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Summary

Esscntially complete backbone and side-chaim 'H, *N and *C resonance assignments for the 185-amino-
acid cytokine interleukin-6 (IL-6) arc presented. NMR cxperiments were performed on uniformly [*NJ-
and [*N,“C]-labeled recombinant human 1L-6 (riL.-6) using a variety of heteronuclear NMR experi-
ments. A combination of PC-chemical shift, amide hydrogen-bond exchangs, and “N-edited NOESY
data allowed for analysis of the secondary structure of TL-6. The observed secondary structure of 11-6
is composed of loop regions connecting five o-helices, four of which are consistent in their length and
disposition with the four-helix bundle motif present in other related cytokines and previously postulated
for IL-6. In addition, the topology of the overall fold was found to be consistent with a left-handed up-
up-down-down four-helix bundle based on a number of long-range interhelical NOEs. The results
presented here provide deeper insight into structure—function relationships among members of the four-
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helix bundle family of proteins.

Introduction

Interleukin-6 (IL-6)is a 1835-amino-acid cytokine which
exerts mmultiple biological cffects in vivo, Originally ident-
ified as a T-cell-derived factor regulating B-cell growth
and differentiation (Hirano et al., 1986), IL-6 has also
been shown to induce the production of acute-phase
proteins in liver (Kishimoto, 1989), to serve as an auto-
crine and paracrine growth factor in the pathogenesis of
human multiple myeloma (Kawano el al., 1988), 1o stimu-
late the recruitment and formation of osteoclasts (Ishimi
et al., 1990), and to enhance, in conjunction with 1L-3,
the formation of multilincage blast cells and the prolifer-
ation of stem cells i the hematopoietic system (Bernad et
al., 1994). 1L-6 is also an inflammatory mediator. 1L-6
production is markedly stimulated by the inflammatory
cytokines IL-1 and TNF-a (Van Damme et al., 1987;
Mawatari et al., 1989} and neutralizing antibodies to IL-6
protect mice from lethal challenges of £ cofi or TNF
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(Starnes et al., 1990). Dysregulation of TL-6 production
has been implicated in a variety of inflammatory/autoim-
mune discase stales, including rheurnatoid arthritis, cardiac
myxoma, Castleman’s disease, and mesangial proliferative
glomerulonephritis (reviewed in Hirano et al., 1990).
The biological effects of IL-6 on target cells are medi-
ated through a heterotrimeric receptor complex formed by
the sequential engagement of 1L-6 with an IL-6-specific
receptor subumnit (IL-6Ra) followed by recruitment of
gpl30 (Kishimoto et al., 1992). While both 1L-6Ra and
gp130 are integral membrane proteins with a single {rans-
membrane domain, activation of intracellular signalling
pathways is dependent on association of gpl30 (Taga el
al., 1989). Specifically, 1L-6/IL-6R¢ induces disulfide-
linked homodimerization of gpi30, which alone leads to
activation of the JAK/STAT signalling pathway (Muraka-
mi et al., 1993; Lvashkiv, 1995). Thus, the final receptor
complex which can minimally mediate signal transduction
1s believed to be hexameric and compaosed of two mol-
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ecules each of IL-6, IL-6Rq, and gpl30, with intermolec-
ular contacts between all components. Tndeed, residues in
IL-6 critical for specific binding to TL-6R ¢ or gpl30 have
been identified by site-directed mutagenesis (Savino et al.,
1993,1994; Paonessa et al., 1995). Several other cytokines,
including LIF, Oncastatin M, and CNTF, also employ
receptors that are members ol the hematopoietin receptor
superfamily and that also associate with gp130 (or gpl30-
like molecules) for subsequent signal transduction (Kishi-
moto et al., 1992; Davis et al., 1993).

It is therefore of interest that, despite a modest level of
amino acid sequence homology, all four of these cyto-
kines have been suggested to share a comman three-di-
mensional structural motif, the ‘up-up-down-down’ lefi-
handed four-helix bundle (Sprang and Bazan, 1993). A
family of cytokines and their receptors with shared bio-
chemical and three-dimensional structural features, vet
vastly different biological activities, provides an exciting
opportunity for delineating structure-function relation-
ships in cytokine biology. Thus, we have undertaken the
three-dimensional structure determination of rIL-6 by
multidimensional heteronuclear NMR spectroscopy. As
a first step in this process, we report here the sequence-
specific assignments, secondary structure, and the folding
topology for the isotopically labeled, recombinant TL-6
produced in E. coli.

Materials and Methods

Sample preparation

The polypeptide for rIL-6 was overexpressed in Escher-
ichia coli. [U-PN]rIL-6 and [U-"C,U-PN]rI1.-6 were puri-
fied from cells grown at 37 °C on minimal medium con-
taining 2 g/l [“N]ammonium sullate alone or in combina-
tion with 3 g/l [U-"Clglucose. The cells were Iysed in 50
mM Tris-HCL pH 8.5, at 4 °C, | mM EDTA, 5 mM DTT,
5 mM PABA. The lysate was centrifuged at 9000x g at
4 °C for 10 min. The pellet containing insoluble, unfolded
IL-6 was resuspended in 50 mM Tris-HCI, 8M Urea, pH
8.5, and subjected to a refolding protocol essentially as
previously described for IL-4 (Van Kimmenade et al.,
1988) Purified rlL-6 was concentrated and dialyzed using
vacuum dialysis into 10 mM MES, pH 6.1, 200 mM
MgS0,, 10% D,0, 0.05% NaN..

NMR spectroscopy

ANl NMR experiments were performed on Varian Unity"
spectrometers operating at either 500 or 600 MHz. Both
instruments are equipped with triple-resonance ('"H, "°C,
PN} probes with an actively shielded z-gradient coil and
pulsed field gradient accessories. Both "N-labeled and
N,1C double-labeled samples of rIL-6 were dissolved in
90% I,0/109% D,0 containing 200 mM MgSQ,, pH 6.1
(25 °C) to a final protein concentration of 1.3 mM. Slow-
ly exchanging amide protons were identified by recording

a series of two-dimensional 'H-"N HSQC experiments
over a time span of 5 min to 26 h, beginning immediately
after dissolution of lyophilized ""N-labeled rIL-6 in D,0.

'H-"N HSQC spcctra were recorded with the en-
hanced-sensitivity pulsed field gradient approach (Bax
and Pochapsky, 1992; Kay et al., 1992a; Schleucher ct
al., 1993; Muhandiram and Kay, 1994). All (riple-reson-
ance HSQC-based experiments (e.g. CRCA(CO)NNH,
C(CCTOCSY _NNH, H(CC)TOCSY_NNH, HNCACB)
for correlating backbone orfand aliphatic side-chain
chemical shifts (Kay et al., 1990; Grzesiek and Bax, 1992,
1993; Wittekind and Mueller, 1993) and which detect
amide proton magnetization also employed enhanced-
sensitivity pulsed field methods. This approach provides
coherence transfer selection both to improve sensitivity
and eliminate artefacts as well as for solvent suppression.
No presaturation or spin-lock purging pulses (Messetle et
al.. 1989) were used in order to avoid saturation of amide
protons by spin dillusion or chemical exchange with
water. The (HB)YCBCACO(CA)HA experiment (Kay,
1993) provided an independent means to complement
assignments obtained by the HNCO experiment (Ikura et
al., 1990). Constant-time 'H-"C 2D HSQC experiments
(Vuister and Bax, 1992), optimized for selection of aro-
matic side chains or aliphatic terminal methyl groups,
were performed to confirm aromatic carbon and methyl
carbon assipnments, respectively, A constani-time 2D
methyl-relay experiment (Kay et al., unpublished results)
was used to obtain correlations between d-carbons of
leucine residues, as well as y-carbons of valine, The 3D
long-range-"*C-""C (LRCC) experiment (Bax et al., 1992,
1994) was employed to correlate e-methyls to the C* and
C' of methionine residues, as well as Lo correlate 8-methyls
to C"in leucine/isoleucine. “N-edited NOESY (Marion et
al., 1989a; Zuiderweg and Fesik, 1989), "N-edited TOCSY
{(Marion et al., 1989b) and 'H-"N HMQC-NOESY-HMQC
(Ikura et al., 1990) experimenls were carried out on a
sample of singly labeled rTT.-6, using the enhanced-sensi-
tivity pulsed field gradient method (Kay ¢t al., 1992g;
Schleucher et al., 1993; Muhandiram and Kay, 1994). For
"N-edited NOESY experiments, mixing times of 50 or
160 ms were used, whercas in HMQC-NOESY-HMQC
experiments a 100-ms mixing time was employed. "N-
edited TOCSY experiments used a spintock time of 40
ms. Pulsed field gradient HCCH-TOCSY (Kay ct al,,
19934) experiments were recorded on a H,O sample with
mixing times of 8 and 16 ms. Simultaneous “N,"C-edited
NOESY (Pascal et al., 1994) experiments were recorded
with mixing times of 80 and 100 ms. HMQC-T experi-
ments (Kay and Bax, 1990) were used for determination
of Ty values. In all experiments, the 'H carrier was
placed on the H,O resonance at 4,76 ppm, the PN carrier
was placed at 115.0 ppm, and the “C carrier was sct
differentially, depending on the experiment, as shown in
Table 1. Quadrature detection in all indirectly detected



dimensions was obtained through States-TPPI phase
cycling (Marion ct al., 1989¢). Table 1 summarizes the
acquisition parameters for each experiment employed.

Data processing

Data sets were Lypically processed and displayed on
SGI workstations using the program packages NMR Draw
and NMRPipe (Delaglio et al., 1995). Post-acquisition
water suppression was employed in all spectra where
proton magnetization was detected in the acquisition
time-domain (Marion et al., 1989d). In the case of simul-
taneous “N,”C-edited NOESY experiments, a time do-
main deconvolution procedure was used to minimize the
signal from residual water. A 60° phase-shifted sine-bell
function and a single zero-filling was used in cach of the
t, and t, dimensions prior to Fourier transtormation. For
most HSQC-based experiments, the time domain was
extended by a lactor of two using forward-backward
linear prediction in the *N (t,) dimension. In all constant-
time 'H-"C correlation experiments, mirror image linear
prediction (Zhu and Bax, 1990) was uscd prior to zero-fil-
ling to the double time-domain data points. For HMQC-J
data sets, VNMR softwarc was cmployed for processing
and spectral apodization. The programs PSC and PIPP
(Garrett et al., 1991) were used for spectral plotting, peak
picking and analysis.

Results

Complete 'HIPNIPC assignments
Figure 1 shows the 'TI-¥N HSQC spectrum of uniform-
ly “N-labeled rIL-6. Of the 225 cross peaks which theor-
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etically should be observed in this spectrum (comprising
176 amide NHs, 24 pairs of side-chain amide NH,’s, and
an indole NH of tryptophan), roughly 200 are observed.
As shown in Fig. 1, there are spectral regions which ex-
hibit a high degree of resonance overlap and degeneracy,
as expected for proteins of this size and predicted helical
content (Powers et al., 1992). It can also he noted that a
large number of peaks are broadened (short apparent T,
values) which is caused. in part, by slow relative motion
in some ¢-helical regions. Taken together, these observa-
tions indicate that triple-resonance experiments are essen-
tial for NMR-based structural analysis of rTL-6.

Of the predicted 24 Gln/Asn side-chain amide NH,
groups, 22 can be observed in Fig. 1, along with their
corresponding WHID signals. These latter peaks result
from chemical exchange with the 10% D,O present in the
solution for field-frequency locking. These NHD groups
appear about 0.5 ppm upfield of their NH, counterparts,
and can be used in amide proton/nitrogen-based triple-
resonance experiments to assist the assignment process
(Benjamin et al., 1995). In these HSQC and related ex-
periments 13 very strong signals with narrow line widths
were observed, all which lie within the N-terminal 19
residues of 1L-6 and indicatc that this scgment is much
more mobile than the rest of the molecule. Preliminary
"“"N-relaxation studies further substantiate these observa-
tions, yielding typical T, values of about 250 ms in the N-
terminal region versus T, values of about 40 ms in the
rest of molecule (data not shown).

The sequential assignment procedure used for rlL-6 is
similar to those reported previously for NMR studies of
proteins such as interleukin-4 (Powers et al., 1992}, Profi-

ACQUISITION PARAMETERS FOR NMR EXPERIMENTS ON rIL-6

NMR experiments Nucleus No. of complex points Spectral width (ppm) Reference (ppm)
F1 F2 F3 Fl F2 F3 Fli F2 F3 Fl F2 F3

HSQC N '‘H 256 512 2.6 13.3 113 4.76
HSQC_T YN 'H 400 512 32.6 13.3 115 4,76
HSQC_CT (arcm) BC 'H 100 512 59.7 13.3 125 4,76
HSQC_CT (CH.,) BC 'H 100 512 298 13.3 20 476
Methyl-relay BC ‘H 064 512 300 13.3 20 76
IINCO Bco PN 'H 052 G40 512 12.0 326 133 177 115 4.76
CBCA{CONNH e BN 'H 030 040 512 60.9 32.6 13.3 43 115 4.76
C(CCYTOCSY_NNH Be BN 'H 48 32 512 £0.9 32.6 133 43 115 4.76
H(CCYTOCSY_NNH 'H BN 'H o4 32 512 4.16 32.6 13.3 4.76 115 4,76
HNCACB BC "N H 50 40 512 60.9 32.6 13.3 43 115 4.76
HN(COCA)HA 'H BN 'H 50 32 512 3.10 326 13.3 476 115 4,76
HN{CA}HA H BN 'H 50 32 512 3.10 32.6 13.3 476 115 4,76
(IIBYCBCACO(CA)IA e Bco I 50 52 384 60.9 100 133 43 177 4.76
YN-ediled TOCSY H N 'H 128 32 512 1.7 32.6 13.3 4.76 115 4.76
“N-edited NOESY H PN H 128 32 512 1.7 32.6 13.3 476 115 476
HMQC-NOESY-HMQC PN BN H 48 64 512 32.6 32.6 133 115 115 476
HCCH-TOCSY ' 13 " 128 32 416 7.10 239 133 4.76 43 4.76
Simultancous "N/PCedited H B3C g 128 32 416 10.0 239 133 476 43 4.76

NOESY "N 476 115 4.76
Long-range-CC) BC B 'H 64 32 416 580 200 13.3 43 23 4,76
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Fig. 1. 2D 'H-"N HSQC spectrum of "*N-labeled T1L-6. Tn the upper left corner is an enlargement of a spectral region exhibiting severe overlap.

lin I (Archer et al., 1993), Recoverin (Ames et al., 1994),
Protein S (Bagby et al., 1994) and CBDcex (Xu <l al,,
1995). However, additional experiments were needed to
determine assignments, since peak broadening and overlap
for rIL-6 were more extensive than for the above proleins.

The first step in the assignment process is to identify
the residue type for all contributing spin systems. This
was done using a comhination of triple-resonance ("H/” N/
C) experiments: CBCA(CO)NNH, C(CC)TOCSY_NNH
and H{CC)TOCSY NNH. All three experiments correlate
backbone amide proton and nitrogen chemical shifts of
one residue with the aliphatic side-chain carbon or proton
chemical shifts of the preceding residue. Together, these
correlations form diagnostic patterns lor each residue
type. The CBCA(CO)NNH experiment is the most useful
of the three, providing information on not only the C*
chemical shift, but also the C* chemical shift. However,
distinguishing between certain residue pairs (e.g. proline
and valine, leucine and aspartic acid, as well as lysine and
arginine) is difficult with this experiment alone. This is
due principally to degeneracy in C* and C* chemical shift
values among these amino acid pairs. In these cases, the
C(CC)TOCSY_NNH experiment is useful since it corre-
lates backbone amide proton and nitrogen chemical shifts

7.8 7.0

of one residuc with all aliphatic side-chain carbon chemi-
cal shifts of the preceding residue. For example, the C*
and CP chemical shifts of valine and proline residues can
be cssentially indistinguishable, making it difficult to as-
sign a residue type based on these data alone. On the
other hand, the C{CC)TOCSY_NNH-derived “C chemical
shifts for these two residues allow unambiguous assign-
ment due to the characteristic C* and C° chemical shifts for
proline versus C' chemical shifts for valine. Figure 2 shows
a representative 2D slice from the C(CCYTOCSY_NNH
experiment, illustrating the correlation of backbone NHY
"N chemical shifts to the carbon chemical shifts of the
previous residue side chains. In those cases where the
C{CC)TOCSY_NNH experiment failed to provide suffi-
cient side-chain information, the H{CC)TOCSY_NNH
experiment was employed. This latter experiment corre-
lates NH/'"N chemical shifts for a given residue with
aliphatic side-chain proton chemical shifts of the preced-
ing residue and thus helps assign the residue type. Distin-
guishing phenylalanine and tyrosine residues is more
difficult, since the side chains of both contain AMX spin
systems with similar *C and proton chemical shifts. Tn
this case, analysis of aromatic side chains in a constant-
time 'H-PC HSQC experiment provided proton chemical



shifts which were, in turn, correlated by homonuclear-
NOESY experiments to HYs, thus allowing the assign-
ment of the residue type. Glutamine and aspartate resi-
dues were distinguished from their amidated counterparts
by virtue of the fact that the latter had C* and C* chemi-
cal shifts which correlated to side-chain NHD groups. In
principle, analysis of the data from the above three ex-
periments should yield assignments for ali residue types in
the protein, except from residues which precede proline.
However, in practice, magnetization transfer was inad-
equate for more than 25 residues, as evidenced by missing
correlation peaks.

The sequential connectivity of residues was derived
by comparison of spectra from HNCACB and from
CBCA(CO)NNH experiments. Ideally, HNCACB spectra
show correlations between two pairs of C* and C? chemi-
cal shifts and the NH/”N chemical shift of a given resi-
due. One pair arises [rom intraresidue correlations while
the other pair derives from the preceding residue. As
noted above, CBCA(CO)NNH spectra exhibit correla-
tions only to the C* and C" chemical shifts of the preced-
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ing residue. Thus, comparison of spectra from these two
experiments can give unambiguous information aboul the
sequence of the residues. Figure 3 illustrates such a spec-
tral comparison for a stretch of residues fram Glu® to
Asn® of r1L-6 and highlights the importance of C chemi-
cal shifts in resolving ambiguities arising from degenerate
(or nearly degenerate) C* chemical shifts,

Although the combined use of these {wo experiments
comprises a powerful sequential assignment strategy for
many protieins, they were inadequate in the case of rIL-6.
One reason is that degeneracy of C* and CP chemical
shifts precludes unambiguous assignment. For example,
the C¥ chemical shift for 12 of the 23 leucine residues in
r1L-6 were within ~0.5 ppm, which is approximately the
resolution in the carbon dimension. To resolve such ambi-
guity, four experimental approaches were pursued: (1)
application of HN(CA)HA (Clabb et al., 1992; Kay et al.,
1992b) and HN(COCA)YHA (Kay et al., 1992b) cxperi-
ments to provide correlations between an NH and the
H™s of the same and preceding residues; (i} application
of the (HBYCBCACO(CA)HA experiment (Kay, 1993b)
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Fig. 2. A selected F1-F3 plane at "N (F2)=119 ppm in the C(CC)TOCSY_NNH spectrum of rl1.-6. The aliphatic “C chemical shifts of each
residue are correlated with the amide NH/°N chemical shifts of their succeeding residue.
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Fig. 3. FL (C"™™ strip plots for residues Glu™ to Asn® from (1) CBCA(CO)NNH and (b) HNCACB spectra of rIL-6. In (b), dashed contours
(negative peaks) are CPs and horizontal dashed lines indicate sequential C*, C* connectivities.

to cstablish correlations between adjacent residues inde-
pendent of amide protons; (iii) application of "N-edited
NOESY experiments (Marion et al., 1989a), including the
3D 'H-"N HMQC-NOESY-HMQC experiment (Tkura et
al., 1990), to take advantage of the high helical content of
r1L-6 (sce below). The “N-edited NOESY yields a charuc-
teristic set of interresidue NOEs (Fig. 4) and HMQC-
NOESY-HMQC is particularly useful for the recognition
of NOEs between sequential, but overlapping, amide
protons based on their different amide N chemical shifts.
Figure 3a is a strip plot from the HMQC-NOESY-HMQC
experiment for a helical region in rIL-6 (Thr'* to Leu'*?),
showing quite distinct *N chemical shifts in the F1 di-
mension, whereas the corresponding amide proton chemi-
cal shifts were degenerafe or near degenerate (Fig. 5b);
(iv) application of three constant-time 'H-C correlation
expetiments (a ‘methyl-group-optimized’ 'H-"C HSQC
experiment, a 'H-"*C methyl-relay experiment, and a long-
range “C-"C J-coupling (!J- and *J..) correlation ex-
periment (Bax et al., 1992; Vuister et al., 1994)) to exploit
the methyl groups of residues such as leucine, isoleucine,
or methionine for probing the shifts of other side-chain
atoms. The latrer set of experiments were most useful in
conjunction with HCCH-TOCSY or NOESY data and
are illustrated in Fig. 6. By this combined approach,
essentially all 185 sequential assignments were obtained

for tTL-6. A listing of ths tabulated 'H, "N, and "*C
chemical shifts for rIL-6 is available as Supplementary
Material.

Secondary structure

The secondary structure of rIL-6 was determined
through the use of four sets of experimental data: NOEs
(Wiithrich, 1986), three-bond J-coupling constants be-
tween amide protens and their corresponding H%s
(*Timer), chemical exchange rates of amide hydrogens
with D,0, and "C chemical shift perturbations (Spera
and Bax, 1991; Wishart et al., 1991; Wishart and Sykes,
1994). These data are summarized for rIL-6 in Fig. 7.

Distinct secondary structure elements can be defined
by unique sets of internuclear distances and hence yield
characteristic NOE patterns. rIL-6 has abundant ¢-helical
content, as evidenced by contiguous amide proton NOEs
[dre gienls NOEs between H* of residue i and NH of resi-
dues i+3 and i+4 [dngise Qavgisel- as well as medium
to weak NOEs between H* of residue i and NH of resi-
due i+1 [d ;0] (Fig. 7). Moreover, residucs within o-
helices usually have *J ., values of 5 Hz or less and hydro-
gen bonds between carbonyl oxygens and amide hydro-
gens four residues away (CO, - NH,,,}. Examination of
amide hydrogen exchange rates and °J_y values in rIL-6
further support the position and length of ¢-helices sug-



gested by NOE patterns. The C* and C” secondary chem-
ical shifts indices measure deviations from random-coil
*C chemical shilts for corresponding amino acids when
followed by alanine in the polypeptide (Spera and Bax,
1991; Wishart et al., 1994,1995) and have been shown to
correlate with the protein secondary structure. In general,
the minimal criteria for defining a helical segmenl are
positive deviations from random-coil C* chemical shifts
and the presence of d ¢ 5/dun gy NOES. The prescnce
of other indicators was taken as supportive of the mini-
mal criteria. Analysis of the data in Fig, 7 clearly delin-
eates the following secondary structure elements. IL-6 has
four long helices: helix A extends from Thr' to Lys",
helix B from Glu® to Asn'™, helix C from Ghu' o
Lys"™, and helix D from Gln'” to Met'®™. The length and
relative position of these secondary structure clements fit
the four-helix bundle motif previously postulated as the
topological fold for rIL-6 (Sprang and Bazan, 1993). In
addition, Fig. 7 shows that all four experimental indica-
tors are consistent with a fifth helix located at residues
Pro'2-GlIn'¥. The presence of a short six-residue lurn
between helices B and C vyields strong d,x .., NOEs
between Ser'®-Ser'® and Ser'™-Glu"?, and several other
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weik oy iz daw sy NOEs between Phe'*-Ser'™,
Glu'"-Ser'™, Ser'®-Glu'"° and Ser'”-Glu'!, as well as a
large (8 Hz) Ty o for Ser'® and a slow-exchange amide
NH for Glu"", This latter observation is presumably due
to 4 hydrogen bond between the NH of Glu'" and the
carbonyl of Glu'” (Wiithrich, 1986).

In addition to these features, there is a long loop be-
tween helices A and B, extending from Ser® to Asn™.
Within this loop, Cys® forms a disulfide bridge to Cys®
(Clogsten et al.,, 1989). The continuous sets of dyygip
NOEs from Ser® to Glu* as well as an NOF. between the
H" of Cys* and the NH of Met™, plus NOEs from the
H"s of Lys* and Ser®® to the NHs of Asn*® and Met™,
respectively, indicate that this loop has a tight turn be-
cause of the disulfide bridge. After Glu”, the loop ap-
pears to be more disordered, as indicated by the lack of
NOEs until near the end of this loop. In this region, Cys™
forms a disulfide bond to Cys* (Clogston et al., 1989),
located within helix B.

Topology and protein folding
The overall topological fold of the five helices of rIL-6
was probed using data from simultaneous "N, C-edited
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NOESY and 2D homonuclear-NOESY experiments. All
together, more than 100 long-range, interhelical NOFEs
were obtained, which defined spatially proximal interheli-
cal residue pairs. For example, NOEs were found be-
tween the residue pairs Leu”~Lev” and Leu*-Phe',
deflining in part the relative disposition of helices A and
B. Similarly, NOEs were found between the residue pairs
Ie*-Leu'”, GIn®—Leu'®, IleP-Thr™®, Ile¥-val'", Leu™-
Val''® and Leu™Ala'", corresponding to helix A-C inter-
actions, between the residue pairs Asp”Leu'™, Ile’*-
Leu'”, Tle*—Leu'”, Tle**-Leu'”, Tle’-Leu'™, Ile—Phe!™
and Arg"-TLeu'®, corresponding to helix A-D interac-
tions, between the residue pairs Glu®*~Thr'®, Leu”~Thr'®,
GIn'®-Ala'® and Phe-Ala'", corresponding to helix
B-C interactions, and between the residue pair Cys*-
Met'®, Cys®*—Ala'"™' 1le*-Ser'™, Ile*~Phe'™, Gly"'-Phe'™,
Phe’ Phe'™, Phe’* Phe'™, corresponding to helix B D
interactions.

Figure 8 summarizes, in a helical wheel format, the
interhelical NOE contacts derived from these NOESY
experiments. It can be readily appreciated from Fig. 8
that helix A is parallel to helix B, helix C is parallel to
helix D, and that the A-B helices are antiparallel to he-
lices C and D. In addition, several NOEs were found
between residue pairs Val’”-Asn'®, Val”-Leu'®, Glu'*-
Len' and Tyr'™Leu?, thus demonstrating that helices
B and E arc parallel to one another. Therefore, the four
long a-helices are connected by cross-over loops to form
an up-up-down-down antiparallel bundle. Moreover, the
interhelical contacts summarized in Fig. § show very
clearly the left-handed nature of the four-helix bundle and
thus definc the overall fold of the molecule. Figure 8 also
illustrates (he amphiphilic nature of the helices, with
hydrophobic residues directed towards the interior of the
bundle and hydrophilic residucs oriented towards the
exterior {solvent).



Discussion

Essentially complete sequence-specific 'H, "N, and
BC assignments have been made for uniformly [N]-/
[°C,"”NJ-labeled rIL-6. Previous studies (Kruttgen et al.,
1990; Rock et al., 1992}, as well as inspection of the 1D
'"H NMR and “N-edited NOESY spectra obtained dur-
ing the course of these studies, indicated a high helical
content for the protein, potentially complicating NMR
structural studies due to substantial chemical shift de-
gereracy and resulting spectral overlap. Indeed, these
complications have been observed in NMR studies of
other highly helical proteins such as IL-4 (Garrett et al_,
1992) and the Gail domain of the heterotrimeric G pro-
teins (Benjamin et al., 1993). In the latter case, appli-
cation of an assignment strategy, largely predicated
upon two heteronuclear experiments (CBCA(CO)YNNH
and HNCACB), nonetheless provided the experimental
means to assign virtually the entire molecule. 1IL-6
proved to be more difficult, presumably duve to its
greater size (185 versus 145 residues in Gail) and this
basic assignment strategy required significant augmenta-
tion. However, application of a battery of heteronuclear
experiments (CBCA{CO)NNH, HNCACB, HN(CA)HA,
HN(COCA)HA, and HMQC-NOESY-HMQC) did
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allow sequence-specific assignment of the vasl majority of
atoms in rIL-6.

rIL-6 appears to be largely monomeric and structured
in solution under the conditions employed here, as evi-
denced by the observed line widths in 2D-HSQC spectra
and gel filtration studies (data not shown). This is in con-
trast to previous reports (May et al., 1991), as well as our
own data (not shown), where multimers of rIL-6 could be
observed under certain conditions. The biclogical signifi-
cance of multimers of rTL-6 is not clear, since other close-
ly related cylokines (e.g. CNTF, M-CSF) clearly are di-
meric under physiological conditions (Pandit et al., 1992;
McDonald et al., 1995). Residues at the N-terminus of
rIL-6 show narrower line widths, enhanced signal intcn-
sity in 2D-HSQC experiments, very rapid amide exchange
rates and few NOEs, indicating that this segment is un-
structured and/or highly mobile in solution. In contrast,
residues which comprise the hydrophobic core of 111-6
exhibit notably broader line widths, consistent with a re-
latively immobile, tightly packed core.

Secondary structure analysis of rI1.-6 was performed
utilizing several cxperimental indicators: “C chemical
shift, amide hydrogen-bond exchange, and “N-cdited
NOESY data. The predominant secondary structural
clement is the o-helix, as demonstrated by all indicators.
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QOverall, the secondary structure is characterized by four
long helical stretches, one short one, and interconnecting
loops (Fig. 7). The secondary structure analysis of rIL-6
reported here is consistent with previous predictions,
based on sequence homology to cytokines of known struc-
ture (Bazan, 1991). The topology for rIL-6 is a left-
handed. antiparallel four-helix bundle. Thus, the four
long helices form the bundle with the long extended loops
alter the first and third helices presumably corresponding

to the prototypical AB and CD cross-over loops. Addi-
tional topological constraints derive from the two disul-
fide bonds in rIL-6 between Cys*—Cys™ and Cys™—Cys™
(Kruttgen et al., 1990; Rock et al., 1992,1994),

Indeed, other cytokine members of this family have
been divided into two subgroups based upon, among
other things, overall polypeptide chain length and average
helix length (Sprang and Bazan, 1993}, One of these sub-
groups is the ‘short-chain’ four-helix bundle, as typified



Fig. 9. Schematic diagram of the topological fold of rIL-63 as derived
in this study.

by 11-2, IL-4, or 1L-3. Members of this subgroup typically
possess polypeptide chain lengths of 103 143 umino acids,
with typical helices of about 15 residues in length and
cross-over loops containing short, twisted antiparallel -
strands. The other subgroup is the ‘long-chain’ four-helix
bundle and is typilied by G-CSF, IL-10, and interferon-.
The polypeptide chain lengths for members of this sub-
group are longer (160-200 amino acids), as are the typical
helix lengths (about 25 residues). The cross-over loops in
members of this subgroup lack the antiparallel B-strands
present in short-chain cytokines, but can contain addi-
tional, ‘extra-core’ helices, such as in the CD cross-over
loop of INF-B. Thus, NMR-based secondary structure
analysis is consistent with the prediction that rIL-6 is also
a member of the long-chain subgroup of four-helix
bundles with an overall chain length of 185 amino acids,
long helices, no B-strands in the cross-over loops, and an
additional, ‘extra-core’ short helix in the CD loop.

A set of over 100 interhelical NOEs, obtained from
home- and heteronuclear NOESY experiments, provides
further experimental support for a four-helix bundle topo-
logy for rIL-6. The topology of a four-helix bundle can
be completely described in terms of three characteristics:
the polypeptide connectivity between helices, the unit
direction vectors of each helix, and the handedness of the
bundle (Presnell and Cohen, 1989). While experimental
evidence for the first charactleristic is derived from the
secondary structure analysis, the interhelical NOEs pro-
vide direct evidence for the latter two. As summarized in
Fig. 8, the set of interhelical NOEs clearly show the anti-
parallel disposition of the helices and the left-handed
nature of the bundle. The overall topology of rIL-6 is
summarized as a schematic diagram in Fig. 9.

The topology of rIL-6 would be anticipated to include
other specific structural features, as observed in the X-ray
crystal structures of other subgroup members, such as
LIF and CNTF (Robinson et al., 1994; McDonald et al.,

1995). These include characteristic packing between the
A~D and B-C helix pairs, distinct packing of the AB
loop over the CD loop, and characteristic ‘kinks’ in
either or both of the A or D helices. This latter feature
is especially inleresting, since such ‘kinks’ in the A and
D helices of LIF and CNTF have been postulated to be
important in forming appropriate receptor contacts
(McDonald et al., 1995). The specifics of these and other
structural details await three-dimensional structure deter-
mination.
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