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Rational Design of Potent Antagonists to the
Human Growth Hormone Receptor

Germaine Fuh, Brian C. Cunningham, Rikiro Fukunaga,
Shigekazu Nagata, David V. Goeddel, James A. Wells*

A hybrid receptor was constructed that contained the extracellular binding domain of the
human growth hormone (hGH) receptor linked to the transmembrane and intracellular
domains of the murine granulocyte colony-stimulating factor receptor. Addition of hGH to
a myeloid leukemia cell line (FDC-P1) that expressed the hybrid receptor caused prolif-
eration of these cells. The mechanism for signal transduction of the hybrid receptor required
dimerization because monoclonal antibodies to the hGH receptor were agonists whereas
their monovalent fragments were not. Receptor dimerization occurs sequentially—a re-
ceptor binds to site 1 on hGH, and then a second receptor molecule binds to site 2 on hGH.
On the basis of this sequential mechanism, which may occur in many other cytokine
receptors, inactive hGH analogs were designed that were potent antagonists to hGH-
induced cell proliferation. Such antagonists could be useful for treating clinical conditions

of hGH excess, such as acromegaly.

Knowledge of the molecular basis for hor-
mone action is key to the rational design of
hormone agonists and antagonists. High-
resolution mutational analysis (I, 2) and
x-ray crystallographic studies (3) have de-
fined two sites on hGH for binding two
molecules of the extracellular domain of its
receptor (hGHbp) (4). Dimerization of the
hGHbp occurs sequentially, such that a
hGHbp molecule binds to site 1 and then a
second hGHbp molecule binds to both site
2'on hGH and a site on the first hGHbp
(Fig. 1). A thorough examination of the
biological importance of this model has
been precluded because of the lack of an
adequate cellular signaling assay for hGH.
Here, we constructed a sensitive, cell-based
assay for hGH, investigated the mechanism
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for signal transduction, and applied the
assay for the design of antagonists to the
hGH receptor.

The hGH receptor belongs to a large
family of receptors of hematopoietic origin
(5) that includes the interleukin-3 (IL-3)
and granulocyte colony-stimulating factor
(G-CSF) receptors. An IL-3—dependent
myeloid leukemia cell line (FDC-P1) trans-
fected with the full-length murine G-CSF
(mG-CSF) receptor is stimulated to prolif-
erate by G-CSF without IL-3 (6). We
constructed a hybrid receptor that con-
tained the hGHbp linked to a portion of
the mG-CSF receptor containing the three
extracellular fibronectin repeats and the
transmembrane and intracellular domains
(7). The fibronectin domains do not partic-
ipate in the binding of G-CSF but are
required for efficient expression of the mG-
CSF receptor (6).

Competitive displacement of !2°I-la-
beled hGH from hybrid receptors on whole
cells was used to establish the affinity for
hGH and the approximate number of re-
ceptors per cell (8). In several independent
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binding experiments, the apparent dissocia-
tion constant (K,) value for hGH was 0.1
+ 0.03 nM, and there were 1000 = 300
receptors per cell. This affinity is about
three to four times stronger than that for
hGH binding to the soluble hGHbp and
may reflect a high local concentration of
receptors on cells (an avidity effect). Non-
transfected cells lacked specific binding
sites for hGH (9). At low concentrations,
hGH induces cell proliferation with a me-
dian effective concentration (ECs,) of ~20
pM (Fig. 2A), a value somewhat lower than
the apparent K for binding to whole cells
(~100 pM). This may indicate that signal-
ing for maximal cell proliferation requires
less than total receptor occupancy.

Each hGH molecule is bivalent because
it contains two separate sites for binding the
hGHbp (Fig. 1). In contrast, the hGHbp is
effectively univalent because each site uses
virtually the same determinants to bind to
either site 1 or site 2 on hGH (3). Excess
hGH will dissociate the hGH-(hGHbp),

Intermediate

High [hGHlI

Active (agonist)

Inactive (antagonist)

Fig. 1. Sequential dimerization model for acti-
vation of the hGH-mG-CSF hybrid receptor. At
low concentrations, hGH binds first at site 1 and
subsequently at site 2 (as indicated) to produce
an active hGH-(hGHbp), complex. At high con-
centrations, hGH saturates the receptor
through site 1 interactions and acts as an antag-
onist. We show the receptors dissociated initially
because, in the absence of hGH, the hGHbp
does not self-dimerize as shown by ultracentrif-
ugation for concentrations <0.1 mM. Nonethe-
less, it is possible that some full-length receptors
are loosely pre-dimerized and become activat-
ed upon sequential binding of hGH.
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complex to form a hGH-hGHbp complex
in which hGH is bound exclusively at site 1
to the hGHbp (I). Thus, excess hGH
should antagonize signaling by preventing
dimerization (Fig. 1). Indeed, at very high
hGH concentrations the proliferation ac-
tivity is lost [concentration required to in-
hibit proliferation by 50% (IC,,) = 2 pM].
Cell proliferation induced by IL-3 was not
altered in the presence of high concentra-
tions of hGH (8 uM); thus, 8 uM hGH is

not toxic to cells (9). This effect appears
not to involve cross-linking of receptors
between cells or other cell-to-cell interac-
tions because the effects of hGH were not
influenced by cell density. Furthermore, the
assay is specific because FDC-P1 cells that
contain the full-length mG-CSF receptor
do not respond to hGH and cells that
contain the hybrid receptor do not respond
to G-CSF (10).

To further investigate the requirement
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Fig. 2. Proliferation of FDC-P1 cells containing the hGH-mG-CSF hybrid receptor induced by hGH
(7) (A) or induced by MAbs to the hGH receptor (B) (77). In (A), cells were grown in RPMI 1640
media supplemented with IL-3 (10 U/ml), 10 .M B-mercaptoethanol, and 10% FBS at 37°C and 5%
CO, (6). Cells were washed with the same medium without IL-3. Cells were added to 96-well plates
at a density of 4 x 10° cells per milliliter (O), 2 x 10° cells per milliliter (@), and 1 x 10° cells per
milliliter (OJ) in 100 wl. Cells were then treated with various concentrations of hGH for 18 hours. To
measure DNA synthesis, we added 3H-labeled thymidine (1 n.Ci per well) to each well. After 4 hours,
cells were collected and washed on glass filters. Scintillation cocktail (2 ml) was added, and
radioactivity was counted with a Beckman LS1701 scintillation counter. In (B), cells were cultured
as in (A) and plated at a density of 4 x 10° cells per milliliter in medium containing various
concentrations of anti-hGH receptor MAb 263 (@), MAb 13E1 (O), MAb 3D9 (m), or MAb 5 ([J). After
18 hours at 37°C, cells were washed, and the amount of [3H]DNA synthesized was determined by
scintillation counting as in (A). Each data point represents the mean of triplicate determinations, and
error bars indicate the SD.

Table 1. Summary of dose-response data for a variety of anti-hGH receptor MAbs, FAbs (77), and
hGH mutants (72) for stimulating proliferation of FDC-P1 cells containing the hGH-mG-CSF hybrid
receptor. “None” indicates that no effect was observed; ND, not determined. K, values for MAbs
binding to the hGHbp were taken from (74). The K values for hGH and variants were measured with
a competitive displacement assay in which 2%|-labeled hormone bound to hGHbp was precipitated
with MADb 5 (2, 13). This gives the affinity for the monomeric hGH-hGHbp complex. Values for EC,,
were taken from titration curves shown in Fig. 2, A and B, and Fig. 4 and represent the half-maximal
concentration for stimulation of cell proliferation. Data are the mean of triplicate assays, and the SDs
were within 15% of mean. Values shown with > indicate that maximal stimulation or inhibition of
proliferation was not detected at the concentrations tested. For these cases, we report only
estimates of the EC,,,. IC, refers to the concentration leading to 50% inhibition of maximal cell
proliferation.

. K IC
Protein (nt\c;1) ECso (self-antasgc;’onism)

MADb 263 0.6 0.3nM ~3 uM
MADb 13E1 3.2 0.8 nM >10 pM
MAb 3D9 2.2 0.8 nM 0.2 uM
MADb 5 0.7 ~25nM >1 uM
FAb 263 ND >1.5uM ND
FAb 13E1 ND >3 uM ND
FAb 3D9 ND >0.1 uM ND
FAb 5 ND >1 uM ND
hGH 0.3 20 pM 2 uM
K172A/F176A 200 25 nM None
G120R 0.3 None None
H21A/R64K/E174A 0.01 20 pM 60 nM
H21A/R64K/E174A/G120R 0.01 None None
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Fig. 3. Molecular models based on x-ray crystallography of hGH bound to the hGHbp (3). (A) A
ribbon diagram of hGH (white) bound to two molecules of the extracellular domain of the hGH
receptor (hGHbp; gray and black). The a carbon positions of mutant residues in hGH are shown by
black dots. K172 and F176 are located in site 1 (interface with black hGHbp) and G120 is located
in site 2 (interface with gray hGHbp). Gray dots indicate structures in the hGHbp that are not well
defined by the electron density. The model is based on a 2.7 A resolution x-ray structure of the
complex (3). (B) A close-up showing that G120 located on helix 3 of hGH makes van der Waals
contact with W104 from the hGHbp bound to site 2. R1 and R2, receptor 1 and receptor 2,

respectively.

for dimerization of the hGHbp to signal in
the hybrid receptor cell proliferation assay,
we used bivalent monoclonal antibodies
(MAbs) and univalent fragments derived
from them (FAbs) that recognized the
hGHbp. At low concentrations, three of
four different MAbs to the receptor were as
potent as hGH in inducing cell prolifera-
tion (Fig. 2B and Table 1). The EC,, value
for each MAb (0.3 to 1 nM) was usually
somewhat less than the K, value deter-
mined by enzyme-linked immunosorbent
assay (Table 1). As with hGH, this may
reflect avidity effects on whole cells or that
maximal signaling is achieved at less than
100% receptor occupancy, or both. At
much higher concentrations (0.2 to ~3
kM), two of these MAbs were less effective
at stimulating proliferation, presumably be-
cause excess MAb blocks receptor cross-
linking by binding monovalently to
hGHbp. Corresponding monovalent FAb
fragments had little or no effect on cell
proliferation (Table 1), which indicates
further that bivalency is required for signal-
ing activity.

The differences in stimulation of cell
proliferation at low concentrations and in-
hibition at high concentrations for these
MAbs (Fig. 2B) can be explained by the
different ways they bind to the hGHbp.
MADb 5 prevents binding of a second
hGHbp to the hGH-hGHbp complex (1),
possibly by binding to the region where
both receptors contact each other (Fig. 1).
The fact that MAD 5 is the least efficient at
stimulating proliferation may indicate that
the receptors need to approach each other
closely for optimal signaling. MAb 13EI
did not inhibit proliferation at the concen-
trations tested. This MAb blocks hGH
binding (I11) and probably binds like hGH

to form very stable receptor dimers. In

contrast, MAbs 263 and 3D9 bind at sites
away from the hormone-receptor interfaces
(11) and show similar agonistic and antag-
onistic effects on proliferation. Maximal
stimulation of proliferation by hGH oc-
curred over a wider range of concentrations
than did maximal stimulation by MAbs 263
and 3D9, perhaps because with hGH
bound, the dimers have the optimal recep-
tor-to-receptor contacts. The fact that
MAbs 263 and 3D9 are agonists suggests
that the structural constraints for formation
of active dimers are rather loose.

FAb fragments derived from MAb 13E1
or MAb 5 antagonized hGH-induced cell
proliferation, whereas those derived from
MAbs 263 and 3D9 did not (Table 2).
These studies are consistent with the fact
that the binding of MAb 13E1 or MAb 5 to
their epitopes blocks hormone-to-receptor

[H®]Thymidine
Incorporation (cpm x 10%)
5 P
1 1

o
»n
1

0.01 1 100

hGH variant (nM)

Fig. 4. Proliferation of FDC-P1 cells containing the
hGH-mG-CSF hybrid receptor, caused by in-
creasing concentrations of wild-type hGH (O), the
site 1 hGH variant K172A/F176A (@), and the site
2 hGH variant G120R (O). Cells were cultured,
treated, and assayed as described in Fig. 2A,
except that cells were treated for 18 hours with
[BH]thymidine. The hGH mutants were prepared
and purified as described (2, 12).
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Table 2. Summary of antagonist effects of FAbs
and hGH analogs that block hGH-induced cell
proliferation of FDC-P1 cells containing the
hybrid hGH-mG-CSF receptor. Cells were in-
cubated with 1 nM hGH and various concentra-
tions of FAb (77) or hGH analog (72). The IC,, is
the concentration required to block 50% of the
cell proliferation activity of hGH. “None” indi-
cates that no inhibition was observed at concen-
trations of FAb or hGH analog of up to 10 uM.

Protein ICqo
FAb 263 None
FAb 13E1 0.8 uM
FAb 5 0.2 uM
FAb 3D9 None
hGH 2 uM
K172A/F176A None
G120R 20 nM
H21A/R64K/E174A 60 nM

H21A/R64K/E174A/G120R

or receptor-to-receptor interfaces, respec-
tively.

To determine the structural require-
ments for dimerization of hGH (Fig. 1), we
examined mutants of hGH that were de-
signed to reduce binding of the receptor to
site 1 or site 2 (Fig. 3). The mutant K172A/
F176A (12), which preserves site 2 deter-
minants but alters important side chains in
site 1, promoted cell proliferation, but the
EC;, was shifted to a concentration about
10® times higher than that of wild-type
hGH (Fig. 4 and Table 1). This is consis-
tent with the 560-fold reduction in the
affinity for site 1 binding of the K172A/
F176A mutant as compared to that of the
wild-type hGH when measured in vitro
(13). No inhibition of proliferation with
K172A/F176A was observed at the concen-
trations tested.

On the basis of the x-ray structure of the
hGH- (hGHbp), complex (3), we designed

1.5+

1.0

0.5

[H3[Thymidine
incorporation (cpm x 105)

0.1 1 10 100 1000
hGH variant (nM)

Fig. 5. Antagonism of hGH-induced cell prolif-
eration by hGH variants. Cells were prepared
as in Fig. 2A and incubated with 1 nM hGH and
various concentrations of the site 1 mutant
K172A/F16A (@), the site 2 mutant G120R (0O),
the combined enhanced site 1 and site 2 mu-
tant (H21A/R64K/E174A/G120R) (M), and
wild-type hGH (O).
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a mutant G120R, which retains a function-
al site 1 but on which site 2 is sterically
blocked (Fig. 3B). This variant did not
affect cell proliferation at the concentra-
tions tested (Fig. 4). Thus, binding to
either site 1 or site 2 is necessary but not
sufficient for promoting cell proliferation.

If the sequential signaling mechanism
(Fig. 1) is correct, mutants blocked in site 2
binding (but not in site 1 binding) should
antagonize hGH-induced cell proliferation.
To test this, we cultured cells with enough
hGH (1 nM) to support 90% of maximal
cell proliferation and added increasing con-
centrations of wild-type hGH or the mu-
tants in site 1 (K172A/F176A) or site 2
(G120R). As expected, the site 2 mutant
antagonized hGH whereas the site 1 mutant
was ineffective (Fig. 5). In fact, the site 2
mutant was nearly 100 times more potent as
an antagonist (IC5, = 20 nM) (Table 2)
than wild-type hGH (IC;, = 2 uM). For
hGH to be antagonistic, free hormone must
react with free receptors before the hGH-
bound intermediate does so. This only oc-
curs at high concentrations of hGH. In
contrast, once G120R is bound, it cannot
dimerize and agonize the receptor. Thus,
GI120R as an antagonist does not need to
compete against G120R as an agonist.

Although G120R is a much more potent
antagonist than hGH, 20 nM G120R was
required to inhibit by 50% the proliferative
effect of 1 nM hGH (Table 2). This may
reflect the fact that hGH is bound through
interaction of sites 1 and 2 with two recep-
tors more tightly than G120R is bound in
the complex with a single receptor through
site 1 alone. Furthermore, maximal signal-
ing by hGH may not require 100% receptor
occupancy. In either case, improving the
affinity of site 1 for hGHbp in the G120R
mutant should make it a more potent an-
tagonist.

Single-site hGH variants have been pro-
duced (2, 14) that bind more tightly to the
hGHbp at site 1. A variant that contains all
three of these mutations (H21A/R64K/
E174A) bound 30 times more tightly than
wild-type hGH to the hGHbp (Table 1).
This variant had an IC,, for inhibiting
proliferation that was about 30 times lower
than that of hGH. This is consistent with
the notion that the inhibitory effect results
from competition for binding to hGHbp
between site 2 on the bound hormone-
receptor intermediate and the free site 1 on
the soluble hormone. The fact that im-
provement in site 1 binding affinity did not
improve the efficacy of the hormone as an
agonist may be understood upon future
analysis of the on and off rates.

We further mutated this variant by
changing Gly'?° to Arg. The mutant with
all four modifications was ten times more
potent than G120R as an hGH antagonist
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(Fig. 5 and Table 2). This is further evi-
dence for the importance of site 1 binding
properties for antagonism.

QOur data suggest that the inhibition of
proliferation caused by hGH, MAbs, and
their derivatives is the result of blocking
receptor dimerization rather than causing
down-regulation of receptors. First, cells
propagated with IL-3 instead of hGH do
not show a greater hGH response or hGH
receptor number (9). Second, receptor
down-regulation is usually correlated to re-
ceptor activation. The ratio of ECy to ICs,
for each of the MAbs and hGH varies
widely, which shows that receptor activa-
tion can be readily uncoupled from inhibi-
tion by the alteration of binding properties.
Finally, the G120R mutant is inactive as an
agonist, although it is a more potent antag-
onist than hGH (Fig. 5), and pretreatment
of cells with G120R does not enhance its
antagonistic effect (9). Thus, the antago-
nistic effect of G120R is not consistent with
receptor down-regulation. It is possible that
the inhibitory effects’ observed for other
hormones at high concentrations may occur
because receptor dimerization is blocked by
self-competition.

Our studies indicate that sequential
dimerization is crucial for hybrid-receptor
activation. Knowledge of this mechanism
and the structural (3) and functional (1, 2)
properties of the binding interfaces allowed
us to design potent antagonists to the hGH
receptors, which may be useful in the clin-
ical treatment of hGH excess acromegaly
(15). In fact, a transgenic strain of mice
that expresses large amounts of bovine GH
altered in site 2 produces dwarf mice (16).
This mechanism-based strategy for design of
potent antagonists for hGH may be appli-
cable to other hormones such as prolactin,
placental lactogen, IL-2, IL-3, IL-6, G-CSF,
granulocyte-macrophage—CSF,  erythropoi-
etin, and related hematopoietines and cyto-
kines (5) if sequential binding of two recep-
tors to a single hormone molecule is required
for their signaling.
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