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Human growth hormone (hGH) induces dimerization of its binding protein (hGHbp). hGH binds to the first
hGHbp (bp1) on site 1, and then the hGH-bp1 heterodimer complex binds to the second hGHbp (bp2) on site 2.
Although the interactions of hGH and hGHbps have been studied from different viewpoints, few studies from a
dynamic viewpoint have been reported. Especially, since in the SCOP domain database hGHbp is classified as
two clear immunoglobulin-like domains, it is of interest to understand how hGH interacts with the hGHbp do-
mains. Therefore, we carried out normal mode analysis (NMA) of free hGH, free bpl, free bp2, and the
hGH-bp1 heterodimer complex, as well as the hGH-bp1-bp2 ternary complex to investigate how the dynamics
of the proteins change before and after forming the complexes. NMA showed that the domain motion between
the N-terminal and the C-terminal domains of free bpl markedly decreased after binding to hGH, and that the
domain motion of bp2 decreased similarly after binding to the hGH-bp1 heterodimer complex. The present
study demonstrates that hGH regulates the inter-domain motions of both hGHbps.

Key words

Human growth hormone (hGH) is a kind of anterior pitu-
itary hormone, and is necessary for regulation of normal
growth and metabolism.” hGH has two sites for binding to
two molecules of its binding protein (hGHbp) and induces
dimerization of hGHbp.? The dimerization of hGHbp initi-
ates phosphorylation of the Janus tyrosine kinase, Jak2, lead-
ing to cell proliferation and other effects.>¥ When the hGH
concentration is high for hGHbp, one hGH molecule binds to
only one, not two, hGHbp molecules; therefore, hGHbp can-
not form its biologically active dimer, and thus the signal
transduction does not occur.>

X-Ray crystallographic study” shows that hGH binds to
the first hGHbp (bpl) at site 1 and to the second hGHbp
(bp2) at site 2 (Fig. 1); and, further, that hGH has a four-helix
bundle and that three additional short helices are found in the
connection loops of the four helices. hGHbp has the N-termi-
nal (residues 32—130) and the C-terminal (residues 131—
238) like immunoglobulin domains. The division of these
two domains is based on the Structural Classification of Pro-
teins (SCOP) database.>” hGHbp is classified into the cy-
tokine receptor superfamily, including the receptor molecules
of erythropoietin (EPO), prolactin (PRL), interleukin (IL)-2,
3,4, 5, 6 and 7, granulocyte colony-stimulation factor (G-
CSF) and granulocyte-macrophage colony-stimulation factor
(GM-CSF).!*!D

Although interactions of hGH and hGHbps have been
studied from different viewpoints, few studies from a dy-
namic viewpoint have been reported. Especially, it is of great
interest to know how the two domains classified in the SCOP
domain database are dynamically regulated in the interaction
with hGH. Hence, we carried out normal mode analysis
(NMA). In NMA, protein conformational dynamics are de-
scribed in terms of a superposition of independent harmonic
oscillators called normal modes. NMA is a useful tool for
understanding dynamics of protein conformation and analyz-
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ing small fluctuations around a stable state under the har-
monicity of the energy surface. Fluctuations in atoms of a
protein will influence its stability and functions. It has been
shown that NMA is useful for the study of protein dynamics
such as enzyme-inhibitor binding motion,'>!® the gating
mechanism of the potassium channel KcsA,' the antigen
peptide binding mechanism to the Class I MHC molecules'”
and analysis of domain motion in proteins.'® '8 According
to other published papers,” bpl binds to hGH and sequen-
tially, the hGH-bpl heterodimer complex binds to bp2.
Therefore, we investigated the dynamic behavior of hGH,
bpl and bp2 in these free states, and also in as well as in the
actual complex states.

Experimental

Protein Initial Coordinate The X-ray structure coordinates of the com-
plex hGH and hGHbps were obtained from the Protein Data Bank (PDB),'”
(PDB code 3HHR).” In 3HHR, chain A (residues 1—190) is hGH, chain B
(residues 32—234) is bpl and chain C (residues 32—236) is bp2. Some
residues, which were disordered and not included in 3HHR, were modeled
using BIOCES[E].?**" The residues 1—31 of hGHbps were not modeled
because their coordinates were not given in 3HHR.

Fig. 1. X-Ray Crystal Structure of the h\GH-bp1-bp2 Ternary Complex”

The N- and C-terminals are marked N and C, respectively.
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Normal Mode Analysis NMA was carried out using the method de-
scribed in earlier reports from our laboratory.'*!'>*» Before NMA, the mole-
cular structures were energetically optimized with a slightly modified force
field of AMBER® and a threshold of 0.04 kcal/mol A for the maximal com-
ponent of atomic gradients.'> In our calculations, we assumed that the pro-
tein molecules were in vacuo, but that a distance-dependent dielectric con-
stant (#/A) for electrostatic energy was maintained.'® The electrostatic po-
tential and the van der Waals potential were cut off at 9.0 A, and were
switched smoothly and continuously to a value of zero at 10.0 A. Energy
minimization was performed with Cartesian coordinates, and the NMA was
done with torsion angles except for the peptide C—N bond. The fluctuations
of the atoms were calculated by assuming a temperature of 300 K using nor-
mal modes and vibrational frequencies.

To study the dynamics changes of hGH, bpl and bp2 before and after
forming the complexes, NMA was carried out with hGH and bpl under
three states, free, the hGH-bp1 heterodimer complex and the hGH-bp1-bp2
ternary complex, and with bp2 under two states, free and the hGH-bp1-bp2
ternary complex. The coordinates of free hGH, free bpl, free bp2 and the
hGH-bp1 heterodimer complex were obtained by removing other molecules
from the coordinates of the hGH-bpl-bp2 ternary complex (3HHR), be-
cause the X-ray structures of free hGHbps and the hGH-bp1 heterodimer
complex of the wild type have yet to be resolved, and mutation studies of the
hGH-bp1 heterodimer complex demonstrated that there was little structural
change in forming the hGH-bp1-bp2 ternary complex.?*?> For calculations
of the complexes, relative motions (translation and rotation) between con-
stituent molecules were also included. In comparisons of the protein mole-
cules before and after forming the complexes, the target proteins in the com-
plexes were applied to Eckart’s condition®® to separate external and internal
motions.'>'> Fluctuations of ten energetically optimized structures under
different energy-converging conditions were determined by averaging, since
the results of the atomic fluctuations were slightly different depending on the
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Fig. 2. Fluctuations of Cor Atoms of hGH in Free Form, in the hGH-bp1

Heterodimer Complex and in the hGH-bp1-bp2 Ternary Complex

(a) Thick and thin lines above zero show fluctuations of Cor atoms of hGH in free
form and in the hGH-bp1 heterodimer complex, respectively. Bottom line shows signif-
icant differences of fluctuations between free form (thick line) and the hGH-bp1 het-
erodimer complex (thin line). Top cross marks show contact residues of hGH with bp1
in the hGH-bp1 heterodimer complex. (b) Thick and thin lines above zero show fluctu-
ations Ca atoms of hGH in the hGH-bpl heterodimer complex and in the
hGH-bp1-bp2 ternary complex, respectively. Bottom line shows significant differences
of fluctuations between the hGH-bpl heterodimer complex (thick line) and the
hGH-bpl-bp2 ternary complex (thin line). Top cross marks show contact residues of
hGH with bp2 in the hGH-bp1-bp2 ternary complex. In (a) and (b), the fluctuations are
averages of ten locally minimum structures prepared by energy minimization under dif-
ferent energy-converging conditions, the significant differences are calculated using the
Wilcoxon rank sum test, and the contact residues are calculated using MSAS.?
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local minimum structure. The differences of fluctuations between the free
and the complex forms were examined by the Wilcoxon sum test, a non
parametric test.

Results and Discussion

Fluctuations of hGH Fluctuations of Co atoms of hGH
in free form, the hGH-bpl heterodimer complex and the
hGH-bp1-bp2 ternary complex are shown in Fig. 2. After
binding to free bpl of free hGH, the fluctuation of hGH sig-
nificantly decreased at residues 37—49, 51—75 and the C-
terminal region in contact regions with bpl (Fig. 2a). After
binding to free bp2 of the hGH-bp1 heterodimer complex,
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Fig. 3. Fluctuations of Ca Atoms of hGHbps in Free hGHbps, in the

hGH-bpl Heterodimer Complex and in the hGH-bpl-bp2 Ternary Com-
plex in a Case Where the Center of Gravity is on the Whole Domain

(a) Thick and thin lines above zero show fluctuations of Cor atoms of bpl in free
form and in the hGH-bp1 heterodimer complex, respectively. Bottom line shows signif-
icant differences of fluctuations between free form (thick line) and the hGH-bp1 het-
erodimer complex (thin line). Top cross marks show contact residues of bpl with hGH
in the hGH-bp! heterodimer complex. (b) Thick and thin lines above zero show fluctu-
ations Co atoms of bpl in the hGH-bp1 heterodimer complex and the hGH-bp1-bp2
ternary complex, respectively. Bottom line shows significant differences of fluctuations
between the hGH-bpl heterodimer complex (thick line) and in the hGH-bpl-bp2
ternary complex (thin line). Top cross marks show contact residues of bpl with bp2 in
the hGH-bp1-bp2 ternary complex. (c) Thick and thin lines above zero show fluctua-
tions of Cor atoms of bp2 in free form and in the hGH-bp1-bp2 ternary complex, re-
spectively. Bottom line shows significant differences of fluctuations between free form
(thick line) and the hGH-bp1-bp2 ternary complex (thin line). Top cross marks show
contact residues of bp2 with hGH and bpl in the hGH-bpl—bp2 ternary complex. In
(a), (b) and (c), the fluctuations, the significant differences and the contact residues are
calculated in the same way as those of Fig. 2.
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the fluctuation of hGH also decreased at the N-terminal re-
gion in the contact region with bp2 (Fig. 2b). These results
showed that the fluctuations of hGH decreased only in the
contact regions with hGHbps.

Fluctuations of hGHbps Fluctuations of Co atoms of
bpl in free form, the hGH-bp1 heterodimer complex and the
hGH-bp1-bp2 ternary complex, and of bp2 in free form and
the hGH-bp1-bp2 ternary complex are shown in Fig. 3. In
consideration of the selectivity by which free hGH initially
binds to free bp1 to form the hGH-bp1 heterodimer complex
and the hGH-bp1 heterodimer complex additionally binds to
free bp2 to form the hGH-bpl-bp2 ternary complex, the
fluctuations of hGHbps before and after forming the com-
plexes were compared. After binding to free hGH of free
bpl, the fluctuation of bpl decreased at almost all residues
(Fig. 3a), but after binding to free bp2 of the hGH-bp1 het-
erodimer complex, the fluctuation of bpl mainly decreased at
residues 143—152 and at about 200 in the contact regions
with bp2 (Fig. 3b). The differences of the fluctuations were
positive at residues 55—60. We modeled residues around

a-1
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55—60 that were excluded in X-ray structure coordinates,
because these were disordered in the crystal structure. As a
result, compared with fluctuations around other residues, the
fluctuations at residues 55—60 were unusual. Upon free bp2
bound to the hGH-bpl heterodimer, the fluctuation of bp2
decreased at almost all residues (Fig. 3¢). The value of the
average fluctuations of free bpl was different from those of
free bp2 (Figs. 3a, c¢). The structures of free bpl and free bp2
were obtained by removing hGH-bp2 and hGH-bp! from X-
ray structure coordinates, respectively. The root mean square
deviation (rms) for superposition between the main chain
atoms in free bp1 and in free bp2 was 1.45 A and the average
rms among the main chain atoms in 10 optimized free bpl
and 10 optimized free bp2 structures was 2.12 A. The fluctu-
ations of free bpl and free bp2 were different from each
other probably due to the different structures. Although the
average fluctuations of free bpl were different from those of
free bp2, the shapes of fluctuations of free bpl were very
similar to those of free bp2 and the fluctuations of free bpl
and free bp2 are larger than these of hGH-bpl and hGH-
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Fig. 4. Fluctuation of Ca Atoms of hGHbps in Free hGHbps, in the hGH-bp1 Heterodimer Complex and in the hGH-bp1-bp2 Ternary Complex When

the Center of Gravity Is on Each Domain

Fluctuations were calculated under the condition that the center of gravity was on the N-terminal domain (a-1, b-1, c-1) and the C-terminal domain (a-2, b-2, c-2), respectively.
Specifications of (a-1) and (a-2), (b-1) and (b-2), (c-1) and (c-2) are same as those of Figs. 3(a), (b) and (c), respectively. In all figures, the fluctuations, the significant differences

and the contact residues are calculated in the same way as those of Fig. 2.
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bpl-bp2, respectively. Consequently, we should qualitatively
discuss the difference between the fluctuations of free mole-
cules and those of complex molecules.

The fluctuations of hGH decreased only in the contact re-
gions, but those of hGHbps decreased in almost all residues.
This difference in the fluctuations between hGH and hGHbps
was further investigated. As hGHbps have the N- and C-ter-
minal domains, fluctuations of Co atoms were calculated
under the condition that the center of gravity was on each do-
main in the second calculations, though in the first calcula-
tions (Fig. 3), the center of gravity was on the entire hGHbp.
These fluctuations of Ca atoms of bpl in free form, the
hGH-bpl heterodimer complex and the hGH-bpl-bp2
ternary complex, and of bp2 in free form and the hGH-
bpl-bp2 ternary complex are shown in Fig. 4. In same way
as the first calculations in Fig. 3, the fluctuations of hGHbps
before and after forming the complexes were also compared
in the second calculations in Fig. 4. After binding, most of
the domain fluctuations of hGHbps having their center of
gravity on their self domain decreased only in the contact re-
gions with the bound proteins (Fig. 4).

The fluctuations in the first calculations included the mo-
tions within two domains, while those of the second calcula-
tions only included the motions within each domain. After
binding to free hGH of free bpl, the fluctuations of bpl in
the first calculations (Fig. 3a) decreased at many residues in
addition to the contact regions, and the fluctuations in the
second calculations (Figs. 4a-1, a-2) decreased in relation to
the contact regions of the domain on which the center of
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Fig. 5. Fluctuations of Car Atoms of hGHbps in All Frequency Modes and
in the Three Lowest Frequencies

Thick line shows fluctuations of the sum of the contributions from all frequency
modes. Thin line shows fluctuations of the sum of the contributions from the modes
with the three lowest frequencies. (a) bp1 in free form. (b) bp2 in free form.

Fig. 6.

Stereo Drawing of the Atomic Displacement Vectors of hGHbps

The vector reflects the scale and shows only one side of the motion; that is, each residue actually also has an opposite direct and the same scale motion. All vectors are in the

lowest mode in the structure energetically optimized. (a) bp1 in free form. The frequency is 2.50 cm ™. (b) bp1 in the hGH-bp1 heterodimer complex. The frequency is 2.50 cm ™.

1

(c) bp2 in free form. The frequency is 3.47 cm™". (d) bp2 in the hGH-bp1-bp2 ternary complex. The frequently is 2.41 cm™".
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gravity was placed. After binding to free bp2 of the
hGH-bpl heterodimer complex, the fluctuation-decreasing
regions of bpl in the first calculations (Fig. 3b) roughly
matched those in the second calculations (Figs. 4b-1, b-2). In
brief, the inter-domain motion of bpl was not observed.
These results showed that only after binding to hGH were the
inter-domain motions of bpl almost suppressed. After bind-
ing to the hGH-bpl heterodimer complex of free bp2, the
fluctuations of bp2 in the first calculations (Fig. 3c) de-
creased at many residues in addition to the contact regions,
and the fluctuations in the second calculations (Figs. 4c-1, c-
2) decreased in relation to the contact regions of the domain
on which the center of gravity was placed. These results
showed that the inter-domain motions of bp2 decreased after
binding to the hGH-bp1 heterodimer complex.

Inter-domain Motions of hGHbps As shown in Figs. 3
and 4, the inter-domain motions of hGHbps greatly de-
creased after binding to hGH.

It has been thought that large-scale motions in proteins are
described by a small number of the lowest frequency princi-
pal components.?’*® Therefore, the low frequency modes
were focused on hGH and hGHbps. We found that fluctua-
tions of the sum of these three lowest frequencies of hGHbps
had similar features to the fluctuations of the sum of all the
frequency modes (Fig. 5). These results therefore indicated
that the three lowest frequencies are the chief contributors to
the total fluctuation. In free hGHbps, the characteristic do-
main motions between the N- and C-terminal domains were
observed on the three lowest frequency modes in all 10 opti-
mized structures. However, in the complex forms, such inter-
domain motions were greatly suppressed (Fig. 6). The stereo
views in Fig. 6 are placed in the same direction as the X-ray
structure as shown in Fig. 1. The normal mode of free bpl is
very similar to that of free bp2, though the fluctuations of
free bpl and bp2 are different. Nevertheless, the modes such
as inter-domain motions may be insensitive to changes in
structure. It was shown that the inter-domain motions were
dominant factor in the total fluctuation, and also that the
inter-domain motions were decreased by the formation of the
complexes.

In a previous paper,'® we reported that the inter-domain
motions of human blood coagulation factor (VIIa) were also
decreased in complex formation with human tissue factor
(sTF). It is interesting for our understanding of protein dy-
namics that a similar inter-domain phenomenon was found in
hGHbps forming complexes with hGH.

Conclusion

NMA of hGH and hGHbps demonstrated a noteworthy
finding for protein interactions in terms of dynamics.
hGHbps clearly instituted the inter-domain motion between
the N- and C-terminal domains in free forms. In the complex
formations wherein hGH binds to bpl and sequentially, the
hGH-bp1 heterodimer complex binds to bp2, we found that
the inter-domain motions of hGHbps markedly decreased
after binding to hGH. It is suggested that hGH regulates the
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inter-motions of hGHbps.
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