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ABSTRACT: Insulin-like growth factor 1 (IGF-1) is a 70-residue
hormone containing three intramolecular disulfide bridges. IGF-1 and
other growth factors are oxidatively folded in the endoplasmic reticulum
and act primarily in the blood, under relatively oxidative conditions.
It is known that IGF-1 exists in various intracellular and extracellular
compartments in the oxidized form; however, the reduction potential of
IGF-1 and the ability of fully reduced IGF-1, which contains six cysteine
residues, to bind transition metal ions are not known. In this work,
we determine that the redox potential of human IGF-1 is equal to
−332 mV and the reduced form of hIGF-1 can bind cooperatively four
Cu+ ions, most probably into a tetracopper−hexathiolate cluster. The Cu+ binding affinity of hIGF-1 is, however, approximately
3 times lower than that for the copper chaperones; thus, we can conclude that fully reduced hIGF-1 cannot compete with known
Cu+-binding proteins.

Insulin-like growth factor 1 (IGF-1), a 70-residue hormone
(7649 Da) displaying a high degree of homology to insulin,

consists of three intramolecular disulfide bridges.1 Although
small amounts of IGF-1 are synthesized in most peripheral
tissues, it is mainly secreted by the liver. The secretion of IGF-1
is regulated by growth hormone (GH).2 The major part of
IGF-1 circulating in the bloodstream is in the complex with one
of six IGF-binding proteins (insulin-like growth factor binding
proteins 1−6 or IGFBP1−6),3,4 and only a small amount of
IGF-1, <1%, circulates in the free biologically active form that
can bind to the IGF receptor.5 All three native disulfide bridges
in the IGF-1 molecule are crucial for this binding.6

Before it is released into the blood, IGF-1 is oxidatively
folded in the endoplasmic reticulum (ER). Both these environ-
ments, blood and ER, are characterized by oxidative redox
potentials. On the basis of the experimental determination of
the GSH/GSSG ratio, the average redox potential in the ER is
estimated to be equal to −189 mV.7 The oxidative conditions
in the ER guarantee the formation of structural disulfide bridges
in the membrane and extracellular proteins during protein
folding.8 The redox potential values in the extracellular
environments are also determined by thiol−disulfide equilibria.
The main redox couple in this environment, Cys/CySS, plays a
major role in the redox communication between cells and
tissues.9−12 The Cys/CySS buffering system keeps the mean
plasma redox potential value at approximately −80 mV, whereas
the mean plasma redox potential value, which is determined
by the GSH/GSSG ratio, is approximately −140 mV.13,14 Both
values are substantially higher (more oxidizing) than the
cytoplasmic redox potential values. The redox potential value
of plasma becomes more oxidative during several diseases and
aging, and these changes have been shown to affect the function

of cell surface receptors, ion channels, and structural
proteins.13,15 It should be noted that the plasma Cys/CySS
redox potential is not in equilibrium with the plasma GSH/
GSSG pool.16

The disulfide bonds in the proteins can be classified as stable
structural disulfide bridges with midpoint redox potentials
reaching −470 mV17 and as the more labile redox-active
disulfides with corresponding midpoint redox potentials
ranging from −95 to −330 mV.18−21 The disulfide bonds in
IGF-1 most probably belong to the structural ones; however,
their reduction in the cellular cytosol cannot be ruled out. The
highly reducing cellular redox potential with values as low as
−289 mV22 is maintained mainly by the redox couple of GSH
and GSSG, with a total cellular concentration of 2−10 mM.23

The cellular redox potential value is different in various
organelles and fluctuates depending on the cell cycle and
apoptotic processes, the presence of ROS and RNS, and the
state of disease or aging.14 The redox potential of the cytoplasm
has been reported to be in the range from −193 mV for the red
blood cells24 to −220 mV for nondividing cells and −260 mV
for proliferating cells.14 The state of cellular thiols depends
primarily on the environmental redox potential and the
presence of ROS or RNS.
If IGF-1 becomes reduced, it can bind metal ions and, in

particular, Cu+ ions. It has been demonstrated that Cu+ ions
can bind to proteins containing six Cys residues with high
affinity, forming tetracopper−hexathiolate clusters.25−27 Fully
reduced IGF-1 is a good model for such proteins, and the Cu+
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binding affinity of reduced IGF-1 allows the estimation of
whether such proteins can compete with cellular Cu+ proteins.
In this work, we applied a recently developed ESI-MS

method28 to IGF-1 and demonstrated that the disulfide bonds
in this molecule are formed in a cooperative manner with a
midpoint redox potential value equal to −332 mV. This value is
sufficiently low in comparison with the redox potentials of the
secretory pathway and extracellular environment for stabilizing
hIGF-1 in its fully oxidized native fold that is required for IGFR
binding. Fully reduced hIGF-1 binds four Cu+ ions with very
high cooperativity, suggesting the formation of a tetracopper−
hexathiolate cluster. In principle, the interaction with metal ions
can stabilize the reduced form of the peptide; however, the Cu+

binding affinity of hIGF-1 is 3-fold weaker than that of the
copper chaperone Cox17,25 which has the lowest affinity for
copper among the proteins forming the cellular copper
proteome.29 Thus, formation of the Cu+−IGF-1 complex in
the cellular environment is improbable.

■ MATERIALS AND METHODS

Chemicals. Human insulin-like growth factor 1 (hIGF-1)
(ProSpec), DTT (Fluka), BME (Sigma), oxidized BME (Aldrich),
Cu(II) acetate (Sigma), and ammonium acetate (Scharlau) were
acquired. Oxidized DTT was synthesized from reduced DTT
according to the protocol described in ref 30. Milli-Q quality water
was used for the preparation of solutions.
Reduction of hIGF-1 with DTT. Fully oxidized human

IGF-13S−S (2 μM) was incubated in argon-saturated 20 mM
ammonium acetate (pH 7.5), containing 0.5, 1, and 5 mM DTT
as a reducing agent. Separate reaction mixtures were incubated
at 25 and 40 °C. For the measurement of kinetics of IGF-13S−S
reduction, 50 μL aliquots from the reaction mixture were taken
at various time points (1−120 min) and injected directly by a
syringe pump at a rate of 10 μL/min into a QSTAR Elite ESI-Q-
TOF mass spectrometer (Applied Biosystems, Foster City, CA).
Mass spectra were recorded in the positive mode over 2−3 min
in the region from 500 to 2000 Da. The following instrument
parameters were used: ion spray voltage, 5500 V; source
gas, 30 L/min; curtain gas, 20 L/min; declustering potential,
60 V; focusing potential, 320 V; ion release delay, 6; ion release
width, 5; detector voltage, 2300 V. The obtained spectra were
deconvoluted and analyzed using Bioanalyst version 2.0 from
Applied Biosystems.
The rate constant (k) for hIGF-13S−S reduction with 0.5, 1,

and 5 mM DTT was calculated from kinetic data at different
temperatures using the exponential equation

= − −y A A e kt
1 2 (1)

where k is the rate constant, y is the average molecular mass of
hIGF-1, t is the incubation time, and A1 and A2 are constants.
Data were fit using an A1 of 7648.5 (molecular mass of hIGF-
13S−S) and an A2 of 7654.5 (molecular mass of hIGF-10S−S)
with Origin 6.1 (Originlab Corp., Northampton, MA).
The half-life of the reaction is equal to

=t kln(2)/1/2 (2)

Reduction of hIGF-1 with BME. Fully oxidized human
IGF-13S−S (2 μM) was incubated in argon-saturated 20 mM
ammonium acetate (pH 7.5), containing 5, 10, and 25 mM
BME as a reducing agent.

The reaction mixtures were incubated at 25 or 40 °C. At
various time points (1−300 min), aliquots from the reaction
mixture were analyzed by ESI-MS as described above.

Measuring the Redox Potential of hIGF-1 in DTT/
DTTox and BME/BMEox Redox Buffers. For the measure-
ment of the redox potential of hIGF-1, fully oxidized hIGF-13S−S
(2 μM) was incubated in various DTT- and BME-based
redox buffers to achieve the redox equilibrium between the
protein forms. The equilibrium ratios of hIGF-1 redox forms
were determined after incubation of hIGF-13S−S (2 μM) for
30 min at 40 °C in DTT/DTTox redox buffers ([DTT] +
[DTTox] = 5 mM) or after incubation of hIGF-13S−S (2 μM)
for 3 h at 40 °C in BME/BMEox redox buffers ([BME] +
2[BMEox] = 25 mM) by ESI-MS.
The fractional content of IGF-10S−S was determined by

dividing the mass increment (average molecular mass of
hIGF-1 minus molecular mass of IGF-13S−S) by 6 (maximal
mass increment in the case of reduction of three S−S bonds).
The redox potential of redox buffers was adjusted by varying

the ratio of reduced and oxidized forms of DTT and BME,
and corresponding redox potentials were calculated from the
following Nernst equations:

′ = ′ −E E RT nF(DTT) [( )/( )] ln([DTT]/[DTT ])0 ox (3)

′ = ′ −E E RT nF(BME) [( )/( )] ln([BME ]/[BME ])0
2

ox (4)

where E0′(DTT) = −0.323 V (pH 7.0 and 25 °C),31 E0′(BME) =
−0.231 V (pH 7.0 and 25 °C),32 R is the gas constant (8.315
J K−1 mol−1), n is the number of electrons transferred in the
reaction, and F is the Faraday constant (9.6485 × 10−4 C mol−1).
The E0′(DTT) and E0′(BME) values have been recalculated for
40 °C using eqs 3 and 4 and for pH 7.5 using the following
equation:

= ′ + − Δ ΔE E E(pH pH )( / pH)pH 0 0 (5)

where ΔE/ΔpH is the change in E if the pH is increased by
1 unit and is equal to 60.1 mV.33

The midpoint redox potential of the hIGF-13S−S → hIGF-10S−S
reaction was determined by fitting the fractional content of
hIGF-10S−S to the equation

= − + +−y A A A( )/[1 e ]x x x
1 2

( )/d
2

0 (6)

where y is the fractional content of hIGF-10S−S, x is the
environmental redox potential (Eh), A1 and A2 are constants,
and x0 is the midpoint redox potential (Em). Data were fit
using an A1 of 0 (initial fractional content of hIGF-10s‑s) and an
A2 of 1 (final fractional content of IGF-10s‑s) with Origin 6.1
(Originlab Corp.).

Copper Binding Properties of hIGF-1 Reduced with
DTT and BME and Stability of Cu+−Protein Metallo-
forms in the Presence of Increasing Concentrations of
DTT. Human IGF-1 was reduced using one of the following
schemes. hIGF-1 (2 μM) was fully reduced at 40 °C with
0.5 mM DTT for 90 min, and 10 μM hIGF-1 was partially
reduced with 10 mM BME at 40 °C for 220 min. Reduction
was confirmed by ESI-MS. Metal binding experiments were
performed with partly reduced and fully reduced hIGF-1 forms.
Reconstitution of various IGF-1 forms with copper was per-
formed as follows. First, Cu(II) acetate was dissolved at a con-
centration of 100 μM in argon-saturated 20 mM ammonium
acetate (pH 7.5), and Cu2+ was reduced to Cu+ by the addition
of 0.5 mM DTT or 1 mM BME. A freshly prepared metal salt
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solution (1−8 equiv) was added to apoIGF-1, and the mixture
was incubated for 1 min at 25 °C. Samples were then diluted
with 20 mM ammonium acetate (pH 7.5) to a final protein
concentration of 1 μM (final concentration of reducing agent in
the final sample for MS of 0.5 mM for DTT and 1 mM for
BME) and infused with a syringe pump into a QSTAR Elite
ESI-Q-TOF mass spectrometer at a rate of 10 μL/min.
The influence of DTT on copper binding by hIGF-1 was

studied by adding of 0.5−7.5 mM reduced DTT to 1 μM
CunIGF-1. CunIGF-1 was prepared by addition of 8 equiv
of the Cu+DTT complex to hIGF-1. The Cu+DTT complex
was prepared by addition of DTT to copper acetate at a
concentration of 16 μM in argon-saturated 20 mM ammonium
acetate (pH 7.5). Final mixtures contained 0.25−4 mM DTT
and 1 μM CunIGF-1. The obtained mixtures were injected into
the QSTAR Elite ESI-Q-TOF instrument.
Characterization of hIGF-1 via High-Performance

Liquid Chromatography (HPLC). hIGF-1 (25 μL of 30 μM
hIGF-1) was applied to a reversed-phase HPLC column (Agilent
Eclipse XDB-C18, 4.6 mm × 150 mm, 5 μm) and analyzed
according to the method described by Miller and colleagues34

with small modifications. The gradient used for all HPLC
experiments was as follows: (i) equilibration of the column with
80% A [0.1% (v/v) aqueous trifluoroacetic acid] and 20% B
[88% acetonitrile, 2% 2-propanol, 9.9% water, and 0.1%
trifluoroacetic acid (all v/v)], (ii) a linear gradient to 30% B in
1 column volume (CV), (iii) a linear gradient to 38% B in
8.4 CV, and (iv) a linear gradient to 80% B in 6.2 CV. After each
run, the column was washed with 100% B and re-equilibrated.
Disulfide rearrangement was performed according to the

method described in ref 34 with small modifications. hIGF-1
(30 μM) was incubated with BME at a BME/IGF-1 ratio of
13/1 in 20 mM ammonium acetate (pH 7.5) at 25 °C for 23 h
and subjected to HPLC.
For redox experiments, hIGF-1 was incubated in different

DTT/DTTox redox buffers as described in the ESI-MS section
and chromatographed after incubation for 1 h. Eh values of the
samples were established via calculation of the DTT/DTTox
ratios of the corresponding DTT and DTTox peaks, which had
been resolved in each HPLC chromatogram. In the incubation
mixtures, the concentration of DTT and DTTox was 75 mM,
and the concentration of IGF-1 was 30 μM.
All peaks present in HPLC chromatograms were collected

and identified using ESI-MS.

■ RESULTS
Reduction of hIGF-1 with DTT. The mass spectrum of

isolated hIGF-1 showed three major peaks with charges of +5,
+6, and +7 with different distributions in samples containing
oxidized and reduced forms of the protein. The average mo-
lecular mass of hIGF-1 was calculated using all peaks cor-
esponding to different ionization states in the particular sample.
High-resolution ESI-MS spectra of hIGF-1 (Figure 1) show a
small increase in the protein molecular mass in the presence of
DTT.
The deconvolution of the spectrum in the absence of DTT

gave a molecular mass of 7648.66 Da that agrees well with the
theoretical molecular mass of oxidized hIGF-1 containing three
disulfide bridges (7648.70 Da). Incubation of fully oxidized
hIGF-1 with 0.5 mM DTT at 25 and 40 °C for 120 min
resulted in gradual reduction of the protein reflected in pro-
gressive increase in its molecular mass. The increase in the
average molecular mass of hIGF-1 was 6 Da (Figure 2), which

corresponds to the reduction of all three disulfide bonds. The
incubation of hIGF-13S−S at higher concentrations of DTT at
25 and 40 °C led to the fast reduction of the protein
(approximately 15 min for 5 mM DTT and 45 min for 1 mM
DTT for the full reduction of the protein). Fully reduced hIGF-1
exposes four ion species (charges from +5 to +8) in the
mass spectrum. Figure 2 shows that all three disulfide bonds
are reduced simultaneously because the kinetic curve of the
increase of the protein molecular mass can be fit to a single
exponent. The half-life (t1/2) of the reaction varied between
1.9 and 27.1 min depending on the incubation temperature and
concentration of DTT.

Reduction of hIGF-1 with BME. The acquired ESI mass
spectra of hIGF-1 displayed three main peaks with charges of
+5, +6, and +7. In the presence of BME, an additional minor
peak corresponding to the hIGF-11S−S−BME adduct was also
detected. Incubation of hIGF-13S−S with 25 mM BME resulted
in an increase in the average molecular mass of hIGF-1 of
∼5 Da (Figure 3), which corresponds to the reduction of two
or three disulfide bonds.
Reduction of hIGF-13S−S with 5 mM BME occurs with a half-

life of 22 min at 40 °C and 37 min at 25 °C, whereas increasing
the BME concentration to 10 and 25 mM at 40 °C shortened
the half-lives to 8 and 2.4 min, respectively.
The reduction of hIGF-1 by BME is considerably slower than

its reduction by DTT under similar conditions; however, at a
high (25 mM) concentration of BME and an elevated
temperature (40 °C), the reaction occurs much faster (half-
life of ∼2 min) and all disulfide bonds are reduced (Figure 3).
Reduction occurs at a slightly lower rate comparable to that
with DTT; however, disulfide bonds were reduced simulta-
neously, as in the case of DTT.

Determination of Midpoint Redox Potentials of hIGF-
1 in DTT/DTTox and BME/BMEox Redox Buffers. Figure 4A
shows the dependence of the average mass of hIGF-1 on the
redox potential in 5 mM DTT/DTTox redox buffers determined
after incubation at 40 °C for 30 min. The average mass of
hIGF-13S−S increased by 6 Da at environmental redox potential
values of less than −300 mV, which reflects the equilibrium
position between hIGF-13S−S and hIGF-10S−S forms. The
midpoint redox potential value for the hIGF-10S−S−hIGF-13S−S
transition was calculated from the dependence of the fractional

Figure 1. High-resolution ESI-MS spectra of hIGF-1 in the absence
and presence of DTT. Conditions: 2 μM hIGF-1, 20 mM ammonium
acetate, pH 7.5. (A) hIGF-1 or (B) hIGF-1 incubated with 5 mM DTT
at 40 °C for 45 min. The +6 charge states are presented, and average
molecular masses were calculated using Bioanalyst.
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content of hIGF-10S−S and Eh, presented in Figure 4B. The
fitting of data to eq 6 yielded a midpoint redox potential equal
to −332.61 ± 0.62 mV (pH 7.5 and 40 °C).
The average masses of hIGF-1 in 25 mM BME/BMEox redox

buffers determined after incubation at 40 °C for 3 h are
presented in Figure 5A. At environmental redox potential
values of less than −300 mV, the average mass of hIGF-13S−S
increases 5−6 Da. The midpoint redox potential value for the
hIGF-10S−S/hIGF-13S−S couple was calculated from the depend-
ence of the fractional content of hIGF-10S−S from Eh, presented
in Figure 5B. The fitting of the data to eq 6 yielded an Em of

−328.07 ± 1.01 mV (pH 7.5 and 40 °C), which is in agreement
with the value observed in DTT/DTTox redox buffer because
their confidence intervals overlap.

Copper Binding Properties of Reduced hIGF-1 and
Stability of Cu+−Protein Metalloforms in the Presence
of Increasing Concentrations of DTT. Figure 6 shows the
mass spectra of fully reduced IGF-1 at different concentrations
of Cu+ ions in the presence of 0.5 mM DTT. The addition of
1−2 equiv of Cu+ ions to apoIGF-1 generated small amounts of
two metalloforms of hIGF corresponding to Cu4IGF-1 and
Cu4IGF-1-DTT (Figure 6A,B). After the addition of 4 and 6

Figure 2. Kinetics of hIGF-13S−S reduction with DTT monitored by the increase in the average molecular mass of hIGF-1. Conditions: 2 μM
hIGF-13S−S, 20 mM ammonium acetate, pH 7.5. (A) T = 25 °C, with 0.5, 1, and 5 mM DTT. (B) T = 40 °C, with 0.5, 1, and 5 mM DTT. Average
molecular masses were calculated using Bioanalyst. Solid lines are fitted curves.

Figure 3. Kinetics of reduction of hIGF-13S−S by BME monitored by the increase in the average molecular mass of hIGF-1. Conditions: 2 μM
hIGF-13S−S, 20 mM ammonium acetate, pH 7.5. (A) T = 25 °C, with 5, 10, and 25 mM BME. (B) T = 40 °C, with 5, 10, and 25 mM BME. Average
molecular masses were calculated using Bioanalyst. Solid lines are fitted curves.

Figure 4. Determination of the redox midpoint potential of hIGF-1 in DTT/DTTox redox buffers. (A) Average molecular mass of hIGF-1 plotted vs
increasing DTT concentrations in 5 mM DTT/DTTox redox buffers. (B) Fractional content of hIGF-10S−S at different Eh values generated by the
DTT/DTTox couple.
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equiv of Cu+ ions, the MS spectrum exposes one dominant peak
corresponding to Cu4IGF-1 together with minor apoIGF-1,
Cu4IGF-1-DTT, and Cu5IGF-1-DTT forms (Figure 6C,D).
Addition of 8 equiv of Cu+ ions leads to the relative increase in
the magnitude of the Cu5IGF-1-DTT peak and the decrease in
the magnitude of the apoIGF-1 peak (Figure 6E). The
experimentally determined molecular mass of Cu4IGF-1
(7904.54 Da) indicates that the molecular mass of hIGF-1 in
this complex is 7654.84 Da, which is very close to the theoretical
value for the fully reduced hIGF-1 protein (7654.7 Da),
demonstrating the absence of disulfide bridges in Cu4IGF-1.
Figure 7 shows the mass spectra of hIGF-1 incubated with

8 equiv of Cu+ in the presence of increasing concentrations of
DTT. At 0.5 mM DTT, the peak corresponding to apoIGF-1
starts to increase (Figure 7B) and becomes dominant at

2.5 mM DTT (Figure 7D,E). The results demonstrate that DTT
extracts metals from hIGF-1 at supramillimolar concentrations.
Mass spectra of hIGF-1, reduced with BME and

reconstituted at pH 7.5 with increasing concentrations of Cu+

ions in the presence of 1 mM BME, are presented in Figure 8.
The MS spectrum in the presence of 1 equiv of Cu+ exposes
one major peak of Cu4IGF-1 together with minor apoIGF-1
and Cu4IGF-1-BME forms (Figure 8A). The magnitude of the
apoIGF-1 peak decreases with elevated copper concentrations,
and the peak became a minor form after the addition of 6 equiv
of Cu+ ions, where the MS spectrum exposes Cu4IGF-1 as a
major peak together with minor apoIGF-1, Cu4IGF-1-BME,
and Cu5IGF-1 forms (Figure 8D). Further addition of Cu+ ions
leads to a relative increase in the magnitude of the Cu5IGF-1

Figure 5. Determination of redox midpoint potentials of hIGF-1 in BME/BMEox redox buffers. (A) Average molecular mass of hIGF-1 plotted vs
increasing BME concentrations in 25 mM BME/BMEox redox buffers. (B) Fractional content of hIGF-10S−S at different Eh values generated by the
BME/BMEox couple.

Figure 6. Binding of Cu+ ions to hIGF-1 in the presence of DTT.
Mass spectra of hIGF-1 (1 μM) reconstituted with 1−8 equiv of Cu+

ions in the presence of 20 mM ammonium acetate (pH 7.5) and
0.5 mM DTT at 25 °C. Charge state +6 ions are presented, and
numbers on the peaks denote the metal stoichiometry of the complex;
asterisks denote DTT adducts.

Figure 7. Release of Cu+ ions in the presence of increasing
concentrations of DTT. Mass spectra of hIGF-1 (1 μM) reconstituted
with 8 equiv of Cu+ ions in 20 mM ammonium acetate (pH 7.5) in the
presence of DTT at various concentrations: (A) 0.25, (B) 0.5, (C) 1.5,
(D) 2.5, and (E) 4 mM. Charge state +6 ions are presented, and
numbers on the peaks denote the metal stoichiometry of the complex;
asterisks denote DTT adducts.
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peak and a decrease in the magnitude of the apoIGF-1 peak;
the minor peak of the Cu5IGF-1-BME form has appeared in
the mass spectrum (Figure 8E). Mass analysis of Cu4IGF-1
(assuming that four Cu+ ions are bound) demonstrates that
there are no disulfides in Cu4IGF-1.
Characterization of hIGF-1 with HPLC. The gradient and

solvent composition used by Miller et al.34 were used with an
Agilent Eclipse XDB C-18 column, and different hIGF-1
species have been resolved, providing results similar to those
described previously.34 A fully oxidized hIGF-1 sample exposed
one major peak with retention at 31.7% B in reversed phase
HPLC (Figure 9A, panel A). After incubation with 75 mM
DTT for 1 h, hIGF-1 was fully reduced and hIGF-10S−S eluted
at 36.6% B (Figure 9A, panel D). Disulfide rearrangement was
initiated under our experimental conditions according to the
procedure described by Miller et al.34

Equilibration of hIGF-1 under various redox conditions,
similar to those used in ESI-MS experiments, was monitored by
HPLC (Figure 9A, panels B and C). Three peaks were
identified by ESI-MS to be major products of the reaction:
peak 1 corresponding to hIGF-13S−S, peak 3 corresponding to
hIGF-10S−S, and peak 2 corresponding to IGF-1 containing one
disulfide bond (hIGF-11S−S). Retention times of these species
were as follows: 31.7% B for IGF-13S−S, 36.1% B for IGF-11S−S,
and 36.6% B for IGF-10S−S. IGF-11S−S is the major intermediate
of the reaction in DTT/DTTox redox buffers under our
experimental conditions. IGF-12S−S peaks were not detected
in the course of the experiment, which suggests that both
native disulfides of hIGF-1, 47−52 and 6−48, are reduced
simultaneously and cooperatively. It has been shown earlier
that prolonged incubation of IGF-1 under the conditions of
extensive thiol exchange leads to the appearance of IGF with

incorrectly folded disulfide bridges.34 As seen in Figure 9B, after
incubation of the BME/IGF-1 mixture for 23 h, the additional
peak was eluted at 30.8% B, which corresponds to fully oxidized
IGF-swap, nonnative product containing disulfide pairing
(6−47, 18−61, 48−52). Such a peak was not detected in any
of the chromatograms after incubation for 1 h (Figure 9A),
suggesting that incorrect folding does not occur during our ESI-
MS experiments.

■ DISCUSSION
The principal characteristic of the redox switching properties of
the protein is the midpoint redox potential (Em) of the redox
processes involved. The Em values can be determined from the
equilibrium between oxidized and reduced forms of the protein
at different environmental redox potential values maintained by
GSH/GSSG or DTT/oxidized DTT redox buffers.35 Impor-
tantly, high-resolution MS instruments allow the determination
of the molecular mass of small proteins with an accuracy
sufficient for direct monitoring of disulfide bond formation;
thus, the redox equilibrium can be monitored without chemical
modification of Cys residues.28 In this work, we used a BME-
based redox buffer instead of natural GSH as additional buffer
to verify data obtained from the DTT redox system, because
the nonionic BME is compatible with ESI-MS measurements
and its redox potential is similar to that of GSH (−253 mV for
BME and −262 mV for GSH).32,36

The ESI-MS studies reported here help us to understand the
interplay between different redox states of hIGF-1. In general,
our results exhibited a single sigmoid in the titration curve
depending on the environmental conditions, suggesting that
human IGF-1 exists mainly in two states corresponding to the
fully oxidized and the reduced protein with six thiol groups
whereas the latter can bind four Cu+ ions. The high
cooperativity of oxidative folding was confirmed by HPLC,
showing that only a small amount (<20%) of the peptide with
one disulfide bridge is forming at intermediate Em values
whereas the intermediate with two disulfide bonds is missing in
all spectra. HPLC analysis also demonstrated the absence of

Figure 8. Binding of Cu+ ions to hIGF-1 in the presence of BME.
Mass spectra of hIGF-1 (1 μM) reconstituted with 1−8 equiv of Cu+

ions in 20 mM ammonium acetate (pH 7.5) in the presence of 1 mM
BME at 25 °C. Charge state +6 ions are presented, and numbers on
the peaks denote the metal stoichiometry of the complex; asterisks
denote BME adducts.

Figure 9. Disulfide rearrangement and redox properties of hIGF-1
monitored by HPLC. Conditions: 30 μM hIGF-1, 20 mM ammonium
acetate, pH 7.5. (A) hIGF-1 (A), hIGF-1 incubated in DTT/DTTox
redox buffer containing 2.6% DTT at 25 °C for 1 h (B), hIGF-1
incubated in DTT/DTTox redox buffers containing 5% DTT at 25 °C
for 1 h (C), and hIGF-1 incubated with DTT at 25 °C for 1 h (D).
(B) hIGF-1 incubated with BME at a BME/IGF-1 ratio of 13/1 at
25 °C for 23 h. (1) IGF-13S−S, (1′) IGF-swap, (2) IGF-11S−S, and (3)
IGF-10S−S.
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misfolded hIGF-swap at redox equilibrium within the time
course of the experiments.
We found that the Em value of hIGF-1 oxidation is equal to

−332 mV (at pH 7.5 and 40 °C). The extracellular redox
environment in the living organisms is relatively oxidative: an
Eh value of approximately −80 mV has been determined from
the Cys/CySS ratio in the plasma of young healthy
individuals.16 The experimental midpoint redox potential
value of IGF-1 is much lower than the extracellular Eh, which
is in agreement with the presence of three disulfide bonds in
the IGF-1 molecules in extracellular fluids.6

In several reports, a thermodynamic folding problem of IGF-1
in vitro34,37 was observed under redox conditions with an Eh
value for the GSH/GSSG system of around −335 mV. Our
results show that under these conditions hIGF-1 is not fully
oxidized and thus will not be able to acquire its native fold.
Moreover, the redox state of the secretory pathway has recently
been reported to be more oxidized, and the redox potential has
been estimated to be −189 mV,7 which ensures IGF-1
oxidation and complete disulfide formation in vivo.
Several attempts to study the structural aspects of IGF-1 and

its interaction with the receptor and IGFBPs have been made.
Three native disulfide bonds that were shown to be critical for
binding of IGF-1 with the type I IGFR are between Cys6 and
Cys48, Cys18 and Cys61, and Cys47 and Cys52.6 The X-ray
structure of the IGF-1 ternary complex with N- and C-terminal
domain fragments of IGFBP-4 revealed the same disulfides in
IGF-1.38 Besides this, several other crystal structures (see for
examples refs 39−41) and solution structures42,43 of IGF-1
alone or in complex with IGFBPs have been published, and all
these studies show that native disulfides are involved in the
formation of the three-dimensional structure of hIGF-1, which
is necessary for its recognition by other biomolecules.
The presence of thiol groups in reduced hIGF-1 suggests that

it can potentially bind zinc and/or copper ions. Our results
demonstrate clearly that fully reduced hIGF-1 does not bind
Zn2+ ions (data not shown); however, the protein can bind four
Cu+ ions in a highly cooperative manner. The cooperative
character of the binding is obvious from the absence of peaks
corresponding to protein forms Cu1IGF-1, Cu2IGF-1, and
Cu3IGF-1 in the mass spectrum throughout the titration. These
experiments show that fully reduced IGF-1 is a good model for
proteins containing six Cys residues. It has been suggested that
this type of protein preferentially binds four Cu+ ions with
tetracopper−hexathiolate cluster formation occurring during
metal ion binding.25−27 Our results confirm this suggestion and
demonstrate that the binding of four copper ions requires the
presence of six thiol groups in the protein and is sequence-
independent.
Our results show that hIGF-1 can also form a complex with

five Cu+ ions. However, an additional thiol ligand is required
for the binding of the fifth Cu+ ion, because the peaks cor-
responding to five bound copper ions in the mass spectrum
always contained DTT or BME (Figure 6C−E, peaks with
asterisks). The results demonstrate that the Cu5IGF-1 peak does
not arise from the nonspecific binding of an excess of metal.
We used the titration of the metal form of the protein with

DTT to estimate the affinity of hIGF-1 for copper ions. DDT at
supramillimolar concentrations can extract metals from
Cu4IGF-1. On the basis of our results, the calculated Kd(Cu

+-
hIGF-1) value is equal to (3.00 ± 0.86) × 10−18 M. This value
was calculated as previously described in ref 25 using the
corrected Kd(Cu

+-DTT) value of 5 × 10−16 M.44 To compare

the Cu+ binding affinity of fully reduced hIGF-1 with the copper
chaperone for cytochrome c oxidase Cox17, the Kd(Cu

+-Cox17)
from ref 25 was recalculated using the corrected Kd(Cu

+-DTT)
and was found to be equal to 1.03 × 10−18 M. This comparison
showed that the Cu+ binding affinity of fully reduced hIGF-1 is
3-fold lower than that of Cox17, which has the lowest affinity
among the cellular copper chaperones.25

Dietary copper has been shown to play a certain role in the
regulation of IGF-1,45,46 but there are no data about a direct
interaction of hIGF-1 with Cu+ ions. The majority of IGF-1,
which circulates in extracellular fluids in complex with IGFBP-s
or in an unbound fully oxidized form, is therefore unable to
bind any metal ions. In the secretory pathway, the hIGF-1
molecules are most likely also oxidized considering the
estimated redox potential of −189 mV for the ER.
The midpoint redox potential values are important

determinants of the state of a protein within different
compartments of the cell as well as in the extracellular matrix.
It is important to note that intracellular and extracellular redox
conditions are not absolutely stable and can fluctuate even
under normal physiological conditions; usually, the potential
becomes more oxidizing during different diseases and aging. In
the case of IGF-1, the very low redox potential value keeps the
protein in the native folded oxidized state; however, for a large
number of proteins, the redox switches are physiologically very
significant. In this paper, we demonstrate the applicability of
the ESI-MS method for a complex investigation of the redox
and metal binding properties using hIGF-1 as a relatively simple
model protein. The observed results show that the method
would be applicable also for more complex proteins.
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