatic and aliphatic amino acids
as well as intraresidue interactions between the aromatic protons
and the a- and S-protons of these amino acids. If preliminary
data about the interface of the complex are available, the alipha-
tic amino acids can be reverse-labeled according to the expected
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interactions to reduce costs and the number of samples to be
prepared.

The aromatic amino acids at the mapped binding site of
IFNAR? include residues **H76, **Y79, ®*H97, **F99, and
R2W100, while those at the binding site of IFNo2 include residues
@2ED7, “2F36, “F38, W 140, and “*F151. Aromatic amino acids
are usually involved in hydrophobic interactions and sometimes
also in cation—u interactions with arginine and lysine residues.
On the basis of the previous mapping of the [IFNo2 and IFNAR2
binding sites (19, 26), we prepared two samples of the IFNa2—
IFNAR2 complex. One sample was reverse-protonated with the
unlabeled aromatic amino acids histidine, phenylalanine, and
tryptophan for IFNAR2 and reverse-protonated with the un-
labeled aliphatic amino acids lysine, arginine, leucine, alanine,
and methionine for IFNa2 [this sample will hereafter be termed
IFNAR2(HFW)—IFNa2(KRLAM)]. The second sample was
reverse-protonated with the unlabeled aliphatic amino acids
isoleucine, valine, leucine, threonine, methionine, alanine, and
lysine for IFNAR?2 and reverse-protonated with the unlabeled
aromatic amino acids histidine, phenylalanine, and tryptophan
for IFNa2 [IFNAR2(IVLTMAK)—IFNo2(HFWY)]. The re-
verse-protonation of all proteins was conducted on a '*N-labeled,
deuterated background.

The labeling scheme was verified using "N HSQC and 2D NOESY
spectra determined for the free proteins in H,O and in D,O, respecti-
vely, prior to formation of the complex. No significant signs of scrambl-
ing were observed in these spectra which we attribute to the expression
of the proteins in rich media in which all amino acids are essentially
already present; therefore, their de novo production is minimized.

2D NOESY spectra of the asymmetrically labeled samples in
D,0O were measured, and a large number of cross-peaks were
observed in the aromatic—aliphatic region, many more than were
expected on the basis of the previous model of the complex (26)
(Figure 1 and Figure IS of the Supporting Information). The
initial assumption was that many of the observed spin systems
originate from amide protons that did not exchange with the
solvent because they were buried. These amide protons could
interact with the reverse-labeled aliphatic protons of the same
protein and contribute to the observed signal in the asymme-
trically labeled complex. To rid the aromatic region of the 2D
NOESY spectrum of NOEs originating from amide protons, a
rigorous D,O exchange protocol was used. Both asymmetric-
ally labeled samples [[FNAR2(HFW)—IFNo2(KRLAM) and
IFNAR2(IVLTMAK)—IFNa2(HFWY)] were partially unfol-
ded in4 M d-urea in a D,O solution and then refolded by dialysis
against the D,O NMR buffer. The structural integrity of the
samples after refolding was confirmed by size exclusion chroma-
tography and 2D TROSY 'H—">N HSQC spectra (see Experi-
mental Procedures) as well as by comparison of the 2D NOESY
spectra before and after the urea treatment (Figure 1S of the
Supporting Information). 2D NOESY spectra of IFNAR2-
(HFW)—IFNo2(KRLAM) and IFNAR2(IVLTMAK)—IFNa2-
(HFWY) measured before and after the urea treatment revealed
that numerous NOE cross-peaks with amide protons dis-
appeared (see Figure 1S of the Supporting Information).

However, despite the complete elimination of amide proton
cross-peaks, several unexplained spin systems with narrow line
widths still remained in the 2D NOESY spectra along with spin
systems that could originate from aromatic protons (Figure 1).
Consequently, 2D NOESY spectra of each of the reverse-labeled
complex components in their free form were measured to
examine whether these narrow cross-peaks could arise from
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FiGure 1: Intermolecular NOE interactions in the IFNAR2—
IFNo2 complex detected in the asymmetrically labeled complex.
(A) Overlay of 2D NOESY spectra in D,O of IFNAR2-
(HFW)—IFNo2(KRLAM) (black) and IFNoa2(KRLAM) (red).
(B) Overlay of 2D NOESY spectra in D,O of IFNAR2(IVLTMAK)—
IFNo2(HFWY) (black) and IFNAR2(IVLTMAK) (red). Red cross-
peaks originate from intramolecular interactions. Arrows indicate
minute changes in the positions of the intramolecular cross-peaks
between the spectra of the free molecule and the complex. Black
cross-peaks not overlaid with red cross-peaks and not marked by
arrows originate from intermolecular interactions and are labeled
according to the assignment of the aliphatic proton. Vertical lines
indicate spin systems of cross-peaks originating from the same
aromatic proton and are labeled according to the assignment of
the specific proton. Light blue boxes indicate cross peaks that
appeared after the urea-induced partial denaturation.

intramolecular interactions. Surprisingly, several cross-peaks in
the aromatic—aliphatic region were observed (Figure 1). As one
can see from the overlay of 2D NOESY spectra of the IFNAR2-
(HFW)—IFNa2(KRLAM) complex and free IFNa2(KRLAM)
(Figure 1A), two spin systems that appear in the aromatic—
aliphatic region of both spectra obviously result from intramo-
lecular NOEs of IFNa2 and not intermolecular NOEs between
IFNa2 and IFNAR?2. These spin systems have a distinct narrow
line width in comparison to those of other, much broader peaks
in the same spectral region. This might indicate that these NOE
peaks result from isolated 'H spins not surrounded by protons of
the same residue. We postulate that while the majority of protein
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molecules in the IFNo2(KRLAM) sample were labeled with 'H
only as designed (i.e., only in aliphatic amino acids), a small
percentage of 'H labels were randomly incorporated in all amino
acid types. This might be due to the incomplete *H labeling of
the commercially available expression medium (97% instead of
100%). In a highly deuterated environment, even a small amount
of protons will give an observable signal, simply because their
transverse relaxation times are much longer and the magnitude of
the ensuing signal is considerably larger because of its narrow line
width. A second possibility is scrambling resulting from the
unlabeled aliphatic amino acids that were added to the growth
medium.

Following the replacement of the slowly exchanging amide
protons with deuterium using urea-induced partial denaturation,
several new spin systems appeared in the 2D NOESY spectra of
the urea-treated samples (marked by light blue boxes in Figure 1).
A possible explanation for these cross-peaks is a minor chemical
modification as a consequence of the urea-induced unfolding, for
example, a carbamylation of lysine residues by the cyanate ion
resulting from urea decomposition. Since the "N HSQC spectra
of the IFNa2—IFNAR?2 complex refolded in H,O (see Experi-
mental Procedures) remained the same before and after the urea
treatment as have the other cross-peaks in the 2D NOESY spectra,
this modification did not interfere to any significant extent with the
structure of the complex and the binding of the two proteins.

The few spin systems that remain in the aromatic—aliphatic
region of the 2D NOESY spectra of the asymmetrically labeled
samples after elimination of the intramolecular NOEs and the
cross-peaks resulting from the urea-induced modification are the
intermolecular NOEs between aromatic protons of IFNa2 and
aliphatic protons of IFNAR2 and vice versa. Using these NOE
cross-peaks as distance restraints requires the identification of the
specific protons involved in the interaction, i.e., obtaining side
chain proton assignments of the [IFNAR2—IFNa2 complex. The
side chain and backbone assignment of the IFNAR2—IFNa2
complex will be discussed in the following sections.

Backbone Assignment of IFNAR2 in Complex with
IFNa2. The side chain proton assignment process is not trivial
for a complex of 44 kDa and is further complicated by the low
concentration and high pH at which the complex is stable. While
backbone assignment for proteins this size is usually obtained
with perdeuterated samples, we used nondeuterated samples by
applying several basic principles from the assignment method
recently developed by Yang and co-workers for fully protonated
large proteins (55).

The assignment process began with the use of the 3D TROSY-
HNCA and 3D TROSY-HN(CO)CA spectra to find candidates
to be HN(i — 1) by matching the inter-residual Coa chemical shift
of HN(/) to intraresidue Ca chemical shifts of other amide pairs.
Since the "*C chemical shifts of the Ca atoms suffer from low dis-
persion, there are likely to be several such candidates. This
problem is resolved by using the 3D '“N-edited NOESY spec-
trum. Interproton distance statistics indicate that amides 7 and
j are more likely to have a sequential relationship when amide
ishares a larger number of common NOEs with amide j than with
other amides. The probability that two nonadjacent amides share
the largest number of common NOEs, and have matching Ca
chemical shifts in their HNCA correlations, is very low (55).
Following this observation, an NOE score is calculated for each
of the candidates by comparing their 3D '"N-edited NOESY strips
with that of HN(/) and summing up the number of NOE cross-
peaks that have the same 'H chemical shifts within a specified
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FIGURE 2: "H—""N strips from 3D '"N-edited NOESY spectra of
free and bound IFNAR?2 and free and bound IFNa2. NOESY strips
of B2W 100 and **K 133 for which the side chain assignment was based
on the side chain assignment of free IFNAR?2 and free IFNa2. Bound
r2 and free r2 stand for bound and free IFNAR2, respectively, while
bound a2 and free a2 stand for bound and free IFNo2, respectively.
The strips are marked with the chemical shift of the amide nitrogen.

tolerance. The candidate with the highest NOE score is consid-
ered to be HN(i — 1).

By using the strategy outlined above, we confirmed the
previously achieved 85% of backbone amide assignment for
IFNAR? in complex with IFNo2 (/9) and added the assign-
ment of 87% of the Ca resonances (of the fully protonated bound
IFNAR?2).

Side Chain Assignment of IFNARZ2 in the IFNAR2—
IFNo2 Complex Using > N-Edited NOESY. Side chain
proton assignment relied on the '’N-edited NOESY spectrum
of the complex and its similarity to the same spectrum measured
for free IFNAR2 (Figure 2).

For residues not found in the binding site for IFNa2, it is quite
simple to transfer 'H assignments from free to bound IFNAR2.
As for residues that are part of the binding surface, a transfer of
assignment is also possible for a number of reasons. First, Ha.and
Hp protons do not change their chemical shift significantly since
the interactions in the binding site usually involve side chain
protons other than the a- and -protons. Second, since these resi-
dues are mainly situated in loops (19), the number of intramole-
cular nonsequential inter-residual cross-peaks in their "N NOESY
strips is very small. Third, not many intermolecular NOEs origin-
ating from amides of IFNAR2 are expected to appear in the
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spectrum since those are usually located farther from the binding
interface which is created primarily by side chains. Therefore,
most NOESY strips of interface amides consist of intraresidual
NOEs and sequential inter-residual NOEs that did not signifi-
cantly change their chemical shift upon binding, making the
assignment transfer fairly easy as one can see in Figure 2 for
IFNAR?2 residue W100 which is located in the binding interface.
In summary, more than 50% of the side chain protons were
assigned for 87% of the residues in bound IFNAR?2 using the
method outlined above. Only 10% of residues in bound [IFNAR2
do not have any side chain 'H assignment.

Side Chain Assignment for Methyl-Containing Residues
of IFNAR2 in the IFNAR2— IFNo2 Complex. MQ-(H)CC,H,,,
TOCSY, MQ-(H)CCH TOCSY, and H(C)C,,H,, TOCSY (71)
experiments were used to assign side chain '*C and 'H resonances
in methyl-containing residues of IFNAR2 in complex with
IFNa2. MQ-(H)CC,H,, TOCSY and H(C)C,H,, TOCSY
experiments correlate chemical shifts of methyl carbons and
protons with chemical shifts of all side chain carbons or protons
in the same residue. Hence, side chain assignment of methyl-
containing residues is possible if assignments for the methyl
protons and carbons are available, i.c., the CT BC HSQC spec-
trum of the methyl region is assigned. Comparison of the CT "*C
HSQC spectrum of free [*C,"*NJIFNAR2 with that of [*C,'*N]-
IFNAR?2 bound to unlabeled IFNa2 showed that ~85% of the
methyl group cross-peaks did not change their chemical shift
upon [FNo2 binding to any significant extent (Figure 3A). Cross-
peaks showing considerable chemical shift changes originated
from methyl groups of residues previously identified as situated
in the binding site (19). Consequently, many resonance assign-
ments could be transferred from the methyl groups of free
IFNAR?2 to the methyl groups of bound IFNAR?2. For methyl
groups located at the binding interface, it was in most cases
possible to identify the shifted peaks in the CT *C HSQC spec-
trum of bound IFNAR?2 (Figure 3A). All assignments were
validated by verifying that the corresponding MQ-(H)CC,,H,,
TOCSY strip showed the appropriate spin system type pattern
and the Co chemical shift matched the one found from the HNCA
spectrum (see Backbone Assignment of [IFNAR?2 in Complex with
IFNa?2). Furthermore, for Ile, Leu, and Val residues, a match was
confirmed between the strips originating from each of the two
methyl groups.

Once methyl protons were identified, the other carbon or
proton resonances of the spin system could be assigned using the
MQ-(H)CC,,H,, TOCSY and H(C)C,H,, TOCSY spectra
(Figure 3B). The assignment was facilitated by the MQ-(H)CCH
TOCSY spectrum in cases of weak signals in the MQ-(H)CC,,H,,,
TOCSY spectrum. The non-CT MQ-(H)CCH TOCSY experi-
ment has a lower resolution than the CT MQ-(H)CC,H,,
TOCSY experiment; however, the former is significantly
more sensitive (7/). This difference in sensitivity is especially
pronounced for leucine residues with strong scalar coupling
interactions which give rise to a low S/N in the MQ-(H)CC,H,,
TOCSY spectrum because their '*C magnetization cannot be
refocused completely during the CT period (77). Assignment of
side chain carbons was achieved for more than 90% of the
methyl-containing residues.

Side chain protons were assigned using the H(C)C,H,, TOCSY
spectrum and were in agreement with the assignments based on
N-edited NOESY spectra for all methyl-containing residues for
which they were available. In most cases, we were able to complete
the side chain proton assignment of methyl-containing residues.
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FIGURE 3: Side chain assignment of methyl-containing residues of bound IFNAR2. (A) Overlay of CT '3C HSQC spectra of free IFNAR2 (black)
and IFNAR2 bound to unlabeled IFNo2 (red). (B) MQ-(H)CC,H,,, TOCSY strips of IFNAR?2 in complex with IFNa2. Representative strips of
five methyl-containing residues (Ile, Val, Thr, Ala, and Leu) are shown. The strips are marked with the chemical shift of the methyl carbon.

Side Chain Assignment of IFNo2 in the IFNAR2—
IFNa2 Complex. Backbone assignment of bound IFNa2
was accomplished previously in our group using uniform '*C,
N, and “H labeling and TROSY multidimensional NMR
spectra (26).

Side chain proton assignment of bound IFNa2 was achieved
via comparison of '*N-edited NOESY strips of free IFNo2 to
those of bound IFNa2 in a manner similar to that described for
bound IFNAR?2 (Figure 2). This comparison resulted in > 50%
proton side chain assignment for 80% of bound IFNa2 residues
despite the fact that the spectra of the free and bound forms were
not measured under the same pH conditions. The NMR spectra
were measured under different conditions since free IFNa?2 is
stable at an acidic pH of 3.5 and the IFNAR2—IFNa2 complex is
stable at a slightly basic pH of 8.0. Therefore, the amide reson-
ances, which are strongly influenced by pH, radically change their
positions, and the "N HSQC spectra of free and bound IFNa2
are very different. However, aliphatic protons are not greatly
influenced by changes in the solution pH, making it possible to
compare their positions under different pH conditions. Since the
amide backbone assignment for both free and bound IFNa?2 is
available from previous studies (15, 26), strips of the '*N-edited
NOESY spectrum of each form of IFNa2 were prepared accord-
ing to their individual HN sequential assignment, and the chemi-
cal shifts of the aliphatic protons in each HN strip were compared
between free and bound IFNo2.

Assignment of Intermolecular NOEs between IFNAR2
and IFNa2. Assignment of the cross-peaks in the 2D NOESY
spectra of the asymmetrically labeled samples (Figure 1) was
enabled by the proton side chain assignment of the IFNa2—
IFNAR2 complex described above and greatly facilitated by the
docking model of the complex previously calculated by Quadt-
Akabayov et al. (26).

For the 2D NOESY spectrum of IFNAR2(IVLTMAK)—
IFNa2(HFWY) (Figure 1B), the assignment was quite straight-
forward since there are cross-peaks of only two aromatic pro-
tons in this spectrum and both interact with the same aliphatic

protons. These two aromatic protons give NOEs to each other,
indicating that they belong to the same aromatic residue. The
aromatic residue was identified as **F27 in IFNo2 on the basis of
the cross-peaks with Hf and Ha protons for which sequential
assignment has been obtained. The aliphatic protons were
assigned to the methyl protons of ®?V80, ®*v82, ®°L32, and
R2T44 in IFNAR?2 according to their chemical shifts.

Assignment of the intermolecular NOEs in the 2D NOESY
spectrum of IFNAR2(HFW)—IFNa2(KRLAM) (Figure 1A)
was more complicated because of incomplete side chain assign-
ment for aromatic residues of IFNAR2 and aliphatic residues of
IFNo2. Another asymmetrically labeled sample was prepared to
assist the assignment process. This sample contained deuterated
IFNo2 reverse-labeled with protonated leucine residues bound to
deuterated IFNAR?2 reverse-labeled with protonated tryptophan
and histidine residues [IFNAR2(WH)—IFNo2(L)]. Figure 4
shows an overlay of the 2D NOESY spectra of IFNAR2-
(HFW)—IFNo2(KRLAM) (black) and IFNAR2(WH)—IFNa2-
(L) (red). All but two cross-peaks in the aromatic—aliphatic
region of the IFNAR2(HFW)—IFNa2(KRLAM) spectrum could
be superimposed with cross-peaks in the IFNAR2(WH)—IFNa2-
(L) spectrum (Figure 4). The cross-peaks appearing in both
spectra represent NOEs that originate from *?W—L and/or
R2H—*%L interactions, and cross-peaks appearing only in the
IFNAR2(HFW)—IFNa2(KRLAM) spectrum represent NOEs
involving either phenylalanine, lysine, arginine, alanine, or methi-
onine residues.

According to the previous IFNo2—IFNAR2 docking model,
the best candidates for the interactions between IFNAR?2 trypto-
phan and/or histidine residue and IFN-02 leucine residues (**WR*-
H-"’L) are ®*W100 and ®*H76 in IFNAR2 and *°L15 and
2,153 in IFNa2. Four spin systems of the six common to both
the IFNAR2(HFW)—IFNo2(KRLAM) and IFNAR2(WH)—
IFNa2(L) spectra were assigned to the aromatic protons of
R2W100 by matching the Ho,, HB, and HO chemical shifts to the
previously obtained proton side chain assignments of bound
IFNAR2. All of these interact with a single leucine residue which
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can be seen in the spectrum (Figure 1A). However, it was
impossible to identify which Leu residue it is, since neither
“L15 nor “*L153 was assigned. Two of the remaining **W—"L
and/or ®H—"L interactions were assigned to “*H76 by the
elimination since ®*H76 also lacks assignment. To decide which
aromatic residue (**H76 or ®*W100) interacts with which Leu
residue (“*L15 or “*L153), two docking models of the IFNa2—
IFNAR?2 complex (see the next section) were calculated using
HADDOCK (81): one with distance restraints between “*W100
and “’L15 and between "?H76 and “*L153 and the other with
distance restraints between **W100 and “*L153 and between
R2H76 and **L15. A comparison between the two models revealed
that the ®*W100—*’L15 and ®*H76—"°L153 configuration of
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FIGURE 4: Assignment of intermolecular interactions involving IF-
NAR?2 histidine residues. Overlay of 2D NOESY spectra in D,O of
IFNAR2(HFW)—IFNo2(KRLAM) and IFNAR2(WH)—IFNo2-
(L) (red). Black boxes indicate cross-peaks that do not originate from
an NOE between aromatic protons of Trp or His and aliphatic
protons of Leu and are labeled according to the assignment of the
aliphatic proton. Vertical lines indicate spin systems of cross-peaks
originating from the same aromatic proton and are labeled according
to the assignment of the specific proton.
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interactions is much more energetically favorable (intermolecular
energy of —379.29 kcal/mol compared to —136.49 kcal/mol for the
second option). Furthermore, when these docking models were
analyzed, it was quite clear that **H76 interacts both with **L153
and with ®’L15 using one of its two aromatic protons for each
respective interaction (ie., HO interacts with “*L153 and He
interacts with **L15) (Figures 4 and 5B). This observation was
also found to be supported by the spectrum (Figure 1A).

On the basis of the new docking model which included all the
interactions assigned so far, we were able to identify the two
remaining intermolecular NOE cross-peaks in the IFNAR?2-
(HFW)—IFNa2(KRLAM) spectrum which were not derived
from an ®*W—"L or ®*H—"’L interaction (Figure 4). One of
these is assigned to the interaction between He of ®*H76 and Hy
of ®>R12 on the basis of the model and ambiguous proton
chemical shift assignment from the '*N-edited NOESY spectrum.
According to the docking model, the only possible interaction
which could give rise to the last unassigned cross-peak in the
IFNAR2(HFW)—IFNa2(KRLAM) spectrum is between He of
R2H187 and HO of “*R12 and hence was assigned as such
(Figure 4).

Stereospecific assignment of the cross-peaks originating from
the methyl groups of Leu and Val residues was obtained from the
docking model containing the ambiguous restraints via assign-
ment of the stronger NOE cross-peaks to the proton pairs
situated closer to each other.

Docking Model of the IFNAR2—IFNa2 Complex. A
docking model of the IFNa2—IFNAR2 complex was calculated
previously by our group on the basis of the NMR mapping of the
binding sites on both proteins, double mutant cycle restraints,
and a single intermolecular NOE (26). Here, our goal was to use
the 24 intermolecular NOEs found in this study to improve the
existing model on the basis of a much larger number of inter-
molecular NOE interactions. A reliable model of a complex can
be calculated on the basis of the structures of its free components,
provided that these do not undergo major structural changes as a
result of binding. Both IFNAR?2 and IFNo2 satisfy this condi-
tion since their global and secondary structures are maintained
upon binding and any conformational changes that do occur are
restricted to the binding site region (19, 26).

FIGURE 5: Docking model of the IFNAR2—IFNa2 complex based on intermolecular NOEs. (A) Ensemble of the 10 best structures from the
hi%hest-ranking cluster in the calculation. IFNAR?2 is colored orange and IFNa2 green. The flexible N-terminal (*?*S1—R2C12) and C-terminal
(®?P204—R28212) residues of IFNAR?2 were removed for the presentation. (B) Stereo representation of an interface close-up of the docking model
of the IFNAR2—IFNa2 complex. Residues involved in the intermolecular NOEs or DMC interactions and used in the docking are depicted as

sticks. IFNAR-EC is colored orange and IFNo2 green.
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Table 1: Intermolecular Restraints Used in the Docking Procedure”

AIR IFNAR2
active

passive

flexible segments
IFNo2
active

passive

flexible segments
IFNo2
D35 OD*
R144 HG* or HD*
R149 HN*
S152 0G
IFNa2
D35 HN
F27 HZ, HE*, or HD*
F27 HZ, HE*, or HD*
F27 HZ, HE*, or HD*
F27 HZ, HE*, or HD*
L15 HD*
LI153 HD*
L15 HD*
RI2 HG*
RI12 HD*

DMC

NOE

M46, S47, K48, P49, E50, D51, L52, K53, V54, S74, H76, E77, V80, V82, C95, S96,
H97, N98, W100, 1103, D104

S11, T13, K15, L42, T44, V55, R73, L83, E84, G85, S94, M105, L135, Q136, D138,
L139, L141, L185, H187, S188, D189, Q191

9—17,40-57, 71-87, 92—107, 133—143, 183—193

L26, F27, S28, C29, L30, K31, R33, H34, D35, F36, G37, F38, W140, A145, M 148,
R149, S152, L153
R12, M16, A19, R22, 124, S25, Q40, E41, A118, K121, R125, L128, E132, K133, S136,
P137, C138, N156, E159, S160
10—43, 116—162
IFNAR2
K48 NZ
M46 HG* or HE*
E77 OE*
H76 NEI or NE2
IFNAR2
K48, all nonlabile side chain protons
V80 HG*
L52 HD*
V82 HG*
T44 HG2*
W 100, all aromatic protons
H76 HD2
H76 HEI
H76 HEI
HI87 HEI

“Intermolecular NOEs used in the previous model are in regular font, and the NOEs added in the current model are in italics.

Inssilico docking of IFNAR2 and IFNo2 was performed using
HADDOCK which allows the input of experimental restraints to
drive the docking calculation (87). The 21 active and 22 passive
residues in IFNAR2 (Table 1) as well as the 18 active and 20
passive residues in IFNa2 (Table 1) were selected on the basis of
the strategy outlined by Dominguez et al. (87) from the previous
NMR mapping of the binding sites (19, 26). The experimental
intermolecular distance restraints employed in the calculation
include all the restraints used in the previous model (26), with the
addition of all the intermolecular NOEs found in this study
(Table 1). A total of 1000 structures were calculated in the rigid
body minimization. Semiflexible simulated annealing followed
by refinement in explicit water was performed for the 200 best
solutions based on the HADDOCK score (weighted sum of all
the energy terms and the buried surface area). Violation analysis
of the final 200 structures showed that all the NOE—DMC
distance restraints were maintained for 99.5% of the structures.
Solutions were clustered using a 7.5 A interface rmsd cutoff; 197
of 200 structures were included in the seven clusters found.
Cluster analysis was performed on the four best structures in each
cluster to remove the dependency of cluster averages upon their
size. The cluster with the lowest average HADDOCK score was
considered to be the best solution. The rmsd of the ensemble of
the 10 best structures of the best cluster is 0.8 & 0.1 A for the
backbone atoms and 1.1 & 0.1 A for all heavy atoms (Figure 5A).
The average intermolecular energy of this ensemble is =391 + 45
keal/mol, and the average buried surface area is 3060 £ 129 A*
(Table 2). A close-up view of the binding interface shows the side
chain orientation of all residues involved in the NOE—DMC
distance restraints used in the docking calculation of the current
model (Figure 5B).

As shown in Figures 6 and 7 and in Table 3, the area of the
binding sites on IFNa2 and IFNAR?2 has increased by ~2-fold,
compared to the previous two models [Chill et al. (/8) and

Quadt-Akabayov et al. (26)]. Most importantly, this study
reveals that the binding site on each protein is composed of
two major parts, each contributing roughly half of the binding
surface area. The upper section of the binding site in the two
proteins which was revealed in previous studies (18, 26) consists
of a striated motif of matching hydrophobic patches flanked by
two stripes of polar residues arranged in an alternating charge
pattern creating complementary electrostatic interactions. The
lower section of the binding site, revealed in this study, consists
almost exclusively of an electrostatically complementary mosaic
pattern of charged and polar residues. The upper section of the
binding site incorporates residues from helices A and E and the
A—B loop of IFNa2 and from the S3—S4 and S5—S6 loops, the
interdomain loop (S7—S8), and small parts of the S3 and S6
strands of IFNAR?2 (Figures 6 and 7). The lower section of the
interface consists of the N-terminus and beginning of helix A as
well as the C-terminus of IFNo2 and residues from several loops
(S9—S10, S11—-S12, and S13—S14) from the C domain of IFNAR2
(Figures 6 and 7).

Most of the charged or polar residues situated in the binding
interface participate in hydrogen bonds or salt bridges with
residues from the other protein. Eleven intermolecular salt
bridges and 12 hydrogen bonds are formed between IFNAR2
and IFNa2 in at least five of the 10 structures in the ensemble
(Table 4).

DISCUSSION

Determination of Intermolecular NOEs between IF-
NAR2 and IFNo2 in the Complex. The main focus in
structural studies of protein complexes is the intermolecular
interactions that are formed when the two molecules bind each
other. Heteronuclear experiments used to detect intermolecular
interactions suffer from a poor signal-to-noise ratio when applied
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Table 2: Docking and Structural Statistics for the 10 Best IFNAR2—IFNa2 Model Structures”

ensemble representative structure
docking statistics

HADDOCK score —135+9 —133
E. 4y (kcal/mol) =94+ 10 -9%4
Eee (kcal/mol) —552 + 46 —529
Eier (kcal/mol) —391 £ 45 -375
Earr (kcal/mol) 254+ 16 248
BSA (Az) 3060 &+ 129 2949
rmsd from lowest-energy structure (A) 0.69 £0.25 0.64
cluster size 60 -
no. of AIR violations >0.3 A 8+ 1 8

no. of NOE or DMC violations >0.3 A 0 0

structural statistics
rmsd for backbone (heavy atoms) (A)
rmsd for all atoms at interface (A)
rmsd for backbone (heavy atoms) from free IFNAR-EC (A)
rmsd for backbone (heavy atoms) from free IFNa2 (A)
deviations from idealized geometry
rmsd for bond angles (deg)
rmsd for bond lengths (A)
Ramachandran analysis
residues in most favored regions (%)
residues in additionally allowed regions (%)
residues in generously allowed regions (%)
residues in disallowed regions (%)

0.76 £ 0.1 (1.08 £ 0.08) -
1.49+£0.1 -

0.99 £ 0.04 (1.42 £ 0.04) 0.95 (1.41)
0.73 £ 0.08 (1.15 £ 0.06) 0.66 (1.09)
0.6 0.6

0.004 0.004

79.1 78.1

19.4 20.3

0.6 0.9

0.9 0.7

“Structure validation parameters were calculated using PSVS [Protein Structure Validation Software suite (102)].
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FIGURE 6: Summary of binding site residues in the current and previous docking models of the IFNAR2—IFNa2 complex. (A) IFNo2 residues
and (B) IFNAR?2 residues situated in the binding site of the current model are highlighted in yellow. Interface residues correspond to a minimal set
determined by PISA (86), CMA (87),and MOLMOL (88) with an intermolecular distance criterion of <4 A and are shown if present in at least five
of the 10 structures in the ensemble. Residues in the interface of the Quadt-Akabayov et al. model (26) are marked with magenta boxes, while
residues in the interface of the Chill et al. model (/8) are marked with blue boxes. Asterisks mark the beginning and end of the IFNa2 and IFNAR?2
sequences present in the Chill et al. model (/8). Secondary structure elements (helices or sheets) are shown in graphic representation marked with

their names.

to large protein complexes. However, homonuclear 2D NOESY
spectra retain considerable sensitivity even for large protein
complexes. Difference spectra along with specific deuteration
of proteins can be used to simplify the crowded and unresolved
2D spectra and obtain information about intermolecular inter-
actions even for large protein complexes (> 50 kDa). These dif-
ference spectra, with the aim of obtaining structural information

about the binding interface, are usually very well resolved
(90, 94—96) despite the size of the proteins; however, they suffer
from subtraction artifacts as a result of measurements taken with
two different samples.

In this study, a novel approach for the observation of inter-
molecular side chain—side chain NOE interactions in large
protein complexes has been applied. This method is based on
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FI1GUurE 7: Open book representation of the IFNAR2—IFNo2 complex and the observed NOE interactions. IFNAR2 (left) and IFNa2 (right)
are presented in space-filling mode. Colored residues were found to be part of the binding interface in the current model according to the analysis
depicted in Figure 6. Residues are colored light green for aliphatic, dark green for aromatic, red for negatively charged, blue for positively charged,
cyan for Asn and Gln, indigo for His, and orange for Ser and Thr. Residues marked with dots were determined by mutagenesis studies to be
important for binding. Residues giving rise to the observed intermolecular NOEs used in the docking calculation are connected with black lines.
Yellow contour lines include residues added to the binding interface in this study.

Table 3: Comparison between the Structural Statistics of the Different Models of the IFNAR2—IFNa2 Complex

Quadt-Akabayov et al. Chill et al. current
model (26) model (18) model”
no. of IFNAR?2 residues in the interface 15 24 36
no. of IFNa2 residues in the interface 13 14 35
buried surface area on IFNAR2 (Az) 740 800 1556
buried surface area on IFNa2 (Az) 801 650 1611
no. of intermolecular hydrogen bonds 4 2 12
no. of intermolecular salt bridges 8 6 11

“The number of residues in the interface was determined as described in the legend of Figure 7. The number of salt bridges and hydrogen bonds was
determined as described in Table 4. The buried surface area was calculated using PISA [protein interfaces, surfaces, and assembly service of the European
Bioinformatics Institute, authored by E. Krissinel and K. Henrick (86)] for the representative structure of the ensemble.

asymmetric reverse-protonation of the complex components and
exploits the sensitivity of 2D homonuclear NOESY experiments.

A major limitation in using the 2D approaches mentioned
above for studying intermolecular interactions is the assignment
of the observed intermolecular interactions to the corresponding
protons in the complex constituents. In the past, the assignment
had to rely on modeling the complex structure and the availability
of biochemical data on the binding interface combined with
specific amino acid labeling. In this study, we demonstrate that
the analysis of the intermolecular interactions can be considerably
aided by the sequential and side chain assignment procedures
recently developed by Yang and co-workers (55, 56). Never-
theless, the assignment of some intermolecular interactions still
had to rely on preliminary models and labeling schemes.

As demonstrated in this study, the section of the NOESY
spectrum showing interactions between aromatic protons and
aliphatic protons with resonances upfield of 2.5 ppm can be
simplified to show almost exclusively cross-peaks due to inter-
molecular interactions. Despite the simplification of the spectra,
some contributions from amide protons that resisted exchange

with D,O have been observed. In addition, some cross-peaks due
to less than 100% deuteration of the commercial growth medium
and/or scrambling have been observed. Most of these contribu-
tions can be identified via measurement of the NOESY spectra of
the free proteins.

In summary, 24 new intermolecular NOEs were identified
using the reverse-labeling method developed in this study. These
NOEs were introduced as distance restraints into a docking
calculation of the IFNAR2—IFNa2 complex which yielded a
considerably improved model revealing new information about
the structure of the binding interface.

Comparison with Previously Calculated Docking Mod-
els of the IFNAR2—IFNa.2 Complex. Inclusion of a much
larger number of intermolecular NOEs substantially improved
the quality of the model for the IFNAR2—IFNo2 complex and
increased the surface of the binding site by approximately 2-fold
for both molecules compared with those in previous models
(Table 3). The high quality of the new model is also evident from
the substantial increase in the number of possible hydrogen
bonds and salt bridges in comparison to the numbers in the
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Table 4: Intermolecular Salt Bridges and Hydrogen Bonds Formed in the
Docking Model of the IFNAR2—IFNa2 Complex*

IFNo2 IFNAR2
residue atom residue atom
hydrogen bonds To (6] K48 Nz
R12 NH2 D138 OD2
R12 NHI1 H187 (6]
R13 NH2 S188 (6]
R22 NHI1 N98 ODI1
D35 ODl1 K48 NZ
E146 OEl S47 oG
El46 OE2 K48 NZ
R149 NE E77 OE2
N156 OD1 Q136 NE2
R162 NHI1 D70 ODI1
R162 NHI1 D70 ODI1
salt bridges R12 NHI D138 OD2
R12 NH2 D138 OoD2
R33 NHI E50 OEl
D35 ODI1 K48 NZ
E146 OEl K48 NZ
El146 OE2 K48 NZ
R149 NE E77 OE2
R149 NH2 E77 OE2
E159 OEl H76 NE2
R162 NHI1 D70 OD1
R162 NH2 D70 ODl1

“Intermolecular contacts were calculated using PISA [protein interfaces,
surfaces, and assembly service at the European Bioinformatics Institute,
authored by E. Krissinel and K. Henrick (86)] and are reported if present in
at least five of the 10 structures in the ensemble.

models of Chill et al. and Quadt-Akabayov et al. (Table 3)
(18, 26). Our study reveals a second large surface in the binding site
of the two molecules that is made of a mosaic of positively and
negatively charged residues as well as some polar residues. The
contribution of hydrophobic residues to this section is very minor.

The NOE constraints used in the docking are well-dispersed
over the entire binding surface, connecting most of the various
determinants situated in the binding site [A helix, A—B loop, and
E helix in IFNo2 as well as S3—S4, S5—S6, S7—S8, and S13—S14
loops in IFNAR2 (see Figures 6 and 7 and Figure 2S of the
Supporting Information)]. The N-terminus and A helix of IFNo2
were not found to be a part of the binding site in the NMR map-
ping done by Quadt-Akabayov et al. since cross-peaks belonging
to the amide pairs of these residues were missing in the cross-
saturation "N HSQC spectrum of bound IFNa2 (26). These
cross-peaks were not observed because of the low sample con-
centration and a further 10-fold reduction in the amide cross-
peak intensity caused by the use of a 10% H,0/90% D-O solu-
tion required to prevent spin diffusion (26). The four DMC
restraints and the single NOE used in the calculation of the
Quadt-Akabayov et al. docking model connected only a subset of
regions found to be involved in binding by previous mutagenesis
and NMR studies (22, 23, 25) (Table 1). This subset also did not
include the A helix of IFNa2. All of the above resulted in exclu-
sion of the A helix of IFNa2 from the interface and a 30° dif-
ference in the orientation of IFNAR?2 relative to [FNa2 in com-
parison with the new model (Figure 8). Chill et al. used the same
four DMC restraints in the docking of their model that were used
by Quadt-Akabayov et al. However, because of the lack of exper-
imental data, no emphasis on a binding interface that excludes
the A helix was imposed in the calculation (I8), resulting in
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FIGURE 8: New and previous docking models of the IFNAR2—
IFNa2 complex, with a change in the orientation of IFNAR?2 relative
to IFNa2. Representative structures of our model (IFNa2 colored
green and IFNAR?2 orange), the model of Quadt-Akabayov etal. (26)
(dark gray), and the model of Chill et al. (18) (light §ray) are aligned
with respect to IFNo2. The flexible N-terminal (2?S1—R?C12) and
C-terminal residues (*?P204— R?S212) of IFNAR2 were removed
from the new model and that of Quadt-Akabayov et al. (26).

incorporation of the A helix in the interface and orientation of
IFNAR? relative to IFNa2 much closer to that found in this
study (Figures 6 and 8). The input data for the docking model
presented in this study consisted of the same binding site mapping
and distance restraints used for the calculation of the Quadt-
Akabayov et al. model with the addition of the 24 new NOEs
found in this work. Therefore, in view of the limitations of bind-
ing site mapping techniques, we can conclude that the incorpora-
tion of a high number of experimental intermolecular distance
constraints well dispersed over most of the binding site surface is
essential for the calculation of a docking model which reveals the
entire binding interface and the correct orientation of complex
components.

An attempt was made to incorporate residual dipolar couplings
(RDCs) in the structure calculation. Several alignment media
were tested for the measurement of RDCs of the IFNAR2—/
IFNa2 complex, and most of these were found not to be suitable.
The sample was stable in a polyacrylamide gel doped with
negative charges (97); however, the relevant spectra exhibited a
low S/N, which allowed us to obtain only a small number of
RDCs. Most of these RDCs were for residues situated in flexible
regions making their contribution to structure calculation very
limited (98).

Structural analysis of the models of Chill et al. and Quadt-
Akabayov et al. shows that the regions of IFNa2 and IFNAR2
added to the binding surface were not far apart in the previous
models. Inclusion of a high number of intermolecular NOEs in
the new model brings the two proteins much closer together,
revealing the participation of the regions described above in the
binding interface.
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The significant increase in the binding area on IFNa2 is mostly
attributed to the addition of the N-terminus, A helix, and part of
the C-terminus (Figures 6 and 7). While the A helix is connected
with IFNAR2 by 12 intermolecular NOEs (Table 1 and Figure 7)
(PL15-**W100, “L15—-R°H76, *R12—-R’H76, and “RI12—
R2H187), NOEs involving the N-terminal and C-terminal resi-
dues of IFNa2 (**Q5, **T6, “*H7, **L9, “*E159, “*L161, *R162,
*25163, and **K 164) were not detected since mostly these inter-
actions do not involve aromatic—aliphatic proton interactions.
Six of these nine residues were not found to participate in [IFNAR2
binding by the NMR cross-saturation studies because of the lack
of information: the HN resonances of four are unassigned (“*T6,
“H7,*°L9, and **S163) and the HN cross-peaks of the remaining
two (**Q5 and **L161) were missing from the cross-saturation '°N
HSQC spectrum of the bound IFNo2 because of their low
intensity as mentioned in the previous paragraphs (26). The
remaining three residues (**E159, **R162, and **K164) did not
show a significant decrease in their HN cross-peak intensity upon
IFNAR?2 binding. However, residues from the C-terminus of
IFNo2 (**R162 and “*E165) were found to be part of the binding
site in the Quadt-Akabayov et al. docking model (Figure 6), while
residues “’E159 and **L161 are situated less than 8 A from
IFNAR2. Residues 5—9 from the C-terminal tail of [FNo2 are less
than 14 A from IFNAR?2 because of the more distant position of
the N-terminal part of IFNo2 from IFNAR2 in the Quadt-
Akabayov et al. model (26). In the Chill et al. model, the entire
C-terminal tail of IFNa2 (residues 157—165) was excluded from
the calculation because of difficulties in docking such a flexible
segment (Figure 6) (18). Residues **T6, “*H7, and “*L9 as well as
residue “Q5 from the N-terminal tail of [FNa2 are situated less
than 5 and 8 A from IFNAR?2, respectively, in the Chill et al.
model (18). It is important to point out that the N-terminal tail of
IFNo2 features a disulfide bond connecting the first N-terminal
cysteine with another cysteine in the C-helix (C98). As a result of
the formation of this covalent bond, the mobility of the N-terminus
of IFNa2 is restricted as manifested by a positive H—N NOE in
the range of 0.4—0.6 in comparison with the negative NOEs
measured for the flexible C-terminus (15). Moreover, three
residues in the N-terminus of IFNa2 (“ZCI, “213, and 0L2L9) are
absolutely conserved among 35 IFNa species (/5), suggesting the
possible involvement of the latter two in IFNAR2 or IFNARI
binding.

The binding site on IFNAR?2 has grown compared to those of
the previous models mostly because of the addition of charged or
polar residues from the C domain of the protein. One inter-
molecular NOE connects the S13—S14 loop of the C domain of
IFNAR2 with IFNa2 (“*R12—R?H187), confirming the partici-
pation of this domain in the binding interface (Table | and
Figure 7). Residue **L139 displays a change in the chemical shift
of one of its methyl groups as seen in Figure 3, placing it and
its direct neighbors (*?S140 and ®?D138) in the binding site.
However, all the other residues in the C domain of IFNAR2
revealed by the new model as a part of the interface (V*E132—
R2Q136 and ®*K 159) are not connected by NOEs to IFNo2 and
do not show any change in the position of their HN cross-peaks
upon IFNa2 binding (79). Several of these residues have been
suggested by mutagenesis studies to be involved in IFNa2
binding (24) as will be elaborated in the following section. In
the Quadt-Akabayov et al. model, residues 138—140, 159, 186,
and 187 from the C domain of IFNAR?2 were found to be part
of the interface (Figure 6) while residues 132—137 are situated
less than 8 A from IFNoa2 (26). Analysis of the intermolecular
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distances in the Chill et al. model (/8) shows that residues
136—140, 159, and 186—189 are situated less than 4.5 A from
the interfacial residues of IFNo2. In addition, a significant
attenuation of the signal was observed in the HN cross-peaks
of residues in the S13—S14 loop of the C domain of IFNAR2
(residues 187—198) upon IFNa2 binding.

In summary, the new model adds to the binding surface
residues from both IFNAR?2 and IFNa2 which were not shown
by previous NMR mapping studies to be affected by binding.
Previous mapping of the binding sites was performed by exam-
ination of changes in the position or intensity of the HN cross-
peaks in the >N HSQC spectra of bound IFNAR2 and IFNa2
(18, 26). However, NMR experiments showing backbone reso-
nances are in most cases unable to detect changes in cross-peaks
of residues participating in the binding through their side chain
and not backbone atoms. Therefore, we believe that residues not
found to be in the interface by '*N HSQC type NMR mapping
could still be a part of the binding surface provided they interact
through their side chains, which is very probable in the case of the
charged and polar residues such as the ones added to the interface
in the new model. It is important to mention that NOE is the most
reliable and informative NMR parameter for gaining intermole-
cular structural information. Therefore, we believe that the 24
NOEs incorporated into the docking of the new model, being well
dispersed over the binding surface, serve as anchoring points for
the entire set of interface contacts, including areas not directly
connected by NOEs. The participation of these new regions in the
binding site is an immediate consequence of the input of these
NOE distance constraints into the docking calculation.

To assess the robustness of the model determined by the large
number of intermolecular NOE constraints, we performed a
HADDOCK run with the newly found intermolecular NOEs
only. The two models were very similar in terms of rmsd (back-
bone and heavy atom rmsd’s of 1.07 and 1.21 A, respectively).
However, the energetic parameters of the docking calculation
were significantly improved with the inclusion of the DMC and
previously obtained single-NOE restraints. Another docking cal-
culation was performed using only ~70% of the intermolecular
NOEs found in this study. In this calculation, NOEs between
R2152 and “’F27, ®°H76 and “’L15, ®*H76 and *°R12, and
R2H187 and **R 12 as well as the single NOE obtained previously
by Quadt-Akabayov et al. (26) were removed from the distance
restraint list; however, the DMC distance restraints were kept
(Figure 2S of the Supporting Information). The resulting model
was also very similar to the model containing all the distance
restraints both in terms of the overall rmsd and in terms of the
relative orientation between IFNAR2 and IFNo2 (backbone and
heavy atom rmsd’s of 1.53 and 1.66 A, respectively), further sup-
porting the robustness of the proposed model and the correct
assignment of the intermolecular NOEs used to obtain it.

Comparison with the Mutagenesis Data of the IFNAR2—
IFNa2 Complex. The individual binding sites on IFNAR2 and
IFNa2, as determined by our docking model, are in good
agreement with the mutational data available (Figure 7). Resi-
dues found by mutagenesis to be important for IFNAR2—
IFNo2 binding form a subset of the interface residues found in
the new model. It is important to point out that IFNa2 residues
“2R12 and *°L15 from the A helix and **L153 from the E helix,
which were not found by previous NMR studies to participate in
the binding due to a lack of assignment, were found in this study
to give rise to intermolecular NOEs. These residues were found
by mutagenesis studies to have a significant effect on the binding



5130  Biochemistry, Vol. 49, No. 25, 2010

of IFNa2 to IFNAR?2, strongly supporting the intermolecular
NOE:s obtained for them.

Several regions in the interface of the new model were not
subjected to mutational analysis or did not have a pronounced
effect on binding affinity upon mutation. On IFNa2, these areas
include the N- and C-termini, the first of which was not studied
by mutagenesis, while the latter might participate in binding as
can be concluded from the 2-fold decrease in the binding affinity
upon removal of five C-terminal residues (“*L161—"E165)
(23, 24). The contribution of the C domain of IFNAR?2 to the
binding has been thought to be small, mainly since mutagenesis
studies revealed minor effects on the binding affinity of [FNAR2
for IFNo2 upon mutation of C-terminal domain residues or
removal of the entire C domain of IFNAR2 (99). However, in
this study, two NOEs are connecting the S13—S14 loop of
IFNAR? (specifically **H187) with the A helix of IFNa2, de-
monstrating a clear involvement of the C domain in the binding
site. In addition, the previously mentioned chemical shift change
in the resonance of a methyl group of ®*L139 further supports the
participation of this domain in the binding interface. Areas from
the C domain of IFNAR?2 are situated very close to the binding
interface in all the docking models of the IFNAR2—IFNa2
complex obtained over the years, beginning with the model cal-
culated by Roisman et al. and ending with the current model
(18, 25, 26). Single mutations of residues **E132, R*E133, R*E134,
and ®*Q136 as well as multiple alanine substitutions in the
S11-S12 loop of IFNAR2 (*?*E157-IKG-N161 to '*’AIAGN'®")
had a very minor effect on binding affinity (20, 22). However, a
triple alanine substitution of **E132—"?E134 decreased binding
affinity 2-fold (24). In addition, recently, an interaction between
the IFN C-terminus and a negatively charged loop in the
IFNAR2 C domain (*?E132—R°E134) has been suggested to
play a role in the differential signaling of the various type I IFNs
by causing an up to 20-fold difference in binding affinities for
IFNAR?2 upon insertion of C-terminal tails from different ol FNs
into an IFNa2 scaffold (24). Slutzky et al. docked the C-terminal
tail of the IFNa2 mutant containing the IFNo8 C-terminal tail
and found it to gain a specific structure in the bound state,
binding to a groove below the R*E132—R’E134 loop in IF-
NAR2 (24). On the basis of this study, it is plausible to suggest
that the entropic cost of ordering the unstructured C-terminal tail
of IFNa2 upon binding could cause an only small and insignifi-
cant change in AG upon complex formation for mutants
preventing this interaction (such as those lacking the C tail of
IFN02 and/or a negative charge in the **E132—*?E134 loop of
IFNAR?2). It has been shown previously for the complex between
the human growth hormone and its receptor that while two-thirds
of the interface residues had little impact on the binding affinity,
large and compensating changes were observed in the enthalpy
and entropy of binding (100). This study further supports the claim
that residues not found to have an effect on binding kinetics or
affinity can still be part of a binding interface (100).

Allostery in the Binding of IFNARI-EC to the IFNo.2—
IFNAR2 Complex. Recently, we found that binding of IF-
NARI-EC to the IFNo2—IFNAR2 complex resulted in the
significant chemical shift changes or disappearance of HSQC
cross-peaks of residues on the face of IFNa2 containing the bind-
ing site for IFNAR?2 (/01). However, only three of these residues
(“*F27,*R 149, and **S152) were implicated in IFNAR2 binding
by NMR cross-saturation studies (26). As shown in Figure 9, this
study demonstrates that residues **Q5, “*N156, “*E159, “*S160,
and “*K 164, whose HSQC cross-peaks disappeared upon IF-

Nudelman et al.

N-domain

FiGURE 9: Effect of binding of IFNARI-EC to the binary IF-
NAR2—-IFNa2 complex on IFNa2 binding site. Representative
structures of our model and that of Quadt-Akabayov et al. (26) are
aligned with respect to IFNo2. IFNo2 is shown as a light green space-
filling representation, while IFNAR2 from our model or that of
Quadt-Akabayov et al. (26) is represented by an orange or light gray
ribbon diagram, respectivelzy. The flexible N-terminal (R°S1—R2C12)
and C-terminal (R*P204—R?S212) residues of IFNAR2 were removed
from the new model and that of Quadt-Akabayov et al. (26). Residues
colored cyan or yellow are IFNo2 binding site residues for IFNAR2,
excluding those unaffected by binding of IFNARI to the IFNo2—
IFNAR2 complex (1/01). Residues that exhibited a significant change
in chemical shift or could not be assigned due to large chemical shift
changes or the disappearance upon IFNAR1 binding are dotted. All
the other colored residues could not be assigned because of overlap or
a lack of assignment in the binary complex (/07). Residues situated in
the binding interface of the previous model are colored cyan (26).
Residues added to the interface by the current model are colored
yellow.

NARI binding, are located in IFNo2 binding site for IFNAR2.
Moreover, **Q20 and **R22 which changed their chemical shift
upon IFNARI binding are also in the binding site for [IFNAR2 in
our model. Thus, the model presented here more than doubles the
number of IFNa2 residues in the binding site for IFNAR2 whose
HSQC cross-peaks were affected by IFNAR1 binding, strongly
supporting the proposed allosteric changes in the ITFNa2—
IFNAR2 complex upon IFNARI1 binding. Unfortunately, the
exact structural nature of this allostery is not known since the
atomic-resolution structure of the ternary IFNARI-IFNo2—
IFNAR?2 complex has not been elucidated thus far.
Conclusions. In this study, we present a novel approach for
obtaining intermolecular side chain—side chain NOEs in large
protein complexes using asymmetric reverse-protonation and 2D
homonuclear NOESY spectra. Applying this technique to the
44 kDa IFNo2—IFNAR2 complex yielded 24 new intermole-
cular NOEs which were used as distance restraints in the docking
calculation of a model of the complex. This model doubles the
binding site surface on both IFNa2 and IFNAR2 by adding a new
section in the lower part of IFNo2 and IFNAR?2 binding sites that
is formed by a mosaic of charged and polar residues. A significant
30° change was observed in the orientation of IFNAR?2 relative to
IFNo2 in comparison with the Quadt-Akabayov et al. model (26)
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as a result of the addition of the newly found intermolecular NOEs
which makes it much more similar to the model previously
suggested by Chill et al. (/8). Moreover, this study demonstrates
that practically the entire IFNo2 binding site for IFNAR2
undergoes conformational changes upon IFNARI binding,
strongly supporting a mechanism of allosteric changes in [FNa2
caused by binding of IFNARI to the IFNo2—IFNAR2 complex.
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Figure showing the elimination of very slowly exchanging amide
protons from the 2D NOESY spectra of asymmetrically labeled
IFNAR2—-IFNa2 complexes and figure showing the open book
representation of the IFNAR2-IFNo2 complex with the NOE/
DMC interactions used in the docking calculation. This material is
available free of charge via the Internet at http://pubs.acs.org.
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