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Summary

The chemical shift assignments and secondary structure of a murine–human chimera, MH35, of leukae-
mia inhibitory factor (LIF), a 180-residue protein of molecular mass 20 kDa, have been determined from
multidimensional heteronuclear NMR spectra acquired on a uniformly 13C,15N-labelled sample. Second-
ary structure elements were defined on the basis of chemical shifts, NH-CαH coupling constants, medium-
range NOEs and the location of slowly exchanging amide protons. The protein contains four α-helices,
the relative orientations of which were determined on the basis of long-range, interhelical NOEs. The
four helices are arranged in an up-up-down-down orientation, as found in other four-helical bundle
cytokines. The overall topology of MH35-LIF is similar to that of the X-ray crystallographic structure
for murine LIF [Robinson et al. (1994) Cell, 77, 1101–1116]. Differences between the X-ray structure
and the solution structure are evident in the N-terminal tail, where the solution structure has a trans-
Pro17 compared with the cis-Pro17 found in the crystal structure and the small antiparallel β-sheet
encompassing residues in the N-terminus and CD loop in the crystal structure is less stable.

Introduction

Leukaemia inhibitory factor (LIF) is a glycoprotein
that was identified and purified on the basis of its ability
to induce differentiation in murine myeloid leukaemic M1
cells (Hilton et al., 1988a,b). LIF is produced in a diverse
array of cell types (Gough et al., 1992) and is a highly
pleiotropic cytokine, exerting a range of actions on a
number of cell types, including hepatocytes, adipocytes,
megakaryocytes, neuronal, muscle and embryonic stem
cells, and osteoblasts (Hilton, 1992). The main biological
activities attributable to LIF in vitro are the induction of
proliferation and differentiation in various progenitor

cells, such as myoblasts, and megakaryocytes. In addition,
it suppresses differentiation in embryonic stem cells, al-
lowing these cells to be manipulated genetically (Hilton,
1992). LIF also affects the function of a variety of ter-
minally differentiated cell types such as neurons and
adipocytes, and induces acute phase protein production
in hepatocytes (Hilton, 1992). Despite having multiple
activities, LIF appears to be absolutely necessary only for
embryo implantation. Male mice with the gene for LIF
knocked out are apparently normal, whereas the corre-
sponding female mice are infertile and the deficiency can
be corrected by injection of purified LIF (Stewart et al.,
1992). In contrast, the LIF receptor is essential for nor-
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mal function, and mice lacking this gene have multiple
placental, skeletal, neural and metabolic disorders which
lead to perinatal death (Ware et al., 1995).

Members of the four-helical bundle family of cytokines
to which LIF belongs are not only highly pleiotropic but
also have overlapping functions (Metcalf, 1992), due in
part to their sharing of receptor subunits. Many of the
receptors for this family of cytokines are heterodimeric,
and for high affinity binding they require both a unique
α-chain and a shared β-chain. In the case of the LIF
receptor, the β-chain is the signal transducing protein
gp130, which is shared with receptors for oncostatin M
(OSM), interleukin-6 (IL-6), ciliary neurotrophic factor
(CNTF), IL-11 (Miyajima et al., 1992a) and cardiotrophin
(CT-1) (Pennica et al., 1995a). Interaction of the cytokine
with its specific α-chain is the first step in the signal trans-
duction pathway (Miyajima et al., 1992b) and the execu-
tion of its biological function. LIF also shows sequence
similarity to the cytokines with which it shares the gp130
β-chain. It is most closely related to CT-1 and OSM, with
sequence identities of 24% and 22%, respectively, for the
murine molecules (Pennica et al., 1995b), and has lower
degrees of sequence identity with IL-11 (18%), CNTF
(17%) and IL-6 (17%) (Bazan, 1991; Pennica et al., 1995b).

The diversity of biological targets of the haemopoietic
growth factors has led to their investigation as therapeutic
agents. G-CSF and GM-CSF are currently being used to
accelerate neutrophil (Demetri and Griffin, 1991) or plate-
let recovery after bone marrow transplantation or cancer
chemotherapy (Davis and Morstyn, 1991; Grant and
Heely, 1992), their beneficial effects being derived from
their ability to induce the differentiation and proliferation
of progenitor cells. With its range of biological functions
and activity against a variety of target cells, LIF also has
potential therapeutic applications. For example, its ability
to induce the growth and differentiation of nerve cells
indicates that it is potentially useful in the treatment of
peripheral nerve damage (Cheema et al., 1994). The re-
ceptor subunit gp130, which is shared amongst the IL-6
family of cytokines, is a potential target for antagonists,
which could be used in treating certain cancers and auto-
immune diseases associated with the overproduction of
these cytokines (Peppard et al., 1996). A knowledge of the
structures of the cytokines and their receptor complexes
will open the way for the design of cytokine antagonists
(Debets and Savelkoul, 1994) or agonists directed towards
specific tissues.

Despite the low sequence identity amongst the four-
helical bundle cytokines, there are common features of
their three-dimensional structures. They have been divided
into two classes on the basis of their sequences and terti-
ary structures, as reviewed by Sprang and Bazan (1993),
Nicola (1994) and Mott and Campbell (1995). The short-
chain molecules include IL-2, IL-3, IL-4, IL-5, IL-7, IL-9,
IL-13, IL-15, GM-CSF, M-CSF, SCF and IFN-γ, while

the long-chain molecules include IL-12, EPO, G-CSF,
LIF, OSM, IL-6, CNTF, IL-11, GH, PRL, IFN-α, IFN-
β, IL-10 and CT-1. The tertiary structures of representa-
tives of both the short- and long-chain families of cyto-
kines have been determined by X-ray crystallography
and/or NMR spectroscopy. The two classes of cytokines
share a common motif consisting of four helices (referred
to as the A, B, C and D helices) arranged in an antiparal-
lel, up-up-down-down fashion, with long loops between
the A and B helices and the C and D helices. The short-
chain molecules are differentiated from their long-chain
counterparts by the lengths of their helices, which span
only 15 or so residues, compared with about 25 in the
long-chain class, and by the secondary structure elements
in the long (AB and CD) loops, the short-chain molecules
typically having a small β-sheet, and the long-chain mol-
ecules having α-helices (which in the case of IFN-γ can be
considered to form a fifth long helix). Some of these
cytokines (IL-5, IL-10, IFN-γ, M-CSF) are also dimers.
While there has been no NMR-derived structure reported
for a long-chain cytokine, preliminary NMR studies have
been reported on GH (Abildgaard et al., 1992), IL-6
(Morton et al., 1995; Nishimura et al., 1996), hLIF
(Smith et al., 1994) and a LIF chimera (Maurer et al.,
1994), and resonance assignments have been reported for
OSM (Hoffman et al., 1996). NMR structures of the
short-chain molecules IL-2 (Mott et al., 1995), IL-3 (Feng
et al., 1996), IL-4 (Powers et al., 1992,1993; Smith et al.,
1992; Redfield et al., 1994) and G-CSF (Zink et al., 1994)
have been determined, and the secondary structure has
been reported for the related molecule IFN-γ (Grzesiek et
al., 1992). X-ray structures have been published for GM-
CSF (Diederichs et al., 1991; Walter et al., 1992b), M-CSF
(Pandit et al., 1992), G-CSF (Hill et al., 1993), IL-4 (Wal-
ter et al., 1992a; Wlodawer et al., 1992), IL-2 (McKay,
1992), IL-5 (Milburn et al., 1993), GH (De Vos et al.,
1992), IL-10 (Walter and Nagabhushan, 1995; Zdanov et
al., 1995), CNTF (McDonald et al., 1995) and the related
interferons IFN-β (Senda et al., 1992) and IFN-γ (Ealick
et al., 1991). Backbone dynamics, as measured by 15N
relaxation measurements, have been characterised for IL-
4 (Redfield et al., 1992), G-CSF (Werner et al., 1994;
Zink et al., 1994) and IL-3 (Feng et al., 1996). These
measurements show that residues in the long loops be-
tween the helices are relatively mobile compared to those
in the helical bundle.

The structures of three complexes of four-helical cyto-
kines with their receptors have also been determined by
X-ray crystallography. Two class-1 receptor complexes
have been solved, viz. GH bound to its own receptor (De
Vos et al., 1992) and to the PRL receptor (Somers et al.,
1994). A structurally related class-2 receptor, the IFN-γ
receptor, which lacks the characteristic WS motif found
in the class-1 receptors (Bazan, 1990), has been solved
with IFN-γ bound (Walter et al., 1995). The mode of
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binding of IFN-γ was shown to be somewhat different

10 20 30 40 50 60

Human SPLPITPVNATCAIRHPCHNNLMNQIRSQLAQLNGSANALFILYYTAQGEPFPNNLDKLC
Murine ...................G......KN..............S............VE...
MH35 ...................G......KN..............S.................

70 80 90 100 110 120

Human GPNVTDFPPFHANGTEKAKLVELYRIVVYLGTSLGNITRDQKILNPSALSLHSKLNATAD
Murine A..M....S..G.....T.......M.A..SA..T.......V...T.V..QV.....I.
MH35 .........................M.A..SA..T.......V.....V.........I.

130 140 150 160 170 180

Human ILRGLLSNVLCRLCSKYHVGHVDVTYGPDTSGKDVFQKKKLGCQLLGKYKQIIAVLAQAF
Murine VM............N..R......PPV..H.D.EA..R.........T...V.S.VV...
MH35 VM............N..R......PPV..H.D.E.............T...V.S.VV...

Fig. 1. Amino acid sequences of human LIF, murine LIF and MH35-LIF. Only the differences from human LIF are shown.

from that of GH to its receptor.
We have undertaken an investigation using NMR

spectroscopy of the solution structure and dynamics of
LIF. Mature LIF has three disulphide bonds (Nicola et
al., 1993) and is heavily N-glycosylated, with an apparent
molecular mass range of 32–62 kDa in the glycosylated
state and approximately 20 kDa in the non-glycosylated
form. LIF has been expressed in both Escherichia coli as
a non-glycosylated form and in yeast as a hyperglyco-
sylated protein with a molecular mass range of 250–450
kDa. Both the deglycosylated and the hyperglycosylated
forms retain their biological activity in vitro (Gearing et
al., 1987; Hilton, 1992), indicating that the glycosylation
state is not important for interaction with its receptor.
The expression levels of human LIF (hLIF) in E. coli
grown on minimal media proved to be too low for the
efficient incorporation of isotopic labels, which are neces-
sary for the sequence-specific resonance assignment of
large proteins. However, a murine–human chimera of
LIF, MH35-LIF, expressed at high levels (Owczarek et
al., 1993; Layton et al., 1994) and could be labelled with
13C and 15N by growth on minimal media containing
13CH3

13COONa and 15NH4Cl as the sole carbon and nitro-
gen sources, respectively (Maurer et al., 1994). MH35-LIF
consists of residues 1–47 and 83–180 of murine LIF
(mLIF) and residues 48–82 of hLIF, except for residues
107, 112, 113, 155 and 158, which are from hLIF (Fig. 1).
It has 85% sequence identity with hLIF and 93% identity
with mLIF but, most importantly, it has essentially the
same biological activity as hLIF (Layton et al., 1994).
Human LIF binds both the human and murine receptors
with high affinity, while the murine molecule binds more
strongly to the murine receptor than to the human recep-
tor (Owczarek et al., 1993; Layton et al., 1994). As pre-
liminary NMR data indicated that the structure of the
chimera was indistinguishable from that of hLIF (Maurer
et al., 1994), we are using this molecule to determine the
3D structure of LIF in solution. In this paper we report
the sequential resonance assignment, secondary structure
and topology of MH35-LIF.

Materials and Methods

Sample preparation
The cloning and expression of LIF and various mu-

rine–human chimeras have been described previously
(Owczarek et al., 1993). Sample preparation and prelimi-
nary NMR investigations of MH35-LIF have also been
described (Maurer et al., 1994). MH35-LIF labelled with
13C and 15N was prepared by growing E. coli in minimal
media supplemented with 13CH3

13COONa as the sole
carbon source and 15NH4Cl as the nitrogen source. A 40
ml culture for inoculation was grown overnight on un-
labelled complete medium and used to inoculate minimal
media after the cells had been separated from the unlabel-
led media by centrifugation. The cells were grown in 2 l
shaker flasks containing 400 ml of labelling media and
induced with IPTG. MH35-LIF was expressed as a GST
fusion protein and the GST was removed by thrombin
cleavage. The MH35-LIF released from the fusion protein
was purified in a two-step process involving a cation-
exchange step followed by reverse-phase HPLC, and
assayed as described earlier (Owczarek et al., 1993). The
yield for 15N-MH35-LIF was 18.5 mg from a total fer-
mentation volume of 2.8 l, and for double-labelled MH35-
LIF 10.5 mg was obtained from a total volume of 1.6 l.
The efficiency of isotope incorporation was determined to
be 93% for 15N-MH35-LIF and 96% for 13C,15N-MH35-
LIF using mass spectrometry.

NMR samples were prepared by dissolving lyophilised
protein in 90% H2O / 10% D2O or D2O without the addi-
tion of buffer. The concentrations were 2 mM for 15N-
labelled MH35-LIF and 1.2 mM for double-labelled
MH35-LIF, and the pH was adjusted to 4.4 with NaOD
or DCl as required, with no correction for the deuterium
isotope effect.

NMR spectroscopy
Preliminary details have been described in Maurer et

al. (1994). Spectra were recorded at 40 °C on Bruker
AMX-500 and -600 spectrometers equipped with triple-
resonance probes. Quadrature detection in the indirectly
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detected dimensions was achieved using either the TPPI

130.0

125.0

120.0

115.0

110.0

9.50 9.00 8.50 8.00 7.50 7.00 6.50

ω2 ppm

15N

ω1 ppm

G162

G167

S174

Q178

Q171

F180
V175

K160

Y169

L165

I173

L161
V172

A179

V176
L166

V177

K170

Q164

1H

G35 G49

A108

A37

A92

A13

A47
N96
L111F67

H71 A88
A72

L125D143

L115

L90

F52
L83

L94

V155

A10

I119

K114R15

D149

G20

S107

S91

G140

S113 N73

C134
D57

N38

Q101

V87F156

Y84

Y45

E76V129
Q29

R85

S93

S151

N34

A78

I14

K58

R138

K153

R99
V121

T118

T46

G74

G124

T75G61

T11

F70

L59
H141

N116
H112

K136
S43

T65
D100

V109 N135
H16

Q25N28
D120

K158

C131S110

E82

M86
N21

M122

E154 Y44 V8N63
T168

R123E50
L30
L80

L126

D152
L130

Y137

N54

C60

Q157

Y89
R132

L40
L56

V142T95

A31

T98

N9

A117
V81

V144

A39

H150 I26

K102

C12
H19

A

F

B C
D

N105

K79L104

E

T6

X

L22
I5

L3

Fig. 2. Contour plot of the 600 MHz 2D 1H-15N-HSQC correlation spectrum on uniformly 15N-labelled MH35-LIF showing the assigned 15N to
NH correlations. The spectrum was acquired on a 2 mM sample at pH 4.4 and 40 °C in 90% H2O / 10% D2O. G35 and G49 are folded. Bars
connect side-chain NH2 resonances. Folded arginine Nε-Hε resonances are lettered A–F. X designates Q48 NεH, whose coupling partner is not
shown. Q29 NεH resonances are beneath the lowest intensity contour shown here.

method (Marion and Wüthrich, 1983) or the States-TPPI
method (Marion et al., 1989b). Water suppression was
achieved using low-power presaturation, high-power purge
pulses (Messerle et al., 1989) or pulsed field gradients
using the WATERGATE procedure (Piotto et al., 1992).
Isotropic mixing was accomplished with MLEV (Levitt et
al., 1982), DIPSI-2 (Rucker and Shaka, 1989) or DIPSI-3
(Shaka et al., 1988) mixing schemes. 15N or 13C decoup-
ling during acquisition was achieved with a GARP1 pulse
sequence (Shaka et al., 1985).

The following experiments were acquired on uniformly
15N-enriched MH35-LIF: a two-dimensional (2D) 1H-15N-
HSQC correlation spectrum (Bodenhausen and Ruben,
1980; Otting and Wüthrich, 1988) with purge-pulse water
suppression (Messerle et al., 1989), a 3D 1H-15N-TOCSY-
HSQC spectrum with a 30 ms isotropic mixing time (Ma-
rion et al., 1989a), 3D 1H-15N-NOESY-HSQC (Marion et
al., 1989a) and 1H-15N-HMQC-NOESY-HMQC (Frenkiel

et al., 1990; Ikura et al., 1990) spectra, each acquired with
a 150 ms NOESY mixing period. NH-CαH coupling con-
stants were determined from an HNHA spectrum (Vuister
and Bax, 1993). Slowly exchanging NH protons were
identified by recording a series of 1H-15N-HSQC spectra
after dissolution of lyophilised 15N-MH35-LIF in D2O
(Smith, 1996; Yao et al., to be published).

The triple-resonance experiments CT-HNCA (Kay et
al., 1990; Grzesiek and Bax, 1992), HN(CO)CA (Bax and
Ikura, 1991), HNCO (Kay et al., 1990), HCCH-TOCSY
(Bax et al., 1990), HCCH-COSY (Ikura et al., 1991) and
13C-edited NOESY-HSQC (Muhandiram et al., 1993)
were acquired on a 13C,15N-labelled sample of MH35-LIF
at pH 4.4 and 40 °C. A 2D 1H-13C-CT-HSQC spectrum
was acquired according to the procedure of Vuister and
Bax (1992).

Spectra were processed using UXNMR (Bruker AG,
Karlsruhe, Germany) or PROSA (Güntert et al., 1992).
Linear prediction was used to extend the heteronuclear
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dimensions to improve their digital resolution (Olejniczak
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Fig. 3. Strip plots from a 3D NOESY-HSQC spectrum of 15N-MH35-LIF showing the sequential assignment of residues Leu166 to Phe180 in the
D-helix. The strong dNN(i,i+1) NOEs and the weak dαN(i,i+3) and dαN(i,i+4) NOEs observed are indicative of an α-helix. The CαH 167-N170-NH170
cross peak is very weak at this plot level.

and Eaton, 1990). Analysis of the spectra was accom-
plished using either AURELIA (Neidig et al., 1995) or
XEASY (Bartels et al., 1995). The 15N and 13C chemical
shifts were referenced indirectly to liquid NH3 at 0 ppm
and to TMS at 0 ppm, respectively, using the 15N/1H
frequency ratio (Live et al., 1984; Wishart et al., 1995) or
the 13C/1H ratio (Bax and Subramanian, 1986; Wishart et
al., 1995).

Results and Discussion

Resonance assignments
NMR spectra of large molecules are generally char-

acterised by intrinsically broad resonance line widths,
arising from their relatively long rotational correlational
times (Wüthrich, 1986), and large numbers of resonances,
leading to problems of signal overlap. LIF, with a molecu-
lar mass of 20 kDa and mainly α-helical structure
(Robinson et al., 1994), suffers from both these problems,
thus requiring the use of 13C,15N doubly labelled protein
for resonance assignments. With 21 leucines, 17 valines
and no tryptophans in the amino acid sequence, there is

also a high degree of spin-system redundancy in MH35-
LIF. Procedures for making resonance assignments for
molecules of molecular mass greater than ~10 kDa, with
the application of isotopic labelling and heteronuclear
NMR techniques, are now well established (Bax and
Grzesiek, 1993; Bax, 1994), but in order to facilitate the
spectral analysis of MH35-LIF it was also helpful to
acquire data at an elevated temperature, where sharper
resonances were observed. As it had been determined
previously (Maurer et al., 1994) by 1D NMR spectro-
scopy that the structure of LIF was stable up to approxi-
mately 67 °C, a suitable temperature for spectral acquisi-
tion was determined to be 40 °C. There appeared to be
no significant effect on the structure over the temperature
range 25–53 °C, as judged by the chemical shifts meas-
ured in a series of 1H-15N correlation spectra acquired
over this temperature range, although during the overall
period of the NMR data acquisition some minor spectral
changes were noted. The most obvious was a splitting of
the aromatic CH resonances of His150. This was not asso-
ciated with any significant perturbation of the structure
of MH35-LIF, as monitored by the lack of change in its
15N-HSQC spectrum over the corresponding time period.
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TABLE 1
CHEMICAL SHIFT ASSIGNMENTS FOR MH35-LIF AT pH 4.4 AND 40 °C

Residue 15N HN CO Hα Cα Hβ Cβ Other 1H Other 13C,15N

S1 4.82 54.8 3.90, 3.82 61.5
P2 Hδ 3.86, 3.74 Cδ 48.9
L3 122.4 8.18 4.59 51.2 1.56
P4 Hδ 3.83, 3.64 Cδ 48.7
I5 125.1 8.18
T6 122.5 8.21 4.65 57.7 4.15 67.9 Hγ 1.23 Cγ 19.7
P7 Hδ 3.61, 3.28 Cδ 49.3
V8 121.4 8.16 175.8 4.10 2.04 Hγ 0.97
N9 123.0 8.30 174.6 4.78 51.1 2.87, 2.79 Hδ 7.63, 6.84 Nδ 114.8
A10 126.6 8.33 180.0 4.51 50.3 1.62 18.7
T11 114.3 8.03 176.8 4.57 59.3 4.29 68.3 Hγ 1.19
C12 120.8 8.14 174.5 4.63 3.20, 2.94
A13 127.4 8.23 177.1 4.37 51.0 1.40 16.5
I14 120.1 7.50 176.2 4.15 58.9 1.87 36.9 Hγ 1.46, 1.19; Hδ 0.87 Cγ 25.4; Cγ2 15.5; Cδ 11.4
R15 125.7 8.34 175.7 4.16 1.71 Hγ 1.58; Hδ 3.10; Hε 7.16
H16 120.2 7.87 5.02 51.3 3.29, 3.15 27.1 Hδ2 7.27; Hε1 8.61
P17 4.45 60.6 Hδ 3.79, 3.58 Cδ 48.8
C18 174.6
H19 120.6 8.13 174.0 4.77 53.2 3.26, 2.98 26.4 Hδ2 7.35; Hε1 8.63
G20 109.7 8.40 181.3 4.00, 3.93 42.8
N21 119.7 8.61 4.62 53.1 3.10, 2.68 Hδ 7.68, 6.94 Nδ 114.8
L22 125.4 8.18 3.91 1.47
M23
N24 121.0 8.50 3.93 54.2
Q25 120.8 7.77 4.10 57.6 2.53, 2.38 32.6 Hε 7.22, 6.68 Nε 111.6
I26 122.2 8.53 3.99 63.5 1.93 36.6 Hγ2 0.43; Hδ 0.75 Cγ2 13.4; Cδ 12.1
K27 120.0 8.13 177.9 4.06 55.9 1.98, 1.83 39.4 Hγ 1.74
N28 120.8 8.03 178.6 4.53 54.5 3.02, 2.90 35.9 Hδ 7.50, 6.82 Nδ 113.6
Q29 123.6 8.63 4.07 57.7 2.38 33.1 Hγ 2.52; Hε 7.37, 5.35 Cγ 33.5; Nε 107.6
L30 120.8 8.68 179.0 3.93 56.4 1.86, 1.35 40.8 Hγ 1.79; Hδ 1.05, 0.87 Cγ 25.1; Cδ 24.1, 21.6
A31 122.9 8.23 4.14 53.4 1.61 15.9
Q32 121.5 8.20 4.10 57.5 2.40, 2.22 26.7 Hγ 2.58, 2.40; Hε 6.18 Cγ 32.2
L33 122.8 8.17 179.4 4.11 55.9 2.03, 2.03 38.2 Hγ 2.09; Hδ 1.05, 0.85 Cγ 24.5; Cδ 20.8, 25.2
N34 118.9 8.74 4.21 55.2 2.80, 2.47 Hδ 7.76, 6.82 Nδ 115.4
G35 104.8 8.46 4.11, 4.08 44.4
S36 113.0 7.54 175.7 4.89 56.2 4.15, 4.00 63.6
A37 129.0 7.51 179.7 4.35 54.4 1.25 17.0
N38 119.4 8.95 177.0 4.61 54.9 2.87, 2.87 Hδ 7.64, 6.87 Nδ 114.5
A39 122.4 8.46 4.10 53.0 1.49 16.6
L40 122.8 7.96 4.63 57.0 2.21 31.4 Hδ 1.15, 0.91
F41 125.7 8.18 3.88 3.25, 2.94 Hδ 7.74; Hε 7.74; Hζ 7.40 Cε 130.2; Cζ 128.4
I42 119.7 8.63 2.99 62.1 1.54 37.0 Hγ1 1.98, 1.18; Hγ2 0.61; Hδ 0.89 Cγ1 27.2; Cγ2 15.0; Cδ 12.4
S43 118.9 8.17 176.4 3.87 60.1 3.63, 3.33
Y44 121.1 8.35 178.9 3.95 59.8 3.36, 2.69 36.5 Hδ 6.69; Hε 6.69 Cδ 130.2; Cε 116.8
Y45 121.7 8.84 178.0 4.02 59.9 3.06, 2.62 35.1 Hδ 6.20; Hε 6.66 Cδ 132.9; Cε 116.4
T46 118.6 7.72 3.85 64.2 4.04 67.1 Hγ 1.14 Cγ 19.7
A47 124.2 7.21 4.12 51.6 1.25 16.7
Q48 113.9 7.08 3.85 53.9 2.00 Hγ 2.60; Hε 8.13, 5.93 Nε 115.1
G49 105.1 7.19 172.7 4.35, 3.89 42.0
E50 120.1 8.66 4.41 54.0 2.11, 2.03 Hγ 2.30
P51 5.00 62.0 2.32, 2.13 27.1 Hδ 3.68, 3.47 Cδ 47.7
F52 124.0 9.08 3.99 3.69, 2.73 Hδ 7.48; Hε 7.27; Hζ 7.19 Cζ 129.2
P53 177.2 3.98 Hδ 3.48
N54 111.8 7.68 175.1 4.87 51.3 2.93, 2.69 36.8 Hδ 7.38, 6.89 Nδ 112.4
N55 121.8 7.99 174.9 5.22 50.7 2.74, 2.53 38.0 Hδ 8.03, 6.99 Nδ 117.3
L56 123.4 7.99 179.8 3.80 56.9 1.69, 1.35 40.5 Hγ 1.53; Hδ 0.48, 0.14 Cγ 24.4; Cδ 22.9, 21.9
D57 117.2 8.46 177.7 4.29 55.1 2.81, 2.48 37.3
K58 118.4 7.44 178.9 4.30 55.7 1.80 31.8 Hγ 1.53, 1.40; Hδ 1.69 Cγ 23.1; Cδ 26.7; Cε 40.0
L59 117.4 7.85 175.6 4.50 53.6 1.73, 1.59 42.7 Hγ 1.64; Hδ 0.84, 0.26 Cγ 25.1; Cδ 20.9, 23.6
C60 114.8 7.78 178.9 4.93 52.9 3.97, 3.68
G61 110.1 7.95 4.28, 3.76 42.8
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TABLE 1 (continued)

Residue 15N HN CO Hα Cα Hβ Cβ Other 1H Other 13C,15N

P62 4.55 60.5 2.12, 1.93 Hγ 1.93; Hδ 3.60, 3.52 Cδ 47.7
N63 121.4 8.41 4.42 2.82
V64 120.5 8.13 177.3 4.30 55.7 1.83 36.9 Hγ 0.91, 0.89 Cγ 15.6, 11.1
T65 120.0 8.17 174.1 4.10 62.8 4.21 66.6 Hγ 1.29 Cγ 19.9
D66 121.6 8.19 174.1 4.08 51.8
F67 124.1 7.49 4.13 54.4 3.03, 2.95 Hδ 7.48; Hε 7.26; Hζ 6.70 Cδ 131.0
P68 Hδ 2.30, 1.64 Cδ 47.9
P69 4.50
F70 117.3 7.84 173.6 4.50 56.4 2.88, 2.71 40.1 Hδ 7.07; Hε 7.34; Hζ 7.00 Cδ 130.2; Cζ 126.9
H71 129.1 9.50 174.6 4.60 53.5 3.22, 3.13 Hδ2 7.36; Hε1 8.37
A72 128.8 8.79 176.2 3.63 52.7 1.47 16.7
N73 114.3 8.20 175.8 4.80 50.4 2.93, 2.81 35.2
G74 106.8 7.22 177.4 4.18, 3.75 42.8
T75 110.2 7.82 174.4 4.34 59.8 4.70 68.7 Hγ 1.38 Cγ 20.1
E76 122.8 8.81 3.84 59.2 2.20 Hγ 2.37
K77 117.8 8.04 3.16 58.8 2.82, 2.69 39.8
A78 121.2 7.35 176.1 3.93 53.3 1.39 17.0
K79 119.3 8.63 3.92 57.8 2.09, 1.96 Hε 3.23
L80 121.1 8.66 175.8 4.40 50.9 1.60, 1.44 41.4 Hδ 0.64
V81 123.0 8.35 178.6 3.56 66.2 2.22 Hγ 1.05, 0.99 Cγ 19.4
E82 119.3 8.34 181.5 4.13 58.2
L83 123.5 9.47 177.7 4.30 56.5 2.42, 1.87 41.1 Hγ 1.54; Hδ 0.87, 0.73 Cγ 21.2
Y84 122.0 8.99 177.2 3.64 60.9 3.33, 3.16 36.2 Hδ 6.75; Hε 6.75 Cδ 130.6; Cε 116.8
R85 117.3 8.28 178.3 3.87 58.8 2.05, 1.92 29.9 Hγ 1.76, 1.55; Hδ 3.07; Hε 7.39 Cγ 23.9; Cδ 39.5
M86 119.4 8.50 3.77 57.6 2.41, 2.26 32.0 Hε 1.48
V87 120.8 9.12 177.8 3.67 64.7 2.07 28.9 Hγ 0.96 Cγ 22.4
A88 129.1 9.06 180.5 3.93 54.3 1.39 16.3
Y89 121.9 7.86 179.7 4.08 59.3 3.26, 2.98 36.8 Hδ 6.67; Hε 6.33; Hη 9.44 Cδ 130.2; Cε 115.4
L90 124.7 8.99 178.0 3.76 56.3 2.31, 1.96 41.4 Hδ 1.04, 0.98
S91 117.8 9.19 177.6 3.88 60.6 3.79
A92 126.8 7.62 180.6 4.14 53.4 1.49 16.8
S93 116.8 8.17 177.0 4.09 60.8 3.63, 3.63
L94 123.0 9.27 180.7 4.05 56.5 1.87, 1.25 39.1 Hγ 1.64; Hδ 0.64, 0.55 Cγ 26.4; Cδ 22.1, 23.5
T95 123.7 8.21 176.0 3.82 66.3 4.42 65.9 Hγ 1.22 Cγ 19.0
N96 123.9 7.50 4.42 54.6 3.02, 2.90 36.3 Hδ 7.38, 6.89 Nδ 112.2
I97 121.3 8.20 4.08
T98 119.5 8.48 175.9 3.76 66.5 4.26 66.3 Hγ 1.18 Cγ 19.5
R99 122.9 7.59 179.4 4.23 57.8 1.98, 1.85 Hγ 1.50; Hδ 3.20; Hε 7.00
D100 119.6 8.06 179.4 4.52 55.3 3.05, 2.51 36.3
Q101 120.0 9.23 178.4 3.77 57.0 2.04 Hγ 2.34
K102 123.3 8.04 3.59 57.4 1.76 29.9 Hγ 1.34, 0.84; Hδ 1.47, 1.41;

Hε 2.82
Cγ 22.9; Cδ 26.7

V103 116.8 6.97 178.2 3.95 62.5 2.21 30.6 Hγ 1.09 Cγ 20.0
L104 119.8 8.69 166.1 4.17 55.1 1.59, 1.44 41.8 Hγ 1.95; Hδ 0.96, 0.82 Cγ 24.6; Cδ 21.4, 23.5
N105 116.8 8.07 5.37 49.5 2.82, 2.65 37.6 Hδ 7.79, 7.06 Nδ 113.5
P106 174.5 3.97 2.55 Hγ 2.09; Hδ 3.69, 3.37 Cδ 48.7
S107 112.6 8.26 175.6 4.59 56.8 4.11, 3.99 61.4
A108 131.7 7.73 177.9 4.63 49.1 1.28 14.5
V109 120.8 7.98 178.5 3.76 63.3 2.14 29.5 Hγ 1.05, 1.05 Cγ 18.7
S110 118.1 8.44 176.8 4.27 58.5 3.92 60.2
L111 123.7 7.42 179.4 4.19 56.1 2.37 25.2 Hγ 1.12; Hδ 1.16, 1.05 Cγ 26.5; Cδ 26.2, 21.7
H112 118.8 8.08 4.30 57.0 3.31, 3.18 28.2 Hδ2 6.66; Hε1 7.72
S113 114.0 8.38 176.5 4.32 60.9 4.10
K114 125.1 8.19 181.2 4.24 58.0 1.95 31.5 Hγ 1.43; Hδ 1.59; Hε 2.96 Cδ 27.2
L115 125.5 8.79 178.5 3.87 57.1 1.86, 1.64 39.6 Hδ 0.89 Cδ 20.4
N116 118.6 8.03 177.7 4.34 54.8 2.84, 2.79 Hδ 7.34, 6.59 Nδ 112.0
A117 122.9 8.30 180.9 4.25 53.3 1.58 16.5
T118 117.2 7.66 175.8 3.88 66.1 4.42 66.2 Hγ 1.11; OH 5.42 Cγ 19.3
I119 124.2 8.15 177.8 3.38 64.5 1.91 36.1 Hγ 1.74; Hγ2 0.85; Hδ 0.75 Cγ 28.5; Cγ2 15.5; Cδ 12.2
D120 120.8 8.09 180.2 4.41 56.1 2.86, 2.73 38.1
V121 123.4 7.73 178.6 3.77 64.9 2.24 29.3 Hγ 1.16, 0.94 Cγ 20.9, 20.2
M122 120.4 8.43 179.3 3.76 1.68
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TABLE 1 (continued)

Residue 15N HN CO Hα Cα Hβ Cβ Other 1H Other 13C,15N

R123 120.3 8.59 179.0 3.91 58.3 1.97, 1.86 27.7 Hγ 1.59; Hδ 3.21; Hε 7.05 Cγ 26.2; Cδ 41.2
G124 109.4 7.63 3.82, 3.80 45.3
L125 128.4 8.49 178.9 4.45 56.1 2.06, 1.40 40.2 Hγ 1.48; Hδ 1.00, 0.85 Cγ 25.5; Cδ 23.6, 26.3
L126 120.9 8.57 177.4 3.81 56.9 1.96, 1.52 39.5 Hγ 1.72; Hδ 0.59, 0.29 Cγ 24.5; Cδ 23.4, 22.2
S127 113.5 7.42 4.32 59.4 3.98, 3.98 60.6
N128 121.8 7.87 177.7 3.99 54.2 2.51 Hδ 7.07, 6.86 Nδ 112.2
V129 122.9 9.08 178.0 3.58 65.6 2.44 29.9 Hγ 1.29, 1.10 Cγ 21.8, 22.5
L130 122.0 8.66 179.2 4.07 56.5 1.72 39.5 Hγ 1.72; Hδ 1.12, 0.91 Cγ 25.1; Cδ 24.5, 20.8
C131 118.5 8.31 4.19 54.4 3.61, 3.04 38.9
R132 121.8 7.97 4.14 56.7 1.79 Hδ 2.96; Hε 6.73
L133 120.9 8.89 179.2 4.29 1.73 41.0 Hγ 1.32; Hδ 0.64
C134 116.5 8.58 4.73 54.2 3.06, 2.53 36.9
N135 120.2 7.83 176.0 4.49 53.9 2.91, 2.81 35.8 Hδ 7.61, 6.97 Nδ 113.3
K136 118.5 8.22 177.2 4.33 55.2 1.53 31.0 Hγ 0.57, 0.41; Hδ 1.34; Hε 3.10 Cγ 22.7; Cδ 26.7; Cε 40.0
Y137 114.3 6.75 174.3 4.81 56.5 3.36, 3.10 36.6 Hδ 7.24; Hε 6.84 Cδ 131.0; Cε 116.0
R138 117.6 7.44 4.27 55.0 1.84, 1.77 28.2 Hγ 1.63, 1.59; Hδ 3.20 Cγ 25.2; Cδ 41.1
V139 117.1 7.36 175.1 4.03 60.9 1.93 31.0 Hγ 0.82, 0.77 Cγ 19.7, 18.5
G140 112.6 8.22 173.7 4.02, 4.02 44.4
H141 118.2 7.82 171.4 4.82 53.3 3.30, 3.18 28.4 Hδ2 7.09; Hε1 8.62
V142 123.8 8.10 173.9 3.94 59.4 1.42 32.6 Hγ 0.94, 0.41 Cγ 20.3, 19.3
D143 127.8 8.42 173.2 4.78 52.5 2.68, 2.53 39.0
V144 122.3 8.42 3.75 57.2 2.20 Hγ 1.04, 1.04
P145 Hδ 3.29, 3.29
P146
V147
P148 176.2 4.33
D149 125.6 8.45 4.75 51.1 2.87, 2.78
H150 122.2 8.70 175.7 5.02 52.6 3.24, 3.24 27.0 Hδ2 7.24; Hε1 8.53
S151 118.3 8.51 174.1 4.21 59.0 3.95, 3.95 61.1
D152 121.1 8.64 176.1 4.69 51.9 2.82, 2.70 37.5
K153 120.5 7.58 176.2 4.40 53.3 1.96, 1.88 Hγ 1.58
E154 120.9 8.50 177.8 4.38 54.3 2.16 34.6 Hγ 2.42
V155 124.1 8.58 177.9 3.54 66.3 2.24 30.0 Hγ 1.25, 1.14 Cγ 20.8, 19.8
F156 120.5 9.17 177.7 4.31 59.9 3.48, 3.09 37.4 Hδ 7.38; Hε 7.18; Hζ 7.03 Cδ 130.1; Cε 128.4;

Cζ 127.2
Q157 116.4 7.18 178.9 3.99 56.6 2.20 Hγ 2.34
K158 120.8 8.24 3.83 59.6 1.88, 1.77
K159 123.0 8.11 181.3 3.90 57.0 1.75
K160 125.1 8.59 177.7 4.28 56.5 1.82
L161 122.3 8.99 180.6 4.16 56.4 1.73, 1.38 38.9 Hγ 1.79; Hδ 0.86, 0.55 Cγ 25.1; Cδ 21.0, 22.6
G162 106.0 7.88 3.76, 3.76 45.0
C163 123.0 7.61 3.79 57.5 3.74, 2.30
Q164 118.7 8.78 4.17 56.7 2.08, 2.08 Hγ 2.27, 2.27
L165 125.2 8.39 180.0 4.37 56.5 2.11, 1.93 38.8 Hγ 1.93; Hδ 0.91, 0.49 Cγ 26.1; Cδ 22.5, 22.6
L166 121.1 7.92 179.8 4.30 56.5 2.12 40.2 Hγ 1.72; Hδ 1.10, 0.83 Cγ 25.6; Cδ 22.2
G167 111.1 9.27 176.1 3.79, 3.13 45.3
T168 121.8 8.25 175.3 3.67 65.7 4.16 66.0 Hγ 0.38 Cγ 19.0
Y169 124.0 8.85 175.1 4.24 57.0 3.34, 3.29 36.5 Hδ 7.03; Hε 6.55; Hη 9.53 Cδ 130.6; Cε 114.5
K170 117.3 8.00 177.0 3.41 57.1 1.63, 1.54 Hγ 1.33, 1.27; Hδ 1.49; Hε 2.55
Q171 119.4 6.93 179.4 4.13 56.1 2.07
V172 120.7 8.45 3.81 63.9 1.97 30.5 Hγ 1.05, 0.95 Cγ 19.6, 20.3
I173 122.7 8.79 175.3 4.04 58.7 1.54 36.2 Hγ 1.34, 1.21; Hγ2 0.74;

Hδ 0.87
Cγ 26.7; Cγ2 17.8; Cδ 11.3

S174 116.7 6.64 176.1 4.19 58.7 4.01, 3.95 61.1
V175 123.4 7.17 179.1 3.85 63.4 2.40 30.2 Hγ 1.10, 1.06 Cγ 19.8, 19.9
V176 121.1 7.87 178.4 3.30 63.9 1.91 29.6 Hγ 0.60, 0.32 Cγ 20.7, 19.8
V177 116.4 7.87 176.6 3.93 63.6 2.08 29.6 Hγ 1.05 Cγ 18.7
Q178 117.7 6.99 176.2 4.46 54.7 2.09 Hγ 2.34
A179 121.9 7.78 176.0 4.51 50.3 1.41 17.8
F180 123.1 7.21 4.52 57.9 3.23, 2.66 40.2 Hδ 7.44; Hε 7.44; Hζ 7.20 Cε 130.6; Cζ 128.0

For methylene and aromatic protons two chemical shifts are indicated when two proton resonances are assigned; a single entry indicates it was
not established whether the resonances were degenerate.
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A 2D 1H-15N-HSQC spectrum of MH35-LIF acquired
at 40 °C and pH 4.4 in 90% H2O / 10% D2O is shown in
Fig. 2. The spectrum shows 141 well-resolved resonances
of the anticipated 166 main-chain NH resonances and 20
side-chain NH2 resonances from the 23 expected from 15
asparagine and 8 glutamine residues. This 2D spectrum
shows that the majority of resonances had sufficient chem-
ical shift dispersion to allow the chemical shift assignment
to rely mainly on 15N-edited techniques. 3D 15N-TOCSY-
HSQC and 15N-NOESY-HSQC spectra were used in the
conventional fashion (Markley and Kainosho, 1993) for
assignment. Generally, a poor transfer of magnetisation
during the TOCSY transfer stages was observed for
MH35-LIF due to the combination of its mainly α-helical
structure, with attendant small coupling constants, and its
relatively short T2 values. Proton TOCSY mixing periods
were therefore kept short (typically ≤30 ms) and cross
peaks were either weak or not observed for protons be-
yond CβH in the side chain in spectra reliant on a proton
TOCSY step for magnetisation transfer. A 15N-3D-
HMQC-NOESY-HMQC (Frenkiel et al., 1990; Ikura et
al., 1990) was useful in resolving cases where there was
NH overlap in the 15N-NOESY-HSQC. The α-helix is
characterised by a series of strong dNN NOEs and relative-
ly weak dαN NOEs (Wüthrich, 1986), and Fig. 3 shows a
representative region of the sequential assignment from
the 15N-NOESY-HSQC spectrum which exhibits the strong
sequential dNN and dαN(i,i+3) NOEs corresponding to the
expected α-helical nature of MH35-LIF.

Experiments with a uniformly 13C,15N-labelled sample
of MH35-LIF were performed to establish scalar con-
nectivities. The backbone sequential connectivities were
determined using a combination of CT-HNCA (Grzesiek
and Bax, 1992) and HN(CO)CA (Bax and Ikura, 1991)
experiments. In the HNCA spectra, each NH potentially
has a connectivity both to the intraresidue Cα and the
preceding Cα, although the sequence was broken by pro-
line residues. The HN(CO)CA spectrum identified the
interresidue connectivity, while the HNCA spectrum
identified both the intra- and interresidue connectivities
and hence could detect degenerate resonances from adjac-
ent residues. The 13CO frequencies were obtained from an
HNCO spectrum (Kay et al., 1990). As this spectrum
connected each 13CO with the preceding NH resonance,
each 13CO resonance could be assigned sequentially with
the aid of the HNCA/HN(CO)CA pair. The sequence-
specific assignment process relied on a combination of
HNCA and HN(CO)CA spectra, which connected resi-
dues along the backbone through their mutual J-coupling,
while the 15N-edited TOCSY and NOESY spectra pair
gave information on the side chain and through-space
connectivities. The spectra used in combination gave
complementary information. The sequential assignment
was confirmed using a conventional 2D NOESY spec-
trum acquired with a good signal-to-noise ratio and 512

increments in ω1. This was also useful in assigning reson-
ances not observable in the isotope-edited spectra. For
example, Tyr89, Thr118 and Tyr169 had slowly exchanging
side-chain OH protons which were observed in the 2D
spectrum.

Side-chain resonances were assigned using 3D HCCH-
COSY (Ikura et al., 1991) and HCCH-TOCSY (Bax et
al., 1990) experiments. The 2D 13C-CT-HSQC experiment
of Vuister and Bax (1992) was also useful as it had good
resolution in ω1 due to the constant-time nature of the
acquisition, which effectively removed 13C-13C coupling in
ω1. This experiment also had the advantage that the cross
peaks were edited according to the number of coupling
partners (those 13C nuclei with an odd number of 13C
coupling partners appearing positive relative to those with
an even number). Thus, the threonine Cβ-CβH and glycine
Cα-CαH cross peaks had intensities opposite in sign to
those of the Cα-CαH cross peaks of all the other amino
acids, making them readily distinguishable. The combined
knowledge of the chemical shifts of the Cα and Cβ reson-
ances gave information on the residue type (Grzesiek and
Bax, 1993). The resonance assignments of MH35-LIF are
summarised in Table 1.

Very few JNH-CαH coupling constants in large molecules
can be determined directly from DQF-COSY spectra due
to the mutual cancellation in antiphase cross peaks caused
by the relatively broad line widths. It was necessary to
measure these coupling constants by using intensity ratios
between the diagonal and cross peaks in an HNHA spec-
trum (Vuister and Bax, 1993), which are dependent upon
the sizes of the coupling constants.

A 2D homonuclear NOESY spectrum proved useful in
finding slowly exchanging OH and side-chain NH2 pro-
tons. Earlier work (Maurer et al., 1994) had shown that
there was one tyrosine residue undergoing slow aromatic
ring flipping (Wüthrich, 1986). This was assigned to Tyr89,
which also had a slowly exchanging OH proton. This OH
had a long-range NOE connectivity to the CδH aromatic
resonance of Phe67. Tyr169 had a slowly exchanging OH
group which had long-range NOE connectivities to the
CαH of Leu33 and Ala37, as well as medium-range NOEs
to the CγH and CδH methyl protons of Ile173, consistent
with Tyr169 being in an α-helix. The NOE connectivities
observed for the OH protons of Tyr89 and Tyr169 were
consistent with the crystal structure of mLIF (Robinson
et al., 1994). Thr118 had a slowly exchanging OH proton
with an NOE connectivity to the CγH of Val121, consistent
with its position in a helix.

Secondary structure of MH35-LIF
The secondary structure of a protein can be established

from a number of NMR-determined parameters, includ-
ing chemical shift differences from random coil values
(Wishart and Sykes, 1994), the magnitude of NH-CαH
coupling constants and the pattern of short- and medium-
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range NOEs (Wüthrich, 1986). The deviation of chemical
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Fig. 4. Chemical shift indices of MH35-LIF. (A) CO, (B) Cβ, (C) Cα and (D) CαH resonances. The consensus plot is shown in (E), with the limits
of the helices according to the X-ray structure indicated as vertical dashed lines and the helix in the AB loop indicated by H.

shifts from their random coil positions, particularly for
Cα, Cβ, CO and CαH resonances, is highly indicative of
the secondary structure (Dalgarno et al., 1983; Spera and
Bax, 1991; Wishart et al., 1991), and the chemical shift
index (CSI) (Wishart and Sykes, 1994) is a convenient
method of determining the elements of secondary struc-
ture from chemical shifts, although it is not designed to
replace structure determination based on NOE data.
Figure 4 summarises the chemical shift information from
13C,15N-labelled MH35-LIF. The series of −1 indices for
the CαH resonances and +1 for the Cα resonances indi-
cates the presence of a helix. The consensus plot in Fig.
4E shows the limits of the helices according to the CSI,
as well as the limits of the helices determined from the X-
ray crystal structure. Large ring current effects on the
chemical shifts are not expected for MH35-LIF as there
are no tryptophans present in the sequence.

The sequential assignments and associated NMR data
for MH35-LIF are summarised in Fig. 5. The pattern of
NOEs is consistent with the presence of four α-helices
(Wüthrich, 1986). Based on the pattern of short- and
medium-range NOEs, the locations of small JNH-CαH coup-

ling constants and slowly exchanging backbone amide
protons, and the deviations of chemical shifts from their
random coil values, the A-helix encompasses residues
22–49, the B-helix 75–105, the C-helix 109–135 and the
D-helix 154–180. There is also a short irregular helix
involving residues 55–60. This description of the second-
ary structure is in excellent agreement with that of the
crystal structure of mLIF (Robinson et al., 1994), where
the limits of the helices were 22–48, 76–104, 109–135,
155–177 and 56–59 for the A, B, C, D and short helices,
respectively, as indicated in Fig. 5.

The exchange rates of the NH protons are valuable in
determining which amide protons participate in stable
hydrogen bonds and/or are shielded from the solvent. In
the NH exchange data depicted in Fig. 5, the open circles
denote NH protons that have exchanged within 48 h of
dissolution of the sample in D2O and the filled circles
denote those that were still present after 48 h at 37 °C
and pH 4.4. All the other NH protons were not observed
in the initial 1H-15N-HSQC spectrum. The exchange data
showed that residues in the loops between the helices had
relatively rapidly exchanging NH protons compared with
residues in the helices, indicating that these residues were
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more mobile and on average more solvent-exposed. The
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bottom line according to the symbolism of PROCHECK (Laskowski et al., 1993): H, helix; E, sheet; G, 310-helix; T, hydrogen-bonded turn; S,
bends. Lowercase letters refer to extensions of the aforementioned secondary structure.

exchange rates of amide protons near the ends of the
helices were faster than those from the centres of the heli-
ces, reflecting ‘helix fraying’ at the ends (Rohl and Bald-
win, 1994). In the short irregular helix in the AB loop, all
NH protons were in intermediate or fast exchange. There
were regions of fast exchange within the A-helix (Fig. 5)
and there was a series of dαN(i,i+2) and dNN(i,i+2) NOEs
and a change in the chemical shift indices (Fig. 4) in this
region, which indicate that the helix is not in a regular α-
helical conformation. This coincides with a kink in the A-
helix of the X-ray structure of mLIF centred around
Ser36, where the normal hydrogen bonding pattern is
disrupted (Robinson et al., 1994). A similar irregularity in
the expected chemical shift deviations for an α-helix has
been observed for OSM (Hoffman et al., 1996) and is at-
tributed to distortion of the α-helix conformation. There
is a less pronounced kink in the D-helix of the crystal
structure centred at Ser174, but there is no obvious effect
on the NH exchange rates in this part of the molecule
(Fig. 5).

Capping interactions at the termini of helices are
thought to play a role in helix stabilisation (Presta and
Rose, 1988) by providing hydrogen bonding partners for
at least some of the first four amide protons and the last
four carbonyl oxygens in the helix. Interactions at the N-
termini of helices have been termed N-capping boxes, and
consist of the three N-terminal residues in the helix and

the residue immediately preceding the helix, termed the
N-cap. The side chain of the N-cap residue forms a hy-
drogen bond with the backbone amide of the third resi-
due from the N-terminal end of the helix and a reciprocal
hydrogen bond exists between the side chain of the third
helical residue and the N-cap amide (Harper and Rose,
1993). The deviations of the Cα and Cβ chemical shifts
from their random coil positions at the N-terminus of
helices provide a means of detecting the presence of a
capping box (Gronenborn and Clore, 1994). In the pres-
ent study the B, C, D helices and the helix in the AB loop
show the distinctive pattern of chemical shift deviations
for the Cα resonances, where the N-cap residue shows a
negative deviation and the three N-terminal residues of
the helix show a positive deviation from their respective
random coil positions (not all resonances in the N-termi-
nus of the A-helix nor all Cβ resonances at the N-termini
of the helices have been assigned). Although the patterns
of deviations in chemical shifts apparently fit the N-cap-
ping box motif, the N-terminal residues of the C-helix do
not fit the sequence pattern required for a side-chain
hydrogen bond between the N-cap and the third residue
from the end of the helix.

Topology of MH35-LIF
The X-ray structure of mLIF (Robinson et al., 1994)

shows a flexible N-terminal tail reflected in the absence of
electron density for the first eight residues of the mol-
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ecule; similarly, the first five residues of MH35-LIF are
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Fig. 6. (A) Long-range interhelical NOEs for MH35. Helices A and
B are viewed from the C-terminal end, while helices C, D and the
short helix in the AB loop are viewed from the N-terminal end. Each
line may represent more than a single NOE. (B) Schematic diagram
of LIF topology based on the NMR data. The molecular topology
consists of four α-helices arranged in an up-up-down-down manner
interconnected by long loops between the A and B helices and the C
and D helices. The limits of the helices according to NMR-derived
parameters are indicated.

difficult to assign in the NMR spectrum due to a lack of
interresidue NOEs and the presence of three prolines in
the N-terminal tail, making it likely that there will be
multiple conformers in this region due to cis–trans iso-
merism. The crystal structure of mLIF shows a four-
helical bundle structure with the helices arranged in an
up-up-down-down manner and an additional small helix
in the AB loop. Preliminary calculations of the solution

structure from our current NMR data show the same
tertiary fold and, as discussed above, the helices occur in
the same regions of the amino acid sequence. The long-
range, interhelical NOEs that define the overall tertiary
fold are summarised in Fig. 6A. A comparison of the
pattern of these long-range interhelical NOEs with those
of IL-4 (Redfield et al., 1991; Powers et al., 1992), IL-2
(Mott et al., 1995) and IL-3 (Feng et al., 1995) shows
that there is a similar distribution of long-range NOEs
amongst these molecules. This similarity, coupled with the
secondary structural information from medium-range
NOEs, NH-CαH coupling constants and exchange data
outlined above, demonstrates that the tertiary folds for
these molecules are similar, with the helix topology shown
in Fig. 6B.

The only apparent deviations from the X-ray structure
are in the N-terminal tail. Pro17 has a cis peptide bond in
the crystal structure, while the solution structure has a
trans peptide bond in this position as determined by the
presence of a characteristic CαH(i−1) CδH(i) NOE (Wüth-
rich, 1986) between residues 16 and 17 and the absence of
a CαH-CαH NOE. Analysis of the crystal structure using
the program PROCHECK (Laskowski et al., 1993) re-
veals that there is a short β-sheet encompassing residues
10–12 in the N-terminal tail and residues 140–142 in the
CD loop. This small section of antiparallel β-sheet does
not appear to be present in the solution structure of
MH35-LIF, as indicated by the lack of slowly exchanging
NH protons and the absence of a contiguous set of resi-
dues in this region with the requisite large coupling con-
stants, although the CSI analysis is consistent with sheet-
like structure in this region (Figs. 4 and 5).

Conclusions

In summary, we have reported the almost complete
assignment of the 1H, 15N and 13C resonances of MH35-
LIF. On the basis of our NMR data, the secondary struc-
ture in the solution state is consistent with the X-ray
structure for mLIF and other related members of this
family. NOE data, coupling constants, chemical shift
values and hydrogen exchange data indicate that the heli-
ces are well defined in solution, while the long loops be-
tween the A and B helices and the C and D helices are
more flexible. Furthermore, the long-range NOEs observed
for MH35-LIF are consistent with an up-up-down-down,
four α-helical bundle structure. There are only minor
differences between the secondary structure of MH35-LIF
in solution and that of mLIF in the crystal, and these are
concentrated in the flexible N-terminal tail. The NMR
data presented in this paper have defined the secondary
structure and overall topology of MH35-LIF. Additional
NOEs are now being determined as the basis for the
calculation of a high-resolution structure of this protein
in solution.
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