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ABSTRACT. A thermodynamic study on the interaction between magnesium and cobalt ions (M**), and human
growth hormone, hGH, was studied at 27 °C in NaCl solution (50 mM) using the isothermal titration calorimetry. Iso-
thermal titration calorimetry was applied to obtain the binding isotherm for hGH+M?*. The results obtained indicate that
there is a set of three identical and noninteracting binding sites for Cobalt ions and a set of two for magnesium. The
extended solvation model was used to reproduce the enthalpies of M?>*+hGH interactions over the whole metal ions con-
centrations. The solvation parameters recovered from the solvation model were attributed to the structural change of hGH
due to the metal ion interaction. The extended solvation model was applied to elucidate the effect of Mg®* and Co* bind-
ing on the protein stability.
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INTRODUCTION phosphorus, sodium, potasium, chlorine (as chlo-

ride), magnesium and sulphur.'? Magnesium is an

Minerals are classified into two main groups: macro essential element that is required for the catalytic
elements (>100 mg/day) and micro elements (<100 activity of numerous metalloenzymes and serves a
mg/day). Some of the macro elements are calcium, structural role by stabilizing the conformation of
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certain metal dependent protein domains, such as
calcium-binding proteins and receptors. It partici-
pates in all reactions involving the formation and
utilization of ATP and thus has a critical role in the
transfer, storage and utilization of energy within the
body. Magnesium is also required for protein and
nucleic acid synthesis and for a number of mito-
chondrial reactions.> Magnesium deficiencies can
have devastating effects leading to muscle paresis
and seizures. Moreover, magnesium depletion has
been implicated in a variety of vascular diseases
ranging from hypertension and cardiac arrhythmias
to asthma and migraines.’ The important micro ele-
ments essential for normal body functions are iron,
copper, iodine, fluorine, zinc, cobalt, manganese,
chromium, molybdenum, selenium etc. Cobalt occurs
in small amount in all tissues, higher concentra-
tions occurring in liver and kidneys. Most of the
cobalt is present in vitamin B12, which is neces-
sary for red blood cells maturation.'?

Human growth hormone, hGH, as a single domain
globular protein containing 191 amino acids, plays
an important role in somatic growth through its
effects on the metabolism of proteins, carbohydrates,
and lipids. hGH is produced recombinantly and is
available worldwide for clinical use. It has limited
stability in solution. Development has therefore
focused on more stable and understanding on its
interaction with ligands. The interaction of hGH
with some of divalent metal ions (Ca*" and Cu*") in
aqueous solution was studied using different tech-
niques. The binding isotherm for hGH-metal ion
was obtained by two techniques of potentiometric,
using a metal-selective membrane electrode, and
isothermal titration calorimetry. The circular dichro-
ism spectroscopy study on the protein upon interac-
tion with Cu?" does not show any changes on the
secondary structure of hGH. However, the stability
of the protein decreases due to the binding of cop-
per ions. The importance of metal ions such as Zn>*
and Cd ** in determining the stability of proteins is
widely reported.”"! Calcium ions binding increase
the protein thermal stability by increasing of the
alpha helix content as well as decreasing of both
beta and random coil structures. Reports have shown
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that some metal ions like Zn*', Cd*", Hg*" and Co*
are known to promote hGH reversible dimeriza-
tion.'*!° But in the presence of some other ions like
Ca*, Ba®*, Mg*', Pb*, AI*", Fe*" and Fe**, there is no
significant dimerization of hGH in solutions.'*!* In
this paper, the interaction between two different
classes of minerals Mg®" (macro element) and Co*
(micro element) ions and hGH was studied at 27 °C
in NaCl solution using the isothermal titration calo-
rimetry. The solvation parameters recovered from
the high performance solvation theory were attrib-
uted to the structural change of hGH and its biolog-
ical activity.

MATERIALS

Highly purified preparations of hGH were pro-
vided by the National Research Center of Genetic
Engineering and Biotechnology (NRCGEB), Tehran,
Iran. Protein concentrations were determined from
absorbance measurements at 277 nm in 1 cm quartz
cuvettes. All other materials and reagents were of
analytical grade, and solutions were made in 50
mM NaCl using double-distilled water.

Methods

The isothermal titration microcalorimetric experi-
ments were performed with the four channel com-
mercial microcalorimetric system, Thermal Activity
Monitor 2277, Thermometric, Sweden. The titration
vessel was made from stainless steel. The metal nitrate
solutions [2 mM Mg(NO,), and 30 mM Co(NO,),]
was injected by use of a Hamilton syringe into the
calorimetric titration vessel, which contained 1.8 mL
hGH (35 uM hGH+2 mM Mg(NO;), and 60 uM
hGH+30 mM Co(NO,),). Thin (0.15 mm inner diame-
ter) stainless steel hypodermic needles, permanently
fixed to the syringe, reached directly into the calori-
metric vessel. Injection of metal nitrate solutions
into the perfusion vessel was repeated 30 times,
with 20 uL. per injection. The calorimetric signal
was measured by a digital voltmeter that was part
of a computerized recording system. The heat of
each injection was calculated by the “Thermomet-
ric Digitam 3 software program. The heats of dilu-
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Fig. 1. The heat of Magnesium (O) and Cobalt ions (A)
binding with hGH for 30 automatic cumulative injections,
each of 20 pl, 2mM of the cations solutions, into sample cell

containing 1.8 ml 35uM hGH solution vs. total
concentration of M*? ions (Magnesium or Cobalt ions).

tion of the metal ions solution were measured as
described above except hGH was excluded. The
microcalorimeter was frequently calibrated electri-
cally during the course of the study. The molecular
weight of hGH was taken to be 22 kDa. The heats
of metal ions binding (raw data) with hGH are shown
against the metal ion concentrations in Fig. 1.

RESULTS AND DISCUSSION

We have shown previously'*?* that the enthalpies
of the ligand+hGH interactions in the aqueous sol-
vent (M*'+water in the present case) system, can be
calculated via the following equation:

AH = AH % 5= 85(x 1L+ x3L ) — (85— 87) (xiL 4 +x5L 5)x5

(M

AH are the enthalpies of M**+hGH interactions
and AH,,, represents the heat value upon saturation
of all hGH. The parameters &9 and & are the
indexes of hGH stability in the low and high M*
concentrations respectively. Cooperative binding
requires that the macromolecule have more than

one binding site, since cooperativity results from
the interactions between identical binding sites with
the same ligand. If the binding of ligand at one site
increases the affinity for ligand at another site, the
macromolecule exhibits positive cooperativity.
Conversely, if the binding of ligand at one site low-
ers the affinity for ligand at another site, the protein
exhibits negative cooperativity. If the ligand binds
at each site independently, the binding is non-coop-
erative. p<l or p>1 indicate positive or negative
cooperativity of macromolecule for binding with
ligand respectively; p = 1 indicates that the binding
is non-cooperative. x; can be expressed as follow:

. Pxp \%
= =V 2
s xytpxpg g @

x, 1s the fraction of the metal ion needed for satu-
ration of the binding sites, and x,=1-x, is the
fraction of unbounded M** ions. Now the model is
a simple mass action treatment, with metal ions
replacing water molecules, at the binding sites in
the present case. We can express x, fractions, as the
total M** concentrations divided by the maximum
concentration of the M** upon saturation of all hGH
as follow:

My

= =1- 3
[A/[2+]max Xy Xp 3)

Xp

[M*] is the total concentration of metal ions and
[M*1),,.. is the maximum concentration of the M>*
upon saturation of all hGH. In general, there will be
"g" sites for binding of M*" per hGH molecule and
v is defined as the average moles of bound M** per
mole of total hGH. L, and L, are the relative con-
tributions due to the fractions of unbounded and
bounded metal ions in the enthalpies of dilution in
the absence of hGH and can be calculated from the
enthalpies of dilution of M** in buffer, AH,,,, as fol-
low:

OAH 4,
L,= AHdiIut+xB( — [) >
Xp
OAH
Ly=AH dilu(erA( xd M) “4)
B
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The enthalpies of M*'+hGH interactions, AH,
were fitted to Eq. 1 across the whole M*" composi-
tions. In the procedure the only adjustable parame-
ter (p) was changed until the best agreement
between the experimental and calculated data was
approached. 8% and 8 parameters have been also
optimized to fit the data. The optimized 89 and &}
values are recovered from the coefficients of the
second and third terms of Eq. 1. The small relative
standard coefficient errors and the high #* values
(0.99999) support the method. The agreement
between the calculated and experimental results
(Figs. 2 and 3) is striking, and gives considerable
support to the use of Eq. 1.

@ is the fraction of hGH molecule undergoing
complexation with M*" ions which can be expressed
as follow:

AH

(D - AHmax (5)

The appearance association equilibrium constant
values, K, as a function of M*" concentration can

as
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Fig. 2. Comparison between the experimental H (O), G
() and TS values ( 2 ) for h\GH+ Co?" interactions, and
their calculated data (lines) via Egs. 1 and 7. [Co?'], is the
total concentration of Co>" in mM. As it is clear, the Co*'-
induced structural changes of hGH in the enthalpies and
entropies of interactions, have canceled each other exactly in
the free energies of interaction. The compensation of the
structural change in the free energy is another support for
Egs. 1 and 7.
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Fig. 3. Comparison between the experimental H (0), G (L)
and TS values ( A ) for hGH+ Mg** interactions, and their
calculated data (lines) via Egs. 1 and 7. [Mg*]; is the total
concentration of Mg in mM. As it is clear, the Mg*-
induced structural changes of hGH in the enthalpies and
entropies of interactions, have canceled each other exactly in
the free energies of interaction. The compensation of the
structural change in the free energy is another support for
Egs. 1 and 7.

be calculated as follow:

= e (©)
(1-D)[M s

[M 1r=(-xz)[M ]r are the unbounded or the
free M*" ion concentrations. The variable @ repre-
sents the fraction of binding sites that are occupied
on the peptide molecule. Therefore, 1-® represents
the fraction of binding sites that are not occupied.
The appearance association equilibrium constants,
K, for successive replacement of water molecules
by M*' ions are as follow:

g i
K,=x$-Y KL )
i=1 X4
Where the K/'s are the macroscopic association
equilibrium constants which are the equilibrium
constants for every successive replacement of water

molecules by M*" ions in the equilibria:

hGH(H,0) + (M) & hGH(H,0), (M )i (E1)
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K, values obtained from Eq. 6, have been fitted to
Eq. 7 using a computer program for nonlinear least-
square fitting. Therefore, we can approach to "g"
value and the macroscopic association equilibrium
constants in the first, K,, the second, K,, and the
third, K., binding site, which are corresponded to
v=1, v=2 and v=3 respectively. v values can be cal-
culated at any concentration of M*" via Eq. 2. The
binding parameters obtained form this method are
listed in the 7able 1. The Gibbs energies as a func-
tion of M*" concentrations can be obtained as fol-
low:

AG=-RTLnK, )

Gibbs energies, AG, calculated from Eq. 8 have
shown graphically in Figs. 2 and 3. AS values were
calculated using AG values and have shown in
Figs. 2 and 3. The less negative Gibbs free energies
in the low M?" concentrations (Figs. 2 and 3) indi-
cate the lower affinity in this region.

Previous investigations have shown that metal-
binding site in hGH is located in the hydrophobic
core and likely composed of His18 and His21 on
helix I and Glul74 on helix IV. For example Zinc
binding to residues 18 and 174 of hGH confines the
articulation of helices 1 and 4 and stabilizes hGH
structure.' It is possible to introduce a correlation
between change in &9 and increase in the stability of
proteins. The &Y value reflects the hydrophobic
property of hGH, leading to the enhancement of
water structure. The greater the extent of this
enhancement, the greater the stabilization of the hGH
structure and the greater the value of 85. &% value
(Table 1) for hGH+M?'interactions are small and
positive (7able 1), indicating that in the low con-
centration of the metal ions the hGH structure is
stabilized, resulting in an increase in its biological
activity. The previously reported results indicates
that the inclusion of a divalent metal ion such as
zinc, cobalt or copper, preferably zinc, into an hGH
formulation results in the formation of stable zinc-
hGH dimers that exhibit unexpected stability to
denaturation and maintain the activity of hGH long
periods at temperatures up to and beyond 37 °C.*
The positive values of §° and &9 indicate that Co*

Table 1. Binding parameters for hGH + Co*" and hGH +
Mg*" interactions via Egs. 1 and 7. p> 1 indicates that there
is positive cooperativity which is in agreement with
KoK K,

Parameters hGH+Co* hGH+Mg*"
57 1.594 1.757
Oy 0.809 -0.075
K,/mM* 5.650 22.601
K,/mM* 10.061 146.733
K/mM 18.240
AH,, /K] mol™ -26.891 -48.823
g 3 2
p 8285 6.650

ions stabilize hGH srtucture (7able 1), which is in
agreement with the formation of stable cobalt-hGH
dimers. The Co*-hGH dimer is significantly more
stable to denaturation than monomeric hGH. The
analyses via Eq. 1 indicates no denaturation of hGH
due to interaction with Co®" ions which is consis-
tent with the formation of (Co*-hGH), complex.

Our results have very good agreement with previ-
ous studies that represented calcium ions binding
increase the hGH thermal stability by increasing of
the alpha helix content as well as decreasing of both
beta and random coil structures. Other investiga-
tions with Differential scanning calorimetry (DSC)
revealed that interaction of three iron ions with hGH
prevent irreversibility and aggregation by an effect
on the hydrophobicity and there are at least two
main transitions corresponding with the two groups
of helices."

A value of p=1 would mean that K,=K,, indi-
cates that the binding of the second site occurs non-
cooperatively as compared to binding of the sec-
ond site, whereas a value of p>1 would indicate that
binding of the second site is facilitated and a value
of p<1 indicates that binding of the second site is
inhibited (anticooperativity or negative cooperativ-
ity).

p values are more than one (p=8.582 and p=
6.655), indicating that there are a set of three identi-
cal binding sites for hGH+Co?" with positive coop-
erativity and a set of two identical binding sites for
hGH+Mg*" with positive cooperativity. We will arrive
to the same conclusion via Eq. 7 because the mac-
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roscopic association equilibrium constants recov-
ered from this equation are increased from K, to K;
(Table 1). We can calculate all thermodynamic
functions, cooperativity parameters, equilibrium
constants and stability prediction as a result of
ligand interaction with a biopolymer, just using
Egs. 1 and 7 and it is a revolution in the ligand
+ macromolecule interactions.
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