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Signaling in the human growth hormone (hGH)– human GH receptor
system is initiated by a controlled sequential two-step hormoneinduced dimerization of two hGH receptors via their extracellular
domains (ECDs). Little is currently known about the energetics governing the important regulatory step in receptor signaling (step 2)
because of previously existing experimental barriers in characterizing
the binding of the second receptor (ECD2). A further complication is
that ECD2 binds through contacts from two spatially distinct sites:
through its N-terminal domain to hGH, and to ECD1 through its
C-terminal domain, which forms a pseudo-2-fold symmetrical interaction between the stems of the two receptors. We report here a
detailed evaluation of the energetics of step 2 binding using a
modified surface plasmon resonance method that is able to measure
accurately the kinetics of the trimolecular binding process and separate the effects of the two binding sites. The binding kinetics of 23
single and 126 ECD1-ECD2 pair-wise alanine mutations was measured. Although both of the ECD2 binding interfaces were found to
be important, the ECD1-ECD2 stem–stem contact is the stronger of the
two. It was determined that most residues in the binding interfaces
act in additive fashion, and that the six residues common in both ECDs
contribute very differently to homodimerization depending on which
ECD they reside in. This interface is characterized by a binding
‘‘hot-spot’’ consisting of a core of three residues in ECD1 and two in
ECD2. There is no similar hot-spot in the N-terminal domain of ECD2
binding to Site2 of hGH. This study suggests ways to engineer ECD
molecules that will bind specifically to either Site1 or Site2 of hGH,
providing novel reagents for biophysical and biological studies.

T

he biological activities produced by the pituitary cytokine
hormones, growth hormone (GH), prolactin (PRL), and placental lactogen, are initiated by a mechanism involving hormoneinduced receptor homodimerization (1, 2). The formation of the
active signaling complex is regulated by a set of extensive protein–
protein interactions that have been highly coevolved between the
cytokines and their cognate receptors (3, 4).
The pituitary hormones have an asymmetric four-␣-helicalbundle structure that gives rise to two receptor-binding sites that
have distinctly different topographies and electrostatic character (2,
5, 6). This feature plays an important role in the regulation of these
systems by producing binding surfaces with dramatically different
binding affinities to the receptor extracellular domains (ECD). As
a consequence, the signaling complexes for systems that activate
through receptor homodimerization are formed in a controlled
sequential step-wise manner. The high-affinity site, Site1, is always
occupied first by the receptor ECD (ECD1) (7). This step is
followed by binding of ECD2 at Site2 of the hormone, which needs
additional contacts to a patch of the C-terminal domain of ECD1
in the context of the hormone–ECD1 complex (2, 6, 8). Thus, the
programmed regulatory step for triggering biological action involves a set of highly tuned interactions among binding interfaces
in spatially distinct binding sites, which independently are weak but
together produce a tight ECD2 association.
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Previous structure–function analyses of the pituitary hormone
systems have been performed primarily in the context of the 1:1
hormone兾ECD1 intermediate complex (9–12) and have led to a
detailed knowledge of the energetics of Site1 binding (11, 12). This
1:1 format provided a well-behaved and exceptionally productive
system for a variety of protein engineering and biophysical studies
(13–16). In particular, it provided the platform for the seminal
studies of Wells and colleagues, using human GH (hGH) and
human PRL (hPRL) systems, which demonstrated that the
protein–protein interactions are characterized by binding ‘‘hotspots.’’ These hot-spots efficiently focus binding energies within a
cluster of relatively few residues (9–12), providing for a very
efficient use of the binding interface. The concentration of the
binding determinants within a relatively small area of the contact
surface allows for separate adjacent areas to be used as specificity
determinants without compromising the binding affinity.
In contrast to the extensive characterization of the 1:1 intermediate, there is considerably less biochemical and biophysical
information about the energetics that govern the regulatory step
of the receptor signaling defined by the binding of the second
receptor. This is because the two consecutive binding steps
cannot be synchronized in solution, and it is complicated to
deconvolute signals corresponding to the second step only.
Nevertheless, Cunningham et al. (1) had shown that substitution
of individual hormone residues in the Site2 interface had
generally little or only moderate effect on homodimerization.
This observation implied that it is the ECD1-ECD2 stem–stem
contact region that plays the major role in stabilizing the ternary
complex. Two studies on the effects of stem–stem mutations on
cell proliferation have been reported with somewhat different
interpretations of which residues contribute most to homodimerization (17, 18). Although these biological assays provided a
qualitative indication about which stem residues contribute most
to homodimerization, it was not possible from the experimental
design to discriminate whether a particular mutation produced
an effect in context of its role in ECD1, ECD2, or both.
We present here a study that reveals the energetic contributions of the individual receptor contact residues that drive
receptor homodimerization in the hGH-receptor (hGHR) system. Our goal was to determine the overall energetic contribution of the stem–stem interaction to homodimerization and to
dissect how the individual residues in each of the two ECDs
contribute to this process. Additionally, we wished to determine
how the coupling of the two spatially distinct low affinity-binding
sites lead to the high affinity of ECD2 measured in the ternary
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Materials and Methods
Expression vectors for recombinant hGH and hGHR ECD
production were from Genentech. For the hGHR ECD, a
truncated version was used (residues 29–238), which has unaltered activity and superior expression level compared with the
1–245 version (10). The proteins were expressed into the
periplasm of Escherichia coli essentially as described (20). All
protein variants were analyzed for purity by analytical HPLC,
and the presence of the mutation was confirmed by electrospray
mass spectrometry. Purity of the protein samples exceeded 95%.
Protein concentration was determined by using molar extinction
coefficients at 280 nm of 16.2 mM⫺1䡠cm⫺1 and 55 mM⫺1䡠cm⫺1 for
hGH and hGHR ECD, respectively, and these values were
adjusted appropriately for mutations (21).
Surface Plasmon Resonance. All experiments were carried out on a

Biacore 2000 instrument (Biacore, Piscataway, NJ) at 25°C. hGHR
ECDs were coupled to a Biacore Pioneer C1 sensor chip by
disulfide bond formation through an engineered cysteine on the
S237C mutant following the Biacore protocol. Amounts of S237C
were immobilized to achieve a level of 20–100 functional response
units. The unreacted functional groups were blocked with a 30-l
injection of 50 mM reduced glutathione in 20 mM sodium acetate兾
1 M NaCl, pH 4.5 buffer.
The kinetic assays were carried out at a 50-l䡠min⫺1 flow rate.
Because varying the flow rate in a range of 25–100 l䡠min⫺1 did not
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alter the measured association rates, we concluded that the binding
of the analyte was not compromised by mass transfer effect. Lack
of long spacer groups on the C1 chip limits direct interaction
between the homogeneously immobilized ECD molecules. Therefore, injection of a saturating concentration of hGH creates a 1:1
rather then 1:2 surface, in which the immobilized ECD acts as
ECD1 and binds to Site1 of hGH. This was confirmed by comparing
the binding of wild-type hGH with a mutant (G120R) that can form
only a 1:1 complex. Both the wild-type and variant hormones had
essentially the same binding constant (Kd ⫽ 1.5 nM), indicating no
measurable amount of 1:2 formation on the chip in the case of the
wild-type hormone. These binding constants correspond with the
published value (12). All data were normalized before analysis by
subtracting data corresponding to blank (running buffer) injections
(double blank subtraction).
Effects of mutations in the context of ECD2 were analyzed by
using a single C1 sensor chip with hGHR ECD S237C immobilized. The same chip could then be reused to measure the
interaction with different soluble ECD2 mutants. In contrast,
multiple individual sensor chips were necessary for measuring
the effect of mutations in the context of ECD1. This format
required each of the eight ECD1 stem mutants to be immobilized
on separate sensor chips, followed by injection of wild-type or
mutant ECD2 molecules in separate measurements.
Data Analysis. Association (kon) and dissociation (koff) rate con-

stants were determined by using a modified trimolecular decaying
surface model of the program CLAMP (22). Our model assumes a
sequential reversible association–dissociation process, where the
hGH兾ECD1 intermediate is formed first followed by the binding of
ECD2. ECD2 cannot bind to hGH only, and hGH cannot dissociate
from the 1:2 complex before ECD2, i.e., neither a hGH:ECD2 nor
an ECD1:ECD2 complex can exist. The kinetics of the standard
trimolecular surface decay model in CLAMP allows independent
dissociation of both ECD1 and ECD2 from the ternary complex
and thus the model required modification for our use (see Supporting Materials and Methods, which is published as supporting
information on the PNAS web site, www.pnas.org).
For each data set, the first hGH injection step was fit by using
a simple 1:1 Langmuir model, and three parameters were
determined for the hGH ⫹ ECD1-binding interaction; kon1, koff1,
and the maximal response unit value. These values were then
included in the mathematical description of the subsequent
steps; formation and breakdown of the 1:2 complex on binding
and dissociation of hGHR ECD2. Correction for the dissociation
of the 1:1 hGH:ECD1 complex to hGH ⫹ ECD1 was necessary,
because it occurs throughout the entire course of the experiment
whenever the 1:1 complex is present due to nonsaturating levels
of ECD2 binding. Three parameters were calculated by fitting
the ECD2-binding curves by using the modified decaying surface
model: the association rate constant, kon2; the dissociation rate
constant koff2; and a response factor that reflects to the molecular weight relations of the three components. Equilibrium Kd
values for the second ECD binding were determined by the mass
action relation Kd ⫽ koff2兾kon2.
Results and Discussion
Overall Description of the ECD2-Binding Interfaces. The binding of

ECD2 to the 1:1 hGH:ECD1 intermediate complex involves two
groups of extensive interactions with both the hormone Site2 and
the C-terminal portion of ECD1 (Fig. 1). The contacts to the
hormone at Site2 are primarily hydrophobic in nature, involving
the burial of W104 and W169 ECD2 residues. The stem–stem
ECD contact interface is comprised of eight residues from
ECD1 and six residues from ECD2 (Fig. 1B). These residues are
contained in the C-terminal FNIII domain (the stem region) of
the hGHR ECD. In the complex, the two ECDs have a pseudosymmetric arrangement that results from an approximately
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complex. Do the sites on ECD2 that bind exclusively to the
hormone and the ones at the stem–stem act in additive or
synergistic fashion? Are there binding ‘‘hot-spots’’ similar to the
one found in the Site1 high-affinity interaction? These issues are
fundamental to understanding how the cytokine systems fine
tune their activities through modulating the persistence times of
their signaling complexes (19).
To enable such measurements, we have modified a method based
on surface plasmon resonance technology to measure the kinetics
of ECD2 binding to the preassociated 1:1 hGH:ECD1 complex.
This method overcomes previous problems associated with the
accurate deconvolution of the kinetics for the two consecutive steps
in the trimolecular binding process (hGH ⫹ ECD1, hGH:ECD1 ⫹
ECD2). We are also able to specifically target a chosen ECD
mutation to act exclusively in the context of either ECD1 or ECD2,
or both. This is an essential element of the procedure, especially in
the case of measuring the energetics of the stem–stem interactions,
because there are six residues that are common to both ECD1 and
ECD2 in this contact interface. Additionally, of the six H bonds
found in this interface, four involve this common set of six residues.
Because the stem–stem interaction is not completely symmetrical,
analogous residue positions in the two receptors have quite different structural environments.
We find that the soluble wild-type ECD2 binds to the hGH:
ECD1 1:1 intermediate complex with a dissociation constant (Kd)
of about 3.5 nM. Individual receptor Ala mutations both at the
Site2-ECD2, as well as at the stem–stem ECD1-ECD2 interface,
affect ECD2 binding over a wide dynamic range. This finding
suggests that both of these two spatially distinct sites are important
for forming and maintaining a stable ternary complex. However,
residues in the stem–stem contact appear to play the more significant role in binding as compared with the ECD residues in the
hGH-ECD2 Site2 interface. Interestingly, the binding hot-spots on
each ECD together form a single complementary interface in the
middle of the stem–stem contact. It is noteworthy that there are no
common residues contained within the two hot-spots, emphasizing
that binding energy contributions of individual ECD residues are
highly dependent on their structural context. Using this information, mutations can be designed that will allow fine tuning of ECD2
binding to provide new insights into how the persistence time of
homodimerization influences receptor signaling.

Fig. 1. (A) Ribbon backbone representation of the (hGH:ECD1):ECD2 ternary
complex. The hGH–ECD-binding sites are marked as Site1 for the high-affinity
and Site2 for the low-affinity site. The ECD1兾ECD2 (stem–stem) contact interface is circled. (B) H bonding pattern for residues in the stem–stem region is
indicated by red lines. Buried surface areas of residues in the contact interface
are given in Å2. All structure figures were generated by using PYMOL (DeLano
Scientific, www.pymol.org).

2-fold symmetry combined with an 8-Å translation along the
pseudo 2-fold axis of the complex (Fig. 1). As a result, the six
contact residue positions on ECD2 are also used on ECD1 and
represent a large subset of the eight ECD1 contact positions.
(Contact residues in ECD1 are designated by the superscript E1;
those residues in ECD2, by a subscript E2).
The central core of the stem–stem interface consists of four
residues: Ser-145E1 and Thr-147E1, D152E2 and Y200 E2, and about
20% of total buried surface area is contributed by the burial of the
Y200 side chains of each ECD (Fig. 1B). There is a substantial
difference in the pattern of the surface area burial comparing the
two ECDs at residues L146 and T147. This difference results from
the above-described 8-Å translation (Fig. 1). In ECD1, S145E1,
L146E1, and T147E1 contribute an integral part of the contact
interface. In ECD2, these residues are almost fully solvent exposed
and are not part of the stem–stem interaction.
There are 6 H bonds between the two ECDs, with D152 and
S201 contributing H bond partners in both ECDs (Fig. 1B). In
ECD1, both these groups H bond to Y200E2O, which forms the
internal core of the interface. In ECD2, their H bonding
interactions are involved in the structural organization of the
disordered-to-ordered transition of the 143–149 loop of ECD1.
The conformations of the polypeptide chains containing the
interface groups are virtually identical in the two ECDs. Superimposing residues 140–155 and 195–201 of ECD1 with the analogous
residues of ECD2 gives an rms deviation for the C␣ atoms of ⬇0.5
Å. It is noteworthy that the close similarities extend to the orientation of the side chains, where the positions of most atoms differ
by less than 1 Å between ECDs. This finding suggests that many of
954 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0235023100

Fig. 2. Determination of the kinetic parameters for ECD2 binding by trimolecular SPR. The surface-immobilized receptor functions as ECD1 in this format
and binds to Site1 of hGH. In step 1, a 250 nM solution of wild-type hGH is
injected into the flow cell and allowed to saturate the immobilized ECD,
forming 1:1 complexes. Then serial dilutions (0, 5, 10, 20, and 40 nM) of soluble
ECD (ECD2) are injected. The soluble ECD flows over the preformed 1:1
complex and associates with it through both receptor– hGH Site2 and receptor–receptor interactions to form a 1:2 complex. The resulting sensogram
clearly shows the creation of 1:1 complexes and the subsequent formation and
dissociation of stoichiometric 1:2 complexes. Data from the serial dilutions are
combined and used simultaneously for fitting the kinetic parameters.

the interface groups might form a somewhat rigid template to
facilitate binding. It is noteworthy, however, that in the absence of
the stem–stem contact, e.g., in the structure of the 1:1 hGH:ECD1
complex, the short loop containing residues 143–149 is disordered
(10). It is likely that the disordered–ordered transition has evolved
as part of the mechanism of association.
Energetics of the Stem–Stem Interface Residues. A notable charac-

teristic of the stem–stem interface is that a number of the contact
residue positions contribute binding energy in the context of
both ECD1 and ECD2, albeit differently. The energetic contributions of these residues in their context in both ECD1 and
ECD2 were determined by alanine scanning mutagenesis. The
resulting changes in binding affinities for these mutants were
measured by trimolecular surface plasmon resonance (TM-SPR)
(see Materials and Methods) (23).
The method is based on direct immobilization of the hGHR ECD
onto a Biacore Pioneer C1 chip through an engineered Cys residue
(S237C) located at the tail of its C-terminal domain. This type of
coupling allows homogeneous orientation and unrestricted accessibility from the solution to the surface-immobilized ECD, whereas
the very short linkers on the C1 chip minimize the possibility of
direct interactions between the immobilized species. Therefore, the
immobilized ECD functions as ECD1 in all of the trimolecular
binding measurements. An important advantage of this format is
that it controls the sequential binding steps allowing specific effects
of individual contact residue mutations involving either ECD1 or
ECD2 to be readily differentiated.
Fig. 2 shows the steps for obtaining the TM-SPR sensogram plot
for the binding of wild-type ECD2 to the 1:1 hGH:ECD1 complex
(hGH ⫹ ECD1, hGH:ECD1 ⫹ ECD2). Fitting of the curves by
CLAMP (22, 23), using a modified decaying surface model (see
Materials and Methods) accommodated to the special characteristics
Bernat et al.

Table 1. Normalized Kd values for pairs of wild-type and兾or single mutant ECDs in the stem–stem interface
ECD2
WT
N143A
S145A
L146A
T147A
H150A
D152A
Y200A
S201A

WT

N143A

S145A

L146A

T147A

H150A

D152A

Y200A

Y200F

S201A

1.0
0.1
0.9
0.9
1.1
1.9
⬎285
⬎285
2.6

1.4
0.3
2.1
1.3
2.1
8
⬎285
⬎285
>285

71
2.9
103
57
71
⬎285
⬎285
⬎285
74

2.9
0.4
3.7
2.7
4.0
>285
⬎285
⬎285
>285

40
7
91
56
60
137
⬎285
⬎285
⬎143

6
8
5
7
10
>285
⬎285
⬎285
>285

6
0.2
7
6
9
>285
⬎285
⬎285
>285

20
2.6
48
29
63
80
⬎285
⬎285
⬎143

4.6
0.6
69
8
>285
>285
⬎285
⬎285
10

0.4
0.4
2.6
0.7
1.3
9
⬎285
⬎285
3.1

Equilibrium Kd (nM) values calculated from the ratios of the measured kon and koff rate constant values. The values are normalized to the Kd of the wild-type
interaction (3.5 nM) Kdmut兾Kdwt. ECD1 mutants are immobilized on the sensor chip. Mutants having values indicating a ⬎285-fold decrease in binding generally
had no detectable binding. ECD2 mutants are listed in the first column. ECD1 mutants are listed horizontally. Values shown in bold indicate nonadditive pair-wise
interactions ⬎1.5 kcal兾mol.

Ala Scan of the ECD1 Contact Residues. The Ala-scanning mutagen-

esis on the ECD1 contact surface indicates that the binding
energetics are dominated by three residues: S145E1A (⬇70-fold
decrease in binding), T147E1A (⬇40-fold decrease), and Y200E1A
(⬇20-fold decrease) (Table 1, Fig. 3). Because the hydroxyl group
of Tyr-200E1 forms no H bonds, the observed effect of the Y200E1A
mutation is likely due to the loss of substantial van der Waals energy
from the hydrophobic packing of the buried side chain (100 Å2). To
test this assumption, we constructed the Y200E1F mutant, which
was expected to participate in an analogous packing interaction.
Indeed, the results for this mutant show only a ⬇5-fold reduction
in stem–stem binding affinity (Table 1).
The side chain hydroxyls of both S145E1 and T147E1 H bond to
the D152E2 carboxylate of ECD2, and the decreased binding
affinity detected for both Ala mutations is presumably partially due
to the loss of their respective H bond interactions. These two
hydroxyl side chains also H bond to each other that orders the sharp
turn of the polypeptide chain at L146E1. The turn is further
stabilized by an H bond between the peptide N of T147E1 and the
hydroxyl of S145E1. There is no direct structural evidence indicating
that the individual Ala mutations at residues 145E1 and 147E1 would
perturb the structural organization of this region of the polypeptide
chain, but the extent to which these mutations decrease stem–stem
interaction suggests that some correlation may exist. The H150E1A
and D152E1A show ⬇5-fold reductions in binding, which might be
attributed to a combination of eliminating an H bond to ECD2 and
losing van der Waals contacts. The N143E1A mutant has little effect,
which was anticipated because it represents only a very small buried
surface area and makes no H bond to ECD2 (Fig. 1B).
Ala Scan of the ECD2 Contact Residues. In general, the relative
contributions of the eight residues that were investigated to the
binding energy differ significantly in ECD2 from those determined for ECD1 (Fig. 3B). The S145E2A, L146E2A, and T147E2A
mutations produced little or no decrease in binding (Table 1),
Bernat et al.

which reflects the absence of direct contact with ECD1. The
intra-ECD2 H bonds involving the side chains of S145E2 and
T147E2 are identical to those observed in ECD1, as is the overall
conformation of the tight turn involving L146E2.
Asp-152E2 and Y200E2 in ECD2 appear to play the dominant role
in regulating homodimerization, based on the fact that changing
either of these to an alanine results in complete loss of ECD1ECD2 association, i.e., no second receptor binding. The side chains
of both residues form two H bonds to groups in ECD1 (Fig. 1B,
Table 1). The carboxylate side chain of D152E2 H bonds to the
hydroxyls of S145E1 and T147E1 of ECD1. That an Ala substitution
at any one of these three groups, D152E2, S145E1, and T147E1, is
highly deleterious to ECD dimerization identifies this set of interactions as a binding hot-spot shared between the two ECDs. In
contrast, the H bonding network involving Tyr-200E2 does not by
itself appear to contribute significantly to ECD dimerization. The
ECD1 D152E1A mutant eliminates an H bond to the Y200E2
hydroxyl group, which produces a 6-fold decrease in binding (see
above). Surprisingly, eliminating the other H bond to the hydroxyl
through the S201E1A mutation slightly increases ECD binding
affinity (⬇2-fold increase). These findings suggest that the total loss
of binding for the Y200E2A mutant (⬎285-fold decrease) has more
to do with the hydrophobic nature of the ring than with loss of its
H bonds to D152E1 and S201E1. Removing this side chain presumably creates a substantial packing defect in the interface.
Pair-Wise Interactions Between ECD1 and ECD2 Mutants. We applied

a systematic approach to reveal inter-ECD relationships between
individual ECD1 and ECD2 residues and to assess whether these
act independently or in a cooperative fashion. This involved measuring the binding energy of each of the nine alanine mutants of
ECD1 in conjunction with each of the eight alanine mutants of
ECD2. In this format, the binding kinetics of 72 ECD1-ECD2
pair-wise combinations was evaluated (Table 1). These pair-wise
ECD mutants produced a variety of effects revealing sets of energy
relationships between pairs of residues in the two different ECDs.
In most cases, the sets of mutations produce reasonably additive
effects (Table 1). The ECD2 alanine mutants: S145E2A, L146E2A,
and T147E2A, which have binding characteristics similar to wildtype ECD2, produced little overall effects when paired with the set
of ECD1 mutants. The H150E2A and S201E2A mutants in most
cases produced effects somewhat larger than might be expected
through strict additivity. The data suggest some cooperativity
between H150E2 and ECD1 positions L146; H150; D152; Y200 and
S201, as well as between S201E2 and ECD1 positions N143; L146;
H150 and D152. (Pair-wise interactions showing nonadditivity
relationships ⬎1.5 kcal兾mol are indicated in bold type in Table 1.)
Interestingly, L146, H150, and D152 are common to both ECD sets.
The N143E2A ECD2 mutant, which showed a 14-fold increase in
binding affinity to wild-type ECD1, generally enhanced binding
PNAS 兩 February 4, 2003 兩 vol. 100 兩 no. 3 兩 955
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of the ternary complex formation, gave a kon ⫽ 2.5 ⫻ 105 M⫺1䡠s⫺1
association rate constant value for ECD2 binding to the 1:1
hGH:ECD1 complex. The decay of the ternary complex is described by a koff ⫽ 8.8 ⫻ 10⫺4䡠s⫺1 dissociation rate constant value.
From these two values, an equilibrium Kd of 3.5 nM was calculated
for the wild-type interaction. It is noteworthy that the Ala scanning
mutations altered the koff values while affecting the kon values only
slightly, if at all. Thus, the association constant values were quite
similar to each other and to the wild-type value. Another observation is that all of the stem mutants, when used as ECD1, bound
hGH with kinetic parameters identical to that of wild-type ECD1
(data not shown). This observation indicates that the stem mutants
are properly folded and that Site1 binding and the stem–stem
interaction are not functionally coupled.

increase in binding over the Y200E1A single mutant. A notable
exception is when N143E2 is combined with H150E1A, the group
that it H bonds to in the ECD interface. This combination of
ECD1-ECD2 stem mutants shows no difference in affinity over the
H150E1A–wild-type ECD2 pair, suggesting a nonadditive coupling
relationship between the two side chains. These data could be
interpreted to suggest that removing the H bond interaction
between these two groups enhances affinity by allowing H150E1 to
move into a more productive orientation in the interface.

Fig. 3. (A) Structural relationship of residues in the stem–stem interface.
Decreases in binding affinity due to individual wild-type-to-Ala substitutions
are represented by color coding and the size of the representative spheres. (B)
Space filling representation of Ala scan data for ECD1 and ECD2 binding to
hGH Site1 and Site2 and the stem–stem interaction. The residues in the
N-terminal domains of the ECDs (upper) represent only subsets of the corresponding contact interfaces including most, but not all, of the energetically
important positions. The residues in the N-terminal domains of ECD1 and
ECD2 bind to Site1 and Site2 of hGH, respectively.

affinity in an additive fashion when combined with the ECD1
mutants. For example, the Y200E1A single mutant binds to wildtype ECD2 with a Kd of 75 nM. The same ECD1 mutant binds with
a Kd of 16 nM when paired with N143E2A, which represents a 5-fold

Ala Scan on the Hormone-Binding Site2 of ECD2. Evaluation of cross
correlation of binding energies between ECD1 and ECD2 was
extended by including mutations of ECD2 residues that interact
with the hGH Site2-binding site. These ECD2-binding Site2 mutations are spatially distinct from the stem region, being located in
the N-terminal FNIII domain. Six ECD2 residues that, based on the
structure of the ternary complex, dominate hGH Site2 interactions
were Ala scanned, and their effects on hormone Site2 binding were
measured in the context of the ECD1 stem mutants (Table 2). In
ECD2, W104E2 and W169E2 form extensive hydrophobic contacts
with hGH Site2 interface (⬇300 Å2 of total surface burial). R43E2,
E44E2, and D126E2 are involved in H bonding interactions with
Site2 hGH residues and provide much of the structural framework
for W169E2 to contact the hormone (2). Residue Q166E2 is near the
interface but does not directly participate in any Site2 interaction
and is used as a control for this study.
D126E2A shows a 40-fold decrease in binding affinity, presumably because of the disrupted structural network around the
W169E2. Although the W169E2A mutation results in a 10-fold
decrease in binding affinity, the W104E2A mutation results in a
total loss of binding to the 1:1 hGH:ECD1 complex. This finding
indicates that interactions through both tryptophans are important for effective ternary complex formation, but W104E2 plays
the larger role in the Site2 interface.
In contrast to the large effect of D126E2A, the other partners in
the structural network around W169E2–R43E2A and E44E2A have
little or no effect on ECD2 binding (Table 2). This is surprising,
because they appear to form an integral structural network between
the hormone and the receptor. R43E2 makes three H bonds and
provides an extensive hydrophobic surface (⬇30 Å2) against which
W169E2 packs. Likewise, through a salt bridge, E44E2 positions the
Arg-16 side chain of the hormone to form the other side of the
hydrophobic pocket for the W169E2 side chain. Interestingly, besides the fact that these mutations do not affect ECD2 binding to
the wild-type 1:1 complex, there is a rather remarkable lack of effect
when the measurements combine these with practically any of the
ECD1 stem mutants.
The combination of D126E2A with six of the nine investigated
ECD1 stem mutations suggests additive relation to these positions
(Table 2). On the other hand, when this mutation is combined with
either D152E1A, S201E1A, or Y200E1F, the results are nonadditive
binding effects. Binding affinities corresponding to these mutant
combinations are 5- to 10-fold higher than they would be in the case

Table 2. Normalized Kd values for pairs of wild-type and兾or single ECD1 stem mutants and ECD2 Site2-binding site mutants
ECD2
WT
R43A
E44A
D126A
Q166A
W104A
W169A

WT

N143A

S145A

L146A

T147A

H150A

D152A

Y200A

Y200F

S201A

1.0
2.6
1.0
40
1.0
⬎285
11

1.4
0.5
1.6
⬎100
1.5
⬎285
>285

71
16
63
⬎285
74
⬎285
⬎285

2.9
0.7
1.9
⬎100
2.9
⬎285
>285

40
40
37
⬎285
37
⬎285
⬎285

6
1.3
3.4
⬎100
4.6
⬎285
⬎285

6
1.3
5
24
7
⬎285
⬎285

20
9
23
⬎285
23
⬎285
⬎285

4.6
1.7
2.9
29
6
⬎285
7

0.4
0.5
0.8
3.4
0.6
⬎285
14

Values are normalized to the wild-type Kd ⫽ 3.5 nM. ECD1 mutants are immobilized on the sensor chip. ECD2 mutants are listed in the first column, whereas
ECD1 mutants are listed horizontally. Values shown in bold indicate nonadditive pair-wise interactions ⬎1.2 kcal兾mol.
956 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0235023100
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Conclusion
Binding energy contributions of individual residues at the
hormone–receptor- and receptor–receptor-binding interfaces
for ECD1 and ECD2 are color coded and summarized in Fig. 3.
The information for the N-terminal domain of ECD1 was taken
from ref. 9; the data used for the C-terminal domain of ECD1
and both domains of ECD2 are from this study. The figure
emphasizes several important points with regard to the energetics that drive receptor homodimerization in the hGH system:
Binding Hot-Spots. Although the stem–stem contact interfaces of
ECD1 and ECD2 are nearly identical in content and conformation,
significant differences exist in the size and location of their respective binding ‘‘hot-spots.’’ In ECD1, Ala mutations at three sites
produce decreases in binding of 20-fold or greater, with two others
producing 5-fold effects. In ECD2, five of the eight scanned residues
caused little change in binding affinity. However, Ala mutations at
two positions (D152, Y200) completely eliminate ECD2 binding.
Interestingly, a mutation at one of these positions, D152, causes
idiopathic Type II short stature (Laron dwarfism) (24). On the basis
of our analysis and model building, we find that the D152H
mutation inhibits effective homodimerization in the context of its
presence in ECD2, rather than ECD1.
Conformational Adaptability of Binding Interface Residues. The spa-

tial organization of equivalent residues on the two ECDs involved
in both the hGH Site1 binding (in ECD1) and the hGH Site2
binding (in ECD2) are very different. The pairs of equivalent
residues in the two ECDs generally contribute differently to Site1
and Site2 hormone binding. One exception is W104, which plays a
critical role in binding in both ECDs. On the other hand, W169 is
crucial only in ECD1, whereas D126 contributes binding energy
only in the context of ECD2. Such differences are not unexpected,
because the Site1- and Site2-binding surfaces of the asymmetric
hormone are completely unrelated. These findings will facilitate the
construction of site-selective mutants that can serve only as either
ECD1 or ECD2. Full-length forms of such receptor mutants would
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be valuable tools for in vivo experiments, allowing for ECDselective alterations of the corresponding cytoplasmic domains.
Importance of the Stem–Stem Interaction. Each of the domains of

both receptor ECDs contributes significantly to the stability of the
active ternary complex. Our results, however, suggest that the
stem–stem contact interface plays a somewhat more important role
compared with the hormone Site2–ECD2 contact. The stem–stem
interaction seems to be rather specific, governed by multiple highly
organized H bonds. The hGH Site2-ECD2 interface, on the other
hand, appears to be dominated by less specific hydrophobic packing
interactions. The functional significance of side-chain H bonds at
this binding site was found only in case of receptor residue D126.
Binding Additivity. With a few exceptions, there is overall additivity
between the ECD1 and ECD2 stem regions. A similar situation
exists between the ECD2–hormone-binding and the ECD1-ECD2
stem–stem interactions. Significant deviation from additivity in this
relation was found only in case of two ECD2 positions, R43 and
W169. Such long-range interdomain energy coupling could be a
result of changes in the orientations of the N- and C-terminal ECD2
domains in the ternary complex due to altered stereochemistry for
hormone Site2 binding in the case of the R43A and W169A
mutants.
Evolutionary Considerations for Different Hot-Spot Residues in ECD1
and ECD2. Although there is a large overlap between receptor

residues used for binding to hGH Site1 or hGH Site2, only one
residue, W104 was found to be crucial for both interactions.
Similarly, the stem–stem contact residues also overlap, but only
Y200 plays a crucial role in both ECDs. This finding may reflect on
the evolutionary process that resulted in these two asymmetrical
interfaces: it seems to be inherently more complicated to optimize
any given residue for more than one specific function. Apparently,
most of the receptor residues were optimized for binding in the
context of either ECD1 or ECD2 escaping from the double
requirement for specific contributions in both.
Implications of the Affinity-Enhanced N143E2A Mutant. This mutation

eliminates a stem–stem H bond yet increases binding affinity by
⬇14-fold. It has been shown in cell-based assays that this effect
produces a constitutively active signaling system (18). Although in
solution assays this mutant does not dimerize in the absence of
hormone, this finding suggests that in the environment of the
membrane surface, a small enhancement in the stem–stem binding
energy alone can produce a dimer with a long enough persistence
time to initiate a biological response.
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of an additive relation, suggesting some interdomain cooperative
effects. Similar results were found for the ECD2 residue, W169E2.
The dissociation constant for the W169E2A mutant binding to the
wild-type 1:1 complex is 40 nM. When the W169E2A mutant is
combined with the ECD1 stem mutants S145AE1, T147AE1,
Y200E1A, or S201E1A, the measured effects are nearly additive.
However, when this mutant is combined with either N143E1A,
L146E1A, H150E1A, or D152E1A, the resulting decreases in binding
affinity are somewhat greater than would be expected from an
additive relation.

