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Interleukin-3 (IL-3), a cytokine produced primarily by activated
T-cells during immune responses, promotes the proliferation

and differentiation of myeloid progenitors.1 IL-3 regulates the
survival and proliferation of hematopoietic stem cells in the early
stages of mouse embryonic development2 and is critical for the
induced basophil response and contributes to mast cell responses
to parasite infections.3 The importance of basophils in promoting
TH2 immune responses4,5 also makes IL-3 an important reg-
ulator of allergic inflammation.

IL-3 exerts its biological effects upon target blood cells via
binding to and subsequent activation of cell surface receptors
composed of an IL-3-specific R-subunit and a β-subunit (βc)
shared with the related cytokines granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) and interleukin-5 (IL-5). In
mice, but not humans, an additional β-subunit, known as βIL-3,
which specifically binds mouse IL-3 (mIL-3), but not GM-CSF
or IL-5, may also be utilized.6 Binding of IL-3 to the extracellular
portion of the IL-3 receptor leads to activation of the Janus
kinases constitutively associated with the intracellular portions of
the receptor subunits7 by a poorly understood process, with
subsequent induction of several signaling pathways.8,9

It has been shown recently that there are two IL-3RR isoforms
in mouse and human cells.9 These isoforms influence the
engagement between IL-3 and the β receptors and the signaling
outcomes.9 To understand the molecular basis of IL-3 receptor
activation and signaling, it is essential to determine the three-
dimensional structure of this cytokine. To date, the primary
impediment to structural studies has been the unfavorable
solution properties of recombinant mIL-3 expressed and purified
from Escherichia coli, specifically its poor solubility, strong
tendency to aggregate, and the heterogeneous disulfide bond
pairing that arises during classical refolding.10,11 Similar solution
behavior was also observed for the wild-type human IL-3 (hIL-3)
orthologue12,13 and was overcome only by truncation of the
N-terminal 14 and C-terminal 8 residues and the introduction of
14 amino acid substitutions to yield an analogue with improved
solubility for which the solution structure could be determined.13

By adopting a similar truncation strategy, we successfully
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ABSTRACT: Interleukin-3 (IL-3), a cytokine produced pri-
marily by activated T-cells during immune responses, is a crucial
regulator of allergic inflammation. The three-dimensional struc-
ture of murine IL-3 (mIL-3) has remained elusive owing to its
poor solubility and strong tendency toward aggregation under
solution conditions typically used for structural studies. Here we
describe the solution properties and structure of mIL-3 deter-
mined by NMR using an engineered construct of mIL-3 (mIL-
333-156). mIL-3 adopts a four-helical bundle fold, typical of
proteins belonging to the short-chain cytokine family, and
features a core of highly conserved hydrophobic residues. While
significant line broadening and peak disappearance were observed inNMR spectra at higher temperatures, there was no evidence for
temperature-dependent changes of the oligomeric state of mIL-333-156. Further analysis of the temperature dependence of amide
1H chemical shifts and backbone 15N relaxation parameters, including 15N relaxation dispersion, revealed the presence of significant
conformational exchange and local conformational heterogeneity. Residues recently shown bymutagenesis to play key roles in βIL-3
receptor recognition and activation, which are located within the RA and RC helices and aligned on one face of the mIL-333-156

structure, are relatively rigid. In contrast, pronounced conformational heterogeneity was observed for a cluster of residues located on
the opposite side of mIL-3, which corresponds spatially to sites in the related cytokines human IL-3, IL-5, and GM-CSF that are
known to mediate interactions with their respective R-receptor subunits. Such conformational heterogeneity may facilitate the
interaction of mIL-3 with each of two naturally occurring mIL-3RR isoforms, leading to structurally distinct high-affinity complexes.
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engineered a variant of mIL-3 with intrinsic high solubility, thus
obviating the need for preparative refolding, while retaining
biological activity comparable to full-length, wild-type mIL-3.11

This engineered mIL-3 variant, mIL-333-156, comprises residues
33-156 of the proprotein encoded by the mIL-3 gene (SWISS-
PROT accession number P01586) and contains a single amino
acid substitution, C105A. Of the 32 N-terminal residues omitted
in this mIL-3 variant, residues 1-26 encode a signal peptide that
is cleaved upon secretion from IL-3 producing cells, while
residues 27-32 (or 1-6 in mature mIL-3) are cleaved from
mIL-3 produced by WEHI-3 cells, a common laboratory source
of mIL-3.14 Experimentally, we determined that the C-terminal
residues 157-166 (corresponding to residues 131-140 in
mature mIL-3) could be truncated to improve the solution
properties of mIL-3 without compromising its bioactivity.11 In
addition, we eliminated the disulfide between Cys105-Cys166
(corresponding to Cys79-Cys140 in the mature form), a poorly
conserved motif previously shown to be dispensable for mIL-3
activity.10,11

Collectively, these modifications to the mIL-3 expression
construct have significantly improved both the yields from E.
coli and the aqueous solubility of mIL-333-156 sufficiently to
permit structural studies to be performed. In this paper, we report
its 3D structure and compare this structure with those of the
related cytokines hIL-5,15 hGM-CSF,16 and the highly mutated
human IL-3 analogue, SC-55494.13 The structure reveals that
residues within theRA andRC helices, recently shown to play key
roles in βIL-3 receptor recognition, are aligned on one face of
mIL-3. Detailed investigations into the solution behavior, back-
bone dynamics, and conformational heterogeneity of mIL-3
identify a cluster of residues subject to significant conformational
heterogeneity. The cluster of residues located on the side of the
mIL-333-156 four-helix bundle opposite to the β-receptor inter-
action interface corresponds spatially to sites in the related
cytokines human IL-3, IL-5, and GM-CSF that are known to
mediate the interaction with their respectiveR-receptor subunits.
Conformational heterogeneity of these residues may underlie the
capacity of mIL-3 to interact with each of the two naturally
occurring mIL-3RR isoforms, SP1 and SP2,9,17 to enable the
assembly of structurally distinct high-affinity signaling complexes.

’EXPERIMENTAL PROCEDURES

Preparation of mIL-333-156 Samples. The expression and
purification of mIL-333-156 used for the present studies have
been described previously.11,18 NMR samples were prepared by
dissolving lyophilized 15N-labeled (ca. 0.5, 1.0, or 2.0 mg) or
13C/15N-double-labeled (ca. 2.0 mg) mIL-333-156 in 500 μL of
H2O containing 5% 2H2O, 20 mM potassium phosphate, and
0.02% (w/v) sodium azide at pH 6.7. A sample containing ca.
0.5 mg of 15N-labeled mIL-333-156 in 0.2 mM acetate, pH 4.3,
was also prepared.
Translational Diffusion Measurements and Hydrody-

namic Calculations. Translational self-diffusion coefficients of
mIL-333-156 and dioxane (as an internal reference of hydro-
dynamic radius),19 at temperatures ranging from 283 to 303 K,
were measured on a Bruker DRX600 spectrometer using a
longitudinal eddy-current delay stimulated echo (LEDSTE)
sequence incorporating a WATERGATE segment for water
suppression, as described previously.20,21 Diffusion coefficients,
Dt, were then determined by fitting intensities of individual peaks
in the aromatic and aliphatic regions to the following equation

using the T1/T2 relaxation module in TOPSPIN (version 1.3,
Bruker BioSpin):

I ¼ I0 exp½- γH
2g2δ2ðΔ- δ=3ÞDt� ð1Þ

where γH is the gyromagnetic ratio of proton and g, δ, andΔ are
the amplitude, duration, and separation of the single pair of
gradient pulses, respectively. The hydrodynamic radius of mIL-
333-156was estimated using the relationshipRh =Rh

REF (Dt
REF/Dt),

where Rh
REF and Dt

REF are the hydrodynamic radius and trans-
lational diffusion coefficient, respectively, of the reference mole-
cule (Rh

REF = 2.12 Å for dioxane).19

Chemical Shift Assignments and Structural Restraints.
Chemical shift assignments of mIL-333-156 have been deposited
in BioMagResBank (http://www.bmrb.wisc.edu, with accession
code 16614).18 Distance restraints were derived from the in-
tensities of NOE cross-peaks presented in 15N-edited and 13C-
edited 3D NOESY-HSQC spectra (both with a mixing time of
120 ms) recorded using a Bruker Avance 800 spectrometer
equipped with a cryoprobe. Backbone dihedral angle (φ and
ψ) restraints were obtained from assigned chemical shifts using
the program TALOS.22 For the remaining residues, φ were
restricted to negative values as the criteria for positive φ angle
values were not met.23

Structure Calculations and Analysis. Initial structure calcu-
lations and optimization of experimental distance and angle
restraints were performed using CYANA (version 2.1).24 After
the experimental restraints had been finalized, 200 structures
were generated in XPLOR-NIH (version 2.17.0)25 using torsion
angle dynamics refinement and simulated annealing. Resultant
structures were further refined in explicit water with energy
minimization on the basis of experimental distance and angular
restraints.26 A family of 20 structures was then selected on the
basis of stereochemistry and energy considerations and analyzed
using PROCHECK-NMR27 and MOLMOL.28 Coordinates for
the final set of 20 structures of mIL-333-156 and associated
structural restraints have been deposited in the Protein Data
Bank29 with accession code 2L3O.
Backbone Amide 1H Temperature Coefficients. 1H-15N

HSQC spectra of 0.15 mM mIL-333-156 in 20 mM phosphate,
pH 6.7, at 283, 288, 293, 298, and 303 K were recorded on a
Bruker Avance500 spectrometer equipped with a cryoprobe.
Temperature coefficients of backbone amide 1H, excluding peaks
heavily overlapped or displaying significant nonlinear tempera-
ture dependence, were determined by linear regression of amide
1H chemical shifts versus temperature using SigmaPlot (version
8.0, Systat Software). Reported errors for temperature coeffi-
cients are standard deviations that resulted from the fitting.
Temperature coefficients of mIL-333-156 were classified into
several groups based on their goodness of fits.
Backbone 15N Relaxation Parameters, Rotational Diffu-

sion Models, and Reduced Spectral Density Mapping. 15N
relaxation parameters, R1, R2, and steady-state

15N-{1H} NOE
of mIL-333-156 were measured using a sample containing
0.3 mM 15N-labeled mIL-333-156 in 20 mM potassium phos-
phate, pH 6.7, on a Bruker DRX600 at 283 and 298 K using pulse
sequences similar to those available in Bruker pulse sequence
library, as described previously.30,31 Relaxation durations ranging
from 10 ms to 1.5 s for R1 and from 15.4 to 577.0 ms for R2 were
used. A complex data matrix of 2048� 128 together with 32, 48,
and 192 scans per t1 increment were used for R1, R2, and steady-
state 15N-{1H}NOE, respectively. The recycle times were 2.8 s
for R1 and R2 and 3.8 s for the steady-state 15N-{1H} NOE,
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respectively. All NMR spectra were processed using TOPSPIN
(version 1.3 or 2.1, Bruker BioSpin) and analyzed with XEASY
software (version 1.3).32 15N relaxation rates R1 and R2 of
backbone amides were obtained by fitting peak intensities at
measured relaxation durations to a two-parameter single expo-
nential decay using SigmaPlot (version 8.0, Systat Software).
Reported errors for R1 and R2 were standard deviations resultant
from nonlinear regression. The steady-state 15N-{1H} NOE
values were calculated from peak intensity ratios obtained from
spectra acquired in the presence and absence of proton satura-
tion, with uncertainties estimated from background noise of the
spectra.33

The program TENSOR234 was used for the evaluation of
rotational diffusion models and estimation of isotropic rotational
correlation time of mIL-333-156 using a group of backbone
amides with steady-state 15N-{1H} NOE g 0.65 and |T1/
ÆT1æ - T2/ÆT2æ| e 1.5 SD35 as well as a reduced group of
residues with 15N relaxation parameters satisfying the same
conditions (NOE g 0.65 and |T1/ÆT1æ - T2/ÆT2æ| e 1.5 SD)
at both 283 and 298 K. Experimental fitting errors, χexp

2,
resulting from isotropic, axially symmetric, and anisotropic
rotational diffusion models were used to assess the significance
of improvements for axially symmetric over isotropic and aniso-
tropic over axially symmetric models, respectively, through the
Ftest values. χ0.05

2 values (referring to the R = 0.05 confidence
limit for the relevant fit derived from 500 Monte Carlo
simulations34), as a convention adopted by the program TEN-
SOR2, were used to assess whether a given diffusion model has
converged (i.e., to be acceptable when χexp

2 < χ0.05
2 or to be

rejected when χexp
2 > χ0.05

2). Although χ0.05
2 values suggested

that none of the three models converged, the significant im-
provement revealed from statistical Ftest for the anisotropic
model over the axially symmetric and isotropic models led us
to analyze 15N relaxation data of R1, R2, and steady-state
15N-{1H} NOE using the program TENSOR2 with an aniso-
tropic rotational diffusion model.
Reduced spectral density mapping analysis was also performed

according to eqs 2-5:36

σNH ¼ R1ðNOE- 1ÞγN=γH ð2Þ

Jð0Þ ¼ ð6R2 - 3R1 - 2:72σNHÞ=ð3d2 þ 4c2Þ ð3Þ

JðωNÞ ¼ ð4R1 - 5σNHÞ=ð3d2 þ 4c2Þ ð4Þ

Jð0:87ωHÞ ¼ 4σNH=ð5d2Þ ð5Þ
where d = (μ0hγNγH/(8π

2))/Ær3NHæ, c =ωN(σ ) - σ^)/3
1/2, μ0

is the permeability of free space, h is Planck’s constant, γH and γN
are the gyromagnetic ratio of 1H and 15N, respectively, rNH is the
average amide bond length (1.02 Å), and (σ ) - σ^) is the
chemical shift anisotropy for 15N nuclei (=-170 ppm).
Backbone 15N-Relaxation Dispersion Measurements.

Backbone 15N-relaxation dispersion measurements were per-
formed by measuring in-phase and antiphase coherence-aver-
aged 15N transverse relaxation rates (R2

eff) as a function of
Carr-Purcell-Meiboom-Gill (CPMG) field strengths (νCPMG

= 50, 80, 100, 120, 150, 200, 300, 400, 500, 600, 700, 800, and
1000 Hz) at 283 K and (νCPMG = 40, 80, 100, 120, 140, 160, 180,
200, 250, 300, 400, 500, 600, 700, 800, and 1000 Hz) at 298 K
with a delay for the CPMG segment of T = 40 ms.37,38 A recycle
time of 2.5 s was used, and all other spectral parameters were

similar to those used in the 15N R2 measurements described
above. R2

eff values were calculated from the ratio of peak inten-
sity at a given CPMG field strength, I(νCPMG), with the chosen
duration of CPMG segment, T = 40 ms, and the corresponding
peak intensity resulting from the same pulse sequence but with
the CPMG relaxation segment omitted, I0, via R2

eff(νCPMG) =
(-1/T)ln[I(νCPMG)/I0].

38R2
eff values of each residue were then

fitted on a residue-by-residue basis with the fast-limit equation:37,39

R2
eff ðνCPMGÞ ¼ εRin þ ð1- εÞRanti þ Rex ¼ R2

ave

þ ðωA -ωBÞ2pApBτex½1- 8τexνCPMG tanhð1=ð8νCPMGτexÞÞ�
ð6Þ

where R2
ave is the transverse relaxation rate averaged over the in-

phase and antiphase coherence. ωA, pA, ωB, and pB are resonance
frequencies and populations for nuclear spin in sites A and B,
respectively, τex is the time constant for the exchange process, and
νCPMG is defined as 1/(4τCPMG), with 2τCPMGbeing the separation
between the center of two successive 180� pulses in the CPMG
segment.

’RESULTS

Solution Characteristics of mIL-333-156. The solution prop-
erties of mIL-333-156 were evaluated in acetate buffer (pH 4.3)
and phosphate buffer (pH 6.7) between 283 and 303 K by moni-
toring 1H-15N HSQC spectra and comparing hydrodynamic
radii calculated from translational diffusion coefficients measured
by PFG-NMR. 1H-15N HSQC spectra of mIL-333-156 in
phosphate, pH 6.7, from 283 to 303 K are shown in Figure 1A,
and a comparison with spectra in acetate buffer, pH 4.3, at 283
and 298 K, is presented in Figure S1 (Supporting Information).
Experimentally measured translational diffusion coefficients of
mIL-333-156 and a referencemolecule, dioxane, together with the
subsequently calculated hydrodynamic radii of mIL-333-156 are
tabulated in Table 1. Translational diffusion induced signal
attenuation in the presence of pulsed-field gradients for both
mIL-333-156 and dioxane are shown in Figure 1B,C, and the
temperature dependence of translational diffusion coefficients in
the form of Arrhenius plots is shown in Figure 1D. Three pairs of
1H-15N HSQC spectra for mIL-333-156 in 20 mM phosphate
(pH 6.7) recorded at 283 and 298 K with concentrations of 0.22,
0.30, and 0.44 mM, respectively, are shown in Figure S2 (Sup-
porting Information); significant deterioration in spectra quality
was observed at >0.4 mM.
Solution Structure of mIL-333-156. The optimal solution

conditions were established to be 20 mM potassium phosphate,
pH 6.7, and 283 K. Under these conditions, near-complete
assignments of 1H, 15N, and 13C chemical shifts were obtained
using standard triple-resonance heteronuclear experiments.18 A
total of 1209 nonredundant distance restraints obtained from
15N- and 13C-edited NOESY spectra, together with 180 dihedral
angle restraints derived from secondary chemical shifts and 28
hydrogen bond restraints (all within individual helices), were
used in calculating the 3D structure ofmIL-333-156. The statistics
for the 20 lowest energy structural models (Table 2) indicate that
they fit well with experimentally derived distance and angle
restraints. A summary of backbone angular order parameters of
the mIL-333-156 ensemble is presented in Figure S3 (Supporting
Information). Figure 2 shows the ensemble of the 20 lowest
energy solution structures superimposed over the backbone
heavy atoms (N, CR, and C0) of the four R-helices as well as
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cartoons depicting the secondary structure ofmIL-3, highlighting
the hydrophobic residues packed in the core of the four-helical
bundle structure and residues involved in βIL-3 receptor bind-
ing,17 and a surface representation of mIL-333-156 with charged
residues highlighted. mIL-333-156 adopts the four-helical bundle
fold characteristic of all short-chain cytokines, consisting of
helices RA (residues Asn42-Leu54), RB (Arg74-Glu87), RC

(Lys97-Cys106), and RD (Leu124-His137). The structure

also features a network of highly conserved hydrophobic residues
packed in the core of the four-helical bundle structure, contrib-
uted by the RA (Ile46, Val47, Ile50, Leu54), RB (Leu78, Val82),
RC (Ile96, Leu100, Leu103), and RD (Leu131, Met135) helices
(Figure 2C).
Temperature Coefficients of Backbone Amide 1H Chemi-

cal Shifts of mIL-333-156. Significant variations in peak intensity
in the 1H-15N HSQC spectra of mIL-333-156, including the
absence of peaks corresponding to several residues at 298 K and
above (Figure 1A), imply the presence of local conformational
heterogeneity.40 An analysis of the temperature dependence of
backbone amide 1H chemical shifts of mIL-333-156 in phosphate
buffer at pH 6.7 was therefore carried out. While most backbone
amide 1H chemical shifts displayed a linear dependence on tem-
perature, a group of residues exhibited deviations from linearity
at 298 K and above (Figure 3A). Temperature coefficients of
backbone amide protons are summarized in Figure 3B. Residues
with backbone amide 1H chemical shifts that deviated signifi-
cantly from linearity, including Asn42, Cys43, Lys60, Arg69,
Ser72, Ser79, Glu83, Val95, Leu100, Asp126, Lys129, Leu138,
Asp140, Leu141, Glu142 (goodness of linear regression less than
0.85; colored magenta) and Asn70, Lys71, Ala111 (peaks disap-
peared at temperature higher than 298 K; colored red), are
highlighted on the surface diagram of mIL-333-156 in Figure 3C.
While some of these residues are scattered around the molecule,
a subgroup clustered together with Asn70, Lys71, and Ala111.

15N Relaxation Parameters of mIL-333-156. To further
investigate the internal dynamics of mIL-333-156, backbone
15N relaxation parameters, R1, R2, and steady-state 15N-{1H}
NOE, were measured at 283 and 298 K. These data are sum-
marized in Figure 4 and tabulated in Table S1 (Supporting
Information); representative R1 and R2 decay curves including
nonlinear regression are also shown in Figure S4 (Supporting
Information). After the exclusion of resonances either heavily
overlapped or with weak peak intensities due to line broadening,
R1, R2, and steady-state 15N-{1H} NOE values were obtained
for a total of 112 backbone amides (there are 9 prolines in mIL-
333-156) at 283 K. In contrast, owing to poor spectral quality of
mIL-333-156 at higher temperature, R1, R2, and steady-state
15N-{1H} NOE values were obtained for only 91 backbone
amides at 298 K (Figure 4). Average values of R1, R2, and steady-
state 15N-{1H} NOE over those 91 backbone amides with
relaxation data measured at both temperatures as well as average
values over the helical regions and individual helices are sum-
marized in Table 3. As expected, a decrease in R1 and an increase
in R2 were found for mIL-333-156 at 283 K because it tumbles
more slowly than at 298 K. 15N-{1H} NOE values increased at
283 K relative to 298 K, consistent with the backbone internal
motion on the picosecond to nanosecond time scale being more
restrained at 283 K.
Model-Free Analysis and Reduced Spectral Density Map-

ping.With a view to further understanding the internal dynamics
within mIL-333-156, we analyzed the experimentally measured
backbone 15N relaxation parameters using model-free analysis
and reduced spectral density mapping. From the closest to mean
structure of mIL-333-156, the principal moments of its inertia
tensor were calculated to be 1.000:0.803:0.511, indicating the
apparent anisotropic nature of its global rotational reorientation.
Relaxation parameters of a group of backbone amides (51 for
283 K and 37 for 298 K) satisfying both steady-state 15N-{1H}
NOEg 0.65 and |T1/ÆT1æ- T2/ÆT2æ|e 1.5 SD35 were used for
the evaluation of its rotational diffusion tensor using the program

Figure 1. 1H-15N HSQC spectra of mIL-333-156 from 283 to 303 K
and translational diffusion coefficients measured by PFG-NMR. (A)
Overlay of 1H-15N HSQC spectra of mIL-333-156 in 20 mM phos-
phate, pH 6.7, recorded from 283 to 303 K. Peaks with temperature-
dependent amide proton chemical shifts and linear regression shown in
Figure 3A are labeled, and peaks that disappear at higher temperature are
also indicated. Translational diffusion induced signal attenuations in the
presence of pulsed-field gradients are shown as relative intensities versus
the strength of diffusion encoding, γ2g2δ2(Δ- δ/3), for mIL-333-156 in
20 mM phosphate, pH 6.7 (B), and in 0.2 mM acetate, pH 4.3 (C).
Corresponding data for the internal reference of the hydrodynamic
radius, dioxane, are shown in the insets of (B) and (C), respectively
(diffusion measurement for mIL-333-156 in 20 mM phosphate at 303 K
was not performed). All of the lines in (B) and (C) represent the results
of nonlinear regression to eq 1. (D) Translational diffusion coefficients
of mIL-333-156 (open symbols) and internal reference molecule,
dioxane (filled symbols), versus 1000/T in 20 mM phosphate, pH 6.7
(black), and in 0.2mMacetate, pH 4.3 (red). Both dashed and solid lines
represent fits to the Arrhenius function for the temperature dependence
of translational diffusion coefficients.
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TENSOR2.34 From these two groups of residues, a reduced
group of 26 residues (of these 26 residues, 22 residues are from
the four main helices) which satisfy the same conditions at both
283 and 298 K were also tested from rotational diffusion models.
All of the fitting results together with statistical test outcomes are
summarized in Table 4. As can be seen from Table 4, for all of the
diffusion models tested with either the original group of residues
(51 residues for 283 K and 37 for 298 K) or the reduced group of
residues (26 residues), all χexp

2 values are larger than χ0.05
2 values

(refers to theR = 0.05 confidence limit for the relevant fit derived
from 500 Monte Carlo simulations).34 Based on the convention
used by the program TENSOR2, this (χexp

2 > χ0.05
2) would

suggest that none of these diffusion tensor models had con-
verged. The experimentally measured 15N relaxation parameters
of mIL-333-156 may have failed the test of Monte Carlo simula-
tions in the optimization of rotational diffusion tensor owing to
the presence of poorly defined regions near the N- and C-term-
inal and local conformational heterogeneity. On the other hand,
statistical Ftest values among the models indicate that the axially
symmetric model is a significant improvement over the isotropic
model at both 283 and 298 K and the anisotropic model
is significant improvement over the axially symmetric model at
283 K. It is also clear that the anisotropy of the rotational
diffusion tensor derived from the reduced group of 26 residues
at 283 and 298 K agrees better than that obtained from the
original group of residues (Table 4).
Model-free analysis results obtained using rotational diffusion

tensor parameters derived from that reduced set of 26 residues
are presented here and are summarized in Figure 5 and tabulated
in Table S2 (Supporting Information). One hundred three
residues out of 112 with 15N relaxation parameters measured
at 283 K were fitted successfully to one of five combinations of
model-free parameters (22 residues for model 1 (S2), 29 for
model 2 (S2 and τe), 12 for model 3 (S2 and Rex), 28 for model 4
(S2, τe, andRex), and 12 formodel 5 (Ss

2, Sf
2, and τe)), whereas 86

residues out of 91 with 15N relaxation parameters measured at
298 K were fitted successfully to one of five combinations of
model-free parameters (18 residues for model 1 (S2), 28 for
model 2 (S2 and τe), 5 for model 3 (S2 and Rex), 29 for model 4
(S2, τe, and Rex), and 6 for model 5 (Ss

2, Sf
2, and τe)). Average S

2

values for the four R-helices are 0.86 ( 0.12 and 0.85 ( 0.15 at
283 and 298 K, respectively (calculated from a total of 32 residues
fitted successfully at both 283 and 298 K). Average S2 values for
individual helices are as follows: helix A (9 residues), 0.88( 0.14
and 0.89 ( 0.14 for 283 and 298 K, respectively; helix B (7
residues), 0.91( 0.11 and 0.86( 0.08; helix C (7 residues), 0.84(
0.13 and 0.72 ( 0.22; and helix D (9 residues), 0.81 ( 0.11 and
0.92 ( 0.08. It should be noted that lower S2 values would have

been expected at the higher temperature, although it is possible that
the apparent higher S2 value for helix D at 298 K compared with
that at 283 K in particular may have been caused by the different
combinations of model-free parameters fitted at 283 and 298 K in
the present study (Table S2, Supporting Information).
Given the presence of poorly defined N- and C-termini and

local conformational heterogeneity, which we believe to be
responsible for the less than satisfactory determination of its rota-
tional diffusion tensor as described above, we have also calculated
reduced spectral density functions for 15N relaxation parameters
of mIL-333-156 (eqs 2-5), which make no assumptions about
the nature of molecular global rotational diffusion;36 the resulting

Table 1. Translational Diffusion Coefficients of mIL-333-156 and Dioxane Measured by PFG-NMR and Calculated Hydrodynamic
Radius for mIL-333-156

20 mM phosphate, pH 6.7 0.2 mM acetate, pH 4.3

T (K) Dt
mIL-3 (10-11 m2/s) Dt

dioxane (10-10 m2/s) Rh (Å)
a: Dt

mIL-3 (10-11 m2/s) Dt
dioxane (10-10 m2/s) Rh (Å)

a:

283 6.89( 0.12 6.82( 0.06 20.98 6.50( 0.02 6.89( 0.05 22.47

288 8.19( 0.13 7.91( 0.11 20.49 7.72( 0.02 8.05( 0.04 22.11

293 9.58( 0.31 9.21 ( 0.11 20.37 8.98( 0.09 9.29( 0.04 21.93

298 11.04( 0.18 10.58( 0.07 20.31 9.97( 0.06 10.59( 0.03 22.51

303 11.34( 0.13 12.22( 0.10 22.85
a: Rh = Rh

dioxane(Dt
dioxane/Dt

mIL-3) with Rh
dioxane = 2.12 Å.19

Table 2. Summary of Restraints Used in the Structure Cal-
culation and Structural Statistics for the 20 Final Structures of
mIL-333-156

distance restraints 1209

intra (i = j) 388

sequential (|i - j| = 1) 376

short (1 < |i - j| e 5) 203

long (|i - j| > 5) 242

dihedral restraints 180

hydrogen bonds 28

deviations from experimental data

NOEs (Å) 0.0364 ( 0.0024

dihedrals (deg) 0.76 ( 0.10

deviations from ideal geometry

bonds (Å) 0.0060 ( 0.0001

angles (deg) 0.711 ( 0.017

impropers (deg) 0.528 ( 0.013

rms deviations (Å) N, CR, C0 all heavy atoms

helices a 0.68 ( 0.10 1.66 ( 0.22

residues 43-136 1.16 ( 0.18 2.09 ( 0.24

Ramachandran plotb helical regions overall

most favored regions (%) 99.5 72.4

additionally allowed regions (%) 0.1 21.7

generously allowed regions (%) 0.4 5.0

disallowed (%) 0.0 0.9
aMean pairwise rmsd (root-mean-square deviation) over four helices
(residues 43-53, 74-85, 96-106, and 124-136). bAs determined by
program PROCHECK_NMR for residues of mIL-333-156 except Gly
and Pro.
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values are summarized in Figure 6. Attempts to estimate approx-
imate order parameters from J(0) and J(ωN)

41,42 also failed as
this analysis resulted in a large proportion of residues with S2 val-
ues >1, further suggesting the presence of significant Rex contri-
butions to the experimentally measured R2 values, as noted pre-
viously.43 This observation is consistent with the large number of
backbone amides requiring the presence of an Rex term to obtain
satisfactory fits in model-free analysis (see Discussion).

Local Conformational Exchange Measured by 15N Trans-
verse Relaxation Dispersion.The observed nonlinear tempera-
ture dependence of protein backbone amide 1H chemical shifts
strongly implies the presence of local conformational hetero-
geneity, which may originate from a variety of sources, including
access to alternative low free-energy excited states of folded
proteins by local residues.44 Therefore, we performed measure-
ments of 15N transverse relaxation dispersions at 283 and 298 K,
aiming to detect experimentally any residues that occupy low
populated excited states.45,46 While there are fluctuations in
terms of R2

eff values against CPMG field strength, νCPMG, at
283 K, a lack of consistent changes of R2

eff values indicates the
absence of significant conformational exchange on the submilli-
second to millisecond time scales. In contrast, conformational
exchange on the submillisecond to millisecond time scale is
clearly evident at 298 K, with the following 23 residues showing
significant conformational exchange as detected by CPMG rela-
xation dispersions: Glu49, Lys60, Leu68, Asn70, Arg74, Val76,
Ser79, Lys80, Gln101, Lys102, Cys106, Leu107, Asn112,
Asp113, Ser114, Ala115, Val119, Met135, His137, Leu138,
Asp140, Thr143, and Leu145 (Table S5, Supporting In-
formation). Cross-peaks of Lys71 and Ala111 were not observed
at 298 K in the 1H-15N HSQC spectrum and were thus not
amenable to 15N relaxation dispersion measurement. Represen-
tative 15N relaxation dispersion curves for mIL-333-156 at 283
and 298 K and the difference in effective transverse relaxation rates
at two νCPMG fields are shown in Figure 7A-C. Figure 7D shows a
surface representation of mIL-333-156, where backbone amides of
residues that access alternative conformations on the submillise-
cond to millisecond time scales, as detected by 15N relaxation
dispersion, and those important for its binding to βIL-3 are high-
lighted. For comparison, the residues in human IL-3 (Figure 7E)
and human GM-CSF (Figure 7F) defined by mutagenesis47 and
X-ray crystallography,48 respectively, to mediate interaction with
their cognate R-receptors are highlighted in their corresponding
surface representations. Additionally, homology modeling and
mutagenesis have indicated that the surface of human GM-CSF
that mediates R-receptor binding will be larger than that revealed
by the complex crystal structure, as no electron density was
observed for the GM-CSFRRN-terminal Ig-like domain: a domain
since shown to play an important role in GM-CSF binding.49

’DISCUSSION

Although mIL-3 conveys essential biological signals in blood
cell development and inflammatory responses, structural studies
of this important protein have been confounded by its intrinsic
poor solubility and strong tendency to aggregate in solution. A
recently developed soluble variant of mIL-3, mIL-333-156, which
retains wild-type biological activity and exhibits significantly im-
proved solution behavior,11 has enabled us to perform a compre-
hensive characterization of its 3D solution structure, backbone
dynamics, and hydrodynamic properties in two different buffer
solutions over the temperature range 283-303 K. We begin by
comparing the structure of mIL-333-156 with structures of the hIL-
3 analogue SC-55494, GM-CSF, and IL-5 and then evaluate the
novel features of mIL-333-156 revealed in the current study.
Comparison of the Solution Structure of mIL-333-156 with

the Solution Structure of the hIL-3 Analogue and Crystal
Structures of Human GM-CSF and IL-5. mIL-3 adopts the
four-helical bundle fold, typical of proteins belonging to the
short-chain cytokine family, where RA and RC pack side-by-side

Figure 2. Solution structure of mIL-3. (A) Backbone of the final 20
solution structures superimposed over backbone heavy atoms (N, CR,
and C0) of four R-helices (42-53, 74-85, 96-106, and 124-136).
Color scheme: red, fourR-helices; green,RA-RB loop; gray,RB-RC loop;
blue,RC-RD loop. Two single-turn 310 helices (residues 67-69 and 92-
94), which were observed in only a fraction of the final 20 structures
within the RA-RB and RB-RC loops, are highlighted in orange, and the
disulfide bond between Cys43 and Cys106 is shown in yellow. (B)
Structure of mIL-3, in the same orientation as in (A), with side chains of
residues important for βIL-3 receptor binding highlighted. Residues
drawn as red and blue sticks are crucial for mIL-3 binding to βIL-3 in
the absence or presence of the mIL-3RR SP2 isoform, while a subset of
these residues, Lys53 and Glu91 (blue sticks), plays a vital role in mIL-3
binding and activation of βIL-3 in the presence of the mIL-3RR SP1
subunit.17 (C) Structure of mIL-3, left cartoon in the same orientation as
in (A), with side chains of hydrophobic core residues shown in yellow
sticks. (D) Surface representation of mIL-3, left side figure in the same
orientation as in (A), showing basic residues in blue and acidic residues
in red. (A) and (D) were created using MOLMOL28 and (B) and (C)
using PyMOL (DeLano, 2004; http://pymol.sourceforge.net).
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and antiparallel to one another, tethered by the disulfide bond
between Cys43 in RA and Cys106 in RC, with the RD and RB

helices packing behind the RA and RC helices, respectively, in an
antiparallel fashion (Figure 2). Although not adjacent, the RA and
RB helices are parallel to one another, and the RC and RD are
similarly parallel to one another, leading to this topology being
referred to as an “up-up-down-down” fold.50 There is remark-
able conservation in the topology of the four-helical bundles
adopted by mIL-333-156, the hIL-3 analogue (SC-55494), hGM-
CSF, and hIL-5 (Figure S5A, Supporting Information). Pairwise
superimposition of the backbone atoms of the four helices of mIL-
333-156 (42-53, 74-85, 96-106, and 124-136) with the
corresponding atoms in hIL-3 (34-45, 73-84, 93-103, and
123-135), hGM-CSF (31-42, 72-83, 100-110, and 120-
132), and hIL-5 (25-36, 64-75, and 87-97 of A-chain and

112-1124 of B-chain) yielded root-mean-square deviations
(rmsd) of 2.22, 2.31, and 2.65 Å, respectively. This compares to
an rmsd between backboneheavy atoms in helical regions (residues
42-53, 74-85, 96-106, and 124-136) among the 20 lowest
energy structural models of mIL-333-156 of 1.25 Å. Despite the
remarkable convergence of their four-helical bundle folds, there is
very low amino acid sequence identity among mIL-3, hIL-3, hGM-
CSF, and hIL-5, with only five identical residues and 16 conserva-
tive substitutions (Figure S5B, Supporting Information). Strikingly,
18 of these 21 residues have hydrophobic side chains, and inspec-
tion of the mIL-3, hIL-3, hGM-CSF, and hIL-5 structures shows
that these residues mediate the conserved hydrophobic contacts
that stabilize the four-helical bundle topology (Figure 2C).
The four-helical bundle fold relies on the long interhelical

loops that connect RA to RB and RC to RD, which are highly

Figure 3. Temperature dependence of mIL-333-156 in 20 mM phosphate, pH 6.7. (A) Plots of backbone amide 1H chemical shifts of mIL-333-156 (left
Y-axis, filled symbols) and residual chemical shifts after the subtraction of fitted values (right Y-axis, unfilled symbols) versus temperature. Lines represent
linear regression of chemical shifts against temperature. (B) Temperature coefficients for backbone amides of mIL-333-156 versus sequence number,
color coded using the goodness of fit of linear regression as follows: R2 > 0.99 (black bar), 0.9 < R2e 0.99 (blue bar), 0.85 < R2e 0.9 (green bar), and R2

e 0.85 (pink bar). Residues Asn70, Lys71, and Ala111, with their temperature coefficients not determined due to corresponding peaks significantly
weakened/disappeared at higher temperature, are indicated with red squares. Also shown in (B) is a schematic of secondary structural elements of mIL-
333-156 as revealed from its solution structure. (C) Surface diagrams, left side figure is drawn in the same orientation as Figure 2A, showing residues with
significant nonlinear temperature dependence (goodness of fit of linear regression less than 0.85) or peaks that disappear at temperature 298 K and
above. The surface diagram (C) was created using the program PyMOL (DeLano, 2004; http://pymol.sourceforge.net).
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variable in sequence and length betweenmIL-3 and hIL-3, as well
as the other family members hGM-CSF and hIL-5 (Figure S5,
Supporting Information). In fact, hIL-5 exists as a homodimer in
nature owing to the relatively shortRC-RD loop, which prevents a
hIL-5 monomer from adopting the up-up-down-down fold
and thus favors domain swapping of RD between protomers.51

The divergent interhelical loop sequences and lengths have
hampered the generation of structural models for mIL-3 based
on the solution structure of the hIL-3 analogue (SC-55494),13 a
mIL-3 relative with only 29% sequence identity. For example, the
mIL-3RA-RB loop is seven residues shorter than the correspond-
ing region in the hIL-3 sequence and contains a helix-breaking

proline residue in the region corresponding to the hIL-3RA
0 helix

(Figure S5, Supporting Information). The structure of mIL-333-
156 presented herein has resolved this conundrum by determin-
ing that, in contrast to the hIL-3 analogue, the mIL-3 RA

0 helix
consists of only a single helical turn. In addition, like the hGM-
CSF structure but in contrast to that of the hIL-3 analogue, a
helical turn was observed in the mIL-3 RB-RC loop (Figure S5A,
Supporting Information). In contrast to the structures of hGM-
CSF and hIL-5, however, neither mIL-333-156 nor the hIL-3
analogue possesses any β-strand elements in their RA-RB and
RC-RD loops (Figure S5A, Supporting Information).
Solution Characteristics of mIL-333-156. One of the com-

mon causes of poor solution behavior is aggregation/oligomer-
ization of the protein. An increase in apparent molecular mass
generally results in a slower overall tumbling, giving rise to peaks
with broad line widths in NMR spectra. The hydrodynamic
radius as estimated from experimentally measured translational
diffusion coefficients in two different buffer conditions (acetate
at pH 4.3 and phosphate at pH 6.7), however, gave no evidence
for changes in the oligomeric state of mIL-333-156 over the
temperature range 283-303 K. As can be seen from Table 1 and
Figure 1C, translational diffusion coefficients of mIL-333-156

versus temperature in both solutions are well described by the
Arrhenius function, indicating that the translational diffusive
behavior of mIL-333-156 is consistent overall with the Stokes-
Einstein model between 283 and 303 K. Although the structural
study of the hIL-3 analogue SC-55494 was performed at pH 4.6
and 300 K,12,13 we found mIL-333-156 gave consistently poor
spectral dispersion and broader line widths relative to the
corresponding spectra obtained in 20 mM phosphate at pH 6.7
over the temperature range 283-303 K (Figure S1, Supporting
Information). It is also worth noting that, compared with that in
20 mM phosphate at pH 6.7 throughout the temperature range
examined, a small, but consistent increase in hydrodynamic
radius was observed for mIL-333-156 in 0.2 mM acetate at pH
4.3 (Table 1). This increase in hydrodynamic radius of
mIL-333-156 is in good agreement with the relatively poor
spectral dispersion and broad line widths in acetate buffer, pH
4.3, and implies that a small degree of mIL-333-156 aggregation in
acetate buffer might contribute to the spectral deterioration
observed when compared with the spectral dispersion and peak
line width in phosphate buffer at pH 6.7. While the engineered
version of mIL-3 (mIL-333-156) used in the present study
exhibited significant improvement over the wild-type mIL-3 in
terms of its solution behavior, and has enabled structural
characterization of this cytokine to be performed, as discussed

Figure 4. Backbone 15N relaxation parameters of mIL-333-156 mea-
sured at 15N frequency of 60.81 MHz. (A) Steady-state 15N-{1H}
NOE, (B) R1, and (C) R2 at 283 K (gray bars) and 298 K (open circles).
A schematic showing secondary structural elements of mIL-333-156 is
shown at the top. Representative R1 and R2 decay curves including
nonlinear regression for a group of selected residues are shown in Figure
S4 (Supporting Information).

Table 3. Average Values of 15N R1, R2, and
15N-{1H} NOE of mIL-333-156 for Relaxation Parameters Measured at both 283 and

298 K (ωH = 600.13 MHz)

T = 283 K T = 298 K

R1 (s
-1) R2 (s

-1) NOE R1 (s
-1) R2 (s

-1) NOE

overalla 1.39( 0.29 15.65( 5.59 0.57 ( 0.38 1.75( 0.31 11.33( 4.36 0.47( 0.51

helical regionsb 1.33( 0.29 19.24( 2.94 0.79( 0.15 1.74( 0.29 13.54( 2.84 0.72 ( 0.10

helix Ac 1.20( 0.21 20.02( 3.90 0.81( 0.13 1.58( 0.22 13.24( 2.55 0.74( 0.06

helix Bd 1.46( 0.18 19.07( 2.83 0.82( 0.16 1.70( 0.20 12.99( 2.14 0.65( 0.12

helix Ce 1.35( 0.34 18.68( 1.97 0.76( 0.19 2.03( 0.39 15.87( 3.98 0.72( 0.14

helix Df 1.35( 0.35 18.97( 2.67 0.79( 0.12 1.61( 0.16 12.35( 1.24 0.74( 0.08
aAveraged over 91 backbone amides. bAveraged over a total of 40 backbone amides within helical regions (RA, Asn42-Leu54; RB, Arg74-Glu87; RC,
Lys97-Cys106; and RD, Leu124-His137). cAveraged over 12 residues within RA (Asn42-Leu54). dAveraged over 8 residues within RB (Arg74-
Glu87). eAveraged over 9 residues within RC (Lys97-Cys106). fAveraged over 11 residues within RD (Leu124-His137).
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below, the intrinsic conformational heterogeneity within this
molecule demonstrates that its solution properties are still quite
complex. None of our data suggest that mIL-333-156 undergoes
aggregation over time, and thus we do not attribute any of these
complex solution properties to aggregation; no changes were
observed in either 1D 1H or 2D 1H-15N HSQC spectra
recorded several months apart at several temperatures between
283 and 303 K with storage at 4 �C during the intervening period
(data not shown). Collectively, these data illustrate that mIL-
333-156 is not prone to aggregation at near neutral pH, consistent
with its successful employment as a growth factor reagent in the
laboratory.11

Backbone Dynamics on Picosecond to Nanosecond Time
Scales.Model-free analysis is commonly used to extract residue-
specific motional parameters on picosecond to nanosecond time
scales from experimentally measured laboratory frame backbone
15N relaxation parameters. In the present study, by using an
anisotropic rotational diffusion model derived from a reduced
group of residues with 15N relaxation parameters satisfying both
steady-state 15N-{1H} NOE g 0.65 and |T1/ÆT1æ - T2/ÆT2æ|
e 1.5 SD35 at 283 and 298 K, most residues (103 out of 112 at
283 K and 86 out of 91 at 298 K) were fitted satisfactorily to one
of five models. However, many residues display relatively longer
internal correlation time (up to nanoseconds, models 2, 4, and

5), and a substantial number of residues required an Rex term
(model 3 andmodel 4) in order to be fitted satisfactorily. Clearly,
the inaccuracy of the rotational diffusion tensor parameters used
in the model-free analysis may have contributed to the over-
estimation of both internal correlation time, τi, and apparent
chemical/conformational exchange contribution, Rex. The ele-
vated Rex values are, however, consistent with the overall con-
formational heterogeneity of mIL-3 observed; reduced spectral
density mapping where attempts to estimate approximate order
parameters from J(0) and J(ωN)

41,42 resulted in a large propor-
tion of residues with S2 values >1, strongly suggesting the
presence of significant Rex contributions to the experimentally
measured R2 values, as observed previously.43 Contributions of
conformational exchange to measured R2 values have been
reported previously to preclude conventional model-free anal-
ysis, such as in studies of cellular prion protein, PrPc, which
contains extended N- and C-termini52 and the C-terminal
domain of insulin-like growth factor binding protein 2.53 With
respect to the accuracy of the overall rotational diffusion tensor
used in the model-free analysis of mIL-333-156, on one hand, the
accuracy of rotational diffusion tensor may have been compro-
mised by the presence of local conformational heterogeneity
buried in the experimentally measured relaxation parameters. On
the other hand, it may have also arisen from the incomplete
representation of the distribution of orientations of N-H bond
vectors by residues used in the determination of the rotational
diffusion tensor, in particular for the diffusion tensor derived from
the reduced group of residues where most of the residues are from
the fourR-helices (as shownpreviously),54 even though the reduced

Figure 5. Model-free parameters for mIL-333-156 obtained using back-
bone 15N relaxation parameters as shown in Figure 4. An anisotropic
rotational diffusion tensor model derived from a reduced group of 26
backbone amides was used (see Table 4). (A) The order parameter S2

(Sf
2 � Ss

2), (B) effective internal correlation time τi, and (C) apparent
chemical shift and/or conformational exchange contribution Rex to the
translational relaxation R2. A schematic showing secondary structural
elements of mIL-333-156 is shown at the top. Model-free parameters
obtained with anisotropic rotational diffusion tensor parameter derived
from the original group of residues (51 for 283 K and 37 for 298 K,
respectively; see Table 4) are given in the Supporting Information
(Table S3).

Figure 6. Reduced-spectral density functions of mIL-333-156. (A) J(0),
(B) J(ωN), and (C) J(0.87ωH) calculated from 15N relaxation param-
eters measured at 15N frequency of 60.81 MHz as shown in Figure 3
using eqs 2-5 at 283 K (gray bars) and 298 K (open circles). Dash and
dot-dash-dot lines in (C) mark J(0.87ωH) values at 7.5 and 15.0 ps rad

-1,
respectively. A schematic showing secondary structural elements of mIL-
333-156 is shown at the top.
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group of residues gave a better agreed anisotropy for the tensor
model at two temperatures than the original groups (see Table 4).
From reduced spectral density functions, J(0), J(ωN), and

J(0.87ωH) (Figure 6), it is evident that mIL-333-156 experiences
more pronounced motions on millisecond to microsecond time
scales at 283 K (Figure 6A) but has greater internal flexibility on
the nanosecond time scale at 298 K (Figure 6B,C). This overall
behavior is consistent with common characteristics of proteins in
general as a function of temperature. As one would have anti-
cipated, the N- and C-termini have greater flexibility with
J(0.87ωH) > 15 ps rad-1. Overall, RA and RD helices are more
rigid thanRB andRC helices, as the former have lower J(0.87ωH)
values (<7.5 ps rad-1). On the other hand, the regions near
residues (Glu49, Lys53, Glu91, Val95, and Asn99) within the RA

and RC helices, recently shown by mutagenesis to play key roles
in βIL-3 receptor recognition and activation,

17 are relatively rigid
on picosecond to nanosecond time scales. These data are
interesting, since they suggest that the intrinsic rigidity of this
epitope may correspond with mIL-3's capacity to recognize its
cognateβIL-3 receptor and facilitate direct binding with an affinity
of ∼14 nM.55

Local Conformational Heterogeneity.Elevated temperature
often yields better spectra, as it decreases the overall tumbling

time of a protein in solution and results in relatively sharp line
widths, thereby improving spectral sensitivity and reducing
spectral overlap. This is, however, not the case for mIL-333-156.
Temperature coefficients of backbone amide protons that deviate
from linearity and/or peaks of backbone amides that disappear at
higher temperatures have been attributed to the presence of more
than one conformation in certain regions of the protein undergoing
fast and intermediate exchange, respectively.40 Experimentally mea-
sured temperature coefficients of backbone amide chemical shifts
have also been used to investigate low free-energy excited states of
proteins44 before 15N relaxation dispersion measurements became
the method of choice for exploring nuclear spins that have access to
alternative conformations or low populated excited states.56 In the
present study, the majority of residues displaying nonlinear tem-
perature dependence are clustered at one end of the R-helical
bundle (Figure 3C). 15N relaxation dispersion measurements
provide direct experimental evidence for the presence of local low
populated alternative states at 298 K. There is a strong correlation
between residues displaying nonlinear temperature dependence and
those exhibiting νCPMG-dependentR2

eff in 15N relaxation dispersion
measurements (Figures 3C and 7C), indicating that residues
clustering near one end of the R-helical bundle experience signifi-
cant conformational exchange between the ground state and one or

Figure 7. Summary of 15N relaxation dispersion measurements for mIL-333-156. (A)
15N relaxation dispersion curves for selected residues plotted as

R2
eff versus νCPMG at 298 K. (B)

15N relaxation dispersion curves measured at 283 K for the same group of residues as in (A). Solid lines in (A) represent
fit to eq 6 whereas dashed lines represent averaged values of R2

eff (νCPMG) for the given residues. In (B), both solid and dashed lines are averaged values
of R2

eff (νCPMG). (C) The differences of effective transverse relaxation rates at different CPMG frequencies,ΔR2
eff (τcp), are plotted against the residue

number at 283 K (ΔR2
eff(νCPMG) = R2

eff(50) - R2
eff(1000)) and 298 K (ΔR2

eff(νCPMG) = R2
eff(40) - R2

eff(1000)), respectively. Also shown is a
schematic of secondary structural elements of mIL-333-156. (D) Surface representation of mIL-3 with residues displaying 15N relaxation dispersions at
298 K highlighted in red. Left-side view in the same orientation as Figure 2A (Lys71 and Ala111 are shown inmagenta as their corresponding cross-peaks
in the 1H-15N HSQC spectrum based 15N relaxation dispersion measurements became too weak to measure). Residues important for βIL-3 receptor
binding were highlighted in blue except for Glu43, which also displays relaxation dispersion at 298 K (shown in cyan). Surface representation of the
human IL-3 analogue (PDB code 1JLI) (E) and humanGM-CSF (PDB code 2GMF) (F) drawn in the same orientation as mIL-3 in panel D. Residues of
human IL-3 important forR-receptor binding as defined by mutagenesis,47 Glu62, Asp63, Arg113, and Lys129, are highlighted in green (E). Residues of
human GM-CSF important for R-receptor interacting observed in the GM-CSF receptor complex crystal structure,48 Val33, Gln37, Leu66, Gln67,
Leu132, Val133, Ile134, and Pro135, are highlighted in yellow (F). The surface diagrams (D-F) were created using the program PyMOL (DeLano,
2004; http://pymol.sourceforge.net).
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more alternative states. As mentioned earlier, results from model-
free analysis revealed a large number of residues undergoing
substantial chemical/conformational exchange at both 283 and
298 K (see Figure 5C). The absence of transverse relaxation
dispersion at 283 K (Figure 7B,C) would therefore imply that
either the conformational exchange between ground state and
alternative state, as observed at 298 K, has shifted all the way to
one extreme or the interconversion has shifted to the slow exchange
regime with a time constant outside that sensitive to the 15N
relaxation dispersion experiments. 1H-15N HSQC spectra were
recorded at lower temperatures, including 278 K, but no additional
peaks from possible minor structural species were detected (data
not shown).
Conformational heterogeneity observed previously in NMR

studies of the hIL-3 variant, SC-55494,57 was attributed to cis-
trans isomerization of four prolines within the RA-RB interhelix
loop. As these four prolines are not conserved between hIL-3
variant SC-55494 and the mIL-333-156 sequence (Figure S5B,
Supporting Information), proline cis-trans isomerization cannot
underlie the conformational heterogeneity observed inmIL-333-
156. In fact, the regions within mIL-333-156 that experience
significant conformational heterogeneity correspond spatially
to the sites within hIL-3, hIL-5, and hGM-CSF known tomediate
the interaction with their respective R-receptor subunits
(Figure 7D-F),58 although the epitope on mIL-3 that mediates
R-subunit binding has not yet been defined experimentally. This
scenario parallels the conformational dynamics underlying the
interaction of the growth factor, insulin-like growth factor (IGF)-
II, with the C-terminal domain of insulin-like binding protein 6,
where residues in the latter that access alternative conformations
on a submillisecond to millisecond time scale (as detected
through 15N transverse relaxation dispersion measurements)
correlated broadly with residues important for its binding to
IGF-II.30

Recently, two overlapping epitopes on mIL-3 were shown to
be critical for recognition and activation of the mIL-3-specific
β-receptor (βIL-3) in the presence of two distinct, naturally
occurring splice isoforms of the mIL-3R subunit.17 In contrast
to the conformational heterogeneity evident for residues within
the putative mIL-3RR-interacting epitope (Figure 7D), the key
β-receptor interacting residues located within the RA helix
(Glu49 and Lys53), the RB-RC loop (Glu91), and N-terminal
portion of the RC helix (Val95 and Asn99)17 are relatively rigid
on both picosecond to nanosecond and submillisecond to
millisecond time scales except for Glu49, which exhibits motion
on the time scale of submillisecond to millisecond at 298 K as
identified from 15N relaxation dispersion measurements. This
raises the interesting possibility that the conformational flexibility
of residues in the putative mIL-3RR-interacting epitope might
enable mIL-3 to sample different conformer populations, a
property that may underlie its capacity to engage either of the
two mIL-3RR isoforms9,17 and direct mIL-3 binding to distinct
epitopes on the βIL-3 receptor to assemble structurally distinct
signaling complexes,17 capable of eliciting different signaling
outputs.9
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