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Abstract. The complex interaction of leukemia inhibitory factor (LIF) with its specific 
receptor present on the cell surface, in isolated membranes and in solution, has been 
examined in detail. Several aspects of this complexity have been highlighted, includ- 
ing the presence of high- and low-aff inity murine LIF receptors, biphasic dissociation 
of human LIF from apparently homogeneous high- or low-affinity human LIF recep- 
tors, and unusual species cross-reactivity. The unusual species cross-reactivity ob- 
served between murine and human LIF has also been exploited to map an important 
receptor binding epitope on human LIF. [P.S.E.B.M. 1994, Vol2061 

eukemia inhibitory factor (LIF) is a glycopro- 
tein that was initially purified and cloned based L on its ability to induce the differentiation of the 

myeloid leukemic cell line, M1 (1). Subsequently, LIF 
has been shown to elicit a diverse range of effects on 
many cell types. These effects include suppressing 
the differentiation of embryonal stem cells, thereby 
allowing these cells to retain their pluripotentiality, 
increasing the production of acute phase proteins by 
hepatocytes, stimulating a switch from adrenergic to 
cholinergic neurotransmitter phenotype in neurons, in- 
hibiting the production of lipoprotein lipase in adipo- 
cytes and stimulating the survival and/or proliferation 
of megakaryocyte progenitors, certain hemopoietic 
cell lines, myoblasts, and primitive germ cells (1). 

All LIF responsive cells examined to date express 
high-affinity receptors for LIF at their cell surface (2- 
4). Some cells, however, also express low-affinity LIF 
receptors (3, 4). Recently, a cDNA clone encoding a 
low-affinity LIF receptor was described by Gearing 
and colleagues (5). This group also demonstrated that 
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a high-affinity LIF receptor could be generated by the 
interaction of the low-affinity LIF receptor with a non- 
binding subunit termed gp130 (6). The gp130 subunit 
also appears to be important for the generation of high- 
affinity IL-6, IL-11, CNTF, and oncostatin-M recep- 
tors (7 ,  8). The situation is made even more compli- 
cated by the observation that the high-affinity CNTF 
and oncostatin-M receptors also contain the low- 
affinity LIF receptor (7). 

In this paper we describe a series of binding stud- 
ies that have revealed additional complexities present 
in the LIF/LIF receptor system. The results are dis- 
cussed in terms of a model for this interaction. 

Materials and Methods 
Cells were prepared and binding experiments were 

carried out essentially as described previously (4, 9). 
LIF-binding protein was purified as described else- 
where (9). Chimeras between human and murine LIF 
were created and analyzed as described previously 
(10). 

Results and Discussion 
High- and Low-Aff inity Murine LIF Receptors. 

A single class of high-affinity receptor was detectable 
on the surface of almost all LIF-responsive murine 
cells (Table I). The apparent equilibrium dissociation 
constant (KO) for the interaction between LIF and this 
class of receptor ranges from 20 to 200 pM (Table I). 
The kinetics of this interaction appeared to be simple 
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Table 1. Equilibrium and Kinetic Constants Governing LIF Binding 

Receptor sou rcea [' 251] LI F Treatment SpecieSa kd 
(min - ') 

ka 
(min-' M-') 

m Hepatocytes 

m 3T3-Ll preadipocytes 
m PC13 cells 

m Macrophages 

m LIF binding protein 

h Allen 1 cells 

h COS LIF rec 

h COS sol LIF rec 

Intact cells 
Membranes 

Detergent- 

Intact cells 
Intact cells 

Intact cells 

Membranes 

Detergent- 

Aqueous 

Intact cells 

solu bilked 

so I u bi I ized 

Intact cells 

Intact cells 

mLlF 
mLIF 

mLlF 
mLlF 
mLlF 
hLlF 
mLlF 

mLlF 

mLlF 
mLlF 
hLlF 
mLlF 
hLlF 

mLlF 
hLlF 

mLlF 
hLlF 

105 -+ 45 
37 -+ 11 

1819 * 665 

1711 2 421 

150-250 
20-30 
46 * 8 

41 2 18 
1017 5 316 

31 +- 19 

1420 * 495 

1554 * 326 
1000-4000 

10-20 
Not detectable 

8 

Not detectable 
300-1 000 

Not detectable 
700-1 000 

0.0007 _+ 0.0004 
0.0012 k 0.0006 

0.42 2 0.25 

0.33 * 0.28 
0.0007 0.0003 

0.0002 
0.0004 

0.0006 2 0.0002 
0.43 2 0.37 

0.0008 ? 0.0003 
0.65 -+ 0.41 

- 
0.5 

0.0008 
Not applicable 

0.3-0.4 
0.00 1-0.002 

Not applicable 
0.2-0.3 
0.008 

Not applicable 
0.1-0.2 

0.002-0.004 

5.4 x lo8 
8.1 x lo8 

- 
4.9 5 1.1 x lo8 

3 x lo8 
8 x lo8 

7.2 ? 2.7 X lo8 
4.2 2 1.1 X lo8 

- 

- 
3 x lo8 
4 x lo8 

Not applicable 

Not applicable 

1-4 x lo8 
Not applicable 

1-2 x lo8 

1-2 x 107 

1-2 x 107 

1-2 x 107 

2-4 x lo8 

~~ _ _ _ _ _ ~  _ _ _ ~  ~~ ___ ~ 

a m, murine; h, human. 
Binding experiments were carried out as described in Hilton and Nicola, 1992; Layton et a/ . ,  1992. 

and to be governed by single association and dissoci- 
ation rate constants (k ,  = 2-9 x lo8 min-' M - I ,  k ,  = 
0.002-0.0012 min- '; Table I). Certain populations of 
activated macrophages did not bind LIF in this simple 
high-affinity manner. Scatchard transformation of sat- 
uration isotherms of LIF binding to these cells resulted 
in concave plots. These results cannot be explained by 
an underestimation of nonspecific binding or in terms 
of negative cooperativity ; rather these macrophages 
appear to express both high-affinity receptors (KO = 
20-60 pM) and low-affinity receptors (KO = 900 pM-2 
nM; Table I). The difference between high- and low- 
affinity receptors in this system was due to a differ- 
ence in the kinetic dissociation rate ( k d  = 0.0004- 
0.0011 min-' vs k,  = 0.06-1.06 min-' respectively; 
Table I), however, the kinetic association rate con- 
stants governing binding of murine LIF to high- and 
low-affinity LIF receptors were similar (k ,  = 3-9 X 

lo8 min-' A4-'; Table I). 
Further complexity was apparent from experi- 

ments in which intact and detergent-solubilized mem- 
branes were prepared from cells that expressed only 
high-affinity LIF receptors. In contrast to the single 
class, high-affinity receptors present on the cell sur- 
face, both high- and low-affinity receptors were de- 
tected on membranes, but exclusively low-affinity re- 
ceptors were present when membranes were solubi- 
lized in nonionic or zwitterionic detergents. The 
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binding characteristics of the high- and low-affinity re- 
ceptors generated by disruption of cell integrity were 
indistinguishable from those receptors expressed on 
the surface of activated macrophages (Table I). A low- 
affinity LIF-binding protein was also detected in high 
concentration (1-30 pg/ml) in murine serum. This mol- 
ecule was purified and shown to have identical binding 
characteristics to detergent-solubilized cell membrane 
receptors (i.e., KO = 1-4 nM, k,  = 3-6 x lo8 min-' 
M - I ,  kd = 0.2-0.4 min-'1. 

These results led us to speculate that LIF recep- 
tors might be composed of a low-affinity binding sub- 
unit and a second ' 'affinity-converting" subunit. The 
molecular basis of LIF receptor heterogeneity was 
clarified by a series of experiments by Gearing and 
colleagues ( 5 ,  6, 8), in which the low-affinity LIF re- 
ceptor was cloned and shown to be a member of the 
cytokine receptor family, and the high-affinity LIF re- 
ceptor was demonstrated to be a complex between the 
low-affinity LIF receptor and the affinity converter 
gpl30. Moreover, N-terminal amino acid sequencing 
of the LIF-binding protein purified from murine serum 
demonstrated that it was identical to the predicted 
N-terminal sequence of the cloned low-affinity LIF 
receptor (9). The composition of the LIF receptor also 
provided an explanation for the shared biological ef- 
fects of LIF, interleukin-6, oncostatin-M, and ciliary 
neutrophic factor (I), since the receptors for these cy- 



tokines contain gp130 and, in the case of oncostatin-M 
and ciliary neurotrophic factor receptors, also the 
binding subunit of the LIF receptor (7). 

Biphasic Dissociation of Human LIF from High- 
and Low-Aff inity Human LIF Receptors. Analyses 
of equilibrium binding of human LIF to cellular and 
soluble human LIF receptors revealed a similar pic- 
ture to that observed for the interaction between mu- 
rine LIF and its receptor (3; Layton et al., in prepa- 
ration). Binding of human LIF to the Ewings sarcoma 
cell line Allen 1, revealed the presence of a single class 
of high-affinity receptor (KO = 5-20 pM), whereas 
binding of human LIF to full-length or truncated sol- 
uble LIF  receptors, expressed transiently in COS 
cells, revealed only low-affinity LIF receptors (KO = 
0.3-1 .O nM). In contrast to the situation at equilibrium, 
binding of human LIF to the human LIF receptor dif- 
fered from the murine system in terms of dissociation 
kinetics. While dissociation of murine LIF from high- 
affinity murine receptors was uniformly slow, and 
from low-affinity receptors was uniformly fast, bipha- 
sic dissociation of human LIF was observed from both 
high- and low-affinity receptors, with only the propor- 
tion of slowly to rapidly dissociating complexes differ- 
ing between receptor types. Consistent with this ob- 
servation, association kinetics were also biphasic to 
both high- and low-affinity human LIF receptors. 

One interpretation of the heterogeneity of human 
LIF receptor/human LIF system is that the human 
LIF receptor is capable of isomerization and interac- 
tion with gp130 to generate high-affinity LIF recep- 
tors. In this way, the ratio of slowly to rapidly disso- 
ciating complexes would reflect the rate constants 
governing isomerization of the LIF receptor and the 
rate constants governing interaction of the low-affinity 
LIF/receptor complex with gp130. 

Species Cross-Reactivity. Both murine and hu- 
man LIF are equally capable of eliciting a biological 
response from murine cells (e.g., inducing the differ- 
entiation of MI myeloid leukemic cells), but only hu- 
man LIF can act upon human cells. The biological 
cross-reactivity of LIF was recapitulated in binding 
experiments; however, there was an additional, quite 
unexpected level of complexity. Not only was murine 
LIF unable to bind to either high- or low-affinity hu- 
man LIF receptors, but human LIF was capable of 
binding more strongly to murine LIF receptors than 
murine LIF itself. On high-affinity murine LIF recep- 
tors, such as those expressed by the embryonal carci- 
noma cell line PC13, the KO for human LIF binding 
was 20-30 pM, while for murine LIF it was 150-250 
pM. The difference was even more pronounced when 
examining binding to the soluble murine LIF binding 
protein purified from serum. In this case, the KO for 
the interaction of murine LIF with the murine LIF 
binding proteins was 1 - 4  nM, while the KO for binding 

human LIF was 10-20 pM, similar to that for the in- 
teraction with the high-affinity murine LIF receptor. 
This represents a 50- to 500-fold difference in primary 
binding affinity. 

On the basis of their primary binding affinities, 
unlabeled human LIF should be a 50- to 500-fold better 
competitor than murine LIF when binding to the mu- 
rine LIF-binding protein, irrespective of whether la- 
beled human or murine LIF was used as a tracer. This 
was not observed (Layton et al . ,  in preparation). 
Rather, both murine and human LIF were not as po- 
tent competitors when the heterologous, instead of the 
homologous, ligand was used as a tracer. Thus human 
LIF was a 5000- to 10,000-fold better competitor than 
murine LIF when human LIF was used as a tracer, but 
only 5- to 10-fold better when murine LIF was used as 
a tracer. One explanation of this phenomenon was that 
binding of human and murine LIF to the murine LIF- 
binding protein may not be mutually exclusive events. 

Mapping a Receptor Binding Epitope of Human 
LIF. Chimeras of human and murine LIF have been 
constructed to exploit the unusual species cross- 
reactivity of LIF. These chimeras have been used to 
map the epitopes present on human LIF that are re- 
sponsible for its ability to bind to the human LIF re- 
ceptor and its capacity to bind to the soluble murine 
LIF-binding protein with a higher affinity than does 
mouse LIF (10). Since all chimeras should have been 
equally capable of inducing differentiation in myeloid 
leukemic cells and of competing with murine LIF for 
binding to the murine LIF binding protein, it was pos- 
sible to screen mutants for their correct overall topol- 
ogy * 

An initial panel of 15 murine/human LIF chimeras 
was generated, purified to homogeneity and found to 
induce MI differentiation with a specific activity in the 
normal range; 0.8-2.9 x lo8 U/mg (10). Likewise, each 
was capable of inhibiting the binding of labeled murine 
LIF to the murine LIF-binding protein. Remarkably, 
all the chimeras which showed enhanced capacity to 
compete with labeled human LIF for binding to the 
murine LIF-binding protein were also capable of bind- 
ing to human LIF receptors. On the basis of these 
results, it is possible to define three regions within the 
human LIF molecule that are responsible for its en- 
hanced ability to bind to murine LIF receptors as com- 
pared with murine LIF, and for its capacity to bind to 
the human LIF receptor (10). These regions lie in the 
predicted C-D loop, the C helix and the B-C loop. 
Further chimeras have been generated which will de- 
fine more closely the residues that are critical for these 
effects. 

The results generated using interspecies chimeras 
of human and murine LIF suggest that the interaction 
of mouse LIF with the mouse LIF receptor involves a 
different site from the interaction of human LIF with 
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the human LIF receptor, but that the interaction of 
human LIF with the mouse LIF-binding protein in- 
volves both sites. 

Conclusion 
Any model of the LIF/LIF receptor interaction 

must explain the following observations: (i) the pres- 
ence of high- and low-affinity receptors formed, re- 
spectively, by the low-affinity LIF receptor and a 
complex between the low-affinity LIF receptor and 
gp130; (ii) biphasic dissociation of human LIF from 
soluble low-affinity human LIF receptor and cellular 
high-affinity human LIF receptors; (iii) the capacity of 
both murine and human LIF to bind to the murine LIF 
receptor, but only of human LIF to bind to the human 
LIF receptor; (iv) the higher affinity of human LIF 
than murine LIF for the murine LIF receptor; and (v) 
the apparently lower affinity of human and murine LIF 
for the low-affinity murine LIF receptor when present 
together in the binding reaction. 

1. Hilton DJ. LIF: Lots of interesting functions. Trends Biochem 
Sci 17:72-76, 1992. 

2. Hilton DJ, Nicola NA, Metcalf D. Specific binding of murine 
leukemia inhibitory factor to normal and leukemic monocytic 
cells. Proc Natl Acad Sci USA 855971-5975, 1988. 

3. Godard A, Heymann D, Raher S, Anegon I, Peyrat MA, Le 
Mauff B, Mouray E, Gregoire M, Virdee K, Soulillou JP, 
Moreau JF, Jaques Y. High and low affinity receptors for hu- 
man interleukin for DA cells/leukemia inhibitory factor on hu- 
man cells. Molecular characterization and cellular distribution. 
J Biol Chem 267:32143222, 1992. 

4. Hilton DJ, Nicola NA. Kinetic analyses of the binding of leu- 
kemia inhibitory factor (LIF) to its receptor on various cell 
types. J Biol Chem 267:10238-10247, 1992. 

5. Gearing DP, Thut CJ, VandeBos T, Gimpel SD, Delaney PB, 
King J, Price V, Cosman D, Beckmann MP. Leukemia inhibi- 
tory factor receptor is structurally related to the IL-6 signal 
transducer, gp130. EMBO J 10:2839-2848, 1991. 

6. Gearing DP, Comeau MR, Friend DJ, Gimpel SD, Thut CJ, 
McGourty J,  Brasher KK, King JA, Gillis S, Mosley B, Ziegler 
SF, Cosman D. The IL-6 signal transducer, gp130: An onco- 
statin M receptor and affinity converter for the LIF receptor. 
Science 255: 1434-7143, 1992. 

7. Stahl N, Yancopoulos GD. The alphas, betas and kinases of 
cytokine receptor complexes. Cell 74587-590, 1993. 

8. Gearing DP, Bruce AG. Oncostatin M binds the high-affhity 
leukemia inhibitory factor receptor. New Biol4:61-65, 1992. 

9. Layton MJ, Cross BA, Metcalf D, Ward LD, Simpson RJ, 
Nicola NA. A major binding protein for leukemia inhibitory 
factor in normal mouse serum: Identification as a soluble form 
of the cellular receptor. Proc Natl Acad Sci USA 89:8616-8620, 
1992. 

10. Owczarek CM, Layton MJ, Metcalf D, Lock P, Willson TA, 
Gough NM, Nicola NA. Inter-species chimaeras of leukaemia 
inhibitory factor define a major human receptor binding deter- 
minant. EMBO J 12:3487-3495, 1993. 

298 COMPLEX BINDING OF LIF TO LIF RECEPTORS 


