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ABSTRACT Cassette mutagenesis was used to identify
side chains in human interleukin 5 (hIL-5) that mediate
binding to hIL-5 receptor a chain (hIL-5Rc). A series of single
alanine substitutions was introduced into a stretch of residues
in the C-terminal region, including helix D, which previously
had been implicated in receptor ca chain recognition and which
is aligned on the IL-5 surface so as to allow the topography of
receptor binding residues to be examined. hIL-5 and single site
mutants were expressed in COS cells, their interactions with
hIL-5Ra were measured by a sandwich surface plasmon reso-
nance biosensor method, and their biological activities were
measured by an IL-5-dependent cell proliferation assay. A
pattern of mutagenesis effects was observed, with greatest
impact near the interface between the two four-helix bundles
of IL-5, in particular at residues Glu-110 and Trp-111, and
least at the distal ends of the D helices. This pattern suggests
the possibility that residues near the interface of the two
four-helix bundles in hIL-5 comprise a central patch or hot
spot, which constitutes an energetically important a chain
recognition site. This hypothesis suggests a structural expla-
nation for the 1:1 stoichiometry observed for the complex of
hIL-5 with hIL-5Ra.

Interleukin 5 (IL-5) plays a central role in the control of
eosinophilia and as such is a major contributor to the tissue
damage seen in asthma and other eosinophil-related disorders
(1-4). The high-resolution crystallographic structure of hu-
man IL-5 (hIL-5) has been determined (5, 6). It contains a core
of two four-helix bundles in the IL-5 dimer, with each of the
four-helix units similar to that in other cytokines (7-11).
However, the arrangement of bundles in IL-5 is unusual in that
helix D of one monomer combines with helices A, B, and C of
the second monomer and vice versa.
The hIL-5 receptor is composed of two types of subunits,

denoted a and ,3 (hIL-SRa and -13) (12). The a chain is IL-5
specific and when expressed in a soluble form can bind to IL-5
without the ,B chain (12-14). In contrast, the 13 chain is identical
to the ,B chain of granulocyte/macrophage colony-stimulating
factor and IL-3 receptors (12, 15) and appears to be needed for
signal transduction. Since the affinity of hIL-5 for the a chain
is within an order of magnitude of that of the a13 heterocom-
plex (12, 16, 17), most of the binding energy for receptor
binding appears due to the a chain.
A growing body of published evidence suggests that both

helices A (residues 7-26) and D (residues 93-110) in IL-5
contribute important components to receptor binding sites for
the a and 13 chains (18-21), but the structural mechanism by
which the A and D helices participate in receptor interaction
is not understood. Since IL-5 as a homodimer contains two
A-D helix pairs (5), and each monomer is analogous to
monomeric cytokines that can bind at least one receptor
molecule [see, for example, de Vos et al. (22)], it might be
expected that IL-5 could bind to two molecules of receptor a

chain. However, an unexpected 1:1 stoichiometry for IL-5/
IL-5Ra has been observed (6, 14).
The mechanism of IL-5 recognition of receptor a chain and

the structural origin of 1:1 stoichiometry have formed a major
focus for our mechanistic studies of hIL-5R recognition. In this
study, we chose to investigate the effects of mutagenesis of
residues in the C-terminal region of hIL-5 that includes helix
D. This was based on a previous report (19) that used data
from hybrid molecules of mouse-human IL-5 to suggest that
the C-terminal region interacts directly with IL-5Rca and
confers the species specificity of IL-5. We made sequence
changes over a stretch of surface that extends from the distal
ends of the two four-helix bundles of the IL-5 dimer inward to
the interface between the bundles. This mutagenesis series
allowed us to investigate both the importance of specific
residues in the C-terminal region and the overall topography
of the receptor recognition site on IL-5. The results show that
the greatest impact of mutagenesis on receptor binding occurs
for residues close together at the bundle interface, in particular
Glu-110 and Trp-111. This observation suggests that a central
recognition patch or hot spot exists on the AD side of hIL-5
that is important for receptor a chain interaction. The pres-
ence of a central patch may explain the unusual 1:1 stoichio-
metry observed for the hIL-5-a-subunit interaction.

MATERIALS AND METHODS
COS Expression of hIL-5. The gene for hIL-5 was placed

behind a human tissue plasminogen activator secretion signal
sequence in a Drosophila expression vector (6). The IL-5 gene
with the signal sequence was cut from this vector by using
EcoRI/BamHI and ligated with the mammalian expression
vector pCDN (SmithKline Beecham culture collection) behind
a CMV promoter (pCDNIL5). This construction contains the
full sequence of hIL-5 except that the N-terminal sequence was
NH2-GARSEIPTSALVKET (6). The GARS sequence was
from the tissue plasminogen activator leader sequence used in
expression. COS-1 cells were transfected with this construct
using DEAE-dextran (23) and grown in serum-free medium.
The level of expression was measured by using a Western blot
probed with anti-hIL-5 antibody raised by immunization of
rabbits with denatured fusion protein (expressed in Esche-
richia coli and gel purified) carrying hIL-5 sequence.

Mutagenesis. Site-directed mutagenesis was carried out by
inserting a mutagenic cassette (24) into the two restriction sites of
the template (pCDNIL5) closely flanking the IL-5 gene mutation
target. Expression of the mutants was similar to that for wild type
(wt) IL-5. Presence of the desired mutation was verified by DNA
sequencing. Mutation sites are shown in Fig. 1.

Physical Characterization of Mutants. SDS/PAGE meth-
ods were used to verify that the mutants were folded into stable
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FIG. 1. Structural diagram of hIL-5 showing location of residues in D helices that were targets of mutagenesis. Figure identifies helices as A-D
in each bundle and, as AB, the loop between helices A and B. Right and left sides are rotated 90° with respect to each other to show more clearly
the residue locations on the AD face.

dimers at the COS expression supernatant stage. Dimer for-
mation was determined by detecting a band of -33 kDa under
nonreducing conditions (vs. -16 kDa under reducing condi-
tions) in Western blots of SDS/polyacrylamide gels. The
overall stability of the various mutant forms of IL-5 was tested
by measuring the effect of urea on reduction of disulfide bonds
and consequent dissociation of dimer. Urea was added to
expression supernatants at concentrations up to 5 M in the
presence of 0.3 mM dithiothreitol. After 1 hr at room tem-
perature, the reaction mixture was quenched with 0.1 M
iodoacetamide, and the mixture was run on nonreducing
SDS/15% polyacrylamide gel. A Western blot of the gel was
probed with anti-hIL-5 antiserum (6). The presence of mono-
mer was taken to indicate that the urea had unfolded the IL-5,
allowing the disulfides to be reduced by the dithiothreitol.

Receptor Binding Analysis of Mutants in Crude Expression
Supernatants. Kinetics and equilibrium constants for the
interaction between the mutant forms of hIL-5 and receptor
were measured with a BlAcore optical biosensor. The non-
neutralizing monoclonal antibody 24G9 (25) was first immo-
bilized onto the biosensor chip. The expressed hIL-5 from COS
supernatants was anchored noncovalently to the antibody. The
binding of various concentrations of soluble hIL-SRa (shIL-
SRa) [Drosophila expressed (6)] to the antibody-anchored
hIL-5 was then measured. This arrangement avoids measuring
the interaction in the presence of the large refractive index
change caused by the COS medium and does not require
determining the concentration of the anchored IL-5. Binding
of antibody 24G9 to both wt hIL-5 and to the mutants tested
in this study was similarly tight, with a very slow off rate; hence,
the antibody effectively anchored the IL-5 without blocking its
binding to receptor a chain. However, since the anchoring was
noncovalent, there was expected to be a slow dissociation of
IL-5 from the sensor surface. Given the above off-rate esti-
mate, at least 90% of hIL-5 remained bound to 24G9 during
the whole assay period. The slow dissociation of hIL-5 led to
a slight overestimate of k0ff (.6% less) and underestimate of
kon (<1%). This had essentially no effect on the relative order
of binding affinities observed for the various mutants.
For the sensor assays, 2 ,tl containing 2.4 ,tg of antibody

24G9 was diluted in 90 ,ul of 10 mM acetate (pH 4.5) and then
injected on a sensor surface that had been preactivated with
N-ethyl-N'-(3-diethylaminopropyl)carbodiimide/N-hydroxy-

succinimide. After deactivation, 30 ,ul of IL-5 in cell-free COS
supernatant was injected, followed by 30 Al of shIL-SRa (0-30
nM for the higher-affinity mutants of IL-5 and 0-1.2 ,uM for
the lower-affinity forms of IL-5). After each measurement, the
surface was regenerated with 100 mM phosphoric acid. Re-
generation removed both IL-5 and receptor. Hence, IL-5 was
rebound to measure the binding at each different receptor
concentration. The BlAcore data obtained were zeroed by
subtracting the sensorgram recorded at 0 M receptor and then
analyzed by least-squares fit of the data to a bimolecular (A +
B to AB) model as described by Karlsson et al. (26). Kd values
were determined from koff/kon ratios. Since the bimolecular
model is viewed as an approximation for the biosensor inter-
action of hIL-5 with shIL-SRa (6, 27), the rates and Kd values
reported are taken as apparent. The variation of the apparent
Kd values determined by this method is within 20% as judged
from repeat assays using wt IL-5.
B13 Cell Proliferation Assay for Signal Transducing Activ-

ity of hIL-5 Mutants. hIL-5 can bind to murine IL-SR and
hence was assayed for bioactivity by cell proliferation using the
murine IL-5/IL-3 dependent B-cell line LyH7.B13 (6). The
concentration of hIL-5 or hIL-5 mutant in COS supernatants
used for these assays was estimated by Western blot analysis.
Results are presented as percentage of the response + SE
obtained with wt hIL-5.

RESULTS
Expression, Folding, and Stability of Helix D Mutants. All

of the mutants made in this study were expressed and secreted
in roughly equal amounts (-10 nM) in COS cells as judged by
Western blot analysis of SDS/polyacrylamide gels. In all cases,
the band detected under nonreducing conditions ran at -33
kDa, while that detected under reducing conditions was at 16
kDa. Hence, similar to wt hIL-5, all of the helix D mutants
made were capable of folding into disulfide-linked dimers. The
degree of susceptibility to urea-induced unfolding for the wt
hIL-5 and mutants showed that all retained similar levels of
overall stability. As shown in Fig. 2, tracking the extent of
conversion of dimer to monomer as a function of urea con-
centration allowed an estimate of the extent of stability as
measured by the amount of urea needed to convert half of the
expressed hIL-5 to monomer. The wt IL-5 was half unfolded
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FIG. 2. Comparison of urea stability between wt and mutant hIL-5
(EllOA, WllyV). Concentrated COS cell supernatants (4 ,ul; 5-fold
concentrated) were incubated with urea and 0.3 mM dithiothreitol, the
reactions were stopped with iodoacetamide, and the mixtures were run
on a nonreducing SDS/15% polyacrylamide gel followed by Western
blot analysis.

in 3.5 M urea, as judged by the presence of approximately half
of the Western-stained protein as monomer and half as dimer.
This result is comparable to that seen for purified, Drosophila-
expressed hIL-5 and for all of the mutants, with the possible
exception of Wi 1 1A. The latter appeared converted to slightly
more than half monomer at 3.5 M urea, nonetheless indicative
of folding to form a stable dimer.

Receptor Binding Activities of Helix D Mutants. Kinetics of
receptor binding were measured by using a sandwich biosensor
assay that allowed hIL-5 in crude COS supernatants to be
characterized without the necessity for purification by mea-
suring the binding of shIL-5Ra to antibody-anchored hIL-5 or
hIL-5 mutant. Representative sensorgrams for wt and mutant
hIL-5 are shown in Fig. 3A. For all cases, sensorgrams were
obtained at a series of shIL-5Ra concentrations, and the
association and dissociation phases were analyzed as described
(28) to determine ko, and koff, respectively. For the case of wt
IL-5, the increase in response units as a function of time, dR/dt,
was plotted as shown in Fig. 3B; from the slopes of these plots,
ks values were obtained that were replotted vs. receptor
concentration (Fig. 3B Inset) to yield kon. The koff value was
determined from the ln(R1/Rn) plot shown in Fig. 3C. The on
and off rates calculated are given in Table 1, as is the
equilibrium dissociation constant Kd calculated from the
off/on rate ratio.
As noted previously (28), linearization of kinetics data

shown in Fig. 3 B and C reveals significant nonlinearity, in
particular at the higher concentrations of receptor. Such
nonlinearity is often seen in optical biosensor analyses of
macromolecular interactions (28-30). To fit the association
data in Fig. 3B in order to obtain ks and hence ko, values, we
used the linear portions of the dR/dt plots at higher R values
(6, 28). For dissociation data in Fig. 3C, we used the data in the
early phase to determine koff. Despite the analytical uncer-
tainty due to nonlinearity, the biosensor data obtained in this
study allowed a comparison to be made between binding
properties for all of the mutants, and this was not undermined
by either nonlinear kinetics or for that matter the slow
dissociation of IL-5 from the 24G9 anchor. The Kd determined
for COS-expressed wt hIL-5 analyzed in crude supernatants
was 3-6 nM, a value similar to that measured for purified hIL-5
by biosensor analysis and titration calorimetry (6, 28).

Hence, biosensor analysis was applied to the crude super-
natants containing hIL-5 mutants to measure their receptor
binding activities. Sensorgrams for a representative set of
mutants are shown in Fig. 3A. Most of the mutants had
quantitative receptor binding properties similar to those of wt
hIL-5, indicating that Ala substitutions at the residues involved
did not remove any structural elements critical for receptor
binding. However, for two residues-namely, Glu-110 and
Trp-111-Ala substitutions caused substantive decreases in
receptor affinity. This can be seen visually in Fig. 3A as well as
in the quantitative data in Table 1.
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FIG. 3. Biosensor analysis of hIL-5-shIL-5Ra interaction. (A)
Overlays of sensorgrams showing binding of various concentrations of
shIL-5Ra to wt and various mutants of hIL-5. For wt IL-5, mutant
N108A, and mutant W11iM, 30 nM shIL-5Ra was used in the assay.
For mutant E11OA and W1llA, 50 nM shIL-5Ra was used in order
to see a detectable response. Increase in response shows the binding
of shIL-5Ra. Decay represents dissociation of bound shIL-5Ra. (B)
Calculation of on-rate constant for interaction of wt IL-5 with
shIL-5Ra. Association phases of sensorgrams obtained at a series of
shIL-5Ra concentrations were replotted as the slope of the curve at
a given time vs. relative response (RU) at that time. From the straight
line fit to the linear part of the data, the slopes give values for k, at each
concentration. (Inset) Plot of ks vs. concentration. Slope of the line to
these points gives the association rate constant. (C) Determination of
dissociation rate constant for wt hIL-5. Dissociation phase of the sen-
sorgram at 30 nM shIL-5Ra inA was replotted as ln(response at time 0
of dissociation/response at time n) vs. time. Straight line shows line fit to
the early part of the data. Slope of the line gives dissociation constant.

In the case of Trp-111, several side chain types were
examined for their ability to substitute for the indole of
Trp-111. As shown in Table 1, several residues allowed a
greater affinity of receptor binding than did Ala, with Met
substitution yielding an affinity very close to that of wild type.
There is a rough correlation between hydrophobic and space
filling character of side chain at position 111 and the receptor
affinity of the resultant mutant.

Signal Transduction. The ability of hIL-5 mutants to induce
signal was measured by B-cell proliferation. Most of the
mutants showed activities close to those of wt hIL-5 (Table 1).
The three mutants with >50% reduction in activity-at Thr-
109, Glu-110, and Trp-111-were also those with the greatest
decrease in a chain interaction affinity. Hence, the decrease in
activity observed with these mutants is likely due to the effect
of the mutation on subsequent a chain interaction. Interest-
ingly, though, there are quantitative differences in the relative
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Table 1. Properties of single site mutants of hIL-5

kon x koff x B13
10-3, 103, Kd, stimulation,

M-l s-1 s-i nM % wt hIL-5

Ala scan
wt hIL-5 286 1.47 5 100 + 2
N94A 236 1.05 4 105 ± 10
D98A 444 1.16 3 99± 1
QlOlA 217 1.33 6 102 ± 4
G1OSA 309 0.56 2 84 ± 1
N108A 362 0.96 3 75 ± 6
T109A 170 2.11 12 46± 8
EllOA 56 8.42 150 8 ± 2
W1llA 86 13.6 158 44 ± 15

Trp-111 mutants
W1llA 86 13.6 158 44 ± 15
WlllV 36 7.75 215 38 ± 9
Willy 36 5.96 166 29 ± 1
W1l1L 45 2.89 64 60+ 4
W1l1F 39 2.81 72 37± 1
WlilM 201 1.25 6 137 ± 3
wt hIL-5 286 1.47 5 100 ± 2

Data are reported for two series of mutants, Ala substitutions and
Trp-111 mutants. Rate constants kon and koff are those for binding
shIL-SRa from biosensor analysis, and equilibrium dissociation con-
stant Kd is from the ratio koff/k.n. SD of the Kd for wt IL-S is 20%. B13
stimulation is the activity in the B-cell proliferation assay.

effects of Ala substitution on a chain affinity vs. signal
transduction for Thr-109, Glu-110, and Trp-111.

DISCUSSION
Mutant Characterization Through Transient COS Expres-

sion. In this work, we used transient COS expression of hIL-5
mutants to examine the relative importance of a series of side
chains in helix D for receptor binding and bioactivity of hIL-5
and used the results to evaluate the topography of the binding
site for the IL-5-specific receptor subunit-namely, the a
chain. Because of the number of mutants produced, we chose
to determine their functional properties directly in COS
supernatants rather than to purify each one separately. While
this approach offered the benefit of being able to determine
the role of a relatively large set of side chains, it required
analytical methods that would not be compromised by the
nonpurified state of the mutants.
The key methodology used to overcome such uncertainties

was the biosensor sandwich assay, which was devised for the
current study. This method allowed kon, koff, and consequent
Kd to be measured by first trapping the IL-5 from COS
supernatants selectively onto the sensor surface via immobi-
lized nonneutralizing antibody 24G9. This entrapment is akin
to an affinity purification directly on the sensor surface. 24G9
is a high-affinity, nonneutralizing monoclonal antibody to
hIL-5 (25) and hence does not block subsequent binding of
IL-5 to receptor.

Since binding to hIL-5Ra assumes that the ligand (wt or
mutant hIL-5) is folded, it was necessary to confirm that the
mutants, in particular those with low binding affinities, folded
to a stable dimeric form. All of the mutants, including the
low-activity El 10A, Wi1 A, and other Trp-111 mutants,
formed dimers upon expression and were stable to urea
concentrations at least to 3 M. This meant that the lower
affinities observed with the latter mutants likely were not due
to unfolding of the proteins during the sensor assay. Hence,
loss of receptor binding activity could be interpreted directly
as due to direct alteration by mutagenesis of the binding
surface in hIL-5 for the receptor a chain.

We also assessed whether binding to hIL-5Ra by the various
mutant constructs was productive for signal transduction. All
of the mutants were biologically active (Table 1), with those
mutants having a decreased receptor a chain affinity showing
decreased signal transduction. However, the relationship be-
tween the reduction in receptor a chain interaction and
reduction in bioactivity was not the same in all cases (Table 1).
The reasons for this nonparallelism for T109A, E11OA, and
WlllA cannot be defined at present but could reflect different
mechanistic roles in such processes as receptor isomerization
(6) or intracellular vs. extracellular receptor binding. However,
we cannot exclude the possibility that the differences in relative
binding affinity vs. bioactivity may have been due to differ-
ences in the receptor component (murine in the B-cell prolif-
eration assay, human in the biosensor assay).

Selective Impact of Mutagenesis on Receptor Binding. The
hIL-S site-directed mutations investigated in this study were
focused on residues in or near the solvent-exposed surface of
the D helix and distributed along the helical axis from the distal
ends of the helical bundles to the bundle-bundle interface.
The residues chosen were substituted with Ala to minimize
disruption of the D helix (31, 32). For residues close to the
bundle-bundle interface, in particular Glu-110 and Trp-111
and to some extent Thr-109, changes in side chain character did
impact both receptor a chain interaction and biological activ-
ity. Apparently, residues at the distal end of helix D play a less
important role in receptor a chain recognition, while those
near the bundle interface are more directly involved. Prelim-
inary studies showed that mutants 1112A and SllSA also had
affinities for shIL-SRa similar to that of wt hIL-5. Hence,
residues at the extreme C terminus of hIL-5, which are in a
flexible peptide segment that extends away from the helix-
bundle interface, also appear to be less directly involved in
receptor a chain recognition.
The experimentally solved crystal structures of hIL-S (5, 6)

provide some clues as to the possible ways in which Glu-110
and Trp-111 could participate in receptor recognition. As
shown in Fig. 1, the Glu-1 0 side chains are exposed to solvent,
while those of Trp-111 are more buried. Glu-110 and perhaps
Thr-109 may be contact residues for receptor and stabilize the
receptor a chain complex directly. In contrast, the side chain
of Trp-111 more likely functions as a packing residue to stabilize
the local conformation of hIL-5 itself. Evidence for this hypoth-
esis comes from the ability of hydrophobic residues such as Met
to replace Trp with virtually unchanged receptor affinity. How-
ever, local disruption of the structure of the Wl11A form of hIL-5
is likely subtle, since the stability of this mutant in urea was only
slightly reduced, at most, compared to wt hIL-S.
Topographical Mapping of Receptor Binding Sites: Central

Patch and 1:1 Stoichiometry. The finding in this study that
residues close to the bundle interface, in particular Glu-110
and Trp-111, are most important among helix D surface
residues for receptor a chain interaction leads to the possibility
that residues near the interface comprise a central patch that
constitutes the a chain recognition site (Fig. 4). The central
patch is envisioned as being localized on the side of the hIL-5
structure composed of exposed surfaces of theA and D helices,
shown previously to be important for receptor (af3 complex)
interaction (18-20). The model of a central patch would
explain the 1:1 stoichiometry observed for the complex of
hIL-S with hIL-5Ra in spite of the dimeric nature of hIL-5.
Interestingly, Tavernier et al. (33) have recently reported that
residues in the CD loop close to the four-helix bundle interface
are part of the epitope for neutralizing antibody based on loss
of antibody binding when residues in this loop are replaced.
The results of neutralizing antibody epitope mapping suggest
that the part of the CD loop closest to the bundle interface is
at least close to, if not part of, the receptor binding site and
suggests that the central patch may extend to include side
chains in or close to the loop.

10882 Immunology: Morton et al.
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BC
FACE

FIG. 4. Schematic view of hIL-5 showing various components of its
surface. This scheme highlights regions hypothesized to be important
in receptor recognition. (i) Central patch. This patch includes Glu-110,
Trp-111, and residues around these including the AB loop. This patch
appears to be important for a interaction. (ii) AD face. This side of the
structure is dominated by the exposed surfaces ofA and D helices. The
A and D helices have been suggested in previous studies to be
important for receptor binding. The involvement in receptor recog-
nition of areas of this surface beyond the central patch remains to be
determined. (iii) BC face. This side of the hIL-5 structure is dominated
by the exposed surfaces of helices B and C. It is not known what role
this surface plays in receptor recognition, but it is large, and residues
in this face may be important for ,3 chain interaction and consequently
for signal transduction leading to biological activity.

The hypothesis of a central patch on hIL-5 for receptor a

chain interaction is similar to the hot spot hypothesized on
human growth hormone for its receptor (34). In the latter
work, a central hydrophobic region dominated by two Trp
residues accounted for more than three-fourths of the binding
free energy. Interestingly, '30 growth hormone side chains
overall make contact with receptor, and hence it may be
concluded that side chains not in the hot spot also contribute
to receptor recognition. A similar view may be suggested for
IL-S-namely, that residues outside the central patch could
still make receptor contact.

Overall, the data reported in this study provide a hypothesis
for clustering of two Glu-110 and two Trp-111 residues in the
hIL-5 dimer within a single binding site on the AD face for
receptor a chain recognition. The results provide a framework
in which to configure further mutagenesis studies-namely, to
focus mutations to investigate (i) the composition and struc-
tural nature of the central patch, (ii) additional sites on the AD
face that could participate in receptor a chain interaction, and
(iii) the topography and role of residues that might be involved
in , chain or other receptor interaction events. The hypothesis
of a central patch, or hot spot, may help focus future efforts on
the rational design of receptor antagonists for four-helix
bundle cytokines of the IL-5 family (IL-3, IL-5, granulocyte/
macrophage colony-stimulating factor), including muteins di-
rected at residues outside the central patch and cytokine
mimetics directed at structural elements within the central
patch. The emerging view of receptor binding site topography
also may provide insights into ways in which dimeric or multimeric
receptor-cytokine complexes are formed, with applications not
only for the IL-S family of cytokines but also more generally for
any four-helix bundle cytokine-receptor interaction.
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