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ABSTRACT: The insulin-like growth factor binding proteins (IGFBPs) play a major role in the regulation
of the effects and the bioavailability of the insulin-like growth factors (IGFs). IGFs are released from
IGFBP-IGF complexes by proteolysis of IGFBPs generating fragments with reduced ligand-binding
properties. To identify naturally occurring fragments of IGFBP-2, a peptide library generated from human
hemofiltrate was immunologically screened. Purification of immunoreactive IGFBP-2 fragments was
performed by consecutive chromatographic steps. A total of 18 different IGFBP-2 fragments was isolated
and characterized. The peptides exhibited different N-terminal amino acid residues that were located in
the variable midregion of IGFBP-2. Four major cleavage sites were determined to be between Tyr103
and Gly104, Leu152 and Ala153, Arg156 and Glu157, and Gln165 and Met166. The resulting fragments
were further processed by amino and/or carboxy peptidases and comprised 37-185 amino acid residues.
Ligand blotting, solution binding assays, and BIAcore analyses revealed that all tested fragments retained
low IGF-binding capacity. The most abundant fragment IGFBP-2 (167-279) showed 10% of IGF-II binding
compared to recombinant human (rh)IGFBP-2. Furthermore, the disulfide bonding pattern of the C-terminal
domain of rhIGFBP-2 was defined, indicating linkages between cysteine residues 191-225, 236-247,
and 249-270. This study provides the most comprehensive molecular characterization of human IGFBP-2
fragments formedin ViVo, exhibiting both residual IGF-binding capacities and the integrin-binding sequence.

The six insulin-like growth factor binding proteins
(IGFBP-1-6)1 are key components of the insulin-like growth
factor (IGF) system contributing to the growth and dif-
ferentiation of many cell types (1, 2). They modulate cell
and tissue function by regulating IGF bioavailability, i.e.,
inhibition of IGF action by sequestration of the growth factor
(3), but also IGF-promoting and IGF-independent activities
have been described (4-8). In plasma, ternary complexes
of IGFBP-3 or IGFBP-5, the acid-labile subunit, and one
molecule of IGF-I or IGF-II function as a reservoir, prolong-
ing the half-lives and preventing glomerular filtration of
IGFs. The less abundant binary IGFBP-IGF complexes are

proposed to leave the circulation and localize to specific
tissue compartments (9).

IGFBP-2 is the second most abundant IGFBP in the
circulation known to form binary complexes with IGF. The
nonglycosylated 31-kDa protein comprises 289 amino acids
and consists of a central protease-sensitive and variable
region encompassed by two globular and conserved cysteine-
rich N- and C-terminal domains (amino acid residues 1-100
and 166-289, respectively). IGFBP-2 binds preferentially
to IGF-II compared to IGF-I (10), and both terminal domains
were recently shown to bear residual IGF-binding properties
(11-15). Additionally, the C-terminal domain contains a
proteoglycan-binding as well as an Arg-Gly-Asp (RGD)
integrin-binding site, allowing the binding of IGFBP-2 to
the cell surface (6, 16).

After IGFBP-2 binding to the cell surface, its IGF affinity
is decreased (17). Also proteolysis of IGFBPs generates
IGFBP fragments with reduced IGF affinities, thus favoring
the dissociation of the IGFs and enabling them to bind to
cellular IGF receptors (7). Several IGFBP-specific proteases
belonging to different classes of neutral serine, disintegrin,
and matrix metalloproteases, as well as acid-activated
cathepsins, have been described and characterized so far
(18-24).

The goal of our study was to give a comprehensive
description of IGFBP-2 fragments occurring in the human
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circulation. Information about their structure and proteolytic
cleavage sites and potential conclusions about the involved
proteases and resulting functional consequences were ex-
pected.

Here, we present the isolation of 18 distinct fragments of
IGFBP-2 from human hemofiltrate (HF) comprising the
variable central and/or C-terminal domain. The major oc-
curring IGFBP-2 fragments were purified and analyzed
concerning their primary structure and IGF-binding abilities.
The disulfide bonding pattern of the C-terminal domain was
determined.

MATERIALS AND METHODS

Preparation of a Peptide Library from Human HF.
Peptides of human blood ultrafiltrate (HF) were prepared as
described recently (15, 25). The peptides were extracted from
10 000 L of HF obtained from a local nephrological center
and collected from 40 adult patients with chronic renal
disease. Immediately after blood filtration using ultrafilters
with a specified cutoff of 30 kDa, the filtrate was routinely
chilled to 4 °C and adjusted to pH 3 to prevent bacterial
growth and proteolysis. After dilution with deionized water
to a conductivity of<8 mS/cm, batches of 800-1000 L of
HF were adjusted to pH 2.7 by hydrochloric acid and applied
to a strong cation exchanger [2 L Fractogel TSK SP 650-
(M), Merck, Darmstadt, Germany]. Subsequently, the pep-
tides were batch-eluted with 10 L of 0.5 M ammonium
acetate at pH 7.0. To eliminate remaining amounts of plasma
albumin in the concentrated HF, an additional ultrafiltration
step was carried out with pooled batch eluates corresponding
to 10 000 L equivalents of HF. This ultrafiltration was
performed using a sartocon-mini ultrafilter (0.1 m2, ps-
membrane, Sartorius, Go¨ttingen, Germany) with a specified
cutoff of 30 kDa. Filtration was driven by a transmembranous
pressure gradient of 1 bar at a temperature of 5°C and a
flow rate of 5-6 L/h. For the first separation step, the
ultrafiltrate was diluted with deionized water to a conductiv-
ity of 6.7 mS/cm, adjusted to pH 2.7 with HCl, and applied
to a second 10 L Fractogel cation-exchange column. The
column was washed with 0.01 M HCl until the conductivity
was below 1 mS/cm. Stepwise batch elution of the bound
peptides was performed using the following eight buffers:
(1) 0.1 M citric acid at pH 3.6, (2) 0.1 M acetic acid and 0.1
M sodium acetate at pH 4.5, (3) 0.1 M malic acid at pH 5.0,
(4) 0.1 M succinic acid at pH 5.6, (5) 0.1 M NaH2PO4 at
pH 6.6, (6) 0.1 M Na2HPO4 at pH 7.4, (7) 0.1 M ammonium
carbonate at pH 9.0, and (8) water at pH 7.0 as a desalting
step. The resulting pH-pool eluates (15-25 L) were col-
lected, acidified to pH 2-3, and immediately subjected to a
second separation step using reverse-phase (RP) chroma-
tography. Each eluate was loaded onto a Source RPC column
[100 × 125 mm inside diameter (id), 300 nm, 15µm,
Pharmacia, Freiburg, Germany] and washed with two column
volumes of solvent A (10 mM HCl). The separation was
performed at a flow rate of 200 mL/min using a 8 Lgradient
from 100% A to 60% B [80% acetonitrile (v/v) and 10 mM
HCl]. Fractions of 200 mL were collected, and the absor-
bance at 280 nm was monitored. Aliquots of these peptide
fractions were lyophilized and tested for IGFBP-2 immu-
noreactivity as described below.

Isolation of ImmunoreactiVe IGFBP-2 Fragments. Western
immunoblotting was performed as described previously (15,

26). In brief, aliquots of the high-performance liquid chro-
matography (HPLC) fractions corresponding to 200 mL
equivalents of HF were lyophilized, reconstituted in non-
reducing sample buffer, and separated by TRICINE sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The separated peptides were transferred to a
hydrophilic poly(vinylidene difluoride) (PVDF) membrane,
blocked with 5% aqueous powdered skimmed milk, and
incubated with rabbit recombinant human (rh)IGFBP-2
antiserum (Upstate Biotechnology, Lake Placid, NY) diluted
to 1:1000. After incubation with goat anti-rabbit IgG coupled
to alkaline phosphatase (Sigma, Deisenhofen, Germany) or
goat anti-rabbit IgG coupled to horseradish peroxidase
(Dianova, Hamburg, Germany; 1:10 000), reactive bands
were visualized using a bromochloroindolyl phosphate/nitro
blue tetrazolium substrate system as recommended by the
manufacturer (Sigma) or detected by the SuperSignal en-
hanced chemiluminescence (ECL) detection system (Pierce
Chemicals, Rockford, IL). Immunoreactive fractions were
additionally analyzed by matrix-assisted laser desorption
ionization-mass spectrometry (MALDI-MS).

Purification of naturally occurring IGFBP-2 fragments
from the HF peptide library was achieved by consecutive
chromatographic steps of immunoreactive fractions as ex-
emplarily described for the 20-kDa fragments. For isolation,
six additional semipreparative and analytical RP and cation-
exchange chromatographic steps were performed. As solvents
in RP chromatography, 0.1% trifluoroacetic acid (TFA)
(solvent A) and 80% (v/v) acetonitrile containing 0.1% TFA
(solvent B) were used. For cation-exchange chromatography,
50 mM NaH2PO4 at pH 3.0 (buffer A) and 50 mM NaH2-
PO4 containing 1.5 M NaCl at pH 3.0 (buffer B) were
applied. (Step 1) The immunoreactive fractions from pH-
pool eluate 5 were applied to a Source Fineline 15 RPC
column (151× 100 mm id, 34 nm, 15µm, Pharmacia,
Freiburg, Germany) and eluted at a flow rate of 150 mL/
min with a linear gradient from 5 to 50% of solvent B over
the course of 53.3 min. (Step 2) For further purification, a
Bakerbond RP-C18 cartridge (300× 47 mm id, 15-20 µm,
Waters, Milford, MA) under a flow rate of 30 mL/min and
using a linear gradient from 10 to 70% of solvent B in the
course of 61.7 min was applied. (Step 3) Further chroma-
tography was carried out on a cation-exchange column
(Biotek Pepkat; 150× 20 mm id, 100 nm, 7µm, Biotek,
Östringen, Germany) under a flow rate of 4.2 mL/min and
using a linear gradient from 20 to 90% of buffer B over a
course of 70 min. (Step 4) The isolation was continued by
use of a Vydac RP-C18 column (250× 20 mm id, 30 nm,
10 µm, Vydac, Hesparia, CA) under a flow rate of 7 mL/
min. A linear gradient from 25 to 55% of solvent B over a
course of 60 min was applied. (Step 5) The purification was
continued using a Jupiter RP-C5 column (250× 10 nm id,
30 nm, 5µm, Phenomenex, Aschaffenburg, Germany) under
a flow rate of 1.8 mL/min and using a linear gradient from
33 to 48% of solvent B over a course of 45 min. (Step 6)
The final isolation step was performed on a Jupiter RP-C4
column (250× 4.6 mm id, 30 nm, 5µm, Phenomenex) under
a flow rate of 0.7 mL/min and using a linear gradient from
33 to 48% of solvent B over a course of 45 min.

Peptide Analysis.The purity of isolated peptides was
investigated by capillary zone electrophoresis (CZE) using
a P/ACE system 2000 (Beckman, San Ramon, CA) supported
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by the System Gold software. A fused silica uncoated
capillary column (50 cm× 75µm, Polymicro Technologies,
Phoenix, AZ) was used with a 0.1 M sodium phosphate
buffer containing 0.02% (w/v) (hydroxypropyl)methylcel-
lulose at pH 2.5 and 25°C. The separation was carried out
with a constant current of 80µA, and the peptides were
detected at 200 nm using an integrated UV detector. Mass
determination of the purified peptides was carried out on a
Sciex API III quadrupole mass spectrometer (Sciex, Perkin-
Elmer, Langen, Germany) with an electrospray ionization
interface. Mass analysis of fractions was performed with a

LaserTec RBT II MALDI-MS (Applied Biosystems, Darm-
stadt, Germany) as described previously (26). Peptides were
sequenced on an 473 A gas-phase sequencer (Applied
Biosystems) by Edman degradation with on-line detection
of phenylthiohydantoin amino acids using the standard
protocol recommended by the manufacturer. To analyze the
disulfide bonding pattern of the C-terminal IGFBP-2 domain,
proteolytic cleavage of purified native peptides was per-
formed by the endoprotease chymotrypsin (sequencing grade
from Roche Diagnostics, Mannheim, Germany). For diges-
tion, the peptide was incubated using a peptide/enzyme ratio

FIGURE 1: Purification of 20-kDa IGFBP-2 fragments from human HF. (A) Human HF peptide library was screened by Western blotting
using polyclonal anti-IGFBP-2 antibodies. The pH-pool fraction 5 (15) known to contain the majority of immunoreactive IGFBP-2 material
was separated by RP-HPLC (left panel). Each of the resulting 46 fractions was tested by IGFBP-2 Western blotting (right panel). All
IGFBP-2 immunoreactive material was found in fractions 20-22 shown as bars (left panel). The purification of individual IGFBP-2 fragments
combining consecutive chromatographic steps and Western immunoblotting of the resulting fractions is exemplarily shown for 20-kDa
IGFBP-2 fragments using chromatographic steps described in the Materials and Methods, e.g., (step 2) preparative RP-C18 chromatography
(15-20 µm) (B), (step 4) analytical RP-C18 chromatography (10µm) (C), and (step 6) analytical RP-C4 chromatography (5µm) (D). The
immunoreactive band with an apparent molecular mass of 27 kDa is indicated by an arrow. Finally, the purity of the isolated fragments was
determined by CZE (inset of D). The CZE of this purfication shows two main peaks, which were not separated by the chromatographic
techniques used.
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of 1:100 (w/w) for 8 h at 25°C in 0.1 M Tris-HCl at pH 7.8
as recommended by the manufacturer. The resulting frag-
ments were separated by analytical RP-C18 HPLC and
characterized by ESI-MS, MALDI -MS, and sequence
analysis.

IGF-Binding Analysis.rhIGF-I was purchased from Pep-
roTech (London, U.K.), and biotinylated IGF-II and intact
rhIGFBP-2 were purchased from GroPep (Adelaide, Aus-
tralia). Ligand blotting using [125I]IGF-I and biotinylated IGF-
II was performed as described previously (27-29). [125I]IGF-
I saturation studies were carried out as described previously
(28). The equilibrium rate constants (Kd values) were
determined by nonlinear curve fitting using the GraphPad
Prism software version 3.0. Real-time binding of intact and
IGFBP-2 fragments to IGF-II was analyzed by surface
plasmon resonance (SPR) using a BIAcore 3000 (BIAcore
AB, Uppsala, Sweden). The on rate (ka) and off rate (kd) as
well as the equilibrium rate constants (Kd values) were
calculated with the BIAcore evaluation software 3.1 assum-
ing a simple 1:1 interaction between IGF-II and IGFBP-2.

RESULTS

Identification, Purification, and Primary Structure Analysis
of IGFBP-2 Fragments in HF.A peptide library was
generated from 10 000 L of human HF by cation-exchange
chromatography (not shown) followed by preparative RP
chromatography of the resulting batch eluates. The RP
chromatography fractions were examined for IGFBP-2
immunoreactive peptides using a polyclonal antiserum
proofed to recognize both the N- and C-terminal domain of
IGFBP-2 (data not shown). Fractions eluting from the cation-
exchanger eluate 5 (see ref15 and Figure 1A) contained the
intact 31-kDa IGFBP-2 molecule and various IGFBP-2
fragments with apparent molecular masses of 27, 18, 16, 15,
14, 10, and 4 kDa, as visualized by Western blotting (parts
A and B of Figure 1). All IGFBP-2 fragments were
subsequently purified by a combination of various RP and
cation-exchange chromatographic steps to maximal homo-
geneity.

Three further steps of the purification procedure of the
apparent 27-kDa IGFBP-2 fragment (parts B-D of Figure
1) and its subsequent identification are shown exemplarily
for all fragments. Capillary zone electrophoresis was used
to evaluate the final purity of the preparation (inset in Figure
1D) yielding two main peaks in fraction 32 derived from
the final analytical RP-C4 chromatography. This indicated
the existence of two fragments that could not be separated
by chromatographic procedures. From ESI-MS, the exact
molecular masses of both fragments were calculated to be
20 688( 2 and 20 428( 5 Da, respectively (parts A and B
of Figure 2). Subsequently, the N-terminal sequence of both
fragments was determined by Edman degradation and
revealed the identical sequence GASPEQVADNGDDHSEG-
GLVENHVDST starting at Gly104 (Figure 2C). To deter-
mine the C-terminal amino acid residue of each fragment,
the ESI-MS masses were compared to the calculated masses
obtained from the pure IGFBP-2 amino acid sequence. The
analysis showed that the two isolated fragments could be
assigned to the amino acid residues 104-289 and 104-287
of IGFBP-2, respectively. The mass difference between the
two fragments of 260 Da matched exactly the amino acids
MQ absent in the shorter fragment IGFBP-2 (104-287)
(Figure 2C).

Following this systematic approach, a total of 18 different
IGFBP-2 fragments was identified and purified from the HF
pH-pool eluates 5 and 6 (15). An overview of all identified
fragments is shown in Table 1. Most fragments that were
identified spanned the complete C-terminal region. The two
fragments starting at Gly104 comprised the C-terminal
domain and, in addition, the midregion of IGFBP-2. The
N-terminal amino acid residues of other isolated fragments
were determined to be Ala153, Glu157, Val159, Met166,
Gly167, or Gly169, indicating cleavage after Leu152,
Arg156, Lys158, Gln165, Met166, or Lys168, respectively
(Table 1). The most prominent fragment identified was
IGFBP-2 (167-279) occurring in a calculated concentration
of >1 nM (>10 µg/L) in HF. Another fragment, IGFBP-2
(167-204 and 205-279), comprised exactly the same amino

FIGURE 2: MS analysis and sequence alignment of 20 kDa IGFBP-2 fragments. The purified 20 kDa IGFBP-2 fragments were analyzed
by ESI-MS (A and B) yielding molecular masses of 20 688.3( 2 and 20 428.0( 5 Da, respectively. N-terminal sequence analysis
resulted in a common sequence GASPEQVADNGDDHSEGGLV for both fragments. (C) Alignment with the sequence of human IGFBP-2
and a comparison to predicted molecular masses identified two IGFBP-2 fragments comprising the amino acid residues 104-287 and
104-289 both starting with Gly104 but varying in their C termini.
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acid sequence but contained one internal hydrolyzed peptide
bond between Thr204 and Met205 leading to an increase of
the molecular mass of 18 Da (12 875 Da versus 12 858 Da;
see Table 1, IGFBP2 fragments 14 and 13, respectively).
The C-terminal end of the majority of the identified frag-
ments corresponded to either the C terminus of IGFBP-2
(Gln289) or showed cleavage after Arg287, respectively.
Additionally, three other proteolyzed fragments comprising
only partial sequences of the C-terminal IGFBP-2 region,
amino acid residues 167-204, 205-289, and 205-287, were
detected (Table 1).

Disulfide Bonding Pattern of the C-Terminal IGFBP-2
Domain. Milligram amounts of the predominant fragment
IGFBP-2 (167-279) were isolated from 10 000 L of human
HF and purified to homogeneity. To determine the disulfide
bonding pattern of the C-terminal IGFBP-2 domain, the
peptide was proteolytically cleaved by the endoproteinase
chymotrypsin. The obtained peptide fragments were subse-
quently analyzed by MALDI-MS, ESI-MS, and sequence
analysis (Figure 3). The analyzed fragments with determined
molecular masses of 5151 and 4670 Da showed characteristic
double sequences that could be assigned to a disulfide bond
between cysteines 191 and 225 as well as between cysteines
236 and 247 of IGFBP-2. The fragment with a molecular
mass of 2842.8 Da showed a single sequence with charac-
teristic signals for cysteine residues at positions 249 and 270,
indicating the occurrence of another disulfide bridge between
these two cysteine residues. Furthermore, the determined
molecular mass of 2842.8 Da was exactly in accordance with
the expected molecular mass of 2842.4 Da for the oxidized
peptide (amino acid residues 249-274) confirming the
disulfide bond between cysteine 249 and cysteine 270 of
IGFBP-2.

IGF-Binding Properties of the Isolated IGFBP-2 Frag-
ments.The five most prominent fragments that could be
purified in sufficient amounts from HF were selected for
analysis of their IGF-binding capacity in comparison to
rhIGFBP-2. First, the fragments IGFBP-2 (104-289), IG-
FBP-2 (167-279), IGFBP-2 (157-289), and IGFBP-2

(167-289) and the fragment IGFBP-2 (167-204 and 205-
279) containing one internal hydrolyzed peptide bond were
separated by SDS-PAGE and examined by ligand blotting
using either [125I]IGF-I (Figure 4A) or biotinylated IGF-II
(Figure 4B). The presence of the IGFBP-2 fragments was
demonstrated by IGFBP-2 Western blotting (Figure 4C).
Only the hydrolyzed fragment IGFBP-2 (167-204 and 205-
279) showed a significant IGF-I-binding capability (Figure
4A). In contrast, the highest IGF-II-binding capability was
observed for IGFBP-2 (167-279), whereas the hydrolyzed
fragment IGFBP-2 (167-204 and 205-279) as well as the
fragments IGFBP-2 (104-289) and IGFBP-2 (157-289)
revealed only a low IGF-II-binding capability (Figure 4B).
The fragment IGFBP-2 (167-289) failed to bind both IGF-I
and IGF-II when analyzed by ligand blotting. To determine
the IGF-I-binding properties more precisely, the affinity
constants of IGFBP-2 (167-279) and the hydrolyzed frag-
ment IGFBP-2 (167-204 and 205-279) were determined
by equilibrium saturation studies incubating increasing
amounts of the fragments or intact rhIGFBP-2 with [125I]-
IGF-I in solution (Figure 4D). The fragment IGFBP-2 (167-
279) showed a ca. 150-fold reduced IGF-I affinity (Kd )
495 nM) compared to intact rhIGFBP-2 (Kd ) 3.4 nM).
Interestingly, the hydrolyzed fragment IGFBP-2 (167-204
and 205-279) showed only a ca. 35-fold reduced IGF-I
affinity (Kd ) 120 nM) compared to the intact rhIGFBP-2.
In a third approach, the on-rate constant (ka) and the off-
rate constant (kd) as well as the equilibrium rate constant
(Kd) for the interaction of the selected fragments, intact
rhIGFBP-2, and IGF-II were determined by SPR spectros-
copy. IGF-II was immobilized on a sensor chip surface,
followed by binding analysis of IGFBP-2 fragments in the
analyte solution. The determined binding data are sum-
marized in Figure 4E. The predominant fragment IGFBP-2
(167-279) showed an approximately 10-fold lower affinity
for IGF-II (Kd ) 43 nM) than intact IGFBP-2 (Kd ) 4.1

Table 1: Identification of IGFBP-2 Fragments Isolated from Human
HF

N-terminal sequence analysis
molecular
mass (Da)

amino acid
residues

1 GASPEQVADNGDDHSEGGLV 20 684.5 104-289
2 GASPEQVADNGDDHSEGGLV 20 425.2 104-287
3 AVFREXaVTEQHRQMGKGGKH 15 764.1 153-289
4 EKVTEQHRQMGKGG 15 290.5 157-289
5 EKVTEQHRQMGKGG 15 031.2 157-287
6 VTEQHRQMGKGGKH 15 033.2 159-289
7 VTEQHRQMGKGGKH 14 773.9 159-287
8 MGKGXaKHHLGLEEPKKL 14 154.3 166-289
9 MGKGXaKHHLGLEEPKKL 13 895.0 166-287
10 GKXaGKHHLGLEEPKKLR 14 023.1 167-289
11 GKXaGKHHLGLEEPKKLR 13 885.0 167-288
12 GKXaGKHHLGLEEPKKLR 13 763.8 167-287
13b GKGGKHHLGLEEPKK 12 857.7 167-279
14 GKGGKHHLGLEEPK 12 875.7 167-204

MRLPDERGPLEHLY 205-279
15 GGKHHLGLEEPKKLRPP 13 584.5 169-287
16 GKGGKHHLGLEEPKKLXaPPPA 4244.9 167-204
17 MRLPDERGPLEHLYSL 9798.2 205-289
18 MRLPDERGPLEHLYSL 9538.9 205-287

a Some weak amino acid signals could not be assigned (X).b The
most prominent fragment.

FIGURE 3: Disulfide bonding pattern of the C-terminal domain of
IGFBP-2. To examine the disulfide bonding pattern of the C-
terminal domain, the purified most abundant fragment IGFBP-2
(167-279) was digested with chymotrypsin and the resulting
fragments were subsequently analyzed by MALDI-MS, ESI-MS,
and N-terminal sequencing. Sequence analysis of two fragments
with molecular masses of 5151 and 4670 Da (calculated molecular
masses of 5153 and 4672 Da, respectively) resulted in characteristic
double sequences demonstrating disulfide bonds between Cys191
and Cys225 and between Cys236 and Cys247, respectively. A third
fragment with a molecular mass of 2842.8 Da comprising amino
acid residues 249-274 (calculated molecular mass of 2842.4 Da)
was analyzed indicating a disulfide bond between Cys249 and
Cys270.
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nM). The affinities of all other fragments were at least 30-
fold lower compared to that of intact rhIGFBP-2.

DISCUSSION

The present study reports on the purification and charac-
terization of 18 fragments of human IGFBP-2 generatedin
ViVo. The molecular masses of the fragments comprising 37-
185 amino acid residues vary between 4245 Da [IGFBP-2
(167-204)] and 20 685 Da [IGFBP-2 (104-289)]. The
N-terminal sequences of most IGFBP-2 fragments start in
the midregion and extend either to the C-terminal Gln289
residue or to the Arg287 residue of the hIGFBP-2 sequence
(Figure 5). Several studies reporting on the proteolysis of
IGFBP-2 in Vitro or of naturally occurring IGFBP-2 frag-
ments have demonstrated the formation of 2-3 fragments
with apparent molar masses of 23-24 and 12-16 kDa
estimated by SDS-PAGE (13, 22, 30-34). Purification and
MS of a 24-kDa IGFBP-2 fragment from human milk
resulted in the identification of N-terminal sequences starting
with either residues Glu1 or Phe4 of IGFBP-2 (13). In
comparison to the 31-kDa intact IGFBP-2, the data indicate
that the 24-kDa IGFBP-2 fragment is C-terminally truncated.
The analysis of two other 14-16-kDa IGFBP-2 fragments
in milk showed amino-terminal sequences starting at Gly169
and Lys181 with predicted molecular masses of 13 786 and
12 502 Da, respectively (13). Wang et al. (11) have identified

a 14-kDa IGFBP-2 fragment in conditioned media of the
rat liver BRL-3A cell line starting at Met148, which
corresponds to Met166 of human IGFBP-2. Corresponding
fragments were also found in the human HF peptide library
[Table 1, peptide 8, IGFBP-2 (166-289) and peptide 15,
IGFBP-2 (169-287)]. The great diversity of IGFBP-2
fragments occurring in the circulation and described in this
study was surprising. It is tempting to speculate that the great
variety of IGFBP-2 fragments could be due to different
proteolytic activities within different tissues. It is proposed
that binary IGF-IGFBP-2 complexes can leave the circula-
tion and localize to specific tissues. After the binding to

FIGURE 4: Binding of IGF-I and IGF-II to purified IGFBP-2 fragments. Intact rhIGFBP-2 (100 ng in A and B and 50 ng in C) and purified
IGFBP-2 fragments (200 ng each) were separated by SDS-PAGE and analyzed in parallel by (A) IGF-I and (B) IGF-II ligand blotting as
well as (C) IGFBP-2 immunoblotting. The positions of the molecular mass markers are indicated. The experiments were repeated 3 times
with similar results. (D) Saturation binding assays using [125I]IGF-I confirmed the reduced binding affinity of IGF-I to the hydrolyzed
fragment IGFBP-2 (167-204 and 205-279) (0) and a very low affinity to the corresponding non-hydrolyzed fragment IGFBP-2 (167-
279) (2) compared to rhIGFBP-2 (b). The binding data represent the summary of two different experiments performed in triplicates. (E)
BIAcore real-time measurements were carried out by passing rhIGFBP-2 and the indicated fragments over IGF-II-coated chip surfaces. The
equilibrium rate constantKd was calculated as described in the Material and Methods.

FIGURE 5: Structure and proteolytic cleavage sites of human
IGFBP-2 as determined in human HF are schematically demon-
strated. The cysteine-rich N- and C-terminal domains are indicated
by gray boxes. The various proteolytic cleavage sites in the variable
midregion and the C-terminal domain with the exception of the
cleavage site between Thr204 and Met205 are marked by arrows.
The disulfide bond pattern in the conserved C-terminal domain is
indicated below the diagram.
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different cell types, cleavage could occur at the cell
membrane to deliver the IGF to their cell-surface receptors.
As the renal filtration is reduced in the HF patients, all of
these fragments would concentrate in the blood and could
finally be detected.

However, at least in the circulating IGFBP-2, the presented
data indicate 4 major cleavage sites between Tyr103 and
Gly104, Leu152 and Ala153, Arg156 and Glu157, and
Gln165 and Met166 and further modification of the resulting
fragments by amino and/or carboxy peptidases (mono-, di-,
and tripeptidases). Furthermore, a cleavage site was identified
in the conserved C-terminal domain between Thr204 and
Met205 generating a hydrolyzed fragment 14 [Table 1,
IGFBP-2 (167-204 and 205-279)], which is obviously
stabilized by disulfide bridges, as well as three smaller
IGFBP-2 fragments comprising the residues 167-204, 205-
289, and 205-287 (Table 1, peptides 16-18).

Elevated serum levels of IGFBP fragments have been
reported during pregnancy and under catabolic and disease
status (30, 35-38) caused by increased IGFBP protease
activities and reduced glomerular clearance (20, 39, 40). The
absence of detectable IGFBP-2 protease activity in the serum
of patients with chronic renal failure (CRF) (B. Ku¨bler,
unpublished results), as well as the lack of protease activities
cleaving IGFBP-3 (29, 41, 42) or IGFBP-4 (28), suggests
that the increased amounts of IGFBP fragments may be the
result either of reduced renal filtration of the cleavage
products generated by basal IGFBP proteases or of proteases
in other tissues. Proteolyzed IGFBP-2 fragments have been
detected in serum (43), HF (15), follicular fluid (30, 31),
cerebrospinal fluid (44), and milk (13). The origin of the
protease responsible for the generation of IGFBP-2 fragments
in milk is also a matter of debate proposing either the
cleavage of IGFBP-2 before secretion from the mammary
gland (13) or the presence of high IGFBP-2 protease activity
in the milk (45). On the basis of inhibitor studies, the latter
has been classified as cation-dependent kallikrein-like serine
protease (45). Whereas the IGFBP-2 protease in uterine
flushings of pregnant gilts was also inhibited by specific
kallikrein inhibitors (34), the IGFBP-2 protease in bovine
and porcine preovulatory follicular fluids has been identified
as pregnancy-associated plasma protein-A (PAPP-A) cleav-
ing IGFBP-2 between Gln165 and Met166in Vitro (31). This
cleavage could be confirmed by our findings (Figure 5),
suggesting PAPP-A as one important IGFBP-2 protease in
the plasma of patients suffering from CRF. Further major
cleavages may be caused by trypsin-like (e.g., plasmin) and
chymotrypsin-like proteases.

Several studies have shown that both the amino- and
carboxy-terminal conserved domains of IGFBP-2 bind IGFs.
Thus, iodination protection experiments suggest the involve-
ment of Tyr60 in the IGF-binding site (46), and BIAcore
analysis with recombinant amino-terminal IGFBP-2 frag-
ments (1-132 and 1-185) has demonstrated the capability
for rapid association with IGFs (14). Also naturally occurring
carboxy-terminal IGFBP-2 fragments [amino acid residues
148-270 of rat IGFBP-2 (11) and 169-289 of human
IGFBP-2 (13)] or recombinant carboxy-terminal fragments
of bovine IGFBP-2 have been shown to retain IGF-binding
capacity and appear to maintain IGF in a complexed form
(14). Furthermore, photoaffinity labeling experiments with
human IGFBP-2 and analyses of C-terminally truncated

IGFBP-2 have indicated that the IGF-binding sites comprise
the amino acid residues 212-227 and 266-287 of human
IGFBP-2 and 222-236 of bovine IGFBP-2, respectively (12,
47). The present study has confirmed the IGF-binding ability
of five carboxy-terminal IGFBP-2 fragments purified from
human HF in sufficient amounts. Ligand blot analysis
revealed that IGFBP-2 fragments 104-289, 157-289, and
167-279 and the hydrolyzed fragments 167-204 and 205-
279 retained IGF-II-binding capacity. Further analysis in
BIAcore real-time measurements showed that the most
prominent fragment IGFBP-2 (167-279) revealed the stron-
gest binding affinity to IGF-II, which was estimated to be
10-fold lower than that of intact IGFBP-2. Surprisingly, IGF-I
only weakly interacted with this fragment but instead bound
4-fold better to the corresponding IGFBP-2 fragment with
the hydrolyzed peptide bond between Thr204 and Met205
when measured by the saturation binding assay in solution.
This was also in accordance with the observation that the
hydrolyzed fragment showed a higher binding to IGF-I in
IGF-I ligand blotting than the nonhydrolyzed fragment. In
contrast, the affinity of the hydrolyzed fragment for IGF-II
was 3-fold reduced compared to the nonhydrolyzed fragment.
These data suggest that a lower structural flexibility in the
C-terminal region of the intact IGFBP-2 might contribute to
the difference in relative affinity of IGFBP-2 for IGF-II over
IGF-I (48).

In contrast to IGFBP-3 (29) or IGFBP-4 (28), in the
present study, no amino-terminal IGFBP-2 fragments starting
at Glu1 could be detected. The used polyclonal antiserum
sensitively recognized N-terminal IGFBP-2 fragments, and
therefore we exclude the occurrence of such fragments in
detectable amounts in human HF. This suggests either a
specific mechanism for the removal of IGFBP-2 fragments
containing the N-terminal domain or the inclusion of these
fragments in higher molecular mass complexes preventing
the appearance in the HF.

Analysis of the disulfide bond pattern in the C-terminal
domain of human IGFBP-2 revealed disulfide bridges
between Cys191 and Cys225, Cys236 and Cys247, and
Cys249 and Cys270, confirming the pattern found in the
bovine IGFBP-2 (12). This C-terminal disulfide pattern
seems to present a consensus pattern for all IGFBPs (28,
49).

Our finding of diverse C-terminal IGFBP-2 fragments
revealing a reduced IGF affinity and comprising the integrin-
binding motif RGD (residues 265-267), which might allow
the binding to theR5â1 integrin (50), as well as the
proteoglycan-binding domain, confirms the assumption that
after celluar binding and proteolysis of IGFBP-2 the IGFs
may be released in close vicinity of IGF receptors. In this
context, the C-terminal IGFBP-2 domain may direct and
accelerate IGF binding to their receptors. The potential
functional role of C-terminal IGFBP-2 fragments in different
cellular and tissue compartments of the body remains to be
examined.
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15. Ständker, L., Kübler, B., Obendorf, M., Braulke, T., Forssmann,
W. G., and Mark, S. (2003)In ViVo processed fragments of IGF
binding protein-2 copurified with bioactive IGF-II,Biochem.
Biophys. Res. Commun. 304, 708-713.

16. Conover, C. A., and Khosla, S. (2003) Role of extracellular matrix
in insulin-like growth factor (IGF) binding protein-2 regulation
of IGF-II action in normal human osteoblasts,Growth Horm. IGF
Res. 13, 328-335.

17. Russo, V. C., Bach, L. A., Fosang, A. J., Baker, N. L., Werther,
G. A. (1997) Insulin-like growth factor binding protein-2 binds
to cell surface proteoglycans in the rat brain olfactory bulb,
Endocrinology 138, 4858-4867.

18. Fowlkes, J. L., Serra, D. M., Bunn, R. C., Thrailkill, K. M.,
Enghild, J. J., and Nagase, H. (2004) Regulation of insulin-like
growth factor (IGF)-I action by matrix metalloproteinase-3
involves selective disruption of IGF-I/IGF-binding protein-3
complexes,Endocrinology 145, 620-626.

19. Shalamanova, L., Ku¨bler, B., Scharf, J. G., and Braulke, T. (2001)
MDCK cells secrete neutral proteases cleaving insulin-like growth
factor-binding protein-2 to -6,Am. J. Physiol. Endocrinol. Metab.
281, E1221-E1229.

20. Maile, L. A., and Holly, J. M. (1999) Insulin-like growth factor
binding protein (IGFBP) proteolysis: Occurrence, identification,
role, and regulation,Growth Horm. IGF Res. 9, 85-95.

21. Shi, Z., Xu W., Loechel, F., Wewer, U. M., and Murphy, L. J.
(2000) ADAM 12, a disintegrin metalloprotease, interacts with

insulin-like growth factor-binding protein-3,J. Biol. Chem. 275,
18574-18580.

22. Claussen, M., Ku¨bler, B., Wendland, M., Neifer, K., Schmidt, B.,
Zapf, J., and Braulke, T. (1997) Proteolysis of insulin-like growth
factors (IGF) and IGF binding proteins by cathepsin D,Endocri-
nology 138, 3797-3803.

23. Moralez, A., Busby, W. H., Jr., and Clemmons, D. (2003) Control
of insulin-like growth factor binding protein-5 protease synthesis
and secretion by human fibroblasts and porcine aortic smooth
muscle cells,Endocrinology 144, 2489-2495.

24. Booth, B. A., Boes, M., and Bar, R. S. (1996) IGFBP-3 proteolysis
by plasmin, thrombin, serum: Heparin binding, IGF binding, and
structure of fragments,Am. J. Physiol. 271, E465-E470.

25. Schulz-Knappe, P., Schrader, M., Sta¨ndker, L., Richter, R., Hess,
R., Jürgens, M., and Forssmann, W. G. (1997) Peptide bank
generated by large-scale preparation of circulating human peptides,
J. Chromatogr., A 776, 125-132.

26. Mark, S., Forssmann, W. G., and Sta¨ndker, L. (1999) Strategy
for identifying circulating fragments of insulin-like growth factor
binding proteins in a hemofiltrate peptide bank,J. Chromatogr.,
A 852, 197-205.

27. Hossenlopp, P., Seurin, D., Segovia-Quinson, B., Hardouin, S.,
and Binoux, M. (1986) Analysis of serum insulin-like growth
factor binding proteins using western blotting: Use of the method
for titration of the binding proteins and competitive binding
studies,Anal. Biochem. 154, 138-143.
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