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ABSTRACT: Oncostatin M (OM) is a member of the cytokine family which regulates the proliferation and
differentiation of a variety of cell types and includes interleukin-6 (IL-6), leukemia inhibitory factor (LIF),
and granulocyte-colony stimulating factor (G-CSF). This family of proteins adopts a four-helix bundle
fold with up-up-down-down topology and contains intramolecular disulfide bonds. Since an X-ray or
NMR structure for OM is not currently available, a homology model for OM was determined from the
X-ray structures of human growth hormone (hGH), LIF, and G-CSF where the alignment was based on
secondary structure instead of sequence. The OM secondary structure was determined from NMR structural
data, and the secondary structures for hGH, LIF, and G-CSF were obtained from the reported X-ray
structures. The resulting homology model was refined using sequential NOE distance13C restraints,
chemical shift information, and a conformational database.

The structure of a protein is an essential requirement to
obtain a detailed understanding of its biological function and
is a necessity for structure-based drug design (1, 2).
Unfortunately, current NMR and X-ray techniques incur a
large time commitment on the order of 6 months to 1 year
to solve the high-resolution structure of a protein (3, 4). Even
though there has been a tremendous increase in the number
of protein structures solved by NMR or X-ray crystal-
lography, the number of new gene sequences identified far
out-pace the rate of protein structure determination (5).
Recent analysis of the Protein Data Bank indicates that there
exists a small number of protein folds which describes
reasonably well the 4000 known protein structures (6). This
suggests that while new protein structures or folds will
continue to be discovered, there exists a significant prob-
ability that a new protein’s fold might be reasonably
described by a current structure in the database.

Since the time required to determine a protein homology
model is significantly shorter than an NMR or X-ray
structure, creating homology models may prove to be the
most efficient means of providing structural data for the ever
increasing number of new protein sequences (7-11). The
typical approach to homology modeling has relied heavily
on sequence similarity between the new protein and target
protein(s). The accuracy of the resulting homology model
decreases significantly as the sequence homology between
the structures drops below 40%. This is clearly problematic
since a number of protein families have very divergent
sequence homology (20% or less) while maintaining the
same overall fold. Attempts have been made to use

predictive methods to identify regions of secondary structure
to generate alignments for homology modeling, but this
approach is lacking since the validity of the resulting structure
is dependent on both the combined accuracy of the structure
prediction method and the homology modeling protocol.
Nevertheless, the concept of using secondary structure
alignment instead of sequence alignment to thread a homol-
ogy model represents a better approach because of the higher
information content.

While determining the high-resolution structure of a
protein by NMR is still an arduous task, the sequence
assignment and resulting identification of secondary structure
elements can be accomplished relatively quickly by using
15N/13C-labeled proteins and standard triple-resonance and
3D-edited NMR techniques. Thus an experimental approach
for identifying accurate protein secondary structure elements
can be combined with homology modeling to provide a rapid
structure of the protein.

The application of NMR-derived structural information to
validate the resulting homology model of various proteins
has been shown to be quite beneficial. One method used
NMR to measure histidine pKa values to verify that the
histidine environment is consistent with the homology model
(12). Additionally, it has been shown that experimentally
determined secondary and tertiary structure NOE-derived
distance restraints from a previously solved solution NMR
structure may be mapped onto a homologous protein
sequence (37% identity) on the basis of sequence alignment
and used in a refinement protocol for a homology model.
This was demonstrated by combining the experimental
restraints of the previously solvedEscherichia coliacyl
carrier protein NMR structure with its spinach homologue
to refine the spinach structure (13). Also, experimentally
derived protein-ligand NOE restraints may provide critical
information for refining the homology model’s active site
as demonstrated by incorporating distance restraints between
the human cytochrome P450 2D6 heme iron and the
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codeine ligand on the basis of paramagnetic relaxation times
(14). Similarly, the proximity of the heme in horseradish
peroxidase to neighboring residues deduced by NMR as-
signments allowed for identification of an appropriate
homology model (15, 16). In all cases the homology model
of the desired protein was determined by standard sequence
alignment techniques where the NMR data were applied to
validate the initial model.

Here we describe the first direct application of NMR data
to determine a homology model for oncostatin M (OM) (17).
The secondary structure determined by NMR was used to
guide the sequence alignment of OM to hGH, LIF, and
G-CSF because the sequence identity was only 20% to the
closest protein, LIF. Structure refinement of the model
incorporated only sequential NOE distance restraints,13C
chemical shift information, and a conformational database.

OM is a member of the cytokine family that includes
interleukin-4 (IL-4), interleukin-6 (IL-6), leukemia inhibitory
factor (LIF), and granulocyte-colony stimulating factor (G-
CSF). This cytokine family of proteins has been shown to
fold as a four-helix bundle with characteristic up-up-
down-down helix topology (18-21) and regulate the
proliferation and differentiation of a variety of cell types (22,
23). These shared functions are mediated through the
interaction of the signal transducing membrane glycoprotein,
gp130, with the extracellular domains of these cytokine
receptors (24-26). Additional biological activities attributed
to OM include the inhibition of several tumor cell lines (18,
27), inhibition of embryonic stem cell differentiation (28), a
regulator of endothelial cells (29), and the growth stimulation
of several fibroblast cell lines (18, 27). OM has also been
shown to be a mitogen for AIDS-related Kaposi’s sarcoma
cells (30, 31) where it functions as an autocrine growth factor
(32).

MATERIALS AND METHODS

NMR. The resonance assignments and solution secondary
structure for OM determined by NMR were described in
detail by Hoffman et al. (17). In this previous work, a
combination of typical NOE patterns in the15N NOESY-
HMQC spectrum and13CR secondary structure chemical
shifts was used to determine that the protein is composed of
a four-helix bundle (residues 18-45, 78-98, 113-140, and
168-194) with three intervening helical regions (residues
51-57, 66-71, and 103-110). This is consistent with the
four-helix bundle motif found for this cytokine family.
Regions ofR-helices were identified by stretches of sequen-
tial NH-NH NOEs and by positive13CR secondary chemical
shifts (>3 ppm). A total of 240 sequential NOE distance
restraints, 173φ and ψ dihedral restraints, 178 CR sec-
ondary shifts, and 141 Câ secondary shifts where used
during the refinement. Because of the ill-behaved nature of
the OM NMR sample caused by glycosylation, aggregation,
and autolysis, additional structural information for the
homology model or for a detailed NMR structure was not
available.

Homology Model.The homology model of OM was based
on the multiple sequence alignments to bovine OM, LIF,
G-CSF, and hGH, which were then checked to determine
that the secondary structure from the OM NMR data and
the X-ray crystal structures for LIF (1LKI), G-CSF (1RHG),

and the hGH (1HUW) aligned properly. The Pileup program
(Genetics Computer Group, Madison, WI) was used to
produce the primary sequence alignment. The low homology
in some regions clearly was problematic, and the pileup
method worked well at improving the alignment such that
the secondary structure was matched among structures and
that the very clear primary sequence similarity and identity
matched at the end of the protein chains. The Pileup program
produced a multiple sequence alignment such that NMR
secondary structural evidence aligns with the known second-
ary structure of LIF, G-CSF, and hGH. The resulting
sequence alignments are shown in Figure 1.

An initial homology model was built using WHATIF (33)
for those regions where LIF aligned with the OM NMR
secondary structure. The PIRPSQ procedure in WHATIF
was used to copy the coordinates of conserved amino acids
and to mutate the other amino acids. WHATIF uses
statistical preferences to provide side-chain conformations
and removes close contacts by conformational searching.
Initial gaps in the OM structure were filled by copying loops
from the G-CSF or hGH crystal structure based on alignment
with the OM NMR secondary structure. Again, any neces-
sary side-chain mutations were then made by the WHATIF
program. An isolated annealing procedure was used on the
two largest gaps (residues 125-145 and 59-78) to overcome
problems with initial conformations of these long loops.

The loop annealing procedure was adapted from the work
of Fidelis et al. (34). The amino acids in loops 125-145
and 59-78 were extracted with the terminal amino acids
serving as anchor points. The loops were simulated alone
in a molecular dynamics simulation with the relevant torsion
and distance restraints for the two regions extracted from
the NMR data. The backbone atoms of the first and last
two amino acids were fixed during the simulated annealing
run, which allowed for the coordinates for each loop to be
pasted back into the full structure. This procedure provided
a very rapid solution to the structure of the loops and solved
the problem of inadequate fragments from the Brookhaven
Protein Data Bank.

Annealing Procedure.For each simulated annealing run,
only a subset of atoms in the OM homology model were
allowed to move while all other atoms were fixed. The
weight on the torsion and distance restraints was started at
1 kcal mol-1 Å-2 and increased to 50 kcal mol-1 Å-2 over
the course of five annealing runs. The simulated annealing
protocol at each restraint value was as follows: (1) Minimize
the atoms free to move for 500 steps using the conjugate
gradient method (restarting every 50 steps); (2) heat the
system with molecular dynamics to 100 or 500 K (five 1 ps
simulations incrementing the target temperature 20 or 100
K for each step); (3) cool the system with molecular
dynamics (five 1 ps simulations decrementing each target
temperature 20 or 100 K except for the last cooling step
which was targeted at 10 K); and (4) minimize for 1250 steps
restarting every 50 steps). The process for a set of free atoms
was repeated starting with low restraint energies until the
restraint energies were no longer improving or until any
structural artifacts were eliminated (such as incorrect pro-
line puckering). Temperature control on the molecular
dynamics simulations was accomplished by coupling to an
external temperature bath. Final temperatures were set to
500 K when annealing small sections of the protein and
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the 100 K value when large segments of the protein were
allowed to move. The AMBER4.0 force field (35, 36) was
used in the annealing calculations using the IMPACT
program (37).

Refinement.The procedure used to refine the structure
and achieve agreement with experimental measurements was
developed in a highly empirical method since standard
methods of annealing at high temperature did not work
because of the lack of experimental restraints on the tertiary
structure.

Two sets of torsion restraints were used during the
refinement of the OM structure. Initially torsion and distance
restraints were based on definedR-helix (φ andψ restrained
to 60 ( 50°) and â-strand regions (φ restrained to 135(
50° and ψ restrained to be-140 ( 50°) with additional
distance restraints betweeni,i+4 O and N atoms and
sequential restraints from the NMR experiments. This
resulted in 240 NMR restraints and 76 heavy atom restraints.
In addition, two intramolecular disulfide bonds were incor-
porated between C6-C127 and C49-C167 as previously
determined for OM (38). The disulfide bonds were modeled
initially by distance restraints between the sulfurs of the two
cysteines as well as CR-CR distances and other intra- and
interresidue heavy atom distances so that the disulfide bonds
could be formed gently while maintaining the correct
stereochemistry of the cysteines. The deletions and insertions
in the structure were handled by placing additional CR-CR
sequential restraints (3.7-3.9 Å) and sequentialΩ restraints
(COi to HNi+1; 3.0-3.2 Å). These additional distance
restraints were found to help during the annealing process
by properly closing gaps and maintaining chirality and trans-
peptide bonds.

The initial set of torsion restraints based on standard
secondary structure geometry was found to be inadequate
to drive the protein structure toward a solution that could be
used in an X-PLOR run with13CR/13Câ chemical shift
restraints. Instead, two sets of torsion restraints were found
to be helpful during refinement: an experimentally derived
set and a homology-based set. To derive the experimental
set the values of torsion restraints and their ranges were
expanded to include theφ/ψ torsions predicted by secondary
13CR/13Câ chemical shifts (39). Most of the secondary13CR/
13Câ chemical shifts agreed with the secondary structure
assignments. In cases where there was disagreement (or no
previous assignment) the center of the torsion restraints and
the allowed range were adjusted so that the final restraints
spanned theφ/ψ space predicted by the13CR/13Câ chemical
shifts. Because this set of restraints was distant from the
homology model starting structure in several amino acids,
another set of restraints was helpful in the early stages of
refinement. The homology-based set of restraints was
derived on the basis of the LIF structure (1LKI) (21). The
φ/ψ values from LIF were calculated and then compared to
the experimental restraints for the homologous residues in
the model. Torsion restraints were generated to span the
homologous LIF values and theφ/ψ space predicted by the
13CR/13Câ chemical shifts. This set of restraints was only
used in the first pass of annealing to move the initial model
away from the homology model toward the final experi-
mental numbers. After the initial refinements only the NMR-
determined restraints were used.

As stated previously, because of the lack of tertiary
restraints high-temperature simulated annealing to refine the
homology model and generate a structure consistent with
the experimental restraints was problematic. To overcome
this difficulty, the initial homology-modeled structure was
refined using the two sets of restraints using many different
runs where only selected atoms were free to move. In
essence, this provided a stepwise approach to overcome local
conformational problems while maintaining a proper overall
fold to the protein. The stepwise annealing procedure is
described below.

FIGURE 1: Sequence alignment of bovine OM, human OM, LIF,
G-CSF, and hGH based on the NMR-derived secondary structure
for OM and the X-ray secondary structure for LIF, G-CSF, and
hGH. Helical regions are shown in bold italics.
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The first run was started without disulfide bonds (but with
distance restraints that directed the formation of the disulfide
bonds) and with the LIF homology model set of torsion
restraints. In this round theR-helical bundle backbone atoms
remained fixed and only loops were annealed. After no
further progress was obtained in satisfying restraint energies,
the next run was started with the disulfide bonds formed
and using the final set of experimental torsion restraints.
Initially, only the CR atoms of the helix bundle were fixed.
The refinement was continued until no further improvement
in restraint violations was observed.

The next run of the simulation addressed problematic
sections containing prolines, regions where there had been
gaps in the alignment and regions where unusual13CR/13Câ
chemical shifts were observed. Only atoms in each residue
of these regions were allowed to move during the simulation.
It was found that it was necessary to run the simulation at
temperatures up to 500 K to anneal these sections. After
no further progress was obtained in satisfying restraint
violations, residues 1-24, 30-37, 90-100, and 170-190
were allowed to move. Runs were repeated until the
agreement with experimental restraints was not improving
and until artifactual changes in the protein structure were
no longer being repaired. This procedure allowed the proper
solution of restraints in these regions and to improve the
agreement of the structure with known preferences of
proteins as determined by WHATCHECK. It was found that
if the entire helix bundle was permitted to move as the
restraints in the N-terminal region were being annealed, then
unrealistic refolding of the bundle was observed [as deter-
mined by checks with PROCHECK, WHATCHECK, and
visual inspection (33, 40)]. A group of amino acids were
identified throughout the structure that had remaining
structural difficulties, and these were resolved by minimiza-
tion of these amino acids as a group without any high-
temperature molecular dynamics. After the final structure
was checked with the Eisenberg 3D-1D method, manual
intervention was used to adjust the first and fourth helix in
order to twist it as a unit (41, 42). This structure was then
annealed to 100 K in order to fix any artifacts introduced.
The final structure was then minimized using the program
X-PLOR (43), adapted to incorporate secondary13CR/13Câ
chemical shift restraints (44) and a conformational database
potential (45, 46).

RESULTS AND DISCUSSION

Description of the Structure. A ribbon diagram for the
refined NMR-based homology model of OM is shown in
Figure 2. The main feature of the protein’s structure is the
four long helices forming an up-up-down-down four helix
bundle connected by intervening short or very long loop
sections typical of this class of cytokines. In addition to
the four-helix bundle there are three intervening short helical
regions, one corresponding to a short turn region between
helices B and C and two occurring in a long loop region
between helices A and B. OM contains two disulfide bonds
which play a significant role in the packing of the protein.
The disulfide bond between Cys 6 and Cys 127 assists in
packing helices A and C while the disulfide bond between
Cys 49 and Cys 167 connects helix D with the first short
helix in the long loop region between helices A and B.

It is important to note that regions of helices A and D are
partially distorted in the homology model of OM. The
addition of13CR/â-based torsion restraints in the refinement
protocol produced a structure compatible with OM’s second-
ary structure13CR and 13Câ chemical shift assignments
during final minimization. The positiveψ regions in these
helices were not easily achieved with the level of structural
information available. It appears that solving for the positive
ψ values allows for many unlikely structures (e.g., highly
exposed cores of the protein). But the fact that the sequential
assignments also show a breakdown of the helical regions
suggests that the positiveψ values are correctly assigned
although the alignment to LIF may be incorrect in these areas.

Structure Validation. Initial confidence in the 3D model
was obtained because of the relative ease of forming disulfide
bonds and the agreement of the alignment with the observed
NMR results for OM and other structures in its family.
Significant uncertainty in the structure obtained in this work
occurs in areas similar to those of crystal structures. In all
the structures of the four-helix bundle family there is
significant disorder in the long loop regions where some
atomic positions are not reported. Regions of extreme
disorder in the X-ray structures where no atomic positions
are reported correspond to residues 130-154 in hGH (the
long loop region between helices C and D) and to residues
65-71 and 127-136 in G-CSF (corresponding to the long
loop regions between helices A and B and helices C and D,
respectively). Similarly, significant NMR restraints are not
obtained for large sections of the OM loop structure, and
therefore these atomic positions are not considered accurate,
whereas the positions of the helical regions are likely to be
similar to those obtained if a full NMR or crystal structure
could be obtained. This is evident by the plot of the error
function obtained from the ERRAT program per residue

FIGURE 2: Ribbon drawing of the NMR-based homology model
of OM where the four-helix bundle is colored purple, the intervening
helical regions are colored red, and the disulfide bonds are colored
yellow.
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(Figure 3), where large errors in the nonbonded atom-atom
interactions for the long loop regions (residues 56-78 and
141-153) are observed (47). The packing of hydrophilic
amino acids in the core of the bundle is consistent with other
four-helix bundles. It is also found that the electrostatic
picture of the protein is similar to others in the family.

To further substantiate the validity of the OM homology
model, the structure was analyzed using PROCHECK and
WHATIF (33, 40). For the PROCHECK statistics, an overall
G-factor of -0.21, hydrogen bond energy of 1.1, and only
0.27 bad contacts per 100 residues are observed, which is
consistent with a good quality structure comparable to a high-
resolution X-ray structure. Similarly, WHATIF analysis
indicates a packing score of-1.69 with side-chain rotamer
and backbone scores of 0.64 and-0.37, respectively,
consistent with a properly folded protein structure. Ad-
ditional evidence for the reliability of the OM homology
model is seen in the Ramachandranφ, ψ plot in Figure 4.
Most of the backbone torsion angles for non-glycine residues
lie within expected regions of the Ramachandran plot; 86.3%
of the residues lie within the most favored region of the
Ramachandranφ, ψ plot, 13.0% in the additionally allowed
regions, and 0.6% in the generously allowed region. Further
validity of the OM homology model is obtained from a 3D
profile of the structure (41, 42). The calculatedZ-value for
the OM model is 51.7, which is consistent with theZ-values
for LIF (53.4), G-CSF (50.0), and hGH (59.3). The
apparently lowZ-values for these proteins are probably
attributed to the ill-defined long loop regions. A comparison
of the profile window plot between the OM model and the
reference proteins is shown in Figure 3. Again, a reasonable
similarity is obtained for the OM model values compared to
the reference proteins. The quality of the OM structure is
also evident by the very small deviations from idealized
covalent geometry.

Comparison to PreVious Homology Model.It is important
to note that the homology model reported here for OM differs
significantly from a model previously reported, based strictly

on a sequence alignment with porcine growth hormone (19,
48, 49). In particular, an eight-residue shift occurs for helix
B, and the short intervening helical regions are not observed
in the original homology model. This difference arises
primarily from the choice of the porcine growth hormone
sequence as the target protein for the homology modeling.
By relying on the NMR secondary structure information to
base a sequence alignment with a number of proteins from
the OM family (hGH, LIF, and G-CSF), a more reliable OM
homology model is obtained. The resulting structural
differences between the two homology models exemplify the
inherent difficulties in deriving a reliable model based strictly
on a sequence alignment below 40% sequence identity while
demonstrating the added benefit of incorporating experi-
mental NMR data to assist in homology modeling.

This is particularly evident for the OM family of homolo-
gous proteins. While OM and other members of this

FIGURE 3: (A) Plot of the error function per residue for the NMR-based homology model of OM determined by the ERRAT (47) program
for nonbonded atom-atom interactions. (B) Plot of the 3D profile per residue for the NMR-based homology model of OM (s), 1HUW
(---), 1LKL (- -), and 1RHG (‚‚‚). The vertical axis gives the average 3D-1D score for residues in a nine-residue sliding window, the
center of which is at the sequence position indicated by the horizontal axis (41, 42).

FIGURE 4: Ramachandranφ, ψ plot for the NMR-based homology
model of OM. The glycine residues are plotted as solid triangles.
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structural family adopt the general topology of a four-helix
bundle with characteristic up-up-down-down helix topol-
ogy, the details of each protein structure vary distinctly.
Particularly, the relative lengths of the helices and intervening
loops, the number of disulfide bonds, and more strikingly
the presence ofâ-sheets or helical regions in the intervening
loops further delineate the members of this structural family.
Given the relatively low sequence homology in this structural
class, it appears to be very difficult to a priori determine
which protein structure to use as a basis for a homology
model from sequence alignment only. This is clearly evident
by the incorrect OM homology model using the porcine
growth hormone. In fact, in our experience with OM, it
appears that the hybrid approach of using multiple sequence
alignments of proteins with similar secondary structure
composition to align with the NMR secondary structure to
be the best solution.

Biological ReleVance. The ultimate test for the accuracy
of a homology model is consistency with biological activity.
OM is a member of a structural family that includes human
growth hormone (hGH), leukemia inhibitory factor (LIF),
and granulocyte-colony stimulating factor (G-CSF). Major
differences between these proteins include the relative length
of the helices in the four-helix bundle, the number of
disulfide bonds, the number of intervening helices, and the
overall size of the protein. A comparison of the folds for
these three proteins with OM is shown in Figure 5.
Structural and biological evidence indicates that hGH
stimulates a response by inducing receptor dimerization,
where hGH contains two distinct receptor binding sites (50-
53). It has been postulated that other growth factors and

cytokines, including OM, also induce a signal cascade by
receptor dimerization. Site-directed mutagenesis of OM has
indicated a number of residues which are critical or essential
for OM activity (184-190, 22-3, 44-47, and the Cys 49-
Cys 167 disulfide bond) (38, 54). A molecular surface for
the OM homology model has been calculated with GRASP
(55) where critical or essential residues for activity are
colored (Figure 6). This map indicates the presence of two
distinct surfaces on OM from the mutagenenous studies and
is consistent with OM binding two receptors for activity.
These results provide additional support for the validity of
the OM homology model.

CONCLUSION

An NMR-based homology model for OM is presented
where the secondary structure determined by NMR was used
to guide the sequence alignment of OM to hGH, LIF, and
G-CSF and the structure was refined using sequential
distance restraints,13C chemical shift information, and a
conformational database. The use of the latest techniques
in X-PLOR increases our confidence that the model is
substantially correct in the secondary structure regions and
that secondary structural elements are likely to be accurately
positioned with respect to each other as evident by the
structural validation by PROCHECK, WHATIF, and ER-
RAT. Consistency between the homology model and the
mutagenesis data with the proposed receptor dimerization
further supports the homology model.

The model was refined using recently reported methods
based on13C chemical shifts and protein quality checks. It

FIGURE 5: Structural comparison of the NMR-based homology model of OM with the X-ray structures of hGH, LIF, and G-CSF.
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was found that converting13C chemical shifts to torsional
restraints allowed the model to shift in unusual regions
toward the13C values and away from the homology-based
backbone structure derived from hGH, LIF, and G-CSF. We
believe that the structure presented is significantly more
accurate than homology modeling by itself and could not
have been obtained simply by using sequence alignment.

Homology models derived from coupling simple NMR
data with low homology structures should be useful in
determining global folds of proteins, aiding in phase deter-
mination or model building as new experimental data is
obtained, and design of mutagenesis experiments and protein
engineering.
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