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Abstract. Interferons (IFNs) are potent extracellular
protein mediators of host defence and homoeostasis.
This article reviews the structure of human IFN-f
(HuIFN-p), in particular in relation to its activity. The
recently determined crystal structure of HulFN-§ pro-
vides a framework for understanding of the mechanism
of differentiation of type I IFNs by their common
receptor. Insights are generated by comparison with the

structures of other type I IFNs and from the interpreta-
tion of existing mutagenesis data. The details of the
observed carbohydrate structure, together with biochem-
ical data, implicate the glycosylation of HulFN-#, which
is uncommon among type I IFNs, as an important factor
in the solubility, stability and, consequently, activity of
the protein. Finally, these structural implications are
discussed in the context of the clinical use of HulFN-f.
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Introduction

The interferons (IFNs) comprise an evolutionarily con-
served family of small, secreted proteins that participate
as extracellular messengers in a wide range of host
responses. Many chemical and biological agents such as
viruses, bacteria, mycoplasma and protozoa can induce
cells to synthesize and secrete IFNs [1]. Binding of IFNs
to specific cell surface receptors triggers an intracellular
signalling cascade ultimately resulting in the synthesis
of proteins that mediate pleiotropic activities, including
antiviral, antiproliferative and immunomodulatory re-
sponses [2] that act to maintain homoeostasis and in
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host defence. Interferons also have been shown to pos-
sess antifibrotic activity [3, 4] and to have a direct
antiproliferative effect on cancer cells [5].

Interferons are classified as helical cytokines and are
categorized as type I or type II according to their
physical and functional properties. Type I IFNs, which
are believed to act through a common receptor [6—8],
are further divided into «, f, v and w subtypes that
likely diverged from a common ancestral gene through
mechanisms involving gene duplication [9]. The sole
representative of type II is IFN-y, which differs from
type I IFNs by virtue of its homodimeric structure,
expression profile and action through a unique receptor.
Type I IFNs comprise more than 10 IFNs-o, together
with the unique, naturally occurring, proteins IFN-/5
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and IFN-w (10). Interferon-t has been found exclu-
sively in ruminant ungulates, where it plays a role
during pregnancy [8, 11]. The human IFNs-« share a
high degree of sequence homology (~80%); their ho-
mology with IFN-/ is lower but still is significant (30—
50%). The only human type I IFNs known to be
glycosylated are IFN-o2 [12] and IFN-/.

The type II IFN receptor is specific for the single ligand
IFN-y, and the crystal structure of its high-affinity
chain in complex with IFN-y has been solved [13]. The
type I IFN receptor is not as well characterized at
present. Two distinct chains of the type I IFN receptor,
interferon-a receptor (IFNAR)-1 and IFNAR-2, have
been identified and found to bind IFNs-o and IFN-f
[14, 15]. IFNAR-1 and IFNAR-2 are members of the
class 2 cytokine receptor family [16], along with the
receptors for IFN-y and interleukin (IL)-10 [17]. De-
spite the diversity of ligands and associated biological
responses, type I IFNs are all believed to signal cells
through the common IFNAR-1/IFNAR-2 cell surface
receptor complex [7-9]. A major focus of research,
therefore, is to elucidate the detailed mechanism by
which the receptor distinguishes one IFN from another.
Recently, three-dimensional structural information at
the atomic level has become available through X-ray
crystallographic and nuclear magnetic resonance
(NMR) studies. Although the ultimate prize, a structure
of a type I IFN complexed with a receptor protein, is
yet to be attained, the evidence of three IFN crystal
structures, in conjunction with biochemical data, allows
for the formulation of an initial model for IFN recep-
tor-ligand binding and signal transduction.

The broad therapeutic potential of IFN has been ex-
plored extensively over the last 2 decades, culminating
in the approval of various type I IFNs for the treatment
of numerous diseases [18, 19]. Questions of biochemical
mechanism in determining clinical efficacy therefore
may be considered in conjunction with pharmacological
issues, especially in the case of a therapy that must be
administered long-term. This article reviews recent
structure-function research in the particular case of
human IFN-f (HulFN-£), which is commercially pro-
duced by recombinant methods and has been licensed
for the treatment of relapsing forms of multiple sclerosis
(MS). The article begins with a recapitulation of the
recently solved X-ray crystal structure of HulFN-# and
a comparison with reported structures of other type I
IFNs. Next, mutational studies with IFN-f and other
IFNs that provide a model of the IFN-ligand/receptor
complex are discussed, as are possible mechanisms for
type I IFN differentiation by their common receptor.
Finally, the article summarizes from a structural view-
point recent research concerning issues relevant to the
therapeutic use of IFN-f. As a unifying theme, we
attempt to interpret biological activity in terms of struc-
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ture and, conversely, to explore the potential for em-
ploying structural knowledge to improve our under-
standing of some clinically important issues.

Summary of HulFN-§ structure

To date, X-ray crystallographic structures have been
published for three type I interferons: murine IFN-p
[20], HuIFN--2b [21] and HulFN-£ [22]. In addition,
the structure of HulFN-x-2a was recently determined
by NMR spectroscopy [23]. The structures show a high
degree of homology with each other, as well as topolog-
ical similarity with several less closely related helical
cytokines such as IL-2, IL-4 and human growth hor-
mone (HGH). Below, we consider the structure of
HulFN-f on its own and in relation to the two other
structures. It should be noted that of the four type I
IFNs mentioned above, only HuIFN-4 and HulFN-«2
are naturally glycosylated. The material used for the
crystallographic study of this protein was prepared by
recombinant methods, and securing crystals of HulFN-
f that were suitable for X-ray analysis depended on
HulFN-£ being glycosylated as in the natural species.
In an earlier attempt, Mitsui et al. failed to crystallize
HulFN-f that had been expressed without glycosyla-
tion, in Escherichia coli, citing as the cause the tendency
of HulFN-f to aggregate [24].

Human IFN-£ consists of 166 residues. The crystallized
material is recombinant HulFN-£-1a (AVONEX®, Bio-
gen, Inc., Cambridge, MA, USA), expressed and
secreted from Chinese hamster ovary (CHO) cells, that
is essentially identical to the natural protein. The sec-
ondary structure is dominated by five « helices (A—E),
along with short stretches of 3,, helix in adjoining
sequences and connecting loops (fig. 1). In describing
the overall fold, following the systematization of
Presnell and Cohen [25], IFN-f may be classified as a
left-handed, type 2 helix bundle defined by helices A, B,
C and E. Thus, helix A runs parallel with helix B and
antiparallel with helices C and E; formally, helix D is
part of the long loop connecting helices C and E.
Another long loop joins the two parallel helices A and
B, and may be structurally subdivided into three re-
gions: AB1, AB2 and AB3.

There are two additional noteworthy elements in the
covalent structure of HulFN-f: a disulphide bridge
extends between Cys 31 of loop AB and Cys 141 of loop
DE. Both of these loops are believed to play important
roles in receptor interactions (see below), and the disul-
phide linkage may act to coordinate their structure.
Additionally, HuIFN-# is glycosylated at a single site,
Asn 80 at the end of helix C. Compared with crystal
structures of most other glycoproteins, relatively clear
electron density could be seen for several of the sugar
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residues. The sugar projects away from the IFN-§ core
into a large solvent-filled channel. At its proximal end,
it interacts with Asn 86 (helix C) and GlIn 23 (helix A)
via hydrogen bonds. It has been shown that glycosyla-
tion diminishes the tendency of HulFN-f to aggregate
(see below); the presence of several exposed hydropho-
bic residues that are near Asn 80 in the HulFN-p
structure suggests that solvent shielding of these
residues by the carbohydrate may be responsible for
this effect.

Finally, HuIFN-/ is observed to associate as a dimer in
crystal lattice (fig. 2A). The asymmetric unit is defined
by the two molecules in the dimer, identified as 4 and
B. The dimer interface contains a zinc atom, which is
coordinated by His 121 of molecule A and His 93 and
His 97 of molecule B. A water molecule completes the
tetrahedral zinc coordination geometry. There are addi-
tional contacts, both polar and hydrophobic, between
helices A and C of molecule B, and helix D and the
AB3 loop of molecule 4. Thus, the contact surfaces are
created from opposite faces of molecules 4 and B, and
the molecules cannot be related by a symmetry opera-
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tion. The D helix of molecule 4 is partially unfolded,
and therefore is six residues shorter than that of
molecule B presumably to avoid steric conflicts at the
interface.

Dimerization of IFN is of interest because this be-
haviour has been observed for other helical cytokines
and, in some cases, has been correlated with receptor
activity [26]. Human IFN-2-2b also was found to crys-
tallize as a zinc-mediated dimer [21]. Here, a zinc atom
mediates contact between identical surface regions (con-
sisting of the AB loop and helix D) of two adjacent
molecules; therefore, the orientation of the two
molecules could be described as face to face (fig. 2A), as
opposed to face to back in the case of HulFN-f. The
zinc-chelating side chains are from Glu 41 and Glu 42
of each molecule. While it is tempting to postulate a
functional role for these dimers, at least two facts argue
otherwise: HulFN-«-2b is active at concentrations well
below the 50 pM required to induce association in
solution [21]; moreover, the functional importance of
the zinc-binding histidines in HuIFN-# has been tested
in two mutants, HI21A and H93A/H97A. Both showed

Figure 1. The structure of HulFN-f. Ribbon representation of the polypeptide chain (molecule 4), with full-size carbohydrate model
based on observed portion of it shown in red. Helices are shown in magenta. The three cysteine residues also are shown in yellow. The
figure was prepared with the program QUANTA (Molecular Simulations, Inc., Burlington, MA, USA).
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Figure 2. Comparison of HulFN-f and IFN-«-2b crystal structures. (4) Crystallographic dimers of HulFN-§ (top) and HulFN-«-2b
(bottom). Zinc atoms are shown as gray spheres. The observed portion of the carbohydrates as well as the histidine residues of the
zinc-binding site also are shown for HulFN-f. (B) Superimposition of HulFN-§ (red) with HulFN-«-2b (blue) Ca backbones. The

figure was made with QUANTA.

wild-type activity in an antiviral assay, providing evi-
dence against a functional role for zinc-mediated dimer-
ization, at least in this instance (L. Runkel et al.,
unpublished observations). Nonetheless, dimer forma-
tion in the special environment of the cell surface recep-
tor remains conceivable.

Comparison with other IFN structures

In agreement with the level of sequence homology,
HulFN-# shows slightly higher structural homology
with murine IFN-$ (2.49 A rms deviation overall, 0.71
A rms deviation for atoms that are structurally ho-
mologous) than with HuIFN-2-2b (4.95 A overall, 1.25
for structurally homologous residues). Nevertheless, the
overall folds of IFN-£ and IFN-«-2b are highly similar,
and with few exceptions, the elements of secondary
structure are identical (fig. 2B). Hence, the major struc-
tural differences of the main chain reside in the exposed
loops. Of course, there are differences in side-chain
substitution (resulting from sequence diversity) within
the helices as well as in the loops, and both structural
elements are relevant to the functional differentiation of
the various IFNs. Two important caveats are that,
relative to the protein core, the loops tend to be less
well defined crystallographically, and are conversely

more susceptible to deformations resulting from inter-
molecular contacts within the crystal lattice.
Comparison of the three crystal structures highlights a
network of buried hydrophobic and hydrogen-bonding
interactions between a number of side chains that are
probably essential to the stability of the tertiary fold.
These interactions were first seen in the structure of
murine IFN-£ [20], and were shown to be highly con-
served in a revised alignment of type I IFN sequences.
Some examples of such interactions in HulFN-§ in-
clude the hydrogen bonds between Tyr 125, Tyr 126,
Glu 149 and Asn 153 (IFN-« consensus sequence posi-
tions are 123, 124, 147 and 151), which help orient helix
D with helix E. Another conserved network of hydro-
gen bonds is formed between residues on helix D (His
121 and Arg 128) and residues on the AB loop (Phe 38,
Asp 39 and Glu 43), which appear to stabilize the
extended geometry of the AB2 sequence. The ABI
portion of the loop, in turn, is stabilized by a hydrogen
bond between the side chain Ne of Arg 147 and the
backbone carbonyl of Leu 24, in both murine and
human IFN-f£.

Despite similarities, the structure of HulFN-£ reveals
some clear divergences from those of HulFN-«-2b and
murine IFN-f. Murine IFN-/4, unlike all human type I
IFNs, lacks a disulphide bridge between the AB loop
and helix E. Compared with the human protein, the
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murine sequence also contains five deletions in the AB
loop region. Correspondingly, the HuIFN-a AB loop is
longer in the crystal structure, and contains two turns
of 3,, helix that are not seen in murine IFN-£. All three
IFNs possess highly dynamic CD loops, and, in fact, no
electron density is observed for the CD loop in HulFN-
o-2b. The CD loop in the case of HulFN-f appears to
be more solvent-exposed than that of murine IFN-f.
Two other notable differences with the structure of
HulFN-o-2b concern helix B, which is kinked in
HulFN-2-2b but not in HulFN-£; and helix E, which
is rotated around its axis in HuIFN-«-2b relative to its
orientation in HuIFN-f. Both helices are very similar in
HulFN-f$ and murine IFN-/.

The structure of HulFN-x-2a, determined by NMR
spectroscopy, was found to correspond closely to that
of HulFN-a-2b [23]. These IFNs differ at only one
residue (Lys/Arg 23). Given this minor variation at a
solvent-exposed site, most differences between the two
structures would be expected to arise from analysis in
solution vs. the crystalline state. Notably, there was no
evidence of dimerization in solution at sample concen-
trations up to 2 mM. The unique contribution of the
NMR structure of HulFN-x-2a lies in its quantitation
of backbone dynamics. Heteronuclear Overhauser effect
(heteronuclear NOE) measurements show a wide varia-
tion in loop mobility: the N-terminal part of the AB
loop and the DE loop are relatively well ordered
(NOE = 0.6), whereas the C-terminal part of the AB
loop, and especially the CD loop from Ile 100 to Lys
112 (positions 102 and 114 in HulFN-f), is highly
flexible. These results are in good accord with what was
previously inferred from X-ray crystallography. Com-
parison of the X-ray and NMR results confirms the
prediction made from sequence alignment, namely that
the three-dimensional structures of the four proteins are
highly homologous, and that some of the major confor-
mational differences (such as at the AB1 loop) are
obviously associated with sequence variations (e.g. the
presence of cysteines).

IFN receptor structure

The IFN receptor is understood in considerably less
structural detail than are the IFNs. Here, we briefly
summarize current knowledge regarding the structure
and composition of the type I IFN receptor as a prelude
to a discussion of the interactions of HuIFN-# with the
receptor at the atomic level.

Two IFN receptor proteins, IFNAR-1 and IFNAR-2,
have been identified. Like other cytokine receptors, they
may be considered in terms of contiguous extracellular,
transmembrane and cytoplasmic domains. The exis-
tence of these two distinct receptor chains was first
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made clear by cross-linking experiments with receptor-
directed monoclonal antibodies [27-29]. IFNAR-1 was
cloned and sequenced first [14], followed by IFNAR-2
[15, 30, 31]. Alignment of the amino acid sequences
revealed that the extracellular domains of both IFNAR
chains share significant homology with those of other
cytokine receptors [16]. Both IFNAR-1 and IFNAR-2
contain duplicated modules of ~ 100 residues each that
are homologous to fibronectin type IIT (FNIIT) motifs.
Based on the location of four conserved cysteine
residues, IFNAR-1 and IFNAR-2 were designated as
class 2 cytokine receptors, along with the receptors for
IFN-y and IL-10 [16, 32].

Comparison of the sequences of the two IFNAR chains
reveals significant differences in the structure of their
extracellular and cytoplasmic domains. The 411-amino
acid residue segment comprising the extracellular por-
tion of IFNAR-1 was found to contain four FNIII
repeats, double the number found in IFNAR-2, HGH-
R, or other cytokine receptors [14]. The crystal structure
of HGH in complex with its receptor suggests that two
such FNIII-like repeats can be thought of as comprising
a single cytokine-binding domain on a given cytokine
receptor chain [33]. The duplication of this feature in
the extracellular domain of IFNAR-1 raises the possi-
bility that IFNAR-1 might simultaneously bind two
molecules of ligand [14]. Of the remaining 122 residues
of IFNAR-1, 100 comprise the cytoplasmic domain.
The observed molecular mass of IFNAR-1 varies
among different cell lines; this has been explained by
differences in glycosylation [34]. IFNAR-2 has been
shown to exist in three forms that result from alterna-
tive splicing of the same gene [30, 31]. These include a
soluble form lacking transmembrane and cytoplasmic
domains, a short form designated IFNAR-2-1 and a
long form, IFNAR-2-2. The extracellular domains of all
three are identical and contain two FNIII repeats, com-
prising a single putative IFN-binding domain. The cyto-
plasmic domain of IFNAR-2-2 consists of 251 residues,
whereas that of IFNAR-2-1 consists of a unique se-
quence of only 67 amino acids.

Both IFNAR-1 and IFNAR-2-2 are required to form a
fully functional receptor. IFNAR-1 was found to pos-
sess only weak binding affinity for IFNs on its own;
stable binary complexes have been reported only with
two HulFNs, «2 and «8 [35]. However, anti-IFNAR-1
antibodies can block the action of a wide spectrum of
IFNs, indicating that IFNAR-1 forms an integral part
of the receptor complex [36, 37]. Unlike IFNAR-I,
IFNAR-2-2 displays a relatively high affinity for bind-
ing IFNs [38]. It has been shown that coexpression of
IFNAR-1 with IFNAR-2 both enhances the binding
and alters the relative affinities towards different type-I
IFNs [38].



1208 M. Karpusas et al.

Like other class 1 and class 2 cytokine receptors, IF-
NAR-1 and IFNAR-2 contain no intrinsic protein ki-
nase activity. Instead, the cytoplasmic domains contain
regions that serve as binding sites for the noncovalent
association of cytoplasmic signalling kinases. IFNAR-1
interacts directly with the Janus kinase (JAK) tyk 2 [39],
and IFNAR-2-2 with JAKI1 [15]. Once activated by
formation of an IFN/receptor complex, the JAK ki-
nases catalyse phosphorylation of each other and of
both receptor chains, further activating their kinase
activity and creating a binding site for the SH2 domains
of associated signal transducers and activators of tran-
scription (STAT) proteins [32, 40]. Yang et al. demon-
strated that STAT3 associates with IFNAR-1 [41].
IFNAR-2-2 was found to bind to STAT2, and also, in
a STAT2-dependent manner, to STAT1 [42]. Phospho-
rylation of the STAT proteins leads to the formation of
STAT homodimers and heterodimers that subsequently
migrate to the nucleus, where they bind to specific
promoter sites and activate the transcription of various
type I IFN-responsive genes [40]. Unexpectedly, it has
been shown that tyrosine phosphatase CD45, and ty-
rosine kinases Lck and ZAP-70, known for their role in
T-cell-dependent gene expression, are involved in IFN-«
transmission of growth-inhibitory signals [43]. Addi-
tional details of signalling pathways activated through
the type I IFN receptor are beyond the scope of this
article but are discussed elsewhere [44, 45].

The shortened cytoplasmic domain of IFNAR-2-1 lacks
JAK and STAT binding sites, and failed to reconstitute
a functional signalling pathway in combination with
IFNAR-1 in murine L-929 cells [30] and mutant USA
cells [30]. No biological activity yet has been associated
with the cytoplasmic tail of IFNAR-2-1. Interestingly,
despite the sequence homology between their extracellu-
lar domains, the IFNAR-2 long form was found to bind
HulFN-«-2b > 10 times more strongly than the short
form [31]. Conversely, whereas expression of HulF-
NAR-1 in mouse cells renders the cells functionally
sensitive to HulFN-£ and HulFN-«8, this sensitivity is
reduced upon coexpression of HUIFNAR-1 and HulF-
NAR-2-1, suggesting that IFNAR-2-1 competes with
murine IFNAR-2 to inhibit signal transduction [46].
Because both soluble IFNAR-2 and IFNAR-2-1 pos-
sess a significant binding affinity for type I IFNs, it has
been proposed that these truncated forms act as antago-
nists of IFN signalling by sequestering the IFN ligand
either in solution [15] or on the cell surface [46] in a
form in which it cannot productively interact with a
functional receptor. If so, then the subtype specific
differences in IFN binding reported for IFNAR-2 alone
compared with the intact receptor may represent an
additional element regulating whether a given type 1
IFN will interact productively with the functional re-
ceptor under a given set of conditions. Despite these
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unresolved questions, the different forms of IFNAR-2
exemplify the complex relationship between cytokine
binding and receptor activation that are involved in
coordinating and regulating type I IFN signalling in
vivo.

IFN-IFNR binding interactions

Among all helical cytokine receptors, the only X-ray
structures of receptor-ligand complexes so far obtained
are that of HGH in complex with a soluble, extracellu-
lar construct of its receptor [33], and with a prolactin
receptor chain [47], and that of IFN-y in a complex with
its high-affinity receptor chain [13]. The HGH/HGH-R
complex comprises a single HGH molecule cupped be-
tween two receptor molecules (each of which consists of
two f-barrel domains) that make direct contact with
each other via a fairly extended contact interface. The
two receptor molecules are roughly symmetric by a
rotational axis and present the same gross binding sur-
face to opposite sides of the ligand. In contrast, the
prolactin receptor complex pairs HGH with a single
receptor molecule, showing a binary complex that rep-
resents a putative intermediate in the formation of the
fully active ternary complex [48]. The IFN-y ligand/re-
ceptor complex consists of the homodimeric IFN bound
to two receptor molecules that do not directly interact
[13]. While these examples provide potentially useful
working models of the type I IFN receptor, they serve
mainly to illustrate the multicomponent nature of the
receptor and the variety and complexity of the interac-
tions that can characterize the complex between recep-
tor and ligand.

Prior to the recent availability of high-resolution struc-
tures of type I IFNs, models of the interaction between
type I IFNs and their receptors were based primarily on
structure-activity studies using IFN mutants. These
studies fall into two broad categories: point mutations,
reviewed in Mitsui et al. [24], and chimeras constructed
by fusing coding sequences of different IFN subtypes,
summarized in Uz¢é et al. [17]. In the case of the
chimeras, functional domains were identified by com-
paring the activity of different IFN hybrids to those of
parental IFNs that had distinguishable activities in se-
lected assay systems. Here, we summarize data concern-
ing the putatative sites of receptor interaction common
to all type I IFNs, and in the next section return to the
particular case of HulFN-£ in relation to how IFN
subtype differentiation might occur.

Two mutational hot spots, identified for IFN-« corre-
sponding to regions of the structure for which activity is
particularly sensitive to mutation, have been found to
map to approximately opposite faces of the IFN struc-
ture. One region comprises residues of the C-terminal
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part of the AB loop (numbered 28-41 in the IFN-«
consensus sequence), helix D and part of loop DE [20,
24]. Alignment of 45 IFN sequences reveals that part of
this region, including the AB and DE loops, is espe-
cially highly conserved. These loops are linked by a
disulphide bond in most IFNs, underscoring their func-
tional interdependence. In murine IFN-f, where this
disulphide is absent, a 10-fold enhancement of antiviral
activity is achieved by engineering two cysteines into the
sequence at the proper location [49]. Further evidence
for this interdependence is seen in the importance of
buried residues such as Tyr 123 (IFN-« consensus num-
bering; position Tyr 125 in HulFN-f) that do not
interact directly with the receptor but are nonetheless
crucial for maintaining the proper spatial relationship
of the D and E helices [22, 24].

A second IFN-o hot spot was proposed by Uz¢ et al. to
involve residues in helices A and C [17, 50]. The key
results cited as the basis for this hypothesis include data
from the HulFNal/o2 hybrids of Weber et al. [51],
which showed that residues 16-29 (helix A and the
N-terminal part of the AB loop) play a dominant role in
differentiating the behaviour of «1 and «2 on human
cells. In a separate study, Mouchel-Vielh et al. found
that transfection of bovine IFNAR-1 alone into human
cells equalized the activity of o1 and «2 in antiviral
assays. Human IFN-«1 is much more active in bovine
cells than in human cells, while HulFN-«2 is highly
active in both. This result thus suggests that the IF-
NAR-1 interaction is largely responsible for the differ-
ence in specific activity between these subtypes [52]. The
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importance of helix C was inferred from crossover
hybrids between IFN-o1 and -8. [50]. Human IFN-«8
is inactive on mouse cells, whereas the hybrid
a8(60)x 1(92)x8 is partially active (the numbers specify
the crossover points). The hybrid differs from «8 at
four positions on helix C that are solvent-exposed (84,
86, 87 and 90, corresponding to the IFN-/ positions 86,
88, 89 and 92, respectively). Mutation of any of these
residues to the a8 sequence causes significant losses in
activity on murine cells, and the 84/90 double mutation
abolishes activity entirely. The double mutant can be
compensated by transfection with HulFNAR-1, and
this complementation can be neutralized with antiserum
against IFNAR-1.

A priori, the observation that mutating a certain residue
or group of residues results in a reduction in IFN
activity does not constitute proof that the mutated sites
are directly involved in receptor binding. Analysis of the
crystallographic data in parallel with the results of
mutagenesis is therefore crucial to obtaining an accu-
rate picture of receptor binding. For instance, the X-ray
structure of HulFN-/ reveals that residues Tyr 125 and
Glu 149 are buried and interact with each other via a
hydrogen bond. Mutation of Tyr 125 resulted in an
inactive, poorly expressed IFN-/ protein [53]. Thus, the
significant decrease in activity that is observed when
these residues are mutated results not from the disrup-
tion of direct interactions with the receptor, but is
instead an indirect effect of longer-range disruption of
the overall tertiary structure. Conversely, the IFN-f
crystallographic results confirm that a number of muta-

Figure 3. Ribbon diagram of HulFN-# (molecule 4), with side chains of residues known to be important for activity in red colour.
The observed portion of the carbohydrate is also shown. The figure was made with QUANTA.
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IFHNAR-2

IFNAR-2

Figure 4. Cartoon illustrating hypothetical mechanisms for the activation and isotype selectivity of the type I IFN receptor. (4)
Ligand-induced receptor dimerization. IFNs bind first to the high-affinity IFNAR-2 chain, and the resulting IFN/IFNAR-2 complex
subsequently recruits IFNAR-1 to form the ternary, activated complex. (B) Allosteric mechanism. Binding of IFN to preassociated
IFNAR-1/IFNAR-2 causes a conformational change that is allosterically transmitted to the cytoplasmic domains of the receptor chains,
resulting in an activated state of the receptor. (C) IFN isotype selectivity considered in terms of an allosteric activation mechanism.
Different type I IFNs interact differently with the extracellular portions of IFNAR-1 and IFNAR-2, thus giving rise to distinct activated

states of the receptor.

genically sensitive residues are in fact exposed and avail-
able for receptor interaction, such as Arg 35 on the AB
loop and Lys 123 on helix D (fig. 3). The X-ray struc-
tures are consistent with Uz¢é’s hypothesis that helices A
and C could bind IFNAR-1 directly [50]. These helices
interdigitate to form a contiguous surface, and the
important Asn 86 and Tyr 92 side chains are exposed.
These residues correspond to the IFN-o positions 84
and 90, found to be important for subtype-specific
activities [50]. Binding of helices A and C by IFNAR-1
would thus leave the AB loop, helix D and the DE loop
on the other side of the molecule free to interact with
IFNAR-2.

Mechanism of IFN receptor activation and subtype
discrimination

Despite containing patches of highly conserved
residues, the regions of type I IFNs that are implicated
in receptor binding also include sites that are highly
diverse among the different IFN sequences, thereby
affording a potential basis for subtype differentiation
[20]. As noted above, IFN-f possesses significantly
lower sequence homology with the IFNs-o than the

latter do with each other. IFN-/ also diverges from the
IFNs-a in certain functional ways, such as its unique
ability to mediate coimmunoprecipitation of phospho-
rylated IFNAR-1 and -2 chains [54—-57]. In addition,
cells lacking the tyk-2 Janus kinase are insensitive to
IFN-«, but retain some response to IFN-£ [58]. IFN-f
thus appears to present a clear example of the ability of
the receptor to discriminate between different ligands.
How this subtype discrimination might be achieved is
intimately connected with the question of how binding
of an IFN to the receptor brings about receptor activa-
tion at all. Some of the unanswered questions concern-
ing how the type I IFN receptor is activated by the
binding of IFNs are illustrated in figure 4.

Various members of the class 1 cytokine receptor family
have been shown to be activated by ligand-induced
receptor chain dimerization (fig. 4A) [48]. In this mecha-
nism, the individual receptor chains are not preassoci-
ated in the absence of ligand; binding of the ligand to
one receptor chain promotes the recruitment of one or
more additional receptor chains into an activated recep-
tor complex. The resulting proximity of the cytoplasmic
domains of the receptor chains within the activated
complex allows the receptor-associated kinases to inter-
act with each other and with additional downstream
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signalling molecules, and thus brings about signalling.
Ligand-induced receptor chain dimerization has been
proposed to occur for a large number of oligomeric
receptors, including class 2 cytokine receptors such as
the type I IFN receptor [33], though in many cases there
has been no direct demonstration that this is the case. In
fact, existing experimental evidence for the type I IFN
receptor tends to argue against the operation of this
mechanism: it is well documented that antibodies di-
rected against the extracellular domain of IFNAR-I1,
which has little intrinsic affinity for binding most type I
IFNs, can block the binding of ligands to the intact
receptor [18, 38]. Since IFNAR-2 binds IFNs with high
affinity even in the absence of IFNAR-1 [39], this result
argues strongly that these receptor chains are preassoci-
ated in the absence of ligand. Allosteric activation of the
receptor (fig. 4B) represents an alternative mechanism.
In this mechanism, binding of ligand causes a conforma-
tional change in the receptor that is allosterically trans-
mitted across the membrane to give a corresponding
change in the conformation of the cytoplasmic domains.
The observations that the affinity of IFNs-«8 and -o2
binding is affected by the absence of intracellular tyk 2
[59], and that IFNAR-2-1 and IFNAR-2-2 differ sub-
stantially in their affinities for binding IFN-«-2b despite
having identical extracellular structures [31], lend signifi-
cant support to the hypothesis that there is allosteric
communication between cytoplasmic and extracellular
domains of the receptor. Such an allosteric mechanism
is also appealing because it easily can accommodate the
concept of IFN subtype specificity if different type I
IFNs are assumed to interact with the receptor differ-
ently to form distinct activated conformations. This
hypothesis is illustrated in figure 4C, and is similar to
explanations that have been advanced to account for
agonist-dependent differences in the activation of cer-
tain G protein-coupled receptors [60].

One strategy for probing the basis of IFN-subtype
specificity is to measure the effect of introducing muta-
tions at likely receptor-binding sites, using assays that
discriminate between IFN subtypes. As recently de-
scribed by Runkel [53], assays that discriminate between
IFNs-« and IFN-f include coimmunoprecipitation of
phosphorylated IFNAR-1 and -2; activity in human tyk
2-deficient cells; and relative antiviral activities in hu-
man, equine, and bovine cells (where the IFN-u-2b:
potency ratio is 1:1, 2000:1 and 15:1, respectively).
Mutation of IFN-/ residues in the AB loop and the D
helix had no significant effect on relative subtype-spe-
cific activities. In parallel with the data for IFN-«, some
of the mutations did cause an absolute loss in antiviral
activity (IFN-o consensus sequence position R33).
These losses observed with IFN-£ mutations were mod-
est, however, compared with the effects of correspond-
ing changes in IFNs-o, suggesting that the two IFN
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subtypes might be partly distinguished by differences in
the relative contributions of individual residues to the
overall binding interaction. On the other hand, marked
differences in the subtype-specific assays were found for
HulFN-/ double mutants at residues 86 and 92 in the C
helix of IFN-A, the same sites that initially identified
this region as crucial for IFNAR-1 binding of IFNs-a.
Introduction of charge at these sites (N86E or K, Y
92D) abolished induction of phosphorylated IFNAR-1/
2 coimmunoprecipitation and lowered the activity of the
mutants on tyk 2-deficient cells. While these results need
not imply the adoption of IFN-o properties per se, they
strongly suggest that the helix C/IFNAR-1 interaction is
important to the definition of an IFN-f-type signalling
response.

The availability of high-resolution structures for
HulFN-f, HulFN-¢-2a and HulFN-«-2b allow struc-
ture-activity studies of type I IFNs to be designed with
increased insight into the likely structural consequences
of any changes that are made to the molecules. This
structural information improves our ability to interpret
the resulting activity data in terms of receptor interac-
tion properties of specific sites on the IFN molecules.
Studies of this kind that make use of the new wealth of
structural data and analysis are underway in many
laboratories.

Role of glycosylation in IFN solubility, stability, and
activity

IFN-$ and IFN-22 are the only human IFNs that are
naturally glycosylated. In this section, we revisit the role
of glycosylation in the overall structure and activity of
HulFN-/ based on a comparison of recombinant com-
mercial preparations of HulFN-# that differ in their
state of glycosylation according to their means of manu-
facture.

The major oligosaccharide chains in recombinant
HulFN-/ secreted by CHO cells are of the biantennary
complex type, containing an «1-6 linked fucose on the
peptide proximal GlcNac residue and two «2-3 linked
NeuAc on the terminal galactose residues [61]. Perhaps
the most remarkable feature of the glycan in the
HulFN-$ crystal structure [22] is its apparent high
degree of order. Ordinarily, such groups are extensively
solvated and conformationally flexible, so that their
electron density is resolved poorly, if at all. The HuIFN-
S glycan also projects away from the IFN core, occupy-
ing a large solvent channel between neighbouring
molecules of protein. However, the carbohydrate pos-
sesses sufficient conformational bias that electron den-
sity is clearly visible for a significant portion of it. A
total of seven hexose rings in a biantennary arrange-
ment could be incorporated into the model for one
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molecule of the asymmetric unit (molecule A4; in
molecule B, only two rings could be modelled with
confidence). This finding suggests that the HulFN-p
glycan may be more closely integrated into the tertiary
structure of the protein than is usually the case. Further
support for this idea was found in the interactions of
the proximal part of the glycan with the IFN polypep-
tide. Two hydrogen bonds were discernible between the
o 1-6 fucose and the side chains of Gln 23 (helix A) and
Asn 86 (helix C). These residues comprise part of an
exterior region of HulFN-# that contains several neu-
tral and/or hydrophobic side chains that may be
shielded from exposure to solvent by interactions with
the glycan (fig. 5). It is notable that in HulFN-o-2b,
which is not glycosylated at this position, Gln 23 and
Asn 86 are replaced by charged residues (Lys and Arg),
while Asn 80 is substituted by Asp (fig. 5). Taken
together, these results suggest that the high degree of
structural definition in the HulFN-/ glycan reflects an
intrinsic role for the sugar in stabilizing the protein in
its native, folded state.

An early clue to the structural importance of HulFN-/
glycosylation was the failure of recombinant, nonglyco-
sylated material to yield diffractable crystals, as men-
tioned above [24]. Aggregation of the protein was cited
as a probable cause. The relevance of glycosylation to
functional activity also has become a focus of interest
within the last decade as HulFN-/ has been licensed for
the treatment of MS. Two recombinant forms of
HulFN-$ are now commercially available. AVONEX®
is expressed in mammalian CHO cells, and is identical
to natural HuIFN-/ in its primary sequence and also in
its glycosylation at Asn 80. In contrast, BETASERON®
(interferon f-1b, Berlex Laboratories, Richmond, CA,
USA) is a nonglycosylated protein expressed in E. coli.
In addition, IFN-#-1b also varies from the natural
material in its sequence; Met 1 is deleted and Cys 17 is
mutated to a serine.

A detailed study of the role of glycosylation in the
functional activity of HulFN-§ was reported recently
[62], and showed that AVONEX® has an ~ 10-fold
higher specific activity than BETASERON® in three
separate functional assays based on the antiviral, an-
tiproliferative and immunomodulatory activities of
IFN-f. To systematically investigate the structural basis
for the differences in activity, this study evaluated novel
constructs in which the three established structural dif-
ferences between HulFN-£-1la and HulFN-f#-1b were
introduced one at a time. The removal of Met 1 had no
measurable effect on the activity of the protein, or on its
secondary or tertiary structure. This result is consistent
with the crystal structure of HulFN-f-1a, which shows
Met 1 to be relatively exposed to solvent. The glycosy-
lated IFN-f, engineered to have a Cysl17Ser mutation,
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Figure 5. Space-filling representation of IFN-f# showing the re-
gion of the surface close to the glycosylation site. The correspond-
ing region of an IFN-« model also is shown. The carbohydrate is
shown in a stick representation in magenta colour. The amino
acid residues have been coloured as follows: charged (blue),
noncharged (yellow). The interactions of the carbohydrate with
protein side chains are shown with more detail at the bottom of
the figure. Reprinted with permission from: Runkel L., Meier W.,
Pepinsky B., Karpusas M., Whitty A., Kimball K. et al. (1998)
Structural and functional differences between glycosylated and
nonglycosylated forms of human interferon-beta (IFN-beta).
Pharm. Res. 15: 641-649, © 1998 Plenum Publishing Co., New
York.

also showed an activity in antiviral assays that was
indistinguishable from that of wild-type IFN-f-1a.

In contrast, deglycosylated HulFN-f-la showed a
marked increase in sample turbidity, and could be sepa-
rated into soluble and precipitated fractions by centrifu-
gation. Forty percent by mass of the protein remained
in solution following centrifugation and filtration, and
on SDS-polyacrylamide gel -electrophoresis (SDS-
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PAGE) migrated as a single band corresponding to
monomeric deglycosylated HulFN-#-la under both
reducing and nonreducing conditions. Circular dichro-
ism spectroscopy suggested that the secondary and
tertiary structures of this soluble fraction were similar
to the glycosylated protein. However, thermal denatu-
ration experiments showed that the deglycosylated
HulFN-f-1a underwent thermal unfolding at a tem-
perature that was 4-5°C lower than the glycosylated
material. In the case of the precipitate, under reducing
conditions SDS-PAGE resulted in a single band mi-
grating at the predicted mass of deglycosylated
HulFN-f-1a. However, analysis under nonreducing
conditions revealed the presence of high molecular
weight species, suggesting that the precipitate con-
sisted of denatured aggregates joined through scram-
bled disulphide bonds. Aggregates of this type have
been observed previously in wild-type HulFN-§ ex-
pressed in E. coli [63]. These results suggest that re-
moval of the sugar destabilized the native structure of
the molecule. Deglycosylation of IFN-f-la also af-
fected activity; the soluble fraction possessed ~50%
lower antiviral activity, as well as ~50 and ~30%
losses in antiproliferative and immunomodulatory ac-
tivities, while the insoluble material displayed a much
larger loss in activity.

The tendency of IFN-f-1b to aggregate was demon-
strated independently using size exclusion chromatog-
raphy (SEC). When BETASERON® was subjected to
SEC under physiological conditions, ~60% of the
IFN-f-1b protein eluted in the excluded volume of
the column, corresponding to an apparent molecular
weight of >600 kDa, while the remaining ~40%
eluted at the position expected for a monomer. Under
the same conditions, HulFN-f-1a eluted >98% as a
monomer. This tendency of IFN-f-1b to aggregate
was demonstrated using a variety of buffers and
column matrices, indicating that the observed aggrega-
tion was not due to any arbitrary feature of the ex-
perimental conditions. SDS-PAGE of the high
molecular weight fraction showed that it was com-
posed of noncovalent IFN-£-1b aggregates, pre-
sumably because the Cysl7Ser mutation eliminates the
possibility of disulphide scrambling and intermolecular
disulphide bond formation. The aggregated IFN-£-1b
had an activity in antiviral assays that was threefold
lower than that of the soluble starting IFN-£-1b ma-
terial (i.e. some 30-fold lower than IFN-f-1a). Thus,
these data indicate that the greater biological activity
of IFN-f-1a is due to a stabilizing effect of the car-
bohydrate on structure. The importance of the
HulFN-/ glycosyl moiety is thereby established from
the three perspectives of crystallographic, biophysical
and functional assays.
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Therapeutic challenges defined by IFN-f structural
analysis

Human IFN-f is established as an effective treatment
of relapsing-remitting MS. There are a number of issues
that should be considered in light of the foregoing
discussion of structure-activity relationships that con-
cern transforming a naturally occurring protein into a
viable drug product. Efficient production requires ex-
pression of IFN-f in an appropriate cell-based system,
as opposed to its isolation from natural sources. Ex-
pression in E. coli is convenient and well established,
but yields a nonglycosylated IFN-# protein retained in
aggregated form in inclusion bodies within the cyto-
plasm of the bacterial cell. The bacterial cell must be
physically disrupted to release the unglycosylated
product. Following its separation from the cell debris,
the protein is then solubilized and unfolded using deter-
gents or denaturants, and must then be refolded to an
active form. Expression in a mammalian system (CHO
cells), as is done with HulFN-f-la, would appear
preferable in that glycosylated protein is secreted from
cells in its monomeric native state, thus facilitating its
isolation; therefore, the mammalian host system has the
double advantage of providing a glycosylated prepara-
tion of HulFN-f in its most active, stable form, as
opposed to a nonnative and nonglycosylated form that
must be recovered from an inactive state.

Another therapeutic challenge is raised by the nature of
MS itself. Treatment of this chronic disease aims to
slow its progression over the long term, rather than to
reverse preexisting conditions. Therefore, this strategy
requires consideration of the physiological response to
exposure to a drug product over a period of years.
Despite the similarity of recombinant HulFN-£ to the
natural material, its proteinaceous nature and the long
course of treatment increase the potential for a patient
to develop an antibody response to HulFN-f. The
generation of specific antibodies to IFN-f could alter
its biodistribution and clearance. Also, within the spec-
trum of antibodies raised against IFN-f, a subset is
defined as neutralizing (NABs), in that these prevent the
binding of IFN-/ to its receptor and thereby compro-
mise its functional activity. In patients treated with
AVONEX®, such NABs have been shown to be associ-
ated with a titre-dependent reduction in the in vivo
induction of neopterin (a pharmacodynamic marker of
interferon activity), as well as with a trend to reduce the
drug’s ability to suppress gadolinium-enhancing lesions
[64]. The negative therapeutic effects of NABs have
been documented for IFN-£-1b treatment of MS as
well [65], and have been reviewed more generally for
both IFN-« and -f therapies [66].

Immunogenicity may be related to a wide spectrum of
factors including dosage, frequency and route of admin-



1214 M. Karpusas et al.

istration, and manufacturing/formaulation, in addition
to the molecular nature of the active ingredient. Clinical
studies of the three commercial preparations of HulFN-f
reveal differing levels of immunogenicity [64—68]. These
studies show IFN-£-1b to be highly immunogenic [65];
in contrast, both AVONEX® and the commercial [IFN-$ -
la product, REBIF® (Ares-Serono, Geneva, Switzer-
land) were significantly less immunogenic [64, 68, 69].
Moreover, a higher incidence of IFN-/-specific NABs
was reported for patients receiving REBIF® [68, 69]
compared with those receiving AVONEX® [64]. Besides
the formulation differences mentioned above, the greater
level of immunogenicity of BETASERON® and
REBIF® relative to AVONEX® may be due to differ-
ences in frequency and route of administration [every
other day subcutaneously (SC) vs. once per week intra-
muscularly (IM)]. Consistent with this is the report that
SC administration of IFN-x-2a is more immunogenic
than IM administration in animal studies, as is adminis-
tration every other day vs. once per week [70]. As an
additional advantage, IM injection of AVONEX® was
reported to result in higher levels of serum IFN activity,
as well as serum neopterin activity than SC or intra-
venous injection [71].

The much greater difference in immunogenicity between
HulFN-f-1a and HulFN-£-1b might naively be ascribed
to the need to deliver a larger amount of the latter protein,
which has a 10-fold lower specific activity compared with
AVONEX®, to achieve a sufficient dosage. However, the
rate of NAB formation has been reported to be essentially
independent of dosage [65]. Based on recently published
studies of recombinant HulFN-«-2a immunogenicity,
the tendency of HulFN-£-1b to aggregate also would
appear to be a necessary consideration. A report of
HulFN-¢-2a immunogenicity in mice as a function of
storage conditions found a greater immunogenic effect at
higher storage temperatures, correlating with the forma-
tion of HulFN-«-2a aggregates in the vials [72]. Human
IFN-x-2a that was deliberately aggregated via glu-
taraldehyde cross-links also exhibited much higher im-
munogenicity than native HulFN-«-2a [70].

To summarize, the causes of immunogenicity are com-
plex, with the potential for involving every detail of the
therapeutic regimen. Nonetheless, it is possible to infer
a connection with the stability and solubility of the IFN-/
molecule, which emphasizes the importance of these
issues in the design and production of the recombinant
protein.

Conclusion

The high-resolution structure of HuIFN-f reviewed here
provides detailed verification and corroboration of the
results of previous structure-activity studies undertaken

The structure of human interferon-f

in the absence of detailed structural information.
Determination of the HulFN-§ crystal structure, to-
gether with those of murine IFN-f and HulFN-a-2,
represents an important advance towards the structural
delineation of a complete type I IFN ligand/receptor
complex and an improved understanding of the work-
ings of this intricate signalling system. In a broader
sense, the use of structural information at the atomic
level continues to show promise in meeting the chal-
lenges of drug design. Thus, as progress is made to-
wards a detailed picture of the nature and mechanism
of the interactions of IFNs with their receptor, it may
be possible to engineer recombinant IFNs in order to
achieve desired immunomodulatory outcomes. We also
have sought in this review to show that structural
considerations may facilitate the interpretation of clini-
cal data, thus providing guideposts for design that opti-
mize bioavailability and efficacy of the drug product.
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