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ABSTRACT: All type I interferons (IFNs) bind to a common cell-surface receptor consisting of two subunits.
IFNGs initiate intracellular signal transduction cascades by simultaneous interaction with the extracellular
domains of its receptor subunits, IFNARI and IFNAR2. In this study, we mapped the surface of IFNo2
interacting with the extracellular domain of IFNARI1 (IFNARI-EC) by following changes in or the
disappearance of the 'H—'"N TROSY-HSQC cross peaks of IFNa2 caused by the binding of the extracellular
domain of IFNAR1 (IFNAR1-EC) to the binary complex of IFNa2 with IFNAR2-EC. The NMR study of
the 89 kDa complex was conducted at pH 8 and 308 K using an 800 MHz spectrometer. IFNARI binding
affected a total of 47 of 165 IFNa2 residues contained in two large patches on the face of the protein opposing
the binding site for IFNAR?2 and in a third patch located on the face containing the IFNAR2 binding site. The
first two patches form the IFNARI binding site, and one of these matches the IFNARI1 binding site pre-
viously identified by site-directed mutagenesis. The third patch partially matches the IFNa2 binding site for
IFNAR2-EC, indicating allosteric communication between the binding sites for the two receptor subunits.

Type I interferons (IFNs)' make up a family of homologous
helical cytokines that constitute a major component of the innate
immune response (/). This family consists of 13 IFNa isotypes as
well as single forms of IFNS, IFNe, IFNk, and IFNw (/). IFNs
initiate a strong antiviral and antiproliferative activity and
provide the first line of defense against viral infection. All human
type I IFNs share a common cell-surface receptor consisting of
two subunits, IFNARI and IFNAR2 (2, 3). The extracellular
domain of the IFNAR2 subunit (IFNAR2-EC) binds IFNs with
high affinity [Kp = 10 nM for IFNa2 (4)] in the absence of the
extracellular domain of IFNAR1 (IFNARI-EC). The affinity of
the human IFNARI-EC subunit for IFNs is much lower with a
Kp for IFNa2 of 5 uM (5). IFN-induced association of the
receptor subunits results in reciprocal transphoshorylation of the
IFNARI1-associated Tyk2 protein and the IFNAR2-associated
Jakl protein. These processes initiate an intracellular signal
transduction cascade leading to strong antiviral and antiproli-
ferative responses (6—11).
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Several mechanisms, involving preassociation of the receptor
chains and ligand-induced changes, were postulated on the basis
of other cytokine receptor systems (6—11). Studies of the receptor
subunits tethered to solid-supported lipid bilayers confirmed
a two-step binding mechanism in which IFN binds first to
IFNAR2-EC and then recruits IFNAR-EC to form the ternary
complex (72, 13). High-resolution three-dimensional structures
of the ternary complex formed by IFNARI-EC, IFNAR2-EC,
and any one of the type I IFNs as well as of the structure of the
individual proteins and that of a IFNAR2-EC/IFN heterodimer
should enhance our understanding of how the various IFNs
differ in their mode of binding to IFNARI-EC and IFNAR2-EC
and help us to understand the initial steps in interferon signaling.
At present, atomic-resolution structures of the ternary complex
and IFNARI-EC—IFN and IFNAR2-EC—IFN heterodimers
are not known. However, the structures of three IFN molecules,
IFNo2, IFNS, and IFNz, were determined by X-ray crystal-
lography and NMR (/4—18), revealing a bundle of five anti-
parallel helices. The structure of IFNAR2-EC was determined
using multidimensional NMR techniques. This structure consists
of two perpendicular fibronectin domains connected by a rigid
hinge region (19, 20).

In the absence of high-resolution three-dimensional structures
of the binary and ternary complexes formed by IFNs and the
receptor subunits, several laboratories have attempted to map the
binding interfaces on IFNAR2-EC, IFNa/f, and IFNARI-EC.
Mutational analysis of IFNAR2-EC identified four receptor
residues in the 3—/4 loop as “hot spots” for IFNa2 binding,
with some contributions from residues in the £5—/6 loop and the
hinge region (4). In a parallel study, mutations of IFNAR2-EC
residue E77 in the 55—/6 loop and of three residues in the hinge
region were found to abolish the response to IFNa2 with no
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effect on the response to IFNf (21). Double-mutant cycle
experiments revealed interactions between five IFNAR2-EC
residues and corresponding IFNo2 residues (22).

Changes in IFNAR2-EC 'H and "°N amide chemical shifts
upon IFNa2 binding were also used to map the IFNa2 binding
site on IFNAR2-EC (34). This binding site was found to be
formed by a strip of hydrophobic residues flanked by two strips
of polar residues. Overall, the binding site for IFNa2 consists of
the f3—p4 loop, the beginning of the f5—/6 loop, the end of the
f6 strand, and the hinge region of IFNAR2-EC. NMR mapped
the binding site for IFNo2 on IFNAR2-EC to an area larger than
that identified previously by mutational studies and included
most residues previously implicated in IFNa2 binding.

Even before the three-dimensional structure of IFNo2 was
available, the AB loop and the D helix of the cytokine were
identified as being important for IFN activity and for its
interactions with IFNAR2-EC. Knowledge of the structure of
IFNa2 (16, 17) provided the basis for additional mutational
studies of the binding site for IFINAR2-EC on IFNa2. Several
IFNa2 residues were identified as the hot spot residues for the
cytokine binding site of IFNAR2-EC (4). Residues in the AB
loop, the D helix, the DE loop, and the E helix were also found to
be involved in IFNAR2-EC binding (4, 22, 23). NMR studies
revealed the entire continuous surface of IFNa2 involved in
IFNAR2-EC binding (24). Overall, the NMR analysis mapped
the IFNo2 binding site for IFNAR2-EC to the AB loop, and the
E helix of the cytokine. The NMR mapping is in a good
agreement with the earlier mutational results (22, 23) and high-
lights additional residues as being part of the IFNa2 binding site
for IFNAR2-EC.

The binding site for IFNARI-EC on IFNa2 has been in-
vestigated by site-directed mutagenesis. This site was mapped to
the B and C helices on IFNo2 opposite to the [IFNa2 binding site
for IFNAR2-EC (25). This is similar to what has been shown for
hGH, EPO, and IL4 where the cytokine binds to two receptor
subunits through two distinct binding surfaces on opposing faces
of the cytokines (26). Mutations of residues F64, N65, and T69 in
the B helix and L80, Y85, and Y89 in the C helix were found to
reduce the level of binding to IFNARI-EC or reduce the
biological activity of IFNa2 by more then 2-fold (25, 27, 28).
R120 was previously identified to be involved in IFNARI
binding. Mutation of R120 to alanine decreased antiviral activity
to 1—3% and antiproliferative activity to ~0.05%, and the
R120E charge-reversal mutation led to a total loss of activity (29).
In contrast, mutations of H57, E58, and Q61 on the B helix to
alanine were found to increase the level of binding to IFNARI-
EC (25) and specifically enhanced its antitumor activity (30, 31).
IFNo2 mutants H57Y, E58N, and Q61S were found to be
optimal for IFNARI-EC binding and were similar in their
activity and binding properties to IFNf (31).

IFNARI-EC consists of four fibronectin domains (D1—D4),
and the three N-terminal domains were implicated in IFN
binding (5). Site-directed mutagenesis studies have shown that
residues in D2 and D3 participate in the formation of the binding
site for IFNa2 (32). The **FSSLKLNVY™ segment in D1 was
identified as being involved in IFN binding and in the induction
of biological activity (33).

Different models for the IFNa2 complex with IFNAR2-EC
have been calculated (22, 24). The model incorporating the most
recent experimental data used the NMR mapping of the bind-
ing sites of IFNAR2-EC and IFNa2, NOEs between D35 of
IFNo2 and K48 of IFNAR2-EC, and previously published
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double-mutant cycle constraints (22) to dock IFNo2 into the
IFNAR2-EC binding site using the three-dimensional NMR
structures of the two molecules (24). In all these models, the
N-terminal domain and the hinge region of IFNAR2-EC interact
with a complementary surface on IFNa2.

A low-resolution structure of the IFNAR2-EC—IFNa2—
IFNARI-EC ternary complex was obtained recently using
electron microscopy (34). The NMR-based model of the IF-
NAR2-EC—IFNo2 complex (24) was compatible with this EM
structure without any modifications. Homology modeling
was used to calculate a model for IFNARI-EC that was fitted
into the EM structure as well (34). The EM-based model for the
ternary complex suggested that the three N-terminal fibronectin
domains of IFNARI-EC (DI, D2, and D3) interact with
IFN while the fourth extracellular domain of IFNARI-EC
(C-terminal) interacts with the second (C-terminal) domain of
IFNAR2-EC.

In this study, we use NMR spectroscopy to determine the
entire binding site for IFNAR1-EC on IFNa2 and probe changes
in IFNa2 upon binding of IFNARI-EC to the binary complex
between IFNa2 and IFNAR2-EC. The mapping of the binding
site for IFNARI-EC on IFNa2 reveals two adjacent binding
surfaces for IFNARI1-EC, one of which is in excellent agreement
with mutational data and the other of which is a new region that
was not previously revealed in mutational analyses. In addition to
changes in chemical shift that are associated with the IFNa2
binding surface for IFNARI-EC, significant changes were obser-
ved also in the IFNa2 face containing the binding site for
IFNAR2-EC. These changes indicate that IFNAR1-EC binding
causes allosteric changes in the binding site for IFNAR2-EC.
This communication between the two binding sites found on
opposing surfaces of IFNa2 could be important for the mutual
orientation of the two receptor subunits for the initiation of the
intracellular signal transduction cascade.

EXPERIMENTAL PROCEDURES

Uniformly '°N- and *H-labeled IFNo2, unlabeled IFNAR2-
EC (U-IFNAR2-EC), and unlabeled IFNAR1-EC (U-IFNAR1-
EC) were expressed and purified as described previously (24, 35).
IFNARI-EC in its truncated form that contains D1, D2, and D3
was prepared as previously described (3).

IFNAR2-EC and IFNa2 at a 1.1:1 molar ratio and at a
concentration of approximately 0.5 uM were incubated for 1-2 h
in a 25 mM deuterated Tris solution (pH &) containing 0.02%
NaNj. For the formation of the ternary complex, IFNARI-EC
was added to the 0.5 uM solution of the IFNAR2-EC—IFNa2
complexina 1:1 molar ratio with respect to [FNa2 and incubated
for an additional 2 h. The binary and ternary complexes were
then concentrated using Vivaspin concentrators (10 kDa mole-
cular mass cutoff, GE Healthcare). The final concentration of the
binary IFNa2—IFNAR2-EC complex was 0.3 mM in 25 mM
deuterated Tris in a 95% H,0/5% D,0 solution (pH 8) contain-
ing 0.02% NaNj. The final concentration of the ternary complex
was 0.2 mM in 25 mM deuterated Tris (pH 8) in a 95% H,0/5%
D0 solution containing 0.02% NaN; and 150 mM NaCl. The
binary and ternary complex solutions differed in the salt con-
centration since the binary complex was most stable without the
addition of NaCl and the ternary complex containing IFNAR1-
EC was most stable in the presence of 150 mM NaCl. Control
HSQC measurements for evaluating the effect of NaCl on the
chemical shifts of IFNa2 were performed on samples containing
50 uM [*H,">N]JIFNa2—U-IFNAR2-EC complex in 25 mM
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FIGURE 1: (A) Overlay of the "’N—'"H TROSY-HSQC spectra of the IFNo2—IFNAR2-EC binary complex (black) and IFNARI-EC—
IFNo2—IFNAR2-EC ternary complex (red) and (B) expansion of the central (boxed) region of this spectrum. Residues that did not change their
chemical shift significantly upon IFNAR1-EC binding are labeled in blue, and residues that underwent significant changes in chemical shift upon
IFNARI1-EC binding are labeled in yellow (0.05 ppm < Ad < 0.10 ppm); residues that could not be assigned due to large changes in chemical shift
or disappearance upon IFNARI-EC binding are labeled in black. Spectra were recorded at 308 K and pH 8.

deuterated Tris (pH &) in a 95% H,0/5% DO solution and
0.02% NaNj; with or without 150 mM NaCl.

All NMR measurements were recorded at 308 K on a Bruker
DRX 800 MHz spectrometer equipped with an x,y,z-gradient
triple-resonance probe. Data were processed and analyzed using
NMRPipe (36) and NMRView (37).

The two-dimensional (2D) "H—'"N TROSY-HSQC spectra of
the [*H,"’NJIFNo2—U-IFNAR2-EC and U-IFNARI-EC—
[’H,"°N]IFNa2—U-IFNAR2-EC complexes were acquired using
256 (160) 1, increments with a sweep width of 1622 (1622) Hz and
1024 (1024) t, points with a sweep with of 10417 (10417) Hz. The
number of scans in each experiment was 16 (16), and the
relaxation delay was 1.4 s (2.0 s) (numbers in parentheses are
those used for the ternary complex). Water flip-back and Water-
gate were used for water suppression. For the processing of the
binary complex data, 256 ¢, increments (zero-filled to 512) and
700 ¢, points (zero-filled to 1400) were used. For the processing of
the ternary complex data, 90 ¢; increments (zero-filled to 180) and
700 ¢, points (zero-filled to 1400) were used. In both spectra, a
sine bell window function with a 77/2 offset was used. The control
2D 'H—""N TROSY-HSQC spectra of the [*H,"’NJIFNo2—
U-IFNAR2-EC complex with and without NaCl were acquired
using 96 scans. All other parameters were the same as described
above. For the sake of simplicity, in what follows we will refer to
'H-'N TROSY-HSQC as HSQC.

Sequence alignment was performed using ClustalW (38), and
structure alignment of FNa2 and IFNS was performed using the
Combinatorial Extension method (39) provided online at http:
/[cl.sdsc.edu/. Molecular pictures were created using Pymol (40).

RESULTS

Changes in the TROSY-HSQC Spectrum of IFNA.2 in
the IFNa2—IFNAR2-EC Complex upon IFNARI-EC

Binding. NMR is a very powerful technique for mapping the
binding sites of proteins and assessing their conformational
changes upon ligand binding. This can be achieved by measuring
"H—""N HSQC spectra of the protein alone and in complex with
its ligand, and subsequent analysis of the changes in chemical
shifts as a result of ligand binding. Sequential assignment of the
free protein is a prerequisite for this analysis in a residue specific
manner. However, sequential assignment of the complex may not
be necessary for determining the residues involved in ligand
binding. This is especially advantageous when studying large
ternary complexes such as the IFNAR1-EC—IFNa2—IFNAR2-
EC complex with a molecular mass of 102 kDa.

Deuteration of IFNa2 considerably reduced the width of the
IFNo2 amide cross-peaks in the HSQC spectrum of the binary
and ternary complexes. Nevertheless, we thought it would be
beneficial to further reduce the line width of the resonances in the
ternary complex. As it has been suggested that only the three
N-terminal fibronectin domains of IFNARI-EC (D1, D2, and
D3) interact with IFNa2 (5, 34) and since our labeling strategy in
this study allowed observation of only changes in the cytokine,
we used a construct of IFNARI-EC missing the fourth domain
(C domain), thus reducing the total size of the complex to 89 kDa
and minimizing the change in the widths of the HSQC cross-
peaks due to addition of the IFNAR1-EC protein.

Mapping of the binding site for IFNARI-EC on free IFNa2
was not possible since IFNa2 aggregates under the conditions
in which the binary IFNARI-EC—IFNo2 complex is stable
(pH 7-8). In any case, the binding site for IFNAR1-EC on the
binary IFNAR2-EC—IFNoa2 complex is more relevant since
most probably IFNo2 binds first to IFNAR2-EC and then
recruits IFNARI-EC to form the ternary complex (12, 13).

To map the binding site for IFNARI-EC on the IFNa2
molecule bound to IFNAR2-EC, we measured the HSQC spectra
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FIGURE 2: Summary of the changes in the IFNoa2 HSQC cross-peaks upon binding of IFNAR1-EC to the binary IFNa2—IFNAR2-EC complex.
Residues located in helices are marked with the corresponding helix label (A—E). Residues that did not change their chemical shift significantly
upon IFNARI1-EC binding are colored deep blue, and residues that underwent significant chemical shift changes upon IFNAR1-EC binding are
colored yellow (0.05 ppm < Ad < 0.10 ppm). Residues that could not be assigned due to large chemical shift changes or disappearance upon
IFNAR1-EC binding are colored gray, and overlapping cross-peaks that include one cross-peak that disappeared or underwent a large chemical
shift change but could not be assigned due to overlap are colored green. Residues whose HSQC cross-peaks could not be assigned in the
IFNo2—IFNAR2-EC binary complex are colored cyan. The exposures of IFNa2 residues (backbone and side chain included) in the binary
complex are given by gray bars with a scale from 0 to 100%. A dotted line represents 20% exposure, and below this value of exposure, residues are
defined as buried. Filled black triangles denote residues that are not buried and are implicated in IFNAR1-EC binding in this study. Buried
residues that underwent significant changes in chemical shift or disappeared upon IFNAR1-EC binding and were not found to be involved in
IFNAR2-EC binding are denoted with asterisks. Filled black circles denote residues found by NMR and site-directed mutagenesis to interact with

IFNAR2-EC in the binary complex (4, 22, 24).

of uniformly *H- and '"N-labeled IFNa2 in complex with
U-IFNAR?2-EC before and after the addition of U-IFNARI-EC
under the same pH and temperature conditions. Measurements
were taken in a 95% H,0/5% D,0 solution to enable detection
of the "H—""N amide cross-peaks in the HSQC spectra. It should
be noted that sequential assignment for 85% of the amide 'H and
"N nuclei was previously obtained for IFNo2 in complex with
IFNAR2-EC at pH 8 and 308 K (24).

An overlay of HSQC spectra of the U-IFNAR1-EC—[*H,"*NJ-
IFNo2—U-IFNAR2-EC ternary complex and the [*H,”°NJ-
IFNa2—U-IFNAR2-EC binary complex is presented in Figure 1.
The changes in chemical shift were calculated according to
the formula Ad = [(AN/5)> + (AHN)?'. The majority of the
unambiguously assigned amide HSQC cross-peaks of [*H,'°NJ-
IFNo2 exhibited no changes or just small changes in chemical
shift (Ad < 0.05 ppm) upon the formation of the ternary complex.
This group contains 65 residues which are labeled and colored
deep blue in Figures 1—3. A second group containing 10 residues

revealed significant changes in chemical shift (between 0.05 and
0.10 ppm, labeled and colored yellow in Figures 1—3). For a third
group of residues, the HSQC cross-peaks either disappeared or
could not be assigned in the ternary complex due to large
differences in the chemical shifts of these [IFNo2 residues between
the binary and ternary complexes. This group includes 37
residues which are labeled in black in Figure 1 and colored gray
in Figures 2 and 3. For three of these 37 residues designated as
“disappeared”, namely, N65, F67, and T69, the HSQC cross-
peaks were weakened by 80, 72, and 87%, respectively, while the
other 34 cross-peaks were not detected at all. In addition, there
were two more groups of residues. The fourth group included
IFNo2 residues that could be assigned in the IFNa2—IFNAR2-
EC complex using three-dimensional (3D) NMR spectra; how-
ever, their HSQC cross-peaks showed overlap with cross-peaks of
other residues. One of the overlapping cross-peaks either experi-
enced a significant change in chemical shift or disappeared (these
residues are colored green in Figures 2 and 3). The fifth group
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FIGURE 3: Mapping of the residues that exhibited significant chemical shift changes or disappeared upon binding of IFNAR1-EC on the surface
of IFN0a2. (A) Face of IFNa2 opposing the binding site for IFNAR2-EC that contains the two patches involved in IFNAR1-EC binding
according to this study. (B) Face of IFNa2 containing the surface previously found to be involved in IFNAR2-EC binding. IFNAR2-EC bound
to IFNa2 is presented by an orange ribbon diagram according to the previously calculated model of the binary complex (24). Residues previously
identified by site-directed mutagenesis as being involved in IFNAR 1-EC binding (25) are marked with dotted purple surfaces. Other color coding
is the same as in Figure 2. All molecular pictures were created using Pymol (40).
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FiGure 4: Comparison of IFNa2 (top) and IFNS (bottom) residues implicated in IFNAR1-EC binding. Bold characters indicate IFNa2 and
IFNp residues found in the helices. Residues in boxes are IFNa2 residues implicated in IFNAR1-EC binding in this study. Black triangles denote
residues of IFNa2 that were determined by mutagenesis to be in the binding site for IFNAR1-EC (25, 29). Filled black circles denote residues of
IFNS that were determined by mutagenesis to be in the binding site of IFNARI1-EC (28).

included IFNa2 residues whose HSQC cross-peaks could not be
assigned in the IFNo2—IFNAR2-EC binary complex (colored
cyan in Figures 2 and 3). Residues from groups 1—35 were mapped
on the structure of IFNa2 (Figure 3). The sequence and secon-
dary structure of IFNa2 are presented in Figure 4.

The most significant change to the binary complex observed
upon IFNARI-EC binding is the disappearance of a large number
of IFNa2 cross-peaks in the HSQC spectrum of the complex.
This change could be due to very large changes in chemical shift
in IFNo2 cross-peaks upon the formation of the ternary complex
or broadening beyond detection of residues in the binding inter-
face. In the HSQC spectrum of the binary complex, we counted

158 IFNa2 cross-peaks, while in the ternary complex, 129 cross-
peaks were counted, indicating that the vast majority of the 37
cross-peaks in group 3 (gray in Figures 2 and 3) actually vanished
rather than changed their chemical shift upon IFNARI-EC
binding. The weak binding of IFNARI-EC to the binary com-
plex and its fast off rate (25) could contribute to the broadening
of cross-peaks in the IFNo2—IFNARI1-EC binding interface.
The binary and ternary complexes were measured using
different NaCl concentrations (0 and 150 mM, respectively)
due to sample stability issues. To determine whether the salt
concentration had an effect on the chemical shifts of the binary
IFNo2—IFNAR2-EC complex, we measured HSQC spectra of
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the [*H,""N]JIFNa2—U-IFNAR2-EC complex with and without
150 mM NaCl at a low protein concentration (50 uM). Even
at the low concentration that was used, we observed signal
loss due to precipitation of the complex in the sample con-
taining 150 mM NaCl. Nonetheless, we could clearly observe
that the vast majority of cross-peaks was not affected by the
addition of NaCl. Only two residues, L26 and F38, exhibited
a minor change in chemical shift. This change in chemical shift
due to the addition of salt was taken into account in our ana-
lysis of chemical shift changes between the binary and ternary
complex.

Mapping the IFNARI-EC Binding Site on IFNa2. Ear-
lier mutational studies identified the possible binding surface for
IFNARI-EC on the IFN face opposing the binding site for
IFNAR2-EC (25, 29, 41). IFNo2 residues that have the poten-
tial to interact with IFNARI-EC must be exposed in the
IFNo2—IFNAR2-EC complex. The exposure of the IFNa2
residues in the binary complex is shown in Figure 2 as gray bars.
Figure 3 highlights residues whose chemical shifts were affected
upon IFNARI-EC binding. As shown in Figure 3A, the face of
IFNa2 opposing the binding site for IFNAR2-EC comprises a
large exposed surface affected by IFNARI-EC binding. This
surface can be divided into two distinct areas. The upper surface
contains residues Y85, T86, Y89, and 192 in the C helix, residues
H57, Q61, Q62, and N65 in the B helix, and T69 which connects
the B and B’ helices. The lower adjacent surface contains residues
A97, V99, and 1100 in the C helix and Q101, G102, and T106 in
the CD loop. Residues L3 and G104 which exhibit pronounced
changes in chemical shift upon IFNARI-EC binding (colored
yellow in Figure 3) are adjacent to the second patch. On the basis
of the changes in the HSQC spectrum, the exposure of many of
the cytokine residues in these two surfaces, the involvement of the
majority of the residues in the upper patch in IFNARI1 bind-
ing (25, 29, 41), and the proximity of the two surfaces, we suggest
that both of these adjacent patches form the binding site for
IFNARI-EC.

Residues that are marked as “overlapping” are colored green
in Figures 2 and 3. They are marked as such when one of two or
three overlapping peaks exhibits a change in chemical shift upon
IFNARI-EC binding or when one of the peaks disappears, but
due to cross-peak overlap, we could not conclude which of these
was affected by IFNARI1-EC binding. Statistically, these residues
have a 33—50% chance of being in the IFNARI-binding inter-
face. Not surprisingly, there are numerous such residues that are
adjacent to the patches colored gray or yellow. One of these
IFNa2 residues, ES8, has been implicated in IFNAR1 binding by
site-directed mutagenesis studies (25). Other residues assigned as
“overlapping” include S68, D71, D82, V105, and E107 that
surround the surfaces identified in this study.

Changes in the HSQC Cross-Peaks of Residues in the
Face of IFNo.2 Containing the Binding Site for IFNAR2-
EC. The face of IFNa2 on which the binding site for IFNAR2-
EC is located contains eight residues that disappeared upon
binding of IFNARI-EC to the binary complex (colored gray in
Figures 1—3) as well as four residues that significantly changed
their chemical shift (colored yellow in Figures 1—3). These
residues include Q20 at the end of the A helix, R22, K23, 124,
and F27 in the AB loop, R149, S152, N156, and S157 in the E
helix, E159 and S160 in the flexible C-terminal tail, and Q5 from
the N-terminal tail. Of these residues, F27, R149, and S152 were
previously identified by site-directed mutagenesis and by NMR
as being in the IFNa2-binding site for IFNAR2-EC (22—24). It
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has been suggested that the flexible C-terminal tail is also
involved in IFNAR2-EC binding in some IFNs (42).

Changes in the HSQC Cross-Peaks of Buried Residues.
The HSQC spectrum of IFNa2 in the binary complex contains
many cross-peaks corresponding to buried residues (<20%
exposure) that underwent significant changes upon binding of
IFNARI-EC (labeled with asterisks in Figure 2) and are not
located in the binding sites for IFNARI-EC and IFNAR2-EC.
These residues include C29 in the AB loop, T52, 153, V55, 160,
Q63, and F67 in the B helix, S72 in the B helix, E87, L92, A97
(19.7% exposure), and C98 in the C helix, and S150, F151, and
L157 in the E helix. The changes in the HSQC cross-peaks of
these residues indicate that they are located in internal regions of
the protein that underwent some changes in their environment or
conformation upon IFNARI-EC binding. Changes in local
structure, which result in changes in chemical shifts, are necessary
to facilitate the proposed allosteric interaction between the
IFNARI-EC and IFNAR2-EC binding interfaces.

DISCUSSION

Mapping the Binding Site for IFNARI-EC. The mapping
of the binding site for IFNARI-EC on IFNo2 bound to
IFNAR2-EC presents a major challenge for NMR investigations
because of the high molecular mass of the ternary complex (89
and 102 kDa for the complex with three and four IFNAR1-EC
domains, respectively), the low concentration of the binary and
ternary complexes that are soluble in aqueous solution (0.2 mM),
the helical structure of IFNa2 that results in considerable overlap
in the HSQC spectrum, and the high pH at which the binary and
the ternary complexes are stable (pH 8), resulting in fast exchange
of exposed amide protons.

To map the binding site for IFNARI-EC on IFNa2, we
analyzed the perturbation in the "H and "N chemical shifts
of IFNa2 bound to IFNAR2-EC upon the formation of the
IFNARI1-EC—IFNo2—IFNAR2-EC ternary complex. The HSQC
spectrum of the ternary complex revealed that the cross-peaks
of 34 residues vanished and three others experienced a consider-
able reduction in intensity. Only a small number of residues
(10 residues) exhibited changes in chemical shifts upon IFNAR1-
EC binding, and these changes were rather small (<0.1 ppm),
indicating that they correspond to residues in the periphery of the
regions affected by IFNAR1-EC binding.

Chemical shift perturbation is an indirect method for the
identification of residues involved in the binding interface.
Changes in chemical shift can be the result of direct binding or
of other effects, such as allosteric changes, conformational
changes upon binding, etc. Other NMR methods like cross satu-
ration transfer or deuterium exchange would allow the identifica-
tion of residues directly involved in binding. However, these
methods were not suitable for the IFNARI-EC—IFNa2—
IFNAR2-EC system, since most of the cross-peaks that were
affected by IFNARI1-EC binding disappeared beyond detection
in the ternary complex (37 residues).

By comparing the HSQC spectra of the binary and ternary
complexes of IFNa2, we were able to map two main surfaces of
IFNo2 that were affected upon the binding of IFNARI-EC to
the binary IFNo2—IFNAR2-EC complex. One surface that
consists of two adjacent large patches is implicated in IF-
NARI-EC binding, and the other is located on the face of
IFNa2 containing the binding site for IFNAR2-EC.

The upper section of the surface involved in IFNARI-EC
binding (Figure 3) consists of exposed residues at the center and
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C-terminal end of the B helix as well as residues at the center of
the C helix (Figure 2). This patch overlaps very well with the
IFNARI-EC binding surface previously identified by site-direc-
ted mutagenesis which suggested that residues H57, ES8, Q61,
F64, N65, and T69 in the B helix and L80, Y85, and Y89 located
in the C helix are involved in the binding of IFNARI-EC to
IFNa2 (25). This study adds residues Q62, T86, and L92 to this
site, resulting in a significant increase in the size of the protein—
protein interface.

The NMR analysis could not confirm the involvement of L117
and R120 in IFNARI-EC binding. These two residues were
found to be involved in IFNARI-EC binding by site-directed
mutagenesis experiments. Mutation of residue L117, located in
the D helix, resulted in a decrease in antiviral and antiprolifera-
tive activities (29). Unfortunately, the cross-peak for L117 over-
laps with that of L88, and the cross-peak of one of these residues
(it is not known which of them) exhibits changes in chemical shift
upon IFNARI-EC binding. Residue R120, located adjacent to
residues ES8, Q62, E113, and L117, was previously implicated in
IFNARI-EC binding (29). The R120A mutation and the R120E
charge-reversal mutation significantly decreased the antiviral and
antiproliferative activity of IFNa2. However, no significant
change in chemical shift upon IFNAR1-EC binding was obser-
ved for R120. Thus, R120 may play a structurally significant role
rather than being involved in binding IFNARI1-EC directly.

The lower part of the IFNa2 binding site for IFNARI-EC
includes L3 in the N-terminal segment, A97, V99, and L100 in the
C-terminal end of the C helix, and Q101, G102, G104, and T106
in the CD loop. This patch has not been implicated in [IFNAR1-
EC binding previously. We suggest that this large surface
containing six residues that disappeared upon IFNARI-EC
binding and two residues that significantly changed their chemi-
cal shift is involved in IFNARI-EC binding in addition to the
upper patch. Support for the existence of two IFNa2 patches
involved in IFNARI-EC binding comes from the observation
that two of the four fibronectin domains of IFNARI-EC are
major contributors to IFN binding (43). This was later demon-
strated also by the EM-derived model for the ternary com-
plex (34). It could be that one of the two patches identified in this
study interacts with one of IFNARI-EC fibronectin domains
while the other cytokine patch interacts with a second IFNARI-
EC fibronectin domain similar to what has been suggested by
the model for the ternary complex that was based on cryo-EM
(see below and ref 34).

We also obtained evidence that binding of IFNs to IFNAR1-
EC involves more than a single localized region of the cytokine by
studying binding of IFNARI1-EC to IFNS. A systematic muta-
tional analysis of human IFNfS suggests the involvement of
residues in the B helix (L63, 166, F67, and F70), the B’ helix
(Q72), the C helix (H93, N96, K99, and T100), and the D helix
(H121, R128, L130, H131, and K134) as well as in the DE loops
(K136 and E137) in the binding to IFNARI-EC (28) (see
Figure 4).

Sequence alignment (Figure 4) of IFNa2 and IFNS (Figure 4)
shows that the binding site for IFNAR1-EC on IFNa2 identified
by NMR partially overlaps with the binding site of IFNAR1-EC
on IFNf determined by site-directed mutagenesis (28). The
involvement of the B and C helices of IFNS in IFNARI-EC
binding agrees with our NMR study. However, the binding site
on IFNg involves also residues in the D helix and the DE loop
which showed no changes in the HSQC spectrum of IFNo2 upon
IFNARI-EC binding.
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Comparison with the EM Structure of IFNAR2-EC—
IFNo2—IFNARI-EC Ternary Complex. A model for
the three-dimensional structure of the [IFNAR2-EC—IFNo2—
IFNARI1-EC ternary complex was previously obtained (34) using
the NMR-derived model for the IFNAR2-EC—IFNa2 binary
complex (24), and a homology model for IFNAR1-EC fitted into
the low-resolution electron density map of the ternary com-
plex (34). Although the model of the ternary complex was not
obtained on the basis of specific interactions between IFNAR1-
EC and IFNoa2, the fitting of the homology model of IFNAR1-
EC into the EM structure is revealing in terms of identifying
regions that could potentially participate in IFNARI1-EC bind-
ing. Overall, the model suggests that three regions of IFNa2
are involved in IFNARI-EC binding, and these are (a) the
N-terminal flexible tail of IFNoa2, (b) the B helix, and (c) the
C helix (mainly residues 92—100) and the CD loop (34). Indeed,
L3 and Q5 underwent changes in the HSQC spectrum upon
binding of IFNARI-EC to the binary complex. However, most
of the N-terminal tail residues could not be assigned. Therefore,
there is no firm conclusion in this study regarding the involve-
ment of the N-terminus of the cytokine in the interaction with
IFNARI. Region b overlaps the B helix surface implicated in
IFNARI-EC binding in this study. Region C coincides with the
large patch containing V99,1100, Q101, G102, and T106 found to
be involved in IFNAR1-EC binding in this study, thus providing
further support that this patch is involved in IFNa2 binding
rather than disappearing because of conformational changes.

Allostery in the Binding of IFNARI to the IFNo2—
IFNAR2-EC Complex. Binding of IFNAR1-EC to the [IFNo2—
IFNAR2-EC binary complex caused significant changes in the
cross-peaks of IFNa2 residues in the face of the molecule that
contains the binding site for IFNAR2-EC. This patch includes
three IFNo2 residues that were previously implicated in IF-
NAR2-EC binding by saturation-transfer experiment (F27,
R149, and S152) (see Figure 2 and ref 24). IFNo2 residues
NI156, L157, Q158, E159, and S160 form a patch of five residues
whose cross-peaks disappeared upon binding of IFNARI1-EC to
the IFNa2—IFNAR2-EC binary complex. This patch is flanked
on one side by R149 and S152 and on the other side by R162 and
E165 that were previously found to be involved in IFNAR2-EC
binding in the NMR-derived model for the binary complex (24).

Figure 5 shows the proximity between the IFNa2 C-terminal
tail and IFNAR2-EC. The shortest distances between N156,
E159, and S160 and IFNAR2-EC atoms are 3.0, 8.0, and 6.0 A,
respectively. It has been reported that mutations in the
C-terminal tail caused an up to 20-fold difference in the binding
affinity of IFNs for IFNAR2-EC (41). Although this tail does not
contribute significantly to IFNa2 binding to IFNAR2-EC, it
does contribute to IFNa8 binding to IFNAR2-EC (42). It has
been suggested that the flexible C-terminal tail becomes struc-
tured upon IFNAR2-EC binding (42). As shown in Figure 5,
IFNa2 residues N156, E159, and S160 could potentially interact
with the 9—(10 and/or f13—(14 loops of IFNAR2-EC if
IFNa2 was tilted slightly toward the C fibronectin domain of
IFNAR2-EC or if the flexible [IFNa2 C-terminal tail adopted a
structure that brought it closer to IFNAR2-EC. Therefore, we
propose that the IFNa2 binding site for IFNAR2-EC undergoes
allosteric conformational changes when IFNARI-EC binds to
the IFNa2—IFNAR2-EC binary complex.

Ten residues of 17 in the IFNa2 B helix disappeared when
IFNARI1-EC bound to the binary complex. Of these 10 residues,
only three, namely, Q61, Q62, and N65, are exposed, and H57 is
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FiGuRre 5: Side view of the IFNo2—IFNAR2-EC binding interface.
IFNo2 and IFNAR2-EC are colored blue and orange, respectively.
The E helix and the C-terminal tail residues that disappeared when
IFNARI1-EC bound to the binary complex are shown in stick repre-
sentation and colored gray.

marginally exposed (17%). The other six residues within the
B helix that disappeared upon IFNAR1-EC binding are buried.
The disappearance of such a large number of buried residues
indicates that the B helix, which forms together with the E helix
the center of the five-helix bundle, undergoes significant move-
ment upon binding of IFNARI-EC to the binary complex.
Interestingly also, six residues of the nine-residue C-terminal
segment of the E helix undergo considerable changes in chemical
shift or disappear upon IFNARI-EC binding. Of these six
residues, four are buried and do not interact with IFNAR2-
EC. Itis plausible that these changes in the central helices B and E
reflect their involvement in modulating the allosteric changes in
IFNo2 that are transmitted to the IFNAR2-EC binding site. This
movement could involve also the C helix.

The allosteric changes in the IFNAR2-EC binding site caused
by IFNAR1-EC binding might affect the orientation of IFNAR2
with respect to IFNAR1 and thereby influence the cross phos-
phorylation of the IFNARI-associated Tyk2 protein and the
IFNAR?2-associated Jakl. These phosphorylations initiate the
intracellular signal transduction cascade leading to the antiviral
and antiproliferative response to interferon.

In a previous study, we reported that H57 and adjacent
residues (V55, M59, V60, Y89, and E96) undergo chemical shift
changes upon binding of IFNAR2-EC to IFNa2 (24). These
residues are located on the face of IFNa2 opposing the binding
site for IFNAR2-EC. Of these residues, H57, V60, and Y89 were
mapped in this study as being in the binding site for [IFNAR1-
EC. However, in the earlier investigation, we could not draw any
firm conclusion regarding allostery since the free IFNo2 spec-
trum was recorded at pH 3.5 and that of the IFNa2—IFNAR2-
EC binary complex was recorded at pH 8.0. A change in the
protonation state of H57 could well have been the reason for the
observed changes in its chemical shift between IFNo2 and the
IFNo2—IFNAR2-EC complex. This study provides unequivocal
evidence of the existence of an allosteric interaction between

Akabayov et al.

IFNARI-EC and IFNAR2-EC binding sites mediated by the
IFNa2 cytokine since all HSQC spectra were recorded under the
same conditions.

Conclusions. This study together with previous site-directed
mutagenesis and EM studies suggests that the binding site for
IFNARI-EC on IFNa2 consists of two large patches located on
the IFNa2 face opposing the binding site for IFNAR2-EC. Most
importantly, the NMR study presented here provides an unequi-
vocal indication of the communication between the IFNa2
binding sites for IFNARI-EC and IFNAR2-EC resulting in
some change in conformation in the binding site for IFNAR2-EC
caused by IFNARI1-EC binding. These conformational changes
caused by allosteric effects, which might be translated to the
cytoplasmic part of the receptor, likely play an important role in
the initiation of the intracellular signal transduction cascade.
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