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Abstract

Receptor signaling in the growth hormone (GH)–growth hormone receptor (GHR) system is controlled
through a sequential two-step hormone-induced dimerization of two copies of the extracellular domain
(ECD) of the receptor. The regulatory step of this process is the binding of the second ECD (ECD2) to the
stable preassociated 1 : 1 GH/ECD1 complex on the cell surface. To determine the energetics that governs
this step, the binding kinetics of 38 single- and double-alanine mutants in the hGH Site2 contact with ECD2
were measured by using trimolecular surface plasmon resonance (TM-SPR). We find that the Site2 interface
of hGH does not have a distinct binding hot-spot region, and the most important residues are not spatially
clustered, but rather are distributed over the whole binding surface. In addition, it was determined through
analysis of a set of pairwise double alanine mutations that there is a significant degree of negative coop-
erativity among Site2 residues. Residues that show little effect or even improved binding on substitution
with alanine, when paired with D116A-hGH, display significant negative cooperativity. Because most of
these pairwise mutated residues are spatially separated by �10 Å, this indicates that the Site2 binding
interface of the hGH–hGHR ternary complex displays both structural and energetic malleability.

Keywords: Human growth hormone; extracellular domain of human growth hormone; regulatory step;
binding energetics; alanine scanning; surface plasmon resonance

The common theme in cytokine biology is that the repre-
sentative activities are triggered through a hormone-induced
receptor aggregation process (Ihle et al. 1994; Carpenter et
al. 1998; Nicola and Hilton 1999). Although these receptor
aggregation mechanisms are conceptually simple, the mo-
lecular strategies that are used are complex and hardly pre-
dictable (Kossiakoff and de Vos 1998; Syed et al. 1998). The
receptor aggregation process can involve formation of com-
plexes with a set of identical receptors, or the production of
complexes containing two or more different receptors; the
complexes can be quite short-lived or extremely stable

(Gertler et al. 1996; Elkins et al. 2000). A similarity among
cytokine-induced signaling complexes is that they are usu-
ally formed in a programmed sequential order. This is be-
cause the binding affinities for the receptors are usually
different and require a specific stepwise order of adding the
constituent components to form stable intermediates that
subsequently form the binding templates for additional re-
ceptor interactions (Kossiakoff and de Vos 1998; Wilson
and Jolliffe 1999; Liparoto et al. 2002).

Because of the fundamental importance in understanding
how the dynamic hormone-receptor association and disso-
ciation process is programmed for optimum biological func-
tion, there has been considerable effort to determine the
energetic basis for formation of these complexes (Wells and
de Vos 1996; DeLano 2002; Bernat et al. 2003). These studies
have produced important insights into the thermodynamic
criteria involved in assembling these complexes and have
additionally made significant contributions toward the un-
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derstanding of the structure/function relationships govern-
ing protein–protein interactions in general (Wells and de
Vos 1996; Kossiakoff and de Vos 1998).

Within the cytokine superfamily, the growth hormone
(GH)/ prolactin (PRL) family of hormones and receptors are
arguably among the most extensively studied systems fo-
cused on structure/function issues and molecular recogni-
tion (Cunningham and Wells 1989, 1991, 1993; Kossiakoff
et al. 1994; Somers et al. 1994; Clackson and Wells 1995;
Atwell et al. 1997; Chen et al. 1997; Clackson et al. 1998).
For this family, the active signaling form is a product of
receptor homodimerization: a complex containing one hor-
mone and two copies of the extracellular domain (ECD) of
the cognate receptor. A notable feature of these hormones is
that their asymmetric tertiary structures play an integral role
in how they regulate receptor activation. The GHs and PRLs
are in the structural class of long-chain four �-helix bundle
proteins that contain no tertiary symmetry that might sup-
port equivalent binding environments for homodimerization
of the receptor ECDs. As a consequence, the two ECDs bind
at two distinctly different topographical surfaces designated
Site1 and Site2. Site1 is a high-affinity site for receptor
binding (Kd ∼1 nM; Cunningham and Wells 1993) and is
located along a large surface cleft formed between helix 1
and helix 4 of the hormone (Fig. 1). In contrast, Site2 is a
low-affinity site, which is located along a relative flat sur-
face on the opposite side of the molecule.

The different binding affinities for receptor ECDs at Site1
(ECD1) and Site2 (ECD2) are mechanistically important in
the receptor activation process. The high-affinity site, Site1,
is always occupied first by the receptor ECD (ECD1; Fuh et
al. 1992). This forms a stable 1 : 1 hormone-receptor inter-
mediate (hGH-ECD1). The formation of this stable inter-
mediate is essential step because productive binding of
ECD2 at Site2 of the hormone also requires additional con-
tacts to a patch of the C-terminal domain of ECD1 (Fig. 1).

The second step involving the binding of ECD2 to the
hGH–ECD1 intermediate acts as the programmed regula-
tory step for triggering biological action, and it entails a set
of highly tuned interactions among binding interfaces in two
spatially distinct binding sites. The energetic relationship
between the hGH Site2–ECD2 interactions and the ECD1–
ECD2 contacts are known to be functionally important. A
recent study by Bernat et al. (2003) showed that the ECD1–
ECD2 contacts contain a significant part of the binding
force that drives the receptor homodimerization process;
however, their results also made clear that the functional
Site2 hormone-receptor contact plays a consequential role
in the process.

The nature of this functional hGH Site2 binding epitope
has not been fully characterized. By using a fluorescence
quenching approach, a partial hGH Ala-scan of Site2 has
been performed (Cunningham et al. 1991). However, the
EC50 data generated from this study did not provide any

kinetic data describing the mechanism of association and
dissociation of the receptor ECD as a function of the bind-
ing properties of hGH residues in Site2. In addition, to
understand the energetics driving this homodimerization
step, it is important to determine whether this step is fully
under control of binding additivity effects, or whether, as
was the case for the ECD2 Site2 interface, there exists some
degree of binding cooperativity (Bernat et al. 2003).

We report here an Ala-scanning study of hGH Site2 using
trimolecular surface plasmon resonance (TM-SPR), which
describes the characteristic properties of the binding energy

Figure 1. (A) Ribbon diagram of the ternary complex of human growth
hormone (hGH) bound to two copies of the extracellular domain (ECD) of
the human growth hormone receptor (hGHR; de Vos et al. 1992). The
hGHR ECD1 and ECD2 are colored red and blue, respectively. The Site2
binding interface between hGH and the hGHR ECD2 is circled. (B) Ac-
cessible surface area burial of Site2 interface residues of hGH (top bars)
and hGHR ECD2 (bottom bars). All structural figures were generated by
using the program Pymol (Warren DeLano, www.pymol.org).
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surface between the hormone and receptor at Site2. The
binding kinetics of 15 single hGH Site2 alanine mutations,
as well as a series of pairwise double alanine mutations
were determined. In addition, the energetics of the comple-
mentary ECD2 Site2 binding interface were explored by
determining the binding kinetics of eight ECD2 alanine mu-
tations.

We find that that the energetics of this site are function-
ally different than that determined for the high-affinity Site1
in hGH (Cunningham and Wells 1993) in three mechanis-
tically important ways. First, whereas Site1 has been shown
to have a binding hot-spot where the residues that are the
major contributors to binding are focused on a relatively
small area in the binding interface (Cunningham and Wells
1993), in Site2 there is no equivalent hot-spot. Rather the
binding energy is distributed throughout the interface, with
no single residue being crucial for ECD2 binding. Second,
in Site1 the binding hot-spot residues of the hormone and
receptor form a spatially distinct core in the interface be-
tween them. That is, hot-spot residues of the hormone di-
rectly contact the hot-spot residues of the receptor. In con-
trast, in Site2, no spatial complementary is present; the resi-
dues of the hormone that contribute most to binding do not
overlay those of the receptor. Third, in Site2, there appears
to be in operation a significant degree of cooperativity be-
tween certain sets of residues. This may be due to the in-
herent structural plasticity that has been observed for the
Site2–ECD2 interface (Schiffer et al. 2002). This contrasts
to the extremely additive nature of Site1, in which the in-
dividual binding contributions are independent of the other
residues in the interface (Cunningham and Wells 1993;
Clackson and Wells 1995; Weiss et al. 2000).

Results and Discussion

Site2 Ala-scan of hGH

The binding kinetics for 15 hGH Site2 Ala-scan mutants
were determined by using the TM-SPR procedure (Table 1;
Bernat et al. 2003). The TM-SPR method is capable of
accurately decoupling the kinetics of the sequential binding
steps in forming the 1 : 2 hormone-receptor ternary complex
as shown in Figure 2. The Ala-scanned hGH residues in-
volved in the interface with the receptor ECD2 are located
in the N terminus (residues 1–6) and in helices 1 and 3
(circled in Fig. 1A).

The wild type (wt) ECD2 binds to the 1 : 1 wt-hGH–
ECD1 complex with an Kd of 3.8 nM, which is similar to
the binding affinity at the high-affinity Site1 (∼1.2 nM;
Cunningham and Wells 1993). Flowing saturating amounts
of the ECD over the sensor chip shows that no binding
occurs between the soluble and chip immobilized receptor
ECDs in the absence of the hormone (data not shown). We
note the distinction that Site1 involves a direct interaction
between the hormone and receptor, whereas the binding of

ECD2 is accomplished by the energetic coupling between
two spatial distinct sites. This is an example of binding
additivity, where the relatively weak energies derived from
two spatially distinct sites (hGH Site2 and the ECD1–ECD2
contact) add to produce a strong interaction.

The Ala-scan data indicate that no single hGH Site2 resi-
due is absolutely critical for the binding of ECD2 to the
hGH–ECD1 intermediate (Table 1). Overall, most of the
alanine substitutions produced twofold to 10-fold effects on
binding affinity (Kd[Ala]/Kd[wt]). The largest decreases in
binding affinity were found for the I4A, R16A, and N109A
variants with 23-, 13-, and 19-fold decreases, respectively.
N12A and D116A mutants showed a slight increase in bind-
ing affinity to ECD2 (Table 1). Generally, the kon rate con-
stants show little fluctuation (<2.5-fold) over the 15-residue
Ala-scan; the differences in binding result mainly from
changes in the koff rate constants. A similar trend of rate
dependence due to off-rate kinetics has been seen in other
cytokine systems: Site1 binding mutants of hGH (Cunning-
ham and Wells 1993) and ECD1 (Clackson et al. 1998),
interleukins 2 (Liparoto and Ciardelli 1999) and 4 (Shen et
al. 1996; Wang et al. 1997), erythropoietin (Hensley et al.
2000), and granulocyte colony-stimulating factor (G-CSF)
(Nice et al. 1993).

The binding energetics based on the Ala-scan data are
color-coded and mapped on the hGH Site2 molecular sur-
face in Figure 3A. The color-coding of this energy surface
shows that there is no concentrated single hot-spot organi-
zation of binding energy. Rather the energy is distributed
throughout the surface. The most important contributors to
binding are I4, R16, and N109, which are separated by >10
Å. I4 buries a large amount of surface area (∼70 Å2), mainly
through its van der Waals contact with P106E2, and it is
probable that the 15-fold decrease in binding is caused by a
disruption of this packing interaction (Figs. 1B, 4; residues
on the ECD2 are designated with a subscript E2 and a
superscript E1 for ECD1 residues). However, the 20-fold
decrease seen for the N109A-hGH mutant is probably due
to some indirect role at the Site2 interface, because N109
buries only ∼15 Å2 of surface area and does not form any
H-bonds with the ECD2 (Fig. 1B).

The side-chain of R16 participates in an intermolecular
H-bond with the side-chain of E44E2 (Fig. 4). The aliphatic
portion of arginine side-chain forms one side of a hydro-
phobic cleft making van der Waals contact with the indole
ring of W169E2 (Fig. 5A, see below). Note, however, the
complementary mutation to the ECD2 residue, E44E2A, has
no measurable effect on binding (Table 2). Thus, this indi-
cates that the 13-fold effect of the R16A-hGH mutant is
produced through the loss of the van der Waals contact to
W169E2 (Fig. 1B), rather than the loss of the H-bond to
E44E2. The other side of the hydrophobic cleft for the indole
ring of W169E2 is created by the side-chain of N12 forming
2 intermolecular H-bonds to the side-chains of R43E2 and
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D126E2 (Figs. 4, 5A). It is noteworthy that N12A-hGH
shows an unexpected result of a small increase in binding
affinity (Table 1).

Site2 Ala-scan of the hGHR ECD2

A subset of the ECD2 residues contributing to binding of
hGH at Site2 has been Ala-scanned by Bernat et al. (2003).
This set has been expanded here to include residues S102E2,
I103E2, and I165E2, which have been implicated by struc-
tural studies to be directly involved in binding to Site2 of
hGH (Sundstrom et al. 1996; Schiffer et al. 2002). The
effects to binding of homolog substitutions (Trp–Phe) of the
two important ECD2 tryptophans, W104E2 and W169E2,
were also evaluated. The ECD2 Site2 Ala-scan kinetics are

given in Table 2 and the distribution of the binding energy
among these residues in the ECD2 binding interface is
shown in Figure 3A.

Among the Ala-scanned ECD2 residues, only the
W104E2A mutant produces a variant having no detectable
binding (Bernat et al. 2003). S102E2A, which makes van der
Waals interactions on top of W104E2 (Fig. 3A), shows a
13-fold decrease in binding (Table 2). It has been observed
that the S102E2 hydroxyl side-chain can adopt several pos-
sible conformations, one of which forms an H-bond with
E119 (Sundstrom et al. 1996). S102E2 along with D126E2,
W104E2, and W169E2 (a 11-fold decrease, dark blue on this
scale) form a spatially focused hot-spot region on the ECD2
surface (Fig. 3A). I103E2 packs underneath W104E2 and
shows a fivefold decrease in binding affinity (Table 2).

Table 1. Site2 alanine scan of hGH to the hGHR ECD2

kon

(M−1 s−1, ×105)
koff

(s−1, ×10−4)
Kd

a

(nM) Kd(Ala)/Kd(wt)

wt-hGH 2.0 7.6 3.8 1
F1A-hGH 0.77 25.6 33 9
P2A-hGH 1.2 22.4 19 5
I4A-hGH 3.3 295 89 23
P5A-hGH 1.1 19.8 18 5
L6A-hGH 2.3 13.8 6.0 2
R8A-hGH 1.4 32.8 23 6
N12A-hGH 2.8 7.4 2.6 0.7
L15A-hGH 1.2 22.1 18 5
R16A-hGH 2.0 96.1 48 13
R19A-hGH 1.6 20.3 13 3
V102A-hGH 1.8 19.6 11 3
Y103A-hGH 2.2 18.6 8.5 2
N109A-hGH 1.7 120 71 19
D116A-hGH 2.0 6.2 3.1 0.8
E119A-hGH 2.6 25.5 9.8 3
L6A,N12A-hGH 3.0 8.1 2.7 0.71 (1)b

L6A,D116A-hGH 1.9 240 126 33 (2)
N12A,D116A-hGH 2.2 290 132 35 (0.6)
R16A,D116A-hGH 2.6 170 65 17 (11)
R19A,D116A-hGH 2.5 270 108 28 (2)
Y103A,D116A-hGH 3.6 110 31 8 (1)
N109A,D116A-hGH 2.2 45.4 21 6 (13)
E119A,D116A-hGH 2.0 253 127 33 (4)
L6A,N12A,D116A-hGH 1.9 510 268 71 (1)
D116N-hGH 2.6 33.4 13 3
D116V-hGH 2.5 23.0 9.2 2
L6A,D116V-hGH 1.5 220 147 39 (4)
N12A,D116V-hGH 3.1 220 71 19 (1)
R16A,D116V-hGH 2.0 67.3 34 9 (26)
R19A,D116V-hGH 2.0 237 119 31 (6)
Y103A,D116V-hGH 1.9 143 75 20 (4)
N109A,D116V-hGH 1.7 65 38 10 (38)
E119A,D116V-hGH 1.1 160 145 38 (6)

Experiments were done in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005%
TWEEN-20 at 25°C.
a Equilibrium dissociation constant: Kd � koff/kon.
b Values in parentheses are the calculated binding additivities based on the single point
mutations: [Kd(Ala1)/Kd(wt)] × [Kd(Ala2)/Kd(wt)].
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I165E2, which buries ∼40 Å2 of surface area (Figs. 1B, 3A),
shows only a minimal twofold decrease in binding affinity
(Table 2).

A major structural component in the Site2 hormone-re-
ceptor interface is the H-bonding and packing environment
that forms the binding cleft for the W169E2 side-chain (Fig.
5A). This cleft is structured by three H-bonds that position
the aliphatic portions of the H-bonding side-chains into di-

rect contact with the hydrophobic part of W169 E2, resulting
in the burial of ∼300 Å2 of surface area among the groups
involved (Figs. 1B, 5A). However, surprisingly, considering
the amount of surface burial involved, the W169E2A muta-
tion results only in a 11-fold decrease in binding affinity.
The role of the H-bonding groups was also assessed by both
single and pairwise mutations (Table 2), with the general
finding that this region of the binding interface contributes

Figure 2. Trimolecular surface plasmon resonance (TM-SPR) to measure the binding kinetics of the hGHR ECD2 to the 1 : 1
intermediate complex of hGH–hGHR ECD1. (A) Sensorgrams showing the Site2 binding kinetics of wt-hGH to wt-hGHR ECD2. Also
shown is a cartoon representation of TM-SPR method. The hGHR ECD1 (red) is coupled to the sensor chip through a disulfide bond
at the C-terminal domain. This coupling allows for minimal lateral movement and proper orientation of ECD1. A saturating concen-
tration of free hGH is injected over the sensor chip to form the 1 : 1 intermediate hGH–hGHR ECD1 complex. A second injection of
free hGHR ECD2 (blue) is followed to determine the binding kinetics of the 1 : 2 ternary complex. Twofold dilution series with
concentrations of 0, 3.75, 7.5, 15, 30, and 60 nM for the second hGHR ECD2 concentrations were typically used. This results in the
case of the highest concentration of about one half of the potential sites bind a soluble ECD. The six sensorgrams were pooled and
globally fit (red lines) to the decaying surface model (Joss et al. 1998) by using the program Clamp99 (Myszka and Morton 1998) to
determine the on (kon) and off (koff) binding rate constants. (B) The fitted Site2 binding sensorgrams for the L6A,N12A,D116A-hGH
triple mutant to the hGHR ECD2 (concentrations of 15.63, 31.25, 62.5, 125, and 250 nM were used).
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disproportionately little to the overall binding considering
its surface area and extensive structure.

Comparison of the hGH Site1 and Site2
binding energy epitopes

The energetics of Site1 hGH–ECD1 binding have been ex-
tensively characterized. Figure 3B shows the hGH Site1
Ala-scan determined by Cunningham and Wells (1993) col-
ored in the same manner as the Site2 hGH Ala-scan deter-
mined here (Fig. 3A). The most distinguishing feature of the
hGH Site1 binding epitope is the spatial organization of the
binding energy into a so-called binding hot-spot. This hot-
spot contains residues (R64, K172, T175, F176, and R178)
that are clustered together, and although encompassing only

∼25% of the total epitope, the cluster provides >80% of the
total binding energy.

Figure 3 emphasizes two distinguishing features between
hGH Site1 and Site2 binding epitopes. First, for Site2 there
is no equivalent hot-spot; rather the energy is generally
distributed throughout the surface. This general pattern was
observed by Cunningham et al. (1991) using EC50 data;
however, there were some distinct differences in the abso-
lute and relative magnitudes from the effects determined in
this study. Second, the magnitudes of the largest contribu-
tors to Site2 binding are considerably less than those in hGH
Site1. The absence of a set of residues that make a signifi-
cant contribution to binding is an indication of why the hGH
Site2 binding interface alone cannot support binding of
ECD2.

A set of distinguishing traits is found for the ECD resi-
dues forming the interactions to the hormone in Site1 and

Figure 3. Site2 and Site1 alanine scanning mutagenesis of hGH and the hGHR ECDs. (A) Peeled away surface diagram of the Site2
Ala-scan of wt-hGH and the hGHR ECD2 shown as a function of fold decrease or increase (Kd[Ala]/Kd[wt-hGH]) determined by using
TM-SPR. Also depicted on the hGH surface are the Site2 hGHR ECD2 residues of W104E2, D126E2, and W169E2 (red letters). L6,
depicted by the arrow, is located behind P5 in this orientation. (B) Surface representation of the Site1 Ala-scan of wt-hGH (Cun-
ningham and Wells 1989, 1993) and hGHR ECD1 (Clackson and Wells 1995; Clackson et al. 1998) plotted on the same fold
decrease/increase scale. W104E1 and W169E1 (red letters) are shown on the wt-hGH Site1 interface.
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Site2. A pertinent feature of these interactions is that the
same residues on the ECDs are used in both hGH Site1 and
2 binding (de Vos et al. 1992). Structurally, the C-terminal
FG loop (residues in the 160s loop) of the receptors under-
goes ∼8 Å backbone displacement going from its configu-
ration in the Site1-to-Site2 interface (see Q166 in Fig. 3). In
addition, W104 is found in a different rotamer state in the
two interfaces (Fig. 3). The Site1 ECD1 Ala-scan shows the
key binding determinants are W104E1 and W169E1 (Fig.
3B; Clackson and Wells 1995). Alanine mutations at either
of W104E1 or W169E1 result in complete loss of hGH Site1
binding and function (Clackson and Wells 1995; Clackson
et al. 1998). Moreover, mutation of W104E1 and W169E1 to
phenylalanine still results in no detectable Site1 binding
(data not shown).

Site1 and Site2 also differ in how the energetically im-
portant residues are organized at the contact interface. In
Site1, the hot-spots of the respective hormone and receptor
surfaces are spatially matched; that is, the hot-spot residues,
W104E1 and W169E1, interact with their counterpart hot-
spot residues of R64, K172, T175, and F176, which are
located in helix 4 of the hGH (Fig. 3B). In contrast, the
relationships between the most important residues for Site2
binding do not have a similar spatial complementarity. It is
surprising, for instance, that although W104E2 is essential
for binding at Site2, removing hormone residues that con-
tact it has a rather small or modest influence on binding.
Similarly, the W169AE2 has a modest effect on binding, but

removing the contacting residue in the hormone (R16A) has
a significantly larger effect. This indicates that the spatial
complementarity of the hot-spot residues might be an im-
portant attribute for providing very tight binding interac-
tions, which is the case for Site1. Conversely, such an ar-
rangement is not necessary, or perhaps desirable, for weaker
protein–protein interactions such as the hGH Site2 inter-
face, the function of which is to fine-tune the transient pro-
tein association processes, which regulate the activity of the
system. In this regard, it was determined that it is the re-
ceptor–receptor contact that contributes most energy to for-
mation of the final ternary complex, and although the Site2
hGH-receptor interaction is required for receptor signaling,
the energy derived from it is somewhat less (Bernat et al.
2003).

Binding additivity of pairwise interactions

Although the residues constituting the hGH Site1 interface
display general additivity with regard to their individualFigure 4. Cross-eye stereo diagram showing the Site2 interface between

hGH and hGHR ECD2. The wt-hGH residues are in green with black
labels, and the hGHRE2 residues are in yellow with red labels. Intermo-
lecular hydrogen bonds are depicted as broken yellow sticks for N12O�1
(wt-hGH) to R43N�2E2, N12N�2 to D126O�2E2, and R16N�1 to
E44O�2E2. Oxygen and nitrogen atoms are colored red and blue, respec-
tively.

Figure 5. (A) Van der Waals packing interactions formed by the three
intermolecular H-bonds around W169E2 at the Site2 interface of the wt-
hGH–hGHR ECD ternary complex. The hGHR residues are labeled in red.
(B) Superimposed diagram showing the interactions of D116 in the wt-
hGH–hGHR ECD complex (green) and of the Site1 phage displayed op-
timized hGHv–hGHR ECD complex (yellow; Schiffer et al. 2002). The
arrow depicts the peptide bond flip of W169E2 between the two crystal
structures.
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contributions to the binding energy (Cunningham and Wells
1993; Lowman and Wells 1993), Bernat et al. (2003) found
that several receptor residues of ECD2 act together through
some cooperative mechanism. To explore whether there is a
similar interplay of additivity and cooperativity (nonaddi-
tive) effects contributing to the energy surface in the hGH
Site2 interface, a series of pairwise hGH double mutants
were constructed and their binding kinetics measured. Pre-
vious structural work identified the Site2 hGH D116 car-
boxyl side-chain as having two distinct conformational
states, which can apparently trigger a switch from an indi-
rect role in the wt-hGH complex to forming two intermo-
lecular H-bonds to the indole nitrogens of W104E2 and
W169E2 (Fig. 5B; Schiffer et al. 2002). D116 is located in
the middle of helix 3, which contains several residues im-
plicated in Site2 binding. Thus, based on its central location
in the binding epitope and its observed involvement in the
conformational flexibility of Site2, most of our work fo-
cused on pairing D116A with other Site2 mutations.

Seven double mutations were constructed by pairing
D116A with other alanine hGH Site2 mutations. These resi-
dues included groups that were both near and distant from
D116, and by themselves displayed a range of effects on
binding as single mutants. Of the pairwise D116A mutants
evaluated, only those with R16A and N109A resulted in
hGH variants displaying binding additivity (Table 1). In
contrast, the L6A, N12A, E119A, R19A, and Y103A
double mutants with D116A show strong nonadditive be-
havior (Table 1). There is no apparent pattern with respect
to proximity; R16 and E119 are close to D116, but have
different additivity characteristics when paired with D116A.
Interestingly, these data show that groups separated by at
least 10 to 15 Å (as is the case for positions L6, N12, R19,
Y103, and N109) and on different secondary structural el-
ements appear to be coupled, at least in the context of bind-
ing energy additivity. We note that none of the stereochemi-
cally diverse residue types substituted at position 116 (D, A,
N, V) display any measurable cooperativity with comple-

Table 2. Site2 single and pairwise alanine scan of hGHR ECD2 to hGH variants

kon

(M−1 s−1, × 105)
koff

(s−1, ×10−4)
Kd

b

(nM) Kd(Ala)/Kd(wt)

wt-hGH
wt-hGHR ECD2 2.0 7.6 3.8 1
R43A-ECD2b 2.3 20.4 8.9 2
E44A-ECD2b 3.4 16.1 4.7 1
S102A-ECD2 0.91 45.8 50 13
I103A-ECD2 2.0 37.0 19 5
W104A-ECD2b nd nd >1000 >263
D126A-ECD2b 2.0 280 140 37
I165A-ECD2 1.7 12.9 7.6 2
Q166A-ECD2b 3.1 11.7 3.8 1
W169A-ECD2b 1.9 76.0 40 11
W104F-ECD2 0.65 20 308 81
W169F-ECD2 1.0 17.7 18 4.7

N12A-hGHd 2.8 7.4 2.6 0.7
R43A-ECD2 2.3 6.5 2.8 0.74 (1)c

D126A-ECD2 6.8 256 38 10 (7)
R16A-hGHd 2.0 96.1 48 13

E44A-ECD2 13.6 301 22 6 (13)
D116A-hGHd 2.0 6.2 3.1 0.8

W104F-ECD2 nd nd >1000 >263 (66)
W169F-ECD2 1.6 18.3 11 3 (4)

D116N-hGHd 2.6 33.4 13 3
W104F-ECD2 nd nd >1000 >263 (243)
W169F-ECD2 1.2 68 57 15 (14)

D116V-hGHd 2.5 23.0 9.2 2
W104F-ECD2 nd nd >1000 >263 (162)
W169F-ECD2 1.2 110 92 24 (9)

nd indicates not determined.
Experiments were done in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005%
TWEEN-20 at 25°C.
a Equilibrium dissociation constant: Kd � koff/kon.
b Values taken from Bernat et al. (2003).
c Values in parentheses are the calculated binding additivities based on the single point
mutations: [Kd(Ala1)/Kd(wt)] × [Kd(Ala2)/Kd(wt)].
d Pairwise alanine mutations on both hGH and ECD2.
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mentary mutations at W169E2, an ECD2 residue in close
proximity to 116 (Fig. 4; Tables 1, 2). W169E2A or
W169E2F have similar binding constants whether the hGH
116 residue is either an Asp, Ala, Asn, or Val (Tables 1, 2).
Thus, the nonadditive effects observed for residue 116 of
hGH appear to result from intramolecular factors and are
not similarly induced through pairwise intermolecular hor-
mone-receptor mutations.

The strong nonadditivity effects for most of these pair-
wise mutants are surprising, given the fact that the D116A
single mutant actually showed slightly increased binding. It
is noteworthy that the pattern of nonadditivity of the D116A
pairwise mutations is essentially paralleled when the muta-
tions are paired with D116V (Table 1). Thus, the nonaddi-
tivity properties are not due to some special feature of hav-
ing an alanine at residue 116, but rather its positioning in the
interface (Fig. 4). Interestingly, the two largest nonadditive
effects are seen in combination with the L6A and N12A
mutants, which also showed a slightly increased binding as
single mutants. The pairwise N12A,D116A-hGH double
mutant, which should result in a tighter binding variant
(0.5-fold decrease predicted based on additivity), actually
produces a 35-fold decrease in binding affinity—a 70-fold
discrepancy in additivity (Table 1). Similarly, the L6A,
D116A-hGH variant shows a 33-fold decrease in binding
affinity (predicted twofold decrease, Table 1). It is notewor-
thy that in contrast, the L6A,N12A-hGH double mutant
obeys general additivity (Table 1). Thus, the nonadditive
effect seen when the residues are combined with D116A is
the product of the mutation at 116, and not that either the
L6A or N12A has some inherent character that triggers
nonadditivity. In addition, when all three mutations are
combined: L6A,N12A,D116A-hGH, binding is decreased
by ∼70-fold (Fig. 2B; Table 1), appreciably less than what
would be expected for full additivity of the two double
mutants. These results indicate that the factor(s) responsible
for the D116A effect plays a similar role in both the double
mutants with L6A and N12A and, thus, is not double-
counted in the context of the triple mutant.

Implications of functional nonadditivity binding effects

In the cases of both the hGH and hPRL receptors binding at
Site1 of hGH, there was a distinct spatial localization of the
residues contributing most to binding, and the individual
residues in this group contributed in an additive fashion to
the binding (Cunningham and Wells 1991, 1993; Clackson
et al. 1998). Pairwise correlations between hGH residues in
Site1 were explored using the shot-gun Ala-scanning ap-
proach, which further demonstrated that this binding surface
is highly additive (Weiss et al. 2000). In contrast, the pattern
of nonadditivity observed for the pairwise mutations involv-
ing D116A indicates that the energy surface responsible for
Site2 binding has some functionally different properties

than those observed for hGH Site1 binding. It is relevant,
perhaps, that Site2 does not have a binding hot-spot or a
particular single residue that makes an essential interaction.
It might be argued that subtle mutations in Site2 would not
produce major changes in the energetics or kinetics of bind-
ing and therefore would not disrupt the persistence times of
the signaling complex. However, although single mutations
in the Site2 interface of hGH generally lead to small effects,
our data show that certain combinations of double mutants
can act cooperatively to produce effects greater than what
would be expected through additivity. Thus, it is noteworthy
that position 116, which we show here is an apparent focal
point for the propagation of nonadditive effects, is highly
conserved across species. It appears that a mutation on al-
most any part of the Site2 binding surface maybe be hyper-
sensitive to a mutation at position 116. Whether position
116 is unique in this regard is unknown, and identification
of other potential foci of binding cooperativity needs to be
more fully explored.

The anomalous behavior of hGH N12A is also notewor-
thy. Based on biophysical criteria, an Asn side-chain at
position 12 should play a critical binding role. It makes two
H-bonds to the receptor, which structure a side of a pocket
that effectively buries the hydrophobic portion of the
W169E2 side-chain (Figs. 4, 5A). Nevertheless, the N12A
mutation appears to slightly increase binding affinity, and
the pairwise mutations with it and its H-bonding partners,
R43A and D126A, show strict additivity (Table 2). Thus,
although interactions with residues in direct contact exhibit
additivity, it is quite surprising that there are clear cooper-
ativity effects with D116A, which is 10 Å away.

Although the functional origin of the nonadditive effects
in Site2 is unclear, its existence may be a general property
of topography of the Site2 interface itself. A recent structure
of a high-affinity Site1 variant of hGH showed that the
tertiary contacts between the hormone and ECD2 are totally
reorganized, even though there were no mutations of any
groups in the interface itself (Fig. 5B; Schiffer et al. 2002).
Several segments of polypeptide chain containing the Site2
binding determinants on both the hormone and ECD2 un-
dergo conformational changes up to 8 Å. Incredibly, of the
eight H-bonds that are made in the interface of this variant
with ECD2, only one is found in the wild-type interaction.
These observations give compelling evidence for the exis-
tence of an inherent plasticity among the groups within the
Site2 interface, and thus, it is perhaps not too surprising that
there exist anomalous binding energetic relationships that
can be triggered by one or several changes.

Materials and methods

Sample preparation

hGH was expressed and purified as described previously (Chang et
al. 1987). A truncated form (residues 29–238) of the ECD of the
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hGHR was expressed and purified as described (Fuh et al. 1990;
Clackson et al. 1998), except the receptor was eluted with 4.5 M
MgCl2 off a hGH affinity column. All mutations in hGH and the
hGHR ECD were made by using Kunkel mutagenesis (Kunkel et
al. 1987) and confirmed by DNA sequencing. All protein purity
and molecular weights were analyzed by analytical HPLC and
mass spectrometry, respectively.

Surface plasmon resonance

Surface plasmon resonance experiments were performed by using
a Biacore 2000 instrument at 25°C. The hGHR ECD1 was coupled
by using a disulfide bond to a Pioneer C1 sensor chip through an
engineered cysteine (S237C-hGHR) residue at the C-terminal end
(Fig. 2A). Sensor chip preparations and experiments were carried
out in HBS-EP (10 mM Hepes, 150 mM NaCl, 3 mM EDTA,
0.005% TWEEN-20 at pH 7.4) buffer. The C1 sensor chip was
prepared with a 15 �L injection of 100 mM glycine and 0.3%
Triton-X100 (pH 12; 10 �L/min), followed by activation of each
flow cell with 25 �L (at 5 �L/min) of NHS/EDC (N-hydroxysuc-
cinimide/N-ethy-N�-[3-dimethyl-amino-propyl]-carbodiimide, 75
mg/mL : 11.5 mg/mL) and a 40 �L injection of PDEA (2-[2-
pyridinyldithio]ethaneamine hydrochloride, 18 mg/mL), and fi-
nally a 100 �L injection of reduced S237C-hGHR (50 to 100
�g/mL, typically 30 �L of hGHR plus 100 �L of 10 mM sodium
acetate at pH 4.5). Flow cells 2–4 were coupled with S237C-
hGHR, whereas flow cell 1 was activated but no S237C-hGHR
was injected (served as the reference cell). The flow cells were
blocked with 30 �L of 50 mM reduced glutathione in 20 mM
sodium acetate, 1 M NaCl (pH 4.5). The coupling strategy pro-
duced a low-density surface with a typical functional response of
∼60 to 90 resonance units.

Trimolecular SPR experiments (flow rate of 50 �L/min) were
begun with a saturating concentration injection of 100 �L of 250
nM of a hGH variant and then a 250 �L injection of free hGHR,
followed by a 700-s dissociation period (Fig. 2). The surface was
regenerated for subsequent injections with a 5 �L injection of 4.5
M MgCl2. This regeneration procedure allowed for the measure-
ment of ∼200 to 300 protein injections on a single chip. The
sensorgrams were analyzed by using the global decaying surface
model (Joss et al. 1998) in the program Clamp (Myszka and Mor-
ton 1998) to determine on (kon) and off (koff) rate constants for the
hGHR ECD2. Each protein variant was measured in triplicate, and
the average kon and koff rate constants are reported. The rate con-
stants show differences <5%. There was minimal chip-to-chip
variability as assayed by measuring the kinetics of the wt-hGH–
ECD ternary complex formation.
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