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Summary 

Oncostatin M (OM) is a cytokine that shares a structural and functional relationship with interleukin-6, 
leukemia inhibitory factor, and granulocyte-colony stimulating factor, which regulate the proliferation 
and differentiation of a variety of cell types. A mutant version of human OM in which two N-linked 
glycosylation sites and an unpaired cysteine have been mutated to alanine (N76A/C81A/N193A) has 
been expressed and shown to be active. The triple mutant has been doubly isotope-labeled with 13C and 
~SN in order to utilize heteronuclear multidimensional NMR techniques for structure determination. 
Approximately 90% of the backbone resonances were assigned from a combination of triple-resonance 
data (HNCA, HNCO, CBCACONH, HBHACONH, HNHA and HCACO), intraresidue and sequential 
NOEs (3D 15N-NOESY-HMQC and I3C-HSQC-NOESY) and side-chain information obtained from the 
CCONH and HCCONH experiments. Preliminary analysis of the NOE pattern in the 15N-NOESY- 
HMQC spectrum and the I3C~ secondary chemical shifts predicts a secondary structure for OM consist- 
ing of four a-helices with three intervening helical regions, consistent with the four-helix-bundle motif 
found for this cytokine family. As a 203-residue protein with a molecular weight of 24 kDa, Oncostatin 
M is the largest cx-helical protein yet assigned. 

Introduction 

Oncostatin M (203 residues, 24 kDa) is a member of 
the cytokine family that includes interleukin-6 (IL-6), 
leukemia inhibitory factor (LIF), and granulocyte-colony 
stimulating factor (G-CSF), which are lymphoid cell-de- 
rived cytokines that share a number of functional and 
structural properties (Rose et al., 1991; Bruce et al., 
1992a). The close relationship of these cytokines is further 
demonstrated by the regulation of G-CSF and IL-6 by 
expression of OM (Brown et al., 1991,1993). Functionally, 
they induce differentiation of murine myeloid leukemia 
cells to macrophages (Bruce et al., 1992b; Tanigawa et al., 
1995), act as growth factors for human plasmacytoma 
cells (Barton et al., 1994; Nishimoto et al., 1994), and 
induce acute-phase protein synthesis in hepatocytes (Rich- 

ards et al., 1992). It has been shown that these shared 
functions are mediated by the signal-transducing mem- 
brane glycoprotein, gpl30, that interacts with the extra- 
cellular domains of these cytokine receptors (Boulton et 
al., 1994; Liu et al., 1994; Sporeno et al., 1994). In addi- 
tion to its familial attributes, OM inhibits the prolifer- 
ation of several tumor cell lines (Zarling et al., 1986; 
Horn et al., 1990), inhibits the differentiation of embry- 
onic stem cells (Rose et al., 1994), is a regulator of endo- 
thelial cells (Brown et al., 1990) and stimulates the growth 
of several fibroblast cell lines (Zarling et al., 1986; Horn 
et al., 1990). OM has also been shown to be a mitogen 
for AIDS-related Kaposi's sarcoma cells (Miles et al., 
1992; Nair et al., 1992), where it functions as an autocrine 
growth factor (Cai et al., 1994). Structurally the members 
of this family are believed to be related to growth hor- 
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mone, a four-helix bundle with characteristic up-up- 
down-down helix topology (Zarling et al., 1986; Rose et 
al., 1991). This has been substantiated by the structural 
similarity of the LIF X-ray structure with the structure of 
growth hormone (De Vos et al., 1992; Robinson et al., 
1994). 

Here, we report the nearly complete backbone reson- 
ance assignments of the spectrum of OM from a series of 
3D triple-resonance experiments and a preliminary sec- 
ondary structure analysis from the NOE pattern of the 
~5N-NOESY-HMQC spectra and the ~3C~ secondary 
chemical shifts. As a 203-residue protein with a molecular 
weight of 24 kDa, Oncostatin M is the largest s-helical 
protein yet assigned. 

Materials and Methods 

Expression 
Human recombinant Oncostatin M was expressed in a 

yeast a-factor vector expression system. The version of 
OM used included the addition of the octapeptide termed 
FLAG (DYKDDDDK) to the N-terminus for the pur- 
pose of affinity purification (Prickett et al., 1989). In 
addition, three point mutations were introduced using 
site-directed mutagenesis: C88A to eliminate an unpaired 
cysteine and prevent potential oxidation, and N83A/ 
N200A to eliminate the two potential N-glycosylation 
sites. Note that residues are numbered from the N-ter- 
minal Asp as residue 1, i.e. the human sequence starts at 
Ala 9 and ends at Arg 2~ 

The activity of the triple mutant FLAG-OM was meas- 
ured using a competition assay in which the analyte com- 
petes with radiolabeled FLAG-OM for binding to the 
LIF receptor on a transfected B9/hLIFR cell line (Gearing 
et al., 1992). The mutant binding activity was identical to 
that of wild-type FLAG-OM (see discussion below). 

The apparent molecular weight of the triple mutant 
FLAG-OM was determined by injecting 150 gl aliquots 
of the NMR sample into a DynaPro-801 (Protein Sol- 
utions, Charlottesville, VA) dynamic light-scattering in- 
strument. 

t3C-/15N-labeled OM was expressed in yeast Saccharo- 
myces cerevisiae XV2181:pIXY755 using a fed-batch fer- 
mentation process in which ~3C/~5N Celtone medium 
(Martek Corp., Columbia, MD) was used instead of 
hydrolyzed casamino acids, essentially as described by 
Powers and co-workers (Powers et al., 1992a). 

Purification 
The sterile filtered (0.22 gin) yeast supernatant was 

buffered by the addition of 10x PBS to a final concentra- 
tion of lx PBS and was supplemented with 1.0 M CaC12 
to a final Ca 2+ concentration of 1.0 mM. 100 ml of this 
treated supernatant was applied to an affinity column 
equilibrated in lx PBS (no Ca2+/no Mg2+). The affinity 

column was prepared by coupling a monoclonal antibody 
(Ab) raised against the octapeptide FLAG (M1) to 17.5 
ml of affigel at 4 mg Ab/ml affigel. The column was then 
washed with 50 ml of lx PBS + 1.0 mM CaC12. The la- 
beled OM was eluted with 50 mM Na citrate, pH 3.0. 
The protein was thus purified to homogeneity, as deter- 
mined by SDS-PAGE, N-terminal sequencing, and amino 
acid analysis. The yield of pure 13C-/15N-labeled OM from 
the yeast supernatant was 45.6 gg/ml. 

Glycosylation state 
It was evident from the apparent molecular weight on 

the SDS-PAGE gel that despite the mutation of the two 
N-glycosylation sites, the mutant FLAG-OM was mod- 
ified by the addition of approximately 1-2 kDa of addi- 
tional mass. This was confirmed by analysis of the puri- 
fied protein on a Finnegan triple quadrupole mass spec- 
trometer, which showed a heterogeneous pattern indicat- 
ing the addition of up to nine hexose units. 

Carbohydrate mapping of the O-glycosylation site(s) 
was carried out as follows. Unlabeled OM (4.0 mg) was 
reduced in 6 M guanidine.HC1 containing 250 mM Tris 
and 25 mM EDTA, pH 7.0, at a protein concentration of 
1 mg/ml by the addition of 100 gl of 1.0 M DTT and 
incubation at 37 ~ for 1 h under N 2. The reduced pro- 
tein was alkylated by the addition of 100 p.L of 2.0 M 
iodoacetic acid, followed by incubation at room tempera- 
ture for 90 min in the dark. The reaction was quenched 
by the addition of 100 gl 1.0 M DTT. Amino acid analy- 
sis and mass spectrometry revealed that all four cysteine 
residues had been alkylated. 

Two separate digests of the reduced/alkylated OM were 
carried out using endoproteinase Glu-C and trypsin from 
Boehringer Mannheim (sequencing grade; Indianapolis, 
IN). Glu-C conditions were 1 mg/ml protein in 25 mM 
NH4HCO3, pH 7.8, with 0.01% SDS and 1:20 enzyme: 
protein (w/w) at room temperature for 24 h. Trypsin 
conditions were 1 mg/ml protein in 100 mM Tris, pH 8.5, 
with 1:50 enzyme:protein (w/w) at 37 ~ for 48 h. 

50 gg of each digest was run individually on a Vydac 
C~8 column using a 0.1% B/min gradient (A: H20 + 0.1% 
TFA; B: acetonitrile +0.1% TFA). The effluent was split 
with a T-splitter to give a flow rate of 10-20 gl/min into 
a Finnegan triple quadrupole mass spectrometer for on- 
line mass spectral analysis of the peptides (LC-MS). The 
Glu-C digest showed that peptide Metla6-msp 166 was a 
heterogeneous glycopeptide with up to nine attached hex- 
ose units (note that Glu-C was cleaved beyond the S- 
acetyl-Cys~35). The trypsin digest confirmed this finding, 
as the tryptic peptide Gly154-Arg tT~ was shown to have up 
to nine attached hexose units. Overlap of the two digests 
indicated that the O-glycosylation site(s) was between 
Gly 154 and Asp x66. MSMS of the tryptic peptide indicated 
that the hexose residues were attached to Thr 16~ Thr 162, 
and/or Ser 165. 



NMR spectroscopy 
The sample used in these studies contained 1.3 mM 

~3C-/~SN-labeled mutant FLAG-OM in a buffered solution 
of 50 mM KH2PO4, pH 5.2, containing 2 mM NaN> All 
NMR spectra were recorded at 35 ~ on a Bruker AMX- 
600 spectrometer equipped with a triple-resonance probe. 
The water suppression technique was either presaturation 
during the recycle delay or gradient water suppression via 
the WATERGATE sequence and homo-spoil pulses (Bax 
et al., 1992; Sklenfi~ et al., 1993). Quadrature detection in 
the indirectly detected dimensions was obtained in all 
cases using the TPPI-States method (Marion et al., 1989a). 
Spectra were processed using the NMRPipe software 
package (Delaglio et al., 1995) and analyzed with PIPP 
(Garrett et al., 1991). 

The CBCA(CO)NH (Grzesiek and Bax, 1992a), HB- 
HA(CO)NH (Grzesiek and Bax, 1993), HNCO (Powers 
et al., 1991), HCACO (Grzesiek and Bax, 1992b), HNHA 
(Vuister et al., 1993), HNCA (Kay et al., 1990), C(CO)- 
NH and HC(CO)NH (Grzesiek et al., 1993a) experiments 
were collected as described previously. In general, the 
acquisition dimension was collected with a spectral width 
of 13.44 ppm, using 1024 real points with the carrier set 
at 4.75 ppm. Spectral widths in the indirectly detected ~SN 
and ~3CO dimensions were 27.13 and 12.13 ppm, respect- 
ively, with the carrier positions at 114.5 and 177.7 ppm, 
respectively. The numbers of points acquired were 32 
complex points for ~SN and 64 complex points for ~3CO. 
For the CBCACONH and C(CO)NH experiments the 
spectral width for the indirectly detected 13C dimension 
was 55.97 ppm, using 52 complex points with the carrier 
set at 46.5 ppm. For the HBHACONH and HC(CO)NH 
experiments the spectral width for the indirectly detected 
1H dimension was 7.08 ppm, using 62 complex points 
with the carrier set at 4.75 ppm. For the HNCA and 
HCACO experiments the spectral widths for the indirectly 
detected ~3C dimensions were 31.86 and 33.13 ppm, re- 
spectively, with the carrier set at 56.0 and 56.44 ppm, 
respectively. The numbers of points acquired were 50 and 
32 data points, respectively. For the HNHA experiments 
the spectral width for the indirectly detected ~H dimen- 
sion was 9.50 ppm, using 48 complex points with the 
carrier set at 4.75 ppm. 

The ~5N-edited NOESY-HMQC, ~3C-edited HSQC- 
NOESY and 15N-edited HOHAHA experiments were 
collected as described previously with 150, 150 and 36.3 
ms mixing times, respectively (Marion et al., 1989b,c; 
Clore et al., 1991). Since a ~3C-/15N-labeled NMR sample 
was used for all experiments, ~SN-WALTZ decoupling 
was done during acquisition for the ~3C-edited HSQC- 
NOESY and ~3C decoupling was achieved in the ~SN- 
edited NOESY-HMQC and 15N-edited HOHAHA experi- 
ments by applying a 180 ~ pulse during indirect ~H evol- 
ution. Spectral widths in the indirectly detected 15N and 
~3C dimensions were 27.13 and 26.51 ppm, respectively, 
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with the carrier positions at 114.5 and 46.0 ppm, respect- 
ively. For the direct and indirect ~H dimensions the spec- 
tral width was 13.44 ppm with the carrier at the water 
frequency of 4.75 ppm. The numbers of points acquired 
in the various dimensions were 32 complex points in F1 
(lSN or 13C), 128 complex points in F2 (1H) and 1024 real 
points in F3 ('H). 

Results and Discussion 

The continuous advancements in NMR technology 
have allowed for the assignments of ever larger proteins. 
The recent assignments of serine protease PB92 (27 kDa) 
and subtilisin 309 (28 kDa), both containing 269 residues, 
are prime examples (Fogh et al., 1994,1995; Remerowski 
et al., 1994). The application of deuterium enrichment 
(Grzesiek et al., 1993b; Yamazaki et al., 1994a,b) suggests 
that the upper limit in protein size may reach the 30-40 
kDa range. It is also well known that the number of resi- 
dues and mass of a protein are not the only limiting fac- 
tors in assigning NMR spectra. Mobility and the nature 
of the protein's secondary structure play a role in deter- 
mining whether the spectra of a protein may be assigned. 
Additionally, the presence of any complicating factors 
such as low solubility, aggregation and glycosylation 
tends to significantly reduce the upper size limit of ac- 
ceptable proteins for NMR analysis. The backbone reson- 
ance assignments for Oncostatin M (24 kDa) probably 
represent the current size limit in the assignment capabil- 
ity of the triple-resonance protocol without the use of 
deuterium enrichment for a protein with less than ideal 
properties. 

Oncostatin M is predicted to have a predominately {x- 
helical structure similar to human growth hormone, con- 
sisting of a four-helix bundle with characteristic up-up- 
down-down helix topology (Zarling et al., 1986; Rose et 
al., 1991). This results in the chemical shift dispersion of 
OM being very narrow relative to ]3-sheet proteins. For 
OM, the amide proton resonances are confined to a spec- 
tral region of only 2.2 ppm, extending from 7.1 to 9.3 
ppm. Additionally, the lowest field C~H proton resonates 
at 4.96 ppm, while most of the C~H protons are centered 
about 4.33 ppm. In addition to the poor spectral disper- 
sion, OM also has significantly broad line widths with an 
estimated 15N T 2 value of ~ 42 ms at 35 ~ Dynamic 
light-scattering analysis yielded an apparent molecular 
weight of 46 kDa, which is evidence for aggregation of 
the protein. 

The triple-mutant FLAG-OM protein was shown to be 
as active as wild-type OM (K d = 2.2 x 10 -l~ M; Gearing et 
al., 1992) by its ability to bind to the LIF receptor with 
a K d of 1.7 x 10 -1~ M, indicating that the presence of the 
FLAG (DYKDDDDK) peptide and the three point mu- 
tations did not drastically affect the integrity of the OM 
structure. While it is plausible that the presence of the 
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Fig. 1. Composite of amide strips taken from the (A) HNCA; and (B) CBCACONH spectrum of OM for residues Leu 25 to Asp 3~ The Ca(i)- 
N(i+I),NH(i+I) to C~(i)-N(i),NH(i) correlations in the HNCA spectra are indicated by an arrow. For strips with multiple spin systems the correct 
assignments are boxed. 

FLAG peptide may have an adverse effect on the quality 
of the NMR spectra, this effect could not be examined, 
since the FLAG construct was prepared to facilitate the 
purification of OM, and an OM sample without the 
FLAG peptide was not available. Despite the broad line- 
width problem, initial 2D ~SN-~H HSQC NMR spectra 
collected at 35 ~ suggested that it was still possible to 
assign the OM spectra without the addition of detergents 
or other factors. Since we were limited to a single ~3C-/ 
~SN-labeled OM NMR sample, extensive manipulation of 
the solvent conditions was not practical. 

OM was over-expressed in a yeast m-factor vector ex- 
pression system. To eliminate the possibility of glycosyla- 
tion, two potential N-glycosylation sites corresponding to 
residues Asn 83 and Ash 2~176 were mutated to alanines. Un- 
fortunately, OM was post-translationally modified with 
O-linked carbohydrates, as determined by mass spectral 
analysis (data not shown). Overlapping enzymatic digests 
and LC-MS confirmed that up to nine hexose units were 
attached to Thr 16~ Thr 162, and/or Ser ~65. In addition to 
increasing the protein mass by - 1-2 kDa, the presence of 
the O-linked glycosylation site probably results in some 
local heterogeneity and may possibly affect the local 
structure. 

Over the course of data collection, a new set of peaks 
were observed in the ~SN-~H HSQC spectra of OM, which 
were consistent with chemical shifts of a random coil 
peptide. A 0.5 mg OM sample treated at pH 2.0 and 70 

~ over a 72-h period yielded a degradation product with 
an apparent molecular weight of 18-19 kDa by gel elec- 
trophoresis (data not shown). The OM sequence contains 
a single Asp-Pro site that can be susceptible to acid auto- 
lysis (Landon, 1977) and would yield two fragments with 
molecular weights of 4.5 and 18.3 kDa. Apparently, these 
degradation products are formed slowly under the NMR 
conditions of pH 5.2 and 35 ~ Verification by NMR 
was not possible, since significant quantities of the 4.5 
kDa and 18.3 kDa fragments were not available. 

It was readily apparent that the Oncostatin M sample 
would be a major challenge for NMR and determining a 
high-resolution NMR solution structure would be a monu- 
mental task. It is possible that a number of the observed 
difficulties with the OM protein may eventually be solved 
by molecular biology, i.e. by removal of the Asp-Pro 
cleavage site, the O-linked glycosylation site(s) and the 
FLAG peptide, but since a new OM construct was not 
readily available and an X-ray structure does not exist, it 
seemed reasonable to proceed with the NMR assignments 
of OM in an effort to learn as much about its structure 
as possible. 

The sequential assignments of OM essentially followed 
the semiautomated protocol described previously (Powers 
et al., 1992b, Friedrichs et al., 1994). The primary sequen- 
tial connectivities used to assign the backbone resonances 
were the Ca(i) and Ca(i-l) correlations observed in the 
HNCA and CBCA(CO)NH experiments, respectively, and 



the CO(i) and CO(i-l)  correlations in the HCACO and 
HNCO experiments, respectively. Examples of amide 
strips taken from the HNCA and CBCACONH spectra 
of OM for residues Leu 25 to Asp 3~ used for the sequential 
assignments are shown in Fig. 1, and a summary of the 
sequential connectivities is given in Fig. 2. Despite the 
difficulties with the OM NMR sample it is quite apparent 
that a reasonable number of sequential connectivities was 
observed and that the quality of the NMR data was ac- 
ceptable for obtaining reliable assignments for approxi- 
mately 90% of the sequence. The ~H, ~SN, ~3C and ~3CO 
sequential resonance assignments are provided in Table 
S 1 (supplementary material) and are deposited in the Bio- 
MagRes Databank (Seavey et al., 1991). 

The major obstacle in completing the OM backbone 
assignments was the difficulty in observing the Ha(i) res- 
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onances. Obtaining a significant number of NH(i)-H"(i) 
correlations was crucial for the assignments, since it es- 
tablished a third sequential connectivity with the H~(i-1) 
resonances in the HBHA(CO)NH experiment and it pro- 
vided the means to correlate the HCACO data with the 
HNCA data to make use of the CO(i) and CO(i-l)  corre- 
lations. Since OM is predominately c~-helical and the line 
widths were significantly broad, only a minimal number 
of NH(i)-H"(i) resonances were observed in either the 
HNHA or ~SN-edited HOHAHA experiments. Therefore 
it was necessary to collect a ~3C-edited HSQC-NOESY 
experiment on an H20 OM sample to resolve any ambi- 
guities and to increase the number of NH(i)-H"(i) correla- 
tions. Figure 3 shows the expanded NH-H" region of a 
selected slice from the ~3C-edited HSQC-NOESY experi- 
ment. 
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Residue typing was based initially on C ~ and C ~ chemi- 
cal shifts (Grzesiek and Bax, 1993). Further verification 
of the residue type was made, when possible, from the 
analysis of the C(CO)NH and HC(CO)NH experiments. 
Because of the nature of the OM sample, complete spin 
systems were not typically observed in the C(CO)NH and 
HC(CO)NH experiments. Therefore corrections to the 
assignments were based only on the presence of clearly 
contradictory data, and not on a lack of information. 
This was done by simply comparing the number of corre- 
lations observed and the corresponding chemical shifts to 
what was expected for a particular residue. The side-chain 
aliphatic ~3C resonance assignments obtained from the 
C(CO)NH experiment are provided in Table S1 (supple- 
mentary material). 

As a final step in verifying the assignments, a compos- 
ite of amide strips was taken from the 3D ~SN-edited 
NOESY-HMQC experiment and aligned according to the 
current assignments. Analysis of the NOESY strips pro- 
vided confirmation of assignments by the presence of 
sequential NH(i)-NH(i-1) and NH(i)-H~(i-1) NOEs. An 
example of the 15N-edited NOESY-HMQC amide strips 
for residues Ile 113 to Arg 123 is shown in Fig. 4 and a sum- 
mary of the sequential NOEs is given in Fig. 2. 

A preliminary analysis of the OM secondary structure 
was based on a qualitative analysis of sequential NOEs 
and the 13C~ secondary chemical shifts (Clore et al., 1989; 
Spera et al., 1991). Regions of t~-helices were identified by 
stretches of sequential NH-NH NOEs and by positive 
13C~ secondary chemical shifts (> 3 ppm). Figure 5 shows 
the 13C~ secondary chemical shifts plotted versus the resi- 
due number for OM. It is clearly evident from this plot 
and from the sequential NH correlations observed in the 
15N-edited NOESY spectra (Figs. 2 and 4) that OM is 
predominately helical in nature. The structure consists of 
four major 0~-helices (residues 18-45, 78-98, 113-140, and 
168-194) with three short intervening helical regions (resi- 
dues 51-57, 66-71, and 103-110), which may be short 
helices or helical turns. It was not possible to distinguish 
between a true helix or a helical turn based on the limited 
information available in the ~SN-edited NOESY spectra. 
The stretches of negative ~3C~ secondary chemical shifts 
for residues 145-157 and 163-167 are consistent with a ~- 
strand conformation (note that Pro~58-Thr ~62 is unassigned 
and also is the region that is glycosylated). 

There are two residues with apparently inconsistent 
~3C~ secondary chemical shifts in c~-helices 1 and 3, corre- 
sponding to residues Thr 29 and Pro  TM, respectively. Amide 
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strips taken from the HNCA spectrum of OM for resi- 
dues Leu 25 to Asp 3~ in Fig. 1 and the summary of the se- 
quential connectivities in Fig. 2 support the Thr 29 C a as- 
signment. The C~(i-1) of 69.3 ppm in the CBCA(CO)NH 
experiment for the spin system assigned to Asp 3~ is clearly 
consistent with a threonine side chain with an unusually 
upfield shifted C a of 56.4 ppm. There is a total of nine 
threonines in the sequence of OM and only three do not 
correspond to an a-helical region or precede a proline: 
Thr 69, Thr 145 and Thr 149. All attempts at exchanging the 
assignment of Thr 29 with either Thr 69, Thr 145 or Thr t49 to 
eliminate the inconsistent ~3C~ secondary chemical shifts 
were not successful. Therefore, the current assignment for 
Thr 29 appears to be the best interpretation of the data. A 
possible explanation for the unusual 13C~ secondary 
chemical shift might be a distortion in the structure of 
the or-helix. This is suggested by the lack of sequential 
NH-NH NOEs and the relatively small 13C~ secondary 
chemical shifts for residues near Thr 29. 

Unlike Thr 29, the only source for the C a assignment of 
Pro ~24 is the C~(i-1) correlation at 59.6 ppm observed in 
the HNCA for Asn ~25. This residue is nearly overlapped 
with Arg 176 and Phe 184 and only correlations from these 

two residues are observed in the CBCA(CO)NH experi- 
ment, but the C(CO)NH experiment does indicate that 
the (i-I) residue from Asn ~25 is probably a proline be- 
cause of the presence of a C ~ peak at 50.2 ppm. While 
there is reason to question the reliability of the Pro TM C a 
assignment because of the overlap, the lack of corrobor- 
ation and the inconsistent secondary chemical shift data, 
it is also difficult to ignore an apparently real peak in the 
HNCA spectra that might indicate a local perturbation in 
structure. A schematic representation of the proposed 
secondary structure of OM along with the known disul- 
fide bonds is shown in Fig. 6 (Kallestad et al., 1991). 

A model structure for OM had been proposed based 
on the X-ray structure of porcine growth hormone (Abdel- 
Meguid et al., 1987; Bazan, 1990; Rose et al., 1991). This 
structure predicts four a-helices corresponding to residues 
19-40, 86-107, 113-139 and 165-192 (the residue number- 
ing was corrected for the additional eight amino acids in 
the NMR sequence). The NMR structure is consistent 
with the model structure, except for the eight-residue shift 
in helix 2 and the missing short helical regions. Since the 
model structure was based on porcine growth hormone 
(PGH) instead of human growth hormone (HGH), this 
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Fig. 4. Composite of amide strips taken from the 150-ms mixing time 3D ~N-edited NOESY-HMQC spectrum of OM for the stretch Ile t ~3 to Arg ~23 
comprising part of helix 3. The diagonal peaks and NH(i)-C~H(i) NOEs are boxed. The NH(i+I)-C~H(i) and NH(i)-NH(i+1,2) NOEs are indicated 
by arrows. 
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difference may not be unexpected. While the X-ray struc- 
tures o f  P G H  and H G H  are very similar, there is a dis- 
tinct difference between the two structures, particularly 
around helix 2 (Abdel-Meguid et al., 1987; De Vos et al., 
1992). The X-ray structure of  H G H  contains three addi- 
tional short helices, which are not seen in the P G H  X-ray 
structure. Two of  these short helices directly precede and 
follow helix 2 in the H G H  structure. As a result, helix 2 
in H G H  is shifted 4-5  residues towards the N-terminus 
relative to PGH,  which allows for the short helix to fit 
between helices 2 and 3. The third short helix observed in 
the H G H  structure directly follows helix 1. Thus, the 

secondary structure determined for OM by N M R  (i.e. a 
four-helix bundle with a short helical region directly after 
helix 1 and two short helical regions directly before and 
after helix 2) appears to be more consistent with the 
H G H  X-ray structure instead o f  the model based on the 
P G H  X-ray structure. This suggests that the current N M R  
results may be used to refine the existing homology model 
for OM based on the H G H  X-ray structure. Based on the 
inherent difficulties observed with the OM N M R  sample, 
a combined use of  N M R  data with homology modeling 
may prove to be the best approach for obtaining a struc- 
ture for OM. 

hr2 

] / ' '~  

h r  1 

Fig. 6. Schematic representation of the secondary structure predicted for Oncostatin M based on the ~3C~ secondary chemical shifts and the NH- 
NH correlations in the ]SN-edited NOESY-HMQC spectrum. 



281 

Conclusions 

We have shown that it is possible to assign a 24 kDa 
predominately a-helical protein with less than ideal prop- 
erties using standard 3D triple-resonance experiments. A 
significant problem in obtaining the assignments for OM 
was the difficulty in obtaining complete NH(i)-W(i) as- 
signments, which was solved by using ~3C-edited HSQC- 
NOESY spectra collected on an H20 sample. The second- 
ary structure of OM determined by stretches of sequential 
NH-NH NOEs and by positive ~3C~ secondary chemical 
shifts consists of four major a-helices (residues 18-45, 
78-98, 113-140, and 168 194) with three short intervening 
helical regions (residues 51-57, 66-71, and 103-110). This 
is consistent with the X-ray structure of HGH, which 
provides further validation for the accuracy of the NMR 
assignments. Despite the inherent difficulties in the OM 
sample it appears that current NMR protocols are robust 
enough to provide useful structural data for large (> 20 
kDa) and ill-behaved protein samples. 
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