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ABSTRACT: Interleukin-3 (IL-3) is a cytokine which stimulates the proliferation and differentiation of
hematopoietic progenitors into multiple cell lineages. The 'H, PN, and *)C NMR resonances of a
recombinant human IL-3 variant (SC-65369) have been assigned using two- and three-dimensional NMR
techniques on uniformly *C/!"*N-enriched protein. Five helical segments (residues 16—26, 42—50, 55—
65, 73—82, and 104—120) and three reverse turns (residues 51—54, 68—71, and 87—90) were identified
from the pattern of sequential NOE connectivities, NH(i)—C*H(i) scalar coupling constants (3/xuq), amide
hydrogen exchange data, and the deviation of 13C®, 13C#, 13CO, and C*H chemical shifts from random-
coil values. Long-range NOEs indicate that the global folding pattern of human IL-3 is a four-helical
bundle with an up-up-down-down arrangement of helices that is similar to that of other members of the
cytokine family, such as granulocyte-macrophage colony stimulating factor (GM-CSF). A fifth short
helix (helix A’, residues 42~—50) is located in the loop connecting the first and second helices. The absence
of helix A”in the corresponding structures of GM-CSF and interleukin-5 suggests that it may be important
for recognition of IL-3 by its receptor. The existence of at least two forms of the protein that differ in
local conformation was implied from the observation of a limited set of doubled resonances in which
each doublet partner had a similar pattern of short-, medium-, and long-range NOEs. The majority of the
doubled resonances were close in sequence or space to a proline-rich sequence, which suggested that the
different conformational forms of SC-65369 may be caused by slow cis—trans isomerization of proline

peptide bonds.

Interleukin-3 (IL-3)! is a protein that belongs to a
subfamily of cytokines which regulate proliferation, dif-
ferentiation, and activation of hematopoietic cells [for
reviews, see Schrader (1986), Yang and Clark (1990), and
Metcalf (1991)] through signal-transducing cell surface
receptors. Stimulation of IL-3 receptors on multipotent
hematopoietic progenitors, and certain lineage restricted
progenitors, results in the expansion and differentiation of
hematopoietic cell lineages, leading to the proliferation of
essential, terminally differentiated blood cells including
platelets, basophils, eosinophils, and neutrophils. In addition,
recombinant human IL-3 (hIL-3) stimulates histamine release
by basophils (Haak-Frendscho et al., 1988), degranulation
of eosinophils (Lopez et al., 1989), and primes peripheral
blood leukocytes for the production and release of sulfido-
leukotrienes. Although hIL-3 has shown some promising
results in the treatment of chemotherapy-induced neutropenia
and thrombocytopenia (Ganzer et al., 1990; Herrmann et al.,
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! Abbreviations: IL-3, interleukin-3; hIL-3, human IL-3; SC-65369,
a truncated variant of hIL-3 mutated in 14 of 112 positions; GM-CSF,
granulocyte-macrophage colony stimulating factor; IL-5, interleukin-
5; IL-2, interleukin-2; IL-4, interleukin-4; G-CSF, granulocyte colony
stimulating factor; M-CSF, macrophage colony stimulating factor; LIF,
leukemia inhibitory factor; NOE, nuclear Overhauser effect; 3/nmq,
intraresidue three-bond scalar coupling constant between NH and C*H;
CHES, 2-(N-cyclohexylamino)ethane; DTT, pi-dithiothreitol; SDS—
PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis;
HOAc-d;, acetic acid-ds; Xaa, any of the 20 amino acids commonly
found in proteins.
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1992; Ganzer, 1993), the intrinsic proinflammatory effect
of hIL-3 on end-stage leukocytes may result in a narrow
therapeutic index (Biesma et al., 1992; Denzlinger et al.,
1993). Extensive mutagenesis of truncated hIL-3 has led to
molecules with 10—20-fold greater proliferative and colony
forming activity relative to hIL-3, but with only a 2-fold
increase in potentiation of histamine and sulfidoleukotriene
release (Olins et al., 1995; Thomas et al., 1995).

Among the hematopoietic growth factors, IL-3 is most
closely related to the short-chain cytokines GM-CSF and IL.-5
[reviewed by Goodall et al. (1993) and Miyajima et al.
(1993)] whose receptors share a common f3-subunit with the
IL-3 receptor (Kitamura et al., 1991; Tavernier et al., 1991).
The three-dimensional structures of both GM-CSF and IL-5
were published recently (Diederichs et al., 1991; Walter et
al., 1992; Milburn et al., 1993). GM-CSF is folded into a
four-helical bundle in which the first two helices are roughly
parallel to one another with a long loop connecting them,
and the last two helices form a second parallel pair that is
also connected by a long loop, and these two sets of parallel
helices are arranged approximately antiparailel to one
another. IL-5 exists as a dimer with an interesting variation
of the four-helical bundle structure (Milburn et al., 1993):
Each of the two four-helical bundles in the structural dimer
is composed of a single C-terminal helix from one chain
and three N-terminal helices from the other chain. The four-
helix bundle motif is common among many other growth
factors such as IL-2 (Bazan, 1992; McKay, 1992; Mott et
al., 1992), IL-4 (Smith et al., 1992; Powers et al., 1992a;
Wlodawer et al., 1992), M-CSF (Pandit et al., 1992), G-CSF
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(Hill et al., 1993; Lovejoy et al., 1993; Zink et al., 1992,
1994; Werner et al., 1994), somatotropin (Abdel-Meguid et
al., 1987; de Vos et al., 1992), and LIF (Robinson et al.,
1994). hIL-3 purified from Escherichia coli (Freeman et
al.,, 1991) as a 133 amino acid residue, single disulfide cross-
linked polypeptide was found to be insoluble in the concen-
tration and pH range required for NMR studies (J. Likos
and C. McWherter, unpublished experiments). Despite a
considerable effort, neither an X-ray nor an NMR structure
of hIL-3 has yet been reported.

In order to understand the structure—function relationships
of hIL-3, we initiated a project to determine the three-
dimensional structure of a soluble variant of hIL-3 using
multidimensional heteronuclear NMR techniques. In an
effort to discover a molecule with increased separation
between proliferative and proinflammatory activities, hun-
dreds of hIL-3 variants were generated by saturation mu-
tagenesis at multiple sites distributed throughout the sequence
(Olins et al., 1995). A number of active variants recovered
with high yield provided a pool for solubility screening, and
several among these were found to have a solubility
significantly greater than that of hIL-3. The present study
focused on a 112-residue truncated variant of recombinant
hIL-3, SC-65369, which lacks the N-terminal 13 residues
and C-terminal 8 residues, and which has 14 amino acid
substitutions relative to the wild-type protein. The charac-
terization of SC-65369, which will be described in detail
elsewhere (P. Olins, C. Bauer, and J. Thomas, unpublished
results), revealed that it has slightly higher activity than native
IL-3 in cell proliferation assays and comparable affinity for
the low-affinity (a.-subunit) receptor. In this paper, we report
the 'H, PN, and '3C NMR resonance assignments, the
secondary structure, and the chain-folding topology of SC-
65369.

EXPERIMENTAL PROCEDURES

Sample Preparation. SC-65369 (P. Olins and C. Bauer,
unpublished results) is a variant of hIL.-3 which consists of
residues 14—125 of the wild-type sequence (Yang et al.,
1986) with the following substitutions: V14A, N18I, T25H,
Q29R, L32N, F37P, G428, Q45M, N5IR, R55T, E5S9L,
N62V, S67H, and Q69E. This protein was produced in
refractile bodies by expression of the plasmid pMON 13302
in E. coli strain JM101. For each of the samples prepared
in this study, small amounts of cells were grown overnight,
and these were used to inoculate 300 mL of media in flasks
at a 1:40 ratio. The inoculated cultures were grown at 37
°C for about 3 h before induction with nalidixic acid (50
ug/mL), and cells were harvested 4 h after induction. The
>N-labeled protein was produced by growing the cells on
minimal medium M9 (Maniatis et al., 1982) containing 1
g/L of U-'>N (99 atom %) ammonium chloride (Cambridge
Isotope Laboratory, Woburn, MA) as the sole nitrogen source
and supplemented with glucose at 5 g/L. as the carbon source.
In a similar way, the '3C,'’N-labeled protein was prepared
using M9 supplemented by U-'*N (99 atom %) ammonium
chloride as the sole nitrogen source (1 g/L) and U-'3C¢ (99
atom %) glucose (5 g/L., fermentation grade, Martek Bio-
sciences Corporation, Columbia, MD) as the sole carbon
source. Harvested cells were washed and stored at —70 °C.

Thawed cells were sonicated, and refractile bodies were
isolated by centrifugation. Refractile bodies containing SC-
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65369 were extracted using a 50 mM CHES buffer, pH 9.5,
containing 6 M guanidine-HCl, and 0—30 mM DTT, and
the extracted protein was folded by sequential dialysis against
50 mM CHES buffers containing 4 M and 2 M guanidine-
HCI at pH 8.0. The folded protein was purified using a
Vydac 1- x 25-cm Ci; reverse-phase column (218TP510;
Separations Group, Hesperia, CA) and a mobile phase
consisting of solvents A (0.1% TFA/H,0) and B (0.1% TFA/
CH3CN). The folding reaction products were applied to the
column in 20% solvent B at a flow rate of 3 mL/min for 10
min, followed sequentially by linear gradients in solvent B
from 20 to 40% in 10 min and 40 to 50% in 50 min. The
column effluent was monitored at 280 nm, and pure product
fractions were identified by analytical-scale HPLC. Pure
fractions from several runs were pooled, frozen, and lyoph-
ilized. In some cases, an S-Sepharose (Pharmacia, Piscat-
away, NJ) column was used as a final step to remove a small
amount of high molecular weight material that had been
observed by SDS—PAGE. When necessary, the HPLC-
purified fractions were applied to the S-Sepharose column
equilibrated with 20 mM sodium acetate, pH 5.5, containing
50 mM NaCl. After washing extensively with the same
buffer, pure SC-65369 was eluted with the sodium acetate
buffer containing 100 mM NaCl.

The purified SC-65369 was greater than 95% homoge-
neous as determined by analytical HPLC. The samples were
also characterized by reducing SDS—PAGE, electrospray
mass spectrometry, and tryptic peptide mapping. The
isotopic substitution was determined to be greater than 99%
for both N- and '3C,'>N-labeled samples by mass spec-
trometry. Samples for NMR spectroscopy were about 0.8—
1.0 mM SC-65369 in a buffer consisting of 5 mM HOAc-d;
in either 95% H>O0/5% D,O or 99.9% D,O at a pH*
(uncorrected) of 4.6.

NMR Spectroscopy. All NMR spectra were recorded at
30 °C on a triple-resonance Varian UNITY-500 spectrometer
operating at a nominal proton frequency of 500 MHz and
equipped with three waveform generators, a pulsed-field
gradient unit, and a 5§ mm triple-tuned probe. Typical
spectral widths were 6400, 1265, 2500, 1420, and 7500 Hz
in 'H, BN, 13Ce 3CO, and aliphatic '*)C dimensions,
respectively. The resolution in HCCH-COSY, HCCH-
TOCSY, !)C-edited NOESY, and simultaneous '3C,!SN-
edited NOESY experiments was increased by setting the
spectral width for aliphatic '3C to 2600 Hz and folding in
resonances which fall outside of the spectral window. Carrier
frequencies for heteronuclei were set to 121 ppm for N,
59 ppm for ¥C%, 44 ppm for *C%"3C#, 176 ppm for '*CO,
and 41.5 ppm for aliphatic '3C.

Three-dimensional '*N-edited TOCSY-HMQC (Marion et
al., 1989a), ’N-edited NOESY-HMQC (Marion et al., 1989b;
Zuiderweg & Fesik, 1989), 3D ’N-edited HMQC-NQOESY-
HMQC (lkura et al., 1990), and 2D “N-'H HMQC-J
experiments (Kay & Bax, 1990) were acquired on an '’N-
labeled sample dissolved in 95% H,0/5% D,O buffer.
Solvent suppression was achieved by low-power preirradia-
tion with the carrier frequency placed on the water peak.
Three-dimensional HNCO (Kay et al., 1990), HNCA (Kay
et al., 1990), HN(CO)CA (Bax & Ikura, 1991), CBCA(CO)-
NH (Grzesiek & Bax, 1992a), CBCANH (Grzesiek & Bax,
1992b), HBHA(CBCACO)NH (Grzesiek & Bax, 1993a),
C(CO)NH (Grzesiek & Bax, 1993b), H(CCO)NH (Grzesiek
& Bax, 1993b), (HB)CBCA(COCA)HA (Kay, 1993; modi-
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FIGURE 1: 2D N—'H HMQC spectrum of uniformly }*N-labeled SC-65369 with the residue assignments indicated next to the cross-
peaks. Some cross-peaks that occur in severely crowded regions are not labeled for the sake of clarity. The spectral heterogeneity is
evident for a number of residues which are assigned to two cross-peaks. The cross-peaks for R51 and T117 are folded in from outside the

5N spectral window.

fied for use without gradients), HCA(CO)N (Kay et al., 1990;
Powers et al., 1991), HCCH-COSY (Bax et al., 1990),
HCCH-TOCSY (Bax et al, 1990), '*C-edited NOESY-
HMQC (Ikura et al., 1990), simultaneous '3C,'’N-edited
NOESY-HSQC (Pascal et al., 1994), and two-dimensional
carbonyl-edited 3C-'TH HSQC (Grzesiek & Bax, 1993a)
experiments were recorded on a uniformly '3C,"’N-labeled
sample in 95% H,0/5% D,O or D,O buffer. Solvent
suppression was achieved by low-power preirradiation at the
solvent frequency, by spin-lock pulses (Messerle et al., 1989),
or by a combination of the two. In the simultaneous *C,°N-
edited NOESY-HSQC experiment (Pascal et al., 1994), the
H,0 signal was suppressed by the gradient pulses. Relax-
ation delays in all experiments were 0.8—1.0 s. Quadrature
detection in all indirectly detected dimensions was achieved
using the States—TPPI method (Marion et al., 1989¢). Due
to limited solubility of SC-65369, extensive signal-averaging
was necessary and each experiment took 5—7 days to
complete. Acquisition and processing details for each
experiment are listed in Table 1 in the Supplementary
Material. Gaussian multiplication of data was used in the
acquisition dimensions. In some data sets, the indirectly

acquired dimensions were extended by the linear prediction
method as implemented in NMRz or Triad (Tripos Associ-
ates, St. Louis, MO). The data in the indirectly detected
dimensions were apodized with a shifted (60—80°) squared-
sine bell prior to zero-filling and Fourier transformation.

Hydrogen exchange data were collected on a U-'*N-labeled
sample at 15 °C in order to slow the exchange rate and
thereby detect somewhat faster exchanging amide protons.
Prior to the exchange experiments, "N—'H HSQC spectra
(Bodenhausen & Ruben, 1980) of an '*N-labeled sample in
95% H,0/5% D,0 were collected at 30, 22, and 15 °C in
order to map the assignments at 30 °C to the spectrum
recorded at 15 °C. The exchange was initiated by dissolving
an unexchanged, lyophilized sample in D,O buffer and the
first in a series of "N—'H HSQC spectra (ca. 9 min/each)
was recorded within 10 min of the initial dissolution.
Additional spectra were collected at various intervals over
the next 29 h.

Two-dimensional NMR spectra were processed and ana-
lyzed using the VNMR software package (Varian Instru-
ments, Palo Alto, CA). 3Jyue« coupling constants were
extracted from “N—'H HMQC-J data (Kay & Bax, 1990;
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FIGURE 2: 2D planes of 3D HNCA (A) and HN(CO)CA (B) illustrating the connectivities of residues 73—76 in SC-65369. An example
of the heterogeneity is apparent in the doublet for the NH and, to a lesser extent, the C® resonances of 174.

Forman-Kay et al., 1990) for those cross-peaks that had
observable splittings following Gaussian #, apodization for
at least three of the seven tested parameter sets. Three-
dimensional NMR spectra were processed and analyzed using
NMRz or Triad (Tripos Associates) on a Sun workstation.
The consensus secondary chemical shift index was calculated
using the program CSI (Wishart & Sykes, 1994).

RESULTS AND DISCUSSION

2D °N—1H Chemical Shift Correlation Maps and Chemi-
cal Shift Heterogeneity. The 2D '"N—'H HMQC spectrum
of uniformly !'*N-labeled SC-65369 and the residue cross-
peak assignments are shown in Figure 1. Narrower than
average line widths for five signals in this spectrum were
found to belong to the C-terminal residues 121—125.
Despite a considerable range in '*N chemical shifts, and the
relatively small size of SC-65369, there is nonetheless
inadequate resolution of many cross-peaks. Particularly
troublesome were many apparently isolated cross-peaks that
on closer inspection turned out to be two closely overlapping
cross-peaks with comparable intensities (e.g., D101 and
W104 in Figure 1), suggesting either chemical or confor-
mational heterogeneity. The extent of heterogeneity became
obvious upon comparison of either the HN(CO)CA and
HNCA or the CBCA(CO)NH and CBCANH spectra. Simi-
lar heterogeneity was subsequently observed in the 'H spectra
of three other hIL-3 variants (data not shown). Electrospray
mass spectrometry of natural-abundance, '°N-, and '3C,*N-
enriched samples of SC-65369 determined that each sample
contained a single predominant mass species that was close
to that calculated from the expected isotopic substitution (data
not shown). In addition, mass spectral analysis of HPLC-

resolved tryptic fragments at a resolution (1 amu) sufficient
to detect subtle chemical differences, such as deamidation
of Asn and GIn side chains, was able to account for the entire
sequence. Furthermore, similar mass spectral results have
been obtained on other hIL-3 variants which show spectral
heterogeneity. Taken together, these results indicate that the
protein is a single chemical species and that it is therefore
reasonable to attribute the heterogeneity to two or more
conformational forms of the protein. The available NMR
data (see below) suggest that isomerization of one or more
of the nine prolines is a possible explanation for the origin
of the heterogeneity. Several additional explanations that
are considered less likely, but are not yet excluded, include
a monomer—dimer equilibrium, the binding of metal ions,
and rotational isomerism of the disulfide bond.

Main-Chain Sequential Assignments. Site-specific se-
quential assignment of SC-65369 was carried out using a
combination of double- and triple-resonance 3D NMR
experiments. The assignment strategy was similar to that
described by Powers et al. (1992b). However, a number of
more recently developed experiments that provide multiple
correlations to main-chain resonances [e.g., CBCA(CO)NH
and C(CO)NH] were found to be useful in overcoming the
spectral degeneracy and heterogeneity observed with SC-
65369. The main-chain assignment procedure began with
experiments that correlated amide nitrogen and amide proton
resonances with those of backbone and side-chain nuclei
which are in the same and nearest-neighbor residues ['°N-
edited TOCSY-HMQC, HN(CO)CA, HNCA, CBCA(CO)-
NH, CBCANH, HBHA(CBCACO)NH]. Carbonyl carbons
were assigned by matching the HNCO cross-peak frequencies
to amide proton and nitrogen frequencies from the first set
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FIGURE 3: Portions of the 3D C(CO)NH (A) and 3D H(CCO)NH
(B) spectra illustrating the correlations observed between the amide
and the aliphatic side-chain carbon or proton resonances of the
preceding residues for residues 117—121. The cross-peaks marked
with an asterisk are from adjacent planes.

of experiments. After most of the main-chain resonances
were assigned, the (HBYCBCA(COCA)HA and HCA(CO)N
spectra, in combination with that of the HNCO experiment,
were used to confirm the assignments as well as to resolve
ambiguities and locate any missing N(i)—NH({) correlations.
Finally, the assignments were further verified using data from

(‘Oll_-Ni_NH( NGNS B hER § MEn GaEEE

Feng et al.

2D carbonyl-edited '*C—'H HSQC experiments in which
only resonances from selective sets of residues were ob-
served.

Over 80 pairs of correlations were observed in the
complementary 3D HN(CO)CA and 3D HNCA experiments.
However, because of the small dispersion in the backbone
chemical shifts of SC-65369, the a-carbon correlations often
failed to yield unambiguous sequential assignments. The
situation was complicated by a number of atoms which give
rise to two resonances (see Figure 2). A large number of
ambiguities were removed by the use of the CBCA(CO)NH
and CBCANH experiments, where more than 100 pairs of
Cv—C¥ correlations were observed (ca. 10% of these were
later determined to be doubled resonances), and the HBHA-
(CBCACO)NH experiment, where CYH(i—1)—CH(i—1)
cross-peaks were observed for over 90 residues. Fragments
of 3-8 residues were grouped together using these correla-
tions, and their identities in the primary sequence were
assigned on the basis of residue type as deduced from C°,
C#, C*H. and CH chermical shifts (Grzesiek & Bax, 1993a).
Further verification of residue type was obtained at a later
stage of the analysis by use of C(CO)NH and H(CCO)NH
experiments (e.g., see Figure 3). The majority of sequential
assignments were confirmed in (HB)CBCA(COCA)HA and
HCA(CO)N spectra. All C°H—C correlations for aromatic
and Ast/Asp residues, as well as C"H—C” correlations for
GIn/Glu residues, were verified in carbonyl-edited 2D '*C~
'H HSQC experiments (data not shown). A summary of
interresidue main-chain connectivities is shown in Figure 4.
All main-chain resonances have been assigned except for
those of Pro-30 and the amide proton and nitrogen of Leu-
27.

Side-Chain Sequential Assignments. After most of the
backbone assignments were completed, side-chain 'H and
B3C resonances were identified in 3D H(CCO)NH, C(CO)-
NH, HCCH-COSY, and HCCH-TOCSY spectra. For many
aliphatic side chains, the assignments were made directly
from the many carbon and hydrogen resonance frequencies
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FIGURE 4. Summary of sequential scalar connectivities observed in the 3D triple-resonance experiments for S§C-65369. The CO(i—1)—
N(@@)—NH() correlations were observed in the HNCO spectrum, C¥(i—1)—N(i)--NH(:) and CA(i—1)—N@)—NH() correlations in CBCA-
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NH spectrum, and C*H(i—1)—C“(i—1)—N(J) correlations in the HCA(CO)N spectrum.
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FIGURE 5: Slices of the 3D HCCH-TOCSY spectrum (mixing time 23 ms) illustrating the scalar connectivities observed for Lys-100 and

Ile-20.

determined during the main-chain assignments. Examples
of Lys-100 and Ile-20 spin systems are illustrated in Figure
5. One of the Met-45 C"H, resonances displays an unusual
upfield shift, which was later determined by long-range
NOE:s to be due to its proximity to the Phe-113 side chain.

The splitting of some side-chain resonances made their
assignments more difficult. Although most of the hetero-
geneity involved small differences in chemical shifts, some
pairs of side-chain signals displayed large differences. For
example, Leu-68 had two sets of side-chain resonances with
large differences in both proton (Ady ~ 0.4 ppm) and carbon
(Adc ~ 1 ppm) frequencies. The magnitude of these
differences may be explained by the proximity of the leucyl
isobutyl group to the indole of Trp-104, as revealed in the
subsequent analysis of NOESY experiments; ring current
effects could translate subtle differences in the relative
orientation of the leucine alkyl and tryptophan aromatic ring
into large chemical shift differences. Although the side-chain
to main-chain correlations were largely missing for Leu-68,
its side-chain resonances were assigned by the NOE between
the d-methyl and amide proton resonances.

Aromatic side-chain resonances were assigned by a
combination of the traditional 2D 'H-COSY and 'H-TOCSY
spectra and the 3D '*C-edited NOESY spectrum. The side-
chain amide resonances of three Gln residues were assigned
on the basis of correlations observed in 3D C(CO)NH and
H(CCO)NH experiments. Similar correlations for the 11 Asn
side chains could not be unambiguously assigned due to
severe spectral overlap. However, the side-chain amide
resonances for seven Asn residues (at positions 15, 41, 52,
57, 70, 80, 105), as well as the e-methyl groups of Met-19
and Met-49, were assigned on the basis of NOE correlations.
The 'H, ¥C, and N resonance assignments are summarized

in Table 2 in the Supplementary Material. Both main-chain
and side-chain assignments are nearly complete.

Secondary Structure of SC-65369. Measured NMR pa-
rameters are time- and population-weighted averages, which
can lead to difficulties in their interpretation (Jardetzky &
Roberts, 1981). The use of a consensus of several NMR
secondary structural indices, each with a different physical
origin and averaging characteristics, helps to reduce the
uncertainty in the assignment of secondary structure. Char-
acteristic patterns of NOE connectivities constitute the most
important means of identifying backbone structure in proteins
(Wiithrich, 1986). Also widely used, /nuq coupling con-
stants relate to secondary structure by their dependence on
the backbone dihedral angle ¢ via a Karplus-type relation-
ship. Protection of amide protons against exchange with
solvent deuterons has a drastically longer time scale than
the first two methods. Patterns of protection against
exchange infers hydrogen bonding in stable backbone
structures, and these patterns can be diagnostic for elements
of secondary structure. Finally, a method for calculating a
consensus index of secondary chemical shifts has been
developed by correlating secondary structure with the devia-
tion of C% CB, CO, and C*H chemical shifts from their
random-coil values (Spera & Bax, 1991; Wishart et al., 1992;
Wishart & Sykes, 1994).

Using 3D *N- and '*C-edited NOESY experiments, it was
possible to assign the secondary structure of SC-65369 from
the short- and medium-range NOEs. As outlined above, the
assessment of the secondary structure was further assisted
by 3/nuo and backbone amide hydrogen exchange data as
well as by a consensus index of secondary chemical shifts
of C*, C% CO, and C°H resonances. A summary of the
short- and medium-range NOEs is shown in Figure 6, along
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FIGURE 6: Summary of the sequential and medium-range NOEs observed for NH, C°H, and CfH in SC-65369. In the case of proline
residues, the NOEs indicated for NH protons actually represent NOEs that were observed for the proline C°H. Also indicated are the
amide protons that were observed in the 2D "N—'H HSQC spectra recorded after dissolving into D,O buffer (O, detected after 10 min of
exchange, but not at 29 h; @, detected after 29 h of exchange), those 3June coupling constants that are smaller than 6 Hz (®) or larger than
8 Hz (O), the secondary chemical shift consensus index (CSI) calculated from the '*C (C%, C#, CO) and 'H (C*H) chemical shifts. and a
summary of the secondary structural assignments made on the basis of the above information (see text). The sequence of SC-65369 is
shown with an asterisk under those residues that exhibit heterogeneity. Mutation sites in SC-65369 are indicated by the wild-type residue
placed directly above it. (Note that there are no substitutions in the C-terminal half of the sequence.)

with 3Jxue, the locations of slowly exchanging amide protons,
and the consensus index of secondary chemical shifts. For
all resolved resonances that exhibit heterogeneity, the NOE
pattern for the two sets of signals is similar, thus indicating
that there is no significant difference in the secondary
structure of the species that originate these pairs of reso-
nances.

Five helical segments can be deduced in this protein.
Beginning at Cys-16, helix A is defined by sequential NH-
(i)—NH(i+1) and medium-range C*H({)—NH(+3) and C*H-
(i))—CPH(i+3) NOEs that are seen through His-26 (Figure
7A). Although many of the 3Jyy, in this fragment cannot
be measured precisely, they are consistent with a helical
conformation. Assignment of His-26 as the last residue of
helix A relied on a combination of the secondary C*, CO,

and C*H chemical shifts of Leu-27 and the absence of a
characteristic helical C*H(24)—CPH(27) NOE connectivity.
Because the Leu-27 amide proton and nitrogen resonances
were unassigned, it was not possible to use either 3/xua or
the existence of NH(26)—NH(27) and C*H(24)—NH(27)
NOEs as a means to assess the conformational state of
residue 27.

Residues 27—41 lack NOE connectivity patterns associated
with regular secondary structure. A second stretch of helical
structure (helix A’) is located between residues 42 and 50
on the basis of the NOE connectivities (Figure 7B). The
large value of 3Jnue for Leu-53 (9.4 Hz), combined with
NOE:s between NH(i))—NH(i+1) in Arg-51 through Arg-54,
between CoH(i)—NH(i+3) of Arg-51 and Arg-54, and
between NH())—NH(i+2) and C*H({))—NH(i+2) of Asn-52
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FIGURE 7: (A) Slices of the 3D N-edited NOESY spectrum illustrating the sequential connectivities between Cys-16 and His-26. The
NH()—NH(i+1), and C*H(i/)—NH(i+3) cross-peaks are indicated with solid lines. The two NH signals observed for H26 are indicated by
two vertical bars at the bottom of the H26 N slice. (B) Slices of the 3D simultaneous '°C,'N-edited NOESY spectrum illustrating the

C°H(i)—CPH(i+3) connectivities between Asp-44 and Glu-50.

and Arg-54, defines residues 51—54 as a type I reverse turn.
The slow amide hydrogen exchange rate of Arg-54 provides
further support to the assignment of a reverse turn conforma-
tion to these residues.

Immediately following the reverse turn is a third helix that
spans Thr-55 to Val-65 (helix B). Secondary chemical shifts
are consistent with termination of this helix at Lys-66. For
residues 68—71, a type II reverse turn is indicated by an
NH(i))—NH(i+1) NOE between Asn-70 and Ala-71, a C*H-
(i)—NH(i+2) NOE between Glu-69 and Ala-71, the small
3JnHe of Glu-69 and Asn-70 (4.8 and 6.0 Hz, respectively),

and the slow amide hydrogen exchange behavior of Ala-71.

The type II turn leads to a fourth helix in SC-65369 (helix
C). Sequential and medium-range NOEs are readily ob-
served in the segment between Ala-73 and Cys-84, while
3Jnua larger than expected for a helical dihedral angle ¢ are
observed for Ile-74 (6.7 Hz), Asn-80 (6.8 Hz), and Cys-84
(8.2 Hz). The consensus secondary chemical shift index
suggests that the helix extends only to Lys-79. We tenta-
tively refer to residues 73—82 as helix C, with possible
distortions at Ile-74 and Asn-80. Following an irregular
region spanning residues 83—86, another type I reverse turn
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can be identified between Leu-87 and Ala-90. This turn is
defined by NOEs between the NH({))—NH(i+1) in Leu-87
through Ala-90, between the C*H(i{)—NH(+3) of Leu-87
and Ala-90, and by the large value of the amide proton—a
proton coupling constant of Thr-89 (9.5 Hz) as well as by
the hydrogen exchange data. A f-strand conformation is
suggested by the chemical shift index method for residues
92—95; however, this assignment is not supported by the
3Jnuo coupling constants observed in this fragment (<5 Hz
for Arg-94 and 7.6 Hz for His-95), nor is there any pattern
of long-range NOEs indicative of a S-sheet.

The sequence beyond residue 95 lacks regular secondary
structure until Trp-104, where a fifth helix begins (helix D).
The consensus chemical shift index suggests that helix D
ends at Asn-120, while the helical NOE pattern extends to
GIn-122. The *Jxga coupling constant of Thr-117 (7.1 Hz)
is larger than expected for a helical conformation, and
beginning at Gln-122, the 3Jyyq coupling constants are about
7 Hz, which is also incompatible with a fixed helical
conformation. Also noteworthy is that resonances for
residues Ala-121 to Gln-125 become significantly narrower,
indicating additional flexibility at the C-terminus. We thus
refer to residues 104—120 as helix D, although deviation
from a helical conformation may exist at Thr-117 and
beyond.

The secondary structure of IL-3 has been studied using
circular dichroism (CD) and sequence-based prediction
methods (Freeman et al., 1991; Lokker et al., 1991; Kau-
shansky et al.,, 1992). Native hlL-3 was estimated to be
about 40—50% helical from its far-UV CD spectra. The
helicity of hlL-3 determined by CD is in good agreement
with the NMR assignments reported here for SC-65369, viz.,
50% helix (56 of 112 residues), which is reduced to 42%
helix when the results for the truncated SC-65369 are
extrapolated to the full length hlL-3 (i.e., 56 of 133 residues).
In a recent report (Kaushansky et al., 1992), the secondary
structure of hIL-3 was analyzed using the prediction algo-
rithms of Garnier (1978), Parry et al. (1988), Chou and
Fasman (1978), and Gascuel and Golmard (1988). Although
each method predicted a helical protein, only the Parry
method correctly predicted all four helices of the four-helical
bundle (i.e., helices A, B, C, and D), but it failed to predict
the existence of helix A’. On the other hand, the Garnier
and Chou—Fasman methods correctly predicted which
residues would be helical, including the sequence corre-
sponding to helix A’, but it placed them in four helices
instead of five, viz., residues 17—29, 41-51, 57—78, and
103—125. The key difference between the predictions and
experimental results is the reverse turn at residues 68—71,
which breaks the predicted helical stretch from residues 57
to 78 into helix B and C. This emphasizes the ditficulty of
relying on predictive methods since it would be impossible
to correctly model the four-helix bundle motif from the
Garnier and Chou—Fasman predictions made by Kaushansky
et al. (1992). Residues 68—71 of SC-65369 have only one
conservative substitution (GIn-69 — Glu-69), and thus this
turn is likely to exist in the native protein. The molecule
studied here is a truncated variant of hIL-3 with 14 mutations
scattered more or less evenly throughout the N-terminal half
of the protein. Signiticant structural change, especially large-
scale change, is unlikely since the variant protein retains full
bioactivity.

Feng et al.

Proline Residues and Spectral Heterogeneity in SC-65369.
It has been noted that the *C* chemical shifts of residues
preceding prolines are often upfield-shifted relative to their
random coil positions (Torchia et al.,, 1975; Clore et al.,
1990). In SC-65369, the 3C* chemical shifts of six of the
nine residues preceding prolines (Arg-29, Asn-32, Asp-36,
Leu-85, Ala-91, and His-95) exhibit upfield shifts, while two
others (Thr-55 and Leu-82) exhibit downfield shifts; the later
two residues are in helical segments. The ninth residue, Pro-
30, cannot be assessed because its main-chain atoms were
not assigned.

Many residues displaying chemical shift heterogeneity (see
Figure 6; e.g., His-25, His-26, Pro-31, Asn-32, Pro-33, Leu-
34, Leu-35, Asp-36, Asn-38 and Leu-40) are located in a
region of sequence which contains four proline residues
(positions 30, 31, 33 and 37).> Chemical shift heterogeneity
caused by cis—trans isomerization of peptide bonds preced-
ing proline residues has been described for staphylococcal
nuclease (Evans et al., 1987, Hinck et al., 1990), calbindin
Dy (Chazin et al., 1989; Koerdel et al., 1990), salmon
calcitonin (Amodeo et al., 1994), and anthopleurin-A (Scan-
lon & Norton, 1994). For calbindin Dy, and calcitonin, the
heterogeneity was eliminated by substituting other amino
acids for the prolines involved in isomerization; the effect
of substitution for proline was not reported for anthopleurin-
A. The activation energy barrier for isomerization of Xaa-
Pro peptide bonds in peptides and proteins is in the range of
15—20 kcal/mol, and interconversion on the NMR time scale
frequently requires elevated temperature. Chemical exchange
spectroscopy was able to detect conformational exchange at
52 °C for staphylococcal nuclease (Alexandrescu et al.,
1989). 80 °C for calbindin Dy. 37 °C for calcitonin, and 42
°C for anthopleurin-A. Salmon calcitonin, anthopleurin-A,
and calbindin Dy, had NOE connectivities characteristic of
a mixture of cis and trans configurations, which further
established that the two major conformational forms of these
proteins differed by isomerization about Xaa-Pro peptide
bonds. In the case of calcitonin, the cis—trans equilibrium
depended on the polarity of the solvent, and the cis form
was minimized in the presence of 0.9 M SDS. A similar
chemical shift heterogeneity was observed in spectra used
to determine the solution structure of G-CSF (Werner et al.,
1994), and proline cis-trans isomerization was suggested as
an explanation, although evidence of the kind discussed here
was not reported.

Unfortunately, SC-65369 unfolds between 50 and 60 °C,
and exchange spectroscopy performed at 50 °C failed to yield
exchange cross-peaks, presumably because not enough
thermal energy was available to traverse the activation energy
barrier. NOE connectivities consistent with trans peptide
bonds (Xaa NH to Pro C°H) were seen for prolines 56, 83,
86, 92, and 96 of SC-65369: no cis peptide bond NOEs (Xaa
C°H to Pro C*H) were identified. Diagnostic NOE connec-
tivities for either cis or trans Xaa-Pro peptide bonds could
not be found for prolines 30. 31. 33, and 37, either because
of a lack of resonance assignments or because of severe
spectral crowding, or both. As with the other proteins
discussed above, site-directed mutagenesis offers another

* Although Pro-37 is a nonnative residue, this additional proline
appears unlikely to be responsible for the heterogeneity because a related
variant with a non-proline substitution at position 37 has similar spectral
heterogeneity (Y. Feng. unpublished results).
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FIGURE 8: Schematic drawing of the packing of the five helices in SC-65369. Helix A and helix B are viewed from their N-termini, while
helix A’, helix C, and helix D are viewed from their C-termini. The lines connect pairs of residues for which long-range NOEs have been
observed for one or more pairs of their protons. Hydrophobic residues are enclosed in the ovals.

means to establish the significance of proline residues in the
observed heterogeneity and the mutation of individual proline
residues in hIL-3 variants is in progress. In addition to
delineating the origin of the heterogeneity, these mutants will
enable us to investigate whether the conformational felxibility
of hIL-3 is important for its biological function.

Backbone Topology of SC-65369. Numerous long-range
NOEs observed in '3C- and "N-edited NOESY spectra
indicate that the overall topology of SC-65369 adopts the
distinct pattern observed in many cytokine structures, that
is, an up-up-down-down, left-handed four-helical bundle. As
in the case of the secondary structure, no distinct differences
in the long-range NOE connectivities can be established for
sites that exhibit heterogeneity, suggesting that although a
significant number of residues display heterogeneous chemi-
cal shifts, the effect on conformation must be rather localized.

The largely amphipathic character of all five helices in
SC-65369 is illustrated through the use of helical wheel
projections (Figure 8). The single disulfide bond between
Cys-16 and Cys-84 connects helix A and helix C. NOEs
observed between one or more pairs of protons in Met-19
and Ile-77, le-23 and Ile-74, and Leu-27 and ile-74 confirm
that these two helices are antiparallel. For helix A and helix
D, NOEs between pairs of protons in Ile-20 and Leu-115,
Ile-20 and Glu-119, and Ile-23 and Leu-111 indicate that
these helices are also antiparallel. For helix B, interproton
NOEs observed between residues Leu-58 and Leu-81, Val-
62 and Leu-78, Val-65 and Ala-71, as well as Asn-57 and
Tyr-114, Val-62 and Leu-111, and Val-65 and Phe-107,
establish that this helix is antiparallel to both helix C and
helix D. Helix A” displayed NOEs from Met-45 to Phe-
113, and Met-49 to Phe-113 and Thr-117, thus indicating
that helix A’ is parallel to helix D. This orientation is
consistent with the relative orientation of the other helices

FIGURE 9: Schematic drawing of the three-dimensional structure
of SC-65369.

discussed above. No long-range NOEs could be identified
between helix A and helix B, between helix A and helix A’,
or between helix A’ and helix C. The helical wheel
projections shown in Figure 8 summarize these long-range
NOEs. As expected from the amphipathic nature of these
helices, their hydrophobic faces give rise to interhelical
NOE:s, which provide evidence of a hydrophobic core. On
the basis of the long-range NOEs described in Figure 8, the
global fold of SC-65369 is illustrated schematically in Figure
9 as a four-helical bundle structure in which there is the
addition of helix A’ in the loop connecting helix A to helix
B. The overall fold of SC-65369 is reasoned to be quite
similar to native hIL-3 because the CD spectra indicate that
they have comparable helical contents (Freeman et al., 1991;
R. Schilling, unpublished results) and also because SC-65369
has proliferative and receptor binding activities similar to
the wild-type protein (P. Olins, C. Bauer, and J. Thomas,
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unpublished results). In comparing the fold of SC-65369
with the crystal structures of GM-CSF (Diederichs et al.,
1992) and IL-5 (Milburn et al., 1993), the most striking
difference is the additional helix (helix A”) which occurs just
before helix B and is absent from the corresponding
structures of both GM-CSF and IL-5.

IL-3, GM-CSF, and IL-5 bind to different low affinity cell
surface receptors, called o-subunits, without eliciting the
cellular response that leads to proliferationf High affinity
binding and signal transduction is conferred by the formation
of a complex between the cytokine—a-subunit complex and
a common signal transducing subunit, the S-subunit. Sig-
nificant binding to the S-subunit does not appear to occur in
the absence of the low affinity a-subunit. Because these
proteins bind to a common S-subunit, but to different
a-subunits, the region corresponding to helix A” may be
important for cytokine-receptor recognition and specificity.
A detailed analysis of the NMR data to determine the three-
dimensional solution structure of SC-65369, and its func-
tional aspects in light of extensive mutagenesis results, will
be presented elsewhere.
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SUPPLEMENTARY MATERIAL AVAILABLE

Two tables listing data collection and processing param-
eters for each NMR experiment and the 'H, 3C, and SN
resonance assignments of SC-65369 (9 pages). Ordering
information is given on any current masthead page.
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